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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing coronavirus disease 2019 (COVID-19) has been a global health concern since 2019. The viral spike protein infects the host by binding to angiotensin-converting enzyme 2 (ACE2) expressed on the cell surface, which is then processed by type II transmembrane serine protease. However, ACE2 does not react to SARS-CoV-2 in inbred wild-type mice, which poses a challenge for preclinical research with animal models, necessitating a human ACE2 (hACE2)-expressing transgenic mouse model. Cytokeratin 18 (K18) promoter-derived hACE2 transgenic mice [B6.Cg-Tg(K18-ACE2)2Prlmn/J] are widely used for research on SARS-CoV-1, MERS-CoV, and SARS-CoV-2. However, SARS-CoV-2 infection is lethal at ≥105 PFU and SARS-CoV-2 target cells are limited to type-1 alveolar pneumocytes in K18-hACE2 mice, making this model incompatible with infections in the human lung. Hence, we developed lung-specific SARS-CoV-2 infection mouse models with surfactant protein B (SFTPB) and secretoglobin family 1a member 1 (Scgb1a1) promoters. After inoculation of 105 PFU of SARS-CoV-2 to the K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 models, the peak viral titer was detected at 2 days post-infection and then gradually decreased. In K18-hACE2 mice, the body temperature decreased by approximately 10°C, body weight decreased by over 20%, and the survival rate was reduced. However, SFTPB-hACE2 and SCGB1A1-hACE2 mice showed minimal clinical signs after infection. The virus targeted type I pneumocytes in K18-hACE2 mice; type II pneumocytes in SFTPB-hACE2 mice; and club, goblet, and ciliated cells in SCGB1A1-hACE2 mice. A time-dependent increase in severe lung lesions was detected in K18-hACE2 mice, whereas mild lesions developed in SFTPB-hACE2 and SCGB1A1-hACE2 mice. Spleen, small intestine, and brain lesions developed in K18-hACE2 mice but not in SFTPB-hACE2 and SCGB1A1-hACE2 mice. These newly developed SFTPB-hACE2 and SCGB1A1-hACE2 mice should prove useful to expand research on hACE2-mediated respiratory viruses.
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Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) causes the respiratory disease coronavirus disease 2019 (COVID-19), including pneumonia (1, 2). Since its emergence in China in December 2019, COVID-19 rapidly spread globally, which was declared a pandemic by the World Health Organization in March 2020. Over the two years, various strains of SARS-CoV-2 continue to spread worldwide (3, 4).

Human angiotensin-converting enzyme 2 (ACE2) plays a key role in SARS-CoV-2 infection, as the viral spike (S) protein uses ACE2 as a receptor to enter the host cell, which is then processed by type II transmembrane serine protease (TMPRSS2) (5, 6). ACE2-expressing type 2 alveolar pneumocytes, ciliated cells, and goblet cells are the main targets of SARS-CoV-2 in the human lungs (7). However, ACE2 of inbred wild-type mice does not react with SARS-CoV-2 S protein (8, 9), necessitating humanized transgenic mice expressing human (h)ACE2 to perform COVID-19–related research. Currently, the hACE2 transgenic mouse model with the cytokeratin 18 (K18) promoter [B6.Cg-Tg(K18-ACE2)2Prlmn/J] is widely used for this purpose, as these mice are susceptible to infection with SARS-CoV-1, Middle Eastern Respiratory Syndrome (MERS)-CoV, and SARS-CoV-2 (8, 10, 11).

However, an infectious dose of ≥104 PFU of SARS-CoV-2 causes severe clinical symptoms in K18-hACE2, characterized by a gradual decrease in body weight, lung lesions, and high mortality at 5–7 days post-infection (dpi) (12–16). The virus is detected at higher levels in the lungs of K18-hACE2 mice than in other organs, such as the spleen, small intestine, and brain (13, 14, 17), which is likely attributed to K18 promoter expression in the epithelial tissue. Moreover, SARS-CoV-2 target cells are limited to the type 1 alveolar pneumocytes in K18-hACE2 mice, which differs from the infectious targets of the human lung (18, 19).

Therefore, to provide a more suitable model for COVID-19–related research, the aim of this study was to develop new SARS-CoV-2 infection mouse models with lung-specific expression of hACE2 in various infectious target cells, besides for type 2 alveolar cells. For this purpose, we focused on the surfactant protein B (SFTPB) and secretoglobin family 1a member 1 (SCGB1A1) gene promoters. SFTPB is secreted by type 2 alveolar pneumocytes and non-ciliated bronchiolar cells in the lungs to maintain lung homeostasis (20–22). SCGB1A1 is also a pulmonary surfactant protein and marker of Clara cells, which is the predominant cell type in the airway epithelium (23–25). SCGB1A1 in bronchiole Clara cells plays an important role in lung inflammation and the immune response to respiratory syncytial virus infection (24, 25).

In this study, we evaluated the response of these hACE2-expressing transgenic mice driven by the SFTPB and Scgb1a1 promoters to SARS-CoV-2 infection in comparison with that of K18-hACE2 mice. We performed an in-depth pathological analysis of various organs, including the lung, spleen, intestine, and brain, in the three hACE2 transgenic mouse models.



Results


SARS-CoV-2 infection is lethal in K18-hACE2 mice but not in SFTPB-hACE2 and SCGB1A1-hACE2 mice

We developed lung-specific SARS-CoV-2 infectious mouse models that expressed the human ACE2 gene using SFTPB and Scgb1a1 promoters (Supplementary Figures 1A, B). In situ hybridisation confirmed hACE2 expression in the three transgenic mouse models (SFTPB-hACE2, SCGB1A1-hACE2, and K18-hACE2 mice). hACE2 expression was detected in the type I alveolar cells and bronchos region of K18-hACE2 mice, in contrast to the lack of expression in wild-type C57BL/6 mice, whereas hACE2 was detected in the alveolar region of SFTPB-hACE2 mice and in the bronchos region of SCGB1A1-hACE2 mice, in contrast to the wild-type FVB/NJ mice (Figure 1A, Supplementary Figures 1C, D).




Figure 1 | Human ACE2 expression in the lung and clinical parameters of SARS-CoV-2 infection in the K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 mouse models. (A) Human (h) ACE2 expression in the lung analysed by in situ hybridisation (ISH). Scale bar = 100 μm. (B–D) Preclinical parameters, body temperature, body weight loss, and survival rate, in animals infected with 1 × 105 PFU of SARS-CoV-2 (K18-hACE2 and SFTPB-hACE2, n = 25; SCGB1A1-hACE2, n = 12) and non-infected control animals (K18-hACE2 and SFTPB-hACE2, n = 5; SCGB1A1-hACE2, n = 3) in each hACE2 transgenic mice model. (E) PFU (titre) measured in the lungs by the plaque assay. Data represent mean ± standard error. P values were obtained by two-tailed unpaired Student’s t-test (*P < 0.05).



After infection of K18-hACE2 mice with SARS-CoV-2, the body temperature gradually decreased by approximately 10°C and over 20% body weight loss was observed compared with those of mock-infected K18-hACE2 mice until 7 dpi. However, no such changes were observed in SARS-CoV-2-infected SFTPB-hACE2 and SCGB1A1-hACE2 mice (Figures 1B, C). Survival rate was correlated with body temperature and weight loss; SARS-CoV-2 infection was lethal to K18-hACE2 mice but not to SFTPB-hACE2 and SCGB1A1-hACE2 mice (Figure 1D).

The viral titre was measured as of 2 dpi, with the highest PFU detected at 2 dpi, which then gradually significantly decreased over time in all hACE2 transgenic mice (Figure 1E). Compared with those of the control mice, the liver weight decreased (P < 0.005) and the brain weight increased (P < 0.05) in SARS-CoV-2-infected K18-hACE2 mice at 7 dpi (Supplementary Figure 2). The liver weight also increased at 1 and 7 dpi in SCGB1A1-hACE2 mice but decreased at 5 dpi. However, there were no changes in the organ weights of SARS-CoV-2-infected SFTPB-hACE2 mice.

Collectively, these data demonstrated that SARS-CoV-2 infection causes high mortality in K18-hACE2 mice, accompanied by body temperature and weight loss, but shows only rare and minor clinical signs in SFTPB-hACE2 and SCGB1A1-hACE2 mice.



SARS-CoV-2 induces mild lung lesions in SFTPB-hACE2 and SCGB1A1-hACE2 mice and severe lung lesions in K18-hACE2 mice

Given the different expression patterns of hACE2 in the three mouse models (Figure 1A), we hypothesised that each model has distinct pathogenic features and different SARS-CoV-2 target cells. Thus, in-depth pathological analysis of the SARS-CoV-2-infected mice was performed in samples obtained at 1, 2, 5, and 7 dpi. H&E staining showed progression of lung disease following SARS-CoV-2 infection in K18-hACE2 mice over time (Figure 2; Supplementary Figure 3). Immune cell infiltration from the blood vessels was detected in the lungs at 1 dpi, followed by gradual development of oedema around the blood vessels (Figure 2A, asterisk; Supplementary Figure 3). Subsequently, capillary dilatation was detected at the inflammation lesion (Figure 2A, arrowhead). At 7 dpi, there was an extensively damaged area with greater thickness of the alveolar septa due to infiltration of immune cells between alveolar cells. The pathological diagnosis was confirmed in each lobe, and in the upper and lower regions of the lung in all K18-hACE2 mice.




Figure 2 | Histopathological analysis of SARS-CoV-2-infected lungs in K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 mice. (A) H&E staining of the lungs in each mouse model following mock infection (control, top panels) or intranasal infection with 1 × 105 PFU SARS-CoV-2 at 2 dpi (middle panels) and 7 dpi (bottom panels). Infected lungs showed pneumonia (+), vascular oedema (*), and pulmonary capillary dilatation (arrowhead). The scale bars are 100 μm; B, bronchiole; V, vessel. (B) Heatmap showing the histopathological parameters and the average scores for the lung in each mouse model at 1, 2, 5, and 7 dpi, and in the non-infected (control) mice. The severity score ranges from 0 to 5 (0 = none; 1 = weak; 2 = mild; 3 = moderate; 4 = severe; 5; = markedly severe). (C) Lung pathology scoring of SARS-CoV-2-infected mice at 1, 2, 5, and 7 dpi. (*P < 0.05; ** P < 0.01; **** P < 0.0001).



By contrast, in SFTPB-hACE2 mice, severe SARS-CoV-2-related lesions were observed at the early stage of infection, at 1–2 dpi (Figure 2A; Supplementary Figure 4). At 1 dpi, there was severe inflammation derived from immune cell infiltration near the blood vessels and bronchioles. Inflammation close to the blood vessels along with capillary dilatation in the alveolar region were prevalent at 2 dpi. However, there was a progressive tendency for the lesions to be alleviated at 5 and 7 dpi (Figures 2B, C). Neither oedema nor fibrosis was observed at any period of SARS-CoV-2 infection in SFTPB-hACE2 mice.

SCGB1A1-hACE2 mice showed a similar progressive pattern of lung lesion development to that of K18-hACE2 mice, with a time-dependent severity increase following SARS-CoV-2 infection (Figure 2A, arrow; Supplementary Figure 5). Immune cell infiltration was detected in the peripheral bronchiole and blood vessels, and oedema developed at 1 dpi in SCGB1A1-ACE2 mice. Subsequently, inflammation and capillary dilatation steadily increased until 7 dpi. Although the SARS-CoV-2-related lesions of SCGB1A1-hACE2 mice progressed over time, the severity was relatively moderate compared with that of the SARS-CoV-2-infected K18-hACE2 mice (Figures 2B, C).

Since immune cell dynamics, including neutrophil accumulation, is a characteristic feature in patients with COVID-19 pneumonia (26–29), we performed IHC for macrophage and neutrophil markers as well as two inflammatory lymphoid cell markers, PTPRC and CD3, to confirm the lung-infiltrated immune cells in each mouse model. There was accumulation of innate and adoptive immune response cells, especially F4/80+ macrophages and CD3+ T cells, over time in SARS-CoV-2-infected K18-hACE2 mice (Figure 3A; Supplementary Figure 4). SARS-CoV-2-infected SFTPB-hACE2 mice showed drastic infiltration of F4/80+ macrophages and a mild increase of neutrophils at 2 dpi, which subsequently decreased to 38.3% and 26.9% neutrophils and 36.9% and 62.2% F4/80+ macrophages at 5 and 7 dpi, respectively (Figure 3B; Supplementary Figure 4). In addition, CD3+ T cells temporally increased at 5 dpi and there was no change in PTPRC+ B cells throughout the infection period. In SCGB1A1-hACE2 mice, SARS-CoV-2 infection increased the infiltration of macrophages and CD3+ T cells from 2 to 7 dpi. Neutrophils transiently increased at 2 dpi, and PTPRC+ B cells increased at 2 and 5 dpi and then decreased at 7 dpi (Figure 3C; Supplementary Figure 4).




Figure 3 | Change of immune cell distribution after SARS-CoV-2 infection in the lungs and peripheral blood. (A–C) Summary of the percentage of lung-infiltrated immune cells in K18-hACE2 (A), SFTPB-hACE2 (B), and SCGB1A1-hACE2 (C) mice. Immunohistochemistry was performed to identify the distribution of immune cells in the lungs with anti-PTPRC, CD3, neutrophil, and F4/80 antibodies at 0, 2, 5, and 7 dpi. DAB-positive cells were counted using QuPath and analysed from three randomly selected images. (D–F) White blood cell counts in K18-hACE2 (D), SFTPB-hACE2 (E), and SCGB1A1-hACE2 (F) mice from the peripheral blood at each time point post-infection.



The neutrophil-to-lymphocyte (NTL) ratio is crucial for prognosis and mortality in patients with COVID-19 (29–35); thus, we hypothesised that the composition of peripheral blood leucocytes would also vary in the SARS-CoV-2 infection mouse models. CBC analysis showed that the NTL ratio significantly increased to 7.34%, 20.64%, 11.94%, and 25.01% at 1, 2, 5, and 7 dpi, respectively, in K18-hACE2 mice (Figure 3D). However, the NTL ratio did not substantially change in SARS-CoV-2-infected SFTPB-hACE2 and SCGB1A1-hACE2 mice (Figures 3E, F).



SARS-CoV-2 targets different lung cell types in the three models

In situ hybridisation of the S gene was performed to verify the primary infection site and viral distribution in the three hACE2 transgenic mouse models following SARS-CoV-2 infection (Figure 4A). The S gene was diffused in the alveolar region, and not in the bronchiole, in K18-hACE2 and SFTPB-hACE2 mice, but exhibited a local distribution in SFTPB-hACE2 mice (Figure 4A, 2 dpi). In SCGB1A1-hACE2 mice, the S gene was detected in both the alveolar and bronchiole regions, demonstrating different regions of primary SARS-CoV-2 infection in the three models. However, the S gene was detected at the highest level at 2 dpi and then gradually decreased until 7 dpi in all models.




Figure 4 | SARS-CoV-2 distribution and viral target cells in the lungs from each mouse model. (A) SARS-CoV-2 distribution in the lungs analysed using in situ hybridisation at 2, 5, and 7 dpi with 1 × 105 PFU SARS-CoV-2. (B) Representative confocal immunofluorescence micrographs of the lungs of K18-hACE2 (left), SFTPB-hACE2 (middle), and SCGB1A1-hACE2 (right) mice from the PBS-treated control group (top) and SARS-CoV-2-infected group (bottom) at 2 dpi. SARS-CoV-2 N-protein-positive cells are stained red, and type 1 alveolar (Ager), type 2 alveolar (Lamp3), or club (SCGB1A1) cells are stained green. Nuclei of cells are stained blue with DAPI. The scale bars are 100 μm. (C) Quantification of the percentage of infected cells from the lungs of K18-hACE2 (left), SFTPB-hACE2 (middle), and SCGB1A1-hACE2 (right) mice analysed from the confocal immunofluorescence micrographs shown in (B). Lung sections from SARS-CoV-2-infected mice at 2 dpi stained with anti-SARS-CoV-2 N-protein antibody and one of anti-Ager, anti-Lamp3, anti-SCGB1A1, anti-Muc5ac, or anti-tubulin antibodies.



We further investigated the specific cell types that SARS-CoV-2 targets using various pulmonary epithelial cell lineage markers (Figures 4B, C). In K18-hACE2 mice, 93.71% of AGER-expressing type I pneumocytes co-stained with SARS-CoV-2 N protein at 2 dpi, whereas 95.21% of LAMP3-expressing type II pneumocytes co-stained with N protein at 2 dpi in STTPB-hACE2 mice (Supplementary Figure 5). In SCGB1A1-hACE2 mice, N protein co-stained with SCGB1A1 (77.6%), MUC5AC (47.98%), and acetylated tubulin (47.23%), representing a bronchiole club cell marker, goblet cell marker, and ciliated cell marker, respectively (Supplementary Figure 5). However, chromogranin A-positive pulmonary neuroendocrine cells did not express N protein in any mouse model (Supplementary Figure 5). In addition, TEM showed that SARS-CoV-2 targeted type I pneumocytes in K18-hACE2 mice and ciliated cells in SCGB1A1-hACE2 mice (Supplementary Figure 6).



SARS-CoV-2 infection causes damage to the spleen, small intestine, and brain in K18-hACE2 mice

Given that SARS-CoV-2 induced changes to the immune cell profiles of the mouse models with different degrees of pathological severity in the lung and a varied immune cell composition in the peripheral blood, we expected that SARS-CoV-2 infection could influence organs other than the lungs, as observed in human cases and mouse models (12, 36–39).

Since the spleen is the largest secondary lymphoid organ, we performed equivalent pathological analysis and immune cell profiling of the spleen as in the lungs. In K18-hACE2 mice, the lesion caused by SARS-CoV-2 developed white pulp necrosis, with the pulp size decreasing over time (Figures 5A and B, Supplementary Figure 7). We also observed dramatic structural changes, such as increased T cell- and macrophage-positive areas, and a relative decreased B cell-positive area at 1 dpi (Supplementary Figure 8). After 5 dpi, the T cell-positive area recovered to the control level. By contrast, white pulp necrosis and structural changes of the spleen were rarely detected in SARS-CoV-2-infected SFTPB-hACE2 and SCGB1A1-hACE2 mice (Figure 5).




Figure 5 | Pathological analysis and scoring of the spleen in SARS-CoV-2-infected K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 mice. (A) H&E staining of the spleen following injection with PBS (control, top panels) or 1 × 105 PFU SARS-CoV-2. SARS-CoV-2 at 7 dpi (middle panels) and enlarged image (bottom panels). The scale bars are 100 μm (top and middle panels) and 50 μm (bottom panels). (B) Spleen pathology scoring of SARS-CoV-2-infected animals and mock-infected controls at 1, 2, 5, and 7 dpi. The severity score ranges from 0 to 5 (0 = none; 1 = weak; 2 = mild; 3 = moderate; 4 = severe; 5 = markedly severe). (C) White pulp size of SARS-CoV-2 infected with each animal in the non-infected control at 1, 2, 5, and 7 dpi. (* P < 0.05; *** P < 0.001; **** P < 0.0001).



The SARS-CoV-2-related lesions of the small intestine, goblet cell hyperplasia, villi atrophy, and villi necrosis were detected only in K18-hACE2 mice, and the pathological score increased over time (Figure 6). Additionally multifocal perivascular cuffing, brain lesions, and SARS-CoV-2 S gene distribution were observed in K18-hACE2 mice after 5 dpi (Figure 7). In the brains of K18-hACE2 mice, 31.2% of NeuN+ cells, 79% of serotonin+ cells, 59.3% of nNOS+ cells, and 67.4% of DCX+ cells co-stained with SARS-CoV-2 N protein (Figure 7C), whereas CD68+ microglial cells and GFAP+ astrocytes did not express N protein (Supplementary Figure 9).




Figure 6 | Pathological analysis of the small intestine in SARS-CoV-2-infected mice. (A) H&E staining of the small intestine in each mouse model following injection with PBS (control, top panels) or 1 × 105 PFU SARS-CoV-2 infection (middle and bottom panels) at 7 dpi. The arrow shows goblet cell hyperplasia and the arrowhead shows villi atrophy. Scale bars =100 μm. (B) Total small intestinal pathology scoring of control and SARS-CoV-2-infected mice at 7 dpi. The severity score ranges from 0 to 5 (0 = none; 1 = weak; 2 = mild; 3 = moderate; 4 = severe; 5; = markedly severe). (C) Pathological scoring by lesion criteria of SARS-CoV-2-infected K18-hACE2 mice. (* P < 0.05; *** P < 0.001; **** P < 0.001).






Figure 7 | Histopathological features of the SARS-CoV-2-infected brain and its target cells in K18-hACE2 mice. (A) H&E-stained brain sections of control and infected mice. Black arrows with tails show perivascular cuffing. (B) In situ hybridisation on the sections in (A) for detecting the SARS-CoV-2 S gene. Black arrowheads indicate perivascular cuffing in S gene-positive infected lesions. (C) Representative images of immunofluorescence staining. Sections at 7 dpi were stained with anti-SARS-CoV-2 N protein and either anti-serotonin or anti-DCX antibody and other brain cell markers. Right, summary of the percentage of double-positive cells (SARS-CoV-2 N protein and each brain cell marker). Left panels: green (serotonin), red (N protein), blue (DAPI); right panels: green (DCX), red (N protein), blue (DAPI). Scale bars = 20 μm, 5 μm.






Discussion

The K18-hACE2 transgenic mouse model expressing human ACE2 protein has been widely used in the study of SARS-CoV-1, MERS-CoV, and SARS-CoV-2; however, SARS-CoV or SARS-CoV-2 infection is lethal to K18-hACE2 mice, and the virus rapidly infects various organs, including the brain and spleen (8, 9, 12, 13, 17). Besides the poor survival rate, which poses a challenge for research, the SARS-CoV-2 infectious target lung cell is limited to type 1 alveolar pneumocytes in K18-hACE2 mice, which differs from the infection target in the human lungs. Thus, we generated a transgenic mouse with lung-specific expression of hACE2 using the promoters of SFTPB, a type 2 alveolar pneumocyte marker, and SCGB1A1, a Clara cell marker, and performed comparative pathological analysis after experimental SARS-CoV-2 infection in the three models.

SARS-CoV-2 targeted distinct lung cell types in the three models: type I alveolar cells in K18-hACE2 mice, type II alveolar cells in SFTPB-hACE2 mice, and bronchial cells in SCGB1A1-hACE2 mice. Moreover, the models showed distinct clinical signs and pathological traits of diverse organs following SARS-CoV-2 infection. In K18-hACE2 mice, intranasally administered SARS-CoV-2 rapidly spread to the whole body; thus, lesions were observed in various organs, especially in the lung, spleen, intestine, and brain. From 1 dpi, inflammation was observed around the blood vessels, and oedema, alveolar thickening, and capillary dilatation lesions increased over time. However, fibrosis was not detected in any SARS-CoV-2-infected K18-hACE2 mouse, which may be due to the lethality of the infection before fibrosis could be induced, as pulmonary fibrosis is the end stage of lung injury caused by various agents, viral infection, and other insults (40, 41). The body weight and body temperature of K18-hACE2 mice continuously decreased by approximately 10°C and 20%, respectively, until 7 dpi. Movement and activity consistently reduced from 4 to 7 dpi until death. This phenomenon is likely connected with the decreasing trend of body temperature; thus, we perceived that the change in body temperature of the mice was the key indicator of survival. With such a drastic change of body temperature, the mice became moribund, and lung fibrosis did not progress. Judging from the high lethality, we speculated that K18-hACE2 mice have extreme sensitivity to SARS-CoV-2, which made it difficult to analyse the stages of lung disease progression. In line with previous studies showing that the immune response to SARS-CoV-2 in K18-hACE2 mice could mimic that of humans, including the cytokine storm (12, 13), we confirmed high infiltration of immune cells (PTPRC+, CD3+, neutrophil, and F4/80+ cells) in the lungs, which increased in a time-dependent manner.

By contrast, SARS-CoV-2-infected SFTPB-hACE2 and SCGB1A1-hACE2 mice showed distinct lung lesions and immune cell distributions from those of K18-hACE2 mice. Besides having different viral target cells, the immune cell infiltration pattern, primary damaged site and area, and pattern of damage progression varied among the mouse lines. Since pulmonary surfactants, including SFTPB, are synthesised and activated in type II alveolar cells in the lungs (20–22), the hACE2 expression area and primary SARS-CoV-2-infected site was the alveolar region in SFTPB-hACE2 mice. Inflammation, immune cell infiltration near the bronchiole, and capillary dilatation of the lungs increased at the early point of infection (1–2 dpi), and then the damaged area decreased at 5 and 7 dpi. However, the overall severity of lung damage was weaker than that in K18-hACE2 mice. We assumed that the difference in immune cell distributions in each mice model might be closely related to the severity of infection and viral clearance rates. The data that we found is not sufficient to explain this complicated immune cell kinetics. However, the brief increase in the number of F4/80 positive macrophages, one of the innate immune cell populations, at 2dpi and decrease at 5, 7dpi in SFTPB-hACE2 mice could be explained by the fact that SFPTB-hACE2 mice showed lowest viral titer and total viral clearance at 7dpi. On the other hand in SCGB1A1-hACE2 mice, the innate immune cells including F4/80 positive macrophages alone could not contain the level of virus infection at 2dpi, which led the increased number of PTPRC and CD3 positive adaptive immune cells at 5, 7dpi. We expect that the number of immune cells will decrease when viral clearance is completed as SFTPB-hACE2 mice did. K18-hACE2 mice showed drastic increase in the number of innate immune cells, especially F4/80 positive macrophages at 5, 7dpi. However, unlike the other two mice models the severity of SARS-CoV-2 infection was too high which led to the increased number of neutrophils in blood and systemic cytokine storm as reported in previous studies. With respect to SCGB1A1-hACE2 mice, the lung pathology score also increased in a time-dependent manner; however, the damage was much less severe than that in K18-hACE2 mice. The immune cell infiltration in the peripheral blood vessels and oedema of the lungs increased at 1 dpi and then gradually increased until 7 dpi.

We supposed that the different promoters of these three hACE2 transgenic mouse models, K18, SFTPB, and Scgb1a1, were the main contributors to this discrepancy of lung lesions caused by SARS-CoV-2 infection. SARS-CoV-2 targets type I pneumocytes and epithelial cells in various organs in K18-hACE2 mice (12–14, 16). Therefore, severe lesions form proximal to the distal region of the lung, and other organs, including the small intestine, spleen, and brain, were also affected by SARS-CoV-2. Because the SFTPB promoter is specifically expressed in type II pneumocytes (20–22), SARS-CoV-2 only infects the distal lung region of SFTPB-hACE2 mice, and thus the pathology score was based on only this focal infection. The Scgb1a1 promoter is expressed in Clara cells, ciliated cells, goblet cells, and basal cells in the airway epithelium (23–25), and SCGB1A1-expressing basal cells have ability to differentiate to pneumocytes (25, 42). Therefore, SARS-CoV-2 affects not only the bronchos but also a large part of the lung, including the alveolar septa (upper and lower bronchos) and the distal lung septa in SCGB1A1-hACE2 mice.

SARS-CoV-2 has been reported to cause pathological lesions in various organs of K18-hACE2 mice, resulting in respiratory system pathology, including pneumonia in the lung; spleen lesions; gastrointestinal disorder symptoms, especially in the small intestine; and brain damage (36, 38, 43, 44). In the spleen, necrosis of the white pulp and the number of spleen lesions increased, and the white pulp area decreased during the course of SARS-CoV-2 infection in K18-hACE2 mice, along with changes in immune cell dynamics.

However, SFTPB-hACE2 and SCGB1A1-hACE2 mice did not exhibit goblet cell hyperplasia, villi atrophy, and necrosis of the villi lesions in the small intestine following SARS-CoV-2 infection. This difference from the effects in K18-hACE2 mice might be related to functional loss of digestion and absorption of the small intestine, which we speculate is linked to the body weight loss in K18-hACE2 mice. As mentioned above, SARS-CoV-2 spread throughout the body of K18-hACE2 mice causing the observed intestinal disorder. The CBC data showed that neutrophils increased in the peripheral blood of SARS-CoV-2-infected K18-hACE2 mice in a time-dependent manner, and monocytes significantly increased at 5 and 7 dpi compared with those of the non-infected control group. This result further supports that SARS-CoV-2 infects the entire body of K18-hACE2 mice; indeed, the small intestine, spleen, and brain were all damaged by SARS-CoV-2 in this model.

Brain damage was evident by lesions with perivesicular coffing in SARS-CoV-2-infected K18-hACE2 mice. Other studies have indicated that SARS-CoV-2-related mouse morbidity was correlated with neuro-invasion of the virus. Although the precise infection route of SARS-CoV-2 to the brain remains unclear, it has been suggested that the S protein first passes through the blood-brain-barrier, followed by direct infection of central nervous system cells, which have not yet been identified, and then the virus finally travels through the brain via the olfactory bulb (10, 14, 17, 37, 45). We detected SARS-CoV-2 in infected K18-hACE2 mice as of 5 dpi, suggesting that the virus spread to the brain via whole-body infection through an unknown pathway rather than via direct infection of the brain. However, further studies are needed to verify this hypothesis.

The use of lung-specific promoters in the development of SFTPB-hACE2 and SCGB1A1-hACE2 mice resulted in no lesions in the spleen, small intestine, and brain. Thus, these newly developed mouse lines show good potential as suitable lung-specific models of infections with respiratory viruses. We anticipate that the pathophysiological data and mouse lines developed in this study will help to expand research and progress in understanding the pathology of SARS-CoV-2 and other respiratory viruses.



Materials and methods


Animals

K18-hACE2 mice [Tg(K18-ACE2)2 Prlmn/J], established in the C57BL/6 background, were purchased from Jackson Laboratory (Bar Harbor, ME, USA). SCGB1A1-hACE2 and SFTPB-hACE2 transgenic mice were newly established in this study from FVB/NJ mice. Human ACE2 cDNA (HG10108-UT; Sino Biological, Inc., Chesterbrook, PA, USA) was cloned behind the murine Scgb1a1 (MSCV Puro-CCSP : GFP, #67487, Addgene, Watertown, MA, USA) or human SFTPB promoter (#88868, Addgene), generating lung-specific hACE2 expression vectors. Linearized and purified DNA fragments were injected into pronuclei of mouse embryos at 1 ng/μL in 10 mM Tris-HCl and 0.1 mM EDTA (pH 7.5) or 40 ng/μL in 10 mM Tris-HCl and 0.25 mM EDTA (pH 7.4).

Founder mice (pups) were identified by PCR with the primers Scgb1a1 forward 5′- GAGAATGTCCAAAACATGAA-3′, Scgb1a1 reverse 5′-AGACCCATTTTGCTGAAGAG-3′; SFTPB forward 5′-CTTGTCTCTGACTCAGGGTATTT-3′ and SFTPB reverse 5′- CAACCGTTTGCTCTTGTCTTC-3′.

Animal experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC: 2020-0216, BA-2008-301-071-03) at Yonsei University College of Medicine and were executed in an Association for Assessment and Accreditation of Laboratory Animal Care (AALAC)-accredited unit (#001071).



Virus

For virus production, we used the Vero African green monkey kidney cell line (Korean Cell Line Bank #10081). Vero cells were maintained at 37 °C in a 5% CO2 humidified incubator within DMEM supplemented with 2 mM l-glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin, and 5% FBS. SARS-CoV-2 was obtained from the National Culture Collection for pathogens of Osong, Korea (NCCP 43326, S type), which was isolated from a Korean COVID-19 patient.

Viral culture and titre determination were performed by the plaque assay as described previously (46). In brief, serially diluted supernatants of lung homogenates were added to Vero cells in 6-well plates and incubated at 37 °C for 1 h with gentle agitation every 15 min. The cells were overlaid with DMEM and 1% SeaPlaque agarose (Lonza), 2% FBS, 100 units/mL penicillin, and 100 μg/mL streptomycin. After incubation for 72 h, the cells were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet/20% methanol (v/v). The virus titre was quantified as PFU/g of tissue.



Infection of mice with SARS-CoV-2

Nine-week-old mice were anaesthetised with a 30 mg/kg of Zoletil and 10 mg/mL of Rompun mixture and 105 PFU SARS-CoV-2 was infected intranasally to K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 transgenic mice; for mock infection, we used an equal volume of PBS. The health, body weight, and body temperature of the mice were monitored daily. Body temperature was measured using an implantable programmable temperature transponder. All animal experiments with SARS-CoV-2 were conducted in a biosafety level-3 facility in accordance with safety guidelines.



Histological analysis and immunohistochemistry

The mice were euthanised by CO2 and fixed with 10% neutral buffered formalin (Sigma, St. Louis, MO, USA) for 24 h. All tissues (lungs, spleen, brain, small intestine) were embedded in paraffin wax, routinely processed, and sectioned at 4 μm thickness for H&E staining and IHC. For H&E staining, de-paraffinized slides were dipped into 0.1% Mayer’s haematoxylin for 10 min and then into 0.5% eosin. The stained slides were dehydrated in an ascending serial grade of 50%, 70%, 95%, and 100% ethanol, and mounted with mount solution (Thermo Fisher Scientific Inc., Waltham, MA, USA). Stained slides were analysed by animal pathologists.

For IHC, the slides were passed through xylene; 100%, 95%, and 70% ethanol; and distilled water for de-paraffinization and rehydration. To perform the antigen retrieval step, pH 6.0 citrate buffer (Dako S1699; Agilent Technologies, Santa Clara, CA, USA) was used under high temperature in a high-pressure cooker and then cooled on ice for 1 h. The slides were treated with 3% H2O2 in PBS for 30 min to block endogenous peroxidase activity, followed by treatment with M.O.M reagent (Vector Laboratories, Burlingame, CA, USA) for 1 h, and incubated with the following mouse primary antibodies at 4 °C overnight: SARS-CoV-2 N protein (NB100-56576, Novus and 40143-MM08, Sino Biological), SCGB1A1 (ABS1673, Sigma), LAMP3 (DDX0191P, Novus), AGER (MAB1179, R&D Systems), CD3b (ab5690, Abcam), PTPRC (ab64100, Abcam), F4/80 (ab6640, Abcam), Ly-6G/Ly-6C (ab2557, Abcam), doublecortin (SC-271390, Santa Cruz), CD68 (ab31630), nNOS (ab1376), Neu N (ab104224), GFAP (SC-33673).

The slides were treated with a protein blocking solution (DAKO) for 1 h and then incubated with HRP-conjugated secondary antibody (DAKO) for 15 min. DAB substrate (DAKO) was used for development of the IHC signal, and slides were dipped into Mayer’s haematoxylin for nuclear staining. Alexa 488-conjugated anti-mouse, rat, and goat IgG, and Cy3-conjugated anti-rabbit IgG were used for immunofluorescence staining, and images were obtained on a Zeiss LSM980 confocal microscope.



In situ hybridisation

We performed hACE2 and SARS-CoV-2 in situ hybridisation using the RNAscope kit (ACD) according to the manufacturer’s protocol. In brief, for deparaffinization and dehydration, the paraffin slides were passed through xylene and a 100% and 95% ethanol gradient twice. After air drying, the slides were treated with hydrogen peroxide, target retrieval solution, and protease K to enclose RNA. For amplification of the RNA signal, the slides were treated with amplifying reagent (ACD) for 2 h and the signal was detected with Fast Red reagent (ACD).



Transmission electron microscopy

The lung, spleen, small intestine, and brain specimens were pre-fixed in 2% glutaraldehyde/paraformaldehyde in 0.1 M PBS and washed in 0.1 M phosphate buffer for 24 h at 4 °C for TEM. Post-fixation was performed with 1% OsO4 in 0.1 M phosphate buffer for 2 h, followed by dehydration in an ascending serial grade of ethanol (50%, 60%, 70%, 80%, 90%, 95%, 100%) for 10 min each, and incubated with propylene oxide for 10 min. The specimens were embedded in Poly/Bed 812 kit (Polyscience) and the blocks were cut into 200-nm sections with an ultramicrotome. The sections were placed on a copper grid and imaged with TEM (JEM-1011, JEOL, Tokyo, Japan) at an acceleration voltage of 80 kV equipped with a Mega view III CCD camera (Soft Imaging System, Germany).



Haematological analysis

Peripheral blood samples were collected from the heart immediately following mouse euthanasia and complete blood count (CBC) analysis was performed using the BC-5000Vet system (Shenzhen Mindray Bio-Medical Electronics Co., China).



Statistical analysis

Statistical significance was calculated using PRISM v9.0 software (GraphPad Software, San Diego, CA).
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Supplementary Figure 1 | Novel human ACE2 (hACE2) transgenic mouse models established using SFTPB and Scgb1a1 promoters. (A) hACE2 protein expression in various tissue in wild-type and SFTPB-hACE2 mice. (B) hACE2 expression in the lung and ileum in SCGB1A1-hACE2 mice. (C, D) hACE2 expression in the lung analysed by in situ hybridisation in wild-type and hACE2 transgenic mice.

Supplementary Figure 2 | Relative tissue weight in SARS-CoV-2-infected animals. Tissue weights were measured during autopsy and normalised to total body weight. Data represent mean ± standard error (K18-hACE2 and SFTPB-hACE2, n = 25; SCGB1A1-hACE2, n = 12) and non-infected control animals (K18-hACE2 and SFTPB-hACE2, n = 5; SCGB1A1-hACE2, n = 3). (P < 0.05; ** P < 0.01).

Supplementary Figure 3 | Histopathological analysis of the SARS-CoV-2-infected lung in K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 mice. (A–C) H&E staining of the lung following intranasally infection of 1 × 105 PFU SARS-CoV-2 in K18-hACE2 (A), SFTPB-hACE2 (B), and SCGB1A1-hACE2 (C) mice. Autopsy was conducted at 1, 2, 5, and 7 dpi. The scale bars are 100 μm (left panels) and 50 μm (right panels).

Supplementary Figure 4 | Immune cell infiltration and distribution in the SARS-CoV-2-infected lungs of K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 mice. PTPRC+ cells (A), CD3+ cells (B), neutrophil (C), and F4/80+ macrophage (D) distribution in the lungs confirmed by immunohistochemistry. Each marker is stained brown and counterstained by DAPI (blue).

Supplementary Figure 5 | Immunohistochemistry analysis of SARS-CoV-2 infectious target lung cells in K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 mice. N protein of SARS-CoV-2 (red) and lung cell type markers are double stained: (A) type I alveolar cell marker AGER, (B) type II alveolar cell marker LAMP3, (C) club cell marker SCGB1A1, (D) ciliated cell marker acetylated alpha-tubulin, (E) pulmonary neuroendocrine cell marker chromogranin A, and (F) epithelial goblet cell marker MUC5AC.

Supplementary Figure 6 | SARS-CoV-2 particles detected in the lungs of K18-hACE2 and SCGB1A1-hACE2 mice. SARS-CoV-2 particles detected by electron microscopy. In K18-hACE2 mice, viral particles (black arrow heads) were distributed in type I alveolar pneumocytes (A). The dotted line is the type II alveolar pneumocyte. M, mitochondria; LB, lamellar body. In SCGB1A1-hACE2 mice, SARS-CoV-2 is bound to the cilia in bronchos (B).

Supplementary Figure 7 | Histopathological analysis of the spleen in SARS-CoV-2-infected K18-hACE2, SFTPB-hACE2, and SCGB1A1-hACE2 mice. (A–C) Pathological analysis of the spleen following intranasal infection of 1 × 105 PFU SARS-CoV-2 in K18-hACE2 (A), SFTPB-hACE2 (B), and SCGB1A1-hACE2 (C) mice. Autopsy was conducted at 1, 2, 5, and 7 dpi. The scale bars are 100 μm (left panels) and 50 μm (right panels).

Supplementary Figure 8 | Immune cell distribution in the SARS-CoV-2-infected spleen of K18-hACE2 mice. The B cell marker PTPRC, T cell marker CD3, and macrophage marker F4/80 were stained in SARS-CoV-2-infected K18-hACE2 mice.

Supplementary Figure 9 | Lesion and infectious target cells in the brain of SARS-CoV-2-infected SFTPB-hACE2 and SCGB1A1-hACE2 mice. Brain lesion, diagnosed as perivesicular coffing, was not detected in the brains of SFTPB-hACE2, SCGB1A1-hACE2, and control mice at 5 dpi (A). SARS-CoV-2 infectious target cells in the brain of K18-hACE2 mice (B). SARS-CoV-2 viral particles were detected in K18-hACE2 mice (red arrow) (C).
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Estimation of anti-orthopoxvirus immunity in Moscow residents and potential risks of spreading Monkeypox virus
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WHO has declared the outbreak of monkeypox as a public health emergency of international concern. In less than three months, monkeypox was detected in more than 30 000 people and spread to more than 80 countries around the world. It is believed that the immunity formed to smallpox vaccine can protect from monkeypox infection with high efficiency. The widespread use of Vaccinia virus has not been carried out since the 1980s, which raises the question of the level of residual immunity among the population and the identification of groups requiring priority vaccination. We conducted a cross-sectional serological study of remaining immunity among Moscow residents. To do this, a collection of blood serum samples of age group over 30 years old was formed, an in-house ELISA test system was developed, and a virus neutralization protocol was set up. Serum samples were examined for the presence of IgG antibodies against Vaccinia virus (n=2908), as well as for the ability to neutralize plaque formation with a Vaccinia virus MNIIVP-10 strain (n=299). The results indicate the presence of neutralizing antibody titer of 1/20 or more in 33.3 to 53.2% of people older than 45 years. Among people 30-45 years old who probably have not been vaccinated, the proportion with virus neutralizing antibodies ranged from 3.2 to 6.7%. Despite the higher level of antibodies in age group older than 66 years, the proportion of positive samples in this group was slightly lower than in people aged 46-65 years. The results indicate the priority of vaccination in groups younger than 45, and possibly older than 66 years to ensure the protection of the population in case of spread of monkeypox among Moscow residents. The herd immunity level needed to stop the circulation of the virus should be at least 50.25 – 65.28%.




Keywords: monkeypox virus (MPXV), orthopoxvirus, vaccinia virus (VACV), immunity, neutralizing antibody titers (NAT)



Introduction

Poxviruses are widespread in the environment of almost all continents. The genus of orthopoxviruses, in addition to the smallpox virus, includes 12 more representatives. Some of representatives of this genus are zoonoses, however, circulating normally among animals, they can cause diseases in humans. Until recently, most cases of orthopoxvirus infections were sporadic, not leading to epidemic outbreaks and difficult to register (1, 2). At the same time, it is believed that the immunity formed to the smallpox can protect from monkeypox infection at the level of 85% (3).

The greatest concern in the last decade has been caused by the increase in the incidence of monkeypox (4). Thus, the sporadic incidence of monkeypox in Africa over 50 years of observations increased from single cases to thousands per year on average. Considering that the average age of patients also increased from 4 years in the 1970s to 21 in the 2010s, the increase in morbidity is primarily associated with the cessation of mass population immunization. Widespread vaccination was terminated after circulation of the smallpox virus had been stopped. The cessation of mass vaccination for the prevention of smallpox has increased the number of people living in the territory of the natural focus of monkeypox in Africa who do not have an immunity. In fact, people younger 40 years old are not vaccinated, which means they are able to get infected with monkeypox. In addition, it is obvious that over time, the immunity of vaccinated weakens, which can also lead to an increase in the number of cases (5, 6).

Increasing of cases of human-to-human transmission of the virus is the one of the reasons for concern, as well as the appearance of imported cases of monkeypox with the spread of the virus outside the natural foci in Africa (7). Thus, in 2003, 47 people with monkeypox were recorded in the USA (8), and in 2018 there were 4 cases in the UK (9). The greatest concern was caused by the current outbreak of monkeypox, that began in April 2022. In less than three months, monkeypox has been confirmed in more than 30 thousand people, and its geography has spread to more than 80 countries around the world (10). In Russia, one case of monkeypox was also detected (11). As a result, WHO has declared the 2022 outbreak of monkeypox as a public health emergency. Assigning the maximum danger status requires active monitoring of morbidity, preparation of counteraction plans, which should include an assessment of the population protection, expansion of diagnostic capabilities, the use of specific prevention in risk groups, as well as means of specific therapy for patients with monkeypox.

The titer of viral neutralizing antibodies (VNA) in human blood serum are thought to be at least 1/20 to provide protection against smallpox (12–14). In this case, it is considered as preventive virus neutralization titer (PRNT). Studies of residual immunity after receiving the vaccine show that post-vaccination immunity can persist for more than 20 years (13). This makes it possible to expect that at least a part of the population previously vaccinated against smallpox will be able to maintain protection against monkeypox. A study conducted in Brazil in 2016 showed that 53.1% of the population over 35 years old had a PRNT (14). In turn, a 2012 study conducted in China an experimental VNA detection system using a variant of the Vaccinia virus with integrated luciferase showed the presence of a protective titer in 5.5% and 10.3% of age group aged 31-40 years and 41-56 years, respectively (15). Such a different result in the assessment suggests a different response strategy.

The level of residual immunity to smallpox in Moscow is not known. Widespread vaccination of newborns in Moscow, as in most regions of the world, was carried out until 1980. In addition to vaccination of risk groups and newborns, in 1959-1960, after the outbreak of smallpox, more than 10 million doses of the vaccine were used to immunize residents of Moscow and the Moscow region (7). To study residual immunity, we conducted a serological cross-sectional study of blood serum samples in different age group. Serum samples were examined for the presence of IgG antibodies against Vaccinia virus (n=2908), as well as for the ability to neutralize plaque formation with Vaccinia virus MNIIVP-10 strain (n=299).



Results


Samples collection, ELISA system development and the IgG antibodies to Vaccinia virus analysis

We formed a random group of blood serum samples from residents of Moscow from 30 to 80 years old (n=2908). Together with the samples, we collected depersonalized data of age in groups 30-35, 36-40, 41-45, 46-50, 51-55, 56-60, 61-65, 66-70, 71-75 and 76-80 years old. Each group included at least 250 patients. Subsequently, serum aliquots were used to determine the level of IgG antibodies to the Vaccinia virus and to assess the VNA against the Vaccinia virus.

Due to the lack of commercially available test systems for the determination of residual IgG antibodies to the Vaccinia virus and standard serum panels, we have developed an in-house laboratory ELISA system for the analysis as described previously (16). It was assumed that the ELISA system uses whole virions of the WR strain, which were obtained during cultivation on Vero E6 cells, followed by purification in a sucrose gradient and confirmation of the conformity of the strain used by genome-wide sequencing (see material and methods). In each assay using the developed system, a negative K- (OD-450 0.065-0.075) and a weakly positive K+ (OD-450 0.200 - 0.240) samples were included in duplicates. To normalize the results, the relative optical density (ODrel) was calculated for each sample, dividing the OD-450 of the sample by the average value of OD-450 K+ in this experiment. The obtained values were conditionally divided into 5 groups: negative (ODrel <0.5), doubtful (0.501 < ODrel < 1.0), weakly positive (1.001 < ODrel. < 2.0), positive (2.001 < ODrel. < 4.0) and highly positive (ODrel > 4.001).

According to the results of the analysis using the developed system, we show the dependence of the number of antibodies on the age group (Table 1; Figure 1). The number of people with a positive response in the ELISA test increases with age. The lowest percentage of seropositive (ODrel > 1.0) is in groups up to 45 years old (about 10.8%). In the middle-aged group of 46-65 years, the percentage of positive samples is 51.55% and reaches maximum values among older people over 66 years old (66.78%) (Figure 1).


Table 1 | Percentages of optical density values for different groups depending on the age of the study participants.






Figure 1 | Antibody levels according to age. n = 2908. The relative optical density (ODrel) was calculated for each serum sample, dividing the OD-450 of the sample by the average value of OD-450 K+ (weakly positive control) in this experiment. The obtained values were conditionally divided into 5 groups: negative (ODrel <0.5), doubtful (0.501 < ODrel < 1.0), weakly positive (1.001 < ODrel. < 2.0), positive (2.001 < ODrel. < 4.0) and highly positive (ODrel > 4.001). Percentages have statistically significant differences in any comparisons between ages (max p = 0.031). The maximum percentage of samples obtained from people 30-45 years old showed a negative result in ELISA ((ODrel <0.5), most samples from people 46-65 years old showed doubtful result and the largest number of samples from people 66-80 years old showed a weakly positive result.





Analysis of virus neutralizing antibodies in blood serum samples using Vaccinia virus

Having established the basic patterns of the distribution of antibodies depending on the age of Moscow residents, we studied the VNA in relation to the laboratory strain of smallpox vaccine. To do this, an adapted method was used to assess the reduction of plaque formation in the presence of various serum dilutions. We used dilutions 1/5, 1/10, 1/20, 1/40, 1/80, 1/160 and 1/320. Titers 1/20 and higher were accepted by us as PRNT. The analysis of viral neutralizing activity was carried out for randomly selected 299 serum samples. For 104 (34.8%) samples, viral neutralizing activity was not found, for 44 (14.7%) – 1/5, for 50 (16.7%) - 1/10 and for 101 (33.8%) – 1/20 or more. The distribution of VNA in relation to age is shown in Table 2 and Figure 2.


Table 2 | Virus neutralizing activity for Vaccinia virus in dependence of the age.






Figure 2 | VNA in different age cohorts. The frequency of samples with VNA = 0 drops sharply in age cohorts older than 45 years. For people younger than 45 years old, the proportion of people with VNA ≥ 1/20 titer ranged from 3.2 to 6.7%, and for people older than 45 years old – from 33.3 to 53.2%.



VNA varied depending on the age cohort. So, for people younger than 45 years old, the proportion of people with VNA ≥ 1/20 titer ranged from 3.2 to 6.7%, and for people older than 45 years old – from 33.3 to 53.2%. The differences were significant and make it possible to distinguish well between people under and over 45 years old (Table 3). Also, high VNA (more than 1/160 dilutions) was shown for people older than 45 years (Table 2). For people younger than 45 years virus neutralizing activity in dilutions 1/40, 1/80, 1/160 was found in sporadic cases.


Table 3 | The significance of differences in the proportion of people with VNA ≥ 1/20 depending on the age cohort.



We combined the age cohorts into two groups: (i) the 30-45-year–old cohort (VNA ≥ 1/20 dilutions was found in 5 out of 92 people, which was 5.4% (95% CI: 0.8% - 10.0%)), and (ii) 46-80-year-old cohort (VNA ≥ 1/20 dilutions was found in 96 out of 207, which was 46.4% (95% CI: 39.6% - 53.2%)). The values are shown in Figure 3.




Figure 3 | Dependence of the presence of viral neutralizing activity of blood serum sample on the age group, dilution - 1/20 and more. Y-axis shows the frequency of samples with VNA ≥ 1/20 (%), whiskers show a 95% confidence interval calculated by the Wald method. Two groups compared using chi-square test.





Comparison of methods for assessing residual immunity of ELISA and VNA

Having received two data arrays with the values of the ODrel ELISA and the VNA titer, we analyzed the correspondence of the values obtained by two independent methods. So, in any of the two age cohorts (30-45 and 46-80 years) the level of antibodies was significantly higher in the group that showed high viral neutralizing activity (VNA ≥ 1/20, Table 4). The level of antibodies to Vaccinia virus in the group 46-80 years old was significantly higher at any values of VNA and increased with an increase in the VNA titer (p<0.05 for all comparisons). In turn, in the 30-45-year-old group, the values of ELISA differed significantly only for groups with VNA ≥ 1/20 (p=0.003 and p=0.011 in comparison with VNA=0 and 1/5 ≤ VNA ≤ 1/10 respectively). This may indicate that decreasing both in the titer of IgG and VNA in previously vaccinated patients in the 46-80-year-old group occurs gradually.


Table 4 | Median trends in the number of antibodies to orthopoxviruses (ODrel, Me[IQR]) depending on age and VNA.



We have constructed ROC curves to determine the ODrel value of antibodies to the Vaccinia virus, at which we can assume the presence of a protective titer of VNA ≥ 1/20. In Figure 4 we showed the ROC-curve for all participants and for age groups: 30-45, 46-65 and 66-80 years of age. For all cases ROC-curves were significant (p<0.05, see Figure 4).




Figure 4 | ROC curves for determining the cut off at which it is possible to predict viral neutralizing activity. (A) – All age cohorts, n = 299, AUC = 0.833 (95% CI: 0.787 - 0,880), p<0.001; (B) – With division by age/Blue – 30-45 years old (n=92), AUC = 0.940 (95% CI: 0.879 – 1.000), p=0.001; Red – 46-65 years old (n=118), AUC=0.734 (95% CI: 0.643 – 0.824), p<0.001; Green – 66-80 years old (n=89), AUC=0.759 (95% CI: 0.658 – 0.860), p<0.001.



The area under the curve was 0.940 (95% CI: 0.879 – 1,000) for the 30-45–year-old cohort, 0.734 (95% CI: 0.643 - 0.824) for the 46-65-year-old cohort and 0.759 (95% CI: 0.658 – 0.860) for 66-80-year-old cohort. The cut-off point was chosen with ROC-curve for all cohorts (Figure 4A) as more accurate. Assuming that in the case of an ODrel value ≥ 0.995, the serum has a viral neutralizing activity (VNA ≥ 1/20), the sensitivity was 75.2%, and the specificity was 75.3%. Positive prognostic value was 60.8% and negative prognostic value was 85.6%.

Extrapolation of the results for the remaining patients for whom the VNA analysis was not performed, the probability of viral neutralization was predicted based on information about the presence of antibodies in ELISA (Table 5). The analysis shows that it is possible to distinguish two key age groups - 30-45 years, for which the percentage of presumably having VNA does not exceed 15.6%, and the group older than 46, for which the proportion of persons with protective titer changes with age from 39.1 to 73.1%.


Table 5 | Predicted VNA by age according to ODrel, n = 2610.



Considering the increasing in the number of antibodies with age in the presumably vaccinated and those who probably received additional immunization in Moscow in 1959-1960, we tested the hypothesis of an increase in VNA and ODrel to the Vaccinia virus in the cohort of 66-80 years old relative to 46-65 years old (Table 6).


Table 6 | The level of antibodies and VNA in the age cohorts 46-65 and 66-80 years.



The level of antibodies increases with age, for example, in the age cohort of 66-80 years, ODrel significantly higher than in cohort 46-65 years old (p < 0.001). The median relative optical density was 1.43 [0.80 – 2.62] in the older age cohort and 1.03 [0.61 – 1.96] in the 46-65-year-old group. At the same time, no significant increasing in VNA was detected (p = 0.333). The proportion of persons with VNA ≥ 20 is 46.6% (n=55) in the age cohort of 46-65 years old and 46.1% (n=41) in the age cohort of 66-80 years old (Figure 5). Thus, despite the greater level of antibodies in 66-80 years old people, their VNA not increase.




Figure 5 | The level of antibodies to smallpox vaccine depending on the age cohort (A) and the titer of the VNA (B). (A) shows significant differences in IgGs level between samples from 46-65 years old people and 66-80 years old people (Mann Whitney criterion). Whiskers shows maximum and minimum. (B) shows VNA titer ratio in 46-65 and 66-80 years old. p=0.333 (exact Fisher’s test).





Calculation of the necessary herd immunity level to protect against monkeypox

The Herd immunity is the phenomenon of stopping the spread of an infection when a certain proportion of immune (unsusceptible to infection) individuals is reached and the reproductive number (R0 - the average number of people infected from an infected person) drops below one. This leads to the fact that the number of cases no longer increases over time and begins to decline. The higher the R0, the greater the proportion of immune individuals required to achieve herd immunity. To calculate minimal level of herd immunity among the population, it is necessary to know the reproduction index of the monkeypox virus. Since an insufficient number of cases have been registered in the Russian Federation, CDC statistics on cases identified in the United States (17) or the worldwide data (10) can be used for counting. Seven-days moving average was used to offset the influence of random factors associated with daily case accounting. To calculate R0, we took the period when the moving average overcame 10 cases/day. For global statistics, the observation period was 20.05 – 27.07, for the USA - 22.06 – 25.07. R0 was calculated using the EpiEstimate package in the R programming environment, an incubation period of 9.8 days with a standard deviation of 4 days was used for calculation (18). R0 was calculated with a shift of 7 days. The R0 obtained in this way are shown in Figure S1.

The maximum value of R0 was 8.97 for the world and 7.99 for the USA. The median was 1.61 and 2.63 for the world and the USA, respectively, and the average was 2.01 (95% CI: 1.67 – 2.35) and 2.88 (95% CI: 2.24 – 3.51). Averages R0 was used to calculate the immune layer required to stop virus circulation among people. This Herd immunity level was calculated by formula H = 1-(1/R0) and should be 50.25% - 65.28%. Considering the peculiarities of the spread of the monkeypox virus, it is probably possible to expect high R0 at the beginning of the outbreak associated with any social activities accompanied by an increased risk of spread, followed by a sharp decrease in the reproduction index.




Discussion

The termination of the mass vaccination program against smallpox greatly increased the spread of the monkeypox virus into the human population (4). The growth of sporadic morbidity on the territory of natural foci in Africa invariably led to the appearance of imported cases in developed countries. The epidemic outbreak of 2022 outside the natural focus, considering the geography with a spread on the territory of 80 countries, turned into a pandemic. More than 30 thousand cases of the disease have been recorded worldwide. WHO has declared the outbreak of monkeypox as a public health emergency. A significant risk of widespread virus circulation in the human population is a possible genetic adaptation to more efficient aerogenic transmission of the virus from person to person (19). Genetic data indicate significant changes in the genome structure of the spreading variant of the monkeypox virus compared with previously known cases of virus introduction into the human population in Africa (20). The potential circulation of monkeypox in the population of HIV-positive individuals with immunodeficiency creates additional risks of accelerating the appearance of variants of the virus capable of increased transmission from person to person or causing a more severe course of the disease (21–23).

Some of European states have deployed vaccination using the replicatively incompetent live vaccine JYNNEOS of the Danish company Bavarian Nordic (Smallpox and Monkeypox Vaccine, Live, Non-Replicating) (24). Considering the insufficient volume of the vaccine, it is planned to be used in risk groups. The identification of groups for priority vaccination can be carried out not only considering risk factors, but also considering the residual level of immunity formed by the mass vaccination program. Residual immunity at the VNA level above 1/20 is considered protective against smallpox (13). Since the smallpox immunization program in Africa for a long-time controlled cases of monkeypox with an efficiency of 85% (3) this protective level can be used as a surrogate marker of protection against monkeypox, until a better marker is found.

In the study, two markers of residual immunity to Vaccinia virus were used in Moscow residents. We assessed the residual level of IgG antibodies to Vaccinia virus, as well as the VNA titer in various age groups, including 30-35, 36-40, 41-45, 46-50, 51-55, 56-60, 61-65, 66-70, 71-75 and 76-80 years old. In general, the number of people with IgG antibodies to Vaccinia virus increased with age. Two age transitions of 45 and 66 years old attract attention. The first transition to 45 years and older is obvious. Since people under 45 probably have not received the vaccine, among them about 3.2 – 6.7% have VNA ≥ 1/20, and the protective level of antibodies (ODrel > 1.001) have 10.8% pople. The presence of protective immunity in this group has already been described earlier. Thus, a 2016 Brazilian study showed the presence of protective immunity in 6.2% of persons under 35 years of age (14). The presence of such a group may indicate the possibility of vaccination of these citizens according to indications (military, doctors), or contact with orthopoxviruses on the territory of natural foci (travelers, rural residents).

In the group of people over 45 years of age we observed from 33.3 to 53.2% people with protective immunity to the Vaccinia virus from all people in this age group. There is a significant increase in the level of antibodies in the group of 66-80 years old compared with 46-65 years old group. This increase may be explained by additional immunization, which was carried out in Moscow during the outbreak of smallpox in 1959-1960 (25). During this period, up to 10 million doses were used to vaccinate Moscovites and residents of the Moscow region. Also, in the older group, there is a greater chance of contact with orthopoxviruses, which can increase the level of antibodies. In addition, it is likely that the level of antibodies to the Vaccinia virus could be affected by potentially more frequent contact with the orthopoxviruses that periodically circulated in the past, as well as contact with Vaccinia virus because of vaccination of their own children and grandchildren. Thus, it is known that the virus is released into the environment because of the appearance of pustules in vaccinated (25). Interestingly, an increase in IgG levels in older people to smallpox vaccine does not lead to a statistically significant increase in the VNA titer in our study. One of the factors of the observed phenomenon may be the aging of the immune system of older patients (26, 27)

The results indicate almost complete vulnerability to the threat of the spread of monkeypox of persons under the age of 45. Also, a decrease in the protective titer of VNA in persons over 66 years of age causes concern. This indicates the relevance of the priority use of vaccination in these groups. The availability of safe vaccines remains a problem. In the Russian Federation, two drugs have been registered for medical use that are most likely to protect against monkeypox. The one is the medication for primary immunization - live smallpox vaccine (Smallpox vaccine) (Smallpox vaccine live (smallpox vaccine)) (produced by AO Microgen) (28). The second one is the drug for adult revaccination TEOVac (live smallpox embryonic vaccine) (produced by 48-Central Research Institute of the Ministry of Defence Russia) (29).

Both vaccines cannot be widely recommended as primary immunization agents for the prevention of monkey pox (25). Their use is limited in chronic diseases, pregnant women, and people with immunodeficiency. As a safer alternative, smallpox inactivated vaccine can be used (30). An inactivated vaccine with significantly lower reactogenicity does not cause a prolonged immune response. Its use is advisable at the first stage during two-stage smallpox vaccination followed by vaccination with live smallpox vaccine (25). In this regard, the issue of developing and creating a reserve of third- and fourth-generation vaccines with high efficacy against orthopoxviruses and monkeypox virus as well as low reactogenicity for the possibility of their widespread use is acute.

In the study we showed the presence of a significant stratum of people with a protective level of VNA after more than 40 years after vaccination. This is a significantly longer period than was previously known (13). In cohorts of people over 45 years old, from 33.3% to 53.6% have a protective level of antibodies. The proportion with protective titers was significantly higher than described for China (15) and comparable to the proportion obtained for residents of Brazil (14), USA (31, 32), Japan (33) and Italy (2).

The advantage of our study is many analyzed samples, detailing cohorts by age and using not only the ELISA method, but also in combination with the test of viral neutralizing activity on a laboratory strain of Vaccinia virus. The established level of protection is insufficient to achieve collective immunity. Our calculations based on open data on the incidence of monkeypox in 2022 show that to stop the circulation of the virus in the population, at least 50.25 – 65.28% must be immune to monkeypox. According to Gani and Leach (34) R0 of smallpox virus can vary from 3.5 to 6, so the minimal herd immunity level on the start of epidemic process may reach 71.4 – 83.3%.

Our study has several limitations because we did not evaluate the protective level against monkeypox virus. In the Russian Federation, the monkeypox virus is classified as pathogens of the first group of pathogenicity (BSL 4), which significantly limits research. The presence of high VNA titers for the Vaccinia virus may not fully reflect the protection against monkeypox. Literature data indicate that the cross-immunity among orthopox-virus (including Vaccinia virus, Smallpox, Monkeypox etc.) is so strong that it allows us to count on successful extrapolation of the data obtained for protection against monkeypox virus (35, 36).



Conclusion

In the age group under 45 years of age, the proportion of people with a protective level of antibodies does not exceed 6.7%. Among people over 45, it ranges from 33.3 to 53.2%. An increase in the level of IgG antibodies to the Vaccinia virus among people older than 45 years of age does not lead to an increase in the protective level in VNA. On the contrary, there may be a tendency to decrease the protective level. Priority for vaccination by age are groups of people under 45 years old, as well as, possibly, over 66 years old. To ensure the protection of the population in the event of widespread monkeypox in Moscow, it is necessary to introduce an effective and low-reactogenic vaccine of a new generation. To stop the circulation of the virus in the population, it is necessary to achieve collective immunity at a level of at least 50.25 – 65.28%.



Materials and methods


Collection of serum samples

The purpose of this study was to assess the residual level and intensity of collective immunity against orthopoxviruses in people living in the city of Moscow. During the study, sample blood sera collection over 30 years old was carried out from June 2 to 16 by the Diagnostic Center for Laboratory Research of the Department of Health of the City of Moscow, in total, blood serum samples were collected from 3216 persons. 111 of them had no age information and were excluded from further analysis. Blood serum of 2908 people included in the study was analyzed for the presence of IgG antibodies to Vaccinia virus. The virus neutralizing activity study was conducted for 299 of them. The algorithm for preparing the database for analysis is shown in Figure S2. Blood serum samples were the remains of biological materials sent for other purposes of the study. Standard written informed consent was obtained from all subjects allowing the use of leftovers for research purposes. No personal information had been used.



Cell lines

Vero E6 cells (African marmoset kidney epithelial cells) for NtAb analysis were cultured in DMEM (Cytiva) with 2% heat-inactivated fetal bovine serum (HI-FBS) (Capricorn). The cells were infected at moi 0.1, after 72 hours the cells and the medium were collected, refrozen three times, the debris was precipitated at 9000g for 10 minutes, and the supernatant was aliquoted and stored at -80°C.



Vaccina virus purification

The Vaccinia virus strain Western Reserve WR strain was grown on Vero E6 cells in T175 cm2 tissue culture flask. A flask with a confluent monolayer of cells was infected with the smallpox vaccine virus at a dose of 1-5 PFU/cell. At the onset of 90-100% cytopathic effect, infected cells were collected and destroyed by triple freezing (-70° C) and thawing (+37° C) to release the virus from the cells. The lysates were centrifuged at 2000 rpm at 4°C for 10 minutes, the sediment was removed. Purification and concentration of the smallpox vaccine virus was carried out by ultracentrifugation through a 30% tris-sucrose buffer (10 mM Tris-HCl, 1mM EDTA, 30% sucrose) (Sigma-Aldrich, USA) on an Optima XPN ultracentrifuge (Beckman Coulter Inc., USA) for 70 minutes at 27000 rpm and 14°C in the SW28 rotor. The supernatant was removed, and the precipitate was dissolved in a phosphate buffer. The purified preparation of the smallpox vaccine virus was titrated by plaque formation assay. To do this, 3 x 106 Vero E6 cells were seeded on a 60 mm x 15 mm culture dish. A day later, the cells were infected with tenfold dilutions of the viral stock diluted in DMEMx1 medium without the addition of serum and incubated in a CO2 incubator under the above conditions for 72-96 h. After that, the cells were stained with a neutral red solution (Sigma-Aldich, USA; 3.3 mg/ml). The number of plaques was calculated using a CKX41SF microscope (Olympus, Japan).

Viral DNA was isolated from a purified sample of the smallpox vaccine virus by the Wizard Genomic DNA Purification Kit (Promega, USA). 500 µl of “Nuclei Lysis Solution” and 5 µl of proteinase K (Syntol, Russia) with a concentration of 10 mg/ml were added to 200 µl of the virus (Syntol, Russia). The solution was stirred on a vortex for 5 seconds and placed in a thermostat for 20 minutes at a temperature of 65° C. Then 200 ml of “Protein Precipitation Solution” was added to it. The solution was stirred on a vortex for 5 seconds and placed on ice for 5 minutes, centrifuged at 13,000 rpm for 10 minutes at 4° C. 600 µl of isopropanol was added to the supernatant (Sigma-Aldich, USA), centrifuged at 13,000 rpm for 30 minutes at 4°C. The precipitate was washed with 70% ethanol (Reachim, Russia), dried in air and dissolved in water.



Sequencing of Vaccinia virus

The genome of vaccinia virus strain was sequenced using Oxford Nanopore Technologies. Sequencing libraries were prepared using SQK-LSK109 (Oxford Nanopore Technologies, Oxford, UK) and native barcoding expansion kit EXP-NBD114 (Oxford Nanopore Technologies, Oxford, UK). The final library was loaded onto an R9.4.1 flow cell and was run for 24 hours. The run was performed on MinION (Oxford Nanopore Technologies, Oxford, UK) using MinKNOW v21.11.8.



Bioinformatics analyses

Raw nanopore data were basecalling using Guppy v5.1.13 with high accuracy parameter. Fastq file was demultiplexed using Guppy v5.1.13. The demultiplexed long reads were filtered to remove reads under 1000 bases in length using NanoFilt v2.8.0. The adapter trimmed, filtered long reads were mapped to Vaccinia virus (GenBank Accession AY243312.1) using minimap2 v2.17-r941 to remove host and non-Vaccinia virus reads. Data received were de novo assembled using Flye v2.9-b1768. Long reads were mapped to the assembly using minimap2 v2.17-r941, and the resulting alignment file was used to polished with the same long read set using Medaka v1.0.3.

The final sequence of this vaccinia virus strain was compared to all sequences available in the NCBI database by using BLASTn. Comparative analysis showed 100% coverage and 99.8% identity with Vaccinia virus strain WR (Accession GenBank AY243312.1).



Obtaining an ELISA system and assessing the level of IgG antibodies to the vaccinia virus

To obtain the antigen, the cell precipitate was lysed and purified by ultracentrifugation in a stepwise sucrose gradient. For ELISA, 96-well Costar high binding (Corning) plates were sorbed with a virus preparation at a dilution of 1:250 (107pfu/ml) in carbonate buffer pH 9.6 overnight at +4C°. Then the non-bound antigen was removed, and free binding sites were blocked with S002X buffer (Xema, Russia) with 1% casein for an hour at room temperature, after which the plates were stored at +4°C before use. Serum samples at a dilution of 1:400 in buffer S011 (Xema, Russia) were introduced into the wells and incubated for 1 hour at +37°C and stirring 600 rpm. After that, the plates were washed three times with PBS with 0.1% Tween-20 and incubated with anti-human IgG-HRP conjugate (Abcam A18823) in a dilution of 1:50,000 for an hour under the conditions described above. After incubation with the conjugate, the plates were washed 5 times and incubated with a substrate buffer, containing tetramethylbenzidine (R055, Xema) for 15 minutes at room temperature. The reaction was stopped with a stop solution and the optical density was measured at a wavelength of 450 nm.

In each experiment using the developed system, a negative K- (OD-450 0.065-0.075) and a weakly positive K+ (OD-450 0.200 - 0.240) samples were included in duplicates. To normalize the results, the relative optical density (ODrel) was calculated for each sample by dividing the OD-450 of the sample by the average value of OD-450 K+ in this plate/experiment. The obtained values were conditionally divided into 5 groups: negative (ODrel <0.5), doubtful (0.501 < ODrel < 1.0), weakly positive (1.001 < ODrel. < 2.0), positive (2.001 < ODrel. < 4.0) and highly positive (ODrel > 4.001).



Determination of neutralizing antibody titers

The NtAb level in the sera samples was determined by the plaque reduction neutralization test (PRNT). The sera were inactivated at 56°C for 30 minutes, then two-fold dilutions were prepared in DMEM with 2% HI-FBS, 100 µl of serum dilutions were mixed with 100 µl of vaccinia virus (strain MNIIVP-10) suspension (1000 PFU/ml), incubated at 37°C for 60 minutes and added to monolayer of Vero E6 cells. The serum-virus mix was removed after 4 hours, and cells were overlaid with 0.7% carboxymethylcellulose (CMC; Sigma, USA). After 72 hours, the cells were fixed with 44% Paraformaldehyde (Sigma, USA) and stained with 1% crystal violet (1xPBS, 20% EtOH) and the number of plaques was counted visually. The titer of neutralizing antibodies was considered the maximum dilution of serum, in which a decrease in the number of plaques by more than 50% relative to the control was detected.



Statistical analysis

Statistical analysis was carried out using the RStudio environment for working in the R programming environment, SPSS Statistics ver. 26 (IBM, USA) and GraphPad Prism (GraphPad Software Inc, California).

Before the analysis of quantitative features, the normality of the distribution was checked using the Shapiro Wilk criterion. In most age groups, the distribution was significantly different from normal (p<0.05), so nonparametric metrics were used to describe the groups – median, first and third quartiles.

We compared groups with the Kruskal Wallis Criterion, followed by pairwise comparisons using the Mann Whitney criterion with Bonferroni adjustment. The analysis of qualitative features was carried out with the construction of conjugacy tables, followed by an assessment of the significance of differences using the chi-square criterion with Bonferroni adjustment if needed. 95% confidence intervals calculated using Wald method.

The cut-off points for determining the level of antibodies at which the presence of viral neutralizing activity was assumed was considered using the construction of ROC curves (SPSS Statistics) as the point at which sensitivity is approximately equal to specificity.

Seven-days moving average was used to offset the influence of random factors associated with daily case accounting. R0 was calculated using the EpiEstimate package in the R programming environment, an incubation period of 9.8 days with a standard deviation of 4 days was used for R0 was calculated with a shift of 7 days. The necessary herd immunity level was counted as (1-1/R0)*100%.
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In this paper we aimed to study the characteristics, laboratory data and outcomes of monkeypox virus (MPV) and COVID-19 co-infection. On 2nd October 2022, we used the search term “(“monkeypox virus” OR “MPV” OR “monkey pox” OR “monkeypox”) AND (“COVID-19” OR “COVID 19” OR “novel coronavirus” OR “SARS−CoV−2”)” in five databases to collect the relevant articles. We found three male patients, who had sex with men prior to the infection, had multiple comorbid conditions, were diagnosed with PCR, and were admitted to the hospital. The length of hospital stay was 4, 6, and 9 days. On admission, two cases had multiple vesicular lesions on various sites of the body associated with tonsillar inflammation, while the third case had genital ulcers and inguinal lymph node enlargement. All cases were managed in the hospital and recovered well. It might still be too early to establish solid evidence about the exact cause-effect association between SARS-CoV-2 and MPV co-infection and patient’s outcomes because of the current low sample size. Accordingly, future relevant investigations, estimating the risk ratio of this association are needed to formulate definite evidence.




Keywords: COVID19, monkeypox, coinfection - disease, SARS- CoV2, infection


COVID-19 still constitutes a remarkable burden on countries and their healthcare systems even with the remarkable advances in the vaccine industry. COVID-19 patients are liable to various complications, and those with co-morbidities and associated infections are usually the most vulnerable (1, 2). Recently, a multi-country outbreak of monkeypox virus (MPV) occurred and the World Health Organization declared it a Public Health Emergency of International Concern. Accordingly, certain concerns aroused regarding the outcomes of patients co-infected with COVID-19 and MPV.

To collect all the papers that reported COVID-19 and MPV co-infection, we searched in five databases: PubMed (131), Virtual Health Library (122), Google Scholar (75), Web of Science (79), and Scopus (108). On 2nd October 2022, we used the search term “(“monkeypox virus” OR “MPV” OR “monkey pox” OR “monkeypox”) AND (“COVID-19” OR “COVID 19” OR “novel coronavirus” OR “SARS−CoV−2”)” through all the databases and adapted it to fit the search process in each database. The literature search resulted in 3 articles reporting 3 cases of COVID-19 and MPXV co-infection (Table 1). All cases were male patients, who had sex with men prior to the infection, had multiple comorbid conditions, were diagnosed with PCR, and were admitted to the hospital. The length of hospital stay was 4, 6, and 9 days. On admission, two cases had multiple vesicular lesions on various sites of the body associated with tonsillar inflammation, while the third case had genital ulcers and inguinal lymph node enlargement. All cases were managed in the hospital and recovered well.


Table 1 | Characteristics of patients with COVID-19 and MPV co-infection.



Our findings indicated that although all the included three cases with the co-infection were hospitalized, none of them developed severe outcomes and were discharged after a good recovery. Accordingly, these findings showed that patients having COVID-19 and MPV co-infection might not develop severe outcomes since all the included patients also had multiple comorbid conditions, which were previously reported as significant risk factors for developing severe COVID-19 outcomes (2). To our knowledge, COVID-19 infection presents usually with fever, cough, fever and smell and tasting disorders. However, the characteristic vesicular and ulcerative lesions in the genital lesions together with the enlargement of lymph nodes in our series are not common features of the disease and suggested co-infection with MPV based upon the manifestations reported in the published literature (6, 7). In our series of patients, elevated white blood cells was noticed in two of three patients, which confirms other comorbid infectious condition rather than COVID-19 that is not associated with WBCs rise in most cases (8). The estimated favorable outcomes are consistent with the findings of our previous report of 4080 MPV patients, where no mortality or intensive care unit admissions were estimated (6). In another report, the estimated case-fatality rate of MPV in non-endemic regions is 0.01% (9). The length of hospital stay was also not long among the included patients, ranging between 4 and 9 days. Besides, supportive management seems to be sufficient for these patients due to the mild course of the disease. Therefore, it can be suggested –until now- that MPV infection, whether alone or in combination with COVID-19 does not induce severe patient’s outcomes. However, it might still be too early to establish solid evidence about the exact cause-effect association between SARS-CoV-2 and MPV co-infection and patient’s outcomes because of the current low sample size. Accordingly, future relevant investigations, estimating the risk ratio of this association are needed to formulate definite evidence.

Another important aspect to consider is the overlapping of the clinical manifestations between the two infections since most MPV patients present with fever which is also common among COVID-19 patients. Although rash might significantly distinguish the two infections, some MPV patients might suffer from atypical undetectable lesions and others might suffer from associated rash-causing illnesses (5), making it difficult to establish a proper differential diagnosis. However, the current MPV outbreak characteristically spreads among men who have sex with men. Accordingly, a history of such sexual contact, together with laboratory-detecting MPV, might provide a sufficient differential diagnosis. Therefore, healthcare physicians should be aware of the best practices to establish a differential diagnosis and have adequate knowledge about the characteristics of MPV. Awareness campaigns are essential in this context since the disease, despite re-emerging, is novel in some countries and hard to identify by many healthcare providers (5).

Early detection of cases might also another factor responsible for the reduced severity of co-infection. Therefore, establishing an early proper diagnosis and detection of infections is vital in curbing the spread of these diseases. Moreover, inaugurating national surveillance programs targeting the most impacted populations and populations at risk of catching the infection is also important. Finally, one patient received COVID-19 vaccination, which might also be protective and responsible for the mild outcomes. However, one patient did not receive the vaccine and still had favorable outcomes, and no information was available for the other, indicating the need for future relevant investigations.
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Background

Limited data are available regarding the differences between immunological, biochemical, and cellular contents of human colostrum following maternal infection during pregnancy with coronavirus 2 disease (COVID-19).



Objective

To investigate whether maternal COVID-19 infection may affect immunological, biochemical, and cellular contents of human colostrum.



Methods

Using a case-control study design, we collected colostrum from 14 lactating women with a previous diagnosis of COVID-19 during pregnancy and 12 without a clear diagnosis during September 2020 to May 2021. Colostrum samples were analysed for some enzymes and non-enzymatic oxidative stress markers (SOD, CAT, GPx, MDA, GSH, GSSG, H2O2, MPO) and for IL-1β, IL-6, tumour necrosis factor (TNF)-α, protein induced by interferon gamma (IP)-10, IL-8, IFN-λ1, IL12p70, IFN-α2, IFN-λ2/3, granulocyte macrophage colony stimulating factor (GM-CSF), IFN-β, IL-10 and IFN-γ, along with IgA and IgG for the SARS-CoV-2 S protein. We perform immunophenotyping to assess the frequency of different cell types in the colostrum.



Results

Colostrum from the COVID-19 symptomatic group in pregnancy contained reduced levels of H2O2, IFN-α2, and GM-CSF. This group had higher levels of GSH, and both NK cell subtypes CD3-CD56brightCD16-CD27+IFN-γ+ and CD3-CD56dimCD16+CD27- were also increased.



Conclusion

The present results reinforce the protective role of colostrum even in the case of mild SARS-Cov-2 infection, in addition to demonstrating how adaptive the composition of colostrum is after infections. It also supports the recommendation to encourage lactating women to continue breastfeeding after COVID-19 illness.
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Introduction

Coronavirus disease 2019 (COVID-19), represented by the severe acute respiratory syndrome caused by the SARS-CoV-2 virus, has spread worldwide (1). Patients with COVID-19 have different clinical patterns, such as asymptomatic, mild, moderate, severe, and up to critical types (2). During pregnancy, COVID-19 has been linked with an increased risk of preeclampsia, preterm birth, and stillbirth (3), but its repercussions on breast colostrum composition after asymptomatic and mild COVID-19 during pregnancy were not yet described.

The colostrum is the first breast secretion after childbirth. It has a yellow colour, sticky consistency, and a different composition from the mature milk, being rich mainly in beta-carotenes, immunoglobulin (Ig)A, fat-soluble vitamins, lactoferrin, sodium, and zinc, generating numerous benefits for the child, ranging from protection against pathogens to intestinal colonization (4). Additionally, the colostrum contains a plethora of immunological, biochemical, and cellular contents, which can cause significant modifications to the newborn immunity and susceptibility to infection (5). The immunity is, passively, transferred from colostrum to the newborn, especially due to the number of lymphocytes, macrophages, and their properties related to immune protection (6). In this context, given that COVID-19 vaccines are not yet approved for neonates or children younger than six months old, the passive immunity conferred by breastfeeding is unique to providing immunological defence to such a population (7).

To date, there is no robust scientific evidence that SARS-CoV-2 is transmitted through breastfeeding. Despite few reports on colostrum changes after COVID-19 infection, several blood components have already been identified during COVID-19. Among them, high serum levels of malondialdehyde (MDA), higher serum activity of catalase (CAT), of superoxide dismutase (SOD), in addition to severe glutathione (GSH) deficiency have been described (8, 9). Alterations in neutrophils, lymphocytes, natural killer (NK) cells, and thrombocyte counts, increased levels of coagulation parameters, ferritin, C-reactive protein, cytokines, and chemokines have also been reported during SARS-CoV-2 infection (10–12).

Likewise, colostrum composition changes could reflect alterations caused by COVID-19 in the mother. It is already known that colostrum and breast milk produced by women with COVID-19 contains actual immunoglobulin A (IgA), targeting the S glycoprotein receptor binding domain in the first month following infection (13–15). In addition, colostrum from symptomatic women with COVID-19 had been described to present higher levels of interferon (IFN)-γ, interleukin (IL)-4, IL-6, and IL-12 compared to asymptomatic lactating women with COVID-19 (15). Nevertheless, the repercussions of pregnancy and previous infection by SARS-CoV-2 to the colostrum composition remains unveiled. As such, the focus of the present work was to investigate alterations in colostrum oxidative stress, cytokines, and immune cells composition in asymptomatic breastfeeding women who developed mild COVID-19 symptoms, during pregnancy.



Methodology


Subject recruitment

A case-control study with healthy breastfeeding women that were SARS-CoV-2 infected during pregnancy. The recruitment occurred from September 2020 to May 2021. The women were divided into two groups: the symptomatic (n = 14), which tested positive for SARS-CoV-2 during pregnancy (any trimester) and presented mild symptoms, such as low fever, cough, shortness of breath, sore throat, and loss of taste and/or sense of smell, without the need for hospitalization; and the asymptomatic (n = 12), with no symptoms of COVID-19. The colostrum of all patients from both groups was IgA positive for the S protein of SARS-CoV-2 by ELISA (Euroimmun, Germany). It was assumed herein that IgA-positive women were exposed to SARS-CoV-2, since they were all unvaccinated. The ELISA kit manufacturer only found cross-reactivity with the S protein for SARS-CoV, which never circulated in Brazil (16). Other inclusion criteria for all groups were no current COVID-19 and/or neither infectious, autoimmune diseases, fever (current or recent), along with no gemelar pregnancy.

The Ethical Committee approved the study for human subjects (n. 36006920.8.0000.5013), and all women signed a free and informed consent. The recruitment occurred in three hospitals in Maceio-Alagoas, Brazil: University Hospital Professor Alberto Antunes (HUPAA), Santa Monica Maternity School (MESM), and Santo Antonio General Hospital. Socioeconomic, demographical, anthropometrical, and clinical data from the participants and their newborns were obtained through questionnaire and clinical records.



Characterization of lactating women and their newborns

Demographic, socioeconomic, obstetric, and nutritional status data of lactating women were used to characterize the study population. The groups were classified according to age (≤ 19 years: adolescents; 20−34 years: average age; and ≥ 35 years: advanced age), self-declaration of black race (yes or no), education (≤ 9 years; 10−12 years; and ≥ 13 years of study), monthly family income (≤ 1 minimum wage; > 1 minimum wage), beneficiary of government social programs (yes or no), primiparous (yes or no), complications during pregnancy (yes or no), and mode of delivery (normal or caesarean).

The assessment of maternal nutritional status was performed, through height and current weight, measured with a digital scale with a stadiometer to calculate the Body Mass Index (BMI), and classified according to Atalah et al. (1997) (17). The newborn data were obtained by consulting the medical records and declaring live births. Their characterizations were based on the INTERGROWTH-21st curves (18) by classifying weight and length at birth in percentiles. For the weight variable, the following was adopted: less than 10th percentile—small for gestational age (SGA); between the 10th and 90th percentiles—adequate for gestational age (SUGA); and greater than 90th percentile—large for gestational age (LGA). Length at birth was classified as low, adequate, and high, according to the same standards as weight. Gestational age at delivery was classified as an early term (37 0/7 weeks gestation to 38 6/7 weeks gestation), full-term (39 0/7 weeks gestation to 40 6/7 weeks gestation), late-term (41 0/7 weeks to 41 6/7 weeks of gestation) and post-term (42 0/7 weeks of gestation), according to the recommendation of the American College of Obstetricians and Gynecologists (19). The ratio of the chest and head circumference (CC/HC) was used to complement the information on the nutritional status of the newborn, being classified as adequate when the value was equal to 1 (20). Apgar scores were evaluated at the 1st and 5th minutes of life and classified as adequate when ≥ 7 (21).



Sample collection and storage

Sample collection was standardized and obtained by trained professionals duly equipped with personal protective equipment. A range from 4 mL to 10 mL of colostrum was obtained from one or both breasts, from 8 a.m. to 11 a.m., between 1 to 5 days postpartum. Briefly, the professional’s hands and women’s breasts were soap-washed, followed by 70% ethanol cleaning. The participants also received a triple protection surgical mask and a disposable cap. The professionals also used sterile surgical gloves, when handling the breasts to avoid colostrum contamination. The samples were collected in sterile containers and promptly stored, in ice, for fast transport to the Cell Biology Laboratory at the Federal University of Alagoas (UFAL), Brazil. The samples were centrifuged at 1,200 g for 15 min at 4°C, and the upper lipid fraction was carefully removed with a cotton swab. The translucid liquid supernatant was removed and stored at – 80°C for further cytokines and oxidative stress markers assessment. All analyzes were performed within 10 months after collection to minimize the loss of immunological properties (22). The cellular pellet was PBS-washed thoroughly, with further centrifugation at 1,500 rpm for 10 min. The total cell amount was counted in a Neubauer chamber under a light microscope. The samples were stored until further use at -80°C in cryopreservative solution: foetal bovine serum (FBS) and dimethyl sulfoxide (DMSO), at 9:1 proportion (Figure 1).




Figure 1 | Flowchart representing the step of collection and preparation of colostrum for storage.





IgA and IgG ELISA analyses

The samples were analysed for IgA and IgG for the SARS-CoV-2 S protein (Euroimmun, Lübeck, Germany), following the manufacturer’s instructions. Briefly, samples were thawed, centrifuged at 800 g for 15 min at room temperature, and tested in separate assays measuring IgA and IgG. Plates were incubated at 37°C for 1h, washed, and conjugated with peroxidase-labelled anti-human antibodies for 30 min at 37°C. The chromogen/substrate solution was added for an additional 30 min, followed by the addition of the stop solution. Photometric measures were acquired at 450 nm wavelength with a plate reader (Merck, Berlin, Germany).



Biochemical markers of oxidative stress measurements

Total protein levels in colostrum samples were quantified by the colorimetric method of Bradford (1976) (23) to normalize the results of subsequent analyses by protein content. Superoxide dismutase (SOD) was analysed using the SOD Assay Kit – WST (Sigma Aldrich, St. Louis, MO, USA), following the manufacturer’s instructions, with the spectrophotometer reading performed at 450 nm and the activity expressed in U mg protein-1. Hydrogen peroxide (H2O2) was measured, according to a modified colorimetric method by Pick and Keisari (1980) (24), and described in µmol mg protein-1, following the spectrophotometer reading at 610 nm.

CAT was measured according to Paton et al. (25), previously described by Aebi (26). The method consists of monitoring the rate of decomposition of H2O2 in a spectrophotometer at 240 nm, with readings taken every 15 seconds for 5 min, with results expressed in U of CAT mg protein-1. A CAT unit is defined as the amount of enzyme needed to decompose, at 37°C, 1 μmol min-1 of H2O2.

The GSH and oxidized glutathione (GSSG) levels were determined according to a modified technique initially described by Tipple and Rogers (2012) (27) and expressed in pmol mg protein-1. The ratio (GSH/GSSG) was later calculated by applying the formula: Total glutathione = GSH - (2 x GSSG).

The total activity of glutathione peroxidase (GPx) was measured using the technique adapted from Flohé and Gunzler (1984) (28), with the addition of glutathione reductase (GR), GSH, and after, nicotinamide adenine dinucleotide phosphate (NADPH) and tert-butyl hydroperoxide (t-BuOOH). One unit of GPx corresponds to the amount of enzyme capable of catalysing the oxidation of 1 μmol of NADPH to NADP+ in 1 min. The result was expressed as nmol of NADPH consumed min mg protein-1.

MDA levels were evaluated using high-performance-liquid-chromatography (HPLC), measuring the peak height according to the method proposed by Vickie et al. (1990) (29) and expressed as nM mg protein-1.

The activity of the inflammation enzymatic biomarker myeloperoxidase (MPO) was quantified by the method proposed by Bradley et al. (1982) (30), with modifications, in which a unit of MPO is characterized as the amount of H2O2 decomposed per min. Results were expressed as U mg protein-1.

Reagents and chemicals were purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). The analyzis was performed using HPLC (LC-20 AT-Prominence, Shimadzu) coupled to a UV detector (Shimadzu, serial no. L201550) and a Sanyo VIP Series freezer. The spectrofluorometer used was manufactured by Thermo Fisher Scientific® (Multiskan).



Cytokines and chemokines analyses

The cytokines and chemokines were detected with a Legendplex™ human anti-virus response panel (13-plex—Cat. 740390, Lot B310340, BioLegend, UK), for IL-1β, IL-6, tumour necrosis factor (TNF)-α, interferon gamma-induced protein (IP)-10, IL-8, IFN-λ1, IL12p70, IFN-α2, IFN-λ2/3, granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-β, IL-10, and IFN-γ, following the manufacturer instructions. Results were acquired in a FACS Canto II® (BD Biosciences, Franklin Lakes, NJ, EUA), using the FACS Diva software (BD Biosciences). The results were analysed with the software Legendplex v.8.0 (BioLegend).



Immune phenotyping

Cells were thawed and cultured in DMEM/F12 media with 20% FBS and 1% streptomycin and penicillin (Merck-Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 4 h. Then, cells were washed in PBS-BSA 0.5% with 0.02% sodium azide, centrifuged at 1,500 rpm for 5 min at 4 °C, counted again, and separated as 2 × 105 cells per tube. Afterward, cells were stained with antibodies (Table 1). Briefly, cells were incubated with each antibody for 20 min at 4 °C, washed with PBS-BSA 0.5% with 0.02% sodium azide, and fixed with BD Cytofix/Cytoperm™ (BD Biosciences). After fixation, the cells were washed with BD Perm/Wash™ (BD Biosciences), centrifuged, and resuspended in PBS-BSA 0.5% with 0.02% sodium azide for measurements in a FACS Canto II®, using the FACS Diva software. Gating and data analyzis were performed using the software FlowJo® X (BD Biosciences).


Table 1 | List of antibodies used for immunophenotyping.



The immunophenotyping was performed to assess the frequency of the following cells: CD3-CD19-CD138+CD27++, CD3-CD19+CD138-CD27+, CD3-CD19+CD138-CD27-, CD3+CD4+CD45RO-CD62L+, CD3+CD8+CD45RO-CD62L+, CD3+CD4+CD45RO+CD62L+, CD3+CD8+CD45RO+CD62L+, CD3+CD4+CD45RO+CD62L-, CD3+CD8+CD45RO+CD62L-, CD3+CD4+CD45RO-CD62L-, CD3+CD8+CD45RO-CD62L-, CD3-CD56brightCD16-CD27+IFN-γ+, CD3-CD56dimCD16+CD27-, CD3+CD4+Tbet+, CD3+CD4+RORγt+IL17A+, CD3+CD4+GATA3+, CD3-CD4-Tbet+, CD3-CD4-RORγt+, and CD3-CD4-GATA3+.



Statistical analyses

Descriptive statistics were used to characterize the symptomatic and asymptomatic breastfeeding groups. Categorical data were presented by frequencies and compared using the chi-square test. The Shapiro-Wilk test was used to assess the normality of data distribution. Differences between groups were examined using Student’s t test or the nonparametric Mann-Whitney test, depending on their distribution. All analyses were performed using Stata/MP 13.0 (https://www.stata.com ) and Graph Pad Prism 6 (GraphPad Software Inc., San Diego, CA, USA) software, considering p < 0.05 as the level of statistical significance.




Results


Characterization of lactating women and their newborns

The study was conducted with 26 lactating women aged 18 to 37 years (28.3 years ± 5.3). The main characteristics of the study population are listed (Table 2). There were no significant differences between the groups. In the symptomatic group, the manifestation of COVID-19 symptoms occurred predominantly in the first and third trimesters of pregnancy (35.7%), with 28.6% of pregnant women presenting the infection in the second trimester. The neonatal characteristics are presented (Table 3). In general, the neonates were born late-term, with good weight and length for their gestational age, and without complications.


Table 2 | Demographic, socioeconomic, obstetric and nutritional status characteristics of symptomatic (n=14) and asymptomatic (n=12) for Covid-19 of lactating women, during pregnancy.




Table 3 | Neonatal characteristics of symptomatic (n=14) and asymptomatic (n=12) for Covid-19 of lactating women, during pregnancy.





Measurement of biochemical markers of oxidative stress

In the colostrum of the symptomatic group, there was an increase in total GSH (653.9 ± 385.2 μmol mg protein-1 and 475.4 ± 167.3 μmol mg protein-1; p = 0.0202) (Figure 2D) and a reduction in H2O2 (14.68 ± 12.08 μmol mg protein-1 and 24.84 ± 11.97 μmol mg protein-1; p = 0.0422) (Figure 2H) compared to the asymptomatic group. The graphical analyzis of Figure 2F also suggests a trend towards a reduction in GSSG in the symptomatic group, but without statistical significance (29.79 ± 15.40 pmol mg protein-1 and 72.66 ± 66.84 pmol mg protein-1; p = 0.0628). For the other biomarkers, the results were not significantly different (Figures 2A–I). No CAT activity was found in the samples. The analyzis was repeated for confirmation.




Figure 2 | Biomarkers of oxidative stress in colostrum of symptomatic (n=14) and asymptomatic (n=12) for SARS-CoV-2 of lactating women, during pregnancy. (A) Concentration of SOD (U mg protein-1). (B) Concentration of MDA (nM mg protein-1). (C) Concentration of GPx (nmol NADPH consumed min mg protein-1). (D) Concentration of total GSH (pmol mg protein-1) (*p = 0.0202). (E) Concentration of GSH (pmol mg protein-1). (F) Concentration of GSSG (pmol mg protein-1). (G) Concentration of GSH/GSSG ratio. (H) Concentration of H2O2 (µmol mg protein-1) (*p = 0.0422). (I) Concentration of MPO (U mg protein-1). Data are presented as median and 95% CI. *indicates a statistical difference, comparing Asymptomatic versus Symptomatic. Mann–Whitney test: p < 0.05.





Cytokines measurements

Several cytokines were detected in our samples. Nevertheless, IL-12p70 and IFN-γ had undetectable levels in both groups. The majority of the measured cytokines were detected in both groups, such as IL-1β, IL-6, IL-8, IL-10, TNF-α, IP-10, IFN-β, IFN-λ1, and IFN-λ2/3, although their levels were unchanged in all analysed conditions (Figures 3A–I). Regarding IFN-α2, the symptomatic group had decreased levels in comparison to the asymptomatic group (respectively, 0.07286 ± 0.07286 pg mg protein-1 and 0.9263 ± 0.5807 pg mg protein-1; p = 0.0423) (Figure 3J). The same pattern was observed with GM-CSF, with reduced levels in the symptomatic group compared to the asymptomatic group (respectively, 0.9943 ± 0.9730 pg mg protein-1 and 1.870 ± 1.057 pg mg protein-1; p = 0.0243) (Figure 3K).




Figure 3 | Cytokines’ analyzes in the colostrum of symptomatic (n=14) and asymptomatic (n=8) for Covid-19 of lactating women, during pregnancy. (A) Concentration of IL-1β (pg mg protein-1). (B) Concentration of IL-6 (pg mg protein-1). (C) Concentration of IL-8 (pg mg protein-1). (D) Concentration of IL-10 (pg mg protein-1). (E) Concentration of TNF-α (pg mg protein-1). (F) Concentration of IP-10 (pg mg protein-1). (G) Concentration of IFN-β (pg mg protein-1). (H) Concentration of IFN-λ1 (pg mg protein-1). (I) Concentration of IFN-λ2/3 (pg mg protein-1). (J) Concentration of IFN-α2 (pg mg protein-1) (*p = 0.0423). (K) Concentration of GM-CSF (mg protein-1) (*p = 0.0243). Data are presented as median and 95% CI. Mann–Whitney test: p < 0.05.





IgA and IgG analysis

The colostrum was analysed for IgG and IgA specific for the SARS-CoV-2 S protein, as described before. No IgG whatsoever was found (data not shown). Nevertheless, IgA was present in all samples, without significant differences among the groups (Figure 4A).




Figure 4 | Cell populations in the colostrum of symptomatic (n=14) and asymptomatic (n=12) for Covid-19 of lactating women, during pregnancy. (A) IgA colostrum concentration (ng mL-1). (B) Total cell count (x107 mL-1). (C) Percentage of cells CD3-CD19-CD138+CD27++. (D) Percentage of cells CD3-CD19+CD138-CD27-. (E) Percentage of cells CD3-CD19+CD138-CD27+. (F) Percentage of cells CD3+CD4+CD45RO-CD62L+. (G) Percentage of cells CD3+CD8+CD45RO-CD62L+. (H) Percentage of cells CD3+CD4+CD45RO+CD62L+. (I) Percentage of cells D3+CD8+CD45RO+CD62L+. (J) Percentage of cells CD3+CD4+CD45RO+CD62L-. (L) Percentage of cells CD3+CD8+CD45RO+CD62L-. (K) Percentage of cells CD3+CD4+CD45RO-CD62L-. (M) Percentage of cells CD3+CD8+CD45RO-CD62L-. (N) Percentage of cells CD3+CD4+Tbet+. (O) Percentage of cells CD3+CD4+GATA3+. (P) Percentage of cells CD3+CD4+RORγt+IL17A+. (Q) Percentage of cells CD3-CD4-Tbet+. (R) Percentage of cells CD3-CD4-RORγt+. (S) Percentage of cells CD3-CD4-GATA3+. (T) Percentage of cells CD3-CD56brightCD16-CD27+IFN-γ+. (U) Percentage of cells CD3-CD56dimCD16+CD27-. Data are presented as median and 95% CI. Mann–Whitney test: p < 0.05. *p < 0.000. ** p = 0.0093.





Immunophenotyping

The immunophenotypes from different lymphoid cells in the colostrum of both groups were analysed by flow cytometry. In general, total cell count and CD3+ cells tended to be reduced in the symptomatic group (Figure 4B).

Regarding the B lymphocytes and plasm cell populations, CD3-CD19-CD138+CD27++, CD3-CD19+CD138-CD27-, and CD3-CD19+CD138-CD27+ cells were found in both studied groups, although no significant changes were observed (Figures 4C–E). The same unchanged pattern was evidenced in both naive T cells,  CD3+CD4+CD45RO-CD62L+, and CD3+CD8+CD45RO-CD62L+, and in all T cell memory populations: CD3+CD4+CD45RO+CD62L+, CD3+CD8+CD45RO+CD62L+, CD3+CD4+CD45RO+CD62L-, CD3+CD8+CD45RO+CD62L- (Figures 4F–K). Effector T cells and different Th cell populations, such as CD3+CD4+CD45RO-CD62L-, CD3+CD8+CD45RO-CD62L-, CD3+CD4+Tbet+, CD3+CD4+GATA3+, and CD3+CD4+RORγt+IL17A+ cells were present in all samples, but unchanged between the studied groups (Figures 4L–P). The innate lymphoid cells (ILC) population CD3-CD4-Tbet+, CD3-CD4-RORγt+, and CD3-CD4-GATA3+, were also analysed, but no changes were observed in both groups (Figures 4Q–S). Notably, two different populations of NK cells were greatly increased in the symptomatic group compared to the asymptomatic group. As such, CD3-CD56brightCD16-CD27+IFN-γ+ cells changed from 0.08 ± 0.04% in the asymptomatic group to 6.5 ± 1.1% in the symptomatic group (p < 0.0001) (Figure 4T), whereas CD3-CD56dimCD16+CD27- cells increased from 0.26 ± 0.11% in the asymptomatic group to 0.82 ± 0.22% in the symptomatic group (p = 0.0093) (Figure 4U). Gate strategies and representative images are depicted in Figure 5.




Figure 5 | Gate strategies and representative dot plot graphs from flow cytometry data of two women (Asymptomatic number 7 and Symptomatic number 4). (A) CD3-CD19- and CD3-CD19+ cells were gated for CD138 and CD27 analyzis. (B) CD3+ cells were further evaluated for CD4 or CD8. CD3+CD4+ and CD3+CD8+ cells were gated for CD45RO and CD62L analyzis. (C) CD3- cells were evaluated for CD56. Both CD56bright and CD56dim were further analyzed for CD16 and CD27 expression. CD3-CD56brightCD16-CD27+ cells were evaluated for IFN-γ analyzis. (D) CD3+CD4+ and CD3-CD4- were evaluated for tbet, GATA3, and RORγt. CD3+CD4+RORγt+ were also analyzed for IL17A.






Discussion

Despite the magnitude of COVID-19 and its impacts on health, few reports are available on the composition of colostrum after women were stricken with this disease during pregnancy, either with or without symptoms (31, 32).

A study conducted by Sánchez-Garcia et al. (2021) (33) in Madrid, Spain, addressed the prevalence of SARS-CoV-2 and the evolutionary profile of immune compounds in breastmilk of positive mothers, according to time and disease state. It involved 37 women in the study group and 45 in the control group. The investigation revealed that the colostrum of mothers infected with the virus, with samples collected every 72 h from delivery, had a distinct immunological profile. On the other hand, there was a reduction in these compounds in women in the control group, suggesting that further studies should be carried out to assess whether such findings indicate an efficient reaction of the organism against SARS-CoV-2 infection, aiming at protecting the child (33).

Few studies evaluated oxidative stress in colostrum, especially in cases of COVID-19. To provide protection, breast milk adapts to the child’s needs, its composition modifying depending on several factors. Therefore, it is a food extremely rich in biologically active ingredients, such as enzymes, vitamins, and proteins, being a powerful antioxidant that protects the child against diseases (34). Breast milk provides nutrients for the proper growth and development of the child. Its content is variable and dependent on factors such as body composition, environment, climate, ethnicity, diet, maternal age and gestational age, with the last two variables being important in the concentration of bioactive molecules (35). The enzymatic and non-enzymatic antioxidants that occur naturally in breast milk support the neonate’s antioxidant defences against infection and disease. The enzymatic antioxidant system includes GPx, GR, glutathione S-transferase (GST), SOD and CAT. These systems scavenge radicals and peroxides and prevent their formation (36). One study by Zarban et al. (2009) (37) in milk samples (colostrum, transition milk, and mature milk) from 115 healthy women and full-term newborns showed that the total antioxidant status was higher in colostrum than in transition milk and mature milk. These data suggest that colostrum consumption in the first days of life is vital, due to its high antioxidant potential. In addition, this food is also rich in nutrients, as well as in immunological components, which confer numerous benefits to the health of newborns.

In colostrum, a higher total antioxidant status is identified, compared to mature milk, and its radical scavenging activity decreases during lactation. Thus, breastfed children demonstrate a more efficient antioxidant barrier, suggesting, as in the present study, that the maternal organism adapts and prioritizes the child’s health, producing and secreting a greater amount of antioxidant in those affected by the disease. That is, a compensatory adaptation to oxidative stress occurs to restore redox balance (38).

The findings of the present study were related to an increase in GSH and a decrease in H2O2 in the colostrum of symptomatic women by COVID-19, with no differences between GPx levels. Although there was no statistically significant difference between the groups, there was still a trend towards a reduction in GSSG in the symptomatic group. GSH is the most abundant thiol in mammals, being essential in the defence of cells and tissues against oxidative stress. It participates in numerous cellular reactions, directly and indirectly to scavenge free radicals and other reactive oxygen species (such as H2O2, for example), where it is oxidized to form GSSG, which is then reduced to GSH by NADPH-dependent glutathione reductase (39, 40). GPx inhibits the lipid peroxidation process. H2O2, derived from the catalytic reduction of the radical anion superoxide (O2•-), can be produced by mitochondria and is found in breast milk. It plays several biological cell-signalling roles. Its elimination occurs initially by CAT, very effectively, and by GPx. However, in the context of oxidative stress, increased levels of this species can be found (41).

Despite the absence of the quantification of CAT, the present results can suggest that symptomatic women were able to offer greater antioxidant protection to the neonates. It is known that cold storage can significantly reduce the antioxidant capacity of breast milk (42, 43), however our analyzes were standardized initially, aiming at preserving the immunological properties of breast milk (22). Additionally, few studies have analyzed markers of oxidative stress in human colostrum (44–46), and to the best of our knowledge, none determined the shelf life of CAT, after different storage periods at -80 °C. In this sense, our research demonstrates that, unlike other antioxidant enzymes, CAT in biological media seems to be more sensitive to freezing. This finding reinforces the need for future studies to investigate the stability of CAT in human colostrum under different conditions of time and temperature, in order to ensure a better supply of bioactive immunological components, such as antioxidant enzymes.

Furthermore, studies confirm higher concentrations of immunological components, growth factors, bioactive compounds, cytokines, and chemokines in colostrum compared to mature milk, even in women without infections and/or complications during pregnancy and postpartum (5, 47). Moreover, changes in the composition of breast milk were observed according to the conditions of the newborn, including the increases in total number of leukocytes in human milk, especially colostrum, in relation to the infants without infection, in diseases such as SARS-CoV-2. Such alterations may reflect changes in the cytokine profile observed in the presence of the disease, with increased levels in the colostrum of those infected women. Thus, the infant’s immune system can be stimulated from this colostrum and increases the production of defence cells to maintain an organic balance in these individuals. Therefore, it is suggested that changes in the immunological profile of human milk is a form of adaptation to provide additional protection to the child, with a permanent dynamic interaction between the mother-child dyad (33, 48).

Cytokines in human milk may have an immunostimulatory or immunomodulatory effect on phagocytic cells and on lymphocytes involved in developing the specific immune responses of the child and acting in the prevention of allergies and hypersensitivities (49). They are suggested to be secreted by immune cells present in the mammary glands, although the exact sources remain to be unveiled (50). It is also unknown which cytokines survive the passage through the infant stomach, but some data suggest that cytokines remain protected until they reach the intestine (51). Moreover, these cytokines can act on cells of breast milk itself, stimulating the innate and acquired immune response, including growth, differentiation, and production of antibodies by B cells (52), and they help breast milk derived cells to surpass infant mucosal epithelial barriers (53).

The study from Narayanaswamy and collaborators (2021) (15) was the first to show a cytokine panel from the colostrum of women with COVID-19, comparing asymptomatic and symptomatic women. They have described that the levels of IFN-γ, IL-4, IL-6, and IL-12 were significantly higher in the colostrum from the symptomatic group, although their possible functions and the neonatal repercussions were not deeply explored. Differently, our study is the first to describe the cytokines alterations in the colostrum after asymptomatic and symptomatic COVID-19 in pregnancy. As such, only two cytokines were different in the symptomatic group that had a reduction in GM-CSF and IFN-α levels.

In the breast milk, GM-CSF is known to be produced by macrophages and acts autocrinally and synergistically with IL-4 to differentiate into CD1+ dendritic cells (54). It can also increase phagocytosis and pathogen killing by macrophages, inhibiting Staphylococcus aureus infections in the mammary gland (55), and up-modulate Toll-like receptor (TLR)-mediated responses (56, 57). Other known producers are NK cells, as GM-CSF can also be important to restoration of immune functions of tolerant leukocytes under inflammatory events (58). Regarding IFN-α, despite the antiviral role, this cytokine is involved in the activation of innate and adaptive immune cells responses and enhances NK cells cytotoxic capacity (59). In a case report published by Yu and collaborators (2021) (60), they showed an eightfold increase in IFN-α+ leukocytes from the mature milk of women with COVID-19 infection.

Interestingly, IFN-α and GM-CSF are needed to differentiate monocytes into IFN-producing plasmacytoid dendritic cells (pDC) (61), which not only stimulates adaptive, but also mediates, innate immune responses with the production of large amounts of IFN-I (62, 63). Rather frequent in the gut, pDC are thought to play important roles in maintaining intestinal homeostasis (64), but also capable of activating Th17 cell development and inducing inflammation (62).

Our findings indicate the presence of specific IgA for SARS-CoV-2 in both groups, suggesting a previous infection promoting a humoral response; however, no significant differences were found between the groups. IgA antibodies coat the gastrointestinal and respiratory mucosa, where they block the entry of foreign antigens and viruses, providing a protective action especially for infectious diseases, so their presence in the colostrum of mothers who were infected by the virus seems to be a protective mechanism for the child (65). Corroborating our findings, Pace et al. (2021) (13) identified that 76% of mature milk samples from COVID-19 infected women admitted to their study contained IgA specific to SARS-CoV-2. Yet, similarly, colostrum samples from women who were positive for SARS-CoV-2 had 73% IgA reactivity (15).

Since several microorganisms use the mucosae as a portal of entry, neonates have increased risk for infections (66). During this critical period of vulnerability, neonate defences rely on breast milk protective factors, and the development of their own immune system increased by the breast milk, as well (67). These characteristics reinforce the idea that the breast milk provides a highly immunoactive system primed to protect from potential pathogens the mother-infant dyad may encounter (68). As such, the immune cells play a pivotal role in bridging the gap between birth and the child’s development of a fully functional immune system (68). Nevertheless, studies that observe cell transfer from the breast milk to neonate tissues have obvious limitations (69, 70). The breast milk-neonate cell transfer, a case of microchimerism, is thought to heavily influence the neonate immune system development, inducing neonatal tolerance to non-inherited maternal antigens, and fast responding against novel antigens (71).

The colostrum immune cell frequency during an infection is dynamic, dramatically increasing in comparison to non-infected women, and after the infection returning to normal levels (71). In our results, possible differences comparing different colostrum lymphoid cell populations after asymptomatic or symptomatic COVID-19 in pregnancy were, pioneeringly, analysed herein, differing from the literature. Firstly, total cell count in both analysed groups were compatible with the literature, as well as all the encountered cell types (49). It is known that apart from epithelial cells, macrophages, and neutrophils, lymphoid cells are one of the most important populations present in the colostrum (49, 68). Despite cellular frequency importance, multiple maternal characteristics can influence the cellular composition of the colostrum, such as diet and age, which could derive in high variable results in different populations (72, 73).

Usually, most of the lymphoid cells are CD3+ T cells, which are known to derive from mucosal sites rather than from the blood (68). The breast milk CD3+ CD4+ T cells are, commonly, activated with the expression of CD45RO, a surface receptor associated with memory. The CD3+ CD4+ T cells transfer contributes to the modulation of immune responses, possibly allowing a major repertoire of T cell functions in the neonate (69). Moreover, breast milk CD3+ T cells are equally distributed between CD4+ and CD8+ 75. Conversely, both groups analysed herein were different, as CD4+ and CD8+ T cells were not equally distributed, but at the respective proportion of 3:1. Since COVID-19 is known to selectively and systemically reduce CD8+ T cells (74), the colostrum amount of these cells could be impaired in both groups. Another hypothesis relies on the fact that our population might have a different basal proportion of these cells in the colostrum, as frequency differences could differ depending on the studied population (72, 73, 75), and even from study differences regarding the type of breast milk analysed (colostrum, transitional milk, or mature milk).

At birth, cells of the innate immune system, IgM, and IgG+ B cells are present in the neonate intestinal mucosae, but IgA+ B cells are rare. These B cells are known to be majority CD27+ memory cells, primed to secrete antibodies; as well as plasma cells (76), which are thought to infiltrate several neonate tissues and survive until adulthood (69). Adversely, in our samples we have a similar proportion of naïve CD27- B cells, memory CD27+ B cells, and plasma cells. Our results also showed a great amount of different ILCs, including NK cells. These cells regulate homeostasis, inflammation, and they have antimicrobial functions. Usually in the breast milk, ILC1 is more frequent than the other subtypes, and in rodents, they can migrate to different parts of the pups, such as intestines, lungs, heart, and thymus (69). The NK cells can be divided in two subpopulations, CD56bright CD16- and CD56dim CD16+ cells with predominant cytokine production or cytotoxic functions, respectively (77). Unprecedentedly, our results depict both subtypes to be greatly increased in the symptomatic group, which could implicate an increased transfer of these cells to infant’s intestines. Generally, lymphoid cells expressing CD56 isolated from the gut do not express CD16, being considered lymphoid effectors that have a relevant role in the regulation of gut homeostasis (78), whereas CD56dim CD16+ cells are involved in the fast response to viral infections (79). As such, the increase in both NK cells populations could be, absolutely, interesting to the increase of the infant gut innate immunity and homeostasis maintenance. Altogether, it is possible that reduced GM-CSF and IFN-α could lead to reduced maternal pDC activity, which is important to differentiate T cells in a Th17 phenotype after TLR activation (80), indicating a slightly reduced inflammatory potential in the neonates. Moreover, the NK cells increase could enhance neonatal antiviral innate response, as well as to maintain gut homeostasis. Although interesting hypothesis, further studies are needed to correlate our findings with the outcomes potentially involved with the maternal-infant dyad.

When interpreting our findings, three limitations must be considered. The first concerns the lack of a control group composed of healthy lactating women with no history of Covid-19 to compare our findings. However, it was not possible to locate pre-pandemic colostrum samples. The second limitation concerns the small sample size, possibly limiting the power to detect other differences between the groups. However, due to the various restrictions and social isolation imposed by the pandemic and the beginning of pregnant women’s vaccination, it was impossible to extend the collections. Finally, due to the lack of studies reporting the valuable lifetime of the CAT in human colostrum, our analyses were standardized and performed within ten months after collection, making its determination unfeasible. However, this limitation provides a new look at the impact of freezing on the antioxidant capacity of colostrum, particularly regarding CAT activity. As strengths of the study, we highlight that up to our knowledge; the present work is one of the few that analyzed a wide variety of components, especially immunophenotyping and oxidative stress markers after COVID-19 in pregnancy. Additionally, few studies concerning breast milk were able to explore the colostrum that is produced in small amounts, turning its collection difficult.



Conclusions

Our study is among the first to demonstrate the impact of symptomatic and asymptomatic COVID-19 infection during pregnancy on the composition of different bioactive colostrum components. In a nutshell, an increase in total GSH levels and reduced levels of H2O2, IFN-α2, and GM-CSF have been observed in the colostrum of the symptomatic group, and a considerable increase in both NK cell subtypes.

These results demonstrate a greater antioxidant activity in the colostrum of women, symptomatic for COVID-19, during pregnancy, in addition to changes in the immunological composition that may represent an increase in the infant’s intestinal innate immunity and maintenance of homeostasis. Despite the absence of a healthy control group with no history of COVID-19 during pregnancy, our findings suggest a mechanism of adaptation of the organism against mild and symptomatic SARS-CoV 2 infection, and demonstrates how adaptive is colostrum composition, after infection. In this way, the encouragement of early breastfeeding in women, who have been affected by COVID-19 during pregnancy, is highlighted, to ensure greater protection for the conceptus. The lack of a control group and the small number of subjects may affect the relationship between the analyzed immunological markers. Thus, further studies are needed to establish the influence of viral infections on colostrum composition, as well as investigations in samples of colostrum and mature breast milk from lactating women vaccinated against COVID-19.
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Introduction

An approach toward novel neutralizing IgY polyclonal antibodies (N-IgY-pAb) against SARS-CoV-2 S-ECD was developed. 



Material and methods

The novel N-IgY-pAb and its intranasal spray response against the wild type (“‘WH-Human 1”) SARS-CoV-2 virus, variants of Delta or Omicron were up to 98%. Unique virus peptides binding to N-IgY-pAb were screened by a SARS-CoV-2 proteome microarray.



Results

Seventeen mutation-free peptides with a Z-score > 3.0 were identified as potent targets from a total of 966 peptides. The new findings show that one is in the RBM domain (461LKPFERDISTEIYQA475 ), two are in the NTD domain (21RTQLPPAYTNSFTRG35, 291CALDPLSETKCTLKS305) four are in the C1/2-terminal (561PFQQFGRDIADTTDA575,571DTTDAVRDPQTLEIL585,581TLEILDITPCSFGGV595, 661ECDIPIGAGICASYQ675 ), three are in the S1/S2 border (741YICGDSTECSNLLLQ755, 811KPSKRSFIEDLLFNK825, 821LLFNKVTLADAGFIK835) one target is in HR2 (1161SPDVDLGDISGINAS1175) and one is in HR2-TM (1201QELGKYEQYIKWPWY1215). Moreover, five potential peptides were in the NSP domain: nsp3-55 (1361SNEKQEILGTVSWNL1375), nsp14-50 (614HHANEYRLYLDAYNM642, ORF10-3 (21MNSRNYIAQVDVVNFNLT38, ORF7a-1(1MKIILFLALITLATC15) and ORF7a-12 (1116TLCFTLKRKTE121).



Discussion and conclusion

We concluded that the N-IgY-pAb could effectively neutralize the SARS-CoV-2. The new findings of seventeen potent conserved peptides are extremely important for developing new vaccines and “cocktails” of neutralizing Abs for efficient treatments for patients infected with SARS-CoV-2.
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Introduction

Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2) causes significant morbidity and has involved a large number of medical consultations, hospitalizations, high medical and social costs. Now it is still spread fast all over the world and created a dramatic healthcare challenge for humankind (1–5). The earliest available SARS-CoV-2 viral genomes were identified from patients in December 2019, Wuhan, China, and as named “‘WH-Human 1” (2). The ongoing COVID-19 pandemic situation was caused by the SARS-CoV-2 and variants of concern such as B.1.617.2 (Delta) in India in late 2020. The B.1.1.529 (Omicron) is posing multiple challenges to humanity since 26 November 2021 until now (3). The Omicron (BA.1) variant with 50 mutations and approximately 32 of these pertain to the spike protein which most vaccines target to neutralize the virus. Many of the mutations are novel and are not found in previous variants of the virus (4, 5).

As is known, immunity can be acquired artificially by active vaccination and/or passive immunization (6–9). Because of the absence of specific antiviral drugs, it is critical that coronavirus specific vaccines must be developed. So far, there are a total of 320 vaccine candidates for SARS-CoV-2 at various stages of development, of which 194 are in preclinical stages, 126 in clinical development, and 9 have been approved via Emergency Use Authorization by different countries (6, 8).

SARS-CoV-2 consists of a 29.9 kb positive-sense single-stranded RNA genome. It encodes four structural proteins: nucleocapsid (N), membrane (M), envelope (E) and surface-anchored spike glycoprotein (1). The 29.9 kb sequence of full SARS-CoV-2 proteome has been deposited in the Global Initiative on Sharing All Influenza Data (GISAID). Antibodies against SARS-CoV-2 are divided into two main categories, neutralizing antibodies (NAbs) and non-neutralizing virus-binding antibodies (BAbs) (10). Since the SARS-CoV-2 virus invades its host via the interaction of its S-protein with the ACE-2 protein on the surface of host cells, the SARS-CoV-2 NAbs are raised against the S-protein. The crucial receptor-binding domain (RBD) localized to the S1 portion for the major target for human NAbs has been reviewed (11). On the other hand, the BAbs in most cases target the S-, N-, E- and Mproteins of the SARS-CoV-2 virus. Furthermore, the BAbs targets the N-protein are often used in the commercial detection tests to identify SARS-CoV-2 infected individuals (10).

A serious challenge currently facing the multiple SARS-CoV-2 variants is the frequent mutations of the virus, which can enhance its adaptability (1, 11–13). Those new mutant strains can easily cause repeated epidemics, weaken the protective effects of vaccines, or worsen the global spread of the epidemic (11, 13). Therefore, it is important to identify conserved peptides from the SARS-CoV-2 proteome for detection or treatment purposes, which enables avoidance of mutation sites, especially for extremely frequent mutation peptides. Data from GISAID show that 27 proteins of the SARS-CoV-2 virus are mutating at different rates, of which most exhibit little to no mutational variability. Specifically, the spike (S) and nucleocapsid (N) proteins exhibit the highest mutational variability, such as D614G (S), A222V and L18F (S), P323L (NSP12), R203K/G204R (N) and A220V (N) (1). From the Wilipedia website (https://en.wilipedia.org/wiki/sars-Covi-2_Delta_variant#Mutaions) and William’s report (13), the new Delta CoV-2 type showed mutations at D614G, T478K, L452R, P681R and E484Q (S).

Previous studies show that SARS-CoV-2 S protein is capable of triggering protease-independent and receptor-dependent syncytium formation. This enhances virus spreading through cell-cell fusion and rapid neutralizion of the virus (12). The extracellular domain of the S-protein (S-ECD) has denoted as S1 head (S1) and S2 stalk regions (S2) (see Figure 1A). NAbs to SARS-CoV-2 all target the receptor-binding domain (RBD), with blocking the ability of the RBD to bind human angiotensin-converting enzyme 2 (hACE2), while others bind core regions of the RBD to modulate spike stability or ability to fuse to host cell membranes. This is the main target for designing neutralizing antibodies (NAbs) and vaccines which play vital roles in studying the viral entry, determination of virulence, understanding the range of hosts, a pseudo-type system with S protein of SARS-CoV-2 (10–12, 14). With respect to the passive immunization strategy, specific immunoglobulins (IgY) extracted from egg-yolk of immunized hens have been employed to deal with virus infections (9).




Figure 1 | The Z-score values ≥0.05 of peptides/proteins in the S-ECD domain by the SARS-Cov-2 proteome microarray. (A) Schematic sequence (1,273) of a full-length SARS-CoV-2 spike. Two major domains within the spike protein are denoted as S1 head (S1) and S2 stalk regions (S2). The different domains are shown in different colors: SP (single sequence), NTD (N-terminal domain); RBD (receptor-binding domain) containing the RBM (receptor binding-motif), CTD1 (C-terminal domain 1), CTD2 (C-terminal domain 2), S1/S2 border (S1/S2 cleavage site), S2′ (S2′ cleavage site), FL (fusion loop), FPPR (fusion peptide proximal region), HR1(heptad repeat 1), CH (central helix region), CD (connector domain), HR2 (heptad repeat 2), TM (transmembrane domain), and CT (cytoplasmic tail). (B) Z-score values ≥0.05 of peptides/proteins in the S-ECD domain;15 potent peptides had a Z score ≥ 3.0. (C) Z-score values ≥0.05 of peptides/proteins in the non-structural protein domain. Five potent peptides had a Z-score ≥ 3.0. Con.: Control (PBS buffer).



Since the phylogenetic distance between mammals and birds causes a high immune response by birds to mammalian antigens, the immunoglobulin Y antibodies (IgYs) from the yolk of chicken eggs offer a series of advantages as compared to mammalian immunoglobulin G antibodies (IgGs) (14). In particular, IgYs have the potential to induce neutralizing antibodies against respiratory infections, can inhibit the cell-to-cell spread of virus particles, thus suppressing viral colonization, and possesses remarkable pathogen-neutralizing activity in the respiratory tract and lungs (15). The production of NIgY-pAb against selected antigens means high productivity, better animal welfare, higher immunogenicity, lower cross-reactivity, lower manufacturing costs, and easier storage (14). So far, an IgY pAbs has been developed using recombinant MERS-CoV S-subunit protein showing efficient neutralization both in vitro and in vivo with a MERS-CoV infection animal model (16). An IgY pAbs against the conservative nucleocapsid protein (NP) of SARS-CoV-2 showed strong NP binding ability (17). IgY pAbs against the SARS-CoV-2 S-protein showed two high signals in the NTD domain and

S1/S2 border using analysis of proteome microarray (18). However, it is still unknown whether IgY Abs are consistently able to present top responses against peptides containing the specific epitope of the SARs-CoV-2.

In this study, we developed a novel neutralizing IgYAb (N-IgY-pAb) against the SARS-CoV-2 extracellular domain of the S-protein (S-ECD). The full-length S-ECD is composed of 1,273 amino acids and assembled into a homo-trimeric complex (spike trimer protein) to increase its capacity to elicit neutralizing antibodies (19). Characterization of the N-IgY-pAb targeting 966 peptides was performed on a SARS-CoV-2 proteome microarray system (20). Seventeen of these peptides did not show any mutations, with a Z-score > 3.0, and thus were potent peptides as targets for immunetreatment. The new findings of seventeen potent conserved peptides are extremely important for developing new vaccines and “cocktails” of neutralizing Abs for the efficient treatment of SARSCoV-2.



Methods


Immunization of chickens

A purified recombinant SARS-CoV-2 S-ECD protein (S-ECD) (Catalog number: Z03481) was obtained from GenScript USA, Inc. (Piscataway, NJ, USA) with a His Tag & Flag Tag at the C-terminus expressed in Sf9 insect cells (Val16-Pro1213; GenBank No. QHD43416.1). In brief, 25-week-old Leghorn hens were immunized intramuscularly with 250 μg purified recombinant S-ECD protein mixed with an equal volume of complete Freund’s adjuvant (Sigma-Aldrich, USA) at five different sites of thigh muscles in the initial injection. Then, immunization with 125μg S-ECD protein mixed with an equal volume of incomplete Freund’s adjuvant was conducted two weeks later. Subsequently, two injections of 25 μg purified recombinant SARS-CoV-2 S-ECD were applied to enhance immunization every two weeks for two months. Eggs were collected one week after the final injection and labelled with the date and hen ID, and then stored at 4°C until antibody extraction. Meanwhile, eggs from non-immunized hens were collected as negative controls. All methods in this study were performed in accordance with the relevant guidelines and regulations.



Extraction and purification of N-IgY-pAb

N-IgY-pAbs were extracted and purified in our lab (14). Briefly, the egg yolk was separated from the white and washed with distilled water to remove albumen. The washed egg yolk was then diluted with distilled water (acidified with 0.1N HCl), and held for at least two hours, then centrifuged at 12,000 r/min at 4°C for 25 min. The supernatant was carefully transferred, and 19% (W/V) ammonium sulphate was slowly added into the supernatant solution. After thorough mixing at room temperature for two hours, the mixture was centrifuged at 12,000 r/min for 25 min at 4°C. After removal of the supernatant, the pellet was dissolved into phosphate buffered saline (PBS; pH 7.4) followed by centrifugation at 12,000 r/min for five minutes at 4°C, then the supernatant was collected. The N-IgY-pAbs in the supernatant were purified by an S-ECD affinity column and then determined by a reduction SDS polyacrylamide gel electrophoresis (SDS-PAGE).



N-IgY-pAb targeting S-ECD and RBD by ELISA assay

Three different batches of N-IgY-pAb targeting S-ECD and RBD were analyzed in our laboratory by ELISA. Briefly, the IgY polyclonal antibody against SARS-CoV-2 S-ECD and RBD was evaluated using an enzyme-linked immunosorbent assay (ELISA). The 96-well plates (Catalog number: 456529, Thermo Fisher Scientific, USA) were coated with 100 μL S-ECD- or RBD protein per well at 0.5μg/mL in carbonate buffer (pH 9.6) and incubated overnight at 4°C. The wells were rinsed once, and a blocking buffer was added (5% nonfat milk in PBS) for one hour at 37°C. The wells were rinsed, and then the purified N-IgY-pAbs with different concentrations (3.12–200 ng/mL) were added into the wells and incubated for one hour at 37°C. After three rounds of washing, the plate was incubated with 1:10,000 HRP-conjugated goat IgG for one hour at 37°C followed by three rounds of washing. Tetramethylbenzidine (TMB; 100 μL per well) was added and incubated at 37°C for 10 minutes. 100 μL 1M H2SO4 was added to each well to terminate the reaction. The plates were then scanned in a spectrophotometer and the absorbance was read at 450 nm.



The preparation of N-IgY-pAb spray and stability evaluation

The IgY-Ab from the native yolk eggs of laying hens is stable (9, 15), safe (9) and does not trigger potentially dangerous immune responses (16). The IgYs have previously been used against bacterial and viral infections in humans and animals. In this study, a nasal spray containing N-IgY-pAb was prepared. Briefly, in a sterile environment, the N-IgY pAb antibody extract was sterilized through filtering devices, then was dissolved in sterile 0.9% sodium chloride solution (21). The final concentration of N-IgY pAb antibody was adjusted to 6.0 ug/mL. Then, the solution was packed into a nasal spray device as 30mL/bottle for use. The stability of the N-IgY-pAb in the spray was tested using the accelerated thermal stability method at 37 °C for 0–7 days, or storage at ≈4°C for 6–12 months (9, 15, 21). The stability was evaluated by ELISA.



N-IgY-pAb response against authentic SARS-CoV-2

In order to determine the neutralization effect of the N-IgY-pAb, growing Vero cells in vitro were used. The N-IgY-pAb against SARS-CoV-2 was tested on wild type virus (“‘WH-Human 1”), and on variants (B.1.617.2, Delta; B.1.1.529, Omicron) in three Biosafety Level 3 Laboratories (BSL-3) (Center of Disease Control, Shenzhen, China; the Key Laboratory of Virology, Wuhan University; the Wuhan Institute of Biological Products Co. LTD, China), respectively.


Determining the number of copies of the virus RNA by real time RT-PCR (reverse transcription-polymerase chain reaction)

The cells were treated with a mixture of N-IgY-pAb antibody and authentic SARS-CoV-2 virus. Cells only treated with the SARS-CoV-2 virus were used as controls. Briefly: 1) Vero cells (105/mL) in DMEM medium (2% FBS in DMEM with penicillin/streptomycin) were seeded into 96-well plates (100 μL per well) and incubated overnight at 37°C in a CO2 incubator. The virus infection was performed when the cell density reached 80–90%. 2) A mixture of serially diluted purified N-IgY-pAb or “intranasal spray” with SARS-CoV-2 virus (Median Tissue Culture Infectious Dose (TCID50)) were added to the cells and incubated at 37°C for one hour (100 cells in 100 μL total). Cells growing in DMEM or PBS without the virus were used as controls. 3) The medium was removed and 100 μL of the DMEM medium without N-IgY-pAb and SARS-CoV-2 virus was added and incubated at 37 °C for further 48 hours. 4) The DMEM medium was removed, and the total RNA of the cells was extracted using Roche’s High Pure Viral RNA Purification kit, USA (# 11858882001) according to the method described by the manufacturer. 5) The copy number of SARS-CoV-2 RNA in the total RNA was detected by using Shanghai Berger’s Coronavirus Nucleic Acid Detection kit (Catolog number: NMPA20203400065). The nucleic acid concentration in the virus sample was determined by a fluorescence quantitative PCR method based on a formula including the Ct value (number of PCR cycles giving detectable values) of the open reading frame 1 ab (ORF1ab) and the nucleocapsid protein (N-gene) (fluorescence quantitative PCR, Shanghai Berger Medical Technology Co., Ltd. China). The primers and probes for the SARS-CoV-2 virus used to target both the ORF1ab and N-gene (ROCHE, High Pure Viral RNA Kit, #11858882001). The data were plotted after background subtraction and normalized to the controls. The virus-neutralizing effect was accepted when the neutralizing rate was ≥ 95% (22).



Live virus focus-reduction neutralization test

The FRNT assay was carried out in the BSL-3 of the Shenzhen Third People’s Hospital, China. The “intranasal spray” was serially diluted and incubated with SARS-CoV-2 variants (Delta variants: B.1.617.2 and Omicron variants:EPI_ISL_11799984), respectively for 1 hour at 37 °C. Each concentration was replicated in three wells. The mixture of virus and N-IgY-pAb were added to the seeded Vero E6 cells and incubated for 1 hour at 37 °C. The protocol of FRNT was followed as previously described by Zhou, et al., 2022 (23). Finally, the number of spots was calculated by reading the plates with an ELISpot reader with the chromogen deposit readout. The neutralizing ratio = (1-the spots in well with N-IgY-Ab/the spots in well without N-IgY-Ab) x100%. The virus-neutralizing effect was accepted when the neutralizing rate was ≥ 95% (22).




SARS-CoV-2 proteome microarray system assay

The mapping of the N-IgY-pAb binding peptides or proteins of SARS-CoV-2 protein was performed using a SARS-CoV-2 proteome microarray system as described previously (20). Four arrays were prepared, two serums with N-IgY-pAb and two serums from pre-immunized hen (as control). Briefly: The proteome microarrays were prepared with tray of 2,018 spots. All biotin-labelled peptides were obtained from China Peptides, Guoping Pharmaceutical Company (Beijing, China).

All SARS-CoV-2 N-, and S-proteins were obtained from Sino Biological, Inc. The peptides and proteins were printed onto a 3D modified slide surface in duplicate using an Arrayjet microarrayer (20). The microarrays were stored at −20°C until ready to use.

For evaluating the Immune response of the N-IgY-pAb, four microarrays were incubated in parallel and blocked with PBS containing 5% (w/v) milk with 0.05% (v/v) Tween-20 (PBST) for 10 min at room temperature. After washing, two microarrays were incubated with the purified N-IgY-pAb (microarray 1# with 375 ng/mL and microarray 2# with 186 ng/mL, respectively). In the meantime, the pre-immunization hen’s serum was added to microarrays 3# (serum dilution 2000x) and microarray 4# (serum dilution 4000x). The four microarrays were running for 30 min at room temperature.

Subsequently, following three rounds of washing, the array was incubated with goat anti-chicken secondary antibody (Catalog number: ab150170, Abcam, Waltham, MA. USA) labeled with Alexa Fluor 555 for 20 min at room temperature. The arrays were washed, dissembled from the tray, and then dried with a vacuum pump.

The array was scanned through a GenePix 4300A microarray scanner (Molecular Devices, San Jose, CA, USA). The median intensity of the fluorescent signal of each spot was extracted using the GenePix Pro7 software (Molecular Devices, San Jose, CA, USA). The raw fluorescence signal intensity was the median signal intensity subtracted by the median background intensity of each spot, and then averaged across duplicate spots. The resulting signals were normalized with a Z-score, described by Wang et al. (20).



Statistical analysis

The statistical analysis of the T-test (2-tailed) was performed using the statistical program SPSS 25.0 (IBM Corp., NY, USA) for descriptive data interpretation. P < 0.05 was considered to indicate a statistically significant value.




Result


The purity and immunoreactivity of N-IgY-pAb

The purity of the N-IgY-pAb was assessed by running a reducing SDS PAGE (Figure 2A) presenting two single bands corresponding to heavy chain (H.C.) and light chain (L.C.) according to the IgY’s molecular weight of about 180 kD (24).




Figure 2 | Evaluation of the purity, sensitivity and specificity of the N-IgY-pAb. (A) SDS PAGE of the N-IgY-pAb. The molecular weight (M) of the N-IgY-pAb were analyzed on a 12% SDS-PAGE. Lane M (Protein marker); lane 1: 2.5μg N-IgY-pAb; lane 2: 1.25μg N-IgY-pAb. (B) The immune activities of the N-IgY-pAb. S-ECD- or RBD protein (0.5μg/mL) using ELISA titer analysis. Thee three batches of purified N-IgY-pAb with a dilution of 200–3.12 ng/mL, respectively. H.L.= heavy chain; L.C. = light chain. H.L.= heavy chain; L.C. = light chain. The mean ± SD was from each sample in replicate two times.



The immune reaction against S-ECD and RBD from the purified N-IgY-pAb was determined by a dilution ELISA test (3.12-200 ng/ml). The results are shown in Figure 2B. The OD value below 40 ng/mL shows a linear increase (p<0.01), while no significant differences were observed when the concentrations of the N-IgY-pAb were above 40 ng/mL (p>0.05). No difference was found between the three batches of N-IgY-pAb tested (p>0.05: ≈0.25–0.96). Thus, an excessive antibody concentration of 100–200 ng/mL should be used when assessing the immune activities in the ELISA assays.



Evaluation of the stability of the N-IgY-pAb in the “intranasal spray”

The stability of the N-IgY-pAb in the “intranasal spray” was tested by using an accelerated thermal stability method (37°C, 0–7 days, Table 2A) or by storage at 4°C for 6–12 months (Table 2B). Both tests confirmed that the N-IgY-pAb binding activity did not decline significantly over time, indicating that the N-IgY-pAb are stable for at least 12 months at 4°C.



N-IgY-pAb response against authentic SARS-CoV-2

We cooperated with three independent BSL-3 laboratories. Results of the RT-PCR assay and the FRNT assay are presented in Figures 3A–D and Figures 4A, B, respectively. The 0.75 μg/ml of purified novel N-IgY-pAb and its “intranasal spray” containing 6 µg/ml responded potent against the wild type SARS-Cov-2 virus (WH-Human 1), the variants of Delta and Omicron up to 98%. The results from the FRNT assay confirmed the RT-PCR assay. The novel N-IgY-pAb “intranasal spray” at 3 μg/mL (2x dilution, Figures 4A, B) responded against the wild type of the SARS-CoV-2 virus, the variants of Delta and Omicron, corresponding to the neutralizing rate of ≥ 95% (22). It implied that the “intranasal spray” containing 6μg/ml of N-IgY-pAb could be adequate to neutralize the virus effectively.




Figure 3 | Neutralization test by RT-PCR. The nucleic acid concentration in the virus sample was calculated based on a formula including the Ct value (number of PCR cycles giving detectable values) of the open reading frame 1ab (ORF1ab) and the nucleocapsid protein (N-gene). The purified N-IgYpAb (A) or novel “spray” (B) against WH-Human 1 was carried out in the Center of Disease Control, Shenzhen, China. The “spray” against SARS-CoV-2 variants B.1.617.2 (Delta) and B.1.1.529 (Omicron) were carried out in the Key Laboratory of Virology, Wuhan University China (C) and the Wuhan Institute of Biological Products Co. LTD, China (D), respectively. The mean ± SD was from each sample in replicate three times. The neutralization potential has to be achieved ≥ 95% (red dotted line).






Figure 4 | Live virus focus-reduction neutralization test (FRNT) involves immunostaining of virus infected cells with a chromogen deposit readout. The novel “spray” against the virus variants (Delta: B.1.617.2 (A) and Omicron: EPI_ISL_11799984 (B) was run in Shenzhen Third People’s Hospital, China. The mean ± SD was from each sample in replicate three times. The neutralization potential has to be achieved ≥ 95% (red dotted line).





The N-IgY-pAb binding sites using proteome microarray

According to a previous study (20), spots with a Z-score > 3.0 were evaluated as significantly strong signals. The spots with a Z score ≥ 5.0 were assessed as the highest response signals. The optimal concentration of the purified N-IgY-pAb for the proteome microarray was 375 ng/mL and the preimmunization hen’s serum was diluted at a ratio of 1:2000. The microarray was scanned through a microarray scanner and used the original raw fluorescence signal intensity of each spot. The resulting signals were normalized with the Z-score (mean value of duplicate spots).

The microarray scanner of the array showed the original raw fluorescence signal intensity in Figures 5A, B. The four negative controls in a total of six controls showed negative signals when a positive signal with the mix of human IgG, IgM and IgA was presented. The human polio peptide was commonly used for a positive control for testing mAb (IgG). However, the N-IgY-pAb did not recognize the human polio peptide.




Figure 5 | The mapping of proteome microarray. (A) the purified N-IgY-pAb binding peptides or proteins of SARS-CoV-2 protein, (B) Serum of the pre-immunized hen.



The N-IgY-pAb targeting 20 potent peptides were identified as showing significantly strong signals (Z-score> 3.0) and 11 peptides had a Z-score ≥ 5.0 (Figures 1A–C, Table 1). It should be noted that seventeen mutation-free peptides among the 20 peptides with a Z-score > 3.0 were identified as potent targets from a total of 966 peptides, shown in Figure 2B and Table 1, Figures 1A–C and Table 1, one is in the RBM domain (461LKPFERDISTEIYQA475), two are in the NTD domain (21RTQLPPAYTNSFTRG35, 291CALDPLSETKCTLKS305), four are in the C1/2terminal (561PFQQFGRDIADTTDA575, 571DTTDAVRDPQTLEIL585, 581TLEILDITPCSFGGV595, 661ECDIPIGAGICASYQ675), three are in the S1/S2 border (741YICGDSTECSNLLLQ755, 811KPSKRSFIEDLLFNK825, 821LLFNKVTLADAGFIK835), one target is in HR2 (1161SPDVDLGDISGINAS1175) and one is in HR2-TM (1201QELGKYEQYIKWPWY1215). Moreover, five potential peptides are in the NSP domain: nsp3-55 (1361SNEKQEILGTVSWNL1375), nsp14-50 (6144HHANEYRLYLDAYNM6425), ORF10-3 (21MNSRNYIAQVDVVNFNLT38), ORF7a-1


Table 1 | Binding sizes of N-IgY-pAb to peptides or proteins of S-ECD in SARS-CoV- 2 virus.




Table 2 | The stability of the N-IgY-pAbs in spray solution for 0-7 days at 37°C (A) and 0-12 months at 4°C (B).



(1MKIILFLALITLATC15) and ORF7a-12 (111TLCFTLKRKTE121). We concluded that the N-IgY-pAb could effectively neutralize the SARS-CoV-2. Only three peptides with mutation of amino acid residue were found (Table 1).

It should be noted that four significantly strong signals (S1+S2, S2 protein, S1/S2 (811–825), and ORF7a-12, Z-score > 3.0) were found in the serum of the pre-immunized hen (Figure 5B, Table 1). A likely explanation is that the pre-immunized hen’s serum carrying its own neutralizing antibodies recognizes some peptides that are similar to the SARS-CoV family. The IgY antibodies can neutralize the virus by several mechanisms – by blocking the attachment of the virus to the host tissue; preventing the membrane fusion or promoting the detachment of bound virus; interfering with the free virus; or causing aggregation of virus particles resulting in virus immobilization (15, 25, 26).

In addition, Lu et al. reported that they prepared IgY pAbs raised against S protein; primary purification of the IgY antibody was initially extracted by polyethylene glycol (PEG) precipitation, and then the IgY epitope mapping using the SARS-CoV-2 proteome microarray was performed (18). The results showed that the IgY pAbs targeted two epitopes (NTD domain: LDPLSET, and S1/S2 border: SIIAYTMSL) with high signals and three with relatively weak signals (AIHADQL and QIYKTPP (S1/S2 border) and DLGDISGIN (HR2) using the SARS-CoV-2 proteome microarray (18). It was surprising to us that no signal was found in the RBD domain in the study of Lu et al. According to our experience, the supernatant from PEG from the initial purification contained multi- and non-specific antibodies. It is necessary to further purify the IgY antibodies using the S-ECD affinity column (see Method). Generally speaking, only 2–3% of high-affinity purified antibodies identify special targets (peptides or epitopes) in the S-ECD protein. Therefore, the unexpected result may be due to a mixture of multi-antibodies.




Discussion

Based on immunological, previous experimental, and clinical knowledge of the pathogenesis of SARSCoV-2 and its mutation, as well as the MERS respiratory syndrome, the passive immunization of neutralizing antibodies (NAbs) is a promising therapeutic and preventive treatment when combining with therapeutic vaccines against SARS-CoV-2 virus (10, 11). In this study, we addressed the use of passive chicken neutralizing IgY-polyclonal antibodies (N-IgY-pAb), since the novel N-IgY-pAb and its “intranasal spray” neutralized the wild type of SARS-CoV-2 (“‘WH-Human 1”) and variants of Delta and Omicron up to 98%. The N-IgY-pAb are very stable in storage at ≈4°C for at least one year. A new finding is that the N-IgY-pAb target 17 potential peptides, showing no residue mutations. This will be useful for the detection and treatment of the SARS-Cov-2 virus.

In order to identify specific binding sites, affinity-purified N-IgY-pAb targeting 966 peptides were tested in this study using a SARS-Cov-2 proteome microarray mapping (Figure 1B, C and Table 1). The new finding is that 20 peptide probes with significantly strong signals (Z-score > 3.0) were identified in a total of 966 peptides. The residues of 461LKPFERDISTEIYQA475 in the RBD domain presented the highest signal (Z-score = 7.42). A verified residue 438−498 within the RBD domain can directly engage the ACE2 receptor (27). It supports why the novel N-IgY-Ab is potentially effective in inactivating the SARS-CoV-2 virus (>98%) (Table 1 and Figures 1A–C). Additionally, 11 potential peptides were identified in the domains of NTD (2), C1/2-terminal (4), S1/S2 border (3), HR2 (1) and HR2-TM (1), respectively. We also found five potential peptides in the NSP domain, including ORF1ab (2), ORF10 (1) and ORF7a (2). The same epitope in the NDT domain (293LDPLSET299), as we found in the NTD domain in our study (291CALDPLSETKCTLKS305), was reported recently (18). The data together indicate that the S-ECD is a homo-trimeric complex containing multi-epitopes, increasing the neutralizing capacity through various molecular neutralization mechanisms (19).

It is important to find highly conserved peptides/epitopes in the spike protein showing no or very low mutation rates when trying to develop efficient neutralization antibodies and vaccines. Of our novel N-IgY-pAb targeting 20 potent peptide probes, 17 peptides showed no mutations of amino acid residue

(85%) (see Table 3). Two were in the NTD domain [141LGVYYHKNNKSWMES155 (G142D) and


Table 3 | A summary of residue mutations rates (MRs) of SARS-CoV-2 during the SARS-CoV-2 pandemic according to the report by Vilar and Isom (2021) (1), and https://en.wikipedia.org/wiki/SARS-CoV-2_Omicron_variant.



261GAAAYYVGYLQPRTF275 (P272)] with very mutation rates (MR.< 0.01-0,025) and one was in the

RBD domain [411APGQTGKIADYNYKL425 (K417N)] (4,5, https://en.wikipedia.org/wiki/SARSCoV-2_Omicron_variant).

The Spike (S) is a homo-trimeric transmembrane glycoprotein that mediates the viral entry into the host cells (19) as the main target for the development of most of the vaccines (6, 8, 9) or NAbs against SARS-CoV-2. Most of the SARS-CoV-2 neutralizing antibodies in use today are monoclonal antibodies (NmAbs), targeting the spike (S) protein receptor binding domain (RBD), which engages the receptor angiotensin-converting enzyme-2 (ACE2) for viral entry (10, 11). Unfortunately, high mutation rates (MR) were found in the S-protein domain of the SARS-CoV- 2 virus (1) and the mutation residue variability is thus affect protective efficacy. Of the 56 residue mutations found, only three were connected to our novel N-IgY-pAb (3/56, 5.3%) in our study.

Although neutralizing antibodies usually target the RBD, structural model analysis of the trimeric spike (S) protein revealed that the Fab fragment of a humanized monoclonal antibody H014 can recognize a conformational epitope on one side of the open RBD, which only involves protein–protein contacts. The H014 antibody can block SARS-CoV-2 attaching to its host cell receptor. The combination of mAbs can recognize more conservative epitopes and enhance the neutralization activity. Epitope analysis of available NmAbs against SARS-CoV-2 revealed a wide range of cross-protected epitopes (28). Further investigation proved that at least two RBD conformations are involved in the attaching process, being in an “up” and slightly rotated configuration or in a “down” configuration (29). The multiple different antigenic sites, including several RBD epitopes and non-RBD epitopes (30, 31), as well as the S1/S2 cleavage site (polybasic), are essential for S-protein-mediated cell-cell fusion and entry into human lung cells (31, 32) There are seven NmAbs targeting potent epitopes in the NTD domain of the SARS-CoV-2 (29). Of 278 mAbs isolated from three COVID-19-recovered patients, 43.8% were related to the RBD domain and 36.6% to the NTD domain (10). It has been suggested that RBD and NTD together are promising peptides for therapeutic N-mAbs against the COVID-19 virus (30). Strong signals in the NTD domain and at the S1/S2 border were found by proteome microarray (18). The D614G mutation found in the early stages of the pandemic confers greater infectivity and is now the dominant form globally. A higher percentage of the 1-RBD “up” conformation was found in the G614 of the S-protein. The change in conformational kinetics leads to an increase in the efficiency of neutralization of the G614 variant (33, 34).

The downstate surface of residue mutations of S-ECD protein is more conserved for activation of SARS-CoV-2 virus – enhancement versus neutralization by SARS-CoV-2 antibodies (34). Mutations in the RBD and S2 domains (S383C/D985C), which lead to thermodynamic prevalence of closed-down conformation, is a quadruple mutant (A570L/T572I/F855Y/N856I), leading to modifications at the interprotomer contacts between SD1 and S2. It can shift the equilibrium away from the closed-down state, yielding a significant fraction of spike conformations in the open receptor-accessible form (28). In a recent study, mutations were found at S98, D215 and P272 within the N-terminal domain, at N439, Y453 and N501 located in the RBD domain, at A570, S982, T716 and D1118 in the S2 subunit (35), essential regions in the binding to the host cell receptor ACE. The risk of mutations in these positions may reduce the use of Abs/vaccine development. It is suggested that although there are now a series of effective vaccines, the combination of multiple neutralizing antibodies may also be crucial for the treatment and prevention of COVID-19 diseases. However, the new N-IgY-pAb developed in this study only binds to less than 2% of the potent peptides with the risk of mutations (Table 3), making the novel N-IgY-pAb extremely useful candidates as a neutralization agent.

The neutralizing and immunodominant sites on the SARS-CoV-2 spike protein is of multiple distinct antigenic sites, as discussed in reviews (31). Using structural analysis, molecular and cellular technologies revealed the special binding affinity between SARS-CoV-2 RBD and its receptor ACE2 as well as the diversity of receptor usage, which explained the complex mechanism behind the high infectivity of SARS-CoV-2 virus at the S-protein S1/S2 boundary (36). With different forms of SARSCoV-2 vaccine being developed to reduce this deadly pandemic, fully human neutralizing antibodies (hNAbs) and humanized neutralizing antibodies had been developed as well. A summarized 500 anti-SARS-CoV-2 neutralizing antibodies and found five potential neutralization sites on the SARS-CoV2 S-protein (37). Thus, polyclonal neutralizing antibodies or multi-specific neutralizing antibodies should be developed to neutralize of SARS-CoV-2 more effectively. It suggested that NAbs integrated into “cocktails” are now in clinical implementation (38). However, such NAbs are rather expensive to produce and the implemented design, production and purification strategies need to be improved.

The passive immunization of the chicken immune system has been studied for more than 100 years (39) and contributed substantially to our understanding of the fundamental concepts of immunology and the development of different immunoglobulin classes (14, 15). The chicken immunoglobulin Y (IgY) is a highly conserved homolog of human immunoglobulin G (IgG) (5, 40), however, IgYs do not bind to human Fc receptors or fix mammalian complement components, and do not trigger potentially dangerous immune responses (14, 15, 37, 41, 42). The high neutralizing IgYs (“cocktail”) are stored in eggs of avian in order to protect their own infants against the endogenous toxic antigens from bacterial/virus (15). Thus, highly neutralizing IgYAbs by the passive immunization system of hens were obtained as compared to the mammal IgGs. Today, some highly neutralizing IgY against SARS-CoV2 for protective and therapeutic agents have been reported (41, 42).

In this study, purified N-IgY-Ab targeting seventeen potent peptides (85%) with highly conserved amino acid residue among 20 peptides (Z-score > 3.0). Despite of three peptides (15%) among the 20 peptides that contain mutation of amino acid residue (Z-score > 3.0), the neutralization effect % of the purified N-IgY-Ab and its “intranasal spray” reach to 98% or more (Figures 3 and 4). Our finding of the N-IgY-Ab with high neutralization is further validated by previous reports of the IgY’s benefit. It has further been verified that the chicken immunoglobulin Y (IgY) is a highly conserved homolog of immunoglobulin G (IgG) (40), thus having a high neutralization effect on antigens compared to mammalian IgG (15).

In this study, the novel “intranasal spray” showed favorable stability when stored in a refrigerator (≈4 °C) for at least one year, keeping the high neutralizing effects (Figures 3 and 4). Overall, available data up to date confirmed that the IgY antibodies of egg-laying hens are safe, fast-acting, easy to produce, and low cost which can readily be generated in large quantities with minimal environmental harm or infrastructure investment. Thus, the non-parenteral administration, does not have unwanted off-target proinflammatory effects and is nontoxic to humans, it is permitting potential clinical applications in diverse populations and diseases (41, 42), as well as the passive immunotherapy by oral administration of IgY has been used for prophylaxis and treatment of rotavirus diarrhea in human (43). We have prepared a few preventive agents against the SARS-Cov-2 virus. One agent was prepared as a spray for nasal/lung inhalation, and another was designed for external use–for example, washing hands. Now we are planning to use the intranasal spray for clinical studies as protective and therapeutic agent.

Our results confirmed that the N-IgY-pAb have a specific immune response to multiple epitopes within the SARS-CoV-2. It would provide effective material for further developing therapeutic agents or preventive agents against SARS-Cov-2 in the future. A key role for antibody-based of the selected conservative epitope of the peptides or proteins of the SARS-Cov-2 virus for the prevention and treatment of the SARS-Cov-2 virus must be considered. According to our novel N-IgY-pAb targeting 17 potent peptides with conservative residues, we have implemented a therapeutic humanized N-IgY-Abs project for a cocktail of N-IgY-pAb, based on a phage display platform derived from hen eggs. It will be useful for the treatment and prevention of SARS-CoV-2 infection and is a simple, fast and safe approach for treating patients and testing the risk of infected patients effectively. We conclude that our novel NIgY-pAb multi-peptide antibodies neutralized the SARS-CoV-2 effectively. The new findings of 17 conserved potential epitopes are extremely important for the efficient treatment of the SARS-COVID-19 diseases, using a cocktail of antibodies including our N-IgY-pAb.
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Background

Understanding the immune response to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination will enable accurate counseling and inform evolving vaccination strategies. Little is known about antibody response following booster vaccination in people living with HIV (PLWH).



Methods

We enrolled SARS-CoV-2 vaccinated PLWH and controls without HIV in similar proportions based on age and comorbidities. Participants completed surveys on prior SARS-CoV-2 infection, vaccination, and comorbidities, and provided self-collected dried blood spots (DBS). Quantitative anti-spike IgG and surrogate viral neutralization assays targeted wild-type (WT), Delta, and Omicron variants. We also measured quantitative anti-nucleocapsid IgG. The analysis population had received full SARS-CoV-2 vaccination plus one booster dose. Bivariate analyses for continuous outcomes utilized Wilcoxon tests and multivariate analysis used linear models.



Results

The analysis population comprised 140 PLWH and 75 controls with median age 58 and 55 years, males 95% and 43%, and DBS collection on 112 and 109 days after the last booster dose, respectively. Median CD4 count among PLWH was 760 cells/mm3 and 91% had an undetectable HIV-1 viral load. Considering WT, Delta, and Omicron variants, there was no significant difference in mean quantitative anti-spike IgG between PLWH (3.3, 2.9, 1.8) and controls (3.3, 2.9, 1.8), respectively (p-values=0. 771, 0.920, 0.708). Surrogate viral neutralization responses were similar in PLWH (1.0, 0.9, and 0.4) and controls (1.0, 0.9, 0.5), respectively (p-values=0.594, 0.436, 0.706).



Conclusions

PLWH whose CD4 counts are well preserved and persons without HIV have similar anti-spike IgG antibody levels and viral neutralization responses after a single SARS-CoV-2 booster vaccination.





Keywords: SARS-CoV-2 antibody, neutralization, SARS-COV-2 vaccination, HIV, booster vaccines



Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in late 2019 in China and subsequently spread to the rest of the world, including the United States (US) that has now seen over 88 million cases and over one million deaths (1). Mathematical modeling estimated that vaccination in the first year of its availability (December 2020 to December 2021) prevented 14.4 million deaths globally (2). The United States Food and Drug Administration (FDA) has approved four SARS-CoV-2 vaccines, namely the mRNA BNT162b2 and mRNA-1273 vaccines (manufactured by Pfizer-BioNTech and Moderna, respectively), an adenovirus vector vaccine Ad26.COV2.S (Johnson and Johnson), and NVX-CoV2373, a nanoparticle spike protein with adjuvant vaccine (Novavax). In-depth understanding of the immune response will enable accurate counseling and inform evolving recommendations on optimal vaccination schedule.

Despite 95% of the adult US population having any level of immunity to SARS-CoV-2 through vaccination or infection as of December 2021 (per the Centers for Disease Control and Prevention (CDC) seroprevalence data via blood donations), new infections continue to occur, even among previously infected, fully vaccinated, and boosted individuals (3). Reasons for breakthrough infections include inadequate immune protection following vaccination, waning antibody levels over time, and evasion of vaccine-induced immunity by new viral variants (4, 5). The concerns about breakthrough SARS-CoV-2 infection post-vaccination are heightened in immune compromised individuals, such as persons living with HIV (PLWH). Previous studies have suggested that PLWH produce less robust antibody in response to influenza (6) and hepatitis B (7) vaccination.

Several studies have evaluated antibody response to SARS-CoV-2 vaccination in PLWH, but few have included an adequate sample size, provided comparative data to the general population, or followed participants to determine durability. Overall, the results have been mixed, leaving many questions unanswered. One of the important unresolved questions is the robustness of antibody response after booster vaccination in PLWH, although one small study reported that PLWH had more variable and significantly lower anti-spike quantitative IgG levels less than 30 days after booster vaccination (8). To answer this question over a longer time period and in a larger sample, we designed this cross-sectional study comparing quantitative antibody response to SARS-CoV-2 spike protein and viral neutralization of the spike-ACE 2 protein post SARS-CoV-2 vaccination in PLWH versus controls without HIV. As a secondary objective, we measured quantitative nucleocapsid IgG to explore serologic evidence of prior infection in comparison to known SARS-CoV-2 infection in the cohort.



Materials and methods


Study population

The COVID-19 vaccination in HIV (CO-HIV) study was approved by the Institutional Review Board (IRB) at Northwestern University (STU00215691). Participants were identified between November 2021 and April 2022 from a Northwestern Medicine database of PLWH. We enrolled PLWH who had a record of SARS-CoV-2 vaccination about 6 months prior. A control group of participants without HIV was recruited from a registry of people from the general population who had expressed interest in participating in SARS-CoV-2 vaccine research. Controls were enrolled in similar proportions to the HIV group and matched based on six strata according to age (18-39, 40-59, and 60 and older) and presence or absence of any comorbidity in each age group. All participants were fully vaccinated (two doses of mRNA vaccines or one dose of adenovirus vector vaccine). Comorbidities were defined as diabetes, obesity, hypertension, asthma, heart disease, chronic lung disease, and kidney disease. Exclusion criteria included age less than 18 and any immunocompromising condition other than HIV (such as organ or stem cell transplantation, active chemotherapy, or current use of immunocompromising medication). Persons who reported prior SARS-CoV-2 infection were not excluded.



Data collection

Eligible individuals were invited to participate by email and then contacted by telephone to provide informed consent electronically. Participants completed an initial online survey to report dates and types of SARS-CoV-2 vaccination (including any boosters), history of SARS-CoV-2 infection (including date, symptoms, how diagnosed, and if hospitalized), presence of any comorbidities, and pregnancy status. As PLWH were recruited through Northwestern Medicine, their self-reported vaccination dates were checked against the electronic medical records and corrected. Participants were considered to have prior infection if they self-reported a history, regardless of diagnostic testing information.

Consented participants were mailed a kit for self-collection of dried blood spots (DBS) – five drops of whole capillary blood self-collected by finger stick on filter paper (Whatman 903 Protein Saver Card). DBS samples were returned by pre-paid mail and stored at -20 degrees Celsius prior to analysis. Participants who returned DBS cards completed a follow-up survey to report any booster vaccination or SARS-CoV-2 diagnosis after the initial survey.



Laboratory methods

Collected DBS samples were assayed in a batch at the Laboratory for Human Biology Research within the Anthropology department of Northwestern University in Evanston, Illinois. Quantitative anti-spike IgG (for wild type (WT), Delta, and Omicron variants), quantitative anti-nucleocapsid IgG, and surrogate viral neutralization based on inhibition of spike-ACE2 interaction were determined via electrochemiluminescent immunoassays on the Meso Scale Diagnostics platform. These assays have shown high sensitivity and specificity compared with matched serum samples (9–12).

For the anti-spike and anti-nucleocapsid assays, DBS samples first were punched into discs via pneumatic device (Analytic Sales and Services #327,500, Flanders, NJ) then added to a dipotassium phosphate-buffered saline with 0.5% sodium azide and 1.5% bovine serum albumin. The eluate was then diluted and then the testing was performed via the Meso Scale Discovery multiplex anti-IgG chemiluminescence assay (SARS-CoV-2 Panel 24 K15575U). We obtained quantitative anti-spike IgG against Wild-type (Wuhan A), Delta (B.1.617.2;AY.2), and Omicron (B.1.1.529; BA.1). Ranges for the anti-spike IgG for WT, Delta, and Omicron were 0.0175-70 AU/mL, 0.009-40 AU/mL, and 0.001-6 AU/mL, respectively. Ranges for anti-nucleocapsid IgG were 0.0170-70 AU/mL. For anti-nucleocapsid IgG response, we defined a cutoff of greater than 0.19 AU/mL, which is three standard deviations above the mean of pre-pandemic negative samples, as a proxy for prior SARS-CoV-2 infection (13). The Meso Scale Discovery antibody assay (Lot Number K0081945) conversion from MSD units (AU/mL) to WHO/NIBSC units (BAU/mL) can be calculated by multiplying MSD units by a conversion factor (0.00901 for anti-spike IgG and 0.00236 for anti-nucleocapsid IgG) (14).

For the surrogate viral neutralization assay, DBS samples were initially hole punched with a pneumatic device (Analytic Sales and Services #327,500, Flanders, NJ). The 5 mm discs created were eluted overnight in assay diluent, then transferred to solid phase plate coated with spike antigen of SARS-CoV-2. Recombinant ACE-2 bound to electrochemiluminescent label (K15386U-2, Meso Scale Diagnostics) was then added to the plate, then washed, followed by addition of read buffer. Inhibition of binding between ACE2 and spike protein was detected via mean fluorescence intensity (MFI). Calculation of percent neutralization performed as 100 x 1 – (sample MFI/negative control MFI).



Statistical analyses

The CDC updated the recommendation for SARS-CoV-2 vaccination while this study was being planned and implemented (15); hence, most study participants had received a booster dose by the time of the first DBS sample collection, while few had received more than one booster dose or none. The analysis population was restricted to participants who reported a single booster dose (n=215). We examined differences in log transformed values of IgG response to spike amongst different variants (WT, Delta, and Omicron) and IgG to nucleocapsid comparing PLWH to the general population. In addition, we also examined neutralization response across each variant again comparing PLWH to controls. Bivariate analyses for continuous outcomes utilized Wilcoxon rank sum unpaired test (i.e., Mann-Whitney U test) and multivariate analysis used generalized linear models with a gaussian distribution. Multivariate models include the following covariates: primary series vaccine type, days since last vaccine (coded: 1-2 months, 2-4 months, 4-6 months, or 6-8 months), report of prior SARS-CoV-2 diagnoses, comorbidities (i.e., diabetes, hypertension, asthma, heart disease, obesity, or other comorbidity), age (coded: <40, 40-59, ≥60), and sex, except for models examining differences in reported infection and asymptomatic infection where SARS-CoV-2 diagnoses was not included as a covariate. Asymptomatic infection was defined as serologic evidence of prior infection in a person who indicated on the survey that they had never been infected.




Results

We consented and mailed DBS kits to 317 participants, and 77% (243) returned DBS samples (166 PLWH and 77 controls) (Supplemental Table). The analysis population comprised 215 participants (140 PLWH and 75 controls) who received full vaccination plus one booster dose prior to DBS sample collection (Table 1). PLWH and controls were comparable in age (mean 58 versus 55 years), while sex was imbalanced (95% male in PLWH compared to 43% male in controls without HIV). The groups were similar in type of vaccine received, time between booster dose and sample collection (mean of 112 days in PLWH versus 109 days in controls). PLWH had a median CD4+ T lymphocyte (CD4) count of 760 cells/mm3.


Table 1 | Participant characteristics (analysis group).



There was no significant difference in anti-spike IgG values between PLWH and controls without HIV across any of the variants (Figure 1). The mean anti-spike IgG in AU/mL to WT was 3.3 [95% CI: 3.1, 3.5] log10 for PLWH and 3.3 [95% CI: 3.1, 3.6] log10 for controls (p-value= 0.771). The mean value of IgG to spike Delta was 2.9 [95% CI: 2.7, 3.1] log10 for PLWH and 2.9 [95% CI: 2.7, 3.1] log10 for controls (p-value= 0.920). The mean IgG level to spike Omicron was 1.8 [95% CI: 1.6, 2.0] log10 for PLWH and 1.8 [95% CI: 1.6, 2.1] log10 for controls (p-value= 0.708).




Figure 1 | Quantitative IgG Response to spike amongst different variants (WT, Delta, Omicron) and IgG to nucleocapsid comparing PLWH to controls. Dashed line indicates the group median value.



For percent neutralization, there were no significant differences across PLWH and controls without HIV for any variants (Figure 2). The median value for neutralization response against WT was 1.0 [IQR 0.9, 1.0] log10 for PLWH and 1.0 [IQR 0.8, 1.0] log10 for controls (p-value=0.594). The median value for neutralization response against Delta was 0.9 [IQR 0.8, 1.0] log10 for PLWH and 0.9 [IQR 0.7, 1.0] log10 for controls (p-value=0.436). The median value for neutralization response against Omicron was 0.4 [IQR 0.1, 0.9] log10 for PLWH and 0.5 [IQR 0.1, 0.8] log10 for controls (p-value=0.706). Again, the results of the analysis did not change after controlling for covariates in multivariate models.




Figure 2 | Neutralization Response (WT, Delta, Omicron) comparing PLWH to controls. Dashed line indicates the group median value.



Anti-nucleocapsid IgG concentrations in AU/mL were significantly higher among PLWH (p-value= 0.002) with a median value of -1.1 [IQR -1.6, -0.4] log10 for PLWH and -1.6 [IQR -1.9, -1.0] log10 for controls without HIV (p-value= 0.002). Multivariate results were identical to those in the bivariate analyses. PLWH (77.9%; 109/140) were more likely than controls (56.8%; 42/74) to have anti-nucleocapsid IgG greater than 0.19 AU/mL (χ2 = 9.39, p-value= 0.002), indicating serologic evidence of prior infection. Regarding prior self-reported history of SARS-CoV-2 infection, there was no significant difference between PLWH (15.0%; 21/140) and controls (21.3%; 16/75; χ2 = 0.96, p-value= 0.326). As such, protocol-defined asymptomatic infection was more common in PLWH (63.6%; 89/140) than controls (37.3%; 28/75), (χ2 = 12.52, p-value= < 0.001). Multivariate results were identical to those in the bivariate analyses.

Finally, we conducted two types of sensitivity analysis. First, we conducted a series of stratified bivariate analyses for male only, by age (i.e. less than 40, 40-59, and 60 and older), and by time since booster (i.e., 1-2 months 3-4 months, 4-5 months, and 6-8 months). We used Wilcoxon rank sum unpaired test and adjusting for multiple comparisons using the Benjamini-Hochberg procedure (16). In these analyses, we found no significant differences between PLWH and controls (Supplemental Figures 1-16). Second, to correct for potential error in self-report of prior SARS-CoV-2 infection without laboratory confirmation in multivariate models, we conducted a sensitivity analysis controlling for laboratory confirmed infection (i.e., via nasal swab or antibody test) and found results identical to our main multivariate and bivariate analyses.



Discussion

Vaccination reduces occurrence of severe disease, hospitalizations, and deaths from SARS-CoV-2 and is particularly important for populations at higher risk of adverse outcomes, such as PLWH (17). In this study, we found that quantitative anti-spike IgG and neutralization values at a median of 112 days after a booster dose in PLWH with preserved CD4 counts were similar to controls without HIV. The finding was consistent across the WT, Delta, and Omicron variants tested. As expected, anti-spike IgG titers and viral neutralization responses were lowest against Omicron variant which has been shown to evade much of the protection from vaccination (18).

Only one published study has evaluated antibody response post-booster vaccination in PLWH to our knowledge (8). In the study, anti-spike IgG, anti-spike IgA, anti-nucleocapsid IgG, and neutralization response against SARS-CoV-2 were measured in PLWH and controls who had received the BNT162b2 vaccine. In the PLWH group (median CD4 count 577 cells/mm3), 52 participants were tested at a mean of 26 days post-booster compared to 41 health workers without HIV infection. Findings of the study contrasted ours in that they found PLWH had variable and significantly lower anti-spike quantitative IgG levels than controls. Potential reasons for this difference could be that our cohort of PLWH was larger (140 versus 52) with a longer mean time to sample collection after the booster (105 days versus 26 days) and on average higher CD4 count (median 760 versus 577 cells/mm3).

Consistent with our results, other studies have found comparable quantitative anti-spike IgG and viral neutralization responses following SARS-CoV-2 vaccination in immune competent PLWH and persons without HIV, but did not report boosting data. One was a prospective cohort study of 71 PLWH who had received two doses of the mRNA-1273 vaccine (19). The investigators collected samples before the first dose, 28 days after the first dose, and 28 days after the second dose, and found no statistically significant difference in anti-spike IgG and viral neutralization response when compared to ten volunteers without HIV infection (19). Another group of investigators compared 100 PLWH to 152 controls and measured anti-spike antibody levels, viral neutralization, and angiotensin converting enzyme 2 (ACE2) displacement at various intervals after vaccination (one month after the first dose, one month after the second dose, and three months after the second dose) (20). They found that PLWH had lower antibody and ACE2 displacement after the first dose of the vaccine, but this was not seen after the second dose (20).

On the other hand, some studies have reported lower immune response after full vaccination among PLWH compared to those without HIV, also without evaluating post-boosting effects. In the study of 100 vaccinated PLWH (excluded natural infection) and 100 matched controls without HIV, there was 2.4-fold greater odds of pseudovirus neutralization antibody non-response among PLWH in comparison to people without HIV (21). Interestingly, the study also found that low CD4 T cell count and unsuppressed HIV-1 plasma viral load were some of the factors associated with lower overall neutralizing antibody titers (21). The lower immune response among PLWH in the study could have been related to the CD4 count of the cohort, which was a median of 511 cells/mm3 in contrast to a median of 760 in our study. Indeed, a study of 105 PLWH found that when CD4 counts were less than 500 cells/mm3, and especially less than 200 cells/mm3, quantitative SARS-CoV-2 anti-spike IgG titers tended to be less robust after vaccination (22). Another study analyzed quantitative SARS-CoV-2 anti-spike IgG in 121 PLWH compared to 20 controls 3-4 weeks after receiving one dose of SARS-CoV-2 mRNA vaccine and found a lower antibody response only when CD4 counts were less than 250 cells/mm3 (23).

Another study also reported consistently lower antibody titer level post-vaccination for PLWH at multiple time points; however, the median age of PLWH in the study was 54 years compared to 30 years in the comparators (24). Their results could have been affected by age imbalance between the groups since evidence suggests older individuals have lower quantitative anti-spike IgG after vaccination (25).

As an exploratory objective, we quantified anti-nucleocapsid IgG, using levels above 0.19 AU/mL as a proxy for prior infection (13). One interesting finding was that more PLWH had anti-nucleocapsid IgG levels that were indicative of prior infection, despite reporting similar rates of symptomatic SARS-CoV-2 infection as controls without HIV. This observation could indicate that asymptomatic SARS-CoV-2 infection may be more common in PLWH, but it should be interpreted with caution. A limitation to this finding is that participants were considered to have a history of SARS-CoV-2 infection based on survey response; however, our results were confirmed in sensitivity analysis that focused on those with laboratory confirmed infection. Further, anti-nucleocapsid IgG levels tend to wane over time with approximately 39% of people with documented infection having undetectable levels by 16 weeks after infection, while other persons may not develop anti-nucleocapsid antibodies (26). Recent evidence also suggests that anti-spike vaccination can induce production of anti-nucleocapsid antibodies, further confounding the results (27). Nevertheless, our observation of possibly higher occurrence of asymptomatic SARS-CoV-2 infection in PLWH deserves further study.

The results in this study may not be generalizable to all PLWH as 91% of the PLWH in our study had an HIV-1 viral load that was undetectable, 94% had a CD4 count > 350 cells/mm3, and 44% reported no comorbidities. Results may be different in PLWH with uncontrolled viremia, CD4 counts below 200 cells/mm3, or multiple comorbidities. Another limitation is a striking sex imbalance between the groups (95% male in PLWH compared to 43% in the control group). The imbalance occurred because PLWH were recruited from our clinic population which is predominantly male while the control group was recruited from a registry composed of the general population. Moreover, our recruitment strategy targeted a balance in age and comorbidities, but not sex. It is unlikely that the sex imbalance significantly affected our conclusions. In fact, our results could have been biased towards a lower antibody response in the PLWH group since some data suggests that women produce higher levels of anti-spike IgG than men after SARS-CoV-2 vaccination (28).

Guidelines for SARS-CoV-2 vaccination are still evolving with advances in knowledge; a second booster vaccine dose is now recommended after full vaccination in high-risk individuals (14). In-depth understanding of the immune response following booster vaccination is critical for accurate patient counseling and to inform vaccine strategies. Overall, this study provides reassurance that PLWH with preserved immune competence (based on high CD4 cell counts) have comparable humoral immune response following SARS-CoV-2 booster vaccination as the general population, at least in the short-term. This information is empowering to PLWH and helpful to clinicians counseling them on the benefits of SARS-CoV-2 vaccination. The PLWH and persons without HIV enrolled in this study continue to be followed to compare trends in anti-spike antibody levels and viral neutralization response over time.
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Supplementary Figure 1 | Quantitative IgG Response to spike amongst different variants (WT, omicron, delta) and IgG to nucleocapsid comparing PLWH to controls (males only). Dashed line indicates the group median value.

Supplementary Figure 2 | Neutralization Response (WT, delta, omicron) comparing PLWH to controls (males only). Dashed line indicates the group median value.

Supplementary Figure 3 | Quantitative IgG Response to spike amongst different variants (WT, omicron, delta) and IgG to nucleocapsid comparing PLWH to controls (age less than 40 only). Dashed line indicates the group median value.

Supplementary Figure 4 | Neutralization Response (WT, delta, omicron) comparing PLWH to controls (age less than 40 only). Dashed line indicates the group median value.

Supplementary Figure 5 | Quantitative IgG Response to spike amongst different variants (WT, omicron, delta) and IgG to nucleocapsid comparing PLWH to controls (age 40-60 only). Dashed line indicates the group median value.

Supplementary Figure 6 | Neutralization Response (WT, delta, omicron) comparing PLWH to controls (age 40-60 only). Dashed line indicates the group median value.

Supplementary Figure 7 | Quantitative IgG Response to spike amongst different variants (WT, omicron, delta) and IgG to nucleocapsid comparing PLWH to controls (age over 60 only). Dashed line indicates the group median value.

Supplementary Figure 8 | Neutralization Response (WT, delta, omicron) comparing PLWH to controls (age over 60 only). Dashed line indicates the group median value.

Supplementary Figure 9 | Quantitative IgG Response to spike amongst different variants (WT, omicron, delta) and IgG to nucleocapsid comparing PLWH to controls (less than 2 months since last vaccine dose only). Dashed line indicates the group median value.

Supplementary Figure 10 | Neutralization Response (WT, delta, omicron) comparing PLWH to controls (less than 2 months since last vaccine dose only). Dashed line indicates the group median value.

Supplementary Figure 11 | Quantitative IgG Response to spike amongst different variants (WT, omicron, delta) and IgG to nucleocapsid comparing PLWH to controls (2-4 months since last vaccine only). Dashed line indicates the group median value.

Supplementary Figure 12 | Neutralization Response (WT, delta, omicron) comparing PLWH to controls (2-4 months since last vaccine only). Dashed line indicates the group median value.

Supplementary Figure 13 | Quantitative IgG Response to spike amongst different variants (WT, omicron, delta) and IgG to nucleocapsid comparing PLWH to controls (4-6 months since last vaccine only). Dashed line indicates the group median value.

Supplementary Figure 14 | Neutralization Response (WT, delta, omicron) comparing PLWH to controls (4-6 months since last vaccine only). Dashed line indicates the group median value.

Supplementary Figure 15 | Quantitative IgG Response to spike amongst different variants (WT, omicron, delta) and IgG to nucleocapsid comparing PLWH to controls (6-8 months since last vaccine only). Dashed line indicates the group median value.

Supplementary Figure 16 | Neutralization Response (WT, delta, omicron) comparing PLWH to controls (6-8 months since last vaccine only). Dashed line indicates the group median value.
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Short summary

We investigated changes in serologic measurements after COVID-19 vaccination in 19,422 subjects. An individual-level analysis was performed on standardized measurements. Age, infection, vaccine doses, time between doses and serologies, and vaccine type were associated with changes in serologic levels within 13 months.



Background

Persistence of vaccine immunization is key for COVID-19 prevention.



Methods

We investigated the difference between two serologic measurements of anti-COVID-19 S1 antibodies in an individual-level analysis on 19,422 vaccinated healthcare workers (HCW) from Italy, Spain, Romania, and Slovakia, tested within 13 months from first dose. Differences in serologic levels were divided by the standard error of the cohort-specific distribution, obtaining standardized measurements. We fitted multivariate linear regression models to identify predictors of difference between two measurements.



Results

We observed a progressively decreasing difference in serologic levels from <30 days to 210–240 days. Age was associated with an increased difference in serologic levels. There was a greater difference between the two serologic measurements in infected HCW than in HCW who had never been infected; before the first measurement, infected HCW had a relative risk (RR) of 0.81 for one standard deviation in the difference [95% confidence interval (CI) 0.78–0.85]. The RRs for a 30-day increase in time between first dose and first serology, and between the two serologies, were 1.08 (95% CI 1.07–1.10) and 1.04 (95% CI 1.03–1.05), respectively. The first measurement was a strong predictor of subsequent antibody decrease (RR 1.60; 95% CI 1.56–1.64). Compared with Comirnaty, Spikevax (RR 0.83, 95% CI 0.75–0.92) and mixed vaccines (RR 0.61, 95% CI 0.51–0.74) were smaller decrease in serological level (RR 0.46; 95% CI 0.40–0.54).



Conclusions

Age, COVID-19 infection, number of doses, time between first dose and first serology, time between serologies, and type of vaccine were associated with differences between the two serologic measurements within a 13-month period.
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Introduction

Vaccines are of utmost importance for human health and are one of the first medical interventions that everyone receives at birth (as long as they are available in the specific setting).

Whereas vaccinations in childhood are usually long lasting, with Measles–Mumps–Rubella (MMR), polio, and yellow fever vaccines conferring lifelong immunity, vaccination effects in adults are generally short lived (1).

Immune memory depends on the type of vaccine, and vaccine-specific immunity can vary in different subjects depending on individual and environmental factors (2). Live attenuated vaccines are highly effective in providing lifelong protection, whereas glycoconjugate vaccines’ immunity duration derives from the characteristics of their carrier. Remarkably, non-adjuvanted vaccines provide sufficient protection against seasonal influenza because the population is already primed by previous infection and vaccination; conversely, new virus strains to which people are immunologically naïve require adjuvanted vaccines and remain a possible cause of new pandemics (2). As reviewed by Castellino and coworkers, the Highly Pathogenic Avian Influenza 1 (H5N1) influenza strain, which spread in 1997 after its first occurrence in Hong Kong, was effectively contained by MF59 adjuvanted vaccines, which were found to provide high levels of protection against H5N1 6 months after the administration of just one boost (3). Messenger RNA (mRNA) vaccines have been extensively studied in recent decades and have been determined to be an effective recourse in times of extreme need, given their rapid manufacturing process (4). Indeed, mRNA technology—Comirnaty and Spikevax—became the protagonist of the COVID-19 pandemic and was crucial in controlling the infection worldwide. Viral vector vaccines, e.g., Vaxzevria, were also put on the market and represent a novel approach that could be implemented during future pandemics  (5).

The introduction of vaccines against COVID-19 was pivotal in effecting a substantial reduction of cases of symptomatic disease and the number of hospitalizations and deaths (5–8). However, the administration of additional boosters with the aim of prolonging their protective effect has proven to be necessary. This may be due to the suboptimal duration of immunization conferred by available vaccines and the appearance of new COVID-19 variants such as Delta and Omicron (9).

ORCHESTRA, a multicenter prospective cohort of healthcare workers (HCW) from different South-Eastern European countries, was assessed with the aim of investigating COVID-19 infections in hospital personnel.

Previous analyses in this cohort described the determinants of 3- and 6-months serology following COVID-19 vaccination (10, 11). The objective of the present study is to delineate the trends of serologic levels in the first 13 months post vaccination, both overall and by month, in a population of approximately 20,000 HCW based on nine European study populations (five from Italy, two from Spain, one multicentric from Romania, and one multicentric from Slovakia) included in ORCHESTRA.



Methods

ORCHESTRA is a prospective multicenter cohort of HCW from several European countries [https://orchestra-cohort.eu (12)]. This analysis includes HCW in nine cohorts from four countries; of these, Slovakia and Romania were multicenter cohorts. In Slovakia, participants were HCW and workers from social care facilities in COVID-19 departments from four regions (Banská Bystrica, Bratislava, Ružomberok, and Martin). In Romania, participants were HCW employed at the National Institute of Public Health and worked in four different locations (Bucharest, Iasi, Cluj, and Timisoara). In both cohorts, local teams followed a unique protocol for blood sampling and preparation and shipment of samples to the central laboratory.

Data on sociodemographic characteristics, PCR testing, and vaccination status (including date of vaccination, number of doses, and type of vaccination administered) were either abstracted from medical surveillance records or collected through questionnaires. The levels of anti-COVID-19 S1 antibodies were derived from medical records or generated through ad hoc testing. Because the cohorts are included in the European Commission-sponsored Orchestra project, their data have undergone extensive harmonization. Methods of measurement of the antibody levels varied between the included centers and in the time periods. Different analytical methods were used for different cohorts. We therefore log transformed the results and then we divided them by the standard errors (SE) of each cohort-specific mean. We used the same approach in previous analyses within ORCHESTRA (10, 11).

Selected characteristics of the study population are described in Table 1. This study comprises 19,923 HCW from Italy (Bari, Bologna, Brescia, Trieste, and Verona), Spain (Northern Metropolitan Area of Barcelona (Barcelona) and Oviedo), Romania (multicentric), and Slovakia (multicentric), with multiple serologies during a 13-month time frame from first dose administration (between December 2020 and March 2021, depending on the cohort), defined as the interval 150–210 days, including the 13-months serology. After excluding 501 HCW who received fewer than two vaccine doses, 19,422 subjects were included in the analysis.


Table 1 | Distribution of healthcare workers (HCW) by selected characteristics and mean difference between first and second serologic measurements.



The outcome of this analysis was the difference between the last and first serologic measurement of antibodies in the period 1–13 months from administration of the first dose of the vaccine. To avoid combining both positive and negative differences, we subtracted the observed difference from that of the subject with the highest increase between the two measurements. The analyses aimed at examining this difference according to HCW and vaccine characteristics, including age, sex, study center, previous COVID-19 infection, number of doses, and type of vaccine.

We first conducted descriptive analyses of the outcome and explanatory variables. The main analysis involved calculating the difference in serologic response within 13 months. Multiple linear regression models were used to calculate the relative risks (RR) and their 95% confidence intervals (CI) for the difference between the last and first serologic measurement. Results are expressed as RR for one logarithmic unit in the difference of one standard error of the cohort-specific distribution between the last and the first serologic measurement. Therefore, RRs greater than one correspond to a larger decrease in serologic level between the last and the first measurement compared with the reference category, and vice versa. We performed a secondary analysis that was restricted to HCW who received only two vaccine doses, because most subjects with an increase in antibody levels between the last and first measurements had received three doses of the vaccine, with the last measurement taken after the third dose.

The models included terms for cohort, sex, age (10-year increase), job title, number of vaccine doses received, previous COVID-19 infection, time difference between first serology measure and first dose of vaccine (30-day increase), and time difference between first serology measure and second serology measure (30-day increase).

Stata® software 16 (StataCorp LP, College Station, Texas, USA) was used for the statistical analysis.

The study was approved by the Italian Medicine Agency (AIFA) and the Ethics Committee of the Italian National Institute of Infectious Diseases (INMI) Lazzaro Spallanzani.



Results

Overall, our analysis included 19,422 HCW, with repeated measurements performed within 13 months after first dose and with two or more vaccine doses. The distribution of measurements by time since first dose and cohort is shown in Supplementary Figure 1. Most of the study population consisted of women (72.6%), and a large proportion of subjects were ≥ 50 years old (42.5%). HCW were mostly nurses (37.7%) and physicians (25.7%). Overall, 85.8% had had no previous COVID-19 infection; the vast majority (94.0%) had received two doses of COVID-19 vaccine, and 1,178 (6.0%) from the Bari, Bologna, Romania, Slovakia, Barcelona, and Oviedo cohorts received a third dose. The time between two consecutive serologic measurements ranged from less than 30 days to 440 days, with 16.3% of measurements being performed between 90 and 120 days, 28.4% between 120 and 150 days, 9.4% between 150 and 180 days, 24.9% between 180 and 210 days, and 9.3% between 210 and 240 days. We stratified the measurements based on whether they were collected more or less than 90 days from the first dose of the COVID-19 vaccine (52.0% vs. 48.0%). Most subjects who received two doses (98.2%) were given Comirnaty; the remaining subjects were given Spikevax and other or mixed vaccines (not shown in detail).

When calculating the mean serology difference between two measurements, we observed some difference by study center, with Bari and Barcelona showing positive differences. This is mainly explained by the fact that several blood samples in these cohorts were collected after the third vaccine dose for a second time. Figure 1 illustrates the timing of serologic measurements by study center. As the dots contain the average number of days between first and second serology, last serology appears to be infrequently performed after the booster vaccine dose, and blood samples were collected at quite different time points in each center. On the other hand, vaccinations were administered mostly with the same timing, with approximately 30 days between the first and second doses, and the booster dose administered approximately 300 days after first vaccination.




Figure 1 | Timing of vaccination and serologic measurements by cohort.



According to the time between the two serologic samples, we calculated a progressively reduced difference from <30 days to 210–240 days (SE 0.74 to –0.30), and a subsequent increase in the difference until days 410–440 (SE 0.22 to 3.10). No substantial difference was observed in the time between first serology and first vaccination (SE –0.30 and –0.32, respectively).

Table 2 shows the results of the main analysis. Compared with the cohort from Bologna, the cohorts from Bari, Trieste, Verona, Romania, Slovakia, and Barcelona and Oviedo experienced a larger decrease in their antibody levels, and no cohorts experienced a smaller decrease. Age was associated with a larger decrease in serologic levels. No difference was found by sex or job title, and HCW with a history of COVID-19 infection experienced a smaller decrease in antibody levels. The RR for a 30-day increase in time between first vaccine dose and first serology was 1.08 (95% CI 1.07–1.10) and for a 30-day increase between the two samples was 1.04 (95% CI 1.03–1.05). The antibody level at first measurement was a strong predictor of subsequent decrease in the serologic level (RR 1.60, 95% CI 1.56–1.64). Compared with Comirnaty, Spikevax was associated with a smaller decrease in the serologic level (RR 0.83, 95% CI 0.75–0.92), as was the administration of mixed vaccines (RR 0.61, 95% 0.51–0.74). Finally, administration of a third vaccine dose was associated with a smaller decrease in the serologic level (RR 0.46, 95% CI 0.40–0.54).


Table 2 | Multivariate analysis of characteristics associated with changes in antibody levels between first and second serologic measurement.



When the analysis was restricted to HCW who were administered two vaccine doses (N=18,347, Supplementary Table 1), the results were comparable to those reported for the whole study population. The only different result was observed for gender, with women exhibiting a smaller decrease in antibody levels than men (RR 0.97, 95% CI 0.95–0.99).



Discussion

The present study analyzed several potential clinical, individual, and work-related determinants of the difference in serologic level between multiple measurements after COVID-19 vaccination over 13 months in a large European cohort of HCW. Although the effect of sex appeared to be modest, increasing age was associated with a larger decrease in antibody levels. There were no differences according to job title. Previous COVID-19 infection, having received Spikevax or a mixed vaccine, and administration of a third dose of the vaccine resulted in a smaller decrease in antibody levels, whereas an increase in time between first vaccine dose and first serology, and that between the two samples, was associated with the opposite; i.e. a larger decrease in antibody levels. While several of these factors were correlated with one another, the large sample size allowed us to conduct multivariate analyses, whose stable results should exclude reciprocal confounding.

When considering previous COVID-19 infection, a significantly smaller decrease was found in subjects reporting previous infection compared with those never infected. In particular, a one standard error decrease in serologic level was 67% less likely to occur in HCW who became infected between the first and second serologic measurements compared with those who were never infected. This can be explained by the renewal of the immunological peak driven by the infection, leading to a stable antibody level—steadily higher than average—while a difference can be appreciated in naïve subjects, who experience only a decline in the antibody level with time. Among subjects infected before the first serologic sampling. There was a larger difference in serologic level among subjects infected before the first serological sample than among those infected in other time frames, which may be explained by the fact that infection confers a high degree of immunization, thus registering a higher antibody level at the first measurement compared with naïve subjects. Although the effectiveness of COVID-19 vaccines has been debated and given the prevalence of breakthrough infection, when considering our data, the number of infections occurring in vaccinated HCW is approximately one-sixth of the number of infections that occurred before vaccination, corroborating the fact that vaccination is the most important instrument in the prevention of communicable diseases (13–15).

Subjects administered with three doses of the vaccine experienced a 54% lower probability of undergoing a one standard error decrease in antibody level than subjects who had received two doses. This may be due to the timing of the blood sampling, specifically, the overlap between the second measurement and the number of days following the booster dose, which determines the immunological response. Indeed, (i) most of the HCW from Bari underwent their last serology test after their third dose of the vaccine and (ii) on average, in Barcelona, HCW underwent their first serology test at the same time as their second dose of the vaccine (Figure 1). This is also captured by the variable related to time between the serologic measurements: between 1 and 7 months the difference in serologic level increases, which implies a rapid decline in the number of antibodies; an increase in serologic levels can be detected between 8 and 13 months. This largely corresponds to the period when HCW were recommended to obtain the third dose of vaccine.

Age was related to the progressive decline in trends of serologic levels, expressed through a 3% higher likelihood of undergoing a one standard error decrease in antibody level with every10-year increase in age. Several studies have demonstrated the lower levels of immunological responsiveness of older subjects (16). This is consistent with our previous study that showed age as a determinant of lower level of serologic response in HCW (11). When focusing on gender differences, a 2% smaller probability of undergoing a one standard error decrease in antibody level was suggested for women, consistent with previous literature (17–19). Indeed, sexual dimorphism in immune responses has been described, which is more evident following infection or vaccination (20, 21).

With regard to job title, no difference was detected. This is likely to be due to the adjustments for different potential confounders which may mediate an effect on occupational categories, because of the different risk exposure among professional healthcare figures. Previous studies focused on HCW as a job category rather than distinguishing potential association with COVID-19 infection and vaccination outcomes. For example, in a previous analysis we once again found no relationship between job title and immunological response (11). Moreover, a previous study based on the Italian cohort of the ORCHESTRA project found no difference in the risk of HCW contracting COVID-19, even when considering HCW in departments dedicated to COVID-19 (22).

The serologic trend was likely to decline with every 30 day increase in time between first vaccination and first serologic measurement, corroborating the evidence of a progressive decline in the level of antibodies and providing a precise quantification of the effect (9). When considering 30 day-time increases between the two serologic measurements, the declining trend was smaller. Moreover, the higher the serologic level detected at the first measurement, the larger the difference detected at the second blood sample.

We found a small difference in the serologic samplings by type of vaccine, namely Comirnaty or Spikevax, with the former leading to a slightly smaller reduction in the antibody level than the latter. However, Spikevax has been shown to confer greater protection in the long term than Comirnaty (23). Based on our analysis, Spikevax resulted in a 20% increase of the serologic level compared with Comirnaty, which is consistent with previous evidence (23). This difference was attributed to a higher mRNA content in Spikevax that in Comirnaty and the longer interval between priming and boosting for Spikevax (4 weeks for Spikevax vs. 3 weeks for Comirnaty) (23). Overall, large differences can be seen among viral vector vaccines and mRNA vaccines (24, 25), and our data did not allow us to address this question in detail.

The description of these trends, together with the evidence of increased difference in antibody level in HCW who received a third vaccine dose, corroborates previous findings on the ability of vaccines to stimulate immunological response (26). Assuming a proportional capacity of the immune system to protect from infection, this implies a greater ability of the vaccines to guarantee protection against COVID-19 infection when booster doses are administered; thus the greater effectiveness of a three-dose scheme of vaccination (27). Despite this, the present analysis can only allow assumptions on the antibody levels as a sign of effective vaccination.

Describing the trends of antibody levels after COVID-19 vaccination is currently a major issue. Indeed, it enables to read the pandemic and the public health interventions which have been introduced to control it in the light of quantitative data, and to understand if and to what extent vaccination schemes have been useful and effective. Vaccines are usually administered in multiple doses (28). Viral pathogens that have a short life cycle and a high rate of replication are subject to higher mutagenicity, leading to continuous exposure to potential infectious risk for both unvaccinated and vaccinated people. This is what commonly happens with influenza viruses, requiring vaccination every year (29). Indeed, HCW in most countries are strongly recommended to receive an influenza vaccination every year as they are occupationally at a higher risk of infection; both for their own protection and to prevent transmission in the hospital environment (30, 31).

The introduction of COVID-19 vaccines into usual medical practice has been hypothesized based on the circumstances registered worldwide (32, 33). The main issue relates to the capacities of the COVID-19 vaccines to reduce the risk of symptomatic disease, and less so to reduce the risk of becoming infected (34).

This study has some strengths and limitations. To our knowledge, this is one of the largest analyses on changes in individual-level data regarding antibody level after COVID-19 vaccination. Most previous studies were based on comparisons of groups of individuals tested at different times after vaccination, including a large prospective study conducted in England on more than 212,000 vaccinated subjects (35). Individual-level serologies were collected in other studies, which, however, included no more than a few hundred participants (36–39). The large sample size, together with the collection of detailed information, allowed assessment of multiple factors associated with trends in antibody levels within 13 months from vaccination, enabling reciprocal adjustment. Moreover, the prospective design of this study enables further follow-up with the participants, offering the possibility to expand this investigation and add interesting insight in future analyses. In addition, this is one of the few studies covering a 13-month period when considering COVID-19 vaccination-related immunity.

The results we obtained are consistent with previous literature (34), showing robustness, and are important in providing further confirmation of individual-level data on the progressive waning of COVID-19 vaccine immunization by enhancing the confidence of these observations. This gives additional strengths to previous data. Furthermore, we added useful information on time-trend serology from first vaccination and in between serologic measurements, as well as comparisons between naïve HCW and those previously infected with COVID-19. We used a strong methodological approach to standardize the level of antibodies, overcoming the issue of different types of tests adopted in the various cohorts, making the measurement from different populations comparable.

The main limitation of this study was the heterogeneity of testing methods used within the cohorts. However, as mentioned above, we addressed this issue by using the standardized log value and calculating RR per one SD increase, thus generating harmonized results on measurements of antibody levels. The same method was used in our previous analysis (11). This approach is particularly valuable given the global connotation of COVID-19 infection, because it allows us to overcome potential heterogeneity in data collection methods and to compare data from different populations. Indeed, all the differences found in the present analysis must be interpreted as representing real phenomena rather than being attributed to differences in serologic testing across the cohorts.

Besides this, our analysis was limited by the small number of HCW who had three doses of the vaccine, leading to a low power of analysis of the effect of the third dose. Moreover, only a small number of HCW had three or more measurements of antibody levels. Thus, we used only the first and the last measurements because most subjects had received only two vaccine doses. Future analysis of this population will include more subjects with three or more measurements of antibody levels, allowing for the assessment of non-linear trends in antibody levels.

We could not distinguish individuals by health status, and therefore could not analyze potential variability in antibody levels due to conditions such as immunodepression. However, this is a working population, representing an overall healthy group, and HCW in particular have been reported to be healthier than the general population (40). In addition, given the paucity of data on different types of vaccine, the possible comparisons were limited in terms of viral vector vaccines.

Furthermore, subclinical infections were not systematically assessed (anti-nucleocapsid antibodies were available for only a subset of participants). This may have diluted the estimated effect of previous COVID-19 infection.



Conclusions

This analysis defines the trends of serologic levels in HCW who received multiple COVID-19 vaccines within the first 13 months, by calculating the mean difference observed in nine European cohorts. Positive trends were detected in those centers where serologic samples were collected around the time of vaccination, as well as among previously infected HCW. Increasing age, time between first vaccine and first serology, and time between serologies determined a negative trend in antibody level. Spikevax was associated with a smaller decrease in the serologic level than Comirnaty. The booster dose determines the renewal of the immunological response, expressed as a smaller decrease in the serologic level.

These individual-level data support published studies showing a progressive decline of immune response after COVID-19 vaccination. Analyses over longer time frames would be of interest to better understand the longevity of COVID-19 vaccine immunization. Such studies, combined with our cohort, would provide further information on the optimal time frame of administration of subsequent doses. This information should be combined with a risk profile for COVID-19 infection to improve the quantitative information needed to optimize the schedule of vaccine administration, and the subgroups of population to be prioritized for boosters.

Further studies are warranted to further describe temporal changes in serologic levels after COVID-19 vaccination and to clarify the role of different types of vaccines and the timing of infection. To better address the pandemic and manage vaccination strategy at both the occupational and population-based level, studies focused on the protectiveness of vaccination-driven antibodies are needed.
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Background

Worldwide vaccination campaigns significantly reduced mortality caused by SARS-CoV-2 infection and diminished the devastating effects of the pandemic. The first approved vaccines are based on novel mRNA technology and elicit potent immune responses offering high levels of protection from severe disease.



Methods

Here we longitudinally assessed adaptive immune responses during a 12-month follow-up period after the initial immunization with 2 doses of mRNA vaccines and after the booster dose in blood and saliva.



Results

Our findings demonstrate a rapid waning of the anti-spike IgG titers between months 3 and 6 after the initial vaccination (1.7- and 2.5-fold decrease in plasma and saliva, respectively; P<0.0001). Conversely, the frequency of spike-specific memory B cells increased during this period (2.4-fold increase; P<0.0001) while the frequency of spike-specific CD4+ and CD8+ T cells remained stable for all assessed functions: cytotoxicity, IFNγ, IL-2, and TNFα expression. Booster vaccination significantly improved the antibody response in plasma and saliva, with the most profound changes observed in the neutralization capacity against the currently circulating omicron variant (25.6-fold increase; P<0.0001). The positive effect of booster vaccination was also evident for spike-specific IgG+ memory B cell (2.4-fold increase; P<0.0001) and cytotoxic CD4+ and CD8+ T cell responses (1.7- and 1.9-fold increase respectively; P<0.05).



Conclusions

Collectively, our findings offer a detailed insight into the kinetics of adaptive immune response following SARS-CoV-2 vaccination and underline the beneficial effects of a booster vaccination.
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Introduction

The vaccination campaign against the SARS-CoV-2 infection was launched at the beginning of 2021 with the hope to dampen the devastating effects of pandemics by reducing transmission and mortality caused by COVID-19. Remarkably, the first two vaccines to receive approval for use were based on a novel mRNA technology that had not been previously applied in any of the marketed vaccines.

The BNT162b2 and mRNA-1273 vaccines demonstrated an outstanding efficacy of over 90% reduction in severe COVID-19 cases and proved safe for use (1, 2). The high efficacy was due to the robust immune response elicited by the 2-dose full vaccination regimen (1–4). Several studies have confirmed that mRNA vaccines induce the production of neutralizing antibodies, with titers well above those induced by the natural infection (4–6). Furthermore, the mRNA vaccines were effective at triggering the formation of memory B cell and T cell responses (7, 8). These features of mRNA vaccines raised high hopes for the worldwide SARS-CoV-2 vaccination campaign to curb the ongoing pandemic. Unfortunately, however, the virus mutated more rapidly and new variants emerged that would overcome vaccine-induced immunity (9–12). The wild-type virus was consecutively succeeded by the alpha, delta, and omicron variants accumulating mutations in the spike protein (13). The currently circulating omicron variant has more than 30 amino-acid changes in the spike protein, compared to alpha and delta variants where typically less than 15 amino-acid are observed (14). This substantial increase in the antigenic distance from the wild-type spike of vaccines leads to efficient immune evasion and higher transmission rates even in countries with high vaccination rates or natural immunity (15). Furthermore, mutations influenced the replication biology of the variants. Particularly, changes near the furin-cleavage site have been suggested to be associated with enhanced cell entry and increased transmissibility (16, 17).

In addition, it has soon become clear that the immune response induced by vaccines, although initially very potent, rapidly wanes with time after vaccination opening a window of opportunity for breakthrough infections (18). Numerous studies have demonstrated the declining antibody titers with time after the initial vaccination and increased rates of breakthrough infections (13, 19, 20) making it evident that the 2-dose vaccination regimen will not be sufficient for long-term protection from COVID-19 and that booster vaccinations will be necessary to keep immunity at high levels (18, 21). At the beginning of fall 2021, the third dose of mRNA vaccines was approved and recommended firstly for high-risk groups and subsequently for the general population. The booster vaccination initially restored vaccine efficacy by triggering a potent recall immune response (22), but similarly waned rather rapidly (23).

As of November 2022, the vaccine coverage in Germany is 78% for at least one dose, 76% for two, and 62% for three vaccine doses (24). Given that the majority of the population has been vaccinated and that the vaccine-induced antibody titers decline with time, it is important to investigate the persistence of the adaptive immune response following vaccination as this may give critical insights into future vaccination and booster strategies.

Here we performed a comprehensive longitudinal assessment of the adaptive immune response to the initial two doses but also a booster dose of mRNA vaccine in healthy SARS-CoV-2 naïve individuals. Our findings demonstrate the waning of the immune response following vaccination and emphasize the beneficial effect of a booster vaccination.



Materials and methods


Study cohort

A total of 77 individuals that were initially vaccinated with 2 doses of mRNA-based SARS-CoV-2 vaccine and 9 months later received a booster vaccination were recruited for the study. All individuals were SARS-CoV-2 naïve at the beginning of the study. Breakthrough infections were monitored by RT-PCR and anti-nucleocapsid ELISA as a part of routine screening at the diagnostics department of the Institute of Virology, University Hospital Bonn. Individuals that contracted an infection were excluded from the findings described in this paper. All participants were either employed or studied at the University of Bonn at the time of sampling but were not necessarily healthcare workers.



Ethics approval

All participants provided written informed consent approved by the Ethics Committee of the Medical Faculty of the University of Bonn (ethics approval numbers 125/21).



Sample collection and storage

Study participants provided peripheral blood specimens, saliva, and pharyngeal swabs. Blood was centrifuged and EDTA-plasma was stored until analysis (-80°C). Before the saliva collection participants were instructed not to eat or drink for at least 60 min. Participants were than advised to retain saliva for 1-2 min and expectorate it in a centrifuge tube. Saliva samples were centrifuged to remove solid particles and frozen at -20°C. PBMC were isolated by density gradient centrifugation and cryopreserved in liquid nitrogen.



2.  Determination of SARS-CoV-S1-specific IgG in plasma.

S1-specific IgG titers were determined using an in-house quantitative ELISA. Therefore, microtiter plates with high binding capacity were coated with 100 µl of coating buffer (carbonate-bicarbonate buffer, pH=9.6) containing 1 µg/ml of recombinant S1 domain of the SARS-CoV-2 spike protein (Biotinylated SARS-CoV-2 (COVID-19) S1 protein, Acrobiolabs). Plates were subsequently sealed and incubated overnight at 4°C. Coated plates were washed with wash buffer (PBS with 0.05% (v/v) Tween®-20) and blocked (PBS containing 1% (w/v) BSA) to prevent unspecific binding. Cryopreserved EDTA plasma samples were thawed at room temperature and diluted at previously optimized dilution of 1:3200 in a blocking buffer. After blocking plates were washed, incubated with plasma samples and standards (serially diluted pooled plasma of vaccinated individuals), washed again, and incubated with 100 µl HRP-conjugated anti-IgG antibody (Goat anti-Human IgG (Heavy chain) Secondary Antibody, HRP, Invitrogen) diluted 1:8000 in wash buffer. If not stated differently, incubation steps were performed for 1 hour at 37°C. Finally, plates were washed and 100 µl of the substrate solution (TMB Chromogen Solution, Life technologies) was added. The reaction developed at room temperature for 5 min until the addition of 50 µl of 0.2 M H2SO4. Optical density at 450 nm was measured immediately after the reaction was stopped. The background-subtracted OD450 readings were interpolated onto the standard dilution curve that had previously been calibrated to the international WHO standard (NIBSC reference number: 20/136). To determine the positivity cutoff we measured plasma samples from 30 individuals that have never been exposed to SARS-CoV-2. Based on the measurements we determined the cutoff (mean+2xSD) from which the results were considered positive for anti-S1 IgG; 19.2 BAU/mL.



Determination of SARS-CoV-2 S1-specific IgG and IgA in saliva

The titers of S1-specific IgA and IgG in saliva were measured by in-house quantitative ELISA. Therefore, high-binding microtiter plates were coated with 100 µl of coating buffer (carbonate-bicarbonate buffer, pH=9.6) containing 1 µg/ml of recombinant SARS-CoV-2 S1 protein (Biotinylated SARS-CoV-2 (COVID-19) S1 protein, Acrobiolabs). Following overnight incubation at 4°C, the plates were washed (PBS with 0.05% (v/v) Tween®-20), blocked (PBS containing 3% (w/v) BSA), and washed again. Saliva samples were thawed, diluted 1:16 in sample buffer (PBS containing 1% (w/v) BSA), and applied onto S1-coated plates. Blocking and incubation with saliva samples and standard dilutions were performed at 37°C for 1 hour. Subsequently, plates were washed and incubated at 37°C for 1 hour with 100 µl HRP-conjugated anti-IgG antibody (Goat anti-Human IgG (Heavy chain) Secondary Antibody, HRP, Invitrogen) diluted 1:8000 in wash buffer or 100 µl HRP-conjugated anti-IgA antibody (Goat anti-Human IgA (Heavy chain) Secondary Antibody, HRP, Invitrogen) diluted 1:1000 in wash buffer. After the incubation with secondary antibodies, plates were washed and 100 µl of the substrate (TMB ELISA Substrate, High Sensitivity, Abcam) was added. The reaction was stopped by the addition of 100 µl of 1 M H2SO4 after developing for 5 min at room temperature. Optical density at 450 nm was measured immediately after the addition of the stop solution. The background-subtracted OD450 readings were interpolated to the standard dilution curve, derived from measurements of serially diluted highly positive saliva samples, to obtain concentration units relative to the standard (arbitrary units indicated as a.u.). These units are not comparable to those of the plasma ELISA. To determine the positivity cutoff we measured saliva samples from 24 individuals that were seronegative for anti- SARS-CoV-2-spike IgG. Based on the measurements we determined the cutoff (mean+2xSD) from which the results were considered positive; 0.014 a.u. for IgG and 0.012 a.u. for IgA. The same concentrations of S1-specific monoclonal antibody (anti-SARS-CoV-2-RBD antibody, clone CR3022, Abcam) with IgA or IgG constant region was measured to make the OD450 readings comparable between the IgG and IgA assays.



Plaque reduction neutralization assay

The plasma neutralization capacity was determined by a plaque reduction neutralization assay as previously described (25). Briefly, plasma was heat-inactivated and serially two-fold diluted starting with 2-fold up to 32768-fold dilution. Each dilution was combined with 80 plaque-forming units of SARS-CoV-2 (either wild-type, delta, or omicron variant). The inoculum was then added to Vero E6 cells. After the incubation, the inoculum was removed, and cells were overlaid with carboxymethylcellulose-containing media. After 3 days, plates were fixed and stained with crystal violet solution revealing the formation of plaques. The number of plaques was plotted against the serum dilutions, and IC50 was determined using the GraphPad Prism software.



Immunomagnetic isolation of B cells

B cells were enriched from cryopreserved PBMC samples by positive immunomagnetic isolation (Human CD19 MultiSort Kit, Miltenyi Biotec) following the manufacturer’s instructions. Briefly, thawed, and rested PBMCs were resuspended in recommended isolation buffer and labeled with anti-CD19 antibodies coupled to magnetic beads. Bead-labeled cells were then immobilized onto a magnetic column. The column was washed and the flow-through containing B-cell-depleted PBMC was set aside for the assessment of T-cell responses. The column was removed from the magnetic field and immobilized B cells were washed out. To remove the magnetic beads and anti-CD19 antibodies, B cells were treated with enzymes disintegrating the immunomagnetic complexes.



Detection of S1-specific memory B cells by flow cytometry

Antigen-specific B cells were identified by immunofluorescent tagging with recombinant wild-type SARS-CoV-2 S1 protein, as previously described (25). Briefly, the cells were incubated with the recombinant S1 protein conjugated to two different fluorophores, stained for viability, and subsequently incubated with a mixture of fluorescently labeled antibodies binding surface antigens. Labeled cells were acquired on a flow cytometer (BD FACS Celesta). The frequency of S-specific memory B cells was calculated by subtracting the average frequency of S1-binding memory B cells in healthy donor samples collected before the outbreak of SARS-CoV-2.



Ex vivo stimulation of T cells

B-cell-depleted PBMC fractions were seeded in 96-well U bottom plates and stimulated with wild-type SARS-CoV-2 PepTivator (Miltenyi Biotec) overlapping peptide pools spanning the entire sequence of spike (S) protein, in presence of anti-CD107a-APC (clone H4A3; Biolegend) antibody. One million cells were stimulated per condition, and the final concentration of each peptide in the stimulation mix was 1 µg/ml. As a co-stimulatory signal, antibodies binding CD28 and CD49d (BD FastImmune™ CD28/CD49d) were added to a final concentration of 1 µg/ml. Stimulation was performed at 37°C for a total of 6 hours. As a negative control, an equally treated DMSO-stimulated sample was included for each biological replicate. As positive control cells stimulated with PMA (20 ng/ml) and ionomycin (1 μg/ml) were used. One hour into stimulation, Golgi Stop and Golgi Plug (BD Bioscience) were added (final concentration 1 µg/ml) to inhibit vesicular transport and prevent the secretion of the cytokines from cells.



Detection of SARS-CoV-2-specific T cells by flow cytometry

Stimulated cells were washed with PBS, and stained with Zombie Aqua (Biolegend) dye for 15 min at 4°C to discriminate viable cells. Subsequently, samples were washed with FACS buffer (PBS supplemented with 2% FCS, 2 mM EDTA, and 0.05% NaN3), fixed, and permeabilized in CytoFix/CytoPerm Solution (BD Bioscience) for 15 min at 4°C. Cells were then washed with 1x Perm/Wash Buffer (BD Bioscience), and stained for intracellular markers for 15 min at 4°C using the following antibody conjugates; anti-CD3-APC-Cy7 (clone UCHT1; Biolegend), anti-CD4-BV786 (clone SK3; BD Bioscience), anti-IFNγ-PE (clone B27; Biolegend), anti-TNFα-BV421 (clone Mab11; Biolegend), and anti-IL2-AF488 (clone MQ1-17H12; Biolegend). Labeled cells were then washed with PBS and acquired on FACS Celesta (BD Bioscience). Frequencies of antigen-specific CD4+ T cells were calculated as negative-control-subtracted data. Possible longitudinal fluctuations in laser intensity were monitored and adjusted before each experiment using fluorescent beads (Rainbow beads, Biolegend). The data were analyzed with the FlowJo Software version 10.0.7 (TreeStar).



Statistical analysis

Statistical analysis was performed using R software (26). Differences between the groups were assessed using the Wilcoxon test for matched data with Holm’s correction for multiple testing. The strength of correlations was evaluated by Spearman’s test. Statistical significance is indicated by the following annotations: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.




Results


Study design

To assess the longevity of the adaptive immune response following SARS-CoV-2 vaccination we monitored antibody, memory B cell, and memory T cell levels of 50 vaccinated individuals for 12 months after the full vaccination with two doses of mRNA vaccine. Samples were taken 3, 6, and 12 months after full vaccination. All individuals received booster vaccination about 9 months after the initial immunization. Individuals with breakthrough infections were excluded from the analysis. Additionally, a group of 20 individuals was recruited to follow the dynamics of immune response immediately after booster vaccination. These individuals were sampled 3 and 15 weeks post-immunization and received the 3 vaccine doses at the same time as the other 50 study participants (Figure 1A).




Figure 1 | The dynamics of S1-specific antibody response in plasma after the initial and booster doses of mRNA vaccine. (A) Timelines demonstrating temporal relationships between vaccination and sampling events of the study participants. (B) S1-specific IgG levels in international units (BAU/mL) measured at different time points after the initial vaccination. (C) S1-specific IgG levels in international units measured 3 and 15 weeks after the booster vaccination. (D) Plasma neutralization capacity measured against the wild-type, delta, and omicron variants for months 3, 6, and 12 after the initial vaccination. (E) Plasma neutralization capacity measured against the wild-type, delta, and omicron variants for weeks 3 and 15 after the booster vaccination. The red line connects the median values of each time point. Fold change was calculated as a ratio of the medians of compared time points. (F) Comparison of neutralization susceptibility of SARS-CoV-2 variants for months 3, 6, and 12. Median values are given within the boxplots. (G) Ratio between the neutralization capacity and S1-specific IgG titers for different time points and different SARS-CoV-2 variants. (H) Correlation between plasma levels of S1-specific IgG and plasma neutralization capacity for wild-type, delta, and omicron variants. Differences between the groups were assessed using the Wilcoxon test for matched data. Correction for multiple testing was performed using Holm’s method. The strength of correlations was assessed by Spearman’s correlation test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.





Vaccination-induced antibodies wane over time

Neutralizing antibodies are the primary antiviral mechanism induced by vaccination and the best-defined correlate of protection against SARS-CoV-2 infection (27). We, therefore, measured plasma levels of IgG specific for the S1 subunit of the SARS-CoV-2 spike protein using an in-house ELISA calibrated to the international WHO standard (NIBSC reference number: 20/136). Our findings indicate that the level of S1-specific IgG declines by 1.7-fold between months 3 and 6 after vaccination with 2 doses of mRNA vaccine (P<0.0001) and then increases by 3.4-fold following booster vaccination between months 6 and 12 (P<0.0001) (Figure 1B). Between weeks 3 and 15 after the booster shot, the level of S1-specific IgG decreased 2.5-fold (P<0.0001) (Figure 1C). To assess the dynamics of exclusively neutralizing antibodies, we next performed plaque reduction neutralization assays using live un-manipulated SARS-CoV-2 isolates (wild-type, delta, and omicron variants). The neutralization capacity against the wild-type virus declined 5-fold during months 3 and 6 (P<0.0001). In the case of delta and omicron variants, the reductions in neutralizing potency were 2.5- and 5-fold respectively (P<0.0001, P<0.05). On month 12, roughly 3 months following the booster vaccination, the neutralization levels rose 7.6-fold, 6.3-fold, and 25.6-fold for wild-type, delta, and omicron respectively when compared to month 6 (P<0.0001, P<0.0001, P<0.0001) (Figure 1D). Furthermore, we observed a 3.3-fold decrease in neutralization capacity against the wild-type virus (P<0.0001), a 2-fold decrease in neutralization capacity against the delta (P<0.01), and a 2.5-fold decrease in neutralization capacity against the omicron variant (P<0.001) between weeks 3 and 15 after the booster vaccination (Figure 1E). To demonstrate the different susceptibilities of SARS-CoV-2 variants to neutralization, we next directly compared the plasma neutralization capacity of wild-type, delta, and omicron variants at months 3, 6, and 12 after full 2-dose vaccination. At the first time point, the ancestral variant was most susceptible to neutralization, followed by the delta variant, while omicron showed to be notably more resistant. Interestingly, at month 6, the plasma of vaccinated individuals more efficiently neutralized the delta variant than the wild-type. Omicron remained the most resistant to neutralization at all time points, however, its susceptibility to neutralization considerably increased after booster vaccination (Figure 1F). We next compared the ratio between the plasma neutralization capacity and S1-specific IgG titers for all three variants and time points. The data suggest a decreased proportion of neutralizing antibodies against all three variants for month 6 when compared to months 3 and 12. In the case of delta and omicron variants, the highest proportion of neutralizing antibodies was observed after the booster vaccination on month 12 (Figure 1G). High S1-specific IgG titers translated well into higher neutralization capacity since we observed strong correlations between the two parameters for all three variants and time points. The correlations were slightly weaker in the case of the omicron variant (Figure 1H).

Taken together, our findings demonstrate a waning of the initial antibody response against SARS-CoV-2 after the 2 initial doses but also after the third booster shot of the mRNA vaccine. Importantly, booster vaccination improved the potency of antibody response against the SARS-CoV-2 variants compared to 2 vaccine doses only.



Booster vaccination augments SARS-CoV-2-specific antibody levels in saliva

As a respiratory virus, SARS-CoV-2 initially infects the upper respiratory tract (28) and infection might be prevented by the presence of antibodies in the upper mucosa, mucus, and saliva.

We, therefore, measured the titers of S1-specific IgG and IgA with an ultrasensitive ELISA in saliva. Our findings demonstrate that S1-specific IgG levels in saliva decrease by 2.5-fold between months 3 and 6 after full vaccination (P<0.0001). Following booster vaccination in month 9, the S1-specific IgG levels increased 8.4-fold on month 12 when compared to month 6 (P<0.0001) (Figure 2A). In contrast, the S1-specific IgA titer remained relatively stable during the entire monitoring with a subtle 1.3-fold increase between months 6 and 12 (P<0.001) (Figure 2B). Since we used the same monoclonal antibody with a variable Fc region as a calibrator for the IgG and IgA ELISAs, we were able to compare the relative amounts of both antibody isotypes. Interestingly, the proportion of S1-binding IgA was significantly increased at month 6 when compared to month 3 (P<0.05), suggesting that IgA persists longer in saliva than IgG. At month 12 IgG was the predominant isotype of salivary antibodies recognizing the S1-domain of the spike protein. Its proportion was significantly higher than at months 3 and 6 (P<0.01 and P<0.0001, respectively) (Figure 2C). The levels of S1-specific IgA and IgG in saliva correlated for all time points (Figure 2D), as did the levels of S1-specific IgG in saliva and plasma (Figure 2E).




Figure 2 | The dynamics of S1-specific antibody response in saliva after the initial and booster doses of mRNA vaccine. S1-specific (A) IgG, (B) IgA, levels in the saliva of vaccinated individuals for months 3, 6, and 12 after the initial vaccination. The red line connects the median values of each time point. Fold change was calculated as a ratio of the medians of compared time points. (C) Relative proportions of IgA and IgG isotypes among the S1-specific antibodies in the saliva of vaccinated individuals. (D) Correlations between the salivary S1-specific IgG and IgA for different time points. (E) Correlations between the plasma and salivary S1-specific IgG for different time points. Differences between the groups were assessed using the Wilcoxon test with Holm’s correction for multiple testing. The strength of correlations was assessed by Spearman’s correlation test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Collectively, these data demonstrate a decrease of SARS-CoV-2-specific antibodies in saliva with time after full vaccination and the resurge of mostly IgG antibodies following booster vaccination.



The frequency of SARS-CoV-2-specific memory B cells increases over time and with booster vaccination

Studies have shown that SARS-CoV-2-specific memory B cells remain at elevated levels for a much longer time after the infection or vaccination than the antibodies making them particularly important for long-term immunological memory (25, 29).

We, therefore, measured the frequency of S1-specific memory B cells in the peripheral blood of vaccinated individuals at each of the sampling time points utilizing multiparameter flow cytometry. We distinguished S1-specific memory B cells according to their B cell receptor (BCR) isotype; IgA+, IgM+, IgG+ (Figure 3A) (detailed gating strategy is available in Supplemental figure 1). Unlike in the case of antibodies the frequency of IgG+ S1-specific memory B cells increased between months 3 and 6 by 1.6-fold (P<0.001) and further rose 2.4-fold (P<0.0001) between months 6 and 12 (Figure 3B). The frequency of these cells only decreased immediately following the recall response evoked by the booster vaccination; 2-fold decrease between weeks 3 and 15 following the booster (P<0.05) (Figure 3C). The frequencies of IgA+ and IgM+ S1-specific memory B cells remained stable between months 3, 6, and 12 (Figure 3B), but also decreased between the third and fifteenth week following the booster vaccination (1.4-fold, P<0.05, and 5-fold, P<0.05 respectively) (Figure 3C). Next, we compared the relative frequencies of S1-specific memory B cells according to their BCR isotype for months 3, 6, and 12 after the full vaccination. Of note, the frequencies of S1-specific IgA+ and IgM+ memory B cells were much lower than those of IgG+ cells. Their proportions were highest at month 3 and then decreased with each of the following time points (Figure 3D). The percentages of individuals with detectable S1-specific memory B cells were generally high. Most of the individuals had detectable IgG+ S1-specific memory B cells followed by IgM+, individuals with IgA+ cells were rare (Figure 3E).




Figure 3 | The dynamics of SARS-CoV-2-specific memory B cell response after the initial and booster doses of mRNA vaccine. (A) Representative flow cytometry plots for identification of S1-specific memory B cells with different BCRs. (B) Frequencies of IgG+, IgA+, and IgM+ S1-specific memory B cells as a percentage of total B cells in the peripheral blood of vaccinated individuals for months 3, 6, and 12 after the initial vaccination. The red line connects the median values of each time point. Fold change was calculated as a ratio of the medians of compared time points. (C) Frequencies of IgG+, IgA+, and IgM+ S1-specific memory B cells in peripheral blood of vaccinated individuals 3 to 15 weeks after the booster vaccination. (D) Relative proportions of S1-specific memory B cells bearing BCRs of a different isotype. (E) Percentage of individuals with detectable S1-specific memory B cells according to the BCR isotype and time point. Differences between the groups were assessed using the Wilcoxon test with Holm’s correction for multiple testing.



To sum up, we have shown that IgG+ memory B cells dominate the SARS-CoV-2-specific B cell response. The frequency of these cells kept increasing with time. Following the booster vaccination, their frequency initially dropped but remained elevated compared to the initial 2-dose immunization.



SARS-CoV-2-specific CD4+ T cell responses are durable and moderately augmented by booster vaccination

CD4+ T cells are a key component of a vaccine-induced immune response since they regulate antibody production by B cells (30, 31). Besides their stimulatory and coordinating functions, these cells can also act cytotoxic and directly kill infected cells (32).

Given their importance, we measured the frequencies of CD4+ T cells specific for the spike (S) protein of the SARS-CoV-2 in the peripheral blood of vaccinated individuals. Antigen-specific T cells were detected by peptide stimulation and subsequent detection of cytokine expression by multiparameter flow cytometry. Four major functions of the CD4+ T cells were monitored: cytotoxicity (CD107a and IFNγ expression), IFNγ expression, IL-2 expression, and TNFα expression (Figure 4A) (detailed gating strategy is available in Supplemental figure 2). The frequency of S-specific CD4+ T cells remained stable between months 3 and 6 after the full vaccination regardless of the function. After the booster vaccination on month 9, the frequency of S-specific cytotoxic CD4+ T cells rose by 1.7-fold (P<0.05), and the frequency of IFNγ-expressing CD4+ T cells rose by 1.6-fold (P<0.05) between the months 6 and 12. Frequencies of IL-2- and TNFα-expressing CD4+ T cells did not significantly change during this period (Figure 4B). Between weeks 3 and 15 following booster vaccination we observed a decline in S-specific CD4+ T cell frequencies. The frequency of cytotoxic cells decreased 3.3-fold (P<0.0001), the frequency of IFNγ-expressing cells 2-fold (P<0.01), the frequency of IL-2-expressing cells 1.7-fold (P<0.05) and the frequency of TNFα-expressing cells 1.7-fold (P<0.05) (Figure 4C). TNFα expression was the most frequent function among the S-specific CD4+ T cells followed by IL-2 expression, IFNγ expression, and cytotoxicity. This was true for months 3, 6, and 12 (Figure 4D).




Figure 4 | The dynamics of SARS-CoV-2-specific CD4+ T cells after the initial and booster doses of mRNA vaccine. (A) Representative flow cytometry plots demonstrating the detection of S-specific CD4+ T cells with different effector functions; cytotoxicity (CD107a and IFNγ expression), IFNγ expression, IL-2 expression, and TNFα expression. (B) The frequencies of S-specific CD4+ T cells with different effector functions as a percentage of bulk T cells for months 3, 6, and 12 after the initial vaccination. The red line connects the median values of each time point. Fold change was calculated as a ratio of the medians of compared time points. (C) The frequencies of S-specific CD4+ T cells with different effector functions in the peripheral blood of vaccinated individuals 3 to 15 weeks after the booster vaccination. (D) Comparison of S-specific CD4+ T cell frequencies with different functions for months 3, 6, and 12 after the initial vaccination. Differences between the groups were assessed using the Wilcoxon test with Holm’s correction for multiple testing.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



Collectively, these findings indicate that vaccination induces a durable SARS-CoV-2-specific CD4+ T cell response that is moderately augmented by the booster vaccination.



SARS-CoV-2-specific CD8+ T cell responses are durable and moderately augmented by booster vaccination

CD8+ T cells can recognize and kill infected cells and thus represent an important antiviral mechanism. Studies have shown that SARS-CoV-2-specific CD8+ T cells successfully limit the infection and positively correlate with protection from severe disease (33, 34).

We, therefore, investigated S-specific CD8+ T cell responses in the peripheral blood of vaccinated individuals. Antigen-specific cells were identified by peptide stimulation and flow-cytometric detection of effector molecules (Figure 5A) (detailed gating strategy is available in Supplemental figure 2) as in the case of CD4+ T cells. The data revealed increased frequencies of cytotoxic and TNFα-expressing S-specific CD8+ T cells at month 12 after vaccination. The frequency of cytotoxic cells increased by 1.9-fold (P<0.05) between months 3 and 12, while the frequency of TNFα-expressing cells increased 1.3-fold (P<0.05) during the same period. No significant changes were observed between months 3 and 6 for any of the assessed functions (Figure 5B). Unlike the rest of the immune responses, the frequency of S-specific CD8+ T cells did not decline between weeks 3 and 15 after the booster vaccination, for any of the functions, suggesting the persistence of these cells (Figure 5C). The frequencies of cytotoxic, IFNγ- and TNFα-expressing S-specific CD8+ T cells did not change over time, while the frequency of IL2-expressing cells trended to be lower (Figure 5D). Comparing CD8+ and CD4+ S-specific T cell responses, CD4+ T cells were generally more frequent than CD8+ T cells. The highest proportion of CD8+ T cells was observed among the cytotoxic followed by IFNγ-expressing, TNFα-expressing, and IL2-expressing S-specific T cells. No significant differences were observed between the three time points for any of the functions (Figure 5E). Similarly, the percentage of individuals with detectable S-specific T cells was higher in the case of CD4+ T cells for all functions and at all three time points (Figure 5F).




Figure 5 | The dynamics of SARS-CoV-2-specific CD8+ T cells after the initial and booster doses of mRNA vaccine. (A) Representative flow cytometry plots demonstrating the detection of S-specific CD8+ T cells with different effector functions; cytotoxicity (CD107a and IFNγ expression), IFNγ expression, IL-2 expression, and TNFα expression. (B) The frequencies of S-specific CD8+ T cells with different effector functions as a percentage of bulk T cells for months 3, 6, and 12 after the initial vaccination. The red line connects the median values of each time point. Fold change was calculated as a ratio of the medians of compared time points. (C) The frequencies of S-specific CD8+ T cells with different effector functions in the peripheral blood of vaccinated individuals 3 to 15 weeks after the booster vaccination. (D) Comparison of S-specific CD8+ T cell frequencies with different functions for months 3, 6, and 12 after the initial vaccination. (E) Relative proportions of CD4+ and CD8+ S-specific T cells with different effector functions for months 3, 6, and 12 after the initial vaccination. (F) Percentage of individuals with detectable S1-specific CD4+ or CD8+ T cells according to the effector function and time point. Differences between the groups were assessed using the Wilcoxon test with Holm’s correction for multiple testing. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Taken together, we have demonstrated that mRNA vaccines induce SARS-CoV-2-specific CD8+ T cells that remain stable after initial and booster vaccinations. These cells were considerably less frequent than SARS-CoV-2-specific CD4+ T cells.




Discussion

There is increasing evidence that SARS-CoV-2 vaccination mounts a robust adaptive immune response (1–4), however, similar to infection-induced immunity, the longevity of this response is limited (35, 36). In addition to the ongoing emergence of new variants, this is one of the primary reasons behind the increasing infection incidence despite the high seropositivity of the population. Here we longitudinally assessed the adaptive immune response to the initial 2 doses but also the third booster dose of mRNA vaccine in healthy SARS-CoV-2 naïve individuals. Our data demonstrate a decline in the antibody response after the initial vaccination. At the same time, memory B cell and T cell frequencies proved to be more stable or even increased in magnitude. Importantly, booster vaccination significantly improved humoral and cellular responses compared to the initial two doses of mRNA vaccine. Nevertheless, most immune responses decreased with time after the booster dose.

Neutralizing antibodies are generally the main antiviral mechanism induced by vaccination (37) and the assessment of SARS-CoV-2 immunity most often relies on the measurement of spike-specific antibodies in plasma. In concordance with previous studies (35, 36, 38), we have demonstrated that the neutralizing antibody titer rapidly declines after the initial immunization with 2 doses of mRNA vaccine as well as after the booster vaccination. The booster vaccination remarkably augmented the neutralizing antibody levels when compared to the initial vaccination (39). Of note, the most profound boosting effect was observed for the omicron variant which has generally been more resistant to neutralization than alpha and delta variants. Apart from increasing the overall spike-specific and neutralizing antibody titer booster dose also increased the neutralizing potency of these antibodies against the delta and omicron variants. Improved potency and breath of SARS-CoV-2-neutralizing antibodies after booster vaccination has also been previously observed and has been attributed to the increased proportion of B cell clones targeting conserved regions of the receptor-binding domain (40, 41). Furthermore, spike-specific antibody levels correlated with plasma neutralization capacity for all variants and time points indicating that spike-specific antibody titer is a good surrogate of neutralization. Interestingly, the correlations at 6 months after vaccination showed the best association between the antibody titer and neutralization suggesting maturation of the antibody response with time after vaccination. Collectively, these findings demonstrate a rapid waning of antibody response and emphasize the importance of booster vaccination.

Apart from plasma, antibodies can also be found in other body fluids including saliva (42). This might be particularly important since SARS-CoV-2 initially infects the upper respiratory tract (28). Our findings and those of others show that 2 doses of mRNA vaccine successfully elicited spike-specific antibodies in saliva (43, 44). Similar to those found in plasma, their titer rapidly declined with time as previously documented (43), and got augmented by booster vaccination. Interestingly, IgA antibodies showed higher stability over time than IgG but were less abundant, especially early after the vaccination. The levels of both isotypes correlated for all time points indicating coordinated production. Moreover, the levels of spike-specific IgG in saliva correlated with the plasma levels of these antibodies for all time points, suggesting that salivary anti-spike IgG partially originate from the plasma (42). To sum up, antibodies in saliva generally followed the same kinetics as those in plasma, however, IgA showed increased stability and might be important for long-term protection from infection.

Memory B cells have previously been identified as a particularly persistent component of immunity elicited by SARS-CoV-2 infection (25, 29). Similar to infection, also vaccination triggers the buildup of SARS-CoV-2 spike-specific memory B cells (7, 45). In contrast to antibodies, however, their frequencies increase for several months after vaccination (29). A similar trend was observed for spike-specific IgG+ but not IgM+ and IgA+ memory B cells following the initial two doses of mRNA vaccine. While there was a decline in the frequency of spike-specific memory B cells immediately after booster vaccination, which is probably due to the downregulation of the immune response following antigen clearance, their levels increased compared to the initial vaccination, as previously reported by others (46). IgG was the predominant BCR isotype for all time points as previously observed for individuals recovered from infection (25), and its proportion kept increasing over time. Although much less frequent than IgG, IgM-bearing spike-specific memory B cells were more abundant than those with IgA BCR. Moreover, spike-specific IgA+ memory B cells were not detectable in the largest proportion of individuals for all time points. Collectively, IgG+ spike-specific memory B cell frequencies increase for at least 6 months after the initial vaccination and further expand after the booster vaccination making them a key component of long-term SARS-CoV-2 immunity.

To efficiently generate an antibody response a vaccine must also trigger the formation of virus-specific CD4+ T cells that provide B cells with signals crucial for the production of high-affinity antibodies. Studies have demonstrated that mRNA vaccines successfully induce CD4+ T cell responses (8, 30). We have demonstrated that the frequencies of spike-specific CD4+ T cells with different functions (cytotoxicity, IFNγ expression, IL-2 expression, and TNFα expression) remained relatively stable for at least 6 months after the initial 2 doses of vaccine. Similar to B cells, their frequencies rapidly declined between 3 and 15 weeks following booster vaccination. Compared to the initial vaccination, the booster dose moderately increased frequencies of cytotoxic and IFNγ-expressing cells but did not affect the cells with other functions as previously observed (47). TNFα expression was the most prevalent function among the spike-specific CD4+ T cells followed by IL-2 expression, IFNγ expression, and cytotoxicity. Taken together these findings suggest the persistence of SARS-CoV-2 spike-specific CD4+ T cells following initial vaccination and the moderate effect of booster vaccination on these cells.

It has been previously documented that mRNA vaccines induce the formation of CD8+ T cell response (48–50). Similar to CD4+ T cells, we have observed that CD8+ T cell frequencies remain relatively stable after the initial immunization. In contrast to other immune responses, no decrease in the frequency of these cells was observed between weeks 3 and 15 following booster vaccination. In line with previous studies booster dose only moderately increased the frequencies of cytotoxic and TNFα-expressing cells compared to the initial immunization (48). Most of the spike-specific CD8+ T cells were either cytotoxic, expressed IFNγ or TNFα. IL-2-expressing cells were rare. The observed differences in the functional profiles of CD4+ and CD8+ T cells are most likely due to the different biologies of the two cell kinds; CD8 T cells are less capable of IL-2 production than CD4s (51). Considering the ratio between CD4+ and CD8+ T cells among the spike-specific T cells, the latter were notably less abundant for all time points. Furthermore, a larger proportion of individuals lacked spike-specific CD8+ than CD4+ T cell response. This can be explained by the design of mRNA vaccines that primarily targets the production of antibodies and not cytotoxic T cells. Altogether, SARS-CoV-2–specific T cell frequencies were stable after the initial 2-dose vaccination and mildly increased after the booster vaccination. Of note, CD4+ T cells were more abundant than CD8+ T cells.

In the present study, we have assessed the adaptive immune response to the mRNA vaccines after the initial and booster immunizations in healthy SARS-CoV-2 naïve individuals. We showed that antibody titer decreases rapidly after the initial 2 doses but is augmented following the booster vaccination. Booster vaccination was particularly important for the neutralization of the currently circulating omicron variant. Similar kinetics were observed for the salivary antibodies, with exception of IgA whose levels were relatively stable. The memory B cells and T cells showed to be more durable than the antibodies and were also positively affected by booster vaccination, making them particularly important for durable protection against severe SARS-CoV-2 infection.
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Introduction

IFN-α intervention may block SARS-CoV-2 replication and normalize the deregulated innate immunity of COVID-19.



Aim

This meta-analysis aimed to investigate the efficacy of interferon IFN-α–containing regimens when treating patients with moderate-to-severe COVID-19.



Material and methods

PubMed, SCOPUS, and ClinicalTrials.gov were searched from inception to 15 January 2022. A systematic literature search was conducted by applying relevant terms for ‘COVID-19’ and ‘interferon-α’. The primary outcome enclosed the all-cause hospital mortality. The secondary outcomes constituted the length of hospital stay; hospital discharge; nucleic acid negative conversion.



Results

Eleven studies are enclosed in the meta-analysis. No significant difference in the all-cause mortality rate was found between the study and control groups (OR 0.2; 95% CI 0.05-1.2; I2 = 96%). The implementation of interferon did not influence such outcomes as the length of hospital stay (OR 0.9; 95% CІ, 0.3-2.6; I2 = 91%), nucleic acid negative conversion (OR 0.8; 95% CI, 0.04-17.2; I2 = 94%). Nevertheless, IFN-α treatment resulted in a higher number of patients discharged from the hospital (OR 26.6; 95% CІ, 2.7-254.3; I2 = 95%).



Conclusions

Thus, IFN-α does not benefit the survival of hospitalized COVID-19 patients but may increase the number of patients discharged from the hospital.



Systematic review registration

www.crd.york.ac.uk/prospero, identifier (CRD42022374589).





Keywords: COVID-19, interferon-α, IFN-α, mortality, SARS-CoV-2



1 Introduction

According to the World Health Organization (WHO), the COVID-19 pandemic has affected about 536 million people, resulting in more than six million deaths (1). Even though almost 80% of people infected with COVID-19 have had mild to moderate diseases, an important task is to treat and prevent developing severe and critical conditions (2, 3). Although currently, there are several effective vaccines and targeted antiviral drugs against SARS-COV-2 in the world, such as Molnupiravir and Paxlovid (4), interferons (IFN) have repeatedly attracted the attention of virologists.

Interferons are the most conservative and evolved system of combating viral infection, which is more than 400 million years old (5). Due to their classification, interferons are typically divided into type I, II, and III IFNs. In turn, type I IFNs include IFN-α, IFN-β, IFN-ω, IFN-κ, and IFN-τ (6). Type I IFNs manifest both autocrine and paracrine. These interferons trigger the JAK/STAT pathway to activate diverse genes called interferon-stimulated genes (ISGs). These ISGs work together to stop the viral life cycle at different stages (7). Type I IFNs reduce SARS-CoV-2 replication in Vero E6 cells in vitro assays, viral antigen expression, viral load reduction, and plaque reduction (8). In addition, recombinant human interferon-α1b suppresses SARS-CoV-2 more effectively than IFN-α2b in vitro (9). IFN-α can be in combination with drugs influencing viral RNA transcription, protein synthesis, and processing to create synergistic consolidations that may be good targets for future preclinical and clinical development to resist emerging and re-emerging viral infections (10).

Many viruses, including SARS-CoV-2, have developed various mechanisms to escape the antiviral function of IFN-I (11). About 10 SARS-CoV-2 proteins were identified as antivirals against IFN (12, 13). SARS-CoV-2 may avert IFN production through mechanisms such as getting away from recognition by pattern recognition receptors, interfering with retinoic acid-inducible gene I or toll-like receptor signaling, and inhibiting phosphorylation of interferon regulatory factor 3 and its activation. Non-structural protein 16 (NSP16) suppresses mRNA splicing, NSP1 leads to total inhibition of mRNA translation by binding to 18S ribosomal RNA at the mRNA entry channel, and NSP8 and NSP9 disrupt protein trafficking across the membrane (14). All these mechanisms lead to a decrease in the production of type I IFN by the affected cell. Even the IFN, which, despite these obstacles, is synthesized and leaves the cell, cannot bind to its receptors. The ORF3a protein blocks the signal that finally enters the target cell and is blocked at the level of formation of transcription factors IRF3, IRF7 or STAT1 (15).

Some other studies have also shown that low levels of type I and III IFNs are partly responsible for the peculiar and inappropriate inflammatory response observed in patients with COVID-19 (16). Different studies have detected solid grounds which advocate the use of type I IFN in combination with other antivirals to achieve positive results in COVID-19 patients. Still, many of them are limited by the number of patients receiving interferon (17). Separate clinical trials have found different outcomes for IFN treatment in COVID-19 (18). There are several meta-analyses on the efficacy of IFN-β (19, 20), but there are no such data on IFN-α that has a wide range of antiviral properties and is used as a first-line drug in the treatment of various viral diseases. Since we need more information about possible treatments for Covid-19, and there is not enough data on the potential of IFN -α against Covid-19, this meta-analysis allows us to understand the effectiveness of this line of therapy.

This meta-analysis aims to evaluate the effects of IFN-α treatment in moderate to severe COVID-19 cases concerning mortality, duration of hospital stay, and a range of other results to help guide the decision to choose this drug as a therapeutic option for this disease treatment.



2 Materials and methods


2.1 Literature search strategy

This study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (21). A literature search was conducted in PubMed, SCOPUS, and ClinicalTrials.gov for relevant articles from inception to January 15, 2022 (Figure 1). For searching in the bibliographic databases we created a research question and three concepts that connected together. Research question: How does interferon alpha affect the treatment of patients with Covid-19. Concept 1: Covid-19: “COVID-19”[Mesh] OR “coronavirus disease*” OR “coronavirus disease 19*” OR “SARS-CoV-2”. Concept 2: interferon alpha: “interferon-alpha*”[Mesh] OR “ IFN -α*” OR “Infa*”. Concept 3: treatment: “treatment*”[Mesh] OR “therapy*”. The literature search was conducted regardless of language or type of publication.




Figure 1 | PRISMA flow diagram.





2.2 Inclusion/exclusion criteria

Studies that met the following criteria were included (1): examined patients with COVID-19; (2) used IFN-α-containing regimens, as a single agent or in combination, to treat or prevent coronavirus infections; (3) used various treatment options, the standard of care, or placebo as comparators; (4) human studies, despite randomized controlled trials (RCTs), case-control studies, observational studies, cohort studies, or case series; (5) compared the treatment results of IFN with other agents (supportive treatment only, corticosteroids, or between IFNs); (6) reported clinical effectiveness and risk of adverse events (AEs) as study results. The following exclusion criteria were considered: (1) in vitro studies or animal models; (2) pharmacological, cellular, molecular, histological, or pathological studies or hypotheses; (3) studies without sufficient data to analyze results; (4) other antiviral therapies that do not involve IFN-α; (5) reviews, commentaries or letters, conference proceedings or abstracts, staged trials or studies without comparative information were ruled out.



2.3 Data extraction and quality assessment

Iryna K. and Katerina L. separately screened and reviewed each study. In case of disagreement appeared it was addressed to Nazarii K. After that, they were given access to the full text of the initially selected studies, and the data were entered into Microsoft Excel. For each included study, we considered the following data: year of publication, study design, subjects treated with IFN-α (no treatment), the severity of COVID-19, type of IFN-α, route of administration, and clinical outcomes for IFN-α effectiveness. Each study’s reliable quality and credibility were independently assessed using the Cochrane Assessment of Risk of Bias Version 2 (RoB 2). It evaluated randomization, allocation concealment, blinding, comprehensiveness, and other sources of bias. Response options for each risk of bias judgment were: low risk, some concern, and high risk of bias.



2.4 Outcome indicators

Relevant studies included hospitalized patients with moderate to severe COVID-19. The primary outcome was all-cause hospital mortality (quantity of survivors and non-survivors among those who were and were not administered IFN-α). Secondary outcomes involved duration of hospitalization (amount of days the patient spent in the hospital from the day of admission to the day of discharge); discharge from the hospital (quantity of patients discharged from the hospital with no clinical and radiological symptoms and undetected virus by real-time polymerase chain reaction); negative nucleic acid conversion.



2.5 Statistical analysis

Data were input in Microsoft Excel. Meta-analysis was performed using the software “Comprehensive meta-analysis” version 3.3.070 using a random and fixed effects model. The respective summary measures of efficacy were evaluated by odds ratio (OR) and/or mean difference (MD) for the appropriate variables, together with the respective 95% confidence interval (CI). The Cochran Q statistic was used for statistical heterogeneity, which was appraised using the I2 statistic. I2 value lower than 30 was considered “low”, 30-59 “moderate”, 60-74 “significant”, and ≥ 75 “significant heterogeneity”, relatively. The fixed effects model was applied in case the data were homogeneous, and the random effects model was used when the data were heterogeneous. A p<0.05 value was considered statistically significant. The pooled odds ratio (OR) and 95% confidence interval (CI) were calculated to analyze the results.




3 Results


3.1 Study characteristics

The initial search identified 2115 potential studies (Figure 1). After checking the search results and removing duplicates (1126) and irrelevant studies (987), 139 papers were reviewed, some of which (21) were also rejected. Further full-text review and verification of the relevant criteria of 118 studies led to the exclusion of another 105 papers. Of the 13 articles included in the qualitative synthesis, 11 works were included in the meta-analysis.

Of the 11 papers included in the meta-analysis, seven were retrospective cohort studies, two were case-control studies, one was a prospective cohort study, and one was a clinical trial. The number of patients who received appropriate therapy with interferon alfa and a comparison group with standard treatment or therapy with a drug that served as control is presented in Table 1. It should be noted the different severity of the course of COVID-19. However, patients with a severe course prevailed (in some studies, data are missing), and various routes of administration of IFN-α (inhalation prevailed in 7 studies; Table 1).


Table 1 | Characteristics of included studies.





3.2 Risk of bias assessment for included studies

Meta-analyses and systematic reviews should consider the included studies’ possible restrictions. The quality of each study was assessed independently by Mykhailo B. and Aleksandr K. using the Cochrane Risk of Bias version 2 (RoB 2) assessment tool, which evaluated randomization, allocation concealment, blinding, completeness, and other sources of bias. Options for assessing the risk of bias were low, high, and doubtful (Figure 2). The shortcomings of the works included in the meta-analysis are the following: 1) lack of randomization (all except Pandit A. et al., 2021); 2) no data on blinding of study participants (except for Wong C. et al., 2021, Yu J. et al., 2020); 3) the presence of incomplete data on results and the absence of all possible conclusions in some studies (Yu J. et al., 2020, Wong C. et al., 2021, Wang N. et al., 2020, Li L. et al., 2020). In general, most of the original publications selected for quantitative analysis have a moderate to low risk of bias, except Li L. et al., 2020 (26) and Wang N. et al., 2020 (30) (high risk).




Figure 2 | Risk of bias.





3.3 Outcome parameters


3.3.1 Mortality

In nine of the eleven studies included in this meta-analysis, mortality was one of the study outcomes (Figure 3). Random effects model was applied to conduct a meta-analysis. The results were entered into the “Comprehensive meta-analysis” program (version 3.3.070), and a calculated OR was used for interpretation. The overall effect estimation [OR 0.2; 95% CI 0.05, 1.2] identifies the non-significant difference between the effect of IFN-α and that of control on mortality (p=0.082). General heterogeneity was high, with an I2 value of 96%.




Figure 3 | Forest plot mortality (random model).



The funnel plot test plays a minimal role in cases where the included studies constitute less than 10. Moreover, to fulfill the requirements of the PRISMA checklist, a scatter diagram was generated with the OR on the abscissa and standard error (log [OR]) on the ordinate by applying the inverted funnel plot method. The number of studies included in this meta-analysis was inadequate to specify chance from real asymmetry (Figure 4; Supplementary Figures). Considering that all other secondary outcomes indices in this analysis were also evaluated for less than 10 papers, we did not conduct the funnel plot and or evaluate the publication bias.




Figure 4 | Funnel plot mortality (in Supplementary Figures).





3.3.2 Length of hospital stay

Length of hospital stay was one of the study outcomes in six of the eleven studies. A random effects model was used for analysis. Overall effect estimation [OR 0.9; 95% CI 0.3-2.6] did not reveal a significant effect of the prescribed IFN-α on the length of stay in the hospital compared to the control and did not have a statistically significant impact (p=0.91) from the result shown in the control group (Figure 5). Significant heterogeneity was found among the studies, with a value of I2 = 91%.




Figure 5 | Forest plot length of hospital stay.





3.3.3 Discharged from the hospital

Data on patients discharged from the hospital were presented in three studies (Figure 6). A random effects model was used in the analysis. Overall effect estimation [OR 26.6; 95% CI 2.6-254.3] indicates the advantage of using IFN-α compared to the control group. P Value = 0.005 excludes the null hypothesis and shows a statistically significant effect of IFN-α use. The detected heterogeneity was high I2 = 95%, correspondently.




Figure 6 | Forest plot discharged from hospital.





3.3.4 Nucleic acid negative conversion

The time of negative seroconversion of the virus was described in three studies (Figure 7). Given the presence of significant heterogeneity (I2 = 94%), a random effects model was used in the meta-analysis. Estimating the overall effect [OR 0.8; 95% CI 0.04-17.2] demonstrates the absence of significant changes in this index when prescribing IFN-α treatment compared with the control group (p=0.919).




Figure 7 | Forest plot nucleic acid negative conversion.







4 Discussion

We found no published meta-analysis evaluating the effectiveness of IFN-α in hospitalized patients with COVID-19. Instead, several meta-analyses assessed the efficacy of the administration of IFN-β. For instance, Kumar S. et al. (2021) (20) conducted a meta-analysis of IFN-β to determine its effect on moderate-to-severe COVID-19 patients. Seven randomized controlled trials (RCTs) were permitted to perform a meta-analysis. The overall effect estimation (OR 0.6; 95% CI 0.9-1.1) determined an insignificant difference between the effect of IFN-β and the control on mortality and length of hospital stay. However, the overall effect estimation (hazard ratio [HR] 1.95; 95% CI 1.36-2.79) was noted for the strong effect of IFN-β on the reduction in time required for clinical improvement in moderate-to-severe COVID-19 patients. In another paper, Chen W. et al. (2022) (19) systematic review and meta-analysis of RCTs were dedicated to investigating the efficacy of IFN-β-containing regimens in treating patients with COVID-19. Eight RCTs were included. A nonsignificant difference in the 28-day all-cause mortality rate was noted between the study and control groups (OR, 0.7; 95% CI, 0.4–1.2; I2 = 51%). The study group was admitted to a lower-rate ICU than the control groups (OR 0.6, 95% CI 0.4–0.9; I2 = 0%). Subsequently, IFN-β was not connected with an increased risk of any AE or serious AE when compared with the control group. Therefore, IFN-β does not contribute to an increased survival advantage in hospitalized patients with COVID-19 but may assist in reducing the risk of ICU admission. Moreover, IFN-β is a safe agent that can be used in COVID-19 treatment. The most famous study, Solidarity (33), also did not demonstrate the effectiveness of adding IFN-β to therapy. As for the efficacy of IFN-ω, there are currently no meta-analyses and systematic reviews using of this type of interferon in the literature.

The only available systematic reviews of the effectiveness of IFN-α therapy were conducted by Nakhlband et al. (34) and Lu et al. (35). The first group of researchers revealed that the time of viral clearance and polymerase chain reaction negative (days) in most studies were reduced in the IFN-α + standard care group. The mean days of virus clearance in the IFN-α group and the standard group were 27.3 and 32.43. Similarly, the average number of days of hospitalization was also lower in the IFN‐α group (18.55 vs. 24.36). Most of the studies have administered the drug by inhalation.

A comprehensive review of clinical studies in the literature before December 1st, 2021 (35), was carried out to find out the current applications of IFN-α. This analysis included facts on the route of administration, the number of patients who received the treatment, the severity at the treatment initiation, age range, the period from the onset of symptoms to treatment, dose, frequency, and duration, as well as safety and efficacy. No evidence was found as opposed to the safe IFN-α treatment for COVID-19. The authors showed that early intervention, either within five days from the initial symptoms or at hospital admission, grants better clinical outcomes, whereas late intervention may cause prolonged hospitalization. Inconsistency in interpretations about IFN‐α responses in patients with coronavirus disease may be attributed to different characteristics in determining moderate, severe, and critical forms of COVID‐19.


4.1 Limitations

In most studies, the route of administration of IFN-α treatment included inhalation or nebulization. A number of studies lacked controls. In addition, they were conducted with a small sample size. Some of the studies were retrospective. The adjustment of the included patient groups also left much to be desired. It is beneficial to record the severity of COVID-19 at both hospital admission and treatment initiation, including the worst severity during hospitalization. For reporting IFN-α treatment, it would be handy to include more accurate details, such as dose, frequency, treatment duration; various confounding factors (e.g., age) that could affect outcomes. All 2020 Chinese studies presented in this meta-analysis concern the efficacy of IFN-α against first Strain of 2019-nCoV (C-Tan-nCoV Wuhan Strain).




5 Conclusions

Our meta-analysis did not demonstrate the positive effects of IFN-α administration during COVID-19 on such endpoints as mortality, length of hospital stay and nucleic acid negative conversion. The potential explanation could be the low number of eligible studies, different dosing of IFN-α, and the presence of confounding factors, such as concomitant pharmacotherapy. Additionally, due to the heterogeneity of the disease among individuals, probably owing to different factors, such as genetics, age, and gender, the response to anti-COVID-19 treatment may be variable. However, this study prioritizes the use of IFN-α, considering an increase in the number of patients discharged from the hospital.
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Introduction

Coronavirus disease 2019 (COVID-19) is increasing worldwide, with complications due to frequent viral mutations, an intricate pathophysiology, and variable host immune responses. Biomarkers with predictive and prognostic value are crucial but lacking.



Methods

Serum samples from authentic and D614G variant (non-Omicron), and Omicron-SARS-CoV-2 infected patients were collected for METRNβ detection and longitudinal cytokine/chemokine analysis. Correlation analyses were performed to compare the relationships between serum METRNβ levels and cytokines/chemokines, laboratory parameters, and disease severity. Receiver operating characteristic (ROC) curves and Kaplan-Meier survival curves were used to evaluate the predictive value of METRNβ in COVID-19.



Results

The serum level of METRNβ was highly elevated in non-Omicron-SARS-CoV-2 infected patients compared to healthy individuals, and the non-survivor displayed higher METRNβ levels than survivors among the critical ones. METRNβ concentration showed positive correlation with viral load in NAPS. ROC curve showed that a baseline METRNβ level of 1886.89 pg/ml distinguished COVID-19 patients from non-infected individuals with an AUC of 0.830. Longitudinal analysis of cytokine/chemokine profiles revealed a positive correlation between METRNβ and pro-inflammatory cytokines such as IL6, and an inverse correlation with soluble CD40L (sCD40L). Higher METRNβ was associated with increased mortality. These findings were validated in a second and third cohort of COVID-19 patients identified in a subsequent wave.



Discussion

Our study uncovered the precise role of METRNβ in predicting the severity of COVID-19, thus providing a scientific basis for further evaluation of the role of METRNβ in triage therapeutic strategies.
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Introduction

The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection has resulted in a pandemic worldwide since the end of 2019. The number of patients suffering from Coronavirus-disease 2019 (COVID-19) has substantially increased with the rapid mutation of SARS-CoV-2 variants. The clinical manifestations of COVID-19 are heterogeneous, with the majority of patients exhibiting asymptotic to mild/moderate symptoms such as cough, sneeze, myalgia, or fatigue; however, some patients may experience systemic deterioration and progression into fatal outcomes such as pneumonia, acute respiratory distress syndrome (ARDS), coagulation disorders, and septic-related multiple organ dysfunction (MODS) (1, 2). The distinct immune response of patients to infections renders it difficult to predict early disease progression and severity.

Recent studies suggest that uncontrolled hyperinflammation (pathogenic inflammation) contributes to disease progression and severity. The death of some COVID-19 patients is strongly related to cytokine release syndrome (CRS), this is similar to septic patients characterized by excessive IL6, TNFA, IL1B, and CXCL8 levels in their blood (3–6). In addition, our previous longitudinal analysis of cytokine profiles in mild to critical COVID-19 patients revealed that cytokines such as IL10, CXCL9, CXCL10, and IL6 progressively increased with greater disease severity (7). Therefore, immunomodulatory agents such as monoclonal antibodies targeting cytokines are routinely approved for clinical trials to mitigate this SARS-CoV-2-induced pathogenic inflammation. For example, several single-center investigations have used IL6 inhibitors to treat patients with COVID-19 and demonstrated certain clinical benefits (8). In addition, immunosuppressive IL38 is a potential therapeutic biologic that downregulates inflammation in COVID-19 and provides a new anti-inflammatory treatment strategy (9, 10). However, the side effects of these drugs prompt the urgent identification of biomarkers that can help accurately predict patient outcomes and guide immunomodulatory therapeutic strategies. Recently, elevated clinical and laboratory markers (lactate dehydrogenase (LDH) (11), C-reactive protein (CRP) (12), and D-dimer (13)) were evaluated during disease progression to predict patients that are likely to have severe/critical conditions to guide treatment strategies. However, these parameters lack sensitivity and specificity. Therefore, further evaluation of the pathogenesis of SARS-CoV-2 is needed to identify novel prognostic biomarkers of COVID-19.

This study focused on METRNβ, a novel immunosuppressive cytokine/myokine/adipokine mainly secreted by activated macrophages and barrier tissues like mucosa, skin, and adipose tissue (14–16). METRNβ has strong inhibitory potential in metabolic disease, cardiac vascular diseases, and infectious diseases (mainly via downregulating inflammation and related pathways) (17–19). Our recent study demonstrated that METRNβ is rapidly secreted by bronchial epithelial cells and immune cells (including macrophages and eosinophils) in response to allergic pulmonary inflammation for the suppression of Th1 and Th2-mediated inflammation (20). Therefore, we propose METRNβ as a novel broad anti-inflammatory protein. However, the regulatory effects of METRNβ in COVID-19 is unknown.

We investigated whether METRNβ can help distinguish infected COVID-19 patients from healthy individuals and predict disease outcomes in the early phase of hospitalization. Therefore, we enrolled authentic and D614G variant of SARS-CoV-2 infected individuals. We further validated the findings using Omicron-SARS-CoV-2 infected individuals.



Materials and methods


Study design and ethics

The study enrolled adult COVID-19 patients (≥18 years of age) admitted to the Prince of Wales Hospital, Hong Kong, from February 2020 to May 2022. COVID-19 diagnosis was confirmed by positive SARSCoV-2 real time reverse transcription-polymerase chain reaction (RT-PCR) results in respiratory specimens. Briefly, viral RNA was extracted from deep throat saliva samples using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The primer-probe set (F: 5’-GAC CCC AAA ATC AGC GAA AT-3’, R: 5’-TCT GGT TAC TGC CAG TTG AAT CTG-3’ and P: 5’-FAM-ACC CCG CAT TAC GTT TGG TGG ACC-BHQ1-3’) was designed by US Centers for Disease Control and Prevention (CDC) (21) and purchased from Integrated DNA Technologies, USA. The one-step real-time RT-PCR reaction contained 5 μL of the extracted preparation, 4 μL TaqMan™ Fast Virus 1-Step Master Mix (Applied Biosystems, Waltham, MA, USA) in a final reaction volume of 20 μL. The primer and probe concentration was 0.5 μM and 0.125 μM, respectively. The cycling conditions, 25°C for 2 min, 50°C for 15 min, 95°C for 2 min, followed by 45 cycles of 95°C for 15 s, and 55°C for 30 s, were performed with the StepOnePlus Real-Time PCR System (Applied Biosystems, USA). The cycle threshold (Ct) values of real time RT-PCR were converted into viral RNA copies based on a standard curve prepared from 10-fold serial dilutions of know copies of plasmid containing the full N gene (2019-nCoV_N_Positive Control, Integrated DNA Technologies, Coralville, IA, USA). Samples were considered as negative if the Ct values exceeded 39.9 cycles. The detection limit of real-time RT PCR was 694 copies/mL. The exclusion criteria included bone marrow aplasia, pregnancy, breastfeeding, HIV (human immunodeficiency virus) infection with low CD4 T-cell count (< 200/mL), or patients receiving immunosuppressive therapy. COVID-19 disease severity was classified as we previously described (7). Serum samples were collected within several days of admission and another set of samples was collected at 4, 7, and 10 days after admission, depending on feasibility. In addition, convalescent samples were obtained from some patients. The COVID-19 treatment strategy in our hospital has evolved over time, including the application of interferon, lopinavir-ritonavir, ribavirin, remdesivir, tocilizumab, oxygen inhalation, and mechanical ventilation. Eligible participants provided written informed consent according to the Declaration of Helsinki. Written informed consent was provided by the surrogate decision maker and later confirmed by the patients themselves as required during ICU management. The study was approved by the Chinese University of Hong Kong New Territories East Cluster Clinical Research Ethics Committee.



Quantification of serum METRNβ levels

Venous blood was collected soon after hospitalization, and the serum was separated by centrifuging the blood at 1000g for 10 min at 4°C and stored at –80°C until further use. METRNβ concentration was measured using enzyme-linked immunosorbent assay (ELISA) (R&D Systems Inc., Minneapolis, MN, USA) according to the Manufacturer’s instructions. Briefly, a plate was coated with 100 μL diluted capture antibody overnight at room temperature. After washing 3 times with wash buffer, the plate was blocked with 1% BAS in PBS for 2h at room temperature, followed by incubating with 100 μL diluted samples/standards for 2h at room temperature, 100 μL detection antibody for 2 hours at room temperature, 100 μL working dilution of Streptavidin-HRP for 20 minutes at room temperature in dark, and 100 μL of substrate solution for 20 minutes at room temperature in dark. Repeat the wash procedure after each step. After the last wash, the reaction was stopped by incubating with 50 μL stop solution and the optical density immediately was determined using a microplate reader set to 450 nm. We found that age factor has no significant influence on the METRNβ levels, while the concentrations of METRNβ among different age groups were not significant different (p>0.05).



Longitudinal cytokine profile

Serum concentrations of human soluble CD40 ligand (sCD40L), epidermal growth factor (EGF), fibroblast growth factor 2 (FGF2), FMS-like tyrosine kinase 3 ligand (FLT3L), C-X3-C motif chemokine ligand 1(CX3CL1), colony stimulating factor 3(CSF3), granulocyte macrophage colony-stimulating factor (GMCSF), Interferon alpha-2 (IFNA2), interferon gamma (IFNG), interleukin (IL)1A, IL1B, IL1R1, IL2, IL3, IL4, IL5, IL6, IL7, IL8/CXCL8, IL9, IL10, IL12p40, IL12p70, IL13, IL15, IL17A, IL18, C-C motif chemokine ligand (CCL)2, CCL3, CCL4, CCL7, CCL11, CCL22, C-X-C motif chemokine ligand (CXCL)1, CXCL9, CXCL10, transforming growth factor alpha (TGFA), tumor necrosis factor alpha (TNFA), tumor necrosis factor beta (TNFB), and vascular endothelial growth factor A (VEGFA) were quantified using a human Cytokine Milliplex MAP assay kit (Millipore Corporation, Billerica, MA, USA) using a Bio-Plex 200 system (Bio–Rad Laboratories, Hercules, CA, USA) according the manufacturer’s instructions.



Measurement of biochemical parameters

Serum levels of C-reactive protein (CRP), lactate dehydrogenase (LDH), alkaline phosphatase (ALP), creatine kinase (CK), D-dimer, and urea were assessed by the routine chemical pathology service laboratory, Prince of Wales Hospital, Shatin, Hong Kong.



Statistical analysis

All statistical analyses were performed using GraphPad Prism software (version 9.0; La Jolla, CA, USA) and IBM SPSS (version 26.0; Armonk, New York, USA). Because of non-Gaussian distribution of data, the parameters between the groups were compared using the nonparametric Mann–Whitney U test, Wilcoson test or Kruskal–Wallis test followed by Dunn’s multiple comparisons post-test as appropriate. Non-parametric Spearman’s rank correlation test was used to evaluate the correlation of METRNβ concentrations with multiple cytokines/chemokines concentrations together with laboratory parameters. Receiver operating characteristic (ROC) curves were constructed and the area under the curve (AUC) was determined to evaluate the predictive value of METRNβ. The optical cutoff of METRNβ levels was confirmed based on the maximized weighted combination of sensitivity and specificity (Youden index). Kaplan–Meier plots and log-rank tests were conducted to analyze the differences in survival probabilities based on the cutoff points after patients were stratified between the low and high levels of METRNβ across the follow-up timeframe. This was calculated from the date of cytokine testing to the date of death, discharge, or end of the follow-up period as appropriate. Significance was set at *P < 0.05, **P < 0.01, and ***P < 0.001.




Results


Patient recruitment and characteristics

A total of 302 patients and 182 healthy donors (without any acquired, baseline drug-induced, or congenital immunosuppression) were included. Analysis involved dividing patients into three different groups: (1) prediction cohort infected with authentic and D614G variant of SARS-CoV-2 (non-Omicron-SARS-CoV-2) (Supplementary Table 1); (2) validation cohort infected with non-Omicron-SARS-CoV-2 (Supplementary Table 2); and (3) validation cohort of patients infected with Omicron SARS-CoV-2 (Supplementary Table 3).



METRNβ levels in the prediction cohort of non-Omicron-SARS-CoV-2 infected COVID-19 patients

METRNβ levels significantly increased (1,004–4,630 pg/mL) in the serum of ninety-eight authentic and D614G variant of SARS-CoV-2 (non-Omicron-SARS-CoV-2) infected COVID-19 patients collected soon after admission compared to healthy controls (412.3–2,584 pg/mL) (Figure 1A). A gradual increase in METRNβ levels was detected in critical cases (1,595–4,630 pg/mL) compared to mild cases (1,144–2,708 pg/mL) after dividing the patients into mild, moderate, severe, and critical subgroups based on their clinical outcomes (Figure 1B). Notably, in the critical groups, non-survivors displayed significantly higher METRNβ concentrations at the time of admission than those who survived (Figure 1C). The correlation between METRNβ and clinical parameters [including CRP, LDH, ALP, D-dimer, and viral load in nasopharyngeal swab specimens (NAPS)] was compared. There was a significant positive correlation between METRNβ levels and viral load in NAPS (p=0.0349) (Figure 1D), whereas METRNβ had a slightly positive correlation with infected patient CRP, LDH, and ALP concentrations (Figures S1A–C).




Figure 1 | METRNβ expression increased in non-Omicron-SARS-CoV-2 infected COVID-19 patients of the prediction cohort. (A) Circulating METRNβ concentrations in COVID-19 patients (n = 98) and healthy controls (n = 60) detected by ELISA. (B) COVID-19 patients were stratified into mild (n = 36), moderate (n = 41), severe (n = 13), and critical groups (n = 8), and circulating METRNβ levels in serum were detected by ELISA. (C) Serum METRNβ concentration of the non-survivors (n = 3) and survivors (n = 5) among the critical patients was measured by ELISA. (D) Correlation analysis of serum METRNβ concentrations with viral loads in the NAPS in patients with non-Omicron-SARS-CoV-2 infections (n = 83). (E) Receiver operating characteristic curves of serum METRNβ levels on admission to distinguish COVID-19 patients from healthy controls. The AUC was 0.830 (95% CI: 0.762–0.885) for serum METRNβ levels on admission in the prediction cohort of COVID-19 patients with non-Omicron-SARS-CoV-2 infection (n = 98). Data were shown as the mean ± SEM. The Mann–Whitney test was used to compare the differences between groups. Spearman’s correlation coefficient was used in the statistics for correlation analysis. NAPS, nasopharyngeal swab specimens; AUC, area under the curve. *P < 0.05 and ****P < 0.0001.



We propose that serum METRNβ may be a surrogate indicator of COVID-19 based on the substantial differences in serum METRNβ levels between non-Omicron-SARS-CoV-2 infected patients and healthy controls. Therefore, ROC curves were prepared to calculate the best cut-off value to distinguish SARS-CoV-2 infected individuals from healthy controls. The AUC was 0.830 (95% CI: 0.762–0.885), and the optimal cut-off for METRNβ to distinguish SARS-CoV-2 infected individuals from healthy controls was 1886.89 pg/mL, with sensitivity 74.49% and specificity 76.67% (Figure 1E). Together, the results reveal a marked increase in METRNβ in COVID-19 patients and its levels correlated with disease severity.



Correlation of METRNβ with cytokine storm in non-Omicron-SARS-CoV-2 infected patients

Cytokine release syndrome contributes to multiple organ failure in COVID-19 patients and results in fatal outcomes (22). The “cytokine release syndrome” has been used to clinically define higher mortality risk in COVID-19 patients (23). Therefore, we further used a rapid multiplex immunoassay to measure the longitudinal change in cytokine/chemokine profiles of COVID-19 patients after they were stratified by disease severity. There was an elevation of a wide range of cytokines/chemokines, including CXCL1, IL6, IL10, CCL7, TNFB, CXCL9, and CXCL10, while lowered cytokine levels such as sCD40L in the severe/critical cases compared with the mild/moderate cases (Figures 2A, B). Next, correlation analysis was performed between METRNβ and these cytokines/chemokines to reveal the possible relationship of METRNβ with the disturbed immune response of COVID-19 patients. A positive correlation of METRNβ with IL10 (Figure 2C), IL6 (Figure 2D), and CCL7 (Figure 2E) was observed among the COVID-19 patients, while a negative correlation was observed with sCD40L (Figure 2F). Overall, these results support the positive correlation between METRNβ, disease severity, and pathogenic inflammation in COVID-19 patients.




Figure 2 | METRNβ served as a surrogate prognostic biomarker in COVID-19 patients in the prediction cohort. (A, B) Longitudinal cytokine/chemokine profile of COVID-19 patients (n = 54–98) with the human Cytokine Milliplex MAP assay kit. The results are shown as heat maps. (C–F) Correlation analysis of serum METRNβ concentration with IL10 (n = 52), IL6 (n = 60), CCL7 (n = 71), and sCD40L (n = 79). Spearman’s correlation coefficient was used for the analysis. (G) ROC of serum METRNβ levels on admission to distinguishing survivors from non-survivors of COVID-19 patients. The AUC was 0.930 (95% CI: 0.860–0.972) for serum METRNβ levels on admission in the prediction cohort of COVID-19 patients with non-Omicron-SARS-CoV-2 infection (n = 98). (H) Kaplan–Meier survival curves of COVID-19 patients with non-Omicron-SARS-CoV-2 infections in the prediction cohort based on the METRNβ cut-off value (2142.078 pg/mL) on the day of admission. AUC, area under the curve.





Predictive and prognostic value of METRNβ in non-Omicron-SARS-CoV-2 infected patients

We propose that serum METRNβ may be useful in predicting COVID-19 outcome based on the substantial higher METRNβ concentrations in the severe/critical COVID-19 patients than mild/moderate patients. Therefore, ROC curves were prepared to calculate the best cut-off value of METRNβ to predict SARS-CoV-2 infection associated mortality. The AUC was 0.930 (95% CI: 0.860–0.972) for METRNβ to distinguish non-survivors from survivors (Figure 2G), with the calculated Youden index (0.7895) and the associated METRNβ cut-off point (2142.078 pg/mL). This value had a sensitivity of 100% and specificity of 78.95%. Next, Kaplan–Meier survival curves were established among the COVID-19 patients after they were stratified according to serum METRNβ levels on the day of hospital admission, with a cutoff point of 2142.078 pg/mL. Patients with higher serum METRNβ levels (>2142.078 pg/mL) had worse survival than those with lower METRNβ concentrations (Figure 2H). The results indicate that the early detection of METRNβ may help in the prediction the outcome of SARS-CoV-2 infected COVID-19 patients.



Validation of METRNβ as a predictive biomarker in non-Omicron-SARS-CoV-2 infected patients

Another ninety-six authentic and D614G variant of SARS-CoV-2 infected patients were recruited as our validation cohort. METRNβ levels were markedly higher in infected individuals than in healthy controls (Figure 3A). Severe/critical patients displayed increased METRNβ levels compared with the mild/moderate patients (Figure 3B). Importantly, the fatal cases in the critical groups of validation cohort also showed higher METRNβ levels on the day of administration compared to those who survived (Figure 3C). METRNβ levels returned to normal when patients recovered from the acute phase (Figure 3D). Furthermore, METRNβ levels positively correlated with viral load in NAPS (p=0.0398) (Figure 3E). ROC analysis revealed an AUC of 0.859 for METRNβ to identify COVID-19 patients from healthy controls, and a cut-off of METRNβ at 1139.189 pg/mL can effectively indicate COVID1-9 infections with sensitivity (88.54%) and specificity (69.57%) (Figure 3F).




Figure 3 | METRNβ concentration substantially increased in the non-Omicron-SARS-CoV-2 infected COVID-19 patients in the validation cohort. (A) Circulating METRNβ concentrations in COVID-19 patients (n = 96) and healthy controls (n = 69) detected by ELISA. (B) COVID-19 patients were stratified into mild (n = 41), moderate (n = 38), severe (n = 9), and critical groups (n = 8), and circulating METRNβ levels in serum detected by ELISA. (C) Serum METRNβ concentration of the non-survivors (n = 3) and survivors (n = 5) in the critical group measured by ELISA. (D) Circulating METRNβ concentrations in COVID-19 patients in the acute and recovery phase (pre and post-treatment) measured by ELISA (n = 56). (E) Correlation analysis of serum METRNβ concentration with viral loads in the NAPS of patients with non-Omicron-SARS-CoV-2 infections (n = 89). (F) ROC of serum METRNβ levels to distinguish COVID-19 patients from healthy controls. The AUC was 0.859 (95% CI: 0.797–0.909) for serum METRNβ levels on admission in the validation cohort of COVID-19 patients with non-Omicron-SARS-CoV-2 infection (n = 96). Data were shown as the mean ± SEM. Student’s paired t test (D) and/or Mann–Whitney test, or the Kruskal–Wallis test followed by Dunn’s multiple comparisons post-test was used to compare the differences between groups where appropriate. Spearman’s correlation coefficient was used for correlation analysis. NAPS, nasopharyngeal swab specimens; AUC, area under the curve. *P < 0.05, **P < 0.01, and ****P < 0.0001.



Notably, severe/critical patients in the validation cohort also displayed a greater pro-inflammatory status with higher concentrations of CCL11, IL6, VEGFA, IL10, CXCL10, and CXCL9, compared to the mild/moderate ones (Figures 4A, B). Circulating METRNβ concentrations positively correlated with IL6, VEGFA, and CXCL9 (Figures 4C–E), and inversely correlated with sCD40L (Figure 4F). These results were consistent with the prediction cohort and provided further evidence that higher METRNβ concentrations are associated with a more severe disease phenotype. Furthermore, receiver operator characteristic analysis determined an AUC of 0.989 (95% CI: 0.942–1.000) for METRNβ to distinguish non-survivors with survivors among the COVID-19 patients (Figure 4G). Kaplan–Meier survival curves for patients in the validation cohort were established with a 2142.078 pg/mL METRNβ cut-off value calculated from the prediction cohort to investigate the prediction value of METRNβ in COVID-19 outcomes. Patients with high METRNβ (> 2142.078 pg/mL) were associated with an increased mortality of COVID-19 (Figure 4H). Together, these results validate that METRNβ may be a prognostic marker of COVID-19 severity and death.




Figure 4 | Validation of METRNβ as a surrogate prognostic biomarker for COVID-19. (A, B) Longitudinal cytokine/chemokine profile of COVID-19 patients (n = 81–96) with the human Cytokine Milliplex MAP assay kit. The results were shown as heat maps. (C–F) Correlation analysis of serum METRNβ concentration with IL6 (n = 83), VEGFA (n = 85), CXCL9 (n = 86) and sCD40L (n = 81). Spearman’s correlation coefficient was used for correlation analysis. (G) ROC of serum METRNβ at admission to distinguish non-survivors from survivors. The AUC was 0.989 (95% CI: 0.943–1.000) for serum METRNβ levels on admission in the validation cohort of COVID-19 patients with non-Omicron-SARS-CoV-2 infections (n = 96). (H) Kaplan-Meier survival curves of COVID-19 patients with non-Omicron-SARS-CoV-2 infections in the validation cohort based on the METRNβ cutoff value (2142.078 pg/mL) calculated from the prediction cohort. AUC: area under the curve.





Validation of METRNβ as a predictive biomarker in Omicron-SARS-CoV-2 infected patients

Several SARS-CoV-2 subtypes have recently appeared, which display various symptoms and outcomes upon infection owing to the rapid mutation of the virus. Therefore, one hundred and eight omicron-SARS-CoV-2 infected individuals were additionally recruited to address whether the observed predictive value of METRNβ in non-Omicron-SARS-CoV-2 may apply to other variants (Supplementary Table 3). METRNβ substantially increased in Omicron-SARS-CoV-2-infected individuals compared with healthy individuals (Figure 5A) and severe cases displayed higher METRNβ levels than mild/moderate cases (Figure 5B). These results were similar to the prediction and validation cohorts of non-Omicron-SARS-CoV-2-infected individuals. Of note, patients who died during the study period displayed substantially higher METRNβ levels than those who survived among the critical patients (Figure 5C). The dynamic change in METRNβ levels along with disease progression were also monitored for five patients without treatment during the study period. Although there was a slight decline in METRNβ in one patient on day 7, METRNβ levels remained steady at high concentrations before their recovery (Figure 5D). This indicated that METRNβ was maintained at a stable elevated level. METRNβ concentrations showed significant positive correlation with NAPS viral load (p=0.0332) (Figure 5E), and laboratory parameters that may reflect organ damage and disturbance of the host, including CRP (p=0.0296), LDH (p=0.0055), D-dimer (p=0.0164), CK (p=0.0446), ALP (p=0.0126), and urea (p=0.011174) in Omicron-SARS-CoV-2 infected individuals (Figures 5F–K). Notably, ROC analysis calculated a cutoff of METRNβ level at 1182.015 pg/mL can effectively distinguish Omicron COVID-19 patients from healthy controls, with sensitivity 66.67%, and specificity 94.34%. The AUC was 0.854 (Figure 5L). Overall, these results confirmed that METRNβ may also distinguish infected patients from non-infected healthy controls in the Omicron-SARS-Cov-2 infected study cohort.




Figure 5 | METRNβ concentration was elevated in the validation cohort of Omicron-SARS-CoV-2 infected COVID-19 patients on admission. (A) Circulating METRNβ concentrations in COVID-19 patients infected with Omicron-SARS-CoV-2 (n = 108) and healthy controls (n = 53) detected by ELISA. (B) COVID-19 patients were stratified into mild (n = 54), moderate (n = 9), severe (n = 10), and critical groups (n = 35). Circulating METRNβ levels in serum were detected with ELISA. (C) Serum METRNβ concentration of the non-survivors (n = 6) and survivors (n = 29) among the critical patients measured by ELISA. (D) Dynamic change of circulating METRNβ concentrations in 5 Omicron-COVID-19 patients on the day of administration and 4 days, 7 days, and 10 days after administration (n = 5). (E) Correlation analysis of serum METRNβ concentration with viral loads in the NAPS in patients with Omicron SARS-CoV-2 infections (n = 95). (F–K) Correlation analysis of serum METRNβ concentration with CRP (n = 70), LDH (n = 77), D-dimer (n = 71), CK (n = 66), ALP (n = 105), and urea (n = 104) in patients with Omicron-SARS-CoV-2 infections. (L) ROC of serum METRNβ levels on admission to distinguish COVID-19 patients from healthy controls. The AUC was 0.854 (95% CI: 0.790–0.905) for serum METRNβ levels on admission in the validation cohort of Omicron-SARS-CoV-2 infections (n = 108). Data were shown as the mean ± SEM. The Mann–Whitney test or Kruskal–Wallis test followed by Dunn’s multiple comparisons post-test was used to compare the differences between groups as appropriate. Spearman’s correlation coefficient was used for correlation analysis. NAPS: nasopharyngeal swab specimens. CRP, C-reactive protein; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; CK, creatine kinase; AUC, area under the curve. **P < 0.01 and ****P < 0.0001.



Longitudinal cytokine/chemokine profile analysis revealed more pro-inflammatory cytokine/chemokine maps in severe/critical Omicron-SARS-CoV-2 infected individuals compared with that for mild/moderate patients. This is highlighted by increased levels of EGF, FGF2, CX3CL1, CXCL1, IL6, IL8, IL-12p40, CCL4, TNFA, VEGFA, IL1R1, IL10, IL18, CXCL10, and CXCL9 (Figures 6A, B), while there was less sCD40L in severe/critical cases. The results are similar to those of the prediction and validation cohorts infected with non-Omicron-SARS-CoV-2. METRNβ concentrations also displayed positive correlations with EGF, CX3CL1, IL6, IL8, IL18, CCL4 TNFA, CXCL10, and CXCL9 (Figures 6C–K), and an inverse correlation with sCD40L (Figure 6L). Together, these results provide evidence that METRNβ concentrations correlate with disease severity in the Omicron-SARS-CoV-2 infected groups on the day of administration. Finally, an AUC of 0.928 (95% CI: 0.862–0.969) was identified for METRNβ in identifying non-survivors from survivors among the Omicron-SARS-CoV-2 infected patient using ROC (Figure 6M). Based on the cutoff value of METRNβ at 2142.078 pg/mL calculated from the non-Omicron prediction cohort, we further stratified patients into METRNβ > 2142.078 pg/mL groups and METRNβ < 2142.078 pg/mL groups on their administration and performed Kaplan–Meier analysis thereafter. Patients with higher METRNβ concentrations had a higher probability of death (Figure 6N). These results validate that METRNβ may also be a prognostic marker in of Omicron-SARS-CoV-2 infection related death.




Figure 6 | Validation of METRNβ as a biomarker in patients infected with Omicron-SARS-CoV-2. (A, B) Longitudinal cytokine/chemokine profile of COVID-19 patients with Omicron-SARS-CoV-2 infections (n = 69–108) analyzed using the human Cytokine Milliplex MAP assay kit. The results were shown as heat maps. (C–L) Correlation analysis of serum METRNβ concentration with EGF (n = 99), CX3CL1 (n = 80), IL6 (n = 69), IL8 (n = 100), IL18 (n = 102), CCL4 (n = 103), TNFA (n = 78), CXCL10 (n = 93), CXCL9 (n = 101), and sCD40L (n = 93). Spearman’s correlation coefficient was used for correlation analysis. (M) ROC of serum METRNβ at admission to distinguish non-survivors from survivors among the Omicron-COVID-19 patients. The AUC was 0.928 (95% CI: 0.862–0.969) for serum METRNβ levels at admission in the validation cohort of COVID-19 patients with Omicron-SARS-CoV2 infections (n = 108). (N) Kaplan–Meier survival curves of COVID-19 patients in the Omicron validation cohort based on the METRNβ cutoff value (2142.078 pg/mL) calculated from non-omicron prediction cohort. AUC, area under the curve.






Discussion

There are conflicting findings of SARS-CoV-2 infection prognostic markers (24). Some laboratory markers such as CRP and procalcitonin (PCT) increase in COVID-19 infection (25). however, these markers cannot predict patient outcomes and lack specificity (26, 27). The disturbed immune response characterized by the cytokine storm strongly contributes to the COVID-19-related fatality (28–30). Therefore, early cytokine measurements become reliable predictors of disease severity and outcomes and is critical to guide treatment decision. METRNβ has been considered as a cytokine, and its levels are reported to be elevated in inflammation (17, 31), therefore, METRNβ may be a potential candidate for monitor of COVID-19 related progress and outcome. This study found that METRNβ might serve as a surrogate marker for the identification and prognosis of COVID-19 severity in both the prediction and validation cohorts of patients infected with non-Omicron-SARS-CoV2 and Omicron SARS-CoV-2. This may help in patient stratification and provide an early target clinical therapy.

Both authentic, D614G variant and Omicron SARS-CoV-2 infections led to a sustained and stable increase in circulating METRNβ concentration, and the severe/critical cases displayed higher METRNβ levels than the mild/moderate cases. The positive correlation of elevated METRNβ levels with disease severity parameters such as D-dimer (32), CRP, LDH (33) and ALP (34), and that elevated METRNβ levels in parallel with the longitudinal elevation of multiple cytokines/chemokines for the pathogenic cytokine storm of COVID-19, show that METRNβ is a valuable prognostic marker of COVID-19. As METRNβ is considered a cytokine (31, 35, 36), therefore, these findings also suggest that METRNβ contributes to the modulation of the cytokine storm in COVID-19.

A longitudinal increase in a variety of inflammatory cytokines, including IL6, IL8/CXCL8, and TNFA, in COVID-19 patients has been observed (22, 37, 38). However, very few studies have examined their prognostic value. Furthermore, they lack specificity since they are known markers of inflammation and organ damage (39, 40). In addition, many cytokines exhibit relatively low concentrations (mostly at pg/mL); therefore, quantitation requires relatively large volumes of clinical samples to ensure sensitivity and specificity (41, 42). Our study showed that METRNβ is a superior biomarker of COVID-19, because it sustains a stable high concentration in the circulation to allow effective monitoring. More importantly, METRNβ levels were upregulated within several days of admission, making it a useful biomarker in the early prediction of possible severe outcomes of COVID-19. Early stratification of severe or critical patients using the METRNβ assay will be beneficial for the optimization of hospital resources in the new area of personalized therapy. The measurement of METRNβ has one additional advantage. The biomarker potential of METRNβ was validated in patients infected with several distinct clades of viruses, therefore, METRNβ may be applied to the identification and prediction of general SARS-CoV-2 infections.

However, we also acknowledge some limitations. First, our sample size and type are limited. Larger sample size including more SARS-CoV-2 clade like Delta would provide more evidence of characterizing METRNβ as a COVID-19 prognostic marker. Second, understanding the function of the METRNβ protein is still lacking, further functional studies should warrant to determine if METRNβ is safe to target or if METRNβ plays a different physiological role for homeostasis in patients. Finally, since the METRNβ levels positively correlated with the viral load of the patients, METRNβ might be able to suppress the antiviral capabilities of the host. Although suitable METRNβ concentrations may be able to suppress the immunopathological injury mediated by excessive inflammatory reaction because of its anti-inflammatory capabilities, excessive and sustained elevation of METRNβ may lead to immunosuppressive activity, thereby suppressing the anti-viral immunity and facilitating the viral proliferation and subsequent virus-mediated immunopathological damage, even leading to the secondary infections. Therefore, this warrants in-depth studies regarding the participation of METRNβ in the pathogenesis of COVID-19.

In conclusion, we found a significant elevation in circulating METRNβ concentrations in authentic, D614G variant and Omicron-SARS-CoV-2-infected patients. METRNβ levels were more pronounced in patients with severe or critical conditions. The robust increase in METRNβ in the disease settings and its positive correlation with disease severity make it a valuable surrogate prognostic marker of COVID-19. The predictive value of METRNβ should help guide therapeutic interventions to determine which patients are more likely to develop severe conditions, such as respiratory failure and multiple organ damage. This provides early targeted therapies to disrupt the underlying inflammation.
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Introduction

SARS-CoV-2 nucleocapsid (N) protein plays a key role in multiple stages of the viral life cycle such as viral replication and assembly. This protein is more conserved than the Spike protein of the virus and can induce both humoral and cell-mediated immune responses, thereby becoming a target for clinical diagnosis and vaccine development. However, the immunogenic characteristics of this protein during natural infection are still not completely understood.



Methods

Patient-derived monoclonal antibodies (mAbs) against SARS-CoV-2 N protein were generated from memory B cells in the PBMCs using the antigen-specific B cell approach. For epitope mapping of the isolated hmAbs, a panel of series-truncated N proteins were used , which covered the N-terminal domain (NTD, aa 46-174 ) and C-terminal domain (CTD, aa 245-364 ), as well as the flanking regions of NTD and CTD. NTD- or CTD-specific Abs in the plasma from COVID-19 patients were also tested by ELISA method. Cross-binding of hmAbs or plasma Abs in COVID-19 patients to other human β-CoV N proteins was determined using the capture ELISA.



Results

We isolated five N-specific monoclonal antibodies (mAbs) from memory B cells in the peripheral blood of two convalescent COVID-19 patients. Epitope mapping revealed that three of the patient-derived mAbs (N3, N5 and N31) targeted the C-terminal domain (CTD), whereas two of the mAbs (N83 and 3B7) targeted the N-terminal domain (NTD) of SARS-CoV-2 N protein. All five patient-derived mAbs were cross-reactive to the N protein of SARS-CoV but showed little to no cross-reactivity to the N proteins of other human beta coronaviruses (β-CoVs). We also tested 52 plasma samples collected from convalescent COVID-19 patients for Abs against the N proteins of human β-CoVs and found that 78.8% of plasma samples showed detectable Abs against the N proteins of SARS-CoV-2 and SARS-CoV. No plasma sample had cross-reactive Abs to the N protein of MERS-CoV. Cross-reactive Abs to the N proteins of OC43 and HKU1 were detected in 36.5% (19/52) and 19.2% (10/52) of plasma samples, respectively.



Discussion

These results suggest that natural SARS-CoV-2 infection elicits cross-reactive Abs to the N protein of SARS-CoV and that the five patient-derived mAbs to SARS-CoV-2 N protein NTD and CTD cross-react with their counterparts of SARS-CoV, but not other human β-CoVs. Thus, these five patient-derived mAbs can potentially be used for developing the next generation of COVID-19 At-Home Test kits for rapid and specific screening of SARS-CoV-2 infection.
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Introduction

SARS-CoV-2 is the causative agent of the coronavirus disease 2019 (COVID-19) pandemic that has swept across the world as one of the most devastating public health crises. SARS-CoV-2 nucleocapsid (N) protein, one of the four viral structural proteins including spike (S), N, envelope (E), and membrane (M) proteins, is a multifunctional protein comprising of a total of 419 amino acids and plays a critical role in many aspects of the viral life cycle such as viral replication, transcription, and genome packaging (1–3). The N protein has three distinct and highly conserved domains, namely the N-terminal domain (NTD), the disordered central linker region (LKR), and the C-terminal domain (CTD) (4–8). The NTD contains the RNA-binding domain that binds to viral genomic RNA to form the viral ribonucleoprotein core, while the CTD has a dimerization domain that allows the N protein to form dimers and N protein-RNA clusters (4–8). The NTD and CTD functional domains are connected by the LKR that ensures flexibility of the N protein (1). Ultimately, the N protein drives compaction of viral genome RNA and viral proteins for virion assembly (1).

The N protein is the most abundant viral protein that presents early in blood and saliva during asymptomatic and symptomatic SARS-CoV-2 infection (9, 10). The N protein is highly immunogenic and strongly elicits antibody (Ab) responses in COVID-19 patients (2, 11, 12). As a fact, detection of anti-N Abs is more sensitive than detection of anti-S Abs during the early stage of SARS-CoV-2 infection (12–14). In addition, anti-N protein Abs can be used as a marker of vaccine breakthrough infection, as most COVID-19 vaccines listed for emergency use by the World Health Organization (WHO) are S protein-encoding vaccines such as mRNA vaccines, viral vector vaccines, and protein subunit vaccines that can induce neutralizing Abs against S protein, but not anti-N protein Abs due to the absence of the N protein/mRNA/gene in these vaccines. The N protein and its specific Abs have not only been used as primary targets for clinical laboratory diagnosis of COVID-19 in the early phase of infection but also as major components of COVID-19 At-Home Test kits that detect SARS-CoV-2 N protein in self-collected nasal swab specimens.

SARS-CoV-2, along with SARS-CoV and MERS-CoV (Middle East respiratory syndrome coronavirus), belongs to the genus Betacoronavirus (Beta-CoV or β-CoV). These three highly pathogenic β-CoVs cause severe acute respiratory syndrome in humans, leading to large disease outbreaks (15–17). There are two more β-CoVs (OC43 and HKU1) that can infect humans to cause the common cold (18, 19). Among these human β-CoVs, the N proteins are relatively conserved in terms of amino acid sequences, structures, and functions (20). The N protein of SARS-CoV-2 shows approximately 90%, 49%, 39%, and 31% amino acid sequence homology with the N proteins of SARS-CoV (21, 22), MERS (23), OC43 (5), and HKU1 (5), respectively. Since SARS-CoV-2 and SARS-CoV N proteins are highly similar, they likely share more common antigenic epitopes than other human β-CoVs. Indeed, a recent study has demonstrated that animal-derived monoclonal Abs (mAbs) against SARS-CoV structural proteins, including N, S, and M proteins, can strongly cross-react with their protein counterparts of SARS-CoV-2 (24). In addition, sera from SARS-CoV patients can react with SARS-CoV-2 N and S proteins (25). Furthermore, pre-pandemic serum samples from individuals who were never infected with SARS-CoV have cross-reactive IgG Abs against SARS-CoV-2 (26, 27), indicating that cross-reactive IgG Abs are likely elicited by other human CoVs such as those responsible for the common cold. Similarly, convalescent COVID-19 sera contain high levels of cross-reactive Abs to SARS-CoV structural proteins (28–30), indicating robust cross-reactive Abs are elicited during natural SARS-CoV-2 infection. These findings demonstrate that SARS-CoV-2 structural proteins such as the N protein share some common antigenic epitopes with other human CoVs, particularly human β-CoVs, and thereby elicit cross-reactive Ab responses.

Several approaches such as protein microarrays and enzyme immunoassays (EIAs) have been used to profile and characterize antigenic epitopes of the N proteins of SARS-CoV-2 and SARS-CoV (21, 31–36). In these assays, reactivation strengths of synthetic peptides spanning the full-length N proteins with sera from SARS patients or genetically expressed N proteins with animal-derived mAbs are analyzed to determine the immunodominant epitopes (21, 31–36). These approaches represent powerful ways for mapping antigenic determinants or B cell epitopes. In this report, we expanded such studies by using patient-derived mAbs against SARS-CoV-2 N protein. We isolated five N-specific mAbs from memory B cells in the peripheral blood of two individuals who had recovered from COVID-19. Epitope mapping revealed that three of these human mAbs (hmAbs) were reactive with the CTD, while the other two hmAbs targeted the NTD of SARS-CoV-2 N protein. All five hmAbs were cross-reactive to the N protein of SARS-CoV but showed little to no cross-reactivity to the N proteins of other human β-CoVs. We also demonstrate that Abs in convalescent COVID-19 sera against the N protein NTD and CTD are elicited during SARS-CoV-2 natural infection, and cross-react with their counterparts of SARS-CoV. These patient-derived mAbs can be potentially used for developing next generation COVID-19 At-Home Test kits for rapid screening of SARS-CoV-2 infection and EIAs for clinical laboratory diagnosis of COVID-19.



Materials and methods


Plasma and peripheral blood mononuclear cell (PBMC) samples

This study was performed with the approval of the Institutional Review Boards (IRB) at the Guangzhou Eighth People’s Hospital (20200134). Blood samples were drawn after each participant provided a written informed consent form. Fifty-two plasma samples were collected from convalescent COVID-19 patients at time points from one week to six weeks post-infection. These patients had positive RNA results for SARS-CoV-2 infection and were hospitalized at Guangzhou Eighth People’s Hospital, Guangzhou Medical University, China. In addition, 18 plasma samples from healthy blood donors were collected before the SARS-CoV-2 pandemic and were used for comparative analyses. Plasma samples were clarified, aliquoted, and stored at -80°C until use. Fresh PBMCs from two COVID-19 patients after four months of SARS-CoV-2 infection were used for B cell isolation using fluorescence-activated cell sorting (FACS). All blood samples were collected before or on May of 2020, the early outbreak of COVID-19 in China.



Expression of human β-CoV N proteins in mammalian cells

The coding sequence of the full-length N protein of SARS-CoV-2 (NC_045512.2), SARS-CoV (NC_004718.3), MERS-CoV (JX869059.2), OC43 (AY585228.1), or HKU1 (NC_006577.2) was inserted into pcDNA3.1 expression vector (Invitrogen, Waltham, MA) with a D7-tag on the C-terminus of each N protein gene as previously reported (37). The recombinant plasmid was transfected into mammalian 293T cells. After culturing, N protein-containing supernatants were collected and clarified by centrifugation. Aliquots of supernatants were added with a protease inhibitor and then stored at -20°C until use.



Western blot

Western blot was used for analyzing N protein expression in culture supernatants of transfected 293T cells. Briefly, 20 µl boiled supernatant sample in reducing buffer was loaded into the 10% precast SDS-PAGE gel (Tris-GlyBeyoGel™ Plus PAGE, Beyotime Biotechnology, China) and followed by high-performance electrophoresis. Proteins were blotted onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA). The expression of N protein was probed by the anti-D7 tag Ab (Cliniqa, San Marcos, CA) and the horseradish peroxidase-conjugated secondary Ab (Jackson ImmunoResearch, West Grove, PA). The supernatant collected from the 293T cell culture without transfection or transfected with empty pcDNA3.1 vector was used as a negative control of N protein expression.



Isolation and cloning of patient-derived mAbs against SARS-CoV-2 N protein

Patient-derived mAbs against SARS-CoV-2 N protein were generated from memory B cells (CD19+IgD-IgM-CD27+CD38low, Supplementary Figure 1) in the PBMCs from COVID-19 patients using the antigen-specific B cell approach as previously reported (38). Briefly, memory B cells in fresh PBMCs from convalescent COVID-19 patients were sorted into 96-well culture plates with 100 cells per well. B cells were cultured for 7-10 days in culture medium supplemented with growth factors and stimuli including IL-21, Chk2 inhibitor, and CpG in the presence of feeder cells (irradiated PBMCs from healthy blood donors). The culture supernatants were screened for N protein binding using a capture ELISA. The ELISA microplates precoated with anti-D7 tag Ab were used to capture the N protein with D7-tag in the supernatant of 293T cells transfected with recombinant pcDNA3.1. Cells in the positive wells were subjected to RNA extraction for cDNA synthesis using the SuperScript™ III First-Strand Synthesis System (Invitrogen, Waltham, MA). The cDNA was used as a template of the nested PCR with gene-specific primers or primer mixes to amplify the transcripts of Ab heavy and light variable genes as previously reported (39). The PCR products were purified from agarose gel using QIAEX II Gel Extraction Kit (Qiagen, Hilden, Germany). Purified PCR products were digested with restriction enzymes AgeI/SalI, AgeI/BsiWI, or AgeI/XhoI (ThermoFisher Scientific, Waltham, MA) and followed by ligation into human IgG1, Igκ, or Igλ expression vectors (39). The recombinant Ab-expressing constructs were sequenced and analyzed using the IMGT/V-QUEST (IMGT, France), a sequence alignment software for the immunoglobulin sequences of the variable regions.



Affinity measurement and epitope binning

The KD measurement and epitope binning of isolated hmAbs to SARS-CoV-2 N protein were conducted on the Octet K2 System (ForteBio, Fremont, CA) using the Bio-Layer Interferometry (BLI) as previously reported (40). Briefly, the Streptavidin (SA) sensor captured the biotin-labeled (EZ-Link™ NHS-PEG12-Biotin, ThermoFisher Scientific, Waltham, MA) anti-D7 Ab at 80 µg/ml, which subsequently captured the SARS-CoV-2 N protein in the supernatant. Serially diluted Abs against the N protein were added. After washing, the association and dissociation curves were obtained. The KD values were calculated using Data Analysis SPSS 11.0. For epitope binning, the two Abs were added in tandem. Residual binding was calculated as the percent binding of secondary Ab in the presence of primary Ab relative to the binding of secondary Ab alone.



Epitope mapping

For epitope mapping of the isolated hmAbs, a panel of series-truncated N proteins including N(1-174), N(1-364), N(46-174), N(245-364), and N(245-419), each with D7-tags at the C-terminus, were expressed in mammalian 293T cells. These N subdomains/fragments covered the NTD (46-174) and CTD (245-364), two main domains of the N protein, as well as the flanking regions of NTD and CTD. The binding of each hmAb to these truncated N proteins was measured using a capture ELISA. The N protein fragments and capture ELISA were also used to test NTD- or CTD-specific Abs in the plasma from COVID-19 patients. The area under the curve (AUC) was calculated using GraphPad Prism 8.



Cross-reactivity analysis

Cross-binding of hmAbs or plasma Abs in COVID-19 patients to other human β-CoV N proteins was determined using the capture ELISA. The N protein of SARS-CoV, MERS-CoV, OC43, or HKU1 was anchored by precoated D7-tag capture Ab. Human mAbs starting at 10 µg/ml were used for preparing a 3-fold serial dilution that was applied to the capture ELISA. To test cross-reactive Abs in plasma samples, each plasma sample at a 1:100 dilution was applied to the capture ELISA. In addition to these COVID-19 patient samples, 18 plasma samples from healthy blood donors collected before the SARS-CoV-2 pandemic were also analyzed. All samples were detected in duplicate. The threshold was calculated by the OD value of negative controls with standard deviation (SD) in each microplate.



Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0. Data were expressed as mean ± SD. Differences between 2 groups were compared using unpaired t tests or Mann–Whitney U test. P<0.05 was considered statistically significant.




Results


SARS-CoV-2 N-specific mAbs derived from convalescent COVID-19 patients

To isolate mAbs from memory B cells (CD19+IgD-IgM-CD27+CD38low) in the peripheral blood of COVID-19 patients, we genetically expressed full-length SARS-CoV-2 N protein in mammalian 293 T cells. As shown in Figure 1A, the full-length SARS-CoV-2 N protein was detected in supernatant from 293 T cells transfected with recombinant pcDNA3.1 plasmids with an insert of SARS-CoV-2 N/D7-Tag fusion gene, whereas supernatant from 293 T cells transfected with an empty pcDN3.1 vector did not show any protein band. This genetically expressed full-length SARS-CoV-2 N protein was used to screen Ab-producing memory B cells in B cell culturing plates. B cells in Ab-positive wells were subjected to RNA extraction and subsequently RT-PCR amplification of genes expressing Ab heavy and light chains. As shown in Table 1, five mAbs against SARS-CoV-2 N protein, namely N3, N5, N31, N83, and 3B7, were successfully obtained from fresh memory B cells in the peripheral blood of two convalescent COVID-19 patients. Three of these hmAbs (N3, N5, and N31) were isolated from one male adult COVID-19 patient. These three hmAbs had the same VH gene, HV1-69, but had different sequences and lengths in their complementarity-determining region 3 (CDR3). These hmAbs were also paired with different light chains, KV4-1, LV1-51, and KV3-15, respectively (Table 1). N3, N5, and N31 hmAbs all exhibited high-affinity binding to SARS-CoV-2 N protein with the KD values below 1 pM (Figure 1B; Table 2). The two other hmAbs, N83 and 3B7, were obtained from a female COVID-19 patient. N83 had HV4-61 VH gene that was paired with KV2-28 light chain, while 3B7 had VH1-24 VH gene that was paired with KV3-20 light chain. N83 and 3B7 had KD values of 1.76 nM and 1.94 nM, respectively (Figure 1B; Table 2). Thus, N83 and 3B7 also exhibited high-affinity binding to SARS-CoV-2 N, albeit at lower degrees of reactivation strengths when compared to N3, N5 and N31.




Figure 1 | Isolation and characterization of patient–derived mAbs to SARS–CoV–2 N protein. (A) Western blot showing SARS–CoV–2 N protein in the supernatant of transfected 293 T cells. Supernatant from 293 T cells transfected with empty pcDNA3.1 vector was used as a control. (B) BLI results showing the affinities of 5 patient–derived mAbs to SARS –CoV–2 N protein. The N protein was captured by anti–tag Ab with biotin labeling, which was immobilized on SA sensor. The data of association and disassociation between hmAbs and N protein were acquired on an Octet K2 platform. Experiments were repeated at least 3 times.




Table 1 | Gene characteristics of five N–specific mAbs derived from two convalescent COVID–19 patients.




Table 2 | Affinities of five N–specific hmAbs detected by BLI.





Patient-derived mAbs recognize the functional NTD and CTD domains

To map antigenic epitopes of these five hmAbs to SARS-CoV-2 N protein, a panel of overlapping N protein fragments that covered the entire SARS-CoV-2 N protein sequence were expressed (Supplementary Figure 2). These N protein fragments were used for mapping antigenic epitopes of the five hmAbs using ELISA assays. As shown in Figure 2, these five hmAbs fell into two categories based on their reactivation strengths. N3, N5, and N31 hmAbs recognized the CTD domain (Figures 2A, B), while N83 and 3B7 hmAbs selectively bound to the NTD domain (Figures 2A, B). Further analysis of Ab competition by BLI showed that N3, N5, and N31 fully competed with each other, but did not compete with the NTD-specific hmAbs (Supplementary Figure 3). These results suggest that three hmAbs against the CTD may have the same or overlapping binding epitopes, but have different binding epitopes with two hmAbs that were responsive to the NTD.




Figure 2 | Epitope mapping of patient–derived mAbs to SARS–CoV–2 N protein. (A) Schematic of the SARS –CoV–2 N protein structure and domains. (B) ELISA results showing the binding curves of 5 hmAbs to full–length and fragments of SARS–CoV–2 N proteins. All samples were detected in duplicate. NTD, N–terminal domain; CTD, C–terminal domain.





Patient-derived mAbs cross-react with SARS-CoV N

Since SARS-CoV-2 N protein shares substantial sequence conservation with the protein counterparts of other human β-CoVs, particularly SARS-CoV (20–23), these patient-derived mAbs might cross-react with other human β-CoV N proteins. To clarify this speculation, we genetically expressed N proteins of SARS-CoV, MERS-CoV, OC43, and HKU1 (Figure 3A). These N proteins were used for testing cross-activities of the five hmAbs. As shown in Figure 3B, all five hmAbs were cross-reactive to the N protein of SARS-CoV. None of these five hmAbs were reactive to any of the N proteins from MERS-CoV, OC43, or HKU1 (Figure 3B; Supplementary Figure 4). Thus, the five patient-derived mAbs to SAR-CoV-2 N protein NTD and CTD cross-react with their N protein counterparts of SARS-CoV, but not other human β-CoVs.




Figure 3 | Patient–derived mAbs cross–reacted with the N proteins of human β–CoVs. (A) Western blot showing N proteins in the supernatant of 293 T cells that were transfected with recombinant pcDNA3.1 constructs to express N protein of SARS–CoV, MERS–CoV, OC43, or HKU1. Supernatant of 293 T cells transfected with empty pcDNA3.1 vector (293T sup) was used as a negative control. (B) ELISA results showing the binding curves of Abs to N proteins of SARS–CoV, MERS–CoV, OC43, and HKU1.





NTD- and CTD- Ab responses elicited during SARS-CoV-2 natural infection

We also studied whether Abs against the N protein NTD and CTD were elicited during SARS-CoV-2 natural infection. A total of 52 plasma samples from convalescent COVID-19 patients were used for ELISA analysis of Ab responses to the full-length and truncated fragments of the N proteins. Forty-one (78.8%) plasma samples had detectable levels of N-specific Abs. According to the binding pattern of each sample to NTD and CTD, two different responsive patterns were observed, namely Pattern1 and Pattern2 (Figure 4; Supplementary Table 1). In Pattern1, Abs in 26 plasma samples reacted with NTD, CTD, and full-length N proteins at comparable levels, although CTD-Ab level appeared slightly higher than that of total N-Abs (p=0.0525) (Figure 4). While in pattern2, NTD-Abs were dominant in 15 plasma samples (p=0.026, NTD-Abs vs CTD-Abs in pattern2). The levels of N-Abs and NTD-Abs in pattern2 were higher than in pattern1 (p=0.03 and p=0.009, respectively, for their comparisons between pattern1 and pattern2) (Figure 4). The levels of CTD-Abs in these two patterns were comparable (p=0.8375) (Figure 4). These results indicate that Abs against the NTD and CTD of SARS-CoV-2 N protein are elicited during natural infection and that dominant anti-NTD Ab responses occur in some infected individuals.




Figure 4 | Patterns of COVID–19 patient plasma Ab responses to SARS–CoV–2 N protein. (A) ELISA results showing the patterns of COVID–19 patient plasma Ab responses to SARS–CoV–2 N protein. In Pattern1, Abs in 26 plasma samples reacted with NTD, CTD, and full–length N proteins at comparable levels, While in pattern2, NTD–Abs were dominant in 15 plasma samples. (B) The binding curves of Pattern1 and Pattern2 to NTD, CTD, and full–length N proteins, represented by the tested plasma samples, Pt 28 and Pt 25, respectively. The plasma samples were diluted at 1:100 dilution and followed by 3–fold serial dilution. Diluted plasma samples were subjected to ELISA to measure anti–N protein Abs. Each dilution was tested in duplicate. AUC was calculated using GraphPad Prism 8. N, full–length; NTD, N–terminal domain; CTD, C–terminal domain; ns, not significant; Control, supernatant from 293 T cells without transfection; *p< 0.05, **p< 0.01.





The cross-reactivities of N-specific Abs in COVID-19 patients with other human β-CoVs

Recent studies have demonstrated that convalescent COVID-19 sera contain high levels of cross-reactive Abs to SARS-CoV structural proteins indicating robust cross-reactive Abs are elicited during natural  SARS-CoV-2 infection (28–30). To confirm these data and also to clarify whether N-specific Abs in COVID-19 patients cross-reacted with N proteins of other human β-CoVs, we first screened Abs in plasma samples that were collected from 18 healthy blood donors to the N proteins of all five human β-CoVs including SARS-CoV-2, SARS-CoV, MERS-CoV, OC43, and HKU1. Abs to OC43 and HKU1 N proteins were detected in 38.9% (7 out of 18) and 22.2% (4 out of 18) of plasma samples, respectively (Figure 5). There was no plasma sample that had detectable Abs to the N proteins of SARS-CoV-2, SARS-CoV, or MERS-CoV(Figure 5; Supplementary Figure 5 and Supplementary Table 2). Thus, prior to the COVID-19 pandemic, approximately 22 - 39% healthy individuals have detectable Abs against the N proteins of OC43 and HKU1, the causative agents of common cold, while none of them have detectable Abs to the N proteins of SARS-CoV-2, SARS-CoV, or MERS-CoV.




Figure 5 | Cross–reactivity of Abs in  plasma samples to the N proteins of human β–CoVs. Scatter plots demonstrating ELISA results that showed the cross–reactivity of Abs in plasma samples from COVID–19 patients and healthy blood donors to the N proteins of human β–CoVs including SARS–CoV–2, SARS –CoV, MERS–CoV, OC43, and HKU1. The plasma samples diluted at 1:100 were used. All samples were detected in duplicate. Eighteen plasma samples from healthy blood donors were collected before the COVID–19 pandemic. All comparisons were conducted using unpaired t test via GraphPad Prism 8. A p–value less than 0.05 (p< 0.05) was statistically significant. ns, not significant; ****p< 0.0001.



Next, we tested 52 plasma samples collected from COVID-19 patients for Abs against the N proteins of SARS-CoV-2, SARS-CoV, MERS-CoV, OC43, and HKU1. As described above, Abs against SARS-CoV-2 N protein were detected in 78.8% (41 out of 52) of plasma samples from these COVID-19 patients. We also found that these 41 plasma samples had cross-reactive Abs to the N protein of SARS-CoV. The average OD values were 1.35 ± 0.70 and 1.32 ± 0.72 for the N proteins of SARS-CoV-2 and SARS-CoV, respectively (Figure 5), suggesting that the cross-reactive Abs react equally with the N proteins of SARS-CoV-2 and SARS-CoV. No plasma sample had cross-reactive Abs to the N protein of MERS-CoV (Figure 5; Supplementary Figure 5). Cross-reactive Abs to the N proteins of OC43 and HKU1 were detected in 36.5% (19/52) and 19.2% (10/52) of samples, respectively (Figure 5). These detection frequencies are similar to those observed in healthy blood donors (Figure 5; Supplementary Table 2).




Discussion

In this study, five mAbs against SARS-CoV-2 N protein were isolated from memory B cells in the peripheral blood of two individuals who had recovered from COVID-19. Epitope mapping revealed that three of these human mAbs (N3, N5, and N31) were reactive with the CTD, while the other two mAbs (N83 and 3B7) targeted the NTD of SARS-CoV-2 N protein. All five patient-derived mAbs to SAR-CoV-2 N protein were cross-reactive to the N protein of SARS-CoV but showed little to no cross-reactivity to the N proteins of other human β-CoVs including MERS-CoV, OC43, and HKU1. These results are likely reflected by the amino acid sequence similarities of the N proteins from these human β-CoVs. Among them SARS-CoV-2 and SARS-CoV N proteins are highly similar in their amino acid sequences and likely share more common antigenic epitopes than other human β-CoVs (20–23).The similarities in the NTD and CTD amino acid sequences of SARS-CoV-2 and SARS-CoV are particularly high, having 92.2% and 95.8% identity, respectively (Supplementary Figure 6; Supplementary Table 3). Such high similarities in the NTD and CTD amino acid sequences of SARS-CoV-2 and SARS-CoV are expected to elicit cross-reactive Abs as we demonstrated above. Notably, the five patient-derived hmAbs in our study were all IgG isotypes. A recent study has demonstrated that one mouse-derived IgM mAb against SARS-CoV N protein can strongly cross-react with SARS-CoV-2 N protein (24), although the antigenic epitope of this mouse IgM mAb has not been determined. Taken together, the N proteins of SARS-CoV-2 and SARS-CoV, particularly their NTD and CTD domains, have high identity and similarity and share some common antigenic epitopes that elicit cross-reactive Abs of various immunoglobulin classes.

We also used the full-length and truncated fragments of SARS-CoV-2 N protein to characterize antigenic domains of anti-N Abs that were elicited during SARS-CoV-2 natural infection. We found that 78.8% (41/52) of plasma samples had detectable levels of N-specific Abs. Among these plasma samples with detectable N-specific Abs, Abs against NTD and CTD of SARS-CoV-2 N protein are elicited during natural infection and dominant anti-NTD Ab responses occur in some infected individuals. These Abs against NTD and CTD of SARS-CoV-2 N protein do not have neutralizing activity, their contributions to the antiviral response need to be studied further. Growing evidence has indicated that N-specific T cell immunity plays a critical role in protection against SARS-CoV-2 infection (41–46), and that SARS-CoV-2 vaccines could be improved by incorporating the N protein as an antigen (47). Indeed, inclusion of SARS-CoV-2 N protein in future COVID-19 vaccines and boosters has emerged as a promising strategy (48–50). SARS-CoV-2 N protein is more conservative and less mutated in comparison to the S protein, making it an ideal component of novel COVID-19 vaccines to prevent immune escape by SARS-CoV-2 variants.

Currently, N-specific Abs used for N antigen detection are solely derived from animals such as mice (51–54). Because of differences in immune background and responses to immunization, mouse–derived Abs against the SARS–CoV–2 N protein may not sufficiently define antigenic epitopes of N protein during natural SARS–CoV–2 infection. Indeed, one study has shown a distinct trend towards mouse–derived N–specific mAbs preferentially targeting the NTD of the N protein (51). Our patient–derived mAbs were cross–reactive to the N protein of SARS–CoV, but showed little to no cross–reactivity to the N proteins of other human β–CoVs. Since our mAbs were directly derived from B cells in the peripheral blood of COVID–19 patients, epitope mapping with these patient–derived mAbs likely reflects real–world conditions better than animal–derived mAbs and may be more precise for mapping antigenic determinants and B cell epitopes as well. Given that these patient–derived mAbs specifically recognized the N proteins of SARS–CoV–2 and SARS–CoV and that only a small number of people (8,422 confirmed cases) worldwide were infected by SARS–CoV during the 2003 outbreak (55), they can be potentially used for developing the next generation of COVID–19 At–Home Test kits for a rapid and specific screening of SARS–CoV–2 infection and EIAs for clinical laboratory diagnosis of COVID–19.

In summary, five patient–derived mAbs to SARS–CoV–2 N protein were isolated from memory B cells in the peripheral blood of convalescent COVID–19 patients. These mAbs targeted the CTD and NTD of SARS–CoV–2 N protein and were cross–reactive to the N protein of SARS–CoV, but not other human β–CoVs. These mAbs can be potentially used for developing the next generation of COVID–19 At–Home Test kits for a rapid and specific screening of SARS–CoV–2 infection. Our results also provide insights into the development of novel COVID–19 vaccines to fight SARS–CoV–2 variants.
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Coronavirus Disease 2019 (Covid-19) severely impacted the health, society, and economy around the world. With declining protective efficacy of primary vaccination and the spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants, a Covid-19 booster vaccination is being fully implemented globally. Many people received three doses of BBIBP-CorV inactivated vaccine in China and other developing countries. However, the antibody response and immune persistence of the homologous BBIBP-CorV booster vaccination is yet to be thoroughly evaluated, as previous studies focused within one month after the third dose. In this study, 97 participants were enrolled to analyze the antibody response and immune persistence within 6 months as well as the safety within 7 days after the third-dose of homologous BBIBP-CorV inactivated vaccine. The seroconversion rate for total antibody against the receptor binding domain (RBD) of the SARS-CoV-2 spike (S) protein were both 100% at month 1 and month 6 after the third dose. The IgG against the RBD of the SARS-CoV-2 S protein seroconversion rate increased from 42.27% before the third dose to 100% 1 month after the third dose and then slightly decreased to 98.97% 5 months later. Positive IgM against the RBD of the SARS-CoV-2 S protein was rare and was observed in only one participant at month 1 after the third dose. The neutralizing antibody levels at month 1 and month 6 after the third dose increased 63.32-fold and 13.16-fold compared with those before the third dose, and the positive rate for neutralizing antibody was still 100% at month 6 after the third dose. Importantly, the antibody responses induced by the vaccine and immune persistence were not affected by sex or age. No serious adverse reactions were reported. Total antibody and IgG against the RBD of the SARS-CoV-2 S protein were highly correlated with neutralizing antibody, suggesting that total antibody and IgG against the RBD of the SARS-CoV-2 S protein could be used as predictors for neutralizing antibody. In conclusion, the third dose of homologous BBIBP-CorV inactivated vaccine induced a robust antibody response and moderate immune persistence. These finding are of great significance for development future vaccination strategies.
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1 Introduction

The ongoing coronavirus disease 2019 (Covid-19) pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused serious damage to global public health and the economy (1). Although the disease is mild in most cases, it progresses to a severe form in some patients and may lead to deaths, especially in the elderly and people with comorbidities. According to the World Health Organization (WHO), as of October 3, 2022, SARS-CoV-2 resulted in more than 615 million laboratory-confirmed cases and over 6.5 million deaths (2).

Vaccines are considered as an economical and effective means for prevention and control of SARS-CoV-2. The vaccines against SARS-CoV-2 have been proven to be safe and reduce symptomatic infections and asymptomatic infections of SARS-CoV-2 as well as the adverse outcomes (3–7). It’s worth noting that vaccine-induced antibody titers and protective efficacy of Covid-19 vaccines declined over time, regardless of vaccine type (6, 8, 9). Additionally, variants of SARS-CoV-2 have spread globally, causing resurgences of infections even in countries and areas with successful mass-vaccination campaigns (6). Due to the decline of vaccine efficacy coinciding with the rapid spread of SARS-CoV-2 variants, a booster vaccination has been implemented in many countries, in which a third dose of Covid-19 vaccine was administered in people who had received a second dose.

Inactivated SARS-CoV-2 virus vaccines have been widely applied in China and many other countries. As an inactivated vaccine, the BBIBP-CorV vaccine has shown a vaccine efficacy of 78.1% in adults in the phase III clinical trial with a two-dose schedule and was proven to be safe and well tolerated in people aged 3-17 years, people aged 18-59, people aged ≥60, and individuals with comorbidities (4, 10–12). The BBIBP-CorV vaccine has been approved for conditional use in China and is included in the WHO emergency use listing (13) (14). Given that the vaccination was cost-effective in low- and middle-income countries (15), a vaccination strategy with BBIBP-CorV inactivated vaccine would bring important economic benefits in these countries. A third dose of homologous BBIBP-CorV vaccine showed a satisfying safety profile and induct robust humoral responses against SARS-CoV-2 infection (10, 16–20). However, the humoral response and immune persistence of a third dose of homologous BBIBP-CorV vaccine have not been fully explored, as previous studies focused within 1 month after the administration of the third dose (10, 16–20). The 6-month durability of the humoral immune response in vaccine recipients was still unknown and immune persistence was still under investigation.

In this study, 97 participants who had no previous SARS-CoV-2 infection and received three doses of BBIBP-CorV inactivated vaccine were enrolled. The antibody response and immune persistence within 6 months as well as the safety within 7 days in these participants were detailed assessed.



2 Materials and methods


2.1 Study design and participants

The healthcare workers were enrolled from the Women and Children’s Hospital, School of Medicine, Xiamen University. Theses participants received total 3 doses (0.5 mL per dose) of BBIBP-CorV inactivated vaccine (Beijing Institute of Biological Products Co., Beijing, China). Each dose of the BBIBP-CorV inactivated vaccine contained 4 μg of total proteins with 0.45 mg/mL aluminum hydroxide adjuvant. Two doses were given with an interval of 4 weeks. Then, a third dose was given 7-10 months after the second dose. The serum samples were collected from the participants at three time points, before the third dose and 1 month and 6 months after the third dose, between October 2021 and May 2022. A total of 97 participants provided serum samples at three time points and these 97 participants were enrolled and retrospectively analyzed for the antibodies against SARS-CoV-2. This study was a retrospective cohort study. The study was done in accordance with the Declaration of Helsinki and was reviewed and approved by the Medical Ethics Committee of the Women and Children’s Hospital, School of Medicine, Xiamen University. Written informed consent was obtained from all participants.



2.2 Antibody measurement

The receptor binding domain (RBD) of the SARS-CoV-2 spike (S) protein was the major target for neutralizing antibody and an attractive vaccine target because of its immunodominance (21). Therefore, the antibody response to the RBD of the SARS-CoV-2 S protein were analyzed in this study. The total antibody, IgM antibody, and IgG antibody against the RBD of the SARS-CoV-2 S protein in serum samples were tested using commercial chemiluminescence microparticle immunoassay kits (Xiamen InnoDx Biotech Co., Xiamen, China) according to the manufacturer’s instructions. The measurement processes were conducted with an automatic analyzer Caris 200 (Xiamen UMIC Medical Instrument Co. Ltd., Xiamen, China). A double-antigen sandwich immunoassay was used to detect total antibody and a μ-chain capture immunoassay was used to detect IgM antibody as previously reported (22). The total antibody and IgM antibody assays were established using recombinant antigens containing the RBD of the SARS-CoV-2 S protein (22). The IgG antibody kits were indirect immunoassays with a recombinant RBD of the SARS-CoV-2 S protein as the coating antigen. The amino acids reference sequences of the RBD and S protein of SARS-CoV-2 were from Wuhan-Hu-1 strain (prototype) (GenBank: NC_045512). The chemiluminescence reaction was measured by the Caris 200 as relative light units (RLUs). The RLUs were proportional to the content of total antibody, IgM antibody, and IgG antibody against the RBD of the SARS-CoV-2 S protein in the sample. The cut-off values of total antibody, IgM antibody, and IgG antibody were determined according to the manufacturer’s instructions. The cut-off values of total antibody, IgM antibody, and IgG antibody were determined by RLUs of negative control plus (RLUs of positive control multiplied by 0.3), RLUs of negative control plus (RLUs of positive control multiplied by 0.2), and RLUs of negative control plus (RLUs of positive control multiplied by 0.5), respectively. The results of total antibody, IgG, and IgM were records as signal to cut-off (S/CO) and the values of S/CO≥1.0 were considered as positive.

The neutralizing antibody against SARS-CoV-2 in serum samples was also tested using a commercial chemiluminescence microparticle immunoassay kit (Xiamen InnoDx Biotech Co., Xiamen, China) according to the manufacturer’s instructions. The neutralizing antibody assays were performed on the automatic analyzer Caris 200. The neutralizing antibody assays were based on a competitive method. Neutralizing antibody against SARS-CoV-2 in the sample bind to the acridinium ester conjugated SARS-CoV-2 S protein. The acridinium ester conjugated SARS-CoV-2 S protein not neutralized by the SARS-CoV-2 neutralizing antibody forms a complex with biotinylated SARS-CoV-2 specific antibody, which binds to the streptavidin coated on the microparticle. The RLUs were inversely proportional to the content of SARS-CoV-2 neutralizing antibody in the sample. The neutralizing antibody levels were calibrated and traceable to the first WHO International Standard for anti-SARS-CoV-2 immunoglobulin (NIBSC code 20/136) and the results were shown as international units Per milliliter (IU/mL). The cut-off value was 11.50 IU/mL according to the manufacturer’s instructions.



2.3 Safety

Injection site adverse reactions and systemic adverse reactions in participants within 7 days after the third dose of BBIBP-CorV vaccine were collected using an electronic questionnaire. The questionnaire was administered by participants. The adverse events were graded according to the guiding principles for grading standard of adverse events in clinical trials of vaccines issued by NMPA (23).



2.4 Statistical analysis

Statistical analyses were carried out using IBM SPSS statistics (SPSS, IL, USA) and GraphPad Prism version 8.00 (GraphPad Software, CA, USA). Categorical data were summarized as counts and percentages. Continuous data were reported as mean ± standard deviation (SD) or median with interquartile range (IQR). The differences were calculated by the Wilcoxon matched-pairs sighed rank test, Kruskal-Wallis test, or Mann-Whitney U test. Spearman correlation analysis was used to determine the relationship among total antibody and IgG antibody against the RBD of SARS-CoV-2 S protein and neutralizing antibody. All serum samples collected at three time points were included the Spearman correlation analysis, respectively. P values were calculated by a two-tailed test and P values of 0.05 or lower were considered statistically significant.




3 Results


3.1 Characteristics of enrolled participants

Ninety-seven individuals received three doses of homologous BBIBP-CoV inactivated vaccine and provided blood samples at three time points before and after the third dose (
Table 1
 and 
Figure 1A
). These 97 participants were included in this study. The age of the participants ranged from 23 years to 57 years, with a mean age of 40.66±7.98 years, and 24 (24.74%) were males. Among the 97 participants, 100% were of Han ethnicity. The mean body-mass index (BMI) of the participants was 22.69±4.28 kg/m2. These participants had no underlying diseases, such as hypertension, cancer, or immune diseases.


Table 1 | 
Baseline characteristics and antibodies against SARS-CoV-2 in the participants.







Figure 1 | 
Humoral response induced by the third dose of homologous BBIBP-CorV inactivated vaccine. (A) Immunization regimen and time points of samples collected. The first, second, and third doses are indicated above the time axis with needles, respectively. Three time points selected for serum samples collection are indicated below the time axis with blood collection tube. Levels of total antibody (B), IgG antibody (C), and IgM antibody (D) against the receptor binding domain (RBD) of the SARS-CoV-2 spike (S) protein and neutralizing antibody (E) against SARS-CoV-2 are shown as the range (whiskers), interquartile range (boxes) and median (line within the boxes) values. The median levels of total antibody, IgG antibody and IgM antibody against the RBD of the SARS-CoV-2 S protein and neutralizing antibody against SARS-CoV-2 are shown at the bottom of each panel. The dashed horizontal lines indicate the cut-off of total antibody, IgG antibody and IgM antibody against the RBD of the SARS-CoV-2 S protein and neutralizing antibody against SARS-CoV-2. Comparisons were done by Wilcoxon matched-pairs sighed rank test (B-E). ****p < 0.0001; ns, not significant.





3.2 Antibody response after the third dose

Overall, the third dose of homologous BBIBP-CoV inactivated vaccine induced a vigorous anti-SARS-Cov-2 response in most participants. The positive seroconversion of the total antibody was 83.51% (81/97) before the third dose and maintained at 100.00% (97/97) at month 1 and month 6 after the third dose (
Table 1
). The levels of the total antibody against the RBD of the SARS-CoV-2 S protein increased from 4.79 (1.57-16.40) S/CO before the third dose to 393.44 (238.76-608.58) S/CO at month 1 after the third dose and then declined to 310.43 (114.84-770.63) S/CO 5 months later (
Figure 1B
). For the IgG against the RBD of the SARS-CoV-2 S protein, the positive conversion rate increased from 42.27% before the third dose to 100.00% at month 1 after the third dose and slightly decreased to 98.97% at month 6 after the third dose. The levels of IgG against the RBD of the SARS-CoV-2 S protein increased from 0.72 (0.34-2.35) S/CO before the third dose to 10.68 (8.12-12.41) S/CO at month 1 after the third dose and decreased by approximately 50% at month 6 after the third dose (
Figure 1C
). The positive IgM against the RBD of the SARS-CoV-2 S protein was observed in only one (1.03%) participant at month 1 after the third dose (
Figure 1D
), suggesting that IgM response induced by the third dose of homologous BBIBP-CoV vaccine was rare.

We further analyzed the neutralizing antibody response in the participants. The seropositive rate of neutralizing antibody was 55.67% (54/97) before the third dose. The seroconversion of neutralizing antibody was observed in 100% (97/97) of the participants both at month 1 after the third dose and at month 6 after the third dose. The median neutralizing antibody levels increased 63.32-fold, from a base value of 12.75 (6.49-23.53) IU/mL before the third dose to 807.30 (177.08-2918.93) IU/mL at month 1 after the third dose (
Figure 1E
). Five months later, the median neutralizing antibody levels decreased to 167.83 (66.94-642.55) IU/mL, which was still 13.16-fold higher than that before the third dose. These results demonstrated that the neutralizing antibody induced by a third-dose homologous BBIBP-CorV booster vaccination could persist for at least 6 months in all participants.



3.3 Relationship between antibody response and age and sex

We analyzed the relationship between antibody response and age of participants. No significant differences in total antibody and IgG against the RBD of SARS-CoV-2 S protein and neutralizing antibody levels were noted for participants of different ages before and after the third dose (
Figure 2
). The median neutralizing antibody levels at month 6 after the third dose were 387.24 (195.86-3007.66), 131.03 (66.84-653.31), 138.16 (51.19-632.73), 232.63 (61.75-739.55) IU/mL for participants aged ≤30, 31-40, 41-50, and ≥51 years, respectively. These results suggested that the antibody response induced by the third dose of homologous BBIBP-CoV vaccine was not affected by the age.




Figure 2 | 
Antibody response induced by the third dose of homologous BBIBP-CorV inactivated vaccine in participants of different ages. The levels of total antibody (A) and IgG antibody (B) against the receptor binding domain (RBD) of the SARS-CoV-2 spike (S) protein and neutralizing antibody (C) against SARS-CoV-2 after the third dose are shown as the range (whiskers), interquartile range (boxes) and median (line within the boxes) values. The dashed lines represent the cut-off for total antibody and IgG antibody against the RBD of the SARS-CoV-2 S protein and neutralizing antibody against SARS-CoV-2. Comparisons were done by Kruskal-Wallis test.




We further compared the differences in total antibody, IgG, and neutralizing antibody levels between male and female participants. As shown in 
Figure 3
, male and female participants displayed similar levels of total antibody and IgG against the RBD of SARS-CoV-2 S protein and neutralizing antibody at three time points before and after the third dose, suggesting that antibody response induced by the third dose of homologous BBIBP-CoV vaccine was not affected by the sex.




Figure 3 | 
Antibody response induced by the third dose of homologous BBIBP-CorV inactivated vaccine in female and male participants. The levels of total antibody (A) and IgG antibody (B) against the receptor binding domain (RBD) of the SARS-CoV-2 spike (S) protein and neutralizing antibody (C) against SARS-CoV-2 are shown as the range (whiskers), interquartile range (boxes) and median (line within the boxes) values. The median levels of total antibody and IgG antibody against the RBD of the SARS-CoV-2 S protein and neutralizing antibody against SARS-CoV-2 are shown at the bottom of each panel. The dashed lines indicate the cut-off of total antibody and IgG antibody against the RBD of the SARS-CoV-2 S protein and neutralizing antibody against SARS-CoV-2. Comparisons were done by Mann-Whitney U test (A-C). ns, not significant.





3.4 Adverse reactions and events

The injection site and systemic adverse reactions occurring within 7 days after the third dose are shown in 
Table 2
. Adverse reactions were reported by 23.71% (23/97) of the total participants. The most common injection site adverse reaction was pain, which was reported by 8 (8.25%) participants; induration at the infection site was reported by one participant (1.03%). The most common systemic adverse reaction was muscle pain, which was reported by 13 (13.40%) participants. In addition to muscle pain, fatigue was reported by 2 (2.06%) participants. All adverse reactions were mild and self-limiting, and no grade 3 adverse reactions were reported.


Table 2 | 
Adverse reactions occurring within 7 days after the third dose in participants.





3.5 Relationship between total antibody, IgG, IgM, and neutralizing antibody

The relationship between total antibody, IgG, and IgM against the RBD of SARS-CoV-2 S protein and neutralizing antibody was analyzed. A significant correlation was observed between total antibody and IgG against the RBD of the SARS-CoV-2 S protein at three time points (Before the third dose: P <0.0001, r= 0.8130; Month 1 after the third dose: P <0.0001, r= 0.8613; Month 6 after the third dose: P <0.0001, r= 0.8720) (
Figures 4A, D, G
). Meanwhile, significant correlations between total antibody and IgG against the RBD of the SARS-CoV-2 S protein and neutralizing antibody were observed before the third dose (for total antibody: P <0.0001, r = 0.7077; for IgG: P < 0.0001, r = 0.7657) (
Figures 4B, C
), at month 1 after the third dose (for total antibody: P <0.0001, r = 0.9243; for IgG: P < 0.0001, r = 0.8919) (
Figures 4E, F
), and at month 6 after the third dose (for total antibody: P <0.0001, r = 0.9339; for IgG: P < 0.0001, r = 0.9255) (
Figures 4H, I
). These results suggested that IgG was the main component of total antibody and play an important role in recalling to the BBIBP-CoV vaccine.




Figure 4 | 
The relationship between total antibody and IgG antibody against the receptor binding domain (RBD) of the SARS-CoV-2 spike (S) protein and neutralizing antibody at three time points, before the third dose (A-C), at month 1 after the third dose (D-F) and at month 6 after the third dose (G-I). Spearman rank-correlation analysis was used to analyze the relationship between total antibody and IgG antibody against the RBD of the SARS-CoV-2 S protein and neutralizing antibody against SARS-CoV-2. A significant correlation was observed between total antibody and IgG at three time points (Before the third dose: P <0.0001, r= 0.8130; Month 1 after the third dose: P <0.0001, r= 0.8613; Month 6 after the third dose: P <0.0001, r= 0.8720). Significant correlations were observed between total antibody and IgG and neutralizing antibody before the third dose (for total antibody: P <0.0001, r = 0.7077; for IgG: P < 0.0001, r = 0.7657), at month 1 after the third dose (for total antibody: P <0.0001, r = 0.9243; for IgG: P < 0.0001, r = 0.8919), and at month 6 after the third dose (for total antibody: P <0.0001, r = 0.9339; for IgG: P < 0.0001, r = 0.9255).






4 Discussion

Although heterologous booster vaccination induced in more robust immune responses than homologous booster vaccination (24, 25), many people already had their third dose of homologous Covid-19 vaccine. Many people received a third dose of homologous BBIBP-CorV inactivated vaccine in China and other countries. A lot of efforts have been made to investigate the immune response after the homologous BBIBP-CorV booster vaccination (10, 16–19). Given that the neutralizing antibody levels were highly predictive of the host immune protection against infection and correlated with Covid-19 vaccine efficacy (26, 27), the neutralizing antibody responses induced by the homologous BBIBP-CorV booster vaccination were investigated. The neutralizing antibody titer increased rapidly within 4 weeks after the third dose (16). The geometric meant titre of neutralizing antibody against the SARS-CoV-2 ranged from 127-224.4 on 28 days after the third dose (10). In this study, the seropositive rate for neutralizing antibody was 100% at month 1 after the third dose, consistent with the previous study (10). A homologous BBIBP-CorV booster vaccination has been proven to improve neutralization against Omicron variant and provide better protection against the variants of concern (VOC) of SARS-CoV-2 (17–19). Meanwhile, the antibody response and immune persistence induced by the third dose of the BBIBP-CorV inactivated vaccine was not affected by sex, similar to previous studies in which inactivated vaccine elicit similar antibody response regardless of sex (28–30). Previous studies showed that age affected the magnitude of inactivated vaccine-induced antibody response in vaccinees, including the healthcare workers (29–31). However, other studies showed that there was no significant difference in antibody levels in participants of different ages and age was not a factor affecting antibody response induced by inactivated vaccine (28, 32, 33). In this study, the antibody response induced by the BBIBP-CorV inactivated vaccine was not affected by age, similar to the observation in previous studies (28, 32, 33). Robust correlations between the neutralizing antibody and total antibody and IgG against the RBD of SARS-CoV-2 were observed in this study, which is in concordance with previous studies (34, 35), suggesting that IgG and total antibody against the RBD of SARS-CoV-2 were highly predictive for the neutralizing antibody.

It was generally accepted that circulating IgM response was classically transient and IgM was thought to participate in the initial, acute response to viral infections (36), and IgG played an important role in the long-term humoral immunity and immunological memory. IgM response after the third dose was rare in this study, similar to that observed in the previous study in which the seropositive rate of IgM was 9.38% after the third dose of homologous inactivated CoronaVac vaccine (37).

Many studies on the immune persistence after the third dose of Covid-19 vaccine have been conducted (16, 38–41). Previous study showed that the humoral response decay rates after the third dose of Covid-19 vaccine varied among vaccines, but the BBIBP-CorV inactivated vaccine was not included in the study (40). Immunity wanning occurred 10 weeks after the third dose of mRNA Covid-19 vaccine (41). The vaccinees received three doses of the protein subunit vaccine ZF2001 were 100% seropositive against the SARS-CoV-2 prototype isolate at 4 to 7 months after the third dose (42). The seropositive rate of neutralizing antibody was 80.49% at 6 months after the third-dose of homologous CoronaVac inactivated vaccine and neutralizing antibody concentration was 115.23 IU/mL at 9 months after the third dose (38, 39). The neutralizing antibody levels at month 6 after the third dose of homologous BBIBP-CorV inactivated vaccine decreased to 167.83 IU/mL in this study and the positive rate of neutralizing antibody was still 100%. It was important to note that the neutralizing antibody was detected by chemiluminescence microparticle immunoassay in this study and previous studies concerning homologous CoronaVac inactivated vaccine (38, 39) rather than live virus or pseudovirus neutralization test. Due to waning immunity after the booster dose of Covid-19 vaccine, several countries, including the United States, the United Kingdom, and Israel, have begun giving a fourth dose of Covid-19 vaccine to at-risk persons. A real-world study concerning mRNA Covid-19 vaccine has shown that the fourth dose was more effective than the third dose in preventing SARS-CoV-2 infection and severe disease (43). These findings would provide important insights into the development of future vaccination strategies.

A two-dose regimen of the BBIBP-CorV inactivated vaccine conferred 78.1% protection against symptomatic Covid-19 (4), lower than that of the mRNA Covid-19 vaccine (44). While, the BBIBP-CorV inactivated vaccine was one of the safest Covid-19 vaccines currently available in the market. Previous studies have shown that the BBIBP-CorV inactivated vaccine was safe in participants aged ≥3 years, including young people, adults, and elderly, and in participants with comorbidities (4, 10–12). Most of adverse reactions were mild or moderate (4, 10–12). All adverse reactions were mild in this study, similar to observation in previous studies (4, 10, 11, 16, 17).

All participants enrolled in this study had been frequently tested for real-time PCR to detect SARS-CoV-2 infection and had a negative test for SARS-CoV-2 real-time PCR. There were more than 5.2 million people in the study area. Delta resulted in more than 200 laboratory-confirmed cases between August 2021 and September 2021 and Omicron (BA.2) resulted in dozens of laboratory-confirmed cases between March 2022 and April 2022. These suggested effective intervention and control of the Covid-19 pandemic in the study area.

This study does have some limitations. First, the neutralizing antibody titers against the prototype and variants of SARS-CoV-2 were not investigated in this study. Second, this study included the relatively small sample size and most of study participants were female. Third, this study mainly focused on antibody response. However, cellular immunity response induced by the third-dose of homologous BBIBP-CorV inactivated vaccine was not analyzed in this study.

In conclusion, this study showed that a third dose of homologous BBIBP-CorV inactivated vaccine dramatically increase levels of antibody against SARS-CoV-2 without serious adverse events. The neutralizing antibody induced by the third dose of BBIBP-CorV inactivated vaccine could persist for at least 6 months.
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Importance

The degree of immune protection against severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) variants provided by infection versus vaccination with wild-type virus remains unresolved, which could influence future vaccine strategies. The gold-standard for assessing immune protection is viral neutralization; however, few studies involve a large-scale analysis of viral neutralization against the Omicron variant by sera from individuals infected with wild-type virus.



Objectives

1) To define the degree to which infection versus vaccination with wild-type SARS-CoV-2 induced neutralizing antibodies against Delta and Omicron variants.

2) To determine whether clinically available data, such as infection/vaccination timing or antibody status, can predict variant neutralization.



Methods

We examined a longitudinal cohort of 653 subjects with sera collected three times at 3-to-6-month intervals from April 2020 to June 2021. Individuals were categorized according to SARS-CoV-2 infection and vaccination status. Spike and nucleocapsid antibodies were detected via ADVIA Centaur® (Siemens) and Elecsys® (Roche) assays, respectively. The Healgen Scientific® lateral flow assay was used to detect IgG and IgM spike antibody responses. Pseudoviral neutralization assays were performed on all samples using human ACE2 receptor-expressing HEK-293T cells infected with SARS-CoV-2 spike protein pseudotyped lentiviral particles for wild-type (WT), B.1.617.2 (Delta), and B.1.1.529 (Omicron) variants.



Results

Vaccination after infection led to the highest neutralization titers at all timepoints for all variants. Neutralization was also more durable in the setting of prior infection versus vaccination alone. Spike antibody clinical testing effectively predicted neutralization for wild-type and Delta. However, nucleocapsid antibody presence was the best independent predictor of Omicron neutralization. Neutralization of Omicron was lower than neutralization of either wild-type or Delta virus across all groups and timepoints, with significant activity only present in patients that were first infected and later immunized.



Conclusions

Participants having both infection and vaccination with wild-type virus had the highest neutralizing antibody levels against all variants and had persistence of activity. Neutralization of WT and Delta virus correlated with spike antibody levels against wild-type and Delta variants, but Omicron neutralization was better correlated with evidence of prior infection. These data help explain why ‘breakthrough’ Omicron infections occurred in previously vaccinated individuals and suggest better protection is observed in those with both vaccination and previous infection. This study also supports the concept of future SARS-CoV-2 Omicron-specific vaccine boosters.
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Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the causative virus for the coronavirus disease 2019 (COVID-19) pandemic, has caused millions of cases and deaths worldwide (1). Throughout the pandemic, mutations of the original virus have led to new viral variants (2, 3), and these “variants of concern” have raised questions about pathogenesis and immune escape, especially as additional waves of infection have occurred.

Vaccination against COVID-19 is effective in mitigating severe disease and hospitalization from SARS-CoV-2 (4–7). Furthermore, infection with SARS-CoV-2 induces strong cellular and humoral immunity, with the magnitude of response possibly correlating with disease severity (8–10). However, reinfections have raised questions pertaining to protective immunity after infection and vaccination, especially with Omicron variants (11–14). Current primary vaccines for SARS-CoV-2 target the wild-type (WT) spike protein, and studies have documented reduced viral neutralization titers to Omicron as compared to other variants (13). However, studies are necessary to clarify how the combination of WT infection and vaccination impact viral immune responses to subsequent viral variants in order to define the value of including additional spike protein SARS-CoV-2 variants in vaccine boosters.

Viral neutralization assays evaluate the functional ability of antibodies to neutralize SARS-CoV-2 and provide insights into immune protection against infection (15). Unfortunately, these assays are cumbersome because they must be performed in biosafety level 3 facilities, requiring intensive time, resources, and expertise. Pseudoviral neutralization of lentiviruses expressing SARS-CoV-2 spike protein is an effective surrogate to standard neutralization assays (16, 17), however even this technique is too complex for clinical deployment. Therefore, most clinical laboratory tests for SARS-CoV-2 humoral immunity involve simply identifying and/or quantifying overall spike and nucleocapsid antibody levels rather than their neutralizing functional capacity.

To better understand the infection and vaccination factors leading to protection from SARS-CoV-2, we conducted a large population study to assess the neutralizing capacity of sera from individuals with varied WT COVID-19 disease and vaccination status. We also defined the ability of these individuals to neutralizing subsequent variants, including Omicron. Further, we attempted to determine whether clinically available serological assays can provide insight into variant neutralization capability.



Methods


Study populations

The University of Michigan (U-M) Institutional Review Board approved this study (HUM00180074). All subjects provided written informed consent. Additional details on recruitment, inclusion/exclusion criteria, data collection, and specimen processing are available from prior reports on this cohort (10, 18). Subjects underwent 3 visits, each approximately 3-6 months apart and serum was collected at each visit (Figure 1). All study visits were concluded by 6/24/2021 while the Delta variant became a variant of concern in the United States on 6/15/2021 (19).




Figure 1 | Study Timeline and Emergence of known Variants of Concern for SARS-CoV-2. Timeline of visits related to vaccine availability and variant detection dates. VOC, variant of concern.





Vaccination

During the study, both COVID-19 mRNA vaccines [BNT162b2 (Pfizer) or mRNA-1273 (Moderna)] became available. Participants who chose to be vaccinated remained in the study. The vaccination type and administration dates were recorded. Booster third vaccine doses were not available during the study timeframe.



Subject categorization

Subjects were categorized into 4 groups according to SARS-CoV-2 and vaccination status; SARS-CoV-2 infection positive/vaccine positive (I+/V+), SARS-CoV-2 infection positive/vaccine negative (I+/V-), SARS-CoV-2 infection negative/vaccine positive (I-/V+), and SARS-CoV-2 infection negative/vaccine negative (I-/V-). Vaccination status was considered positive for individuals that had completed the 2-dose series of a COVID-19 mRNA vaccination. Infection status was considered positive if an individual had a reverse transcriptase polymerase chain reaction (RT-PCR) positive for SARS-CoV-2 from a nasopharyngeal swab or evidence of a positive nucleocapsid (N) antibody and was considered negative if an individual had no history of a positive RT-PCR and negative nucleocapsid antibody testing. Individuals were categorized according to infection and vaccination status independently at each timepoint. For all participants in this cohort, infection occurred prior to vaccination.



SARS-CoV-2 nucleocapsid electrochemiluminescence immunoassay and spike (S1-RBD) chemiluminescence immunoassay

The Elecsys® (Roche) SARS-CoV-2 Total Antibody Assay on a Cobas e411 analyzer was used to detect anti-nucleocapsid antibodies. The ADVIA Centaur® (Siemens) SARS-CoV-2 Total (COV2T) assay on an ADVIA Centaur® XPT analyzer was used to detect anti-spike (S) antibodies. These assays detect total SARS-CoV-2 nucleocapsid or S antibodies via a sandwich electrochemiluminescence immunoassay or a chemiluminescence immunoassay, respectively. A cutoff index of >1 is defined as a positive result. The assays detect all isotypes in aggregate of the relevant SARS-CoV-2 antibody. All samples were evaluated in the CLIA-certified U-M Clinical Pathology Laboratory.



SARS-CoV-2 lateral flow assay

A SARS-CoV-2 lateral flow immunoassay (LFA) from Healgen Scientific (COVID-19 IgG/IgM Rapid Test Cassette) was also used to separately evaluate IgG and IgM antibodies toward the SARS-CoV-2 S1-receptor binding domain. The assay was run following the Emergency Use Authorization - Instructions for Use (20) using subject serum. A faint line was read as positive. “IgG” refers to a positive IgG result and “IgM” refers to a positive IgM result from this LFA hereafter.



Pseudoviral neutralization assay

SARS-CoV-2 wild-type (WT), B.1.617.2 (Delta) and B.1.1.529 (Omicron BA.1) spike proteins were cloned into a lentivirus vector as previously described (21). To perform pseudoviral neutralization assays, HEK-293T cells stably expressing human ACE2 were seeded at 9*10^3 cells per well of white clear-bottom, tissue culture 96-well plates and incubated at 37°C and 5% CO2 for 24 hours in complete DMEM (DMEM/10% FBS/1% Pen-Strep). Serum samples were serially diluted 2-fold in complete DMEM starting at an initial dilution of 1:10. Equal volumes of diluted sera were mixed with each pseudovirus expressing variant spike proteins diluted in DMEM with polybrene in a new 96-well plate, giving a final concentration of 4,163 transduction units/mL lentivirus with polybrene (8 ug/mL) with a serum starting dilution of 1:20. Sera and virus were incubated at 37°C and 5% CO2 for 1 hour. Complete DMEM in the HEK-293T plate was replaced with 100 uL of the serum-pseudovirus mixtures and then incubated at 37°C and 5% CO2 for 4 hours. Serum-pseudovirus mixtures were aspirated from the cell culture plates and replaced with 100 uL of fresh complete DMEM and then incubated at 37°C and 5% CO2 for 72 hours. Uninfected cell and virus only controls (without sera) were plated for all variants during each assay to standardize results. After 72 hours, luciferase detection was performed using a GloMax (Promega) plate reader according to manufacturer instructions. BrightGlo assay reagent (Promega, Madison, WI) was used for WT and Omicron pseudovirus neutralization and SteadyGlo (Promega) assay reagent was used for Delta variant pseudovirus neutralization to account for differences in luminescence with the different viral constructs.



Statistical analysis

Descriptive statistics were provided using mean and standard deviation for continuous variables and frequencies and percentages for categorical variables. Fifty percent inhibitory concentration (IC50) analyses were performed in Prism V8.0 (GraphPad Inc., San Diego, CA). The datasets were not normally distributed based on histogram visualization and the Shapiro-Wilk test for normality. Statistical comparison between multiple groups was performed using Kruskal-Wallis Multiple Comparisons. Antibody variables of interest included IgM (positive/negative), IgG (positive/negative), Spike (positive/negative), Spike (continuous—with upper and lower limit values recoded as follow: <0.05 = 0.05 and >10.0 = 10.0), Nucleocapsid (positive/negative), Nucleocapsid (continuous). Linear mixed effects models of log-transformed IC50 values were developed with a random intercept for each subject and repeated measures for time with an auto-regressive covariance structure to address the repeated measures within subjects. Beta values reported reflect positive (>0) or negative (<0) associations between the dependent and independent variables, with no effect at beta = 0. Analyses and figure production were performed in SAS V9.4 (SAS Institute Inc., Cary, NC) and Prism V8.0 (GraphPad Inc., San Diego, CA).




Results


Patient characteristics

Descriptive statistics for the full study cohort are detailed in Table 1. The mean age was 40.6 ± 12.1 years. Female participants composed 72% of the cohort and healthcare workers composed 80%. 151 participants (23%) had pre-existing medical conditions. The most prevalent pre-existing conditions were chronic lung disease (10%) and hypertension (10%).


Table 1 | Participant descriptive statistics.





Viral neutralization is highest in individuals with both infection and vaccination history across all variants

Viral neutralization was performed on all serum samples at each timepoint using three SARS-CoV-2 variants (WT, Delta, and Omicron) and neutralization titers were compared across all variants and groups (Figures 2A-I). COVID-19 vaccination became available just prior to Visit 2. At Visits 2 and 3 for every variant, the average IC50 is highest amongst individuals with a history of COVID infection and who also had completed the 2-dose vaccination series (I+/V+) (Figures 2D-I). Individuals who had vaccination or infection alone had lower levels of neutralization. Not surprisingly, individuals who had no history of COVID infection and did not receive any vaccine doses (I-/V-) had the lowest average IC50 (Figures 2A-I). The average IC50 of all groups with either vaccination, infection or both (I+/V+, I+/V- and I-/V+) were significantly higher than the I-/V- group at every timepoint. By Visit 3, the I+/V+ group showed significantly greater neutralization activity than either the I+/V- or I-/V+ groups for all variants. There was no significant difference between the average IC50 for the I+/V- and I-/V+ groups at visit 3 for all variants.




Figure 2 | Viral neutralization across 3 timepoints for WT, Delta and Omicron SARS-CoV-2. (A-I) Viral neutralization across 3 timepoints for WT, Delta, and Omicron SARS-CoV-2. Each point represents the IC50 (log10 transformed) of an individual. Serum dilutions start at 1:20, visualized by the dotted line. Statistical analysis was performed using Kruskal-Wallis Multiple Comparisons. I, Infection; V, Vaccine; IC50, half maximal inhibitory concentration. (J). Results of a linear mixed effects model of log-transformed IC50 values analyzed according to infection, vaccination, or infection plus vaccination status. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.



A multivariable linear mixed effects model of log-transformed IC50 values was used to better assess the independent impacts of infection and vaccination status on individual serum ability to neutralize variant virus (Figure 2J). Across all variants, a history of infection, a history of vaccination, or both were all independent predictors of viral neutralization. However, the magnitude of effect was greatest in the infected and vaccinated group (I+/V+), although the impact decreased across later variants. For example, viral neutralization activity associated with the combination of vaccination and infection was only 74% of WT serum neutralization activity for Delta and was only 47% for Omicron.

When comparing viral neutralization across variants, at visit 1, the median IC50 was highest for WT and significantly lower for both Delta and Omicron (Figure 3A). At visits 2 and 3, neutralization was significantly lower for Omicron compared to both WT and Delta for all groups (Figures 3B, C). WT neutralization was also significantly better than Delta neutralization in most subjects at all visits (Figures 3A-C). For Omicron, median IC50 was >100 only in the I+/V+ groups at visits 2 and 3 (Figures 3D-F).




Figure 3 | Impact of Variants by Group. (A-F) Viral neutralization comparisons of WT, Delta, and Omicron SARS-CoV-2. Each point represents the IC50 (log10 transformed) of an individual. Serum dilutions start at 1:20, visualized by the dotted line. Results are grouped by variant (A-C) or by infection/vaccination status (D-F) for clarity. Statistical analysis was performed using Kruskal-Wallis Multiple Comparisons. I, Infection; V, Vaccine; IC50, half maximal inhibitory concentration. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.





Neutralization was more durable in the setting of prior infection compared to only vaccination

Subjects with history of infection without vaccination (I+/V-) were analyzed over time across all variants and sorted into 90-day intervals since the time of infection (Figure 4A). In these individuals there were no significant differences in the median IC50 across all 90-day intervals for all variants (WT, Delta, and Omicron); this extended out to >270 days. For all intervals except >270 days, the median IC50 value for WT was significantly greater than for Delta. In contrast, at all timepoints the median IC50 for both WT and Delta were significantly higher than Omicron. Among individuals with a history of vaccination without infection (I-/V+), the time since vaccination had a much greater impact on neutralization titers (Figure 4B). In these subjects there was a significant decline in median IC50 for both WT and Delta even after 90 days. Neutralization titers against Omicron in these subjects were initially low so no trend could be determined. The median IC50 for WT was significantly greater than Delta for both time intervals.




Figure 4 | Impact of Time Since Infection or Vaccination. (A) Individuals at all timepoints with history of infection but without vaccination analyzed over time across all variants. (B) Individuals at all timepoints with history of vaccination but without prior infection analyzed over time across all variants. (C) Individual IC50s over time by variant for all participants with history of infection without vaccination. Line indicates the results of a linear mixed effects model of log-transformed IC50 values analyzing the role of time since infection controlling for vaccine status. (D) Individual IC50s over time by variant for all participants with history of vaccination without prior infection. Line indicates the results of a linear mixed effects model of log-transformed IC50 values analyzing the role of time since vaccination controlling for infection status. **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.



We utilized linear mixed effects models of log-transformed IC50 values across time for each variant to further evaluate the trend of IC50 values since either infection or vaccination. Figure 4C shows a linear mixed effects model of log-transformed IC50 values superimposed on the IC50 values for each variant analyzing the role of time since infection, controlling for vaccine status. There was a slight decline in IC50 over time for both WT and Delta, but this was not observed for Omicron. Figure 4D shows a linear mixed effects model of log-transformed IC50 values analyzing the role of time since vaccination, controlling for infection status. There was a sharp decline in IC50 over time for both WT and Delta, but no neutralization was observed for Omicron.



Correlation between clinical testing and neutralization results

We sought to define whether readily available clinical serological assays predicted neutralization results. Spike antibody levels were associated with IC50 results across variants at each visit, but the poorest association was for Omicron (Figures 5A-C). Nucleocapsid antibodies did not correlate with viral neutralization as well as spike antibodies in part because nucleocapsid antibodies were not present in individuals who were vaccinated and not infected. Therefore, at visit 2 and 3, the IC50 was similar for WT and Delta regardless of positive nucleocapsid testing, but the mean IC50 was higher for nucleocapsid positive individuals with Omicron (Figures 5D-F).




Figure 5 | Correlation Between Clinical Testing and Viral Neutralization. (A-F) IC50 results for each variant (WT, Delta, Omicron) categorized by spike antibody and nucleocapsid status (positive or negative) regardless of infection or vaccination status across all variants and time points. Serum dilutions start at 1:20, visualized by the dotted line. (G) Results of a linear mixed effects model of log-transformed IC50 values analyzing LFA results each for IgM and IgG, spike antibody status, and nucleocapsid antibody status all as dichotomous results.



A multivariable linear mixed effects model of log-transformed IC50 values was used to assess each independent marker of clinical testing on every variant’s IC50 (Figure 5G). Clinical testing included spike and nucleocapsid antibodies, as well as presence of IgG and IgM using the LFA. For WT, the IgM, IgG, and spike antibody results were all independently associated with neutralization activity; the strongest association being with spike antibody (beta = 2.61). Of interest, there was no association seen between neutralization activity and nucleocapsid antibody resulting from infection in the WT data. A strong association between spike antibody and neutralization activity was also observed with the Delta variant (beta = 1.35). However, unlike WT virus nucleocapsid antibody was also significantly associated with neutralization, albeit to a lesser extent. This suggested augmentation of neutralization activity from infection.

In contrast, with the Omicron variant, nucleocapsid antibody was the most significant predictor of neutralization (beta = 0.68). This suggested infection was more important than vaccination for neutralizing activity. However, the association of nucleocapsid antibody with Omicron neutralization was lower than the associations between spike protein with WT and Delta neutralization activity. IgG (LFA) and spike antibody positivity were independently associated with Omicron variant neutralization, but these associations were minimal and unlikely to have clinical relevance. Together, this suggested vaccine immunity alone was associated with little neutralization activity against Omicron.




Discussion

We studied viral neutralization of SARS-CoV-2 during the initial period of the pandemic, in which the only identified circulating virus was WT, to understand how this might relate to immunity against subsequent variants and protection against infection (19). There were several interesting findings that may have had impact on the progress of the pandemic. Viral neutralization activity was strong after either vaccination or infection and appeared to be boosted in those with a combination of both immune challenges. This correlated with the highly effective protection against clinical infection observed with vaccination during the WT and subsequent Delta variant infection cycles (4, 5). It also suggests why Delta infections mainly involved unvaccinated individuals with little evidence of reinfection during that period (22). In contrast, the Omicron wave of infection were noted for breakthrough infections in vaccinated individuals and reinfections (23, 24). While viral spike protein changes in Omicron may have been responsible for these events, our data demonstrate that in the absence of prior infection waning neutralizing immunity from vaccination also may have played a role. Thus, initial immune profiles in the pandemic provide insights into what drove subsequent waves of infection.

Viral neutralization activity was highest across all variants for those who were both infected and vaccinated. This provides evidence supporting reports of enhanced immunity from this combination against WT virus and the Delta variant (25, 26). While neutralization activity was significantly lower against Omicron, the infected and vaccinated group had a median IC50 over 100. This argues against the concern that initial COVID exposure limits subsequent immune response to variant SARS-CoV-2 viruses (27). Also, neutralization activity in the post-infection WT group may be better with Omicron than what we demonstrated since infection yields immunity to multiple viral proteins while pseudoviral neutralization measures neutralization specifically with spike protein. This is reinforced by the correlation between nucleocapsid antibody titers and neutralization activity for Omicron. On the other hand, a recent study suggests that Omicron infection in the absence of vaccination is ineffective for cross-variant immunity, supporting the need for vaccination even after infection (28). Our results clearly indicate that neutralization is more durable in the setting of infection compared to 2-dose vaccination alone, consistent with smaller prior studies of mRNA vaccines (23). Together, these findings support the use of Omicron vaccine boosters regardless of infection status.

This work also demonstrates conclusively that neutralization activity falls progressively from either infection or vaccination regardless of SARS-CoV-2 variant. Prior studies have shown somewhat similar findings in smaller cohorts (13, 29, 30), and the present work is notable for its large cohort size and the fact that it utilized only WT infected or vaccinated individuals. These results also help explain the phenomenon of ‘breakthrough’ infections with Omicron, both after vaccination as well as previous infection (23, 24). Since much of the population was exposed to WT virus and/or vaccine (31), the results of this study are relevant for a substantial portion of the global population and, given the ubiquity of Omicron exposure (32, 33), re-creating the immune status of our cohort will be impossible.

Given the difficulties in performing SARS-CoV-2 neutralization or cellular immunity tests, identifying correlates of protection from available humoral testing is important (34). Since all vaccines against SARS-CoV-2 immunize with spike protein (4, 5), spike antibody levels after vaccination are elevated and may not reflect neutralizing antibody activity (35). Prior work also suggests that total SARS-CoV-2 antibody levels may predict risk for breakthrough infections (36). In this study, we were able to associate both infection and immune status to neutralization capacity, providing a stratification approach from clinical antibody testing for risk of infection. Also, given the many individuals infected during recent Omicron waves, nucleocapsid responses may be important for understanding future COVID-19 infection risk.

Despite our large and diverse cohort, our study has limitations. All participants that were both infected and vaccinated were always infected prior to vaccination. We cannot determine whether individuals vaccinated and subsequently infected would have the same neutralization profiles. Furthermore, booster doses were not available during the study period. However, most individuals in the United States are vaccinated adults without booster shots, so our data remain relevant.

In conclusion, individuals with a history of infection followed by vaccination have higher neutralizing antibody levels for all variants compared to those with vaccination or infection alone. Among individuals infected or vaccinated with WT SARS-CoV-2, viral neutralization capacity was highest for WT and Delta and was much lower for Omicron. Importantly, SARS-CoV-2 vaccine induced immunity wanes significantly over time but when combined with infection is much more persistent. Infection status and clinical antibody testing can provide insight into SARS-CoV-2 neutralization capacity, which is useful given the logistic constraints of neutralization testing. These findings help to explain the high rates of vaccine breakthrough infection observed with the Omicron variant and support the use of vaccine boosters after infection.
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Introduction

While antibodies raised by SARS-CoV-2 mRNA vaccines have had compromised efficacy to prevent breakthrough infections due to both limited durability and spike sequence variation, the vaccines have remained highly protective against severe illness. This protection is mediated through cellular immunity, particularly CD8+ T cells, and lasts at least a few months. Although several studies have documented rapidly waning levels of vaccine-elicited antibodies, the kinetics of T cell responses have not been well defined.



Methods

Interferon (IFN)-γ enzyme-linked immunosorbent spot (ELISpot) assay and intracellular cytokine staining (ICS) were utilized to assess cellular immune responses (in isolated CD8+ T cells or whole peripheral blood mononuclear cells, PBMCs) to pooled peptides spanning spike. ELISA was performed to quantitate serum antibodies against the spike receptor binding domain (RBD). 



Results

In two persons receiving primary vaccination, tightly serially evaluated frequencies of anti-spike CD8+ T cells using ELISpot assays revealed strikingly short-lived responses, peaking after about 10 days and becoming undetectable by about 20 days after each dose. This pattern was also observed in cross-sectional analyses of persons after the first and second doses during primary vaccination with mRNA vaccines. In contrast, cross-sectional analysis of COVID-19-recovered persons using the same assay showed persisting responses in most persons through 45 days after symptom onset. Cross-sectional analysis using IFN-γ ICS of PBMCs from persons 13 to 235 days after mRNA vaccination also demonstrated undetectable CD8+ T cells against spike soon after vaccination, and extended the observation to include CD4+ T cells. However, ICS analyses of the same PBMCs after culturing with the mRNA-1273 vaccine in vitro showed CD4+ and CD8+ T cell responses that were readily detectable in most persons out to 235 days after vaccination.



Discussion

Overall, we find that detection of spike-targeted responses from mRNA vaccines using typical IFN-γ assays is remarkably transient, which may be a function of the mRNA vaccine platform and an intrinsic property of the spike protein as an immune target. However, robust memory, as demonstrated by capacity for rapid expansion of T cells responding to spike, is maintained at least several months after vaccination. This is consistent with the clinical observation of vaccine protection from severe illness lasting months. The level of such memory responsiveness required for clinical protection remains to be defined.
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Introduction

The mRNA vaccines against SARS-CoV-2 have had a remarkable impact reducing morbidity and mortality of the COVID-19 pandemic. They encode the spike protein to elicit two major classes of adaptive immune responses, including neutralizing antibodies and T cells. These responses appear to have rather distinct roles in protection, with antibodies predominantly reducing early symptomatic infection and T cells (particularly the CD8+ cytotoxic subset) preventing severe illness and death after infection (1–4).

It has become clear that vaccine protection has limited durability, resulting in recommendations for intermittent “booster” vaccinations (5). Many studies have demonstrated the rapid decay of anti-spike antibodies elicited by vaccination (6–15), as well as those from SARS-CoV-2 infection (16–26). This is likely a factor in the high frequency of “breakthrough” infections and re-infections among vaccinees (27–32) and COVID-19-recovered persons (33–37), although variation of the spike sequence (particularly the receptor binding domain that is the main target of neutralizing antibodies) is a major contributor (13, 29, 38–42). Vaccine protection from severe illness has been more durable (43–45), which might be due at least in part to cellular immunity and epitope sequences being less affected by spike sequence variation than neutralizing antibodies (38, 46–50). However, protection by vaccines against severe illness also appears to decline with time (31, 43, 51–53), suggesting the waning of cellular immunity as well.

The contribution of waning cellular immunity is unclear, and the kinetics of T cell responses are not well understood. Early trials of mRNA-1273 (54) and BNT162b2 (55) mRNA vaccines documented cellular immune responses, subsequently confirmed by several groups that have described both CD4+ and CD8+ T cell anti-spike responses elicited by vaccination (56–58). Detailed data on the long-term persistence of these responses and those from SARS-CoV-2 infection have been limited, although some reports have suggested at least some waning of both vaccine-elicited (14, 59, 60) and infection-elicited (61, 62) responses over months. Here we investigate the durability of cellular immune responses against SARS-CoV-2 spike protein, comparing those elicited by mRNA vaccines versus SARS-CoV-2 infection.



Methods


Study participants

All participants gave written informed consent through an institutional review board-approved protocol at the University of California Los Angeles. Persons with immunocompromising conditions such as diabetes mellitus, HIV-1 infection, or iatrogenic immunosuppression were excluded. Vaccinee participants had no prior history of COVID-19, and negative antibodies against the receptor binding domain (RBD) of the SARS-CoV-2 spike protein before vaccination. Participants who were COVID-19-recovered persons had been infected in January 2021 or earlier.



Samples

PBMC were separated by Ficoll density gradient centrifugation and cryopreserved viably in heat-inactivated fetal calf serum with 10% dimethylsulfoxide for storage in vapor phase liquid nitrogen. They were thawed immediately before experimental use.



CD8+ T cell IFN-γ ELISpot assays

Spike-specific CD8+ T cell responses were quantified using expanded CD8+ T cells as previously described in detail (61) and shown to produce results closely reflecting measurements using unexpanded peripheral blood CD8+ T cells (63–65). In brief, peripheral blood mononuclear cells (PBMC) were non-specifically expanded for approximately 14 days using a CD3:CD4 bi-specific antibody (generous gift of Dr. Johnson Wong). These were screened in a standard ELISpot assay against 12 peptide pools of 15-mer synthetic peptides spanning the SARS-CoV-2 spike protein (BEI Resources catalog #NR-52402). Negative control wells included triplicate wells with no peptide, duplicate wells with pooled peptides spanning the SARS-CoV-2 nucleocapsid protein, and duplicate positive control wells included phytohemagglutinin (PHA). Counts from each well were background subtracted using the average count from the negative control wells, and the total spike response was determined as the sum of all 12 peptide pool wells. Results totaling ≤ 50 spot forming cells (SFC) per million CD8+ T cells were considered negative, based on a prior ELISpot validation study (66).



Anti-RBD antibody measurements

Serum immunoglobulin G SARS-CoV-2 spike RBD-specific antibodies were quantified as described in detail (6). Briefly, duplicate serum samples were added to 96-well microtiter plates that had been coated with recombinant RBD protein. After washing, goat anti-human IgG conjugated with horseradish peroxidase was added, followed by washing and addition of tetramethylbenzidine substrate. Measurements were performed at 450 and 650 nm, and the results were compared to a standard curve generated by a control titration of the anti-RBD monoclonal antibody CR3022 (Creative Biolabs, Shirley, NY). Serum anti-RBD IgG binding activity was expressed as equivalence to a concentration of CR3022.



Assessment of spike-specific T cells by intracellular cytokine staining (ICS) flow cytometry

ICS staining and flow cytometry were performed as described in detail (61), except differing in the peptide target. In brief, PBMC were incubated with pooled overlapping 15-mer peptides spanning spike (67) containing 1µg/ml each peptide, with brefeldin A (catalog #00-4506-51, eBioscience, San Diego, CA) and monensin (#00-4505-51, eBioscience, San Diego, CA), followed by surface staining with CD3-Super Bright 436, CD8-Super Bright 600, CD4 PE-Cy7, and Fixable Aqua viability dye (catalog #62-0037-42/eBioscience/San Diego/CA, #63-0088-42/eBioscience/San Diego/CA, #25-0049-42/San Diego/CA, and #L34957/Invitrogen/Waltham/MA respectively), permeabilization (catalog #00-5523-00, eBioscience, San Diego, CA), and intracellular cytokine staining for IFN-γ-FITC, IL-2-PerCP-Cy5.5, IL-4-PE, and IL-10-APC (catalog #506504/Biolegend/San Diego/CA, #500322/Biolegend/San Diego/CA, # 130-091-647/Miltenyi Biotec/Bergisch Gladbach/Germany, and #506807/Biolegend/San Diego/CA respectively) followed by flow cytometric analysis.



Culture of PBMC with mRNA-1273 vaccine for enriched detection of memory T cells targeting spike

When PBMC were utilized to measure anti-spike T cell responses by ICS immediately upon thawing, a portion was cultured with the mRNA-1273 vaccine in vitro. One to two million PBMC per well were cultured in RPMI 1640 (supplemented with L-glutamine, HEPES buffer, and antibiotic) with recombinant human IL-2 at 50U/ml (NIH AIDS Reagent Repository Program) and initially added mRNA-1273 vaccine (Moderna) at the specified concentration, in 24-well flat bottom tissue culture plates. Medium was replenished twice a week for about 14 days of culture, after which the cells were evaluated by ICS for anti-spike T cell responses as described above, with viable cryopreservation of a portion. If this analysis yielded fewer than 10,000 events in the CD4+ or CD8+ T cell compartments, ICS was repeated on the cryopreserved cells and weighted averaging was performed to combine the results.




Results


Longitudinal evaluation of CD8+ T cell responses by IFN-γ ELISpot assay after mRNA vaccination against SARS-CoV-2 demonstrates remarkably short-lived detection compared to natural infection, while antibody responses showed classical kinetics

To demonstrate the acute kinetics of anti-spike CD8+ T cell responses to mRNA SARS-CoV-2 vaccination in detail, IFN-γ ELISpot assays were performed serially for SARS-CoV-2-naïve persons every two to four days after receiving BNT162b2 vaccination (Figures 1A, B). Detection of anti-spike responses was surprisingly short-lived, demonstrating sharp peaks lasting less than 10 days after each dose. However, humoral responses exhibited more typical kinetics; anti-RBD antibodies rose with persistence and progressive boosting after each dose. By comparison, a third person who got ChAdOx1-S vaccination (Figure 1C) showed different CD8+ T cell response kinetics, with a later initial anti-spike response that persisted to the second vaccine dose, although the second peak was minimal. In this person, the anti-RBD antibody level kinetics also evolved with similar kinetics to the mRNA vaccinees. These results suggested that mRNA vaccines yielded distinct kinetics compared to other vaccine platforms that yield CD8+ T cell responses.




Figure 1 | Transience of peripheral blood SARS-CoV-2 spike-specific CD8+ T cells elicited by mRNA vaccination compared to natural infection, as assessed by IFN-γ ELISpot. Spike-specific CD8+ T cells were assayed by IFN-γ ELISpot assay using pooled overlapping peptides.  (A, B) Serial CD8+ T cell responsesc against spike (open circles) and IgG responses against the spike RBD (Xs) are plotted for two SARS-CoV-2-naïve persons who received the BNT162b2 vaccine. The X-axis starts with the first vaccine dose, and the timing of the second dose is indicated by an arrow. (C) Serial CD8+ T cell responsesc against spike (closed squares) and IgG responses against the spike RBD (Xs) are plotted for a SARS-CoV-2-naïve person who received the ChAdOx1-S vaccine. The X-axis starts with the first vaccine dose, and the timing of the second dose is indicated by an arrow. (D) CD8+ T cell spike-specific responses are plotted for 25 persons who were SARS-CoV-2-naïve after the first vaccine dose with BNT162b2 (16 persons, 20 data points, circles) or mRNA-1273 (9 persons, 9 data points, triangles).  (E) CD8+ T cell spike-specific responses are plotted for 24 persons who were SARS-CoV-2-naïve after the second vaccine dose with BNT162b2 (15 persons, 20 data points, circles) or mRNA-1273 (9 persons, 9 data points, triangles).  (F) CD8+ T cell spike-specific responses are plotted for 45 COVID-19-recovered persons according to time after symptom onset (diamonds).





Cross-sectional evaluation of additional mRNA vaccinees confirms similar kinetics of CD8+ T cell responses, which differ from the kinetics after natural SARS-CoV-2 infection

More SARS-CoV-2-naïve mRNA vaccinees were evaluated for CD8+ T cell responses by IFN-γ ELISpot cross-sectionally after the first (Figure 1D) and second (Figure 1E) vaccine doses (25 and 24 persons respectively). This analysis revealed results consistent with the detailed longitudinal evaluations. By comparison, cross-sectional evaluation of recently COVID-19-recovered persons exhibited more stable anti-S CD8+ T cell responses over a similar time span (Figure 1F). These results overall confirmed that the frequency of detectable anti-spike CD8+ T cells elicited by mRNA vaccination is very short-lived, and that these kinetics differ from natural infection and likely other vaccine types.



Evaluations by intracellular cytokine staining of both CD4+ and CD8+ T cell responses by elicited by mRNA vaccination against SARS-CoV-2 similarly reveal short-lived detection of CD4+ T cell responses

To further confirm the ELISpot findings and extend analyses to CD4+ T cells, peptide-stimulated intracellular IFN-γ staining was performed (Figure 2) to assess anti-spike responses on vaccinees cross-sectionally. By this assay, minimal CD4+ and CD8+ T cell responses were detectable from 13 and 235 days after completing vaccination (Figures 3A, B), consistent with the above ELISpot assay results on CD8+ T cells alone. These findings extended the finding of short-lived detection of T cell responses to spike after mRNA vaccination to the CD4+ T cell compartment as well, with both CD8+ and CD4+ T cell responses falling below a detectable frequency of 0.01% within days after vaccinations.




Figure 2 | Example of intracellular cytokine staining for CD4+ and CD8+ T cell responses against SARS-CoV-2 spike. PBMC from a person 13 days after symptom onset of COVID-19 were cultured in the absence or presence of overlapping 15-mer synthetic peptides spanning the SARS-CoV-2 spike protein and assessed for production of IFN-γ, IL-2, IL-10 (not shown) and IL-4 (not shown) by intracellular cytokine staining and flow cytometry. Controls included cells cultured without peptides and PMA-ionomycin stimulated cells.






Figure 3 | CD4+ and CD8+ T cell responses against spike measured by IFN-γ intracellular cytokine staining after mRNA SARS-CoV-2 vaccination versus natural infection. Background-subtracted values are plotted for CD4+ and CD8+ T cell spike-specific IFN-γ productiondetermined as shown in Figure 2.  (A) CD4+ T cell responses are plotted for 22 persons vaccinated with BNT162b2 (18 points from 16 persons, circles) or mRNA-1273 (7 points from 6 persons, triangles). Time points ranged from 13 to 235 days after the second vaccine dose. Only one response was detectable above 0.01% frequency. (B) CD8+ T cell responses measured in parallel are plotted for the same 22 persons in (A) Only one response was detectable above 0.01% frequency. (C) CD4+ T cell responses are plotted for 25 COVID-19-recovered persons ranging from 15 to 49 days after symptom onset. 17/25 (68.0%) had responses greater than 0.01%. (D) CD8+ T cell responses are plotted for the same 25 persons in (C) Again, 17/25 (68.0%) had responses greater than 0.01%. (E) The frequencies of responding CD4+ and CD8+ T cells from (C, D) are compared, demonstrating Pearson correlation r2 = 0.66, p<0.00001.





Intracellular cytokine staining also reveals longer-lived CD4+ and CD8+ T cell responses from natural infection compared to mRNA vaccination

Evaluation of COVID-19-recovered persons by intracellular cytokine staining was performed for comparison to mRNA vaccination. In contrast to mRNA vaccination, both CD4+ and CD8+ T cell responses against spike were readily observable up to 50 days after symptom onset in COVID-19-recovered persons with relative stability over this time span (Figures 3C, D). The magnitudes of anti-spike CD4+ and CD8+ T cell responses correlated positively (Figure 3E). Simultaneously assayed anti-spike T cells producing IL-4 or IL-10 were minimal for vaccinees (Supplementary Figures 1, 2), whereas several COVID-19-recovered persons exhibited IL-4 but not IL-10 responses (Supplemental Figure S3) of unclear significance. Overall, these findings confirmed that cellular immune responses elicited by COVID-19 were more persistent compared to those from mRNA vaccination.



Capacity to detect vaccine-elicited anti-spike memory T cell responses by culture of PBMC with lipid nanoparticle mRNA spike vaccine in vitro

To investigate whether the fall of vaccine-elicited spike-specific T cell responses below detection indicated the absence of immune memory, we developed a novel assay for enriching memory T cells against SARS-CoV-2 spike (Figure 4). Conditions were established showing that in vitro culture of PBMCs with the mRNA-1273 vaccine at an optimal concentration of 125 mg/ml mRNA-1273 vaccine maximized expansion of memory T cells targeting spike-specific T cells, after which they could be readily detected by intracellular cytokine staining for IFN-γ (Supplemental Figure S4). Lower concentrations resulted in less enrichment, while higher concentrations were toxic. The results demonstrated the capacity of this assay to enrich low frequency memory T cell responses against spike in PBMC to be readily detectable.




Figure 4 | PBMC cultured with the mRNA-1273 vaccine in vitro reveal enrichment of spike-specific memory CD4+ and CD8+ T cell responses . An example is shown for detection of spike-specific T cells (as described in Figure 2.) in PBMCs from a SARS-CoV-2-naïve person who had completed vaccination with mRNA-1273 128 days prior. Top row: The PBMC were directly tested for T cell reactivity against spike. Bottom row: Prior to testing, the PBMC were cultured with the addition of mRNA-1273 vaccine for 14 days before testing for spike-specific T cells.





Despite being undetectable in standard IFN-γ-based assays, vigorous mRNA vaccine-elicited T cell memory responses against spike persist for months after vaccination

Given the above-noted overall lack of directly detectable responses in vaccinees 13 to 235 days after completed vaccination (Figures 3A, B), the memory T cell assay described above was utilized using the same PBMC samples. This evaluation demonstrated detectable spike-specific CD4+ and CD8+ T cell responses detected by IFN-γ production after culturing with mRNA-1273 for the majority of persons (Figures 5A, B). These memory responses generally correlated between the CD4+ and CD8+ T cell compartments (Figure 5C). Parallel analysis for spike-specific IL-4 and IL-10 production revealed minimal enrichment by culturing with mRNA-1273 vaccine (Supplementary Figures 1C, D and 2C, D). In sum, these findings confirmed vigorous persisting mRNA vaccine-elicited memory T cell responses against spike despite their lack of detection in standard IFN-γ-based T cell assays.




Figure 5 | Vaccine-elicited spike-specific memory CD4+ and CD8+ T cells are persistent. In parallel to Figure 3 panels A and B, the same PBMC from 22 vaccinees were assessed for spike-specific T cell memory responses as shown in Figure 4.  (A) 22/25 (88.0%) vaccinees had detectable spike-specific CD4+ T cell memory responses of greater than 0.01% frequency (14/18 BNT162b2 vaccinees, circles, and 7/7 mRNA-1273 vaccinees, triangles).  (B) 18/25 (76.0%) vaccinees had detectable CD8+ T cell memory responses greater than 0.01% frequency (15/18 BNT162b2 vaccinees, circles,  and 4/7 mRNA-1273 vaccinees, triangles).  (C) The frequencies of spike-specific memory CD4+ and CD8+ T cells after in vitro enrichment are compared, demonstrating Pearson correlation r2 = 0.49, p<0.0001.






Discussion

Study of the durability of antiviral immune responses after vaccination in general has mostly centered on antibodies, and has been observed to vary drastically for different vaccines and pathogens. In one study comparing several common vaccines, antibody half-lives ranged from 11 years for tetanus to more than 200 years for measles (68). The determinants of humoral immune durability are not entirely clear, but durability may relate to the vector (69–71) or vary by the target antigen itself (72, 73), and may be affected by factors such as cross-reactivity with other antigens that act to restimulate memory (74). For COVID-19 vaccines, the majority of studies have observed vaccine-elicited antibodies declining to low levels over weeks to months. Because infection-elicited anti-spike antibodies also decline rapidly after recovery from SARS-CoV-2 infection, it is likely that this reflects an intrinsic property of the spike protein rather than the mode of vaccine delivery. Given the rapid decline of protective antibodies for other common human coronaviruses and susceptibility to reinfection within months (75), this is not surprising and may be a shared property of coronaviruses.

The durability of antiviral cellular immunity, particularly CD8+ T lymphocytes (CTLs), is far less well defined. Accessing the human leukocyte antigen class I pathway generally has required using live vaccines such as vaccinia. Given the eradication of smallpox and cessation of vaccinia vaccination, vaccinia reactivity has been studied to address the issue of cellular immune memory. While antibody responses against vaccinia appear to be stable for many decades after vaccination (76), the cellular immune response including CTLs appears to wane to undetectable levels by sensitive ELISpot assays within about two to three decades (77–79). However, in vitro enrichment assays using vaccinia stimulation of PBMC demonstrated durable memory lasting five decades or more (77, 80). The degree to which memory detected in this manner would be protective against infection is unknown, although evaluations of vaccinees during smallpox outbreaks have suggested that protection may persist for many decades or life (81–83).

In comparison to vaccinia, our findings demonstrate strikingly rapid waning of mRNA vaccine-generated circulating spike-specific CTL to undetectable levels within days, not decades. In comparison, we observe that infection-generated spike-specific responses decay more gradually over months (61), which may explain why some have observed CTL responses after infection but failed to find them in COVID-naïve vaccinees (38). The observation that anti-spike memory can be detected after using mRNA-1273 vaccine to enhance responses in PBMC parallels analogous findings that vaccinia can be used to enhance memory responses that are otherwise below the limit of detection by IFN-γ ELISpot (77, 80).

Our methodology for detecting memory T cell responses against SARS-CoV-2 spike protein is novel for its use of the mRNA-1273 as an in vitro stimulus, but the general strategy of antigen-specific stimulation to enrich memory T cells for ELISpot detection has been utilized widely. As mentioned above, vaccinia infection of PBMC has been employed to reveal memory responses against vaccinia (77, 80), and this approach has been applied for other indications typically using small peptide antigens (84–87). While the generation of de novo T cell responses from naïve T cells rather than expansion of low-level memory responses by such protocols is a theoretical caveat to our approach, experimentally doing so purposely has been a technically challenging goal that requires dedicated enrichment and differentiation of specialized dendritic cells (88–91).

In agreement with prior studies on T cell responses to SARS-CoV-2 infection (92–94), we found persistence of responses over many months. However, our parallel evaluations of vaccine-elicited spike-specific T cell responses showed rapid decay to undetectable levels (by IFN-γ ELISpot) shortly after vaccination but persistence as detectable memory after spike-specific in vitro enrichment. In contrast to this finding, Goel et al. found an early contraction phase of the T cell response over the first three months after vaccination, with CD4+ and CD8+ T cell responses having half-lives of 47 and 24 days respectively (60). Methodologic differences likely contribute to these discordant results; they measured responses using activation markers in only the memory T cell subset, while we evaluated IFN-γ production in the total T cell population. Additionally, they assumed a steady decay rate using three time points around 20, 90, and 180 days after vaccination, while our analysis focused more closely on earlier time points. Our findings also contrast with those of Bonnet et al. (14), likely due to differences in methodology. As opposed to identifying cell frequencies by ELISpot or flow cytometry, they used a whole blood IFN-γ release assay to evaluate responses three and six months after vaccination and noted a decline over that time. Finally, our results are generally compatible with those of Lozano-Rodriguez et al. (59). They detected both early (~4 days after vaccination) and late (~8 months after vaccination) T cell responses through cytokine production and proliferation after stimulating PBMC with an overlapping peptide pool spanning spike. Thus, they also measured in vitro enriched memory T cell responses. They additionally noted dropping memory over time; we did not see reduced memory over a similar time span, but our analysis was cross-sectional and theirs was longitudinal.

The reasons for our observation of extremely rapid decay of anti-spike cellular immune responses after mRNA vaccinations are unclear. In contrast to CTL responses to vaccinia (77–79) or yellow fever (95) that persist over years, overall T cell responses to natural infection decay over months (61, 62) and spike-specific responses are shorter-lived than those against nucleocapsid (61). Thus, spike targeting appears intrinsically to be relatively short-lived compared to T cell responses against other pathogens. The mRNA vaccine-induced responses are still even more remarkably short-lived than those in natural infection, suggesting that the mRNA vaccine format may additionally contribute to particularly rapid decay of T cell responses. Whether this is due to the brevity of mRNA persistence and antigen expression remains to be determined, but this would be consistent with an observation that the adenoviral Ad26.COV2.S vaccine appears to give more durable cellular responses than the mRNA BNT162b2 vaccine (40).

The clinical implications of the observed rapid drop in circulating cellular immunity to undetectable levels after mRNA vaccination are unclear. Because protection from severe illness, which is predominately mediated by cellular immunity, lasts many months after mRNA vaccination (31, 43, 51–53), the lack of detection by IFN-γ ELISpot does not indicate inadequate frequency of cellular immune memory cells. This suggests that the required frequency for protection falls below the lower limit of reliable detection by ELISpot, which is generally about 50 SFC/million cells, or 0.005%. Culture of PBMC with the mRNA-1273 vaccine demonstrates the persistence of memory for many months after vaccination. This memory enrichment assay is at best semi-quantitative and our analysis is cross-sectional, so our data do not reveal a decay rate for memory below the limit of ELISpot detection that could be utilized to estimate a protective level of memory T cells. Finally, this raises questions about the utility of commonly utilized assays of T cell responses, such as ELISpot and intracellular cytokine staining, as correlates of immunity.

In summary, we find that cellular immune responses targeting spike typically decline to low frequencies below the limit of detection of standard assays remarkably quickly after mRNA vaccination (within days), while responses elicited by SARS-CoV-2 are more persistent (months). However, culture of PBMC from vaccinees with mRNA-1273 vaccine results in consistent enrichment of detectable T cell responses at least 8 months after vaccination, indicating persistence of memory. This is consistent with clinically observed protection from severe illness that lasts several months after vaccination, and raises questions regarding the utility of common assays of T cell responses as correlates of immunity. These findings are similar to studies of vaccinia cellular immunity and protection from smallpox, although T cell responses against vaccinia decay to undetectable levels over about two decades while remaining detectable after PBMC culture with vaccinia to enrich memory responses. Overall, our results suggest that the levels of memory T cells required for protective immunity against severe COVID-19 persist at least several months despite being too low to detect by standard assays. The threshold required for protection from severe disease remains to be determined.
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 Objective

Vaccination is effective tool for preventing and controlling SARS-CoV-2 infections, and inactivated vaccines are the most widely used type of vaccine. In order to identify antibody-binding peptide epitopes that can distinguish between individuals who have been vaccinated and those who have been infected, this study aimed to compare the immune responses of vaccinated and infected individuals.


 Methods

SARS-CoV-2 peptide microarrays were used to assess the differences between 44 volunteers inoculated with the inactivated virus vaccine BBIBP-CorV and 61 patients who were infected with SARS-CoV-2. Clustered heatmaps were used to identify differences between the two groups in antibody responses to peptides such as M1, N24, S15, S64, S82, S104, and S115. Receiver operating characteristic curve analysis was used to determine whether a combined diagnosis with S15, S64, and S104 could effectively distinguish infected patients from vaccinated individuals.


 Results

Our findings showed that the specific antibody responses against S15, S64, and S104 peptides were stronger in vaccinators than in infected persons, while responses to M1, N24, S82, and S115 were weaker in asymptomatic patients than in symptomatic patients. Additionally, two peptides (N24 and S115) were found to correlate with the levels of neutralizing antibodies.


 Conclusion

Our results suggest that antibody profiles specific to SARS-CoV-2 can be used to distinguish between vaccinated individuals and those who are infected. The combined diagnosis with S15, S64, and S104 was found to be more effective in distinguishing infected patients from those who have been vaccinated than the diagnosis using individual peptides. Moreover, the specific antibody responses against the N24 and S115 peptides were found to be consistent with the changing trend of neutralizing antibodies.




 Keywords: SARS-CoV-2, asymptomatic infections, antibody response, peptide microarrays, vaccination 

  1 Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic, which started at the end of December 2019, has caused tremendous damage to global health and economic development. It is an infectious respiratory disease caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a single-stranded positive-sense RNA virus that is highly unstable and prone to mutation (1).

The mutation rate of SARS-CoV-2 is estimated to be 8 x 10-4/site/year, 1/6 to 1/21 of the mutation rate of influenza viruses (2, 3). This has led to the emergence of several variants of the virus, such as the Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) variants (4). In light of this, understanding the specificity of immunity against SARS-CoV-2 proteins is of increasing importance in order to determine how antibody response proteins change in humans and the effect on natural immunity and vaccine-induced immunity (5).

To this end, conventional antibody detection methods such as serological detection and indirect immunofluorescence have been adapted and supplemented by the use of protein microarrays (6). In such microarrays, small molecules like polypeptides and proteins are immobilized on microfabricated surfaces to enable high-throughput screening studies (7). These proteinchips are useful for screening unknown antibodies to certain antigens, using the affinity of components to certain proteins as an indicator (8). A SARS-CoV-2 proteome chip has been developed to provide an effective tool for the diagnosis of COVID-19, with high accuracy, low sample consumption, and a simple and rapid operation (9).

In the past decade, there has been an alarming increase in the number of outbreaks caused by severe acute respiratory syndrome (SARS), Ebola, and coronavirus variants, highlighting the importance of rapid disease diagnosis and vaccine development (10). To this end, the identification of biomarkers and the development of antigenic targets for vaccines has become of paramount importance. Peptide microarrays are a powerful tool in this regard, as they can display numerous putative target proteins that can be rapidly translated into overlapping linear (and cyclic) peptides for multiplexed high-throughput antibody analysis (11).

The coronavirus spike (S) protein is a characteristic structural component of the viral envelope and has been identified as a key target for vaccines to prevent infection (12). Several experiments have been conducted to date on constructing SARS-CoV-2 antigen microarrays as diagnostic tools, analyzing peptides to predict vaccination efficacy (13), and accurately assessing the impact of COVID-19 in epidemics (14). Differentiation and diagnosis are essential for vaccine development. For this purpose, in this study, we conducted microarray screening for the full-length SARS-CoV-2 proteins in patients and healthy cohorts, and identified 11 peptides with a high response in patients (M1, N16, N24, S15, S39, S44, S64, S82, S95, S104, and S115). SARS-CoV-2-specific antibody profiles can reliably distinguish COVID-19 patients from vaccinated and asymptomatic individuals, providing a valuable tool for large-scale population surveillance studies to accurately estimate the true prevalence of the disease.


 2 Materials and methods

 2.1 Ethics approval

This study was conducted in accordance with the ethical principles of the Declaration of Helsinki and was approved by the Medical Ethics Committee of the First Affiliated Hospital of Guangzhou Medical University (ethics approval no. gyfyy-2021-31) and Guangzhou Eighth People’s Hospital (202002135). Written informed consent was obtained from all participants prior to the study, in strict adherence to the ethical standards outlined in the Declaration of Helsinki.


 2.2 Volunteers and patients characteristics and study design

Forty-four healthy adult volunteers (n = 44) were randomly selected for follow-up visits before, one month after each of the three doses of the inactivated COVID-19 vaccination BBIBP-CorV, and were randomly selected for follow-up visits before immunization (before the first dose, i.e., healthy subjects, V1), one month after the first injection (V1+30), one month after the second injection (V2+30), and one month after the booster injection (V3+30). Out of these 44 volunteers, 22 had a hypoimmune response, indicating that no effective neutralizing antibody (NAb) was produced one month after the second dose, defined as virus neutralization test (VNT) <8, while the remaining 22 volunteers exhibited a hyperimmune response (VNT ≥16).

Furthermore, 61 patients with SARS-CoV-2 infection, confirmed using real-time quantitative polymerase chain reaction (RT-qPCR) and hospitalized in Guangzhou Eighth People’s Hospital, were divided into three groups according to the severity of their disease: 18 asymptomatic patients (AP), 33 mildly-symptomatic patients (MP), and 10 severely-symptomatic patients (SP). As asymptomatic infections do not develop symptoms, the day on which the nucleic acid test was first positive was defined as day 0.


 2.3 Blood collection and preparation

Peripheral blood samples were collected from the antecubital vein after an overnight fast in 10 ml EDTA and 5 ml Serum-Gel tubes. The tubes were immediately centrifuged at 3000 rpm at 4°C for 10 minutes to separate the plasma and serum, respectively. Following centrifugation, all samples were aliquoted into 0.5 ml tubes and stored at -80°C until further processing. Plasma was used for live-virus neutralization assay and serum was used for antibodies and peptide microarrays detection.


 2.4 RT-PCR-based detection and SARS-CoV-2 infection determination

Nucleic acids were extracted from samples primarily collected from nasopharyngeal tissue. The extraction was conducted according to the instructions of a commercial viral RNA extraction kit (DaAn Gene Co., Ltd., Sun Yat-sen University, China). Subsequently, reverse transcription-polymerase chain reaction (RT-PCR) assay kits targeting the SARS-CoV-2 open reading frame1ab (ORFlab) and nucleocapsid (N) gene regions were acquired from DaAn Gene Co., Ltd. (Guangzhou, China). All extraction and testing processes were conducted in accordance with scientific reporting standards.


 2.5 Peptides

The amino acid sequence of the SARS-CoV-2 strain (MN908947) was analyzed and the 20-mer peptides with an overlap of 10 amino acid (aa) residues, partially covering four structural proteins of SARS-CoV-2 (i.e., Spike, Envelope, Membrane, and N proteins), were chemically synthesized by GenScript (Jiangsu, China). The microarray yielded 131 peptides ( Table S1 ). In order to assess the protein-peptide interactions, a peptide and protein hybrid microarray (PPHM) was designed using RBD (GenScript, Jiangsu, China), (S1+S2) ECD (Sino Biological, Beijing, China) and the Nucleotide protein (N protein, VACURE Biotechnology, Sichuan, China) and 131 peptides of SARS-CoV-2, which finally yielded 136 peptides and proteins in total. Each well of the chip had a 4x4 rectangular microarray, with three human immunoglobulin G (IgG)-positive controls and one negative control in the four corners. The PPHM was screened to obtain the indicated peptides for detecting COVID-19 patients with both high sensitivity and high specificity, detailed descriptions was showed in supplementary material (Appendix 1). The probes included in the center of the microarray were M1, N16, N24, S15, S39, S44, S64, S82, S95, S104, and S115 (see  Table 1 ).

 Table 1 | Peptide sequences. 




 2.6 Detection of peptide binding antibodies in serum by microarray

The screening process was conducted following the same procedure as described previously (15) with minor modifications and using the indirect enzyme-linked immunosorbent assay (indirect ELISA) principle. To begin, diluted serum (100-fold) was prepared using a serum-dilution buffer containing 1% bovine serum albumin, 1% casein, 0.5% sucrose, 0.2% polyvinylpyrrolidone, 0.5% Tween 20 in 0.01 M phosphate-buffered saline (PBS, pH 7.4). A 100 μL sample of the diluted serum was then added to each microarray well and incubated with a peptide microarray for 30 minutes on a shaker (500 rpm, 37°C). The microarray well incubated with just serum-dilution buffer served as a negative control. Subsequently, the microarray was washed three times with 0.01 MPBS-Tween (PBST, pH 7.4) and then incubated with 100 μL of horseradish peroxidase (HRP)-conjugated anti-human IgG (ZSGB-BIO, Beijing, China) for a further 30 minutes on a shaker (500 rpm, 37°C). Following this, any unbound HRP-conjugated anti-human IgG was washed away with PBST and 100 μL of 1-step Ultra TMB-Blotting Solution (Thermo Scientific) was used to detect any informative signal of IgGs against peptide probes using a microarray imager (Suzhou Epitope, China). The data were then processed using UVC instrument V1.0 software (version Epitope Company, Suzhou, China). The signal for each dot was calculated by subtracting the background signal from the readout signal: Signal dot = Signal readout - Signal background. The cut-off value for each probe was set at 10.


 2.7 Focus reduction neutralization test

The FRNT was conducted in a certified biosafety laboratory for live-virus neutralization assay. Briefly, plasma samples were continuously diluted and mixed with 50 µL SARS-CoV-2 virus suspension (100 virus focal forming units, FFU) in a 96-well plate, followed by incubation at 37°C for 1 hour. The mixture was then transferred to a 96-well plate inoculated with Vero E6 cells (ATCC, Manassas, VA) and incubated for an additional hour at 37°C to allow for viral entry into the cells. Subsequently, the cell culture medium was removed and replaced with a covering medium (125 ml 1.6% carboxymethyl cellulose, CMC). The plates were then incubated at 37°C for 24 hours. After removal of the covering, the cells were fixed with 4% paraformaldehyde solution for 30 minutes. Subsequently, cells were permeabilized with 0.2% Triton X-100 and incubated with cross-reactive rabbit Anti-SARS-CoV-N IgG 40143R001 at 37°C for 1 hour, followed by incubation with HRP-conjugated goat anti-rabbit IgG (high+low) antibody (diluted at 1:4,000) (Catalog number:111-035-144, Jackson ImmunoResearch, West Grove, PA). After an additional incubation at 37°C for 1 hour, KPL TrueBlue peroxidase substrate (Seracare Life Sciences Inc., Milford, MA, USA) was used as catalyst for the reaction. Finally, an Elispot reader (Cellular Technology Ltd., Shaker Heights, OH) was employed to calculate the number of SARS-CoV-2 lesions.


 2.8 Statistical analysis

Statistical analyses were conducted with SPSS software (version 25.0). The Mann-Whitney U test was used to evaluate the measurement data between the two groups, which are described as median and quartile distances. Spearman’s correlation analysis was used to analyze the correlations between the two groups. Furthermore, the ROC curve and AUC analysis were conducted using R pROC package, while accuracy, sensitivity, specificity, and cutoff value were calculated with R caret and epiR packages. In addition, odds ratio and corresponding 95% confidence intervals (CI) from logistic regression (LR) were calculated using the R-package stats. Finally, Excel and Graph Pad Prism 8.0 (La Jolla, USA) were used for charting. Statistical significance was denoted as follows: * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001.



 3 Results

 3.1 Baseline data

Forty-four healthy volunteers were enrolled in the study and administered three doses of the BBIBP-CorV vaccine. Follow-up was conducted approximately one month after each dose ( Table 2 ). The volunteers were separated into two groups: a hyperimmune response group (n=22), with an average age of 36.14 ± 9.14 years, and a hypoimmune response group (n=22), with an average age of 41.32 ± 5.96 years.  Figure 1  illustrates the corrected sample sizes while the patients returned for follow-up visits.

 Table 2 | Patients and vaccinated baseline data. 



 

Figure 1 | Timepoint of patient follow-up. The abscissa is the patient’s enrolment number, and the ordinate is the day of onset. AP, asymptomatic patients; MP, mildly patients; SP, severely patients. 




 3.2 Peptide-specific response differences between vaccinated with hyperimmune and hypoimmune responses

We conducted an analysis of the peptide-specific antibody responses in 22 hyperimmune and 22 hypoimmune individuals, as indicated by clustered heatmaps ( Figure 2 ). We found that the distribution of the 11 peptides was consistent between the two groups, with no statistically significant difference before the third immunization ( Figure S1 ). Our findings suggest that healthy individuals vaccinated with inactivated COVID-19 vaccines produce similar specific antibody response spectra. However, there was a significant variability in the peptide reactions collected by V3+30, and the hypoimmune group showed significantly lower binding to peptides N22, N24, N40, and S58 and S69 compared to the hyperimmune group, while S82 was the opposite. Therefore, the detection method using short peptide antibodies can effectively distinguish between hypoimmune and hyperimmune vaccinated individuals. As such, antibody testing for COVID-19 peptides may be used as a screening tool for hypoimmune populations, helping to alert them to the need to bolster their immunity.

 

Figure 2 | Heatmaps of peptide-specific responses in vaccinated with hypo- and hyperimmune responses. (A) Vaccinated were divided into two groups: hypoimmune and hyperimmune (green) responses. Regarding Group 1, light to dark (purple) coloration represents the timepoints before immunization, 30 days after the first dose, 30 days after the second dose, and 30 days after the third dose. (B) Peptide reactions collected by V3 + 30 (30 days after the third dose). 




 3.3 Differences in peptide specific responses between vaccinated and infected individuals

A cluster heatmap (Fig 3A was used to illustrate the distribution of peptide-specific responses in 44 vaccinated (V1, V1+30, V2+30, and V3+30) and 61 patients (AP, MP, and SP). Analysis revealed that specific IgG responses to the 11 epitopes were significantly weaker in all vaccinated populations than those in all types of patients. Subsequent analysis of S64, S15, and S104 peptides showed statistically significant differences in the specific IgG responses among healthy persons, infected persons, and vaccinees ( Figures 3B–D ).

 

Figure 3 | Peptide-specific IgG responses of vaccinated and patients. (A) Heatmap of the distribution of peptide-specific reactions between infected individuals and vaccinated. (B–D) Specific responses to selected peptides in healthy populations, vaccinated, and patients. (B) S15; (C) S64; (D) S104. ****P ≤ 0.0001. 




 3.4 Differences of peptide-specific responses among AP, MP, and SP

As shown in  Figure 3A , the specific reactivity of peptides differed between vaccinated and patients, and among patients of different affliction grades. To further investigate this, 18 AP, 33 MP, and 10 SP patients were enrolled and subjected to cluster analysis. Results revealed that the specific reactivity of S64, S15, and S104 peptides in AP was significantly higher than in MP and SP (P ≤ 0.001). However, there was no statistical difference between MP and SP ( Figures 4B–D ). On the other hand, the expression of M1, N24, S82, and S115 peptides in AP was significantly lower than in MP and SP (P ≤ 0.05), with no significant difference between MP and SP observed ( Figures 4E–H ).

 

Figure 4 | Specific IgG responses to selected peptides in asymptomatic, mild, and severe patients. (A) Heatmap of peptide-specific reactions between infected and healthy individuals. (B) S15; (C) S64; (D) S104; (E) M1; (F) N24; (G) S82; (H) S115. Healthy, before immunization; AP, asymptomatic patients; MP, mildly patients; SP, severely patients. *P ≤ 0.05; ***P ≤ 0.001; ****P ≤ 0.0001. 




 3.5 SARS-CoV-2 peptides associated with neutralizing activity against viruses

Screening the antibody-binding activity of the SARS-COV-2 antigen allows for the exploration of existing potential epitopes and characteristics of the infection mechanism, providing a reference for COVID-19 treatment and peptide vaccine development. Therefore, we analyzed the correlation between the SARS-COV-2 peptide-specific IgG response and PRNT50 during infection. According to the correlation heatmap, peptide-specific IgG of M1, N24, S82 and S115 displayed a significant correlation with PRNT50 (0.55, 0.58, 0.58 and 0.73, respectively) (P ≤ 0.05,  Figure 5A ). Multiple linear regression analysis confirmed the significance of the correlation with F = 47.758, P ≤ 0.001, and R = 0.649. Moreover, the effects of N24 and S115 peptides included in the model on the PRNT50 results were also found to be statistically significant (P ≤ 0.05).

 

Figure 5 | Neutralizing antibody reactions with peptide-specific IgG. (A) Correlation analysis between peptides and neutralizing antibodies in infected individuals. (B) Peptide-specific IgG response at different time periods following vaccination, selecting four peptides with the highest correlation coefficient against PRNT50. 



It has been observed that antibody levels in vaccinated individuals typically peak one month after vaccination. Therefore, we analyzed the antibody levels of these four peptides one month after the first, second , and third doses included in the study. Additionally, we analyzed the variation trend of these four peptides in vaccinated individuals and found that N24 and S115 were most consistent with the variation trend of antibody levels ( Figure 5B ).


 3.6 Identification can distinguish the combination of peptides in infected persons from vaccinated persons

With the recent rise in screening efforts in China, an increasing number of patients have been identified as nucleic acid-positive. However, the viral load can reach undetectable levels within 1–2 weeks of symptom onset, making the diagnosis of AP essential for effective epidemic control. Unfortunately, antigen detection is currently plagued by low sensitivity and specificity. Identifying differences in peptide-specific IgG antibody responses between vaccinated, AP, and symptomatic patients (MP and SP) is thus of great importance for disease discovery, diagnosis, and treatment.

To this end, we used three markers, S64, S15, and S104, to conduct ROC analysis on patients after vaccination and on infected patients ( Figure 6A ). We found that these markers had both good sensitivity and specificity for distinguishing between patients and vaccinees, with combined diagnosis achieving a sensitivity of 91.3% and a specificity of 99.2% ( Table 3 ).

 

Figure 6 | Subject operating curve. (A) ROC curves of infected persons vs. vaccinated, with different curves showing predictions using prediction model, peptides S15, S64, and S104. (B) ROC curves of asymptomatic and highly-expressed-symptomatic patients, with different curves showing predictions using single peptides. (C) ROC curves of asymptomatic and low-expressed-symptomatic patients, with different curves showing predictions using single peptides. (D) ROC curve of asymptomatic and symptomatic patients, predicted using the prediction model. 



 Table 3 | Receiver operating characteristic (ROC) curve parameters between infections and vaccinated. 



In addition, to differentiate AP from symptomatic patients, ROC analysis was conducted for S64, S15, and S104 with high expression in AP ( Figure 6B ) and M1, N24, S82, and S115 with low expression ( Figure 6C ). The sensitivities of S64, S15, and S104 to distinguish AP from symptomatic patients were 94.1%, 86.3%, and 96.1%, respectively, while the specificities of M1, N24, S82, and S115 were 94.1%, 92.2%, 86.3%, and 98%, respectively ( Table 4 ). The combined predictive sensitivity and specificity of the diagnostics reached 94.1% and 85.3%, respectively ( Figure 6D ;  Table 4 ), making them suitable biomarkers to distinguish AP from symptomatic patients.

 Table 4 | Receiver operating characteristic (ROC) curve parameters between symptomatic and asymptomatic patients. 





 4 Discussion

Herd immunity achieved through vaccination is the best way to combat the COVID-19 pandemic (1). To study SARS-CoV-2, scientists developed various antibody detection methods through serological research. This included analyzing factors such as pathogenesis, transmission rate, and infection efficacy, as well as studying hyperimmune and hypoimmune responses. Sera from individuals with positive live virus antibody detection were used to detect SARS-CoV-2 short peptides and observe specific antibody responses, which allowed us to distinguish between distinct groups (16). According to the heatmap results, the response intensity of the vaccinated population to the short peptide at the corresponding site was significantly weaker than that in all types of patients. Compared to individuals infected with SARS-CoV-2, the antibody responses to the S and N proteins of the inactivated vaccines were significantly weakened (13), which indicated that those vaccinated with the inactivated virus vaccine produced lower antibody responses than those who were actually infected.

Our experiments showed that the antibody response of vaccinated populations to the short peptides was significantly weaker than that of infected individuals. In addition, S15, S64, and S104 levels were low in vaccinated patients and highest in the AP group. ROC curves for these peptides indicated low sensitivity but high specificity and no high diagnostic value for S15 and S64. However, the combined diagnosis of S15, S64 and S104 had a sensitivity and specificity of 0.913 and 0.992, respectively, and could thus be used to distinguish vaccinated individuals from patients.

Studies conducted on COVID-19 protein microarrays to determine biomarkers that can differentiate between vaccinees and COVID-19 patients reached similar conclusions (8, 13, 17–19). For example, Ma et al. (2021) found that S, N, and NSP7 proteins can be used to distinguish inactivated vaccine recipients from COVID-19 patients (13). Our experiments not only differentiated vaccine recipients from patients, but also distinguished between AP, MP, and SP. We observed that the S protein, RBD, and two polypeptides (S1-5 and S2-22) can be used to evaluate the protective effect of inactivated vaccines and are potential markers for SARS-CoV-2-specific immune evaluation. Nucleocapsid antibodies were found to be biomarkers of natural exposure to SARS-CoV-2, which can be used to distinguish those previously exposed to the virus in vaccinated populations (8).

Further research is needed to determine the optimal combination of antigens for the most accurate detection of specific coronavirus antibodies. In addition, the antibody levels of convalescent patients and the duration of the protective effect of neutralizing antibody levels should be considered to better distinguish between biomarkers of convalescent patients and vaccine recipients. Also, the cross-reactive antibody response of SARS-CoV-1 and other common HCoVs, MERS-CoV, and common cold-causing coronaviruses should be investigated.

Overall, antibody detection assays for SARS-CoV-2 short peptide chips are essential for individual samples recovered from SARS-CoV-2 infection and can reflect herd immunity at the population level. Such an approach can be used to determine individual disease risk and identify new infection waves, becoming a major advantage in vaccine development and vaccine immunogenicity (6)
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Background

SARS-CoV-2 infection is a respiratory infectious disease similar to influenza virus infection. Numerous studies have reported similarities and differences in the clinical manifestations, laboratory tests, and mortality between these two infections. However, the genetic effects of coronavirus and influenza viruses on the host that lead to these characteristics have rarely been reported.



Methods

COVID-19 (GSE157103) and influenza (GSE111368, GSE101702) datasets were downloaded from the Gene Expression Ominbus (GEO) database. Differential gene, gene set enrichment, protein-protein interaction (PPI) network, gene regulatory network, and immune cell infiltration analyses were performed to identify the critical impact of COVID-19 and influenza viruses on the regulation of host gene expression.



Results

The number of differentially expressed genes in the COVID-19 patients was significantly higher than in the influenza patients. 22 common differentially expressed genes (DEGs) were identified between the COVID-19 and influenza datasets. The effects of the viruses on the regulation of host gene expression were determined using gene set enrichment and PPI network analyses. Five HUB genes were finally identified: IFI27, OASL, RSAD2, IFI6, and IFI44L.



Conclusion

We identified five HUB genes between COVID-19 and influenza virus infection, which might be helpful in the diagnosis and treatment of COVID-19 and influenza. This knowledge may also guide future mechanistic studies that aim to identify pathogen-specific interventions.





Keywords: COVID-19, ssGSEA, influenza, protein-protein interaction, immunity



1 Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) outbreak in late 2019 led to a global pandemic (1, 2). According to the World Health Organization (WHO) (https://covid19.who.int/), in August 2022, there were 594,367,247 confirmed COVID-19 cases and 6,451,016 deaths worldwide. At present, the complete impact of the COVID-19 outbreak is uncertain. Recently, SARS-CoV-2 variants Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron (B.1.1.529) have also been identified one after another, becoming the main circulating strains in some countries. This has caused heavy human and economic losses worldwide (3).In addition, the beginning of the flu season can seriously affect human health. As a common respiratory pathogen, the flu causes seasonal epidemics and severe sporadic epidemics worldwide (4). The combination of the prevalence of the influenza virus during the influenza season and the current pandemic poses additional challenges and greater threats to public health.

Currently, many studies have compared COVID-19 and influenza patients, including the method and mode of transmission, clinical features, associated immune response characteristics, clinical symptoms, laboratory findings, radiological signs, morbidity, and mortality (5–8). As a respiratory infectious disease, patients with COVID-19 and influenza experience the same or similar symptoms, including fever, cough, pneumonia, acute respiratory distress syndrome, an imbalanced immune response, excessive inflammatory response, T-cell depletion and failure, and immune escape mechanisms (6, 8, 9). However, influenza virus infection results from a direct viral infection of respiratory epithelial cells and a respiratory inflammatory process caused by innate and adaptive immune responses, the main purpose of which is to control the spread of the transmitted virus (7). Inflammatory mediators can spread throughout the body, causing systemic inflammatory response syndrome (SIRS) and leading to multiple organ failure. These consequences are often downstream of lung damage and severe respiratory distress. Other non-pulmonary disease mechanisms associated with influenza are also thought to be associated with general inflammatory features (7, 10). Severe COVID-19 results in damage to the alveolar capillary barrier caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and extravasation of protein-rich edematous fluid into the air cavity, resulting in acute respiratory distress syndrome (ARDS) (11, 12). ARDS is a systemic inflammatory disease that is not confined to pulmonary processes. In this case, the cytokine storm induced by COVID-19 leads to the worsening and even death from COVID-19, not only because of lung damage but also because of extrapulmonary multi-organ failure (7, 13). The basic reproductive number R zero (R0) of COVID-19 (1.5-5.7) is more significant than that of influenza (0.9-2.1) (14). At the same time, the transmission rate of SARS-CoV-2 is higher than that of seasonal influenza, but the mortality rate of the latter is much lower than that of COVID-19 (6, 8). Chemosensory dysfunction, rashes, and reproductive system damage are more common in people infected with COVID-19 than in those with influenza (6, 15). Numerous reports illustrate the similarities and differences between COVID-19 and influenza. However, the genetic effects of the coronavirus and influenza viruses on the host that lead to these characteristics have rarely been reported. Comprehensive assessment of host regulation of gene expression in both diseases can be used to identify the populations at high risk, enhance our focus on specific preventive measures for these populations, and help define future needs for healthcare facilities.

To better understand the effects of coronavirus and influenza virus infection on the changes of host mRNA levels and biological processes. And explore the interconnections between different influences as much as possible. We obtained sequencing data from the GEO database for influenza (GSE111368, GSE101702) and COVID-19 (GSE157103) (16). Explored the differential genes in COVID-19 and influenza patients using bioinformatics methods, identified hub genes, and explored pathway biological processes and pathways that influence each of these diseases to gain a more comprehensive understanding of the host response to SARS-CoV-2 and influenza viruses. The results of this study will help us understand the association between gene expression and clinical manifestations, which will improve our ability to develop effective treatment methods for infected patients.



2 Materials and methods


2.1 Data collection

The expression datasets of COVID-19 and influenza patients were retrieved from the GEO database (https://www.ncbi.nlm.nih.gov/). GSE157103 contained data on 100 patients who tested positive for COVID-19 and 26 controls, while GPL24676 was used to detect the mRNA expression profiles. GSE111368 included data from 199 patients with H1N1 influenza virus infection, 30 patients with other influenza virus infection, and 130 controls, while GPL10558 was used to detect the mRNA expression profile. GSE101702 contained data on 57 healthy controls and 102 influenza patients, while GPL21185 was used to detect the mRNA expression profile. The information of the datasets was listed in Table 1.


Table 1 | Detailed information of selected datasets.





2.2 Analysis of differentially expressed genes

Raw sequencing data were first retrieved from the GEO database. After normalization, the raw sequencing data were log2-transformed, and the resulting array was directly analyzed using the R package “limma” (17). An adjusted-p value of < 0.05 and log2[fold change (FC)] > 1 were considered to indicate a statistically significant result and were used in the subsequent analysis. The heatmap of the top 15 genes with high and low expression differences were drawn using the R package “pheatmap.” The differential volcano map was drawn using the R package “ggplot2”.



2.3 Enrichment analysis

Next, we performed GO and KEGG enrichment analyses of the differential genes in three datasets using the R packages “clusterProfiler” and “Enrichplot.” We explored the associations and distinctions between the diseases by comparing the enrichment of the differential genes in each dataset. A p < 0.05 and adjusted-p < 0.05 indicated significantly enriched functions and pathways.



2.4 Hub gene extraction

To evaluate the common DEGs among the three diseases, the R packages “VennDiagram” and “UpSetR” were used to draw the Venn and UpSet diagrams of the intersection of the genes. The interaction between intersecting genes was analyzed using the STRING database (18). Cytoscape software was used to compute the network degree and draw the interaction diagram (19). The MCC algorithm of the cytoHubba plugin in Cytoscape was used to calculate the top 5 hub genes and draw the relevant images (20). Additionally, we verified the identity of the hub genes using differential and ROC analyses (21).



2.5 Association between the analysis of the gene regulatory network and gene-diseases

Transcription factors (TFs) and miRNAs are the two main types of trans-acting factors. They are essential regulators of gene expression that play an important role in cell differentiation, animal growth, and development. NetworkAnalyst is a web tool that can comprehensively visualize profile data (22). We used NetworkAnalyst to explore the TFs obtained from the JASPAR (23) database and miRNA data from the TarBase and miRTarBase databases to determine the intersecting genes (24, 25). We also explored the interrelationships between the genes in our datasets and known diseases using DisGeNet in NetworkAnalyst (26).



2.6 Immune correlation analysis

The degree of immune cell infiltration in each sample was determined through single-sample gene set enrichment analysis (ssGSEA) using the R package, “GSVA.” The Wilcoxon rank-sum test was used to compare differences in immune cells between the disease and control groups. Spearman analysis was used to evaluate the correlation between hub genes and immune cells. A p < 0.05 was considered to indicate statistical significance.



2.7 Statistical analysis

R software (v.4.2.0) was used to perform all statistical analyses and mapping. The differentially expressed genes were analyzed using Student’s t-test, while the Spearman correlation coefficient was used to evaluate the relationship between hub genes and immune cells. The difference was considered to be statistically significant at p<0.05 (*), p<0.01 (**), and p<0.001 (***).




3 Results


3.1 Heat map and volcano map of differential gene expression in COVID-19 and influenza datasets

We identified 974 differentially expressed genes in the GSE157103 dataset, with 395 upregulated and 579 downregulated. The heat map of the top 15 DEGs with high and low expression differences in the GSE157103 dataset was presented in Figure 1A. The differential expression volcano map of all genes is shown in Figure 1D. We found 190 DEGs in the GSE111368 dataset, with 129 upregulated and 61 downregulated. Figure 1B shows the top 15 DEGs of H1N1 virus infected patients and controls in the GSE111368 dataset, while the volcano map with all DEGs is presented in Figure 1E. Additionally, 275 DEGs were identified in the GSE101702 dataset, with 197 upregulated and 78 downregulated. The heat map of the top 15 DEGs in the GSE171110 dataset is presented in Figure 1C, and the volcano map of all the DEGs is shown in Figure 1F. The number of differentially expressed genes in COVID-19 patients was significantly higher than that of influenza patients, which may lead to an increase in complex clinical symptoms in COVID-19 patients.




Figure 1 | Identification of differentially expressed genes. (A) Heatmap of GSE157103 database, (B) Heatmap of GSE111368 database, (C) Heatmap of GSE101702 database, (D) Volcano of GSE157103 database, (E) Volcano of GSE111368 database (F) Volcano of GSE101702 database.





3.2 GO functional enrichment analysis and KEGG pathway analysis of differentially expressed genes in COVID-19 and influenza datasets

Next, we performed the GO functional analysis of the DEGs in the COVID-19 and influenza datasets. The top 5 most significant enrichment results in cellular components (CCs), molecular functions (MFs), and biological processes (BPs) are presented in Figure 2. In the COVID-19 dataset, BPs were mainly enriched in nuclear division and organelle, CCs were mainly enriched in the Spindle chromosomal region, and MFs were mainly enriched in tubulin binding and microtubule binding (Figure 2A). This may lead to the overproduction of inflammatory cytokines in COVID-19 patients. In the GSE111368 dataset, BPs were mainly enriched in Defense response to bacterium and cell killing, CCs were mainly enriched in secretory mutlumen and cytoplasmic vesicle lumen, and MFs were mainly enriched in immune receptor activity and glycosaminoglycan binding (Figure 2B). In the GSE101702 dataset, BPs were mainly concentrated on response to viruses, defense, and response to viruses; CCs were mainly concentrated on secretory mutlumen and cytoplasmic vesicle lumen, while MFs were mainly concentrated on cytokine binding immune receptor activity (Figure 2C). GO results showed that influenza virus infection mainly caused active expression of genes related to self-defense and immune system inhibition of virus replication and inflammatory response.




Figure 2 | GO enrichment analysis and KEGG enrichment analysis. (A) Bubble for GO enrichment analysis of differentially expressed genes in the GSE157103 dataset, (B) Bubble for GO enrichment analysis of differentially expressed genes in the GSE111368 dataset, (C) Bubble for GO enrichment analysis of differentially expressed genes in the GSE101702 dataset, (D) Bubble for KEGG enrichment analysis of differentially expressed genes in the GSE157103 dataset, (E) Bubble for KEGG enrichment analysis of differentially expressed genes in the GSE111368 dataset, (F) Bubble for KEGG enrichment analysis of differentially expressed genes in the GSE101702 dataset.



The KEGG pathway analysis was also performed on the DEGs in the COVID-19 and influenza datasets. The most enriched pathways in each of the three datasets are shown in  (Figures 2D–F). The COVID DEGs were mainly enriched in Ribosome and Cell cycle (Figure 2D). The GSE111368 dataset DEGs were mainly enriched in transcriptional misregulation in cancer, Staphylococcus aureus infection, and inflammatory bowel disease (Figure 2E). The GSE101702dataset DEGs were mainly enriched in the NOD-like receptor signaling pathway, coronavirus disease-COVID-19, Cytokines, and Cytokine receptor interaction (Figure 2F).



3.3 Molecular functional analysis of intersecting DEGs

To further explore the potential common pathogenic molecular mechanisms between the three diseases, we used Venn and Upset diagrams to detect 22 common DEGs among the three datasets (Figures 3A, B). Then, we performed GO and KEGG analyses on these genes. The common DEGs were mainly enriched for BPs in defense response to fungus, response to fungus, and defense response to Gram-negative bacterium. For CCs, the common DEGs were enriched in secretory mutlumen, cytoplasmic vesicle lumen, and vesicle lumen. For MFs, the common DEGs were mainly enriched in Heparin binding, Glycosaminoglycan binding, and sulfur compound binding (Figure 3C). The KEGG pathways were mainly enriched in Neutrophil extracellular trap formation, Transcriptional misregulation in cancer, and one carbon pool by folate (Figure 3D).




Figure 3 | Molecular functional analysis of intersecting DEGs. (A) Intersectional differential gene Venn diagram, (B) Intersectional differential gene Up Set diagram, (C) Bubble for GO enrichment analysis of DEGs, (D) Bubble for KEGG enrichment analysis of DEGs.





3.4 Differential expression analysis of the 22 genes

We analyzed the expression levels of the 22 genes in the GSE157103, GSE111368, and GSE101702 datasets. As shown in Figure 4, the 22 common DEGs represent the same host responses to SARS-CoV-2 and influenza infections. All of them were significantly upregulated in the COVID-19, H1N1, and influenza groups compared to the healthy controls (P < 0.05) (Figures 4A–C).




Figure 4 | Expression analysis of the 22 DEGs in GSE157103, GSE111368, and GSE101702 datasets between types of severity and healthy control groups. (A) mRNA expression levels of 22 DEGs between control and COVID-19 in GSE157103 dataset, (B) mRNA expression levels of 22 DEGs between control and influenza in GSE111368 dataset, (C) mRNA expression levels of 22 DEGs between control and influenza in GSE101702 dataset (*p<0.05, **p<0.01, ***p<0.001).





3.5 Molecular regulation of DEGs at the transcriptional and post-transcriptional level

To identify changes in the DEGs at the transcriptional and post-transcriptional level of molecular regulation, we used a network-based approach and NetworkAnalyst to decipher regulatory transcription factors and miRNAs. The interaction network analysis showed that 54 transcription factors (TFs) (Figure 5) and 187 post-transcriptional miRNAs (Figure 6) were involved in the regulation of several common DEGs, indicating a substantial level of interference between them. Different diseases may be related through the same or similar genes and deciphering the relationship between genes and diseases is a key approach to disease diagnosis and treatment. Our genetic disease association analysis found that ulcerative colitis, inflammation, autosomal recessive predisposition, and other diseases are strongly associated with the intersecting genes (Figure 7).




Figure 5 | The cohesive regulatory interaction network of DEG–TFs obtained from the Network Analyst.






Figure 6 | The interconnected regulatory interaction network of DEGs–miRNAs.






Figure 7 | The gene-disease association network represents diseases associated with mutual DEGs.





3.6 PPI network and hub gene

The interactions between intersecting genes were analyzed using the STRING online database. The degree of interaction was calculated using Cytoscape software, and the relationships between the proteins are displayed based on the strength of the interaction in Figure 8A. The Cytohubba plugin in Cytoscape was used to identify the top five DEGs, regarded as the most influential genes based on the PPI network and MCC algorithm. IFI27, OASL, RSAD2, IFI6, and IFI44L were identified as the hub genes in Figure 8B. ROC analysis of hub genes was used to identify the diagnostic efficacy of hub genes in the COVID-19 dataset and influenza dataset. The ROC analysis of the hub genes is presented in Figure 9. The AUC of genes in the COVID-19 cohort are as follows: IFI6, 0.678; IFI27, 0.866; IFI44L, 0.786; OASL, 0.834; RSAD2, 0.770 (Figures 9A–E). The AUC of genes in the GSE111368 H1N1 dataset are as follows: IFI6, 0.812; IFI27, 0.895; IFI44L, 0.720; OASL, 0.793; RSAD2, 0.753 (Figures 9F–J). The AUC of genes in the GSE101702influenza datasets are as follows: IFI6, 0.844; IFI27, 0.942; IFI44L, 0.838; OASL, 0.896; RSAD2, 0.865 (Figures 9K–O). Thus, these hub genes may be viable biomarkers and be used to develop novel therapeutic strategies for these diseases. We also compared the expression of hub genes between healthy controls and different severity groups. The results showed that there was no significant difference in the expression of hub genes between patients with different severity in the COVID-19 dataset (P>0.05), while there was a significant difference in the expression of hub genes between healthy controls and influenza patients in the influenza dataset (P<0.05). (Supplementary Figure 1).




Figure 8 | (A) PPI network of common DEGs among SARS-CoV-2, H1N1, and Influenza. The PPI network was generated using String and visualized in Cytoscape. (B) Determination of hub genes from the PPI network by using the Cytohubba plugin in Cytosacpe.






Figure 9 | ROC analysis of HUB gene. (A) ROC of IFI6 in the GSE157103 dataset. (B) ROC of IFI27 in the GSE157103 dataset. (C) ROC of IFI44L in the GSE157103 dataset. (D) ROC of OASL in the GSE157103 dataset. (E) ROC of RSAD2 in the GSE157103 dataset. (F) ROC of IFI6 in the GSE111368 dataset. (G) ROC of IFI27 in the GSE111368 dataset. (H) ROC of IFI44L in the GSE111368 dataset. (I) ROC of OASL in the GSE111368 dataset. (J) ROC of RSAD2 in the GSE111368 dataset. (K) ROC of IFI6 in the GSE101702 dataset. (L) ROC of IFI27 in the GSE101702 dataset. (M) ROC of IFI44L in the GSE101702 dataset. (N) ROC of OASL in the GSE101702 dataset. (O) ROC of RSAD2 in the GSE101702 dataset.





3.7 Immune cell correlation of hub genes in COVID-19 dataset and influenza dataset

The ssGSEA results are presented in Figure 10. The numbers of activated CD8 T cells, effector memory CD4 T cells, memory B cells, and central memory CD8 T cells were significantly reduced in influenza and COVID patients. Moreover, Activated CD4 T Immature dendritic cells, Macrophages, and Natural killer cell levels were significantly elevated in the disease groups compared with the control group. IFI27 was negatively correlated with Eosinophils. IFI44L was positively correlated with Type 17 T helper, T follicular helper, and Natural killer cells. IFI6 was positively correlated with Type 17 T helper and Natural killer cells, with OASL and RSAD2 showing a similar result (Figures 11A–C).




Figure 10 | (A) Heatmap of infiltrated immune cells in COVID-19, (B) Heatmap of infiltrated immune cells in H1N1, (C) Heatmap of infiltrated immune cells in Influenza. (D) Fraction of infiltrated immune cells in COVID-19, (E) Fraction of infiltrated immune cells in H1N1, (F) Fraction of infiltrated immune cells in Influenza.






Figure 11 | (A) The correlation between hub genes-immune cells and the fraction of infiltrated immune cells in COVID-19, (B) The correlation between hub genes-immune cells and the fraction of infiltrated immune cells in H1N1, (C) The correlation between hub genes-immune cells and the fraction of infiltrated immune cells in Influenza. *p < 0.05, **p < 0.01, ***p < 0.001.






4 Discussion

COVID-19 and influenza are infectious respiratory diseases that can be deadly (27, 28). The pathogenicity of COVID-19 and influenza and the regulation of gene expression in the host cause them to present the same or similar clinical manifestations. Several studies have shown an association between IAV and SARS-CoV-2. However, a comparison of gene expression regulation between the two viruses on the host has rarely been reported. To comprehensively evaluate the effects of these two viruses on the regulation of host gene expression, we downloaded the sequencing data of influenza (GSE111368, GSE101702) and COVID-19 (GSE157103) from the GEO database. The analysis of the differentially expressed genes showed that the number of differentially expressed genes in COVID-19 patients was significantly higher than that of influenza patients, which may lead to an increase in complex clinical symptoms in COVID-19 patients. This is in line with the finding by Bai and Ryabkova that COVID-19 is a systemic inflammatory disease that is not confined to pulmonary processes, compared with influenza (6, 7). The GO results showed that functions of DEGs in the COVID-19 dataset were significantly enriched in the mitotic nuclear division, nuclear division, specific mutational division, and microtubule binding. This may lead to the overproduction of inflammatory cytokines in patients, which is consistent with the findings of Varvara et al. (7). The DEGs in the GSE111368 dataset were significantly enriched in defense response to fungus, defense response to bacteria, specific accumulation, and immune receptor activity. The functions of the differentially expressed genes in GSE101702 were significantly enriched in negative regulation of viral genome replication, defense response to viruses, defense response to the symbiont, and immune receptor activity. This is consistent with the study by Kalil et al. that the pathogenesis of influenza viral infection is a respiratory inflammatory process caused by a direct viral infection of respiratory epithelial cells that stimulates innate and adaptive immune responses, whose main purpose is to control the transmitted disease (29). We found a similar process in the same KEGG analysis of the COVID-19 dataset, which was mainly enriched in cell cycle and other processes. In contrast, the GSE111368 dataset was mainly enriched in Staphylococcus aureus infection. For transcriptional misregulation in cancer, GSE101702 was mainly enriched in the Nod-like receptor signaling pathway and Staphylococcus aureus infection. These results indicate that the SARS-CoV-2 and influenza viruses differ at the transcriptome level. The novel coronavirus may cause changes in the cell cycle and proliferation to resist infections by changing the level of metabolism. The differential genes of the influenza virus may play a more important role in activating immunity and immune response in the body. These results reveal differences between SARS-CoV-2 and influenza viral infection from the perspective of gene expression regulation. We identified 22 common differential genes between the COVID and influenza datasets. The GO and KEGG analyses showed that these genes were mainly involved in fungus defense response, defense response to Gram-negative bacterium, glycosaminoglycan binding, and Sulfur compound binding. This suggests that the common genes may be responsible for fever, cough, pneumonia, and other clinical manifestations in influenza and COVID patients (6, 8, 11).

Furthermore, TFs and miRNAs are two key regulatory factors at the transcriptional and post-transcriptional levels. The regulatory network formed with TFs and miRNAs as the core is effective for analyzing the complexity of biological regulation. Thus, studying the regulatory network composed of TF and miRNA might provide important clues for the occurrence and pathogenesis of diseases at the system level. In the TFs-DEG and miRNA interaction analysis, we found associations between intersecting genes, TFs, and miRNAs. TP63, FOXA1, STAT1, ELK1, FOS, and JUN are TFs in various lung injury or infection types. Some studies have shown that TP63 is involved in airway repair following injury (30), while FOXA1 plays an important role in maintaining airway epithelial barrier integrity and lung cell differentiation (31, 32). The AK2/STAT1 pathway mediated lung inflammation and cell death in a ventilator-induced lung injury model (27). The intersecting genes-miRNA analysis showed that miRNA302, miRNA126, miRNA21, miRNA486, and miRNA206 are associated with the pathogenesis of various types of lung injury. miRNA302 promotes host recovery from pneumonia caused by Streptococcus pneumoniae (28), while miRNA126 attenuates LPS-induced lung injury and may be involved in the pathogenesis of asthma (33, 34). miRNA21 is a potential biomarker of chronic lung disease in preterm infants and may also be a potential biomarker of lung nodules (35, 36). Currently, little is known about the role played by miRNAs and TFs in the pathogenesis of COVID-19. Previous studies have shown that most TFs and miRNAs are significantly upregulated in patients with COVID-19 and influenza (37, 38). The upregulated miRNAs and TFs may be involved in the inflammatory storm of patients and can be used as circulating biomarkers for disease diagnosis or prognosis (39). Currently, 19 TFS have already received FDA approval to be used as drug targets for COVID-19 (40). Targeting TFs and miRNAs associated with cytokine release syndromes may provide drug candidates and targets for treating influenza and COVID-19 infections. However, further research is needed to confirm these findings.

Then, we performed a PPI network analysis. Five hub genes were identified in Cytoscape software using the MCC algorithm of cytoHubba: IFI27, IFI44L, RSAD2, OSAL, and IFI6. The ROC analysis showed that the AUC of all Hub genes was > 0.6, suggesting they may be potential biomarkers. Studies have found that IFFI44, IFI6, RSAD2, and OSAL are significantly up-regulated in COVID-19 patients and are involved in immune regulation (41). The infected macrophages of COVID-19 patients release large amounts of interferon into the blood, which activates mitochondrial IFI27 expression and disrupts the energy metabolism of immune cells (42). Genes such as IFI27 that exert antiviral effects and neutrophil activation are downregulated during treatment in COVID-19 patients, which is consistent with the dynamically enhanced inflammatory response of COVID-19 patients (43). In patients with influenza virus infection, IFFI44L, IFI6, and RSAD2 were key antiviral factors against IAV infection in alveolar basal epithelial cells (44). As a novel immune biomarker, IFI27 can accurately distinguish between influenza and bacterial infections (45).

The critical role of the immune response in infectious diseases has received increasing attention. In this analysis, we found that the numbers of activated CD8 T cells, effector memory CD4 T cells, memory B cells, and central memory CD8 T cells were significantly reduced in influenza and COVID patients. This is consistent with the findings of Yu Bai, which indicate that the number of CD4 and CD8 T cells in the peripheral blood was significantly decreased in COVID-19 patients and that the severe damage during the late stage was immune-related rather than virus-related (6). This study also showed that lymphocytopenia is common in COVID-19 patients, indicating both immune cell depletion and impaired cellular immune function (6). The hematological parameters for COVID-19 are similar. Cao et al. also found that half of the influenza patients during the 2009 H1N1 pandemic had abnormal CD4:CD8 ratios (46). Furthermore, we also found that the expression of the five hub genes was associated with Eosinophils, Type 17 T helper, T follicular helper, Natural killer T, Natural killer, and Immature B cells. These results demonstrate the importance of immune cell infiltration for the pathogenesis and typing of influenza and COVID-19. Previous reports have suggested a close relationship between the central genes identified in this study and immunity (27, 45, 47–49). Hub genes may be the main cause of these changes and may be used as immunotherapeutic targets.

In this study, we aimed to identify the effects of COVID-19 and influenza viruses on the regulation of host gene expression using a computational systems biology approach. Moreover, we explored the immune cell infiltration in COVID-19 and influenza. We used it to identify molecular mechanisms associated with comorbidities interactions, which may also facilitate the discovery of new knowledge from published datasets. However, our study has some limitations. First, external validation was not run for the results. Second, regarding the specificity of the blood sample, ssGSEA is a relatively quantitative result, and we could not achieve the accuracy required by the algorithm. Third, since the datasets included different ethnicities, it was difficult to accurately determine whether the different ethnicities could influence the related gene expression because of the small sample size. Therefore, our results still need further verification through in vivo and in vitro experiments and clinical studies.



5 Conclusion

In summary, five HUB genes were identified between COVID-19 and influenza virus infection, which might be helpful in the diagnosis and treatment of COVID-19 and influenza. Our results suggest that the regulatory effects exerted by both the influenza virus and COVID virus on host gene expression may be responsible for their similarities and differences in clinical manifestations. We provide molecular insights into potential biomarkers and regulatory elements that may contribute to developing novel drugs that can be used to control the progression of COVID-19 and influenza. The differentially expressed genes, GO terms, and signaling pathways identified in this study can help us gain a deeper understanding of how genes and clinical manifestations are associated. This knowledge can also guide future mechanistic studies that seek to develop pathogen-specific interventions.
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Supplementary Figure 1 | mRNA Expression levels of the 5 hub genes in GSE157103, GSE111368, and GSE101702 datasets between patients with different severity. (A) IFI6 in the GSE157103 dataset. (B) IFI27 in the GSE157103 dataset. (C) IFI44L in the GSE157103 dataset. (D) OASL in the GSE157103 dataset. (E) RSAD2 in the GSE157103 dataset. (F) IFI6 in the GSE111368 dataset. (G) IFI27 in the GSE111368 dataset. (H) IFI44L in the GSE111368 dataset. (I) OASL in the GSE111368 dataset. (J) RSAD2 in the GSE111368 dataset. (K) IFI6 in the GSE101702 dataset. (L) IFI27 in the GSE101702 dataset. (M) IFI44L in the GSE101702 dataset. (N) OASL in the GSE101702 dataset. (O) RSAD2 in the GSE101702 dataset.
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Objectives

To investigate the associations between the overall burden of comorbidity, inflammatory indicators in plasma and Ct values among the elderly with COVID-19.





Methods

We conducted a retrospective observational study. The results of each nucleic acid test of during hospitalization were obtained. Linear regression models assessed the associations between the overall burden of comorbidity, inflammatory indicators in plasma and Ct values among the elderly. A causal mediation analysis was performed to assess the mediation effects of inflammatory indicators on the association between the overall burden of comorbidity and Ct values.





Results

A total of 767 COVID-19 patients aged ≥ 60 years were included between April 2022 and May 2022. Patients with a high burden of comorbidity had significantly lower Ct values of the ORF gene than subjects with a low burden of comorbidity (median, 24.81 VS 26.58, P < 0.05). Linear regression models showed that a high burden of comorbidity was significantly associated with higher inflammatory responses, including white blood cell count, neutrophil count and C-reactive protein. Also, white blood cell count, neutrophil count, C-reactive protein and the overall burden of comorbidity assessed by age-adjusted Charlson comorbidity index were independent risk factors for the Ct values. A mediation analysis detected the mediation effect of white blood cells on the association between the burden of comorbidity and Ct values, with the indirect effect estimates of 0.381 (95% CI: 0.166, 0.632, P < 0.001). Similarly, the indirect effect of C-reactive protein was -0.307 (95% CI: -0.645, -0.064, P = 0.034). White blood cells and C-reactive protein significantly mediated the relationship between the burden of comorbidity and Ct values by 29.56% and 18.13% of the total effect size, respectively.





Conclusions

Inflammation mediated the association between the overall burden of comorbidity and Ct values among elderly with COVID-19, which suggests that combined immunomodulatory therapies could reduce the Ct values for such patients with a high burden of comorbidity.
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1 Introduction

The Omicron variant has spread rapidly worldwide, inducing a pandemic in Shanghai in March 2022 (1). Thus far, at least 32 mutations have been identified in the spike protein, resulting in high transmissibility and immune escape (2–4). On the other hand, Omicron infection was associated with a lower rate of hospital admission and mortality (5, 6). However, the elderly were more likely to be infected with Omicron due to immunosenescence and high comorbidity burden (7, 8). The rate of severe Omicron infections were increased in the older patients and in individuals with comorbidities such as hypertension, diabetes, cardiovascular disease, and chronic respiratory disease (9, 10). Moreover, it was reported that the severe illness was related to high viral copies (11, 12). Therefore, understanding the underlying mechanism of Ct values, representing the degree of SARS-CoV-2 viral loads among the elderly with COVID-19, may be helpful for the early implementation of therapy.

As we know, viral loads are associated with infectiousness, transmissibility, disease severity, and mortality (11). Previous studies reported that the elderly and chronic medical diseases might influence the viral loads/Ct values. Patients’ age was found to be positively correlated with the viral loads (13, 14), partly because of immunosenescence (15). Additionally, the elderly were more likely to have comorbidities. Several studies have identified that congestive heart failure, hypertension, diabetes, chronic kidney disease, and coronary artery disease are associated with higher SARS-CoV-2 copies of the viral genome or lower Ct values (9, 16, 17). Most of these studies mainly focused on the simple relationship between a single chronic medical disease and Ct values/viral loads. However, a person might suffer a high burden of comorbidity with multiple chronic medical diseases. The overall comorbidity burden is of important as it considers multiple chronic medical conditions. The effect of the overall burden of comorbidity on Ct values remains unclear and needs to be further elucidated.

The inflammatory response has recently emerged as an essential factor in COVID-19 patients. Numerous studies reported a direct association between preexisting comorbidities and inflammation, which might impact the immune response to COVID-19. For example, the experimental model showed that COVID-19 with elevated glucose levels directly promoted viral replication, cytokine production, and subsequent T cell dysfunction (18, 19). It was also reported that COVID-19 with hypertension delayed viral clearance and exacerbated airway hyper inflammation (20, 21). Cancer patients with COVID-19 have impaired lymphocyte function, neutropenia, and decreased in white cell count (22, 23). This suggests that the delayed viral clearance and hyper inflammation are involved in COVID-19 patients with comorbidities, possibly contributing to severe illness. Furthermore, the correlation of respiratory viral loads were found to be correlated with inflammatory indicators in the plasma of elderly patients (24). White blood cells, neutrophils, and lymphocytes were significantly lower in patients with a high viral load (Ct ≤ 25) (25). Considering these results, the associations between Ct values and the preexisting comorbidities might be affected by inflammation. However, most previous the epidemiological reports focused on evaluating the simple association between comorbidity and Ct values. The effect of inflammation on the relationship between preexisting comorbidities and Ct values needs to be further elucidated in real-world data. Due to the importance of viral loads in disease severity, assessing the effect of inflammation on the association between Ct values and comorbidities might inform proper therapeutic strategies, especially for the elderly with comorbidities.

The aim of this study was to investigate the associations between the overall burden of comorbidity, inflammatory indicators in plasma, and Ct values among the elderly with COVID-19. A mediation analysis was conducted to explore the mediation effects of inflammatory indicators on the relationship between the overall burden of comorbidity and Ct values.




2 Methods



2.1 Study population

This retrospective observational study was conducted at Zhongshan Hospital, Fudan University (Geriatrics Medicine Center), between April 2022 and May 2022. The Geriatrics Center was designated as a temporary COVID-19 hospital during the Omicron outbreak in Shanghai, mainly receiving older patients. Patients with positive nucleic acid testing for SARS-CoV-2 were included. Only COVID-19 patients aged ≥60 years old were eligible in this study. Patients without complete medical history were excluded from this study. Finally, 767 COVID-19 patients were included. There demographic information (age, gender, COVID-19 vaccination, time of hospital admission and discharge), COVID-19 diagnosis, chronic medical conditions, laboratory results of inflammatory indicators in plasma before treatment (white blood cell, neutrophil count, lymphocyte count, C-reactive protein and procalcitonin), and the results of each nucleic acid test of during hospitalization (Ct values) were retrospectively collected. This study was approved by the Ethical Committee of Zhongshan Hospital, Fudan University.

Patients were divided into a non-severe group and a severe group according to disease severity. Patients were allocated to the severe group if they satisfied any of the following requirements proposed by the Diagnosis and Treatment of New Coronavirus Pneumonia (ninth edition):1) shortness of breath, RR≥30 times/min; 2) in the resting state, oxygen saturation ≤93% during air inhalation; 3) arterial partial pressure of oxygen (PaO2)/inspired oxygen concentration (FiO2) ≤300 MMHG (1mmHg=0.133kPa); 4) the clinical symptoms were progressively aggravated, and the chest imaging showed that the lesions significantly progressed > 50% within 24-48 hours; 5) respiratory failure requiring mechanical ventilation; 6) shock; and 7) complicated with other organ failure requiring ICU care.




2.2 Nucleic acid testing

A real-time reverse transcription-polymerase chain reaction (RT-PCR) assay was performed to detect the SARS-CoV-2 of nasal swab samples with AutraMic mini4800 Plus equipment. Liferiver (Shanghai ZJ Bio-Tech Co., Ltd.) A novel coronavirus 2019-nCoV nucleic acid detection kit was used. The Ct values of ORF1ab, the nucleocapsid protein (N) and the E gene were obtained. Most inpatients underwent nucleic acid testing every 2 days until meeting discharge criteria, i.e., the Ct values of N gene and ORF1ab gene >35 in two consecutive nucleic acid tests or two consecutive negative results on the nucleic acid test. The minimum Ct values of the ORF gene, N gene and E gene during hospitalization were obtained. Lower Ct values indicated higher SARS-CoV-2 virus copies (26). We applied Ct values to represent the degree of SARS-CoV-2 viral loads.




2.3 Burden of comorbidity

The overall burden of comorbidity was assessed by the modified form age-adjusted Charlson comorbidity index (aCCI), which accounts for multiple chronic medical conditions (27, 28). The CCI is the most extensively studied and widely used comorbidity index (29). Data on multiple chronic medical conditions, including myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular accident or transient ischemic attack, dementia, COPD, donnective tissue disease, peptic ulcer disease, liver disease, diabetes mellitus, hemiplegia, moderate to severe chronic kidney disease, solid tumor, leukemia, lymphoma and AIDS were retrospectively collected from electronic medical record. ACCI score was calculated for each patient by using a freely accessible online calculator (https://www.mdcalc.com/charlson-comorbidity-index-cci#use-cases). The mean value of the aCCI score was 4 points. Patients were divided into two groups according to the mean value of the aCCI score. ACCI score >4 point was defined as high burden of comorbidity, and others were defined as low burden of comorbidity.




2.4 Statistical analysis

Categorical variables were presented as n (%).Ct values were described by median (IQR). Mean ± SD was calculated for inflammatory indicators. Pearson’s Chi-squared test was performed for categorical variables. The differences in inflammatory indicators among different groups were analyzed by t-test. Wilcoxon Mann-Whitney rank test was applied to compare the Ct values among different groups. The linear regression models were performed to investigate the associations between inflammatory indicators, the overall burden of comorbidity, and Ct values of ORF gene (the minimum Ct values of the ORF gene during hospitalization). Coefficient values (β) and 95% confidence intervals (95% CIs) were calculated.

In order to assess the mediation effects of inflammatory indicators on the associations between the overall burden of comorbidity and Ct values (the minimum Ct values of the ORF gene during hospitalization), a PROCESS model of mediation analysis with R/bruceR package was conducted. The confidence intervals (CIs) of effect estimates were calculated with the bootstrap method. Variations in Ct value over time were visualized by fitting smooth lines using a loess method. Statistical analyses were performed using the R-4.1.2 software. Two-sided test with P < 0.05 indicating statistical significance was used.





3 Results



3.1 Differential associations of Ct values with the overall burden of comorbidity

A total of 767 COVID-19 patients with a mean age of 78.5 years old were included. Among these, 57.2% were female patients, and < 30% received the COVID-19 vaccine. There were 35 severe COVID-19 patients (4.6%). The distributions of different characteristics according to the overall burden of comorbidity were shown in Table 1. The proportion of patients with a high burden of comorbidity (9.2%) in the severe group was significantly higher than that of patients with a low burden of comorbidity (1.9%), and the difference was statistically significant (P<0.05). In addition, patients with a high burden of comorbidity had a lower rate of COVID-19 vaccine compared with the low comorbidity burden group (P < 0.05). It was also found that patients with a high burden of comorbidity had significantly higher levels of white blood cells, neutrophil count, C-reactive protein, and procalcitonin compared to patients with a low burden of comorbidity (all P < 0.05). Also, a significantly lower lymphocyte count was observed among patients with a low burden of comorbidity (P = 0.022).


Table 1 | Characteristics of COVID-19 patients according to the overall burden of comorbidity .



The median, minimum Ct value of the ORF gene during hospitalization in patients with a high burden of comorbidity was 24.81, which was significantly lower than that in subjects with a low burden of comorbidity (median, 26.58, P < 0.05). Similarly, the Ct values of the N gene and E gene were lower in the high burden of the comorbidity group compared to the low burden of the comorbidity group. Figures 1A–C showed the distributions of Ct values according to the overall burden of comorbidity. COVID-19 patients with a high burden of comorbidity were more likely to have lower Ct values (P < 0.05), indicating higher viral loads. It was also found that severe COVID-19 patients had lower Ct values (Figures 1D–F).




Figure 1 | Boxviolin plots of Ct values. (A–C): Distributions of Ct values for target genes according to the burden of comorbidity. (D–F): Distributions of Ct values for target genes according to disease severity. P values were calculated by a two-tailed Mann–Whitney test between groups.






3.2 Differential association of Ct values with disease severity depending on patient’s overall comorbidity burden

A subgroup analysis was conducted to confirm whether the lower Ct values in patients with a high burden of comorbidity might be due to the increased prevalence of severe COVID-19 patients compared to patients with a low burden of comorbidity (Figure 2). Our results showed that the associations between Ct values and disease severity depended on the burden of comorbidity, wherein disease severity was significantly related to lower Ct values only in patients with a high burden of comorbidity (P < 0.05) but not in patients with a low burden of comorbidity. Ct values dynamics of patients also showed severe patients had lower Ct values during the first 20 days recovery process compared with non-severe patients in the subgroup with the high comorbidity burden (Figures 2D–F). Also, this phenomenon was not obvious in the subgroup with a low burden of comorbidity. These results suggested that viral clearance in COVID-19 patients might be differently regulated according to the burden of comorbidity.




Figure 2 | Kinetic changes of Ct values according to disease severity. (A–C): Distributions between disease severity and Ct values for target genes in high and low comorbidity burden subgroups. (C–E): Kinetic changes of Ct values for target genes in patients with a high burden of comorbidity from severe and non-severe groups. (F–I): Kinetic changes of Ct values for target genes in patients with a low burden of comorbidity from severe and non-severe groups. The blue and red lines showed the trend in viral loads of severe and non-severe groups, respectively, using curve fit with non-linear regression with 95% confidence intervals (shaded color) from the regression line. TTD: Times to detection of nucleic acid testing.






3.3 Mediation effects of inflammatory markers on the association between the overall burden of comorbidity and Ct values

Our results showed that a high burden of comorbidity was significantly associated with higher inflammatory response, including white blood cell count (β: 1.23, 95% CI: 0.59, 1.86), neutrophil count (β: 1.21, 95% CI: 0.66, 1.76), and C-reactive protein (β: 20.32, 95% CI: 11.04, 29.6) (Table 2). Furthermore, a linear regression model was applied to explore associations between inflammatory indicators and Ct values (Table 3). Higher C-reactive protein was associated with lower Ct values with a coefficient value of -0.02 (95%CI: -0.03,-0.01, P = 0.0223). White blood cell and neutrophil count were positively associated with Ct values (β [95% CI]: 0.28[0.12-0.45] and 0.20[0.07,0.33], respectively). Meanwhile, a high burden of comorbidity was significantly associated with lower Ct values (β [95% CI]: -1.08 [-2.09,-0.06]).


Table 2 | Associations between inflammatory indicators and the burden of comorbidity.




Table 3 | Associations between inflammatory indicators and Ct values.



After a detailed exploration of the associations among the overall burden of comorbidity, Ct values, and inflammatory indicators, we assumed that the inflammatory indicators mediate the association between the burden of comorbidity and Ct values, which was subsequently confirmed through a mediation analysis (Table 4). The total effect estimates of white blood cell and c-reactive protein on Ct values were -1.289 (95% CI: -2.393, -0.069) and -1.630 (95% CI:-2.832, -0.299), respectively. The mediation effect of white blood cells on the association between the comorbidity burden group and Ct values was found, with the indirect effect estimates of 0.381 (29.56% of the total effect size, 95% CI: 0.166, 0.632, P < 0.001). Similarly, C-reactive protein was found to significantly mediate the relationship between the burden of comorbidity and Ct values (18.13% of the total effect size, β= -0.307, 95% CI: -0.645, -0.064, P = 0.034). No mediation effects were observed for the neutrophil count, lymphocyte count, and procalcitonin.


Table 4 | Mediation effect estimates of inflammatory indicators on the association between the burden of comorbidity and Ct values.







4 Discussion

The present study aimed to explore the effect of the overall burden of comorbidity and inflammatory indicators on Ct values among elderly patients with COVID-19. Our findings highlighted that inflammation-mediated the relationship of comorbidity burden with Ct values. It was also found that Ct values were associated with disease severity depending on patients’ comorbidity burden. To the best of our knowledge, this is the first study that specifically aimed to identify the mediation effect of inflammatory indicators on the relationship between comorbidity burden and Ct values among older patients with COVID-19. Most previous studies solely focused on the associations between the single medical chronic disease and inflammatory indicators with Ct values (16, 21, 24).

The Omicron variant is characterized by immune evasion (30). In the present study, a high burden of comorbidity was associated with lower Ct values (high viral loads) in older patients with Omicron infection. This relationship was also detected in patients with earlier variant infection (9, 17). It is worth noting that compared to the earlier variant, the rate of severe Omicron infections increased among the elderly (31). The low Ct values in the elderly with a high burden of comorbidity may contribute to the disease severity. Additionally, the results highlighted that the overall burden of comorbidity assessed by the age-adjusted Charlson comorbidity index was an independent risk factor for the Ct values. It has been reported that the Charlson comorbidity index predicted poor clinical outcomes and mortality in COVID-19 patients (7, 32). Therefore the Charlson Comorbidity index might contribute to the management of the older patients with COVID-19.

The underlying mechanism of low Ct values in older COVID-19 patients with a high burden of comorbidity remains unclear. We found that a high burden of comorbidity in older patients was associated with enhanced inflammatory responses in plasma with elevated white blood cell count, neutrophil count, and C-reactive protein compared with subjects with a low burden of comorbidity. Furthermore, serum levels of inflammatory indicators were related to Ct values, which was consistent with previous studies (24, 25, 33). Based on current results, it could be hypothesized that inflammatory indicators might contribute to the association between the burden of comorbidity and Ct values. Therefore, we conducted a causal mediation analysis. Finally, we confirmed that white blood cells and C-reactive protein significantly mediated the relationship between the burden of comorbidity and Ct values by 29.56% and 18.13% of the total effect size, respectively. These results were unsurprising as age-related diseases share inflammatory pathogenesis and age-related decline and dysregulation of immune function (34–36). Also, the degree of immune dysfunction correlates with disease severity (37, 38). Previous studies have reported that white blood cells and C-reactive protein are early indicators of progression to serious disease and in-hospital mortality in COVID-19 patients (39–42). Chen et al. also proposed an immune hypothesis for the COVID-19 vulnerability of older adults (34), which was further supported by our findings. In addition, Padilla et al. reported that remdesivir combined with immunomodulatory therapy had a better effect in patients with Ct values < 25 (43). Also, our findings might contribute to the elucidation of the underlying mechanism. Antiviral treatments combined with immunomodulatory therapy might be particularly helpful for the elderly patients with COVID-19 and a high burden of comorbidity.

The presence of a mediator involves a causal pathway between exposure and outcome (44). Mediation analysis is widely used to explore and evaluate biological mechanisms and unknown biological pathways (45–47). The criteria for certain factors to be regarded as a mediator is that exposure should have a statistically significant association with mediator, and that mediator should also have a statistically significant association with outcome (48). In the current study, we found that the burden of comorbidity was significantly associated with inflammatory indicators. Also, we observed a significant relationship between serum levels of inflammatory indicators and Ct values. Thereby, we conducted a causal mediation analysis, where Ct values, used as an outcome variable, were regressed on inflammatory indicators (mediator variable) and burden of comorbidity (independent variable). Our results supported the partial mediation of inflammation on the association between the burden of comorbidity and Ct values among the elderly.

The latest systematic review reported an inconclusive relationship between COVID‐19 severity and viral loads (11). We observed that the associations between Ct values and disease severity depended on the overall burden of comorbidity, wherein disease severity was significantly related to lower Ct values only in patients with a high burden of comorbidity but not in patients with a low burden of comorbidity. Moreover, we noted that viral clearance was delayed in patients with COVID-19 and a high burden of comorbidity compared to patients with a low burden of comorbidity. The low Ct values (higher viral loads) in older patients with a high burden of comorbidity may explain a potential mechanism underlying the relationship between COVID‐19 viral loads and disease severity.

The present study has some limitations. First, we did not have quantitative viral loads. However, previous studies reported that Ct values were positively associated with viral loads (26). Lower Ct values indicate higher viral loads. Second, some inflammatory markers associated with critical cases of COVID-19, such as IL-6, interleukin (IL)-1β, and TNF-α, were not included (39). Third, we did not have the information about treatments that would allow us to assess the effect of antiviral treatments and immunomodulatory therapy on COVID-19 viral loads. These issues should be addressed by further studies.

In China, there were about 264 million individuals aged≥60 years old in 2020, accounting for 18.70% of the total population (49). If a large number of elderly became infected with SARS-CoV-2 in the future, this would pose a substantial challenge; thus, greater focus should be placed on the elderly with a high burden of comorbidity. In this study, we revealed that a high overall comorbidity burden in older patients with COVID-19 was associated with lower Ct values, partly mediated by inflammation. Moreover, we found that the differential association of Ct values with disease severity among the elderly depended on patient’s overall comorbidity burden. These conclusions have relevant implications for combined immunomodulatory therapies for older patients with COVID-19, which might contribute to effectively reducing the progression to serious disease, especially for the elderly with high burden of comorbidity.
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Introduction

Antibody therapeutic strategies have served an important role during the COVID-19 pandemic, even as their effectiveness has waned with the emergence of escape variants. Here we sought to determine the concentration of convalescent immunoglobulin required to protect against disease from SARS-CoV-2 in a Syrian golden hamster model.





Methods

Total IgG and IgM were isolated from plasma of SARS-CoV-2 convalescent donors. Dose titrations of IgG and IgM were infused into hamsters 1 day prior to challenge with SARS-CoV-2 Wuhan-1.





Results

The IgM preparation was found to have ~25-fold greater neutralization potency than IgG. IgG infusion protected hamsters from disease in a dose-dependent manner, with detectable serum neutralizing titers correlating with protection. Despite a higher in vitro neutralizing potency, IgM failed to protect against disease when transferred into hamsters.





Discussion

This study adds to the growing body of literature that demonstrates neutralizing IgG antibodies are important for protection from SARS-CoV-2 disease, and confirms that polyclonal IgG in sera can be an effective preventative strategy if the neutralizing titers are sufficiently high. In the context of new variants, against which existing vaccines or monoclonal antibodies have reduced efficacy, sera from individuals who have recovered from infection with the emerging variant may potentially remain an efficacious tool.





Keywords: SARS-CoV-2, antibody, passive transfer, IgM, IgG, hamster




1 Introduction

The ongoing spread of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) continues to devastate global health and the world economy. Immense efforts by the scientific community have led to the development and deployment of multiple therapeutic and prophylactic strategies, resulting in several effective vaccines, monoclonal antibodies and anti-virals (1, 2). However, the unabated evolution and emergence of SARS-CoV-2 variants of concern has raised concerns about the continued effectiveness of current COVID-19 mitigation strategies.

The development of more broadly effective vaccines and therapeutics will be aided by a thorough understanding of the immune correlates of protection for COVID-19. Current work suggests that neutralizing antibodies, detected in the peripheral blood, are a major contributor toward conferring protection from symptomatic infection and disease. Efficacy studies among vaccinated or convalescent individuals (3–5), or studies that evaluated passive transfer of convalescent plasma (6–8) into naïve individuals, have demonstrated that neutralizing antibody activity correlates with reduced disease. Other research has also suggested a role for Spike-specific binding antibodies (9–13), SARS-CoV-2 specific Th1 CD4+ T cells (14–17) or CD8+ T cell responses (17, 18) and type I interferons (19, 20).

Given the importance of neutralizing antibodies in the protection against COVID-19, a number of monoclonal antibodies have been advanced, authorized and approved as primary options for the treatment of SARS-CoV-2 infection (21). Such treatments have had particular utility in populations where vaccination rates remain low or in individuals with a poor response to vaccination (including immunocompromised individuals) experiencing breakthrough SARS-CoV-2 infection following vaccination. Monoclonal antibodies have been shown to reduce viral load in infected patients and reduce the incidence of poor clinical outcomes and mortality (22–24). Preclinical studies have also demonstrated a reduction in disease following passive transfer of polyclonal immunoglobulin preparations from vaccinated or infected individuals/animals (25–28). The passive transfer of polyclonal immunoglobulin from the plasma of convalescent individuals to hospitalized COVID-19 patients has achieved modest success in improving clinical outcomes (29–34). Efficacy improves when high neutralizing titer convalescent plasma is used (35, 36), further supporting neutralization as a correlate of protection from infection and disease from SARS-CoV-2.

While most studies investigating the activity of monoclonal or polyclonal preparations have focused on the IgG isotype, other isotypes may also contribute to protection. The multivalency of IgM allows for improved targeting of antigens with a low affinity interaction, prompting investigation of IgM for application against other pathogens with encouraging findings. For example, mucosal administration of an anti-HIV IgM mAb is able to protect against SHIV infection in monkeys (37). Clinical trials assessing therapeutic IgM for a variety of non-communicable diseases such as arthritis and cancer have shown good safety profiles, though efficacy has been limited to date, perhaps due to the use of low affinity, non-affinity matured IgM antibodies (38). IgM targeting SARS-CoV-2 has been reported to have greater neutralization potency than IgG, both for monoclonal antibodies (39) and polyclonal convalescent plasma (40). In a mouse model using a mouse-adapted SARS-CoV-2, passive transfer of a human monoclonal IgM specific for SARS-CoV-2 Spike glycoprotein achieved a greater reduction in viral loads than the matched IgG when administered therapeutically (41). Passive transfer of IgM also protected hamsters against helminth infection (42), but this model has not been used to our knowledge for SARS-CoV-2.

In this study we compared the efficacy of IgM and IgG polyclonal immunoglobulin preparations from plasma of human convalescent COVID-19 cases against SARS-CoV-2 (Wuhan-1) infection and associated pathology in Syrian golden hamsters, a model with a severe disease phenotype that does not require genetic modification of the host or virus to promote viral replication and disease (43, 44). In in vitro assays, IgM pooled from convalescent COVID-19 individuals displayed enhanced neutralization potency relative to IgG isolated from the same individuals. Passive transfer of IgG into hamsters 24 hours prior to SARS-CoV-2 challenge protected from disease in a dose-dependent manner. While similar efficacy was not observed following IgM administration, IgM transudation into the respiratory tract may have been limited relative to the IgG, likely preventing antiviral activity at the site of exposure.




2 Materials and methods



2.1 Human samples

Plasma from SARS-CoV-2 convalescent donors was obtained from a leukapheresis protocol (#1386H) approved by the Walter Reed Army Institute of Research institutional review board - and for which participants provided written informed consent or from StemExpress (Folsom, CA, USA). Samples were collected from males (n = 7) and females (n = 4) ranging in age from 31 to 71 years. Individuals donated plasma specimens approximately 3 to 8 weeks after laboratory-confirmed SARS-CoV-2 infection from March-May 2020, and had clinical presentations that ranged from asymptomatic-to-mild-to-moderate; none were hospitalized for their condition. Samples from four donors were selected for large scale purification based upon the titers of SARS-CoV-2 neutralizing antibodies and volume of plasma available, with plasma neutralization ID50 titers ranging from 761 to 5,850. All samples were deidentified prior to use. Pooled naïve human serum collected prior to the COVID-19 pandemic was obtained from Seracare (Milford, MA, USA). All authors have complied with the ethical regulations regarding these studies.




2.2 Purification of human polyclonal immunoglobulins from convalescent and normal donors

Small-scale pilot purification of IgG, IgM and IgA was performed on 1 ml of plasma using one-step affinity Protein G Sepharose (Cytiva), POROS CaptureSelect IgM and IgA (ThermoFisher Scientific) gravity-flow columns, respectively. For large scale purification, pooled convalescent plasma (600 ml from four donors) and normal human serum (1 L, Seracare#1830-0005) were heat-inactivated, centrifuged at 10,000×g for 2 h and filtered through a 0.8 µm cellulose nitrate membrane. Filtered material was further diluted 10:1 with 10X Phosphate-buffered saline (PBS) and loaded on either custom 500 ml bed volume Protein G Sepharose 4 Fast Flow (Cytiva) column or 200 ml bed volume POROS CaptureSelect IgM (ThermoFisher Scientific) column, for selective IgG and IgM affinity purification, respectively, and both run at low pressure settings on a NGC FPLC system (BioRad). For loading, material was allowed to re-circulate for at least 2-3 passages through the columns. Extensive washes were performed using 1X PBS pH 7.4 until UV280nm reached baseline (2-3 column volumes). Elution was performed in reverse-flow mode using 0.5 M Acetic Acid, pH 3.0. Eluted material was quickly neutralized with 3 M Tris, concentrated by tangential flow filtration using a Vivaflow 200 cassette (Sartorius), buffer exchanged to 1X PBS pH 7.4 and sterile filtered. Quantitation of material was performed on a Nanodrop spectrophotometer using IgG setting or an extinction coefficient of 1.18 for IgM. Purity was assessed by SDS-PAGE and identity confirmed by western blot and ELISA analyses. Endotoxin levels were measured using a LAL assay (Lonza). Molecular weights of 150,000, 160,000 and 900,000 Da were used to calculate neutralization activities of the purified IgG, IgA and IgM, respectively.




2.3 Animal study design and procedures

Male and female Syrian golden hamsters were acquired from Envigo and housed at BIOQUAL, Inc. for the duration of the study. Animals were acclimatized for one week prior to study commencement. Three animal experiments were performed, termed Phase A, B, and C. In Phase A, 18 hamsters (8 weeks of age, 85-120 g, healthy and research naïve) were infused intraperitoneally with a single-dose of either 100 mg/kg convalescent IgG, 100 mg/kg naïve IgG or PBS; investigators were not blinded to the group allocations. A sample size of n=6/group was chosen to detect a predicted 1-log difference in viral loads between the groups, assuming a standard deviation of 0.5-log. All animals were included in the analysis. Animals were distributed into groups based on their weight and sex. 24 h post- infusion, animals were challenged intranasally with SARS-Related Coronavirus 2, isolate USA-WA1/2020 (BEI Resources NIAID, NIH, NR-53780, Lot# 70038893). Virus was stored at -80°C prior to use, thawed by hand and placed immediately on wet ice. Stock was diluted 1:10 in PBS prior to inoculation via the intranasal route (50 µl per nare, 1.99 x 104 TCID50 total dose). To minimize potential confounders animals were challenged in the order in which they received the infusion. Serum samples and oral swabs were collected at baseline, and days 3, 6, 9, 12 and 14 following challenge. All animals were weighed daily as the primary outcome measure and monitored for clinical signs of disease. At study termination (day 14) animals were anesthetized with ketamine/xylazine, followed by euthanasia. Lungs and nares were collected for histopathology and virologic assays.

In Phase B, 36 hamsters (10 weeks of age, 90-135 g) were infused intraperitoneally with either 500, 250, 50 or 10 mg/kg convalescent IgG, 100 mg/kg naïve IgG or PBS (n=6/group). Study procedures followed those as outlined above in Phase A; however, animals were euthanized on day 7 post-challenge, and blood samples and oral swabs were additionally taken at this timepoint. In Phase C, 36 hamsters (8-11 weeks of age, 90-120 g) were infused intraperitoneally with either 100 or 50 mg/kg convalescent IgM or PBS (n=6/group). Study procedures followed those outlined above with euthanasia at day 7 post-challenge.

Research was conducted under an approved animal use protocol in an AAALAC accredited facility in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals, NRC Publication, 2011 edition. Animal protocols and procedures were reviewed and approved by the Animal Care and Use Committee of both the US Army Medical Research and Development Command (USAMRDC, proposal number DM170728) Animal Care and Use Review Office as well as the Institutional Animal Care and Use Committee of Bioqual, Inc. (protocol number 20-079). USAMRDC and Bioqual, Inc. are both accredited by the Association for Assessment and Accreditation of Laboratory Animal Care and are in compliance with the Animal Welfare Act and Public Health Service Policy on Humane Care and Use of Laboratory Animals.




2.4 Immunoglobulin measurements



2.4.1 ELISA

Concentration and purity of immunoglobulin preparations, and post-infusion concentration of immunoglobulin in hamster serum samples were measured by total human IgG, IgM and IgA enzyme-linked immunosorbent assay (ELISA) according to manufacturer’s protocols (Invitrogen). Immunoglobulin from oral swabs was eluted and concentrated 3-4-fold using Amicon ultra centrifugal units. Data was collected on a VersaMax® microplate reader using SoftmaxPro v.6 (Molecular Devices). Final quantitation was assessed against 4-parameter logistic standard curves using Prism v.9 (GraphPad). For ELISAs on material eluted from oral swabs, a pooled normal human saliva (Innovative Research) was used as a positive control.




2.4.2 Multiplex antibody binding assay

A high-throughput bead-based antibody binding assay was performed as previously described (45, 46) with modifications to adapt to coronavirus antigens. Briefly, heat-inactivated plasma from convalescent donors or purified immunoglobulin preparations was diluted and loaded into 384-well assay plates by use of a Biomek NXP® automated liquid handler (Beckman Coulter). A cocktail of 25 coronavirus antigens and 2 control proteins (HIV-1 antigens), obtained commercially (SinoBiological) or internally produced (see below), spanning spike S1 and S2 domains for all 7 human coronaviruses, were covalently coupled to uniquely coded magnetic microspheres (Luminex) per manufacturer’s protocol and added to the plate in a final volume of 50 μl/well. Following a 2 h incubation with vigorous shaking, microspheres were washed using a magnetic 384-well automated plate washer (Bio-Tek) to remove unbound sample. Microspheres were then resuspended with 0.5 μg/ml mouse anti-human IgG-PE (Southern Biotech), vortexed for 1 min with a microplate vortex at 3,000 rpm, sonicated for 1 min and then incubated with vigorous shaking for 1 h. After a final wash to remove unbound detection reagent, microspheres were resuspended in 40 μl sheath fluid (Luminex). Data was collected on a Bio-Plex®3D Suspension Array system (Bio-Rad) running xPONENT® v.4.2 (Luminex). Signal to Noise (S/N) ratio were calculated by the dividing the MFI for each sample by either Ig-depleted healthy plasma or a negative control antibody (MZ4) according to the type of sample analyzed.




2.4.3 SARS-CoV-2 pseudovirus neutralization assay

SARS-CoV-2 pseudovirions (pSV) were produced by co-transfection of HEK293T/17 cells with a pcDNA3.1 encoding SARS-CoV-2 S and an HIV-1 NL4-3 luciferase reporter plasmid (pNL4-3.Luc.R-E-, NIH AIDS Reagent Program). The S expression plasmid sequence was derived from the Wuhan Hu-1 strain (GenBank # NC_045512), which is also identical to the IL1/2020 and WA1/2020 strains. The S expression plasmid sequence was codon optimized and modified to remove the last 18 amino acids of the cytoplasmic tail to improve S incorporation into the pseudovirions and thereby enhance infectivity. Virions pseudotyped with the vesicular stomatitis virus (VSV) G protein were used as a negative control. Infectivity and neutralization titers were determined using ACE2-expressing HEK293 target cells (Integral Molecular) in a semi-automated assay format using robotic liquid handling (Biomek NXp Beckman Coulter). Convalescent human samples were diluted 1:40 in growth medium and serially diluted. Hamster serum samples were diluted 1:10 in growth medium and serially diluted. Then 25 μl/well was added to a white 96-well plate. Purified IgG and IgM were tested at a starting concentration of 1 mg/ml. An equal volume of diluted SARS-CoV-2 pSV was added to each well and plates were incubated for 1 h at 37°C. Target cells were added to each well (40,000 cells/well) and plates were incubated for an additional 48 hr. Luciferase activity was measured with the EnVision Multimode Plate Reader (Perkin Elmer) using the Bright-Glo Luciferase Assay System (Promega). Neutralization dose–response curves were fitted by nonlinear regression using the LabKey server, and the final titers are reported as the reciprocal of the dilution of plasma necessary to achieve 50% neutralization (ID50, 50% inhibitory dose or IC50, 50% inhibitory concentration) and 80% neutralization (ID80, 80% inhibitory dose or IC80, 80% inhibitory concentration). Assay equivalency was verified by participation in the SARS-CoV-2 Neutralizing Assay Concordance Survey (SNACS) run by the Virology Quality Assurance Program and External Quality Assurance Program Oversite Laboratory (EQAPOL) at the Duke Human Vaccine Institute, sponsored through programs supported by the National Institute of Allergy and Infectious Diseases, Division of AIDS.





2.5 Total and subgenomic messenger RNA quantification

Real-time quantitative PCR was carried out for total and subgenomic viral load RNA quantification from oral swabs, nares and lungs. Viral RNA was isolated from oral swabs using the Qiagen MinElute virus spin kit, and from tissues extracted using RNA-STAT 60 (Tel-test “B”), chloroform, precipitated and re-suspended in RNAse-free water. Positive controls for the amplification reaction were produced from RNA isolated from the applicable SARs-CoV-2 stock using the same procedure. Primers targeted the nucleocapsid (NC) gene of SARS-CoV-2 for measuring the total RNA, and to the envelope (E) gene for measuring subgenomic viral RNA (sgmRNA) (Table S1).

The PCR reaction contained 1x SensiFAST Probe No-ROX One-Step Mix buffer, reverse transcriptase and RiboSafe RNase Inhibitor, all from the TaqMan RT-PCR kit (Bioline), primers (600 nM) and probe (140 nM). Amplification was performed on an Applied Biosystems 7500 Sequence detector and amplified using the following program: 48°C for 30 min, 95°C for 10 min followed by 40 cycles of 95°C for 15 sec, and 1 min at 55°C. A standard curve was prepared with a range of 1 to 107 copies/reaction for total RNA and 1 to 106 copies/reaction for sgmRNA. The number of copies of RNA per ml was calculated by extrapolation from the standard curve, giving a practical range of 50 to 5 x 108 RNA copies per gram tissue for total RNA and 50 to 5 x 107 RNA copies per gram tissue for sgmRNA. All samples were tested in triplicate.




2.6 Histopathologic analysis

Necropsies were performed according to IACUC approved protocols at 7 or 14 days post-infection. Lungs were insufflated and perfused with 10% neutral-buffered formalin. Five tissue sections from each of the left lung lobes were used to evaluate the lung pathology. Sections were processed routinely into paraffin wax, then sectioned at 5 µm, and resulting slides were stained with hematoxylin and eosin. All tissue slides were evaluated by a board-certified veterinary anatomic pathologist blinded to study group allocations. Semi-quantitative scoring of pulmonary pathology was performed, with grading of hemorrhage, intra-alveolar edema, type II pneumocyte hyperplasia, mononuclear cellular infiltrates, polymorphonuclear cellular infiltrates, alveolar histiocytosis, thickened alveolar septa, alveolar necrosis, bronchioalveolar epithelial degeneration, bronchiolar epithelial hyperplasia, and interstitial collagenous deposition. Each finding was scored as follows: 0 - absent; 1 - minimal (<10% of tissue section affected); 2 - mild (11-25% of tissue section affected); 3 - moderate (26-50% of tissue section affected); 4 - marked (51-75% affected); 5- severe (>75% of tissue section affected).




2.7 Statistical analysis

Study outputs comprised of pathology scores and viral loads were compared across vaccination groups using the Kruskal-Wallis test in GraphPad Prism v9 software. Non-parametric pairwise comparisons between groups were made using the post-hoc Dunn’s test. Correlations between measurements were assessed using a nonparametric Spearman correlation. Statistical significance was preset at an alpha level of 0.05.





3 Results



3.1 Characterization and purification of IgG and IgM from convalescent individuals

Convalescent plasma was obtained from 11 individuals 17 to 59 days following a SARS-CoV-2 positive PCR test spanning March to May of 2020 (Supplementary Figure S1A). Most donors experienced mild to moderate symptoms; a few had asymptomatic infection. Plasma was tested for SARS-CoV-2 neutralization activity using a spike (S) pseudotyped lentivirus virion assay (PSV) against autologous SARS-CoV-2 (Wuhan-1). Consistent with previous reports (47, 48), we measured a wide range in neutralization activity from below the assay limit of detection to an ID50 titer > 5,000 in one donor. To evaluate the immunoglobulin isotype(s) responsible for the neutralization activity, we measured IgG, IgM and IgA binding activity to a panel of antigens, encompassing all domains of S, from SARS-CoV-2 and other human coronaviruses, using a bead-based multiplex assay. Binding antibody responses to SARS-CoV-2 antigens correlated with neutralization titer across all isotypes (Supplementary Figure S1B). The strongest correlation was observed with IgM binding responses (r=0.87), followed by IgG (r=0.84) and IgA (r=0.72). Binding of IgG to SARS-CoV (r=0.77) also associated with SARS-CoV-2 neutralization, consistent with high sequence homology between their respective S proteins and the cross-neutralization observed for some monoclonal antibodies (49, 50). As expected, weak or absence of correlation was observed between binding to the more distant MERS-CoV and other non-pathogenic human coronaviruses such as OC43, HKU1, NL63 and 229E and SARS-CoV-2 neutralization. To directly assess the neutralization activity of each isotype, we selected four donors based on their high neutralization titers and volume of plasma available (Supplementary Figure S1C) and selectively purified IgG, IgM and IgA from plasma. The IgM and IgG fractions were analyzed by SDS-PAGE electrophoresis under reducing and non-reducing conditions. In non-reducing conditions, purified IgM existed predominantly as a large band (>250 kDa), indicating the presence of higher order multimers, likely native pentamers (Supplementary Figure S2A). The purity of the immunoglobulin fractions, as assessed by ELISA, was 98.8% for IgM and 98.3% for IgG (Table 1; Supplementary Figure S2B). Neutralization activity was measured in the purified material. Purified IgM displayed the most potent neutralizing activity (10- to 60-fold higher than IgG), while IgA had the least potent neutralizing activity (Supplementary Figure S1D).


Table 1 | Characteristics of purified IgG and IgM.






3.2 Passive transfer of convalescent human IgG and IgM in hamsters

Given the strong neutralizing activity of both IgG and IgM, we evaluated the therapeutic potential of both antibody isotypes in a pathogenic SARS-CoV-2 animal model using human convalescent IgG and IgM. To obtain sufficient material for passive immunization, we pooled plasma from the four selected donors described above and sequentially purified IgG and IgM using isotype specific affinity purification. Control IgG was similarly purified from naïve healthy donor plasma sampled prior to 2019. Yields for SARS-CoV-2 convalescent IgG and IgM were 9.6 and 0.55 g/L, respectively (Table 1). The neutralization IC50 for purified convalescent polyclonal IgG and IgM preparations was 153 and 5.5 nM, respectively, with lower IC50 indicating increased neutralization potency of IgM compared to IgG.

72 Syrian golden hamsters (n=6 per group) were infused with a dose titration of the purified IgG or IgM from SARS-CoV-2 convalescent or naïve individuals, or with PBS in a series of three study phases (Supplementary Figure S3). Twenty-four hours following the infusion, animals were challenged with SARS-CoV-2 (WA1/2020; 1.99 x 104 TCID50) via the intranasal route. Animals were followed for 14 (n=18, Phase A), or 7 (n=52, Phases B and C) days following challenge for immunologic, virologic and pathologic assessments.




3.3 SARS-CoV-2-specific antibody activity in hamster serum following passive transfer

To determine the concentration of infused immunoglobulin in animals following transfer total human immunoglobulin was measured in sera at the time of challenge by ELISA. Human IgG and IgM present in hamster sera was interpreted to reflect the amount of infused immunoglobulin. Geometric mean (GMT) IgG concentrations were 2,629 μg/ml in animals that received 500 mg/kg IgG, and 52 μg/ml in animals that received 10 mg/kg IgG (Figure 1A). Animals that received 100 mg/kg naïve IgG had a similar amount (499 μg/ml) of IgG to animals that received 100 mg/kg convalescent IgG (711 μg/ml). The animals that received IgM had a slightly higher amount of human immunoglobulin in sera than those that received a comparable amount of IgG, with infusion of 100 mg/kg IgM resulting in 955 μg/ml IgM at the time of challenge. No human immunoglobulin was detected in hamsters that received PBS, confirming specificity of the detection reagents for human IgG and IgM.




Figure 1 | Total, binding and neutralizing antibody titers at time of challenge in serum. Titers of infused antibodies were measured in hamsters at the time of challenge (study day 0). (A) Serum total levels of the infused human antibodies as assessed by human IgG or IgM ELISA assays. (B) Serum SARS-CoV-2 specific IgG/IgM responses as assessed by multiplex antibody binding assay to the Hexapro stabilized spike protein (C) Serum SARS-CoV-2 S-specific pseudovirus neutralization. Virus neutralization reciprocal 50% inhibitory dilution (ID50) is shown. X-axis values indicate mg/kg of IgM or IgG administered to animals. Dotted lines indicate the lower limit of detection for the assay. Horizontal bars indicate group means.



The presence of SARS-CoV-2-specific binding antibodies was measured by a multiplex antibody binding assay to the full S protein (Figure 1B) and to the S1 subunit and the receptor binding domain (RBD) and N-terminal domain (NTD) (Supplementary Figure S4A-C). SARS-CoV-2-specific antibody amount present at the time of challenge was consistent with the amount of total human immunoglobulin in serum, both exhibiting a clear dose response to the amount of infused immunoglobulin. Higher binding antibody titers were present in animals that received IgM compared to those that received IgG. Binding to the stabilized Hexapro full spike antigen (51) at a 50 mg/kg dose IgM had a 595-fold geometric mean increase over the PBS control animals, while 50 mg/kg IgG resulted in a 299-fold increase. No SARS-CoV-2 binding antibodies were detected in the animals that received naïve IgG.

Functional antibodies were assessed using a pseudovirus neutralization assay with the Wuhan-Hu-1 strain. Neutralization activity was present in sera of all animals that received 500 or 250 mg/kg IgG, with geometric mean ID50 titers of 226 and 94 respectively (Figure 1C). Four of six animals that received 100 mg/kg IgG had low but measurable neutralization titers, with a geometric mean ID50 of 21. Animals that received 100 mg/kg and 50 mg/kg IgM had ID50 GMTs of 137 and 83, respectively. These titers were higher than those observed in animals that received an equivalent dose of IgG, reflective of the higher neutralization potency of the parent IgM material.

To assess the presence of the infused material in a mucosal compartment, we measured human immunoglobulin in oral swab samples from a subset of hamsters. IgG was measured in a subset of four animals that received 500 or 250 mg/kg convalescent IgG. In all samples, human IgG concentrations exceeded the assay lower limit of detection (Supplementary Figure S5). A positive control of a pooled normal human ELISA sample had IgG levels exceeding those eluted from the hamster oral swabs. No measurable IgM was detected in the oral swabs of three animals that received 100 mg/kg IgM, suggesting a lack of human IgM transudation to this mucosal compartment. The limit of IgM detection was higher (15.6 ng/mL) than the IgG assay (1.6 ng/mL) and 2/4 IgG sample measurements fell below 15.6 ng/mL. Therefore, it is possible low levels of IgM were present and similar to those of IgG, but below the sensitivity of the IgM assay.




3.4 IgG infusion prior to challenge resulted in a dose-dependent protection from disease

Animal bodyweight was measured daily following SARS-CoV-2 challenge to assess disease severity. In the control animals, peak weight loss of ~10% occurred on days 6-7 post-challenge (Figure 2). Infusion of SARS-CoV-2 convalescent IgG reduced animal weight loss, with greatest effects observed at the higher doses (Figure 3A). Transfer of 500 mg/kg IgG resulted in insignificant weight change (mean +1.1%) at day 6. Animals that received 250 or 100 mg/kg convalescent IgG were protected to a lesser extent (mean weight change of -2.6% and -3.7% at day 6 respectively), and animals that received 50 or 10 mg/kg IgG had weight change comparable to the control animals. Among animals followed out to 14 days post-challenge, weight loss peaked 6-7 days post-challenge among controls, followed by a gradual regaining of weight. All animals recovered their pre-challenge weights by day 14, with mean weight changes of 2.4, -0.1 and 0.9% in the 100 mg/kg convalescent IgG, naïve IgG and PBS groups respectively (Supplementary Figure S6).




Figure 2 | Body weight changes following SARS-CoV-2 challenge. Hamster weight was recorded daily in hamsters from the time of viral challenge until necropsy. Graphs show the mean body weight change from time of challenge for each group in the animals that received passively transferred IgG (A) or IgM (B). Error bars indicate standard deviation.






Figure 3 | Histopathologic examination post-challenge. Lung tissues were collected at necropsy on day 7 post-challenge, fixed with neutral buffered formalin, and stained with hematoxylin and eosin (H&E) for standard microscopic examination. (A) H&E stained slides were scored for pathologic effects (see Methods) in SARS-CoV-2 challenged hamsters. Dots represent individual animals and the horizontal bar is the mean group score. Each group was compared to the control group that received no antibody infusion by Kruskal-Wallis test with Dunn’s posttest and bars indicate significant differences (P<0.05). (B) Representative lung tissue sections from the 7 day PBS control, 7 day 500 mg/kg convalescent IgG, and 7 day 50 mg/kg convalescent IgG, challenged hamsters in the columns as indicated. Rows are given by H&E at 20 and 200 times magnification power (20X and 200X, respectively). The black boxes in the top row indicate the area magnified in the bottom row. Interstitial pneumonia is characterized by inflammatory cellular infiltrates (star), type II pneumocyte hyperplasia (thick arrow), bronchiolar epithelial hyperplasia, and hemorrhage and edema (triangle). Scale bars: Top row, 1 mm; bottom row, 50 µm.



Weight loss in control animals in the IgM phase of the experiment matched that of the control animals in the IgG phase, with a mean weight change of -10.9% at day 6. In contrast to IgG, infusion of convalescent IgM did not prevent weight loss, with mean weight changes of -12 and -14.5% at day 6 among 100 mg/kg and 50 mg/kg IgM recipient animals, respectively (Figure 2B).




3.5 IgG infusion associated with reduced lung pathology at necropsy

Lung pathology was assessed by routine hematoxylin and eosin (H&E) staining and semiquantitative scoring of histopathology 7 days post-SARS-CoV-2 challenge. The highest degree of pathology was present in the PBS and naïve IgG control animals (Figure 3A). All control animals developed evidence of moderate to marked interstitial pneumonia. The pneumonia was characterized by type II pneumocyte hyperplasia, alveolar hemorrhage and edema, alveolar inflammation and necrotic debris, thickening of alveolar septae, bronchiolar epithelial hyperplasia and increased numbers of pulmonary macrophages (including multinucleated giant cells) (Figure 3B). Pathology was most limited in animals that received 500 mg/kg convalescent IgG, although a significant improvement was also seen with 250 mg/kg IgG. There was no decrease in the mean pathology score among the convalescent IgM groups compared to either PBS or naïve IgG controls. The individual pathology findings that contribute to the overall pathology score replicated the pattern observed for the overall score (Supplementary Figures S7A-C), with dose-dependent reductions in type II pneumocyte hyperplasia, cellular infiltrates without alveolar histiocytosis and cellular infiltrates with alveolar histiocytosis following IgG infusion. Pathology in control animals 14 days post-challenge was more limited than that observed at day 7 (Supplementary Figures S8A, B). Nonetheless, 100 mg/kg convalescent IgG pre-treatment reduced pathology compared to the PBS animals (Supplementary Figure S8A).




3.6 IgG infusion was associated with lower SARS-CoV-RNA in the lower respiratory tract

SARS-CoV-2 total RNA and subgenomic (sg) mRNA [considered a more specific indicator of viral replication (52, 53)] were measured following challenge to assess the viral burden in the respiratory tract. Seven days post-challenge, total SARS-CoV-2 RNA in the lower respiratory tract (as measured in the lungs) was diminished in animals that received 500 mg/kg IgG. There was also a trend towards reduced SARS-CoV-2 RNA in the animals that received 250 mg/kg IgG (Figure 4A). Other convalescent IgG dose groups did not differ from controls, nor did animals that received convalescent IgM (Figure 4B). Lung sgmRNA was similar in all groups (Figures 4C, D). sgmRNA was below the limit of detection in the lungs of most animals necropsied at day 14 (Supplementary Figure S8C).




Figure 4 | Lung viral loads post-challenge. Lung tissues were collected at necropsy on day 7 post-challenge for viral RNA extraction from one lung lobe. Total SARS-CoV-2 RNA was measured by PCR for IgG (A) and IgM (B) animals, and subgenomic RNA measured for IgG (C) and IgM (D) animals. Horizontal bars indicate the group means. Each group was compared to the control group that received no antibody infusion by Kruskal-Wallis test with Dunn’s posttest and bars indicate significant differences (P<0.05).



SARS-CoV-2 RNA was also measured in the upper respiratory tract, specifically in the nares collected at day 7 post-challenge (Supplementary Figure S9). Here, both total RNA and sgmRNA were significantly lower in animals that received 50 mg/kg convalescent IgM (Supplementary Figures S9B, D). Nares SARS-CoV-2 RNA did not differ between controls and animals that received IgG measured at day 7 (Supplementary Figures S9A, C) and at day 14 only one animal had measurable sgmRNA in the nares (Supplementary Figure S8D). Oral swabs collected longitudinally following challenge also allowed for repeated measurement of SARS-CoV-2 RNA in the upper respiratory tract (Supplementary Figure S10). Similar to viral RNA in the nares, passive transfer of convalescent IgG did not impact either total or subgenomic RNA in this upper respiratory tract compartment.




3.7 Total infused immunoglobulin, SARS-CoV-2 binding and neutralizing titers correlate with protection from disease

To assess whether the amount of transferred convalescent immunoglobulin correlated with degree of protection against SARS-CoV-2 induced disease, we performed nonparametric Spearman correlations between quantitative serum antibody measurements at the time of challenge and maximum weight loss post-challenge (day 6) in animals infused with either IgG or IgM from convalescent individuals. Weight loss inversely correlated with total infused human IgG (non-antigen specific) concentration in hamster serum at the time of challenge, as well as with S-specific binding IgG and SARS-CoV-2 neutralizing antibody titers (Figure 5A). For neutralization activity, in general, ID50 values greater than 50 were protective from weight loss, and minimal weight loss was observed in all animals with neutralization activity above the assay LOD.




Figure 5 | Immune correlates of protection. The relationship between total antibody levels, S-specific binding antibody and neutralizing antibodies at the time of challenge and weight change at day 6 post-challenge was assessed by a nonparametric Spearman correlation for animals that received convalescent IgG (A) or IgM (B). This analysis did not include animals that received naïve IgG or no antibody infusion. Binding IgG values represent the fold-change over a no-antibody control.



Since the animals that received convalescent IgM were not protected from bodyweight loss post-challenge, the variation in weight change for these animals was small. Nonetheless, total IgM was associated with less weight loss (Figure 5B), though the biological relevance of this correlation is unclear given the small dynamic range. Neither S-specific binding or neutralizing IgM titers correlated with weight loss.





4 Discussion

This study demonstrates that passively transferred purified IgG from SARS-CoV-2 convalescent donors is able to protect Syrian golden hamsters from SARS-CoV-2 disease in a dose-dependent manner. Viral replication in the upper respiratory tract was not suppressed by transfer of purified IgG at concentrations up to 500 mg/kg, with comparable virus present in the nares and oral cavity relative to controls after virus challenge. However, high doses of IgG protected animals from weight loss and lung pathology while reducing lower respiratory tract SARS-CoV-2 RNA compared to controls. Multiple pre-clinical vaccine studies in non-human primates and hamsters have observed similar effects on SARS-CoV-2 respiratory tract viral RNA levels whereby adaptive immune responses are more effective at limiting viral replication in the lower respiratory tract (54–57). Total human immunoglobulin, S-specific binding titers and neutralization activity in animal sera at the time of challenge all inversely correlated with weight loss. However, animals with measurable neutralization titers were most protected from disease. Other preclinical studies investigating passive transfer of polyclonal immunoglobulin preparations have shown similar results, with neutralization ID50 titers of approximately 50-400 required for protection from disease (25, 58, 59), underscoring the importance of maintaining strong neutralization against emerging variants. Work measuring neutralization titers in convalescent plasma has demonstrated that the presence of high neutralization activity in plasma correlates with the ability to neutralize VOCs, despite no previous exposure to the selected variants (60). In the setting of future  emerging variants less sensitive to existing monoclonal antibodies treatment with sera from recent convalescent patients may serve as an effective prevention or therapeutic tool, particularly in the absence of other strategies.

This study also tested the protective efficacy of IgM isolated from the plasma of convalescent donors. Despite the higher in vitro neutralization activity of IgM than that of IgG, we did not observe the same in vivo protection mediated by IgM as with IgG. A significant reduction in SARS-CoV-2 RNA in the nares was observed in animals that received 50 mg/kg IgM, however this did not correspond to any reduction in disease. A similar observation was recently reported following administration of plasma depleted of IgG, which abrogated protection in K18-hACE2 transgenic mice, while IgA- plus IgM-depleted plasma did not (61). Efforts to quantify human immunoglobulin in oral swabs collected 24 hours post-infusion revealed the presence of human IgG but not IgM, suggesting that human IgM may not transudate as efficiently as IgG into mucosal sites of hamsters. IgM may be expected to traffic better to the mucosa than IgG, due to the presence of a joining (J) chain (62). While the J-chain is relatively conserved between humans and hamsters (38), the ability of human antibodies to traffic to mucosal sites in the hamster model has not been studied. Consequently, it is possible that IgM trafficking to the site of infection is impaired due to the species mismatch. However, the assay used for quantifying IgG had a ~10-fold lower limit of detection compared to the IgM assay. Therefore, IgM may have been present at mucosal sites albeit at very low levels that did not confer protection. It is possible that infusion of a higher dose of IgM may be efficacious. We did not assess the effectiveness of passive transfer of IgA in this study, as the IgA serum fraction exhibited lower neutralization activity than the IgM and IgG fractions. However, IgA mucosal transudation may be more efficient, augmenting its potential to mediate protection despite the decreased potency, and merits investigation in future work.

While a previous study demonstrated protection from SARS-CoV-2 following administration of a human IgM monoclonal antibody (41), this antibody was delivered intranasally, in contrast to the IP administration used here, therefore no trafficking of the IgM to the site of challenge was required. The translocation of IgM to the mucosa requires interaction between the polymeric immunoglobulin receptor (pIgR) and J-chain of the IgM and leads to the secretory component remaining associated with the IgM once in the mucosa (63). It is possible that even if the IgM effectively transudated to the mucosa, the attached species-mismatched secretory component may have inhibited the function of the human IgM in the mucosa. Human IgM receptors (FcµR) likely have low homology with hamster IgM receptors – amino acid sequence identity between human and mouse FcµR is 54% (64) – and this mismatch may limit activity. Additionally, the intranasal IgM delivery was applied in a mouse model with a mouse-adapted SARS-CoV-2 strain, which differs in disease course and pathogenesis from human isolates. Transfer of a monoclonal IgM (rather than the polyclonal preparation used here) likely also facilitated delivery of a highly neutralizing, SARS-CoV-2-Spike specific antibody to the site of challenge.

An alternative hypothesis for the lack of IgM-mediated protection is differential rates of antibody clearance. The half-life of infused IgM is typically less than that of IgG, likely due to the fact that IgM does not interact with the recycling Fc receptor (FcRn) (38). The similar concentrations of IgM and IgG present in serum at the time of challenge suggests, however, that the differential persistence of the two antibody isotypes in circulation may not have been a factor in the difference in protection conferred. Alternatively, the IgM’s lack of effectiveness may suggest that another function besides neutralization is responsible for the protection. While IgM mediates complement activation better than IgG it does not interact with Fcγ receptors, therefore effector functions such as antibody dependent cellular cytotoxicity are likely limited (38), although the functions of IgM are not well understood and further research is needed into this area. Such Fc effector functions may be contributing to the IgG-mediated protection observed here, as some reports have linked Fc receptor functions with the protective efficacy of antibodies (65–72).

This study adds to the growing body of literature supporting the importance of neutralizing antibodies for protection against SARS-CoV-2, and confirms that polyclonal sera can be an effective preventive strategy if the neutralizing titers are sufficiently high. As the number of individuals vaccinated against or infected with SARS-CoV-2 grows, the ability to source sera with these neutralizing titers is likely to increase. As new variants emerge that escape vaccine-elicited immunity or monoclonal antibody efficacy, the use of polyclonal immunoglobulin preparations from individuals who have recovered from infection with a new virus variant may be an efficacious tool in the absence of other prevention or treatment strategies. While IgM of high neutralizing titer should in principle be effective, it was unable to protect in vivo, suggesting that antibody trafficking or some other function of IgM is more limited than that of IgG and that factors other than neutralization titers should be further investigated as contributing to protection against infection and disease.
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Background

The impact of chronic rhinosinusitis (CRS) and subsequent steroid therapy on acquiring COVID-19 and severe outcomes remains controversial. Therefore, we conducted this systematic review and meta-analysis to provide cumulative evidence regarding the risk of COVID-19 and the impact of steroid therapy, length of hospital stay, mechanical ventilation, and mortality among CRC patients.





Methods

We conducted a comprehensive electronic search strategy using the relevant keywords. The outcomes and risk factors of COVID-19 in CRS patients was estimated and compared to a healthy control group when applicable.





Results

A total of seven studies were included, with an estimated prevalence of 6.5% (95% confidence interval (CI): 2.5-15.7) for COVID-19 in the CRS group. COVID-19 prevalence did not differ between CRS and controls (odds ratio (OR): 0.92; 95%CI: 0.84-1.01; p = 0.08). Moreover, using steroid/immunosuppressive therapy did not significantly increase the risk of acquiring COVID-19 in CRS patients compared to the control group (OR: 3.31; 95%CI: 0.72-15.26; p = 0.12). Length of hospital stay, mechanical ventilation, and mortality rates were comparable between the two groups. Furthermore, we found that male sex, cardiovascular morbidity, renal diseases, and hypertension were inversely associated with COVID-19 infection (p < 0.01).





Conclusion

CRS had a neutral effect on acquiring COVID-19 and developing severe outcomes. However, further studies are needed.





Keywords: chronic rhinosinusitis, steroids, COVID-19, coronavirus, prevalence, epidemiology




1 Introduction

Chronic rhinosinusitis (CRS) is an inflammatory condition affecting the nasal cavity and related sinuses. Affected patients are characterized by various symptoms, including nasal discharge with and without facial pain, stuffy nose, and sense of smell-related conditions. Epidemiological data indicate the high prevalence of CRS in the general population, up to 12.5% (1). Evidence shows that nasal cavity-related pathological conditions can significantly lead to serious lower respiratory diseases, the main entry of different pathogens into the respiratory system (2, 3). Furthermore, established evidence shows that oral and nasal cavities are mainly responsible for introducing viral illnesses to the respiratory system, including the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (4). This might be due to specific antibody deficiency, exaggerated immune response, bacterial colonization, and epithelial barrier dysfunction (5, 6).

Since SARS-CoV-2 emerged and caused the coronavirus disease 2019 (COVID-19), different reports have indicated the global burden affection of the different aspects of the communities and their populations by the pandemic (7, 8). In addition, the disease has been associated with not only the development of acute respiratory distress syndromes but other conditions and complications that might even be life-threatening. Further, studies demonstrated that patients with underlying comorbidities are at risk of infection and developing severe COVID-19. These comorbidities include hypertension, diabetes mellitus (DM), obesity, and chronic obstructive pulmonary disease. Similarly, it has been shown that allergic rhinitis and asthma might be associated with an increased risk of COVID-19 and severe disease (9–11). This might be due to the influence of host immune functions on the infectivity and/or severity of COVID-19, based on the different affinities and expression levels of viral entry factors (12).

The exact role of CRS in COVID-19 is still unknown. Some studies were published to investigate this association. However, no cumulative evidence was found in these studies. For instance, some studies reported that CRS is not a significant risk factor for developing COVID-19 and severe disease. Moreover, it has been suggested that the condition might have a protective role against COVID-19 (12–16). On the other hand, other studies demonstrated that CRS increases the risk of hospitalization in COVID-19 patients (17, 18). Increased susceptibility to COVID-19 and increased risk of severe disease with CRS might be attributed to the high expression levels of viral entry genes, epithelial barrier dysfunction, and induced upper airway inflammatory condition. The main aim of this study is to provide cumulative evidence regarding the impact of CRS on COVID-19 infection and outcomes.




2 Methods



2.1 Search strategy

The steps of this systematic review were conducted according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement (19). We performed a comprehensive search of five electronic databases: PubMed, Scopus, ISI, google scholar, and VHL, for relevant studies published in the literature until July 10, 2022. We conducted another search on January 1, 2023 to check whether further studies were published. The search keywords and corresponding Medical Subject Headings (Mesh) were as follows (“COVID-19” OR “COVID 19” OR “novel coronavirus” OR “SARS-CoV-2”) AND (“chronic sinusitis” OR “chronic rhinosinusitis”). Moreover, we followed a manual search strategy as members looked up the references of relevant studies and reviews to find any relevant articles that might have been missed during the electronic search strategy.




2.2 Definition of endpoints

The current systematic review aims to identify the impact of CRS on acquiring COVID-19 and related severe outcomes of previously affected patients. Accordingly, we will mainly assess the prevalence of COVID-19 in CRS patients and compare it to the control group of non-CRS individuals. The intervention group will include patients with CRS, while the control one will include healthy individuals with no CRS or another control group. We will also estimate the rates of hospitalization, intensive care unit (ICU) admissions, mechanical ventilation, and mortality, together with the length of hospital stay. We will also assess the impact of steroids/immunosuppressive therapy used by CRS patients on acquiring COVID-19. These outcomes will be compared to the control group whenever possible.

Other secondary endpoints of the current study will include the risk factors for developing COVID-19 and the difference in symptomatology and COVID-19 positive and negative patients with CRS.




2.3 Inclusion and exclusion criteria

We drafted our criteria based on our intended outcomes. Accordingly, we included articles that 1) were original, including cross-sectional and cohort studies 2) included human populations and 3) investigated the prevalence of COVID-19 (PCR-confirmed) or any related outcome in CRS patients or compared the prevalence between CRS and non-CRS (control) individuals. On the other hand, we excluded articles that 1) were not original (like different types of reviews, abstract-only articles, editorials, thesis, protocols, and conference papers), or 2) included limited sample populations, like case reports and case series, 3) were not human studies (like in vivo and in vitro studies), 4) did not include CRS patients, 5) did not report any COVID-19 related outcomes among these patients, or 6) reported other outcomes related to laboratory data or genetic information.




2.4 Screening process

After we finished the search strategy, all citations from all databases were grouped into a single Endnote library to help us remove all potential duplicates among these databases. Following this step, we used an Excel sheet and gave each citation an ID to help identify and facilitate the screening of the different citations. The screening process was divided into two main steps, including title/abstract followed by full-text screening. Both of these steps were conducted by at least two study members. To prevent bias in selection, each member’s screening results were blinded from the other. However, after they were finished, the senior member grouped and compared the results of each member and highlighted the differences to be discussed to reach a final decision about whether to include or exclude the article according to the inclusion and exclusion criteria.




2.5 Data extraction and quality assessment

A pilot extraction sheet was drafted based on the intended outcomes. It was then tested and modified whenever needed throughout the extraction process to enhance the quality of reporting and facilitate the extraction process. The sheet mainly consisted of three parts. The first part was made for the baseline characteristics (including study reference, study design, sample size, age, and gender (male %) of each group, and method of COVID-19 diagnosis. The second part was developed for the study outcomes, including the prevalence of COVID-19, hospitalization, length of hospital stay, mechanical ventilation, ICU admissions, and mortality rates in the CRS and control groups. This part also included the symptoms of each group and the risk factors between COVID-19 positive and negative CRS patients. The third part included the domains of the Newcastle–Ottawa scale (NOS) for assessing the quality of non-randomized studies (Cohorts and Case-controls). The tool mainly assessed the quality of each included study by three domains, including selection, compatibility, and outcomes, which were divided into eight items. The highest score for any study was nine, and studies were stratified based on their totally estimated scores as follows: 1) 0-3 very high risk of bias, 2) 4-6 moderate risk (fair quality), and 3) 7-9 high quality. We also used the modified the NOS for cross-sectional studies, which was also composed of three main domains, divided into seven items with a maximum score of ten. The extraction process was also conducted in a blinded approach to reduce the risk of bias in extraction. A discussion was also made whenever there was a disagreement to reach a final decision.




2.6 Statistical analysis

Data analysis was conducted using the Comprehensive Meta-analysis (CMA, Version 3) software. Random or fixed models were chosen based on the heterogeneity of included studies. We identified heterogeneity as P-value < 0.1, or I (2) ≥ 50%. We expressed data in rates (%) for data presented in events/totals and measuring the prevalence of outcomes. We also compared the outcomes between the two study groups, and data was represented by odds ratio (OR) and 95% confidence interval (CI). A P-value < 0.05 was considered statistically significant.





3 Results



3.1 Study selection

A total of 690 studies were imported for a title and abstract screening, and after removing duplicates, 578 studies were retained. These articles were screened by title/abstract screening, and as a result, only 21 studies were deemed eligible for full-text review. From the full-text review, seven papers met our criteria and were extracted. The rest of these articles were excluded because they were not original, did not include any of our reported outcomes, or was duplicated with another included article. We detailed this process in the PRISMA flow chart in Figure 1.




Figure 1 | PRISMA flow diagram.






3.2 Study characteristics and quality assessment

A total of seven studies, including five cross-sectional (13, 15–17, 20) and two cohort studies (18, 21), were finally retrieved. The included studies’ sample size remarkably varied, ranging from 52 to 12323 in the CRS group and 942 to 207636 in the control group. Similarly, the age of included participants was remarkably variable among included studies. Besides, the proportion of women was comparable among all CRS and control groups. All COVID-19 patients were diagnosed by reverse transcription-polymerase chain reaction. All baseline characteristics are presented in Table 1.


Table 1 |     Baseline characteristics of included studies.



Results of the quality assessment of each study and domains of the NOS tool are presented in Supplementary Tables 1, 2.




3.3 COVID-19 prevalence

The prevalence of COVID-19 in CRS patients was 6.5% (95%CI: 2.5-15.7) (Figure 2A). Furthermore, COVID-19 prevalence did not differ between CRS and controls (OR: 0.92; 95%CI: 0.84-1.01; p = 0.08) (Figure 2B).




Figure 2 | (A). The COVID-19 prevalence rate in CRS patients represented by the event rate and 95% confidence interval. Figure 2 (B). The association between COVID-19 prevalence and CRS represented by the odds ratio and 95% confidence interval.






3.4 COVID-19 outcomes



3.4.1 COVID-19 hospitalization

Around one-fifth (20.8%; 95%CI: 3.7-84) of CRS patients with COVID-19 required hospitalization (Table 2). Moreover, COVID-19 hospitalization rates were significantly higher in CRS patients than in controls (38.46% versus 25.82%; p = 0.03) (17).


Table 2 | Prevalence of outcomes and symptoms of COVID-19 patients with chronic rhinosinusitis.






3.4.2 Length of hospital stay in COVID-19

The length of hospital stay in COVID-19 patients with CRS (n= 72) was similar to the controls(n=1100) [Median: 18 (IQR: 15 – 23) versus 18 (12 – 21.5) days, respectively] (13).




3.4.3 Mechanical ventilation in COVID-19

Only 5.4% (95%CI: 2.5-11.6) of CRS patients with COVID-19 needed mechanical ventilation (Table 2). However, comparing mechanical ventilation rates against controls did not reveal any significant differences (OR: 1.1; 95%CI: 0.47-2.57; p = 0.8) (Figure 3).




Figure 3 | Association between the prevalence of mechanical ventilation in COVID-19 and CRS represented by the odds ratio and 95% confidence interval.






3.4.4 ICU in COVID-19

The prevalence of CRS with COVID-19 infection admitted to the ICU was 6.7% (95%CI: 2.8-15) (Table 2).




3.4.5 Mortality in COVID-19

COVID-19 mortality in CRS patients (n=52) was lower, but not statistically significant than controls (n=942) (2.9% vs. 4.6%, P-value > 0.05) (17).





3.5 Impact of steroid/immunosuppressive therapy

The prevalence of steroid/immunosuppressive therapy administration in CRS patients with COVID-19 was 20.8% (95%CI: 17.5-24.5) (Figure 4A). Moreover, using steroid/immunosuppressive therapy did not significantly increase the risk of acquiring COVID-19 in CRS patients compared to the control group (OR: 3.31; 95%CI: 0.72-15.26; p = 0.12) (Figure 4B). Finally, CRS patients treated with inhaled corticosteroids had a greater risk of developing severe COVID-19 outcomes than non-CRS patients (25.7% versus 13.3%; adjusted OR: 2.24; 95%CI: 1.16-4.20) (18).




Figure 4 | (A). The prevalence of steroids/immunosuppressive therapy use in CRS patients with COVID-19 represented by the event rate and 95% confidence interval. Figure 4 (B). The association between steroids/immunosuppressive therapy use in CRS patients and acquiring COVID-19 represented by the odds ratio and 95% confidence interval.






3.6 COVID-19 risk factors in CRS patients

We found that male sex, cardiovascular morbidity, renal diseases, and hypertension were inversely associated with COVID-19 infection (p < 0.01). However, nasal polyps, cerebrovascular disorders, DM, and steroids/immunosuppressive therapy use were comparable between COVID-19 positive and negative patients (p > 0.05) (Table 3).


Table 3 | Risk factors and symptoms of COVID-19 with chronic rhinosinusitis compared to the control group.






3.7 COVID-19 symptoms

We found that fever, cough, and anosmia were the common COVID-19 symptoms in CRS COVID-19 patients 67%, 55%, and 49.5% (Table 2). On further comparison of COVID-19 symptoms between COVID-19 patients in the CRS and control population, we did not find any significant differences between the two groups regarding fever, fatigue, anorexia, cough, diarrhea, dyspnea, and nausea and vomiting (p > 0.05) (Table 3).





4 Discussion

The main aim of this study was to investigate the impact of CRS on susceptibility to COVID-19 and related severity. Our findings indicate that the rates of COVID-19 were comparable in the CRS and non-CRS groups, indicating that CRS does not impact the susceptibility to SARS-CoV-2 infection. Moreover, we found that the prevalence of COVID-19 cases among patients with CRS was 6.5%. This rate is not considered high, especially during times of the pandemic, which might furtherly indicates the neutral impact of CRS on the development of COVID-19. However, it is hard to compare prevalence rates because of different inclusion criteria and trends of COVID-19 per country.

CRS is characterized by type 2 inflammation and is associated with increased levels of interleukin (IL)-4, IL-5, and IL-13 cytokines, together with marked eosinophilia (22). It is difficult to compare our findings to the existing literature since this is the first study to provide cumulative evidence about the impact of CRS on COVID-19. However, asthma is frequently found in CRS patients and is usually associated with type 2 inflammation (23). Previous studies investigated the impact of asthma on developing COVID-19 and compared affected patients’ outcomes between patients with and without asthma. For instance, a previous meta-analysis by Sunjaya et al. (24) reported that the risk of SARS-CoV-2 infection was significantly reduced among patients with asthma, with an estimated pooled prevalence of COVID-19 of 8.08% among these patients, which is slightly higher than ours. A more updated meta-analysis furtherly demonstrated that the risk of infection was significantly lower among patients with asthma than others (25). Accordingly, it can be concluded that CRS, similar to asthma, is not associated with higher rates of SARS-CoV-2 infections.

Regarding COVID-19 severe outcomes, CRS was significantly associated with increased hospitalization rates. On the other hand, mechanical ventilation and mortality rates, and length of hospital stay were comparable between the two groups. Similarly, previous meta-analyses also demonstrated the neutral effects that asthma plays among patients with COVID-19. These studies showed that the hospitalization, MV, ICU admissions, and mortality rates were similar between COVID-19 patients with and without asthma (24, 25). Studies that reported the protective effects of these respiratory diseases proposed some factors for this phenomenon. For instance, it has been suggested that the protective effect of CRS might be related to the expression of the angiotensin-converting enzyme (ACE)-2 receptor in CRS patients. This has been indicated in the analysis by Wang et al. (26), which demonstrated that ACE-2 receptor expression is significantly reduced among patients with eosinophilic CRS with nasal polyps (ECRSwNP). Therefore, although increased expression of ACE-2 receptors was not noticed in the non-eosinophilic CRSwNP type, this evidence indicates that some CRS patients might have a protective effect against COVID-19. This can partially explain the current results. However, a definite explanation could not be reached because we could not conduct a proper analysis that might explain the impact of different CRS subtypes. Moreover, even if we assumed that most patients included in the current analysis have ECRS [which usually presents with more severity and worsened outcomes (27–31)], our results would still show that patients with CRS have comparable outcomes to those without it, excluding the negative impact of CRS on COVID-19 outcomes.

Another important factor to consider is the impact of steroid administration on COVID-19 outcomes among CRS patients. Our findings indicate that the administration of steroid/immunosuppressive therapy did not significantly impact the risk of acquiring COVID-19 in CRS patients. Many concerns have arisen among these patients because of their prolonged administration of steroids, as reports showed that it might impact their immune functions and induce the severity of COVID-19 (32, 33). On the other hand, other investigations demonstrated that administering corticosteroids in patients with respiratory allergic diseases associated with type 2 inflammation is associated with the downregulation of nasal cavity ACE-2 receptors, leading to a reduced risk of SARS-CoV-2 infection (32, 34, 35). This might explain why COVID-19 cases are not high and do not suffer from more severe outcomes in the CRS compared to the control group. Similar conclusions were also reported in studies investigating the impact of asthma (34). Therefore, the administration of steroid therapy in CRS patients should not be avoided, especially to reduce the risk of sneezing and spreading the infection (36). However, it should be noted that these findings were more remarkable in patients with eosinophilia. Moreover, one included study reported that the administration of steroid/immunosuppressive therapy was associated with more severe COVID-19 in CRS patients. However, the authors demonstrated that this finding is not clinically significant and needs further confirmation (18). Although biologics might be used in CRS patients with favorable outcomes, evidence regarding its impact on SARS-CoV-2 infection and severity of outcomes in these patients is limited and needs further investigations (37). However, studies recruiting patients with atopic dermatitis showed that the drug has no effect on acquiring COVID-19 and does not induce severe outcomes (38, 39). However, using these modalities is still controversial and needs further validation (40).

A third factor to be considered is the presence of comorbidities and the administration of treatment regimens that can be protective against COVID-19. However, we found that male sex, cardiovascular morbidity, renal diseases, and hypertension were inversely associated with COVID-19, which contradicts the findings reported by the previous COVID-19 investigation (41–43). The exact reason for this contradiction is unknown. However, it might be due to the potential differences in baseline characteristics of included patients and different management approaches that might reduce the impact and intensity of these comorbidities. The current analysis could not adjust confounders due to data shortage and improper study designs. Accordingly, further future investigations with proper designs and better adjustment of baseline characteristics of their populations are urgently needed.

There are some limitations to be considered in the current analysis. First, many of the included studies did not have proper designs and sample sizes, which might not be sufficient to conduct an ideal analysis that identifies the association between CRS and COVID-19 without the impact of certain confounders, like demographics, treatment regimens, and associated morbidities. Randomized controlled trials are encouraged in this context. Moreover, limitations within included studies should also be considered. For instance, Wang et al. (13) reported that the risk of developing severe COVID-19 was not associated with CRS. However, they also mentioned that deceased patients with CRS were excluded from the study. These could have been patients with severe COVID-19. Therefore, their data might not have been adequately representative.




5 Conclusion

The impact of CRS on COVID-19 seems neutral. Neither CRS nor related steroid/immunosuppressive therapy increases the risk of acquiring COVID-19. Besides, although CRS increases the risk of hospitalization in COVID-19 patients, it does not induce severe outcomes, including length of hospital stay, ICU admissions, mechanical ventilation, and mortality.
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Introduction

COVID-19 vaccines are expected to provide effective protection. However, emerging strains can cause breakthrough infection in vaccinated individuals. The immune response of vaccinated individuals who have experienced breakthrough infection is still poorly understood.





Methods

Here, we studied the humoral and cellular immune responses of fully vaccinated individuals who subsequently experienced breakthrough infection due to the Delta variant of SARS-CoV-2 and correlated them with the severity of the disease.





Results

In this study, an effective humoral response alone was not sufficient to induce effective immune protection against severe breakthrough infection, which also required effective cell-mediated immunity to SARS-CoV-2. Patients who did not require oxygen had significantly higher specific (p=0.021) and nonspecific (p=0.004) cellular responses to SARS-CoV-2 at the onset of infection than those who progressed to a severe form.





Discussion

Knowing both humoral and cellular immune response could allow to adapt preventive strategy, by better selecting patients who would benefit from additional vaccine boosters.





Trial registration numbers

https://clinicaltrials.gov, identifier NCT04355351; https://clinicaltrials.gov, identifier NCT04429594.
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Introduction

Coronavirus disease 2019 (COVID-19) vaccines are expected to provide an effective protection, since being the most appropriate preventive approach to SARS-CoV-2 pandemic (1–6). Emerging strains, such as the Delta (B.1.617.2) or Omicron (B1.1.529) variants may lead to infection in previously vaccinated individuals (also called “breakthrough infection”) (7–11), warranting additional preventive measures and booster vaccine doses, especially in the elderly, immunocompromised patients, and those with multiple comorbidities (12, 13). As pointed out elsewhere, the definition of a breakthrough infection is questionable, because a mild (or asymptomatic) clinical presentation has limited public health implications (14). Breakthrough infection rate has been initially evaluated of approximately 5% in fully vaccinated individuals (15, 16).

Vaccine efficacy rates in real-life observational settings are noticeable but partly time-dependent, referring to a waning immunity and is also compromised in immunosuppressed patients (4, 8, 17–19). From an immunological point of view, the occurrence of breakthrough infection in vaccinated individuals depends on two mechanisms: (i) the lack of induction of a neutralising immune response with the establishment of a specific B and T response or (ii) the lack of induction of immune memory response which will result in a loss of specific B and T response over time (20). The immune response to a viral agent, including SARS-CoV-2, or to mRNA-vaccine, involves both the innate and adaptative responses. Innate immunity induced by Toll-like receptors 3 (TLR3) ant TLR7/8 signalling activates effector cells to mediate viral clearance, induces inflammation through secretion of proinflammatory cytokines (e.g., IL-6 and IL-1β), produces antiviral cytokines and stimulates adaptative immune response by activating antigen-specific T cells. Type I and II interferons (IFN), i.e., IFN-α/β and IFN-γ, respectively, are the first line cytokines that fight viral infections. CD4 T cells will then be able to activate specific cytotoxic T cells and activate B cells that will differentiate into plasma cells capable of producing neutralising antibodies. Previous data demonstrated the importance of both humoral and cellular responses, even more in immunocompromised patients (21). This response will allow the establishment of a contingent of memory cells.

Although widely studied at the beginning of the pandemic, prior to vaccination, the immune response of vaccinated individuals that experienced breakthrough infection is still poorly understood. It is now commonly accepted that a sufficient level of anti-spike and anti-RBD antibodies after vaccination leads to a reduced risk of symptomatic breakthrough infection (22) even if this cannot be inferred to Omicron. However, the data regarding the humoral response of individuals undergoing breakthrough infection are conflicting (23–25). As for the cellular response of patients with breakthrough infection, very few data are available to date. Interestingly, Bastard et al. showed that despite vaccination and the presence of circulating antibodies capable of neutralizing SARS-CoV-2, type I IFN-neutralizing autoantibodies may account for a significant proportion of COVID-19 hypoxemic pneumonia cases (26). To our knowledge, no study has investigated type II IFN in the context of breakthrough infection. Indeed, if type I IFN is a component of innate immunity, type II IFN is involved in both innate and adaptative immune responses: IFN-γ is produced by natural killer cells and macrophages, effector cells in innate immunity, as well as by CD4+ T cells of the Th1 type and CD8+ T cells that participate in the adaptative response.

Thus, the objective of this study was to assess the combined humoral and cellular immune responses of fully vaccinated individuals that further experienced breakthrough infection of various severity levels, during the Delta variant wave. Our hypothesis is that identifying predictive criteria of severity at an early stage of SARS-CoV-2 infection should allow to strengthen early therapeutic strategies. Overall, we will propose a new approach able to better predict the risk of severe infection as well as the need (or not) for additional boosters.





Methods




Study design, participants, and data collection

We performed a prospective monocentric longitudinal and ancillary study at the Nice University Hospital, France. The participants were included from two cohorts: (i) patients recruited during an infectious diseases or emergency room consultation following COVID-19 symptoms, or as contact of a diagnosed COVID-19 case (CovImmune 1 study, NCT04355351); (ii) participants monitored periodically since July 2020 as part of an epidemiological study in the context of COVID-19 (CovImmune 2 study, NCT04429594) and developing a SARS-CoV-2 infection. Patients were eligible for inclusion if: (i) they received a complete vaccination regimen, i.e. at least two doses for mRNA-vaccine (either BNT162b2 or mRNA-1273) or ChAdOx1-S recombinant vaccine, or one dose of the Ad26.COV2.S vaccine; (ii) they developed a SARS-CoV-2 infection, symptomatic or not, in the aftermath of the vaccination; (iii) SARS-CoV-2 infection was confirmed by a nasopharyngeal PCR or an antigenic test; (iv) the last vaccine dose was injected at least ten days before the first symptoms (symptomatic cases) or the positive SARS-CoV-2 test for contact-cases (asymptomatic cases); (v) they were infected between August 2021 and January 2022, assuming that the COVID-19 cases for which the strain was not determined were infected with the Delta variant, given its predominance in our region during this period. Demographic, clinical, biological, and outcome data were collected by the study investigators and centralized in a database. If necessary, a clinical research assistant contacted participants by telephone to complete demographic and clinical data so that none of these data were missing. The study protocol complies with the principles of the Declaration of Helsinki and was approved by the Comité de Protection des Personnes Sud-Ouest et Outre-Mer institutional review board. Written inform consent was obtained from all study participants.





Humoral responses




SARS-CoV-2-specific IgG antibodies

Serological tests for anti-SARS-CoV-2 IgG antibodies were performed on serum using a commercially available enzyme-linked immunosorbent assay (ELISA) which used the S1-domain of the spike protein of SARS-CoV-2 as the antigen (Euroimmun AG, Lübeck, Germany, #EI 2606-9601 G). They were run on IF Sprinter IFT/ELISA (Euroimmun) according to the manufacturer’s protocol. The SARS-CoV-2 IgG antibody titers were expressed in binding antibody units (BAU)/mL (WHO standard unit).





SARS-CoV-2 neutralization assay

The level of SARS-CoV-2 neutralizing antibodies in patient serum was estimated by a binding inhibition assay. The V-PLEX SARS-CoV-2 Panel 17 (ACE2) Kit (Meso Scale Discovery) was used to measure the ability of patient serum to inhibit binding of the SARS-CoV-2 Spike protein to the soluble angiotensin-converting enzyme 2 (ACE2) receptor. Signals were then converted to percentage according to the formula provided by the manufacturer:

	

To note, antibody tests were performed prior to preventive anti-SARS-CoV-2 monoclonal antibodies injection. Therefore, this treatment could not influence the results of the humoral responses of the patients who received it.






Cellular responses

Cellular responses were assessed by Interferon-Gamma Release Immuno-Assays (IGRAs). Blood samples for IGRAs were collected between 8am and 12pm in tubes containing lithium heparinate. After receipt in the laboratory and within eight hours from blood collection, immune cells in whole blood were stimulated with immune agents. To measure IFN-γ levels produced after nonspecific stimulation of both innate and adaptative immune cells, we used the QuantiFERON®-Monitor test (Qiagen) in which one millilitre of whole blood was collected in tubes containing immune agents that mimic pathogen-associated molecular patterns (R848 as TLR7/8 agonist and anti-CD3 as T-cell stimulant). To measure IFN-γ levels produced by SARS-CoV-2-specific T cells, we used the QuantiFERON® SARS- CoV-2 test (Qiagen) in which one millilitre of whole blood was collected in tubes containing a mixture of SARS-CoV-2 peptides. Stimulated blood samples were incubated for 18 ± 2 hours at 37°C and centrifugated at 2000-3000 x g for 15 minutes to harvest the plasmas. Plasmas were then stored at -80°C until analysis and freeze-thaw cycles were minimized to preserve the quality of the samples. Plasma IFN-γ levels after nonspecific and specific stimulations were measured by ELISA.





Statistics

Data are presented as mean and standard deviation for quantitative variables with parametric distribution, as median and interquartile range (IQR) [25e percentile; 75e percentile] for quantitative variables with non-parametric distribution, or as numbers and percentages for qualitative variables. The Shapiro-Wilk normality test was used to verify the distribution of data. Comparisons were performed using the unpaired two-sided Student’s t-test or Wilcoxon-Mann-Whitney U test according to data distribution for quantitative variables, and the Fisher’s exact test for qualitative variables. Multiple stepwise regression analysis was used to explore factors associated with oxygen requirement. Receiver Operating Characteristic (ROC) curve was used to define an IFN-γ threshold after specific stimulation below which patients would be at risk of severe COVID-19 defined as the need for oxygen therapy. Patients with an IFN-γ response above this threshold were considered to have a protective cellular response. Patients with anti-spike IgG level greater than 264 BAU/mL (21) or who received casirivimab/indevimab (i.e., preventive anti-SARS-CoV-2 monoclonal antibodies) were considered to have a protective humoral response. The associations between humoral and cellular responses were compared using Spearman rank correlation coefficient. Reverse Kaplan-Meier curves and LogRank test were used to compare the probability of oxygen therapy at inclusion based on humoral and cellular responses. Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA) and StatView for Windows, version 5.0 (SAS Institute Inc.). All comparisons were two-tailed, and the differences were considered significant when p value< 0.05.






Results




Characteristics of the population and outcomes

A total of 71 patients were included in this ancillary study, divided into 55 patients from the CovImmune 1 cohort, and 16 participants from the CovImmune 2 cohort. (Figure 1). The main clinical characteristics of this population were reported Table S1 (see supplemental data), left column. Within this population, a subset of 53 patients had available immunological samples and was subsequently analysed. Table 1 describes the main characteristics of patients enrolled in the immunological analysis. A slight feminine predominance was observed (57%), the median age was 58. Nearly half of the participants were overweight (47%) and a third of them had more than one comorbidity. Almost all of them had been vaccinated with an mRNA vaccine (88%) and 32% had a third (booster) dose. Passive immunisation by anti-SARS-CoV-2 monoclonal antibodies (imdevimab/casirivimab) had been previously administered in 15 cases (28%). The median time between the last vaccine dose and the onset of COVID-19 symptoms (or positive test for asymptomatic cases) was 132 days. Ten patients were hospitalised, 12 required oxygen therapy, 3 were admitted in intensive care unit (ICU) and 3 died from refractory respiratory failure.




Figure 1 | Flow chart showing participants inclusion. The participants were included from two cohorts: (i) patients recruited during a hospital consultation following COVID-19 symptoms, or as contact of a diagnosed COVID-19 case (CovImmune 1 study, NCT04355351); (ii) participants monitored periodically since July 2020 as part of an epidemiological study in the context of COVID-19 (CovImmune 2 study, NCT04429594) and developing a SARS-CoV- 2 infection. Patients were eligible for inclusion if they received a complete vaccination regimen, and they developed a SARS-CoV-2 infection in the aftermath of the vaccination and during the Delta variant period. Of these 71 patients, 53 could be included for immunological analysis because they had the necessary blood tests at the time of inclusion. COVID-19, coronavirus disease 2019; RT-PCR, reverse transcription-polymerase chain reaction. Created with BioRender.com.




Table 1 | Characteristics of patients and their post vaccination immune response according to oxygen requirement.







Factors associated with oxygen requirement

As shown in previous studies (27–30), unadjusted analysis confirmed that the risk of severe COVID-19, (defined here as the need of oxygen therapy) was significantly higher with increased age (p=0.002), high body mass index (BMI) (p<0.001) and comorbidities such as hypertension (p<0.001) and type 2 diabetes (p=0.002) (Table S1). In this cohort, mRNA vaccination seemed more likely to be associated with a favourable outcome (p=0.041), as well as having received a booster dose (p=0.024). However, post-vaccination delay was not associated with a better prognosis. Patients who had previously received the administration of preventive anti-SARS-CoV-2 monoclonal antibodies (casirivimab/imdevimab) had a better prognosis than others (p=0.02). All variables associated with oxygen requirement and reaching a p<0.2 (Table S1) were included in the backward stepwise regression analysis. In the final model, two independent variables were associated with oxygen requirement: being older than 65 years (odds ratio (OR), 5.1 [95% CI, 1.5-17.5], p=0.008) and having at least one comorbidity (OR, 4.5 [95% CI, 1.1-17.5].





Humoral and cellular post-vaccination protective responses to severe COVID-19

Among the 71 patients included, 53 of them had an available blood sample with cell stimulation within three months prior to infection or within five days after the positive RT-PCR or antigen test (Figure 1). Of these 53 patients, 12 required oxygen therapy during their illness. In this subgroup, we found no differences in the type of vaccine, number of vaccine doses, anti-SARS-CoV-2 IgG antibody level, and percentage of Delta variant neutralization according to patient outcome. However, we found that patients who did not require oxygen therapy had significantly higher SARS-CoV-2-specific (p=0.021) and nonspecific (p=0.004) cellular responses before or at the onset of infection than those who progressed to a severe form (Table 1; Figure 2A). Vaccine protection (defined by the absence of a severe form requiring oxygen therapy) was the most efficient in patients who had developed both a sufficient level of anti-SARS-CoV-2 antibodies (>760 BAU/ml) and a strong specific cellular response above (IFN-γ level after specific stimulation greater than 0.10 IU/mL) (Figure 2B). Surprisingly, we did not find any correlation between specific cellular response and anti-SARS-CoV-2 antibody levels (rho=0.115 [CI 95%, -0.168-0.381], p=0.412; Figure 2B), but we found a positive correlation between specific cellular response and Delta variant neutralization (rho=0.281 [CI 95%, 0.003-0.518], p=0.042) (Figure S1). To note and as expected, we found a strong positive correlation between anti-SARS-CoV-2 antibody levels and Delta variant neutralization (rho=0.709 [CI 95%, 0.537-0.825], p<0.001) (Figure S1).




Figure 2 | Specific cellular and humoral responses post-vaccination and the risk of oxygen requirement after breakthrough SARS-CoV-2 infection. (A) Comparison of CD4+ CD8+ specific responses according to oxygen requirement. Statistical significance of difference between groups was assessed using Mann-Whitney non-parametric test. (B) Correlation between CD4+ CD8+ specific responses and anti-SARS-CoV-2 antibody titers (BAU/mL). Patients who required oxygen therapy are represented by blue dots, others by black dots. Percentages represent the rates of patients on oxygen therapy in each dial. The level of IFN-γ after specific CD4+ and CD8+ stimulation required for a protective response is represented by a horizontal red line (i.e. 0.10 IU/mL). The level of anti-SARS-CoV-2 Ab required for a protective response in this cohort is represented by a vertical red line (i.e. 760 BAU/mL). The association between humoral and cellular responses were compared using Spearman rank correlation coefficient. (C) Oxygen-free survival rate based on humoral and cellular responses. Patients with an anti-SARS-CoV-2 antibody level greater than 264 BAU/mL or who received preventive anti-SARS-CoV-2 mAb were considered to have a good humoral response. Patients with IFN-γ level after specific stimulation greater than 0.10 IU/mL were considered to have a good cellular response. The IFN-γ threshold of 0.10 IU/mL was determined by ROC curve with which we made the choice to favor specificity (sensitivity 50% and specificity 85%). A reverse Kaplan-Meier curve and LogRank test analysis were made to study these data. IFN, interferon; mAb, monoclonal antibodies; ROC, receiver-operating characteristics.



We then studied the time from diagnosis of COVID-19 to initiation of oxygen therapy according to humoral (including preventive monoclonal antibody therapy or anti-spike IgG level greater than 264 BAU/mL) and cellular responses (defining by IFN-γ level after specific stimulation greater than 0.10 IU/mL). We found that patients with high specific immune responses (post-vaccination and/or post-treatment with monoclonal antibodies) had a significantly lower probability of oxygen therapy (p=0.001) (Figure 2C).






Discussion

In this ancillary prospective study, we investigated the humoral and cellular immune responses of fully vaccinated individuals who experienced breakthrough infection due to the SARS-CoV-2 Delta variant and correlated these measures with the severity of COVID-19. We found that an effective humoral response, as previously defined (22) or administration of preventive anti-SARS-CoV-2 monoclonal antibodies, was not sufficient alone to induce an effective immune protection against severe breakthrough infection, which also required an effective cell-mediated immunity to SARS-CoV-2. We found no correlation between anti-SARS-CoV-2 antibody titers and cellular response in this cohort, but a modest correlation between neutralization titers and the extent of cell-mediated immunity to SARS- CoV-2, confirming previous data obtained in specific patient populations (31–33). This result highlights the importance of collaboration between B and T cells to improve the affinity of antibodies against their antigenic target, allowing the initiation of somatic mutations in the variable region.

Clinical data of our cohort are consistent with already known risk factors of severe COVID-19 such as age, comorbidities, and absence of preventive specific monoclonal antibodies in the unadjusted analysis, confirmed for the first two in the multivariable analysis. The limited size of our cohort does not allow to get more specific clinical insights.

The choice of defining a full vaccination as two vaccine doses could be discussed, since a third and even a fourth dose (“boosters”) are now mainly recommended, in a timed manner (https://www.cdc.gov/coronavirus/2019-ncov/vaccines/stay-up-to-date.html). However, only 20% of the cohort was more than 6 months away from the last vaccine dose, and large studies have demonstrated that a two doses “full vaccination” is highly effective to prevent hospitalization (34). But more to the point, the purpose of our research is to correlate the level of both measured humoral and cellular post- vaccine immunity to the risk of severe COVID-19, rather than assessing the vaccine efficacy itself (even if our results showed that patients requiring no oxygen received more frequently a third dose). So, our findings could be used whatever the previous immunization mode.

Another point to be addressed is the vaccine-induced immune response regarding the type of variant. Emergence of Omicron variant was associated to an incomplete escape to mRNA vaccine-induced neutralizing antibodies, assessed as less than 30 times neutralizing activity of mRNA vaccine sera (compared to 614D strain reference), which it is not the case with the Delta variant with a limited 2.6 decrease of neutralizing activity (35, 36). Thus, our choice to restrict the study period to the Delta wave in our area, although reducing the number of included patients, strengthen our data consistency.

Further studies are needed to understand the factors that stimulate one or the other of the immune responses, i.e., humoral and/or cellular immune responses, or on the contrary lead to a failed immune response, as may be the case for the demographic characteristics and comorbidities inherent to each individual (37). The risk factors for developing a severe COVID-19 are here the same as those previously described, i.e., age, BMI, at least one comorbidity (27–30), and also protective factors, i.e. vaccination and the administration of therapeutic monoclonal antibodies. Although several studies have reported a decrease in vaccine effectiveness with increasing time since vaccination (38, 39), we did not find this result probably due to a too small sample. A more comprehensive tool to simply assess both humoral and cellular post-vaccination responses could allow better targeting of patients remaining at risk of severe COVID-19 despite vaccination and who could benefit from a reinforcement of preventive strategies, or even a modification of the vaccination schedule (e.g., mode of administration, additional dose, type of vaccine…).

The originality of this study on vaccine breakthrough infections lies in the prospective follow-up and immunological analyses prior to the aggravation of the COVID-19. As recently reported, the relation of type II IFN release to the risk of negative outcome is suggested here (40).

However, this study has several limitations. First, although the results are significant, the sample size is small, which limits the magnitude of the findings. Indeed, the small sample size results in a heterogeneous cohort, particularly in terms of the type of vaccination received (85% mRNA vaccine, 11% adenovirus vaccine and 4% combination) and the time between blood collection and onset of COVID-19 symptoms. Prospective studies on larger cohorts need to be conducted to confirm these results. Second, the cohort was not representative of the population with many comorbid patients and deaths following infection. This could be explained by the mode of recruitment (hospital consultation and not in city offices) and by the aging demography of our region. Finally, the cutoff value applied to define positive responses by the IFN-γ test after specific stimulation needs to be replicated in another prospective cohort.

In conclusion, we found that the severity of breakthrough infections with COVID-19 Delta variant in vaccinated individuals can be predicted based on their humoral and specific cellular post vaccine responses measured at the onset of the infection. The levels of these responses do not seem to be correlated with one another at the individual level, however, the conjunction of both a strong humoral and a specific cellular response are associated with a favourable outcome in case of a breakthrough infection. This brings insights for the future development of biomarkers able to discriminate vaccinated patients at risk of developing serious breakthrough infections. This approach deserves larger clinical studies to confirm our data, including infection by other variants, in vaccinated patients. If confirmed, our data open the door to a proposal of vaccine passport, helping to schedule additional boosters more appropriately.
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Supplementary Figure 1 | Specific cellular and humoral responses post-vaccination. (A) Correlation between CD4+ CD8+ specific responses and Delta variant neutralization. The association was compared using Spearman rank correlation coefficient. (B) Correlation between anti-SARS-CoV-2 antibody levels and Delta variant neutralization. The association was compared using Spearman rank correlation coefficient.
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Background

Monocytes and macrophages play a pivotal role in inflammation during acute SARS-CoV-2 infection. However, their contribution to the development of post-acute sequelae of SARS-CoV-2 infection (PASC) are not fully elucidated.





Methods

A cross-sectional study was conducted comparing plasma cytokine and monocyte levels among three groups: participants with pulmonary PASC (PPASC) with a reduced predicted diffusing capacity for carbon monoxide [DLCOc, <80%; (PG)]; fully recovered from SARS-CoV-2 with no residual symptoms (recovered group, RG); and negative for SARS-CoV-2 (negative group, NG). The expressions of cytokines were measured in plasma of study cohort by Luminex assay. The percentages and numbers of monocyte subsets (classical, intermediate, and non-classical monocytes) and monocyte activation (defined by CD169 expression) were analyzed using flow cytometry analysis of peripheral blood mononuclear cells.





Results

Plasma IL-1Ra levels were elevated but FGF levels were reduced in PG compared to NG. Circulating monocytes and three subsets were significantly higher in PG and RG compared to NG. PG and RG exhibited higher levels of CD169+ monocyte counts and higher CD169 expression was detected in intermediate and non-classical monocytes from RG and PG than that found in NG. Further correlation analysis with CD169+ monocyte subsets revealed that CD169+ intermediate monocytes negatively correlated with DLCOc%, and CD169+ non-classical monocytes positively correlated with IL-1α, IL-1β, MIP-1α, Eotaxin, and IFN-γ.





Conclusion

This study present evidence that COVID convalescents exhibit monocyte alteration beyond the acute COVID-19 infection period even in convalescents with no residual symptoms. Further, the results suggest that monocyte alteration and increased activated monocyte subsets may impact pulmonary function in COVID-19 convalescents. This observation will aid in understanding the immunopathologic feature of pulmonary PASC development, resolution, and subsequent therapeutic interventions.
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Introduction

It is estimated that one-third of patients infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) who develop coronavirus-19 (1) continue to experience residual symptoms, collectively referred to as ‘Long-COVID’ or ‘post-acute sequelae of SARS-CoV-2 infection’ (PASC) (2). PASC symptoms are highly heterogeneous with a wide range of presentations, including fatigue, dyspnea, sleep disorders, anxiety, and loss of memory and/or concentration. Among individuals with PASC, pulmonary complications, such as persistent dyspnea and chronic cough are common (3, 4). The pathophysiology of COVID-19 is complex and appears to involve multiple inflammatory and immunological pathways (5). Studies have shown that COVID-19 patients display high systemic levels of cytokines and profound immune cell dysregulation that correlates with disease severity (6, 7).

Monocytes and macrophages are essential immune cells involved in host immunity and tissue homeostasis (8–10). These cells also possess inflammatory (11) and tissue-repairing capabilities and thus actively participate in all phases of the inflammatory response. Monocytes can be activated by infection and/or inflammatory conditions, leading to differentiation and polarization into macrophages with pro-inflammatory phenotypes (9, 12, 13). High monocyte count and activated monocyte phenotype have been linked to various pathological conditions (13–17). During SARS-CoV-2 infection, elevated peripheral monocyte levels and altered phenotype were observed in patients (14, 15, 18). Analysis of circulating monocytes has shown to predict disease severity and mortality in COVID-19 (19, 20). A comprehensive analysis of immune cells revealed long-term perturbations of innate and adaptive immune populations that persisted at least 6 months after SARS-CoV-2 infection (21). COVID-19 convalescents with prolonged symptoms displayed highly activated myeloid cells, lacked naïve T and B cells, and exhibited elevated type I and III interferon levels (22). A recent study found that intermediate (CD14+CD16+) and non-classical monocytes (CD14loCD16+) were significantly elevated in PASC patients. Furthermore, SARS-CoV-2 S1 protein was detected in non-classical monocytes, but not classical and intermediate monocytes in PASC patients, suggesting that non-classical monocytes may contribute to inflammation in PASC (23). Although our understanding of innate immunity underlying the pathophysiology of PASC is evolving, a detailed understanding of monocyte response in individuals with pulmonary PASC (PPASC) remain unclear. Given that blood monocytes provide a window into the systemic immune response, reflecting the risk of potential complications after recovery from acute infection, it is important to characterize these monocyte populations to gain insight into the role that monocyte dysregulation plays in PPASC.

In this study, we analyzed circulating monocytes and plasma cytokine expression in COVID-19 convalescents, comparing them to uninfected individuals. We further assessed the relationship between these parameters and quantitative measures of lung function. We found that COVID-19 convalescents, regardless of residual pulmonary symptoms, displayed increased monocyte levels and had an activated phenotype, defined as CD169+ cells. Moreover, the percentages and numbers of CD169+ monocyte subsets were associated with the diffusing capacity of the lungs for carbon monoxide (DLCOc)% and proinflammatory cytokines, suggesting that alterations in monocyte subset activation may contribute to the development of chronic lung sequelae in individuals after resolution of COVID-19 infection.





Methods




Study cohort and selection of participants

This cross-sectional study investigated PASC complications among individuals living in Hawaii. Participants with PASC were recruited from the Post-COVID Recovery and Care Clinic of an academic tertiary care hospital (Queen’s Medical Center, Honolulu, Hawaii) between September 2020 and Mar 2021, prior to the detection of Omicron variants in Hawaii. Participants were grouped into the following: A) individuals who reported persistent pulmonary symptoms (dyspnea, fatigue, cough, or shortness of breath) beyond 30 days after COVID-19 infection with reduced diffusion capacity for carbon monoxide (corrected for hemoglobin-DLCOc, <80%) by pulmonary function test (pulmonary PASC group [PG]; n=11); B) individuals who have fully recovered from SARS-CoV-2 infection with no residual symptoms >30 days after acute infection (recovered group [RG]; n=10); and C) individuals confirmed to have not contracted COVID-19 using negative SARS-CoV-2 antibody test (negative group [NG], n=10). The PG and RG groups had documented positive SARS-CoV-2 by polymerase chain reaction (PCR) and a replicated SARS-CoV-2 IgG antibody test. The study was approved by the Queens Medical Center Institutional Review Committee with the University of Hawaii IRB ceding authority (24: RA-2020-053).





Pulmonary function tests

Pulmonary function testing (PFT) was performed on individuals PPASC. All PG participants underwent PFTs (Vyaire) with the measurements of forced vital capacity (FVC), forced expiratory volume in 1 second (FEV1), total lung capacity (TLC), and DLCOc% interpreted in accordance with European Respiratory Society (ERS)/American Thoracic Society (ATS) guidelines (24).





Plasma and peripheral blood mononuclear cells isolation 

Whole blood was collected from study participants in ethylene diamine tetra-acetic acid (EDTA) tubes (BD, Vacutainer) by venipuncture and processed based on a well-established method (25). In brief, whole blood was centrifuged, plasma removed and cryopreserved at −80°C until downstream analysis. Remaining venous blood was diluted with an equal volume of phosphate buffered saline (PBS) and layered on top of Ficoll-Paque Plus (GE Healthcare Biosciences, Piscataway, NJ) following the manufacturer’s protocol. PBMC were separated by centrifugation at 400 × g for 30 minutes at room temperature (RT). PBMC were collected from the buffy coat, red blood cells lysed, and then washed twice in PBS supplemented with 1% fetal bovine serum (FBS). Cells were then counted, viability determined, and cryopreserved until further analysis.





Multiplex cytokine analysis

Plasma was thawed and prepared following the manufacturer’s guidelines for each kit. All samples were run in duplicate in a single plate per panel. Biomarkers to assess inflammation (IFN-γ, IL-13, IL-1α, IL-8, IL-1β, IL-1Ra, TNF-α), leukocyte chemotaxis (Eotaxin, MCP-1, MIP-3α, MIP-1α, RANTES/CCL5), and tissue remodeling/fibrosis (PDGF-AA, PDGF-AA/BB, FGF, VEGF, TGF-α) were measured using the R&D System™ Human XL Cytokine Discovery Premixed Kit. Data were acquired on a MAGPIX® Instrument (Luminex Corporation, Austin, TX). Data analysis was done using GraphPad Prism 9. Net median fluorescent intensity (MFI) was calculated (MFI value minus background value) and the average net MFI of duplicate samples was determined.





Flow cytometric analysis

Cryopreserved PBMC were thawed and washed twice in PBS. Typically, cells were incubated with LIVE/DEAD™ Fixable Yellow Dead Cell Stain (Invitrogen, 1:1000) at 4°C for 30 minutes, followed by addition of Human TruStain FcX (BioLegend, San Diego, CA, 1:200) in hanks balanced salt solution (HBSS) supplemented with 1% bovine serum albumin (BSA) (flow buffer) at room temperature (RT) for 15 minutes. Subsequently, cells were stained with the titrated fluorophore conjugated extracellular antibodies; CD45-BV711 (BD Biosciences, East Rutherford, NJ), CD11b-PE-Cy-7 (BioLegend, San Diego, CA), CD14-BV605 (BioLegend, San Diego, CA), CD16-BV421 (BioLegend, San Diego, CA), CD169-APC (Biolegend, San Diego, CA) at RT for 30 minutes and then washed twice with ice-cold flow buffer. Samples were then washed twice with ice-cold flow buffer and resuspended to 800 ɱL of flow buffer for acquisition. Samples were acquired with identical voltage settings on a LSR Fortessa (BD Sciences, East Rutherford, NJ) with approximately 1.0x109 events collected per sample. 10 uL of AccuCheck Counting Beads (Life Technologies, Carlsbad, CA) were added prior to acquisition for calculation of absolute cell counts. Compensation beads (Invitrogen, Waltham, MA) were prepared for accurate compensation controls. Data was analyzed using FlowJo (Treestar, Ashland, OR) software and absolute cell counts were determined according to manufacturer protocols.





Statistics

A cross-sectional study comparing PG, RG, and NG participants was undertaken. Flow cytometry results between the groups were compared using Mann Whitney-U test. Patient characteristics between groups were compared using Chi-squared test, Fisher’s exact test, or Mann Whitney-U test, as appropriate. Correlation between monocyte subsets, CD169+ monocyte subsets, and inflammatory markers were analyzed using Spearman correlation. P-value < 0.05 was considered statistically significant for all tests. Statistical analyses were performed using IBM SPSS version 28 (Chicago, IL) and GraphPad Prism 9. (Graph Pad, San Diego, CA).






Results




Study cohort description

The median age of the participants was 53, 54, and 55 years for PG (n=11), RG (n=10), and NG (n=10), respectively. 18.2% of individuals with PPASC had respiratory history (asthma or COPD). Higher rates of hospital admission were seen among PG compared with RG (36% vs 0%, P = 0.015). Among the hospitalized patients (n=4), one patient was admitted to the medical intensive care unit (ICU) due to increasing oxygen demand and eventual mechanical ventilatory support. No significant differences in pre-existing conditions, body mass index (BMI), and smoking prevalence between PG and RG were seen. Overall, 68.8% of the participants had received a SARS-CoV-2 vaccine at the time of enrollment. Individuals with PPASC experienced prolonged pulmonary complications including, dyspnea, fatigue, cough, and shortness of breath; 45.5% of them had at least two pulmonary symptoms. Those with PPASC reported symptoms lasting for a median duration of six months from post COVID-19 infection. All individuals from RG resolved symptoms within 4 weeks after disease onset and reported no symptoms at the time of sample collection. The baseline participant characteristics are displayed in Table 1.


Table 1 | Characteristics of study participants.







Soluble biomarker levels in COVID-19 convalescents

To examine blood biomarkers associated with PPASC, we assessed 17 analytes in the plasma of participants from the NG, RG, and PG by Luminex assay and compared the plasma concentration of analytes among the groups. Analytes included cytokines associated with “cytokine storm”; IL-1α, IL-1β, IL-1Ra, IL-8, IL-13, and TNF-α. “leukocyte chemotaxis”; Eotaxin, MCP-1, MIP-3α, MIP-1α, Fractalkine, IP-10, MCP-3, and, RANTES.), “tissue remodeling”; PDGF-AA, PDGF-AA/BB, FGF, VEGF, and TGF-α. The IL-1Ra was elevated (2.2 fold higher) in the PG compared to NG, and its’ level trended higher in PG as compared to RG (Figure 1A). PDGF-AA, PDGF-AB, and TGF-α were decreased in the RG, compared to the NG, and their levels tended to be lower in the PG (Figures 1B–D). FGF remained significantly lower in the RG and PG compared to NG (Figure 1E). There was no difference observed in 13 analytes among three groups (Supplementary Figure 1).




Figure 1 | Plasma cytokine levels among groups. (A) IL-1Ra, (B) PDGF-AA, (C) PDGF-AB/BB, (D) TGF-α, and (E) FGF levels were measured in plasma collected from NG, RG, and PG. The data are represented as the box and scatter plots with each circle representing a single individual. P values were calculated using the Mann–Whitney U-test. *p < 0.05, **p < 0.01, ns, non-significant.







COVID-19 convalescents display elevated circulating monocytes

To determine the impact of long-term consequence of COVID-19 on blood monocytes and monocyte alteration in PPASC, PBMC cells isolated from NG (n=10), RG (n=10), and PG (n=11) cohorts were analyzed by flow cytometry. A representative gating strategy for identifying monocytes within the PBMC fractions from three groups was shown in Figure 2A. Monocyte subsets; classical (CD14+ CD16-), intermediate (CD14+ CD16+), or non-classical (CD14lo CD16+) were defined by CD14 and CD16 surface levels within the monocytes (Figure 2A). We found both the percentages and numbers of total circulating monocytes were higher in the COVID-19 convalescents (PG and RG) than NG (Figures 2B, C). In comparison to NG, both the percentage and number of classical and intermediate monocytes were significantly increased in PG and RG (Figures 3A, B, D, E). Also, the percentage and number of non-classical monocytes were significantly increased in PG, but only non-classical monocyte numbers were increased in RG, compared to NG (Figures 3C, F). However, we did not observe any significant difference between PG and RG in three monocyte subsets percentages and numbers (Figure 3). Altogether, these observations suggest that circulating monocyte levels remain elevated for several months after SARS-CoV-2 infection, even convalescents who have no residual symptom.




Figure 2 | Comparison of circulating monocyte levels among the groups. Representative flow cytometry gating strategy for identification of monocytes and monocyte subsets in PBMC from NG, RG, and PG groups. Lymphocytes and monocytes were selected using CD45+ followed by gating for CD11b+ cells. (A1) non-classical (CD14lo/CD16+), (A2) intermediate (CD14+/CD16+, (A3) Classical (CD14+/CD16-), and (B) Total monocyte percentages as a proportion of total identified CD45+ cells in NG, RG, and PG groups. (C) Total monocyte counts in NG, RG, and PG groups. Mann-Whitney-U Test *p < 0.05, **p < 0.01, ***p < 0.001, ns, non-significant.






Figure 3 | Comparison of circulating monocyte subsets among the groups. (A) Classical monocyte percentage, (B) Intermediate monocyte percentage, (C) Non-Classical monocyte percentage, as a proportion of total identified CD45+ cells in NG, RG, and PG groups. (D) Classical monocyte counts, (E) Intermediate monocyte counts, and (F) Non-Classical monocyte in NG, RG, and PG groups. Mann-Whitney-U Test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, non-significant.







CD169+ monocytes in COVID-19 convalescents

CD169, a type I interferon-inducible receptor, is expressed on monocytes and macrophages (26–28). CD169+ monocytes and macrophages have been thought to be important players in inflammatory response of inflammatory and autoimmune diseases (29–31). Monocytes from COVID-19 patients had increased CD169 levels during acute SARS-CoV2 infection and monocyte CD169 was identified as a biomarker in early COVID-19 infection (27). To further investigate difference in monocyte activation among the groups, we analyzed CD169 expression in monocytes. When monocytes were stratified based on CD169 expression, the percentage of CD169+ monocytes were significantly higher in the PG and RG than in the NG (Figure 4A). Also, CD169+ monocyte numbers were significantly increased in the PG and RG, compared to NG (Figure 4B). The MFI of CD169 on classical monocytes did not differ among the groups. However, CD169 MFI of intermediate and non-classical monocytes in PG and RG was significantly higher than those in NG (Figure 4C). Interestingly, when the percentage of CD169+ cells was examined in the three groups in each respective monocyte population, no difference was observed in classical monocytes (Figure 4D). Significant increases in CD169+ percentages were observed in intermediate and non-classical monocytes, only between RG and NG, with no difference between PG and NG, or PG and RG observed (Figures 4E–G). These data indicate that circulating monocytes from COVID-19 convalescents remain increased and display a higher CD169 expression.




Figure 4 | Characterization of circulating CD169+ monocytes in NG, RG, and PG groups. Representative histogram and dot plot of CD169+/CD14+ monocytes in NG, RG, and PG groups. Percentage of total CD169+ monocytes from total CD14+ monocytes is shown above the gate (B). Total CD169+ monocyte percentage from CD45+ cells, (C) CD169+ monocyte, (D) MFI of CD169 on monocyte subsets in NG, RG, and PG. The percentage of CD169+ cells identified in (E) classical monocytes, (F) intermediate monocytes, and (G) non-classical monocytes within NG, RG, and PG groups. Mann-Whitney-U Test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, non-significant.







The relationship between CD169+ monocytes and lung function in PPASC

PG participants had PFTs performed during their period of prolonged respiratory symptoms. 18.2% of participants reported pre-existing pulmonary conditions prior to infection with SARS-CoV-2 (Table 1). We explored the relationship between the percentages and counts of CD169+ monocyte with DLCOc%. We found negative correlations between CD169+ monocytes and CD169+ intermediate monocytes percentages and CD169+ intermediate monocyte counts (r=-0.758; P=0.009, r=-0.71; P=0.02, r=-0.69; P=0.051, respectively) and DLCOc% in PG (Figures 5A–C). Taken together, these results suggested that elevated CD169 expression in monocytes may serve as biomarker for determining lung function in PPASC.




Figure 5 | Spearman correlation between DLCOc% and (A) percentage of CD169+ total monocytes, (B) percentage of CD169+ intermediate monocytes, and (C) CD169+ intermediate monocyte count in PG.







Monocyte relationship with systemic levels of cytokines in PPASC

In order to determine whether the changes in monocytes correlated with cytokine expression in PPASC, we performed spearman rank correlation to assess associations between cytokines and monocyte subset counts and percentages. In Table 2, monocyte parameters (monocyte subsets and CD169+ total monocyte and monocyte subsets) showed a positive correlation with cytokines (VEGF, IL-8, IL-1α, IL-1β, PDGF-AA, PDGF-AB/BB, Eotaxin, MIP-1α, MCP-1, and IFN-γ). VEGF levels were positively associated with CD169+ total monocyte counts and non-classical monocyte percentages. The percentage of intermediate monocytes was positively associated with IL-1α, IL-1β, MIP-1α, PDGF-AA, and PDGF-AB/BB cytokines, but negatively associated with FGF. Eotaxin, MIP-1α, and VEGF were positively associated with intermediate monocyte counts, while MCP-1 was associated with the CD169+ percentage of intermediate monocytes. IL-1α and IL-1β were  positively correlated with the percentage of CD169+ non-classical monocytes. IL-1α, MIP-1α, IFN-γ, Eotaxin, and PDFG-AA were positively correlated with CD169+ non-classical monocyte counts (Table 2 and Figure 6). Altogether, these results suggested that monocyte subsets and the cells with CD169 upregulation were associated with a proinflammatory cytokine environment in PPASC.


Table 2 | Spearman correlations of circulating molecules and monocyte populations in PG.






Figure 6 | CD169+ non-classical monocytes were associated with IL-1α, IL-1β, MIP-1α, Eotaxin, and IFNγ in PG. Spearman correlation between the percentage of non-classical CD169+ monocytes and (A) IL-1α and (B) IL-1β. Spearman correlation between CD169+ non-classical monocyte count and (C) MIP-1α, (D) Eotaxin, (E) IL-1α, and (F) IFNγ.








Discussion

In this study, we observed that COVID-19 convalescents with pulmonary PASC displayed altered circulating monocyte levels and activation, which may last several months after infection. Interestingly, monocyte alterations were also observed in individuals whose symptoms had resolved completely. These findings highlight that COVID-19 convalescents exhibit monocyte dysregulation beyond the resolution of initial infection.

Monocytes have begun to emerge as key cellular modulators of COVID-19 pathophysiology. During acute SARS-CoV-2 infection, monocytes are dysregulated, exhibiting aberrant functions and mediation of the cytokine storm associated with severe COVID-19. Zhou et al. (11) found elevated levels of CD14+CD16+ monocytes in ICU COVID-19 patients, compared to non-ICU patients and healthy controls. Indeed, granulocyte-macrophage-colony stimulating factor (GM-CSF) and IL-6 expressing CD14+ monocytes were significantly increased in the ICU patients. Few studies have detailed the immune profiles in individuals with PASC despite accumulating evidence indicating that substantial perturbation of the innate immune system is presents in PASC. However, it is still largely unknown if immune cell perturbations contribute to the immunopathology of PPASC.

This is the first study, to our knowledge, to evaluate the associations of monocyte levels with lung function in a community-based cohort. In this study, we selected individuals with PPASC through a primary questionnaire and secondary evaluation of pulmonary function. This approach clarified the presence of pulmonary symptoms and may not discern individuals who had their symptoms overestimated based on the questionnaire. Studies demonstrate that pulmonary symptoms were present regardless of initial COVID severity, but patients with severe COVID-19 were more likely to have impairment of lung function (32, 33). Also, pulmonary symptoms were presented without impairment of lung function or cardiopulmonary exercise test among COVID-19 survivors (33). Also, monitoring of PFTs in severe COVID-19 survivors with lung abnormalities post discharge demonstrated significant pulmonary sequelae (34, 35). These study demonstrates that hospitalized COVID-19 survivors were more likely to have persistent pulmonary PASC symptoms compared with those without hospitalization. Hospitalized COVID-19 survivors tended to have reduced DLCOc% (61.98%) compared to non-hospitalized COVID-19 survivors (66.89%). A correlation analysis of CD169+ monocyte subsets and DLCOc% suggested that alteration of activated monocyte subsets may impact pulmonary function in COVID-19 convalescents. Nonetheless, we cannot exclude the possibility that this association may reflect other residual symptoms because a nonnegligible proportion of PPASC individuals also experienced various other symptoms.

The cytokine profile revealed no changes in major inflammatory cytokines between NG, RG, and PG. Similar observations in COVID-19 convalescents have been reported in another cross-sectional study. IL-1α, IL-1β, IL-8, IFN-γ, VEGF-A, and TNF-α had returned to normal levels 6 months after recovery, but IL-1Rα was still elevated in COVID-19 convalescents, compared to healthy controls (20). Another study showed that COVID-19 convalescents at 4 months post infection had higher levels of IFN-β, IFN-λ1, CXCL9, CXCL10, IL-8, and sTIM-3, regardless of symptoms, compared to uninfected controls. IFN-β and IFN-λ1 still remained elevated in COVID-19 convalescents with PASC but others’ expressions were reduced at month 8, compared to month 4 (22). Queiroz et al. (36) showed that IL-2, TNF-α, and IL-17 levels were higher in COVID-19 convalescents than acute COVID-19 patients. Also, individuals with PASC had higher levels of IL-17 and IL-2, but lower levels IL-10, IL-6, and IL-4 levels, compared individuals without sequelae. However, there was no significant difference in IL-6 levels between post-COVID-19 individuals with and without sequelae (36). Oher studies investigating immune features of COVID-19 convalescent trends observed elevated levels of IL-6 and IL-1β (20, 37, 38) in individuals with PASC. Notably, increased IL-1β, IL-6, and TNF levels were reported in association with PASC development in a large-scale cohort study (38). Interestingly, published scRNA-sequencing datasets generated from severe COVID-19 patients demonstrate increased transcript reads of IL-1β and TNF-α from bronchoalveolar lavage fluid (BALF) macrophages (38), supporting their hypothesis that proinflammatory reprogramming of lung macrophages and/or precursor monocytes may drive prolonged and exacerbated PASC symptomology.

Some discrepancies in the reported cytokine levels from PASC studies continue to generate questions regarding the importance of a heterogeneous multisystemic condition. One might speculate the varying windows of sample collection post-infection between various studies alters the detectable cytokine profiles. Another possibility is that COVID-19 convalescents are not classified into symptomatic and asymptomatic. In this case, less systemic inflammation is represented, but the respiratory environment may show distinct proinflammatory conditions in individuals with PPASC. Further analysis of cellular composition and cytokines in blood and BALF from individuals with PPASC over a longitudinal period is required to understand the dynamic features of respiratory and systemic immunity in PPASC during disease progression and resolution.

While no difference in major inflammatory cytokines between the three groups was observed in our study, correlations of CD169+ monocyte subsets with cytokines suggested that specific activated monocyte subsets produce high levels of proinflammatory cytokines in PPASC. Correlations of D-dimer with CD169+ non-classical monocytes observed herein were corroborated by the findings of Pandori et al. (39) in a cohort of individuals hospitalized for COVID-19 (39). Interestingly, their cohort did not display the increases in total monocyte populations in their hospitalized group but displayed decreases in non-classical monocyte percentages and steady levels of classical and intermediate monocyte percentages from total CD45+ cells in participants hospitalized for COVID-19 up to 90 days following admission. These trends suggest that decreased monocyte proportions are present during hospitalization from COVID-19, but COVID-19 convalescents demonstrated elevated monocyte levels, potentially in a dysregulated nature (20, 22, 23).

A recent publication analyzed soluble factors related to monocyte/macrophage dysregulation and SARS‐CoV‐2 spike (S1) protein in COVID-19 convalescents (40). They demonstrated that prolonged perturbations of IL-5 and IL-17F levels were observed in individuals with sequelae. Also, these individuals showed few significant correlations among tested cytokines, but this association was not evident in individuals without sequelae. Furthermore, higher circulating S1 levels were detected in individuals with sequelae, compared to individuals without sequelae. In line with their findings, persistent S1 protein were found significantly increased in non-classical monocytes in individuals with PASC up to 15 months post-infection (23), indicating the presence of replicating viral reservoirs in PASC. Further questions are raised as to whether monocyte subsets represent a key inflammatory driver of PPASC pathogenesis and what the consequences of viral reservoirs in non-classical monocytes are in PASC persistence. Further studies for monitoring monocyte and cytokine perturbations and viral reservoirs over time in a larger cohort warrants further investigation to identify a suitable biomarker for PPASC prognosis prediction and prognosis.

Limitations of this study include a small sample size and a lack of initial COVID-19 severity and medical history in comparison groups (NG and RG). Recent studies have demonstrated that female sex, age, and smoking are risk factors for PASC (41–43). However, the majority of our PPASC individuals were male (72.7%) and older, thus we did not have younger participants to stratify our analyses by age. Likely due to a small sample size, there were no differences in the level of monocytes or immunological parameters between males and females. Sample size was based on feasibility, rather than an objective estimation step driven by a hypothesis and our sample size was not adequately powered for multivariable analyses. Therefore, we cannot be certain if main risk factors for severe and PASC includes, age, sex, smoking, and comorbidities contribute to monocyte dysregulation in COVID-19 convalescents.

Our clinical data was also limited by chart review and/or patient recall. From our chart review of the PPASC patients (N=11), one patient received a combination of remdesivir, dexamethasone, and convalescent plasma; one patient received remdesivir and dexamethasone. Some patients could not recall whether they received any specific interventions for their acute COVID-19 episode. The length of post COVID-19 infection was variable, 1 to 10 months post-infection. Variability in time of sample collection may have influenced monocyte population characteristics. Due to the exploratory nature, the limited sample size, and variable sampling time, we acknowledge that a large sample size would have provided increased statistical power and more informed conclusions of monocyte roles in PPASC. In addition, a longitudinal evaluation of monocytes dynamics and the phenotypic changes after COVID-19 infection should be carried out to determine whether monocytes dysfunction is associated with the clinical outcome of respiratory failure. It would also be of clinical interest to track the perturbations of monocyte populations in relation to acute infection, COVID-19 disease context, and then into PPASC development or recovery.

In summary, our data indicate that systemic monocyte alteration continues within COVID-19 convalescents with pulmonary symptoms, which is also found in COVID-19 convalescents with no residual symptoms. Also, COVID-19 convalescents exhibit activated monocyte phenotypes, denoted by CD169 expression, and this activated phenotype is associated with poor lung function and increased proinflammatory cytokines. The drivers of PPASC pathogenesis require further investigation, but possibilities include high circulating monocyte levels, increased CD169+ intermediate and non-classical monocytes, and IL-1Ra expression. These observations will aid in informing the ongoing decipherment of the immunopathology that contributes to PPASC development, COVID-19 recovery, and subsequent therapeutic interventions.
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The mechanism of Long Covid (Post-Acute Sequelae of COVID-19; PASC) is currently unknown, with no validated diagnostics or therapeutics. SARS-CoV-2 can cause disseminated infections that result in multi-system tissue damage, dysregulated inflammation, and cellular metabolic disruptions. The tissue damage and inflammation has been shown to impair microvascular circulation, resulting in hypoxia, which coupled with virally-induced metabolic reprogramming, increases cellular anaerobic respiration. Both acute and PASC patients show systemic dysregulation of multiple markers of the acid-base balance. Based on these data, we hypothesize that the shift to anaerobic respiration causes an acid-base disruption that can affect every organ system and underpins the symptoms of PASC. This hypothesis can be tested by longitudinally evaluating acid-base markers in PASC patients and controls over the course of a month. If our hypothesis is correct, this could have significant implications for our understanding of PASC and our ability to develop effective diagnostic and therapeutic approaches.
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Introduction

It is estimated that 15% of people infected with SARS-CoV-2 have long-term post-acute symptoms, known as PASC or ‘Long Covid’ (1), with higher rates seen in women, hospitalized individuals and those with underlying metabolic disorders (1–3). To qualify as PASC, symptoms must last a minimum of two months, and often include a wide range of variable symptoms. PASC can affect all ages and can occur after even mild infections. The cause of PASC is currently debated but likely involves several different components, including: viral dissemination and persistence, immune activation and dysregulation (e.g. clotting, autoantibodies and reactivation of pre-existing latent viruses), cell death and tissue damage, and long-lasting cellular changes (e.g. epigenetic changes, senescence, fibroproliferation, metabolism alterations) (3). However, at present we lack an integrative understanding of how these disease components interact to cause the variable symptomology of PASC. Based on studies on acute COVID-19, PASC and the related myalgic encephalomyelitis (ME; chronic fatigue syndrome), we hypothesize that an inflammatory acid-base disruption underpins PASC and that viral proteins, both acutely and persistently-expressed, cause disease symptomology through disseminated tissue damage and inflammatory acid-base disruptions.




Inflammatory acid-base disruptions in PASC

In PASC, inflammation reduces microvascular blood flow (e.g. through endothelial inflammation, platelet and erythrocyte aggregation, clotting and neutrophil extracellular trap formation) (3), creating a hypoxic environment that causes cellular metabolic changes (e.g. anaerobic respiration) and altered tissue and immune functions (4). SARS-CoV-2 proteins also directly cause metabolic changes (5) similar to hypoxia, increasing anaerobic respiration and the generation of lactate and protons. Significant or persistent production of protons can exceed the cellular and systemic buffering capacity, causing localized or systemic acidosis that results in a range of symptoms, including muscle fatigue similar to that experienced after strenuous anaerobic exercise. As SARS-CoV-2 vRNA and proteins have been found in muscle tissue (6), this shift to anaerobic respiration may cause acidosis in skeletal, cardiac and smooth muscle even in the absence of strenuous exercise, leading to the most common symptoms of PASC: fatigue and muscle weakness (3). In PASC patients, abnormally high blood lactate has been found after even mild exertion, suggesting metabolic dysfunction and muscle acidosis (7). In ME, muscle usage also results in intramuscular acidosis with increased acid clearance time (8), suggesting that post-exertional malaise may be caused by persistent muscle acidosis following repeated use of hypoxic and metabolically-reprogrammed muscle tissue.

However, the body compensates for acidosis in multiple ways: by increasing the elimination of acidic compounds in the urine, by increasing bicarbonate production in the kidneys, by altering the expression of lactate dehydrogenase genes (LDH; mediating the interconversion of pyruvate to lactate) and by altering respiration to modulate the levels of CO2, and thus carbonic acid in the blood (9). In PASC patients, hyperventilation (10) may reflect a compensatory response to acidosis, lowering carbonic acid in the blood. However, over-compensation can lead to alkalosis, which is also seen in acute SARS-CoV-2 infections. 73% of patients with moderate-to-severe COVID-19 present with either acidosis or alkalosis (11), with acidosis or compensated respiratory alkalosis significantly increasing the risk of death (12). Similarly, acute disease outcomes were worse in patients with high or low blood bicarbonate levels (13) and in those with elevated LDH (14), suggesting that acidosis may play a role in the pathogenesis of acute COVID-19 (15). Additionally, dehydration during the acute infection, which can impair clearance of excess acid or base, increases the likelihood of developing PASC (16).

The effects of acid-base imbalance can affect any tissue, generating many of the symptoms of PASC, including brain fog, though acidosis in the blood does not typically affect the brain as the blood-brain barrier (BBB) is not freely permeable to protons. However, SARS-CoV-2 and viral proteins increase BBB permeability (17), which may enable the flow of protons into the brain. In addition, viral proteins have been found in the brain (3, 17) and may mediate metabolic reprogramming, inflammation and hypoxia. The resulting anaerobic respiration may directly affect the acid-base balance in the brain, as indicated by elevated lactate levels in the cerebrospinal fluid (CSF) in ME patients (18). Acidosis has been shown to impair executive functions (19), as seen in PASC patients suffering from brain fog (3). Altered acid-base balance can also have a myriad of additional effects, as protons may directly act as neurotransmitters (20) and inflammation-inducing damage-associated molecular patterns (21). Altered brain acidity affects multiple neurological conditions, such as anxiety, possibly through inhibitory action (22) on the TRPM3 ion channel (23), the activity of which is reduced in PASC patients (24), and through activation of acid-sensing ion channels (25). In addition, extracellular acidosis can disrupt the cellular molecular clock (26), potentially affecting circadian rhythms and causing the sleep disturbances often reported by PASC patients (3). Sleep is critical for glymphatic clearance (27) of metabolic and toxic substances from the brain and its inhibition may further disrupt the acid-base balance and cause a build-up of toxins (e.g. amyloid-β fibrils) that could eventually lead to neurodegenerative disease.

Together, the variable tissue damage, dysregulated inflammation and acid-base disruptions caused by persistent SARS-CoV-2 infection or proteins can cause the range of symptoms seen in PASC (Table 1).


Table 1 | PASC symptoms and proposed disease pathways.






Hypothesis testing

We propose that acid-base disruptions underpin PASC disease. This hypothesis can be tested by examining acid-base markers and proxies (Table 2) in three groups of diverse participants: a) patients with active, medically-diagnosed untreated PASC disease, b) participants with a confirmed COVID-19 test that are at least two-months post-infection without on-going symptoms, c) participants that have never tested positive, have no on-going symptoms and are serologically-negative for antibodies against the SARS-CoV-2 N protein (avoiding miss-classification due to vaccination with the Spike protein). It should be noted that at this point in the pandemic, with over 680 million cases worldwide, waning antibody levels, the presence of asymptomatic infections and, in some areas, limited access to testing, group (c) will likely include some participants that have been previously infected. This is likely impossible to avoid, may somewhat reduce the effect size and will need to be accounted for in the analysis and interpretation. All participants should also be matched on demographic factors (i.e. age, sex, socioeconomic factors), pre-existing co-morbidities and vaccination status (including, manufacturer, doses and timing), as these factors can influence immunity, metabolism and PASC disease course (1–3, 29–31).


Table 2 | Evaluating acid-base imbalances in PASC patients.



Blood pH, bicarbonate, CO2, and lactate can then be assessed through arterial blood gas (ABG) measurements before, during and after a 6-minute walk test (6-MWT). This data can be correlated with a physical examination, cognitive assessment, and self-reported symptoms. It is expected that PASC patients would show variably altered acid-base parameters at rest. During the 6-MWT, PASC patients would be expected to show increased lactate, decreased pH and compensating decreases in CO2 compared to control participants. It is possible that some healthy, previously-infected, participants would also show altered parameters due to residual impact of the infection. If any results indicate a blood pH < 7.1 or lactate ≥ 5nmol/l then additional diagnostic exams and treatment for acute acidosis may be needed during the testing (9). As PASC may be a type of chronic metabolic acidosis, a single treatment (e.g. bicarbonate) is unlikely to offer full disease resolution, but any changes in symptomology following treatment would further support the hypothesis.

However, a single exam may be insufficient to detect an acid-base imbalance as PASC symptoms vary over time and are affected by activity levels and circadian/hormonal cycles (e.g. blood lactate levels for a set exertion are higher in women during the mid-follicular menstrual phase) (32). To account for this variability, the above diagnostic tests can be supplemented with one month of continual home monitoring using muscle oxygen saturation (smO2) and blood lactate monitors as proxies for muscle hypoxia and blood pH levels. This data can then be correlated with smartwatch activity monitoring and self-reported symptom surveys. It is expected that PASC patients would show variable but significantly decreased smO2 and elevated lactate at rest compared to controls, with further deviations occurring with exertion, affecting symptomology. From these diagnostic and home tests it should be possible to determine if PASC patients have an acid-base imbalance and if this is correlated with activity and symptomology. This would significantly affect our understanding of PASC and offer the possibility of minimally-invasive PASC diagnostic assays (e.g., capillary blood lactate levels on exertion).




Discussion

We propose the testable hypothesis that PASC is underpinned by an inflammatory acid-base disruption. If the proposed evaluations confirm the hypothesis, this offers both a diagnostic pathway for PASC and suggestions for treatment. As PASC may be a reinforcing cycle of tissue damage, blood flow and oxygenation impairment, dysregulated inflammation, and acid-base disruption, then a treatment protocol could be designed to simultaneously address each disease component through pharmaceutical and/or non-pharmaceutical interventions. It is possible that PASC is not the only pathogen-induced inflammatory acid-base disorder, as several other pathogens cause persistent disease. ME, in particular, shares many features with PASC and the symptom profile of both diseases overlaps with that of acute and chronic acidosis (9, 33). Thus, the proposed hypothesis may be of broader relevance. Additionally, it is possible that even people without persistent symptoms following SARS-CoV-2 infection harbor residual tissue damage and viral proteins, increasing their risk of new health conditions in the future (34). There are still many unanswered questions and the data from this hypothesis testing is urgently needed.
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Introduction

The success of the human body in fighting SARS-CoV2 infection relies on lymphocytes and their antigen receptors. Identifying and characterizing clinically relevant receptors is of utmost importance.



Methods

We report here the application of a machine learning approach, utilizing B cell receptor repertoire sequencing data from severely and mildly infected individuals with SARS-CoV2 compared with uninfected controls.



Results

In contrast to previous studies, our approach successfully stratifies non-infected from infected individuals, as well as disease level of severity. The features that drive this classification are based on somatic hypermutation patterns, and point to alterations in the somatic hypermutation process in COVID-19 patients.



Discussion

These features may be used to build and adapt therapeutic strategies to COVID-19, in particular to quantitatively assess potential diagnostic and therapeutic antibodies. These results constitute a proof of concept for future epidemiological challenges.
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Background

Despite the unprecedented speed of vaccine development against SARS-CoV2, the virus continues to undergo changes that cause repeated waves of COVID-19 morbidity worldwide, with increasing infectivity. Risk factors such as age ( ) and preexisting medical conditions can predict to some extent whether an individual will become severely ill or not, but the prediction is not very accurate. The early phase of infection results in direct tissue damage, followed by a late phase when the infected cells trigger an immune response, by recruitment of immune cells that release cytokines (reviewed in (1). In severe patients, this may result in a “cytokine storm” and a systemic inflammatory response. Many individuals do not respond well enough to the vaccine, either because of old age or immune impairments. Thus, there is an ongoing search for anti-viral therapies and passive vaccines, as well as research into the basic mechanisms related to the virus and immunity towards it.

One useful path to investigate the immunity towards SARS-CoV2 is adaptive immune receptor repertoire sequencing (AIRR-seq) (2–4), revealing noticeable changes in affected individuals in many arms of the immune system (5, 6). Millions of B and T cell receptor (BCR and TCR, respectively) sequences from hundreds of individuals have been shared in public archives such as iReceptor (7) and OAS (8). Thousands of individual antibody sequences validated as targeting and neutralizing SARS-CoV2 have been published in datasets such as CoV-AbDab (9).

In the past few years, several studies have used AIRR-seq data to train machine learning (ML) algorithms to classify individuals who carry diseases (10), including celiac (11, 12), hepatitis C virus infection (13, 14), cytomegalovirus (15), and others (16). Finding the connection between AIRR-seq data and health states is a highly challenging task, because of the massive volume of AIRR-seq datasets that can include tens of millions of sequences that dilute the disease-specific biological signals. Another difficulty is our inability to determine to which antigen(s) each receptor can bind based solely on the receptor sequence. New methods to identify relevant repertoire features are continuously developed (10, 17, 18). Besides the diagnostic and prognostic potential, such features can be critical in teaching us about the mechanisms behind the disease and the successful immune response towards it. Thus far, the vast majority of efforts to classify the health state or severity of COVID-19 have relied on TCR data (19–22). Recently, for example, a new approach to detect SARS-CoV2 infection by TCR sequencing has been FDA approved for clinical use (21).

B cell development involves three major steps: V(D)J recombination, affinity maturation, and class switch recombination. V(D)J recombination is the process by which B cells generate a diverse array of receptors (BCRs). This process involves a random selection and rearrangement of gene segments called variable (V), diversity (D) and joining (J). The recombination of these segments leads to the creation of a diverse array of receptors that can respond to a wide range of pathogens (23, 24). B cells undergo affinity maturation after pathogen encounter, to further adapt to the specific pathogen. Affinity maturation includes iterative cycles of somatic hypermutation (SHM) and affinity dependent selection. SHM is a mechanism by which B cells can rapidly diversify the antigen-binding regions of their receptors. During SHM, different enzymatic pathways orchestrate together to introduce mutations specifically in the genomic regions encoding the BCR (25). These mutations can result in altered affinity towards antigens. The repeated cycles of SHM and affinity-dependent selection lead to the generation of high-affinity B cells capable of recognizing and responding to diverse antigens. While selection depends on better binding, the SHM mechanism is independent of pathogen affinity. Extensive investigations have been devoted to understanding the SHM mechanism (26–29), but to the best of our knowledge, no connection of a specific infection to a specific SHM pathway or pattern was made. The mature B cell can, after activation, undergo class switch recombination. This allows mature B cells to switch the isotype of their heavy chain, leading to the production of different classes of secreted BCRs (antibodies) with different effector functions. Following V(D)J recombination, affinity maturation, and class switching, the antigen-specific B cell can become a memory B cell, i.e., a long-lived B cell that retains a “memory” of previous encounters with antigens, allowing for a quicker and more effective response upon re-exposure. It can also become a plasmablast, which is a quickly dividing B cell that secretes antibodies, and later on become a plasma cell, which is a fully mature B cell that secretes large amounts of antibodies (23).

The use of BCR sequencing is considered more difficult than TCR, because of SHM and higher diversity in the complementary determining region 3 (CDR3). It has been reported that BCR sequencing data cannot be used to classify individuals with COVID-19 (22). Nevertheless, BCR data may be more informative than TCR in some cases, as BCRs undergo affinity maturation to adapt to each pathogen.

Here, using bulk and single cell BCR sequencing data, we successfully classify SARS-CoV2 infected vs. naive individuals, as well as determine disease severity. Compared with the traditional sequence similarity clustering based approach, we obtain better classifications by considering SHM pattern changes in SARS-CoV2 infected individuals. SHM specific patterns connected to decreased severity, as well as important amino acid (AA) composition in SARS-CoV2 antibodies, were identified.



Methods




Collection of samples

The repertoires composing the dataset were collected at three medical centers. IRB approval numbers: Rabin (Beilinson) Medical Center, 0256-20-RMC; Baruch Padeh Medical Center, 0037-20-POR; Shaare Zedek Medical Center, 0303-20-SZMC. 28 samples of controls were collected, as well as 39 mild patients with COVID-19 and 12 severely infected patients. Patients’ data can be found in Table S1.




Library preparation

Bulk: Ig repertoires were bulk sequenced according to the method described in detail in (30). Briefly, PBMCs were purified using Lymphoprep (Axis Shield), according to the manufacturers’ instructions. RNA was extracted using a Direct-zol RNA miniprep kit (Zymo Research, R2050) according to the manufacturer’s instructions. RNA was reverse-transcribed using an oligo dT primer. An adaptor sequence was added to the 3’ end, which contains a universal priming site and a 17-nucleotide unique molecular identifier. Products were purified, followed by PCR using primers targeting the different BCR isotypes and the universal adaptor. PCR products were then purified using AMPure XP beads. A second PCR was performed to add the Illumina P5 adaptor to the constant region end, and a sample-indexed P7 adaptor to the universal adaptor. Final products were purified, quantified with a TapeStation (Agilent Genomics), and pooled in equimolar proportions, followed by 2×300 paired-end sequencing with a 20% PhiX spike on the Illumina MiSeq platform according to the manufacturer’s recommendations. All controls as well as 32 COVID-19 patients were sequenced for both heavy and light chains. These were used as the train/validation groups for the ML algorithms. For the rest of the patients, only heavy chains were sequenced, and served as the test group. 13 more controls for the test group were added from previously published datasets. Nine controls from dataset (14), and four from dataset (31).




Single cell

PBMCs from 13 individuals were prepared from fresh 5ml blood samples, and frozen according to the manufacturer’s instruction of the “Fresh Frozen Human Peripheral Blood Mononuclear Cells for Single Cell RNA Sequencing” protocol, document number CG00039 Rev D, 10X Genomics. Patients’ data can be found in Table S2. We do not have information about the SARS-CoV2 strains, as these tests were not routinely performed at that time (January-February 2021). Patients were not vaccinated. Libraries were prepared according to the manufacturer’s instruction of the “Chromium Next GEM Single Cell 5’ Reagent Kit v2 (Dual Index)” protocol, document number CG000331 Rev A, 10X Genomics. Libraries were pooled, mixed with 1% PhiX, and sequenced on an Illumina NovaSeq twice using an SP and an S1 kits.





Data processing and statistics

FASTA files were generated using the PRESTO pipeline (32), and aligned to IMGT IGHV/D/J genes (33) using the VDJbase pipeline. Only sequences which started at the first 30 bases of the V gene were included. Isotype frequencies, V, D, J and combinations of V & J gene usage and CDR3 AAs 3-mers, as well as CDR3 AA lengths and V gene identities were calculated using a custom-designed R script (see data and code availability section). The same script also calculated the frequencies of BCR clusters (sharing the same V and J genes and junction AA length). Diversity was calculated using the alphaDiversity function from the Alakazam R package (34). All P values were calculated using Wilcox test and adjusted using the Benjamini-Hochberg procedure (35).




Generating an SHM model

A 5-mer SHM model was built using the function createTargetingModel from the shazam R package (29), once for silent mutations only and once for both silent and replacement mutations. To create these metrics for one representative from each clone, we used the collapseClones function from the same package. For each repertoire, substitutions, mutability, and targeting values were collapsed into a single table. Tables from all repertoires were collapsed into a single table. The tables enable both training ML algorithms and calculating mean mutability in specific sites (WRC/GTW and WA/TW hot-spots, the SYC/GRS cold-spot and all other sites). The table was also used to calculate single base mean mutability levels in all repertoires. The single base mutability was calculated as the average of all 5-mers with the same base in the middle.




Training and estimation of ML algorithms

50 random splits to train and validation groups were made in order to estimate the F1 score, accuracy, sensitivity, and specificity of each model. Lasso and Elastic-Net Regularized Generalized Linear Models (GLMNET) using the caret R package (36) were trained on tables containing data from the repertoires. Feature selection was done using t-test calculations between frequencies in the different groups in the train subset only. Only features with P value below a certain threshold were selected. The algorithm was then trained on the selected data, and classifications were made for the validation groups. F1 score, accuracy, sensitivity, and specificity were calculated for each random split.




COVID-19 classification using AA frequencies at all V gene positions

Frequencies of each AA along 103 positions (according to the IMGT numbering) in each V gene family were calculated for all repertoires. The train/validation samples were used to train the same algorithm as explained above, and to estimate the F1 score, accuracy, sensitivity, and specificity of the algorithm. The validation group was used to estimate the parameters of the algorithm on unseen data. Coefficients of the algorithm were extracted and enabled to calculate scores for single antibodies. If a certain AA was present in the sequence, it received a frequency of 1. Otherwise, it received a frequency of 0. This equation was used to calculate scores for all antibodies in all repertoires, as well as scores for known COVID-19 antibodies from the CoV-AbDab database.




Single cell data analysis

Single cell data was analyzed using cell-ranger 6.0.1 with output of both VDJ recombination and gene expression data. Cell-ranger output was then manipulated using the Seurat R package (37). Cells with more than 5% mitochondrial gene expression were removed. Data was normalized, and PCA and UMAP on the top 10 PCAs were done using standard Seurat functions. Cell identity was determined using the SingleR R package against a sorted dataset from the celldex R package (38). Barcodes of VDJ data and gene expression data were matched using R.




Results




BCR gene usage cannot classify SARS-CoV2 infection

To assess changes in BCR repertoires of COVID-19 patients, we collected 79 blood samples and sequenced their BCR repertoires. Samples were split to three groups: uninfected individuals, mildly and severely COVID-19 infected patients. For each group we characterized several whole repertoire features, such as CDR3 AA length distribution, V gene mutation distribution, clonal diversity, V, D, J and combination of V and J gene usage. We also calculated frequencies of BCR clusters (same V and J gene as well as same CDR3 AA length). These measurements are shown in Figure 1 and in Figure S1 for heavy chains, and for kappa and lambda light chains in Figures S2 and S3. As expected, the diversity of BCR clones is significantly lower in COVID-19 patients compared with controls (Figure 1C). No significant difference was observed in CDR3 AA length (Figure 1A), and only slight increase was seen inV gene mutation distribution (Figure 1B). For many V genes we observed significantly reduced usage in COVID-19 patients (Figure 1D). Three exceptions are IGHV4-34, IGHV4-39 and IGHV4-59 that demonstrate increased usage upon infection, which is further increased in severe patients compared with mild ones. These results support previously published COVID-19 data (39, 40), and suggest that antibodies against SARS-CoV2 mainly comprise those genes. To further validate these conclusions, we tried to build ML classifiers based on V, V & J gene usage, or V & J gene usage and 85% similarity in the CDR3 AAs. However, these models yielded less than   accuracy, suggesting low impact of V or V & J gene usage on the response to SARS-CoV2 infection.




Figure 1 | Characterization of the COVID-19 heavy chain BCR cohort. (A) 10,50 and 90 percentiles of AA CDR3 length in individuals with corona at indicated severity and controls. (B) 10,50 and 90 percentiles of V gene distances from germline in COVID-19 infected individuals at indicated severity and controls. (C) Boxplot showing calculated Hill diversity indexes upon different q values between individuals infected by COVID-19 at indicated severity and controls. (D) Boxplots showing V gene usage in individuals infected by COVID-19 at indicated severity and controls, shown top 50’s mean frequencies. (E) Boxplots showing the isotype frequencies in individuals infected by COVID-19 at indicated severity and controls. (F) Boxplots showing silent mutations’ frequencies along the V gene in different isotypes of individuals infected by COVID-19 at indicated severity and controls. In the whole figure, * marks P value less than 0.05. ** marks P value less than 0.01 and *** marks P value less than 0.001.



We explored further whole repertoire features, and compared isotype frequencies between the different groups. While we observed a reduction in the frequencies of IGD and IGM upon SARS-CoV2 infection, the levels of IGG increased (Figure 1E), and those of IGA remained unchanged. We also measured silent mutability frequencies for each isotype (Figure 1F). These measurements avoid changes which are caused by antibodies selective pressure. In contrast to the IGG and IGA class switched isotypes, in which mutability upon infection is reduced, in IGD and IGM mutability is increased. In severe patients, the IGD and IGM mutability was even higher (Figure 1F).




BCR V gene AA composition successfully classifies SARS-CoV2 infection and may reveal important features of antibodies against the virus

We continued exploring classification approaches to stratify COVID-19 patients and uninfected individuals. To this end, we explored AA frequencies along the V gene, aggregated by V gene family. We generated a table with 10,300 columns, counting AA frequencies along 103 V gene positions (aligned according to IMGT numbering), for the 5 most highly used V gene families (IGHV1-5). Using this approach we obtained a high F1 score of more than 0.85, and similar levels of accuracy, sensitivity, and specificity (Figure 2A). The test set resulted in an F1 score of above 0.85 (Figure 2B). We then extracted the coefficient used by the algorithm, corresponding to the contribution of each AA frequency to the classification of the disease (Figure 2D).




Figure 2 | COVID-19 classification using AA frequencies at all V gene positions. (A) Boxplots showing the F1 score, accuracy, sensitivity, and specificity for COVID-19 classification by AA frequency at each position in each V family. Shown are values calculated for 50 random splits to train and validation groups. (B) Bar plots showing the indicated scores on the external test group. (C) COVID-19 single antibody scores were calculated using the coefficients of the algorithm described in panel (A) Boxplos showing the fraction of antibody sequences with scores above 0 in control and COVID-19 infected repertoires, as well as in CoV-AbDab COVID-19 antibodies, are shown. (D) Log10 coefficients of the algorithm described in (A, B).



To further validate that these changes are unique to COVID-19 patients, we downloaded a dataset of more than 450 repertoires from cAb-rep data collection (41). These data include repertoire sequencing results from a wide variety of clinical conditions such as Hepatitis B virus infection, vaccinations against Hepatitis B virus and influenza, and several autoimmune diseases. Applying our algorithm to these data to classify COVID-19 infection resulted in a false positive rate of only 6%, indicating that our classification is specific to COVID-19 infection.

These results were obtained for the repertoire level, and we sought to test their applicability to the single BCR sequence level. For this, we transferred the features selected for the repertoire level model, i.e., AA frequencies along the V gene families, to calculate a score for single BCR sequences. We calculated such scores for a list of more than 5,000 known antibodies against SARS-CoV2 from the CoV-AbDab database (9). The scores of the known antibodies were higher than those came from whole repertoires of control patients as well as most of the COVID-19 infected repertoires (Figure 2C), suggesting that these coefficients are meaningful not only for the repertoire level, but also for single BCR sequences. Our attempts to classify the severity of COVID-19 using this method were not successful, so for this purpose, we explored other sets of features. The coefficients of the algorithm can be seen in Figure 2D.




Mutation bias in class-switched B cells of COVID-19 patients

As reduced levels of overall BCR mutability were seen upon SARS-CoV2 infection only in the class switched isotypes (Figure 1F), we quantified single base mutability patterns in these isotypes. As seen in Figure 3A, the mean relative mutability is reduced in COVID-19 patients at Cytosine and Guanine (C and G), but increases in Adenine and Thymine (A and T). The same results were obtained when considering silent mutations only (Figure 3B). Five main pathways are responsible for introducing mutations during SHM (12). Three introduce mutations in C and G, and the other two involve the low fidelity DNA polymerase pol  , which mutates A and T. The significant differences in mutability observed in COVID-19 patients suggest altered activity of those arms. To further investigate SHM in SARS-CoV2 infection, we applied a commonly used 5-mers SHM mutability model (26). In general, two highly mutated hot-spot motifs are commonly observed in SHM. One is WRC/GYW (where W = {A, T}, Y = {C, T} R = {G, A}, and the mutated position is underlined), and the other is WA/TW. In addition, SYC/GRS (where S = {C, G}), is considered as a cold-spot sequence motif. We first built a 5-mer mutability model based on both silent and replacement mutations. Such a model combines the effects of SHM and antigen-driven selection. We divided the 5-mers to those occurring in the two hot-spots, in the cold-spot, and in all other neutral sites, and show their levels for IGD/IGM and for IGA/IGG (Figures 3C, E). The most significant changes between the different groups are a decrease in the WRC/GYW site and an increase in SYC/GRS in IGA/IGG of COVID-19 patients. This increase is not seen in severely infected patients.




Figure 3 | Silent and replacement mutability in SHM single base mutability, 5-mers hot-spots and cold-spots. (A) A single base mutability model was built based on IGA/G isotypes of COVID-19 patients and controls. Shown are boxplots representing the normalized sum of single base mutability. (B) The same plot as in A but for silent mutations only. (C, D) An 5-mer SHM model based on both silent and replacement mutations in (C), or silent only mutations in (D), was built using the IGD and IGM isotypes of COVID-19 patients at different severity levels and controls. Shown mutability of the two known SHM hot-spots, SHM cold-spots, and the rest of the sites. (E, F) An 5-mer SHM model based on both silent and replacement mutations in (E), or silent only mutations in (F), was built using the IGA and IGG isotypes of COVID-19 patients at different severity levels and controls. Shown mutability of the two known SHM hot-spots, SHM cold-spots, and the rest of the sites. In the whole figure, * marks P value less than 0.05. ** marks P value less than 0.01 and *** marks P value less than 0.001.



To understand whether these patterns stem from SHM or from antigen-driven selection, we built another model, taking only silent mutations into consideration. Figures 3D, F shows the resulting mutability scores for the same sequence motifs. The observed pattern resembles the one observed in Figures 3C, E, suggesting that the alteration between the groups results from altered SHM characteristics. To avoid the effect of clonal expansion on mutability calculations, we repeated all calculations, taking into account only one representative from each clone. Similar results were obtained using this approach (Figure S4). Moreover, using SHM matrices based only on a specific V family resulted in a much lower signal (Figure S5F). Importantly, the mentioned SHM patterns reflect the relative likelihood for each mutation pattern and do not indicate the overall mutability level.




Silent SHM patterns classify SARS-CoV2 infection and severity

To estimate the level of connection between changes in SHM patterns and SARS-CoV2 infection, we tried again to build a classifier of samples’ origin. We built two models, one using all mutations (Figures 4A, S5, S6A, S8), and one using silent mutations only (Figures 4B, S6B). Taking all mutations into account, we obtained an F1 score of over 0.85, as well as accuracy, sensitivity, and specificity values. Taking only silent mutations into account, we obtained a slightly lower result of  0.8 F1 score and accuracy. These results strengthen our hypothesis that the differences between the repertoires emerge mainly from SHM itself and not from antigen-driven selection. Using only light chain sequences for the mutability model reaches much lower results, as expected (Figure S7A, B). A model based on the combination of light and heavy chains does not obtain better results than using the heavy chain only (Figure S8).




Figure 4 | SHM Heavy chain enables classification of both SARS-CoV2 infection and COVID-19 severity. (A) An ML algorithm was trained on the substitutions matrix of the 5-mer SHM model, which was created for the IGA/G isotypes. Boxplots representing F1 score, accuracy, specificity, and sensitivity of 50 random splits to train and test groups are shown. (B) The same algorithm as in A was trained on silent mutations only. Shown are Boxplots representing the F1 score, accuracy, specificity, and sensitivity of 50 random splits to train and test groups. (C) Boxplots showing F1 score, accuracy, specificity, and sensitivity of 20 leave-one-out cross validation of severity classification. Each leave-one-out was on 12 severe COVID-19 patients and 12 randomly selected mild COVID-19 patients. The ML algorithm was trained on the mutability matrix of the SHM cold-spots in these groups. (D) Frequency of mutability in mild and severe individuals with COVID-19. Boxplots of frequencies of repeating coefficients of the algorithm explained in (C) are shown.



Next, we tried to classify COVID-19 severity using SHM patterns. Since the mutability in the cold-spot motif changes the most between severe and mild patients, we built a model using mutability scores of this cold-spot only. We obtained an F1 score and accuracy of about 0.75 in severity classifications (Figure 4C).

All patterns with non-zero coefficients have much higher mutability frequencies in mild patients compared with severe patients (Figure 4D). Again, to avoid the effect of clonal expansion and selective pressure on the inferred mutability model, we repeated the mutability model inference taking into account only one representative from each clone. As shown in Figure S5, the results were comparable to those obtained using all sequences.




Known SARS-CoV2 antibodies are enriched in plasmablasts from COVID-19 patients

We thought to find in our sequencing data, antibodies that may be related to the known COVID-19 antibodies. As mentioned above, during the COVID-19 pandemic a new database summarizing all known SARS-CoV2 antibodies was published, containing more than 5,000 antibody AA sequences of both heavy and light chains. For each of our repertoires, we calculated and summarized the frequencies of sequences that are similar to known antibodies. We defined similar antibodies by   identity in the CDR3 AAs, and the same V and J genes. As expected, the frequencies of similar to known antibodies in COVID-19 patients were higher than those in control individuals (Figure 5A. Histograms summarizing the sizes and numbers of samples having at least one representation in the clones can be found in Figures S9A, B). Using the sum of frequencies of similar to known COVID-19 clones, we reached an accuracy of above   in repertoire classification and an AUC of   (Figure 5B). Even lower results were obtained when training the algorithm to count the frequencies of shared clones between samples (Figure S10). Although significant, this result is lower than that achieved by considering mutations along the V gene.




Figure 5 | Clones of antibodies in our sequencing close to known COVID-19 antibodies from CoV-AbDab database. (A) Sum of frequencies of clones (same V and J genes and   similarity in AA of CDR3) close to known COVID-19 antibodies (from CoV-AbDab data base) in COVID-19 patients and controls. (B) ROC curve summarizing the results shown in (A). (C) Sum frequencies of clones close to COVID-19 antibodies in 13 single cell COVID-19 patients data. (D) UMAP on gene expressions of B cells isolated from 13 patients showing differences between naive, memory and plasmablast cells. Cell type identification was done using SinglR. (E) Sum of frequencies of antibodies close to known COVID-19 antibodies in bulk sequencing of COVID-19 patients and control as well as in sequences from single cell sequences of COVID-19 patients and in cells identified as plasmablast cells.



To further explore the similarity to known antibodies, we performed 10X Genomics single cell sequencing including V(D)J and gene expression, on blood samples from additional 13 mild COVID-19 patients. Using single cell sequencing data enables matching of heavy and light chains, which cannot be done with bulk sequencing. Moreover, single cell sequencing provides the ability to identify cell type using gene expression signatures. We found similar to known antibodies in 7 out of the 13 repertoires. The frequencies were overall lower compared with those seen in the bulk RNA sequencing cohort (Figure 5C). This could be due to the differences in sequencing methods, or because in the single cell cohort the patients were diagnosed on average more recently than the bulk cohort and thus may have had lower levels of SARS-CoV2 specific antibodies.

We then applied the SingleR R package to classify cell types by single cell expression profiles. Two-dimensional UMAP reduced plots are shown in Figure 5D, demonstrating a distinct cluster of plasmablasts. We summarized the frequency of known SARS-CoV2 clusters in bulk sequenced COVID-19 patients, bulk controls, single cell unsorted data, and single cell plasmablasts only. As shown in Figure 5E, COVID-19 patients show enriched levels of similarity to known SARS-CoV2 antibody compared with controls. Single cells show higher levels than controls but lower than bulk, as discussed above. Among plasmablasts of COVID-19 patients, we see the highest frequency of known antibody clusters, indicating a stereotypical response to SARS-CoV2. Lastly, to validate our observation that WRC/GYW hot-spots mutability scores decrease upon COVID-19 infection, and SYC/GRS cold-spots increase (Figure 3), we split the single cell data into plasmablasts vs. all other B cell types. We built a mutability SHM matrix for each of these subsets, and indeed found a reduction in the mutability scores of WRC/GYW hot-spots in plasmablasts (0.00168) compared with the other B cell types (0.00178), and an increase in the mutability scores of the SYC/GRS cold-spots (0.0003 and 0.0002, respectively).




Discussion

The COVID-19 pandemic, caused by evolving variants of SARS-CoV2, has infected a large proportion of the population worldwide. Antibodies play a critical role in eliminating the virus from the body. Serological tests are routinely used to estimate immunity of individuals against SARS-CoV2, convalescent plasma donations were used to treat severely ill COVID-19 patients, and many monoclonal antibodies were developed as candidate passive vaccinations.

Although the pandemic has caused a huge health and economic burden, it brought several important advantages for biomedical research. With so many researchers and funding opportunities focusing on a single topic, the pandemic facilitated both broad and profound analyses of the virus and the immune responses towards it. During the past two and a half years, thousands of COVID-19 binding/neutralizing antibodies have been published and deposited in public datasets (42, 43). This huge amount of data facilitates finding BCR sequences that are similar to known antibody sequences, and searching for common features. Such features may be used in the clinic for diagnosis of the disease, but in the case of COVID-19 there are easier, faster and cheaper ways to do that. Much more importantly, it can teach us about the development of the immune response towards the virus.

In this study we collected and sequenced the BCR repertoires of 51 SARS-CoV2 infected individuals as well as 28 control ones. We do not have information about the SARS-CoV2 strains in which patients were infected by, but they are almost certain to be the original strain (before Alpha (B.1.1.7)). All samples were collected between April and early November 2020, and the earliest documented variant strains, as well as the earliest vaccines, arrived in Israel in late December 2020. Here, in contrast to previous reports (22), we were able to stratify COVID-19 patients and healthy individuals based on shared clusters of BCR sequences. The moderate classification results of such approach led us to explore different sets of features that turned out to be more informative. AA frequencies at all V gene positions served as a basis for an ML model that produced a high F1 score ( ) in classifying COVID-19 infection.

The patterns of AA alterations in BCRs arise during the process of affinity maturation, that includes two iterative processes, namely SHM and affinity-dependent selection. These patterns can stem from the antibodies against SARS-CoV2 or from overall altered SHM mechanism in COVID-19 patients.

An important question that may arise when inspecting the presented approach is whether it is specific to COVID-19, or perhaps it simply detects general signals related to an adaptive immune response towards a new pathogen. We believe that the presented approach is specific to COVID-19 because: 1. The signal does not disappear when choosing a single representative per clone, which eliminates the effect of general clonal expansion. 2. The signal is based on an SHM pattern, which is subject to an antigen-specific affinity maturation. 3. Our lab has a lot of experience in ML-based classification of different clinical conditions (12, 14, 18), and for each condition the features identified by the algorithm as the most essential for classification were different. SHM patterns have never been previously identified as a feature, as far as we know. To test this, we applied our algorithm to data from  450 samples, including infection with Hepatitis B virus, vaccinations against Hepatitis B virus and influenza, and several autoimmune diseases. 94% of these repertoires were classified as healthy, indicating that our algorithm does not classify any neo-response as COVID-19.

Extensive research has been devoted to study SHM mechanisms affecting other regions in the antibody besides the CDR3 (29, 44). Yet, except a recent publication about Crohn’s disease (45), this knowledge has not been used for disease classifications, nor for improving antibody engineering. We sought to follow the SHM machinery during SARS-CoV2 infection, starting with the whole repertoire level. It is well established that antibodies bindingSARS-CoV2 are very close to the germline (6, 46–48). Surprisingly, even at the repertoire level, we detected a decrease in mutability of IGG BCRs. To explore whether the AA frequency-based signal results from alterations in SHM or affinity dependent selection, we followed the mutability rates of silent mutations only. These mutations are not subjected to affinity dependent selection pressure, thus reflecting changes in the machinery of SHM. We found that most SHM changes upon SARS-CoV2 infection were observed even when counting only silent mutations, which are not subject to affinity selection, suggesting dramatic changes in the SHM machinery upon SARS-CoV2 infection. To further pinpoint the effects on the SHM machinery, we repeated the calculations taking only one representative from each clone into account, thereby abolishing the effect of clonal expansion (Figure S5). This step slightly reduced the F1 score, in a non-significant way. The fact that eliminating the effect of clonal expansion on our findings did not abolish the differences suggests that there are true changes in the SHM machinery. Moreover, the moderate performance reduction when taking only one representative per clone, hints that the SHM changes during SARS-CoV2 infection may be further enhanced by clonal expansion, potentially aiding the battle with the virus.

Many pathways are involved in the introduction of mutations to BCR sequences. In particular, two common SHM hot-spots, WRC/GYW and WA/TW, are affected by two different pathways. While mutations in WRC/GYW motifs are mediated by the activation induced deaminase, mutability at WA/TW motifs also involve the low fidelity DNA polymerase pol  .

In the class switched IGA and IGG isotypes, we observed decreased mutability levels with increasing severity of COVID-19 at WRC/GYW motifs, and increased mutability at WA/TW sites. Again, these changes were observed even when counting silent mutations only, further supporting an impact of the virus on the SHM introduction mechanism. The reduced mutability in WRC/GYW motifs and the mildly increased mutability in WA/neTW motifs may hint that AID levels could be decreased upon COVID-19 infection. This possibility will need to be validated in future studies. Another future direction is to test for possible SHM positional effects. The presence of such an effect was lately suggested (49), and it will be very interesting to inspect whether this is relevant to our results.

Another specific SHM target is the cold-spot SYC/GRS. Surprisingly, we found an increase in mutability rates of this cold-spot in COVID-19 repertoires. Moreover, this increase was not observed in severely infected patients, suggesting that this mechanism may be critical for production of efficient antibodies and thereby for prevention of severe illness.

Building on our success in classifying patients from healthy individuals, we sought to develop an ML-based algorithm to classify disease severity. This could have important clinical outcomes, since medications and passive vaccines now exist that can prevent deterioration if diagnosed individuals are treated rapidly. However, these treatments have side effects and are not given to the wide population. Prediction of disease severity by the known risk factors is highly inaccurate, and there are currently no other means to classify severity. Using mutability patterns from silent mutations only, we estimate our ability to classify COVID-19 severity at approximately 75% (Figure 4C). The known risk factors to develop severe COVID-19 are mostly preexisting conditions such as older age, hypertension, obesity, diabetes. Here, we suggest another risk biomarker that involves basic features of the adaptive immune system. Many more steps are needed to enable prediction of COVID-19 infection and severity based on BCR sequencing data. We provide here a first step towards it.

AA frequency patterns along the V genes at the whole repertoire level is a sufficient feature for relatively good classification of COVID-19. Looking at the identity of AA along the V gene of a single BCR sequence may reveal its affinity towards the virus. To explore the connection between the new BCR repertoire data generated here and known SARS-CoV2 antibody sequences we took a two way approach. Building on the hypothesis that the whole repertoire level signal responsible for the classification stems from individual SARS-CoV2-specific antibodies generated during the infection, we derived a single sequence score based on the repertoire classification signal. Although sequences with high scores are scarce in both healthy and COVID-19 repertoires, their prevalence in the CoV-abDab data is significantly higher (Figure 2C). As such, the features (detailed in Figure 2D) may be used for more rational antibody design towards the virus. In addition, we explored the presence of similar sequences to the validated CoV-abDab antibodies in both bulk and in single cell sequenced repertoires. We found a higher fraction of sequences with high similarity to known antibodies in COVID-19 patients compared with controls. This can also be used for successful classification of the repertoires. Notably, a group of COVID-19 patients had no similar antibodies to those in the list, suggesting that despite the massive efforts so far, the list is incomplete. On the other hand, in some control samples we found few sequences similar to known antibodies. These antibodies may provide a basis for protection from COVID-19 symptoms or complications to individuals who carry them.
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Introduction

In the last decades, a decrease in air quality has been observed, mainly associated with anthropogenic activities. Air pollutants, including particulate matter (PM), have been associated with adverse effects on human health, such as exacerbation of respiratory diseases and infections. High levels of PM in the air have recently been associated with increased morbidity and mortality of COVID-19 in some regions of the world.



Objective

To evaluate the effect of coarse particulate matter (PM10) on the inflammatory response and viral replication triggered by SARS-CoV-2 using in vitro models.



Methods

Peripheral blood mononuclear cells (PBMC) from healthy donors were treated with PM10 and subsequently exposed to SARS-CoV-2 (D614G strain, MOI 0.1). The production of pro-inflammatory cytokines and antiviral factors was quantified by qPCR and ELISA. In addition, using the A549 cell line, previously exposed to PM, the viral replication was evaluated by qPCR and plaque assay.



Results

SARS-CoV-2 stimulation increased the production of pro-inflammatory cytokines in PBMC, such as IL-1β, IL-6 and IL-8, but not antiviral factors. Likewise, PM10 induced significant production of IL-6 in PBMCs stimulated with SARS-CoV-2 and decreased the expression of OAS and PKR. Additionally, PM10 induces the release of IL-1β in PBMC exposed to SARS-CoV-2 as well as in a co-culture of epithelial cells and PBMCs. Finally, increased viral replication of SARS-CoV-2 was shown in response to PM10.



Conclusion

Exposure to coarse particulate matter increases the production of pro-inflammatory cytokines, such as IL-1β and IL-6, and may alter the expression of antiviral factors, which are relevant for the immune response to SARS-CoV-2. These results suggest that pre-exposure to air particulate matter could have a modest role in the higher production of cytokines and viral replication during COVID-19, which eventually could contribute to severe clinical outcomes.
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1 Introduction

COVID-19 is an acute respiratory illness caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a pathogen that emerged in late 2019 and rapidly spread and became a global public health problem (1, 2). As of March 2023, SARS-CoV-2 has resulted in over 760 million infections and around 6.87 million deaths (3).

Although most individuals experience an asymptomatic or mild SARS-CoV-2 infection, some patients develop severe disease characterized by tissue damage and cytokine storm and may even develop acute respiratory distress syndrome (ARDS), which can lead to pulmonary failure and death (2). Severe forms of COVID-19 have been correlated with massive inflammatory cell infiltration and uncontrolled production of inflammatory mediators (2, 4); in fact, an association has been described between plasma IL-6 levels and hospitalization, intensive care unit (ICU) admission and mortality rates, suggesting that this cytokine may be a predictive factor of disease severity (5).

Risk factors contributing to severe forms of COVID-19 include older age, male gender (4), and comorbidities such as diabetes, hypertension and obesity (6). In addition, it has been suggested an association between exposure to environmental factors, such as air pollution, with the airborne transmission of SARS-CoV-2 and the severity of COVID-19 (7). In this regard, epidemiological studies carried out in three of the most affected areas by COVID-19, China, the USA, and Italy (8), have described an association between high levels of pollutants and increased morbidity and mortality (8–10).

Air pollution is another major public health problem in recent decades and has been associated with about 7 million deaths per year by the World Health Organization (WHO) (11). Among the primary pollutants is particulate matter (PM), a complex mixture of compounds derived from anthropogenic and natural sources. PM can be classified according to its aerodynamic diameter into coarse particles (with diameter between 10 and 2.5 µm; PM10), fine particles (with diameter < 2.5 µm; PM2.5) and ultrafine particles (with diameter < 0.1; PM0.1) (12). PM10 is mainly deposited in the upper respiratory tract and has been associated with diseases such as asthma (13), chronic obstructive pulmonary disease (COPD) (14), cardiovascular diseases (15, 16), neurologic diseases (17), tuberculosis (18) and cancer (19–21). An epidemiological study showed an association between increased lung cancer mortality (3.4 and 6%) and increased PM10 concentration by 10 µg/m3 (22).

In addition, previous studies have indicated that PM10 exposure is associated with increased incidence, viral transmissibility and severity of different respiratory viral infections (23), such as influenza A (24), measles (25), rhinovirus (26) and respiratory syncytial virus (RSV) (27–29). For example, an association between high levels of PM and a higher rate of hospitalization for bronchiolitis caused by RSV has been reported. Furthermore, PM concentrations have been correlated with epidemics caused by RNA viruses in recent decades, such as SARS-CoV in 2003 (30), dengue in 2007 (31), Influenza H1N1 in 2009 (32), Measles in 2019 (25) and recently the SARS-CoV-2 pandemic (10).

Although these associations have been described, the mechanisms by which PM contributes to the susceptibility or severity of respiratory viral infections are still unclear. Studies have described the ability of PM to induce oxidative stress and sustained inflammatory response, which promotes epithelial cell damage and cell recruitment to the lung; thus, contributing to lung tissue damage and impaired immune response to subsequent viral infections (33–36). Consistent with this, Xie et al. found that PM pre-exposure of Coxsackievirus-infected mice induced an increase lung and heart tissue damage, and an increase in cellular infiltrate (37). Likewise, it has been described that pre-exposure of mice to diesel particles increases susceptibility to influenza A infection, related to an increase in neutrophil recruitment and, IFN-β and IL-6 high levels (38). However, it is essential to consider factors such as the dose and time of exposure to PM on the effects that it can induce. In this regard, a study reported that chronic exposure to PM reduced IL-6 and IFN-β levels and increased Influenza A replication (33). Likewise, a study described that the immune response against high concentrations of PM10 and RSV, simultaneously, is less effective than the response against the virus alone, suggesting that exposure to PM alters the ability of cells to respond against viral infection, thus contributing to viral pathogenesis (39). Besides, it has been proposed that PM exposure predisposes towards the development of SARS-CoV-2-related immunopathology. However, the mechanisms involved in this relationship are still unclear; thus, this study aimed to evaluate the effect of PM on viral replication and the inflammatory response triggered by SARS-CoV-2.



2 Materials and methods



2.1 Cells and virus

Peripheral blood mononuclear cells (PBMC) were isolated by a Ficoll-histopaque density gradient method (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) from each healthy donor (n = 3-7). The A549 cell line was grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich, St Louis, MO, USA) supplemented with 2% heat-inactivated fetal bovine serum (FBS) (GIBCO- Thermo Fisher Scientific Inc, Waltman, MA, USA), 2mM L-glutamine (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) and 1% penicillin-streptomycin at 37°C with 5% CO2. The viral stock was produced from a Colombian SARS-CoV-2 isolated: D614G strain (EPI_ISL_536399) (40). The virus was used at 0.1 multiplicity of infection (MOI) and incubated for 8, 24 or 48h at 37°C with 5% CO2 (according to the experimental results). Unexposed cells were used as a negative control.



2.2 PM10 stock preparation

The PM10 was obtained through the local environmental agency (Sistema de Alerta Temprana - SIATA), a monitoring project established by the authority of the Valle de Aburrá - Colombia. Briefly, PM10 samples were obtained from quartz filters by sonication in deionized water. Then, the mixture was filtered and lyophilized. The working stock was prepared in sterile water at 10 mg/mL, sonicated and stored at -20°C until used.



2.3 PM10 and SARS-CoV-2 exposure in PBMC

The effect of PM10 in the inflammatory and antiviral response to SARS-CoV-2 was evaluated using a pre-exposure strategy. Briefly, PBMC were seeded (3x106 cells/well) in RPMI-1640 supplemented with 5% FBS, exposed to PM10 (10 and 100 µg/mL) and incubated for 24 h at 37°C with 5% CO2. Then, the virus was added to wells and incubated for 24h. Supernatant and cells were harvested and stored at -70°C until processing. Untreated cells were used as a negative control. Seven independent experiments were conducted.



2.4 PM10 and SARS-CoV-2 exposure in co-culture of epithelial cell line and PBMC

The effect of PM10 in the production of IL-1β in a co-culture model of epithelial cell line and PBMC was evaluated. Briefly, A549 or VERO E6 cell line were seeded in DMEM supplemented with 2% FBS for 24 h at 37°C with 5% CO2. Then cells were exposed to PM10 (50 µg/mL for A549; 10 and 20 µg/mL for VERO E6) and incubated for 24 h at 37°C with 5% CO2. After incubation, supernatants were removed, and the virus (MOI 0.1 and 0.01, for A549 and VERO E6, respectively) was added and incubated at 37°C for 1h. PBMC freshly isolated were added to respective wells and incubated for 24h. The supernatant was harvested and stored at -70°C until processing. Untreated cells were used as a negative control. Three independent experiments were carried out.

Cytotoxic effect of PM10 on A549 and VERO E6 cells was evaluated using 3 -(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay, as previously reported (41). Briefly, cell lines were exposed to increasing concentrations of PM10 (1-400 µg/mL) for 48 h. The supernatant was removed and cells were incubated in fresh serum-free medium containing 0.5mg/mL MTT for 3h at 37°C in the dark. The formazan product was dissolved in DMSO and the absorbance was measured at 570nm using a microplate reader (Multiskan FC Microplate Photometer; Thermo Scientific). The data were normalized to the absorbance of the untreated control cells (Supplementary Figure 1).



2.5 Evaluation of the effect of PM10 in SARS-CoV-2 replication on A549 cells

A549 cells were cultured and exposed to PM10 for 24 h at 37°C with 5%CO2. After incubation, supernatants were removed, and the virus (MOI 0.1) was added and incubated at 37°C for 1h. Then, the virus inoculum was removed and DMEM (PM10 replenished) was added and incubated for 24h. The supernatant was harvested and stored at -70°C until processing. Infected cells without treatment were used as infection control. Cells without treatment nor infection were used as a negative control. Five independent experiments with two replicates each were performed.



2.6 RNA extraction, cDNA synthesis, and real-time PCR

The mRNA quantification of IL-1β, IL-6, IL-8, TNF-α, IFN-β, PKR (protein kinase R) and OAS (2'-5'-oligoadenylate synthetase 1) was carried out from PBMC by real-time PCR. Briefly, for total RNA extraction the Direct-zol RNA Miniprep kit was used (Zymo Research, Orange, CA, USA) following the manufacturer’s instructions. Then, RNA concentration and purity were determined by spectrophotometry at 260-280 nm and the cDNA was constructed using the iScript cDNA synthesis kit (BIO-RAD, Hercules, CA, USA). Real-time PCR was performed using Maxima SYBR Green qPCR master mix kit (Fermentas, Glen Burnie, MD, USA). The amplification protocols were standardized for each gene. PGK (phosphoglycerate kinase) was used as the housekeeping gene to normalize the RNA content; primer sequences for each gene are shown in Supplementary Table 1. The real-time PCR analysis was performed in the CFX Manager Version 1.5.534.511 software (Bio-Rad, Hercules, CA, USA). Data are expressed as fold change, normalized against the constitutive gene and the untreated control, using the ΔΔCt method, as previously reported (42).



2.7 Quantification of IL-1β, IL-6 and IL-8 by ELISA

Quantification of IL-1β, IL-6, and IL-8 levels in culture supernatants was carried out using ELISA kits (437004, Biolegend, Thermofisher; 555220, BD Biosciences, San Jose, CA, USA; and 431504 Biolegend, Thermofisher, respectively) as previously reported (42) and following manufacturer’s instructions.



2.8 Quantification of viral replication by qPCR and plaque assay

To quantify the viral RNA copies from supernatants, viral RNA extraction was performed using the commercial Quick-RNA Viral Kit (Zymo Research, Orange, CA) according to the manufacturer’s instructions. Viral RNA copies were quantified from 5uL of RNA by real time PCR using the Luna® Universal Probe One-Step RT-qPCR Kit (New England Biolabs) in the CFX-96 thermo-tracer (Biorad), following the Berlin protocol, version 2 (available at https://www.who.int/docs/default-source/coronaviruse/protocol-v2-1.pdf). Molecular degree water was used as a negative control and a plasmid that expresses each of the amplified genes (gene E, RdPp and RNASE P) were used as a positive control. The number of viral copies per mL was calculated using a standard curve of the plasmids containing the amplified genes (43).

The viral titer in supernatants was determined by plaque assay, as previously reported (44). Briefly, 1.2 x 105 Vero E6 cells/well were seeded for 24h at 37°C, with 5% CO2. Then, 10-fold serial dilutions of the supernatants, obtained from assays in A549 cells, were added to cells and incubated for 1h. After incubation, the viral inoculum was removed and 1mL of 1.5% carboxymethyl-cellulose in DMEM 1X was added. Cells were incubated for 4 days at 37°C with 5% CO2, then washed twice with PBS and fixed/stained with 4% Formaldehyde/1% crystal violet solution; finally, the viral plaques were counted. The difference between viral titer of cells pre-exposed to PM10 and untreated control was expressed as an infection percentage.



2.9 Statistical analysis

GraphPad Prism 9.0.2 (La Jolla, CA, USA) was used for data analysis. Normality was assessed using Shapiro-Wilk test. ANOVA or Kruskal-Wallis tests were used to compare two or more groups; in case of statistical differences post hoc test (or multiple benchmarks) HDS of Tukey and Dunn, respectively, were applied. Data were presented as median ± IQR (Interquartile range).



2.10 Ethics

All experiments were carried out following the principles of the Declaration of Helsinki. Donors were adults, read and signed and informed consent, previously reviewed, and approved by the research ethics committee of the Universidad Cooperativa de Colombia.




3 Results



3.1 SARS-CoV-2 induces inflammatory cytokines in PBMC

Increased IL-1β, IL-6, IL-8 and TNF-α mRNA expression were observed in PBMC exposed to SARS-CoV-2 compared to control cells (Figure 1A). Furthermore, the peak of increase in IL-1β and IL-6 was observed at 24 h. No statistical differences were observed for IL-8 and TNF-α during the experimental times.




Figure 1 | SARS-CoV-2 induces gene expression and secretion of inflammatory cytokines and antiviral factors in PBMC. Gene expression of inflammatory cytokines and antiviral factors was quantified by real-time PCR from PBMC exposed to SARS-CoV-2 (MOI 0.1). In addition, cytokine secretion in supernatants was evaluated by ELISA. Results of gene expression are presented as fold change of (A) IL-1βIL-6, IL-8, TNF-α, IFN-β, PKR and OAS compared with the unstimulated cells. Cytokine production is presented as pg/mL of (B) IL-1β, IL-6 and IL-8. Unexposed cells were used as a negative control. Data were represented as median ± IQR (n = 3 - biological replicates). Statistical comparison was made using the ANOVA or Kruskal-Wallis test, according to normality test, with a confidence level of 95% and post hoc tests (or multiple benchmarks) HDS of Tuckey or Dunn were applied. Significant differences *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.



In addition, SARS-CoV-2 also induced the secretion of IL-6 and IL-8 into cell culture supernatants. A significant increase in IL-6 and IL-8 was observed at 24h and 48h compared to 8h exposure (Figure 1B). In our experimental conditions, for IL-1β, a production peak was observed at 8h with a drop-in protein levels at 24h and 48h. Additionally, gene expression of common antivirals factors was evaluated. However, no changes in IFN-β, PKR and OAS (Figure 1B) were observed in response to SARS-CoV-2.



3.2 PM10 alters the expression of inflammatory cytokines and antiviral factors in SARS-CoV-2-exposed PMBC

The effect of previous exposure to PM10 on the gene expression of inflammatory and antiviral factors induced by SARS-CoV-2 was evaluated. A significative decrease in the fold change of IL-1β was observed in cells exposed to PM10 (100 µg/mL) and SARS-CoV-2 compared to cells exposed only to the virus. A significant difference in IL-6, IL-8 and TNF-α between cells co-stimulated with PM and SARS-CoV-2, compared to PM-treated cells, was observed. However, there were no significant differences in IL-6, IL-8, TNF-α and IFN-β when PBMC with both stimuli or only exposed to SARS-CoV-2 were compared (Figure 2). In addition, a trend towards the decreased expression of OAS and PKR was observed in PBMCs exposed to both stimuli compared to cells exposed to the virus alone; therefore, a statistical comparison was made only between these two groups, and it was found that there are statistically significant differences (Supplementary Figure 2).




Figure 2 | Effect of the PM10 in gene expression of inflammatory and antiviral factors in PBMC exposed to SARS-CoV-2. Gene expression of inflammatory and antiviral molecules was quantified by real-time PCR from PBMC exposed to PM10 and SARS-CoV-2 (MOI 0.1) after 48h of total treatment. Results are presented as fold change of (A) IL-1β, (B) IL-6, (C) IL-8, (D) TNF-α, (E) IFN-β, (F) PKR and (G) OAS. Cells unexposed were used as a negative control. Data were represented as median ± IQR (n = 7 - biological replicates). Statistical comparison was made using the Kruskal-Wallis test with a confidence level of 95% and post hoc tests (or multiple benchmarks) HDS of Dunn, were applied. Significant differences *p ≤ 0.05; **p<0.01.





3.3 PM10 increased the production of IL-6 in SARS-CoV-2-exposed PBMC

The IL-6 production was significantly increased in cells exposed to both PM10 and SARS-CoV-2 compared to cells individually exposed to PM10 (100µg/mL; p = 0.0006) or SARS-CoV-2 (p < 0.0001; Figure 3A). For IL-1β and IL-8, no additive effect was observed; however, the levels of these two cytokines were significantly higher in cells exposed to both PM10 (100µg/mL) and SARS-coV-2 compared to cells only exposed to SARS-CoV-2 (p < 0.0001) (Figures 3B, C). Likewise, no significant differences were observed in the production of IL-1β and IL-6 at PM10 concentrations of 20 and 50µg/mL. Although a trend towards an increase was observed with the 50μg/mL dose of PM10 for the production of both cytokines (Supplementary Figure 3).




Figure 3 | Effect of pre-exposure to PM10 in proinflammatory cytokine production in PBMC exposed to SARS-CoV-2. Production of inflammatory cytokines was quantified by ELISA from supernatants of PBMC exposed to PM10 and SARS-CoV-2 (MOI 0.1). Results are presented as pg/mL of (A) IL-6, (B) IL-1β y (C) IL-8. Cells unexposed were used as a negative control. Data were represented as median ± IQR (n = 7 - biological replicates). Statistical comparison was made using the Kruskal-Wallis test with a confidence level of 95% and post hoc tests (or multiple benchmarks) HDS of Dunn, were applied. Significant differences **p ≤ 0.01, ***p ≤ 0.001.





3.4 PM10 induce IL-1β production in a SARS-CoV-2-exposed co-culture model of A549 and PBMC

Significant production of IL-1β was observed in a co-culture model of A549 cells and PBMC exposed both to PM10 and SARS-CoV-2 compared to co-culture only exposed to SARS-CoV-2 (p < 0.0001; Figure 4A). Although no significant differences were found in the co-culture of VERO E6 and PBMCs, a trend toward an increase in the production of IL-1β was observed in co-culture exposed to both stimuli compared to co-culture exposed only to SARS-CoV-2 (Figure 4B). Therefore, a comparison was made only between these two groups, and it was found statistically significant differences (p = 0.0041; Supplementary Figure 4).




Figure 4 | PM10 induce IL-1β production in a SARS-CoV-2-exposed co-culture model of A549 and PBMC. IL-1β production was quantified by ELISA from supernatants of co-culture of A549 or VERO E6 with PBMC and pre-exposure to PM10 and the infected with SARS-CoV-2. Results are presented as pg/mL of (A) co-culture A549 and PBMC, (B) VERO E6 and PBMC. Cells unexposed were used as a negative control. Data were represented as median ± IQR (n = 3 - biological replicates). Statistical comparison was made using the Kruskal-Wallis test with a confidence level of 95% and post hoc tests (or multiple benchmarks) HDS of Dunn, were applied. Significant differences ***p ≤ 0.001.





3.5 Pre-exposure to PM10 increases SARS-CoV-2 replication in A549 cells

Finally, an increase in RNA viral copies of SARS-CoV-2 was observed in A549 cells pre-exposed to PM10 compared to infection control (p < 0.0001; Figure 5A). Furthermore, infectious viral particles were also increased in cells pre-exposed to 50µg/mL of PM10 (p = 0.0238; Figures 5B, C).




Figure 5 | PM10 pre-exposure increase SARS-CoV-2 replication. Viral RNA copies and infectious virions were quantified by real time-PCR and plaque assay, respectively, from supernatants of A549 cells pre-exposed to PM10 and infected with SARS-CoV-2 (MOI 0.1). Results are presented as (A) viral RNA copies/mL, (B) percentage of infection from plaque assay, and (C) representative plaque assay. Infected cells and without treatment were used as infection control. Data were represented as median ± IQR (n = 7 - biological replicates). Statistical comparison was made using the Kruskal-Wallis test with a confidence level of 95% and post hoc tests (or multiple benchmarks) HDS of Dunn, were applied. Significant differences *p < 0.05, **p < 0.01, ***p < 0.001.






4 Discussion

Although most individuals experience asymptomatic or mild SARS-CoV-2 infections, some patients develop severe clinical conditions characterized by an exacerbated inflammatory response, known as a cytokine storm, which leads to tissue damage and multi-organ failure. In this study, we found that SARS-CoV-2 could induce an inflammatory response in PBMC, evidenced by the production of IL-1β, IL-6, IL-8 and TNF-α. Although respiratory epithelial cells are the main target cells of SARS-CoV-2, the acute immune response generated during infection is mediated mainly by immune cells, including (but not limited to) alveolar macrophages and monocyte-derived macrophages, in response to stimuli derived from infected cells (45). Monocytes from COVID-19 patients exhibited activated phenotype and increased production of pro-inflammatory cytokines compared with those from healthy individuals, indicating that these cells have an important role in the dysregulation of the inflammatory response during SARS-CoV-2 infection (46). Although many of the mechanisms involved in the development of the cytokine storm are still unknown, positive regulation of pro-inflammatory genes has been found in critical patients. This leads to recruitment of neutrophils and macrophages to the lung, thus increasing the cytokines and chemokines in BALF and blood and leading to a systemic inflammatory response with harmful effects in different tissues and organs.

In addition to the exacerbated production of inflammatory mediators, some studies have described a delayed antiviral response in COVID-19 patients that contributes to an unbalanced immune response and increased viral replication (47, 48). Our results did not show a significant increase in the production of antiviral molecules, even after 48 hours of stimulation. In general, the recognition of viral RNA by different intracellular pattern recognition receptors (PRRs) such as TLR3, TLR7/8, MDA5 or RIG-I leads to the production of IFN-I, inducing the transcription of ISGs (interferon-stimulated genes) which interfere with viral replication, constituting the primary antiviral mechanism. Several viruses have developed immune evasion strategies that counteract the IFN-I pathway, thus increasing viral fitness. In this regard, Scagnolari et al. found that patients requiring mechanical ventilation had a decreased expression of IFN-I and ISGs compared to those COVID-19 patients without ventilation requirements (48). In addition, an ex vivo study found that SARS-CoV-2 limits the response of interferons, despite its efficient replication in the lungs, suggesting the presence of immune evasion mechanisms, thus favoring viral transmissibility and pathogenesis (49). In line with this study, Yuen and colleagues found that SARS-CoV-2 proteins nsp13, nsp14, nsp15, and orf6 can suppress primary interferon production and its STAT-1-mediated signaling. In addition, neutralizing antibodies against IFN-I have been detected in patients with COVID-19, especially in those patients admitted to the ICU or with a fatal outcome (50–52). Taken together, peripheral blood cells contribute to the pathogenesis of SARS-CoV-2, through high production of pro-inflammatory cytokines and delayed antiviral response, which may lead to increased viral replication, which may ultimately trigger in the most severe forms of COVID-19.

Different risk factors have been described for developing severe forms of COVID-19, including environmental factors such as exposure to air pollutants. In this context, several studies have shown a relationship between air pollutants, such as PM, and susceptibility to respiratory viral infections, including those caused by RSV (28), rhinovirus (26), influenza A (24), measles (25), and coronaviruses (30). Although the mechanisms involved in the increased susceptibility and severity of viral infections remain unclear, it has been proposed that the oxidative and inflammatory response triggered by PM may contribute to viral pathogenesis. Likewise, it has been suggested that PM serves as a vehicle for virus transmission since viral RNA has been detected in PM samples; however, this hypothesis remains controversial and has not been proven (53). We found that cells previously exposed to PM10 have a higher production of IL-6 in response to SARS-CoV-2 compared to cells only exposed to the virus, suggesting that PM10 can potentiate the inflammatory response during COVID-19.

The increase in IL-6 production could contribute to the pathogenesis of SARS-CoV-2 infection, considering that critically ill patients show up to 10 times higher levels of IL-6 than patients with common disease (54). COVID-19 and these levels of IL-6 are positively correlated with the detection of viral RNA (55). In fact, patients who did not survive COVID-19 had higher levels of IL-6 than those who did survive (56). Likewise, Han et al. reported that critical COVID-19 patients had higher levels of IL-6 compared to those with moderate infections. In addition, a univariate logistic regression analysis, determined that IL-6 levels could be used as a predictor of severity (57).

Furthermore, this cytokine could be used as a predictor for mechanical ventilation requirement (58). On the other hand, Zhu et al. found a pathogenic Th1 response with high GM-CSF production in conjunction with highly inflammatory monocytes expressing high levels of IL-6 (59). It could be suggested that the significant increase in the production of inflammatory mediators such as IL-6, in response to the simultaneous stimulation of PM10 and SARS-CoV-2, may lead to an excessive immune response, accelerating the inflammatory process, greater recruitment of cells and favoring the tissue damage.

Interestingly, we observed that SARS-CoV-2 could induce IL-1β gene expression with a peak at 24h. However, when quantifying the cytokine in supernatant, we found moderate production at 8h and undetectable at 24h. Consistent with these results, Ma et al. reported that the SARS-CoV-2 nucleocapsid could interfere with the cleavage of Gasdermin D (60). This protein binds to phospholipids, forming pores in the membrane and triggering a form of death known as pyroptosis. When this process is inhibited, there is no release of the mature form of IL-1β, evidenced by lower production of IL-1β in infected monocytes (60). Moreover, when quantifying IL-1β in PBMC exposed to PM10, we found lower mRNA expression and higher cytokine release compared to those PBMC exposed only to the virus. Furthermore, a recent study shows that the interaction between epithelial cells and PBMC is necessary to induce IL-1β release in response to SARS-CoV-2 infection (61). In this sense, a significant increase in IL-1β production was found in the co-culture of A549 cells and PBMCs pre-exposed to PM10 and infected with SARS-CoV-2 compared with cells in co-culture but only exposed to SARS-CoV-2. Together, these findings indicate that, although the observed effect in cells exposed to both stimuli is due to PM10 exposure and not an additive effect, this PM-induced retained IL-1β release could contribute to the cytokine storm observed in the most critical patients. Furthermore, the production of IL-8 was higher in PBMC exposed to PM10 than exposed only to the SARS-CoV-2, suggesting that pre-exposure to PM can in general increased the production of pro-inflammatory cytokines and contribute to the imbalance inflammatory response observed in COVID-19 patients.

In contrast, we observed a decrease in PKR and OAS in cells exposed to SARS-CoV-2 and PM10 compared with PBMC exposed to virus. These results are according to previous reports of decrease IFN-β expression in cells treated with PM and then infected with the New-castle disease virus (NDV) and a highly pathogenic avian Influenza virus (H5N1) (62). This indicates that exposure to PM10 not only contributes to the inflammatory response but can also induce a dysregulation in the antiviral defense, leading to an inadequate immune response.

Finally, we found that A549 cells (epithelial cells from the respiratory tract) exposed to PM and infected with SARS-CoV-2 exhibit increased viral replication compared to control cells. Although PM exposure can induce an exacerbated inflammatory response that contributes to tissue damage, it can affect defense mechanisms in response to viral infections, contributing to viral susceptibility and pathogenesis. In this regard, Mishra et al. found that prior PM10 exposure of A549 cells prevented an adequate antiviral and inflammatory response against the H5N1 avian influenza virus, with increased viral RNA (62). According to the above, a study found an increase in the cytokine secretion and viral replication of Rhinovirus in human nasal epithelial cells exposed to sand dust (63). Similarly, an alteration of the early antiviral response was described in cells exposed to cigarette smoke and subsequently infected with Rhinovirus, leading to an increase in viral replication, which could explain how chronic exposure to air pollutants contributes to greater susceptibility to viral infections (64). Additionally, other factors could contribute to the effects of air pollutants. In this sense, Ural et al. found a specifically age-related decline in the immune function of lung-associated lymph nodes, which is linked with the accumulation of particulate matter in them (65). These results suggest that older people, chronically exposed to PM, are more likely to develop an altered and less effective immune response against viral infections such as that caused by SARS-CoV-2. Thus, increasing the risk of developing severe forms of the disease than younger people.

Our approach has limitations, including the use of cell lines, which are great tools for in vitro evaluations; however, their carcinogenic phenotype could be masking some of the effects of PM. In addition, the pseudo-stratification of the respiratory epithelium could also be contributing to differential response. For this reason, it would be important to carry out studies using primary respiratory epithelial cells under culture conditions that allow their stratification and evaluate how PM and SARS-CoV-2 infection interact in the different cells. In addition, the exposure time to PM triggers different adverse effects; accordingly, it would be appropriate to carry out new experiments where the change in the response over time is evaluated. Lastly, differences in the immune response related to the age of people have been described. Likewise, a risk factor described for the development of severe forms of COVID-19 is age. In accordance with this, the evaluation of primary lung epithelial cells in different age donors could provide information on whether there is an addictive effect between PM and SARS-CoV-2 in older people.



5 Conclusion

In summary, our results suggest that previous exposure to coarse PM induces a modest increase in the production of inflammatory mediators, such as IL-1β and IL-6 and may alter the expression of interferon response genes. These alterations in the immune response could favor viral replication and thus contribute to the pathogenesis of COVID-19. However, our in vitro model shows minor changes, being necessary to perform new experiments that confirm the role of PM pre-exposure in the development of the severe forms of COVID-19.
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Background

Recent data on immune evasion of new SARS-CoV-2 variants raise concerns about the efficacy of antibody-based COVID-19 therapies. Therefore, in this study the in-vitro neutralization capacity against SARS-CoV-2 variant B.1 and the Omicron subvariants BA.1, BA.2 and BA.5 of sera from convalescent individuals with and without boost by vaccination was assessed.



Methods and findings

The study included 313 serum samples from 155 individuals with a history of SARS-CoV-2 infection, divided into subgroups without (n=25) and with SARS-CoV-2 vaccination (n=130). We measured anti-SARS-CoV-2 antibody concentrations by serological assays (anti-SARS-CoV-2-QuantiVac-ELISA (IgG) and Elecsys Anti-SARS-CoV-2 S) and neutralizing titers against B.1, BA.1, BA.2 and BA.5 in a pseudovirus neutralization assay. Sera of the majority of unvaccinated convalescents did not effectively neutralize Omicron sublineages BA.1, BA.2 and BA.5 (51.7%, 24.1% and 51.7%, resp.). In contrast, 99.3% of the sera of superimmunized individuals (vaccinated convalescents) neutralized the Omicron subvariants BA.1 and BA.5 and 99.6% neutralized BA.2. Neutralizing titers against B.1, BA.1, BA.2 and BA.5 were significantly higher in vaccinated compared to unvaccinated convalescents (p<0.0001) with 52.7-, 210.7-, 141.3- and 105.4-fold higher geometric mean of 50% neutralizing titers (NT50) in vaccinated compared to unvaccinated convalescents. 91.4% of the superimmunized individuals showed neutralization of BA.1, 97.2% of BA.2 and 91.5% of BA.5 with a titer ≥ 640. The increase in neutralizing titers was already achieved by one vaccination dose. Neutralizing titers were highest in the first 3 months after the last immunization event. Concentrations of anti-S antibodies in the anti-SARS-CoV-2-QuantiVac-ELISA (IgG) and Elecsys Anti-SARS-CoV-2 S assays predicted neutralization capacity against B.1 and Omicron subvariants BA.1, BA.2 and BA.5.



Conclusions

These findings confirm substantial immune evasion of the Omicron sublineages, which can be overcome by vaccination of convalescents. This informs strategies for choosing of plasma donors in COVID-19 convalescent plasma programs that shall select specifically vaccinated convalescents with very high titers of anti-S antibodies.
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Introduction

The B.1.1.529 variant of SARS-CoV-2 was first reported to the World Health Organization from South Africa on 24 November 2021 (1) and has been classified as a variant of concern (VOC), named Omicron (1). Since then, several Omicron subvariants, e.g. BA.1, BA.2 and BA.5, evolved and have been circulating globally (2). The role of passive immune therapy of COVID-19 by convalescent plasma (CCP) is still under investigation. Data suggest efficacy of CCP in early intervention (3–9), in particular among seronegative patients and immunosuppressed patients (10–12). A significant antibody dose response relationship has been observed in some of the CCP trials (4, 5, 13, 14). Omicron might escape passive immune therapy since it can evade neutralization by sera from vaccinated and convalescent individuals and by monoclonal antibodies in-vitro (15–21), and the risk of reinfection with Omicron is higher compared to other VOC (15). In this study, we assessed the neutralization capacity against B.1, BA.1, BA.2, and BA.5 of sera from convalescents, some but not all of which were vaccinated. The question was whether superimmunized individuals, i.e. vaccinated convalescents, had cross-neutralization capacity against Omicron sufficient to be considered as plasma donors for passive immune therapy.



Methods

313 serum samples from 155 individuals with previous SARS-CoV-2 infection (with or without SARS-CoV-2 vaccination) were analyzed by two commercially available assays according to the instructions of the manufacturer (anti-SARS-CoV-2-QuantiVac-ELISA (IgG), Euroimmun, Lübeck, Germany and Elecsys Anti-SARS-CoV-2 S, Roche, Mannheim, Germany). For individuals who have been measured several times, the sera were obtained from independent plasma donations performed at different dates. Samples were collected after written informed consent was obtained from convalescent plasma donors (22) and vaccinated individuals. The studies were approved by the Ethical Committee of University of Ulm and Ethical Committee II, Heidelberg University (392/20, 488/20, 56/21 and 41/22).




Preparation of pseudotyped particles

Production of rhabdoviral pseudotypes has been previously described (23). In brief, 293T cells (ATCC no. CRL-3216) were transfected with expression plasmids encoding SARS-CoV-2 spike variants B.1 (24), BA.1 (25), BA.2 (26), or BA.5 (27)(kindly provided by Stefan Pöhlmann, Infection Biology Unit, German Primate Center, Göttingen, Germany) by Transit LT-1 (Mirus). One day after transfection, cells were inoculated with a replication-deficient vesicular stomatitis virus (VSV) vector in which the genetic information for its native glycoprotein (VSV-G) is replaced by genes encoding enhanced green fluorescent protein and firefly luciferase (FLuc) (kindly provided by Gert Zimmer, Institute of Virology and Immunology, Mittelhäusern, Switzerland), and incubated for 2 h at 37°C. Then the inoculum was removed, cells were washed with phosphate-buffered saline (PBS) and fresh medium containing anti-VSV-G antibody (I1-hybridoma cells; ATCC no. CRL-2700) was added to block remaining VSV-G carrying particles. After 16-18 h, supernatants were collected and centrifuged (2.000 x g, 10 min, room temperature) to clear cellular debris. Samples were then aliquoted and stored at -80°C.




SARS-CoV-2 spike pseudovirus neutralization assay

Pseudovirus neutralization experiments were performed as previously described (23). In brief, Vero E6 cells were seeded in 96-well plates one day prior (6000 cells/well, 2.5% FCS) infection. Sera were heat-inactivated (56°C, 30 min) and serially titrated (4-fold titration series with 7 steps + buffer only control) in PBS, undiluted pseudovirus stocks added (1:1, v/v) and the mixtures incubated for 30 min at 37°C before being added to cells in duplicates (final on-cell dilution of sera: 20, 80, 320, 1280, 5120, 20480, 81920-fold). After an incubation period of 16-18 h, transduction efficiency was analyzed. For this, the supernatant was removed, and cells were lysed by incubation with Cell Culture Lysis Reagent (Promega) at room temperature. Lysates were then transferred into white 96-well plates and luciferase activity was measured using a commercially available substrate (Luciferase Assay System, Promega) and a plate luminometer (Orion II Microplate Luminometer, Berthold). For analysis of raw values [relative luminescence units per s (RLU/s)], background signal of untreated cells was subtracted and values normalized to cells inoculated with pseudovirus preincubated with PBS only. Results are given as serum dilution on cell resulting in 50% pseudovirus neutralization (NT50), calculated by nonlinear regression ([Inhibitor] vs. normalized response – Variable slope) in GraphPad Prism Version 9.1.1. According to the serum dilution factors tested, the upper and lower cutoff value of the assay was 81920 and 20, respectively. For quantitative analyses, NT50 values <20 were set to a value of 10.




Statistical analyses

The p-values for the pairwise comparisons were calculated by Kruskal-Wallis Test. Statistical significance between more than two groups was evaluated using Kruskal-Wallis test followed by Dunn’s Test as correction for multiple comparisons, as described in the figure legends. Correlations were assessed using Spearman correlation analysis. A p value of less than 0.05 was considered statistically significant. Statistical analyses were performed using GraphPad Prism Version 9.0.2, GraphPad Software, San Diego, California USA, www.graphpad.comand NCSS 2021 Statistical Software (2021). NCSS, LLC. Kaysville, Utah, USA, ncss.com/software/ncss.




Results

We studied 313 serum samples from a cohort of 155 individuals with a history of SARS-CoV-2 infection (Table 1). The cohort has been subdivided in a group without vaccination (n=25) and a group with vaccination (n=130).


Table 1 | Characteristics of the study cohort of convalescent individuals.



Non-vaccinated individuals with a history of infection exhibited B.1 neutralizing titers of 118 (geometric mean neutralizing (GMN) titers, 95% confidence interval (95%-CI) 81-174) (Figure 1A). Neutralization of Omicron BA.1, BA.2 and BA.5 was undetectable (i.e. below a titer of 20) in 15/29 (51.7%), 7/29 (24.1%) and 15/29 (51.7%) of convalescent individuals with GMN titers of 19 (14–28), 40 (27–60) and 23 (16–34). However, convalescents who had received at least one vaccination dose exhibited significantly higher neutralizing titers compared to non-vaccinated convalescents even though their NT50 against BA.5 (2449, 2164-2771) was lower than against B.1 (6246, 5607-6959), BA.1 (4122, 3519-4828) and BA.2 (5708, 4988-6534) (Figure 1A). Fold-difference in GMN titers of vaccinated versus non-vaccinated convalescents was 52.7-fold for B.1, 211-fold for BA.1, 141-fold for BA.2 and 105-fold for BA.5 (Figure 1A). Neutralizing titers against B.1, BA.1 and BA.2 did no longer differ significantly in convalescents after vaccination (Figure 1A). Only three of the superimmunized individuals did not neutralize Omicron variants. One individual was completely unable to neutralize all SARS-CoV-2 variants. Another individual, most likely infected with B.1, could not neutralize BA.1 and the neutralization for BA.5 was very close to the cut-off (NT50 of 23.94). In general, the NT50 values of this individual were not very high: NT50 against B.1 and BA.2 were 289 and 95.42. In contrast, the third individual had NT50 values of 470.5 and 1458 against BA.1 and BA.2 but did not neutralize BA.5.




Figure 1 | Neutralization of Spike variants by convalescent sera and monoclonal antibodies. (A) NT50 against B.1 (red symbols), BA.1 (blue symbols), BA.2 (green symbols) and BA.5 (purple symbols) for individuals with a history of infection (inf, lighter colors) (n=25) and history of infection and vaccination (inf + vax, darker colors) (n=130). The geometric means of NT50 were as follows: against B.1 (inf) 118.4, B.1 (inf+vax) 6247, BA.1 (inf) 19.56, BA.1 (inf+vax) 4122, BA.2 (inf) 40.41, BA.2 (inf+vax) 5709, BA.5 (inf) 23.24 and against BA.5 (inf+vax) 2449. Neutralization of Omicron sublineages BA.1, BA.2 and BA.5 was observed in 51.7%, 24.1% and 51.7% resp., of convalescent individuals without vaccination. In contrast, 99.3% of the sera of superimmunised individuals (vaccinated convalescents) neutralized the Omicron subvariants BA.1 and BA.5 and 99.6% neutralized BA.2. (B) NT50 against B.1 (red), BA.1 (blue), BA.2 (green) and BA.5 (purple) for vaccinated, convalescent donors stratified by number of vaccination doses: 1 vaccination dose (1 vax, lighter colors) (n=19), 2 vaccination doses (2 vax, medium light colors) (n=41) and 3 vaccination doses (3 vax, darker colors) (n=71). The geometric means of NT50 were as follows: against B.1 3389 (1 vax), 4610 (2 vax), 7546 (3 vax), against BA.1 1005 (1 vax) and 2347 (2 vax), 6073 (3 vax), against BA.2 2208 (1 vax) and 3859 (2 vax), 7448 (3 vax) and against BA.5 852 (1 vax), 1999 (2 vax), 2.973 (3 vax). (C) Anti-SARS-CoV-2-QuantiVac (IgG) titers of convalescent donors stratified by number of vaccinations. The geometric means were as follows: non-vax 161.1 BAU/ml, 1 vax 5000 BAU/ml, 2 vax 5023 BAU/ml and 3 vax 6749 BAU/ml. (D) Anti-SARS-CoV-2 Elecsys (IgG) titers of convalescent donors stratified by number of vaccinations. The geometric means were as follows: 171 U/ml for non-vax, 16262 U/ml for 1 vax, 23913 U/ml for 2 vax and 51127  U/ml for 3 vax. (E) NT50 against B.1 (red), BA.1 (blue), BA.2 (green) and BA.5 (purple) for vaccinated, convalescent donors stratified by interval between last immunization event and collection of serum sample: ≤ 90 days (lighter colors) (n=113) and >90 days (darker colors) (n=171). The geometric means of NT50 were as follows: against B.1 6226 (≤90 days) and 5841 (>90 days), against BA.1 4545 (≤90 days) and 3302 (>90 days), against BA.2 5928 (≤90 days) and 5051 (>90 days) and against BA.5 2593 (≤90 days) and 2102 (>90 days). (F) Inhibition of cell entry of B.1 (red symbols), BA.1 (blue symbols), BA.2 (green symbols) and BA.5 (purple symbols) spike carrying pseudoparticles by monoclonal antibodies. Increasing doses of Bamlanivimab (squares), Casirivimab (up-pointing triangles), Sotrovimab (down-pointing triangles) and Imdevimab (circles) were preincubated with pseudoparticles before addition to cells (doses were titrated in 4-fold dilution from 2000 ng/ml to 0.49 ng/ml (referring to final concentrations on cells)). Infection rates in Figures (A,B,E,F) were determined 16 hours post infection by measuring luciferase activity in cellular lysates. Data shown were derived from one experiment performed in duplicates. The p-values for the pairwise comparisons shown in (A–D) were calculated by Kruskal-Wallis Test (not significant (ns) p>0.05, ** p<0.01, *** p<0.001, **** p<0.0001). For Figure (B) Kruskal-Wallis Test was followed by Dunn’s test for correction for multiple comparisons. The horizontal black lines denote the geometric mean of NT50 and the error bars the 95%-confidence interval of the geometric mean.



Already one dose of vaccination in convalescent individuals was sufficient to drastically increase their NT50 values (26.6-fold increase for B.1, for Omicron BA.1, BA.2, and BA.5 an increase of 51.4-, 54.6-, and 53.9-fold was measured). A higher number of vaccinations yielded a further increase of NT50 (Figure 1B) with significant increase after 3 vaccinations compared to only one vaccination for BA.1 and BA.2. For B.1 and BA.5, neutralizing titers were not significantly different between subjects who received either one, two or three vaccinations, and for BA.1 and BA.2, differences between neutralizing titers were only significant for some of the comparisons: the increase from one vaccination compared to three vaccinations, and the increase from two vaccinations compared to three vaccinations (Figure 1B). A similar development was observed when comparing IgG titers with number of vaccinations: One dose of vaccination led to a 31-fold increase in anti-SARS-CoV-2 antibody concentrations (non-vax: 161.1 BAU/ml; 1 vax: 5000 BAU/ml, quantified via anti-SARS-CoV-2-QuantiVac-ELISA) but a second dose did not significantly change antibody concentrations (5023 BAU/ml). However, a third vaccination significantly improved anti-SARS-CoV-2 antibody titers (6749 BAU/ml) (Figure 1C). A similar trend was also obtained with the Elecsys Anti-SARS-CoV-2 S ELISA (Figure 1D). A more detailed comparison in terms of descriptive statistics can be found in Table 2.


Table 2 | Comparison IgG titers measured by anti-SARS-CoV-2 Quantivac and Elecsys with number of vaccinations.



Neutralizing titers against all variants were higher, although not significant, among those with an interval ≤90 days since the last immunization event compared to intervals >90 days. The geometric means of NT50 against B.1 were 6226 (≤90 days) and 5841 (>90 days), against BA.1 4545 (≤90 days) and 3302 (>90 days), BA.2 5928 (≤90 days) and 5051 (>90 days), and against BA.5 2593 (≤90 days) and 2102 (>90 days) (Figure 1E).

As a control, we also investigated the neutralizing capacity of several monoclonal antibodies. While variants BA.1, BA.2, and BA.5 were neutralized by the polyvalent antibodies of convalescent, vaccinated individuals (Figure 1A), they were mostly resistant against the monoclonal antibodies Bamlanivimab, Casirivimab and Imdevimab, as previously reported (25, 28, 29). Only Sotrovimab neutralized all tested variants (25) (Figure 1F).

The Spearman correlation (SC) matrix of NT50 against B.1 and respective Omicron subvariants, the anti-SARS-CoV-2-QuantiVac-ELISA (IgG) and the Elecsys Anti-SARS-CoV-2 S revealed good correlations between all assays, in particular between the two anti-SARS-CoV-2 serological assays (SC 0.89) and between the NT50 against BA.1 and BA.2 (SC 0.84) (Figure 2). SCs between anti-SARS-CoV-2-QuantiVac-ELISA (IgG) and NT50 against Omicron BA.1, BA.2 and BA.5 were 0.66, 0.70 and 0.72 (Figures 3A, C, E, G). The SC between Elecsys Anti-SARS-CoV-2 S and NT50 against BA.1, BA.2 and BA.5 were 0.77, 0.78 and 0.76 (Figures 3B, D, F, H). The SCs between the NT50 values of the respective subvariants show good correlations: the SCs between NT50 against B.1 and NT50 against Omicron BA.1, BA.2 and BA.5 were 0.72, 0.73 and 0.66, respectively (Figures 4A-C). The SCs between NT50 against BA.1 and NT50 against BA.2 and BA.5 were 0.84 and 0.71 (Figures 4D, E). SCs between NT50 against BA.2 and NT50 against BA.5 was 0.74 (Figures 4F). This indicates that superimmunized individuals can cover novel variants.




Figure 2 | Correlation of anti-S antibody concentrations and neutralization capacity against spike variants. Correlation matrix of NT50 against BA.1, BA.2, BA5 and B.1, and anti-SARS-CoV-2-QuantiVac (IgG) ELISA and Elecsys SARS-CoV-2 based on Spearman Correlation.






Figure 3 | Correlation between anti-S antibody concentrations and NT50 against B.1, BA.1, BA.2, and BA.5. (A) Correlation between anti-S antibody concentrations measured by anti-SARS-CoV-2-QuantiVac-ELISA (IgG) and NT50 against B.1 (Spearman correlation 0.78). (B) Correlation between anti-S antibody concentrations measured by Elecsys Anti-SARS-CoV-2 S and NT50 against B.1 (Spearman correlation 0.79). (C) Correlation between anti-S antibody concentrations measured by anti-SARS-CoV-2 QuantiVac-ELISA (IgG) and NT50 against BA.1 (Spearman correlation 0.66). (D) Correlation between anti-S antibody concentrations measured by Elecsys Anti-SARS-CoV-2 S and NT50 against BA.1 (Spearman correlation 0.77). (E) Correlation between anti-S antibody concentrations measured by anti-SARS-CoV-2-QuantiVac-ELISA (IgG) and NT50 against BA.2 (Spearman correlation 0.70). (F) Correlation between anti-S antibody concentrations measured by Elecsys Anti-SARS-CoV-2 S and NT50 against BA.2 (Spearman correlation 0.78). (G) Correlation between anti-S antibody concentrations measured by anti-SARS-CoV-2 QuantiVac-ELISA (IgG) and NT50 against BA.5 (Spearman correlation 0.72). (H) Correlation between anti-S antibody concentrations measured by Elecsys Anti-SARS-CoV-2 S and NT50 against BA.5 (Spearman correlation 0.76). Figures (A–H) Results of non-vaccinated convalescents (inf) are shown as triangles, and results of vaccinated convalescents (inf + vax) are shown as filled circles. The vertical dashed line at 176 BAU/ml for the anti-SARS-CoV-2 QuantiVac and at 210 U/ml for the Elecsys anti-SARS-CoV-2 represents the threshold above which CCP is considered high-titer CCP according to the FDA’s recommendations for investigational CCP (30).






Figure 4 | Correlation between NT50 values of SARS-CoV-2 variants. (A) Correlation between NT50 against BA.1 and NT50 against B.1 (Spearman correlation 0.72). (B) Correlation between NT50 against BA.2 and NT50 against B.1 (Spearman correlation 0.73). (C) Correlation between NT50 against BA.5 and NT50 against B.1 (Spearman correlation 0.66). (D) Correlation between NT50 against BA.1 and NT50 against BA.2 (Spearman correlation 0.84). (E) Correlation between NT50 against BA.1 and NT50 against BA.5 (Spearman correlation 0.71). (F) Correlation between NT50 against BA.2 and NT50 against BA.5 (Spearman correlation 0.74).



Plasma units for immune therapy shall have very high neutralizing titers and based on the outcomes of the CAPSID trial, we adopted NT50≥640 (13, 22, 31). Receiver operating characteristics (ROC) for BA.1, BA.2 and BA.5 demonstrate that both anti-SARS-CoV-2-QuantiVac-ELISA (IgG) and Elecsys anti-SARS-CoV-2 S excellently predict these neutralizing titers with areas under the curve between 0.94, 0.99 and 0.95 for anti-SARS-CoV-2-QuantiVac-ELISA (IgG) and between 0.98 and 0.99 and 0.98 for Elecsys Anti-SARS-CoV-2 S (Figure 5).




Figure 5 | Receiver operating characteristics analyses of serological assays and neutralization of spike variants. Receiver operating characteristics (ROC) analyses of Elecsys Anti-SARS-CoV-2 S (red lines) and anti-SARS-CoV-2-QuantiVac-ELISA (IgG) (blue lines) prediction of neutralization of B.1 (A), BA.1 (B), BA.2 (C) and BA.5 (D). A positive neutralizing titer was arbitrarily defined as ≥640. Area under the curve (AUC) is reported in the graphs, p<0.0001 for all serological assays and all spike variants.





Discussion

Significant immune evasion by Omicron has raised concerns that antibody-based therapies may no longer be effective against Omicron variants (25, 28, 29). Here, we focused on convalescent individuals and the implication of evasion from antibody-mediated neutralization for future CCP programs. There is growing evidence that CCP can be an important component in the therapeutic armamentarium for COVID-19 if it is given early and at very high dose (i.e. with high antibody content) to vulnerable patients who are at risk of progression to severe COVID-19 (3, 6, 9, 32). The precise threshold values necessary for a sample to qualify as high-titer convalescent plasma for use in CCP therapy cannot be determined based on the existing evidence, as no dose-response studies have been conducted to establish these criteria. The neutralizing titers of CCPs used in clinical trials has either not been reported or titers have been measured with different (in-house) assays, the results of which are difficult to compare between different trial centers (33). Antibody-negative or immunocompromised recipients are more likely to benefit from CCP. Among hospitalized patients who lacked SARS-CoV-2 antibodies at baseline, CCP decreased the need for mechanical ventilation or mortality compared with standard of care or placebo (8, 34–38). There is evidence for efficacy of CCP in immunocompromised patients both from cohort studies and subgroup analyses of randomized clinical trials (10, 12, 39–42). Further, several CCP studies have demonstrated a dose effect (3, 4, 13, 31, 43, 44). Therefore, in the recent clinical practice guidelines from the Association for the Advancement of Blood and Biotherapies (AABB), CCP was recommended for outpatients with COVID-19 who are at high risk for disease progression, for hospitalized patients with COVID-19 and pre-existing immunosuppression and for hospitalized patients who do not have SARS-CoV-2 antibodies detected at baseline (8). However, this evidence is based on clinical trials which were conducted before the emergence of Omicron. This raised concerns that new variants might escape immunotherapy with CCP. Our data confirm in-vitro resistance of Omicron to several monoclonal antibodies used in clinical practice (16–19) questioning their efficacy in Omicron infected patients (28). Also, Omicron BA.1, BA.2 and BA.5 are no longer well neutralized in-vitro by sera of convalescents from the first and second surge of the SARS-CoV-2 pandemic. However, in convalescents just one dose of SARS-CoV-2 vaccination restores in-vitro neutralization capacity against Omicron. In contrast to other recent reports on significantly lower neutralization capacity in vaccinated convalescent donors (17–19) against Omicron compared to wild type, we observed a similar neutralization capacity against B.1 and Omicron BA.1 and BA.2. This might be due to our high sample size, the neutralization assay, the large proportion of donors with high anti-S antibody concentration in our cohort and the vaccination scheme. Several studies have demonstrated a strong correlation of VSV-based SARS-CoV-2 Spike pseudovirus neutralization assays and the live virus neutralization (45, 46). We did observe lower neutralization capacity against Omicron BA.5 in superimmunized individuals compared to B.1. However, a subgroup of superimmunized individuals still had strong neutralizing activity also against Omicron BA.5. The geometric mean of NT50 of the upper quartile was 7059. Thus, in contrast to monoclonal antibodies, which mostly lost their activity against new SARS-CoV-2 variants (16–19, 47), CCP with very good in vitro neutralization capacity can still be obtained. Our findings suggest that even without adaption of currently available vaccines, the broader immune repertoire in superimmunized individuals can cover novel variants (48), particularly in the first three months after the last immunization event when the highest neutralizing titers are achieved.

The neutralization titers in superimmunized individuals are highly variable. For BA.2 the geometric means of the lower and upper quartile were 282 and 19728, resp., and for BA.5 the geometric means of the lower and upper quartile were 148 and 7059, resp., i.e. about a 50-70-fold difference. Thus, for CCP programs it is key to perform a systematic screening of convalescent, vaccinated donors. Here we demonstrate a good correlation between commercially available high-throughput serological assays (Anti-SARS-CoV-2-QuantiVac-ELISA (IgG); Elecsys Anti-SARS-CoV-2 S) and neutralization titers. Thus, these high-throughput serological assays can be used to identify plasma donors with very high SARS-CoV-2 antibody concentrations, who also have very high in-vitro neutralizing titers against B.1 and Omicron BA.1, BA.2 and BA.5. Therefore, for future convalescent plasma programs, priority should be given to superimmunized donors with previous infection plus at least one dose of a SARS-CoV-2 vaccination with very high SARS-CoV-2 antibody concentrations as measured by serological assays.

By selection of recently immunized donors with very high concentrations of anti-SARS-CoV-2 antibody concentrations it is possible to generate CCP for passive immunotherapy which is adaptive to viral evolution. A concept of early, very high titer CCP from highly selected superimmunized donors in an era dominated by new variants must be investigated in clinical trials (e.g. the ongoing COVIC-19 trial, EudraCT 2021-006621-22; NCT05271929).
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Background

During the COVID-19 pandemic, a variable percentage of patients with SARS-CoV-2 infection failed to elicit humoral response. This study investigates whether patients with undetectable SARS-CoV-2 IgG are able to generate SARS-CoV-2 memory T cells with proliferative capacity upon stimulation.





Methods

This cross-sectional study was conducted with convalescent COVID-19 patients, diagnosed with a positive real-time PCR (RT-PCR) from nasal and pharyngeal swab specimens. COVID-19 patients were enrolled ≥3 months after the last PCR positive. Proliferative T-cell response after whole blood stimulation was assessed using the FASCIA assay.





Results

A total of 119 participants (86 PCR-confirmed COVID-19 patients and 33 healthy controls) were randomly filtered from an initial cohort. Of these 86 patients, 59 had detectable (seropositive) and 27 had undetectable (seronegative) SARS-CoV-2 IgG. Seropositive patients were subclassified as asymptomatic/mild or severe according to the oxygen supplementation requirement. SARS-CoV-2 CD3+ and CD4+ T cells showed significantly lower proliferative response in seronegative than in seropositive patients. The ROC curve analysis indicated that ≥ 5 CD4+ blasts/μL of blood defined a “positive SARS-CoV-2 T cell response”. According to this cut-off, 93.2% of seropositive patients had a positive T-cell response compared to 50% of seronegative patients and 20% of negative controls (chi-square; p < 0.001).





Conclusions

This proliferative assay is useful not only to discriminate convalescent patients from negative controls, but also to distinguish seropositive patients from those with undetectable SARS-CoV-2 IgG antibodies. Memory T cells in seronegative patients are able to respond to SARSCoV-2 peptides, although at a lower magnitude than seropositive patients.





Keywords: COVID-19, FASCIA assay, SARS-CoV-2, undetectable SARS-CoV-2 IgG, proliferative T-cell response




1 Introduction

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). To date, more than 500 million cases of confirmed SARS-CoV-2 infection and 6.4 million deaths from COVID-19 have been reported to the World Health Organization (1). Most COVID-19 patients remain asymptomatic or experience mild symptoms, whereas approximately 15–20% progress to more severe disease, which can lead to acute respiratory distress syndrome, respiratory failure and eventually death (2). Since the outbreak of the COVID-19 pandemic, immune response against SARS-CoV-2 has been widely studied and many publications have attempted to identify the immune profile associated with disease severity (3). Depending on the severity of coronavirus disease, significant differences in the level of antibodies or T-cell response have been reported in the literature (4–9).

During the natural course of SARS-CoV-2 infection a small percentage of patients failed to elicit humoral response (10, 11). However, the reason these individuals lacked specific IgG response is unclear. Did they have a low viral load that was insufficient to trigger the development of SARS-CoV-2 IgG? Do these patients belong to a transient group that will finally convert to positive SARS-CoV-2 IgG? And more importantly, is SARS-CoV-2 T-cell response induced in these seronegative patients?

To address these questions, we compared SARS-CoV-2 T-cell response between seropositive and seronegative convalescent COVID-19 patients. For this purpose, we used the Flow-cytometric Assay for Specific Cell-mediated Immune-response in Activated whole blood (FASCIA). This assay is a well-established method for assessing T-cell proliferative reactivity against different stimuli in an easy-to-use and cost-effective format based on whole blood (12).




2 Material and methods



2.1 Study population and design

This cross-sectional study was conducted with convalescent COVID-19 patients at the Reina Sofia University Hospital of Cordoba, Spain. Adult COVID-19 convalescent patients who met the following inclusion criteria were eligible for the study: 1) patients diagnosed with a positive real-time PCR (RT-PCR) from nasal and pharyngeal swab specimens in May–December 2020; 2) patients in which IgG anti-SARS-CoV-2 was determined after the PCR. The patients were enrolled between February and June 2021. Non-COVID-19 healthy controls (RT-PCR and anti-SARS-CoV-2 IgG negative) were also enrolled in the study. Peripheral blood samples were collected from all participants and anti-SARS-CoV-2 IgG was re-tested in plasma samples. In the case of patients, blood samples were taken ≥ 3 months after the last positive SARS-CoV-2 RT-PCR. None of the study participants had received the COVID-19 vaccine at the time of recruitment. Informed consent approved by the Institutional Review Board was obtained from all participants. The study was conducted in accordance with the Declaration of Helsinki and the Ethics Committee (Institutional Review Board) of the Reina Sofia University Hospital (Code 4800) approved the protocol.




2.2 Grouping criteria

COVID-19 patients and negative controls were randomly filtered from an initial cohort and classified into four age- and gender-matched groups according to the SARS-CoV-2 RT-PCR and anti-SARS-CoV-2 IgG test results as well as the oxygen supplementation requirement, as follows: 1) seropositive patients (PCRpos IgGpos) with asymptomatic/mild infection, not requiring oxygen supplementation; 2) seropositive patients (PCRpos IgGpos) with severe disease who received oxygen supplementation; 3) seronegative patients (PCRpos IgGneg) and 4) healthy controls (PCRneg IgGneg).




2.3 Serological assays

For the initial classification of the groups of patients, anti-SARS-CoV-2 IgG determination was performed in clinical routine using an indirect chemiluminescent immunoassay (CLIA) (COVID-19 Virclia® IgG monotest, Vircell Microbiologists, Spain). At the time of blood sample collection, anti-SARS-CoV-2 IgG was re-tested on plasma using a quantitative chemiluminescence immunoassay (CLIA) (Liaison SARS-CoV-2 TrimericS IgG assay, Diasorin) according to the manufacturer’s instructions. IgG antibody levels were expressed as binding antibody units per mL (BAU/mL). A result of ≥ 33.8 BAU/mL was considered positive.

Additionally, SARS-CoV-2 IgM and IgA antibody levels were analyzed at this time. IgM determination was performed using a qualitative chemiluminescence immunoassay (CLIA) (Liason SARS-CoV-2 IgM, Diasorin) and they were expressed as an index value. An index result of ≥ 1.10 (positive) generally indicates the presence of IgM antibodies against SARS-CoV-2 and exposure to the virus. IgA antibody levels were measured using a semiquantitative ELISA assay (Anti-SARS-CoV-2 ELISA IgA, Euroimmun). The results were evaluated by calculating the ratio between the extinction of samples and the extinction of the calibrator. The ratio was interpreted as follows: < 0.8 (negative), ≥ 0.8 to < 1.1 (borderline) and ≥ 1.1 (positive).




2.4 FASCIA assay

The FASCIA assay was performed as previously reported (12). In the assay, whole blood was diluted at 1:9 in RPMI supplemented with L-glutamine, penicillin and streptomycin. The blood/medium mixture was stimulated with a combination of overlapping peptides spanning the immunogenic domains of the SARS-CoV-2 spike, membrane and nucleocapsid proteins (0.6 nmol/mL; PepTivator SARS-CoV-2 prot S, PepTivator SARS-CoV-2 prot N, PepTivator SARS-CoV-2 prot M, Miltenyi Biotech, Germany) and Staphylococcus aureus enterotoxins A and B (SEA+SEB) (0.1 μg/mL each; Sigma-Aldrich, USA) or RPMI (unstimulated control) in sterile polypropylene Falcon 12 x 75 mm tubes to a final volume of 500 μL. As virus control, stimulation with peptide pools of a common cold coronavirus (HCoV-229E; 0.03 nmol/mL of each) (Peptides&Elephant, Germany) and CMV viral lysate (5 μg/mL; Microbix Biosystems Inc, Canada) were also used. The tubes were incubated for 7 days at 37°C, 5% CO2 and 95% humidity. After this time, the supernatant was collected and stored at −80 °C. The cells were subsequently stained with anti-CD3 PerCP-Cy 5.5, anti-CD8-V450, anti-CD4 APC-Cy7, anti-CD154 APC, anti-CD137 BV650 and anti-CD19 PE (BD Biosciences, USA). All the tubes were incubated for 10 minutes in the dark at room temperature. The erythrocytes were then lysed with IOTest 3 Lysing Solution 10X (Beckman Coulter, USA) and the samples were centrifuged at 1800 rpm for 5 minutes. The supernatant was discarded and the cells were resuspended in 450 μL of phosphate buffered saline with 1% of bovine serum albumin. Blast counts were acquired for 120 seconds in an LSRFortessa flow cytometer (BD Biosciences, CA, USA).

The absolute number of proliferating cells was calculated using a Trucount tube (BD Biosciences, CA, USA), as previously reported (12). The values of the unstimulated samples (with RPMI) were subtracted from the values of the stimulated samples.




2.5 Study of T-cell phenotype

PBMCs were isolated and cryopreserved. At the time of analysis, 5 x 105 thawed PBMCs were incubated with the following monoclonal antibodies: anti-CD3 VioBright R720, anti-CD8 APC, anti-CD4 APC-Vio770, anti-CD45RA PE-Vio615, anti-CD57 Vioblue, anti-PD1 ViobrightFITC, anti-CD49d PE770 (Miltenyi Biotech, Germany), anti-CCR7 BV785 (Biolegend, USA) and FVS510 (Fixable Viability Stain 510) (BD Biosciences, USA).

After 10 min on ice in the dark and one wash with PBSA (PBS supplemented with bovine serum albumin), the cells were acquired in an LSRFortessa flow cytometer (BD Biosciences, CA, USA). Dot plots were generated using FlowJo v10.6.2 software (Tree Star, USA).




2.6 QuantiFERON monitor assay

The QuantiFERON Monitor assay (Qiagen, Germany) is an in vitro diagnostic test that detects cell-mediated immune function through the measurement of interferon gamma in plasma by enzyme-linked immunosorbent assay (ELISA) following incubation of whole blood with innate and adaptive immune response stimulants.

The QuantiFERON Monitor assay was performed with one milliliter of heparinized whole blood collected in specific tubes. Samples were stimulated with anti-CD3 (as T-cell stimulant) and R848 (as toll-like receptor 7 agonist) on single lyophilized spheres within 8 hours from blood sample collection. Stimulated blood samples were incubated for 16 to 24 hours at 37°C and then centrifuged to harvest the supernatant. To preserve the quality of the samples, the supernatants were stored at -80°C until ELISA was performed.




2.7 Statistical analysis

The statistical analysis was performed using IBM SPSS Statistics 24.0 software (SPSS Inc., Chicago, IL, USA). Categorical variables were compared using the Chi-square or Fisher tests. The quantitative variables were compared using the Mann–Whitney U (two groups) or Kruskal–Wallis (more than two groups) tests. ROC (receiver operating characteristic) curve analysis was used to assess the ability of the T-cell proliferation assay to discriminate between individuals with past COVID-19 infection and healthy controls. Values were considered statistically significant when the p value was < 0.05. Graphic presentation was performed with GraphPad Prism 7 (GraphPad Software Inc.).





3 Results



3.1 Patients

A total of 86 convalescent patients with a history of COVID-19 (RT-PCRpos) from the Reina Sofía Hospital (Cordoba, Spain) were enrolled in the study. Of the 86 patients, 59 (68.6%) had demonstrable IgG antibodies to SARS-CoV-2 whereas 27 (31.4%) patients had undetectable IgG at initial routine IgG testing (seronegative patients). Of the seropositive patients, 33 were asymptomatic or had mild disease (fever, cough, fatigue, runny nose or myalgia) and 26 had severe disease (hypoxemia, respiratory distress, requiring oxygen support). All the seronegative patients had mild disease. Thirty-three healthy control subjects who were not infected with SARS-CoV-2 nor vaccinated and had undetectable IgG were recruited. The median age of the patients was 47 years (range 23–70). The median time from the first positive PCR to the first routine IgG testing was 22 days (IQR 13–42 days). No significant differences were found among the three groups of patients (23 days for mild infection, 26 days for severe infection and 18 days for seronegative; p = 0.088). The time from the last positive PCR and the sample collection was 178 days (IQR 143–214 days). Most patients had cough, fever, headache or diarrhea at illness onset. The most common comorbidities were hypertension (24.4%), dyslipidemia (14%), obesity (14%), cardiovascular disease (11.6%) and respiratory disease (11.6%) (Clinical and demographic characteristics are shown in Table 1).


Table 1 | Demographic and clinical characteristics of the 119 participants.



Global non-specific cell-mediated immune function was evaluated in a subgroup of 87 participants and no statistical differences between the COVID-19 patients and controls (Mann–Whitney U test, p = 0.919) or among the three groups of patients were observed (Kruskal–Wallis test, p = 0.930) (Table 1).




3.2 Humoral response against SARS-CoV-2

After comparing the re-tested SARS-CoV-2-specific IgG level with the initially obtained values, we found that more than 85% of initially seronegative participants were still seronegative at the time of sample collection (Figure 1A). IgM and IgA were then tested to evaluate whether seronegative patients also lacked SARS-CoV-2 IgA or IgM. As is shown in Figures 1B, C, seronegative patients had a lower median level of these two antibodies than seropositive patients but similar levels to the healthy controls.




Figure 1 | Level of IgG, IgA and IgM antibodies against SARS-CoV-2. (A) Binding antibody units mL (BAU/mL) of IgG, (B, C) index values of IgA and IgM in healthy controls (grey dots; n=33), seropositive patients (purple dots; n=59) and seronegative patients (green dots; n=27). (D) Binding antibody units per mL (BAU/mL) of IgG and (E) index value of IgA in healthy controls (grey dots; n=33) and asymptomatic/mild seropositive (red dots; n=33), severe seropositive (blue dots; n=26) and seronegative (green dots; n=27) patients. Each dot represents an individual. Median and IQR are shown. The Mann–Whitney U test was used. *<0.05, **<0.01, ***<0.001. Asymp/mild: asymptomatic or mild patients.



We then analyzed whether there was any difference in the level of antibodies between mild or severe seropositive patients. The median levels of IgG and IgA were significantly higher in severe than in mild patients (401 vs. 184 BAU/mL for IgG, p < 0.005; 3.1 vs. 1.1 index for IgA, p < 0.001) (Figures 1D, E). No significant differences were found for anti-CMV IgG (data not shown).




3.3 T-cell response against SARS-CoV-2

Subsequently, we evaluated the T-cell memory after stimulation with a combination of SARS-CoV-2 spike, nucleocapsid and membrane peptide pools using the FASCIA assay. In parallel, we also evaluated the proliferative capacity against superantigen SEA+SEB, HCoV-229E and CMV lysate. A representative plot of the proliferative response against antigens and medium and the gating strategy are shown in Figure 2.




Figure 2 | Flow cytometry gating strategies for analyzing proliferative reactivity of T cells. (A) Representative T-cell proliferation after whole blood stimulation with SARS-CoV-2, Staphyloccocus aureus toxins, common cold coronavirus HCoV-229E and CMV as well as unstimulated whole blood (medium) are shown. (B) Representative gating strategy for analyzing CD3+, CD4+ and CD8+ T-cell proliferation. Expression of activation markers (CD137 and CD154) was analyzed separately in CD4+ and CD8+T cells.



Three controls and one patient (4/119) had invalid proliferation because the assay did not function properly likely due to technical problems. The CD3+ blast response to SARS-CoV-2 was significantly higher in convalescent patients than in the controls (47.3 vs. 0.5 CD3+ blasts/µL of blood) (Figure 3A). To evaluate whether T-cell proliferation discriminated between individuals with past infection and healthy controls, a ROC curve analysis was performed for CD3+, CD4+ and CD8+ T cells. The area under the curve (AUC) indicated that CD3+ (AUC = 0.84) and CD4+ proliferations (AUC = 0.85) had a better discriminative capacity than CD8+ proliferations (AUC=0.66) (Figure 3B; Table 2). Cut-offs of 7 CD3+ blasts/µL of blood (80% sensitivity and 73.3% specificity) and 5 CD4+ blasts/µL of blood (80.2% sensitivity and 76.7% specificity) showed the best discriminatory capacity between convalescent PCR-confirmed patients and healthy individuals. Based on these data, we consider that patients with a T-cell proliferation ≥ 5 CD4+ blasts/µL had a “positive SARS-CoV-2 T-cell” response. According to this result, the 64.3% (74/115) of participants (20%, 6/30 of controls; 80%, 68/85 of patients) had a positive SARS-CoV-2 response at the time of sample collection. Very similar percentages were found when CD3+ instead of CD4+ response was considered.




Figure 3 | T-cell proliferative response using the FASCIA assay after stimulation with SARS-CoV-2 peptides. (A) Comparison of T-cell proliferative response between past infection patients (PCRpos) (orange dots; n=85) and healthy controls (PCRneg) (grey dots; n=30). Proliferating cells (blasts) are shown on a Forward Scatter (FSC) versus Side Scatter (SSC) dot plot. Median and IQR are shown. The Mann–Whitney test was used. (B) ROC curve analysis of CD3+ (blue line), CD4+ (green line) and CD8+ (red line) proliferative response to distinguish COVID-19 convalescent patients from healthy controls. (C) Comparison of CD3+, CD4+ and CD8+ response (blasts/µl) between healthy controls (grey dots; n=30), seropositive patients (purple dots; n=59) and seronegative patients (green dots; n=26). Median and IQR are shown. The Mann–Whitney U test was used. (D) Percentage (%) of participants with positive T-cell SARS-CoV-2 response (≥5 CD4+ blasts/µL) in healthy controls (grey bar), seropositive (purple bar) and seronegative (green bar) patients. (E) Comparative proliferation of CD4+CD137+, CD4+CD154+ and CD8+CD137+ T cells (blasts/µl of blood) between healthy controls (grey dots; n=30), seropositive patients (purple dots; n=59) and seronegative patients (green dots; n=26). Each dot represents an individual. Median and IQR are shown. The Mann–Whitney test was used. *<0.05, **<0.01, ***<0.001.




Table 2 | ROC curve for evaluating the capacity of T-cell reactivity (blast formation) to discriminate convalescent COVID-19 patients from healthy controls.





3.3.1 Seronegative versus seropositive patients

In this section we compare the T-cell proliferative response to SARS-CoV-2 peptides in seronegative versus seropositive patients. We observed that seronegative patients had a significantly lower T-cell reactivity than seropositive patients (9.6 vs. 74.5 CD3+ blasts/µL; p < 0.001) (Figure 3C). When CD4+ and CD8+ T-cell proliferation was analyzed separately, CD4+ T-cell proliferation was also observed to be lower in seronegative patients (5.6 vs. 64.9 CD4+ blasts/µL; p < 0.001), whereas no significant differences were detected for CD8+ T cells. Importantly, when the cut-off of ≥ 5 CD4+blasts/µL was considered, 93.2% (55/59) of seropositive patients had positive SARS-CoV-2 compared to only 50% (13/26) of seronegative patients (chi-square; p < 0.001) (Figure 3D).

In addition, the frequency of CD4+ blasts expressing the CD137 or CD154 activation markers were also significantly lower in seronegative patients (Figure 3E). No significant differences were observed between seronegative and seropositive peptides in the T-cell response to CMV lysate or HCoV-229E peptides (Supplementary Figure 1).




3.3.2 Severe versus asymptomatic/mild seropositive patients

We then analyzed T-cell reactivity against SARS-CoV-2 peptides in the subgroups of seropositive patients according to the severity of symptoms. No significant differences in T-cell proliferation were found between severe and mild patients, neither as CD3+ nor as CD4+ and CD8+ separately (Figure 4). No significant differences with respect to reactivity against HCoV-229E and CMV lysate were observed either (Supplementary Figure 1).




Figure 4 | Comparison of T-cell proliferative response of CD3+, CD4+ and CD8+ T cells (blasts/µl of blood) between healthy controls (grey dots; n=30), asymptomatic/mild seropositive patients (red dots; n=33), severe seropositive patients (blue dots; n=26) and seronegative patients (green dots; n=26) after stimulation with SARS-CoV-2 using the FASCIA assay. Each dot represents an individual. Median and IQR are shown. The Mann–Whitney U test was used. # 0.054, *<0.05, **<0.01, ***<0.001.







3.4 Comparison of memory T-cell phenotype

Next, we explored differences in the immune phenotype of memory T lymphocytes in the peripheral blood of seropositive and seronegative patients. We analyzed the expression of CD45RA and CCR7 on the surface of CD4+ and CD8+ T cells to identify the memory cells, as well as PD1 and CD57 as late-memory markers.

We also assessed the expression of CD49d, an integrin involved in T-cell activation (Figure 5A). Interestingly, most differences were found for CD49d, which showed a significantly lower expression on CD8+ T cells in seropositive patients compared to the seronegative patients (median fluorescence intensity, 4643 vs. 3483; p = 0.003) (Figure 5B). In turn, CD49d expression on CD8+ T cells was higher in severe than in mild patients (median fluorescence intensity, 5262 vs. 4334; p = 0.008). No significant differences were observed between seronegative and seropositive patients with mild infection (median fluorescence intensity, 4334 vs. 3483; p = 0.119)




Figure 5 | T-cell phenotypic characterization of PBMCs in convalescent COVID-19 patients and healthy controls. (A) Gating strategy for analyzing PBMC phenotype. Live CD3+ cells were selected and CD4+ and CD8+T cells were gated separately to analyze memory and naïve T cells (CD45RA/CCR7), expression of late memory markers (PD-1 and CD57) and integrin CD49d. (B) PBMCs were assessed for expression of CD49d on CD4+ and CD8+ T cells. Data represent the MFI. A representative histogram of each group is shown above the scatter plot. Median and IQR are shown. The Mann–Whitney test was used. *<0.05, **<0.01, ***<0.001.



No other significant differences were found, although the percentage of CD4+ EMRA (CD45RA+CCR7-) cells tended to be higher in seronegative than in seropositive patients.




3.5 Vaccination and post-vaccination SARS-CoV-2 infection

Since most of the participants were vaccinated against COVID-19 some months after enrolling in the study, we then investigated whether having a positive SARS-CoV-2 response pre-vaccination provided higher protection against SARS-CoV-2 infection after vaccination. Fully vaccinated was defined as having received at least two doses of the Pfizer, Moderna or Astrazeneca vaccine or one dose of the Janssen vaccine. Partially vaccinated was defined as having received one dose of the Pfizer, Moderna or Astrazeneca vaccine. Of the 119 participants, 88 (73.9%) received the complete vaccination. Among the fully vaccinated participants, a higher incidence of post-vaccination infection was found in controls compared to patients (42.3% vs 19.4%; p = 0.025). However, no significant differences were observed in the reinfection incidence in COVID-19 patients according to serology status (18.6% of seropositive and 21.1% of seronegative patients; p = 1.000) or according to the T-cell response (30.8% in patients <5 CD4+ blasts/µL and 16.3% in patients with ≥5 CD4+ blasts/µL; p = 0.256) (Table 3).


Table 3 | Incidence of post-vaccination SARS-CoV-2 infection in fully vaccinated participants.







4 Discussion

This observational study analyzed SARS-CoV-2 T-cell response in a group of non-vaccinated convalescent COVID-19 patients, including not only mild and severe PCRpos IgGpos patients but also a group of patients with PCRpos but undetectable IgG. To assess T-cell response, we used the FASCIA assay, which measures T-cell proliferation after stimulation with a mixture of SARS-CoV-2 peptides. The main advantages of this method is that is based on whole blood and therefore does not require PBMC preparation, uses minimal equipment and can be suitable for clinical use (12). This study shows that 1) This proliferative assay is useful to discriminate between past infection patients and control individuals, with 5 CD4+ blasts/µL of blood being the best cut-off to discriminate both groups; 2) It is also useful for distinguishing seronegative from seropositive PCRpos patients, since the percentage of patients with positive SARS-CoV-2 T-cell response was significantly lower in the seronegative group, thus suggesting that impaired proliferation of this T-cell subpopulation and the lack of specific IgG might be related.

In this study, T-cell response was detected in 80% of convalescent patients more than 3 months after the last positive SARS-CoV-2 RT-PCR. This result is in line with data published by other authors, who have observed that the majority of recovered patients maintained SARS-CoV-2 T-cell responses for 6-8 months post-infection, suggesting that this cellular immunity is a long-lasting immunity and longer than humoral immunity (13–17). In addition, we detected T-cell reactivity in 20% of healthy controls, which is consistent with the results of Braun et al., who found pre-existent spike-reactive CD4+ T cells in 35% of healthy donors (18). Cross-reactivity has been described in multiple publications and a variable percentage of unexposed individuals with SARS-CoV-2 specific T-cell response has been reported (14, 19–22). Cross-reactivity could be related to previous immunization against common cold coronavirus infections. Although we did not find a relationship between in vitro T-cell reactivity against SARS-CoV-2 peptides in healthy controls and T-cell response against HCoV-229E, we cannot rule out the possibility that proliferation against other common coronaviruses such as HCoV-OC43, HCoV-NL63, HCoV-HKU1 may exist in controls (18, 23). Nevertheless, despite cross-reactivity, proliferative response had a good ability to discriminate between individuals with resolved infection and unexposed individuals. The number of CD4+ blasts discriminated patients from controls better than CD8+ blasts, since CD8+ proliferation was very low in both groups. This low CD8+ response is consistent with Eneksoon et al. (22), who reported low CD8+ reactivity with both SARS-CoV-2 peptide pool and whole viral particles using the same proliferative method.

Our study focuses on convalescent seronegative COVID-19 patients (PCRpos IgGneg), which represent a subgroup of PCR-confirmed infected patients with undetectable anti-SARS-CoV-2 IgG. The lack of anti-SARS-CoV-2 IgG in this subgroup might be related to the short time between infection and the initial IgG testing when antibodies were not produced in sufficient amounts (10). However, most of the seronegative patients continued lacking SARS-CoV-2 IgG several months later when they were recruited and the IgG was retested. Another explanation might be related to an insufficient SARS-CoV-2 viral load below the threshold to trigger humoral response. However, viral load data were not available at the time of recruitment and we could not evaluate this possibility. Nevertheless, the significantly higher proliferative T-cell response in seronegative patients compared to the controls indicates that, despite lacking humoral response, seronegative patients had SARS-CoV-2-specific memory T cells with proliferative capacity upon stimulation, although of lower magnitude than seropositive patients. This contrasts with the results published by Steiner et al., since they described a robust and comparable T-cell response in seronegative and seropositive patients (21).

The lower CD4+ T-cell response we found in seronegative patients does not appear to be related to a lower lymphocyte count in this group since no significant differences in the global immune function measured by the QuantiFERON-Monitor assay was observed among the three groups of patients. The impaired CD4+ T-cell response in seronegative patients might be related to their lack of IgG, as reported by Odendhal et al., who found a strong correlation between neutralizing IgG and Th1 CD4+ T cells in convalescent patients (15). In addition, the decreased CD4+ T-cell proliferation might also be related to the lower expression of the integrin CD49d on CD8+ and CD4+ T we found in seronegative patients, since a low expression of CD49d on T cells has been associated to impaired T-cell reactivity (24, 25). Consistently, the higher expression of CD49d on CD8+ T cells in severe patients might be related to a dysfunctional hyperactivation of these cells that could in turn be related to the severity of symptoms.

The presence of SARS-CoV-2 T-cell response in patients lacking humoral response due to immunodeficiency or immunotherapy has also been also reported (4, 26, 27). Gadani et al. reported robust SARS-CoV-2 T-cell response in multiple sclerosis patients on anti-CD20 therapy (28). Interestingly, SARS-CoV-2 T-cell response has even been detected in patients with primary antibody deficiency (agammaglobulinemia or common variable immunodeficiency), indicating that the lack of SARS-CoV-2 humoral immunity may be compensated by innate and T-cell immunity to prevent severe COVID-19 (29, 30). Nevertheless, discordance between humoral and cellular response is not limited solely to SARS-CoV-2 but has also been observed in other viral infections such as cytomegalovirus (31–33).

This study has important limitations. Firstly, the sample size is small, which might preclude obtaining significant associations. Secondly, it examines T-cell reactivity against spike, nucleocapsid and membrane peptides but approaches including other SARS-CoV-2 protein regions or whole viral particles could add further information. Another limitation is related to the virological data, since viral load data would help to understand if the lack of SARS-CoV-2 IgG antibodies in seronegative patients might be related to a low viral load that is insufficient to trigger humoral response.

In conclusion, the FASCIA proliferation assay is useful not only to discriminate past infection patients from healthy controls, but also to distinguish seropositive patients from PCR-confirmed patients with undetectable SARS-CoV-2 IgG antibodies. Memory T cells in seronegative patients are able to respond to SARS-CoV-2 peptides upon stimulation, although at a lower magnitude than in seropositive patients. However, it should be highlighted that, despite the lack of humoral response, the low reactivity of T cells in seronegative patients seems to provide similar protection against SARS-CoV-2 reinfection after vaccination to that observed in seropositive patients.
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Supplementary Figure 1 | (A) Comparison of CD3+, CD4+ and CD8+ blasts/µl of blood between healthy controls (control) (grey dots; n=30), seropositive patients (purple dots; n=59) and seronegative patients (green dots; n=26) after stimulation with common cold coronavirus HCoV-229E and (B) CMV using the FASCIA assay. Each dot represents an individual. Median and IQR are shown. The Mann–Whitney U test was used. *<0.05, **<0.01, ***<0.001.
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Monkeypox virus (MPXV) cases have increased dramatically worldwide since May 2022. The Atlanta Center for Disease Control and Prevention (Atlanta CDC) had reported a total of 85,922 cases as of February 20th, 2023. During the COVID-19 pandemic, MPXV has emerged as a potential public threat. MPXV transmission and prevalence must be closely monitored. In this comprehensive review, we explained the basic characteristics and transmission routes of MPXV, individuals susceptible to it, as well as highlight the impact of the behavior of men who have sex with men (MSM) and airline traveling on recent outbreaks of MPXV. We also describe the clinical implications, the prevention of MPXV, and clinical measures of viral detection.
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1 Introduction

While the world is still challenged by the COVID-19 pandemic, a global outbreak of the monkeypox virus (MPXV) poses a new potential threat to public health (1). A total of 85,922 cases had been reported as of February 20th, 2023 (Atlanta CDC). MPXV, a member of the Orthopoxvirus genus and Poxviridae family, encoding approximately 190 open reading frames, is a zoonotic double-stranded DNA virus with brick-shaped morphology (2–4). The core region of MPXV, which encodes essential enzymes and structural proteins, is 96.3% identical to that of vaccinia virus (VACV) (5). In this review, we discuss the characteristics and genetic evolution of MPXV and the epidemiological characteristics observed in this unprecedented outbreak, particularly the impacts of international air travel and the behavior of men who have sex with men (MSM). Clinically, understanding the syndromes of patients with MPXV infection and methods for preventing and detecting the virus would aid health workers in rapidly identifying the MPXV and improving public health.




2 Orthopoxvirus and MPXV classification

Besides MPXV, orthopoxvirus members that cause human diseases also include variola virus (VARV), cowpox virus (CPXV), and VACV. VARV is the causative agent of lethal smallpox disease (6). Contrasting to some of the other orthopoxviruses, the only known reservoir of VARV is humans (7). In the 20th century, the rapid spread of VARV caused 300−500 million deaths (7). VACV, which has high sequence conservation with VARV, was used to eradicate smallpox infection in the past. It induces zoonotic diseases that are mainly associated with the handling of infected dairy cattle (8, 9). CPXV induces a self-limited disease and transmits to humans through direct contact with infected animals (mostly cats), albeit human CPXV infection occurs rarely (10, 11). The Central African (Congo Basin) clade and the West African clade are two distinct genetic clades of the MPXV (12). However, to use a non-discriminatory and non-stigmatizing nomenclature of MPXV, the two clades were later renamed as clade I (corresponds to the prior “Congo Basin clade”) and clade II (corresponds to the prior “West African clade”) (13). Clade I is considered more virulent, with a case fatality ratio (CFR) >10% whereas clade II is less fatal, with a CFR <1% (14). Clade I encodes the monkeypox inhibitor of complement enzyme (MOPICE) to evade host immune attack while clade II does not (15). Similarly, clade I encodes the B14R protein (CPXV BR-209 protein orthologs), which competes with IL-1 for binding to the interleukin-1β receptor (16). Clade II comprises two subclades—clade IIa and clade IIb, with the latter including the the variants circulating during the 2022 global outbreak (13). Fortunately, clade II appears to be less specialized in immune evasion compared to clade I.




3 The history of MPXV

MPXV was first discovered in 1958 in two cynomolgus monkeys shipped from Singapore to Copenhagen (17) (Table 1). Later, in the first year of the 1970s, six human cases infected with the MPXV were reported in three West African countries; Liberia, Sierra Leone, and Nigeria (18). In 1980, smallpox vaccinations were widely discontinued after its eradication (7). Given the high genetic similarity between MPXV and VARV, the cross-reactive antibodies produced by the smallpox vaccine could provide indirect protection against MPXV infection (5). With the cessation of smallpox vaccination, MPXV returned in the 1990s; 88 confirmed cases were reported in the Democratic Republic of Congo between 1996 to 1997 (19). From 1980 to 2000, the prevalence of MPXV infection was majorly limited within the African continent (22, 23). In 2003, the first MPXV outbreak outside of Africa was reported in the United States (US) where 47 confirmed and/or suspected cases were reported (20). After almost 2 decades, the United Kingdom (UK) reported an imported MPXV case in May 2022 (24). Since then, MPXV infections have begun to spread widely outside of the African continent. As of February 20th, 2023, the outbreak has caused over 85,000 confirmed cases and 90 deaths in areas where monkeypox (mpox) had not been previously reported (Atlanta CDC).


Table 1 | Timeline of the key events of the monkeypox pandemic.






4 Genetic evolution of MPXV

The phylogenetic analysis indicates that lineage B.1 of MPXV clade IIb is the causative subtype of the viral outbreak in 2022 (25). The genome of MPXV is approximately 197 kb in length (26). 46 single nucleotide polymorphisms (SNPs) were found in the B.1 MPXV sequence (25, 27). Three non-synonymous SNPs (D209N, P722S, and M1741I) of the immunogenic surface glycoprotein, B21R, may improve MPXV transmission and immune evasion (27). Moreover, the mutations of the virus are demonstrated to be the primary effect of the host immunity’s selective pressure (28). In-depth mutation analysis, for example, revealed that the host apolipoprotein B mRNA-editing catalytic polypeptide-like 3 (APOBEC3) enzyme may cause viral mutations in the accelerated evolution of MPXV according to the GA > AA and TC > TT mutational bias of SNPs (25, 29). Similarly, Gigante et al. demonstrated that host APOBEC3 editing is a recurrent and dominant cause of MPXV evolution (30). Additionally, APOBEC3 has been identified to preferentially mutate DNA structures formed by inverted repeats in the MPXV genome (31). It is currently unknown what effects these mutations may have. Understanding the genetic evolution of MPXV will be critical for studying and controlling the MPXV.




5 MPXV transmission

MPXV can lead to severe zoonotic disease and be transmitted from animals to humans, humans to animals, and humans to humans (Figure 1).




Figure 1 | Possible routes of MPXV transmission.Animals, like rodents, dogs, and non-human primates, can spread MPXV to humans (cartoons modified from the SciDraw website).Respiratory droplets, vertical transmission, contact with contaminated items, and inappropriate sexual behavior enable MPXV to transmit between humans.





5.1 MPXV transmission between animals and humans

In contrast with VARV, which has only one known human host, MPXV has a diverse host range, which may improve adaptation and transmission efficiency to humans. The natural reservoirs of MPXV include squirrels, Gambian pouched rats, dormice, and non-human primates (3, 32, 33). Exposure to excretions and secretions of infected pet prairie dogs caused an outbreak of 47 human cases in the US in 2003. Epidemiologic research has revealed that these dogs had a history of close contact with rodents imported from Ghana (20, 34). Similarly, the Central African Republic reported 5 confirmed cases originating from a patient who had come in contact with infected wild fauna (35). Surprisingly, human-to-pet transmission has also been documented (36). Although pet owners are at risk of transmitting their pets with MPXV, the risk remains low (37).




5.2 MPXV transmission from humans to humans



5.2.1 Sexual transmission

Previously, the human-to-human transmission was believed to be involved in the outbreaks; however, the potential for sustained human-to-human transmission was believed to be low. Sexual transmission of MPXV is currently speculated to be a major contributor to transmission (Table 2). For example, Antinori et al. reported that 4 infected young adults in Italy were exposed to unprotected sexual encounters, and their seminal fluids tested positive for MPXV (38). Vivancos et al. also reported that 66 of 86 confirmed MPXV cases were reported by men who identified as gay, bisexual, or MSM (39). More significantly, Girometti et al. reported that all 54 cases at one health center in the UK were MSM (45). MSM accounts for a high percentage in each of these clinical cases. This is true in larger surveys with large sample sizes and respondents from multiple countries. A recent meta-analysis including 124 MPXV cases demonstrated that inappropriate sexual behavior is the primary mode of transmission route (46). Similarly, 95% of infections in an investigation involving 528 MPXV infection cases across 16 countries from April to June 2022 are suspected to be transmitted through sexual intercourse (43). The CDC reported 1,195 patients until July 27, 2022, 99% of whom were men, and 94% of these men were reported to have had male-to-male sexual or intimate contact in the 3 weeks before symptoms began (44). However, it is important to note that these cases are not solid evidence of sexual transmission as MPXV can spread through non-sexual means, such as skin-to-skin contact or respiratory droplets when those individuals are close.


Table 2 | Current confirmed cases of monkeypox with MSM between May 2022 and September 2022.






5.2.2 Non-sexual transmission

Non-sexual contact transmission mainly includes vertical transmission, respiratory droplets, skin-to-skin contact, and direct contact with contaminated items. Within the placenta, viral-resistant syncytiotrophoblast barriers can be overcome by orthopoxvirus entry mechanisms (47). Vertical transmission has been confirmed since stillbirths born to MPXV-infected pregnant women have a widespread rash, and MPXV DNA has been detected in fetal tissue, umbilical cord, and placenta (48). Large respiratory droplets containing aerosolized MPXV may cause human-to-human transmission during close and prolonged face-to-face contact (2). For example, a case of MPXV was reported in a traveler who had no recent sexual contact with infected people. His primary risk factor was non-sexual contact with numerous strangers at a crowded outdoor event (49). In a non-human primate experiment, cynomolgus monkeys became infected after being exposed to aerosolized MPXV and eventually died from pneumonia (50). This phenomenon was also observed in the black-tailed prairie dog model following intranasal administration of MPXV (51). Moreover, direct contact with an infected person’s rash, sores, scabs, or body fluids can spread MPXV (52). Inadvertent contact with contaminated items, such as clothing and bedding, can also spread MPXV (53–55). Therefore, the general public should be on the lookout for proper personal hygiene.






6 Susceptible individuals at high risk of exposure to MPXV

Newborns, pregnant women, children, and people with potential immune deficiencies are relatively more susceptible to MPXV infection, with a higher risk of severe complications and higher mortality rates. Newborns and pregnant women are at high risk of death and serious illness owing to their weakened immune systems (47). Mbala et al. reported that only one of the four pregnant women with MPXV had a healthy infant whereas the other two had miscarriages and one had fetal death, with stillbirths displaying diffuse skin lesions on the head, trunk, and extremities (48). However, the cause of fetal death remains elusive. Furthermore, children are vulnerable to MPXV. The Florida Department of Health (FDOH) reported a confirmed case of mpox in an infant younger than 2 months old in August 2022, making it the state’s youngest patient (56). Additionally, Huhn et al. demonstrated that pediatric patients (≤18 years old) have worse outcomes, such as being admitted to an intensive care unit (57). Furthermore, the CD4+ T cell counts in human immunodeficiency virus (HIV) infected individuals are typically low, making them vulnerable to severe diseases if exposed to MPXV (58). These patients with complex pathologies may provide a suitable environment for viruses to evolve and acquire mutations, making MPXV more virulent and transmissible (59). For example, the first person who died by MPXV outside of Africa was also infected by HIV (60). A retrospective review of 40 patients with MPXV hospitalized in Nigeria between September 2017 and December 2018 revealed that HIV-infected patients were likely to develop more severe lesions, were more susceptible to secondary bacterial skin infections, and had a longer disease duration (61). Additionally, HIV-positive patients account for a sizeable proportion of the reported MPXV cases. Among 27 confirmed cases of MPXV in Portugal, 14 cases (52%) were HIV-1-coinfected (40). Similarly, Bragazzi et al. reported that HIV-positive cases accounted for 54.29% of all 124 MPXV-confirmed cases in Italy, Australia, Portugal, the Czech Republic, and the UK (46).




7 The overview of the viral spread worldwide

There has been a significant increase in MPXV cases worldwide since May 2022, particularly in Europe, the Americas, and Asia (Figure 2A). Owing to the rapid outbreak, the World Health Organization (WHO) has declared the MPXV outbreak a global health emergency (62). The Central African Republic has reported 5 clinical cases of secondary MPXV infection spread over 3 waves of intrafamilial infection (35). 9 cases of MPXV-associated deaths had been reported in Nigeria as of February 2023 (Atlanta CDC). No emergency measures, such as the release of smallpox vaccines from the global stockpile, have been adopted to control the further spread of the MPXV where it first emerged and spread (63). The concept of “One Health, One World” reminds us to monitor these endemic areas to prevent global pandemics (63). More than 30,000 confirmed cases and 30 MPXV-associated deaths have also been reported in the US through February 20th, 2023 (64). Of the 7 cases of MPXV infection reported in the UK from 2018 to 2021, 4 were imported via air travel, 1 was a healthcare worker, who caught the MPXV by caring for an infected patient, and the last 2 were household contacts (65). However, by 2022, the number of MPXV infections in the UK has dramatically increased. The UK had reported 3,735 cases by February 20th, 2023 (21). Currently, Chongqing, one of the China’s major cities, reported the first imported case of mpox in September 2022 (66). Additionally, MPXV has now been confirmed in South Korea and Japan (21). Current tends indicate that the MPXV is gradually spreading to Asia (67). The effects of the mpox epidemic on the population and society should not be underestimated or overlooked.




Figure 2 | (A) Geographical distribution of confirmed and suspected monkeypox cases until February 20th, 2023 (Atlanta CDC). (B) Monkeypox virus (MPXV) airline transmission routes. Before May 7th, 2022, most of the travel-related cases in various countries (UK, Israel, Singapore, US) were from endemic areas like Nigeria. However, since May 7th, 2022, MPXV cases have dramatically increased worldwide and the majority of travel-related cases were from previous non-endemic areas such as Germany.






8 Impacts of global traveling

The global spread of MPXV can be attributed to community gatherings and frequent global travel across different continents. As global travel becomes more prevalent, human respiratory viruses such as SARS-CoV-2 (68), MERS-CoV (69, 70), and H7N9 (71) pose a threat to public health. For example, a single passenger infected with SARS-CoV-2 could cause a large cluster of cases during a long flight (72). Similarly, travel-related spread outside of Africa has caused global MPXV outbreaks (Figure 2B; Table 3).


Table 3 | Cases of airline transmission.





8.1 The travel-related cases before the 2022 MPVX outbreak

In September 2017, Nigeria experienced a large and ongoing outbreak of MPXV (45), which may have caused MPXV transmission to previously non-endemic countries. Prior to the 2022 MPVX outbreak, most of the travel-related cases in various countries (UK, Israel, Singapore, and US) were from endemic areas such as Nigeria (73, 74, 76, 80). For instance, in October 2018, the UK reported one case of an infected individual who traveled from Nigeria to the UK with clinical signs of fever, lymphadenopathy, and a rash in the groin area the day before leaving Nigeria (81). This patient was detected MPXV-positive by multiple molecular assays and subsequently confirmed by sequencing (81). Similarly, one person, traveling from Nigeria to Israel, was reported with an infection after exposure to two dead rodents in Nigeria in October 2018 (73). Singapore reported one imported case of MPXV from Nigeria on May 7th, 2019 (74). On July 17th, 2021, the Texas reported one travel-related case of human MPXV from Nigeria (75). This was the first case of air travel-transmitted MPXV in the US (75).




8.2 The travel-related cases during the 2022 MPVX outbreak

Since May 7th, 2022, most travel-related cases have been reported from non-endemic areas such as Germany (66, 77, 78). These reports suggest that MPXV is still spreading in endemic areas. For example, MPXV cases have been identified and reported in Taiwan on June 20th, 2022; this case involved a young man who was studying in Germany and developed symptoms 4 days after arriving in Taiwan (77). Similarly, a passenger flying from Germany to Korea was identified as an MPXV-infected case on June 21st, 2022 (78). This was the first reported case of mpox in Korea (78). Similarly, Zhao et al. identified an individual infected with mpox in China, who had MSM behavior in Berlin and later returned to Chongqing (66).





9 Clinical implications and syndromes

Clinical MPXV infections typically have two stages, the invasion phase (lasting 2−13 days) and the rash phase (lasting 7−24 days) (57). Symptoms may not appear for 6−10 days after MPXV infection (82). Mpox is a self-limiting disease with symptoms lasting between 2 and 4 weeks. The main symptoms during the invasion phase include fever (62%), severe headache (27%), lymphadenopathy (56%), and myalgia (31%) (82) (Figure 3A). Lymphadenopathy is the main characteristic of MPXV infection. Within 1 to 3 days of the onset of fever, the patient will develop skin lesions that affect the face (95%), palms (75%), feet (75%), oral mucosa (70%), genitals (30%), conjunctiva (20%), and cornea (43, 82) (Figure 3B). Notably, patients infected with MPXV in the 2022 outbreak occasionally developed symptoms that differed from typical mpox clinical manifestations, such as being diagnosed without fever or rash, with only one to a few skin lesions, or being characterized by anogenital lesions and rashes that spare the face and extremities (38, 46).




Figure 3 | (A) Clinical symptoms. The main clinical symptoms of monkeypox include fever, severe headache, lymph node swelling, back pain, rashes, chills, myalgia, and severe weakness. (B) Rash distribution. Within 1 to 3 days of the onset of fever, the patient will develop skin lesions that affect the face (95%), the palms of the hands (75%), and the soles of the feet (75%), also affected are the oral mucosa (70%), the genitals (30%), the conjunctiva (20%). Data were obtained from WHO.






10 Methods to detect MPXV

The unprecedented MPXV outbreak emphasizes the importance of rapid and accurate diagnostics. The WHO recommends PCR for diagnosing MPXV during acute infection (82) (Table 4). The following points should be considered when using PCR in the laboratory to diagnose MPXV. First, skin lesion material, such as swabs of exudate or lesion surface, is the most ideal specimen type (89). Second, to avoid false positive testing results, CDC recommends repeated the testing to verify positive diagnostic results when a high Cycle Threshold (Ct) value (Ct ≥34) is obtained (90). Last, positive controls at low concentrations but above the limit of detection (LOD) should be included in the PCR assay of MPXV (89). In addition to PCR techniques, serum IgG and IgM assays are also feasible, however, these methods have certain limitations. The IgG detection, indicating previous exposure to the virus, may cause false positives owing to previous smallpox vaccination. The IgM detection, indicating recent exposure, may have caused serological cross-reaction with other orthopoxviruses. Individual orthopoxviruses cannot be distinguished using electron microscopy as they are morphologically similar and require large and expensive instruments. Additionally, mass spectrometry is expected to provide another method for detecting MPXV. Its rapid response, low analytical interference, better precision, and ease of multiplexing enable mass spectrometry to detect various pathogens and their variants (91).


Table 4 | Laboratory PCR to diagnose monkeypox virus.






11 Measures to prevent MPXV infection

The COVID-19 pandemic has taken a huge toll on the world economy and health, and we must monitor the spread of the MPXV to prevent the next pandemic (92). Bisanzioa et al. demonstrated that specific contact tracing and surveillance, isolation of confirmed cases, and ring vaccination substantially reduced the number of secondary cases by up to 86.1% while also shortening the duration of the MPXV outbreak by 75.7% (93).



11.1 Vaccines

Currently, several countries (including the UK, Canada, and the US) have decided to launch ring vaccination campaigns for high-risk individuals (94). Smallpox vaccination-induced antibodies can bind and recognize various orthopoxviridae proteins, providing cross-protection against MPXV (95). ACAM2000 is a live plaque-purified VACV derivative of Dryvax that has been FDA-approved for smallpox (96). JYNNEOS is a third-generation vaccine based on the non-replicating modified VACV Ankara (MVA) strain licensed by the FDA for the prevention of smallpox and mpox in adults (97). On May 24th, 2022, the US CDC decided to release JYNNEOS to control further outbreaks of MPXV. On August 9th, 2022, the US FDA issued an emergency use authorization of JYNNEOS in individuals younger than 18 years old at high risk of MPXV infection (98). In non-human primate experiments, ACAM2000 and JYNNEOS vaccines are effective in resisting the challenge of the MPXV (95). However, the efficacy of ACAM2000 and JYNNEOS vaccines in preventing MPXV resistance in humans needs to be further investigated.




11.2 Other prevention measures

Important measures should be taken to avoid any contact with infected animals and humans. It is essential to identify infected individuals and remind them to self-quarantine at home. When caring for patients with suspected or confirmed MPXV, healthcare personnel should wear protective clothing, gloves, eye protection, and N95 (or higher protection level) respirators (99). Similarly, airlines should take appropriate precautions to reduce the risk of infectious disease exposure for passengers, such as providing free hand sanitizer, and masks for passengers while flying (100). In addition, it is very important to maintain healthy sexual behavior, especially for MSM individuals.

It is also critical to raise public awareness about viral biology and MPVX transmission by providing basic information. Global efforts should also be encouraged and collaborated on to combat further MPXV transmission.





12 Perspective

Owing to the scarcity of smallpox vaccination and the population’s low immunity to orthopoxvirus, MPXV has the potential to become a widely transmitted human pathogenic virus, especially in the MSM community (101). Individual behaviors and public measures should be implemented for those vulnerable groups to prevent the massive spread of the virus at a community level. The species diversity and range of animal reservoir remain unknown. Further investigation is needed to identify the specific animal intermediate reservoirs of MPXV to prevent and control animal-to-human transmission. In addition, a well-controlled animal model is required to investigate whether the MPXV can be transmitted sexually. At a molecular level, it is necessary to explore how MPXV invades hosts and how cellular host immunity responds to MPXV. Furthermore, understanding unique receptors on host cells for MPVX would be critical and imperative for the development of antiviral drugs and preventive vaccines against the virus.




13 Search strategies and selection criteria

We searched PubMed, Google Scholar, WHO.int, and Web of Science for literature and case reports. A combination of the keywords “monkeypox virus”, “orthopoxvirus”, “genome”, “genetic evolution”, “transmission”, “reservoirs”, “detection”, “vaccines”, “prevention”, “syndromes”, “implication”, “vaccine”, “pregnant”, “vertical transmission”, “children”, “HIV”, “immune”, “newborns”, “MSM”, and “air travel” was used to retrieve related studies from 1985 to 2023, with over 80% references cited from the the last 2 years.
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Introduction

The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has been posing a severe threat to global public health. Although broadly neutralizing antibodies have been used to prevent or treat corona virus disease 2019 (COVID-19), new emerging variants have been proven resistant to these antibodies.





Methods

In this study, we isolated receptor binding domain (RBD)-specific memory B cells using single-cell sorting method from two COVID-19 convalescents and expressed the antibody to test their neutralizing activity against diverse SARS-CoV-2 variants. Then, we resolved antibody-RBD complex structures of potent RBD-specific neutralizing antibodies by X-ray diffraction method. Finally, we analyzed the whole antibody repertoires of the two donors and studied the evolutionary pathway of potent neutralizing antibodies.





Results and discussion

We identified three potent RBD-specific neutralizing antibodies (1D7, 3G10 and 3C11) from two COVID-19 convalescents that neutralized authentic SARS-CoV-2 WH-1 and Delta variant, and one of them, 1D7, presented broadly neutralizing activity against WH-1, Beta, Gamma, Delta and Omicron authentic viruses. The resolved antibody-RBD complex structures of two antibodies, 3G10 and 3C11, indicate that both of them interact with the external subdomain of the RBD and that they belong to the RBD-1 and RBD-4 communities, respectively. From the antibody repertoire analysis, we found that the CDR3 frequencies of the light chain, which shared high degrees of amino acid identity with these three antibodies, were higher than those of the heavy chain. This research will contribute to the development of RBD-specific antibody-based drugs and immunogens against multiple variants.
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1 Introduction

Since late 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has rapidly spread across the world and infected over 600 million individuals (https://COVID-19.who.int/) and caused over 6.6 million deaths (https://coronavirus.jhu.edu/map.html). Even though more than 11 billion vaccine doses have been administrated around the world, it is predictable that infection will continue to spread for a quite long time and the crisis is far from under control. Above all, SARS-CoV-2 has developed into multiple variants, including Alpha, Beta, Gamma, Delta, Lambda and Omicron (1). Compared to the WH-1 isolate, the Alpha, Delta and Omicron variants propagated faster (2, 3), and the Beta, Gamma and Omicron variants showed stronger neutralization resistance to neutralizing antibodies and vaccine-immunized sera (4–6). As a result, developing novel drugs, vaccines or neutralizing antibodies to prevent or treat COVID-19 is vital to completely contain the emergence and prevalence of SARS-CoV-2 variants.

SARS-CoV-2 is a positive strand RNA virus which belongs to the coronavirus β family (7). It encodes four structural proteins: Spike (S), Envelope (E), membrane (M), and nucleocapsid (N), as well as 16 non-structural proteins and five to eight auxiliary proteins (8). The S protein on the virus surface binds to the Angiotensin Converting Enzyme II (ACE2) on the host cells to enter the cell. S protein is subdivided into two functional units, S1 and S2 protein subunits. S1 can be divided into NTD (N-terminal domain) and RBD (receptor binding site). RBD region is about 240 amino acids long, which mainly binds to the host cell receptor, and S2 is in charge of fusing envelope and cell membrane (9). Most neutralizing antibodies target the RBD region of SARS-CoV-2 spike (S) trimer, which consists of three copies of S1 and three copies of S2. At the early stage of the SARS-CoV-2 pandemic, several neutralizing antibody candidates targeting the SARS-CoV-2 RBD were under clinical trials or approved for emergency use, including LYCoV555, REGN-COV2, TY027, CT-P59, JS016, BRII-196, BRII-198 and SCTA01 (10, 11). Although neutralizing antibodies can down-regulate the viral load, alleviate the clinical symposium and reduce the risk of disease progression in patients with mild-to-moderate COVID-19 (12, 13); however, the circulating variant, Omicron, escaped the neutralization from over 85% of tested neutralizing antibodies in a pseudovirus-based assay (14), indicating an urgent need to develop novel broadly neutralizing antibodies against emerging variants.

Currently, such neutralizing antibody isolations and identifications are mainly through antigen probes-specific sorting using flow cytometry (Fluorescence Activated Cell Sorting, FACS) or single-cell sequencing. Indeed, a few neutralizing antibodies may be missed by these methods, and it is possible to identify substantially more from the donor’s PBMCs by other methods such as next-generation sequencing technologies (15–17) or the proteomics approach (18). Antibodyomics method has been used to isolate HIV-1 broadly neutralizing antibodies, e.g., CD4bs-directed neutralizing antibodies and MPER-specific neutralizing antibodies successfully (19, 20). It is capable of identifying thousands of somatic variants of the lineage of neutralizing antibodies. Furthermore, unbiased antibody repertoire sequencing combined with established phylogenetic tools may reveal a general B cell maturation process of neutralizing antibodies against HIV or Zika (19, 21), which is helpful to provide clues to vaccine designing. Thus, it is necessary to perform antibody repertoire analysis and study the evolutionary pathway of isolated neutralizing antibodies in some COVID-19 convalescents.

In this study, we recovered three potent neutralizing antibodies by RBD-specific single B cell sorting strategy from two COVID-19 convalescents. Then, we resolved two antigen-antibody complex structures. At last, we analyzed the antibody repertoire of two donors and study the evolutionary pathway of these neutralizing antibodies. These researches will aid in the development of antibody-based drugs and immunogens that elicit RBD-specific antibodies.




2 Materials and methods



2.1 Convalescent patients and blood samples

Two COVID-19 convalescents from the first affiliated hospital, Zhejiang university school of medicine were enrolled in this study. Both convalescents were confirmed COVID-19 according to “Diagnosis and treatment of novel coronavirus pneumonia” in Jan, 2020 and hospitalized for 2-3 weeks. The discharge criteria were listed as follows. First, the body temperature turned to normal for more than three days. Second, respiratory symptoms disappeared. Third, two SARS-CoV-2-specific RT-PCR assays for consecutively throat swabs with a one-day interval turned negative. Then, five mL of whole blood were sampled in the third month following the time-point visit. Peripheral blood mononuclear cells (PBMCs) were isolated using the Ficoll-Hypaque gradient medium according to the manufacture’s instruction. PBMCs were stored in liquid nitrogen until single memory B-cell sorting. This study was approved by the Ethics Committee of the first affiliated hospital, Zhejiang University School of Medicine, China (approval number:2020-IIT-433) according to the declaration of Helsinki. Written informed consents were obtained from study participants for research use of their blood samples




2.2 Construction of recombinant RBD protein probe

The expression vectors for SARS-CoV-2 RBD (GenBank No: MN908947) which carries the Avi-tag sequence for biotinylation at the 3’ end of the gene were constructed using the vector pDRVI1.0 (22, 23). After expression and purification, the proteins were biotinylated by utilizing a biotin ligase Bir A500 kit (Avidity, USA) to conjugate with the streptavidin-fluorochrome reagents as previously described (24). Further, Streptavidin-phycoerythrin (SA-PE) (E4011, Sigma, USA) was mixed with biotinylated RBD as previously reported to do single B cell sorting (25).




2.3 Measurement of anti-RBD antibody response using ELISA

Briefly, 2μg/ml SARS-CoV-2 RBD was coated onto polystyrene 96-well microplates and incubated at 4°C overnight. The plates were washed with PBST (PBS containing 0.2% Tween 20) and were blocked using 2% BSA for two hours at room temperature. After washing with PBST, 100 μL of serially diluted plasma samples or isolated monoclonal antibodies were added to each well and incubated at 37 °C for one hour. Each well was then incubated with 100 μL of diluted secondary anti-human IgG labeled with HRP (Cat. BF03027, Biodragon, China) for one hour after washing. TMB substrate (100 μL/well) was subsequently added and incubated for five minutes after PBST washing and the reaction was stopped by adding 50 μL/well of 2 M H2SO4. Finally, optical density (OD) was measured by a spectrophotometer at 450 nm and 630 nm.




2.4 Evaluation of neutralizing activity of plasma or antibody against SARS-CoV-2 pseudoviruses

Pseudovirus neutralization assay was conducted as described previously (26). Briefly, SARS-CoV-2 pseudovirus was generated by transfecting SARS-CoV-2 S protein expression plasmid (pcDNA3.1. S2) into 293T cells. At the same time, 293T cells were infected with VSV G pseudotyped virus, in which the G gene was replaced by a luciferase reporter gene. Viral supernatants were collected 48 hours later and were titered on Vero cells based on a chemiluminescence detection method (Cat. 6066769, Promega, USA) to get a 50% tissue culture infectious dose (TCID50) value according to the Reed-Muench method. For neutralization assays, 50 μL of pseudovirus (100 TCID50) was incubated with 50 μL of serial dilutions of samples at 37 °C for one hour. Then 100 μL of Vero cells (approximately 104 cells per well) were added in duplicate to the virus–antibody mixture. The cell control with only cells as well as the virus control with virus and cells are also set up in each plate. Half-maximal inhibitory concentrations (IC50) of the evaluated monoclonal antibodies were determined by measuring luciferase activity 24 hours post-infection.




2.5 Isolation of RBD-specific memory B cells by single-cell sorting

Briefly, cryopreserved PBMC were thawed in pre-warmed RPMI 1640 (Cat. 12019003, Corning, USA) with 10% fetal bovine serum and 50 IU/ml benzonase (Sigma, USA). Thereafter, PBMCs were washed, surface stained with antibody cocktail containing following antibodies: anti-CD3-Alexflour 700, anti-CD8-Pacific Blue, anti-CD14-Pacific Blue, anti-CD19-PECy7, anti-CD27-APCCy7, anti-IgG-FITC, anti-IgM-PECy5 (above antibodies are all from BD Biosciences), anti-CD20-ECD (Beckman Coulter) and anti-RBD-PE in a total volume of 50 μL on ice in dark for one hour, followed by Live/Dead staining with a LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Cat. L34957, Invitrogen, USA). The cells were washed and suspended in cold PBS with 2mM EDTA. The stained PBMC were filtered by 70-μm cell mesh (Cat. 352235, Corning, USA) and sorted using a five-laser FACS Aria cell sorter III driven by FACS Diva software. Single cells with the phenotype of CD3-, CD8-, DAPI-, CD14- CD19+, CD20+, CD27+, IgM-, IgG+, RBD+ were defined as SARS-CoV-2 RBD specific memory B cells. Single cells were sorted into 96-well PCR plates containing 20 μL of cell lysis buffer per well under yield mode, and PCR plates were quickly frozen on dry ice and stored at -80˚C overnight. Then RT-PCR were performed to amplify the variable regions of the heavy chain (VH) and light Chain (VL) as previously reported (27).




2.6 Antibody expression and purification

VH and VL were cloned into the CMV/R expression vector containing the constant regions of IgG1 heavy chain or Light chain (25). The paired IgG Heavy chain plasmids and light chain plasmids were co-transfected into 293F cells, the cells were incubated at 37 °C in a humidified 8% CO2 environment for five days, then the supernatant was collected and antibodies were purified using a recombinant protein-A column (Cat.20415057, Senhui Microsphere, China). The antibody concentration was determined by Nanodrop 2000 ultramicro spectrophotometer (Thermofisher, USA) and stored at 4 °C for detection.




2.7 Measurement of antibody binding kinetics

Antibody-antigen kinetics (KD) was measured by an Octet® Red 96 machine (ForteBio, USA). Briefly, biotylated RBD of SARS CoV-2 was diluted to a concentration of 5 μg/mL with PBST (PBS containing 0.02% Tween 20 and 0.1% BSA) and then immobilized onto streptavidin biosensors (Cat.18-5019, Fortebio, Germany) for 60 seconds. After a 60 seconds wash step with PBST, biosensor tips were immersed into the wells containing serially diluted antibodies (500 nM, 250 nM, 125 nM, 62.5 nM, 31.25 nM, 15.625 nM and 7.8125 nM) and associated for 120 seconds, followed by a 300 seconds dissociation step. The KD values were calculated using a 1:1 binding model in Data Analysis Software 9.0.




2.8 Neutralizing activity of mAbs against live SARS-CoV-2

SARS-CoV-2 obtained from a sputum sample was amplified in Vero-E6 to make working stocks of the virus. To analyze the mAbs’ neutralizing activity, two-fold serial dilutions of mAbs were added to the same volume of 100 TCID50 of SARS-CoV-2 in quadruplicate and incubated for 1 hour at 37˚C. The mixture was added to a monolayer of Vero-E6 cells in a 96-well plate and incubated at 37˚C. Cytopathic effects (CPE) were observed and recorded on day 5. The antibody concentration that cytopathic effect presented in half wells was defined as IC50.




2.9 Unbiased antibodyomics analysis

An RNeasy mini kit (Cat.74104, Qiagen, Germany) was used to extract total RNA from donor CZ and donor WJQ PBMCs. Then, using a SMARTer Race 5’/3’ Kit (Cat.634858, Takara, Japan), unbiased antibody library containing VH, variable regions of kappa chain (Vκ) and variable regions of lambda chain (Vλ) were prepared as previously described, respectively (21). The reverse primers sequences are as follows: VH:5’-GGGGAAGACCGATGGGCCCTTGGT -3’, Vκ: 5’-CAGCAGGCACACAACAGAGGCAGTTCC -3’ and Vλ: 5’- CACCAGTGTGGCCTTGTTGGCTTG -3’. After Illumina Miseq PE300 sequencing, data processing and error correction, the sequencing data were initially evaluated using IMGT/HighV-QUEST online tool (http://imgt.org/HighV-QUEST/index.action), and further analyzed with phylogenetic tree and related R package.




2.10 Crystallization, data collection and structure determination

The crystals of 3G10/RBD were harvested in 0.2 M L-Proline, 0.1 M HEPES pH 7.5, 10% w/v Polyethylene glycol 3350, while the crystals of 3C11/RBD were harvested in 0.1 M magnesium chloride, 0.1 M Na HEPES, pH 7.5, 10% w/v PEG 4000. To collect the diffraction data, complex crystals were briefly soaked in the corresponding reservoir solutions containing 20% (v/v) glycerol for cryo-protection and then flash-cooling in liquid nitrogen. The diffraction data were collected at the Shanghai Synchrotron Radiation Facility (SSRF) BL02U1. The datasets were processed using HKL2000 software (28). The structures of these three complexes were determined via the molecular replacement method using Phaser (29) with a search model previously reported (PDB: 6LZG). The atomic models were built using Coot (30) and refined with phenix.refine (29). MolProbity tool (31) was used to assess the stereochemical qualities of the final models. Finally, all structures were generated using Pymol software (https://pymol.org/2/).





3 Results



3.1 Characterization of plasma of COVID-19 convalescents

The whole blood of two COVID-19 convalescents was collected, who recovered from a common type symptom and a severe type symptom, respectively (Table 1). The RBD-specific response of plasma was measured by ELISA, and the end-titers against RBD were determined as 1:100 and 1:300, respectively (Table 1, Figure S1A). To confirm the presence of potent neutralizing antibody in the plasma, SARS-CoV-2 pseudovirus of Wuhan stain (WH-1) was used to evaluate the NT50 of plasma. The plasma neutralized the pseudovirus with NT50 value of 356.6 and 317.7 (reciprocal dilution), respectively (Table 1, Figure S1B). The results indicate that both the two donors possess the RBD-specific antibodies and neutralizing antibodies against SARS-CoV-2.


Table 1 | Background information of two donors.






3.2 Isolation of RBD-specific antibodies

To isolate the RBD-specific memory B cells, 107 PBMCs of each donor were stained by cocktail antibodies plus PE-labeled RBD probe and sorted by a FACS Aria Cell Sorter III machine. One hundred and thirty-seven and two hundred and twenty-three single B cells were isolated from donor CZ and donor WJQ respectively and subjected to a VH/VL-specific PCR amplification subsequently (Figure 1). In detail, 46 paired VH and VL genes of each donor were acquired, sequenced and analyzed sequentially. As shown in Figure 2, VH genes originate from IGHV1, IGHV3, IGHV4, IGHV5 and IGHV7 germlines, and IGHV3 presents the highest proportion—47.8% —in both donors. For VL genes in donor CZ, IGKV1and IGLV2 account for 61.2% in κ chains and 48% in λ chains respectively. Similarly, these two germlines make up 48% and 38.1% in donor WJQ respectively.




Figure 1 | Isolation of probe-specific memory B cells from PBMCs of convalescent donors. RBD-specific B cell sorting by flow cytometry from donors’ PBMCs. About 10 million PBMCs were incubated with cocktail antibodies and RBD-PE probe. Memory B cells (CD19+, CD20+ and IgG+) that bound to RBD-PE probe were sorted into a 96-well plate containing lysis buffer. The percentages of IgG+ B cells that reacted with RBD are indicated. (A) Donor CZ (B) Donor WJQ.






Figure 2 | Characterization of sequence features of isolated antibodies of two convalescent donors. (A) Germline distribution of VH and Vκ/Vλ of isolated antibodies of donor CZ. (B) Germline distribution of VH and Vκ/Vλ of isolated antibodies of donor WJQ. (C) SHM rates of VH and VL of isolated antibodies. (D) CDR3 lengths of VH and Vκ/Vλ of isolated antibodies.



Somatic hypermutation rate (SHM) and CDR3 length are critical criteria for determining antibody maturation. The average SHM rates of VH/VL of two donors are both approximately 5%, while median CDR3 lengths of VH/VL present 15 amino acids (aa) and 10 aa in two donors, respectively (Figure 2).

VH/VL genes were digested by restriction enzymes and ligated into the IgG expression vectors. Then antibodies were produced by transfecting paired VH and VL expression vectors into 293F cells and were purified using protein A column. Following ELISA screening, 61 RBD-specific antibodies were identified as positive and their neutralizing activity was evaluated using a SARS-CoV-2 pseudovirus (WH-1) (Figure S2). Among these antibodies, 1D7 from donor CZ, and 3G10 and 3C11 from WJQ had IC50 values of less than 0.1 μg/mL, and they were considered potent neutralizing antibodies. The alignments of the VH and VL genes of these three antibodies and respective germline genes are shown in Figure S3. The VH of 1D7, 3G10 and 3C11 belongs to IGHV1-69*09F, IGHV3-66*02F and IGHV3-48*03F respectively. The VL of 1D7, 3G10 and 3C11 originates from IGKV3D20*01F, IGKV1-9*01F and IGKV3-11*01F, respectively. SHM rates of the VH of 1D7, 3G10 and 3C11 are 4.86%, 3.86%, and 4.17%, respectively, and lengths of the HCDR3 are between 11 and 18 aa. SHM rates of the VL of these three antibodies are around 2.5%. In particular, CDR3 of light chain (LCDR3) lengths of the three antibodies are all nine aa (Figure S3).




3.3 Binding activity of 3G10 and 3C11 with RBD

ELISA was used to test the binding activity of 1D7, 3G10, and 3C11 with RBD, and the EC50 values were 0.004 μg/mL, 0.015 μg/mL and 0.019 μg/mL, respectively (Figure 3A). Furthermore, the Biolayer-interferometry method (BLI) approach was used to assess the binding kinetics of antibodies and RBD. Figures 3B-D show that 3G10, 3C11 and 1D7 bind RBD with KD values of (1.37×10-9 ± 3.53×10-11) M, (5.29×10-9 ± 6.16×10-11) M, and less than 10-12 M respectively. These findings suggest that these three antibodies have high affinity with RBD.




Figure 3 | Binding activity of antibodies 3G10, 3C11 and 1D7 with RBD, using ELISA or BLI method. Briefly, biotinylated RBD was immobilized onto SA sensors followed by association of mAbs at different concentrations and dissociation subsequently. The sensorgrams show binding patterns of mAbs with RBD. KD values were calculated with a 1:1 binding model using Data Analysis Software 9.0. (A) RBD-specific response of 3G10, 3C11 and 1D7 using ELISA test. HIV Env –specific antibody VRC01 was used as an isotype control. (B-D) Binding kinetics of 3G10, 3C11 and 1D7 with RBD with Octet Red 384, respectively.






3.4 Neutralizing activity of 1D7, 3G10 and 3C11 against SARS-CoV-2 pseudovirus variants

Furthermore, neutralizing activity of antibodies against circulating virus variants, e.g., Alpha, Beta, Kappa, Delta, Gamma and Omicron was tested (Figure 4). 1D7 potently neutralized all variant (IC50 values<1μg/mL). Except for Omicron, 3G10 could efficiently neutralize variants with IC50 values less than 0.1 μg/mL. As to 3C11, it neutralized Alpa and Kappa variants with IC50 values of 0.012 μg/mL and 0.31μg/mL, respectively, but neutralized P.1 with a higher IC50 value of 3.95 μg/mL. 3C11, in particular, did not inhibit the Beta and Omicron variants.




Figure 4 | Neutralizing activity of 3G10, 3C11 and 1D7 against SARS-CoV-2 variants pseudoviruses. Antibody concentration and inhibitory effectiveness are shown on the X- and Y-axes, respectively. (A) SARS-CoV-2 WH-1 strain. (B) P.1 variant. (C)B.1.351 variant. (D) B.1.617.1 variant. (E) B.1.1.7 variant. (F) B.1.617.2 variant. (G) Omicron variant (B.1.1.529). (H) Heat map of IC50 values of antibodies against SARS-CoV-2 variants pseudoviruses.



Next, we evaluated the neutralizing activity of these three antibodies against Omicron variants, BA.5, BF.7 and XBB, respectively. The results were shown in Figure S7; none of the antibodies could neutralize any one of the three variants.




3.5 Neutralization activity of 1D7, 3G10 and 3C11 against authentic SARS-CoV-2 virus

The neutralizing capacity of these three antibodies against authentic SRAS-CoV-2 virus (WH-1, Beta, Gamma, Delta and Omicron) was evaluated using a CPE-based method on Vero cells. As Figure 5 shows, 1D7, 3G10 and 3C11 efficiently neutralized the WH-1 virus with IC50 values of 0.009 μg/mL, 0.028μg/mL and 0.028 μg/mL, respectively. However, 3C11 presented poor neutralization capacity except for WH-1 and delta variant. Antibody 3G10 neutralized tested variants except for Omicron and presented higher IC50 values (>3 μg/mL) against Beta and Gamma variants. For antibody 1D7, it potently neutralized all the tested viruses, but only neutralized Omicron with a IC50 value of 12.5 μg/mL. These results indicated that 1D7 was a broadly neutralizing antibody.




Figure 5 | Neutralizing activity of 3G10, 3C11 and 1D7 against live SARS-CoV-2 variants. The X- and Y-axis indicate antibody concentration and inhibition efficiency respectively. (A)WH-1. (B)B.1.351. (C) P.1. (D) B.1.617.2. (E) B.1.1.529. (F) Heat map of IC50 values of antibodies against SARS-CoV-2 variants.






3.6 Crystal structures of 3G10/RBD and 3C11/RBD complexes

To probe the molecular basis of 3G10 and 3C11 binding to SARS-CoV-2 RBD, we solved the crystal structures of 3G10/RBD and 3C11/RBD complexes. The two complexes were solved at resolutions of 2.07 Å and 3.0 Å, respectively. There are two closely packed 3G10/RBD complex molecules in the asymmetric unit of the 3G10/RBD crystal structure, but only one 3C11/RBD complex molecule in the 3C11/RBD crystal asymmetric unit.

Both 3G10 and 3C11 interact with the external subdomain of the RBD. In the 3G10/RBD complex, all the six CDRs of the heavy and light chains of 3G10 are involved in interactions with RBD external subdomain (Figure 6A). By contrast, in the 3C11/RBD complex, only CDR2 and CDR3 of the 3C11 light chain, and the CDR1 and CDR3 of the 3C11 heavy chain have interactions with RBD external subdomain (Figure 6B). Accordingly, 3G10 forms much more numbers of atom contacts than 3C11. In 3G10/RBD, 31 3G10 residues form 381 pairs of atom contacts with 32 RBD residues, while in 3C11/RBD, only 18 3C11 residues form 169 pairs of atom contacts with 14 RBD residues (Table S1, Table S2). Furthermore, 3G10 forms an extensive hydrogen bond network with the RBD, while only a few hydrogen bonds form between 3C11 and the RBD (Figures 6C, D). However, 3C11 R101 forms salt bridges with RBD E484 (Figure 6D). Salt bridges are the strongest non-covalent interactions between proteins, which may explain the fact that the KD between 3C11 and RBD is comparable to that between 3G10 and RBD although the total number of atom contacts between 3C11 and RBD is much less than that between 3G10 and RBD.




Figure 6 | Crystal structures of 3G10/RBD and 3C11/RBD complexes. (A) Crystal structure of the 3G10-RBD complex. (B) Crystal structure of the 3C11-RBD complex. (C) Hydrogen bonds between the 3G10 and RBD. (D) Hydrogen bonds between 3C11 and RBD. (E) Comparison of the footprint of 3C10 and ACE2 on RBD. The RBD residues that contact both 3C10 and ACE2, those contact only ACE2, and those contact only 3C10 are colored with deep steal, smudge and slate, correspondingly. (F) Comparison of the footprint of 3G11 and ACE2 on RBD. The RBD residues that contact both 3G11 and ACE2, those contact only ACE2, and those contact only 3G11 are colored with deep steal, smudge and yellow orange, correspondingly. The 3G10 and ACE2 contact residues (E) or the 3C11 and ACE2 contact residues (F) are mapped on the surface representation of RBD in the RBD/ACE2 complex (PDB ID: 6lzg). (G) Comparison of the binding positions on 3G10 and 3C11.



Many RBD residues that interact with 3G10 overlap with those which interact with the ACE2 receptor in the RBD/ACE2 complex structure (PDBID: 6LZG). These RBD residues include K417, Y449, Y453, L455, F456, Y473, A475, G476, F486, N487, Y489, Q493, G496, Q498, T500, N501, G502 and Y505 (Figure 6E). This means that 3G10 almost completely blocks the binding site of ACE2 on the RBD and thus repels RBD binding to ACE2. In contrast, only three RBD residues (Y449, E484, and F490) that interact with 3C11 also interact with ACE2 (Figure 6F). Even so, the binding of 3C11 to the RBD still generates steric hindrance which prevents the RBD from approaching ACE2. Of note, 3G10 and 3C11 bind to different sites on the RBD external subdomain. They bind to the opposite sides of the RBD (Figure 6G). According to the classification rule of RBD-specific antibodies (32–34), 3G10 and 3C11 belong to the RBD-1 and RBD-4 communities, respectively.




3.7 Unbiased analysis of B cell repertoires of donors

To study the evolution routes of neutralizing antibodies of this two donors, VH, Vκ and Vλ were unbiasedly amplified with 5’RACE PCR and sequenced using Illumina Miseq V3 machine sequentially. After assembling and clearing, 248, 753 VH sequences, 370, 366 Vκ sequences and 166, 695 Vλ sequences covering variable regions of donor CZ were acquired;248, 197 VH sequences, 342, 862 Vκ sequences and 300, 178 Vλ sequences were acquired from donor WJQ. Their germline distributions were mapped as Figure S4A and Figure S5A. For donor CZ, IGHV4-39, IGKV3-15 and IGLV2-14 germlines present the highest percentages in the heavy chain germlines, the kappa chain germlines and the lambda chain germlines, respectively. As to donor WJQ, IGHV4-59, IGKV4-1 and IGLV2-14 germlines have the highest frequencies among the three VH/Vκ/Vλ germlines, respectively.

The SHM rates of VH and Vκ/Vλ of donor CZ cover from 1%-17%, and donor WJQ has similar SHM rates of VH and Vκ/Vλ to donor CZ (Figure S4B. S5B). Regarding the CDR3 length, VH mainly focuses on 12-22 aa while Vκ/Vλ basically centralize between 10-13 aa, both in donor CZ and donor WJQ (Figure S4C, S5C).

Furthermore, we also analyzed the constituent ratio of each J region that was related to the antibody recombination. For donor CZ, IGHJ4 (54.5%), IGHJ5 (16.5%) and IGHJ6 (16.3%) are mainly involved in the heavy chain rearrangement; IGKJ1 (27.4%), IGKJ2 (29%) and IGKJ4 (24%) principally participated in the kappa chain rearrangement; IGLJ1, IGLJ2 and IGLJ3 accounted for 19%, 45.4% and 34.5% respectively in the whole IGLJ family that referred to the recombination (Figure S6A). Similarly, in donor WJQ, IGHJ3 (13.1%), IGHJ4(44.2%), IGHJ5(17.9%)and IGHJ6(19.3%)dominated in the heavy chain; IGKJ1, IGKJ2 and IGKJ4 occupied 30.6%, 26.1% and 23.6% respectively in the kappa chain; IGLJ1 (14.7%), IGLJ2(30.8%) and IGLJ3(53.6%) mainly participated in the lambda chain arrangement (Figure S6B).




3.8 Phylogenetic analysis of neutralizing antibodies from antibody repertoire

The identity-divergence two-dimensional (2D) plots were used to analyze the VH/Vκ repertoires with respect to 1D7, 3C11 and 3G10 antibodies, respectively (Figure 7). Briefly, 12, 431 VH sequences and 6, 442 Vκ sequences of VH/Vκ germlines of 1D7, 1, 614 VH sequences and 10, 457 Vκ sequences of VH/Vκ germlines of 3G10, and 4, 607 VH sequences and 30, 826 Vκ sequences of VH/Vκ of 3C11 germlines were identified from the antibody repertoires. The cut-off value for identifying sequences phylogenetically related to 1D7, 3C11 or 3G10 was an 85% HCDR3/LCDR3 identity to VH/Vκ of these three antibodies. The related VH of 1D7 and 3C11 were not directly found in the repertoires for no high identity (over 85%) HCDR3 sequences were identified (Figure 7). On the other hand, 72 sequences were phylogenetically related to the Vκ of 1D7, and 2, 288 sequences were phylogenetically associated with the Vκ of 3C11 (Figure 7). Regarding antibody 3G10, seven sequences and six sequences were phylogenetically related to the VH and Vκ of 3G10, respectively.




Figure 7 | Identity-divergence analysis of the neutralizing antibodies of the unbiased heavy (H) and light (κ) chain repertoires from the two donors. The x-axis and y-axis indicate the sequence diversities to the germline and the sequence identities to the isolated antibody, respectively. The size of the circle indicates the CDR3 similarity to the target antibody. The color in the circle divides the CDR3 similarity to the target antibody into three classes: Identical (red, 100%), Mismatch (blue, ≤40%) and Partial match (yellow, 50%-90%). Analyses of antibodies 1D7, 3C11 and 3G10 were arrayed from top to bottom of the figure, separately.



To further study the evolutionary route of 3G10, 3C11 and 1D7, we chose representative sequences based on the CDR3 identity from repertoires and analyzed them by phylogenetic trees (Figure 8). All the selected antibody variants that are related to the three antibodies have low degrees of VH/Vκ divergences (<5%). The CDR3 frequencies of Vκ, which share high degrees of aa identity with these three antibodies, are higher than those of VH. It implies that VH experiences a greater selective pressure than Vκ during affinity maturation, which is consistent with the notion that VH play a more important role in the RBD binding than Vκ, as suggested by the structures of RBD-antibody complexes.




Figure 8 | Phylogenetic analysis and CDR3 alignment between VH/Vκ of three neutralizing antibodies and selected VH/Vκ sequences from their corresponding germline allelic genes. VH/Vκ of antibodies 3G10, 3C11 and 1D7 and sequences with high CDR3 identity are marked red. (A) VH/Vκ of 1D7, (B) VH/Vκ of 3G10 and (C) VH/Vκ of 3C11.







4 Discussion

In this research, we isolated three neutralizing antibodies—1D7, 3G10 and 3C11— from two convalescents who recovered from the common or severe clinical symposium. These three antibodies could bind RBD with high avidity and effectively neutralized the SARS-CoV-2 live virus (WH-1 and Delta strains). 1D7 antibody, in particular, demonstrated neutralizing activity against four circulating variants, the South Africa variant, Brazil variant, Delta variant and Omicron variant, and could be used to treat or prevent SARS-CoV-2 infection.

At the early stage of the SARS-CoV-2 pandemic, several neutralizing antibodies targeting RBD or NTD were quickly isolated and were found to potently inhibit WH-1 virus strain in vivo or in vitro. Some of them have been accepted into the clinical trial stage (13, 35, 36). Following that, several SARS-CoV-2 variants emerged, including the Beta variant, the Gamma variant, the Kappa variant, the Delta variant, and the Omicron variant, raising global public health concerns. Delta and Omicron variants are currently the most common circulating variants worldwide. Previous research found that these variants were more resistant to neutralizing antibodies and vaccine-immunized plasma (5, 37, 38). Omicron escaped over 85 percent of tested neutralizing antibodies, including LY-CoV016, LY-CoV555, REGN10933, REGN10987, AZD1061, AZD8895, and BRII-196 (14). In our study, we discovered that 3G10, 3C11, and 1D7 antibodies effectively neutralized WH-1, B.1.1.7, B.1.167.1, and B.1.167.2 pseudoviruses, as well as WH-1 and B.1.167.2 live viruses. The 1D7 antibody, in particular, demonstrated neutralizing activity against all of the tested viruses, including the Omicron variant, indicating that it could be used to treat or prevent SARS-CoV-2 infection. It’s worth noting that we discovered some differences in neutralization results between pseudotyped and authentic viruses. Because of the different assay systems and procedures, pseudoviruses have lower IC50 values than authentic viruses.

The crystal structures of 3G10/RBD and 3C11/RBD complexes reveal that both 3G10 and 3C11 interact with the external subdomain of the RBD, although they bind to different sites. This suggests that both of the antibodies may competitively inhibit RBD binding to the ACE receptor. The interface assay shows that 3G10 forms very extensive atom contacts with RBD, which supports the high affinity between 3G10 and RBD determined by the BLI assay. Although the total number of atom contacts between 3C11 and RBD is much less than those between 3G10 and RBD, the salt bridges formed between 3C11 and RBD may contribute to the high affinity comparable to that between 3G10 and RBD.

Both P.1 and B.1.351variants contain the K417T, E484K and N501Y mutations in RBD. E484K is a major mutation that is related to the immune escape of SARS-CoV-2. However, it is not involved in the interactions between 3G10 and RBD, but involved in the interactions between 3C11and RBD. This may explain the fact that 3G10 but not 3C11 neutralized Brazil and South Africa variants efficiently. Although K417 and N501 also contribute to the interactions between 3G10 and RBD, their mutations do not affect the binding of these two molecules considering these highly extensive atoms contacts. Since the end of November 2021, the SARS-CoV-2 Omicron variant (B.1.1.529), characterized by a high number of mutations in the S proteins, has spread worldwide and replaced other SARS-CoV-2 strains. The earliest sub-lineage of Omicron variant BA.1 (or B.1.1.529.1) harbors 13 mutations in RBD (G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H). Based on our crystal structures of prototype (PT) RBD in complex with 3G10 and 3C11, respectively, we can infer some clues of the reactivity of these two antibodies to Omicron BA.1 RBD. Among the Omicron BA.1-related mutations, G339D, S371L, S373P, S375F, N440K, G446S, and E484A are not located in the binding interface of 3G10 and RBD, so they do not affect 3G10 binding to RBD. On the other hand, K417N, T478K, Q493R, G496S, and Q498R may result in alteration in the hydrogen network, but their effect on 3G10 binding is unpredictable. However, N501Y may adversely affect 3G10 binding because the large hydrophobic side chain of phenylalanine would destroy the local interaction network. Y505H may also reduce 3G10 binding because the hydrogen bond between Y505 and 3G10 light chain S93 would lose. Therefore, the Omicron N501Y and Y505H can lead to the escape of Omicron from the neutralization of 3G10. As for 3C11, most BA.1 RBD mutations occur out of the binding interface so do not affect binding, but E484A would probably reduce binding because the salt bridge between E484 and 3C11 light chain R101 will lose. So, we presume that Omicron would escape both the antibodies.

High SHM rates and unique germlines of antibodies have been considered to play significant roles in influencing the neutralizing activity of antibodies. In this research, we found that most isolated neutralizing antibodies sequences have low SHM rates (<10%), implying that RBD-specific neutralizing antibodies may arise soon. In contrast to HIV broadly neutralizing antibodies targeting CD4 binding site, such as VRC01- or DRVIA7-like antibodies (39, 40), no separate islands of heavy or light chains of RBD-specific neutralizing antibodies were detected in 2D plots analysis, which is consistent with their short evolution period. Our findings are also in accord with a previous study on a convalescent of Zika infection. In that research, a neutralizing antibody—ZK2B10—was found to have a low-SHM level and no distinct islands were found in the identity-divergence two-dimensional (2D) plots (21). Regarding the germline utilization, germline alleles of the VH of 1D7, 3G10 and 3C11 are IGHV1-69, IGHV3-66 and IGHV3-48, respectively. Some class I RBD-specific neutralizing antibodies were also derived from the IGHV3-66 germline allele (32). We also found that some potent neutralizing antibodies against SARS-CoV-2 WH-1 originate from pan-germline, which is consistent with previous researches (41).

There are some limitations to this research. First, the antibody-antigen complex structure of a broadly neutralizing antibody—1D7—was not successfully resolved for the crystal of 1D7/RBD complex was not harvested. As a result, we do not know which antibody class it belongs to or which amino acids are involved in the antigen-antibody interaction. Second, while we have isolated several neutralizing antibodies against SARS-CoV-2 using RBD, we have not investigated whether NTD-specific neutralizing antibodies exist in the antibody reservoir. Besides, further research to isolate elite neutralizing antibodies using an alternative method such as single-cell sequencing should be performed.

In conclusion, we have got three potent neutralizing antibodies against SARS-CoV-2 WH-1 and Delta authentic viruses. One of which, 1D7, demonstrated broadly neutralizing activity against WH-1, P.1, B.1.351, B.1.617.2 and B.1.1.529 authentic viruses. According to the antigen-antibody complex structure, 3G10 and 3C11 belong to RBD-1 and RBD-4 families, respectively. Antibody repertoire analysis also revealed that pan-germlines can produce RBD-specific neutralizing antibodies. These antibodies and antibody repertoires from these two donors will provide candidate for promising cocktail therapy as well as valuable information for vaccine design to treat or prevent SARS-CoV-2 infection.
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Introduction

Many people with long COVID symptoms suffer from debilitating neurologic post-acute sequelae of SARS-CoV-2 infection (Neuro-PASC). Although symptoms of Neuro-PASC are widely documented, it is still unclear whether PASC symptoms impact virus-specific immune responses. Therefore, we examined T cell and antibody responses to SARS-CoV-2 Nucleocapsid protein to identify activation signatures distinguishing Neuro-PASC patients from healthy COVID convalescents.





Results

We report that Neuro-PASC patients exhibit distinct immunological signatures composed of elevated CD4+ T cell responses and diminished CD8+ memory T cell activation toward the C-terminal region of SARS-CoV-2 Nucleocapsid protein when examined both functionally and using TCR sequencing. CD8+ T cell production of IL-6 correlated with increased plasma IL-6 levels as well as heightened severity of neurologic symptoms, including pain. Elevated plasma immunoregulatory and reduced pro-inflammatory and antiviral response signatures were evident in Neuro-PASC patients compared with COVID convalescent controls without lasting symptoms, correlating with worse neurocognitive dysfunction.





Discussion

We conclude that these data provide new insight into the impact of virus-specific cellular immunity on the pathogenesis of long COVID and pave the way for the rational design of predictive biomarkers and therapeutic interventions.





Keywords: COVID-19 immunity, T cell memory, neuro-PASC, IL-6, immunoregulation, proteomics, long COVID





Introduction

SARS-CoV-2 is the causative agent of a worldwide pandemic that was first identified in December, 2019. There have been more than 765 million cases and over 6. 9 million deaths worldwide attributable to COVID-19 (1). Although highly effective vaccines are now used to prevent severe acute disease and death caused by SARS-CoV-2, the risk of post-acute symptoms and severe chronic complications after multiple infections is not decreased in vaccinated individuals (2). Therefore, diagnosis and treatment of long-term sequelae after SARS-CoV-2 infection remain an urgent medical concern.

“Long COVID” is defined by the Centers for Disease Control and Prevention (CDC) and others as a wide range of symptoms that can affect the brain, heart, lungs, GI tract, and other body systems lasting more than 4 weeks after disease onset (3). The syndrome has been clinically termed “post-acute sequelae of SARS-CoV-2 infection” (PASC) by the National Institutes of Health and affects an estimated 30% of people infected with SARS-CoV-2 in the U.S (4, 5). “Post-COVID conditions” have also been defined by the World Health Organization as symptoms persisting for more than 3 months that cannot be explained by an alternative diagnosis (6). Neurologic manifestations of PASC (Neuro-PASC) are among the most debilitating and include cognitive dysfunction, fatigue, and many other symptoms leading to decreased quality of life (7–9). They frequently occur in patients with mild initial COVID-19 presentation who never require hospitalization for pneumonia or hypoxemia (10, 11). Despite significant research advances, the underlying causes of Neuro-PASC in these patients remain unclear.

T cell immunity is necessary for host defense against SARS-CoV-2. Severe acute COVID-19 disease was linked to impaired germinal center formation linked to a defective T follicular helper cell response (12), and patients with severe acute disease had higher percentages of immunosuppressive KIR+ CD8 T cells (13). Virus-specific T cell responses were also found to be sub-optimal or impaired in severely ill COVID patients (14). Conversely, elevated proportions of proinflammatory T-bet+ T cells and memory B cells were associated with lower severity of acute COVID-19 disease (15). Studies in rhesus macaques have additionally shown that CD8+ T cell depletion after SARS-CoV-2 infection impairs anamnestic immune protection after subsequent re-infection (16). Though data on immune dysregulation in PASC patients are more limited, recent studies have found autoreactive B cell responses are associated with Neuro-PASC (17), and antiviral effector CD8+ T cell responses were significantly diminished in a patient with long-term COVID-19 (18). In addition, patients experiencing persistent post-COVID cognitive impairment had elevated plasma levels of CCL11 and elevated white matter-selective microglial reactivity (19). However, the impact of Neuro-PASC on virus-specific T cell responses remains poorly understood.

Here, we focus on a group of patients who mostly had mild acute disease but subsequently developed Neuro-PASC and a substantial reduction in their quality of life. Our data show four critical findings linking T cell responses with Neuro-PASC symptoms. First, we show that Neuro-PASC patients exhibited enhanced Nucleocapsid-specific T cell responses compared with COVID convalescent controls without persistent symptoms. CD8+ memory T cells from Neuro-PASC patients were also less activated and expressed substantially more IL-6 in response to Nucleocapsid protein, which was recapitulated in patient plasma IL-6 levels. Thirdly, the increased severity of cognitive deficits and deterioration of quality-of-life metrics in Neuro-PASC patients were positively correlated with elevated Nucleocapsid-specific T cell responses. Lastly, Neuro-PASC patients presented with elevated immunoregulatory but lower antiviral and Th1-inflammatory signatures compared to convalescent controls. Together, these data suggest wide-ranging alterations in anti-Nucleocapsid-specific immune responses in Neuro-PASC patients, with important implications for appropriate diagnostic, prevention, and treatment strategies.





Methods




Study design

We aimed to include a robust sample size for every patient group. Data inclusion/exclusion criteria are described below in the Study participant’s section. Endpoints were selected prospectively. Replicates for each experiment are described in figure legends.

Research objectives were to identify and characterize T cell responses to SARS-CoV-2 linked to Neuro-PASC pathogenesis and specify how these responses differed from COVID convalescent controls without lasting symptoms. We enrolled Neuro-PASC outpatients, convalescent controls, and unexposed healthy controls for our study. Experimental design is outlined in Figure 1A. Subjects were not randomized and investigators were not blinded to the study subjects’ grouping prior to conducting experiments and analyzing data.




Figure 1 | Study design and clinical data (A) Study design. (B) Demographic table for Neuro-PASC (NP), convalescent controls (CC), and healthy control (HC) study participants. (C) PROMIS-57 patient-reported outcome survey T scores for NP patients (n=36) and CC subjects (n=13). (D) NIH Toolbox cognitive T scores for NP patients (n = 55). Horizontal black line represents the U.S. national average T score of 50; p values relative to demographic-matched US national average by one sample Wilcoxon signed rank test. *p<0.05, ***p<0.005, ****p<0.0001 by two-tailed Student’s t test.







Study participants, NIH Toolbox, and PROMIS-57 data collection

We enrolled consenting adult outpatients seen in the Neuro-COVID-19 clinic at Northwestern Memorial Hospital from September 2020-September 2021, including 94 Neuro-PASC patients with documented PCR+ or seropositive IgG results for SARS-CoV-2. In parallel, we recruited 44 healthy COVID convalescents from the surrounding community who tested either PCR+ or seropositive for SARS-CoV-2 before vaccination but had no lingering symptoms lasting >4 weeks; and 34 healthy controls who tested PCR- for SARS-CoV-2 and were also seronegative for IgG against SARS-CoV-2 Spike RBD prior to vaccination. 30 subjects across all 3 groups were vaccinated with the primary series of either the Pfizer BNT162B2 or Moderna mRNA-1273 mRNA vaccines prior to assaying T cells for non-Spike responses. All study subjects remained living throughout the period of observation. Heparinized blood samples were collected one time from each subject at an average of 162.3-214.7 days post-symptom onset (as in Figure 1B). Other demographic information, including comorbidity information, is contained in Figure 1B. Comorbidities were self-reported and diagnosed prior to SARS-CoV-2 infection. Neuro-PASC patients completed a cognitive function evaluation in the clinic coincident or near the date of their blood sample acquisition with the National Institutes of Health (NIH) Toolbox v2.1 instrument, including assessments of: processing speed (pattern comparison processing speed test); attention and executive memory (inhibitory control and attention test); executive function (dimensional change card sort test); and working memory (list sorting working memory test) (20). PROMIS-57 patient-reported quality of life assessments were administered to Neuro-PASC and COVID convalescent subjects an average of 72 days post-sample collection. Both PROMIS-57 and NIH Toolbox results are expressed as T-scores with a score of 50 representing the normative mean/median of the US reference population and a standard deviation of 10. Toolbox results are adjusted for age, education, gender, and race/ethnicity. Lower cognition T-scores indicate worse performance while higher fatigue, depression, anxiety, or pain interference T-scores indicate greater symptom severity.





PBMC and plasma collection

30mL of venous blood from study volunteers was collected in blood collection tubes containing sodium heparin from BD Biosciences. Whole blood was layered on top of 15mL of Histopaque 1077 (Sigma-Aldrich) in 50mL Leucosep blood separation tubes (Greiner Bio-One) and spun at 1000g for 18min at RT. Plasma was collected and stored at -80°C. The PBMC layer was collected and washed 2x in sterile PBS before red blood cell lysis with ACK buffer (Quality Biologicals). PBMCs were used in assays either immediately or frozen down for use in the near term, as freezing cells does not significantly affect antigen specific T cell reactivity (21).





SARS-CoV-2 peptide antigens

All S, N and M peptide arrays used in ELISPOT and flow cytometry studies were obtained from BEI Resources, NIAID, NIH: Peptide Array, SARS-Related Coronavirus 2 Spike (S) Protein; NR-52402, Nucleocapsid (N) Protein, NR-52404; Membrane (M) Protein, NR-52403. The S peptide array consisted of 181 peptides of 13-17aa in length and split into 6 sub-pools (S1-S6) containing 30-31 peptides each. The N peptide array consisted of 59 peptides of 13-17aa each split into 3 sub-pools containing 29-30 peptides each (Figure 2B) or with 1 sub-pool further divided into 5 pools of 3-4 peptides each (Figure 2D). The M peptide array consisted of 31 peptides of 12-17aa; details in Figure S1. All peptides were dissolved in either sterile H2O or 50% sterile H2O-DMSO up to 1mL for a universal 1mg/mL stock concentration. Peptides were used at a final concentration at 2μg/mL in all assays.




Figure 2 | T cells from Neuro-PASC patients have elevated responses to select SARS-CoV-2 structural proteins compared to convalescent controls. (A) NP patients and CC subjects display similar IFN-γ responses to SARS-CoV-2 S peptides, but NP patients have enhanced N- and M peptide-specific responses. (B) Spike RBD antibody responses are similar in NP and CC subjects. (C) NP patients have elevated anti-N IgG titers compared to CC and HC controls. (D) NP patients have higher T follicular helper cell (Tfh) activation after N antigen stimulation compared to CC subjects. (E) Influenza A Haemagglutinin (HA) antibody responses are similar in all groups. +ctrl = plasma from patients who received the Influenza vaccine within 3 weeks before sample collection; -ctrl = plasma from patients collected pre-2019. Only unvaccinated subjects were examined for anti-Spike responses in A and B Horizontal black line in B,C,E = limit of detection. Data representative of 7 experiments with all conditions plated in duplicate. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 by one-way ANOVA with Tukey’s posttest.







IgG Spike RBD, nucleocapsid, and haemagglutinin ELISA

Antigen-specific total antibody titers were measured by ELISA as described previously (22). In brief, 96-well flat-bottom MaxiSorp plates (Thermo Scientific) were coated with 1 µg/ml of Spike RBD for 48 hr at 4°C. Plates were washed three times with wash buffer (PBS + 0.05% Tween 20). Blocking was performed with blocking solution (PBS + 0.05% Tween 20 + 2% bovine serum albumin), for 4 hr at room temperature. 6 µl of sera was added to 144 µl of blocking solution in the first column of the plate, 1:3 serial dilutions were performed until row 12 for each sample, and plates were incubated for 60 min at room temperature. Plates were washed three times with wash buffer followed by addition of secondary antibody conjugated to horseradish peroxidase, goat anti-human IgG (H + L) (Jackson ImmunoResearch) diluted in blocking solution (1:1000) and 100 µl/well was added and incubated for 60 min at room temperature. After washing plates three times with wash buffer, 100 µl/well of Sure Blue substrate (SeraCare) was added for 1 min. Reaction was stopped using 100 µl/well of KPL TMB Stop Solution (SeraCare). Absorbance was measured at 450 nm using a Spectramax Plus 384 (Molecular Devices). SARS-CoV-2 RBD and N proteins used for ELISA were produced at the Northwestern Recombinant Protein Production Core by Dr. Sergii Pshenychnyi using plasmids that were produced under HHSN272201400008C and obtained from BEI Resources, NIAID, NIH: Vector pCAGGS containing the SARS-related coronavirus 2, Wuhan-Hu-1 spike glycoprotein gene (soluble, stabilized), NR-52394 and receptor binding domain (RBD), NR-52309, nucleocapsid gene NR-53507. Purified H1 Haemagglutinin protein obtained from BEI Resources, NIAID, NIH: NR-51668.





Cell stimulation and IFN-γ ELISPOT

Multiscreen-IP plates (Millipore-Sigma) were coated overnight at 4°C with 2μg/mL anti-IFN-γ (clone 1-D1K, Mabtech) washed with sterile PBS, and blocked with complete RPMI-10% FBS. PBMC isolated from Neuro-PASC, COVID convalescent, and healthy control subjects were used either freshly isolated or after thawing and resting overnight in media containing 10ng/μL recombinant human IL-15 (Peprotech) at 37°C, 5% CO2. Cells were then plated at a concentration of 2.5x105 cells/well in 200μL of media and stimulated with the indicated antigen mixtures from SARS-CoV-2 at a concentration of 2μg/mL in complete RPMI medium containing 5% human AB serum (Sigma-Aldrich) and 5ng/mL IL-15. Plates were incubated at 37°C, 5% CO2 for 20h and washed 5x with dH2O and PBS-0.05% Tween-20 (PBS-T). 2μg/mL biotinylated IFN-γ (clone 7-B6-1, Mabtech) diluted in PBS-10% FBS (PBS-F) was added to the respective wells and plates were incubated for 1.5h at RT. Plates were subsequently incubated for 40 minutes at RT in streptavidin-alkaline phosphatase in PBS-F (Jackson ImmunoResearch) was added after washing plates 5x in PBS-T. ELISPOT plates were developed using an Alkaline Phosphatase Conjugate Substrate Kit according to manufacturer’s instructions (Bio-Rad Laboratories, Carlsbad, CA). IFN-γ producing cells were quantified using an ImmunoSpot plate reader (Cellular Technologies, Ltd., Shaker Heights, OH).





T cell receptor variable beta chain sequencing

Immunosequencing of the CDR3, V, and J regions of human TCRβ chains was performed using the immunoSEQ® and T-MAP COVID® Assays (Adaptive Biotechnologies, Seattle, WA). Genomic DNA extracted from individual subjects’ PBMC was amplified in a bias-controlled multiplex PCR, followed by high-throughput sequencing. Sequences were then filtered to identify and quantitate the absolute abundance of each unique TCRβ template for further analysis as previously described (23). TCR specificities to SARS-CoV-2 Spike, Nucleocapsid, Membrane, Envelope, Orf1ab, Orf3a, Orf6, Orf7a, Orf7b, Orf8, and Orf10 were determined using immuneCODE, a publicly available database accessed via the immunoSEQ Analyzer platform. Peptide antigens specific for each TCR from immuneCODE were then aligned to the Nucleocapsid amino acid sequence to demarcate regional specificity (“N1” vs. “N2” vs. “N3”). The value for the top expanded N3-specific TCR clone was counted for each NP and CC subject for Figure 3E. HLA typing was done by the bioinformatics group at Adaptive Biotechnologies through their HLA classifier platform (Figures S4, S5).




Figure 3 | Neuro-PASC patients have elevated reactivity to the C-terminal region of N protein. (A) Diagram showing partition of SARS-CoV-2 N peptides into 3 pools comprising the N-terminal (N1), middle (N2), and C-terminal (N3) regions (top) and further splitting of N3 into 5 sub-pools A-E for ELISPOT experiments. (B) T cells from NP patients display enhanced reactivity to the C-terminal third of N protein. (C) T cell reactivity to N protein is mainly localized to aa 309-402. (D) Distribution of SARS-CoV-2-specific TCRs stratified by ORF specificity in unvaccinated NP and CC subjects. (E) Elevated proportion of N3-specific TCRs in NP patients. (F) Quantification of template copies from the top TCR clone specific for the N3 region in NP and CC subjects. (G) N3-specific IFN-γ production from a subset of NP and CC participants in E-F. (H) Percentage of N3-specific TCR templates from CD4 vs. CD8 T cells in NP vs. CC. (I) N antigen functionally stimulates more TNF-α production from CD4+ T cells in NP patients. (J) CDR3 sequence, TRBV, and TRBJ usage in top N3 clone from each subject. NP patients have higher TRBV07-09 usage, which is not observed in CC subjects. ELISPOT data combined from 6 independent experiments with the indicated n values. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 using one-way ANOVA with Dunnett’s posttest (B, C, I) or two-tailed Student’s t Test with Welch’s correction (F, G). ns, not significant.







Antibodies and flow cytometry

Fresh or frozen PBMCs isolated from the indicated patient groups were stimulated with antigen mixtures as above for 20-22h at 37°C, 5% CO2. For intracellular staining and cytokine detection, the Brefeldin-A Golgi plug (Biolegend) was added at a 1:1000 concentration 2 hours after antigenic stimulation commenced. Cells were washed with PBS-1% BSA after incubation and stained with the indicated antibodies for surface phenotyping by AIM assay or for intracellular cytokine staining (ICS; antibodies used described in Supplemental Table S1). Cells from each subject were left unstimulated in medium containing 5ng/mL IL-15 (“background”) or stimulated in the presence of the indicated antigens. Fixation and permeabilization was performed using Cytofix/Cytoperm (BD Biosciences). Surface staining was done in the dark at 4°C for 30 minutes, while ICS was done in the dark at RT for 45 minutes. Flow cytometry was conducted on 2-5x105 cells per condition. Data was acquired on a BD FACSymphony Spectral analyzer and analyzed using FlowJo v10 (BD Biosciences) and SPICE-Pestle (24).





SomaScan profiling

Heparinized plasma from 48 Neuro-PASC patients and 20 healthy COVID convalescents whose T cell and antibody responses were characterized in Figures 2–4 were assayed for the presence of more than 7,000 proteins using the SOMAscan proteomics platform. The SOMAscan assay is a sensitive, high-throughput technique that uses chemically modified DNA aptamers to specifically bind and quantify proteins of interest from very small quantities of plasma (25). The assay measures a wide range of receptors, intracellular signaling proteins, growth factors, and secreted proteins. All plasma samples were analyzed at SomaLogic Operating Co, Inc. (Boulder, CO).




Figure 4 | Elevated Nucleocapsid-specific CD4+ T cell and attenuated CD8+ memory T cell activation in Neuro-PASC patients. (A) CD4+ T cells from NP patients have enhanced N antigen-specific TNF-a production compared to CC. (B) CD8+ TEM from NP patients have enhanced IL-6 production after N antigen stimulation compared to CC subjects on a per-cell basis (mean fluorescence intensity; MFI). (C) Increased soluble IL-6 and IL6Rb in NP patient plasma compared with CC subjects. (D) CD8+ TEM from NP patients show decreased activation after stimulation with N peptides. (E) Higher percentages of CD8+ TEMRA cells are found in NP patients compared to control groups. (F) CD8+ TEMRA cells from NP patients are less activated by N antigens compared with CC subjects. Data combined from 5 independent experiments with the indicated n values. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 using two-tailed Student’s t test with Welch’s correction. ns, not significant.



For statistical comparison, all relative fluorescence unit (RFU) values for individual proteins were first analyzed by Gene Set Enrichment Analysis (GSEA version 4.2.3; Broad Institute; Molecular Signatures Database: hallmark, curated, KEGG, and reactome gene sets) to determine significantly enriched pathways between NP and CC groups (Figure 5A). The false discovery rate cutoff was 0.05. RFUs for proteins belonging to a particular pathway (immunoregulatory or TASOR antiviral) that were enriched in NP or CC were then analyzed using two-tailed t-Test (Figure 5B). Within-group correlations for Neuro-PASC symptoms with individual protein concentrations were determined using Pearson correlation (Figure 5C).




Figure 5 | Correlation of cognitive and psychiatric clinical measures with virus-specific immune responses in Neuro-PASC patients. (A) N3-specific IFN-γ production is negatively correlated with self-reported cognition scores (top) and positively correlated with anxiety scores (bottom) in NP patients. (B) NP patients with lower scores on Attention or Executive Function cognitive tests had higher N3-specific IFN-γ responses and RBD IgG titers. (C) High Pain Interference scores correlate with more IL-6 production from CD8+ T cells in response to S peptides. (D) High depression scores correlate with lower polyfunctionality in CD8+ TEM. Data representative of 5 independent experiments with n=39-51 for correlation data analysis (A, B) and n=8-9 NP subjects per quartile for SPICE analysis (C, D). Correlations calculated using simple linear regression (A), nonparametric Spearman rank correlation (B), or Permutation test (C, D). All pie graphs are background subtracted (unstimulated conditions). *p<0.05, **p<0.01, ***p<0.005, ****p<0.001.







Quantification and statistical analysis

Statistical tests to determine significance are described in figure legends and conducted largely in Prism (GraphPad). For pie graphs in Figure 6, SPICE analysis was used to determine statistical significance. SPICE is a data-mining software application that analyzes large FLOWJO datasets from polychromatic flow cytometry and organizes the normalized data graphically. SPICE defines a statistic for the nonparametric comparison of complex distributions based on multi-component measurements (24). For pie graphs or heatmaps generated using SPICE software analysis, statistics were determined by Permutation test following unstimulated background subtraction, with additional thresholding of 0.03% to account for noise, using SPICE-Pestle. p-values lower than 0.05 were considered statistically significant. Quartile stratification was performed within group for the Neuro-PASC cohort in Figures 6C–F. Clinical data were collected and managed using REDCap electronic data capture tools hosted at Northwestern University Feinberg School of Medicine. All error bars on figures represent values ± SEM.




Figure 6 | Neuro-PASC patients have elevated immunoregulatory and decreased antiviral response-associated proteins in plasma correlating with enhanced symptom severity and cognitive dysfunction. (A) Gene set enrichment analysis (GSEA) demonstrating elevations in immunoregulatory pathway-related proteins (top left panel) in NP patients contrasting with elevated pro-inflammatory and antiviral pathway-related proteins (top right, bottom panels) in CC subjects. List of proteins analyzed in each pathway found in Tables S2–S5. (B) Quantification of individual immunoregulatory (top) and TASOR antiviral pathway-associated protein levels (bottom) between Neuro-PASC patients and healthy COVID convalescents. (C) Patient-reported outcomes of symptom severity and cognitive scores are significantly correlated with expression levels of immunoregulatory proteins (left) and TASOR pathway proteins (right). RFU: relative fluorescence units. FDR: false discovery rate. NES: normalized enrichment score. *p<0.05; **p<0.01; ***p<0.005; ****p<0.0001 by Student’s t test (B) or Pearson correlation (C).







Study approval

This study was approved by the Northwestern University Institutional Review Board (Koralnik Lab, IRB STU00212583). Informed consent was obtained from all enrolled participants. Samples were de-identified before banking.






Results




Clinical characteristics of Neuro-PASC patients and control participants

We enrolled a total of 172 participants, including 144 prior to SARS-CoV-2 vaccination and 28 participants post-vaccination. We recruited from the Neuro-COVID-19 outpatient clinic at Northwestern Memorial Hospital or from the surrounding Chicago area. Patients were enrolled on a rolling basis as they were seen in the clinic. These included 94 Neuro-PASC patients (“NP”; confirmed RT-PCR+ or anti-SARS-CoV-2 Spike IgG+) meeting Infectious Disease Society of America clinical criteria for COVID-19 from March, 2020 until October, 2021 who had neurologic symptoms lasting at least 6 weeks post-infection, as previously reported (9). Among those, 77 (82.0%) were never hospitalized for pneumonia or hypoxia and had mild disease. We additionally recruited 44 healthy COVID convalescents without symptoms persisting more than 4 weeks from onset, including 43 (97.8%) who had mild acute presentation not requiring hospitalization, hereby referred to as “convalescent controls (CC; RT-PCR+ or seropositive for anti- SARS-CoV-2 Spike IgG pre-vaccination). We also included 34 healthy controls who were unexposed to SARS-CoV-2 (“HC”; RT-PCR- and seronegative for SARS-CoV-2 Spike-IgG pre-vaccination. Study design is shown in Figure 1A.

Neuro-PASC patients displayed a constellation of neurological symptoms similar to those previously reported (26) such as headache, fatigue, brain fog, and myalgia (Figure 1B). Neuro-PASC patients scored significantly lower on physical function and higher on anxiety, depression, fatigue, sleep disturbance, and pain interference measures compared with convalescent controls or the U.S. national average on patient reported outcomes (PROMIS-57) (27) surveys (Figure 1C). NIH toolbox tests objectively assessing cognitive function (20) also found Neuro-PASC patients to have significantly lower scores in the attention domain, indicating cognitive dysfunction relative to a demographic-matched U.S. population (Figure 1D).





Alterations in T cell responses to SARS-CoV-2 nucleocapsid protein in Neuro-PASC

T cell responses to SARS-CoV-2 structural proteins were determined by IFN-γ ELISPOT. Peripheral blood mononuclear cells (PBMC) from each subject were stimulated with overlapping peptides from the Spike (S), Nucleocapsid (N), or Membrane (M) structural proteins of SARS-CoV-2 (Figure S1). We first determined whether the severity of acute disease affected virus-specific T cell responses in our Neuro-PASC cohort. Importantly, hospitalization during acute SARS-CoV-2 infection did not impact cognitive scores (Figure S2A) or T cell responses (Figure S2B), justifying the inclusion of post-hospitalized Neuro-PASC patients in our subsequent analyses. IFN-γ+ responses to S peptides were similar between Neuro-PASC patients and convalescent controls (Figure 2A left panel). However, Neuro-PASC patients exhibited higher IFN-γ+ responses against N and M peptides (Figure 2A, middle and right panels) compared with convalescent controls. Though antibody responses to Spike receptor-binding domain (RBD) did not differ between groups (Figure 2B), Neuro-PASC patients had significantly higher antibody responses to N protein (Figure 2C) and higher N-specific T follicular helper cell (Tfh) responses that facilitate antibody class-switching (Figure 2D). This was determined by the activation-induced marker assay (AIM; CD134+CD137+ Tfh cells; gating in Figure S7C) which measures cytokine-independent, antigen-specific, TCR-mediated T cell activation and has been previously used to detect SARS-CoV-2-specific CD4+ (CD137+CD134+) and CD8+ (CD69+CD137+) T cells (28). No differences in antibody titers were found against the irrelevant Haemagglutinin protein from Influenza virus (Figure 2D), demonstrating immune responses were SARS-CoV-2-specific. These data show that N-specific T cell and antibody responses are elevated in those with Neuro-PASC compared to convalescent controls.





Enhanced IFN-γ production and CD4+ T cell activation to C-terminal region of N protein in Neuro-PASC

Having shown elevated IFN-γ responses to N protein in Neuro-PASC patients, we queried whether specific regions of N protein enhanced T cell activation activation. We focused on N over M protein because N-specific immune responses can persist for up to 12 months post-infection (29), and Neuro-PASC patients were enrolled at an average of 7 months post-infection allowing for accurate detection. As the early roll-out of COVID-19 vaccines in our area made it difficult to find unvaccinated individuals after January 2021, we used both vaccinated and unvaccinated subjects in these experiments to increase our sample size. There were no differences in T cell or antibody responses to N protein before and after vaccination with SARS-CoV-2 Spike protein (Figure S3). Nucleocapsid peptides were divided into 3 antigen pools (Figure 3A, top), and elevated IFN-γ responses in Neuro-PASC patients were traced to the C-terminal region of the protein (N3; Figure 3B), particularly within amino acids 309-402 (Figures 3A–C).

To confirm these findings, we performed T cell receptor sequencing (TCR-Seq) on a subset of unvaccinated Neuro-PASC patients and convalescent controls using the ImmunoSEQ™ platform from Adaptive Biotechnologies. Employing the COVID classifier tool in the ImmunoSEQ™ Analyzer, we identified total numbers of TCR templates specific for individual ORFs from SARS-CoV-2. No significant differences in the relative percentages of ORF-specific TCRs were found between groups (Figure 3D). However, when N peptide antigens were assigned to the regions shown in Figure 3A, a greater percentage of TCR reactivity mapped to the N3 region (Figure 3E) due to enhanced N3-specific TCR expansion in Neuro-PASC patients (Figure 3F). IFN-γ ELISPOT data from study participants included in the TCR-Seq analysis corroborated these findings (Figure 3G). Elevated N-specific T cell responses in Neuro-PASC patients were primarily due to expanded CD4+ T cell reactivity (Figures 3H, I). Interestingly, 9 of 28 (32.1%) of NP patients used TRBV07-09 in the top N3-specific TCR clone (Figure 3J). In contrast, none of the 10 CC participants used the same TCR β gene. No significant HLA-A, -B, -DP, -DQ- or -DR skewing was observed in either group (Figures S4, 5), though Neuro-PASC patients had more HLA diversity potentially due to their higher numbers in the analysis. Taken together, these data show enhanced TCR clonal expansion to the C-terminal region of the N protein in Neuro-PASC patients that could not be explained by differences of HLA alleles between the two groups.





Attenuated N-specific CD8+ memory T cell activation in Neuro-PASC patients

CD8+ memory T cells are important for effective anti-viral immunity and can persist for several years after the related SARS-CoV-1 infection (30). However, little is known about whether CD8+ memory T cell function is altered in Neuro-PASC. Immunophenotyping showed no differences between groups in total percentages of most T cell subsets in the unstimulated condition (Figure S6); therefore, we conducted functional assays investigating T cell memory responses. CD8+ T effector memory cells (TEM or TEMRA; gating strategy in Figure S7A), poised for rapid cytotoxic function upon antigen re-encounter, exhibited significant N-specific activation in convalescent controls but not in Neuro-PASC patients (Figure 4A). Percentages of CD8+ TEMRA cells were significantly elevated in Neuro-PASC patients (Figure 4B) but less activated by N antigens compared with convalescent controls (Figure 4C). N peptides also promoted higher IL-6 production in CD8+ TEM from Neuro-PASC patients compared to convalescent controls (Figure 4D; FMO in Figure S7B). Similarly, Neuro-PASC patients had significantly higher plasma levels of IL-6 and IL-6 receptor β (IL-6Rβ) when evaluating serum samples from patients in Figure 4D (Figure 4E). Stimulation of PBMCs with a pool of overlapping peptides comprising S, N, and M proteins likewise showed enhanced IL-6 production from monocytes and neutrophils from Neuro-PASC patients compared with convalescent controls (Figure S8). These results suggest that Neuro-PASC patients have decreased N-specific CD8+ recall responses but enhanced IL-6 production to N antigens compared to convalescent controls.





Impaired cognition and decreased quality of life metrics correlate with distinct patterns of virus-specific T cell activation

We next determined if within-group differences in antiviral immune responses correlated with clinical measures of symptom severity in Neuro-PASC. Lower cognitive scores and higher anxiety scores were correlated with high levels of IFN-γ-stimulated by N3 peptides (Figure 5A). Correlation analyses further demonstrated negative correlations between attention and executive function scores and IFN-γ responses to the N3 region as well as RBD-specific antibody responses (Figure 5B). To determine associations between clinical scores and T cell effector functions, we partitioned T scores from NIH Toolbox or PROMIS-57 measurements (Figures 1C, D) into quartiles and used only the lowest and highest groups (Q1 vs. Q4) for analysis. Neuro-PASC subjects reporting high degrees of pain produced significantly more IL-6 and less cytotoxic effector molecules from CD8+ T cells than those with low pain scores (Figure 5C). Further, patients reporting high depression scores had elevated virus-specific granzyme production (Figure 5D). Taken together, these data show correlations between cognitive dysfunction and impaired quality of life and altered patterns of CD8+ T cell effector functions.





Enrichment in immunoregulatory proteins and reduction in antiviral- response proteins in Neuro-PASC patients correlate with cognitive dysfunction

The multiplexed proteomics platform SOMAscan has been successfully used in previous studies to identify biomarkers associated with conditions such as hepatocellular carcinoma (31), Alzheimer’s disease (32), and drug treatment of myocardial infarction (33). The technology utilizes the natural 3D folding of single-stranded DNA-based protein recognition aptamers to quantify levels of more than 7000 unique proteins in biological fluids (25). We used this platform to determine whether Neuro-PASC patients had distinct plasma proteomic signatures through pathway analysis as well as comparison of individual protein levels. Gene set enrichment pathway analysis (GSEA) has previously been used on proteomics data to identify dysregulated circuits in complex disease states (34). GSEA similarly identified an enrichment in immunoregulatory pathway proteins in Neuro-PASC patients and conversely, elevated antiviral and Th1-type inflammatory pathway proteins such as IL-12 and IL-3 in convalescent controls (Figure 6A). Comparison of individual proteins enriched in the immunoregulatory pathway identified significantly elevated CDH1 (E-cadherin), SIGLEC7, MICA, and other molecules involved in inhibiting T cell function (35) (Figure 6B, top panel). In contrast, plasma from convalescent controls were enriched in the antiviral TASOR pathway proteins H2BC12, METTL3, and MAP4K1 (Figure 6B, bottom panel), among others, which are involved in preventing intracellular viral replication and T cell differentiation (36). A number of protein targets were correlated with cognitive performance or neurologic symptom severity in both pathways (Figure 6C), with a particularly significant negative correlation between self-reported cognition scores and expression of the inhibitory NK cell/CD8+ T cell receptor KLRC1 (Figure 6C, left panel) and conversely, positive outcome correlations for those expressing high levels of METTL3, an important driver of T cell differentiation from the naïve state. These results highlight the interconnection of enhanced immunoregulatory and reduced antiviral pathway signatures with cognitive dysfunction in Neuro-PASC patients.

Overall, our study demonstrates that Neuro-PASC patients have elevated T cell responses to the C-terminal region of Nucleocapsid protein, impaired N-specific CD8+ memory responses, and elevated N-specific IL-6 production compared with convalescent controls. In addition, we show unique correlations between cognitive dysfunction and quality of life impairments and increased N-specific T cell responses, suggesting that elevated virus-specific T cell responses are not always linked to better clinical outcomes if directed against N protein. Importantly, proteomics analysis found upregulations in immunoregulatory signatures and downregulation in inflammatory and antiviral response signatures in Neuro-PASC patients that were highly correlated with neurocognitive dysfunction. Altogether, we show that Neuro-PASC patients exhibit distinct SARS-CoV-2-specific T cell responses that may facilitate identification and treatment of long COVID.






Discussion

We identified a distinct pattern of T cell activation in Neuro-PASC patients which provides novel insights into Neuro-PASC pathogenesis using multimodal analyses including TCR sequencing and evaluation of the plasma proteome. Prior studies have either focused on characterizing T cell responses to acute infection in COVID convalescents broadly as opposed to those with PASC (37, 38), or on immunophenotyping and autoantibody responses in Neuro-PASC patients (17). We aimed to fill this knowledge gap and examine how virus-specific T cell responses in patients with Neuro-PASC may differ from healthy convalescents and contribute to neurologic symptom severity.




Proposed mechanisms for Neuro-PASC

Several hypotheses have been put forward defining the underlying mechanisms of Neuro-PASC. One theory is that Neuro-PASC symptoms may be caused by direct infection of the CNS, though studies have been equivocal. SARS-CoV-2 may gain entry into the CNS through the olfactory bulb, a theory supported by the presence of viral protein in neurons from post-mortem autopsies and live virus in the brain in mouse models (39, 40). However, other studies were unable to find evidence of SARS-CoV-2 in the CNS of patients who died with neurologic symptoms (41) or in the cerebrospinal fluid (CSF) (42), suggesting that infection of the nervous system may be transient or may not occur in all infected individuals. Importantly, SARS-CoV-2 RNA or intrathecally-produced antiviral antibodies were undetectable in the CSF at 90 days post-infection in Neuro-PASC patients (43) which suggests that direct CNS infection may not be the underlying cause of Neuro-PASC. Despite this, autopsy studies have identified persistent viral RNA or antigen in extra-respiratory sites other than the brain (44), and some patients have been found to test N-antigen positive in the nasopharynx for months after acute infection while experiencing long COVID symptoms (45). We also found that Neuro-PASC patients had elevated anti-N antibody titers though we obtained their samples more than 7 months after acute infection when anti-N antibody titers would fall below detection in most COVID convalescents (46). This is suggestive of N antigen or viral persistence in cryptic reservoirs, but future studies are needed to evaluate the presence of infectious virus, preferably using highly sensitive quantification techniques such as viral outgrowth assays (47). However, clinical trials to test SARS-CoV-2 antiviral drugs in the treatment of long COVID have already begun (48), demonstrating traction for the persistent infection hypothesis within the medical and research communities.





Enhanced T cell reactivity to the C-terminal region of SARS-CoV-2 N protein

Neuro-PASC patients displayed high IFN-γ responses to the C-terminal domain of N protein (N3 region) while convalescent controls had limited reactivity. It is possible that N3-specific T cell responses remain high Neuro-PASC patients due to increased CD4+ T cell clonal expansion and cytokine production compared with convalescent controls, which we found in our cohort. Though increased antiviral T cell responses may ordinarily be thought to be protective, studies have found conflicting associations between increased SARS-CoV-2 T cell responses and COVID-19 disease outcomes. Virus-specific TCR expansion was higher in COVID convalescents with more severe acute disease (49). However, another group found that elevated T cell responses to an N-terminal peptide from N protein in patients expressing HLA-B*07-02 had less severe acute disease (50). However, neither study determined whether convalescent subjects had PASC at the time of sample collection, and we found no significant differences in the prevalence of HLA-B*07-02 between groups. Further research is needed to determine whether enhanced T cell responses to the C-terminal region of N protein in Neuro-PASC patients are detrimental to patient outcomes, which may inform vaccination and treatment strategies.





Attenuated CD8+ T cell memory responses and increased IL-6 in Neuro-PASC patients

Effective generation of T cell memory responses can be important to protect against future infections with the same pathogen. CD8+ T effector memory (TEM) cells from Neuro-PASC patients displayed reduced antigen-specific activation compared with convalescent controls, suggestive of a diminished effector response. The costimulatory molecule CD137 may play a role in this because it provides necessary orthogonal signal activating virus-specific T cells (51), but this marker was reduced on CD8+ memory T cells from Neuro-PASC. Prior studies have shown that asymptomatic individuals display a robust T cell recall response to SARS-CoV-2 Nucleocapsid protein after infection (38), suggesting that the lack of T cell memory responses in Neuro-PASC patients is detrimental. We also observed a significant elevation in CD8+ TEMRA cells in Neuro-PASC patients compared to control groups. CD8+ TEMRA cells can accumulate during persistent viral infections and contribute to immunosenescence (52). Their decreased virus-specific activation in Neuro-PASC patients suggests lower cytotoxic capacity compared with convalescent controls. Our data suggest that CD8+ TEMRA cells may be functionally anergic in Neuro-PASC patients compared with convalescent controls and may contribute to the pathogenesis of PASC.

Significantly, CD8+ TEM from Neuro-PASC patients expressed higher levels of IL-6 in response N antigens which was recapitulated in unstimulated patient plasma compared to convalescent controls. CD8+ T cell expression of IL-6 was also significantly correlated patient-reported pain scores. IL-6 can play a regulatory role in T cell responses during viral infections by suppressing Th1 differentiation (53), and promoting pathogen survival while exacerbating clinical disease in SARS-CoV-1 infection (54). In fact, blocking IL-6 activity enhances virus-specific CD8+ T cell immunity (55), and overexpression of IL-6 can lead to viral persistence by impairing CD8+ lytic functions (56) and the development of CD8+ T cell memory (57). Indeed, high serum levels of IL-6 were associated with poor clinical outcomes in severely ill COVID-19 patients (37). IL-6 has also been associated with fatigue and cognitive impairment in a cohort of PASC patients who had mild acute infection (58). Thus, our data suggest that enhanced IL-6 production by CD8+ T cells may be involved in the etiology or pathogenesis of Neuro-PASC and open new avenues of research for the treatment of long COVID by blocking IL-6 activity.





Antiviral immune responses correlate with impaired cognition and lower quality of life in Neuro-PASC

Neuro-PASC patients reported significantly elevated levels of anxiety, depression, pain, and other symptoms compared with convalescent controls. The severity of these deficits was correlated with antiviral adaptive immune responses, and it is possible that T cells can contribute to these symptoms. Studies in rodents have shown that T cell responses can affect the severity of pain and analgesia (59); it may follow that particular T cell activation patterns can be linked to high pain scores in Neuro-PASC. Inflammation-related transcriptional programs are also differentially regulated in T cells from patients with depression (60), providing a possible link between enhanced granzyme production and elevated depression scores. Thus, the association of SARS-CoV-2-specific cytokine signatures with the severity of Neuro-PASC symptoms may provide predictive value in terms of clinical outcomes.





Elevated immunoregulatory and lower antiviral signatures in Neuro-PASC patients

Proteomic analysis demonstrated that Neuro-PASC patients had relatively blunted inflammatory and antiviral response signatures compared to convalescent controls, while simultaneously having elevated immunoregulatory protein expression. Further analyses at the individual protein level showed upregulation of immunoregulatory proteins such as NCR1 involved in T cell suppression of antiviral CD8+ T cell responses (61). These data support our findings showing decreased antiviral CD8+ T cell recall responses and suggest that an imbalance between immunoregulatory and antiviral pathways may play a role in Neuro-PASC pathogenesis. In line with this, one of the strongest associations we found with poor cognitive scores involved the NK and CD8+ T cell inhibitory receptor KLRC1 that downregulates cytotoxic capacity (62). KLRC1 expression on CD8+ T cells is upregulated by IL-6 (63), and enhanced KLRC1 expression has been found on exhausted CD8+ T cells from acute COVID-19 patients (64). Based on our data, it is therefore possible that enhanced IL-6 production from CD8+ T cells may upregulate KLRC1 and suppress CD8+ T cell function in Neuro-PASC patients, which may increase Neuro-PASC symptom severity. Together, these data illuminate a specific T cell signature composed of decreased CD8+ T cell memory responses and increased IL-6 stimulated by Nucleocapsid protein antigens that associate with Neuro-PASC.






Limitations of study

One limitation is the relatively small sample size of unvaccinated convalescent control subjects. This was due to the wide implementation of SARS-CoV-2 vaccines in Chicago area soon after beginning study enrollment. Another limitation was not being able to control for time of sample collection with respect to date of COVID-19 symptom onset because we recruited patients on a rolling basis as they were seen in the Neuro-COVID clinic. Additionally, as we hypothesize that Neuro-PASC could be the result of a persistent or protracted infection, future studies would require testing of potential cryptic viral reservoirs, including stool or post-mortem multi-organ tissue sampling from Neuro-PASC patients.
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A corrigemdum on 


Neuro-PASC is characterized by enhanced CD4+ and diminished CD8+ T cell responses to SARS-CoV-2 Nucleocapsid protein
 by Visvabharathy L, Hanson BA, Orban ZS, Lim PH, Palacio NM, Jimenez M, Clark JR, Graham EL, Liotta EM, Tachas G, Penaloza-MacMaster P and Koralnik IJ (2023) Front. Immunol. 14:1155770. doi: 10.3389/fimmu.2023.1155770


In the published article, there was an error in Figure 4 as published. The figure legend did not match the figure panels. The corrected Figure 4 and its caption appear below.




Figure 4 | Elevated Nucleocapsid-specific CD4+ T cell and attenuated CD8+ memory T cell activation in Neuro-PASC patients (A) CD8+ TEM from NP patients show decreased activation after stimulation with N peptides. (B) Higher percentages of CD8+ TEMRA cells are found in NP patients compared to control groups. (C) CD8+ TEMRA cells from NP patients are less activated by N peptides compared with CC subjects. (D) CD8+ TEM from NP patients have enhanced IL-6 production after N antigen stimulation compared to CC subjects on a per-cell basis (mean fluorescence intensity; MFI). (E) Increased soluble IL-6 and IL6Rβ in NP patient plasma compared with CC subjects. Data combined from 5 independent experiments with the indicated n values. *p<0.05, **p<0.01, ****p<0.0001 using two-tailed Student’s t test with Welch’s correction. “ns”, not significant.



In the published article, there was an error in Figure S2 as published. There was a grammatical error in the figure legend. The corrected Figure S2 and its caption appear in the Supplementary Material.

In the published article, there was an error in Figure S4 as published. There was a mistake in the figure title and the caption. The corrected Figure S4 and its caption appear in the Supplementary Material.

In the published article, there was an error in Figure S6 as published. There was a grammatical error in the caption. The corrected Figure S6 and its caption appear in the Supplementary Material.

In the published article, there was an error in Figure S8 as published. There was an extra word “classical” in the figure caption. The corrected Figure S8 and its caption appear in the Supplementary Material.

The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) induces B and T cell responses, contributing to virus neutralization. In a cohort of 2,911 young adults, we identified 65 individuals who had an asymptomatic or mildly symptomatic SARS-CoV-2 infection and characterized their humoral and T cell responses to the Spike (S), Nucleocapsid (N) and Membrane (M) proteins. We found that previous infection induced CD4 T cells that vigorously responded to pools of peptides derived from the S and N proteins. By using statistical and machine learning models, we observed that the T cell response highly correlated with a compound titer of antibodies against the Receptor Binding Domain (RBD), S and N. However, while serum antibodies decayed over time, the cellular phenotype of these individuals remained stable over four months. Our computational analysis demonstrates that in young adults, asymptomatic and paucisymptomatic SARS-CoV-2 infections can induce robust and long-lasting CD4 T cell responses that exhibit slower decays than antibody titers. These observations imply that next-generation COVID-19 vaccines should be designed to induce stronger cellular responses to sustain the generation of potent neutralizing antibodies.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological agent of the coronavirus disease 2019 (COVID-19). Both humoral and cellular immune responses against SARS-CoV-2 have major implications for the clinical outcome of COVID-19, the risk of reinfection and the efficacy of vaccination.

Antibodies are produced from plasma cells. The B cell maturation into plasma cells is supported by CD4 T cells via cell-cell interactions and cytokine secretion, while CD8 T cells eliminate virus-infected cells through cytolytic activity. B and T cells are therefore essential for eliminating the virus and establishing immunological memory. However, the extent to which T cell responses contribute to SARS-CoV-2 clearance and, more importantly, long-term protection is still under investigation. Early studies with human subjects have reported that COVID-19 patients with X-linked or autosomal-recessive agammaglobulinemia were able to recover from infection without severe disease requiring intensive care (1), however, subsequent studies also reported increased respiratory viral detection and symptom burden among patients with primary antibody deficiency (2). While B cells are critical for preventing infection or reducing inoculum size, T cell responses play a prominent role in clearing the infection (3, 4). Furthermore, immune responses to SARS-CoV-2 that generate coordinated CD4 and CD8 T cell-based immunity have been shown to correlate with favorable outcomes in COVID-19 patients (5–7). COVID-19 patients with B cell immunodeficiencies showed favorable outcomes upon strong CD8 T cell responses (8). These findings underline the importance of CD8 T cell mediated cytotoxicity in viral clearance, potentially contributing to a milder disease course. Together, these observations indicate that T cells provide substantial protective immunity, which limits severe disease in settings where antibody responses are diminished, thereby being beneficial for COVID-19 patients.

In this study, we analyzed via machine learning (ML) and classical statistical modeling SARS-CoV-2 specific humoral and T cell immune responses in a cohort of young convalescent adults with asymptomatic or mildly symptomatic SARS-CoV-2 infections. We aimed to assess if particular viral antigens induce antibody- and/or cell-mediated immunodominance. To this end, we determined which T cell subset and activation marker combinations allow predicting the antibody status. Furthermore, we employed ML methods in addition to conventional statistical modeling to uncover potentially nonlinear and complex associations among humoral and T cell immune responses. Our integrated approach to studying B cell, CD4 and CD8 T cell responses to SARS-CoV-2 allowed us to identify associations between the class of immune cells responding to SARS-CoV-2 and the virus components triggering such responses. Finally, we explored associations between T cell responses of COVID-19 patients and self-reported symptoms scores.





Materials and methods




CoV-ETH cohort

The ethical approval for the CoV-ETH study (CoV-ETH cohort) was obtained from the Cantonal Ethics Commission Zurich (BASEC-Nr. 2020-00949). Written informed consent was received from all participants. The study has been performed in accordance with the Declaration of Helsinki of 1975.

The CoV-ETH study launched in May 2020 and included 2,911 voluntary participants from the ETH Zurich community and respective household members, aged 18 to 64 years (Figure 1, Table 1, Supplementary Table 1). The first sampling of blood [at time point 1 (t1)] for the collection of plasma and peripheral blood mononuclear cells (PBMC) was in May 2020. The status of respiratory infections prior to the sampling was assessed. Symptoms scores were reported as 0 (without symptoms), 1 (local: with any one or several symptoms, but no fever), and 2 (systemic: fever alone or with any symptom or several). A compound symptoms score was assessed across two screenings (t1 and t2) by taking the maximum of the two scores for each participant.




Figure 1 | Study overview. The CoV-ETH study was launched in May 2020 and comprised of 2,911 individuals without previous knowledge on SARS-CoV-2 immune state. A serological screening assessed 65 seroconverted individuals at the first screening in May 2020. From these and 69 randomly chosen non-seroconverted negative controls, blood samples from May and September 2020 were analyzed for humoral and T cell response. As positive and negative controls, 56 samples from 36 PCR-confirmed hospitalized SARS-CoV-2 infected individuals and pre-pandemic samples from 56 healthy individuals were used, respectively.




Table 1 | The age distribution, function at ETH Zurich, COVID-19 contact in the last three months prior to sampling, and smoking status of the participants, and number of SARS-CoV-2 tested participants are shown.



In case of seroconversion, determined by seropositivity for RBD using an enzyme-linked immunosorbent assay (ELISA), blood specimens were obtained in September 2020 (at time point 2, t2) for plasma and PBMC isolation. At this time, no vaccination was available.

Based on RBD IgG levels, we included 134 probands into our study, of whom 69 were seronegative and 65 were seropositive individuals.





C+ cohort (positive controls – hospitalized COVID-19 individuals)

The C+ cohort comprised 56 PCR-confirmed SARS-CoV-2 infected samples from 36 unique individuals aged between 18 and 70. The samples were taken between 15 and 152 days after the symptoms’ onset. Blood sample processing was performed as reported earlier (9). Blood collection was performed under institutional review board approval number 2020-039 (ethics committee of the University Medical Center Halle).





C- cohort (negative controls – pre-pandemic individuals)

Healthy pre-pandemic control samples were collected at the Rockefeller University Hospital, US, between 1996 and 2000 and originated from 56 pre-pandemic healthy individuals aged between 21 and 85. Donor consent for their samples to be used in research was obtained from all participants and the study was approved by the Rockefeller University Ethics Committee. Plasma samples were stored permanently at -80°C.

Further information on sample collection and processing can be found in the Supplementary Methods section.





Enzyme-linked immunosorbent assays (ELISA)

All CoV-ETH cohort samples were screened for SARS-CoV-2 specific IgG, IgM, and IgA antibodies targeting the receptor-binding domain (RBD) using a previously described SARS-CoV-2 RBD ELISA (10). Three further in-house immunoassays were developed for the detection of SARS-CoV-2 specific IgG antibodies targeting Spike S1, S2 and Nucleocapsid (N), respectively (Supplementary Table 1). To characterize seroconverted participants of the CoV-ETH cohort, C+ and C- cohort samples, six different plasma sample dilutions for each of the individual assays were employed to achieve respective ED50 values. Assay details can be found in the Supplementary Methods section.





T cell analysis

The T cell response assays were performed on PBMCs collected at t1 and t2 of the CoV-ETH cohort individuals. Each assay plate contained PMBCs collected from a single healthy donor as an intra-assay control (IAC). After overnight cultivation, viability and cell count adjusted to 5 × 106 lymphocytes/mL were assessed by flow cytometry on a MACSQuant® Analyzer 16 (Miltenyi Biotec).

Cells were aliquoted and stimulated with a (1) PBS (negative control), (2) SARS-CoV-2 PepTivator mix (CoV-Mix), (3) Prot_N, (4) Prot_S1, (5) Prot_S, (6) Positive Control and (7) Prot_M. The IACs received only the negative control, positive control and a mix of 10 µM of each human PepTivator CMV pp65, PepTivator EBV Consensus, PepTivator AdV5 Hexon (Miltenyi Biotec) for four hours (Supplementary Figure 1A, B). Afterwards, cell staining was performed against CD14-VioBlue® (Miltenyi Biotec, Cat. No.130-110-525), CD20-VioBlue® (Miltenyi Biotec, Cat. No.130-111-531), CD8-VioGreen™ (Miltenyi Biotec, Cat. No.130-110-684), CD4-VioBright™515 (Miltenyi Biotec, Cat. No.130-114-535), IFNγ-PE (Miltenyi Biotec, Cat. No.130-113-496), IL-2-PE-Vio615 (Miltenyi Biotec, Cat. No.130-111-307), TNFα-PE-Vio®770 (Miltenyi Biotec, Cat. No.130-120-492), CD3-APC (Miltenyi Biotec, Cat. No. 130-113-135), CD154-APC-Vio®770 (Miltenyi Biotec, Cat. No.130-114-130), and cells were analyzed by flow cytometry. Assay details can be found in the Supplementary Method section.

Flow data files in MQD format were directly imported to FlowJo™ v10.6 (BD Life Sciences) for the analysis. Singlet viable CD3 T cells, CD8 cytotoxic T cells and CD4 T helper cells were analyzed using quadratic gating for co-expression of TNF and IFN-γ, as well as IL-2 and CD154 (Supplementary Figure 1B). Gate thresholds were set based on negative and positive controls of each sample. Cell counts (#; cells per quadrant), frequency of parent (%; portion of cells in a specific quadrant) and mean fluorescence intensity (MFI; per cells in the assigned quadrant) values were reported for the double positive populations and calculated for single positive populations. In total, 155 parameters were reported for each analyzed sample well.





Neutralizing antibodies

The determination of neutralizing antibody titers (nAb) in all selected samples of the CoV-ETH cohort and the samples of the C+ cohort was performed as reported earlier (9). Fourty samples of the C- cohort as well as pre-pandemic samples reported in the previous study (9) showed negativity.





Serological data analysis

For the re-sampling of PBMC in September, we defined a raw optical density (OD) threshold for RBD IgG ≥ 0.7 or IgM ≥ 1.0 or IgA ≥ 1.0. To validate the performance of the serological tests, receiver operating characteristic (ROC) curves were constructed from the pre-pandemic C- cohort and the SARS-CoV-2 PCR-confirmed C+ cohort.





Statistical and machine learning analyses




Establishment of antibody level cutoffs

Antibody response was defined as a binary variable based on the measurements acquired from the C+ and the C- cohorts. For each antibody targeting different SARS-CoV-2 antigens and domains (RBD, S1, S2, N and nAb), an optimal range of cutoffs maximizing the balanced accuracy (11) was selected. Supplementary Table 2 reports optimal cutoff intervals and the corresponding balanced accuracies attained on the control cohort, in addition to sensitivities and specificities. ROC curves for all antibody types are plotted in the Supplementary Figure 2. In the current analysis, we used a cutoff of 50, 20, 5, 5 and 20 for RBD, S1, S2, N and nAb, respectively. In addition, the compound antibody response (see Table 2) was obtained by aggregating responses across several antibodies targeting different SARS-CoV-2 antigens and domains. A subject was labeled positive if they had the ED50 of RBD ≥ 50 and either ED50 of N ≥ 5, ED50 of S1 ≥ 20 or ED50 of S2 ≥ 5 in at least one of the screenings (t1 or t2). Otherwise, the subject was assigned to the negative group (Figure 2). The resulting compound antibody response comprised two balanced categories: negative (n=69) and positive (n=65). The criteria for defining antibody responses described above are summarized in Table 2.


Table 2 | Definitions of the response with respect to different antibody types.






Figure 2 | Correlation analyses relating to the assessed humoral and cellular parameters at time points t1 and t2 relating to (A) CD3, CD4 and CD8 T cells and a detailed analysis of (B) the different stimulating peptides in CD4 T cells. Text color indicates serology and T cell assay measurements at t1 and t2. The magnitude of correlation coefficients is indicated by the color bar to the right. Statistically non-significant correlations are not displayed (t-test at significance level α=0.05). Correlation test p-values were adjusted for multiple comparisons using the Benjamini-Hochberg method.







Preprocessing

As preprocessing steps before training and validating predictive models, raw T cell counts, frequencies and MFIs were (i) normalized by subtracting the corresponding T cell response to the negative control treatment (background subtraction) and (ii) standardized by subtracting the mean and scaling to the unit variance across participants (standardization). No further feature transformations were performed. During exploratory analysis, we also considered normalization by dividing by T cell response to the negative control treatment. Results for this normalization technique are reported in Supplementary Table 3. Henceforth, all reported results relate to the normalization by subtraction.





Statistical and machine learning models

To explore relationships between the compound antibody and T cell responses, we leveraged statistical and ML predictive models. We trained and validated predictive models classifying negative and positive antibody response based on T cell measurements. ML analysis was performed in the Python programming language (version 3.8.8) (12) and in the R programming language (version 4.2.2) (13). We performed binary classification using the (i) logistic regression (LR) (14) as implemented in the scikit-learn library (version 0.24.1) (15), and (ii) gradient boosting (GB) (16), as implemented in the XGBoost library (version 1.3.3) (17). GB was considered in addition to the LR due to its ability to model nonlinear relationships without extensive feature engineering and transformation. No hyperparameter tuning was performed for GB, and default hyperparameter values were used to avoid overfitting. Features, aka predictors or explanatory variables, were given by T cell measurements expressed as (i) #, (ii) %, and (iii) MFIs, or a combination thereof.





Model evaluation and comparison

The predictive performance of models was evaluated using stratified bootstrapped train-test split. In this procedure, the dataset was resampled with replacement 1,000 times. For every bootstrap resample, the resampled dataset was split into the train (80%) and test (20%) sets, stratified by the response variable, and a predictive model was trained and tested. Test set performance was aggregated across the bootstrap resamples, and empirical confidence intervals (CI) were constructed. The bootstrapping (18) was performed to construct more conservative confidence intervals and was preferred to repeated train-test splits, standard in the ML literature, since the latter might produce misleading CIs and significance (19). To compare different predictive models, we used areas under the receiver operating characteristic (AUROC) and precision-recall (AUPRC) curves (20) computed on held-out test data. In addition, we evaluated the models’ balanced accuracy (BA) (11), sensitivity, and specificity by considering a threshold of 0.5 on predicted probabilities. The latter evaluation metrics are reported in Supplementary Table 6.







Results




Descriptive statistics of the cohort and primary serology data

The descriptive statistics of the total number of 2,911 participants of the CoV-ETH study and the subgroup used in this study are shown in Table 1. Overall, the cohort is young (50% of participants younger than 30) and healthy (>90% of participants without any underlying cardiovascular risk factors). In May 2020, we found 4% of seropositive cases, which is in line with the reported numbers in Geneva in April 2020 (21). Interestingly, more than 80% of seropositive participants had no prior history of COVID-19 symptoms and therefore are considered asymptomatic, while 20% of individuals exhibited mild to moderate disease symptoms.

We next assessed the antibody titers against RBD, S1, S2 and N in the plasma of 165 donors, including 96 seropositive, and 69 randomly chosen donors displaying antibody levels below all positivity thresholds, and thus considered as seronegative (Figure 1). Thirty-one donors that, based on RBD measurements, were initially included in the study, were subsequently excluded because of a false-positive RBD cross-reactive signal. The cross reactivity was identified through a lack of additional seropositivity for S1, S2 or N and an absence of RBD decay over a period of 1 year. Finally, 65 individuals were identified as seroconverted. The details related to the distinct antibodies of the individual participants are shown in Supplementary Figure 3.





Basic exploratory data analysis

T cell responses were assessed by stimulating isolated PBMCs with SARS-CoV-2 protein-derived peptide pools and by determining frequencies of reacting T cells via flow cytometry. We (i) evaluated whether flow cytometry read-out alternatives were impacted by normalization strategies accounting for background noise, (ii) assessed the test specificity and (iii) determined the repeatability of the measurements. A considerable proportion of measurements resulted in numerically negative values after normalization (Supplementary Figure 4), a procedure that is strongly recommended to account for background noise, particularly in a low-input PBMC setting. We found that the general stimulation of T cells did not lead to a spurious association with humoral antibody status against SARS-CoV-2. Lastly, there was considerable variation for the cytokine assays measuring T cell responsiveness, especially in the negative control stimulation, due to only few cells per target quadrant (Supplementary Table 4). Nevertheless, all variances were lower than the differences between the infected and non-infected individuals found later. The detailed analysis can be found in the Further Results Supplementary section.





B and T cell responses against SARS-CoV-2 proteins




Correlation analysis

To assess associations between antibody and T cell responses we initially performed a Pearson’s correlation analysis displayed in Figure 2. Figure 2A shows correlations among humoral and cellular parameters at time points t1 and t2 for CD3, CD4 and CD8 T cells. Figure 2B provides correlation analysis results for different stimulating peptides of CD4 cells. The analysis of multiple populations of circulating T cells reactive to SARS-CoV-2 revealed specific responses in the total CD3 T cell compartment, as well as the CD4 and CD8 T cell subsets in response to peptide pools covering S1, S2 as well as the N and M proteins. We found a high correlation of frequency of responding CD3 and CD4 T cells against the different respective peptide pools between t1 and t2, indicating that SARS-CoV-2 induces a stable cellular immune response over four months. Cytokine production of IFN-γ, TNF and CD154 correlated strongly in CD4 T cells within and between t1 and t2. Stimulation of CD8 T cells resulted in IFN-γ and TNF release, which showed a positive correlation within t1 and t2 and between these time points. Furthermore, there was a high correlation of IL-2 production between CD3, CD4 and CD8 T cells at t1, which largely disappeared at the later time point t2, demonstrating that the IL-2 response was short-lived.

When searching for associations between humoral and T cell responses to SARS-CoV-2 infection, we found moderate correlations of RBD and S1 with CD4 T cells for all cytokines at t1. However, this correlation was lost at t2. A positive correlation of nAb was only detected with IL-2 production in CD3, CD4 and CD8 T cells at t1. This association however was also lost at t2, most likely due to a faster decay of RBD/S1 antibodies. We observed almost no correlations between CD4 and CD8 T cells, neither between nor across time points t1 and t2. A greater correlation of CD4 T cells across t1 and t2 than for CD8 T cells may suggest that CD4 T cells have a longer half-life.





General predictive relationships

In the next step, we assessed if a statistical model and ML approach would relate T cell stimulation to antibody status. We modeled the relationship between T cell and compound antibody responses using LR and GB models. Table 3 summarizes the test-set performance of the predictive models trained on numbers [#], frequencies [%] and mean fluorescence intensity [MFI] data.


Table 3 | Test-set bootstrapped areas under receiver operating characteristic (AUROC) and precision-recall (AUPRC) curves of logistic regression (LR) and gradient boosting (GB) models predicting the compound antibody response based on T cell data.



The data indicate that both LR and GB were able to capture a significant association of T cell counts and frequencies to the antibody response. Note that for all models, the lower bound of the empirical CI was above the expected performance of a random guess. Moreover, the found association was remarkably strong; for instance, the GB model trained on counts had an average test-set AUROC and AUPRC of 0.96 (95% empirical CI [0.80, 1.00]) and 0.96 (95% CI [0.81, 1.00]), respectively. MFI measurements featured a slightly weaker association, resulting in lower average AUROC and AUPRC and wider CIs. Thus, there was an overall significant association between T cell reactivity and antibody titer.





Predictors of B cell and T cell association

We next assessed which variables contributed the most to the association between T cell stimulation and antibody status. To this end, we explored the most important predictor variables in LR and GB. In GB, a feature’s importance was quantified by the gain in accuracy from adding the variable of interest to the set of all the other variables. In LR, the conventionally used absolute value of the rescaled coefficient was utilized. Figures 3A, B show each model’s top 5 most important variables. For the GB, the most important predictors were the frequencies of CD4 IL-2+/CD154+ T cells at both time points. The LR model also ranked the percentage of CD4 IFN-γ+/TNF+ T cells at t2 alongside total frequencies of CD4 and CD8 T cells even higher. In conclusion, after stimulation with specific SARS-CoV-2 antigens, multifunctional IL-2+/CD154+ or IFN-γ+/TNF+ CD4 T cells clearly reveal a relationship between seropositivity and T cell reactivity.




Figure 3 | Results of applying logistic regression (LR) and gradient boosting (GB) to relate T cell and antibody responses. (A, B) Variable importance values for the top 5 most relevant predictors in the (A) GB and (B) LR models, trained on T cell percentages. Box plots were obtained by resampling the dataset 1,000 times with replacement. We attribute large variations in importance and coefficient values to the small sample size and correlations among features. (C) Changes in the normalized and standardized percentage of CD4 IL-2+/CD154+ T cells stimulated with CoV-Mix at t1 and t2. Participants with negative and positive compound antibody responses can be differentiated quite well based on this measurement alone. (D, E) Test-set bootstrapped areas under (D) receiver operating characteristic (AUROC) and (E) precision-recall (AUPRC) curves of GB models predicting various antibody responses based on different treatments. For reference, we plotted the expected performance of a random guess in red.



Given the findings above, we were interested in defining which viral antigens triggered the strongest CD4 T cell response. In addition, we explored if the time-point of sampling led to varying outcomes indicating decay of T cell responsiveness over time. Furthermore we addressed the question if a repeated measurement of T cell stimulation added benefit to the T cell stimulation read-out. Figure 3C shows changes in the normalized and standardized percentage of CD4 IL-2+/CD154+ T cells responding to CoV-Mix (peptide pool mix against Prot_N, Prot_S1, Prot_S) across t1 and t2. The unstandardized percentages are reported in Supplementary Figure 6. Participants without previous SARS-CoV-2 infection tended to have a considerably lower percentage of CoV-Mix-responding CD4 T cells than infected participants. Neither the change across two time points nor the slope of change were associated with the antibody response. In conclusion, CD4 T cells that are dual-positive for IL-2+/CD154+ and stimulated to CoV-Mix alone can be used to discriminate between healthy and infected individuals. The mix of peptides from all three antigens triggered the strongest CD4 T cell response, followed by S1 and N, which were second most strongly associated with the humoral response. As there was no change in T cell responsiveness across the two time points, only one sampling would have been sufficient to discriminate an infected from a non-infected individual.





T cell sublineages

We next assessed which T cell subtype featured the best concordance with T cell response and antibody titer. We trained GB models only on the subsets of % corresponding to CD3, CD4, and CD8 T cell data. Table 4 reports the test-set performance of these models in terms of AUROC and AUPRC. We found that stimulation of CD4 T cells alone allowed discriminating between healthy and infected individuals, while CD8 T cells did not. Interestingly, we drew a similar conclusion from the sparse principal component analysis on the T cell data (see the Supplementary Material and Supplementary Figure 5), showing that the first principal component strongly correlated with the antibody response and mainly comprised CD4 T cell measurements.


Table 4 | Test-set bootstrapped areas under receiver operating characteristic (AUROC) and precision-recall (AUPRC) curves of gradient boosting (GB) models predicting the compound antibody response based on T cell percentages.







Specific antigens and antibody types

To investigate which antigens were associated with the strongest correlation of humoral and T cell response, we performed a more detailed analysis evaluating how predictive the separate treatment with peptide pools covering the SARS-CoV-2 S1, S2, M and N were for different antibody responses. Figures 3D, E show the corresponding test-set AUROCs and AUPRCs achieved by GB models trained on the T cell frequency.

Considering the six different antibody responses to RBD, S1, S2 and nAb (Table 2), we found that GB models that were based on cell responses stimulated with S- and M-peptide pools, tended to have lower average AUROCs and AUPRCs at predicting all of the response types and larger performance variability across bootstrap resamples. These results suggest that the simultaneous presence of antibodies against RBD, S1, S2, and N most strongly correlated with the T cell response. The antibody response against RBD alone resulted in a comparable association. Neither N nor nAb alone gave conclusive evidence. Yet, here the number of positive cases was low, displaying a high variability (in the case of N due to the fast antibody decline between t1 and t2).





Symptoms and T cell reactivity

Finally, we assessed if the occurrence of symptoms during SARS-CoV-2 infections correlated with the magnitude of the T cell response, e.g. if individuals with different compound symptoms scores had comparable or different SARS-CoV-2-specific T cell responses. We examined T cell frequencies and self-reported compound symptoms scores across t1 and t2. Figure 4 shows normalized T cell frequencies against the compound symptoms score for CD4 IL-2+/CD154+ and CD4 IFN+/TNF-α+, which revealed to be most important for the prediction of compound antibody responses (see Figures 3A, B). Participants with a compound symptoms score of 2 had a higher average T cell frequency and higher variability than those with a compound symptoms score of 0, particularly for CD4 IL-2+/CD154+ T cells. We trained and validated a GB model to predict the compound symptoms score based on T cell percentages, however, the model’s test-set AUROC (0.52; 95% CI: [0.27, 0.78]), computed by averaging over all possible one-vs-one pairwise class combinations and balanced accuracy (0.36; 95% CI: [0.17, 0.66]), were not significantly different from the expected performance of a random guess. To conclude, the frequency of dual positive IL-2+CD154+ CD4 T cells tended to be higher in COVID-19-positive individuals with mild symptoms, and was highest in individuals with fever. However, our moderately-sized dataset falls short of providing evidence for a significant association between T cell response and symptoms score.




Figure 4 | Boxplots of normalized and standardized T cell percentages against the compound symptoms score across two time points (by taking the maximum score) for (A, B) CD4 IL-2+/CD154+ and (C, D) CD4 IFN-γ+/TNF+ T cells, which were previously found to be important predictors of the compound antibody response. Herein, symptoms scores were reported as 0 for subjects without symptoms, 1 for subjects with any one or several symptoms but no fever, and 2 for subjects with fever alone or with any other symptoms. A compound symptoms score was assessed across t1 and t2 by taking the maximum of the two scores for each participant.









Discussion

Supervised machine learning approaches have been gaining increased attention in many application domains, including immunology (22) and the analysis of COVID-19 data (23). They can be easily applied to large high-dimensional datasets and could help discover predictive patterns and associations among measured covariates and response variables. This approach is especially helpful in studying the complex interactions of antibodies and T cell subsets during an immune response. In addition, it can inform regarding differences in the kinetics between the different arms of the immune response. Uncovering such interactions could facilitate the optimization of vaccines and the identification of potentially critical COVID-19 cases, which require special and time-sensitive medical care. The current study exemplified the use and benefit of ML techniques to describe complex, nonlinear, and nonadditive relationships between humoral and T cell responses.

The major results of our correlation analysis on the antibody levels are in line with previous findings on COVID-19 immune responses, as we found that antibodies targeting the S1-subunit of the SARS-CoV-2 spike protein, which exhibits a high mutation rate and mediates the binding to the receptor on the surface of target cells, make up the largest fraction of nAbs (24). Antibodies targeting the S2-subunit, which has a relatively low tolerance for sequence variation and mediates viral cell membrane fusion, only contributes a comparably small fraction of nAb (25).

Correlation analysis of the measured soluble and cellular responses revealed a yet underestimated role of T lymphocytes, especially of CD4 T helper cells to predict antibody titers. It confirmed previous reports suggesting SARS-CoV-2 specific antibodies decline faster than SARS-CoV-2 reactive T cells, which showed a much longer persistence (26–28). However, our analysis revealed a strong correlation between antibody and CD4 T cell responses. Thus, solely based on the strength of the CD4 T cell response, it was possible to identify individuals who mounted high SARS-CoV-2 antibody titers. The identification of such correlations might depend on the underlying antigen but could nevertheless prove valuable for the improvement or development of novel vaccines, to reach higher antibody titers and reduce vaccination failure rates. Moreover, our CoV-ETH study consisted of a young study population that lacked severe cases. SARS-CoV-2-reactive CD4 T cells predisposing to favorable disease courses have been described in young and unexposed individuals, but with declining numbers in risk groups (29–31). Generally, CD4 T cells are critical for the activation and maturation of B cells into antibody-producing plasma cells. Since CD4 memory T cells are generated after infection and vaccination, they are considered beneficial to mount a faster antibody response upon reinfection. As we show almost no decline in antigen-specific T cells within the study period, future vaccines might employ techniques to induce a long-lasting CD4 memory T cell compartment. This could be instrumental in providing immune protection via fast stimulation of SARS-CoV-2 nAb production. However, such approaches would require determining the extent of sufficient protection from infection via a memory CD4 T cell compartment, when antibodies are no longer detectable and when antibody epitopes have undergone mutations.

Of note, the antigen-specific CD8 T cell responses did not correlate with CD4 T cell responses. This might be partly due to the different decay rates of the two T cell subsets, suggesting a faster turnover of antigen-specific CD8 T cells. However, CD4 and CD8 T cell responses have been previously found to correlate with the severity of the disease in a different fashion. While a CD8 T cell response is more prominent in mild courses, a CD4 T cell response is dominant in more severe disease courses, as previously reported (32, 33). We detected a higher percentage of antigen reactive CD4 T cells in individuals that recovered from COVID-19 with mild local symptoms as compared to asymptomatic disease courses, and highest in individuals with fever. Since the CoV-ETH study group did not include severely ill or ICU patients, the role for CD4 T cells in individuals with severe COVID-19 outcomes could not be established. Additional data are therefore required to address the functional role for CD8 T cells, especially since these might also be a target of future vaccines.

Given the presented correlation of CoV-Mix-, S1-, and N-induced T cell stimulation and antibodies, our analysis indicates the feasibility of developing a model that can predict structures of the SARS-CoV-2 proteome and that could be considered as future vaccine targets. Furthermore, our analysis may be useful beyond the scope of this specific research question, as it showcases a machine-learning-based analysis pipeline for immunological data and may interest domain experts seeking to enrich their data analysis toolset. To facilitate this, we made our data analysis readily replicable by publishing the deidentified data and the code (available at https://github.com/i6092467/t-cells-response-sars-cov-2).

Taken together, by applying machine learning we suggest T cells might play a substantial yet underestimated role in the virus-specific immune response. T cell responses might bear the potential of improving future vaccine development, as antibody responses alone are insufficient to provide long-lasting protection (27).




Limitations

This study does not provide information on acute viral diagnostic in individuals with a previous SARS-CoV-2 infection. No seronegative individuals were included in the study, as these were not screened for within the study design. From the statistical and machine learning perspective, the sample size of 134 subjects is small, particularly given the large number of conducted model comparisons and statistical correlation tests. Therefore, the reported findings are exploratory and need to be interpreted cautiously. A larger cohort would allow corroborating reported results and facilitate using potentially more powerful models, such as neural networks. It would be helpful to validate the resulting ML models and findings on the external data obtained under a similar experimental setup but from a more diverse set of individuals.
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SARS-CoV-2, the virus behind the COVID-19 pandemic, has changed over time to the extent that the current virus is substantially different from what originally led to the pandemic in 2019–2020. Viral variants have modified the severity and transmissibility of the disease and continue do so. How much of this change is due to viral fitness versus a response to immune pressure is hard to define. One class of antibodies that continues to afford some level of protection from emerging variants are those that closely overlap the binding site for angiotensin-converting enzyme 2 (ACE2) on the receptor binding domain (RBD). Some members of this class that were identified early in the course of the pandemic arose from the VH 3-53 germline gene (IGHV3-53*01) and had short heavy chain complementarity-determining region 3s (CDR H3s). Here, we describe the molecular basis of the SARS-CoV-2 RBD recognition by the anti-RBD monoclonal antibody CoV11 isolated early in the COVID-19 pandemic and show how its unique mode of binding the RBD determines its neutralization breadth. CoV11 utilizes a heavy chain VH 3-53 and a light chain VK 3-20 germline sequence to bind to the RBD. Two of CoV11’s four heavy chain changes from the VH 3-53 germline sequence,   to Ile and   to Arg, and some unique features in its CDR H3 increase its affinity to the RBD, while the four light chain changes from the VK 3-20 germline sequence sit outside of the RBD binding site. Antibodies of this type can retain significant affinity and neutralization potency against variants of concern (VOCs) that have diverged significantly from original virus lineage such as the prevalent omicron variant. We also discuss the mechanism by which VH 3-53 encoded antibodies recognize spike antigen and show how minimal changes to their sequence, their choice of light chain, and their mode of binding influence their affinity and impact their neutralization breadth.
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1 Introduction

Since the beginning of the COVID-19 pandemic, SARS-CoV-2 has been accumulating mutations to enhance infectivity and to avoid immune pressure (1). While SARS-CoV-2 has a much lower mutation rate than other RNA viruses such as influenza or HIV-1, it still mutates in response to its environment and over time due to genetic drift (2). Because SARS-CoV-2 has one major viral protein on its surface accessible to antibodies, the spike glycoprotein that is responsible for both target cell recognition and viral entry, it has become the focus of many of these mutations. The spike protein is a membrane-anchored trimer that is cleaved into S1 and S2 subunits by furin in the expressing cell (3, 4). S1 contains an N-terminal domain and a receptor binding domain (RBD) that recognizes the target cell receptor angiotensin-converting enzyme 2 (ACE2). S2 contains the fusion machinery. After the spike protein binds its target cell, it must be further proteolyzed to expose the fusion peptide in S2, which then inserts into the target cell membrane. This can occur at the cell surface of the target cell by proteases such as TMPRSS2 or in endosomes by proteases such as the cathepsins (5). Cell fusion and viral entry begin with removal of S1 from the trimer, which destabilizes the trimer and causes conformational rearrangements in S2. The initiating event in this process is the binding of the RBD to ACE2, which makes it a prime target for neutralizing antibodies (6–8).

The RBD sits at the top of the trimer and can exist in two different conformations, one with the RBD up and the ACE2 binding site accessible to the solvent and one with the RBD down and the ACE2 binding site occluded within the trimer (4). Each RBD in the trimer can exist in either conformation giving the spike a range of conformations from fully closed with all three RBDs in the down position to fully open with all three RBDs in the up conformation. One of the first mutations in the spike protein to spread and outcompete the original strain was the Asp614-to-Gly (D614G) mutation that removed a stabilizing hydrogen bond that increased the propensity for the RBD to be in the up conformation (9). This mutation likely increased infectivity by increasing the percentage of RBDs accessible to ACE2 for binding (10), but it came at a cost to the virus. It also made the RBD more accessible to neutralizing antibodies. Since then, viral variants such as alpha to the more recent flavors of omicron subvariants have appeared with mutations that can nullify the activity of some of these neutralizing antibodies. This has enabled the virus to continue to infect individuals even when they had been vaccinated or infected by a previous strain.

One group of antibodies that was identified earlier in the pandemic and continues to neutralize the virus and its emerging variants relatively well are those derived from the VH 3-53 (IGHV3-53*01) heavy chain germline gene with short heavy chain complementarity-determining region 3s (CDR H3s) (11). These antibodies closely match the ACE2 binding site on the RBD, explaining in part their continued activity against the virus (12, 13). Initial reports also suggested that they could represent as much as 10% of the neutralizing antibody response elicited by SARS-CoV-2 (11). Structures of the first antibodies of this type were quickly determined and confirmed that they overlap the ACE2 binding site on the RBD (11–20). The receptor binding ridge on the RBD places a boundary on CDR H3 length and provides an explanation for the preference of short CDR H3s. Indeed when examples of VH 3-53 encoded SARS-CoV-2 neutralizing antibodies with longer CDR H3s were determined, many were found to bind the RBD differently (12). The high frequency of this germline gene in the neutralization response to SARS-CoV-2 could be the result of two independent factors, the prevalence of the VH 3-53 (and closely related VH 3-66) germline genes in the general population, one study estimated a frequency of approximately 1% for VH 3-53 in healthy individuals who had not been exposed to SARS-CoV-2 (21), and the low degree of somatic hypermutation necessary to confer specificity, as few as two mutations in the germline sequence was enough to increase one antibody’s affinity to the RBD from 407 nM to 3.6 nM (13).

Here, we report the structure of one example of a VH 3-53 encoded SARS-CoV-2 neutralizing antibody, CoV11, and show how its mode of binding to the SARS-CoV-2 RBD leads to neutralization breadth. CoV11 was isolated from an infected individual early in the course of the pandemic but continues to neutralize many SARS-CoV-2 variants of concern (VOCs) relatively well. While VH 3-53 encoded antibodies have similar sequences and modes of binding to the SARS-CoV-2 RBD, small differences in sequence and their choice of light chain influence their affinity and impact their neutralization breadth.




2 Materials and methods



2.1 Isolation of RBD-specific B cells and CoV11 antibody selection

CoV11 was isolated from a 76-year-old man with history of severe COVID-19, infected in February 2020 with high titer of neutralizing antibodies against the virus. CoV11 (also known as CoVIC-079) has been previously published (22). Briefly, memory B cells were isolated from PBMCs using the EasySep™ Human Memory B Cell Isolation Kit (STEMCELL Technologies). Cells were incubated with biotin-conjugated SARS-CoV-2 Spike antigen (LakePharma) and then, after washing, labeled by incubation with TotalSeq™-C0953 PE Streptavidin (BioLegend). The cell surface labeled single-cell suspension was loaded onto a 10x Genomics Chromium Controller microfluidics chip (10x Genomics) and a VDJ library was prepared based on the manufacturer’s instructions. A subset of cells containing the surface barcode were selected and their VDJ sequences were cloned into IgG1 heavy and light chain vectors. The recombinant plasmids were then co-transfected into FreeStyle-293 cells for expression and the secreted antibodies were purified from culture supernatants after incubations of 1 week by Protein A affinity chromatography. CoV11 was identified as one of the antibodies that strongly neutralized the virus.




2.2 Protein production and purification

SARS-CoV-2 RBD was cloned from an expression plasmid of the SARS-CoV-2 2P soluble spike protein (a gift from Jason McLellan) (residues 319–537) into an expression plasmid with an N-terminal leader sequence and a C-terminal 6-histidine tag. SARS-CoV-2 RDBdelta was made by adding T478K and L452R mutations to the wild-type RBD using a QuikChange mutagenesis kit (Stratagene). CoV11 IgG was produced by transection of CoV11 heavy and light chain plasmids into expi293F cells and SARS-CoV-2 RBDwt or RDBdelta were produced by transfection into GnT1- 293F cells. Cells were then grown in suspension for an additional 7 days at 37°C and 90% humidity. Cells were pelleted by centrifugation and the medium was filtered through a 0.2-micron filter. CoV11 IgG was purified from medium passed over a HiTrap protein A column (Cytiva) equilibrated with phosphate buffered saline (PBS), pH 7.2. The column was washed with PBS and the IgG was eluted with 0.1 M glycine, pH 3.0. Eluted fractions were immediately diluted 10:1 with 1 M tris(hydroxymethyl)aminomethane-HCl (Tris-HCl), pH 8.5. Eluted protein was concentrated to approximately 10 mg/ml and the buffer was exchanged for PBS, pH 7.2. SARS-CoV-2 RBD was purified using a HisTrap column (Cytiva) equilibrated in wash buffer, 25 mM Tris-HCl, pH 8.0, and 500 mM sodium chloride. Medium was passed over the column and the column was washed with wash buffer. Protein was eluted with 25 mM Tris-HCl and 500 mM imidazole, pH 8.0. Eluted protein was concentrated, and the sample was loaded onto a Superdex 200 gel filtration column (Cytiva) equilibrated in 10 mM Tris-HCl, pH 7.2, and 100 mM ammonium acetate. Fractions corresponding to the correct RBD size were concentrated and used for complex formation.

CoV11 Fab was generated from IgG by papain cleavage. IgG in PBS was first exchanged to Fab digest buffer, 10 mM sodium phosphate, pH 7.0, and 5 mM cysteine. IgG (10 mg) at approximately 10 mg/ml was added to 3 ml of papain-linked agarose slurry (Thermo Fisher) previously equilibrated in Fab digest buffer. The digest was incubated at 37°C for 3 h and then filtered to remove the papain. Filtered protein was passed over a protein A column equilibrated in PBS, pH 7.2. Flow through fractions containing the Fab were concentrated and then loaded onto a Superdex 200 gel filtration column (Cytiva) equilibrated in 10 mM Tris-HCl, pH 7.2, and 100 mM ammonium acetate. The Fab elution peak corresponding to a molecular weight of approximately 50 kDa was collected and concentrated for use in complex formation or SPR.

Complexes were made by mixing Fab and RBD at a 1:1 ratio and incubation on ice for 30 min. The sample was then loaded onto a Superdex 200 gel filtration column (Cytiva) equilibrated in 10 mM Tris-HCl, pH 7.2, and 100 mM ammonium acetate. Fractions corresponding to the complex molecular weight were collected and concentrated to approximately 10 mg/ml for use in crystallization trials.




2.3 SARS-CoV-2 pseudovirus production

SARS-CoV-2 S-pseudotyped virus-like particles (VLPs) containing the synthetic firefly luciferase (Luc2) reporter were prepared using the BEI NR-52948 kit as described in (22). To generate VLP pseudotyped with spikes of different SARS-CoV-2 VOCs, spike pseudotyping vector plasmids, including WA-1/2020 (WT), D614G (BEI Resources), gamma (a gift from Dr. Robert Petrovich from NIEHS), alpha, beta, epsilon, iota, delta (InvivoGen), and omicron BA.1 (Sino Biological), BQ.1.1 (23, 24) and XBB.1.5 (25) VOCs, were used. Sixteen to 24 h post seeding, 293T cells (Thermo Fisher Scientific) were co-transfected with respective spike plasmid or VSV G (positive control), lentiviral backbone, and three helper plasmids encoding Gag, Tat1b, and Rev1b (BEI Resources). At 72 h post-transfection, the supernatant was harvested and clarified by a 0.45-μm filter. To determine viral titers, hACE2-expressing 293T cells (gift from Dr. Allison Malloy, USUHS) were infected with serial VLP dilutions. Forty-eight to 60 h post-infection, luciferase signal was detected by the Bright-Go Luciferase Assay System (Promega) for titer estimations (26). VLPs were concentrated by a homemade fourfold lentivirus concentrator (protocol of MD Anderson) and stored at 4°C for short-term use or −20°C for longer storage.




2.4 In vitro neutralization assay

For in vitro neutralization assays, 50-μl serial dilutions of CoV11 or synagis with final concentrations from 0.005 to 50 ng/μl were pre-incubated with 50 μl of SARS-CoV-2 spike-pseudotyped VLPs (~106 RLU/ml) of WT or one of eight VOCs in 96-well plates at 37°C for 1 h. Subsequently, Hace2-expressing 293T cells (1.25 × 104 cells/well) in 50 μl of culture medium were added and incubated at 37°C for 48 h before luciferase signal measurement with the Bright-Go Luciferase Assay System (Promega). Data analysis and normalization followed the protocol described previously in (26). Pseudoviral neutralization experiments presented in Figure S3 were performed as we previously reported (23). Briefly, 293T cells were transfected by the calcium phosphate method with the lentiviral vector Pnl4.3 R-E- Luc (NIH AIDS Reagent Program) and a plasmid encoding for SARS-CoV-2 Spikes at a ratio of 5:4. Two days post-transfection, cell supernatants were harvested and stored at –80°C until use. 293T-ACE2 target cells were seeded at a density of 1×104 cells/well in 96-well luminometer-compatible tissue culture plates (Perkin Elmer) 24 h before infection. Recombinant viruses in a final volume of 100 μl were incubated with the indicated concentrations of mAbs for 1 h at 37°C and were then added to the target cells followed by incubation for 48 h at 37°C; cells were lysed by the addition of 30 μl of passive lysis buffer (Promega) followed by one freeze–thaw cycle. An LB941 TriStar luminometer (Berthold Technologies) was used to measure the luciferase activity of each well after the addition of 100 μl of luciferin buffer (15 Mm MgSO4, 15 Mm KPO4 [Ph 7.8], 1 Mm ATP, and 1 Mm dithiothreitol) and 50 μl of 1 Mm d-luciferin potassium salt (Prolume). Relative lighting unit (RLU) for luciferase activity was recorded and the ratio to “no mAb” was calculated. VSV-G pseudoviral particles were used as a specificity control. Surface plasmon resonance (SPR) measurements were carried out as described in (27). All assays were performed on a Biacore 3000 (Cytiva) at room temperature using 10 Mm HEPES, Ph 7.5, 150 Mm NaCl and 0.05% Tween 20 as running buffer. For the kinetic measurement, ~80–200 RU of CoV11 IgG was immobilized on a Protein A sensor chip (Cytiva) and twofold serial dilutions of SARS-CoV-2 RBD from WT or one of six VOCs was then injected as solute analyte with concentrations ranging from 6.25 to 200 Nm. For all kinetic assays, the sensor chip was regenerated using 10 Mm glycine, Ph 2.5, before the next cycle. Sensorgrams were corrected by subtraction of the corresponding blank channel as well as for the buffer background and kinetic constants were determined using a 1:1 Langmuir model with the BIAevaluation software (Cytiva) as shown in Table S2 and Figure S1. Goodness of fit of the curve was evaluated by the χ2 of the fit with a value below 3 considered acceptable.




2.5 Bio-layer interferometry

Binding kinetics were performed using an Octet RED96e system (ForteBio) with shaking at 1,000 RPM. Protein A (ProA) biosensors were hydrated in water prior to use. CoV11 mAb was loaded into ProA biosensors at 12.5 µg/ml in 10X kinetic buffer (Fortebio) for 120 s. Loaded biosensors were placed in 10X kinetic buffer (ForteBio) for 120 s for baseline equilibration. Association of CoV11 mAb (in 10X kinetics buffer) to the different RBD proteins was carried out for 180 s at various RBD concentrations in a twofold dilution series from 200 nM to 6.25 nM, prior to dissociation for 300 s. The data were baseline subtracted prior to fitting performed using a 1:1 binding model and the ForteBio data analysis software. Calculation of on rates (ka), off rates (kd), and affinity constants (KD) were computed using a global fit applied to all data.




2.6 Crystallization and data collection

Initial crystals were grown from Molecular Dimensions sparse matrix screens, specifically ProPlex Eco and MacroSol Eco screens. Crystals were then reproduced and optimized using the hanging-drop, vapor diffusion method. CoV11 Fab-RBDwt crystals were grown from 15% polyethylene glycol (PEG) 4000, 150 mM ammonium sulfate, and 100 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6.0. CoV11 Fab-RBDdelta crystals were grown from 10% PEG 4000, 200 mM sodium acetate, and 100 mM sodium citrate, pH 5.5 (crystal form 1), and 12% PEG 8000 and 100 mM sodium phosphate, pH 6.5 (crystal form 2). Prior to freezing, crystals were briefly soaked in the crystallization condition supplemented with 20% of 2-methyl-2,4-pentanediol (MPD) as cryoprotectant.

Diffraction data were collected at the Stanford Synchrotron Radiation Light Source (SSRL) beamline 12-2 on a Dectris Pilatus 6M area detector. All data were processed and reduced with HKL3000 (28). Structures were solved by molecular replacement with PHASER from the CCP4 suite (29) based on the coordinates from PDB ID 7JMP. Refinement was carried out with Refmac5 (29) and/or Phenix (30) and model building was done with COOT (29). Data collection and refinement statistics are shown in Table 1. Ramachandran statistics were calculated with MolProbity and illustrations were prepared with Pymol Molecular graphics (http://pymol.org).


Table 1 | Combined kinetic constants (BLI and SPR) of CoV11 binding to the RBD of SARS-CoV-2 wt and selected VOCs.







3 Results



3.1 CoV11 potently neutralizes SARS-CoV-2 wild type and retains neutralization activity against emerging variants including delta and omicron

CoV11 is derived from the heavy chain VH 3-53 (IGHV3-53*01) and light chain VK 3-20 (IGKV3-20*01) germline genes and has four mutations in its heavy chain and four in its light chain relative to germline sequences. It also has a short CDR H3 of 10 amino acids, which is the product of heavy chain joining and diversity germline sequences. When tested for recognition of RBD of different SARS-CoV2 variants, CoV11 binds the original, wild type (wt), SARS-CoV-2 strain RBD with a KD of 2.1 nM and potently neutralizes SARS-CoV-2 wt pseudotyped viruses with an IC50 of 0.003 µg/ml (Tables 1, S2, S3 and Figure 1). CoV11’s affinity to the RBD and neutralization potency are reduced by SARS-CoV-2 VOCs, but to different degrees, most likely due to the avidity of an IgG as compared to a Fab. CoV11’s affinity to alpha (B.1.1.7) RBD is 2.3 nM and that to beta (B.1.351) RBD is 10.4 nM as determined by SPR (Table S2) and 202 nM as determined by bio-layer interferometry (BLI) (Table S3); CoV11’s affinity to epsilon (B.1.427/B.1.429) RBD is 2.5 nM, that to iota (B.1.526) RBD is 3.7 nM, that to delta (B.1.617.2) RBD is 2.5 nM, and that to omicron BA.2 RBD is 24.4 nM as determined by SPR and 105 nM as determined by BLI. We observed higher KDs for beta and omicron BA.2 determinations by BLI as compared to those determined by SPR. This could be in part be due to differences in the two techniques, but for the beta RBD, it could also be due to the use of commercially prepared protein used for BLI measurements versus in-house-produced protein used for SPR measurements. The KDs for the other RBDs were comparable and are averaged (Table 1). In comparison, the IC50 of CoV11 IgG to pseudotyped alpha is 0.02 µg/ml; beta, 1.3 µg/ml; epsilon, 0.01 µg/ml; gamma (P.1), 0.07 µg/ml; iota, 0.04 µg/ml; delta, 0.05 µg/ml; omicron (B.1.1.529.1 or BA.1), 1.9 µg/ml (Figure 1). Thus, the avidity of an IgG relative to a Fab largely mitigates small losses in CoV11’s affinity due to escape mutations at the antibody–RBD interface in VOCs. Of note, the most detrimental mutations in VOCs for CoV11 occur in the beta and omicron RBDs (Figure 1 and Tables 1, S2, and S3).




Figure 1 | Neutralization activity of COV11 against SARS-CoV-2wt and VOCs. Dose–response neutralization curves of SARS-CoV-2 pseudotyped lentivirus with eight SAR2-CoV-2 S variants. hACE2 expressing 293T cells were infected with different variants of SARS-CoV-2 PsV in the presence of CoV11, Synagis IgG (negative control), or PBS saline. Infectivity was quantified by the cellular luciferase signal 48 h post-infection. Relative infectivity was normalized by the luciferase signal in infected cells without intervention (PBS saline). EC50 values for individual strains are shown to the right.






2.2 CoV11 recognizes the RBD by largely overlapping the ACE2 binding site, making it a member of the class 1 of SARS-CoV-2 neutralizing antibodies

To get a better understanding of how CoV11 recognizes SARS-CoV2 spike, we determined the crystal structure of CoV11 Fab in complex with the wt and the delta (B.1.617.2) variants of the SARS-CoV-2 RBD. CoV11 Fab-RBDwt crystals belonged to space group P212121 and diffracted to 2.05 Å with one CoV11 Fab-RBDwt complex in the asymmetric unit (Figure 2A and Table 2). The wt RBD complex was refined to an R/Rfree of 0.166/0.198. CoV11 Fab-RBDdelta crystallized in two different space groups, P212121, which diffracted to 2.05 Å, and C2, which diffracted to 2.4 Å. Both crystals had one CoV11 Fab-RBDdelta complex in the asymmetric unit. The orthorhombic delta RBD P212121 crystal form was refined to an R/Rfree of 0.177/0.208 and the monoclinic delta RBD C2 crystal form was refined to an R/Rfree of 0.179/0.224. Complete data collection and refinement statistics can be found in Table 2.




Figure 2 | Crystal structures of the CoV11 Fab-RBD complexes. (A) Overall structure of the complex of CoV11 Fab-RBDwt (left) and CoV11 Fab-RBDdelta (right) are shown as a ribbon diagram. The complementarity-determining regions (CDRs) of CoV11 Fab are colored as follows: CDR H1 is green, CDR H2 is yellow, CDR H3 is black, CDR L1 is light blue, CDR L2 is orange, and CDR L3 is cyan. Residues T/K 478 and L/R452 mutated in delta as compared to wt are shown as sticks and colored red. (B) Close-up view into the interaction network mediated by the CoV11 CDR H3. Complex interface residues are shown as sticks and H-bonds are shown as magenta dashed lines. (C) Binding footprints of CoV11 and ACE2 on the RBD and the RBD on the CoV11 heavy and light chains. Contact residues defined by a 5-Å cutoff are marked above the sequence with (+) for side chain and (−) for main chain to indicate the type of contact. Contact types are colored as follows: hydrophilic (blue), hydrophobic (green), and both (black). Residues that differ from the VH 3-53 or VK 3-20 germline sequences on the heavy and light chains respectively are colored red. CDRs are colored as in (A, D) Interaction network around T/K 478. CoV11 and RBD residues in which the conformation differs between CoV11 Fab-RBDwt (left) and CoV11 Fab-RBDdelta (right) complexes are shown as sticks. The distance between T/K 478 of the RBD and N-terminal E1 of CoV11 heavy chain are shown with yellow dashed lines. A molecular surface is displayed over the Fab and the RBD is shown as a ribbon diagram.




Table 2 | Data collection and refinement statistics.



CoV11 binds the RBD in what has become the characteristic mode of binding for VH 3-53 encoded SARS-CoV-2 neutralizing antibodies by closely overlapping the ACE2 binding site on the RBD (Figure 2A). Binding to the RBD is achieved mainly through CDRs H1, H2, H3, and L1 [19.7%, 21.0%, 20.3%, and 19.9% of the total buried surface area (BSA) of CoV11, respectively] with small contributions from framework residues in the heavy chain (12.4%) and CDR L3 (4.9%); light chain framework residues (1.5%) and CDR L2 (0.3%) make almost no contribution to the total CoV11 BSA (Table S1). The bulk of these residues are encoded by the two CoV11 germline genes (IGHV3-53*01 and IGKV3-20*01), i.e., residues outside of the CDR H3, and account for the germline preference associated with this mode of binding to the RBD.

Most of the heavy chain framework residues that contribute to binding occur in framework region 1 preceding CDR H1 ( ,  , and  —for clarity, antibody residues are referenced using Kabat numbering (34) in superscript and region in subscript and RBD and ACE2 residues are referenced using the residue number in superscript and the protein in subscript unless implicitly implied in the text) (Figures 2B, C). The carboxyl of   makes a main chain hydrogen bond to the nitrogen of RBD residue   and the side chains of   and   make hydrophobic van der Waals contacts to RDB residues   and  .   also makes van der Waals contacts with  .

CDR H1 residues  ,  , and   increase the number of contacts to RBD residues in this region.   makes a main chain hydrogen bond to RBD residue   and a side chain-mediated hydrogen bond to   in addition to hydrophobic contacts with   and  .   makes a side chain-mediated hydrogen bond to the main chain carbonyl of  , and the side chain of   makes a hydrogen bond to the main chain carbonyl of   (Figures 2B,C).

CDR H2 contributions to the interface are mainly through the side chains of  ,  , and   and the main chains of   and  .   makes a strong hydrogen bond to   and weaker hydrogen bonds to   and  .   makes a strong hydrogen bond to  . The main chain nitrogen of   makes a hydrogen bond to   while the main chain carbonyl makes a water-mediated hydrogen bond to the main chain of   and the main chain nitrogen of   makes water-mediated hydrogen bonds with the side chains of   and  .   makes side chain-mediated van der Waals contacts with   and   (Figure 2C).

CoV11’s CDR H3 interaction with the RBD begins with the arginine preceding the CDR H3,  , which makes hydrogen bonds to RBD residues   and   and van der Waals contacts with   (Figure 2B). CDR H3   packs against  ,  , and  , while   makes hydrogen bonds to   and  .   makes van der Waals contacts with  ,  , and  , and   makes contacts with  ,  ,  , and  . Finally,   at the end of the CDR H3 packs against  . Residues from the center of the CDR H3 do not interact with the RBD. Aside from   and  , most of the CDR H3 interface interactions are hydrophobic (Figure 2C).

The bulk of CoV11’s interactions from the light chain reside in CDR L1 (Figure 2C).   forms a hydrogen bond with   and van der Waals contacts with   and  . The main chains of   and   are mainly involved in hydrophobic contacts with   although   also forms water-mediated hydrogen bonds with  ,  , and  . The remaining contacts in CDR L1 are hydrophilic.   forms a water-mediated hydrogen bond with  ,   forms a weak hydrogen bond with  , and   forms a hydrogen bond with  .

CDR L2 does not make any contacts with the RBD, but   in the framework region preceding CDR L3 makes a weak hydrogen bond to  . All other interface residues reside in CDR L3. The carboxyl of   forms a strong hydrogen bond with  , the side chain of   makes a hydrogen bond to   and a water-mediated hydrogen bond to  , and   at the beginning of the CDR L3 also makes a weak hydrogen bond to   (Figure 2C).




2.3 CoV11 binds to the delta RBD with almost identical affinity to the wt RBD

The delta SARS-CoV-2 variant (B.1.617.2), which was originally identified in India in late 2020, quickly became the most prevalent SARS-CoV-2 variant in the US and the world in 2021 (35, 36). CoV11 binds to the wild-type RBD with an affinity of 2.1 nM and to the delta RBD with an affinity of 2.5 nM largely due to a slight increase in the koff (kd) for the delta RBD (Table 1); the kon (ka) for both RBDs is roughly equivalent. Delta contained two mutations in the RBD, Leu452 to Arg and Thr478 to Lys. The CoV11 Fab-RBDdelta complex shows that although these mutations sit outside of CoV11’s epitope footprint, they do make small changes to the way CoV11 binds to the RBD. The most notable difference is in how the N-terminus of the Fab sits relative to position 478 in the RBD (Figures 2D, E). The glutamic acid at the N-terminus of CoV11 is approximately 9 Å from   but 5 Å from  . This is only partly due to the longer side chain on  . The change in the position of CoV11’s N-terminus also influences how   interacts with  . In the wt RBD,   and   display aromatic π stacking interactions, but in the delta RBD, the closer N-terminus shifts   such that it cannot interact with Phe486. The interaction between   may partially compensate for this loss. The closer N-terminus also causes some downstream changes to the interface.   forms a hydrogen bond to the main chain of   in the wt RBD but makes stronger van der Waals interactions with the aliphatic portion of the   side chain in the delta RBD.   is also closer to   in the wt RBD, while   is closer to Gln498 in the delta RBD. Most other differences are minor, which is mirrored by the less than twofold reduction in binding affinity for the delta RBD as compared to wt.




2.4 Some, but not all of CoV11’s changes relative to germline sequences increase CoV11’s affinity to the RBD

There are four sequence changes in the heavy chain of CoV11 relative to the VH 3-53 germline sequence. In the first sequence change, the VH 3-53 germline sequence has Thr at position 28, while CoV11 has Ile (Figure S2). This  -to-Ile change in CoV11 increases van der Waals contacts with   and  . The second sequence difference, a germline  -to-Arg change in CDR H1 adds one hydrogen bond to the CoV11–RBD interface; the side chain of   is too short to make a similar hydrogen bond (Figure 2C). The third sequence difference, a  -to-Ile change in CoV11, is not involved in the CoV11–RBD interface and likely has little if any contribution to CoV11 affinity for the RBD. Finally, the fourth sequence change resides in CDR H2. A  -to-Phe change in CoV11 relative to the germline sequence does not also seem to change the interface much except in that it switches the interface to use only the hydrophobic van der Waals interactions of   instead of the both hydrophilic and hydrophobic interactions of  . Thus, the increases to RBD affinity for CoV11 over the germline gene largely come from two changes in sequence,   to Ile and   to Arg.

Sequence changes from the germline gene in the light chain contribute even less to the interface. CoV11 utilizes a light chain with four changes in sequence relative to the VK 3-20 germline gene (Figure S2). The only residue that differs from the VK 3-20 germline sequence involved in the CoV11–RBD interface is in CDR L1 (  to Ile) (Figure 2C).  , however, only interacts with the RBD via main chain residues, which suggests that the Val-to-Ile change makes little if any contribution to CoV11’s binding affinity. The three other changes in sequence relative to the VK 3-20 germline (  to Thr,   to Thr, and   to Asn) sit well outside the CoV11–RBD interface. This suggests that the use of an unmodified VK 3-20 sequence might result in an antibody with a similar if not identical binding affinity to the RBD. Thus, the light chain’s contribution to CoV11’s affinity to the RBD is largely the result of the choice of the light chain germline gene and not the somatic mutations within the gene.




2.5 The CDR H3 of CoV11 makes some unique interactions with the RBD to increase affinity

CDR H3 residues are not encoded by the VH 3-53 germline sequence but instead arise from heavy chain joining and diversity genes. Anti-SARS-CoV-2 VH 3-53 encoded antibody CDR H3s can therefore differ significantly. The VH 3-53 germline sequence ends at position 94 (Figure S2).   makes hydrogen bonds to RBD residues   and   and van der Waals contacts with   (Figure 2B). Only one anti-SARS-CoV-2 VH 3-53 encoded neutralizing antibody with a similar binding mode to the RBD whose structure is available has a residue other than arginine at this position, BG1-22 (PDB ID 7M6F). BG1-22 is also the antibody with the longest CDR H3, 19 amino acids; the shorter side chain at position 94 may facilitate the accommodation of the longer CDR H3 by eliminating hydrogen bonds to   or   (Figure S2). Many anti-SARS-CoV-2 VH 3-53 encoded neutralizing antibodies also have a hydrophilic residue at position 97, usually Asp, Glu, Tyr, or Gln. CoV11 has  . Only the longer side chain of Glu preferentially forms a hydrogen bond with   over  . This may help explain CoV11’s resistance to gamma (P.1), which has a Lys-to-Thr mutation and beta (B.1.351) and omicron (B.1.1.529.1 or BA.1), which have a Lys-to-Asn mutation.

The remaining interactions of CoV11’s CDR H3 with the RBD are mainly hydrophobic,  ,  , , and  . While many other VH 3-53 encoded anti-SARS-CoV-2 neutralizing antibodies also have hydrophobic residues at position 96, some use Asp or Glu to form a salt bridge with  . A similar situation is seen for position 98, with many VH 3-53 encoded anti-SARS-CoV-2 neutralizing antibodies also encoding a hydrophobic amino acid. The exceptions are largely due to those antibodies that encode a residue that can form a hydrogen bond or salt bridge with  . Position 99 is more universally hydrophobic. Exceptions are those of Tyr, Lys, or Ser that form hydrogen bonds or salt bridges with   or  , residues that are also mutated in some VOCs (Figures 3A, B). Position 102 at the end of CDR H3 is almost always Tyr, Val, or Ile; however, some antibodies in this class with longer CDR H3s use other CDR H3 residues to make similar contacts with the RBD. Those that do use position 102 make equivalent contacts with the RBD using Ile, Val, or Tyr; CoV11 uses  . These CDR H3 differences influence antibody neutralization breadth with those minimizing contacts to  ,  , and  , residues mutated in VOCs, having greater neutralization breadth for current VOCs. Therefore, CoV11 is among the anti-SARS-CoV-2 VH 3-53 encoded antibodies with the greatest neutralization breadth for current VOCs.




Figure 3 | Molecular basis of CoV11’s interaction with the RBD. (A, B) Comparison of the binding modes of CoV11 and ACE2 to the receptor. (A) The structure of the ACE2-RBDwt complex (PBD ID: 6VW1) was overlaid over the CoV11 Fab-RBDwt complex (based on the RBD). Surface is displayed over the RBD molecule with CoV11 and ACE2 shown as cartoons. (B) Epitope footprint of heavy (dark brown mesh) and light (light brown mesh) chain of CoV11 is shown over the ACE2 footprint (green). RBD residues that mutate in VOCs are shown in darker green and labeled in red. (C, D) Recognition of RBD by CoV11 and RBD-specific Cluster 1 VH 3-53 or VH 3-66 germline-derived antibodies. (C) Available crystal structures of Cluster 1 antibodies in complex with the RBD of various SARS-CoV-2 variants (58 total structures) and the CoV11 Fab-RBDdelta complex were superimposed based on the RBD. Fabs of Cluster 1 VH 3-53 or VH 3-66 germline-derived antibodies are shown as ribbons (colored dark and light cyan for heavy and light chain, respectively) and the Fabs of CoV11 are shown as a cartoon (dark and light wheat for heavy and light chain, respectively). The RBD contact residues that mutate in the delta and beta strains are shown in red. (D) Close-up view of the interaction network mediated by CoV11 and COVOX222 (PDB IDs: 7NX8 and 7NXA) to RBD residues 417, 484, and 501 that mutate in VOCs. Complex interface residues are shown as sticks and H-bonds are shown as blue dashed lines.






2.6 CoV11 uses similar but not identical residues to ACE2 to bind the RBD

The CoV11 and ACE2 binding sites on the RBD largely overlap, but there are residues unique to each interface and those that are used by both are not always used in the same way (Figures 3A, B). These differences set a limit on which residues can be changed by the virus and not disrupt receptor binding. CoV11 makes contact with 20 residues in common with ACE2 on the RBD (residues 415, 417, 449, 453, 455, 456, 473, 475–476, 486–487, 489–490, 493, 496, 498, 500–502, and 505) and 11 residues that are not in the ACE2 interface (residues 403, 405, 416, 420–421, 457–460, 474, and 477) (Figure 3C). ACE2, on the other hand, only utilizes nine residues that are absent from the CoV11 epitope (residues 408, 439, 446, 484–485, 492, 499, 503, and 506).

Eleven residues in the ACE2 binding site have changed in VOCs to date (currently omicron BA.5 and XBB1.5), seven of which are also used by CoV11 (Arg408 to Ser [omicron BA.2 and BA.4/5], Lys417 to Asn [beta and omicron variants] or Thr [gamma], Gly446 to Ser [omicron BA.3], Glu484 to Lys [beta and gamma] or Ala [omicron variants], Phe486 to Val [omicron BA.4/5] or Pro [omicron XBB1.5], Phe490 to Ser [omicron XBB1.5], Gln493 to Arg [omicron BA.1, BA.2, BA.3, and XBB1.5], Gly496 to Ser [omicron BA.1], Gln498 to Arg [omicron variants], Asn501 to Tyr [alpha, beta, gamma, and omicron variants], and Tyr505 to His [omicron variants]). In contrast, only three of the residues that are unique to the CoV11 epitope have changed (Asp405 to Asn [omicron BA.2, BA.3, BA.4/5, and XBB1.5], Asn460 to Lys [omicron XBB1.5], and Ser477 to Asn [omicron variants], shown combined in Figure 3B).





4 Discussion

The first VOC mutation to occur in the RBD (Alpha, B.1.1.7), Asn501 to Tyr, increased the RBD’s affinity to ACE2 and recapitulated the enhanced infectivity seen in Alpha relative to the original SARS-CoV-2 strain (37); Tyr potentially preserves the polar interactions of Asn ( ), but strengthens the hydrophobic interactions with the aliphatic portion of other ACE2 interacting residues (  and  ). Three other VOC mutations (those at Gly446, Phe490, and Gly496) are predicted to have little or no effect on ACE2 affinity since they are interface contacts solely made to main chain RBD atoms. Most other VOC mutations change ACE2’s affinity to the RBD. Mutations in VOCs that have appeared more recently are more disruptive of the ACE2-RBD interface, suggesting that their function may be geared more towards immune evasion. The Arg408-to-Ser mutation in omicron BA.2 and BA.4/5 potentially removes a hydrogen bond between the RBD and the glycan linked to  . The Lys417 mutation to Thr or Asn in gamma or beta and omicron VOCs respectively removes a salt bridge between Lys417 and  . Glu484 to Lys or Ala in beta or omicron VOCs removes a salt bridge between Glu484 and  . Phe486 to Val or Pro (omicron BA.4/5 or XBB1.5) changes the hydrophobic packing between Phe486 and  ,  , and  . Gln493 to Arg (omicron BA.1–3 and XBB1.5) potentially removes a hydrogen bond to   but maintains one to  . Finally, Tyr505 to His in omicron VOCs potentially maintains a hydrogen bond to   but removes ones to   and  . The observation that some of these mutations have reverted back to wt, e.g., Gln493 to Arg in omicrons BA.1–3 has gone back to Gln in BA.4/5, suggests that the virus is paying a price for these changes. It also suggests that these changes are less drastic than they could be if antibody evasion was their only criteria for incorporation into the RBD. Some of these changes in the RBD may have been in response to antibodies like CoV11.



4.1 Changes in sequence from VH 3-53 germline and the CDR H3 sequence influence neutralization breadth

While it is impossible to predict which changes from the germline sequence are the most important for increasing antibody neutralization breadth, the structure offers some insight. The first is that the heavy chain VH 3-53 and VH 3-66 germline sequences are essentially equivalent for this mode of binding to the RBD. The VH 3-66 germline sequence differs from the VH 3-53 sequence in one position, 12 (Figure S2).   in VH 3-66 and   in VH 3-53 sit well outside of the epitope footprint. This essentially doubles the number of naïve germline sequences that can serve as starting points for RBD binding. The second is that two changes relative to the heavy chain germline sequence are able to significantly increase CoV11’s affinity to the RBD,   to Ile and   to Arg. Twelve other anti-SARS-CoV-2 VH 3-53 or VH 3-66 antibodies of this type have a similar mutation at position 28 (13 total of 58 sequences or 22%), and six others have a similar mutation at position 31 (7 total of 58 sequences or 12%) (Figures 3D, S2). Approximately 50% that do not have the  -to-Ile mutation have a mutation of the adjacent   to a smaller hydrophobic residue, Val, Ile, or Leu, which may imply a similar function and a common mechanism of increasing RBD affinity. In contrast, only one sequence has a change from   to anything other than Arg (2%), suggesting that this is a less common means of increasing RBD affinity (14% combined). The only other CoV11 change from the heavy chain germline sequence is the conservative mutation of   to Phe, which is present in 28 (48%) of the other heavy chain germline sequences. Only two are mutated to any other residue (Asp, 3%), suggesting that this residue is important for binding the RBD even though its mutation from the germline   might not provide much benefit. A large percentage of mutations in the germline sequence occur outside of the epitope footprint. For CoV11, this only amounts to one of the four heavy chain mutations, but for some of the other examples, it can be more than half of the mutations present, which suggests that the process of affinity maturation also introduces many functionally silent mutations.

Sequences outside of the VH 3-53 germline sequence also contribute to neutralization breadth. CoV11 has   at position 97 (Figure 2B). Only the longer side chain of Glu preferentially forms a hydrogen bond with   over  .  ’s mutation to Thr or Asn in gamma, beta, and omicron RBDs supports the incorporation of this preference in the CDR H3. Only three other antibodies with structures available of this type have a similar  , EH3, COVA2-04, and BG4-25. Most other antibodies of this class are less tolerant of mutations at  . The remaining CDR H3 residues of CoV11 used to interact with the RBD are mainly hydrophobic,  ,  ,  , and  . While hydrogen bonds and/or salt bridges contribute to CDR H3 affinity for other antibodies of this type, they generally do so to residues that have mutated in VOCs. The preferential use of hydrophobic van der Waals interactions in the CDR H3 may be a contributing factor to neutralization breadth.




4.2 The choice of light chain influences neutralization breadth

CoV11’s light chain has four mutations relative to its VK 3-20 germline sequence. However, none of these residues is directly involved in the RBD binding interface; only the main chain atoms of residue 28 are used in the CoV11 Fab-RBD interface, making the  -to-Ile change of little impact with respect to binding affinity. Also, unlike the case for the heavy chain, the VK 3-20 germline sequence contains the full light chain epitope footprint. This implies that a light chain with an unmutated VK 3-20 germline sequence would serve CoV11 as well as the one it has. Supporting this observation, of the 15 antibodies with VK 3-20 germline sequences paired to a VH 3-53 or VH 3-66 heavy chain, 5 (33%) have unmutated VK 3-20 germline sequences.

There are 58 structures of complexes of VH 3-53 or VH 3-66 heavy chain antibodies in complex with the RBD that bind like CoV11 (Figure 3D and S3). Fifteen of these are paired to a VK 3-20 germline-derived light chain. The most commonly paired light chain gene for these antibodies is VK 1-9 (17 antibodies), followed by VK 3-20 (15), VK 1D-33 (9), and VK 1-39 (6). There are four other kappa light chain germline gene examples with only one example of each, VK 1-12, VK 1-5, VK 1S8, and VK 4-1. Examples with lambda light chain germline genes are rarer with only seven total in the dataset. Two have two examples each, VL 1-40 and VL 3-21. The remaining genes have only one example each, VL 1-9, VL 2-8, and VL 1-44. While these germline genes represent a variety of sequences, the portions that interact with the RBD are surprisingly similar.

As shown in Figure 3D, CoV11 uses the side chain of   to form a hydrogen bond with the main chain of  . All other antibodies using the VK 3-20 germline sequence share this feature with two exceptions that have deletions of residue 27A (Figure S3). The two VK 3-20 germline exceptions and all but one other antibody with kappa light chains make a similar hydrogen bond when possible (approximately 40% are   and cannot) with   or  . Lambda light chains also tend to shift this interaction to position 28 even though most have longer CDR L1s.   in CoV11 and most other VK 3-20 germline sequence light chains pack against  . However two VK 3-20 germline sequences have mutated   to  , BG4-25 and COVOX222 (Figure 3D and S3). Pro at position 29 also packs well against the   mutation seen in every VOC since alpha (Figure 2D), which may indicate that these antibodies were elicited against alpha and not wt RBD. Most other kappa light chain antibodies use   to pack against  , but, possibly because of a shorter CDR L1, form stronger hydrogen bonds between the often common Ser at position 30 and  , making the   mutation more disruptive. Tyr at position 32 near the end of CDR L1, or Phe or Trp in a few cases, is then used to pack against  , ending CDR L1’s interaction with the RBD.

CDR L2 makes little or no contribution to the interface for almost all of these paired light chains, independent of type (Figures 2A, C, Table S1). CDR L3’s interaction with the RBD with the exception of lambda and VK 1-39 light chains usually begins with a hydrogen bond from residue 90 to   using Gln with the occasional His, Glu, or Arg.   and   have the advantage in that they can still form a hydrogen bond to  . The exceptions to this rule are mostly the lambda and VK 1-39 light chains, which shift their interaction with the RBD further along their CDR L3s. The remaining contacts in CoV11 are mediated by   and  . With the exception of COVOX222, which has   and  , these residues are invariant in VK 3-20 light chains. The residues and sequences used by other light chains are more diverse with fewer common features. Most kappa light chains other than those derived from the VK 3-20 germline gene seem to focus part of their CDR L3 to forming a hydrogen bond or salt bridge with  , making them more susceptible to a mutation there. This is less common for the lambda light chains.





5 Conclusions

In conclusion, the SARS-CoV-2 spike protein has changed over the course of the pandemic to increase infectivity and to evade immune pressure. This has led to mutations in the spike protein that have diminished the neutralization potency of a large number of antibodies elicited either by natural infection or by vaccination. Some of the most potent of these antibodies directly compete with ACE2 in binding the RBD (38–40). The low level of somatic mutation in one group of these antibodies enabled their early identification in B-cell sequences of infected individuals (11). This group of antibodies derived from the heavy chain VH 3-53 or VH 3-66 germline sequences with generally short CDR H3s were later found to almost directly overlap the ACE2 binding site on the RBD, providing a clear explanation for their mode of neutralization of the virus (11, 13–19).

Mutations in the virus in viral variants have affected antibodies of this class as they have done to all SARS-CoV-2 neutralizing antibodies. The first widely spread mutation that out-competed the original strain,   to Tyr in the alpha variant (37), mostly affected the light chain of this group of antibodies and many were able to accommodate this change with little change to receptor affinity. Other more recent mutations in VOCs that greatly affected other antibody classes (22), e.g., the   to Lys or Ala in the beta, gamma, and omicron variants, have also had little effect on receptor affinity for this group of antibodies. One of the most detrimental for this type of antibodies has been changes from   to Thr or Asn in the gamma, beta, and omicron variants. CoV11 is an example of an antibody of this class that depends less strongly on a salt bridge or hydrogen bond to   due to unique characteristics of its heavy chain CDR H3. While CoV11’s affinity to RBDs containing mutations of   is lower, the fact that both Fabs of a CoV11 IgG can interact with a single spike protein partially counteracts this loss in affinity in neutralization.

The majority of residues that make up CoV11’s epitope footprint are shared with ACE2 in binding the RBD. This ensures that these residues cannot change without also affecting the RBD’s affinity to ACE2 and places a constraint on mutations that can occur in VOCs. CoV11 can still neutralize omicron BA.1 with only a slightly higher IC50 than it does beta, the variant with the next highest IC50 in spite of the fact that omicron BA.1 incorporates many more mutations to the RBD. Small changes to CoV11, e.g., the  -to-Pro change used by COVOX222’s light chain, could overcome some of these losses in affinity to VOCs. Additional changes in the most recent VOCs such as the Asn460-to-Lys change in omicron BQ.1.1 or the Phe486-to-Pro, Gln493-to-Arg, and Asn460-to-Lys changes in omicron XBB.1.5 are enough to reduce CoV11’s affinity to the point where it no longer effectively neutralizes the virus (Figures S2 and S3). SPR and BLI data indicate that much of this loss in affinity is due to increases in the off-rate (kd) rather than decreases in the on-rate (ka) of CoV11, which suggests that small changes in CoV11’s sequence could allow CoV11 to compensate. For example, the Phe486-to-Pro change in XBB.1.5 could be ameliorated with a Val2-to-Phe change in CoV11’s heavy chain; Val2 is one of CoV11’s main contact residues with Phe486 and mutating it to Phe restores the contact in XBB.1.5. Other changes to restore binding and increase neutralization breadth in Omicron variants are less straightforward to predict due to the sheer number of amino acid changes possible at each position. CoV11 was elicited early in the course of the pandemic. Continued rounds of somatic mutation and selection to VOCs could easily generate a more potent and broadly neutralizing version that is more adapted to current VOCs.

The high prevalence of VH 3-53 and VH 3-66 germline sequences in the naïve antibody pool has probably helped in the immune response to SARS-CoV-2 in the general population. However, antibody selection and maturation is a stochastic process and not all individuals will utilize these germline sequences in response to SARS-CoV-2. There are many equally good responses to the antigen in its initial incarnation. It is only during the course of the pandemic that some responses have been shown to be better at neutralizing multiple strains than others. Antibodies derived from the VH 3-53 and VH 3-66 germline sequences have fared relatively well to date mainly because they share a majority of residues in common with ACE2 in their epitope footprint. While it is not possible to predict how the virus will continue to change in the future, CoV11 represents a good starting point for the design of a broad neutralizing response to SARS-CoV-2. With some minor changes, it could be made to be an even more broad and potent neutralizing therapeutic antibody for current VOCs and possibly also for the next generation of VOCs.
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Supplementary Figure 1 | Representative SPR kinetic measurements of RBD antigens binding to immobilized CoV11. All measurement were performed with ~80-200 RU CoV11 IgG immobilized on a Protein A chip. Flow RBD antigens were injected at the indicated concentrations. The background-corrected sensorgrams (colored) were fitted with a 1:1 Langmuir model (grey). Kinetic constants are summarized in Table S2.


Supplementary Figure 2 | Representative BLI kinetic measurements of RBD antigens binding to immobilized CoV11. All measurement were performed with CoV11 IgG immobilized on a Protein A sensor tip. Sensor tips were exposed to RBD antigens at the indicated concentrations. The background-corrected sensorgrams (colored) were fitted with a 1:1 Langmuir model (grey). Kinetic constants are summarized in Table S3.


Supplementary Figure 3 | Neutralization activity of COV11 IgG against SARS-CoV-2 D614G (positive control) or Omicrons BQ.1.1 and XBB.1.5. Dose response neutralization curves of SARS-CoV-2 pseudotyped lentivirus with SAR2-CoV-2 S variants. hACE2 expressing 293T cells were infected with different variants of SARS-CoV-2 PsV or VSVG PsV (negative control) in the presence of CoV11 IgG. Infectivity was quantified by the cellular luciferase signal 48 hours post infection. Relative infectivity was normalized by the luciferase signal in infected cells without intervention (PBS saline).


Supplementary Figure 4 | Heavy chain sequence alignment of VH 3-53 or VH 3-66 IgGs that bind the RBD like CoV11. Antibodies are labeled by PDB ID underscore antibody name and residues are numbered using the Kabat antibody number scheme. Contact residues defined by a 5 Å cutoff are marked above the sequence with (+) for side chain and (-) for main chain to indicate the type of contact. Contact types are colored as follows: hydrophilic (blue), hydrophobic (green) and both (black). Residues that differ from the VH 3-53 or VH 3-66 germline sequence colored red. The one residue difference in the VH 3-66 germline sequence relative to the VH 3-53 germline sequence is colored blue. CDRs are colored as in .


Supplementary Figure 5 | Light chain sequence alignment of IgGs that bind the RBD like CoV11. Antibodies are labeled by PDB ID underscore antibody name and residues are numbered using the Kabat antibody number scheme. Contact residues defined by a 5 Å cutoff are marked above the sequence with (+) for side chain and (-) for main chain to indicate the type of contact. Contact types are colored as follows: hydrophilic (blue), hydrophobic (green) and both (black). Residues that differ from the VK 3-20 germline sequence colored red. Only the first 15 sequences utilize the VK 3-20 germline sequence. The last five use lambda germline sequences and the remaining sequences use kappa germline sequences other than VK 3-20. CDRs are colored as in .


Supplementary Table 1 | Details of the CoV11 Fab-RBDwt, CoV11 Fab-RDBdelta, C098 Fab-RBDwt (germline VH 3-53 and VK 3-20), and ACE2-RBDwt interfaces as calculated by the EBI PISA server (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver).


Supplementary Table 2 | Surface Plasmon Resonance (SPR) kinetic constants of CoV11 binding to the RBD of SARS-CoV-2 wt and selected VOCs. CoV11 IgG was immobilized on Protein A chip and the RBDs of various SARS-CoV-2 strains were injected as flow analytes. The dissociation constants (KD), association constants (ka) and dissociation constants (kd) are as shown. KD values were determined using a 1:1 Langmuir model. Experimental binding curves are shown in Figure S1.


Supplementary Table 3 | Bio-Layer Interferometry (BLI) kinetic constants of CoV11 binding to the RBD of SARS-CoV-2 wt and selected VOCs. CoV11 IgG was immobilized on a Protein A sensor tip and then placed into solutions containing the RBDs of various SARS-CoV-2 strains at different concentrations. The dissociation constants (KD), association constants (ka) and dissociation constants (kd) are as shown. KD values were determined using a 1:1 Langmuir model. Values are the average of two or three experiments with standard deviations as shown. N.D., not detected. Experimental binding curves are shown in Figure S2.
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Introduction

A large number of risk and protective factors have been identified during the SARS-CoV-2 pandemic which may influence the outcome of COVID-19. Among these, recent studies have explored the role of HLA-G molecules and their immunomodulatory effects in COVID-19, but there are very few reports exploring the genetic basis of these manifestations. The present study aims to investigate how host genetic factors, including HLA-G gene polymorphisms and sHLA-G, can affect SARS-CoV-2 infection.





Materials and Methods

We compared the immune-genetic and phenotypic characteristics between COVID-19 patients (n = 381) with varying degrees of severity of the disease and 420 healthy controls from Sardinia (Italy).





Results

HLA-G locus analysis showed that the extended haplotype HLA-G*01:01:01:01/UTR-1 was more prevalent in both COVID-19 patients and controls. In particular, this extended haplotype was more common among patients with mild symptoms than those with severe symptoms [22.7% vs 15.7%, OR = 0.634 (95% CI 0.440 – 0.913); P = 0.016]. Furthermore, the most significant HLA-G 3’UTR polymorphism (rs371194629) shows that the HLA-G 3’UTR Del/Del genotype frequency decreases gradually from 27.6% in paucisymptomatic patients to 15.9% in patients with severe symptoms (X2 = 7.095, P = 0.029), reaching the lowest frequency (7.0%) in ICU patients (X2 = 11.257, P = 0.004). However, no significant differences were observed for the soluble HLA-G levels in patients and controls. Finally, we showed that SARS-CoV-2 infection in the Sardinian population is also influenced by other genetic factors such as β-thalassemia trait (rs11549407C>T in the HBB gene), KIR2DS2/HLA-C C1+ group combination and the HLA-B*58:01, C*07:01, DRB1*03:01 haplotype which exert a protective effect [P = 0.005, P = 0.001 and P = 0.026 respectively]. Conversely, the Neanderthal LZTFL1 gene variant (rs35044562A>G) shows a detrimental consequence on the disease course [P = 0.001]. However, by using a logistic regression model, HLA-G 3’UTR Del/Del genotype was independent from the other significant variables [ORM = 0.4 (95% CI 0.2 – 0.7), PM = 6.5 x 10-4].





Conclusion

Our results reveal novel genetic variants which could potentially serve as biomarkers for disease prognosis and treatment, highlighting the importance of considering genetic factors in the management of COVID-19 patients.





Keywords: COVID-19, Sardinian population, soluble HLA-G, HLA-G 3’UTR haplotypes, KIR2DS2 gene, neanderthal LZTFL1 variants




1 Introduction

Over the past 20 years, human coronaviruses (HCoVs), such as SARS-CoV, MERS-CoV, and SARS-CoV-2, have resulted in outbreaks of serious respiratory illness (1–6). The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused the ongoing coronavirus disease-19 (COVID-19) pandemic (7–10), which has led to more than 6.3 million deaths globally as of June 2022 (11–13). COVID-19 can result in severe respiratory distress syndrome, coagulopathies, septic shock, and multiple organ injuries (14–17). Studies have revealed differences in COVID-19 incidence and lethality based on gender and age, with a higher incidence in women and higher lethality in men (18). Additionally, young individuals (aged 0-24) have a lower COVID-19 incidence rate than a group of people over 65 years of age (19, 20). Vaccine development has appeared to be the most effective approach in slowing the spread of COVID-19 (21–26), but the emergence of new variants of concern (VOC) has challenged vaccine efficacy and durability (27–30).

Various clinical outcomes have been described among COVID-19 patients since the outbreak. While some patients remain asymptomatic, others may develop respiratory or multiorgan failure with potentially lethal outcomes (31, 32).

Genetic factors may influence the individual’s susceptibility or resistance to viral infections by regulating the immune response (33–38). In particular, recent studies have also highlighted the role of specific genetic variants associated with asymptomatic COVID-19, such as genes of the lectin pathway (39).

However, the majority of the studies have indicated that COVID-19 development and/or severity are associated with polymorphisms in innate and adaptive immune genes, including killer-cell immunoglobulin-like receptors (KIR) and human leukocyte antigens (HLA) class I and II as well as genes involved in viral response pathways (LZTFL1, OAS gene family) (40–43).

The HLA-G, a non-classical HLA class I molecule, has been shown to play a critical role in immune response modulation and has been implicated in various pathological processes including response to viral infections (44). It is physiologically expressed in extravillous cytotrophoblast cells and is an essential factor in maternal-fetal tolerance (45, 46). Given its central role in immunotolerance, it is involved in several pathological conditions such as carcinogenesis, acute and chronic inflammation, autoimmune diseases, organ transplantation, allergies, parasitic diseases and response to viral infections (47, 48). HLA-G molecules interact primarily with ILT-2/LILRB1, ILT-4/LILRB2 and KIR2DL4 receptors, the immune checkpoint, to exert its inhibitory effects on immune cells (45). The interaction of HLA-G molecules with these specific receptors inhibits the proliferation and maturation of dendritic cells, cytotoxic NK cells (CD56dim, CD16+), and induces apoptosis in CD8+ T cells, while reducing the proliferation of CD4+ T cells and B cells (49). Thus, HLA-G can interfere in many different immunological processes of both the innate and adaptive immune system leading to a reduced immune response. Because of the extensive number of alleles and their associated regulatory regions (IPD-IMGT/HLA database, version 3.24.0.1), HLA-G expression levels between individuals differ widely (50). Moreover, the complexity of this system is increased by regulation at the transcriptional and post-translational levels, resulting in the production of seven alternative transcripts, four of which are membrane-bound (HLA-G1-G4), and 3 are soluble (HLA-G5-G7) (51, 52). To date, there were found several single nucleotide polymorphisms (SNPs) and an HLA-G insertion/deletion (Ins/Del; rs3711944629) of 14-base pair on the 3’UTR, in which the Del-Del genotype has been associated with high expression of HLA-G mRNA, whereas the Ins-Ins genotype has been associated with lower mRNA production (45, 49, 53). Several haplotypes have been described in the 3’UTR (UTR-1, UTR-2, UTR-3, UTR-4, UTR-5, UTR-6/-18, and UTR-7) of this gene, suggesting that HLA-G may influence immune responses to different stimuli, including in viral infections (45). Although the exact mechanisms by which the immunomodulatory molecule HLA-G influences disease presentation and progression are still not fully understood, research has shown that viral infections can lead to an increase in both the cell surface membrane-bound and soluble peripheral expression of HLA-G (53).

The association between HLA-G expression and COVID-19 severity and progression has been studied in some studies with contradictory results. Two hypotheses have been proposed to explain this discrepancy: the first is that the immunosuppressive action of HLA-G enhances the virus’s ability to escape the immune system, while the second is that HLA-G expression and secretion are a robust response to inflammation during the viral infection (53, 54). This suggests that high levels of HLA-G molecules may inhibit neutrophil adhesion to endothelial cells, resulting in a negative association between elevated levels of HLA-G and disease progression (55, 56).

In most of the studies conducted to date, the attention has focused mainly on the expression of HLA-G and serum levels of the molecule in patients with severe COVID-19, rather than the genetic basis from which these manifestations result. Starting from this consideration, this study aims to investigate the genetic basis of the HLA-G and its role in the manifestation of SARS-CoV-2 infections. To this aim, we used the Sardinian population as a model of study, which is noteworthy for its high degree of genetic homogeneity. This makes it ideal for studying genetic and immunogenetic features, including the role of innate and adaptive immunity in viral infections.

In previous studies, carried out during the outbreak of the SARS-CoV-2- B.1.1.7 variant in Italy, we observed how specific genetic factors in the Sardinian population significantly impact the outcome of COVID-19 infections (36, 38, 43). We have found that certain genetic factors, including the HLA extended haplotype HLA-B58:01, C07:01, DRB1*03:01, β°39 C>T variant at the HBB gene and KIR2DS2 gene/HLA C1 group ligand combination, can positively influence the course of the disease and result in an asymptomatic outcome (36, 38, 43). While the Neanderthal-inherited haplotype (rs35044562, rs73064425, rs34326463, rs67959919) at the leucine zipper transcription factor-like 1 (LZTFL1) has been associated with an increased risk of serious symptoms (36).

In this study, we evaluated a new and larger group of unvaccinated individuals affected by COVID-19, who were enrolled during the spread of the B.1.617.1 (Delta) variant (13). This allowed us to investigate whether the previously identified risk and protective factors still played a role in the infection caused by this different SARS-CoV-2 variant. Moreover, we explored other genetic traits, such as OAS3 protective haplotype and G6PDH enzyme deficiencies, which have not been found critical in our past studies (36, 38).

This study aimed to confirm the robustness of previous findings with a new pool of individuals and investigate the role of HLA-G in COVID-19. In particular, we evaluated the role of HLA-G, both as a single factor and in correlation with other factors, to determine its strength in affecting the outcome of the disease. Throughout this study, the goal was to contribute to the development of a broader spectrum of prognostic factors that could be used in the future.




2 Materials and methods



2.1 Patients and controls selection

In this study, we analyzed data from 381 unvaccinated patients, recruited between 1 August and 30 October 2021 at the Covid Unit of the SS.Trinità Hospital in Cagliari (Italy). In this period, the predominant variant circulating worldwide was the SARS-CoV-2 Delta (B.1.617.2) (25). All the recruited patients were diagnosed with SARS-CoV-2 by RT-PCR from a nasopharyngeal swab. Following the WHO’s guidelines, patients were divided into two groups: 207 patients had been admitted to the Covid Unit of the SS.Trinità Hospital in Cagliari with moderate or severe disease, including 57 intensive care unit (ICU) patients, (Group S) and 174 asymptomatic or paucisymptomatic patients (Group A) were confined to home quarantine. Four hundred twenty unrelated healthy individuals, from the Sardinian Voluntary Bone Marrow Donor Registry, were enrolled as control group. According to three-generation family trees, both groups (patients and controls) were from South Sardinia.




2.2 Ethics statement

The research protocol was conducted at the Department of Medical Sciences and Public Health of the University of Cagliari, the University Hospital of Cagliari (AOUCA), and the SS. Trinità Hospital of the Sardinian Regional Company for the Protection of Health (ATS Sardegna) where patient recruitment took place. In accordance with the local human research committee’s national and institutional ethical standards, all patients and controls provided informed consent. The informed consent procedures in the study protocol are in accordance with the ethical guidelines outlined in the Declaration of Helsinki and have been approved by the responsible ethics committee (Ethics Committee of the Cagliari University Hospital; date of approval: May 27th, 2020; protocol number GT/2020/10894). Documents containing written informed consent are kept on file and included in each patient’s clinical records.




2.3 DNA extraction and genetic analysis

The genomic DNA from peripheral blood mononuclear cells was extracted following the standard methods (57). All 801 samples from patients and controls were genotyped at high resolution for the alleles at HLA-A, -B, -C, -DR and -G loci using Next-generation sequencing (NGS) AlloSeq Tx17 (CareDx) method based on Hybrid Capture Technology and performed on the Illumina platform. The data was analyzed using the AlloSeq Assign® software (v.1.0.2). The full-length HLA-G gene was sequenced through long-range PCR, including the 3’UTR non-coding region. Primers were designed using Primer3web (version 4.1.0), based on HLA-G RefSeqGene version NG_029039.1 (NCBI database), as previously described (58).

Starting with 1 ng of PCR product, the libraries were prepared using the Nextera XT DNA Library Preparation Kit. On MiSeq Illumina Sequencer, a pool of normalized libraries (4 nM) was loaded onto V3 flow cells for 600 cycles of paired-end sequencing. Alignment and variant calling of the FASTQ files were processed by MiSeq Reporter v2.6, and variant classification was performed using VariantStudio Software v3.0 (Illumina, Netherlands). Each variant was validated individually and then entered into appropriate spreadsheets for statistical analysis as reported later on.

The 3’UTR haplotypes of HLA-G were determined based on variations in their nucleotide sequences between +2945 and +3259 nucleotides of the 3’UTR using the methodology and nomenclature described elsewhere (47, 59–61).

Moreover, we performed the KIR typing in order to detect the presence of the 14 KIR genes KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL4, KIR2DL5, KIR3DL1, KIR3DL2, KIR3DL3, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5 and KIR3DS1 using PCR-SSP with primers specific for each locus according to a previously reported method (62, 63).

We explored the Neanderthal haplotype in the LZTFL1 gene, which consists of the variants rs35044562, rs73064425, rs34326463, rs67959919, and is most strongly associated with the risk of developing a severe form of COVID-19. We considered rs35044562 as the index risk variant for severe infection (36).

Additionally, we examined another Neanderthal inherited variant located in the OAS3 gene (rs1156361) which has been associated with protection against severe COVID-19 (64). Our final step was to sequence the rs11549407 (C>T) variant at codon 39 of the hemoglobin subunit beta gene (HBB), the predominant mutation responsible for beta-thalassemia in Sardinia (65). Primer pairs for each region of interest were designed using Primer3web (version 4.1.0), as we previously reported (36).

The PCR reaction was performed according to the protocol supplied with AmpliTaq Gold™ DNA Polymerase (Applied Biosystems/Thermo Fisher Scientific, Waltham, MA) for each region containing the three SNPs: rs35044562, rs1156361 and rs11549407 respectively located within the LZTFL1, OAS3 and the HBB gene.

Sequencing was performed using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA), with the same primers described previously followed by cleanup with CleanSEQ Dye-Terminator Removal Kit (Beckman Coulter, Inc.). Capillary electrophoresis was run on the ABI 3500 Genetic Analyzer (Applied Biosystems) and sequences were analyzed with Sequencher 5.3 (© 2017 Gene Codes Corporation).




2.4 Soluble HLA-G and G6PD activity quantification

Plasma samples were collected from all 381 convalescent COVID-19 patients, from one to six months after recovery, and 420 controls were recruited for this study. The levels of sHLA-G were determined using the sHLA-G ELISA assay kit (Exbio, Prague, Czech Republic), which detects both shedding HLA-G-1 and soluble HLA-G-5 molecules. The assay was conducted on the plasma samples immediately frozen after separation and stored at -80°C until use. Fifty µl of each sample were diluted 1:80 in the plasma-specific buffer. A six-point calibration curve was obtained using the human native HLA-G protein included in the kit. At the end of the reaction, optical density was measured using a microplate reader with a 450 nm filter. The limit of sensitivity was 0.6 U/ml. For all samples a technical replicate was included.

The activity of the G6PD enzyme was quantified by measuring an increase in absorbance of NADPH at 340 nm during the enzyme-catalyzed reaction (66). The assay was conducted using the Randox G6PD assay kit (Randox Laboratories Ltd., Crumlin, UK) as described in other studies (67).




2.5 Statistical analysis

Clinical and biochemical parameters of COVID-19 patients were reported using mean values and standard deviations (SD) or percentages, as appropriate. The Student’s t-test was used to compare continuous variables between patients and controls. The Fisher’s exact test was used to determine P values and odds ratios (ORs), along with their 95% confidence intervals (CIs), when we compared the categorical data between patients and controls or subgroups of patients. To account for multiple testing based on the number of HLA-G alleles or 3’UTR haplotypes analyzed, the P values (Pc) were adjusted. The results were considered statistically significant only when the adjusted P value (Pc) was lower than 0.05. Statistical analysis was performed with the R programming language (R version 4.2.2) [R core Team (2022). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/]. We examined the Hardy-Weinberg equilibrium (HWE) of the HLA-G 14bp Ins/Del polymorphism by computing   and P values. Deviation from HWE was assessed using Haploview 4.0 software (Broad Institute, Cambridge, MA, USA) (68).

All tests were two-sided and only values of P < 0.05 were accepted as being statistically significant.

Soluble HLA-G plasma levels in controls, patients and subgroups of patients were represented by boxplots. We used the non-parametric Wilcoxon rank sum test (69) for comparisons between two groups and the Kruskal-Wallis rank sum test (70) for comparisons between three groups.

A multivariate logistic regression analysis was conducted to determine the independence of clinical and genetic variables with respect to age and gender, based on the results of the univariate analysis (PU< 0.05) that showed statistically significant differences between the groups (A and S patients). The univariate P values and ORs have adjusted accordingly to age and gender using a logistic regression model. The multivariate P values (PM) were corrected for multiple comparisons (PMC).





3 Results



3.1 Clinical characteristics of patients with COVID-19

Clinical and genetic characteristics of SARS-CoV-2 positive patients are shown in Table 1. The mean age at diagnosis was 56 years (mean ± SD: 56.0 ± 17.4). According to the results, 28.4% (n = 108) of the patients were under the age of 50, and 41.5% were over 65 years of age.


Table 1 | Comparisons of baseline clinical and genetic parameters between COVID-19 patients with either asymptomatic/pauci-symptomatic (Group A) or moderate/severe (Group S) disease.



A significant proportion of patients over 65 years of age had more severe symptoms and clinical manifestations than adults less than 65 years old [OR = 3.4 (95% CI 2.2–5.3), P = 1.1 x 10−7].

On the other hand, a significant percentage of patients under the age of 50 seemed to have less severe symptoms than patients over 50 years old [OR = 0.2 (95% CI 0.1–0.3), P = 5.3 x 10−8].

COVID-19 occurred at the same rate in males and females, with males slightly more likely to contract the disease (59.3%). In addition, the results suggest that female patients are less susceptible to COVID-19 severe effects [74.4% males vs. 25.6% females, OR = 4.1 (95% CI 2.7–6.4), P = 6.2 x 10-11].

Our analysis also included several other comorbidities that may be involved in the disease course of COVID-19, in addition to sex and age. In our cohort, most patients with comorbidity had autoimmune diseases (19.7%). The remaining comorbidities were: 15% arterial hypertension, 10% hypercholesterolemia, 7.36% ischemic heart disease, 3.5% type I diabetes, 1.3% chronic pulmonary disease and 1.1% cancer. For each comorbidity present in the total cohort of patients, we compared group S (severe) and group A (asymptomatic) patients. There was no significant difference regarding comorbidities except for a higher prevalence of autoimmune disorders among patients with severe disease [24.6% A vs. 13.8% S, OR = 2.0 (95% CI 1.2–3.5), P = 0.009]. Moreover, there was no difference in chronic drug intake between the two groups of patients.




3.2 Genetic traits influencing COVID-19 outcome

As a further step, we investigated genetic traits likely to influence the outcome of COVID-19 caused by the B.1.617.2 SARS-CoV-2 variant in the Sardinian population. The results of each genetic trait analyzed are presented in detail in Supplementary Tables (S1: Allele and Genotype distribution of rs35044562, rs1156361 and rs11549407 in SARS-CoV-2 patients; S2: HLA alleles and Haplotypes frequencies compared between Group A and S; S3: KIR genes and genotype frequencies compared between Group A and S; S4: Comparisons of KIR genes and their cognate HLA ligands between COVID-19 patients between Group A and S).

None of the patients with SARS-CoV-2 infection in group S carried the extended haplotype HLA-A*02:05, B*58:01, C*07:01, DRB1*03:01 whose frequency was 3.2% in the control group [OR 0.1 (95% CI 0.1 – 0.6), P = 0.002].

The three-locus HLA haplotype HLA-B*58:01, C*07:01, DRB1*03:01 was almost absent in group S [2.0% A vs 0.48% S, OR = 0.1 (95% CI 0.0 – 0.9), P = 0.026], as well as the KIR2DS2/HLA-C C1+ group ligand, which was more prevalent in group A [36.2% A vs 22.7% S, OR = 0.5 (95% CI 0.3 – 0.8), P = 0.005], suggesting their protective effect.

Similar results were obtained for the beta-thalassemia trait (rs11549407 C>T) that was found in 5.7% of patients, with higher prevalence in group A than in group S [10.3% A vs. 1.9% S, OR = 0.2 (95% CI 0.1 – 0.5), P = 0.001].

Additionally, the Neanderthal variant rs35044562 (A>G), reported to be associated with a severe form of COVID-19, was clearly associated with group S [12.6% A vs. 26.1% S, OR = 2.4 (95% CI 1.4 - 4.2), P = 0.001]. Finally, there was no significant difference between the two groups of patients in terms of frequencies in the KIR AA haplotype, G6PDH enzyme deficiency and OAS3 (rs1156361) polymorphism [62% A vs 65% S, OR = 1.1 (95% CI 0.8 – 1.7), P = 0.593].



3.2.1 Analysis of the locus HLA-G



3.2.1.1 A comparison of HLA-G alleles and 3’UTR haplotype frequencies between the population group and COVID-19 patients

HLA-G alleles and 3’UTR haplotype frequencies were compared in 381 COVID-19 patients and 420 healthy controls (Table 2). The analysis of extended haplotypes (HLA-G alleles and 3’UTR haplotype) showed there were few substantive differences in frequency between patients and healthy controls. In both groups, the most prevalent extended haplotypes were HLA-G*01:01:01:01/UTR-1 (27.5% controls, 18.9% patients), HLA-G*01:03:01:02/UTR-5 (15.6% controls, 9.8% patients), and HLA-G*01:01:02:01/UTR-2 (11.8% controls, 13.8% patients).


Table 2 | Extended haplotypes (HLA-G alleles and 3’UTR haplotypes) frequencies in healthy controls and COVID-19 patients.



The HLA-G*01:01:01:01/UTR-1 and HLA-G*01:03:01:02/UTR-5 showed a lower and significantly different frequency in patients [(27.5% vs 18.9%, OR = 1.6 (95% CI 1.3 – 2.1); P< 0.001, Pc = 0.002) and [15.6% vs 9.8%, OR = 1.7 (95% CI 1.3 – 2.3); P = 0.001, Pc = 0.018)].

Conversely, the HLA-G*01:04:01:01/UTR-3 and HLA-G*01:01:01:04/UTR-6 were more prevalent in the patient’s group (5.5% vs 11.4% and 0.36% vs 2.4% respectively), with a significant difference only for the first of the two haplotypes: HLA-G*01:04:01:01/UTR-3 [OR = 0.5 (95% CI 0.3 – 0.7); P< 0.001, Pc = 0.005].

Additionally, we evaluated the frequencies of HLA-G 3’UTR haplotypes (Table 3). In both groups, UTR-1 was the most prevalent haplotype in both groups. Additionally, only UTR-1 and UTR-5 showed a significant difference in frequency between controls and patients [34.3% vs 27.2%, OR = 1.4 (95% CI 1.1 – 1.7); P = 0.002, Pc = 0.02 and 16.1% vs 9.8%, OR = 1.8 (95% CI 1.3 – 2.4); P< 0.001, Pc = 0.001 respectively]. UTR-6 and UTR-10 showed marginal significance in their P-values due to their low frequencies.


Table 3 | Haplotype frequencies observed at the HLA-G 3’UTR polymorphic sites in population group controls and COVID-19 patients.






3.2.1.2 Correlation of HLA-G alleles and 3’UTR haplotype frequencies to the clinical manifestations of SARS-CoV-2 infection

The patients were then divided into two groups based on disease severity: Group A (asymptomatic and paucisymptomatic ill SARS-CoV-2 patients) and Group S (severely ill patients).

The results of the analysis of HLA-G alleles and 3’UTR haplotype frequencies in patients with SARS-CoV-2 infection appeared notable in relation to the severity of the clinical picture (Table 4). Among the twenty-six HLA-G extended haplotypes, only the HLA-G*01:01:01:01/UTR-1 and HLA-G*01:01:03:03/UTR-7 showed a significant association. In particular, the extended haplotype HLA-G*01:01:01:01/UTR-1 was more frequent in Group A [22.7% vs 15.7%, OR = 0.634 (95% CI 0.440 – 0.913); Pc = 0.016] (Table 5).


Table 4 | Comparisons of HLA-G extended haplotypes among COVID-19 patients divided according to severity of the clinical manifestations.




Table 5 | Haplotype frequencies observed at the HLA-G 3’UTR polymorphic sites in COVID-19 patients divided according to severity of the clinical manifestations.



In addition, we examined the genotype and alleles frequencies distribution of the HLA-G 14bp Ins/Del polymorphism in both controls and patients (Table 6). Among the nine polymorphisms constituting the HLA-G UTR-1 haplotype, the Del variant (rs371194629, 14bp deletion) was found to be the most significant. The Ins/Del polymorphism variants revealed a distribution in Hardy–Weinberg equilibrium (HWE) both in group A patients and the control population. The   P-values for the control population were not statistically significant (  = 0.789, P = 0.375 and   = 1.031, P = 0.310, respectively). On the other hand, the HLA-G 14bp Ins/Del polymorphism in the total COVID-19 patient population and in Group S were not in HWE (  = 8.527, P = 0.003 and   = 10.369, P = 0.001, respectively). Finally, the HWE for Intensive Care Unit (ICU) patients was close to being statistically significant (  = 3.079, P = 0.079).


Table 6 | HLA-G 14bp polymorphism in COVID-19 patients and population group control.



The deviation from HWE is due to the reduced frequency of HLA-G Del variants among severe COVID-19 patients. The frequency of HLA-G Del/Del genotype decreases gradually from 27.6% in Group A to 15.9% in Group S (X2 = 7.095, P = 0.029), and reaches its lowest frequency of 7.0% among ICU patients (X2 = 11.257, P = 0.004).

The 14bp Ins/Del polymorphism at HLA-G 3’UTR implies an imbalance between Ins and Del variants, particularly in severe and ICU patients. As shown in Figure 1A Del allele was significantly less frequent in Group S and ICU patients compared to Group A and controls. Specifically, the Del variant was present in 35.1% (2N=40) of ICU patients and in 51.1% (2N= 429) of controls (ICU vs controls, P = 0.001) and in 54.3% (2N=189) of Group A (ICU vs Group A, P = 0.0004).




Figure 1 | Graphical representation of HLA-G 3’UTR 14bp Ins/Del allele frequency (A), HLA-G 3’UTR 14bp Del/Del genotype frequency (B), HLA-G 3’UTR 14bp Ins/Ins genotype frequency (C) and HLA-G 3’UTR 14bp Ins/Del genotype frequency. Data extracted from controls, Group A (Paucisymptomatic patients), Group S (patients with severe symptoms) and ICU (critical patients admitted in Intensive Care Unit). P values were calculated by using the two-tailed Fisher’s exact test. Only P values less than 0.05 are reported in the figure corresponding to significant differences between the frequencies of the HLA-G 3’UTR 14-bp polymorphism (Ins or Del) and the HLA-G genotype (Del/Del or Ins/Ins and Ins/Del) in the control sample and in the groups of patients. Table S5 in the Supplementary Material reports the P values for all the possible comparisons between the HLA-G polymorphism and genotypes in the groups of controls and patients. *To calculate the P values between Group S and ICU, we excluded the patients in ICU from Group S.



Similarly, we observed a significant difference between Group S and Group A [46.4% (2N=192) vs 54.3% (2N=189), P = 0.035] and between Group S and ICU patients [35.1% (2N=40) vs 46.4% (2N=192), P = 0.006].

Based on genotype frequencies for the HLA-G 14-bp (Figure 1B), Del/Del genotype was significantly less common in Group S and in ICU patients [N= 33 (15.9%) and N=4 (7%), respectively] compared to Group A and controls [N= 48 (27.6%) and N=105 (25.0%), respectively] (Figure 1B).

On the other hand, we found the opposite situation for the Ins/Ins genotype. As shown in Figure 1C, this HLA-G 3’UTR genotype was significantly more frequent in ICU patients [N=21 (36.8%)] compared to Group S [N=48 (23.2%)], Group A [N=33 (19.0%)] and controls [N=96 (22.9%)].

Finally, the frequency of the Ins/Del genotype in Group S was slightly higher than in controls [N=126 (60.9%) vs N=219 (52.1%), P=0.041] (Figure 1D). Table S5 displays all the P values from the comparison of all groups.




3.2.1.3 Soluble HLA-G dosage

Soluble HLA-G (sHLA-G) levels were measured in healthy controls at the time of enrollment, and in patients at a time point between one to six months after complete recovery. The levels of sHLA-G were not measured in plasma obtained during the acute disease or during hospitalization because sHLA-G levels might be influenced by the pharmacologic treatment that was not standardized.

Results show that sHLA-G levels are similar between COVID-19 recovered patients and controls (Supplementary Figure S1A), with no statistically significant differences between the two groups [sHLA-G: Median (IQR) 5.9 (7.2) vs. 7.5 (8) U/mL P = 0.068]. We obtained the same results when we compared Group A vs. Group S (Supplementary Figure S1B), [sHLA-G: Median (IQR) 5.5 (4.8) vs. 7.3 (8.1) U/mL P = 0.960].

According to the literature, serum levels of HLA-G may be affected by the presence of Del allele. Patients were therefore divided into the genotype group: homozygous (Ins/Ins), heterozygous (Ins/Del) and homozygous (Del/Del). However, no significant differences were found between the three groups (Supplementary Figure S1C), [sHLA-G: Median (IQR) 5.3 (4.3) Ins/Ins vs 4.6 (7.2) Ins/Del vs 6.9 (8.2) Del/Del U/mL, P = 0.429].

Finally, we evaluated the effect of the Del/Ins genotype in Group A and Group S. No differences were found in this case either [Group A: Median (IQR) 4.6 (4.4) Ins/Ins vs 5.6 (5.4) Ins/Del vs. 5.7 (3.6) Del/Del U/mL P = 0.406] and [Group S: Median (IQR) 5.9 (2.4) Ins/Ins vs 4.3 (9.7) Ins/Del vs. 11.5 (4.6) Del/Del U/mL P = 0.368] (Supplementary Figures S1D, E respectively).






3.3 Multivariate analysis of clinical, immunological and genetic factors and the clinical manifestations of SARS-CoV-2 infection

As a further analysis, we performed a multivariate analysis based on a logistic regression model to calculate the independence of immunological and genetic variables from age and gender.

We included in the comparisons between the two groups of patients (A and S) the factors that were statistically significant in the univariate analysis (PU< 0.05): concomitant autoimmune diseases, beta-thalassemia trait, HLA-G 3’ UTR 14bp Del/Del, the KIR-ligand combination KIR2DS2/HLA-C C1+, the Neanderthal LZTFL1 polymorphism and the three loci HLA haplotype HLA-B*58:01, C*07:01, DRB1*03:01. The univariate P values and odds ratios of the statistically significant factors were adjusted according to age and gender (Table 7). The multivariate P values (PM) were corrected for multiple comparisons (PMC).


Table 7 | Multivariate analysis of clinical, immunological and genetic factors associated with the course of the SARS-CoV-2 disease.



The results confirmed the strong association between the severe clinical manifestations of SARS-CoV-2 infection and five clinical and genetic factors after multiple testing correction, as shown in Table 7: I) age ≥ 65 years [ORM = 2.5 (95% CI 1.6 – 4.1), PM = 1.3 x 10-4, PMC = 0.001], II) male gender [ORM = 4.8 (95% CI 3.1 – 7.7), PM = 1.8·10-11, PMC = 1.4 x 10-10], III) autoimmune disease [ORM = 2.4 (95% CI 1.3 – 4.3), PM = 0.004, PMC = 0.032], IV) β-Thalassemia trait [ORM = 0.2 (95% CI 0.0 – 0.5), PM = 0.002, PMC = 0.016] and V) HLA-G 3’ UTR 14bp Del/Del [ORM = 0.4 (95% CI 0.2 – 0.7), PM = 6.5 x 10-4, PMC = 0.005]. The results confirmed that this specific HLA-G 3’UTR polymorphism plays a relevant role in protection against severe and life-threatening diseases.





4 Discussion

The clinical course of SARS-CoV-2 infection can be influenced by various clinical, genetic, and immunological factors, and may also depend on the specific variant of the virus, as observed in various studies. Since the first wave of the pandemic emerged, males and patients of advanced age have been more susceptible to severe clinical manifestations (71).

In the Sardinian population as well, these two clinical-demographic factors have been identified as the most relevant risk factors (43). Nevertheless, this study highlights additional clinical and genetic factors that may impact the progression of SARS-CoV-2 B.1.617.1 (Delta) variant infection among Sardinian population, beyond those previously identified during the spread of the B.1.1.7 variant (36, 43).

Among these factors, comorbidity with autoimmune diseases emerged as the most relevant clinical factor. The four most common autoimmune diseases associated with severe COVID-19 were Hashimoto’s thyroiditis, type I diabetes, rheumatoid arthritis, systemic lupus erythematosus, and autoimmune hepatitis.

According to the literature, patients with these immune-mediated diseases have an alteration of the cell-mediated immune response mechanism that facilitates a rapid release of proinflammatory cytokines and chemokines by T lymphocytes, resulting in the so-called “cytokine storm” that complicates COVID-19 course (9, 38, 43, 72).

Our study, in addition to these comorbidities, highlights the association of the Neanderthal haplotype at the LZTFL1 gene with severe COVID-19.

This haplotype, consisting of four SNPs (rs35044562, rs73064425, rs34326463, rs67959919) has exerted a negative influence on disease outcome. The findings are in line with previous studies in other populations showing that this Neanderthal haplotype is strongly linked to a severe form of COVID-19 (36, 73, 74).

The biological role of LZTFL1 in COVID-19 outcomes is still unclear. However, it should be noted that LZTFL1 gene expression is widely distributed in pulmonary epithelial cells, including those of the ciliated epithelium, which has been identified as a major target for SARS-CoV-2 infections. This gene encodes a cytosolic leucine zipper protein, which associates with the epithelial marker E-cadherin and participates in wound healing and immune response. According to previous studies, increased expression of LZTFL1 caused by a gain-of-function variant in an inducible enhancer may negatively affect the outcome in COVID-19 patients (75).

In contrast, according to previous studies in different populations, we confirmed that the other Neanderthal haplotype encompassing the OAS1, OAS2, and OAS3 genes (chr12: 113,350,796 to 113,425,679; hg19) does not provide any protection against severe SARS-CoV-2 infections in Sardinia population (65, 76, 77).

Another notable observation that emerged from this study was the low frequency of beta-thalassemia carriers in the group of patients with severe clinical manifestations. In particular, the most common mutation in Sardinia, the β°39 C>T (rs11549407), at the gene HBB, does not protect against infection but appears to enhance resistance in cases of severe disease.

Currently, the mechanism conferring resistance to severe COVID-19 infection remains to be elucidated. According to some studies, microRNAs produced by patients with hemoglobinopathies are involved in modulating the functions associated with several disease processes, including microbial defense (78).

Other researchers suggested that specific SARS-CoV-2 proteins may attack the heme on the 1-ß chain of hemoglobin, leading to iron dissociation, formation of porphyrin, and consequent oxidative damage (79).

This molecular process could be less frequent in patients with hemoglobinopathies. Nevertheless, this result needs to be further investigated by future studies since the literature does not provide unique data.

On one side, some studies have found the protective effect of the thalassemia trait and hemoglobinopathies (43, 78, 80). Other studies, however, reject this conclusion and suggest an increased mortality risk from COVID-19 in patients with hemoglobinopathies (81). This inconsistency is likely caused by the wide variety of mutations found in alpha and beta globin chains that are characteristic of different populations.

As a result of multivariate analysis, it was also confirmed that the KIR2DS2/HLA-C C1+ group-ligand combination can influence the outcome of COVID-19 disease independently of other genetic factors. During SARS-CoV-2 infection, the number of circulating NK cells decreases, and the cells express markers of exhaustion (TIM-3, PD-1, NKG2A), possibly due to high levels of IL-6 secreted from macrophages during the inflammatory process.

This combination results in a decreased secretion of IFN-γ and decreased degranulation (82, 83). As a result, NK cells may be less able to effectively fight infection when the KIR2DS2/HLA-C C1+ group ligand functional unit is not present.

The correct function of the NK cells requires a proper combination of activating and inhibiting KIR genes and their HLA ligands. Due to the defective combinations of KIR and HLA, the function of NK cells can be impaired, similar to what has been observed in COVID-19 patients from different ethnic backgrounds (43).

Our study aims to contribute to the understanding of SARS-CoV-2 infection by investigating the role of HLA-G polymorphism in the population.

So far, the research has concentrated on how this immunomodulatory molecule plays a role in virus immunopathogenesis in patients with SARS-CoV-2 infection. It has been shown that viruses can upregulate HLA-G molecules in both surface membrane-bound and peripheral soluble forms in cells infected with viruses (53). However, researchers have mainly focused on HLA-G expression and serum levels in COVID-19 patients, rather than focusing on the genetic basis of these manifestations.

The present study is the first to investigate the genetic basis of the HLA-G and how it contributes to symptoms associated with SARS-CoV-2 infection. Our first consideration is that the HLA-G genetic structure between COVID-19 patients and the controls does not differ significantly. Nevertheless, a significant reduction in the frequency of extended haplotype HLA-G*01:01:01:01/HLA-G/UTR-1 is observed in patients with severe illness (Group S) compared to controls and group A [P< 0.001, Pc =0.002]. On the contrary, our results show that the extended haplotypes HLA-G*01:03:01:02-HLA-G/UTR-5 and HLA-G*01:04:01/04-HLA-G/UTR-5 are more frequent in Group S than in Group A [P = 0.001, Pc = 0.018 and P< 0.001, Pc = 0.005 respectively].

A recent study has revealed that HLA-G*01:04 and HLA-G*01:03 products have a greater affinity for the heterodimer NKG2A/CD94 receptor than HLA-G*01:01. Therefore, this results in NKG2A to take on a much more potent immunosuppressive action, as it happens in severe COVID-19 infections (53, 84).

In addition, HLA-G UTR-1 is particularly rare in patients with severe clinical manifestations (Table 5). Among the nine polymorphisms that constitute the HLA-G UTR-1 haplotypes, 14bp Del (rs371194629), and HLA-G 3’ UTR +3187G (rs9380142) are the most significant ones. Indeed, about 30% of the Caucasian population has these two polymorphisms, which result in close linkage disequilibrium (60).

The “GenOMICC” study has previously conducted genome-wide association studies (GWAS) in 2,244 patients with a critical illness (85). The HLA-G 3’ UTR polymorphism +3187A (rs9380142) was reported as one of the genetic markers associated with severe COVID-19 disease, whereas the +3187G variant was not associated with severe disease (85). The study supports the hypothesis that the HLA-G/UTR-1 haplotype and its polymorphisms, HLA-G Del and HLA-G +3187G, might play a protective role against severe forms of the disease.

Furthermore, the protective effect is more pronounced in HLA-G Del/Del homozygous subjects, making it the most relevant genetic factor in the multivariate analysis (Table 7). This genotype, in fact, was found in only 7% of COVID-19 ICU patients (Figure 1B).

As several published studies have shown, the HLA-G Del polymorphism can result in increased expression of soluble HLA-G molecules by modifying mRNA stability or allowing post-transcriptional regulation (49, 86, 87).

Interestingly, where there was no infection, the levels of soluble HLA-G among patients who recovered from SARS-CoV-2 and those in the control group were not significantly different, even when grouped by their genotype (Ins/Ins, Ins/Del, and Del/Del). Similar results were described by Ali H Ad’hiah, where HLA-G genotypes did not significantly affect levels of the soluble molecule in 209 Iraqi patients (88).

However, SARS-CoV-2 infection, like other viral infections, can cause a marked variation in sHLA-G levels due to inflammation and upregulation of immune inhibitory receptors of which HLA-G is a ligand. In addition, a remarkable decrease in HLA-G+ immune cell numbers and exhaustion of host cellular immune responses are commonly observed in patients with severe COVID-19 illness (53).

It is possible that patients with the HLA-G Del/Del genotype may express more HLA-G molecules, leading to an increased number of immune-modulatory HLA-G+ cells in the host. In patients with COVID-19 disease, this could reduce the severity by limiting inflammation and cytokine storm responsible for critical cases of illness (89). Moreover, higher levels of sHLA-G are associated with increased expression of sICAM-1 and sE-selectin expression, which may contribute to improved clinical conditions in COVID-19 patients by reducing neutrophil adhesion to activated endothelium (56).

On the other hand, HLA-G Ins/Ins genotype has been associated in literature with lower surface expression of HLA-G. This reduction in surface expression may potentially worsen the immune response to viral infections, leading to increased tissue damage, which could explain why this genotype was more commonly observed in ICU patients.

In conclusion, this study is the first to thoroughly investigate the role of HLA-G genotypes in SARS-CoV2. Specifically, our results suggest that some HLA-G polymorphisms may positively impact the course of COVID-19 through their immunomodulatory effect.

The outcome of SARS-CoV-2 infection is dependent on a complex interaction between the virus and the host, which includes both virus-related factors like the variety of variants and viral load, as well as various genetic and immunological factors of the host. Host genetic factors, including some that have been shown to affect individual susceptibility to develop severe manifestations of COVID-19, should be taken into account along with well-established general risk factors like older age, male gender, and chronic comorbidities when predicting the severity and mortality associated with COVID-19.

It is essential to develop predictive algorithms based on these clinical, genetic, and immunological factors to identify categories of individuals at higher risk of severe short- and/or long-term clinical manifestations in case of SARS-CoV-2 infection. This need is urgent as novel pandemic waves caused by new COVID-19 variants could occur in the coming years (90).
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Immunoglobulin M (IgM) is the largest antibody isotype with unique features like extensive glycosylation and oligomerization. Major hurdles in characterizing its properties are difficulties in the production of well-defined multimers. Here we report the expression of two SARS-CoV-2 neutralizing monoclonal antibodies in glycoengineered plants. Isotype switch from IgG1 to IgM resulted in the production of IgMs, composed of 21 human protein subunits correctly assembled into pentamers. All four recombinant monoclonal antibodies carried a highly reproducible human-type N-glycosylation profile, with a single dominant N-glycan species at each glycosite. Both pentameric IgMs exhibited increased antigen binding and virus neutralization potency, up to 390-fold, compared to the parental IgG1. Collectively, the results may impact on the future design of vaccines, diagnostics and antibody-based therapies and emphasize the versatile use of plants for the expression of highly complex human proteins with targeted posttranslational modifications.
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Introduction

Immunoglobulin M (IgM) is the largest antibody (Ab) isotype that is produced by the immune system of vertebrates. It can bind to a wide variety of pathogens and antigens (Ag) and is an essential part of the immune response. Comprehensive serological profiling in the course of diverse viral infections, including SARS-CoV-2, revealed a discerning appearance of various Ab iso- and subtypes, with increased levels of IgM, IgA, IgG1, and IgG3 (1–3). In fact, despite accounting for only ~12% of total immunoglobulins in plasma from healthy donors, IgG3 and IgM account for approximately 80% of the total neutralization in SARS-CoV-2 convalescent plasma (4). The overlapping or time-delayed response of antibody iso- and subtypes in infected individuals points to the versatile roles of Abs to combat infections effectively. Notwithstanding, research and industry have mainly focused on IgG1, with the consequence that the specific properties of other Ab isotypes are still poorly understood. This also applies to IgM Abs that bear interesting intrinsic features, like extensive N-glycosylation (more than 10% of the IgM molecular mass accounts for glycans) and circulate as ∼950 kDa pentamers in human serum. In fact, the pentameric existence offers an avidity advantage and is a strong stimulus for the IgM typical complement activation (5, 6).

Understanding the isotype-dependent properties requires the characterization of monoclonal antibodies (mAbs) of various isotypes against a defined antigen/epitope. However, the isolation of pathogen-specific monoclonal IgM is challenging due to low serum abundance, rapid decline as disease progress and class switch to various isotypes (7). Early studies of recombinantly produced human mAbs (8) often involved isotype-switching of IgM to IgG1, mainly due to technical difficulties in the production of well-defined IgM pentamers. This approach has also been employed to study the properties of IgM Abs against SARS-CoV-2, however with inconclusive outcomes. (9) expressed a series of naturally selected anti-SARS-CoV-2 IgMs, switched to IgG1, thereby lowering the neutralizing (NT) activity. In another study, the complete loss of NT potency of two IgM Abs following isotype switch to IgG1 was reported (10). Interestingly, isotype switch of two anti-influenza mAbs from IgM to IgG1 changed their neutralization potency. The activity of the more potent IgM was reduced by approximately 100-fold, while that of the less potent IgM did not change significantly (11). Although the vice versa engineering (i.e. IgG1 to IgM) often enhances potencies, this does not apply to all anti-SARS-CoV-2 Abs (12, 13). Notably, even Abs that bind to identical epitopes do not react equally. For example, the therapeutic anti-cancer IgG1 mAbs Pertuzumab and Trastuzumab, that bind to identical HER2 epitopes, behaved differently when switched to IgM (14). While Pertuzumab-IgM inhibited proliferation of HER2 over-expressing cells more effectively than its IgG1 counterpart, the reverse was observed for Trastuzumab. Taken together, previous observations highlight frequent uncertain consequences that accompany the class-switching of Abs and underline the importance of further research. Given the technical challenges in producing well-defined pentameric IgM molecules, direct comparisons of the functional attributes of IgM and IgG have been difficult.

While recombinant proteins have been expressed in whole plants for almost three decades this platform is increasingly being recognized for the expression of complex human proteins, including antibodies in higher molecular forms (15, 16). Especially the advent of novel transient expression tools which allow the rapid expression of complex human proteins within several days post DNA construct delivery to plant leaves, significantly advanced the system (17). Impressive examples are the rapid reaction in epidemic and pandemic situations, including COVID-19 (18).

Here we report the plant-based recombinant expression of two anti-SARS-CoV-2 mAb isotypes that share the same antigen-binding fragments (Fab). The original IgG1 mAbs with substantially different Ag-binding and virus NT properties were isotype-switched to IgM and produced as multimers. Biochemical and functional features of the IgG1 monomers and respective IgM pentamers, consisting of ten heavy and light chains (HC, LC) plus one joining chain (JC), were investigated. We demonstrate the correct assembly of recombinant mAbs and reveal superior Ag-binding and NT activities for the pentameric IgM isotypes when compared with their IgG1 orthologues. In addition, we elucidate the detailed N-glycosylation status of IgG1 and IgM mAbs by MS-based glycosite-specific profiling.





Materials and methods




Generation of P5C3-, H4-IgG1 and -IgM expression vectors

Codon-optimized HC and kappa (κ) LC variable fragment (Fv) sequences of P5C3 and H4 (19) (20) (P5C3-HCFv (369 bp), H4-HCFv (379 bp); P5C3-LCFv (324 bp), H4-LCFv (339 bp)) were grafted onto magnICON® vectors containing constant domains of human IgG1 HC, IgM HC and κLC by using BsaI restriction sites (21), resulting in P5C3-IgG1-HC (1362 bp), H4-IgG1-HC (1371 bp) P5C3-IgM-HC (1731 bp), H4-IgM-HC (1741 bp) and the light chains P5C3-κLC (648 bp) and H4-κLC (663 bp). All vectors carry a barley α-amylase signal sequence for peptide secretion. Distribution among two compatible magnICON® plasmids was as follows: pICH26211: P5C3-IgG1, H4-IgG1, P5C3-IgM, H4-IgM; pICH31160: P5C3-IgGLC and H4-IgGLC [for vector details see (22)]. Sequence information is available at supporting information. All constructs were transformed into Agrobacteria (strain GV3101 pMP90). The resulting strains were used for subsequent agroinfiltration experiments.





In planta expression and purification of P5C3-, H4-IgG1 and -IgM mAbs

Nicotiana benthamiana plants [ΔXTFT line (23)] were grown in a growth chamber under controlled conditions at 24°C, 60% humidity with a 16 h light/8 h dark photoperiod. For agro-infiltration, respective recombinant bacterial strains were grown at 29°C for 24 h, centrifuged at 4000 g for 10 min and resuspended in infiltration buffer (10 mM MES, pH 5.6; 10 mM MgSO4). Optical density of each strain was measured by extinction at 600 nm (OD600) of an adequate dilution. Final OD600 was set to 0.1 by dilution with infiltration buffer. Agroinfiltration mixes were delivered to leaves of 4-5 weeks old plants using a syringe. To produce H4- and P5C3-IgG1 isotypes, corresponding constructs carrying the heavy chains (P5C3-IgG1-HC or H4-IgG1-HC) and kappa light chains (P5C3-κLC or H4-κLC) were co-expressed. For the production of IgM agrobacteria carrying either P5C3-IgM-HC or H4-IgM-HC and corresponding light chain constructs (P5C3-κLC or H4-κLC) were co-infiltrated. Also, an agro-strain carrying the JC (24) was co-delivered. Infiltrated leaves were harvested 4 dpi, flash-frozen in liquid nitrogen, and ground to fine powder. Total soluble proteins (TSPs) were extracted with extraction buffer (0.5 M NaCl, 0.1 M Tris, 1 mM EDTA, 40 mM ascorbic acid; pH 7.4) in a ratio of 1:2 w/v (fresh leaf weight/buffer) for 90 min at 4°C on an orbital shaker. Subsequently, the solution was centrifuged twice at 14,000 g for 20 min at 4°C and the supernatant vacuum filtrated using 8-12 µm and 2-3 µm filters (ROTILABO® Typ 12A and 15A).

Recombinant IgG1 was purified by affinity chromatography using protein A (rProA Amicogen, Cat no: 1080025), IgM purification was performed by POROS™ CaptureSelect™ IgM Affinity Matrix (Thermo Scientific™, Cat no: 1080025). TSP extracts were loaded at a flow rate of 1.5 mL/min on a manually packed column which was pre-equilibrated with 10 column volumes (CV) PBS (137 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4; pH 7.4). Washing was done with 20 CV PBS. Antibodies were eluted in 1 mL fractions with 0.1 M Glycine/HCl (pH 3.0), eluates were immediately neutralized with 1 M Tris (pH 9.0) and dialyzed overnight against PBS.

SEC‐MALS was performed on a Shimadzu LC‐20A Prominence system equipped with a diode array detector SPD M20A and a refractive index (RI) detector RID 20A. MALS data was acquired using a miniDAWN treos detector (Wyatt Technology, Santa Barbara, CA, USA). LabSolution Software (Shimadzu) and ASTRA V software were used for data collection. The samples were analyzed by using a dn/dc value of 0.185 mL/g as input for the MW calculation. MALS detector calibration was performed using BSA monomer (Merck).

Monomeric and pentameric IgMs were separated by SEC. A Superose 6 Increase 10/300 GL, 10 mm i.d. × 300 mm column length (Cytiva Europe GmbH, Freiburg, Germany) column was used for the SEC experiments. Mobile-phase flow rate was set at 0.75 mL/min. A 60 min isocratic analysis was performed using PBS containing 0.2 M sodium chloride as mobile phase. For analysis 210-240 µg protein at about 1 mg/ml was loaded. Column calibration was performed with a set of molecular mass standards ranging from 1.3 to 670 kDa (Bio‐RAD).

The fractions corresponding to the monomeric IgG1 and mono- and pentameric IgM were collected and concentrated with Amicon centrifugal filters, MWCO 10,000 kDa (Merck Millipore, UFC5010). SDS-PAGE analyses were performed in 12% gels under conditions. Gels were stained with Coomassie Brilliant Blue R 250 staining (Carl Roth GmbH + Co. KG). Concentrations were determined by spectrophotometer (NanoDrop™ 2000, Thermo Scientific). All purifications were performed at 4°C.





N-Glycan analysis

The N-glycosylation profiles of the purified Abs were determined by mass spectrometry (MS) as described previously (25, 26). Briefly, respective heavy chains were excised from an SDS-PA-gel, digested with trypsin for IgG and trypsin and Glu C for IgM, and analyzed with an LC-ESI-MS system (Thermo Orbitrap Exploris 480). The possible glycopeptides were identified as sets of peaks consisting of the peptide moiety and the attached N-glycan varying in the number of HexNAc units, hexose, deoxyhexose, and pentose residues. Manual glycopeptide searches were performed using FreeStyle 1.8 (Thermo), deconvolution was done using the extract function. The peak heights roughly reflect the molar ratios of the glycoforms. Nomenclature according to Consortium for Functional Glycomics (http://www.functionalglycomics.org) was used.

For peptide mapping the files were analysed using PEAKS (Bioinformatics Solutions Inc, Canada), which is suitable for performing MS/MS ion searches.





Direct sandwich ELISA

Purified mAbs were diluted with PBS to 0.5 µg/mL (P5C3) and 2.0 µg/mL (H4). Certain mAbs were loaded with 50 µL/well to 96 well microplates (Thermo fisher maxisorp, catlog No: M9410-1CS) and incubated overnight After three washes with PBS-T (PBS with 0.05% Tween 20), the plates were blocked with 3% fat free milk powder, dissolved in PBS-T, for 1.5 h at RT. Recombinant RBD [Wuhan strain, (27)] was diluted in blocking solution and applied to the coated plates in two-fold serial dilutions starting from 500 ng/mL with P5C3 and from 4 µg/mL with H4, respectively. After 2 h incubation at RT, washing steps were performed. For detection of bound RBD, 50 µL of anti-RBD mAb CR3022 conjugated with horseradish peroxidase was diluted 1:15,000 in blocking solution and plates were incubated with it for 1 h at RT. Detection was performed with 50 µL per well 3,3’,5,5’-tetramethylbenzidine (Thermo Fisher, J61325.AU), the reaction was stopped with 2 M H2SO4 after 5-7 minutes incubation. Absorbance was measured at 450 nm (reference 620 nm) using a Tecan Spark® spectrophotometer. All samples were analyzed at least in two technical replicates. EC50 values were calculated by non-linear regression of the blank-corrected data points based on a four-parametric log model with GraphPad Prism (version 9).





Avidity assay by indirect ELISA

To perform avidity assay, 96 well Microplates (Thermo fisher maxisorp, catalog No: M9410-1CS) were coated with 50 µL/well of 2 µg/mL recombinant RBD [Wuhan strain, (27)], and incubated overnight at 4°C. After washing with PBS-T (PBS pH 7.4 with 0.05% Tween 20), the plates were blocked with 100 µL/well 3% fat-free milk powder in PBS-T (blocking solution) for 1.5 h. The equivalent molar concentrations of IgM and IgG1 were incubated with 50 µL/well for 2 h at room temperature in two-fold serial dilutions, starting from 0.1 nM for P5C3 and 0.4 nM for H4. Subsequently, plates were washed three times with PBS-T with or without 6 M Urea as chaotropic agent to disrupt weak antigen-antibody complex. To detect, 50 µL/well conjugated with horseradish peroxidase Goat anti-human gamma chain antibody for IgG1 and Goat anti-human IgM-Fcµ5 antibody for IgM (Invitrogen 62-8420, AP114P) at a dilution of 1:10,000 in 3% fat free milk-powder in PBS-T were applied. Detection was performed by 3,3’,5,5’-tetramethylbenzidine (Sigma) and absorbance measured at 450 nm (reference 620nm) using a Tecan Spark® spectrophotometer. All samples were analyzed at least in two technical replicates. EC50 values were calculated by non-linear regression of the blank-corrected data points based on a four-parametric log model (GraphPad Prism version 9).





SARS-CoV-2 neutralization test

Neutralization assays were performed according to (28). Briefly, VeroE6 cells (VC-FTV6, Biomedica, Vienna, Austria) were seeded in 48-well plates to achieve 100% confluency on the of infection. mAb were serially diluted (2-fold) and incubated with SARS-CoV-2 (Delta variant GK/478K.V1 (B.1.617. 2+AY.x), GISAID name: hCoV-19/Austria/Graz-MUG21/2021) for 30 min at 37°C. Two wells were infected with the same mAb/SARS-CoV-2 mixture or SARS-CoV-2 without mAb treatment (positive control) and incubated for 1 h at 37°C. Subsequently, the inoculum was removed, and cells were overlayed with 1.5% carboxymethyl cellulose (Sigma-Aldrich, St. Louis, MO, USA). After 48 h, cells were fixed with 4% neutral buffered formalin and stained immunohistochemically as described previously (29). The number of plaques counted for the positive control were set to 100%. To calculate the half maximal inhibitory concentration (IC50), normalized data were used for nonlinear regression analysis with variable slopes (GraphPad PRISM Version 9). All experimental procedures involving SARS-CoV-2 were performed in a BSL-3 laboratory.






Results




Production of recombinant monoclonal IgG1 and IgM

Previously the authors have established plant-based expression modules that facilitate efficient antibody iso- and subtype switch and rapid expression (25, 26, 30). The two broadly neutralizing anti-SARS-CoV-2 mAbs P5C3 and H4 served as template in this study (19, 20). Both Abs derive from convalescent human sera and are member of the IgG1 subclass. They bind to epitopes at the receptor-binding domain (RBD) of the spike protein, however their antigen-binding activities vary significantly. While P5C3 exhibits binding affinities in the picomolar range, these values are orders of magnitude higher for H4, depending on the virus isolate (19, 20). To produce H4 and P5C3 in two different isotype formats (IgG1 and IgM), genes coding for corresponding heavy and light chain (HC, LC; Figure S1) were co-expressed in the glyco-engineered Nicotiana benthamiana line ΔXTFT (31) through agroinfiltration. To facilitate pentamer formation, a gene coding for the joining chain (JC) was co-expressed with IgM. Four days post infiltration (dpi) recombinant IgMs and IgG1s were purified with affinity chromatography followed by size-exclusion chromatography (SEC). SDS-PAGE of the four purified mAbs confirmed the presence of the LC and HC without obvious degradation products or impurities (Figure 1A). Size exclusion chromatography (SEC) enabled the separation of IgM multimers from monomers (accounting for approximately 5-10% of purified IgM) and the presence of IgM pentamers was confirmed by SEC-MALS (Figure 1B). Collectively, four assembled mAb variants were generated: monomeric P5C3- and H4-IgG1; pentameric P5C3- and H4-IgM-P. Also, during purification minor amounts of monomeric P5C3- and H4-IgM-M were retrieved. The yields of purified IgM are ~10 µg/g and 15 µg/g fresh leaf biomass for H4- and P5C3-IgM, respectively.




Figure 1 | (A) Reducing SDS-PAGE of P5C3- and H4-IgG1 and -IgM produced in ΔXTFT. 3 µg protein was loaded at each lane. M: Marker; * and ** IgM and IgG1 HC, respectively; *** LC. (B) SEC-MALS profiles of P5C3 IgM: Overlay of P5C3 IgM post affinity purification (blue line) and a SEC-isolated P5C3 IgM pentamer with minor amounts of higher multimers (red line); P5C3 IgM pentamers (∼1022 kDa); monomers (∼210 kDa); HC (∼64 kDa); x-axis: retention time (in min), y-axis left: protein amount (arbitrary units), y axis-right: molecular mass (kDa).







N-Glycosylation of plant-derived IgG1 and IgM

An interesting feature of IgM is its high N-glycosylation content, with five conserved N-glycosites (GS) at the HC and one at the JC. Overall, N-glycans account for more than 10% of the mAb’s molecular mass, with significant functional impacts (32, 33). GS 1-3 of pentameric human serum IgM (located in CH1-, CH2- and CH3-domains, respectively, Figure S2) carry complex sialylated structures. GS4 and 5 (located on the CH3 domain and the 18 amino acid-long C-terminal tailpiece, respectively) are decorated with oligomannosidic structures (24, 34). The single GS of the JC is highly sialylated. Whereas, IgG1 carries one conserved, Fc-located GS, usually decorated with N-acetylglucosamine (GlcNAc) or galactose-terminating complex N-glycans (23). Glyco-engineered ΔXTFT line was used since it generates Abs with largely homogeneous and reproducible N-glycosylation profiles lacking plant specific residues (31, 35). Moreover ΔXTFT-derived IgGs often exhibit increased functional activities compared to orthologues produced in CHO cells or wild type plants (36–38).

In order to determine the N-glycosylation status of ΔXTFT derived H4 and P5C3 mAbs, liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS) was performed. MS spectra of H4- and P5C3-IgG1 displayed a single dominant glycoform at the Fc GS, namely xylose and core fucose-free GlcNAc-terminated structures (predominantly GnGn), accompanied by ∼8% mannosidic structures, as typical for ΔXTFT-produced IgGs (31) (Figure 2, Table S1). MS spectra of IgMs were more diverse as exemplified in detail by P5C3-IgM. Both molecular forms (monomers and pentamers) were analysed separately. As expected, GS1-3 of P5C3-IgM-P are mainly decorated with complex N-glycan structures (89, 73 and 96%, respectively) with some carrying core fucose (up to 15%). In addition, mannosidic glycans were detected (7, 23, 0%, respectively). GS1-3 of the monomeric pendant (P5C3-IgM-M) also carried complex N-glycans, however to a much lesser extend (64, 26 and 77%) (Figure 2, Table S1). Interestingly, mannosidic structures increased (up to 70%) to the expense of complex N-glycans. IgM GS4 and 5 virtually exclusively carry oligomannosidic glycans (Man5 - Man9) in both molecular forms, in accordance with serum-isolated IgM (34, 38). The single conserved GS of the JC was decorated with 77% complex glycans, however, a significant proportion was incompletely processed (hybrid: Man4Gn, Man5Gn). Mannosidic structures accounted for approximately 23% (Figure 2, Table S1). While GS1, 2, and 4 were efficiently occupied, GS3 and 5 were glycosylated approx. 50% only (Table S1).




Figure 2 | LC-ESI-MS–derived N- glycosylation profiles of purified P5C3-IgG1, IgM penta- and monomers and joining chain (JC). Bars represent the relative abundance (%) of glycoforms present at each GS (for further details see Table S1). Blue and red: non fucosylated and fucosylated complex GlcNAc-terminating N-glycans, respectively; purple: incompletely processed (hybrid) N-glycans; green: mannosidic N-glycans (Man5-Man9). Rest: combines detected glycans below 5%.



Collectively, multiple batches of P5C3 and H4 IgM were generated. Batch to batch variation of expression levels is between 10-15%. No differences in glycan profiles or pentamer formation were observed. However, not surprisingly both Abs have their specific expression profile, i.e. P5C3 expression level is higher than H4 IgM; pentamer formation of P5C3-IgM is higher than H4-IgM.





Antigen binding assay using direct sandwich ELISA

Functional activity of anti-SARS-CoV-2 mAb variants were determined by antigen-binding assays. Direct sandwich ELISAs using SARS-CoV-2 spike protein RBD (Wuhan strain) as antigen and HRPO-labeled mAb CR3022 as secondary antibody was performed. Coating plates with target Abs directs the antigen to bind in a specific orientation, in contrast to direct coating of antigens that would result in random orientation, thereby reducing consistency. CR3022, initially developed against SARS-CoV, broadly detects SARS-related corona viruses (39) and does not compete with binding of H4 and P5C3, respectively. First, the binding properties of the IgG1 variants (H4- and P5C3-IgG1) were determined (Figure 3A). As expected, P5C3-IgG1 exhibited a ~10-fold greater binding activity compared to H4-IgG1 (EC50 106 pM for P5C3 and 1195 pM for H4). This feature also translated to the monomeric IgM-M (EC50 90 and 974 pM for P5C3 and H4, respectively). In accordance, similar antigen-binding activities were observed when comparing corresponding IgG1 and IgM-M forms, i.e., P5C3-IgG1 versus IgM-M; and H4-IgG1 versus IgM-M (Figure 3A). By contrast to the monomeric IgG1 and IgM-M, IgM-Ps showed ∼7-fold increased binding activities (EC50 of IgM-P of 16 and 169 pM for P5C3 and H4, respectively). Collectively, our results demonstrate the plant-based expression of glyco-engineered and isotype-switched functionally active P5C3 and H4 mAbs.




Figure 3 | (A) Sandwich ELISA: antigen-binding activity of purified mAbs (EC50 values in picomoles/L) to recombinant RBD, using CR3022-HRP for detection. X-axis: concentration (ng/mL); y-axis: absorbance (AU); (B) Ag-binding EC50 and neutralization NT50 values. The fold change of EC50 and NT50 values between IgG1 and IgM-P is highlighted in red. IgM-M, IgM-P: IgM mono- and pentamers, respectively; NC, negative control (irrelevant IgG1 mAb).







Avidity assay using indirect ELISA

ELISA with RBD coating was done and the binding of the Abs at similar molar concentrations was compared. For the high affinity Ab P5C3, a four-fold increase of IgM versus IgG1 EC50 values was observed and a two-fold enhancement for the low affinity H4 Abs (Figure S4). The data indicate that the affinity of IgG and monomeric IgM is about the same, meaning that the binding of one pentameric IgM is approximately the sum of four IgG binding molecules. An additional avidity assay was performed by adding a chaotropic substance (i.e. 6 M urea), designed to disrupt weak antigen-antibody complexes, to the washing solution. While no differences in EC50 values were observed using P5C3, the binding was reduced by urea for both H4 IgG1 and H4 IgM to a similar extent.





Neutralization activity of IgG1 and IgM pentamers

To determine neutralization activities of P5C3 and H4 Abs, Vero cell–based SARS-CoV-2 plaque reduction assays according to (28) were performed. When comparing the two IgG1s, P5C3 showed an approximately 140 times higher virus NT potency than H4 (IC50 = 36 and 5090 pM for P5C3- and H4-IgG1, respectively; Figures 3B, S3). This is in accordance with previous observations (19, 20). Interestingly, when comparing the NT activities of IgG1s to the corresponding IgM-Ps, P5C3-IgM-P exhibited a ∼12 times increase (IC50 3 pM) and H4-IgM-P a ∼390 times increase (IC50 13 pM). Note, the remarkable high neutralization potency of P5C3-IgM-P that results in extremely low IC50 values might skew the results and it could well be that the activity difference of IgG1 to IgM-P is considerably higher for that mAb. We observed a remarkably high neutralization potency of P5C3 and obtained an IC50 concentration as low as 3 pM. Nevertheless, the difference of several orders in magnitude of the IC50 concentrations may limit a direct comparison of the calculated values.






Discussion

As higher eukaryotes, plants carry the intrinsic cellular machinery for the recombinant expression of authentic human proteins that is normally restricted to mammalian (more specifically, human) cells. Moreover, the rapid expression, flexibility in modulation of post translational modification and simple handling has placed plants into a favorable position. Thus, this system is well suited to investigate IgM features.

Collectively, the properties of IgM are only beginning to be explored in depth, which partly is due to the challenges in the generation of pentamers. Using a plant-based approach, we generated highly pure IgM pentamers. This was achieved by the simultaneous delivery of three expression constructs (HC, LC and JC) to plants and a subsequent two-step purification procedure.

While the production of IgG1 has been demonstrated in multiple cases using plant-based expression systems, only a few studies report the generation of more difficult to express Abs like IgG3 and dimeric IgA (25, 26, 30, 40–42). Although an IgG1 to IgM switched mAb was produced recently (35), only one previous report describes the plant-based production of multimeric IgM (24). The study presents a proof-of-concept for the multimeric assembly of an anti-cancer IgM in plants. The plant-derived IgM formed hexamers and pentamers in a 1:1 ratio, while the same IgM produced in a human cell line (PER.C6) assembled predominantly to pentamers. Here we obtained IgM pentamer formation of ∼90% and anticipate protein-intrinsic factors that impact on specific multimer formation.

Importantly, using the glycoengineered ΔXTFT line (31) enabled the generation of IgG1 and IgM mAbs with a largely homogenous N-glycosylation profile, largely devoid of plant specific glycosylation. Nevertheless, some glycans at GS 1-3 of IgM are fucosylated, a feature also observed for other glycoproteins expressed in this RNAi line (43). While each GS carried a highly reproducible single dominant N-glycan species, the pool of N-glycans in mammalian cell-produced mAbs is by far more heterogeneous, with substantial differences depending on the production conditions (44, 45). Significantly, large glycan homogeneity enables the generation of well-defined mAbs, an important parameter not only to study the Ab properties but also to meet high biopharmaceutical (production) standards. Moreover, consistent N-glycosylation allows the engineering towards targeted structures in plants, like protein sialylation (Loos et al, 2014), facilitating the investigation of the so far largely unknown impact of this important post translational modification on the biological activities (32). Interestingly, we found some differences in the N-glycosylation composition between penta- and monomeric IgM at GS1-3. This has not been reported so far, most probably due to the low abundance of this molecular form in mammalian cells. Nevertheless, a study that compared the N-glycosylation of penta- and hexameric IgMs produced in human cells revealed differences at GS1-3, mainly in branching and sialylation of complex N-glycans (46). However, whether such alterations have a structural and/or functional impact is not known. It is also remarkable that site specific N-glycosylation (complex and mannosidic N-glycans, respectively) of plant produced IgM matches that of the human serum Abs. Although the molecular mechanisms for site specific glycosylation are not well understood, they seem to be conserved across kingdoms. Notably, a series of studies demonstrated that ΔXTFT-produced mAbs against different human viruses exhibit increased functional activities compared to mammalian cell- or wild type plant-produced counterparts, in vitro and in vivo, e.g. (36, 37, 47, 48). (49). Whether this translates to anti-SARS-CoV-2 mAbs is currently not known, however there is strong evidence that the Ab glycosylation signature plays a critical role in the pathogenesis of COVID-19 (3, 50, 51 52).

In this study, using sandwich ELISA, we demonstrate a sevenfold increased Ag-binding of H4- and P5C3-IgM-P to recombinant RBD, compared to their IgG1 orthologues. This is relatively modest when compared to other reports that demonstrated a more than 100-fold increase in RBD-binding by IgG1/IgM switch (12). A series of IgG1/IgM switches was performed, enhancement in binding (and neutralization) were observed in most cases, however, no rational explanation was provided why some Abs displayed a different behavior (12 It should be noted that methodological differences between studies, e.g., ELISA settings, might affect specific results. Nevertheless, there is mounting evidence that an isotype switch of IgG1 to IgM-P results in increased Ag-binding in many cases. This might have direct consequences on the development of improved diagnostics.

Both IgM-P molecules exhibited substantially enhanced NT potency compared to the respective IgG1 orthologue, reaching 390 times increase for H4. Notably, the 12 times NT enhancement of P5C3-IgM-P is most probably an underestimation as the extremely high potency of this mAb reached very low IC50 levels. Nevertheless, an Ag or Ab-specific effect as described previously cannot be excluded (11–13). Our results are in agreement with recent investigations on anti-SARS-CoV-2 IgG3 and dimeric IgA mAbs (9, 13, 25, 26) and with HIV data (53) which demonstrated significant NT improvements compared to IgG1. NT enhancements in orders of magnitude cannot exclusively be explained by the higher avidity of the multimeric structure and the results corroborate the bonus effect of Ab multi-valency that defines avidity not as the simple sum of individual binding site affinities (54, 55). Superior NT potency of the IgM-P compared to modest variations in Ag-binding capacity of monomeric counterparts suggests that cross-linking the spike protein on the viral surface might be a critical factor. We hypothesize that cross-linking lowers the concentration of Abs required for NT and low spike densities facilitate Ab evasion. Interestingly, the spike protein copy number per SARS-CoV-2 virion is comparable with HIV, but 5 to 10 times less than that of other enveloped viruses, such as the influenza virus (56, 57). In this context it is not surprising that, to our knowledge, such effective multimeric Ab induced NT enhancements have not been reported for e.g., influenza viruses. It is conceivable that the enhancement of NT by IgM cross-linking would be more pronounced for viruses, such as SARS-CoV-2 and HIV, with low density of spike proteins on their surface than for those viruses with high surface antigens. This is because the two antigen binding sites of an IgG molecule is readily able to cross-link viral surface antigens with distance < 10 nm. In contrast, as the gap between SARS-CoV-2 spike trimers (~ 22 nm) (58) is beyond the reach of the two antigen-binding arms of an IgG molecule, it requires Immunoglobulins, such as IgM, with longer “arm span” to effectively cross-link the spikes for efficient neutralization.

Another factor that could in part explain the gap between mAb binding- and NT is ACE2, which might impact on the NT assay. Furthermore, the observed effects of IgG1/IgM-P class switch are ascribed to factors like steric issues or altered epitope/paratope accessibility (14, 59). Also, given that Ab-Ag interactions can be drastically affected by small changes in different Ab domains (e.g. in light chain, hinge, V-region pairing, and VH and CH gene families, (60–64), it is necessary to investigate pentameric IgMs in a holistic approach. However, this provides challenges largely due to the experimental limitations associated with studying such large multimeric proteins. As a consequence, the molecular basis for how IgM achieves its strong potency remains elusive, which hinders future development of therapeutic antibodies and vaccine design. The rapid and scalable expression of well-defined pentameric IgMs as shown here, may pave the way to overcome the current limitations and may contribute to further exploring of the properties of this highly interesting, but so far underexplored Ab isotype. The work underscores the versatile use of plants for the rapid expression and engineering of highly complex human proteins.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: GPST000323 (https://glycopost.glycosmos.org/).





Author contributions

SK: conceptualization; data curation, formal analysis, investigation, supervision. RP: data curation, formal analysis, investigation. EF-H: data curation, formal analysis, investigation. LS: data curation, formal analysis. QC: data curation, provided material. FP: data curation, formal analysis. LE: data curation, formal analysis. RS: data curation, provided material. KZ: data curation, supervision, funding acquisition. HS: conceptualization, investigation, supervision, funding acquisition. All: writing–original draft; writing–review and editing. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the projects of the Austrian Science Fund appointed to HS (grants I 4328-B and I 3721-B30) and Doctoral Program Biomolecular Technology of Proteins (W 1224).




Acknowledgments

magnICON® vectors were thankfully provided by Victor Klimyuk (Icon Genetics GmbH). Mass spectrometry measurements were performed by Clemens Grünwald-Gruber and Daniel Maresch (Core Facility Mass Spectrometry, University of Natural Resources and Life Sciences, Vienna, Austria).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1147960/full#supplementary-material




References

1. Gallerano, D, Ndlovu, P, Makupe, I, Focke-Tejkl, M, Fauland, K, Wollmann, E, et al. Comparison of the specificities of IgG, IgG-subclass, IgA and IgM reactivities in African and European HIV-infected individuals with an HIV-1 clade c proteome-based array. PloS One (2015) 10(2):e0117204. doi: 10.1371/journal.pone.0117204

2. Amanat, F, Stadlbauer, D, Strohmeier, S, Nguyen, THO, Chromikova, V, McMahon, M, et al. A serological assay to detect SARS-CoV-2 seroconversion in humans. Nat Med (2020) 26(7):1033–6. doi: 10.1038/s41591-020-0913-5

3. Chakraborty, S, Gonzalez, J, Edwards, K, Mallajosyula, V, Buzzanco, AS, Sherwood, R, et al. Proinflammatory IgG fc structures in patients with severe COVID-19. Nat Immunol (2021) 22(1):67–73. doi: 10.1038/s41590-020-00828-7

4. Kober, C, Manni, S, Wolff, S, Barnes, T, Mukherjee, S, Vogel, T, et al. IgG3 and IgM identified as key to SARS-CoV-2 neutralization in convalescent plasma pools. PloS One (2022) 17(1):e0262162. doi: 10.1371/journal.pone.0262162

5. Sharp, TH, Boyle, AL, Diebolder, CA, Kros, A, Koster, AJ, and Gros, P. Insights into IgM-mediated complement activation based on in situ structures of IgM-C1-C4b. Proc Natl Acad Sci U.S.A. (2019) 116(24):11900–5. doi: 10.1073/pnas.1901841116

6. Polycarpou, A, Howard, M, Farrar, CA, Greenlaw, R, Fanelli, G, Wallis, R, et al. Ationale for targeting complement in COVID-19. EMBO Mol Med (2020) 12(8):e12642. doi: 10.15252/emmm.202012642

7. Liu, XM, Wang, J, Xu, XL, Liao, GJ, Chen, YK, and Hu, CH. Patterns of IgG and IgM antibody response in COVID-19 patients. Emerging Microbes Infections (2020) 9(1):1269–74. doi: 10.1080/22221751.2020.1773324

8. Tiller, T, Meffre, E, Yurasov, S, Tsuiji, M, Nussenzweig, MC, and Wardemann, H. Efficient generation of monoclonal antibodies from single human b cells by single cell RT-PCR and expression vector cloning. J Immunol Methods (2008) 329(1-2):112–24. doi: 10.1016/j.jim.2007.09.017

9. Wang, Z, Lorenzi, JCC, Muecksch, F, Finkin, S, Viant, C, Gaebler, C, et al. Enhanced SARS-CoV-2 neutralization by dimeric IgA. Sci Transl Med (2021) 13(577). doi: 10.1126/scitranslmed.abf1555

10. Callegari, I, Schneider, M, Berloffa, G, Muhlethaler, T, Holdermann, S, Galli, E, et al. Potent neutralization by monoclonal human IgM against SARS-CoV-2 is impaired by class switch. EMBO Rep (2022) 23(7):e53956. doi: 10.15252/embr.202153956

11. Shen, C, Zhang, M, Chen, Y, Zhang, L, Wang, G, Chen, J, et al. An IgM antibody targeting the receptor binding site of influenza b blocks viral infection with great breadth and potency. Theranostics (2019) 9(1):210–31. doi: 10.7150/thno.28434

12. Ku, Z, Xie, X, Hinton, PR, Liu, X, Ye, X, Muruato, AE, et al. Nasal delivery of an IgM offers broad protection from SARS-CoV-2 variants. Nature (2021) 595(7869):718–23. doi: 10.1038/s41586-021-03673-2

13. Pisil, Y, Yazici, Z, Shida, H, and Miura, T. Is SARS-CoV-2 neutralized more effectively by IgM and IgA than IgG having the same fab region? Pathogens (2021) 10(6). doi: 10.3390/pathogens10060751

14. Samsudin, F, Yeo, JY, Gan, SK, and Bond, PJ. Not all therapeutic antibody isotypes are equal: the case of IgM versus IgG in pertuzumab and trastuzumab. Chem Sci (2020) 11(10):2843–54. doi: 10.1039/c9sc04722k

15. Chen, Q. Development of plant-made monoclonal antibodies against viral infections. Curr Opin Virol (2022) 52:148–60. doi: 10.1016/j.coviro.2021.12.005

16. Eidenberger, L, Kogelmann, B, and Steinkellner, H. Plant-based biopharmaceutical engineering. Nat Rev Bioengineering (2023). doi: 10.1038/s44222-023-00044-6

17. Eidenberger, L, Eminger, F, Castilho, A, and Steinkellner, H. Comparative analysis of plant transient expression vectors for targeted n-glycosylation. Front Bioeng Biotechnol (2022) 10:1073455. doi: 10.3389/fbioe.2022.1073455

18. Lobato Gomez, M, Huang, X, Alvarez, D, He, W, Baysal, C, Zhu, C, et al. Contributions of the international plant science community to the fight against human infectious diseases - part 1: epidemic and pandemic diseases. Plant Biotechnol J (2021) 19(10):1901–20. doi: 10.1111/pbi.13657

19. Fenwick, C, Turelli, P, Perez, L, Pellaton, C, Esteves-Leuenberger, L, Farina, A, et al. A highly potent antibody effective against SARS-CoV-2 variants of concern. Cell Rep (2021) 37(2):109814. doi: 10.1016/j.celrep.2021.109814

20. Wu, Y, Wang, F, Shen, C, Peng, W, Li, D, Zhao, C, et al. ) a noncompeting pair of human neutralizing antibodies block COVID-19 virus binding to its receptor ACE2. Science (2020) 368(6496):1274–8. doi: 10.1126/science.abc2241

21. Marillonnet, S, Thoeringer, C, Kandzia, R, Klimyuk, V, and Gleba, Y. Systemic agrobacterium tumefaciens-mediated transfection of viral replicons for efficient transient expression in plants. Nat Biotechnol (2005) 23(6):718–23. doi: 10.1038/nbt1094

22. Castilho, A, and Steinkellner, H. Transient expression of mammalian genes in n. benthamiana to modulate n-glycosylation. Methods Mol Biol (2016) 1385:99–113. doi: 10.1007/978-1-4939-3289-4_7

23. Stadlmann, J, Pabst, M, Kolarich, D, Kunert, R, and Altmann, F. Analysis of immunoglobulin glycosylation by LC-ESI-MS of glycopeptides and oligosaccharides. Proteomics (2008) 8(14):2858–71. doi: 10.1002/pmic.200700968

24. Loos, A, Gruber, C, Altmann, F, Mehofer, U, Hensel, F, Grandits, M, et al. Expression and glycoengineering of functionally active heteromultimeric IgM in plants. Proc Natl Acad Sci U.S.A. (2014) 111(17):6263–8. doi: 10.1073/pnas.1320544111

25. Kallolimath, S, Sun, L, Palt, R, Stiasny, K, Mayrhofer, P, Gruber, C, et al. Highly active engineered IgG3 antibodies against SARS-CoV-2. Proc Natl Acad Sci U.S.A. (2021) 118(42). doi: 10.1073/pnas.2107249118

26. Sun, L, Kallolimath, S, Palt, R, Stiasny, K, Mayrhofer, P, Maresch, D, et al. Increased in vitro neutralizing activity of SARS-CoV-2 IgA1 dimers compared to monomers and IgG. Proc Natl Acad Sci U.S.A. (2021) 118(44). doi: 10.1073/pnas.2107148118

27. Shin, YJ, Konig-Beihammer, J, Vavra, U, Schwestka, J, Kienzl, NF, Klausberger, M, et al. N-glycosylation of the SARS-CoV-2 receptor binding domain is important for functional expression in plants. Front Plant Sci (2021) 12:689104. doi: 10.3389/fpls.2021.689104

28. Bewley, KR, Coombes, NS, Gagnon, L, McInroy, L, Baker, N, Shaik, I, et al. Quantification of SARS-CoV-2 neutralizing antibody by wild-type plaque reduction neutralization, microneutralization and pseudotyped virus neutralization assays. Nat Protoc (2021) 16(6):3114–40. doi: 10.1038/s41596-021-00536-y

29. Hardt, M, Foderl-Hobenreich, E, Freydl, S, Kouros, A, Loibner, M, and Zatloukal, K. Pre-analytical sample stabilization by different sampling devices for PCR-based COVID-19 diagnostics. N Biotechnol (2022) 70:19–27. doi: 10.1016/j.nbt.2022.04.001

30. Kallolimath, S, Hackl, T, Gahn, R, Grunwald-Gruber, C, Zich, W, Kogelmann, B, et al. Expression profiling and glycan engineering of IgG subclass 1-4 in nicotiana benthamiana. Front Bioeng Biotechnol (2020) 8:825. doi: 10.3389/fbioe.2020.00825

31. Strasser, R, Stadlmann, J, Schahs, M, Stiegler, G, Quendler, H, Mach, L, et al. Generation of glyco-engineered nicotiana benthamiana for the production of monoclonal antibodies with a homogeneous human-like n-glycan structure. Plant Biotechnol J (2008) 6(4):392–402. doi: 10.1111/j.1467-7652.2008.00330.x

32. Colucci, M, Stockmann, H, Butera, A, Masotti, A, Baldassarre, A, Giorda, E, et al. Sialylation of n-linked glycans influences the immunomodulatory effects of IgM on T cells. J Immunol (2015) 194(1):151–7. doi: 10.4049/jimmunol.1402025

33. Vattepu, R, Sneed, SL, and Anthony, RM. Sialylation as an important regulator of antibody function. Front Immunol (2022) 13:818736. doi: 10.3389/fimmu.2022.818736

34. Arnold, JN, Wormald, MR, Suter, DM, Radcliffe, CM, Harvey, DJ, Dwek, RA, et al. Human serum IgM glycosylation - identification of glycoforms that can bind to mannan-binding lectin. J Biol Chem (2005) 280(32):29080–7. doi: 10.1074/jbc.M504528200

35. Jugler, C, Grill, FJ, Eidenberger, L, Karr, TL, Grys, TE, Steinkellner, H, et al. Humanization and expression of IgG and IgM antibodies in plants as potential diagnostic reagents for valley fever. Front Plant Sci (2022) 13:925008. doi: 10.3389/fpls.2022.925008

36. Forthal, DN, Gach, JS, Landucci, G, Jez, J, Strasser, R, Kunert, R, et al. Fc-glycosylation influences fc gamma receptor binding and cell-mediated anti-HIV activity of monoclonal antibody 2G12. J Immunol (2010) 185(11):6876–82. doi: 10.4049/jimmunol.1002600

37. Zeitlin, L, Pettitt, J, Scully, C, Bohorova, N, Kim, D, Pauly, M, et al. Enhanced potency of a fucose-free monoclonal antibody being developed as an Ebola virus immunoprotectant. Proc Natl Acad Sci U.S.A. (2011) 108(51):20690–4. doi: 10.1073/pnas.1108360108

38. Loos, A, Gach, JS, Hackl, T, Maresch, D, Henkel, T, Porodko, A, et al. Glycan modulation and sulfoengineering of anti-HIV-1 monoclonal antibody PG9 in plants. Proc Natl Acad Sci U.S.A. (2015) 112(41):12675–80. doi: 10.1073/pnas.1509090112

39. Yuan, M, Zhu, X, He, WT, Zhou, P, Kaku, CI, Capozzola, T, et al. A broad and potent neutralization epitope in SARS-related coronaviruses. bioRxiv (2022). doi: 10.1101/2022.03.13.484037

40. Vasilev, N, Smales, CM, Schillberg, S, Fischer, R, and Schiermeyer, A. Developments in the production of mucosal antibodies in plants. Biotechnol Adv (2016) 34(2):77–87. doi: 10.1016/j.biotechadv.2015.11.002

41. Goritzer, K, Goet, I, Duric, S, Maresch, D, Altmann, F, Obinger, C, et al. Efficient n-glycosylation of the heavy chain tailpiece promotes the formation of plant-produced dimeric IgA. Front Chem (2020) 8:346. doi: 10.3389/fchem.2020.00346

42. Teh, AY, Cavacini, L, Hu, Y, Kumru, OS, Xiong, J, Bolick, DT, et al. Investigation of a monoclonal antibody against enterotoxigenic escherichia coli, expressed as secretory IgA1 and IgA2 in plants. Gut Microbes (2021) 13(1):1–14. doi: 10.1080/19490976.2020.1859813

43. Gattinger, P, Izadi, S, Grunwald-Gruber, C, Kallolimath, S, and Castilho, A. The instability of dimeric fc-fusions expressed in plants can be solved by monomeric fc technology. Front Plant Sci (2021) 12:671728. doi: 10.3389/fpls.2021.671728

44. Hennicke, J, Lastin, AM, Reinhart, D, Grunwald-Gruber, C, Altmann, F, and Kunert, R. Glycan profile of CHO derived IgM purified by highly efficient single step affinity chromatography. Anal Biochem (2017) 539:162–6. doi: 10.1016/j.ab.2017.10.020

45. Hennicke, J, Reinhart, D, Altmann, F, and Kunert, R. Impact of temperature and pH on recombinant human IgM quality attributes and productivity. N Biotechnol (2019) 50:20–6. doi: 10.1016/j.nbt.2019.01.001

46. Moh, ES, Lin, CH, Thaysen-Andersen, M, and Packer, NH. Site-specific n-glycosylation of recombinant pentameric and hexameric human IgM. J Am Soc Mass Spectrom (2016) 27(7):1143–55. doi: 10.1007/s13361-016-1378-0

47. He, J, Lai, H, Engle, M, Gorlatov, S, Gruber, C, Steinkellner, H, et al. Generation and analysis of novel plant-derived antibody-based therapeutic molecules against West Nile virus. PloS One (2014) 9(3):e93541. doi: 10.1371/journal.pone.0093541

48. Hurtado, J, Acharya, D, Lai, H, Sun, H, Kallolimath, S, Steinkellner, H, et al. In vitro and in vivo efficacy of anti-chikungunya virus monoclonal antibodies produced in wild-type and glycoengineered nicotiana benthamiana plants. Plant Biotechnol J (2020) 18(1):266–73. doi: 10.1111/pbi.13194

49. Yang, M, Sun, H, Lai, H, Neupane, B, Bai, F, Steinkellner, H, et al. Plant-produced anti-zika virus monoclonal antibody glycovariant exhibits abrogated antibody-dependent enhancement of infection. Vaccines (Basel) (2023) 11(4). doi: 10.3390/vaccines11040755

50. Hoepel, W, Chen, HJ, Geyer, CE, Allahverdiyeva, S, Manz, XD, de Taeye, SW, et al. High titers and low fucosylation of early human anti-SARS-CoV-2 IgG promote inflammation by alveolar macrophages. Sci Transl Med (2021) 13(596). doi: 10.1126/scitranslmed.abf8654

51. Larsen, MD, de Graaf, EL, Sonneveld, ME, Plomp, HR, Nouta, J, Hoepel, W, et al. Afucosylated IgG characterizes enveloped viral responses and correlates with COVID-19 severity. Science (2021) 371(6532). doi: 10.1126/science.abc8378

52. Siekman, SL, Pongracz, T, Wang, W, Nouta, J, Kremsner, PG, da Silva-Neto, PV, et al. The IgG glycome of SARS-CoV-2 infected individuals reflects disease course and severity. Front Immunol (2022) 13:993354. doi: 10.3389/fimmu.2022.993354

53. Bournazos, S, Gazumyan, A, Seaman, MS, Nussenzweig, MC, and Ravetch, JV. Bispecific anti-HIV-1 antibodies with enhanced breadth and potency. Cell (2016) 165(7):1609–20. doi: 10.1016/j.cell.2016.04.050

54. Renegar, KB, Jackson, GD, and Mestecky, J. In vitro comparison of the biologic activities of monoclonal monomeric IgA, polymeric IgA, and secretory IgA. J Immunol (1998) 160(3):1219–23. doi: 10.4049/jimmunol.160.3.1219

55. Freyn, AW, Han, J, Guthmiller, JJ, Bailey, MJ, Neu, K, Turner, HL, et al. Influenza hemagglutinin-specific IgA fc-effector functionality is restricted to stalk epitopes. Proc Natl Acad Sci U.S.A. (2021) 118(8). doi: 10.1073/pnas.2018102118

56. Ke, Z, Oton, J, Qu, K, Cortese, M, Zila, V, McKeane, L, et al. Structures and distributions of SARS-CoV-2 spike proteins on intact virions. Nature (2020) 588(7838):498–502. doi: 10.1038/s41586-020-2665-2

57. Yao, H, Song, Y, Chen, Y, Wu, N, Xu, J, Sun, C, et al. Molecular architecture of the SARS-CoV-2 virus. Cell (2020) 183(3):730–738.e13. doi: 10.1016/j.cell.2020.09.018

58. Taha, BA, Al-Jubouri, Q, Al Mashhadany, Y, Hafiz Mokhtar, MH, Bin Zan, MSD, Bakar, AAA, et al. Density estimation of SARS-CoV2 spike proteins using super pixels segmentation technique. Appl Soft Comput (2023) 138:110210. doi: 10.1016/j.asoc.2023.110210

59. Thouvenel, CD, Fontana, MF, Netland, J, Krishnamurty, AT, Takehara, KK, Chen, Y, et al. Multimeric antibodies from antigen-specific human IgM+ memory b cells restrict plasmodium parasites. J Exp Med (2021) 218(4). doi: 10.1084/jem.20200942

60. Torres, M, May, R, Scharff, MD, and Casadevall, A. Variable-region-identical antibodies differing in isotype demonstrate differences in fine specificity and idiotype. J Immunol (2005) 174(4):2132–42. doi: 10.4049/jimmunol.174.4.2132

61. Su, CT, Ling, WL, Lua, WH, Poh, JJ, and Gan, SK. The role of antibody vkappa framework 3 region towards antigen binding: effects on recombinant production and protein l binding. Sci Rep (2017) 7(1):3766. doi: 10.1038/s41598-017-02756-3

62. Ling, WL, Lua, WH, Poh, JJ, Yeo, JY, Lane, DP, and Gan, SK. Effect of VH-VL families in pertuzumab and trastuzumab recombinant production, Her2 and FcgammaIIA binding. Front Immunol (2018) 9:469. doi: 10.3389/fimmu.2018.00469

63. Su, CT, Lua, WH, Ling, WL, and Gan, SK. Allosteric effects between the antibody constant and variable regions: a study of IgA fc mutations on antigen binding. Antibodies (Basel) (2018) 7(2). doi: 10.3390/antib7020020

64. Lua, WH, Su, CT, Yeo, JY, Poh, JJ, Ling, WL, Phua, SX, et al. Role of the IgE variable heavy chain in FcepsilonRIalpha and superantigen binding in allergy and immunotherapy. J Allergy Clin Immunol (2019) 144(2):514–523.e5. doi: 10.1016/j.jaci.2019.03.028




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Kallolimath, Palt, Föderl-Höbenreich, Sun, Chen, Pruckner, Eidenberger, Strasser, Zatloukal and Steinkellner. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 15 June 2023

doi: 10.3389/fimmu.2023.1163688

[image: image2]


SARS-CoV-2 Infection-and mRNA Vaccine-induced Humoral Immunity among Schoolchildren in Hawassa, Ethiopia


Yared Merid 1, Wondwosen Tekleselasie 1, Emnet Tesfaye 1, Anteneh Gadisa 1, Dessalegn Fentahun 2, Alegntaw Abate 3, Aynalem Alemu 2, Adane Mihret 2, Andargachew Mulu 2 and Tesfaye Gelanew 2*


1 College of Medicine and Health Sciences, Hawassa University, Hawassa, Ethiopia, 2 Armauer Hansen Research Institute, Addis Ababa, Ethiopia, 3 Hawassa College of Health Sciences, Hawassa, Ethiopia




Edited by: 

Pei-Hui Wang, Shandong University, China

Reviewed by: 

Boghuma Titanji, Emory University, United States

Mariangela Cavarelli, Commissariat à l’Energie Atomique et aux Energies Alternatives (CEA), France

*Correspondence: 

Tesfaye Gelanew
 tesfaye.gelanew@ahri.gov.et
 tesfayegtaye@gmail.com


Received: 11 February 2023

Accepted: 31 May 2023

Published: 15 June 2023

Citation:
Merid Y, Tekleselasie W, Tesfaye E, Gadisa A, Fentahun D, Abate A, Alemu A, Mihret A, Mulu A and Gelanew T (2023) SARS-CoV-2 Infection-and mRNA Vaccine-induced Humoral Immunity among Schoolchildren in Hawassa, Ethiopia. Front. Immunol. 14:1163688. doi: 10.3389/fimmu.2023.1163688






Background

With the persisting low vaccination intake, particularly in children of low-and middle-income countries (LMICs), seroepidemiological studies are urgently needed to guide and tailor COVID-19 pandemic response efforts in schools and to put mitigation strategies in place for a future post-pandemic resurgence. However, there is limited data on SARS-CoV-2 infection-induced and vaccine-induced humoral immunity in schoolchildren in LMICs, including Ethiopia.





Methods

As the spike receptor binding domain (RBD) is the major target for neutralization antibodies and useful to predict the correlates of protection, we used an in-house anti-RBD IgG ELISA to assess and compare infection-induced antibody response at two-time points and BNT162b2 (BNT) vaccine-induced antibody response at a one-time point in schoolchildren in Hawassa, Ethiopia. In addition, we measured and compared the levels of binding IgA antibodies to spike RBD of SARS-CoV-2 Wild type, Delta, and Omicron variants in a small subset of unvaccinated and BNT-vaccinated schoolchildren.





Results

When we compare SARS-CoV-2 infection-induced seroprevalences among unvaccinated school children (7-19 years) at the two blood sampling points with a 5-month interval, we observed an over 10% increase, from 51.8% (219/419) in the first week of December 2021 (post-Delta wave) to 67.4% (60/89) by the end of May 2022 (post-Omicron wave). Additionally, we found a significant correlation (p = 0.001) between anti-RBD IgG seropositivity and a history of having COVID-19-like symptoms. Compared to the levels of SARS-CoV-2 infection-induced anti-RBD IgG antibodies before vaccination, higher levels of BNT vaccine-induced anti-RBD IgG antibodies were observed even in SARS-CoV-2 infection-naïve schoolchildren of all age groups (p = 0.0001). Importantly, one dose of the BNT vaccine was shown to be adequate to elicit a strong antibody response in schoolchildren with pre-existing anti-RBD IgG antibodies comparable to that of SARS-CoV-2 infection-naive schoolchildren receiving two doses of BNT vaccine, suggesting a single dose administration of the BNT vaccine could be considered for schoolchildren who had prior SARS-CoV-2 infection when a shortage of vaccine supply is a limiting factor to administer two doses irrespective of their serostatus. Despite the small sample size of study participants, the BNT vaccine is shown to be immunogenic and safe for schoolchildren. Irrespective of schoolchildren’s vaccination status, we observed a similar pattern of significantly higher levels of IgA antibodies to Delta-RBD than to Omicron-RBD (p < 0.001) in a randomly selected subset of schoolchildren, yet comparable to Wuhan-RBD, suggesting these schoolchildren were more likely to have had SARS-CoV-2 infection with Delta variant. Additionally, we noted a broader IgA antibody reactivity to SARS-CoV-2 variants in vaccinated schoolchildren with prior SARS-CoV-2 infection, supporting the superiority of hybrid immunity.





Conclusion

Our serological data indicate a significant increase in SARS-CoV-2 seroprevalence in children at a post-Omicron five-month follow-up compared to a post-Delta enrolment. Despite the small sample size of study participants, the BNT vaccine is shown to be immunogenic and safe for schoolchildren. Hybrid immunity would likely provide a broader humoral immunity against Wuhan strain, Delta, and Omicron variants than natural infection or vaccination alone does. However, future longitudinal cohort studies in SARS-CoV-2-naïve and COVID-19-recovered schoolchildren receiving the BNT vaccine are needed for a better understanding of the kinetics, breadth, and durability of BNT vaccine-induced multivariant-cross reactive immunity.
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1 Introduction

Children are usually more susceptible to viral infection than adults, however, the incidence of SARS-CoV-2 infection and fatalities in children had been reported to be very low (1, 2). Recently, however, after the emergence of the immune-evasive SARS-CoV-2 Omicron variant and subvariants, the number of infections and hospitalizations has increased in children of age 0–19 years (3, 4). Very recently, a meta-analysis of global seroprevalence studies indicates increasing seropositivity and symptomatic cases in children in the post-Omicron era (5), warranting the need to consider increasing testing and vaccination. With the persisting low vaccination intake, particularly in children of low-and middle-income countries (LMICs), seroepidemiological studies are urgently needed to guide and tailor COVID-19 pandemic response efforts in schools and to put mitigation strategies in place for future post-pandemic resurgences. However, there is limited data on the prevalence of post-SARS-CoV-2 infection antibodies in schoolchildren from resource-limited settings, including Ethiopia.

Although vaccination against SARS-CoV-2 infection is proven to be safe and effective for adults in the pre-Omicron era at least for six months (6), children remain the largest unvaccinated group worldwide. This pre-Omicron COVID-19 vaccine disparity situation between adults and children is due to the lower risk of COVID-19 disease in children (7), concerns about vaccine safety, and parental hesitancy (8). After the emergence of the Omicron variant and subvariants, there has been an increasing number of children requiring critical care in both developed and developing countries (4). Importantly, there was a growing concern that the reopening of schools would accelerate SARS-CoV-2 school transmission (9) and the emergence of new variants among children in the future in the absence of child COVID vaccination (10). These factors led to the implementation of vaccination for children globally as of late August 2021 (10). Immunogenicity and safety studies from developed countries have proven the safety and effectiveness of mRNA-based COVID-19 vaccines, including the Pfizer-BioNTech BNT162b2 vaccine (hereafter designated as BNT) against different variants, including the Omicron variant in children (11–13).

Although COVID-19 vaccines have become more available to Africans, including children through the African Vaccine Acquisition Task Team of the African Union and the World Health Organization (WHO)-led COVAX consortium (14), there is limited or no local evidence regarding vaccine-induced immune response among pediatric populations in Africa, particularly in Ethiopia. The generation of virus-specific antibodies which neutralize or block infectivity is the most consistent correlate of protective immunity for multiple infections and vaccines (6, 15, 16). Given the role of SARS-CoV-2 receptor binding domain (RBD) in SARS-CoV-2 entry to host cells via angiotensin-converting enzyme 2 (ACE2) and anti-RBD antibodies’ role in blocking virus binding to host receptors, measuring the level of anti-RBD IgG antibodies is considered as a proxy marker for virus neutralization, and indirect indication for the effectiveness of a vaccine against SARS-CoV-2 (17, 18). In this study, we sought to assess and compare SARS-CoV-2 infection-induced and BNT vaccine-induced humoral immunity in the longitudinal cohort of schoolchildren in Hawassa and its surrounding area using in-house anti-SARS-CoV-2 RBD ELISA.

Additionally, considering our first round (baseline) and the second round (5-month follow-up) blood sample collections were succeeded by the third and fourth Ethiopian pandemic waves due to the Delta and Omicron variants, respectively (19), we quantified and compared the levels of binding IgA antibodies to Delta-RBD and Omicron-RBD in comparison to Wuhan-RBD in a subset of randomly selected serum panels that had detectable anti-RBD IgG antibodies.




2 Materials and methods



2.1 Study area

A two-time-point correlational study (Figure 1) was carried out in six schools (Table 1) with both school types (elementary and secondary schools) in Hawassa City and Tula Town. Hawassa City is located 273 km away from the capital city of Ethiopia, Addis Ababa, whereas Tula Town is located 10 km away from Hawassa City. Except for Tula, all the remaining five study-participating schools are in Hawassa City, an urban setting. The participating schools were selected purposefully considering the geographic location in the city and the number of schoolchildren enrolled in the schools, while the participating schoolchildren were randomly selected from each school using a proportionate sampling method (Table 1).




Figure 1 | Study design, time points for the administration of first dose (1d) and second dose (2d) vaccination, and saliva and blood samples collected with the corresponding number (n) of participants. The two time points at a 5-month interval selected for serum and saliva sample collection are indicated on the vertical time axis with blood collection tubes.




Table 1 | Enrolment seroprevalence of anti-SARS-CoV-2 antibodies and RT-PCR positivity rates in six schools in Hawassa, Ethiopia.






2.2 Study design and participants

The study employed a prospective study design where data and biological samples were collected at two time points: baseline (01-08 December 2021) and follow-up after 5 months (09-18 May 2022) (Figure 1). The study was conducted to detect a change in seroprevalence of SARS-CoV-2 antibodies at two-time points and compare with levels of BNT vaccine-induced antibodies at 4-6 weeks after one dose or two doses of immunization. While the first dose was administered from 01 to 13 January 2022, the second dose was administrated from 22 March to 25 April 2022, with an average interval of 3 weeks (Figure 1). During this study period, COVID-19 vaccination was given to schoolchildren whose age was 12 years and above.




2.3 Data and sample collection

Participant schools were invited via an initial letter from Sidama Regional Public Health Institute and Hawassa School authorities. The main objectives of the study were described to the students during the flag and national ceremony, and further explanation was given during data collection (before specimen collection). Children who attended the selected schools were enrolled voluntarily and randomly after their parents/guardians agreed. The recruitment of participating children was carried out by trained health personnel. After obtaining informed consent and/or assent from each study participant’s guardian and/or participant, a structured questionnaire-based interview was administered to collect sociodemographic and clinical data. The interview was conducted in a private setting to ensure the safety and confidentiality of participants. Five ml of saliva and venous blood sample were taken from every participant schoolchild at each examination time point (Figure 1). The saliva sample was collected and processed as outlined previously (20).




2.4 Measurement of antibodies

Since the current mRNA-based COVID-19 vaccine is a spike protein-based vaccine (21), we used spike RBD IgG ELISA to assess the magnitude of BNT vaccine-induced humoral immune responses. Levels of anti-SARS-CoV-2 RBD-specific antibodies were analyzed with an in-house ELISA (22). Briefly, purified recombinant SARS-CoV-2 antigens based on Wuhan Hu-1 isolate (provided by the BEI Resources Repository, National Institute of Allergy and Infectious Diseases, USA) were coated on 96-well plates (1.0 μg/mL of RBD). Serum samples were diluted at 1:200 according to the optimized protocol in our previous study (22). IgG level was determined with absorbance or optical density (OD) measurement at 450 nm wavelength. Thresholds to determine seropositivity for anti-RBD IgG ELISA were calculated as previously described (22). The serum or plasma samples used for the threshold calculation of both anti-RBD IgG and IgA ELISAs have been described previously (17, 21). Each serum sample was run/tested in duplicate.

In order to evaluate the multi-variant cross-reactivity of SARS-CoV-2 infection- and BNT vaccine-induced humoral immunity, the levels of binding IgA antibodies to the recombinant RBD of the SARS-CoV-2 Wuhan-Hu-1 strain (Catalog No. NR-52307), as well as AY.2 Lineage of Delta (Catalog No. NR-55711), and B.1.1.529 BA.2 Lineage of Omicron (Catalog No. NR-56548) variants were determined by ELISA, as previously described, with a slight modification (22). All these three recombinant RBD antigens were obtained through the BEI Resources Repository. Because of the unavailability of secondary antibodies, we were unable to look at the profiles of the binding IgG and IgM antibodies against RBD variants.

Besides the detection of anti-RB IgG antibodies, saliva samples that were collected at baseline and during the follow-up studies were tested using a BGI real-time fluorescent reverse transcription (RT)-PCR kit as described previously (20).




2.5 Data analysis

Descriptive statistics and the actual number of cases were used to describe frequency outputs for categorical variables. We compared the level of anti-RBD IgG antibody responses between vaccinated schoolchildren (one-dose versus two-dose recipients) with and without prior SARS-CoV-2 exposure using the Wilcoxon-Mann-Whitney (WMW) matched or unmatched pairs test. To see the influence of age, sex, and self-reported history of COVID-19-like symptoms on the levels of SARS-CoV-2 infection-induced and vaccine-induced anti-RBD IgG antibodies, further analyses were done after stratifications. We visualized and studied the longitudinal anti-RBD IgG antibody response and the comparative levels of binding IgA antibodies to RBD of SARS-CoV-2 variants using locally weighted scatterplot smoothing, and the Wilcoxon-Mann-Whitney (WMW) test in GraphPad Prism Version 9.1, and p-values equal to or < 0.05 were considered to be statistically significant.




2.6 Ethical consideration

The study protocol involving human subjects was reviewed and approved by the Institutional Review Board (IRB) of the College of Medicine and Health Science, Hawassa University with the approval number IRB/009/14.





3 Results



3.1 Demographic characteristics of participants at enrolment in December 2021

Table 1 summarizes the number of enrolled schoolchildren at baseline per each participating school. The baseline characteristics of a total of 419 schoolchildren who provided saliva and blood samples are presented in Table 2; Figure 1. Of these, 245 (58.3%) were female. The median age was 16 years (interquartile range [IQR] 13-16), 263 (62.8%) of them were in the age group of 15-19 years and 141 (33.8%) of them were in the age group of 10-14 years while 15 (3.6%) were in the age group of 7-9 years. At the follow-up visit, a total of 300 schoolchildren provided saliva and blood samples (Figure 1), of which 179 (59.7%) were female; the median age was 15 years (interquartile range [IQR] 12-17),174 (58.0%) were in the age group of 15-19 years and 80 (26.7%) were in the age range of 12-14 years (Table 2).


Table 2 | Baseline characteristics of study participants (n = 419) and SARS-CoV-2 IgG antibody positivity rate before BNT vaccination by age, sex, and COVID-19-like symptoms.






3.2 RT-PCR

Of the 419 schoolchildren enrolled at baseline, only 2 (0.5%) were positive for the RT-PCR test against SARS-Cov-2. Anti-RBD IgG antibodies were detected in one of the two RT-PCR test-positive cases both at both enrollment and follow-up. On the other hand, SARS-CoV-2 was detected in 10 (3.3%) of the 300 schoolchildren who continued in the follow-up study and submitted saliva. Interestingly, one child showed a positive RT-PCR test against SARS-CoV-2 both at the baseline and follow-up, indicating either a re-infection or persistence of viral shedding. Of the 10 RT-PCR-positive cases, seven had detectable anti-SARS-CoV-2 IgG antibodies at the 5-month follow-up time. The absence of detectable anti-RBD IgG in those three RT-PCR-positive schoolchildren may indicate a recent SARS-CoV-2 infection.




3.3 Seroprevalence of SARS-CoV-2 infection-induced anti-RBD IgG antibodies at baseline and 5-month follow-up

At baseline, 419 schoolchildren were surveyed in six schools (Table 1). However, a significant proportion of schoolchildren (28.4%) were lost to follow-up visits due to an unwillingness to provide a second blood sample, school absenteeism during the follow-up, relocation to another school, or school dropout (Figure 1).

Of the 419 children enrolled at the baseline, 217(51.8%) had RBD-specific SARS-CoV-2 serum antibodies at enrolment. The anti-RBD IgG antibodies seroprevalence rate was shown not to vary by the school location, whether it was located in urban or rural areas. The pooled anti-RBD IgG seroprevalence rate was 51.8% (95% CI, 47.0%–56.5%) at baseline, which was conducted in a period after the third post-Delta variant wave of the country (Table 1).

As shown in Figure 1, only 300 children were available to provide the second-round saliva and blood samples, of whom, 101 received either one dose or two doses of the BNT vaccine while the remaining 199 remained unvaccinated. Of the small sample size (n=90) of schoolchildren who were seronegative at baseline and had remained unvaccinated at the 5-month follow-up, the period during a post-Omicron variant wave, 62.2% (56/90) of them underwent a seroconversion (Table 3; Figure 1). We, therefore, noted over 10% seroprevalence difference between the baseline study (post-Delta wave) and the 5-month follow-up study (the first post-Omicron wave).


Table 3 | Proportion (n, %), of participants (n=300) at five-month follow-up by vaccination of status, number of vaccine doses received, and positivity for the BNT vaccine-induced humoral immunity (anti-receptor-binding domain) with and without pre-existing anti-RBD IgG antibodies.



At the 5-month follow-up, serum anti-RBD IgG antibodies persistence was observed in 96.3% (105/109) of unvaccinated children (Table 3; Figure 1).




3.4 Anti-SARS-CoV-2 infection-induced seroprevalence, according to sex, age, and history of COVID-19-defining symptoms

Although using a small sample size, analyses of seroprevalence by age at baseline revealed a significant proportion of children in the age group of 7-9 years mounted detectable anti-RBD IgG antibody levels than children in age groups of 10-14 years and 15-19 years (Table 2). Although a higher portion of female (58.3%) schoolchildren than males were recruited in this study, a slightly increased seroprevalence was observed among male schoolchildren (Table 2). Importantly, a sizeable proportion (74.7%) of the participating schoolchildren who had detectable anti-SARS-CoV-2 antibody levels had a history of COVID-19-defining symptoms (Table 2). Additionally, we noted the absence of a statistically significant (p > 0.05) association between anti-RBD IgG seropositivity and socioeconomic variables, such as family size, and education level of the schoolchildren’s father and mother (Table S1).




3.5 Seroprevalence of the BNT vaccine-induced anti-RBD IgG antibodies

Of a total of 300 schoolchildren who were available at the five-month follow-up, 101 had received either one dose (n = 80) or two doses (n = 21) of the two-dose BNT vaccine schedule while 199 schoolchildren remained unvaccinated (Table 3). At the enrolment (baseline) before vaccination, nearly 50% (51/101) of schoolchildren in the vaccinated group mounted a detectable anti-RBD IgG antibody level (Table 3; Figure 1). No marked difference was seen between those schoolchildren receiving one dose and those schoolchildren receiving two doses in terms of the proportion of schoolchildren with a prior SARS-CoV-2 infection and the mean levels of infection-induced RBD IgG antibody response (Figure 2). However, 4 to 6 weeks after BNT vaccination, 95.1% (96/101) of the vaccinated schoolchildren, irrespective of their anti-RBD IgG serostatus at enrolment, mounted detectable antibody levels. Interestingly, 90.2% (46/51) of SARS-CoV-2-infection-naïve-vaccinated schoolchildren had detectable anti-RBD IgG antibodies. Of those five schoolchildren who were non-responsive to the BNT vaccine, four had received one dose while the remaining one had received two doses. By contrast, 100% (n = 52) of the BNT-vaccinated schoolchildren with prior SARS-CoV-2 infection had detectable anti-RBD IgG antibodies at 4-5 weeks postvaccination, irrespective of the number of doses they had received (Figure 1; Table 2).




Figure 2 | Comparison of the natural infection- and BNT vaccine-induced humoral immunity response in vaccinated and unvaccinated schoolchildren with and without baseline pre-existing anti-RBD IgG antibodies against Wuhan-RBD, A-F. Levels of anti-RBD IgG comparison between (A) schoolchildren (n = 80) who received one dose versus those schoolchildren (n = 21) who received two-doses of the BNT vaccine; (B) schoolchildren who received one dose of the BNT vaccine with and without a baseline pre-existing anti-RBD IgG antibodies; (C): schoolchildren who received two doses of the BNT vaccine with and without a baseline pre-existing anti-RBD IgG antibodies; (D): schoolchildren (n = 26) who received one dose of BNT vaccine with a baseline pre-existing anti-RBD IgG antibodies versus SARS-CoV-2-infection-naïve schoolchildren (n = 12) who received two doses; (E): schoolchildren (n = 38) who received one dose of the BNT vaccine with baseline pre-existing anti-RBD IgG and schoolchildren (n = 12) who received two doses of the BNT vaccine without a baseline pre-existing anti-RBD IgG antibodies: (F): unvaccinated schoolchildren with and without anti-RBD IgG antibodies at baseline or 5-month follow-up versus schoolchildren who received one or two doses of the BNT vaccine with or without a baseline pre-existing anti-RBD IgG. The levels of serum anti-RBD IgG antibodies were measured using serum samples diluted at 1:200 in an in-house indirect ELISA. The OD450 S/C ratio value on the y-axis represents the ratio of the sample OD450 nm to the average mean OD450 nm of the negative controls. The horizontal broken red line shows the cut-off value (= 2.5) for the in-house ELISA test. A Wilcoxon-Mann-Whitney (WMW) matched or unmatched pairs test was performed to compare differences between the two groups. A p-value of < 0.05 indicates the occurrence of a statistically significant difference in anti-RBD IgG levels between any two comparison groups while ns or p > 0.05 indicates a statistically insignificant difference. 1d, 2d, and NonVacc represent schoolchildren who received a single dose, two doses of the BNT vaccine, and neither a first dose nor a second dose, respectively; BL, PV, and 5-month indicate that serum samples were collected before schoolchildren’s vaccination (baseline), postvaccination (after receiving one or two doses of the BNT vaccine), and at the 5-month follow-up visit from unvaccinated children, respectively; Na and Pi indicate being SARS-CoV-2 infection naïve (negative for anti-RBD IgG serological test at baseline) and having a prior SARS-CoV-2 infection (positive for anti-RBD IgG serological test at the baseline), respectively.






3.6 Comparison of SARS-CoV-2 anti-RBD IgG antibodies levels in different groups: one-dose versus two-dose recipients; prior infection versus naïve vaccinated recipients

Table 3 summarizes the number of participants by vaccination of status, the number of vaccine doses received, and positivity for SARS-CoV-2 natural infection- and BNT vaccine-induced anti-RBD IgG antibodies at the 5-month follow-up time. In general, we did not notice differences (p > 0.05) in the levels of the BNT vaccine-induced anti-RBD IgG antibody response between the schoolchildren (n = 80) who received one dose and those schoolchildren (n = 21) who received two doses of the BNT vaccine (Figure 2A). When we compared the levels of vaccine-induced anti-RBD IgG response among those who received one dose of the BNT vaccine, schoolchildren with pre-existing anti-RBD IgG antibodies generated higher levels of anti-RBD IgG antibodies than schoolchildren who had no detectable pre-existing anti-RBD IgG antibodies although the difference was not statistically significant (p = 0.3) (Figure 2B). However, this difference was statistically significant (p < 0.05) when comparing the levels of BNT-induced anti-RBD IgG antibody response between vaccinated schoolchildren with prior infection who received two doses and SARS-CoV-2-infection-naïve schoolchildren who received two doses (Figure 2C). Interestingly, we found no difference (p > 0.5) in the mean levels of anti-RBD IgG antibody response between the schoolchildren (n = 26) with prior SARS-CoV-2 infection who received one dose of the BNT vaccine and the SARS-CoV-2-infection-naïve schoolchildren (n = 12) who received two doses (Figure 2D). Similarly, we observed no marked difference between single-dose (n = 38) and two-dose (n = 12) BNT vaccine-induced anti-RBD IgG antibody levels in SARS-CoV-2-infection-naïve schoolchildren (Figure 2E). As expected, we noted a marked significant difference (p < 0.05) between the levels of post-SARS-CoV-2 infection- and BNT vaccine-induced anti-RBD IgG antibody responses, irrespective of the number of doses received (Figure 2F). More importantly, age, sex, and the presence of COVID-19-defining symptoms did not impact the levels of vaccine-induced anti-RBD IgG antibody response (Figures 3A–H).




Figure 3 | Comparison of the levels of infection-induced and BNT vaccine-induced anti-RBD IgG responses by the self-reported history of COVID-19-defining symptoms, sex, and age. The levels of anti-RBD IgG in (A): vaccinated schoolchildren with COVID-19-defining symptoms versus vaccinated schoolchildren without COVID-19-defining symptoms; (B): unvaccinated schoolchildren with COVID-19-defining symptoms versus unvaccinated schoolchildren without COVID-19-defining symptoms; (C): male vaccinated schoolchildren versus female vaccinated schoolchildren; (D): male unvaccinated versus female unvaccinated schoolchildren; (E): schoolchildren of age < 13 years at prevaccination versus schoolchildren of age ≥ 13 years at prevaccination; (F): schoolchildren of age < 13 years at postvaccination versus schoolchildren of age ≥ 13 years at postvaccination; (G). unvaccinated schoolchildren of age < 13 years at baseline versus unvaccinated schoolchildren of age ≥ 13 years at baseline; (H): unvaccinated schoolchildren of age < 13 years at 5-month follow-up versus unvaccinated schoolchildren of age ≥ 13 years at 5-month follow-up. A Wilcoxon-Mann-Whitney (WMW) matched or unmatched pairs test was performed to compare differences between the two groups. For all panels A-H, the p-value> 0.05. ns = p > 0.05 indicates a statistically insignificant difference. The OD450 S/C ratio value on the y-axis represents the ratio of the sample OD450 nm to the average mean OD450 nm of the negative controls. The broken black line represents the cut-off value (2.5).






3.7 Levels of binding IgA antibodies to SARS-CoV-2 RBD variants in vaccinated and unvaccinated schoolchildren

Due to the unavailability of secondary (HRP-conjugated) anti-human IgG antibodies, we determined and compared the levels of natural SARS-CoV-2 -and BNT vaccine-induced serum IgA antibodies to Delta-RBD, Omicron-RBD, and Wuhan-RBD using an in-house indirect ELISA. Additionally, due to the limited availability of Delta-RRBD and Omicron-RBD, we used randomly selected serum samples (n = 38) collected at the 5-month follow-up, and all were confirmed to have detectable anti-RBD IgG antibodies. The randomly selected serum panel was comprised of four different groups of children:

	Group 1: SARS-CoV-2-infection-naïve unvaccinated schoolchildren (n = 13) (Figure 4A);

	Group 2: unvaccinated schoolchildren with prior (baseline) SARS-CoV-2 infection (n = 8) (Figure 4B);

	Group 3: SARS-CoV-2-infection-naïve BNT vaccinated schoolchildren (n = 11) (Figure 4C); and

	Group 4: BNT-vaccinated schoolchildren with prior (baseline) SARS-CoV-2 infection (n = 6) (Figure 4D).






Figure 4 | Comparison of the levels of binding IgA antibodies to the RBD SARS-CoV-2 of Wuhan strain, Delta (AY.2 lineage) variant, and Omicron (B.1.1.529 BA.2 lineage) variant. (A) SARS-CoV-2-infection-naïve unvaccinated schoolchildren (n = 13); (B) unvaccinated schoolchildren with prior (baseline) SARS-CoV-2 infection (n = 8); (C) SARS-CoV-2-infection-naïve BNT-vaccinated schoolchildren (n = 11) and (D) BNT-vaccinated schoolchildren with prior (baseline) SARS-CoV-2 infection (n = 6). The antibody levels were determined in serum samples collected at the 5-month follow-up using an in-house indirect ELISA. The OD450 value on the y-axis was calculated as the ratio of the optical density (OD) of the sample to the mean ODs of negative controls. An antibody level (OD450 nm S/C ratio) below 2.5 was interpreted as negative. A Wilcoxon-Mann-Whitney (WMW) matched or unmatched pairs test was performed to compare the difference between the two groups. p-value < 0.05 indicates the presence of a statistically significant difference while p > 0.05 indicates a statistically insignificant difference. The broken line represents the cut-off value, of 2.5.



The pattern of binding IgA antibodies levels to Delta-RBD, Wuhan-RBD, and Omicron-RBD appeared to be similar in the four groups (Figures 4A–D) described above. A significantly higher level of binding IgA antibodies to both Wuhan-RBD and Delta-RBD compared to Omicron-RBD (p < 0.001) was observed. Although the difference was not statistically significant, we noted slightly higher levels of natural infection- and BNT vaccine-induced binding IgA antibodies to Delta-RBD than to Wuhan-RBD (Figures 4A–C). When we compared anti-Omicron-RBD IgA seropositivity among the four groups, 38.4%, 75%, and 63.6% of the schoolchildren in group 1, group 2, and group 3, respectively, had detectable IgA antibodies to Omicron-RBD, above the assay’s lower detection limit (Figures 4A–C). By contrast, all six (100%) vaccinated schoolchildren with prior infection SARS-CoV-2 infection in group 4 had detectable IgA antibodies to Omicron-RBD (Figure 4D).




3.8 Reactogenicity and safety

Although assessing reactogenicity was not the primary objective of the present study, the BNT vaccine was found to be well-tolerated by all 101 vaccine recipients with no single case of a serious adverse event. The majority (58.4%) of the vaccine-recipient schoolchildren had self-reported pain and tenderness at the vaccine injection site accompanied by severe headache and fatigue after receiving one. However, all these symptoms were resolved within 48 hours postvaccination. None of them reported side effects within 48 hours of receiving the second dose (data not shown).





4 Discussion

As RBD is the major target for neutralization antibodies (nAbs), antibody levels to this fragment of spike protein are a good alternative to predict serum neutralization function, especially in resource-constrained countries like Ethiopia (16). We specifically used an in-house anti-RBD IgG ELISA to assess natural infection- and BNT vaccine-induced antibody responses in schoolchildren in Hawassa, Ethiopia. Interestingly, schoolchildren were shown to mount an adequate anti-RBD IgG antibody response both to natural infection and to BNT vaccination. To the best of our knowledge, this is the first data describing both SARS-CoV-2 infection- and BNT vaccine-induced humoral immunity in schoolchildren in Ethiopia.

Although children are generally believed to have a lower burden of symptomatic COVID-19 compared to adults, a sizeable portion (74.7%) of the participating schoolchildren who had detectable anti-SARS-CoV-2 antibody levels had a history of COVID-19-defining symptoms. Our finding is consistent with the post-Delta and Omicron reports of increased risk of symptomatic infection and mortality in children (4) and warrants the urgent need to administer CoVID-19 vaccines to children (10). Our local real-world data on immunogenicity and reactogenicity of the BNT vaccine along with a previous study from South Africa (13) would be useful to circumvent the low vaccine intake in African children due to the misconception on safety and efficacy of COVID-19 vaccines (23). More importantly, vaccination of children will more likely prevent schoolchildren from symptomatic infection, thereby broadening community protection and preventing long COVID and will allow schools to resume their duties (10).

The observed high (51.8%) SARS-CoV-2 seroprevalence in schoolchildren at the beginning of December 2022 is inconsistent with most studies that reported lower seroprevalence in schoolchildren as compared to adults (7). However, this finding is consistent with our previous study that revealed the occurrence of high seroprevalence (44.8%) among healthcare workers in Hawassa Hospital (22). It is important, however, to note that the present study was conducted 10 months later than our previous seroprevalence study. At the 5-month follow-up (during the post-Omicron wave (19)), we observed a high (62.2%) seroprevalence (seroconversion) rate among unvaccinated schoolchildren, which is more likely linked to the spread of the highly transmissible Omicron variants. Our two time point seroprevalence findings are consistent with a systematic review report by Naeimi et al. (5), in which SARS-CoV-2 seroprevalence of 17.2% (0.01–58.4%) was observed in the pre-Omicron wave and 66.1% (60.53–71.4%) in a post-Omicron wave, in the African region. Poor adherence to COVID-19 nonpharmaceutical mitigation strategies during school reopening (data not shown) as well as a poor vaccination rate would likely be among the predominant reasons for higher SARS-CoV-2 seroprevalence estimates in the participating schoolchildren as previously reported by Naeimi et al (5). These observed higher seroprevalence rates in schoolchildren could also be linked to the higher sensitivity of the in-house ELISA we used as a serodiagnosis test (22).

In the present study, the risk of seroprevalence was found to be associated with the presence of COVID-19 symptoms yet independent of age, sex, school location in urban or rural areas, and socio-economic variables, such as family size, and education level of the children’s father and mother. This is inconsistent with a pre-Omicron seroprevalence study conducted among a cohort of children and teenagers in Montreal, Canada, where parents’ low education and higher household density were found to be associated with an increased risk of seropositivity (24). This difference may be due to the minimal social inequalities in our study areas as well as a similar poor adherence to non-pharmaceutical interventions in the community and as a consequence, the children might have had equal risk of exposure to SARS-CoV-2 infection.

With waning immune protection over time against emerging SARS-CoV-2 variants, it is essential to understand the duration of infection- and vaccine-induced immunity or both to establish vaccine strategies. The second goal of the present study was therefore to obtain real-world local data on the immunogenicity BNT vaccine in schoolchildren in Ethiopia. The BNT vaccine was shown to induce RBD-specific IgG antibodies, which is a proxy marker for measuring the magnitude of the neutralization antibodies. Of the 101 vaccinated schoolchildren who received either one or two doses of the BNT vaccine, we noted high immunogenicity of the BNT vaccine in schoolchildren, inferred from a 90.2% vaccine-induced seroconversion rate among the SARS-CoV-2-infection-naïve schoolchildren. This observation is not a surprise as all 5 were non-responsive but one had received only one dose of vaccine which might have happened due to the rapid waning of the single-dose vaccine-induced immunity. A similar seroreversion rate (94.2%) with anti-RBD antibody levels below the seropositivity threshold was previously reported in BNT-vaccinated adults in the first 3 months post-vaccination (25).

In the present study, the natural SARS-CoV-2 infection-induced serum anti-RBD IgG persistence rate at the 5-month follow-up was 96.3% (105/109) in the unvaccinated children, indicating a relative long-term protective immunity after SARS-CoV-2 infection in children. More importantly, we noticed a robust anti-RBD IgG antibody response in schoolchildren with prior infection and who received one dose of the BNT vaccine, comparable to the infection-naïve schoolchildren who received two doses. Based on our findings, a single dose of BNT vaccination might be sufficient to generate a breadth of humoral immunity against SARS-CoV-2 variants in recovered children with pre-existing anti-SARS-CoV-2 infection, particularly in settings where vaccine supply shortage is a constraint. Consistent with this finding, recent studies demonstrate that infection-induced memory B cells (MBCs) have a better antigen-binding capacity and generate secondary MBCs, undergo more affinity maturation, and produce more robust secondary responses than vaccine-induced primary MBCs (24–26). In addition, the predicted median time to breakthrough infection following mRNA vaccination, including BNT, has been shown to be longer than the median time to breakthrough infections following viral vector vaccination (27). Further, unlike adenovirus-vector COVID-19 vaccines, vaccination with BNT has been shown to reactivate pre-existing, cross-reactive T-cell immunity, particularly in children (28).

Like adults, the administration of two doses of the BNT vaccine is required to generate an optimal immune response in children. Furthermore, the dosing interval has been shown to influence the vaccine-induced humoral response (27–30). In the present study, we did not observe a noticeable difference in the levels of the BNT vaccine-induced anti-RBD IgG antibody response between the SARS-CoV-2-infection-naive schoolchildren who received one dose and those who received two doses. This observation could be because more schoolchildren (n=38) who received one dose than those who received two doses (n=12) were included in our analysis. However, the short dosing interval (< 4 weeks) between the first dose and the second dose could be a plausible reason. In support of the latter, a delayed administration of the second dose of the BNT vaccine up to 12 weeks has been shown to produce strong and more robust antibodies than early administration (29–32).

As of February 2022, Ethiopia had experienced four distinct waves of SARS-CoV-2 infections. Although the responsible variant for the first (May to November 2020) wave remains unknown, the second (January to June 2021), third (August to November 2021), and fourth (December 2021 to February 2022) waves were fueled by the Alpha, Deta, and Omicron variants, respectively (19). Since our first and second-round serum sample collections were succeeded by the third and fourth COVID-19 pandemic waves in Ethiopia, respectively, we compared the levels of binding IgA antibodies to RBDs of the SARS-CoV-2 Delta and Omicron variants as well as to Wuhan-RBD in unvaccinated and BNT-vaccinated schoolchildren. Although not statistically significant, relatively higher levels of binding IgA antibodies to Delta-RBD compared to Wuhan-RBD were observed in the majority of unvaccinated and BNT-vaccinated children who had pre-existing anti-RBD IgG antibodies (Figure 4), indicating most of these schoolchildren were likely to have had SARS-CoV-2 infection with the Delta variant. In comparison to Delta-RBD and Wuhan-RBD, the levels of binding IgA antibodies to Omicron-RBD were found to be significantly lower, even below the threshold for some schoolchildren. This finding is consistent with the finding that Omicron-RBD contains 15 mutations while the Delta-RBD contains only two mutations as compared to the wild-type, Wuhan-RBD (33). Also, the detection of low levels of IgA antibodies to the Omicron-RBD in SARS-CoV-2-infection-naïve BNT-vaccinated schoolchildren is not a surprise given that these children received the first generation of mRNA-based vaccine, developed based on stabilized spike protein sequence homologous to the wild-type (D614) Wuhan strain (34) and Omicron-RBD bears 15 mutations. Interestingly, we noted a broader IgA antibody cross-reactivity to the RBDs from SARS-CoV-2 variants in vaccinated schoolchildren with prior SARS-CoV-2 infection than in vaccinated SARS-CoV-2 infection naive schoolchildren, supporting the superiority of hybrid immunity (35).

Besides its immunogenicity, the BNT vaccine was well-tolerated among vaccinated children with no serious adverse event despite the majority of vaccinees having self-reported pain and tenderness at the injection site accompanied by fever and headache that resolved within 48 hours postvaccination. Although severe COVD-19 and associated death are rare in children, long-COVID, a post-acute sequelae of SARS-CoV-2 infection, is not an uncommon complication in children (36) and could be considered as an additional argument to increase vaccine uptake in schoolchildren. Our data, therefore, provide local evidence on the safety/reactogenicity profiles and immunogenicity of the BNT vaccine among Ethiopian schoolchildren and will help to accelerate the COVID-19 vaccine uptake and coverage among school-aged children in Ethiopia.




5 Limitations of the study

Despite its strength, our study has several limitations. First, due to budget constraints, we did not collect second-round postvaccination serum samples to evaluate the dynamics of BNT vaccine-induced anti-RBD IgG antibody response over time. Second, due to the reagents’ unavailability, we did not assess infection-induced and BNT vaccine-induced T-cell responses. Third, again due to budget constraints, we were not able to perform either virus or pseudovirus neutralization assays. However, we measured the level of anti-RBD IgG antibody response, which is a good proxy marker for nAbs. The fourth limitation is the low sample size in the postvaccination analysis due to the significant unwillingness or loss of schoolchildren at the follow-up visit. However, the enrolment of a total of 101 schoolchildren before and after BNT vaccination was acceptable to draw a conclusion regarding the immunogenicity and reactogenicity of the BNT vaccine in schoolchildren between the ages of 12 and 19 years old. The fifth limitation is that we did not convert the measured level of binding anti-RBD IgG and IgA antibodies into a unit of 1000 binding antibody units (BAU) per mL as described by Knezevic et al (37) due to the unavailability of a reference plasma sample (research reagent 20/130) distributed by National Institute for Biological Standards and Control (NIBSC), UK, a WHO collaborative center.




6 Conclusions

In conclusion, our findings from serological evidence indicated that, although there were significant increases in SARS-CoV-2 seroprevalence in children from 51.8% in the pre-Omicron wave to 62.2% in the post-Omicron wave, a significant proportion of schoolchildren in Ethiopia remained unvaccinated. Despite the small sample size of study participants, the BNT vaccine is shown to be immunogenic and safe for schoolchildren. These findings emphasize an urgent need to expand vaccination coverage for children and adolescents, particularly in school settings. Single-dose administration of the BNT vaccine may be considered for children who have had a prior SARS-CoV-2 infection when a shortage of vaccine supply is a limiting factor to administer two doses of the BNT vaccine irrespective of their serostatus.

Although it is from a small sample size, our data on the profile of binding IgA antibodies to RBD of SARS-CoV-2 variants in both BNT-vaccinated and unvaccinated schoolchildren support the superiority of hybrid immunity in providing a multivariant cross-reactive humoral immune response. However, future investigations in large longitudinal cohorts of SARS-CoV-2-naïve and COVID-19-recovered children receiving the BNT vaccine, with the inclusion of more RBD of the SARS-CoV-2 variants circulating in Ethiopia and two more immunoglobulin classes (IgM and IgG) are needed for a better understanding of the kinetics, breadth, and durability of vaccine-, natural infection- or both (hybrid)-induced humoral immunity in children.
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Background

COVID-19, a serious respiratory disease that has the potential to affect numerous organs, is a serious threat to the health of people around the world. The objective of this article is to investigate the potential biological targets and mechanisms by which SARS-CoV-2 affects benign prostatic hyperplasia (BPH) and related symptoms.





Methods

We downloaded the COVID-19 datasets (GSE157103 and GSE166253) and the BPH datasets (GSE7307 and GSE132714) from the Gene Expression Omnibus (GEO) database. In GSE157103 and GSE7307, differentially expressed genes (DEGs) were found using the “Limma” package, and the intersection was utilized to obtain common DEGs. Further analyses followed, including those using Protein-Protein Interaction (PPI), Gene Ontology (GO) function enrichment analysis, and the Kyoto Encyclopedia of Genes and Genomes (KEGG). Potential hub genes were screened using three machine learning methods, and they were later verified using GSE132714 and GSE166253. The CIBERSORT analysis and the identification of transcription factors, miRNAs, and drugs as candidates were among the subsequent analyses.





Results

We identified 97 common DEGs from GSE157103 and GSE7307. According to the GO and KEGG analyses, the primary gene enrichment pathways were immune-related pathways. Machine learning methods were used to identify five hub genes (BIRC5, DNAJC4, DTL, LILRB2, and NDC80). They had good diagnostic properties in the training sets and were validated in the validation sets. According to CIBERSORT analysis, hub genes were closely related to CD4 memory activated of T cells, T cells regulatory and NK cells activated. The top 10 drug candidates (lucanthone, phytoestrogens, etoposide, dasatinib, piroxicam, pyrvinium, rapamycin, niclosamide, genistein, and testosterone) will also be evaluated by the P value, which is expected to be helpful for the treatment of COVID-19-infected patients with BPH.





Conclusion

Our findings reveal common signaling pathways, possible biological targets, and promising small molecule drugs for BPH and COVID-19. This is crucial to understand the potential common pathogenic and susceptibility pathways between them.
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1 Introduction

An infectious disease, COVID-19, caused by the SARS Coronavirus 2 (SARS-CoV-2), poses a major danger to worldwide public health (1, 2). The most common symptom of COVID-19 is pneumonia, with severe cases frequently developing life-threatening acute respiratory distress syndrome and respiratory failure, along with fever, sore throat, difficulty breathing and coughing (1, 3). Symptoms can worsen and lead to respiratory failure, which is potentially fatal and affects the heart, liver, neurological system, and kidneys (4–7). The percentage of patients with COVID-19 who develop gastrointestinal symptoms such as nausea, diarrhea, bloating, and bleeding ranges from 3% to 40.7% (8). With the advent of vaccines (9–11) and antiviral drugs (12, 13), the spread and fatality rate of COVID-19 have decreased, but with the advent of new variations such as Delta and Omicron, it continues to pose dangers and difficulties to global health (14, 15).

In older men, benign prostatic hyperplasia (BPH), which causes benign prostate enlargement due to uncontrolled expansion of epithelial and fibromuscular tissue in the migratory zone of the urinary tract and urethral region, is a frequent disorder (16, 17). Lower urinary tract symptoms (LUTS) are common in older men and include frequent urination, inadequate urine flow, delayed urine flow, and nocturia, all of which have a negative influence on quality of life (17). According to a meta-analysis, the lifetime prevalence of BPH is 26.2% (18). Previous research suggests that elderly men may have a higher risk of developing BPH. Older men appear to have more severe cases of COVID-19 and are more likely to infect SARS-CoV-2 (19). Many patients with COVID-19 have experienced serious urinary problems (20, 21). LUTS may be one of the symptoms of COVID-19, and SARS-CoV-2 virus infection may aggravate symptoms in elderly patients with BPH (22, 23). There has not yet been any pertinent research on the possible mode of action between COVID-19 and the symptoms of BPH. To provide novel assistance for the diagnosis and treatment of disorders that have both COVID-19 and BPH, it is necessary to investigate potential hub genes and molecular pathways.

By comparing gene expression across disease groups and healthy tissues, it is now possible to explore the potential pathophysiology of many diseases, thanks to the rapid advance of gene sequencing technologies and bioinformatics analytic techniques. In addition to logistic regression with the least absolute shrinkage and selection operator (LASSO) (24), machine learning techniques such as support vector machine recursive feature elimination (SVM-RFE) (25) and random forest (RF) algorithms (26) are frequently used to accurately identify diagnostic indicators and prediction models. Several studies have been conducted to date to find hub genes and possible biomarkers using different machine learning methods (27, 28).

We attempted to discover common differentially expressed genes (DEGs) in this work by integrating the analysis of the COVID-19 dataset (GSE157103) with the BPH dataset (GSE7307). To identify probable pathways, we used the functional enrichment analysis of gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG). We also constructed protein-protein interactions (PPI) networks. After that, we used three different machine learning algorithms to find relevant biomarkers and examine their diagnostic value in patients with COVID-19 and BPH. For validation, we additionally used the data sets GSE166253 and GSE132714. The CIBERSORT tool was also applied to calculate the proportion of COVID-19 immune cell infiltration. Finally, we predicted transcription factors (TFs), miRNAs, and small molecule drugs.




2 Materials and methods



2.1 Data acquisition

Four datasets, including two COVID-19 datasets and two BPH datasets, were retrieved from the Gene Expression Omnibus (GEO) database. The training set used GSE157103, which contains 100 samples from COVID-19 patients and 26 samples from controls, as it has a sample size that is significantly larger than GSE166253. The other dataset, GSE166253, which included 10 samples each of COVID-19 patients and healthy individuals, served as a validation set. Because the control sample of GSE132714 is too small, we did not consider it the training set. A BPH dataset, GSE7307, which consists of 7 BPH patients and 12 healthy controls, was used as the training dataset, and another BPH dataset, GSE132714, which consists of 12 BPH patients and 4 healthy controls, was used as a verification set.




2.2 Identification of common DEGs

We applied false discovery rate (FDR) to adjust the P-value. With adj. P < 0.05 and |log2FC| > 0.263 for GSE157103 and adj. P < 0.05 and |log2FC| > 1 for GSE7307, the DEGs were found using the “Limma” R package (29). Heatmaps and volcano plots were created using the “pheatmap” and “ggplot2” tools. Common DEGs of COVID-19 and BPH were obtained through the Venn diagram.




2.3 Functional and pathway enrichment analysis

We analyzed the KEGG and GO enrichment items of common DEGs using the “ClusterProfiler” package (30). GO analysis included three subcategories: molecular function (MF), biological process (BP), and cellular component (CC). Additionally, to select relevant pathways, we employed an adjusted statistical threshold criterion of P < 0.05.




2.4 Construction of PPI networks

We created PPI networks to demonstrate protein interactions, which are critical to understanding the physiology of cellular physiology in health and disease at the protein level. We used STRING (https://www.string-db.org/) (version 11.5) to create PPI networks that hide unconnected nodes (31). Subsequently, Cytoscape (version 3.9.1) was utilized for visual display.




2.5 Using three machine learning algorithms to identify hub genes

The three most common machine learning algorithms used for disease identification and prediction are the RF algorithm, LASSO regression, and SVM-RFE technique. They can help us find the hub genes. The dimensional significance values were determined using the diminishing accuracy approach (Gini coefficient method) using a random forest model (32). The best random forest tree count was 500, and disease-specific genes were identified in the top 15 for significance value. After that, LASSO regression analysis using putative pivotal genes was conducted using the “glmnet” R package to find significant combinations of predicted genes that are consistently connected with COVID-19 (33). In this study, we used the cv.glmnet function here to select the optimal λ value by ten-fold cross-validation. Based on the output, we obtain two λ values: lambda.min=0.01010184 and lambda.1se=0.0212634. We used the value of 0.01010184 to get the coefficients of the final LASSO model, because it makes the cross-validation error minimal. The “e1071” package was applied to perform the SVM-RFE algorithm to find important genes (34). A supervised learning model, called the SVM-RFE, accurately categorizes data points by maximizing the separation between two hyperplanes. The final step was intersecting the possible genes identified by the RF, SVM-RFE, and LASSO algorithms. The overlapping genes were then used as hub genes and displayed by the Venn diagram.




2.6 Evaluation of expression levels and diagnostic value of hub genes

In the COVID-19 training set (GSE157103), analyses of hub genes expression were conducted. The ROC curves were then plotted using GraphPad Prism 9, and to evaluate the prediction effectiveness, the area under the curve (AUC) was best evaluated. The results were then validated using the validation set GSE166253. These genes were strongly predictive for the diagnosis of COVID-19, according to AUC > 0.6 and P < 0.05. ROC curves were developed using the BPH training set (GSE7307) and the validation set (GSE132714) to examine the diagnostic efficacy of hub genes for BPH.




2.7 Immune cell infiltration analysis

To explore the extent of different immune cell infiltration, the CIBERSORT algorithm was utilized to categorize and count the 22 categories of immune cells in the COVID-19 and control groups (35). Ultimately, the link between genes and immune infiltration was discovered using Spearman’s correlation analysis (36).




2.8 Prediction of transcription factors (RFs), MiRNAs and small-molecule drugs

We searched the ChEA database for transcription factor (TF)-gene interactions using the NetworkAnalyst platform (www.networkanalyst.ca) (37). Similarly, we used this platform to search the Tarbase database (version 8.0) for miRNA-gene interactions (38). The results were then visualized using Cytoscape. DSigDB is a gene set database that is linked to medications/compounds. The Enrichr platform (https://maayanlab.cloud/Enrichr/) was applied to access the DSigDB database (39), and small molecule drugs were predicted by entering the names of hub genes.




2.9 Identification of disease association

The DisGeNet database is one of the most extensive databases of human disease-related genes and variations (40). To discover associated diseases and chronic health conditions, we used the DisGeNET database in the NetworkAnalyst platform.





3 Results



3.1 Identification of common DEGs

In order to demonstrate the entire analysis process, we created a flow chart (Figure 1). In the GSE157103, we identified 4917 DEGs, including 2924 up-regulated genes and 1993 down-regulated genes (Figure 2A). In GSE7307, we identified 827 DEGs, including 419 up-regulated genes and 408 down-regulated genes (Figure 2B). Heatmaps were interpreted for DEGs in COVID-19 and BPH, respectively (Figure S1). According to the Venn diagram, 97 common DEGs were discovered in both the GSE157103 and the GSE7307 (Figure 2C).




Figure 1 | The general work flow chart of this study.






Figure 2 | The volcano plots show DEGs of (A) COVID-19 (GSE157103) and (B) BPH (GSE7307) and (C) the Venn diagram of common DEGs.






3.2 Functional and pathway enrichment analysis

GO analysis indicated significantly enriched pathways, including BP, CC, and MF (Figures 3A, B). Significant pathways in the BP category were the immune response-regulating signaling pathway, activation of the immune response, and the immune response regulating cell surface receptor signaling pathway. The main terms in the CC category are the secretory granule lumen, the cytoplasmic vesicle lumen, and the vesicle lumen. Furthermore, in the MF category, the main terms of statistical significance were enzyme activity inhibitor, amide binding, and peptide binding. KEGG analysis revealed the B cell receptor signaling pathway, inflammatory bowel disease, the MAPK signaling pathway, and cytotoxicity mediated by natural killer cells (Figures 3C, D). Our findings showed that these common DEGs are linked to inflammation and immune cells.




Figure 3 | GO and KEGG functional enrichment analysis of the common DEGs between COVID-19 and BPH. (A) The bar plot of GO enrichment analysis. (B) The circle diagram of the GO enrichment analysis. (C) The bar plot of KEGG enrichment analysis. (D) The loop graph of the KEGG enrichment analysis.






3.3 Construction of PPI network

A PPI network of 97 common DEGs was generated using the STRING online site to find protein interactions and visualized using Cytoscape software (Figure 4).




Figure 4 | COVID-19 and BPH common DEGs in the PPI network.






3.4 Using three machine learning algorithms to identify hub genes

First, we used the RF algorithm to narrow the range to 97 DEGs. Recursive random forest classification was performed for all possible values of 1-97 variables, and the average error rate of the model was assessed for all chosen variables, as shown in Figure 5A. Secondly, we examined the link between model error and the number of decision trees. Finally, we chose the top 15 genes in terms of importance (SLC15A3, DTL, NDC80, NEK2, TBC1D22A, KANSL3, CENPN, RPL18A, DNAJC4, LDLR, KIAA1958, BIRC5, LILRB2, DUSP5, FCGR3A) as the likely genes for further investigation (Figure 5B).




Figure 5 | Using Random Forest (RF) to screen characteristic genes from common DEGs: (A) The random forest trees; (B) The importance rankings of features. (C, D) The SVM model with the highest accuracy and lowest error rate was established on 11 characteristic genes. (E) The establishment of LASSO model. (F) The Venn diagram of hub genes identified by three machine algorithms.



The SVM model based on 11 signature genes got the best accuracy (0.976) and the lowest error rate (0.024) (Figures 5C, D). Therefore, 11 genes, including S100A4, DTL, LILRB2, AMD1, BIRC5, NDC80, GPR34, DNAJC4, NFAM1, CCR4, and NR4A1, were potential genes. Using LASSO regression analysis, 23 common specific genes were finally found, including GPR34, DTL, SERPINF1, NEK2, NR4A1, S100A4, CFD, LDLR, NDC80, BLK, NOMO3, SLC15A3, NFAM1, AMD1, PRSS33, BIRC5, LILRB2, CD300A, CCR4, SLC22A1, FOLR2, SLC25A25, and DNAJC4 (Figure 5E). Finally, according to the results of the intersection of the analysis of three machine learning methods, five hub genes (BIRC5, DNAJC4, DTL, LILRB2, and NDC80) were identified using a Venn diagram (Figure 5F).




3.5 Evaluation of expression levels and diagnostic value of hub genes

First, we compared the expression levels of five genes in COVID-19 and controls, finding that the expression of BIRC5, DTL, and NDC80 increased in COVID-19 while DNAJC4 and LILRB2 decreased (Figure 6A). Subsequently, ROC analysis was performed on the BPH and COVID-19 training sets. The area under the curve (AUC) value for all five genes in GSE7307 was greater than 0.714, as was the AUC value for all five genes in GSE157103 (Figures 6B, C). ROC analysis of the COVID-19 validation set (GSE166253) showed that the AUC area of five genes was greater than 0.670 (Figure S2). ROC analysis of the BPH validation set (GSE132714) showed that only four hub genes had AUC areas greater than 0.6, while BIRC5 had an AUC area of 0.542 (Figure S3). The results of the ROC analysis concluded that these hub genes have excellent diagnostic properties for COVID-19 and BPH. In addition, co-expression networks of five hub genes were constructed through gene co-expression network analysis, and gene correlation heatmaps were also built (Figures 6D, E).




Figure 6 | Expression levels and diagnostic significance of hub genes. (A) Expression levels in the COVID-19 set (GSE157103). (B) ROC curves in GSE157103. (C) ROC curves in GSE7307. (D) Constructing co-expression network of hub genes in COVID-19. (E) Heatmap of the hub genes in COVID-19.






3.6 Immune cell infiltration analysis

Ten different types of immune cells were significantly different between COVID-19 and controls according to the CIBERSORT analysis of GSE157103. Five of them are associated with T cells: T cells gamma delta, T cells CD4 naive, T cells CD4 memory activated, T cells follicular helper, and T cells regulatory (Tregs) (Figure 7A). First, BIRC5, DTL, LILRB2, and NDC80 showed positive correlations with CD4 memory activated T cells by the correlation analysis of 5 hub genes and immune cells, but DNAJC4 showed negative correlations with CD4 memory activated T cells. Nevertheless, we found that BIRC5, DTL, LILRB2, and NDC80 had a negative correlation with activated Tregs and NK cells, but DNAJC4 had a positive correlation with them (Figure 7B).




Figure 7 | Immunity infiltration analysis based on the CIBERSORT algorithm. (A) Box plot of 22 types of immunity infiltrating cells in the COVID-19 and controls. (B) The correlation between five hub genes and immune cells.






3.7 Prediction of key TFs, MiRNAs, and small-molecule drugs

TFs and miRNAs are two different categories of gene expression regulators. A total of 79 TFs and 5 hub genes were included in the regulatory network of TFs and hub genes that we first examined. The top 10 TFs were ranked according to the betweenes, and the top 10 TFs were SPI1, POU5F1, MYBL2, PDX1, CREB1, CREM, MYC, KDM5B, E2F4, and MYCN (Figure S4). 130 miRNAs and 5 genes in total were engaged in the study of the gene-miRNA regulation network (Figure S5). The above regulatory network suggests a strong correlation between hub genes, TFs and miRNAs.

The DSigDB database was applied to predict small molecule drugs for five hub genes, and the top ten drugs by p-value were lucanthone, phytoestrogens, etoposide, dasatinib, piroxicam, pyrvinium, rapamycin, niclosamide, genistein, and testosterone (Table 1). These identified small molecule compounds may be potential therapeutics for COVID-19 and BPH.


Table 1 | Drug candidates (top ten) identified by gene-drug interaction analysis.






3.8 Identification of disease association

According to previous studies, various diseases are interrelated, and there are common genes (41). We filtered the top ten closely related diseases by importing 97 DEGs into the DisGeNet database and classified them by degree, including liver cirrhosis, schizophrenia, autosomal recessive predisposition, prostatic neoplasms, hypertensive disease, recurrent respiratory infections, diabetes mellitus, asthma, colonic neoplasms and adult T-cell lymphoma/leukemia (Figure 8).




Figure 8 | Gene-disease association network shows diseases associated with DEGs.







4 Discussion

Many investigations have been conducted since the COVID-19 pandemic to support the theory that many diseases may be correlated with COVID-19 (42–46). As indicated, many male patients were found to have LUTS during COVID-19 clinical therapy of COVID-19, which may be related to BPH. Nevertheless, as of now, we don’t know enough about COVID-19 and BPH. This study sought to identify crucial genes and biological mechanisms that connect COVID-19 to BPH. Using the COVID-19 dataset (GSE157103) and the BPH dataset (GSE7307), we were able to identify 97 common DEGs. We carried out a functional enrichment analysis using KEGG and GO analyses. Five genes (BIRC5, DNAJC4, DTL, LILRB2, and NDC80) were then identified as possible hub genes by three machine learning methods (LASSSO regression, SVM-RFE, and RF).

Using DEGs enrichment analysis, we can better understand the precise mechanisms of action and the regulatory function of genes in the human body. According to KEGG data, these genes seem to be abundant in pathways related to inflammation and infection, including the B-cell receptor signaling pathway, inflammatory bowel disease, and cytotoxicity mediated by natural killer cells. The role of B cells in immunity to SARS-CoV-2 infection and vaccination has been demonstrated in several studies, and the type of SARS-CoV-2 exposure has distinct effects on the formation of B cell receptors (47–50). Russell et al. thought that the spleens of COVID-19 patients had higher levels of some components of the B cell signaling pathway (51). Following SARS-CoV-2 infection, NK cell-mediated cytotoxicity can be reduced as a result of mechanisms that result in a marked reduction in CD16/56+ NK cells and may be related to the severity of the illness or by up-regulation of an inhibitory receptor that regulates NK cell-mediated cytotoxicity (52). Creatinine may boost NK cell-mediated cytotoxic actions to treat individuals with mild to moderate COVID-19, according to recent randomized controlled research (53). Wang et al. confirmed that COVID-19 can cause testicular cell senescence via the MAPK signaling route in addition to inflammation-related pathways and that cellular senescence interacts synergistically with the MAPK pathway to further impair the regular synthesis of cholesterol and androgens (54). It is well recognized that androgens and BPH are closely related (55). High estrogen may cause bladder overactivity by activating the RhoA/ROCK pathway, and altered estrogen/androgen ratios are associated with BPH (56). Estrogen has a pro-inflammatory effect on the prostate, and in men, the combined effects of inflammation, dyslipidemia, and a sex steroid environment can have an impact on the start and progression of BPH (57). A study showed worse prognosis and mortality in SARS-CoV-2 infected men with low testosterone levels (58). This implies that sex steroid hormones represent a significant relationship between COVID-19 and BPH and require more investigation. These common DEGs may also contribute to some chronic inflammatory conditions, like inflammatory bowel disease (IBD), and research points to a potential co-regulatory link between IBD and COVID-19 (59). Altered levels of the enzyme angiotensin converting enzyme 2 (ACE2) may be a co-pathogenic factor in COVID-19 and IBD. If immunotherapy is given to patients with IBD, it may increase the chance of SARS-CoV-2 infection (60). Therefore, further studies are needed for patients with both IBD and COVID-19.

The results of GO analysis showed that the immunological response was the main pathway of the BPs of these common DEGs. The symptoms of SARS-CoV-2 infection are exacerbated by the activation of inflammatory responses, particularly interferon responses (61); when interferon expression is ineffective, SARS-CoV-2 replicates widely, triggering an inflammatory response. This is the case in some people with severe COVID-19 who have delayed or no induction of interferon-I and -III (62). CCs of common DEGs that are primarily concentrated in the secretory granule lumen, the vesicle lumen, and the cytoplasmic vesicle lumen, all of which have been linked to immune cell activity. MFs of common DEGs focus on enzyme inhibitor activity. Recent investigations have discovered that the co-expression of ACE2 and TMPRSS2 in an organ is crucial for viral infection of that organ (63). It is vital to further examine whether the virus affects these organs when ACE2 and TMPRSS2 are co-expressed in other organs such as the testes and prostate (64). One of the essential components of the ACE2/Ang-(1-7)/Mas system, ACE2 is closely related to SARS-CoV-2 infection (64). By reducing Ang-II inflammation and proliferation, it has anti-inflammatory actions. Additionally, Ang (1–7) can reduce inflammation by blocking the NF-B pathway and cytokines (65). Inhibition of ACE2 caused by SARS-CoV-2 infection may activate pro-inflammatory pathways and increase cytokine production, resulting in an inflammatory response in the prostate and worsening of BPH.

In addition, we performed a gene-disease analysis in which there were chronic diseases, including hypertension and diabetes. Angiotensin-converting enzyme inhibitors (ACEI) can reduce excessive inflammation and increase intracellular antiviral responses, while in patients with COVID-19, hypertension inhibits viral clearance and worsens excessive airway inflammation (66). High blood sugar levels may raise the risk of mortality from COVID-19 in diabetics (67). There are also prostatic neoplasms, colonic neoplasms, and T-cell lymphoma/leukemia. A previous study (42) showed that COVID-19 is associated with various tumors, including breast cancer, malignant lymphoma, lymphocytic disorders, and leukemia, which is consistent with our findings. Patients with tumors may be more likely to pass away due to their deteriorating health from the SARS-CoV-2 infection.

We screened five hub genes (BIRC5, DNAJC4, DTL, LILRB2, and NDC80) using three machine learning algorithms, and the other four genes had good diagnostic properties in both the training and validation sets, with the exception of BIRC5, which had an AUC of only 0.542 in the validation set GSE132714 of BPH. We speculated that this may be because the sample size of GSE132714 is too small and further studies are still needed in the future. The apoptosis inhibitory protein family member Survivin can be encoded by BIRC5. According to Beding et al. (68), BIRC5 is highly expressed in 16 different malignancies, including prostate cancer (Pca), and may be used as a diagnostic marker for a number of tumor types. High expression of BIRC5 has been associated with a worse prognosis, tumor stage, and response to therapy in survival and clinicopathology studies. In patients with non-small cell lung cancer with COVID-19, BIRC5, a member of the inhibitor of apoptosis (IAP) gene family, may be a target gene with important predictive significance (69). Chronic inflammation, which has been associated with the formation and progression of Pca, is related to both precancerous and malignant Pca. Myeloid cells, macrophages, and lymphocyte recruitment and growth in the prostate gland can promote DNA double-strand breaks and androgen receptor activation in prostate epithelial cells, accelerating tumor development (70). The proteins encoded by DTL participate in several processes, such as translesion production, control of the G2/M transition of the mitotic cell cycle, and protein ubiquitination. Prior research has shown that DTL may function as a biomarker for COVID-19 (71). LILRB2, a Class I MHC antigen receptor, is implicated in the suppression of immunological responses and the development of tolerance. The decrease of LILRB2 in peripheral blood mononuclear cells (PBMC) suggests that LILRB2 may be a new target to overcome immune evasion and improve vaccination strategies (72). NDC80 is necessary for normal chromosomal segregation, a process closely related to mitosis, and serves to organize and regulate microtubule-kinetochore interactions (73). Aneuploidy development, which is linked to tumors, would result from overexpression of NDC80 because it would interfere with microtubule dynamics and chromosomal segregation in mitosis (74). The cell cycle and cell proliferation in Pca are tightly correlated with the NDC80-related gene Spindle pole body component 25 (SPC25) (75, 76). Previous studies have shown that glucocorticoids can act by modulating DNAJC4. In the treatment of COVID-19, a previous study demonstrated that glucocorticoids can accelerate recovery times and lower hospitalizations (77). Therefore, we hypothesize that DNAJC4 may be an important biological target for glucocorticoids in the treatment of COVID-19 and its complications. The identification of these molecular markers can open up new possibilities for the identification and care of BPH patients who have COVID-19 infections.

It is well known that the development of COVID-19 is highly correlated with immune cell performance. Important components of the adaptive immune system that are crucial in preventing the majority of viral infections are B cells, CD4 T cells, and CD8 T cells (78). Substantial drop in total T cell, CD8 or CD4 T cell counts, especially in the sickest COVID-19 patients (79). Chronic inflammation and immunological dysregulation contribute to the progression of BPH, and in vitro research has shown that the administration of dihydrotestosterone, which inhibits CD4 T cells’ production of pro-inflammatory cytokines, has an immunomodulatory effect (55). In COVID-19, Tregs may have negative consequences by directly promoting inflammation in the most severe phases of the disease and blocking antiviral T-cell responses (80). A new strategy for the treatment and prevention of BPH in clinical practice may be offered by the use of Tregs as cells to reduce inflammation in BPH through CD39 (81). In severe COVID-19, NK cells have impaired antifibrotic function, which may be connected to the development of fibrotic lung disease. NK cells are active against SARS-CoV-2 but perform poorly when COVID-19 is severe (82). Based on the results of our immune infiltration analysis, five hub genes are closely associated with several of the immune cells above and may play key roles in the pathogenesis of BPH and COVID-19. Five hub genes were differentially expressed in COVID-19 patients compared to controls, and they were associated with the activation of regulatory T cells, NK cells, and CD4 memory T cells. Immune infiltration analyses revealed that these three immune cells were differentially expressed in the COVID-19 group and controls. Therefore, we speculate that the five hub genes may influence these three immune cells, which in turn may change the immunological state and inflammatory response.

MiRNAs (83) can regulate target genes and have a significant impact on a variety of biological processes. TFs are proteins that bind to certain DNA sequences to control transcription and gene expression. By binding to particular gene sequences, TFs can perform a crucial function (84). We identified multiple potential drugs that can influence patients with BPH infected with COVID-19. It has been demonstrated that testosterone reduces symptoms through upregulating anti-inflammatory cytokines, downregulating pro-inflammatory cytokines, and changing immunological function (85). Rat prostate weight and testosterone levels can both be decreased by phytoestrogens, according to an animal experiment (86). Phytoestrogens may also have anti-COVID-19 actions and inhibit the adhesion of SARS-CoV-2 to host cells (87). Etoposide causes prostate hyperplasia cells to undergo apoptosis (88). Etoposide, in the meantime, may be used as a salvage therapy to treat the cytokine storm of COVID-19 (89). Rapamycin is a common antifungal drug that may play a role in benign prostatic hyperplasia in rats by affecting autophagy (90). Numerous studies have shown the significance of rapamycin in the prevention and treatment of COVID-19 because it is a mTOR inhibitor and the mTOR pathway plays a significant role in the development and replication of SARS-CoV-2 (91). Genistein may play a role in BPH by inhibiting α1-adrenergic, non-adrenergic, and neurogenic human prostate smooth muscle contraction and stromal cell growth (92). Additionally, genistein may have significant antiviral effects as a strong protease inhibitor of SARS-CoV-2 (93). The predicted drugs mentioned above in COVID-19 with BPH still require more research.

In conclusion, our study has several advantages. First, we are the first to screen DEGs and investigate common biological functions using the COVID-19 and BPH datasets from open databases. Second, we used three machine learning methods to search for hub genes, and two datasets were used to confirm the diagnosis accuracy of hub genes. Also, we investigated the association between hub genes and immune cells using the CIBERSORT approach. Finally, we also predicted how gene transcription levels would be regulated and potential small-molecule medicines. Despite the fact that our study is convincing, it has several limitations. Our work did not use in vivo or in vitro validation experiments; instead, it merely used data from public databases to conduct investigations to find prospective biomarkers. Second, more research needs to be done on the molecular mechanism by which COVID-19 is connected to BPH. In the future, we will conduct more studies to demonstrate the potential role of these hub genes in COVID-19 and BPH.




5 Conclusion

Bioinformatics research of the COVID-19 and BPH databases revealed the biological relationship between COVID-19 and BPH. This study also provided some information on the pathogenesis of COVID-19 and BPH, which confirms the function of inflammation-related pathways and immune cells. Additionally, this study provides prospective small-molecule drugs for therapeutic use. This is crucial to understand the potential common pathogenic and susceptibility pathways between them.
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Objectives

The dynamics of the memory B cell (MBC) repertoire after SARS-CoV-2 vaccination is crucial for assessing long-term immunity. We compare spike-specific MBC responses between SARS-CoV-2 unexposed and recovered individuals, and their impact on breakthrough infections during follow-up.





Methods

Spike-specific MBC and T cells were quantified at inclusion and after two doses of mRNA vaccine in a longitudinal cohort of 85 naïve and 64 recovered participants (47 with positive serology and 17 with negative serology after infection).





Results

At inclusion, there was minimal spike-specific MBC in naïve SARS-CoV-2 individuals. After the second vaccine dose, MBCs were significantly boosted in naïve individuals, but reached a significantly lower level than that observed even in unvaccinated SARS-CoV-2 convalescents (p<0.001). Furthermore, while the secondary memory B cell (MBC) population consisted of 100%, 33%, and 76% IgG+, IgM+, and IgA+ expressing cells, respectively, in the unexposed group, the MBC response showed a significant decrease across all isotypes. Similarly, although secondary specific IgG+, IgM+, and IgA+-MBC isotypes were found in 100%, 39%, and 76% of the unexposed participants, respectively, the magnitude of the MBC levels was significantly lower for all the isotypes compared to convalescents. Interestingly, convalescents without an initial serological response had a lower MBC response, like what found in unexposed subjects. There was an inverse correlation between specific MBCs (r=-0.307; p=0.027), especially for isotype IgA+ (r=-0.279, p=0.045), and the time since the second vaccination dose. Furthermore, during a median follow-up of 434 days (IQR, 339-495), 49 out of 149 individuals (33%) became infected, 29 in naïve and 20 in convalescent individuals, showing a significant correlation between spike-specific MBC magnitude after vaccination and the time for SARS-CoV-2 infection, especially for IgA+/IgG+ MBC isotypes.





Conclusions

MBCs were primed by mRNA-based vaccination in most cases, but SARS-CoV-2 naïve individuals had a blunted specific MBC response, and this was associated with a shorter time to breakthrough SARS-CoV-2 infection.





Keywords: SARS-CoV-2, convalescents, COVID-19, longterm immunity, B cell response





Introduction

The introduction of vaccines has resulted in the prevention of SARS-CoV-2 infection and the management of disease severity (1, 2). However, there are conflicting results regarding the longevity of antibody response to SARS-CoV-2 (3), and, in addition, studies in vaccinated individuals have mainly focused on the serological response and neutralising antibodies (4).

The immune response to infection or vaccination results in the production of antibodies by antibody-secreting cells (ASC), which can provide rapid serological immunity and the generation of long-lived MBC (5). MBC can persist for decades or potentially for life, in lymph nodes, spleen, bone marrow and lungs, or circulate in the blood (6). For example, after vaccination, COVID-19-recovered patients showed a striking expansion of spike-specific MBCs (7), but less is known about the long-term dynamics of the MBC repertoire after vaccination in unexposed individuals despite repeated antigenic stimulation. Indeed, there are data, suggesting that long-lived plasma cells may not have been efficiently generated following vaccination regimens (8).

Here, we studied two longitudinal cohorts of naïve individuals and recovered patients for up to 2 months after two doses of the mRNA-based BNT162b2 (Pfizer BioNTech) COVID-19 vaccine to understand how mRNA vaccination impacts the MBC pool shaped by previous exposure to SARS-CoV-2 and to decipher how MBCs from naïve vaccinees differ and evolve compared to SARS-CoV-2 recovered patients.





Methods

This study included 149 healthcare workers, 64 COVID-19 convalescents, and 85 infection-naïve individuals who were followed at the tertiary Ramon y Cajal University Hospital (Madrid, Spain) since March 2020. They were over 18 years of age, without immunodeficiency or immunosuppression, and without cancer or immunosuppressive treatment. They had participated in an internal survey for the presence of antibodies against the SARS-CoV-2 N protein after the first wave of the disease (9), and after the inclusion in the study. They were then vaccinated with two doses of the mRNA-based BNT162b2 (Pfizer BioNTech) COVID-19 vaccine in January-February 2021. Among them, 38 naïve, 8 convalescents without initial positive serology and 16 convalescents with initial positive serology, participated in the blood sampling and were analysed. Thus, three time-points were analyzed: an internal serological survey (April 2020), inclusion into the study (October 2020), and 3-4 weeks after the second dose of mRNA vaccine (February 2021). This study design allowed us to investigate the kinetics of immune responses following infection and after vaccination.

Convalescent patients were defined as those with suggestive symptoms and a positive nasopharyngeal swab PCR positive test for SARS-CoV-2. This group was subdivided according to the serological response in the initial serological survey, as measured by anti-N IgG antibodies (COVID-19 IgG/IgM Rapid Test Kit, UNscience Biotechnology, Wuhan, China; and COVID-19-SARS-CoV-2 IgA ELISA, Demeditech, Germany) since 17 out of 64 convalescent patients had a positive nasopharyngeal swab RT-PCR test with repeated negative serology since the first days after the infection. The infection-naïve (unexposed) group were those with no suggestive symptoms, negative SARS-CoV-2-specific PCR (if performed), and no presence of anti-N IgG antibodies at the internal survey and the inclusion time points. Among convalescents, mild disease was defined as the presence of symptoms attributable to COVID-19 in absence of radiological infiltrates and lack of hypoxaemia (oxygen saturation ≥95% on room air). Moderate disease was defined as the presence of radiological infiltrates with oxygen saturation ≥95% on room air. Severe disease was defined as the presence of any of the following: oxygen saturation ≤93% at rest; arterial partial pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) ≤300 mmHg (1 mmHg = 0.133 kPa) (10). Due to the bias of HCWs being attended at home even in the case of more severe disease (or the bias of possible admission for better attention to colleagues), hospitalisation was not considered as severe disease in the absence of other criteria.

Approximately one year after vaccination (median time of follow-up of 434 days), information on confirmed breakthrough infections was obtained and recorded from all the participants (N=149). These infections were confirmed by positive PCR or antigen detection from nasopharyngeal swabs. This information was recorded prior to receiving the booster dose (third dose) of Pfizer COVID-19 bivalent (Comirnaty original/Omicron BA.4-5) vaccine (November 2022).

All patients gave written informed consent at inclusion, and the study was approved by the institutional review boards of our Hospital Ethics Committee (EC162/20) and registered at the clinical trials repository (clinicaltrials.gov, NCT04402827).




Laboratory analysis

Peripheral blood mononuclear cells (PBMC) were isolated from EDTA blood samples by Ficoll-Paque density gradient centrifugation using lymphocyte separation medium (Corning, New York, NY) and cryopreserved. Plasma samples were stored at -80°C.

All the participants (naïve and convalescent) were tested for anti-N SARS-CoV-2 IgG antibodies (COVID-19-SARS-CoV-2 IgG ELISA, Demeditech, Germany) at inclusion and after a median of 17 days after the second vaccine dose to confirm serological status independent of the antibody production to the vaccine. Results were expressed as relative units per milliliter (U/mL), with a cut-off of 11 U/mL. They were also tested for anti-Spike IgG antibodies (SARS-CoV-2 IgG II Quant, Abbott, Maidenhead, United Kingdom) with a cut-off of 50 arbitrary units per milliliter (AU/mL) and for both anti-S IgA and anti-S IgM (COVID-19-SARS-CoV-2 IgA ELISA, COVID-19-SARS-CoV-2 IgM ELISA Demeditech, Germany), with a threshold of 0.1 U/mL at baseline and after both doses. All these assays used the SARS-CoV-2 B.1.351 lineage (beta variant) for antibody detection.





Determination of SARS-CoV-2 neutralising antibody

SARS-CoV-2 neutralising antibodies were quantified using plasma samples from the participants and using the competitive inhibition enzyme immunoassay technique (Human Novel Coronavirus (SARS-CoV-2) Neutralising Antibody ELISA Kit, MyBioSource) according to the manufacturer´s instructions. Plate wells are precoated with SARS-CoV-2 RBD (B.1.351 lineage, beta variant) and horseradish peroxidase-conjugated ACE2 is added with the sample. The competitive inhibition reaction between HRP-ACE2 and SARS-CoV-2 neutralizing antibodies in samples is initiated. A substrate solution is added to the wells and the colour develops opposite to the amount of SARS-CoV-2 neutralising antibody present in the sample. Optical densities greater than half the optical density for the plasma-free well were considered negative. Results were expressed as ng/mL.





Determination of SARS-CoV-2 Spike-specific memory B cells

SARS-CoV-2-specific MBC detection was performed by binding the recombinant spike protein to the corresponding antigen-specific B cell receptor (BCR) on circulating B cells (SARS-CoV-2 spike B cell analysis kit, Miltenyi Biotec, Germany) by multiparametric flow cytometry (Figure 1A for cytometry strategy). Tetramers formed from recombinant SARS-CoV-2 Spike-Prot (HEK)-Biotin with streptavidin, PE and PE-Vio770, respectively, were used according to the manufacturer´s instructions. The SARS-CoV-2 RBD B.1.1.7 (HEK) protein covers amino acids R319 to S591 of the spike protein, contains the N501Y mutation, as well as a C-terminal His-tag and an N-terminal AviTag. This quantitative and qualitative analysis of specific MBC and isotypes IgG+, IgM+, and IgA+, was performed by single-cell flow cytometry using fluorochrome-conjugated antibodies, and the 7-AAD to exclude of dead and apoptotic cells using a minimum of 5x106 PBMCs for each analysis. Results are expressed as percentages of total memory B cells and isotypes of specific MBCs.




Figure 1 | (A) Flow cytometry strategy for the quantification of SARS-CoV-2-specific memory B cells (MBC) from peripheral mononuclear cells (PBMC) of one representative individual. Viable cells (FSC-A/7AAA plot) were plotted with FSC-H/FSC-A parameters to exclude doublets. Single cells were then gated using CD19-APC-Vio770 and CD27-Vio-Bright-FITC to identify memory B cells. Spike-specific B cells were then identify with a double staining with the two spike-tetramer on the diagonal of the dot plot. Finally, the use of IgG-VioBlue, IgA-VioGreen, and IgM-APC were used to quantify each specific isotype of spike-specific memory B cells. Results are recorded as percentage among total memory B cells and isotypes among specific memory B cells. (B) Flow cytometry gating strategy for the quantification of SARS-CoV-2 spike specific T cells from PBMCs in one representative individual. After gating of singlet cells (FSC-A/FSC-H density plot), lymphocytes were morphologically selected with FSC-A/SSC-A density plot, and then CD3+ T cells were gated. Cell debris, monocytes, and B cells were excluded from the analysis with CD14- and CD20-PerCP antibodies, and live CD3+ T cells were selected. IFN-γ expression was finally analyzed separately for CD4+ and CD8+ T cells and analyzed under three different conditions; Stimulated with SARS-CoV-2 spike peptides, unstimulated (negative control), and SEB-stimulated (positive control). Results are shown as percentage of cells expressing IFN-γ.







Determination of SARS-CoV-2 Spike-specific T cells

Specific CD4+ and CD8+ T cell responses were performed by intracellular cytokine staining using multiparametric flow cytometry (Rapid Cytokine Inspector CD4/CD8 T cell kit, Miltenyi, Germany) in fresh blood samples. Briefly, SARS-CoV-2-specific T cells were measured using in vitro stimulation with SARS-CoV-2 peptide pools (SARS-CoV-2 B.1.351 lineage, beta variant) of viral proteins encompassing the spike protein followed by quantification of CD4+ and CD8+ T cell-specific interferon (IFN)-γ, using peripheral blood mononuclear cell (PBMC) samples from all subjects. A result 2-fold higher than the negative control (unstimulated) was considered positive. The complete flow cytometry strategy is shown in Figure 1B.





Statistical analysis

Continuous variables were expressed as the median and interquartile range (IQ25-75) and categorical variables by frequencies and proportions. The Mann-Whitney U test (non-parametric) for independent samples was used to compare continuous variables. The Wilcoxon signed-rank test was used to compare paired samples to analyse the evolution of the measures after vaccination. Spearman’s rank correlation coefficient was used to measure the association between two variables. Differences between categorical variables were assessed using contingency tables (Chi-square distribution).






Results

We included 149 healthcare workers, including 85 individuals who had no history of COVID-19 disease, as confirmed by negative PCR (if performed) and anti-N negative serology at inclusion. As a control, we included a cohort of 64 convalescent individuals (with the presence of symptoms and positive PCR test), with (N=47) or without (N=17) previous serological response. Demographic and baseline characteristics are described in Table 1. As shown, the two cohorts were similar in terms of age, sex, and body mass index. In the convalescent cohort, SARS-CoV-2 infection had occurred a median time of 185 days prior to immune assessment (inclusion). However, the group of 17 convalescents who did not have initial positive serology at the time of the survey were younger.


Table 1 | Baseline characteristics of the individuals included in this study.






At inclusion

SARS-CoV-2-naïve individuals were negative for specific IgG antibodies to either full-length spike protein or N protein, confirming the absence of previous infection. As shown in Figure 2, infection-naïve individuals had significantly lower neutralising antibodies, anti-S IgG, and IgA humoral responses compared to convalescents with detectable antibodies.




Figure 2 | Magnitude and frequency of plasma spike-specific neutralizing, IgG, IgM and IgA antibody responses at baseline (BL) and post vaccination (PV), in infection-naïve (IN, green), and convalescent individuals (subdivided in PCR, pale, and Ab+, red, according to their initial serologic response). Only significant differences are shown. Levels of significance: *p<0.05, **p<0.01, and ***p<0.001.



Total spike-specific MBCs were lower in infection-naïve individuals (11% with specific MBCs) compared to convalescent individuals (over 75% with specific MBCs) either with or without prior serology (p<0.0001 in both cases), as shown in Figure 3. In addition, IgG+ MBCs were found in 89% and 75% of convalescents with or without positive serology, respectively.




Figure 3 | Magnitude and frequency of total specific memory B cells (MBCs), and isotypes IgG+, IgM+ and IgA+ MBCs at baseline (BL) and post vaccination (PV), in infection-naïve (IN, green), and convalescent individuals (subdivided in PCR, pale, and Ab+, red, according to their initial serologic response). Only significant differences are shown. Levels of significance: *p<0.05, **p<0.01, and ***p<0.001.



Of note, approximately 40% of naïve individuals without humoral response in two consecutive controls had a T cell immune response against spike protein, probably due to a cross-reactive response to common coronavirus, but lower compared to those convalescents with no previous serological response (p=0.027 for CD8+ T cell; Figure 4).




Figure 4 | Magnitude and frequency of Spike-specific T cells at baseline (BL) and post vaccination (PV), in infection-naïve (IN, green), and convalescent individuals (subdivided in PCR, pale, and Ab+, red, according to their initial serologic response). Only significant differences are shown. Levels of significance: *p<0.05, **p<0.01, and ***p<0.001.



Neutralising antibodies correlated positively with anti-S IgG (r=0.565; p=0.007) and anti-S IgA antibodies (r=0.481; p=0.039) in convalescents, as shown in Figure 4. IgG+ MBCs also correlated positively with anti-S IgG antibodies (r=0.730; p=0.008), neutralising antibodies (r=0.521; p=0.009), and anti-S CD4+ T cells (r=0.310; p=0.019).





Immune responses after SARS-CoV-2 mRNA vaccination

The median time from the inclusion in the study to the time after the second dose of the mRNA-based vaccine was 21 weeks (IQR, 19-23). After vaccination, all types of antibodies, except for IgM antibodies, increased significantly in all subjects. As expected, anti-S and neutralising antibody levels were significantly higher in SARS-CoV-2-experienced individuals (except for IgM antibodies), and among these, the levels were higher in those individuals with previous positive serology compared with those individuals without previous specific antibodies. Infection-naïve individuals had adequate specific IgG and IgA and neutralising antibodies, with humoral response in all individuals, as shown in Figure 2.

However, although spike-specific MBCs were also significantly boosted in all individuals following the administration of the second dose of vaccine, infection-naïve individuals had a significantly lower level of B cell response than that found in non-vaccinated convalescents (fluctuating between 0.9% and 0.49% of cells), and far from the levels found in convalescents (p<0.001), as shown in Figure 3. We also examined isotype switching in MBC in naïve and convalescent individuals after two doses of vaccine. At baseline, in convalescents, 85%, 83%, and 68% of the participants had MBCs expressing IgG, IgM, or IgA, respectively, whereas 100%, 68% and 91% of the participants had these isotypes, respectively, after vaccination. On the other hand, post-vaccination IgG+, IgM+, and IgA+ MBCs were present in 100%, 39%, and 76% of the infection-naïve individuals, respectively. In any case, the degree of response was significantly lower for all the isotypes compared to convalescent participants, both before and after vaccination.

Overall, the specific CD4+ and CD8+ T cell response increased significantly after vaccination in both infection-naïve and convalescents, but was lower in unexposed participants, as shown in Figure 4. Again, there was a significant correlation between spike-specific MBCs and neutralising antibodies, anti-S IgG titers, and specific CD4+ and CD8+ T cell responses in convalescents, but it is noteworthy that, this correlation remains significant between neutralising antibodies and specific MBCs, and it was not observed for T cell responses in infection-naïve individuals (Figure 5).




Figure 5 | Correlation heat map of the humoral and cellular variables studied in infection-naïve and recovered individuals at baseline and post vaccination. Only significant correlations are shown. The intensity of the color indicates the R2 coefficient using Spearman test. Levels of significance: *p<0.05, **p<0.01.



It is noteworthy to note that although the memory B cell response tended to be higher in recovered patients with severe disease compared to those with moderate/asymptomatic disease, this did not reach statistical significance (p=0.075, N=9). It is likely that the small number of patients with severe disease reduced the statistical power. In addition, both CD4 and CD8 T cell memory responses were similar between these two groups of patients (p=0.576 and p=0.455, respectively). On the other hand, age did not correlate with antibody or B/T cell responses in naïve or convalescents.





Breakthrough infections after one year after vaccination

Finally, we observed a significant inverse correlation between specific MBCs (r=-0.307; p=0.027), especially for the isotypes IgA+ MBCs (r=-0.279, p=0.045), neutralising antibodies, and anti-S IgG and IgA antibodies with the time from the second dose of vaccine, despite the short time between vaccine administration and the study analysis. Furthermore, during a median follow-up of 434 days (IQR, 339-495) after the two doses of the vaccine regimen, 49 individuals (33%) became infected without requiring hospitalization, with no differences in the number of naive and recovered individuals (N=28, 33% vs N=19, 30%, respectively; p=0.624; Figure 6). Interestingly, there was a significant direct correlation between spike-specific MBC levels after vaccination and the time of SARS-CoV-2 infection (r=0.55; p=0.018), especially for isotypes IgA+ and IgG+ MBCs (r=0.661; p=0.003 and r=0.527; p=0.025, respectively; Figure 7).




Figure 6 | Differences in the time to breakthrough infections between naïve (29 out of 85 participants, 34%) and convalescent (20 out of 64 participants, 31%) participants among 149 participants. Significant when p<0.05.






Figure 7 | Correlation between the time of breakthrough infections with specific memory B cells and isotypes (N=21 infected participants). Significant when p<0.05.








Discussion

An understanding of the immune response to SARS-CoV-2 is required to evaluate long-term immunity in infection-naïve and recovered SARS-CoV-2 individuals and to develop vaccine strategies. To date, we know that specific antibodies against SARS-CoV-2 wane after a few months (3, 11, 12) due to the reduction of short-lived plasma cells. Although this has been taken as a sign of loss of immune protection, a pool of cells including MBC and memory T cells are key cells for establishing the duration of protective immune memory (13).

In this longitudinal study, we reported that specific MBCs were effectively primed by mRNA-based vaccination in most individuals, but we found that SARS-CoV-2 naïve individuals achieved significantly lower levels of specific MBCs after vaccination compared to recovered individuals. In addition, we describe for the first time that lower level of specific MBCs was associated with a shorter time to breakthrough SARS-CoV-2 infection.

Consistent with this, although several studies have shown a long duration of specific MBCs for up to 6-8 months after inclusion (7, 10, 13, 14), these studies were not designed to directly address protection or true vaccine efficacy. Indeed, previous data suggest that infection with most coronaviruses does not efficiently generate long-lived plasma cells (15, 16). A study of SARS-CoV-2-infected patients 6 years after infection showed that none of the 23 patients included had detectable specific memory B cells in ELISPOT experiments (17).

In addition, infection-induced MBCs had a better antigen-binding capacity and generated secondary MBCs, underwent more affinity maturation, and produced more robust secondary responses than vaccine-induced primary MBCs, a fact that could explain the differences in the clinical protection observed along the successive waves of SARS-CoV-2 in a well-controlled cohort of health care workers (18). Importantly, the significance of this difference in terms of immunity to subsequent SARS-CoV-2 infection could be of great importance in preventing infection with both the original and SARS-CoV-2 variants (19).

These differences in the MBC response between unexposed and convalescent individuals have been demonstrated in other studies. It has been suggested that the secondary MBCs in SARS-CoV-2- naïve individuals undergo marked affinity maturation after the second vaccine dose and that this process can continue for weeks (20). However, in contrast to the vaccine-induced primary MBCs, SARS-CoV-2-induced primary MBCs had already undergone maximal affinity maturation prior to vaccination, allowing time for maximal accumulation of somatic mutations, or because SARS-CoV-2 infection is a stronger stimulus for affinity maturation than a single mRNA vaccination (7, 21). In addition, it has been postulated that repeated antigenic stimulation may reduce the diversity of the overall response, with drifted epitopes being less targeted, explaining the differences in response (21). Thus, it might be expected that vaccinated individuals could further improve the affinity and diversity of their MBC response over time through the persistence of vaccine-induced germinal centers (22). However, our clinical data showed that MBC response was not completely able to prevent new infections, but contributed to delaying the onset of infection and probably reduced the severity of the disease (23).

Notably, we analysed the immune response in cases without a serological response after a well-documented SARS-CoV-2 infection (suggestive symptoms and confirmed positive PCR). Previously, we and others (12, 24) described a weak T cell response in those individuals with the early antibodies loss, and this development was attributed to a higher frequency of natural killer cells and an early and transient increase in specific immunoglobulin A, highlighting the role of the innate response (25). We also confirmed a higher level of IgA at inclusion, but there was no predominance of IgA+ MBCs in the convalescent individuals without a serological response. Also, a subset of pre-existing memory T cells that cross-recognized SARS-CoV-2 and different sequences of human coronavirus at single epitopes might be able to prevent infection, and these T cells could precede antibody induction after mRNA vaccination (26, 27). However, again, we did not find a higher frequency or magnitude of CD4+ and CD8+ T cells in this subset of convalescents to fully explain these differences.

We also found different MBC isotype responses after vaccination, with fewer IgM+ than IgA+ MBCs in the infection-naïve individuals. This lower IgM+ MBC population was also observed in seropositive convalescent COVID-19 individuals compared to IgG+ or IgA+ MBC populations, which could be explained by an increased short-term switching of MBCs. It has also been described that IgM+ MBCs contribute less to secondary antibody responses (28), and we have shown that IgA+ MBCs represent a lower proportion in naïve compared to convalescent individuals (10). This may be important as they play a critical role at mucosal surfaces (29) and may explain the association with breakthrough infections. In agreement with others (30), we identified specific MBCs associated with specific CD4+ T cells, suggesting a partial convergent development of humoral and cellular adaptive immunity in our study. Also, no association of the immune responses with disease severity was found in the convalescent group. Therefore, although other authors reported a greater memory B and T cell responses (31, 32), we could not assume this association in our cohort of patients. Furthermore, age had no effect on immune responses after vaccination (7).

We recognize the limitations of this study. First, only individuals with a recent two-dose vaccination schedule were studied; therefore, investigation of specific MBCs in patients without SARS-CoV-2 infection should be considered in subsequent studies to evaluate longer follow-up periods to decipher potential intra- and inter-variability. Second, the study was limited to the analysis after the second vaccine dose and was not extended to the third vaccine dose, especially the role of new infections with different variants of concern. Indeed, we observed breakthrough infections both with a predominance of both Delta (in 2021) and Omicron (in 2022) variants in our setting. The current global Omicron variant was not included in the experimental studies used to measure antibodies, neutralising antibodies, T and B cell responses. Finally, like most studies of adaptive immune responses in humans, our analysis was limited to the peripheral blood, although specific MBCs are likely to be found in secondary lymphoid organs.

In conclusion, our study demonstrated considerable immune heterogeneity in the generation of protective immune response, as naïve SARS-CoV-2 individuals had a shorter and weaker spike-specific MBC response both in frequency and magnitude, as compared with convalescents. Although even low levels of MBCs could prevent severe disease, these individuals may be the least protected in terms of avoiding incident infections. Other clinical implications of these findings are that two doses of vaccine should not be considered adequate doses and that good candidates with clinical complications, such as immunosuppressed individuals, should be identified to receive additional doses of vaccine with immune-boosting strategies to prevent future incident SARS-CoV-2 infections and avoid severe disease.
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Introduction

Severe COVID-19 results initially in pulmonary infection and inflammation. Symptoms can persist beyond the period of acute infection, and patients with Post-Acute Sequelae of COVID (PASC) often exhibit a variety of symptoms weeks or months following acute phase resolution including continued pulmonary dysfunction, fatigue, and neurocognitive abnormalities. We hypothesized that dysregulated NAD metabolism contributes to these abnormalities.





Methods

RNAsequencing of lungs from transgenic mice expressing human ACE2 (K18-hACE2) challenged with SARS-CoV-2 revealed upregulation of NAD biosynthetic enzymes, including NAPRT1, NMNAT1, NAMPT, and IDO1 6 days post-infection.





Results

Our data also demonstrate increased gene expression of NAD consuming enzymes: PARP 9,10,14 and CD38. At the same time, SIRT1, a protein deacetylase (requiring NAD as a cofactor and involved in control of inflammation) is downregulated. We confirmed our findings by mining sequencing data from lungs of patients that died from SARS-CoV-2 infection. Our validated findings demonstrating increased NAD turnover in SARS-CoV-2 infection suggested that modulating NAD pathways may alter disease progression and may offer therapeutic benefits. Specifically, we hypothesized that treating K18-hACE2 mice with nicotinamide riboside (NR), a potent NAD precursor, may mitigate lethality and improve recovery from SARS-CoV-2 infection. We also tested the therapeutic potential of an anti- monomeric NAMPT antibody using the same infection model. Treatment with high dose anti-NAMPT antibody resulted in significantly decreased body weight compared to control, which was mitigated by combining HD anti-NAMPT antibody with NR. We observed a significant increase in lipid metabolites, including eicosadienoic acid, oleic acid, and palmitoyl carnitine in the low dose antibody + NR group. We also observed significantly increased nicotinamide related metabolites in NR treated animals.





Discussion

Our data suggest that infection perturbs NAD pathways, identify novel mechanisms that may explain some pathophysiology of CoVID-19 and suggest novel strategies for both treatment and prevention.
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Introduction

Clinical course of COVID-19 can range from asymptomatic to severe pneumonia and life-threatening conditions including acute respiratory distress syndrome (ARDS), shock, and organ failure. Beyond acute SARS-COV-2 pulmonary infection, persistent symptoms develop in patients with Post-Acute Sequelae of COVID (PASC). PASC is characterized by continued pulmonary dysfunction, fatigue, neuropsychiatric, and neurocognitive abnormalities (1, 2).

Metabolic changes contribute to COVID-19 pathophysiology and predisposition to severe outcomes (3, 4). For example, individuals with metabolic syndrome including diabetes, obesity, and hypertension have an increased risk of morbidity and mortality from COVID-19 (5–7). Individuals with advanced age are also more susceptible to severe outcomes and complications from COVID-19 (8). Changes in nicotinamide adenine dinucleotide (NAD) metabolism may play an important role in COVID-19 pathophysiology (9), both in the acute phase and in PASC. Understanding NAD metabolism in the context of COVID-19 is important since NAD is intimately tied with the aging phenotype and several relevant biological pathways, including control of inflammation, tissue regeneration, fibrosis, and oxidative stress. Moreover, deepening our understanding of NAD metabolism during COVID-19 is useful due to the availability of compounds such as nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN) that act as NAD precursors and may hold interventional value.

NAD is a coenzyme derived from vitamin B3 (niacin). NAD exists as either an oxidized form NAD+ or a reduced form NADH upon acceptance of hydride, which allows this metabolite to play important roles in reduction-oxidation (redox) reactions. NAD metabolic pathways are detailed in Figure 1A. De novo synthesis of NAD begins with the amino acid tryptophan, which is an essential amino acid. Indoleamine 2,3-dioxygenase (IDO) converts tryptophan to kynurenine. Kynurenine is further metabolized to quinolinic acid (QA). QA is converted to nicotinic acid mononucleotide (NaMN) by quinolinate phosphoribosyltransferase. The NaMN generated from the de novo pathway feeds into the Preiss Handler pathway.




Figure 1 | SARS-CoV-2 infection leads to a global perturbation of NAD metabolism. (A) NAD anabolic pathways include the de novo pathway that begins with tryptophan (TRP), which is metabolized to quinolinic acid (QA). The Preiss Handler pathway begins with nicotinic acid (Na), which is metabolized to nicotinic acid mononucleotide (NaMN) and subsequently to nicotinic acid adenine dinucleotide (NaAD). Consumption of NAD yields nicotinamide (Nam) and ADP-ribose. In the rate limiting step of the NAD salvage pathway, Nam is converted by nicotinamide phosphoribosyltransferase (NAMPT) to nicotinamide mononucleotide (NMN). Nicotinamide mononucleotide adenylyltransferase (NMNAT1) converts NMN to NAD. Nicotinamide inhibits sirtuin and PARP. Nicotinamide may be converted to 1-methylnicotinamide (not shown), which prevents the nicotinamide mediated sirtuin and PARP inhibition. (B) Heatmap Demonstrating gene expression changes in NAD synthesizing and consuming enzymes following SARS-CoV-2 infection in K18 hACE2 mice or wildtype mice.



In the Preiss Handler pathway, nicotinic acid phosphribosyltransferase (NAPRT) converts nicotinic acid (Na) to nicotinic acid mononucleotide (NaMN). NaMN is converted to nicotinic acid adenine dinucleotide (NaAD) by nicotinamide mononucleotide adenylyltransferase (NMNAT1-3), which is subsequently converted to NAD by nicotinamide adenine dinucleotide synthetase (NADSYN).

The majority of the cellular NAD pool is replenished by the NAD salvage pathway (10, 11). Consumption of NAD yields nicotinamide (Nam) and ADP-ribose. In the rate limiting step of the NAD salvage pathway, Nam is converted by nicotinamide phosphoribosyltransferase (NAMPT) to nicotinamide mononucleotide (NMN). Nicotinamide mononucleotide adenylyltransferase (NMNAT1) converts NMN to NAD.

NAD functions as a coenzyme or substrate for several reactions. NAD consuming enzymes include poly-ADP ribose polymerases (PARPs), CD38, sirtuins (SIRT), and SARM1. Sirtuins are NAD dependent deacetylases that are present in the mitochondria (SIRT3, SIRT4, and SIRT5), nucleus (SIRT1, SIRT6, and SIRT7), and cytoplasm (SIRT2).

Sirtuins play important roles in the modulation of oxidative stress by deacetylating substrates involved in reactive oxygen species (ROS) generation. For example, SIRT3 deactelyates, and therefore modulates activity of, NUDFA9 (complex I) and SDHA (complex II), which are part of the mitochondrial electron transport chain (ETC) (12–14). SIRT3 is involved in restricting oxidative damage under conditions of caloric restriction (15). SIRT3 has also been shown to counteract ROS through the activation of superoxide dismutase (SOD), which is a ROS scavenger (16). SIRT3 also increases Foxoa3-mediated antioxidant response in the setting of cardiac hypertrophy (17). SIRT1 is also involved in controlling inflammation through the deacetylation of NF-κB (18).

NAD is converted to NADP (nicotinamide adenine dinucleotide phosphate) by NAD kinase. NADPH, which is the reduced form of NADP, is produced by the pentose phosphate pathway. During the conversion of glucose-6-phosphate to 6-phosphogluconate mediated by glucose-6-phosphate dehydrogenase (G6PDH), NADP is reduced to NADPH. NADPH is required for glutathione reductase to convert oxidized glutathione (GSSG) to reduced glutathione (2 GSH). Reduced glutathione is a potent reducing agent which is an important neutralizer of ROS (19).

CD38 (cluster of differentiation 38) is a cyclic ADP ribose hydrolase which consumes NAD to generate ADP-ribose (ADPR) and cyclic ADPR (cADPR), as well as 2-deoxy-ADPR (2dADPR) and nicotinic acid adenine dinucleotide phosphate (NAADP) (20, 21). CD38 has been shown to increase in immune cells and white adipose tissue during aging, and contributes to decreased NAD levels. Cellular senescence, such as that occurs during aging, is associated with decreased proliferation. Despite this, senescence is typically accompanied by a pro-inflammatory senescence-associated secretory phenotype (SASP) involving the secretion of various cytokines including IL-6, IL-8, and IL-1b (22, 23). Notably, CD38 is also upregulated in senescent cells leading to NAD decline (24, 25) and may be a component of SASP. Increased CD38 has been shown to be involved in NAD decline and decreasing mitochondrial function during aging (26).

The involvement of NAD in the interplay of infection, inflammation, and aging led us to hypothesize that SARS-CoV-2 infection induces changes in NAD metabolism that may underly pathophysiology of COVID-19.





Results




SARS-CoV-2 infection perturbs NAD metabolism

K18-hACE2 mice, which express human ACE2 in airway epithelium and are therefore susceptible to SARS-CoV-2 infection, were inoculated with SARS-CoV-2 via intranasal route. Wildtype C57BL/6 mice, which are not susceptible to SARS-CoV-2 infection due to the lack of human ACE2, served as control (27). We mined the data from our previous published data on bulk RNA analysis of SARS-CoV2-infected K18 lungs as compared with SARS-CoV2-infected B6 mice at at day 4 and day 6 post infection (27)(GSE175996).

We found that there was upregulation of several genes involved in NAD anabolism, including Naprt1, Nmnat1, Nrk, Ido1, and Nampt in infected lungs. Simultaneously, genes involved in NAD catabolism were also upregulated, including Cd38, Parp9, Parp10, and Parp14. Interestingly, Sirt1, an NAD consuming enzyme that plays important roles in control of inflammation due to its deacetylase activity, was downregulated (Figure 1B). Figure 1A depicts the major NAD synthesizing and catabolizing pathways and the effect of SARS-CoV-2 infection on the RNA levels of pathway enzymes. Altogether, the upregulation of enzymes involved in both NAD anabolism and catabolism suggest that SARS-CoV-2 infection increases NAD turnover.

We next validated our findings through further mining published data. Using the established single-cell lung atlas of lethal COVID-19 (28) (GSE171524), we found that SARS-CoV-2 induced gene expression changes in human lungs (Figure 2A) that was consistent with our findings in the mouse (Figure 1). Despite a global or aggregate upregulation in NAD anabolic and catabolic enzymes, single cell analysis revealed that upregulation of NAMPT was highest in mesothelial fibroblasts, adventitial fibroblasts, and pulmonary venous endothelial cells (Figure 2B).




Figure 2 | Data mining confirms that SARS-CoV-2 infection leads to a global perturbation of NAD metabolism. (A) RNA sequencing from lungs from individuals with COVID-19 versus controls revealed upregulation of NAD anabolic and catabolic enzymes. (B) Single Cell stratification of gene expression changes (singlecell.broadinstitute.org) (28)(GSE171524). (C) NAMPT and (D) SIRT1 levels from SARS-CoV-2 infected lungs versus control (accessed through GSE147507). (E) NAMPT levels from SARS-CoV-2 infected K18-hACE2 mice (accessed through GSE154104). ***p<0.001. ns, not significant.



Interestingly, Type 1 alveolar cells (AT1) and Type 2 alveolar cells (AT2) did not have a robust upregulation of NAMPT, despite a higher expression of PARP14, particularly in AT1 cells (Figure 2B). This suggests that despite an aggregate increase in NAD synthesizing enzymes, particularly NAMPT, the effect may not be as robust in AT1 and AT2 cells which constitute most of the pulmonary parenchyma. Further data mining reflected an increase in NAMPT RNA levels and decrease in SIRT levels in SARS-CoV-2 infected lungs, compared to non-SARS-CoV-2 infected lungs (29) (Figures 2C, D). We also mined data from another group using a similar K18-hACE2 model of SARS-CoV-2 infection and found a time-dependent increase in Nampt levels in lungs (30) (Figure 2E) (GSE154104).

Further data mining found that SARS-CoV-2 infection results in increased NAMPT gene expression in three pulmonary cell lines: Calu3, NHBE, and A549 (data from (29)/GSE147507 and accessed through Skyline Immgen (www.immgen.org) (Figures 3A–C). Calu3 cells are a submucosal gland cell line generated from a bronchial adenocarcinoma. A549 cells are adenocarcinoma alveolar basal epithelial cells. NHBE cells are normal human bronchial epithelial cells isolated from above the bifurcation of the lungs.




Figure 3 | Cell culture experiments demonstrate upregulation of NAMPT in response to SARS-CoV-2 infection. SARS-CoV-2 infection induced NAMPT gene expression in (A) Calu3 cells, (B) NHBE cells, and (C) A549 cells (GSE147507, Data was accessed through Skyline Immgen (www.immgen.org)). (D) SARS-CoV-2 infection failed to induce a robust increase in NAMPT in primary human airway epithelial cells from aged individuals (GSE175779). ANOVA was used followed by Tukey’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.



Interestingly, SARS-CoV-2 infection of primary human airway epithelial cells from aged individuals failed to elicit a robust increase in NAMPT (31) (Figure 3D). This may suggest that lungs of aged individuals have decreased capacity to upregulate NAMPT as compensation for increased NAD turnover from SARS-CoV-2 infection.





Effect of NR and Anti-monomeric NAMPT antibody on SARS-CoV-2 infection

Our validated findings demonstrating increased NAD turnover in SARS-CoV-2 infection suggested that modulating NAD pathways may alter disease progression and may offer therapeutic benefits. Specifically, we hypothesized that treating K18-hACE2 mice with nicotinamide riboside (NR), a potent NAD precursor, may mitigate lethality and improve recovery from SARS-CoV-2 infection. We also tested the therapeutic potential of an anti- monomeric NAMPT antibody using the same infection model. Nicotinamide phosphoribosyltransferase (NAMPT) is the rate-limiting biosynthetic enzyme in the salvage NAD synthesis pathway and exists intracellularly (iNAMPT) and extracellularly (eNAMPT) (32). NAMPT can exist in either a monomeric or dimeric configuration (33). Monomeric NAMPT may promote pro-inflammatory effects that contribute to diabetes (34, 35) and ARDS in mouse model (36). While small molecular inhibitors (FK866 and GMX1778) are available, they will block all NAMPT and prevent the ability to dissect the role of monomeric NAMPT. We chose this antibody based on previous report of anti-monomeric NAMPT activity (35). Since data suggests that that SARS-CoV-2 dysregulates NAD metabolism by increasing NAD turnover, boosting NAD levels may promote cellular NAD balance and potentially alleviate the dysregulation. Blockade of monomeric NAMPT would tend to inhibit the NAD-independent effects of NAMPT, and maintain NAD-dependent effects of NAMPT.

In the study demonstrated in Figure 4A, six groups of K18-hACE2 mice (n=6 mice per group) were infected with sublethal dose of SARS-CoV-2 and followed for 14 days post infection. NR was added to the chow for NR receiving groups. Low dose (LD) anti-monomeric NAMPT (Ab) or high dose (HD) Ab was administered at days 1,4, and 8 post infection, either as monotherapy or in combination with NR.




Figure 4 | Study design and Effect of NR on SARS-CoV-2 infection. (A) Study design shows the time course of the experiment and interventions. Created with BioRender.com. (B) Body weight curves showing body weight changes for infected control animals versus NR treated animals (n=6). Animals receiving NR had statistically not significant (p>0.05) increased mean body weight, compared to control.



Results indicate that animals receiving NR had statistically not significant increased mean body weight, compared to control, throughout the course of the experiment (Figure 4B). The LD Ab treated animals also had increased mean body weight, compared to control, during the recovery phase after 8 days post infection (DPI) (Figure 5A). However, the HD Ab treated animals had decreased body weight, compared to control at 2 DPI (p=0.038), 4 DPI (p=0.047), and 5 DPI (p=0.047). This is possibly due to blocking both dimeric and monomeric NAMPT (Figure 5A). Combining HD Ab with NR mitigated the rapid weight loss during early infection, suggesting a potential beneficial effect of NR (Figure 5C).




Figure 5 | Effect of Anti-monomeric NAMPT antibody on SARS-CoV-2 infection. (A) Body weight changes from control animals versus LD Ab treated and HD Ab treated animals. (B) Body weight changes from control animals versus LD Ab + NR treated animals. (C) Body weight changes from control animals versus HD Ab treated and HD Ab + NR treated animals. The HD Ab treated animals had decreased body weight, compared to control at 2 DPI (p=0.038), 4 DPI (p=0.047), and 5 DPI (p=0.047).



Metabolomic analysis on plasma collected from the K18-hACE2 mice from this study demonstrated a significant increase in lipid metabolites in the LD Ab+NR group which may have anti-inflammatory effects. For example, eicosadienoic acid and oleic acid were significantly increased in LD Ab+NR, compared to NR, LD Ab, and HD Ab groups (Figures 6A, B). Palmitoylcarnitine was significantly increased in LD Ab + NR, compared to LD Ab and HD Ab groups (Figure 6C). The LD Ab + NR group also showed significantly increased trans-10-heptadecenoic acid, compared to LD Ab alone (Figure 6D). Eicosenoic acid levels were increased in LD Ab+NR, compared to NR, LD Ab, and HD Ab groups, but this did not achieve statistical significance (Figure 6E).




Figure 6 | Metabolomic analysis of plasma from study animals. Metabolomic analysis was conducted on plasma collected from study animals. Plasma levels of (A) eicosadienoic acid, (B) oleic acid, (C) palmitoylcarnitine, (D) trans-10-heptadecanoic acid, and (E) eicosenoic acid are shown. Data was analyzed by ANOVA in GraphPad Prism followed by Tukey’s multiple comparisons test *p<0.05, **p<0.01.



The NR treated group demonstrated statistically significant increased nicotinamide related metabolites including nicotinamide, nicotinamide-1-oxide, and methylnicotinamide, compared to control (p<0.05, Figure 7). The NR + LD Ab and NR + HD Ab groups demonstrated increased nicotinamide, nicotinamide-1-oxide, and methylnicotinamide levels, compared to control, but this did not achieve statistical significance, with the exception of nicotinamide-1-oxide, which was significantly increased in NR + HD Ab compared to control (p<0.05, Figure 7).




Figure 7 | Metabolomic analysis reveals increased nicotinamide metabolites in NR treated animals. Metabolomic analysis was conducted on plasma collected from study animals. Plasma levels of (A) nicotinamide, (B) nicotinamide-1-oxide, and (C) methylnicotinamide are shown. T-test, *p<0.05. ns, not significant.








Discussion

Our findings demonstrate that SARS-CoV-2 infection increases enzymes involved in both NAD synthesis and degradation, suggesting an increase in NAD turnover. SARS-CoV-2 has been shown to upregulate PARPs and reduce cellular NAD (37). PARPs can be stimulated by interferon signaling (38) and have been shown to have antiviral properties through ADP-ribosylation (39). However, PARPs require NAD for their enzymatic activity and therefore, PARP upregulation can deplete cellular NAD. Increased kynurenine/tryptophan ratio, a reflection of IDO1 activity, has previously been reported during SARS-CoV-2 infection in both non-human primate (40) and humans (41). PARP inhibitors have been suggested as therapeutics for COVID-19 due to their ability to curb inflammation by decreasing Il-6, Il-1, and TNF-a (reviewed in (42)). Nicotinamide has also been suggested as a therapeutic since it inhibits PARPs and serves as a precursor for NAD in the salvage pathway (43). However, nicotinamide is also an inhibitor of sirtuins, which are critical in controlling inflammation (44, 45), and therefore nicotinamide may possibly exacerbate inflammation or delay its resolution. Increased CD38 activity in COVID-19 is thought to contribute to NAD decline and may increase susceptibility to poor outcomes in aged individuals, who have increased baseline CD38 activity due to advanced age (46, 47).

Moreover, in aging, NAD levels decrease (48). Aged individuals may have reduced capability to support healthy NAD levels in response to infection, explaining predisposition of the elderly to severe COVID-19 outcomes. Continued inflammation in the subacute and chronic phases of COVID-19 may compromise ability to maintain NAD balance, leading to deleterious effects. For example, NAD is synthesized via a de novo pathway initiated by conversion of tryptophan to kynurenine by IDO. Our data demonstrates that SARS-CoV-2 infection upregulates enzymes in the de novo NAD synthesis pathway, Preiss Handler pathway, and the salvage pathway (Figure 1). Upregulation of IDO may be associated with or even a compensation for NAD deficiency. Kynurenine is metabolized to quinolinic acid, which promotes neurotoxic effects. Tryptophan is also required for synthesis of serotonin and melatonin necessary to stabilize mood and promote sleep. Increased IDO and inflammation could promote bias toward kynurenine synthesis at the expense of the alternative methoxyindole pathway leading to serotonin and melatonin depletion (Figure 1A). Since IDO directly catabolizes serotonin, increased IDO activity may lead to mood and sleep disorders (the latter since melatonin is generated from serotonin), which are particularly relevant hallmarks of PASC. Increased IDO activity has also been shown to be a biomarker of inflammation during other viral infections including HIV (49).

Our data suggests that it may be possible that type 1 and type 2 pneumocytes do not upregulate NAMPT to a large extent in response to infection. Type 1 pneumocytes are thin squamous cells that line the alveoli and are involved in gas exchange. Type 2 pneumocytes are cuboidal alveolar cells are principally involved in the production and secretion of surfactant, which reduces surface tension within the alveoli and prevents alveolar collapse (50). Additionally, following lung injury, type 2 pneumocytes act as stem/progenitor cells and self-renew and replace damaged type 1 pneumocytes (50). Acute respiratory distress syndrome (ARDS), which is a notable feature of severe, acute COVID-19, results in damage to both type 1 and type 2 pneumocytes (51). Destruction of type 1 pneumocytes arising from increased inflammatory cytokines and infiltration of immune cells compromises gas exchange. Loss of type 2 pneumocytes results in decreased surfactant secretion and alveolar collapse, leading to intrapulmonary shunting and hypoxemia. In cases of nonlethal disease, loss of type 2 pneumocytes may prevent pulmonary regeneration, and progressive interstitial fibrosis results in response to fibroblastic infiltration and proliferation, which may progress to restrictive lung disease.

Several lines of evidence suggest the role of NAD turnover in the pathophysiology of pulmonary disease and the process of aging. Senescence of type 2 pneumocytes was demonstrated to be mitigated by co-culture with MSCs, which promoted NAMPT and NAD levels in type 2 pneumocytes (52). Consistently, mesenchymal stem cells (MSCs) were shown to attenuate bleomycin induced pulmonary fibrosis in mice (52). Alveolar epithelial cell aging resulting from increased CD38 promoted pulmonary fibrosis; inhibition of CD38 mitigated bleomycin induced fibrosis (53). Elevated CD38 has been reported in systemic sclerosis, a severe fibrosing disease (54). Blockade of CD38 or supplementation with nicotinamide riboside (NR) protects mice from skin, lung, and skin fibrosis in a bleomycin model of fibrosis (54). The pathophysiology is thought to involve inflammatory synthesis of extracellular matrix due to fibroblastic proliferation, collagen deposition, and fibrosis. Signs and symptoms stem reflect underlying fibrosis. Restoring SIRT3 gene expression ameliorated age related pulmonary fibrosis in mice (55). These suggest that failure to increase or maintain NAD anabolism, or excessive increase in NAD catabolism, can generate imbalance in NAD metabolism and promote nonregenerative, fibrotic outcomes.

We observed a significant increase in lipid metabolites, including eicosadienoic acid, oleic acid, and palmitoyl carnitine in the LD Ab + NR group (Figure 6). We also observed significantly increased nicotinamide related metabolites in NR treated animals (Figure 7). Eicosadienoic acid is an omega-6 fatty acid with inflammation modulating effects (56). Oleic acid is an omega-9 fatty acid with anti-inflammatory effects (57). Oleic acid has been shown to decrease mortality in an experimental sepsis model (58). Deficiency in oleic acid may contribute to gut inflammation (59). Interestingly, gut dysfunction has been recently reported in patients with COVID-19 (60). Oleic acid has also been shown to contribute to neural stem cell survival and hippocampal neurogenesis (61). Further dissection of role of oleic acid in COVID-19 is warranted, especially as the neurological sequelae of COVID-19 becomes elucidated. Oleic acid has also been shown to protect against oxidative stress in fibroblasts (62).

Palmitoylcarnitine is essential in the B-oxidation of long-chain fatty acids (63, 64), and therefore may suggest an effect on fatty acid metabolism. Palmitoylcarnitine has also been shown to play a role in neural differentiation (65). Palmitoylcarnitine reduces protein kinase C (PKC) activity (66). Interestingly, PKC inhibitors have been shown to reduce the replication of SARS-CoV-2 in cell culture (67). Further studies should elucidate metabolic changes during SARS-CoV-2 infection. It is of particular interest to determine whether there is an increased fatty acid metabolism, and how this influences disease progression.

Increases in nicotinamide metabolites suggest modulation of nicotinamide metabolism. Nicotinamide undergoes oxidation in the liver to generate Nicotinamide-1-oxide (also known as Nicotinamide N oxide) for excretion (68). It was previously shown that mice given a high fat diet to induce obesity had increased levels of nicotinamide oxide as well as 1-methyl nicotinamide, suggesting an overall perturbation of NAD metabolism (69). Increases in nicotinamide derivatives may suggest excretion of nicotinamide substrate, which may be suggestive of activated nicotinamide metabolism. This may alter cellular NAD synthesis and levels, since the salvage pathway relies on the recycling of nicotinamide. The increased NAD turnover may result in upregulation of NAD synthesizing pathways, which is consistent with what we observed during SARS-CoV-2 infection. Increases in 1-MNA may reflect depletion of nicotinamide. Since nicotinamide is an inhibitor of sirtuins (44), loss of nicotinamide through generation of 1-MNA may serve as a compensatory mechanism to maintain sirtuin activity. However, it may also be true that loss of nicotinamide results in slowing of the salvage pathway, which relies on recycling nicotinamide into NAD, which is required for sirtuin function. Similarly, nicotinamide is an inhibitor of PARP (70). While PARP upregulation during infection may serve to promote DNA repair from insults, continued PARP upregulation will deplete cellular NAD and result in cellular death. Increases in 1-MNA may relieve nicotinamide mediated PARP inhibition. Therefore, further investigation is required to understand the interplay between nicotinamide metabolites including 1-MNA and sirtuin and PARP activity, particularly in the context of SARS-CoV-2 infection.

These findings suggest that modulation of NAD pathways has affects systemic metabolism in the context of SARS-CoV-2 infection.





Conclusions and limitations

Our findings suggest that SARS-Cov-2 infection upregulates molecules involved in both NAD synthesis and degradation, suggesting increased NAD turnover. Our data mining results confirm our findings and suggest that during infection, type 1 and type 2 pneumocytes may not compensate for the increased NAD demand by upregulating NAMPT. This may result in exacerbation of ARDS and poor prognosis. We observed a significant increase in lipid metabolites, including eicosadienoic acid, oleic acid, and palmitoyl carnitine in animals treated with LD Ab + NR (Figure 6). Notably, HD anti-NAMPT antibody resulted in significantly decreased body weight compared to control, which was mitigated by combining HD anti-NAMPT antibody with NR (Figure 5). It may be likely that inhibition of NAMPT decreases supply of NAD despite an increased demand due to infection, which can be alleviated by NR, an NAD precursor. We observed that animals treated with NR had consistently increased mean body weights compared to control during the recovery phase of the infection (Figure 4). We also observed significantly increased nicotinamide related metabolites in NR treated animals (Figure 7). Despite these important findings, our study was underpowered to demonstrate a statistically significant benefit for NR in increasing body weight, compared to control. Increased sample size would likely lead to statistically significant results. Nevertheless, our studies and data mining results demonstrate a clear involvement of NAD related pathways, metabolites, and enzymes in SARS-CoV-2 pathophysiology. Future directions will further dissect the effect of modulation of NAD levels and NAMPT levels and activity on SARS-CoV-2 infection.





Methods




K18-hACE2 SARS-CoV-2 infection model

Animals were obtained from Jackson Laboratories. Animals were housed in the Tulane University Department of Comparative Medicine. All animal studies were approved by Tulane University Institutional Animal Care and Use Committee (IACUC).

K18-hACE2 (034860) mice from the Jackson Laboratory, which express human ACE2 and are there susceptible to SARS-CoV-2 infection, were inoculated with SARS-CoV-2 via intranasal route. Wildtype C57BL/6 mice, which are not susceptible to SARS-CoV-2 infection due to the ack of human ACE2, served as control. RNA was extracted from lung tissues were collected at day 4 and day 6 post infection and sequenced.





Data mining

Data was accessed through NIH gene omnibus using accession numbers(GSE175996) (27) (28),(GSE171524), and (29) GSE147507. We also used the following platforms as described above: singlecell.broadinstitute.org or Skyline Immgen (www.immgen.org), data from Skyline Immgen was reported as expression values normalized by DEseq2. Further analysis of data was performed in GraphPad Prism.





NR and anti-monomeric NAMPT antibody study

NR was added to standard mouse chow as previously described (71), with a target 800mg/kg/day. Anti-monomeric NAMPT antibody was obtained from LS-biosciences. Low dose was 0.4mg/kg, and high dose was 1.0mg/kg, administered intraperitoneally. The dose of SARS-CoV-2 used was 5 x 10^2 TCID50. Animals were weighed daily, and followed for 14 days post infection, at which they were euthanized. Plasma was collected after euthanasia and subject to metabolomic analysis.





Metabolomics

The metabolomics were conducted as previously reported (60, 72). LC-MS analysis was performed on a ThermoFisher Scientific Q Exactive HF-X mass spectrometer equipped with a HESI II probe and coupled to a ThermoFisher Scientific Vanquish Horizon UHPLC system. Metabolites were extracted using 80% methanol and separated at 0.2 ml/min by HILIC chromatography at 45°C on a ZIC-pHILIC 2.1-mm i.d × 150 mm column (EMD Millipore) using 20 mM ammonium carbonate, 5 micromolar medronic acid, 0.1% ammonium hydroxide, pH 9.2, (solvent A) and acetonitrile (solvent B) with a gradient of: 0 min, 85% B; 2 min, 85% B; 17 min, 20% B; 17.1 min, 85% B; and 26 min, 85% B. Samples were analyzed using full MS scans with polarity switching for quantitation at: scan range 65 to 975 m/z; 120,000 resolution; automated gain control (AGC) target of 1E6; and maximum injection time (max IT) of 100 ms. A sample pool (QC) was produced by combining equal volume of each sample and analyzed using full MS scan at the beginning, middle and end of run sequence. MS/MS was also performed on the QC samples using separate runs for positive and negative mode analysis as follows: a full MS scan was acquired as described above, followed by MS/MS of the 10 most abundant ions at 15,000 resolution, AGC target of 5E4, max IT of 50 ms, isolation width of 1.0 m/z, and stepped collision energy of 20, 40 and 60. Metabolite identification and quantitation were performed using Compound Discoverer version 3.3SP1 (Thermo Fisher Scientific). Metabolites were identified from a mass list of verified compounds (high confidence annotations) and by searching the data against mzCloud database (www.mzcloud.org).
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SARS CoV-2 has caused a global pandemic leading to significant morbidity and mortality. There is a need to elucidate and further understand the implications of COVID-19 disease on the immune system to develop improved therapeutic strategies. In particular, Natural Killer (NK) cells play an essential role in mediating the innate immune response against viral infections. To better understand the role of innate immunity in COVID-19, we characterized the phenotype of circulating NK cells from 74 COVID-19 patients and 25 controls. Through evaluating the protein expression of activating and inhibitory NK cell surface molecules using dimension reduction analysis and clustering, we identified 4 specific clusters of NK cells specific to disease state (COVID-19 positive or COVID-19 negative) and characterized COVID-19 positive NK cells as: NGK2A+KIR2DL1+NKG2C-. Utilizing blocking antibodies specific for receptors NKG2A and KIR2DL1, we found that both NKG2A and KIR2DL1 blockade markedly enhances the ability of NK cells from COVID-19 positive patients to lyse SARS-Cov-2 infected cells. Overall, this study reveals new insights into NK cell phenotypes during SARS-CoV-2 infection and suggests a therapeutic approach worthy of further investigation to enhance NK cell-mediated responses against the virus.
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Introduction

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS CoV-2) is a pathogenic, highly transmissible novel beta coronavirus that is responsible for acute respiratory disease. The clinical manifestations of COVID-19 infection range from mild (low grade fever/headaches/myalgia/loss of smell and taste) to severe (pneumonia/acute respiratory distress syndrome (ARDS)/acute kidney injury/disseminated intravascular coagulation/multi organ dysfunction and death) (1). The clinical manifestations of COVID-19 are driven by an imbalanced immune response (2). For example, patients with severe disease exhibit elevated chemokine and cytokine levels, including an abnormal type 1 interferon response (3, 4). Further studies identify altered T and B cells in severe COVID-19, shedding light on the important aspects of immune response to COVID-19 (1, 5). However, our understanding of the disease is still lacking.

Natural killer (NK) cells, which are a part of the innate immune system, have long been linked to the immunological response against respiratory viral infections. They bridge the innate and adaptive immune system and execute effector functions promoting viral clearance. With the global surge in COVID-19 infections, the significance of NK cells in control of viral infection sparked interest (6). NK cells do not need prior antigen sensitization, hence fight viruses early in the innate immune response. This is accomplished by a variety of effector functions controlled by a dynamic balance of inhibitory and activating NK cell receptors (7). NK cells migrate to the lungs in response to increased cytokine expression [Tumor necrosis factor alpha (TNF-) and IL-6] from the COVID-19 infected pulmonary epithelial cells resulting in interferon gamma (IFN-γ) mediated lysis as well as antibody mediated cellular cytotoxicity (ADCC) via S-protein triggered killing of virus infected host cells (8).

There is now compelling evidence that lymphopenia is associated with severe COVID-19 manifestation. A large study analyzing the association of immunological features with COVID-19 severity revealed, significantly lower levels of circulating NK cells as well as B cells, and T cells in severe as compared to mild cases. Similar associations were observed with cytokines (TNF-,IL-5, IL-6, and IL-10) and chemokines [Monocyte Chemoattractant Protein-1 (MCP-1), IFN-γ, inducible protein-10 (IP-10) and eotaxin] (9, 10).

In addition to a decrease in NK cell numbers in patients with severe COVID-19 symptoms, some differences in NK cell phenotype have been reported in COVID-19 patients, suggesting that the NK cells are dysfunctional. For example, it has been reported that NK cells may be exhausted in COVID-19 patients due to overexpression of PD-1 and decreased expression of NKG2D (11). Other investigators have reported that NKG2A is elevated in more severe COVID-19 cases and that utilizing NKG2A blockade can enhance cytotoxicity of patient-derived NK cells in genetically modified spike protein-expressing cell models (12, 13). The expression of the molecules associated with NK cell activity including granzyme A, and have also been found to be increased in COVID-19 patients as compared to healthy controls (14, 15), while there are conflicting reports on changes in NKG2C expression (15, 16). While some previous studies have described abnormalities in NK cell count and phenotype in severe COVID-19, further studies are needed to develop strategies that may reverse this dysfunction in COVID-19 disease (17). Here we characterized NK cells derived from COVID-19 patients as well as controls to assess for differences in NK cell phenotype to reveal new strategies to enhance NK cell activity in patients infected with the virus.





Results




Study design, patient cohort, and lymphocyte composition in COVID-19

To profile the NK cell immunophenotype in COVID-19, we analyzed 100 peripheral blood samples collected during active disease from 100 subjects from the Louis Stokes Cleveland VA hospital (Table 1). All cases of COVID-19 were confirmed by PCR testing and disease severity was assigned based on the worst symptoms present at the time of blood draw, according to the National Institutes of Health COVID-19 Treatment Guidelines Panel. There were no significant differences in sex, race, ethnicity, age, or co-morbidities among the different COVID-19 severity groups as determined by chi-square analysis. However, consistent with the VA patient population, the samples were predominantly from white males between 60-89 years old. In addition to patients with active COVID-19, 25 COVID-19 negative patients as confirmed by PCR testing were used as a comparison cohort.


Table 1 | Patient demographics and co-morbidities classified by disease status and severity.



To study the NK cell phenotype in patient samples, we analyzed peripheral blood mononuclear cells (PBMCs) using a 10-color NK cell receptor focused flow cytometry panel (Table 2). Due to shared clinical features, the severe (n=11) and critical (n=5) groups were combined in the analysis, as were the mild and moderate groups. Initially we assessed for changes in both the frequency and absolute number of lymphocytes among the cohorts. Consistent with previous observations from other studies, a decrease in the frequency and percentage of lymphocytes was observed with increased disease severity (Figures 1A, B). In particular, there was a notable decrease in absolute numbers of NK cells in comparing healthy controls to the Mild/Moderate (MM) and Severe/Critical (SC) groups (Figures 1C, D). Similarly, a significant decrease in the absolute number of T cells was also observed between healthy controls and the SC COVID-19 positive group (Figures 1E, F).


Table 2 | Flow cytometry panel used for immunophenotyping.






Figure 1 | COVID-19 positive patients demonstrate reduced NK and T cells (A, B) Lymphocyte percentage (A) and number (B) decreases with increased disease severity. (C) NK cells percentage is unchanged with disease severity. (D) NK cell number decreases in COVID-19 positive patients. (E) T cells percentage is unchanged with increased disease severity. (F) T cell number decreases with increased disease severity. *P<0.05, **P<0.01.







Phenotypic assessment of NK cells in COVID-19

In order to better appreciate differences in NK cells among the cohorts, we assessed the expression of a panel of activating and inhibitory surface receptor proteins in peripheral blood NK cells. In peripheral NK cells, a dramatic decrease in the expression of the activating receptor NKG2D was observed between COVID negative and positive groups as evidenced by a 35% percent decrease in expression for all three COVID-19 positive severity groups (p=0.03 negative vs. asymptomatic, p=0.0018 negative vs. MM, p=0.0088 negative vs. SC) (Figure 2A). Additionally, decreased expression of the inhibitory receptor KIR3DL1/DS1 was observed between the COVID-19 negative and COVID-19 positive groups. For example, the MM COVID-19 patients had a 51% decrease in expression as compared to COVID-19 negative patients (p=0.0025) (Figure 2B).




Figure 2 | Changes in NK cell activating and inhibitory surface receptors observed by disease severity. (A, B) MFI of activating receptors (A) and inhibitory (B) receptors from peripheral blood NK cells. *P<0.05, **P<0.01.



The remaining NK cell markers tested (CD16, NKG2C, NKp46, NKG2A, KIR2DL1, and KIR2DL2) did not show any significant differences when comparing COVID positive and COVID negative subjects or across COVID disease severity groups. A trend was observed for decreased NKG2C in COVID-19 positive patients, however, these results were not statistically significant.





Dimensionality reduction analysis of NK cells separates COVID-19 positive from COVID-19 negative patients

As NK cells are highly heterogenous, we next performed an unsupervised clustering analysis using the NK receptor expression data to identify specific clusters of NK cells differing amongst the cohorts. This analysis led to the identification of 53 unique clusters (Figure 3A). Topographic differences were visible in comparing the clusters identified based upon disease severity (Figure 3A). These distinct clusters allowed us to identify and describe NK cell subpopulations and identify the phenotype that defines these clusters (Figure 3B). We next assessed for clusters that were enriched in either COVID positive or COVID negative patients. We calculated the percent of cells from each patient, determined the patient frequency per cluster, and normalized to the total number of patients per severity group. Using a sample cutoff of at least 10% cell count per patient, and a sample size of over 5 patients per cluster, we found that Clusters 3 and 7 were highly enriched in COVID-19 positive patient NK cells (p value= 0.045 and 0.018 respectively), whereas clusters 10 and 11 were enriched in healthy control NK cells (Figure 3C) (p values= 0.003 and 0.018 respectively). For example, Cluster 3 was composed of 16% COVID-19 negative and 85% COVID-19 positive patients and Cluster 7 was 18% COVID-19 negative and 82% COVID-19 positive patients.




Figure 3 | Dimension reduction analysis of multi-color flow panel in NK cells identifies changes in t-SNE distribution with disease severity. (A) Clustering analysis identifies 53 unique clusters based on the 10-color flow panel. Density plot of peripheral blood NK cells from 25 healthy donors (blue). Density plot of peripheral blood NK cells from 74 patients with COVID-19 (red). Density plot of peripheral blood NK cells from asymptomatic patients (top grey), mild/moderate patients (middle grey), and severe/critical patients (bottom grey). (B) Truncated heat map of protein expression of surface receptors on peripheral blood NK cells from patients with and without COVID-19 based on 5+ patient cuttoff per cluster. (C) Normalized patient frequency by disease severity per cluster. Clusters are shown based upon a cutoff of at least 5 patients expressing at least 10% of sample per cluster.







NKG2A+ KIR2DL1+ and NKG2C- NK cells are associated with COVID-19

Interestingly, the NK cells found within COVID-19 positive enriched clusters 3 and 7 elucidate a disease specific phenotype in circulating NK cells. Both clusters are characterized by high NKG2A and KIR2DL1 expression and low NKG2C expression (Figure 4A). COVID-19 negative enriched clusters (C10 and C11) are characterized by low NKG2A, high NKG2C and variable KIR2DL1 expression. KIR2DL2 and KIR3DL1 were variable across the 4 clusters of interest (Figure 4B). Given the known inhibitory roles of NKG2A and KIR2DL1, NK cells in clusters 3 and 7 may be less activated, and therefore less cytotoxic. This single cell analysis contrasts to the bulk cell analysis shown in Figure 3 that is not able to elucidate these specific phenotypic differences among the patient cohorts. As the defining features of these clusters enriched in COVID-19 positive patients are high expression of the inhibitory molecules NKG2A and KIR2DL1, we next aimed to assess if blocking these molecules could enhance the activity of NK cells derived from COVID-19 patients against SARS-CoV-2 infected cells.




Figure 4 | Clusters enriched in COVID-19 positive or COVID-19 negative patient NK cells exhibit distinct phenotypes. (A) COVID-19 positive enriched clusters (C3-grey and C7-pink) are found to be NKG2A+KIR2DL1+NKG2C-. COVID-19 negative enriched clusters (C10-orange and C11-green) are NKG2A-NKG2C+ with variable KIR2DL1 expression. (B) KIR2DL2 and KIR3DL1 expression was variable across the 4 clusters of interest.



Caco-2 cells were utilized as a target cell for assessing NK cell cytotoxicity as it is a human cell line that expresses ACE2, HLA-E, and HLA-C2. ACE2 is known to be required for SARS-CoV-2 infection, while HLA-E and HLA-C2 are known to be ligands for the receptors NKG2A and KIR2DL1 respectively (18–20). Prior to performing NK cell cytotoxicity assays, we confirmed the expression of NKG2A and KIR2DL1 on the NK cells derived from COVID-19 positive patients utilized for these assays by flow cytometry (Supplemental Figure 1). As NK cells are thought to lead to enhanced lysis of virally infected cells, we next confirmed that the NK cells lead to enhanced killing of SARS-CoV-2 infected Caco-2 cells as compared to non-infected cells. Non-infected Caco-2 cells had very low killing (~4%) by healthy donor derived NK cells that was similar to the amount of cell death observed in uninfected Caco-2 control cultures (Figure 5A). We next infected Caco-2 cells with SARS-Cov-2 and performed analysis specifically in infected cells as determined by S-protein expression. Using an MOI of 30, we achieved a 12% infection efficiency. We observed a 20% increase in the cytotoxicity of the SARS-Cov-2 infected Caco-2 cells that were co-cultured with COVID-19 positive patient derived NK cells as compared to infected Caco-2 cells alone (p=0.014) (Figure 5B). After establishing that NK cells exhibit enhanced cytotoxicity against SARS-CoV-2 infected Caco-2 cells as opposed to non-infected cells, we assessed if blockade of NKG2A, KIR2DL1 or a combination can enhance the NK cell-mediated cytotoxicity using blocking antibodies (n=3 COVID-19 positive donors). As seen in Figure 5C, there was a significant enhancement of COVID-19 positive patient derived NK cell killing of SARS-CoV-2 infected Caco-2 cells with the addition of either NKG2A or KIR2DL1 blockade (p<0.05). In contrast, the percent killing of the Spike protein negative cells (SARS-CoV-2 negative) in the same samples was unchanged (Supplemental Figure 2). Finally, we also assessed the ability of NKG2A and KIR2DL1 blockade to enhance the cytotoxic activity of NK cells from patients who were COVID-19 negative against spike expressing infected CACO-2 cells (Supplemental Figure 3). In contrast to testing NK cells from patients with COVID-19, these NK cells did not exhibit a statistically significant increase in killing with NKG2A blockade but did exhibit increased killing with KIR2DL1 blockade.




Figure 5 | Blockade of NKG2A and KIR2DL1 enhances NK clearance of SARS-CoV-2 infected Caco2 cells. (A) Uninfected Caco-2 cell line does not undergo cell death after 2-hour co-culture with primary human NK cells. Red= Calcein (live cells) Blue= dapi (dead cells) (n=3). (B) Infected Caco-2 cells show greater loss of viability signal after co-culture with NK cells from COVID-19 positive donor derived NK cells. Green=S-protein (infected cells) (n=3). (C) Single and combination blockade of inhibitory receptors NKG2A and KIR2DL1 enhances cytotoxicity of COVID-19 positive donor derived NK cells against infected Caco-2 cells (n=3). *P<0.05.








Discussion

NK cells are amongst the first line of defense against viral pathogens. Their unique ability to recognize virally infected or malignantly transformed cells independent of antigen presentation enable them to lyse target cells rapidly and potently. To better understand the role of NK cells in COVID-19 infections as well as reveal potential new strategies to develop NK therapeutics, it is critical to better understand NK cells in the context of COVID-19 disease. Using a multi-colored flow cytometry panel and unbiased dimension reduction analysis, we characterized the NK cell phenotype after SARS-CoV-2 infection in patients with various COVID-19 severities including asymptomatic, mild/moderate, and severe/critical as well as healthy controls. Consistent with previous reports, we identified low NK, T, and total lymphocyte cell counts in patients with COVID-19, particularly patients with more severe disease. By traditional bulk analysis, we found a decrease in expression of the activating receptor NKG2D with increased disease severity. Additionally, there was trend towards a reduced expression of the activating receptor NKG2C in COVID-19 positive patients as compared to the negative control. Finally, the inhibitory KIR3DL1 protein was found at higher expression levels in the COVID-19 negative controls as compared to the disease cohort.

Unsupervised high-dimensional analysis identified unique clusters of NK cells linked to patients with COVID-19 and healthy controls. By evaluating these clusters, we identified an NK cell surface receptor expression signature that was predominantly observed in patients with or without COVID-19. Clustering analysis identified unique COVID-19 positive clusters to be NKG2A+KIR2DL1+NKG2C-. Given the expression of inhibitory NKG2A and KIR2DL1, in combination with the decrease in activating NKG2C, this phenotype is specific to a less cytotoxic NK cell. This finding is particularly interesting because it suggests an inhibition of NK cell activity as a mechanism for COVID-19 disease development. It has been previously reported that NKG2A inhibition, can lead to enhanced NK cell degranulation and NK cell cytotoxicity when NK cells are co-cultured with cells modified to express the SARS-CoV-2 spike protein (12, 13).

Our results are in line with the current body of literature, wherein we observed lymphopenia with more severe COVID-19, an increase in killing with NKG2A blockade, as well as a novel functional finding probing the efficacy of KIR2DL1 blockade with or without NKG2A blockade combination in vitro in improving COVID-19 derived NK cell antiviral cytotoxicity (9, 10, 12, 13). These results suggest that upregulated inhibitory receptors on NK cells may lead to NK cell inactivity, allowing virus to propagate and multiply. We demonstrated the possible therapeutic use of anti-NKG2A and/or anti-KIR2DL1 to restore NK function in COVID-19 patients.

In sum, these results provide a landscape of NK cell phenotype in COVID-19 patients. These results shed light onto the innate immune response in the context of SARS-CoV-2 infection. Currently NK cells as a therapeutic option are being explored in phase I/II clinical trials and the utility of combining anti-NKG2A and/or anti-KIR2DL1 in this context is also worthy of further investigation.





Methods




Surface receptor flow cytometry

Samples were acquired, processed, and analyzed on the same day to minimize inter-experiment variability. All samples were assigned a disease severity based on the worst symptoms present at the time of blood draw according to National Institutes of Health COVID-19 Treatment Guidelines Panel, available at https://www.covid19treatmentguidelines.nih.gov/. Discarded blood samples were obtained from patients from August 2020-April 2021 at the Louis Stokes Cleveland Medical Center, Cleveland, Ohio, USA. Peripheral blood samples from patients were directly stained with the following antibodies CD159a (FITC, Miltenyi), CD158e (APC, Miltenyi), CD314 (PE-VIO 615, Miltenyi), CD335 (PE, Beckman Coulter), CD3 (Krome-Orange, Beckman Coulter), CD56 (APC-Alexa Flour 700, Beckman Coulter), CD94 (Pacific blue, Beckman Coulter), CD19 (APC-Alexa Flour 750, Beckman Coulter), CD158b1/b2 (PC7, Beckman Coulter) and CD158a,h (PC5.5, Beckman Coulter). Samples were run on a Beckman Coulter Navios EX Flow Cytometer. Flow data analysis was performed using FlowJo 10.





Unbiased cluster analysis

NK cells were identified by gating on the lymphocyte population via SSC vs. FSC, then by CD3-CD56+ expression prior to being imported into R v4.1.0. Mean fluorescence intensity (MFI) values were z-scaled. Using these z-scaled features as input, a t-SNE dimension reduction was calculated (21). A shared nearest-neighbors graph was calculated using the FindNeighbors function in Seurat v4 (22) and 53 low-resolution louvain clusters were found using the FindClusters function with a resolution of 0.06.





Isolation and culture of NK cells

Naïve NK cells from peripheral blood patient samples were isolated using the StraightFrom Whole Blood CD56 MicroBeads (Miltenyi Biotec). Cells were cultured in 10% cosmic serum, 1% Penicillin/streptomycin, 0.1% amphotericin RPMI 1640 media with 50 units/ml IL2 for 24 hours until the assay was performed. Cells were incubated in an incubator at 37°C and 5% CO2.





Cell culture

Caco-2BBE cells were cultured in RPMI 1640-L-glutamine supplemented with 10% cosmic serum, 1% penicillin/streptomycin, 0.1% amphotericin B, and 0.1% ciprofloxacin. Cells were incubated in an incubator at 37°C and 5% CO2.





Viral culture

SARS-related Coronavirus 2 isolate (purchased from BEI) were filtered through 0.2 uM syringe filter and used to transduce Caco-2BBE cells in monolayer T-flasks.100% confluent Caco2-BBE cells were infected with an MOI of 30 for 1hr at 37°C and 5% CO2 in serum free media, after which fresh media was supplemented on top. Infected cells were used 24 hours after infection for assays.





Quantification of viral titer

Filtered virus from BEI (NR-52282) was propagated in the same cell line. Cultured virus was heat-inactivated at 60°C for 30 minutes and titrated using qPCR. The standard curve was calculated using a known heat inactivated viral stock NR-52286 (BEI). Quantification of the virus was performed in a similar fashion as previously described (23).





Cytotoxicity assay

NK cells were treated with 10μg/mL of NKG2A blocking antibody (Miltenyi Biotec #130-122-329) for 1hr and/or 10µg/mL KIR2DL1 blocking antibody (BD #556061) for 20 minutes in an incubator at 37°C and 5% CO2. NK cells were co-cultured with target cells in duplicate at a 1:1 ratio NK to target cell ratio. After a 2hr co-culture, the supernatant was removed, and the remaining attached cells were stained with 1µg/mL Calcein red-orange (Invitrogen) according to the manufacturers protocol. To detect the SARS-Cov-2 infected cells, the cells were blocked for 30 minutes at room temperature with 3%FBS/PBS and stained with S-Protein antibody (R&D systems Clone# 1035423) and a secondary goat anti-mouse IgG (H&L) AF488 (Invitrogen #A-11017). The cells were then fixed with 4% formaldehyde for 20 minutes at room temperature. Fixed cells were stained with 300nM Dapi for 5 minutes at room temperature and washed before imaging. Images were captured using a 40x objective in 4 fields per well using the Keyence bz-x800 (Keyence). We captured 1 picture per dye, as well as an overlay photo of all the fluorescent signal on top of the phase image. Captured fluorescent images were analyzed using the Keyence bz-x800 analyzer hybrid cell counter function. We first quantified bright DAPI positive cells, and then the Spike positive cells. Additionally, we counted the number of cells that were both DAPI and Spike positive, indicative of a dead/dying SARS-Cov-2 infected target cells. Using the calculated cell counts, we determined the %Spike positive cell death = #DAPI and Spike positive cells/# total Spike positive cells * 100.





Statistics

Statistics were calculated using Graphpad Prism V9 or R v4.1.0 using the aov function with post-hoc Tukey’s test with Honest Significant Difference via TukeyHSD in the R package stats. The ANOVA test followed by the post-hoc Tukey’s test was applied to show the significant difference in the results found. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
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Background

Breakthrough infections with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants are increasingly observed in vaccinated individuals. Immune responses towards SARS-CoV-2 variants, particularly Omicron-BA.5, are poorly understood. We investigated the humoral and cellular immune responses of hospitalized COVID-19 patients during Delta and Omicron infection waves.





Methods

The corresponding SARS-CoV-2 variant of the respective patients were identified by whole genome sequencing. Humoral immune responses were analyzed by ELISA and a cell culture-based neutralization assay against SARS-CoV-2 D614G isolate (wildtype), Alpha, Delta (AY.43) and Omicron (BA.1 and BA.5). Cellular immunity was evaluated with an IFN-γ ELISpot assay.





Results

On a cellular level, patients showed a minor IFN-γ response after stimulating PBMCs with mutated regions of SARS-CoV-2 variants. Neutralizing antibody titers against Omicron-BA.1 and especially BA.5 were strongly reduced. Double-vaccinated patients with Delta breakthrough infection showed a significantly increased neutralizing antibody response against Delta compared to double-vaccinated uninfected controls (median complete neutralization titer (NT100) 640 versus 80, p<0.05). Omicron-BA.1 infection increased neutralization titers against BA.1 in double-vaccinated patients (median NT100 of 160 in patients versus 20 in controls, p=0.07) and patients that received booster vaccination (median NT100 of 50 in patients versus 20 in controls, p=0.68). For boosted patients with BA.5 breakthrough infection, we found no enhancing effect on humoral immunity against SARS-CoV-2 variants.





Conclusion

Neutralizing antibody titers against Omicron-BA.1 and especially BA.5 were strongly reduced in SARS-CoV-2 breakthrough infections. Delta and Omicron-BA.1 but not Omicron-BA.5 infections boosted the humoral immunity in double-vaccinated patients and patients with booster vaccination. Despite BA.5 breakthrough infection, those patients may still be vulnerable for reinfections with BA.5 or other newly emerging variants of concern.





Keywords: SARS-CoV-2, breakthrough infections, Omicron, Delta, COVID-19




1 Introduction

Since the beginning of the coronavirus disease 2019 (COVID-19) pandemic, more than 700 million people worldwide have been infected with severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) and about seven million people have died as a result of COVID-19 (1). In an attempt to reduce the number of SARS-CoV-2 infections and severe COVID-19 cases, SARS-CoV-2 vaccines have been effectively deployed. The mRNA vaccines Comirnaty (BioNTech/Pfizer) and Spikevax (Moderna) have been administered most frequently in Germany, followed by Vaxzevria (AstraZeneca), Janssen (Johnson & Johnson) and Nuvaxovid (Novavax) (2). In particular, SARS-CoV-2 mRNA vaccines effectively protect against SARS-CoV-2 infection and severe COVID-19 (3, 4).

Throughout the COVID-19 pandemic, highly transmissible variants of concern (VOCs) have emerged, harboring multiple immune-escape mutations towards the available vaccines (5). By the end of 2021, the Omicron (B.1.1.529) variant displaced the Delta (B.1.617.2) variant as the leading VOC in Germany (6). Monoclonal antibodies as well as sera from vaccinated individuals are less effective in neutralizing Delta and Omicron compared to the D614G ancestral strain, with Omicron exhibiting the strongest immune evasiveness (7, 8). Despite the reduced neutralization capacity of vaccine-induced antibodies against these SARS-CoV-2 variants and the resulting increase of breakthrough infections among vaccinated individuals, most of the individuals with SARS-CoV-2 breakthrough infections were still protected against a lethal disease course (9–11). However, the humoral and cellular immune responses towards Omicron sub-variants BA.1 and in particular BA.5 are poorly understood.

In the present study, we assessed the humoral and cellular immune response in a group of patients hospitalized with SARS-CoV-2 breakthrough infection during Delta and Omicron infection waves. Our study sheds light on the extent of immune recall during breakthrough infection with Delta and Omicron-BA.1 and BA.5 in hospitalized patients and whether these infections provide a variant-specific immune boost or even cross-protective immunity.




2 Materials and methods



2.1 Study population

The study population consisted of 52 patients with a PCR-confirmed SARS-CoV-2 breakthrough infection hospitalized at the University Hospital Essen and a control group of 28 people without verified SARS-CoV-2 infection (Table 1). In total, 25 patients were infected with Delta, 15 with Omicron-BA.1 and 12 with Omicron-BA.5. The majority of Delta-infected patients were double vaccinated at the time of sample collection (88%). Patients with Omicron-BA.1 infection were predominantly double (53.3%) and triple (40%) vaccinated. All patients with Omicron-BA.5 infection was boosted, either with one booster dose (83.3%) or two booster doses (16.7%). Of the control group, 16 individuals were double vaccinated (57.1%), 10 were triple vaccinated (35.7%) and two were quadruple vaccinated (7.1%). Based on the definition of disease severity of COVID-19 by the World Health Organization (WHO), 42.2% of the patients had a non-severe course of COVID-19, 51.9% a severe course and 5.8% a non-severe course (12). Patient samples were collected from August 2021 to July 2022. Nasopharyngeal swabs and blood samples were collected to characterize the corresponding SARS-CoV-2 strain and the humoral and cellular immunity. Breakthrough infections were classified as Delta or Omicron based on sequencing information as well as information about infection waves from healthcare workers and patients at the University Hospital Essen (13).


Table 1 | Overview of study cohort. Data indicate median (interquartile range) or absolute numbers (percentage).



The study was approved by the local ethics committee and was performed in accordance with the ethical standards noted in the 1964 Declaration of Helsinki and its later amendments or comparable ethics standards (approval no. 20-9665-BO). Informed consent was obtained from all participants in the study.




2.2 Cells and viruses

A549-AT cells were cultivated in minimum essential media (MEM), supplemented with 10% (v/v) fetal calf serum (FCS), penicillin (100 IU/mL) and streptomycin (100 µg/mL) at 37 °C in an atmosphere of 5% CO2 (all Life Technologies Gibco, Darmstadt, Germany) (14). These cells overexpress both the carboxypeptidase angiotensin I converting enzyme 2 (ACE2) receptor and the cellular transmembrane protease serine 2 (TMPRSS2), allowing for high SARS-CoV-2 susceptibility and formation of cytopathic effects (CPEs).

Nasopharyngeal swabs from COVID-19 patients were used to isolate variants of SARS-CoV-2 (15, 16). In brief, the swab medium was incubated on A549-AT cells for several days until a profound CPE became apparent. Subsequently, supernatant was harvested, cleared from cell debris by centrifugation and stored at -80°. Viral titers were determined using A549-AT cells by a standard end-point dilution assay and calculated as 50% tissue culture infective dose (TCID50)/mL as previously described (17).




2.3 Sequencing and phylogenetic characterization

SARS-CoV-2 RNA of cell culture supernatants and nasopharyngeal swabs was purified using the QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany). SARS-CoV-2 whole genome libraries were obtained with the EasySeq™ SARS-CoV-2 Whole Genome NGS Sequencing kit (Nimagen, Nijmegen, Netherlands) after cDNA generation from 5.5 µl of viral RNA with the LunaScript RT SuperMix Kit (NEB). Pooled and normalized libraries were sequenced on an Illumina MiSeq instrument employing the V2 chemistry (300 cycles).

Data analysis was conducted by the opensource pipeline UnCoVar (18). Briefly, UnCoVar performs a series of QC steps, initially attempts de-novo assembly with reference guided scaffolding to achieve full genome reconstruction. Alternatively, the genome of recalcitrant samples is generated via incorporation of observed mutations to the Wuhan reference genome using variants called with Freebayes (19), Delly (20) and Varlociraptor (21). The workflow subsequently uses Pangolin (22) for genome lineage calling and Kallisto (23) for read based matching to 24 (25).

After obtaining whole genome sequences, sub-sequences were extracted according to the observed genomic features of the Wuhan reference genomes. For the selected features, e.g., the spike (S) protein coding region, as well as for the whole genome, sequences were aligned [mafft] and phylogenetic trees were calculated [iqtree] to obtain the evolutionary correlations between the samples.




2.4 SARS-CoV-2 S and NCP ELISA

IgG antibodies against subunit 1 of the SARS-CoV-2 S protein (S1; Wuhan-Hu-1 isolate) and IgG and IgM antibodies against the nucleocapsid protein (NCP) were measured from patient sera with an enzyme-linked immunosorbent assay (ELISA) (Euroimmun Medizinische Labordiagnostika, Lübeck, Germany). A ratio between the absorbance of the sample and calibrator of <0.8 was regarded as negative, ≥0.8 to <1.1 borderline, and ≥1.1 positive.




2.5 Neutralization Assay on A549-AT cells

The neutralization capacity of serum samples against a SARS-CoV-2 clinical isolate from September 2020 with the D614G mutation (wildtype) as well as the variants Alpha (B.1.1.7), Delta (AY.43) and Omicron (BA.1 and BA.5) was analyzed. Additionally, the neutralizing capacity of sera from ten patients was investigated (patient 1, 6, 9, 10, 24, 27, 33, 45, 48, 52) towards their equivalent clinical isolate that caused the SARS-CoV-2 breakthrough infection in comparison to wildtype isolate.

Neutralization assays were conducted as described previously (26). Briefly, two-fold serial dilutions of patient sera (1:20 to 1:2560) were pre-incubated with 100 TCID50/50 µL SARS-CoV-2 for one hour at 37 °C. These mixtures were added to A549-AT cells and incubated for three days at 37 °C and 5% CO2. Cell cultures were stained with 0.5% crystal violet (w/v) (Roth, Karlsruhe, Germany), solved in 20% (v/v) methanol (Merck, Darmstadt, Germany) and evaluated for CPEs by transmitted light microscopy. The highest serum dilution at which none of the triplicate cultures displayed CPEs was defined as the complete neutralization titer (NT100).




2.6 ELISpot Assay for SARS-CoV-2 S and NCP

An IFN-γ enzyme-linked-immuno-spot (ELISpot) assay was conducted to evaluate the cell-mediated immune response to SARS-CoV-2, as described before (27, 28). Plates equipped with polyvinylidene difluoride (PVDF) membranes (MilliporeSigma™ MultiScreen™ HTS, Fisher Scientific, Schwerte, Germany) were activated with ethanol. Subsequently, plates were coated with 60 µL monoclonal antibodies against IFN-y (10 µg/mL of clone 1-D1K, Mabtech, Nacka, Sweden). After washing and blocking with 150 µL AIM-V® (Thermo Fisher Scientific, Grand Island, NY, USA) for 30 minutes at 37 °C, 250,000 peripheral blood mononuclear cells (PBMCs) in 150 µL of AIM-V® in the presence or absence of PepTivator® proteins (600 pmol/mL of each peptide, all Miltenyi Biotec, Bergisch Gladbach, Germany) were added. The NCP, S protein of Wuhan wildtype and selectively mutated regions of Alpha (B.1.1.7), Delta (AY.1) and Omicron (B.1.1.529) were incubated for 19 hours at 37 °C followed by washing. To detect captured IFN-y, 50 µL alkaline phosphatase conjugated monoclonal antibody against IFN-y (clone 7-B6-1, Mabtech) diluted 1:200 in PBS containing 0.5% bovine serum albumin (BSA) was incubated for one hour. Plates were washed again, and nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate was added. Spots were quantified using an ELISpot reader (AID Fluorospot, Autoimmun Diagnostika GmbH, Strassberg, Germany). Non-stimulated values were subtracted from stimulated values to obtain the SARS-CoV-2 specific spots. A spot increment of three was considered positive.




2.7 Statistical analyses

Statistical analyses and data visualization were conducted using GraphPad Prism 9.4.0 (San Diego, CA, USA) software. For continuous variables, the median and interquartile range were calculated. Significant differences were assessed using Kruskal-Wallis test with post-hoc Dunn’s test for multiple comparison, Mann-Whitney U test and Wilcoxon signed-rank test for analyses of more than two independent groups, two unpaired samples and two paired samples, respectively. Categorical variables were analyzed by Fisher’s exact test. Correlation coefficients were calculated using Spearman’s rank analysis. P-values <0.05 were considered significant.





3 Results



3.1 Sequencing and phylogenetic analysis of SARS-CoV-2 variants causing breakthrough infections

At the time of sample collection, all study participants had received at least one vaccine dose. Of the control group, 57.1% individuals were double-vaccinated, 35.7% were triple-vaccinated and 7.1% were quadruple-vaccinated. 88% of Delta-infected patients were double vaccinated. Of the patients with Omicron-BA.1 infection, 53.3% were double and 40% triple vaccinated. Omicron-BA.5 infected patients were all boosted with either one booster dose (83.3%) or two booster doses (16.7%).

Clinical isolates of hospitalized patients with SARS-CoV-2 breakthrough infection were sequenced by whole genome sequencing (Figure 1). S region sequences were successfully assembled from 18 patients. These patients were infected with Delta (B.1.617.2) and Omicron sub-lineages BA.1 and BA.5 (Figure 2). The remaining patients were classified based on information about infection waves from healthcare workers and patients at the University Hospital Essen (13). The phylogenetic analysis highlights the continuous evolution of SARS-CoV-2, which poses a challenge for vaccine development.




Figure 1 | Overview of the study. Blood samples and nasopharyngeal swabs were collected from hospitalized patients with SARS-CoV-2 breakthrough infection (Delta and Omicron). Blood samples were further analyzed with an enzyme-linked immunosorbent assay (ELISA), neutralization assay as well as enzyme-linked-immuno-spot (ELISpot) assay. Figure was created with BioRender.com.






Figure 2 | Phylogenetic tree of assembled SARS-CoV-2 spike (S) region sequences of clinical isolates of patients with SARS-CoV-2 breakthrough infection. * S region extracted from GISAID reference genomes (GISAID).






3.2 SARS-CoV-2 binding serum antibody levels

Sera of patients with SARS-CoV-2 breakthrough infection were tested for SARS-CoV-2 subunit 1 (S1) specific IgG antibodies and IgG and IgM antibodies against the nucleocapsid protein (NCP) by an enzyme-linked immunosorbent assay (ELISA) (Figure 1). Overall, 91.7% of samples were positive for S1 specific antibodies (Figure 3A). Next, we measured IgM and IgG antibody levels against NCP of SARS-CoV-2 to distinguish between the early and late humoral responses during infection. Antibody levels against the NCP were significantly lower compared to S1 (p<0.0001) (Figure 3A). In total, 20.8% of patient sera were positive for IgM antibodies and 29.2% for IgG antibodies. When dividing patients by breakthrough infection and number of vaccines, there were no significant differences in S1 and NCP IgG levels between groups (Figure 3B). However, patients with Delta breakthrough infection who received two vaccine doses had significantly higher levels of NCP IgM compared to patients with booster vaccination and Omicron BA.1 infection (p<0.05) as well as patients with booster vaccination and Omicron BA.5 infection (p<0.01).




Figure 3 | Binding serum antibody levels in COVID-19 patients with SARS-CoV-2 breakthrough infection. IgG antibodies against the subunit 1 of spike protein (S1) (Wuhan-Hu-1 isolate) and IgG and IgM antibodies against the nucleocapsid protein (NCP) of all patients (n=48) (A) and double vaccinated patients (2x) with Delta (n=18) and BA.1 (n=8) infection and patients with booster vaccination with BA.1 (n=6) and BA.5 (n=12) infection (B). Binding serum antibodies were measured with an enzyme-linked immunosorbent assay (ELISA). An absorbance of <0.8 was regarded as negative (red dotted line), ≥0.8 to <1.1 borderline, and ≥1.1 positive (green dotted line). Differences between groups were analyzed by Kruskal-Wallis test with post-hoc Dunn’s multiple comparisons test (* p<0.05; ** p<0.01, **** p<0.0001). Horizontal lines indicate median values, while error bars represent the interquartile range.






3.3 Neutralizing antibody titers in sera after Delta, BA.1 or BA.5 breakthrough infection

The humoral immunity of COVID-19 patients with SARS-CoV-2 breakthrough infections was further investigated using a cell culture-based neutralization assay. Serum samples from those patients were tested against a SARS-CoV-2 D614G wildtype clinical isolate and Alpha (B.1.1.7), Delta (AY.43) and the Omicron sub-lineages BA.1 and BA.5. Sera from COVID-19 patients as well as sera from non-infected but immunized individuals showed reduced complete neutralization titers (NT100) towards BA.1 and BA.5 compared to wildtype, Alpha and Delta (Figure 4A).




Figure 4 | Neutralizing antibody titers against SARS-CoV-2 variants of COVID-19 patients with SARS-CoV-2 breakthrough infection and uninfected, vaccinated controls. (A) Complete neutralization titer (NT100) against clinical isolate with D614G mutation (wildtype), Alpha (B.1.1.7), Delta (AY.43) and Omicron (BA.1 and BA.5) of patients with SARS-CoV-2 breakthrough infection (n=50) compared to vaccinated uninfected control (n=28). (B) NT100 against clinical isolate with D614G mutation (wildtype), Alpha (B.1.1.7), Delta (AY.43) and Omicron (BA.1 and BA.5) of double vaccinated patients (2x) with Delta (n=20) and BA.1 (n=8) infection and patients with booster vaccination with BA.1 (n=6) and BA.5 (n=12) infection compared to uninfected control with two vaccine doses (n=16) and booster vaccination (n=12). (A, B) Differences between groups were analyzed by Kruskal-Wallis test with post-hoc Dunn’s multiple comparisons test (* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). (C) NT100 of sera from patients with breakthrough infection with Delta and Omicron (BA.1 and BA.5) against their equivalent clinical isolate compared to wildtype. Differences between groups were analyzed by Wilcoxon signed-rank test. (A–C) Horizontal lines indicate median values, while error bars represent the interquartile range.



Double-vaccinated patients with Delta breakthrough infection displayed a significantly increased neutralizing antibody response against Delta compared to double-vaccinated uninfected controls (median NT100 640 versus 80, p<0.05, Figure 4B). In double-vaccinated patients, infection with Omicron sub-lineage BA.1 boosted immunity against BA.1 just above statistical significance (median NT100 of 160 in patients versus 20 in controls, p=0.07) as well as against BA.5 (median NT100 of 40 in patients versus <20 in controls, p<0.05) (Figure 4B). A higher median NT100 against BA.1 was also observed for boosted Omicron-BA.1 infected patient compared to boosted controls (median NT100 of 50 versus 20, p=0.68). Interestingly, results suggest cross-reactive immunity for patients with Omicron-BA.1 infection against Delta, as double-vaccinated had a 6-fold (median NT100 of 480 versus 80, p=0.24) and boosted a 4-fold (median NT100 of 320 versus 80, p=0.44) higher NT100 than control. For individuals with BA.5 infection, we observed no immune boost against BA.5 or other variants.

Next, we investigated neutralization capacity of patient sera against the SARS-CoV-2 clinical isolate from these respective patients compared to wildtype. In total, ten different SARS-CoV-2 isolates from patients infected with sub-lineages of Delta and Omicron could be propagated in cell culture to investigate the respective neutralizing antibody titers. Patients infected with Delta showed similar neutralization efficacy against their isolate compared to wildtype (Figure 4C). In contrast, we found reduced neutralization capacity against isolates from Omicron-infected patients in comparison to wildtype (median NT100 of 7.3 versus 80, p=0.25).

In summary, we found that Delta infections exhibit a strong immune boosting effect against the Delta variant. Patients infected with BA.1 showed an increased neutralizing antibody response against both tested Omicron variants. Compared to Delta and BA.1, BA.5 was the least immunogenic variant, as BA.5 infections did not boost immunity against BA.5 or other variants.




3.4 Cellular immunity in patients with SARS-CoV-2 breakthrough infection

Cellular immunity against SARS-CoV-2 was measured using an IFN-γ enzyme-linked-immuno-spot (ELISpot) assay. We stimulated peripheral blood mononuclear cells (PBMCs) with the NCP, spike (S) protein of Wuhan wildtype and with selectively mutated regions of Alpha (B.1.1.7), Delta (AY.1) and Omicron (B.1.1.529). An IFN-γ-spots increment of three was considered positive.

Double-vaccinated patients with Delta infection showed the highest positivity in response to NCP stimulation, followed by boosted BA.5-infected patients (56.2% and 33.3%, respectively, Figure 5). As expected, infection-naïve participants did not show a positive NCP response. Among dually vaccinated patients, the IFN-γ spots increment was significantly higher for Delta-infected patients than for patients infected with BA.1 (31 versus 5.5, p<0.05) after stimulation with wildtype S protein. A significantly higher response to S wildtype was also observed for BA.5-infected patients compared to double-vaccinated BA.1-infected patients (42.5 versus 5.5, p<0.05). All groups showed a median IFN-γ spots increment below positivity to mutated regions of SARS-CoV-2 variants (Figure 5).




Figure 5 | Cellular response against SARS-CoV-2 variants in COVID-19 patients with SARS-CoV-2 breakthrough infection. Cellular immunity was assessed by an IFN-γ enzyme-linked-immuno-spot (ELISpot) assay using peripheral blood mononuclear cells (PBMCs) and is displayed for double vaccinated patients (2x) with Delta (n=18) and BA.1 (n=8) infection and patients with booster vaccination with BA.1 (n=5) and BA.5 (n=12) infection compared to uninfected control with two vaccine doses (n=15) and booster vaccination (n=12). PBMCs were stimulated with S protein of Wuhan wildtype, nucleocapsid protein (NCP) and selectively mutated regions Alpha (B.1.1.7), Delta (AY.1) and Omicron (B.1.1.529). A spot increment of three was considered positive (green dotted line). Differences between groups were analyzed by Kruskal-Wallis test with post-hoc Dunn’s multiple comparisons test (* p<0.05; *** p<0.001). Horizontal lines indicate median values, while error bars represent the interquartile range.






3.5 Correlation between SARS-CoV-2 ELISA IgG antibody levels and neutralizing antibody titers as well as cellular IFN-γ response

Next, we analyzed if there is a correlation between neutralizing antibody titers of the respective sera against SARS-CoV-2 wildtype, Alpha, Delta and Omicron (BA.1 and BA.5) and SARS-CoV-2 ELISA IgG antibody levels against S1 (Wuhan-Hu-1 isolate). The neutralizing antibody titers correlated positively with ELISA IgG antibody levels (Figure 6). The highest correlation was observed for neutralizing antibody titers against wildtype and Alpha (Spearman’s ρ=0.9, respectively). Compared to wildtype and Alpha, we observed a lower correlation for Delta, Omicron-BA-1 and Omicron-BA.5, with Spearman’s rank coefficients of 0.82, 0.79 and 0.72, respectively. Next, we analyzed the correlation between IgG antibodies against S1 and cellular IFN-γ production in response to stimulation with SARS-CoV-2 variants. The results only revealed a correlation between SARS-CoV-2 ELISA IgG antibody levels and the cellular immune response against wildtype (ρ=0.41), but not SARS-CoV-2 variants (Figure 7).




Figure 6 | Correlation between serum antibody levels and neutralizing antibody titers against SARS-CoV-2 variants. Correlation coefficients (ρ) and p-values were calculated using Spearman’s rank analysis.






Figure 7 | Correlation between serum antibody levels and cellular IFN-γ response after stimulation with SARS-CoV-2 variants. Correlation coefficients (ρ) and p-values were calculated using Spearman’s rank analysis.







4 Discussion

Throughout the COVID-19 pandemic, several SARS-CoV-2 variants with immune-escape mutations have emerged, leading to an increase of SARS-CoV-2 breakthrough infections (5). In the present study, we report on the humoral and cellular immunity in response to Delta and Omicron (BA.1 and BA.5) infection in a group of vaccinated patients with SARS-CoV-2 breakthrough infections. We compared the results to vaccinated uninfected controls, to assess the additive effect of the infection on immunity.

Of note, the neutralizing antibody titers against Omicron sub-variants BA.1 and especially BA.5 were strongly reduced when compared to Alpha, Delta or wildtype. These findings are consistent with recently published data using pseudovirus-neutralization assays, showing a substantial immune escape of BA.5 sub-variant against antibodies of vaccinated individuals or individuals infected with BA.1 or BA.2 (29–31).

In line with recent studies, we showed that Delta and Omicron-BA.1 infections lead to a strain-specific boost of neutralizing immunity (32, 33). Previous data indicated that Delta breakthrough infections increase Delta specific neutralization titers to levels comparable to wildtype neutralization (32). In our study, Delta infection markedly increased neutralizing antibody titers against Delta in double-vaccinated patients, even with a 5.3-fold higher neutralizing antibody titer against Delta compared to wildtype. Omicron-BA.1 breakthrough infection enhanced the neutralizing antibody titer against BA.1 and Delta (33). Notably, the neutralizing antibody titer of sera from uninfected controls was 8-fold reduced against BA.1 when compared to wildtype. In contrast, in double-vaccinated patients with BA.1 infection the ratio between BA.1 and wildtype neutralizing antibody titers reduced to 3 and in boosted patients to 2.4.

Additionally, our study provides insight into the immunity in BA.5 breakthrough infections. We found no evidence of a boosting effect on humoral immunity for this sub-variant, which could increase the likelihood of reinfections in people who have recovered from BA.5 infection. Our results suggest that BA.5 sub-variant is capable not only of bypassing humoral immunity boosted by SARS-CoV-2 infection, but also leads to a weak enhancement of humoral immunity itself. In contrast to our data, recent data indicated an enhanced neutralization against BA.5 following BA.5 infection in triple-vaccinated individuals (34). In the study by Wang et al. (34), serum samples were collected from already recovered patients at a mean of 32 days after infection, whereas in our study the sera were collected during the acute phase at hospitalization.

Interestingly, we found a weak IFN-γ response after stimulating PBMCs with selectively mutated regions of SARS-CoV-2 variants. One reason could be that the participants were still early in the infection and a measurable T-cell immunity against the mutated regions had not yet developed. Overall, all patient groups had a high positivity after cellular stimulation with S protein of Wuhan wildtype, regardless of vaccination status and variant responsible for breakthrough infection. PBMCs of patients with Omicron-BA.5 breakthrough infection showed the strongest IFN-γ response against Wuhan wildtype, followed by patients with Delta infection.

One limitation of this study are differences between cohorts regarding to demographic characteristics. For instance, among the BA.1-infected patients, 87.5% were under 70 years of age in the dually vaccinated group compared to 33.3% of boosted patients. That might be an explanation for the weaker humoral immune enhancement through BA-1 infection we observed in the group with booster vaccination. For instance, data has shown a reduced antibody neutralization response for elderly above 70 years after vaccination or infection (35, 36). Furthermore, the uninfected control group received a higher percentage of Spikevax (Moderna) vaccines than the patient groups, which could have influenced the results. However, studies found a similar high neutralization potential for individuals vaccinated with Spikevax (Moderna), Comirnaty (BioNTech/Pfizer) and a combination of vaccines (37).

In conclusion, we found strongly reduced neutralizing antibody titers against Omicron sub-variants BA.1 and BA.5. Furthermore, humoral immunity was boosted through Delta and Omicron-BA.1 infections in hospitalized double-vaccinated patients and patients with booster vaccination. This finding does not apply to BA.5 infections, in which we found no enhancing effect on humoral immunity. Despite BA.5 breakthrough infection, those patients may still be vulnerable for reinfections with BA.5 or other newly emerging SARS-CoV-2 variants. Further studies are needed to investigate the humoral and cellular immune response after breakthrough infection with BA.5 and its role in protecting from subsequent breakthrough infections.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: PRJEB59607 (ENA; https://www.ebi.ac.uk/ena/browser/view/PRJEB59607).





Ethics statement

The studies involving human participants were reviewed and approved by Ethik-Kommission der Medizinischen Fakultät der Universität Duisburg-Essen. The patients/participants provided their written informed consent to participate in this study.





Author contributions

MB, LB, MA, MO, LT, LS, IK, AT, JG, PB, SC and MW performed the experiments. MB, LB, MA and MO were involved in sample collection. MB, AT, SD, UD, OW, FM and ML analyzed the data. AK, AS, HR and MB planned the study. AK and MB wrote the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This study was supported by the Stiftung Universitätsmedizin Essen (awarded to A. Krawczyk) and the Rudolf Ackermann Foundation (awarded to O. Witzke).





Acknowledgments

The work was in part supported by the cluster project ENABLE, the Innovation Center TheraNova, and the LOEWE Priority Program CoroPan funded by the Hessian Ministry for Science and the Arts (HMWK).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. World Health Organization. WHO coronavirus (COVID-19) dashboard (2023). Available at: https://covid19.who.int/ (Accessed 6 June 2023).

2. Federal Ministry Of Health. Impfdashboard (2022). Available at: https://impfdashboard.de/ (Accessed 15 September 2022).

3. Chung, H, He, S, Nasreen, S, Sundaram, ME, Buchan, SA, Wilson, SE, et al. Effectiveness of BNT162b2 and mRNA-1273 covid-19 vaccines against symptomatic SARS-CoV-2 infection and severe covid-19 outcomes in Ontario, Canada: test negative design study. BMJ (2021) 374:n1943. doi: 10.2139/ssrn.3845993

4. Ssentongo, P, Ssentongo, AE, Voleti, N, Groff, D, Sun, A, Ba, DM, et al. SARS-CoV-2 vaccine effectiveness against infection, symptomatic and severe COVID-19: a systematic review and meta-analysis. BMC Infect Dis (2022) 22:439. doi: 10.1186/s12879-022-07418-y

5. Dyson, L, Hill, EM, Moore, S, Curran-Sebastian, J, Tildesley, MJ, Lythgoe, KA, et al. Possible future waves of SARS-CoV-2 infection generated by variants of concern with a range of characteristics. Nat Commun (2021) 12:5730. doi: 10.1038/s41467-021-25915-7

6. Robert Koch Institut. Besorgniserregende SARS-CoV-2-Virusvarianten (VOC). Available at: https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/Virusvariante.html (Accessed 15 September 2022).

7. Shrestha, LB, Tedla, N, and Bull, RA. Broadly-neutralizing antibodies against emerging SARS-CoV-2 variants. Front Immunol (2021) 12. doi: 10.3389/fimmu.2021.752003

8. Planas, D, Saunders, N, Maes, P, Guivel-Benhassine, F, Planchais, C, Buchrieser, J, et al. Considerable escape of SARS-CoV-2 omicron to antibody neutralization. Nature (2022) 602:671–5. doi: 10.1038/s41586-021-04389-z

9. Collie, S, Champion, J, Moultrie, H, Bekker, L-G, and Gray, G. Effectiveness of BNT162b2 vaccine against omicron variant in south Africa. New Engl J Med (2021) 386:494–6. doi: 10.1056/NEJMc2119270

10. Tang, P, Hasan, MR, Chemaitelly, H, Yassine, HM, Benslimane, FM, Al Khatib, HA, et al. BNT162b2 and mRNA-1273 COVID-19 vaccine effectiveness against the SARS-CoV-2 delta variant in Qatar. Nat Med (2021) 27:2136–43. doi: 10.1038/s41591-021-01583-4

11. Tseng, HF, Ackerson, BK, Luo, Y, Sy, LS, Talarico, CA, Tian, Y, et al. Effectiveness of mRNA-1273 against SARS-CoV-2 omicron and delta variants. Nat Med (2022) 28:1063–71. doi: 10.1038/s41591-022-01753-y

12. World Health Organization. Therapeutics and COVID-19 - living guideline (2022). Available at: https://apps.who.int/iris/bitstream/handle/10665/362843/WHO-2019-nCoV-therapeutics-2022.5-eng.pdf (Accessed 6 June 2023).

13. Möhlendick, B, Čiučiulkaitė, I, Elsner, C, Anastasiou, OE, Trilling, M, Wagner, B, et al. Individuals with weaker antibody responses after booster immunization are prone to omicron breakthrough infections. Front Immunol (2022) 13:907343. doi: 10.3389/fimmu.2022.907343

14. Widera, M, Wilhelm, A, Toptan, T, Raffel, JM, Kowarz, E, Roesmann, F, et al. Generation of a sleeping beauty transposon-based cellular system for rapid and sensitive screening for compounds and cellular factors limiting SARS-CoV-2 replication. Front Microbiol (2021) 12:701198–8. doi: 10.3389/fmicb.2021.701198

15. Heilingloh, CS, Aufderhorst, UW, Schipper, L, Dittmer, U, Witzke, O, Yang, D, et al. Susceptibility of SARS-CoV-2 to UV irradiation. Am J Infect Control (2020) 48:1273–5. doi: 10.1016/j.ajic.2020.07.031

16. Bormann, M, Alt, M, Schipper, L, Van De Sand, L, Otte, M, Meister, TL, et al. Disinfection of SARS-CoV-2 contaminated surfaces of personal items with UVC-LED disinfection boxes. Viruses (2021) 13:1–7. doi: 10.3390/v13040598

17. Krah, DL. A simplified multiwell plate assay for the measurement of hepatitis a virus infectivity. Biologicals (1991) 19:223–7. doi: 10.1016/1045-1056(91)90039-M

18. Uncovar.  Available at: https://github.com/IKIM-Essen/uncovar (Accessed 8 September 2022).

19. Erik, G, and Marth, G. Haplotype-based variant detection from short-read sequencing. (2012). doi: 10.48550/arXiv.1207.3907

20. Rausch, T, Zichner, T, Schlattl, A, Stütz, AM, Benes, V, and Korbel, JO. DELLY: structural variant discovery by integrated paired-end and split-read analysis. Bioinformatics (2012) 28:i333–9. doi: 10.1093/bioinformatics/bts378

21. Köster, J, Dijkstra, LJ, Marschall, T, and Schönhuth, A. Varlociraptor: enhancing sensitivity and controlling false discovery rate in somatic indel discovery. Genome Biol (2020) 21:98. doi: 10.1186/s13059-020-01993-6

22. O’toole, Á., Scher, E, Underwood, A, Jackson, B, Hill, V, Mccrone, JT, et al. Assignment of epidemiological lineages in an emerging pandemic using the pangolin tool. Virus Evol (2021) 7:veab064. doi: 10.1093/ve/veab064

23. Bray, NL, Pimentel, H, Melsted, P, and Pachter, L. Near-optimal probabilistic RNA-seq quantification. Nat Biotechnol (2016) 34:525–7. doi: 10.1038/nbt.3519

24. GISAID.  Available at: https://gisaid.org/hcov19-variants/ (Accessed 13 October 2022).

25. Khare, S, Gurry, C, Freitas, L, Schultz, MB, Bach, G, Diallo, A, et al. GISAID's role in pandemic response. China CDC Wkly (2021) 3:1049–51. doi: 10.46234/ccdcw2021.255

26. Lindemann, M, Lenz, V, Knop, D, Klump, H, Alt, M, Aufderhorst, UW, et al. Convalescent plasma treatment of critically ill intensive care COVID-19 patients. Transfusion (2021) 61:1394–403. doi: 10.1111/trf.16392

27. Schwarzkopf, S, Krawczyk, A, Knop, D, Klump, H, Heinold, A, Heinemann, FM, et al. Cellular immunity in COVID-19 convalescents with PCR-confirmed infection but with undetectable SARS-CoV-2–specific IgG. Emerg Infect Dis (2021) 27:122–9. doi: 10.3201/eid2701.203772

28. Wünsch, K, Anastasiou, OE, Alt, M, Brochhagen, L, Cherneha, M, Thümmler, L, et al. COVID-19 in elderly, immunocompromised or diabetic patients-from immune monitoring to clinical management in the hospital. Viruses (2022) 14:1–17. doi: 10.3390/v14040746

29. Cao, Y, Yisimayi, A, Jian, F, Song, W, Xiao, T, Wang, L, et al. BA.2.12.1, BA.4 and BA.5 escape antibodies elicited by omicron infection. Nature (2022) 608:593–602. doi: 10.1038/s41586-022-04980-y

30. Hachmann, NP, Miller, J, Collier, AY, Ventura, JD, Yu, J, Rowe, M, et al. Neutralization escape by SARS-CoV-2 omicron subvariants BA.2.12.1, BA.4, and BA.5. N Engl J Med (2022) 387:86–8. doi: 10.1056/NEJMc2206576

31. Tuekprakhon, A, Nutalai, R, Dijokaite-Guraliuc, A, Zhou, D, Ginn, HM, Selvaraj, M, et al. Antibody escape of SARS-CoV-2 omicron BA.4 and BA.5 from vaccine and BA.1 serum. Cell (2022) 185:2422–2433.e13. doi: 10.1016/j.cell.2022.06.005

32. Servellita, V, Syed, AM, Morris, MK, Brazer, N, Saldhi, P, Garcia-Knight, M, et al. Neutralizing immunity in vaccine breakthrough infections from the SARS-CoV-2 omicron and delta variants. Cell (2022) 185:1539–1548.e5. doi: 10.1016/j.cell.2022.03.019

33. Quandt, J, Muik, A, Salisch, N, Lui, BG, Lutz, S, Krüger, K, et al. Omicron BA.1 breakthrough infection drives cross-variant neutralization and memory b cell formation against conserved epitopes. Sci Immunol (2022) 7:eabq2427. doi: 10.1126/sciimmunol.abq2427

34. Wang, Q, Bowen, A, Valdez, R, Gherasim, C, Gordon, A, Liu, L, et al. Antibody response to omicron BA.4–BA.5 bivalent booster. New Engl J Med (2023) 388:567–9. doi: 10.1056/NEJMc2213907

35. Doria-Rose, N, Suthar, MS, Makowski, M, O'connell, S, Mcdermott, AB, Flach, B, et al. Antibody persistence through 6 months after the second dose of mRNA-1273 vaccine for covid-19. N Engl J Med (2021) 384:2259–61. doi: 10.1056/NEJMc2103916

36. Konik, M, Lindemann, M, Zettler, M, Meller, L, Dolff, S, Rebmann, V, et al. Long-term SARS-CoV-2 specific immunity is affected by the severity of initial COVID-19 and patient age. J Clin Med (2021) 10:1–17. doi: 10.3390/jcm10194606

37. Adjobimey, T, Meyer, J, Sollberg, L, Bawolt, M, Berens, C, Kovačević, P, et al. Comparison of IgA, IgG, and neutralizing antibody responses following immunization with moderna, BioNTech, AstraZeneca, Sputnik-V, Johnson and Johnson, and sinopharm's COVID-19 vaccines. Front Immunol (2022) 13:917905. doi: 10.3389/fimmu.2022.917905




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Bormann, Brochhagen, Alt, Otte, Thümmler, van de Sand, Kraiselburd, Thomas, Gosch, Braß, Ciesek, Widera, Dolff, Dittmer, Witzke, Meyer, Lindemann, Schönfeld, Rohn and Krawczyk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 14 July 2023

doi: 10.3389/fimmu.2023.1168308

[image: image2]


Metabolomics acts as a powerful tool for comprehensively evaluating vaccines approved under emergency: a CoronaVac retrospective study


Xinyu Liu 1,2†, Congshu Xiao 3†, Pengwei Guan 1,2,4†, Qianqian Chen 1,2†, Lei You 1,2,4, Hongwei Kong 5, Wangshu Qin 1,2, Peng Dou 1,2, Qi Li 1,2, Yanju Li 6, Ying Jiao 7, Zhiwei Zhong 3, Jun Yang 1,2,4, Xiaolin Wang 1,2, Qingqing Wang 1,2,4, Jinhui Zhao 1,2,4, Zhiliang Xu 5, Hong Zhang 8*, Rongkuan Li 3*, Peng Gao 9,10* and Guowang Xu 1,2,4*


1 CAS Key Laboratory of Separation Science for Analytical Chemistry, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, China, 2 Liaoning Province Key Laboratory of Metabolomics, Dalian, China, 3 Department of Infection, The Second Hospital of Dalian Medical University, Dalian, China, 4 University of Chinese Academy of Sciences, Beijing, China, 5 Hangzhou Health-Bank Medical Laboratory Co., Ltd., Hangzhou, China, 6 Clinical laboratory, Affiliated Dalian Hospital of Shengjing Hospital of Chinese Medical University, Dalian, China, 7 Nursing Department, Anshan Infectious Disease Hospital, Anshan, China, 8 Internal Department, Women and Children’s Hospital of Anshan City, Anshan, China, 9 Clinical laboratory, The Second Hospital of Dalian Medical University, Dalian, China, 10 Shanghai Institute for Biomedical and Pharmaceutical Technologies, Shanghai, China




Edited by: 

William Tolbert, Henry M. Jackson Foundation for the Advancement of Military Medicine (HJF), United States

Reviewed by: 

Hemi Luan, Guangdong University of Technology, China

Shuhai Lin, Xiamen University, China

*Correspondence: 

Guowang Xu
 xugw@dicp.ac.cn 

Peng Gao
 peng_med@yeah.net 

Rongkuan Li
 dalianlrk@126.com 

Hong Zhang
 aszh529@163.com











†These authors have contributed equally to this work



Received: 17 February 2023

Accepted: 26 June 2023

Published: 14 July 2023

Citation:
Liu X, Xiao C, Guan P, Chen Q, You L, Kong H, Qin W, Dou P, Li Q, Li Y, Jiao Y, Zhong Z, Yang J, Wang X, Wang Q, Zhao J, Xu Z, Zhang H, Li R, Gao P and Xu G (2023) Metabolomics acts as a powerful tool for comprehensively evaluating vaccines approved under emergency: a CoronaVac retrospective study. Front. Immunol. 14:1168308. doi: 10.3389/fimmu.2023.1168308






Introduction

To control the COVID-19 pandemic, great efforts have been made to realize herd immunity by vaccination since 2020. Unfortunately, most of the vaccines against COVID-19 were approved in emergency without a full-cycle and comprehensive evaluation process as recommended to the previous vaccines. Metabolome has a close tie with the phenotype and can sensitively reflect the responses to stimuli, rendering metabolomic analysis have the potential to appraise and monitor vaccine effects authentically.





Methods

In this study, a retrospective study was carried out for 330 Chinese volunteers receiving recommended two-dose CoronaVac, a vaccine approved in emergency in 2020. Venous blood was sampled before and after vaccination at 5 separate time points for all the recipients. Routine clinical laboratory analysis, metabolomic and lipidomic analysis data were collected.





Results and discussion

It was found that the serum antibody-positive rate of this population was around 81.82%. Most of the laboratory parameters were slightly perturbated within the relevant reference intervals after vaccination. The metabolomic and lipidomic analyses showed that the metabolic shift after inoculation was mainly in the glycolysis, tricarboxylic acid cycle, amino acid metabolism, urea cycle, as well as microbe-related metabolism (bile acid metabolism, tryptophan metabolism and phenylalanine metabolism). Time-course metabolome changes were found in parallel with the progress of immunity establishment and peripheral immune cell counting fluctuation, proving metabolomics analysis was an applicable solution to evaluate immune effects complementary to traditional antibody detection. Taurocholic acid, lysophosphatidylcholine 16:0 sn-1, glutamic acid, and phenylalanine were defined as valuable metabolite markers to indicate the establishment of immunity after vaccination. Integrated with the traditional laboratory analysis, this study provided a feasible metabolomics-based solution to relatively comprehensively evaluate vaccines approved under emergency.
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Introduction

A new coronavirus, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was identified at the end of 2019, and the resulting coronavirus disease (COVID-19) pandemic has spread over 3 years (1). This pandemic still sporadically emerges due to the frequently emerging variants and the unavailability of efficient antiviral drugs (2, 3). Vaccination was thought to be the most powerful tool for arresting the plague when the first outbreak of COVID-19 worldwide (4). In the past 3 years, over 200 candidate vaccines had been developed. Some of them had been approved for emergency use in specific areas or by meeting specified criteria during that time.

The development and approval of human use vaccines usually need several years (5). Although the commercial vaccines were approved under stringent regulations, some of them also needed further improvement with years of efforts considering immunological effects (6). The sudden pandemic had shortened the laboratory-to-market cycle of SARS-CoV-2 vaccines. The same situation was also the case for the corresponding SARS-CoV-2 antibody detection kits. What made the situation worse was that there was no commercial coronavirus vaccine on the market before the COVID-19 pandemic. In other words, human beings had no experience in coronavirus vaccine development and appraisals before 2020 (5).

CoronaVac (Sinovac Life Sciences, Beijing, China) was first approved by China and contained inactivated SARS-CoV-2 isolated at the early stage of the domestic plague (7). The primarily recommended vaccination program was a two-dose strategy with an, at least, 28-day interval (8). This vaccine was primarily applied to healthy young people. Due to various uncertainties, CoronaVac was not recommended to old people and persons with chronic diseases at its primary application stage. This plight has made the relevant population be lagging behind the national vaccination project. To date, CoronaVac is demonstrated to be safe for recipients with different biological and pathological backgrounds and is immunologically acceptable (9–15). Unfortunately, drawing this conclusion costs over 3 years with endeavors of over 400 clinical trials and real-world studies. This situation poses a great challenge to seek a solution to help scientists to evaluate vaccine effects confidently and timely when we face another new infectious pandemic.

Metabolomics, focusing on changes of small molecules in a given system, is an omics that directly mirrors the phenotypes (16). It provides a glimpse of the entire biological adaptive process after a specific stimulus from the facet of the metabolome dynamics (17, 18). Metabolomics strategy has been employed to evaluate immune responses of some vaccines, and helped to explore immune effects that could not be uncovered by antibody detection or immune cell function appraisals (19–23). Not limited to that, metabolomics can help to find early biomarkers to indicate drug toxicities sensitively. The U.S. Food and Drug Administration (FDA) and European Medicines Agency had approved several metabolite biomarkers for regulatory use in apprising drug nephrotoxicity (24).

It costs almost 3 years of massive studies to prove CoronaVac is safe and immunologically acceptable. This time-consuming process is not compatible with the intention of emergent approval of vaccines. It is very valuable to find clues to prove CoronaVac’s usefulness at its early application stage. The relevant tactic will be in favor to direct future emergent vaccine and drug approval. To this end, we retrospectively studied the sera from 330 Chinese volunteers collected at 5 different time points before and after CoronaVac vaccination in 2020 (Figure 1). Routine clinical laboratory tests and mass spectrometry-based metabolomics and lipidomics analyses were performed for each sample. The metabolic data after inoculation were compared against that of the pre-inoculation to evaluate any potential unexpected effects in light of metabolic phenotype shift. Furthermore, the samples were randomly divided into independent discovery and validation sets to investigate and confirm vaccination-associated dynamic metabolic responses. The key metabolic modules and pathways related to immune effects were explored. Finally, metabolite markers indicating immunity establishment were defined and validated. Our data indicated that this metabolomics study not only opens up a new way to monitor the vaccination-associated metabolic perturbations but also provides metabolite markers for immune effect evaluation complementary to traditional antibody detection methods.




Figure 1 | Experimental design and sampling points of serum and plasma samples in the study.







Methods




Studied subjects

The study was approved by The Ethics Committee of the 2nd Affiliated Hospital of Dalian Medical University (2021-No.032). 148 male and 182 female Chinese volunteers from Dalian and Anshan were enrolled in this study. All the subjects were randomly divided into the discovery set (n=164) and the validation set (n=166) with matched genders and ages. Written informed consent was provided by each participant. Each participant received the recommended two doses of CoronaVac (8). Fasting blood specimens were sampled using vacuum tubes with EDTA-Na2 as the anticoagulant (for plasma) or tubes containing separation gel (for serum) (Sanli Medical Technology, Hunan, China). Blood samples were collected at five different time points throughout the study, namely before the first vaccination (T1), 3 days after the first vaccination (T2), as well as 3 days (T3), 15 days (T4), and 30 days (T5) after the second vaccination (Figure 1).





Routine clinical laboratory analysis

Blood cell analysis was performed by employing a UniCe® DxH 800 hematology analyzer (Beckman Coulter, Brea, CA) with reagents from the identical manufacturer. Blood glucose, total protein, albumin, total bilirubin, cholesterol, triglyceride, total bilirubin, alanine aminotransferase, aspartate aminotransferase, urea, and creatinine were analyzed by an ADVIA 2400 biochemical analyzer (Siemens Healthineers, Erlangen, Germany). The reagents were purchased from Zhongyuan Biotechnology (Chongqing, China). Serum SARS-CoV-2 Immunoglobulin G (IgG) and Immunoglobulin M (IgM) were detected by an SF100 immunofluorescent analyzer (B&C Biological Technology, Shanghai, China) using the kits provided by the same manufacturer. The concentrations of interleukin 2 (IL-2), interleukin 4 (IL-4), interleukin 6 (IL- 6), interleukin 10 (IL-10), tumor necrosis factor-alpha (TNF-α), and interferon-gamma (IFN-γ) were quantitatively determined using a CBA kit (Human Th1/Th2 Cytokine Kit, JiangXi Cellgene, NanChang, China) analyzed by a BD FASCantoII flow cytometry (San Jose, California).





Untargeted metabolomics and lipidomics analysis

LC-MS based untargeted serum metabolomics analysis was carried out following our previous report (25). Briefly, 400 μL of methanol/acetonitrile (1:1, v/v) was added to 100 μL of serum. After vortexed for 60 seconds, the mixture was centrifuged. Each supernatant was dried in a vacuum centrifuge and then reconstituted in 50 μL of acetonitrile/water (2:8, v/v). For metabolomics analysis, each 3 μL reconstructed sample was loaded on a BEH C8 column (for ESI+ analysis) and an HSS T3 column (for ESI- analysis) (2.1 mm × 50 mm, 1.7 µm particle size) (Waters Corp, Milford, USA) to be separated respectively. The elution was directed to a Q Exactive mass spectrometry (Thermo Fisher Scientific, Rockford, USA) for detection. The flow rate was set at 0.4 mL/min, and the column temperature was 60 °C. Mobile phase A for positive and negative modes was water containing 0.1% (v/v) formic acid and 6.5 mM ammonium bicarbonate respectively. Mobile phase B for positive and negative modes was acetonitrile containing 0.1% (v/v) formic acid and 95% (v/v) methanol containing 6.5 mM ammonium bicarbonate respectively. The positive gradient program started at 5% B maintained for 0.5 min, linearly increased to 60% B at 2 min, then linearly increased to 100% B in 6 min, held for 2 min, then dropped to 5% B in 0.1 min, and held for 2 min. The negative gradient program started at 2% B, maintained for 0.5 min, linearly increased to 40% B at 2 min, then linearly increased to 100% B in 6 min, held for 2 min, then dropped sharply to 2% B in 0.1 min, and held for 2 min. The total run time of positive or negative mode was 12.0 min.

The LC-MS based untargeted serum lipidomics analysis was carried out as described previously (26). Briefly, 240 μL of methanol was added into 20 μL of serum. After brief vortex, 800 μL of methyl tert-butyl ether (MTBE) was added to the mixture. After centrifugation, 350 µL aliquot of each upper layer solution was separated by a BEH C8 (2.1 × 100 mm, 1.7 µm particle size) (Waters Corp, Milford, USA) column. The eluted components were analyzed by a Q Exactive mass spectrometry (Thermo Fisher Scientific, Rockford, USA). The flow rate was 0.3 mL/min, and the column temperature was 60 °C. Mobile phases A and B were acetonitrile/H20 (60:40, v/v) containing 10 mM ammonium acetate and IPA/CAN (90:10, v/v) containing 10 mM ammonium acetate respectively. The gradient program started at 50% B maintained for 1.5 min, linearly increased to 85% B at 9 min, then sharply increased to 100% B in 0.1 min, held for 1.9 min, then dropped sharply to 50% B in 0.1 min, and held for 1.9 min. The total run time of positive or negative mode was 13.0 min.

To monitor the robustness of the metabolomics and the lipidomics analysis, pooled quality control (QC) samples were constructed and inserted into the analysis queue every ten runs. Peak detection and integration were performed by using Tracefinder software (Thermo Fisher Scientific, Waltham). For comparison purposes, each peak area was normalized to the sum area of peaks in the corresponding sample. The metabolite identification was based on our in-house database (27). The lipid identification was first performed by LipidSearch software (Thermo Fisher Scientific, Waltham), and then cross-checked against an open database utilizing specific retention time, exact m/z and MS2 fragments.





Statistical analysis

For univariate analysis, the Wilcoxon Signed-rank test for paired samples was conducted using R software version 4.1.1. The Benjamini-Hochberg (BH) method was utilized to control the false discovery rate (FDR). Adjusted p-values below 0.05 were considered significant. Spearman correlation analysis was used to investigate the relationship between two specific parameters when needed. Partial least square discriminant analysis (PLS-DA) was performed by using SIMCA-P v14.1 (Umetrics, Sweden). Differential correlation analysis was performed using the R package of DGCA (28). Metabolite pairs with differential correlation (p < 0.05) were subjected to multiscale embedded correlation network analysis (using R package of MEGENA) (29).






Results




Immunological and hematological responses to CoronaVac vaccination

The 330 Chinese volunteers were randomly divided into the discovery set (n=164) and the validation set (n=166) with matched genders and ages. Serum immunoglobulin G (IgG) and immunoglobulin M (IgM) were monitored at five different time points individually (Figure 1). The detectable IgM was produced as early as 3 days after the first dose vaccination in some recipients (Figure 2A). While the IgG antibodies could be mainly detected after the second dose vaccination (Figure 2B). For T5, the serum antibody positive rate of the whole vaccinated population was around 81.82% (83.54% and 80.12% in the discovery and validation sets, respectively, Table S1), which was comparable to the corresponding reports (30, 31). In this light, the following study involved in immunity establishment was based on the data at T5 with at least one positive serotype of antibody.




Figure 2 | IgM (A), IgG (B), Lymphocyte (C), Monocytes (D), White blood cell (E), Basophil (F), Eosinophil (G), Neutrophil (H) variations in response to vaccination in the discovery set. Paired nonparametric test, *: pFDR<0.05, **: pFDR<0.01, and ***: pFDR<0.001, compared with T1 (T1 to T5: before the first vaccination (T1), 3 days after the first vaccination (T2), 3 days (T3), 15 days (T4), and 30 days (T5) after the second vaccination; IgG: Immunoglobulin G; IgM: Immunoglobulin M).



Then routine hematological and biochemical results of the discovery set were shown in Table S2. Nearly all blood cell counting and liver function parameters slightly fluctuated after vaccination. Serum total protein, glucose and cholesterol decreased, while triglyceride increased a little bit after vaccination (Figures S1A–H). Counting of the white blood cells (WBCs), neutrophil, basophil and eosinophil decreased conspicuously after 3 days of the first dose vaccination and then increased after the boost dose. While the monocyte number significantly elevated after 3 days of the first vaccination and then gradually declined, presenting an opposite change trend compared to the other immune cells (Figures 2C–G). Of note, all the routine test parameters were within their reference intervals, coinciding with the ~3 years observation in that the CoronaVac did not bring about apparent pathological hematological and biochemical damage. Similar results were also found in the validation set (data not shown). Moreover, no difference was found in the plasma cytokine concentrations (TNF-α, IFN-γ, IL-2, IL-4, IL- 6, and IL-10 (Figures S1I–N) before and after vaccination. This meant that the inactivated virus was not capable of stimulating extra cytokine secretion as the active virus did (32).





Vaccination-associated metabolic responses

To gain a holistic view of the systemic responses to the CoronaVac, the serum metabolic and lipidomic profiling data were acquired based on our reliable metabolomics and lipidomics strategies (Figure S2). The 246 identified metabolites of the discovery set were subjected to principal component analysis (PCA). The 5 time points data of all the recipients before and after the vaccination overlapped each other (Figure 3A), implying no evident adverse effect occurred after the vaccination (33). The separation trend gradually became obvious when the data of T2 to T5 were compared individually with that of T1 after supervised multivariate analysis (Figures 3B–E). The conspicuous metabolic shifts were found at 15 and 30 days after the second dose vaccination (Figures 3D–F), suggesting the metabolic adaptation to the vaccine was still active after one month of the boost dose. Similar metabolic changes were also observed in the validation set (Figure S3). For the sole lipidomics data, no obvious separation trend could be discerned even between T1 and T5 (data not shown), which hinted lipid responses to the vaccination were less sensitive. In the subsequent analysis, the two omics data were combined and called “metabolic profiling (MP) data”.




Figure 3 | Global metabolic difference of subjects with different metabolic variations in response to vaccination in discovery set. (A) Score plot of OPLS-DA model for all subjects at different sampling times (T1~T5). (B–D) Score plot of OPLS-DA model for T1 vs. T2, T1 vs. T3, and T1 vs. T4. (E, F) Score plot and cross validation of OPLS-DA model for T1 vs. T5. In (A–E) UV scaling was used, no overfitting was found.



In the early stage application of CoronaVac, there was a safety concern about old people (34). But, the ~3-year observation data demonstrated that this concern was not necessary even for old people with various chronic diseases (9–15). To address this topic, we compared the MP data between old people and young people. No matter what time point data were considered, no separation could be discerned in the corresponding PCA plots (Figure S4). Even the MP data of young or old people were compared in the light of before and after inoculation, there was no separation in the relevant PCA score plots (Figure S5). These results indicated that all the recipients responded similarly to the vaccine irrespective of their age distribution. Thus, we could conclude that the CoronaVac did not elicit unexpected side effects, at least, in view of perturbations on the metabolome.

According to the ~3 years’ observation data, the immunity was well established after 30 days of the boost dose (12, 30, 34). In this line, the associations between the key metabolites (with pFDR<0.05 in the discovery set) and immune state were further explored based on the MP data of T5. Among the differential metabolites extracted from the comparison between T5 and T1 in the discovery set, 213 metabolites (pFDR<0.05) could be confirmed to be perturbated significantly in the validation set. Correlation analysis exhibited that most of the perturbed metabolites fluctuated in parallel with the counting of WBCs with varied degrees (Figure S6). The correlation between polar metabolites, e.g., amino acids, energy-metabolism-related metabolites, microbe-related metabolites as well as bile acids, and blood immune cells as well as antibodies was mainly positive. Specifically, taurocholic acid (TCA) and taurodeoxycholic acid (TDCA) showed the strongest correlation with serum IgG and IgM. While the negative correlation was found between most of the fatty acids and blood immune cells as well as antibodies, except for polyunsaturated eicosanoic acids and docosanoic acids. For lipids, lysophosphatidylcholines (LPCs) and lysophosphatidylethanolamines (LPEs) presented remarkably positive linkages with serum IgG and IgM. While sphingomyelin showed negative correlations with blood immune cells. Interestingly, TGs of more than 4 double bonds were negatively related to antibody levels. Whereas TGs of less than 4 double bonds presented positive relationships with blood immune cells. Collectively, the CoronaVac triggered a complex adaptation process at the metabolite levels and the metabolite fluctuations were closely related to the blood immune cell numbers and antibody levels.





Key metabolic modules and pathways related to the immune effect

To further confirm the progressively temporal changes of metabolic responses after vaccination, the pathway enrichment analysis was performed based on the validated differential metabolites and lipids at different time points. Rapid responses first occurred in the primary bile acid biosynthesis, unsaturated fatty acid biosynthesis and amino acid metabolic pathways 3 days after the first dose vaccination (T2). The perturbated processes after the boost dose (T3, T4 and T5) included sphingolipid metabolism, phenylalanine metabolism, arginine biosynthesis, arginine and proline metabolism, as well as alanine, aspartate and glutamate metabolism (Figure 4A), indicating the first dose and the second dose triggered different metabolic responses, which were more likely involved in immune memory settlement and activation.




Figure 4 | Key metabolic modules related to vaccine stimuli and crucial metabolites contributed to immune response to vaccination. (A) Pathway enrichment based on validated differential metabolites in the discovery and validation sets between T2, T3, T4 or T5 and T1, as well as between T2 and T3. (B) Differential metabolite correlation analyses of serum metabolites in T5 vs. T1 based on metabolomics profiling in the whole vaccinated population. Changes of correlation between metabolite-pairs in 30 days after the second vaccination (T5) relative to before vaccination (T1) were calculated. Those with differential correlations with p < 0.05 were subjected to construct co-expression network by employing Multiscale Embedded Gene Co-expression Network Analysis (MEGENA). The hub nodes were labeled with hexagon shape. (C) Associations between Hub metabolites and blood immune cells as well as antibody in different timepoints in the vaccinated population with at least a positive antibody at T5 (T2 vs. T1, T3 vs. T1, T4 vs. T1, T5 vs. T1 and T3 vs. T2) (Spearman correlation coefficient, *: p<0·05, **: p<0·01, ***: p<0·001).



To further comprehensively and reliably visualize the complex metabolic adaptation network (MAN) after vaccination and define the key metabolic modules related to immune effects, multiscale embedded gene co-expression network analysis was performed based on the metabolomics profiling of all subjects with at least one serotype positive antibody at T5 (Figure 4B). Three key modules were extracted. Glutamic acid, glutamine, pyroglutamic acid, indoline, kynurenine and leucyl-isoleucine were the hub nodes of Module I, and concurrently linked to dipeptides, bile acids, amino acids, LPCs, LPEs, PCs, as well as microbe-related metabolites. Taurine conjugated bile acids (TCA and TDCA) and FFA 20:4 as the hub nodes of Module II, and were mainly related to the metabolism of PCs, PEs, LPCs and FFAs, etc. The hub nodes of Module III included LPC O-18:0 and acylcarnitines (hexadecenoylcarnitine, oleoylcarnitine, decanoylcarnitine and carnitine C12:2) pathways and were mainly linked to LPCs, LPEs, SMs and long-chain acylcarnitines, etc. Notably, the alterations of major hub metabolites were significantly related to the counting of blood immune cells and the generation of antibodies (Figures 4C; S6). Lysophospholipids, especially LPCs and LPEs with carbon numbers of 16, 18, 20 and 22 entangled with all the key modules. Such results hinted lysophospholipids’ important roles in bridging metabolic adaptation and immunity establishment. The three modules shared similarities in that their hub metabolites were intricately connected by acylcarnitines, amino acids, lipids, bile acids, and so on. Collectively, a complex metabolic adaptation occurred at the global metabolic network level.

The hub metabolites were related to the immune cells in varying degrees (Figure 4C). Conspicuous associations were found between glutamic acid, glutamine, kynurenine, indoline, leucyl-isoleucine, pyroglutamic acid, acylcarnitines, as well as bile acids (TCA and TDCA) and the counting of immune cells in the whole observation period. Interestingly, glutamic acid, indoline, TCA and TDCA maintained a strong correlation with immune cells at 15 days after the boost dose, and presented a stronger correlation with IgG and IgM. The correlation was still evident at 30 days after the second dose. While unconjugated primary bile acid CDCA was found to be associated with white blood cell, monocyte and lymphocyte, which was different with conjugated primary bile acid TCA and TDCA, indicating different immune responses. These results suggested the hub metabolites were related to the reinforcement of immune effects.

When the perturbated metabolites were projected to concrete metabolic pathways, it was found that the metabolic disturbance mainly focused on the processes of glycolysis, tricarboxylic acid cycle, amino acid metabolism, urea cycle, and phospholipids metabolism (Figure S7). Pyruvic acid and lactic acid were significantly elevated after 3 days of the second dose vaccination, implying activated glycolysis. Amino acid metabolism was also significantly up-regulated. While the tricarboxylic acid cycle was down-regulated after vaccination. Decreased ratio of acetylcarnitine (Car C2:0) and propionylcarnitine (Car C3:0) to carnitine implied a reduced β-oxidation rate after vaccination (Figure S7) (35). The ratio of (Car C16:0+Car C18:1) to Car C2:0 was generally considered an indicator of carnitine palmitoyl transferase 2 (CPT2) activity associated with mitochondrial long-chain fatty acid oxidation (36). The reversely increased (Car C16:0+Car C18:1)/Car C2:0 demonstrated the decreased activity of CPT2, which also provided evidence for the metabolic shift from energy supply to building blocks supply. The sum of several lipid species presented increased serum levels after vaccination. The free fatty acids mainly showed a downregulated trend, except for FFA 16:1 and FFA20:4. For TGs, molecules with more than 4 double bonds were significantly decreased, but those with less than 4 double bonds increased after vaccination. The changes of SM, PC and PE were also found, but no obvious consistent change pattern could be discerned (Figure S8).

Nearly all the detectable taurine/glycine-conjugated primary/second bile acids were increased after vaccination, including TCA, GCA, CDCA and etc. Changes of the ratios among different bile acids indicated up-regulated bile acids metabolism, which reflected the active response of co-metabolism between the liver and the intestinal microbiota (Figure S9). Moreover, gut microbes-relevant tryptophan and phenylalanine metabolism memorably increased after vaccination.

It has been demonstrated that two-dose CoronaVac vaccination elicited proper immune memory (37). The metabolic difference between T1 and T5 represented the activation of vaccination-related immune memory. The metabolic difference between T2 and T3 was involved in primary antibody generation and the reinforcement of immune memory building. In this light, immune memory-related metabolites were explored. 60 of the verified differential metabolites overlapped between T2 vs. T3 and T1 vs. T5. These metabolites were mainly related to amino acid metabolism, such as arginine and proline metabolism, arginine biosynthesis, as well as glutamate metabolism (Figure 4A). It was further found that most of the 102 differential metabolites between T2 and T3 were perfectly covered by the MAN (Figures 4B, C). The module hubs, such as arginine, 4-hydroxyquinoline, glutamic acid, glutamine, indoline, taurocholic acid (TCA), taurodeoxycholic acid (TDCA) were perfectly covered.





Immune-related metabolite marker discovery and validation

To refine and focus on the crucial metabolites which contributed to immunity establishment, odds ratios (OR) and their 95% confidence intervals of the differential metabolites were calculated against genders, ages and BMIs. A total of 78 metabolites with OR values >1 were positively associated with the immune responses to the CoronaVac (Figure 5A). Most of these metabolites were the core metabolites in the MAN (Figure 4B). The 78 crucial metabolites in Figure 5A were subjected to binary logistic regression analysis. TCA, LPC 16:0 sn-1, glutamic acid, and phenylalanine were selected as efficient immune markers in the discovery phase. Among them, glutamic acid and TCA were the hubs of Module I and Module II, respectively. LPC 16:0 sn-1 was the linkage metabolites between Module I and Module II. The combination of the 4 metabolite markers could be used to distinguish T5 from T1 with high AUC (AUC=0.96), satisfied sensitivity (89.2%) and specificity (87.7%) (Figure 5B). When these metabolites were used to discriminate T4 from T1, the AUC was 0.833. The sensitivity and specificity were 80.3% and 73.2%, respectively (Figure 5C). The discrimination ability decreased when it came to T3 versus T1, as well as T2 versus T1 (Figures 5D, E, Table S3). Clearly, the discrimination abilities of the 4 metabolites exhibited time-course dependency with respect to immunity establishment. In the validation set, we further found that this combinational pattern of the 4 metabolite markers performed well to indicate immunity establishment (Figures S10A–D).




Figure 5 | Differential metabolites that contribute to metabolic immune response to vaccination and ROC curves of the metabolic markers for the evaluation of immune response. (A) Validated differential metabolites in discovery and validation sets that contribute to metabolic immune response to vaccination based on data of the discovery set. Odds ratios (ORs) per 1 standard deviation increase in levels of differential metabolites between T1and T5 groups and 95% confidence interval (CI), which were adjusted by gender, age, BMI, metabolites marked with “#” were the Hub metabolites from Figure 4B. (B–E) ROC curves of metabolic markers for the evaluation of immune response between T5, T4, T3, or T2 and T1 in the discovery set.








Discussion

The outbreak of COVID-19 has brought about great social and economic changes to human beings. Vaccination is considered to be an effective way to control the spread and prevalence of COVID-19. A specific antibody is a traditional indicator of vaccine effects. Many methods have been developed for SARS-CoV-2 antibody detection (38) although the sensitivities and specificities of these methods varied greatly (39). It should be emphasized that simple antibody detection was not robust enough to evaluate vaccination efficiency because most of the detection kits were also approved for emergent use purposes. The FDA warned the public and healthcare providers that results from currently authorized SARS-CoV-2 antibody tests should not be used to evaluate a person’s level of immunity (https://www.fda.gov/medical-devices/safety-communications/antibody-testing-not-currently-recommended-assess-immunity-after-covid-19-vaccination-fda-safety).

The protection manners of vaccines were diverse. Evidence showed vaccination could not only trigger specific immunity by antibody generation but also elicit trained immunity or innate immune memory driven by epigenetic regulations and metabolic reprogramming (40, 41). The trained immunity was mediated by innate immune cells such as macrophages, monocytes, and natural killer (NK) cells. Such immune responses elicited non-specific memory and could combat secondary homologous or heterologous infections as exemplified by the influenza vaccine and BCG vaccine (42, 43). These protective effects could not be explained by specific antibodies but were achieved by innate immune components such as monocytes, macrophages, NK cells and proinflammatory cytokines (44). We found that cytokines were not significantly changed after vaccination, which was probably because the vaccine was made of inactivated virus. It was also reported that COVID-19 patients with agammaglobulinemia could recover without medical interventions, indicating that T cells alone could clear SARS-CoV-2 sufficiently (45, 46).

Immune cell counts fluctuated slightly but significantly after vaccination, suggesting immune response occurred after inactivated virus entry. Granulocytes decreased after the first dose, while lymphocytes, monocytes, and granulocytes memorably increased after the boost dose (Figures 2C–H). CoronaVac vaccination responses could be observed from the serum biochemical parameter changes (Figure S1, Table S2). The baseline lymphocyte counting was found to be significantly higher in COVID-19 survivors than in non-survivors. Decreased lymphocyte counting in the survivors could be improved during hospitalization, whereas severe lymphopenia was observed at the end stage of the non-survivors (47). These facts demonstrated the important roles of lymphocyte activities in the recovery of COVID-19 patients and the immune responses after the CoronaVac vaccination.

Advanced metabolomics approaches enabled a new possibility to define sequential immune responses at the metabolic level. Conspicuous metabolic changes were found after vaccination in this study. Energy metabolism-related pathways, amino acid metabolism, as well as microbial-related metabolism markedly shifted after vaccination. Glycolysis was critical for immune cell function and could be rapidly activated. The activated immune cells usually switched energy production from tricarboxylic acid cycle to glycolysis although the latter was not the most effective manner for ATP generation (48). Glycolysis provided considerable capacity for biosynthetic intermediates which enable immune cells to function properly (48). Coincidently, the reduction of metabolites in tricarboxylic acid cycle was also found in COVID-19 patients. It was ascribed to viral replication consuming malic acid and aspartate for purine and pyrimidine nucleotide biosynthesis (49). Fatty acid oxidation played an important role in functional immune cell generation and immune memory maintenance. Downregulated fatty acid oxidation had been found in activated effector T cells. This was understandable since the mobilization of immunity-related cells and antibody generation needed more bioenergy and biomaterials (40, 48). Similarly, the metabolism of amino acids (glutamine and arginine, etc.) was also found to play a role in sustaining proper immune function (50, 51), and closely related to immune responses. Many amino acids could be utilized to build antibodies and cytokines (52). Hence, such metabolic responses probably mirrored the immune cells’ activities during the establishment of immunity.

Bile acids, which are synthesized in the liver and further metabolized by intestinal microbiota, exert an extensive array of regulatory functions as signal molecules. Bile acid receptors (TGR5 and FXR) distribute in multiple organs, including the liver, intestine, adipose tissues as well as immune cells (53). It is reported that secondary bile acids are the most effective agonists of TGR5, and taurine and glycine-conjugated bile acids further augment the effects (53). Most of the detectable taurine/glycine-conjugated primary/second bile acids, such as TCA, TDCA and CDCA, were increased after vaccination in this study. Receptors for bile acids were expressed in several cells related to innate immunity (such as monocytes and macrophages etc.), and participated in the fine-tuning of these cells’ reactivity in response to endogenous antigens and bacteria (54). Thus, elevated bile acid metabolism probably contributed to immune cell activation, the establishment of immunity, as well as trained immunity or innate immune memory driven by metabolic reprograming.

In this study, metabolomics analysis suggested that adaptive metabolism changes occurred in humans after vaccination. These alterations reflected the activated metabolic responses of immune cells. The speculated working model was summarized and presented in Figure 6. The pattern was different from those happening in COVID-19 patients in that CoronaVac did not elicit inflammatory responses (49). In summary, systemic metabolic response after a two-dose vaccination with inactivated SARS-CoV-2 in a Chinese population was demonstrated. A complex and conspicuous metabolic adaptation shift occurred in energy metabolism-related pathways (including glycolysis, tricarboxylic acid cycle, fatty acid oxidation), amino acid metabolism, as well as gut microbe-related metabolism. This dynamic adaptation was closely related to the counting of immune cells and probably contributed to immune memory and adaptive immunity. Furthermore, in the light of metabolomics, the biosafety of CoronaVac could be deduced based on metabolome change at the early stage. This study shed light on the interaction between inactivated SARS-CoV-2 and the human immune system at the metabolic level. Metabolomics analysis could benefit immune effect assessment by covering the whole stage of vaccination in a time-saving and result-convincing manner.




Figure 6 | The speculated working model on the establishment of immune effect based on the response at metabolic level.
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Background

To explicate the pathogenic mechanisms of cuproptosis, a newly observed copper induced cell death pattern, in Coronavirus disease 2019 (COVID-19).





Methods

Cuproptosis-related subtypes were distinguished in COVID-19 patients and associations between subtypes and immune microenvironment were probed. Three machine algorithms, including LASSO, random forest, and support vector machine, were employed to identify differentially expressed genes between subtypes, which were subsequently used for constructing cuproptosis-related risk score model in the GSE157103 cohort to predict the occurrence of COVID-19. The predictive values of the cuproptosis-related risk score were verified in the GSE163151 cohort, GSE152418 cohort and GSE171110 cohort. A nomogram was created to facilitate the clinical use of this risk score, and its validity was validated through a calibration plot. Finally, the model genes were validated using lung proteomics data from COVID-19 cases and single-cell data.





Results

Patients with COVID-19 had higher significantly cuproptosis level in blood leukocytes compared to patients without COVID-19. Two cuproptosis clusters were identified by unsupervised clustering approach and cuproptosis cluster A characterized by T cell receptor signaling pathway had a better prognosis than cuproptosis cluster B. We constructed a cuproptosis-related risk score, based on PDHA1, PDHB, MTF1 and CDKN2A, and a nomogram was created, which both showed excellent predictive values for COVID-19. And the results of proteomics showed that the expression levels of PDHA1 and PDHB were significantly increased in COVID-19 patient samples.





Conclusion

Our study constructed and validated an cuproptosis-associated risk model and the risk score can be used as a powerful biomarker for predicting the existence of SARS-CoV-2 infection.





Keywords: COVID-19, SARS-CoV-2, cuproptosis, risk score, immune microenvironment





Introduction

Copper, a prevalent metallic element, functions as an indispensable cofactor for bodily enzymes, exerting regulatory influence over numerous physiological processes encompassing energy metabolism, mitochondrial respiration, and antioxidation (1). Cuproptosis, a recently recognized mode of cell death instigated by copper ions, exhibits a distinctive pattern (2). Unlike well-established forms of cell demise such as apoptosis, pyroptosis, necroptosis, and ferroptosis, cuproptosis relies on mitochondrial respiration. Apoptosis, a programmatic process of cellular demise, assumes a significant role in COVID-19. The infection by SARS-CoV-2 activates both intrinsic and extrinsic apoptotic pathways through the viral protein ORF3a. ORF3a triggers the activation of caspase-8 and the cleavage of Bid, thereby instigating the liberation of mitochondrial cytochrome c and the activation of caspase-9 (3). Anomalous expression of apoptosis-related genes and mitochondrial malfunction have been detected in COVID-19 patients, suggesting the involvement of the intrinsic apoptotic pathway (4). COVID-19 is associated with lymphopenia, which manifests as a reduction in CD4+ and CD8+ T-cell subsets. Lymphocyte apoptosis in COVID-19 is contributed to by mitochondrial dysfunction, anomalous mitochondria, and escalated expression of CD95 (5). Necroptosis, a variant of programmatic cellular demise, is induced by SARS-CoV-2 in human lung cells. The virus triggers the phosphorylation of MLKL via RIPK3, consequently culminating in necroptosis. Higher levels of phosphorylated MLKL are discerned on the plasma membrane of infected cells (6). The ripoptosome, comprising caspase-8, FADD, and RIPK1, governs the RIPK3-MLKL-dependent signaling of necroptosis in the absence of caspase-8 activation (7, 8). Pyroptosis, an immensely inflammatory form of cellular demise, is activated in COVID-19 and contributes to the inflammatory response observed in the disease. SARS-CoV can incite the activation of the NLRP3 inflammasome via viral proteins, thereby yielding an ionic imbalance, mitochondrial impairment, production of reactive oxygen species (ROS), and co-activation of NLRP3 (9, 10). The E protein and ORF3a of SARS-CoV activate NLRP3 by triggering the signaling of NF-κB and promoting the ubiquitination of ASC (11, 12). Nonetheless, while the mechanism of NLRP3 activation by SARS-CoV-2 remains incompletely elucidated, the similarities with SARS-CoV hint at a comparable process (13). Ferroptosis, a controlled form of cellular demise characterized by lipid peroxidation, may be implicated in COVID-19. The infection by SARS-CoV-2 incites oxidative stress, inflammation, and perturbation of iron metabolism, culminating in heightened levels of intracellular iron, lipid peroxidation, and depletion of antioxidant systems (14). The targeted modulation of the ferroptosis signaling pathway through inhibitors holds the potential to alleviate the multi-organ damage inflicted by COVID-19. In cuproptosis process, copper directly binds to the lipid-acylated region of the tricarboxylic acid cycle, inducing lipid-acylated protein aggregation and iron-sulfur cluster protein instability, leading to proteotoxic stress, which causes cell death (15). Additionally, several studies have shown copper’s contribution to immunomodulation. Tan et al. found that lysyl oxidase-like 4 (LOXL4) could promote immune evasion in hepatocellular carcinoma cells, which can be eliminated by abolishing LOXL4-mediated PD-L1 presentation by copper chelators (16). Additionally, copper chelating agents greatly boosted the quantity of CD8+ T and natural killer cells that infiltrated tumors (17). Moreover, clioquinol, a copper chelator, effectively reduces the infiltration of CD4 cells, CD8 cells, and CD20 cells, which are immune cells associated with autoimmune encephalomyelitis (18).

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the cause of the coronavirus disease 2019 (COVID-19), which is currently sweeping the world, placing a significant burden on global economic systems and health systems (19). 634 million confirmed cases and 6.6 million fatalities were reported globally as of November 20, 2022 (https://covid19.who.int/). Patients suffering from COVID-19 exhibit immune system abnormalities, such as immune cells and cytokines. It was found that total lymphocytes, CD4+ lymphocytes, and CD8+ lymphocytes were significantly reduced in COVID-19 patients and were more severely impaired in severe cases (20). After treatment, CD4+ and especially CD8+ T lymphocytes were elevated considerably. In addition, CD4+ lymphocytes were more responsive to viral surveillance than CD8+ lymphocytes (21). As for cytokine, it was revealed that IL-2, IL-4, IL-6, and IL-10 were abnormally activated in COVID-19 patients and that IL-6 levels correlated with disease severity (22). Studies have shown a strong link between COVID-19 and several cell death modalities, including apoptosis, pyroptosis, necroptosis, and ferroptosis. However, no relationship between cuproptosis and COVID-19 has been reported (23). Therefore, further research is needed to investigate the function of cuproptosis in COVID-19 and determine how cuproptosis affects the immunological function of lymphocytes in COVID-19.

In this study, we methodically characterized the immunological landscapes in patients with and without COVID-19 and presented the connection between lymphocytes and cuproptosis in these two groups. Then, we identified two distinct cuproptosis subtypes in COVID-19 patients based on the expression levels of 20 cuproptosis-related genes (CRGs). Interestingly, the two subtypes differed in the immune pathway activities and immune cell compositions. We developed a scoring system called the cuproptosis-related risk score (CRRS) based on four CRGs to more accurately measure the cuproptosis level in each patient group. This technique was subsequently examined using two separate clinical manifestation groups and cuproptosis subtypes. Finally, we developed a nomogram based on CRRS and clinical parameters to accurately identify patients with SARS-CoV-2 infection.





Materials and methods




Transcriptome data collection and pre-processing

Twelve CRGs were obtained from previously published literature (15). The GSE157103 dataset contains gene expression profiles of 100 patients with COVID-19 and 26 patients without COVID-19 (24). Additionally, this dataset included clinical characteristics such as age, gender, APACHE II and Charlson scores, hospital-free days during a 45-day follow-up (HFD45), ferritin, CRP, D-dimer, procalcitonin, lactate, fibrinogen and, SOFA score. The HFD45 metric assigns a score of zero (0-free days) to patients who have been hospitalized for over 45 days or have passed away during their hospital stay. Conversely, patients with shorter durations of hospitalization and milder disease conditions are assigned higher HFD45 values (25). The GSE163151 dataset, GSE152418 dataset, and GSE171110 dataset are all COVID-19 datasets used to validate CRGs expression patterns and assess the predictive efficiency of CRRS (26–28). The platform’s annotation files were downloaded, the probes were converted into gene symbols, and the expression level of the genes was calculated using the maximum expression level of the duplicate gene symbols.





Identification of cuproptosis subtypes

The R package “ConsensusClusterPlus” was used to identify cuproptosis subtypes according to the expression levels of CRGs (29). To confirm variations in the distribution of cuproptosis subtypes, principal component analysis (PCA) was applied. Next, we investigated how cuproptosis subtypes related to prognosis and other clinicopathological characteristics, including age, sex, mechanical ventilation status, diabetic status, and whether admitted to the ICU, in order to evaluate the clinical significance of these two subtypes. We compared the HFD45 values of different cuproptosis subtypes to assess prognostic differences. Box plots were used to compare the CRG expression levels in the two cuproptosis subtypes. Sankey plots were then plotted based on the ggalluvial R package to visualize the relationship between cuproptosis subtypes and other clinical variables. Finally, we mapped the heatmap of gene expression patterns of CRGs in different subgroups.





Functional enrichment profiling and immunological landscape of cuproptosis subgroups

Gene set variation analysis (GSVA) is an analytical approach for enrichment analysis of microarray and RNA-seq data under parameter-free and unsupervised conditions, which probes the differences in target gene sets across samples by calculating normalized enrichment statistics (NES) (30). The biological functions that differ between cuproptosis clusters were displayed using a heatmap based on the NES of patients with COVID-19. With the help of the limma package, we obtained differentially expressed genes (DEGs) from the two cuproptosis subtypes and carried out gene set enrichment analysis (GSEA). P<0.05 was considered as a statistically significant difference (31, 32). IOBR is an R software package that integrates eight published methods for decoding the immune microenvironment: CIBERSORT, TIMER, xCell, MCPcounter, ESTIMATE, EPIC, IPS, quanTIseq, thus being used to explore the differential profile of immune cell types in different samples (33). The CIBERSORT algorithm was applied to quantify the level of infiltration of 22 immune cell signatures for each COVID-19 sample and the immune score of COVID-19 patients was calculated using the ESTIMATE algorithm (34, 35). To validate the immunological profiles of the cuproptosis subtypes, the differences in gene expression of T cell stimulators and major histocompatibility complexes were compared between different clusters. Subsequently, variations in clinical characteristics were compared between the two clusters. P< 0.05 was considered to be statistically different.





Construction of the CRRS

In order to gain deeper insights into the underlying molecular mechanisms of the cuproptosis pathway, we conducted a comprehensive screening of potential biomarkers within the GEO cohort. The screening process involved the utilization of LASSO, random forest, and support vector machine algorithms. Initially, these three machine learning algorithms were applied to identify the differentially expressed genes between the two subtypes. Subsequently, these identified genes were employed in the construction of a predictive model. Genes were then included in multivariate logistic regression analysis with p-values less than 0.05 to establish the CRRS based on the regression coefficients.   and n, C, E represent the number of signature CRGs, the coefficients, and the gene expression level, correspondingly. According to the median value of the CRRS, patients were grouped into two groups, the high-risk group and the low-risk group, and the differences in the correlation of the CRRS with clinical indicators between the two groups were compared. The reliability of the CRRS is commonly evaluated using recipient operating characteristic curve (ROC). The pROC package was utilized to perform ROC analysis (36). To assess the effectiveness of the CRRS and compare it with other CRGs, the AUC values of the ROC curves were generated. Meanwhile, to further validate the accuracy of the scoring model, ROC curve analysis was also performed on several external validation sets (GSE152418 and GSE171110).





Building and assessment of a nomogram

In order to determine if CRRS could be considered as an independent factor for COVID-19 and build the cuproptosis-related model, univariate and multivariate logistic regression analyses were used. Then, a nomogram was constructed by combining age, sex, diabetic status, whether admitted to ICU, mechanical ventilation status, HFD45, Charlson score, and CRRS. The rms package created a calibration plot to demonstrate the consistency between the expected endpoint events and the true outcome. ROC curve was routinely applied to test the reliability of the cuproptosis-related-model.





Validation of model genes based on proteomics and single cell analysis

Based on the findings from our previously published proteomics studies conducted by our research team, we proceeded to validate the expression levels of the corresponding proteins associated with the four model genes in both COVID-19 tissue samples and control samples (37). Subsequently, we extended our validation efforts by analyzing the expression of these four model genes in COVID-19 using single-cell analysis. This analysis was performed using SPEED, an online single-cell multi-omics analysis tool that incorporates diverse datasets from over 120 species, encompassing evolutionary, developmental, and disease-related information (38). The single-cell sequencing data from five COVID-19 patients can be accessed in the CNGB Nucleotide Sequence Archive (CNSA: https://db.cngb.org/cnsa), with the dataset ID CNP0001102 (39). Initially, we utilized the UMAP algorithm to reduce the dimensionality and cluster the single-cell expression data. Cell types were defined based on classical cell markers. Subsequently, we generated heatmaps to compare the expression levels of the four model genes across different cell types.






Results




CRGs are associated with immune characteristics of COVID-19

Figure 1 presents the workflow. Twelve CRGs (CDKN2A, FDX1, DLD, DLAT, LIAS, GLS, LIPT1, MTF1, PDHA1, PDHB, SLC31A1, and ATP7B) were analyzed in this work. Except for LIPT1, COVID-19 patients had significantly higher expression levels of the other eleven CRGs. (Figure 2A). We portrayed the correlation pattern to investigate the relationships between CRGs (Figure 2B). Overall, there was a strong correlation between the 12 CRGs. the highest correlation coefficient (coefficient=0.92) was found between PDHB and DLAT (P<0.05), which means they may function synergistically. Meanwhile, the correlation between CDKN2A and the other CRGs was weak.




Figure 1 | Workflow diagram of this study.






Figure 2 | Correlation between CRGs expression and immune characteristics in COVID-19. (A) The expression of 12 CRGs of blood leukocytes between patients with or without COVID-19. (B) Correlation plot of 12 CRGs. The positive correlation was marked with red, and negative correlation was marked with blue. (C) Heatmap of the correlations between 12 CRGs and 22 immunocytes. (D) Heatmap of the correlations between 12 CRGs and 12 T-cell stimulators. (E) Heatmap of the correlations between 12 CRGs and 19 human leukocyte antigen (HLA) genes. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001, ns, no significance.



To further delineate the association between CRGs and immunological characteristics, such as immune cells, T-cell stimulators, and human leukocyte antigen (HLA)genes, we analyzed their correlation. Through the CIBERSORT algorithm, the proportion of 22 immune cells in COVID-19 was assessed (34). Several infiltrating immune cells were associated with CRGs (Figure 2C). The strong relations between neutrophils and CRGs and their strongest positive and negative correlations with MTF1 and FDX1, respectively, imply that MTF1 and FDX1 may regulate neutrophil infiltration in COVID-19. Correlation analysis revealed that T-cell stimulators were closely correlated with CRGs (Figure 2D), implying that the expression of T-cell stimulators in COVID-19 may be influenced by CRGs. Similar to immune cells, HLA genes showed strong correlations with CRGs (Figure 2E). The strongest positive connection, 0.84, was found between HLA-DRA and LIPT1. The most inverse relationship between HLA-DQB1 and MTF1 was observed, having a correlation coefficient of -0.37. These suggest that CRGs may affect HLA gene expression in COVID-19.





Cuproptosis subgroups in COVID-19

In COVID-19, two subtypes were characterized using unsupervised clustering methods, including 51 cases of cuproptosis-related cluster A and 49 cases of cuproptosis-related cluster B (Figure 3A). Based on the results of PCA analysis, all patients could be roughly divided into two parts, which further supported that two subtypes are different (Figure 3B). Next, we compared the HFD45 values of the two subtypes to evaluate the prognostic disparities between the two clusters (Figure 3C). The results showed that HFD45 values were higher for cuproptosis-related cluster A, meaning that cuproptosis-related cluster A had a better prognosis. Next, we investigated how the two groups related to different clinical characteristics (Figure 3D). More patients in cluster A were admitted to the ICU, were mechanically ventilated, and suffered from diabetes compared to those in cluster B, which also verified that cluster A had a better prognosis. Except for MTF1, the remaining eleven CRGs were significantly upregulated in cuproptosis-related cluster A (P<0.05) (Figure 3E). The transcriptome map of CRGs differentially expressed in the two cuproptosis subtypes was sketched in the heatmap (Figure 3F). Based on the analysis of the heatmap, we observed that the CRGs exhibited predominantly high expression levels among female patients who were aged 60 years or younger. Furthermore, this high expression pattern was observed in patients who were not mechanically ventilated and were not admitted to the ICU. However, we did not identify a significant association between the expression of CRGs and the diabetic status of the patients. Figure S1 shows that ventilator-free days differed between the two subgroups (Figure S1A) (P<0.05). In addition, the number of patients admitted to the ICU and undergoing mechanical ventilation also differed between the two subgroups (Figures S1B, C) (P<0.05). These suggest that CRGs may influence the development of COVID-19 through several potential mechanisms.




Figure 3 | Consensus clustering of CRGs in COVID-19. (A) Consensus matrix of patients in the GEO cohort for k = 2. (B) PCA analysis of cuproptosis subtypes. (C) The HFD45 between the two cuproptosis clusters. (D) Alluvial map showing the changes of cuproptosis cluster, ICU status, mechanical ventilation status and diabetes mellitus status. (E) The expression of 12 CRGs of blood leukocytes between the two cuproptosis clusters. (F) Heatmap of 12 CRGs between the cuproptosis clusters and clinical feature annotation was used.  **p < 0.01, ****p < 0.0001, ns, no significance.







The immunoscape of cuproptosis subtypes

We performed GSVA analysis to ascertain discrepancy in enrichment analysis between the two cuproptosis subtypes and discovered that the two subtypes displayed different immune infiltration patterns. The heatmap revealed that immunological pathways, such as T-cell receptor signaling pathways and B-cell receptor signaling pathways, were considerably abundant in cluster A (Figure 4A). Meanwhile, GSEA analysis was carried out to verify the variations in immunological pathways in the two cuproptosis clusters. The findings revealed that the T cell receptor signaling pathway, Th1 and Th2 cell differentiation, and Th17 cell differentiation were considerably enriched in DEGs substantially expressed in cluster A (Figure 4B). Given the strong correlation between cuproptosis subtypes and immunoreactivity, we used the CIBERSORT algorithm to determine the degree of immune infiltration in both clusters (Figure 4C). While the cluster B subtype was distinguished by high infiltration of neutrophils, the cluster A subtype was characterized by high abundance of naive B cells, plasma cells, CD8 T cells, activated memory CD4 cells, follicular helper T cells, resting NK cells, monocytes, macrophages M2, and resting dendritic cells. Then, the ESTIMATE method was used to determine the immune score. As shown in Figure 4D, higher immune scores were also exhibited in cluster A compared to cluster B. Finally, we investigated how both subtypes related to HLA genes and T-cell stimulators. T-cell stimulators were higher in cluster A, with the exception of TNFRSF14 (Figure 4E). The expression levels of HLA genes tended to be higher in cluster A except for HLA-A, HLA-B, HLA-C, HLA-E, HLA-F, HLA-G, and HLA-DRB5 (Figure 4F).




Figure 4 | Clinical significance and immune landscape of cuproptosis subtypes in the GEO cohort. (A) GSVA analyzed the biological pathways of two cuproptosis subtypes. Red represents the activation of biological pathways and blue represents inhibition of biological pathways. (B) Gene set enrichment analysis (GSEA) shows the significant enrichment in immune-associated biological processes. (C) The landscape of immune cell infiltration between two cuproptosis subtypes. (D) Immune score between two cuproptosis subtypes. (E) Gene expression of T-cell stimulators gene sets between two distinct clusters. (F) Gene expression of HLA gene sets between two distinct clusters. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001, ns, no significance.







CRRS for the prediction of COVID-19

All 126 patients in the GEO cohort were subjected to model construction. First, ten genes were screened based on machine learning algorithms (Figure 5A). After including these genes in the multivariate logistic regression model, the expression values of 4 CRGs were used to construct the CRRS signature (Figure 5B). The formula for calculating the CRRS was as follows: CRRS= (-3.38548*CDKN2A)+ (-0.30651*MTF1)+ (-0.42584*PDHA1)+ (0.16582*PDHB). The expression values of the four model-related genes were validated using the GSE163151 dataset and they were found to be differentially expressed between the two cuproptosis clusters, which is also consistent with the results in Figure 3E (Figure 5C). The combined model showed the most significant area under the ROC curve (AUC) compared to other individual models in three separate datasets (GSE157103, GSE152418, and GSE171110), demonstrating the best prediction performance of the combined model (Figures 5D-F). Furthermore, the optimal cutoff value of the ROC curve for the risk score was calculated to be -2.172, with a specificity and sensitivity of 1.000 and 0.640 respectively. Consequently, individuals with a risk score lower than -2.172 can be identified as having a COVID-19 infection. In this study, we found that COVID-19 patients have lower risk score values than non-COVID-19 patients, indicating that a lower risk score value is more likely to be diagnosed with COVID-19(Figure 6A). The above results further elucidate the fact that only models containing the four CRGs mentioned above can produce accurate prediction.




Figure 5 | Construction of the CRRS. (A) Intersection of critical genes via multiple machine-learning algorithms. (B) Multivariate analysis for the GEO cohort. (C) The expression of 4 signature-related genes between the two cuproptosis clusters. (D) ROC analyses of the diagnostic efficacy for the CRRS and 4 signature-related genes in GSE157103. (E) ROC analyses of the diagnostic efficacy for the CRRS and 4 signature-related genes in GSE152418. (F) ROC analyses of the diagnostic efficacy for the CRRS and 4 signature-related genes in GSE171110. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001, ns, no significance.






Figure 6 | Correlation between CRRS expression and clinical parameters. (A) CRRS between the two cuproptosis clusters. (B–E) The correlations between CRRS and age (B), the number of patients undergoing mechanical ventilation (C), CRP (D) and ferritin (E).



Patients were grouped into two groups, the high-risk group and the low-risk group, based on the median value of the CRRS. Between the two groups, there were differences in the number of patients receiving mechanical ventilation and the age distribution of the patients (Figures 6B, C) (P<0.05). In addition, CRP and ferritin levels were negatively correlated (P<0.05) (Figures 6D, E), which implies that CRGs may influence COVID-19 progression through lactate metabolism and ferritin metabolism.





CRRS can be considered as an independent factor in COVID-19

We used logistic regression analysis to examine if CRRS was a independent factor in COVID-19. Age, sex, diabetic status, whether admitted to ICU, mechanical ventilation status, HFD45, Charlson score, and risk score were analyzed as covariates. The findings demonstrated that the independent predictors of COVID-19 occurrence were HFD45, risk score, and Charlson score (Figures 7A, B). Since age is a crucial determinant of COVID-19 severity and progression (40), by combining independent factors and age, we created a nomogram, as a therapeutically useful quantitative technique to estimate the likelihood of prevalence in COVID-19 patients (Figure 7C). Additionally, the calibration plot demonstrated that the nomogram’s performance was comparable to that of the ideal model (Figure 7D). The nomogram displayed strong predictive power, as demonstrated by the ROC (Figure 7E).




Figure 7 | Establishment of the nomogram model. (A, B) Univariate analysis and multivariate analysis containing CRRS and clinical factors. (C) Establishment of the nomogram model based on age, HFD45 and CRRS. (D) Predictive robustness of the nomogram model as disclosed by the calibration curve. (E) ROC analysis of the diagnostic efficacy for the nomogram model.







Verification of the model genes in clinical samples and single-cell analysis

Among the four model genes, we observed the detection of corresponding proteins only for PDHA1 and PDHB. In COVID-19 samples, the expression of PDHA1 was significantly higher compared to control samples, while the difference in PDHB expression between COVID-19 and control samples was not statistically significant (Figure 8A). Subsequently, we explored the relationship between the expression of the four model genes and different cell populations. Through clustering, we identified 16 distinct cell clusters, which were further consolidated into 14 cell populations based on marker gene expression. These populations included MAIT cells, Activated CD4 T cells, Cytotoxic CD8 T cells, Naive T cells, Naive B cells, NK cells, Memory B cells, Plasma XCL+ NK cells, Cycling T cells, Monocytes, Cycling Plasma cells, Dendritic cells (DCs), and Megakaryocytes (Figure 8B). Our findings revealed that PDHA1, PDHB, and CDKN2A exhibited prominent expression in Cycling Plasma cells, while MTF1 demonstrated predominant expression in Monocytes (Figure 8C).




Figure 8 | Validation of model genes expression in COVID-19 lung tissue proteomics and single-cell data. (A) PDHA1 and PDHB expression in COVID-19 lung tissue proteomics. (B) The UMAP plot shows the cell types identified in COVID-19 with different colors. (C) Heatmap depicts PDHA1, PDHB, MTF1 and CDKN2A expression across major cell types. *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001, NS, no significance.








Discussion

Patients with COVID-19 may experience immune system changes. Tian et al. discovered that the number of helper T (Th) cells and Tregs in COVID-19 were below normal levels, which are both more obviously decreased in severe groups (21). In addition, the expression of inhibitory receptors on CD8+ T cells, including PD-1, TIM-3, TIGIT, CTLA-4, and NKG2A were increased in the early phase after infection (41). Moreover, the magnitude of anti-SARS-CoV-2 antibody reaction correlated with the severity of COVID-19 disease. It has been demonstrated that T-cell memory unique to SARS-CoV-2 can be preserved for ten months in patients convalescing from COVID-19 (42, 43). However, the fundamental mechanism of immune cell activation in COVID-19 is still not fully understood.

As an essential trace element in the body, copper has a broad and vital role in biological systems. Copper metabolism in the body is in a state of dynamic equilibrium, termed copper homeostasis. When copper homeostasis in the body is disrupted, abnormal copper metabolism can lead to a series of diseases. Diseases such as Wilson′s disease, Menkes disease, Alzheimer′s disease, Parkinson′s disease, obesity, hypertension, and tumors have been proven to be implicated in abnormal copper metabolism (44–50). Copper is engaged in the functionality of immune cells such as natural killer cells and macrophages, based on which it can help kill some viruses such as bronchitis viruses, single- or double-stranded DNA, and RNA viruses (51). Interestingly, copper also exerts a role in COVID-19. It was found that whole blood copper levels were significantly higher in COVID-19 patients with severe condition compared to those with non-severe condition (52). In addition, during the initial stages of the disease, COVID-19 patients had increased serum levels of copper ions, which were mainly associated with the inflammatory response (53). Moreover, copper ion levels are valuable in the prognosis prediction of COVID-19 patients. One research found that serum copper and selenium levels in COVID-19 patients helped predict patient prognosis, and copper supplementation in patients diagnosed with copper deficiency may improve the prognosis of the disease (54). Cuproptosis, as a newly observed copper ion-induced cell death form, copper death, has been demonstrated to be a potential therapeutic target for Wilson’s disease and cancer, but its role in COVID-19 remains unclear (55).

In this study, we performed a thorough analysis of the cuproptosis landscape in COVID-19 patients. When compared to those who did not have COVID-19, the expression levels of CRGs were higher in COVID-19 patients’ blood lymphocytes, indicating that cuproptosis may play an essential role in COVID-19 patients.

Subsequently, based on the expression of CRGs, we discovered that COVID-19 could be divided into two subgroups, cuproptosis cluster A and cuproptosis cluster B. These two subtypes showed a significantly different prognosis, with cluster A having higher HFD45 values than cluster B. More patients in cluster B had diabetes, and had been treated by mechanical ventilation, as revealed by an analysis of clinical features, helps to explain why this cluster has a worse survival rate. The causes of these disparities were clarified using GSVA and GSEA enrichment analysis. The findings demonstrated that T cell receptor signaling, Th1 and Th2 cell differentiation, and Th17 cell differentiation were highly enriched in cluster A, which is associated with immunological activation. Therefore, we looked into the connection between immune cell infiltration and two cuproptosis subtypes.

Because of the complexity of the human immune system, various immune cells have various functions. Macrophages typically consist of two subtypes, with M1 macrophages playing a pro-inflammatory role and M2 macrophages playing an anti-inflammatory and immunomodulatory role by secreting IL-10 and TGF-β to assist in tissue repair, revascularization, and homeostasis maintenance while reducing inflammation (56). In humans, neutrophils are the most prevalent immune cells. Previous studies have highlighted the potential association between elevated neutrophil levels and unfavorable tumor prognosis. This correlation can be attributed to several factors, including the immunosuppressive effects of neutrophils, their ability to promote tumor growth, and their facilitation of tumor cell migration and invasion through the release of factors such as hepatocyte growth factor (HGF) (57–59). In renal cell carcinoma, intratumoral neutrophils, along with other factors like myeloid-derived suppressor cells, arginase, reactive oxygen species, B7-Hx, and PD-1, contribute to the inhibition of an effective immune response, thus allowing the tumor to evade immune surveillance and foster its growth (59). Similarly, in bronchioloalveolar carcinoma, tumor-infiltrating neutrophils produce HGF, which promotes the migration of tumor cells through its interaction with the c-met receptor on tumor cells. Elevated levels of HGF in bronchoalveolar lavage fluid are associated with poorer clinical outcomes in patients with bronchioloalveolar carcinoma (58). In the present study, we observed that cuproptosis cluster A exhibited lower neutrophil infiltration compared to cuproptosis cluster B. Furthermore, cuproptosis cluster A demonstrated a higher HFD45 value, providing further validation that cuproptosis cluster A is associated with a more favorable prognosis. The conversion of B cells into plasma cells for antibody production is facilitated by T-follicular helper cells, which is essential for eradicating viruses and bacteria. Several studies have demonstrated that T-follicular helper cells help to contain hepatitis C virus infection, human immunodeficiency virus infection, and group A streptococcal bacterial infection (60). CD8+ T cells are cytotoxic cells. The presence of virus-specific CD8+ T lymphocytes was linked to better COVID-19 outcomes in SARS-CoV-2 infection (61). Natural killer cells are important early effector lymphocytes. Lower NK cell counts have been reported to be associated with poorer survival rates in COVID-19 (62). As previously described, we determined the relationship between cuproptosis and T-cell activators, HLA genes, and immune cell infiltration and found that cuproptosis and immune regulation are tightly linked. Next, we examined the connection between immune cell infiltration and cuproptosis subtypes. We found that M2 macrophages, T follicular helper cells, CD8 T cells, and natural killer infiltrated more in cluster A than in cluster B, which was associated with anti-inflammatory and viral clearance, and therefore led to a better prognosis. In addition, T-cell stimulators, and human leukocyte antigen (HLA) genes were also upregulated in cluster A, further confirming the better prognosis of cluster A. On the other hand, neutrophils were more infiltrated in cluster B than cluster A, thus leading to a poorer prognosis.

Given the influence of CRGs and cuproptosis subtypes on clinical results, we constructed a cuproptosis-related risk score based on univariate and multifactorial logistic regression analysis using four identified genes (CDKN2A, MTF1, PDHA1, PDHB). CDKN2A is an essential tumor suppressor gene encoding p14ARF and p16INK4A. Lungs of patients who died from SARS-CoV-2 have been reported to express more p16INK4A than those who died from other causes, which may be due to upregulation of CDKN2A leading to cell cycle arrest and thus apoptosis (63, 64). MTF-1 is a zinc-dependent transcription factor that is involved in maintaining intracellular metal homeostasis as well as regulating inflammatory responses. When inflammation occurs, zinc ions are released from metallothioneins. Free zinc ions stimulate MTF-1 function and decrease gene expression of pro-inflammatory cytokines, thereby regulating inflammation (65, 66). PDHA1 encodes the pyruvate dehydrogenase alpha subunit, which is part of the pyruvate dehydrogenase (PDH) complex. PDHA1 has been reported to facilitate the activation of the NLRP3 inflammasome in response to COVID-19 infection (67). Similar to PDHA1, PDHB encodes the pyruvate dehydrogenase beta subunit (68). PDHB is aberrantly expressed in gastric cancer and is associated with a better prognosis. In addition, it has been shown that inhibition of PDHB promotes colorectal cancer growth and metastasis (69, 70). However, there is no report of PDHB with COVID-19.

In this study, the CRRS achieved high AUC values in several datasets. We conducted a comparative analysis of the CRRS with existing models for COVID-19 prediction, and the results demonstrated the excellent predictive performance of the CRRS. Sun et al. developed a model utilizing ferroptotic genes, achieving an AUC value of 0.897 (71). Zhou et al. employed machine learning methods to construct a disease diagnostic model with an AUC value of 0.815 (72). Moreover, Nguyen et al. introduced a novel index, CD24-CSF1R, which exhibited a significant correlation with COVID-19 severity, yielding an AUC of 0.850 (73). These findings indicate that the CRRS demonstrates competitive discrimination power and model performance, as it achieves comparable or even higher AUC values when compared to the referenced models. What’s more, patients with COVID-19 had a lower risk score than those with COVID-19; thus, the CRRS is a protective score. Previous studies have reported that CRP and fibrinogen were more elevated in patients with COVID-19 (74, 75). Coincidentally, the findings of correlation analysis revealed that the CRRS was adversely linked to CRP and fibrinogen, consistent with the results of the study as mentioned above. These findings suggest that CRRS is a promising predictor of clinical result and prognosis in patients with COVID-19. Finally, combined with other clinical parameters, univariate and multifactorial logistic regression analyses showed that CRRS was an independent factor for COVID-19.

This study possesses certain limitations that warrant acknowledgment. Firstly, the precise relationship between CRGs and COVID-19 necessitates further evaluation and validation in larger sample sizes and diverse populations. In addition, we could not analyze the precise prognostic value of CRRS because HFD45 only provided a rough prognostic response, and the GSE157103 dataset did not provide specific survival information.

In conclusion, our investigation showed that patients with different cuproptosis subtypes had different immune infiltration features. The CRRS can reliably identify patients contracting COVID-19 and predict clinical results. In conclusion, our research sheds new light on cuproptosis in SARS-CoV-2-infected patients’ blood cells. It provides a tool for assessing clinical prognosis and the likelihood of COVID-19 infection.
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Background: The worldwide epidemic of Coronavirus Disease 2019 (COVID-19) has evolved into multiple variants. The Delta variant is known for its ability to spread and replicate, while data are limited about the virus shedding time in patients infected by the Delta variant.

Methods: 56 Delta variant and 56 original SARS-CoV-2 infected patients from Hunan, China, matched according to age and gender divided into two groups and compared the baseline characteristics and laboratory findings with appropriate statistical methods.

Results: Patients infected with the Delta variant had significantly fewer symptoms of fever (p < 0.001), fatigue (p = 0.004), anorexia (p < 0.001), shortness of breath (p = 0.004), diarrhea (p = 0.006), positive pneumonia rate of chest CT (p = 0.019) and chest CT ground glass opacities (p = 0.004) than those of patients with the original SARS-CoV-2. Patients of the Delta variant group had a significantly longer virus shedding time [41.5 (31.5, 46.75) vs. 18.5 (13, 25.75), p < 0.001] compared with the original SARS-CoV-2 group. The correlation analyses between the virus shedding time and clinical or laboratory parameters showed that the virus shedding time was positively related to the viral strain, serum creatinine and creatine kinase isoenzyme, while negatively correlated with lymphocyte count, total bilirubin and low-density lipoprotein. Finally, the viral strain and lymphocyte count were thought of as the independent risk factors of the virus shedding time demonstrated by multiple linear regression.

Conclusion: COVID-19 patients infected with the Delta variant exhibited fewer gastrointestinal symptoms and prolonged virus shedding time than those infected with the original SARS-CoV-2. Delta variant and fewer lymphocyte were correlated with prolonged virus shedding time.

KEYWORDS
 SARS-CoV-2, delta variant, COVID-19, virus shedding time, risk factor


1. Introduction

At the end of 2019, the world became aware of the outbreak of human infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The pandemic has continued till now and has not yet subsided. SARS-CoV-2 has developed diverse variations as a result of the viral genome’s ongoing evolution (1), which has brought immense challenges to the prevention and treatment of Coronavirus Disease 2019 (COVID-19).

The SARS-CoV-2 variants Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2) have been classified by the World Health Organization (WHO) as variants of concern. Delta variant with considerable transmissibility and immune evasion capabilities have drawn a lot of attention (1, 2), were detected in India in October, 2020. It has been reported that the duration of viable viral shedding in confirmed patients may be influenced by new variants and SARS-CoV-2 vaccination strategies (3, 4). Patients with COVID-19 infected the Delta variant showed more prolonged viable viral shedding than those infected non-Delta variants before occurring the Delta variant (5). In addition, the duration of viral shedding is an important indicator for assessing the epidemic disease transmissibility (6, 7). Many studies have discussed risk factors associated with prolonged virus shedding time in COVID-19 patients (8–16). However, the relation between prolonged virus shedding time and SARS-CoV-2 variants remains unclear.

The outbreak in Hunan in August 2021 was caused by the Delta variant, while in 2020 was caused by the original SARS-CoV-2. This study aims to compare the characteristics of COVID-19 patients infected by the Delta variant and the original virus, especially discussing the independent risk factor of the difference between the two groups in the virus shedding time.



2. Methods and materials


2.1. Design and participants

The study is a retrospective observational study, which enrolled 56 Delta variant and 56 original COVID-19 patients matched with age and gender using propensity score matching, who were hospitalized in Hunan in 2020 to 2021. Each group includes 34 males and the average age is 41 years old.



2.2. Reverse transcription polymerase chain reaction

Throat swab samples were used to extract the nucleic acid by an automatic system from Nathch CS (Sansure Biotech, Hunan, China) and Mingde (Wuhan, China) for the Original and Delta variants, separately. Then, the nucleic acid amplification was conducted on slan96P (Shanghai Hongshi Medical Technology Co., LTD) and Yari MA-6000 (Mingde, Wuhan, China) separately.



2.3. Data collection

Epidemiological characteristics, comorbidities, clinical symptoms, radiography findings, medication history, baseline laboratory findings, and disease severity during hospitalization were extracted from the electronic medical records. The diagnosis of COVID-19 was based on RT-PCR results. Virus shedding time was defined as the duration between symptoms onset for symptomatic patients or first positive COVID-19 RT-PCR for asymptomatic cases and the first negative COVID-19 RNA (Ct ≥ 40) before discharge. Fever was defined as an axillary temperature ≥ 37.3°C. The definition of severe COVID-19 patients was determined according to the Chinese diagnosis and treatment protocol for novel coronavirus pneumonia (17). Data extraction was performed independently by two researchers, and a third researcher was brought in to assess if there were any discrepancies. This study was approved by The Institutional Ethics Board of The Second Xiangya Hospital of Central South University and Renmin hospital of Zhangjiajie, Hunan.



2.4. Statistical analyses

The quantitative variables were found to be non-normally distributed and were described as median (interquartile range, IQR). Comparisons between groups of independent quantitative variables were performed using Mann–Whitney test for the non-normal distribution. Categorical variables were described as frequency and percentage, and Fisher’s exact test or chi-square test were used for analyses. The Spearman correlation was applied to assess the correlations between virus shedding time and other variables. Multiple linear regression analysis was conducted to determine potential factors associated with virus shedding time included in the variables with p < 0.05 in the correlation analysis. All tests were two-sided and a value of p of <0.05 was considered statistically significant. Data analysis was performed using SPSS software (SPSS 26.0; IBM, United States) and the figure was designed using RStudio (Version 1.2.5001; RStudio, United States).




3. Results

The baseline characteristics of the enrolled 112 patients are shown in Table 1. The patients in the Delta variant and the original SARS-CoV-2 groups were matched according to gender and age. The Delta variant group exhibited a higher proportion of smoking (12.50% vs. 1.79%, p = 0.041), as well as lower incidences of fever (30.36% vs. 71.43%, p < 0.001), fatigue (17.86% vs. 44.64%, p = 0.004), anorexia (5.36% vs. 42.86%, p < 0.001), shortness of breath (7.41% vs. 30.36%, p = 0.004), and diarrhea (3.57% vs. 23.21%, p = 0.006). The Delta variant group also had significantly lower proportions of chest CT positive for pneumonia (75.00% vs. 92.86%, p = 0.019) and chest CT ground glass opacities (42.86% vs. 69.64%, p = 0.004) compared to the original SARS-CoV-2 group. What is particularly noteworthy is that the virus shedding time of the Delta variant group was dramatically longer than the original SARS-CoV-2 group [41.5 (31.5, 46.75) vs. 18.5 (13, 25.75) day, p < 0.001], despite a significantly higher vaccination rate in the Delta variant group compared to the Original group (80.36% vs. 0%, p < 0.001).



TABLE 1 Baseline characteristics of Delta variant and original SARS-CoV-2 infected patients.
[image: Table1]

The laboratory findings at initial admission of these two groups were contrasted (Table 2). Patients in the Delta variant group had lower lymphocyte counts (Lys) [0.95 (0.72, 1.36) vs. 1.30 (0.95, 1.73) x109/L, p = 0.001], and lower erythrocyte sedimentation rates (ESR) [20.50 (12.25, 32.25) vs. 35.00 (18.50, 66.00) mm/h, p = 0.003] than those in the original SARS-CoV-2 group. In terms of liver function, the total bilirubin (TBil) [8.20 (6.50, 11.20) vs. 10.94 (7.35, 16.51) μmol/L, p = 0.009] of the Delta group was significantly lower while albumin (Alb) [44.60 (41.05, 45.40) vs. 38.95 (35.95, 42.10) g/L, p < 0.001] was significantly higher than the original SARS-CoV-2 group. With regard to the renal function, cardiac function, and blood lipid levels, the Delta variant group showed higher levels of creatinine (Cr) [70.00 (56.28, 82.65) vs. 46.69 (39.86, 57.00) μmol/L, p < 0.001], creatine kinase isoenzyme (CK-MB) [10.90 (8.60, 13.48) vs. 8.70 (5.00, 12.20) U/L, p = 0.015], and high-density lipoprotein (HDL) [1.12 (0.85, 1.30) vs. 0.81 (0.71, 0.98) mmol/L, p < 0.001], as well as a lower level of low-density lipoprotein (LDL) [2.31 (1.90, 2.52) vs. 2.62 (2.13, 3.20) mmol/L, p < 0.001], compared to the original SARS-CoV-2 group.



TABLE 2 Laboratory findings of Delta variant and original SARS-CoV-2 infected patients.
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Most important of all, we conducted correlation analyses to identify the potentially relevant factors that may impact virus shedding time. As illustrated in Figure 1, the virus strains, Cr and CK-MB were positively correlated with virus shedding time. The Delta variant was related to the prolonged virus shedding time. The virus shedding time was inversely correlated with Lys, TBil, and LDL. We further utilized multiple linear regression to determine the risk factors for virus shedding time (Table 3). The results indicated statistically significant associations between virus shedding time with the virus strains, as well as Lys count.

[image: Figure 1]

FIGURE 1
 The correlation analyses between virus shedding time and other variables. Digits represent Spearman correlation coefficients, filled color indicates a significant correlation, blue represents a positive correlation, red represents a negative correlation, and the color’s shade represents the correlation’s strength. WBC, White blood cell count; Lys, Lymphocyte; ESR, Erythrocyte sedimentation rate; PCT, Procalcitonin; CRP, C-reactive protein; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; TBil, Total bilirubin; Cr, Creatinine; Chol, Cholesterol; HDL, High density lipoprotein; LDL, Low density lipoprotein; TG, Triacylglycerol.




TABLE 3 Multiple linear regression model for virus shedding time of COVID-19 patients.
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4. Discussion

To the best of our knowledge, this is the first age– and gender-matched study to compare the differences between the COVID-19 caused by the Original strain and the Delta variant, which focuses on virus shedding time and related factors in patients with COVID-19. In the present study, COVID-19 patients infected with the Delta variant tended to have fewer gastrointestinal symptoms. More significantly, we found that the Delta variant may result in prolonged virus shedding, and that lower Lys counts were correlated with a longer virus shedding time.

Consistent with previous studies, the prevalence of smoking habits was significantly higher in patients infected with the Delta variants than in other variants (18). This suggests that smokers may be susceptible to the Delta variant. The study found that the most common symptoms of patients infected with the Delta variant were cough and fever, compared to the Original SARS-CoV-2, which was similar to other studies (19, 20). However, previous studies described that the clinical characteristics of patients infected with the Delta variant were not significantly different from the symptoms caused by other strains (1). In the present study, the patients infected with the Delta variant had fewer symptoms of fever, fatigue, shortness of breath, and digestive symptoms (anorexia and diarrhea). Furthermore, chest CT scans showed fewer cases of pneumonia and ground glass opacities, which could make it more indistinguishable from influenza and harder for patients to take seriously enough to seek timely medical attention. These finding align with a study in Spain, which reported that there was a higher prevalence of fever and gastrointestinal problems in patients infected with the original variant compared to those with the Delta variant. However, patients with the Delta variant showed higher neurological symptoms (21). A recent retrospective research of 107 patients revealed that the peak of pneumonia occurred later in the Delta variant than those with the Original COVID-19 (22), whereas our data on chest CT scans were collected upon admission. Notably, patients infected with the Delta variant had a significantly prolonged virus shedding time, which could lead to persistent medical deterioration. Replication-competent SARS-CoV-2 shedding was associated with immunocompromised state. Therapy strategies, e.g., corticoid and arbidol were also reported as independent risk factors for prolonged viral shedding time (9, 12). However, another study showed that lack of treatment with Paxlovid was an independent risk factor for prolonged viral shedding time (23). COVID-19 patients who started antiviral therapy later than 7 days experienced prolonged viral shedding time, compared to within 7 days after symptom onset (24). Nevertheless, our data did not reveal any significant differences in the uses of corticoid and anti-viral therapy between the Delta variant group and the original SARS-CoV-2 group, but the data collected for this study did not have a breakdown of the different types of antiviral drugs nor did it explain at what point viral therapy is initiated. Therefore, the present study did not further analyze their impact on viral shedding time.

Lymphocyte count is a sensitive indicator for evaluating the immune response of the body and a decreased count was correlated with disease severity in patients with COVID-19 (11). Our study showed that patients infected with the Delta variant had lower lymphocyte counts and ESR levels, suggesting that the Delta variant may impair immune function and induce a weaker non-specific inflammatory response, which may also explain the lower proportion of fever in these patients. In addition, we observed relatively higher levels of ALB and HDL, along with lower levels of TBil and LDL in patients infected with the Delta variant compared to those infected with the original SARS-CoV-2. Our previous research has shown that low HDL level and high TBil level may be correlated with a poor prognosis in patients with original COVID-19 (25, 26). Given the large-scale vaccination program that was already underway in China When the Delta variant emerged in 2021, the above changes of hematological parameters may be explained by the protective effect of vaccines (27). Finally, we observed that patients infected with the Delta variant tended to have higher levels of Cr and CK-MB, although these levels remained within the normal range.

Due to its important significance, we focused on exploring the risk factors associated with virus shedding time. It has been reported in 2020 that virus shedding time is an important factor in assessing transmission risk and is associated with fatal outcomes (6). In recent years, numerous studies have emerged discussing virus shedding time in COVID-19 patients since the outbreak of COVID-19. Some studies have found that older age (6, 11, 28) and male sex (10, 28) are risk factors for prolonged virus shedding time, while others have suggested that females are related to prolonged virus shedding time (8, 13). Prospective cohort studies have shown that vaccination reduces the risk of Delta variant infection and shortens virus shedding time (3, 29). We matched these two groups of patients according to age and gender to mitigate potential effects and use a multiple linear regression model to further clarify the factors that influence virus shedding time and determine their relationship. The result showed a linear correlation between viral strain and virus shedding time, with significantly prolonged virus shedding time in patients with the Delta variant. In addition, immune status also can influence the virus shedding (30, 31). For healthy individuals, Delta COVID-19 patients with higher levels of immunity recover from the virus more quickly and have a shorter virus shedding duration. Conversely, some studies suggest that immunocompromised individuals may shed infectious virus significantly longer not only in original but also Delta COVID-19 (31, 32).

It is known to us that the Delta variant exhibits a high level of transmission and pathogenicity, along with strong replication ability (33, 34). Furthermore, several studies have suggested that the viability of the delta variant SARS-CoV-2 is not solely dependent on Ct levels (8). Despite varying viral loads among infected individuals, severe cases of delta variant infection have been observed to result in prolonged virus shedding times. This could potentially be attributed to a greater number of mutations and an enhanced ability to evade the immune system (35). It is extremely valuable to characterize the virus shedding time for the development of effective quarantine guidelines and regulations to combat the Delta variant.

Certainly, there are also some limitations regarding the design and data in our study. First, it is a retrospective study and analyzed the data from a province at different times. Second, the sample size of the study is relatively small and it may restrict the ability clarify to and confirm differences between the Delta variant and other SARS-CoV-2 variants. Third, given the greater awareness of COVID-19 during the Delta wave, patients may have presented earlier and thus had a longer observation period resulting in an apparently longer duration of viral shedding. Forth, the use of viral shedding as a measure of viral viability in COVID-19 patients is not ideal. Viral shedding is usually measured by PCR detection of viral nucleic acid. However, viral nucleic acid testing does not entirely reflect the infectivity of the virus as it cannot differentiate between active and non-active virus particles (such as viral fragments) (36). The assessment of viral viability entails a holistic evaluation, which includes viral nucleic acid test results, the time window of infection, and the patients’ immune system (36–38). Lastly, the data collected for this study did not have a breakdown of the different types of anti-viral drugs/ time of anti-viral initiation. Therefore, further well-designed studies with larger sample sizes are needed to explore factors associated with the duration of viral shedding and deeper mechanics in patients with COVID-19.



5. Conclusion

COVID-19 patients infected with the Delta variant exhibited fewer gastrointestinal symptoms and prolonged virus shedding time than those infected with the original SARS-CoV-2. Delta variant and fewer lymphocyte were correlated with prolonged virus shedding time.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is highly pathogenic to humans and has caused the ongoing coronavirus disease 2019 (COVID-19) pandemic. Vaccines are one of the efficient ways to prevent the viral infection. After COVID-19 vaccination, the monitoring of the dynamic change in neutralizing antibodies is necessary to determine booster requirements.





Methods

We estimated the effectiveness of the inactivated vaccines by monitoring dynamic SARS-CoV-2 neutralizing antibodies for over 2 years. Additionally, we also investigated the activation of T lymphocytes (CD3+ T cells) after three doses of the inactivated vaccine.





Result

The results showed that the rate of reduction of SARS-CoV-2 neutralizing antibody levels gradually showed after each booster dose. The IgG/IgM level at 9 months after the third vaccination were significantly higher than those at 6 months after the second dose (p<0.0001). The expression of CD25+T cell in 18–35 age group was significantly higher than that in the other groups. Nine months after the third dose (the time of last blood sample collection), the expression of CD25+T cell in the 18–35 age group was significantly higher than that at 6 months after the second dose. CD25+T cell in the 18-35 years old group was significantly higher than 6 months after the second vaccination.





Conclusion

CD25, a late activation marker of lymphocytes and high-activity memory T cell subgroup, exhibited higher levels at the later stages after vaccination. COVID-19 booster vaccination in older adults and regular testing of SARS-CoV-2 neutralizing antibodies are recommended. Booster doses should be administered if the antibody level falls below the 30% inhibition rate.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) continues to cause significant morbidity and is a major burden on public health worldwide (1). According to cumulative reports, 89.63% of China’s total population has received the SARS-CoV-2 vaccines to date (2). SARS-CoV-2 infection has been effectively controlled because of vaccines development and initiatives to support mask wearing and social distancing (3). The following categories of COVID-19 vaccines have been approved for clinical trials: inactivated vaccine, live attenuated, vector, RNA, DNA, protein subunit, and virus-like particle (VLP). These vaccines have been effective and significantly mitigate COVID-19 symptoms and provide protection against serious and fatal infections (4). Inactivated vaccines have a good preventive effect on various mutations and are widely used in China (5). Three–doses of the inactivated vaccine have prevented high mortality in elderly people (> 60– year– old) due to Omicron infection (6). Based in an immunogenicity study, a superior protective efficacy of the inactivated vaccine is expected in the real-world settings (7). Therefore, it is crucial to investigate the level of sub-population immunity following inactivated vaccine administration.

After vaccination, the titers of binding and neutralizing antibodies decline over time (8). According to a preprint article, the neutralizing antibodies decreased significantly to 44.1% and 62.5% after the vaccination of the ChAdOx1 nCoV-19 (Oxford-AstraZeneca) and BNT162b2 (Pfizer-BioNtech) vaccines (9). A study with American veterans showed that the risk of infection increased significantly 6 months after vaccination (10, 11). To achieve the best protective efficiency of vaccine, individuals should perform long-term monitoring of the dynamic trends of SARS-CoV- 2-specific neutralizing antibodies and determine appropriate time points for booster vaccination.

In the first few months following vaccination, antibodies have been identified as the clear protective factor against infection (12). However, some studies showed that T and B cell responses also play an important role in protective immunity (13), even in the absence of a humoral immune response (14–16). B cells produce antibodies, and CD4+T cells have a series of auxiliary and effector functions. Although cells produce COVID-19 antibodies, CD4+T cells can differentiate into a series of helper cells and effector cell types, which can guide B cells, help CD8+ T cells, and recruit innate cells. Additionally, they have direct antiviral activity and can promote tissue repair (17). CD8+T cells kill infected cells. CD25 is a late activation marker of lymphocytes and have been reported to be related to the severity of COVID-19 infection (18). CD69 is a classical early marker of lymphocyte activation, and CD19 CD69 are closely related to heart failure caused by COVID-19 (5). T cell counts in critical patients, including CD3+T, CD4+T, CD8+T, CD25+CD4+, and CD19+B, were significantly lower in critical patients compared to those in the non-critical patients with COVID‐19 (19). However, the examination of CD25+T and CD69+T cells is still rare in vaccine-related research. In general, distinct T and B cell responses have been observed following vaccination in comparison to those in response to natural infection (20). Further studies on the immune cell response to inactivated vaccination are required.

Vaccinations have been successful in promoting humoral immunity. Nevertheless, antibody titers gradually decreased after vaccination, which leads to a decline in neutralizing activity (21). Therefore, periodic population follow-up on antibody quantification becomes increasingly relevant for immunological monitoring and COVID-19 pandemic management (22, 23). The gold standard for evaluating immunological responses to vaccination and infection is serological testing for SARS-CoV-2 antibodies (23).

In this study, we conducted questionnaires survey and long-term serum collection from volunteers to detect SARS-CoV-2 neutralizing antibodies and T-cell related immune subtypes. Dynamic SARS-CoV-2 S specific IgM, IgG, and neutralizing antibody changes after inactivated SARS-CoV-2 vaccinations as well as the neutralizing antibodies and their relevance to booster doses were assessed with the aim to optimize the dose timing, and COVID-19 vaccines’ protective efficiency.





Materials and methods




Study design and participants

The study was conducted in two parts. First, an online survey using the WeChat Questionnaire Star software were conducted. 424 healthy adults aged 18-70 years and healthy teenagers aged 12-18 years completed the survey. Second, we recruited 60 volunteers for the trial. They received three doses of the BBIBP-CorV (Sinopharm) or CoronaVac (Sinovac Biotech) COVID-19 inactivated vaccine. The boosting effect of the three vaccine doses was evaluated for safety, reactogenicity, and immunogenicity at 7, 14, 21, 28, and 56 days after vaccination. The study was conducted accordance with the guidelines of the Declaration of Helsinki and was approved by the Institutional Review Board of the Ethics Committee of Jinan Central Hospital (Ethical code No. D202111Ab). All participants provided written informed consents. Questionnaire and informed consent forms are available upon request.





Design of public opinion survey

The questionnaire surveyed participants’ attitudes towards vaccines and enquired if they wanted to be vaccinated against COVID-19. This survey was divided into three parts: the basic characteristics of COVID-19 vaccine, vaccine awareness and vaccination history. The questionnaires were administered using WeChat Mini Program Questionnaire Star, and included participants’ sociodemographic characteristics, medical history, vaccination rates, and main reasons for vaccination. Additionally, questions on participants’ knowledge of immune responses after vaccination and the impact of the COVID-19 pandemic on vaccination. Participants selected their responses from a pre-determined set of options for each question. Information sheets were provided to explain the study.





Specimen collection

Samples for trial were collected from 60 volunteers who agreed to be vaccinated against COVID-19. The volunteers were medical workers or hospital researchers, and provided nasopharyngeal and oropharyngeal swabs daily. Nasopharyngeal swabs and oropharyngeal swabs from volunteers were placed a sterile test tube containing 3 mL of virus preservation solution; all samples were tested for SARS-CoV-2 using PCR and confirmed as negative. During the study, none of participants experienced SARS-CoV-2 infection. In January 2021, blood samples were collected from volunteers without a history of COVID-19 vaccination, and then at every 7 or 15 days following the first, second and third dose of inactivated COVID-19 vaccine. Blood samples were collected until September 23, 2022. Owing to the frequency of blood sample collection, not all volunteers were able to provide the blood samples at each occasion of sample collection. At each time point, a minimum of 14 samples were collected.





Laboratory analysis

SARS-CoV-2 RNA was extracted using the magnetic beads method, according to the instructions of the nucleic acid extraction kit followed by testing with RT-PCR following the steps of the kit in a tertiary protection laboratory (Shanghai Zhijiang Biotechnology Co., Ltd, Shanghai, China). At each sample collection, two tubes of blood were collected from each volunteer. Procoagulant tube of blood sample was centrifuged at 3,000×g for 10 min at 25 °C to isolate serum for antibody testing, the other blood sample was anticoagulated and sorted using flow cytometry. We used the SARS-CoV-2 neutralizing antibody test kit (Shandong LaiBo Biotechnology Co., Ltd, Shandong, China) competitive enzyme linked immunosorbent assay (ELISA) principle to qualitatively detect SARS-CoV-2 neutralizing antibody in human serum. First, biotin-labeled ACE2 working solution was added to the wells of the streptavidin-coated plate. After a warm bath, the unbound biotin-labeled ACE2 was removed by washing. The serum, positive control, and negative control were added to the plate wells followed by the addition of binding enzyme. After warm bath, the enzyme was washed, and a chromogenic solution was added. After the reaction termination, absorbance at 450 nm/630 nm dual wavelengths, was detected using an enzyme marker. The absorbance of the sample was negatively correlated with the titer of the neutralizing antibody. Baseline and serum levels of SARS-CoV-2 S-specific binding antibodies were determined using a WanTai antibody detection kit (WANTAISARS-CoV-2NAbsELISA, Beijing, China). The kit uses recombinant samples and the novel coronavirus coated antigen to detect chemical immunofluorescence signals. The relative light results positively correlated with the level of SARS-COV-2 S-specific antibodies in the serum. Intracellular cytokine staining was used to measure to quatify the T cell response. The fluorescence-labeled antibodies to CD4+, CD8+, CD69+, and CD25+ in the reagent bind to the antigens in the cells to be tested to prepare single cell or suspension samples. For the assay, 10 μL of the reagent was added into the flow tube, followed by 100 μL of sample. This mixture was thoroughly mixed using a vortex oscillator and incubated for 15 min at 25°C in the dark. Then, 2 mL of hemolysin was added after incubation, thoroughly mixed. The mixture was then left for complete fragmentation of red blood cells and centrifuged for 5 min at 1500 ×g at 25°C. The supernatant was discarded, and 300 μL of PBS was added to resuspend the sample before the machine assay for absolute counting. Data were acquired using flow cytometry (LSR II with FACS Diva version 8.0; BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo version 10 software (BD Biosciences, Ashland, USA).





Statistical analysis

For descriptive statistics, frequencies and percentages were calculated for each question of the survey. SARS-CoV-2 neutralizing antibodies were calculated from the inhibition rate according to the absorbance value detected by using the enzyme marker. OD values of negative control and sample were used to calculate the inhibition rate of the testing sample, whereas OD values of the positive control were used to evaluate the validity of the test. The equation to calculate neutralizing antibody inhibition rate in the testing samples is as follows:

	

When the inhibition rate of the sample is <30%, the neutralizing antibodies are considered negative.

Neutralization and antibody inhibition rates at each time point were statistically analyzed, and the mean value and 95% confidence interval were obtained. The sample mean, the significance level, and the sample standard deviation is χ, α, and S, respectively. which are estimates of the normal population mean μ and standard deviation σ. The linear interval method was used to quantify the uncertainty, with 95% as the quantization standard, i.e., 2σ. The mean neutralizing antibody inhibition rate and 95% CI difference interval of the samples at different time points were calculated using following formula:

	

Statistical analyses were performed using Prism 7 software (GraphPad). Appropriate statistical tests were used for each comparison after determining the normality of the data using the Shapiro–Wilk and Kolmogorov–Smirnov tests at a significance level of α = 0.05. Comparisons of flow cytometry cell frequencies for mice studies were measured using the two-way analysis of variance test with the Holm-Sidak multiple–comparison test or an unpaired t-test with * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p<0.0001 denoting statistical significance.






Results




Experimental process

To investigate the adverse reactions public after vaccination and participant attitudes towards COVID-19 booster shots, we conducted two public opinion surveys during the 2 years of the pandemic. To study the immunogenicity and reactogenicity of inactivated SARS-CoV-2 vaccines, we collected blood samples from volunteers before they received the vaccine starting in January 2021, and every 7 or 15 days after receiving of the inactivated COVID-19 vaccine until September 23, 2022. Neutralizing antibodies, total antibodies (IgG+ IgM), and CD4+, CD8+ and other antigens responses in T cells and B cells were evaluated. The study flow diagram is shown in Figure 1.




Figure 1 | Research process flow diagram. The vertical coordinate represents the number of participants; the higher the number of dolls, the higher the number of participants. The horizontal coordinate represents time; the red blood collection tube indicates blood collection at the given coordinate point.







Respondent characteristics

To study the relationship among vaccine side effects, number of doses, and neutralizing antibodies, we administered a questionnaire on adverse reactions. The characteristics of the 424 participants including sex, age, health, illness, and vaccination conditions were analyzed. As shown in Table 1, six of the 424 participants have not received any vaccine, seven received only one dose, 86 received two doses, and 325 received three doses. The number of participants willing to accept a fourth booster dose was 337 (80.62%). The results showed that 385 participants were healthy (90.8%), and the remaining participants had various conditions, including hypertension (28 participants), diabetes (15 participants), and coronary heart disease (4 participants). Twelve participants were diagnosed with chronic respiratory disease, three with immunodeficiency disease, and 16 with other illnesses.


Table 1 | Characteristics of questionnaire participants.







Adverse reactions after COVID-19 vaccination

The questionnaire survey investigated the adverse reactions following vaccination; most participants reported no adverse reactions (Figure 2; Table 2). The proportion of patients with no adverse reactions increased as the number of vaccinations increased. Overall, 55.02%, 59.71%, and 66.14% of participants had no adverse reactions after the first, second, and third dose, respectively. Table 2; Figure 2 showed the adverse reactions of the participants, including injection site pain, injection site swelling, fatigue, lethargy, and muscle soreness. After three injections, the main adverse reaction was pain at the injection site (34.35%, 30.22%, and 25.08% after the first, second, and third dose, respectively). The second most common adverse reactions were fatigue and drowsiness, accounting for 13.88%, 10.07%, and 10.03% of adverse reactions after the first, second, and third dose, respectively. The third most common adverse reaction was muscle soreness (8.13%, 6.39%, and 6.9% after the first, second, and third dose, respectively). Other adverse reactions were fewer, with mild dizziness and nausea accounting for only 2.15%, 1.97%, and 1.25% after the first, second, and third rounds of inoculation, respectively. After three rounds, 3.11%, 1.97% and 1.25% participants had fever symptoms, respectively. 6.7%, 6.88%, and 5.02% of the participants had an injection site swelling after the first, second, and third injections, respectively. Other adverse reactions are shown in Table 2; Figure 2. After the implementation of the pandemic prevention and control measures, the follow-up survey showed that 95% of the 424 participants have been infected by SARS-CoV-2 by January 2023, and the symptoms of infection showed no statistical difference by vaccination status or side effects (date not shown).




Figure 2 | Adverse reaction based on questionnaire responses. six of the 424 participants have not received any vaccine (418 + 6 = 424), seven received only one dose (411 + 6 + 7 = 424), 86 only received two doses, and 325 received three doses (325 + 86 + 6+7 = 424).




Table 2 | Adverse reaction of questionnaire participants.







Dynamic serosurvey of SARS-CoV-2 neutralizing antibodies concentration

To comprehensively access the effect of COVID-19 vaccine, we analyzed the dynamic trend of COVID-19 neutralizing antibodies over time. Starting from January 2021, blood samples were collected from volunteers with no prior history of COVID-19 vaccination. Blood was collected at every 7 or 15 days or more after the volunteers were vaccinated. Blood samples were collected till September 23, 2022. The research continued for 2 years from the first vaccination dose and the participants were all healthy people. Collection number of blood samples once a week or at two weeks is difficult, especially over 2 years period. The range of participants remained the same, but a few people were guaranteed to contribute blood samples every time point. The sample size we collected at each time point was not fixed, with a minimum of 14 participants and maximum of 60 participants per group. The detailed sample collection times are listed in Table S2; Figure 3. The overall trend showed meaningful differences despite the limited number of samples at each collection.




Figure 3 | Dynamic monitoring of SARS-CoV-2 neutralizing antibodies. (A) Each dot represents an individual’s neutralizing antibody inhibition rate, and the red horizontal line represents the average level of each group. (B) The gray part represents the 95% confidence interval of the mean neutralizing antibody level in this time, and the red dot represents the average number of neutralizing antibodies for this period.



As shown in Figure 3, neutralizing antibodies were gradually produced 14 days after the first COVID-19 vaccine dose, and the inhibition rate of neutralizing antibodies reached 25.27%. However, after 35 days, the inhibition rate of neutralizing antibodies decreased to 19.83%. The inhibition rate of neutralizing antibodies reached a second peak of 84.33% at 21 days after the second dose (56 days after the first dose), and the inhibition rate slowly decreased over 120 days after the second dose. At 175 days after the second dose, the neutralizing antibody inhibition rate decreased to 35.60%. After the third booster vaccine dose was administered, the inhibition rate of neutralizing antibody reached 93.96% at 21 days and remained above 90% for 90 days after inoculation. On September 23, 2022, we collected blood samples from volunteers for the last time and evaluated the neutralizing antibody inhibition rate. The neutralizing antibody level decreased to 55.26%. We found that the rate of reduction in SARS-CoV-2 neutralizing antibody levels gradually declined after each booster dose. Given that neutralizing antibodies declined over time, we speculate that people may require an additional COVID-19 booster shot to maintain antibody levels and achieve the best protective effect of the vaccine.

After the last blood collection, we detected the level of neutralizing antibodies and SARS-CoV-2 S-specific binding antibodies (IgG + IgM) in serum analyzed those samples by age group. As shown in Figure S1A, the SARS-CoV-2 S-specific IgG + IgM levels in volunteers aged 55–70 years had dropped below the critical value., In the 18–35 years age group, the antibody levels were significantly higher than those in the 35–55 years age group (p<0.05), and significantly higher than those in the 55–70 age group (p<0.0001). As shown in Figure S1B, the levels of neutralizing antibodies in 18-35 years age group were significantly higher than those in the 55–70 years age group (p<0.0001). SARS-CoV-2 antibody levels decreased with age and were maintained longer in young people. In our previous study (24), the expression of IgG + IgM in volunteers aged 18–35 years was detected on day 7 before the third dose after 1 month of vaccination. The IgG + IgM level at 9 months after the third dose was significantly higher than those at 6 months after the second dose (p<0.0001). Additionally, the result showed that the IgG + IgM level could be maintained for longer after booster vaccination in most people in this group compared to those in the older age group.





Individual dynamic surveillance and heterogeneity analysis of COVID-19 vaccines

To study the heterogeneity of the COVID-19 vaccine response in different individuals, we recruited volunteers who had not yet received the first COVID-19 vaccine dose; blood samples were collected from 14 individuals at regular (10 men and 4 women) at intervals from before the first dose to 6 months after the third dose. We conducted a separate survey of vaccination information for these 14 volunteers, and the results are shown in Table S1. Five of the ten men were aged 26–40 years, and the remaining five were aged 40–55 years. Of the 4 women, two were aged 26–40 years and 2 were aged 40–55 years. One of these men aged 40–55 years had obesity. We recorded the volunteers’ adverse reactions after vaccination. Most of them had showed no adverse reactions; only a few experienced pain at the vaccination site. Adverse reactions in three volunteers were alleviated with the subsequent vaccine doses, whereas adverse reactions in another three volunteers increased with the subsequent doses (Tables S1, S2). We further analyzed the continuous dynamic trend of SARS-CoV-2 neutralizing antibodies in the 14 participants. As shown in Figure 4, the antibody change trends in volunteers could be divided into approximately 4 categories. The antibody levels of volunteer 2 remained stable after the second vaccine dose. The trend in neutralizing antibodies was the same in volunteers 3, 5, 7, 8, 9, 10, 11 and 12. The inhibition rate slightly increased after the first vaccine dose, weakened, and then increased again until antibody levels stabilized after the third vaccine dose. The levels of neutralizing antibodies in volunteers 1, 4, and 14 increased after vaccination. The peak pattern showed a continuous fluctuation, and finally decreased slowly after the third vaccine dose. In volunteers 6 and 13, the levels of neutralizing antibodies increased only modestly after vaccination, and then decreased quickly.




Figure 4 | Dynamic monitoring of individual neutralizing antibodies. During the study, only 14 volunteers participated in consecutive blood draws. The legend in the upper right corner represents the number of participants. According to the continuous dynamic trend of SARS-CoV-2 neutralizing antibody antibodies in the 14 participants, the antibody change trends could be roughly divided into approximately 4 categories. [2], [3,5,7,8,9,10,11,12], [1,4,14], [6,13].







Response of CD4+T and CD8+ T cells at different age groups

Understanding the complex mechanisms of SARS-CoV-2 immunological memory is crucial to understanding the protective immunity against SARS-CoV-2 reinfection and secondary COVID-19 persistence (25). In the current study, we divided the volunteers into three age groups and analyzed their CD4+ and CD8+ levels after vaccination. At the final blood collection, the 35–55 years age group had the highest CD4+ level and the lowest level of CD8+ levels, whereas these levels in the other two age groups were the same. Additionally, we measured the CD25+ and CD69+ expression. As shown in Figures 5A–C; Table S3, the expression of CD25+ was the lowest of volunteers aged 55–70 years and the highest in volunteers aged 18–35 years. The expression of CD25+CD4+ T cells in the 18-35 years age group was significantly higher than that in the 35–55 years age group (p<0.01), and higher than that in the 55–70 years age group (p<0.001).The expression of CD25+CD8+ T cells in 55-70 years age group was significantly lower than that in the 35-55 years age group (p<0.01), and significantly lower than that in the 18–35 (p<0.0001). The expression of CD25+CD19+ B cells in 55-70 age group was significantly lower than 35-55 (p<0.001), and extremely significant lower than 18-35 (p<0.0001) (Figure 5C). Conversely, the expression of CD69+CD19+ B cells in 35-55 age group was higher than the other two groups (Figure 5F). These results suggest that participants in the younger age group were able to better suppress cellular inflammatory cytokine storms for a longer period than did those in older age groups after vaccination. In Figure 5, T cells and B cells of those in the younger age group remained more activated than those in older age groups. This finding might be associated with less efficient cellular immune responses in older adults as previously reported (26). In the preliminary analysis of our study, the dynamic changes in CD25+ and CD69+ were detected before and after the third booster (24). After 9 months of the third dose (the last blood sample collection), the expression of CD25+ CD4+ T cells in the 18–35 years age group was significantly higher than that at 6 months after the second dose (p < 0.001), and was significantly higher than a months after the third dose (p < 0.01). The results for CD25+ CD8+ T cells were consistent with those for CD25+ CD4+ T cells. The reason might be that CD25 is a late activation marker of lymphocytes and a highly active memory T cells subset. CD25 has been shown to be at a high level 9 months after a booster dose (27). CD69 is a hallmark of early activation of T cells (28). As shown in Figures 5D–F, the patterns of CD69+ levels in different age groups were opposite to those of CD25+, indicating that the immunosuppressive ability of the younger participants was lower than that of the participants in the older age groups. At 9 months after the third dose, the expression of CD69+CD8+T cells in the 18–35 years age group was significantly higher than that at 6 months after the second dose (p < 0.01), and significantly higher than that at 1 months after the third dose (p < 0.01). (All the details of the corresponding figures are in Table S3).




Figure 5 | The trend of CD4+, CD8+ T cells and CD19+ B cells responses to SARS-CoV-2 vaccination in different age range after 9 months of the third dose. (A) CD25+ of CD4+ T cells trend chart. (B) CD25+ of CD8+ T cells trend chart. (C) CD25+ of CD19+ B cells trend chart. (D) CD69+ of CD4+ T cells trend chart. (F) CD69+ of CD8+ T cells trend chart. (E) CD69+ of CD19+ B cells trend chart. “**”p < 0.01; “****”p < 0.001. “ns”, not significant.








Discussion

Globally, 764,474,387 confirmed cases of COVID-19, including 6,915,286 deaths, have been reported to WHO as of 26 April 2023. As of April 2023, a total of 13,325,228,015 vaccine doses have been administered (WHO Coronavirus (COVID-19) Dashboard). Three years have passed since the COVID-19 pandemic outbreak, and SARS-CoV-2 has persisted in humans and continues to mutate and spread (29).Inactivated vaccines can trigger various immune reactions, and the development and use of effective vaccines requires a thorough understanding of the immunological reactions. However, the immune system profiles after vaccination are still poorly understood (30). The present study used a questionnaire survey to explore the willingness to receive COVID-19 booster doses and the reasons for hesitation that influence people’s vaccination decisions. Additionally, to identify an optimal time for booser doses, we investigated the relationship of vaccine administration and immune system changes, including SARS-CoV-2 neutralizing antibodies, T cells and B cells. It is critical to investigate the effect of risk perception on individual immunity levels and preventive behavioral responses. In this study, we collected volunteer serum samples over time and administered questionnaires to study the correlation between SARS-CoV-2 neutralizing antibodies and T cell-related immunological hypo-type variables. The detection of neutralizing antibodies and their relationship to booster dose timing, as well as monitoring dynamic SARS-CoV-2 specific IgM, IgG, and surrogate neutralizing antibody levels in response to inactivated vaccines were analyzed to optimize vaccination, timing of booster doses, and the protective effectiveness of the vaccines.

In December 2021, we (31) conducted the first public opinion survey on booster vaccinations, which showed that 366 of 395 participants in the study cohort (92.66%) were willing to receive a third dose of the COVID-19 vaccine. In addition, 84% of participants expressed trust in the COVID-19 vaccine. We conducted a second survey in June 2022 with additional 424 volunteers. We observed significant decrease in the willingness to receive the fourth dose. Despite the mild side effects of COVID-19 vaccination, these contributed to hesitancy in older people. Global vaccination acceptability and hesitation are assessed using various measures and indices (31, 32). We listed six main reasons for non-vaccination in the questionnaire, namely, concerns about the vaccine’s efficacy, safety, and/or side effects; belief that the participant does not need it; lack of trust in the vaccines owing to their quick development; distrust in the pharmaceutical industry; and belief that COVID-19 is not a serious threat. Public health authorities and experts have not effectively addressed the underlying issues of vaccine reluctance (33). In view of this, it is very important to study immunology in reponse to the vaccination.

We studied the continuous dynamic changes in neutralizing antibodies in response to the COVID-19 vaccine. In general, the neutralizing antibodies increased and then declined, especially in older people. Similar results have been reported in previous studies (34–37) Additionally, less than 10% protection against symptomatic disease due to the Omicron variant was reported in the UK at 25 weeks following a two dose vaccine regimen (38). Here, we found a significantly decreased neutralizing activity against the Omicron variant in the convalescent and two-dose BBIBP-CorV vaccination group, which has also been confirmed by others and similar to our preliminary real-world data (39–41). From the perspective of individual differences, the participants could be divided into four categories according based on changes in the neutralizing antibodies after vaccination. In the first category, with the increased number of boosters, the neutralizing antibodies gradually increased. In the second category, only temporary neutralizing antibodies were produced after vaccination, which decreased rapidly by the next does. In the third category, the neutralizing antibodies were never increased after vaccination. The fourth category included the people who were able to maintain a peak since vaccination. Therefore, we could choose the best time point of vaccination according to individual differences in response to the vaccine.

Understanding the immunological memory of vaccine effects may necessitate an investigation of its diverse components. CD8+ T, and CD4+ T cells are different cell types with respective immune memory kinetics. The vaccine immunological response thus varied among different people. Additionally, there are special requirements for different populations and health conditions. In this study, we observed that the neutralizing antibody levels were maintained for various duration—extremely long, continuously high; however for particular groups, such as olderly people, it was very challenging to raise the antibody levels. Additionally, we examined the T-cell immunological components in effort to determine the reason. Higher age was related with a greater decline of CD25+ in T cells. An analysis of participants who received only one dose of ChAdOx1 showed that 14 days after immunization, T cells from CMV donors had a higher terminally differentiated profile of CD4+ T cells and CD8+ T cells, fewer IL-2R (CD25), and polyfunctional CD4+ T cells (42). In addition to triggering antibody responses, SARS-CoV-2 leaves long-lasting positive (i.e., stimulation of T cells) and potentially negative (i.e., decrease of neutrophils) imprints in the cellular immune system (43). This explains fewer CD25+ T cells in older people. A report showed that CD4+CD25+ cells triggered other cells to secrete immunosuppressive cytokines in an indirect manner (44). CD25+ B cells are immune response enhancers and strictly control the regulation of CD25 expression (45). In addition, CD25+ B cells are covered with immunoglobulins for the interaction with antigen that triggers subsequent T-cell activation (46). CD25+ cells are a highly active subset of memory T cells that may play a role in controlling inflammation via anti-inflammatory Th2-type deviation (27). This may be one of the reasons for the increase of CD25+ level in the younger age group with further doses. CD69+ is a sign of T cell activation (47). It can regulate the adaptive immune response through different mechanisms, including the prevention of Th17 differentiation and down regulation of proinflammatory cytokines (5). CD69+ is required for the trafficking of effector CD4+T cells to the bone marrow, particularly for their relocation and the persistence of their interaction with stromal cells as memory T helper cells (47). It is known that virus infection results in polyclonal activation of B cells, whose activation marker was the upregulation of the CD69+ B cell. The process is dependent on CD4 T cells (48, 49). As in our results, CD69+ in the young age group significantly increased with further doses and time since vaccination.

This study has some limitations. Although the pseudo-virus neutralization assay is the method of choice for measuring the neutralizing antibody levels, it requires considerable time and effort and has poor throughput, making it unsuitable for regular clinical testing. Additionally, we investigated whether a surrogate of neutralizing antibodies levels calculated using approved chemiluminescence assays correlated with the neutralizing antibody titers obtained from a pseudo-virus neutralization experiment. Meeting the demands for regular blood collection was challenging for participants and their compliance was limited. The small number of samples is one of the limitations of the present study.





Conclusion

Based on the dynamic analysis of neutralizing antibodies of the novel coronavirus, immunological analysis and questionnaire survey questionnaire responses, the following conclusions and suggestions are drawn. CD25, a late activation marker of lymphocytes and a high-activity memory T cell subgroup, increases with time after COVID-19 booster vaccination in the older adults and regular testing of SARS-CoV-2 neutralizing antibodies are recommended. The booster doses should be administered if antibody levels fall below the 30% inhibition rate. Moreover, it is necessary to develop novel targeted vaccines against mutated strains.
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The development of novel optimized vaccines against coronavirus disease 2019 (COVID-19) that are capable of controlling the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic and the appearance of different variants of concern (VoC) is needed to fully prevent the transmission of the virus. In the present study, we describe the enhanced immunogenicity and efficacy elicited in hamsters by a modified vaccinia virus Ankara (MVA) vector expressing a full-length prefusion-stabilized SARS-CoV-2 spike (S) protein [termed MVA–S(3P)]. Hamsters vaccinated with one or two doses of MVA-S(3P) developed high titers of S-binding IgG antibodies and neutralizing antibodies against the ancestral Wuhan SARS-CoV-2 virus and VoC beta, gamma, and delta, as well as against omicron, although with a somewhat lower neutralization activity. After SARS-CoV-2 challenge, vaccinated hamsters did not lose body weight as compared to matched placebo (MVA-WT) controls. Consistently, vaccinated hamsters exhibited significantly reduced viral RNA in the lungs and nasal washes, and no infectious virus was detected in the lungs in comparison to controls. Furthermore, almost no lung histopathology was detected in MVA-S(3P)-vaccinated hamsters, which also showed significantly reduced levels of proinflammatory cytokines in the lungs compared to unvaccinated hamsters. These results reinforce the use of MVA-S(3P) as a vaccine candidate against COVID-19 in clinical trials.
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Introduction

Since its appearance in December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) had a devastating global impact on human health (1). SARS-CoV-2 infection results in coronavirus disease 2019 (COVID-19), which can progress to severe and life-threatening complications (1). Despite the rapid development of several SARS-CoV-2 vaccines, which helped to reduce hospitalizations and mortality associated with COVID-19, the number of viral infections continues to rise (2, 3). This loss of vaccine efficacy can be attributed to the rapid emergence of new variants of concern (VoC) with enhanced transmissibility and/or partial immune escape properties, limited access to vaccination, and vaccination reluctance in some regions (2). Moreover, the waning of vaccine-elicited immunity over time makes revaccination with booster doses, administered as frequently as every six months, necessary to maintain immunity (2, 3). Since the start of the pandemic, numerous SARS-CoV-2 vaccine candidates have been developed using different platforms (https://covid19.trackvaccines.org/vaccines/). However, to date, vaccines approved for global use belong to four main platforms, namely, inactivated virus, messenger RNA (mRNA), adenovirus vector–based vaccines, and protein-adjuvanted vaccines (2). Recently, adapted versions of some of these vaccines have been developed to target both the ancestral Wuhan strain of the SARS-CoV-2 virus and specific omicron subvariants (4).

The main target for COVID-19 vaccine design is the SARS-CoV-2 spike (S) glycoprotein, which is involved in virus entry and represents the primary target for neutralizing antibodies (5). The S glycoprotein can occur in two different conformations, namely, prefusion and postfusion, being the prefusion state of the S trimer the most immunogenic antigen to be included in efficient vaccine candidates (5). We have previously shown that a non-replicating modified vaccinia virus Ankara (MVA) poxvirus vector expressing a non-stabilized full-length SARS-CoV-2 S protein (termed MVA-CoV2-S or MVA-S) from the ancestral Wuhan strain is highly immunogenic and effective in different animal models, such as mice (6–12), hamsters (13), and rhesus macaques (14). In addition, we have also generated a novel, optimized recombinant MVA virus, named MVA-S(3P) [also termed MVA-CoV2-S(3P)], expressing a prefusion-stabilized full-length S protein from the ancestral Wuhan strain containing three amino acid changes for prolines in the S2 region and inactivation of the furin cleavage site (10, 11). Interestingly, administration of a single intramuscular or intranasal dose of MVA-S(3P) to C57BL/6 wild-type and K18-hACE2 transgenic mice induced higher titers of binding IgG and neutralizing antibodies against parental SARS-CoV-2 and several VoC, as well as S-specific T-cell responses, than MVA-S (10, 11). Furthermore, a single intramuscular or intranasal dose of MVA-S(3P) protected all vaccinated K18-hACE2 mice from morbidity and mortality caused by a SARS-CoV-2 challenge, being more effective than MVA-S (10, 11).

In the present study, we explore the immunogenicity and protective efficacy of the MVA-S(3P) vaccine candidate in the Syrian hamster infection model, as a necessary step forward for clinical trials with this promising vaccine candidate.





Materials and methods




Animals and ethics statement

Female Syrian golden hamsters (Mesocricetus auratus) aged 6 to 8 weeks were purchased from Janvier Laboratories (Le Genest-Saint-Isle, France) and housed in pairs in ventilated isolator cages (IsoCage N Biocontainment System, Tecniplast, Buguggiate, Italy) with ad libitum access to food and water, at 21°C, 55% humidity, and 12:12 dark/light cycles. Extra bedding material and wooden gnawing blocks were provided as cage enrichment. Animals were acclimated for 4 days prior to the start of the study. Housing conditions and experimental procedures were approved by the KU Leuven animal experimentation ethical committee (license P065-2020) and in accordance with institutional guidelines approved by the Federation of European Laboratory Animal Science Associations (FELASA).





Cells

Vero E6 cells (ATCC CRL-1586) were maintained in Minimum Essential Medium (MEM; Gibco-Life Technologies) supplemented with 10% fetal bovine serum (FBS; Integro), 1% L-glutamine (Gibco-Life Technologies), and 1% sodium bicarbonate (Gibco-Life Technologies) (at KU Leuven) or in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Gibco-Life Technologies), 1X non-essential amino acids (Gibco-Life Technologies), penicillin (100 U/ml, Sigma-Aldrich), streptomycin (100 mg/ml, Sigma-Aldrich), and 10% heat-inactivated FBS (Gibco-Life Technologies) (at CNB-CSIC). Cell cultures were maintained at 37°C in a humidified incubator containing 5% CO2. Endpoint viral titrations in Vero E6 cells were performed with a medium containing 2% FBS instead of 10%.





MVA-S(3P) vaccine

The vaccine candidate MVA-S(3P) [also termed MVA-CoV2-S(3P)] expresses a human codon-optimized full-length prefusion-stabilized SARS-CoV-2 S protein (strain B.1, Wuhan) that contains three mutations in the furin cleavage site (R682G, R683S, and R685S) to prevent cleavage of the S protein in S1 and S2 domains, and three additional mutations to proline in the S2 region that stabilize the S protein in a prefusion conformation (A942P, K986P, and V987P); its generation was previously described (10, 11). The MVA-S(3P) vaccine used in this study was manufactured according to current Good Manufacturing Practice by Biofabri (Spain). MVA-S(3P) virus was grown in cultured chicken cells (DF-1), harvested, clarified, and purified by tangential flow filtration, and then packed into vials and stored at -15°C to -30°C. MVA-WT virus is an attenuated poxvirus strain, obtained from the Chorioallantois vaccinia virus Ankara strain after 586 serial passages in chicken embryo fibroblast (CEF) cells (15), and was grown in DF-1 cells and purified by centrifugation through two 36% (wt/vol) sucrose cushions in 10 mM Tris-HCl (pH 9). MVA virus titers were determined by immunostaining and reported as plaque-forming units (PFU) per ml, as previously described (16).





SARS-CoV-2 virus

SARS-CoV-2 strain used in the in vivo study (BetaCov/Belgium/GHB-03021/2020, EPI_ISL_407976|2020-02-03) derived from the prototypic strain B.1 (Wuhan), and has been previously described (17). It was recovered from a nasopharyngeal swab taken from an RT-qPCR-confirmed asymptomatic patient who returned from Wuhan, China, in early February 2020. A close relationship to the prototype Wuhan-Hu-1 2019-nCoV (GenBank accession number MN908947.3) strain was confirmed by phylogenetic analysis.

The SARS-CoV-2 MAD6 isolate, used in the live neutralization experiments, is similar to the B.1 strain but contains the D614G mutation in the S protein; it has been previously described (7, 18).

SARS-CoV-2 virus stocks were grown in Vero E6 cells for two (MAD6) or three (B.1) passages. Virus stocks were free from mycoplasma (PlasmoTest, InvivoGen), and deep sequencing on a MiSeq platform (Illumina) confirmed that the stocks did not contain other adventitious agents. Infectious virus titers of viral stocks were determined by endpoint dilution in Vero E6 cells by the Reed and Muench method (19) and expressed as median tissue culture infectious dose (TCID50). All work related to live viruses was carried out at the A3 and BSL3+ high-containment facilities of the KU Leuven Rega Institute (3CAPS) in Belgium under the licenses AMV 30112018 SBB 219 2018 0892 and AMV 23102017 SBB 219 20170589, or at the BSL-3 facilities of the CNB-CSIC (Spain), according to the respective institutional guidelines.





SARS-CoV-2 efficacy study schedule in hamsters

The SARS-CoV-2 hamster infection model has been previously described (13, 17, 20). The study comprised three groups of 10 hamsters. On day 0, group 1 (control group) received 1 × 108 PFU/hamster of MVA-WT (as matched placebo), group 2 received PBS, and group 3 received 1 × 108 PFU/hamster of MVA-S(3P). On day 28, group 1 received 1 × 108 PFU/hamster of MVA-WT, and groups 2 and 3 received 1 × 108 PFU/hamster of MVA-S(3P). All immunizations were performed intramuscularly in a total volume of 500 µl (250 µl in each leg). At days 0 (baseline, prior to the first immunization), 28 (prior to the second immunization), 49 (3 weeks after the second immunization), and 56 (prior to SARS-CoV-2 infection), blood samples (~500 µl) were collected from all animals under isoflurane anesthesia via the jugular vein. On day 56, all animals were infected intranasally with 2 × 105 TCID50 of SARS-CoV-2 (B.1; BetaCov/Belgium/GHB-03021/2020, EPI_ISL_407976|2020-02-03) in 50 µl (approximately 25 µl/nare) culture medium (MEM, 2% FBS) under isoflurane anesthesia. After the SARS-CoV-2 challenge, hamsters were weighed daily and observed for mobility, self-maintenance, behavior, and humane endpoint (hind limb paralysis, hunchback, and sour eyes). On day 60 (4 days after SARS-CoV-2 infection), all hamsters were sacrificed by intraperitoneal injection of 500 µl of Dolethal (200 mg/ml sodium pentobarbital, Vétoquinol SA, Aartselaar, Belgium). Blood (~1 ml), nasal washes, and lungs were collected at the endpoint. Viral RNA in the lungs and nasal washes was quantified by RT-qPCR. Infectious virus yields in the lungs were quantified by endpoint virus titration. Additionally, the left lungs were collected in formaldehyde for histopathological analysis. After collection, the blood was centrifuged for serum preparation (10,000 g, 10 min, room temperature). The supernatant (serum) was collected in Eppendorf tubes and heat-inactivated at 56°C for 30 min, and the serum samples were stored at -80°C until use.





Enzyme-linked immunosorbent assay

Individual serum samples obtained from hamsters at days 0, 28, 49, 56, and 60 were tested for the presence of binding IgG antibodies against SARS-CoV-2 S protein by ELISA, as previously described (7). The S protein (amino acid residues 1 to 1208) used to coat 96-well tissue culture plates was derived from the Wuhan-Hu-1 strain (GenBank accession number MN908947.3), but the furin-recognition motif Arg-Arg-Ala-Arg was replaced by the Gly-Ser-Ala-Ser sequence and also contained the Ala942Pro, Lys986Pro, and Val987Pro substitutions in the S2 portion to stabilize the S protein in a prefusion conformation. The use of a prefusion S protein in ELISA assays allows the measurement of vaccine-induced antibodies directed to functionally relevant epitopes on the S1 subunit. Total binding endpoint IgG titers were calculated as the reciprocal value of the last serum dilution giving an absorbance value at 450 nm at least three times greater than the absorbance of serum from day 0 (pre-immune serum).





Live SARS-CoV-2 neutralization

Live-virus SARS-CoV-2 neutralizing antibodies were measured on day 56 (just before the SARS-CoV-2 challenge) using a microneutralization test (MNT) assay in a BSL-3 laboratory, as previously described (8, 10, 11). Serially, two-fold diluted serum samples in DMEM-2% FBS medium were incubated at a 1:1 ratio with 100 TCID50 of the SARS-CoV-2 MAD6 isolate in 96-well tissue culture plates for 1 h at 37°C. Then, mixtures of serum samples and SARS-CoV-2 virus were added in duplicate to Vero-E6 cell monolayers seeded in 96-well plates at 30,000 cells/well, and the plates were incubated at 37°C, in a 5% CO2 incubator for 3 days. Cells were then fixed with 10% formaldehyde for 1 h and stained with crystal violet. When the plates dried, the crystal violet was diluted in H2O-10% sodium dodecyl sulfate (SDS), and the optical density was measured in a luminometer at 570 nm. The neutralizing titer 50 (NT50) was calculated as the reciprocal dilution that results in 50% inhibition of cell death following a previously described methodology (21).





Neutralization of SARS-CoV-2 variants of concern by pseudotyped virus serum neutralization test

In addition, neutralizing antibody titers against parental SARS-CoV-2 (isolate containing the D614G mutation) and several VoC (beta, gamma, delta, and omicron) were quantified on day 56 (just before SARS-CoV-2 challenge) using an in-house-developed serum neutralization test (SNT) with green fluorescent protein (GFP)-expressing vesicular stomatitis virus (VSV) pseudotypes carrying the SARS-CoV-2 S, as previously described (20). SARS-CoV-2 VSV pseudotypes were generated as follows: based on the plasmid backbone, BHK-21J cells (D614G and B.1.1.529 omicron, cloned in pCAGGS) or HEK-293T cells (B.1.351 beta, P.1 gamma, and B.1.167.2 delta, obtained from Invivogen Cat. No. plv-spike-v3, plv-spike-v5, and plv-spike-v8, respectively) were transfected with the respective S-protein expression plasmid. One day after transfection, cells were infected with VSVΔG virus expressing the GFP reporter for 2 h (22). The medium was exchanged with a medium containing anti-VSV-G antibody (I1, mouse hybridoma supernatant from ATCC CRL-2700) to neutralize any residual VSV-G virus input. After 26 h of incubation at 32°C, the supernatant containing SARS-CoV-2 VSV pseudotypes was collected.

Next, to quantify SARS-CoV-2 neutralizing antibodies, serial dilutions of serum samples were incubated for 1 h at 37°C with an equal volume of SARS-CoV-2 pseudotyped VSV particles and added in triplicate to Vero-E6 cell monolayers seeded in 96-well plates (10,000 cells/well). Then, the plates were incubated for 19 h, at 37°C, in a 5% CO2 incubator. The percentage of cells expressing GFP was quantified on a Cell Insight CX5/7 High Content Screening platform (Thermo Fisher Scientific) with Thermo Fisher Scientific HCS Studio (v.6.6.0) software. Values for the serial serum dilutions were normalized against a serum-free virus control (=100%), and SNT50 was calculated by fitting this dilution in GraphPad with non-linear regression (variable slope, four parameters, and top (100), bottom (0) constraints).





RNA extraction and quantification of SARS-CoV-2 RNA and pro-inflammatory cytokines by RT-qPCR

Hamster lung tissues were harvested post-sacrifice on day 4 post-infection and homogenized using bead disruption (Precellys) in 350 µl TRK buffer (E.Z.N.A.® Viral RNA Kit, Omega Bio-Tek) and centrifuged (10,000 rpm for 5 min at 4°C) to precipitate cell debris and obtain clear supernatant. Then, RNA was extracted according to the manufacturer’s instructions. For nasal washes, 150 µl samples were used for RNA extractions using the NucleoSpin RNA Virus kit (Macherey-Nagel) according to the manufacturer’s protocol. Of 50 μl of eluate, 4 μl was used as a template in the RT-qPCR reactions. RT-qPCR was performed on a LightCycler96 platform (Roche) using the iTaq Universal Probes One-Step RT-qPCR kit (BioRad) with primers and probes targeting the SARS-CoV-2 nucleocapsid (N) gene region to analyze SARS-CoV-2 subgenomic (sgm) RNA, as previously described (17). Standards of SARS-CoV-2 cDNA (IDT) were used to express viral genome copies per mg of lung tissue or per ml of nasal wash.

The expression levels of the cytokines IL-6, MX-2, IP-10, and IFN-γ were analyzed in lung samples by RT-qPCR with primers and probes previously described (17). Expression levels of selected cytokines were normalized to β-actin expression and the relative fold change was calculated using the 2-ΔΔCt method.





Infectious virus titration

Lung tissues were homogenized by bead disruption (Precellys) in 350 µl MEM and centrifuged (10,000 rpm for 5 min at 4°C) to pellet cell debris and obtain the supernatant. To quantify infectious SARS-CoV-2 particles, serial dilutions of centrifuged, homogenized lung tissue supernatant were incubated for 3 days in confluent Vero-E6 cell monolayers seeded in 96-well plates. Infectious viral titers were calculated by the Reed and Muench method (19) and expressed as TCID50 per mg of lung tissue.





Lung histopathology

For histological examination, the lungs were fixed overnight in 4% formaldehyde and then embedded in paraffin. Tissue sections (5 μm) were stained with hematoxylin and eosin and scored blindly by an expert pathologist for signs of lung damage, as previously described (23). Histopathologic parameters used to assess the SARS-CoV-2-induced lung pathology cumulative score were as follows: congestion, intra-alveolar hemorrhage, apoptotic bodies in the bronchial wall, necrotizing bronchiolitis, perivascular edema, bronchopneumonia, perivascular inflammation, peribronchial inflammation, and vasculitis.





Statistical analysis

All graphs, calculations, and statistical analyses were performed using GraphPad Prism software version 9.4.1 (GraphPad Software). An unpaired non-parametric Mann-Whitney test of transformed data was used for the statistical analysis of IgG titers, and an unpaired non-parametric Kruskal-Wallis test of transformed data was used for the live virus and SARS-CoV-2 pseudotyped VSVs NT50 neutralizing titers. An ordinary one-way ANOVA followed by Tukey’s multiple comparison tests was employed for the statistical evaluation of percentages of body weight change, and ordinary one-way ANOVA of transformed data followed by Tukey’s multiple comparison tests for SARS-CoV-2 and cytokine mRNA levels and SARS-CoV-2 virus yields. For the statistical analysis of cumulative lung scores, an unpaired non-parametric Kruskal-Wallis test was performed. Statistical significance is indicated as follows: *p < 0.033; **p < 0.002; ***p < 0.0002; ****p<0.0001.






Results




MVA-S(3P) vaccine candidate induces high titers of anti-SARS-CoV-2 antibodies in vaccinated hamsters

We previously described that our MVA-S(3P) vaccine candidate, expressing a prefusion-stabilized SARS-CoV-2 S protein, was highly immunogenic and protected against SARS-CoV-2 morbidity and mortality in SARS-CoV-2-susceptible transgenic K18-hACE2 mice (10, 11), either through intramuscular (11) or intranasal (10) immunizations. Here, to further evaluate the immunogenicity and efficacy of the MVA-S(3P) vaccine in a second relevant animal model, a requirement for entry into phase I human clinical trials, groups of female Syrian hamsters (n=10 per group) were vaccinated with one or two doses of MVA-S(3P) and subsequently challenged with SARS-CoV-2 (Figure 1A). A group of hamsters (group 3) received a first (prime) dose of 1 × 108 PFU of MVA-S(3P) intramuscularly on day 0, followed by a second (booster) dose of 1 × 108 PFU of MVA-S(3P) on day 28 [MVA-S(3P)/MVA-S(3P)], whereas another group (group 2) only received a single dose of 1 × 108 PFU of MVA-S(3P) on day 28 [PBS/MVA-S(3P)]. Primed and boosted hamsters inoculated with similar doses of 1 × 108 PFU of MVA-WT on days 0 and 28 served as the matched placebo control group (group 1) (MVA-WT/MVA-WT) (Figure 1A). Then, four weeks after the last vaccine dose (day 56), all hamsters were challenged intranasally with 2 × 105 TCID50 of SARS-CoV-2 and sacrificed on day 4 post-infection to collect different samples (serum, lungs, and nasal washes) that were used to evaluate the immunogenicity and efficacy of the MVA-S(3P) vaccine (Figure 1A). Immunization with one or two intramuscular doses of MVA-S(3P) was well tolerated in all hamsters with no signs of adverse effects, local reactogenicity, or changes in behavior during the vaccination period.




Figure 1 | MVA-S(3P) immunization and SARS-CoV-2 challenge schedule in hamsters and analysis of SARS-CoV-2-specific humoral immune responses elicited by MVA-S(3P) vaccination. (A) Experiment overview. Syrian hamsters (n = 10 per group) were immunized intramuscularly (i.m.) with two doses of 1 × 108 PFU of MVA-S(3P) or MVA-WT on days 0 and 28 or one dose of 1 × 108 PFU of MVA-S(3P) on day 28 and challenged intranasally (i.n.) with 2 × 105 TCID50 of SARS-CoV-2 B.1 strain on day 56, as indicated. Blood was collected on days 0, 28, 49, and 56. On day 60 (day 4 post-challenge; 4pc), all animals per group were sacrificed and blood, lungs, and nasal washes were collected for immunological, virological, and histological analysis. (B) Titers of anti-S binding IgG antibodies determined by ELISA in serum collected on days 0, 28, 49, 56, and 60. Mean values and SEM are plotted. The dashed line represents the limit of detection. Statistical significance between groups was calculated using an unpaired non-parametric Mann-Whitney test of transformed data (**p < 0.002). (C) SARS-CoV-2 neutralizing antibody titers against Wuhan isolate D614G were determined by a live microneutralization assay (left panel) or by S-pseudotyped VSV particles (right panel). NT50 (50% neutralization) titers were assessed in serum collected on day 56. Mean NT50 values ± SEM are depicted. The dotted line indicates the limit of detection. Statistical significance between groups was calculated using an unpaired non-parametric Kruskal-Wallis test of transformed data (**p < 0.002, ****p<0.0001). (D) SARS-CoV-2 neutralizing antibody titers against SARS-CoV-2 VoC beta, gamma, delta, and omicron were determined by an S-pseudotyped VSV particle assay. NT50 titers were assessed in serum collected on day 56. Mean NT50 values ± SEM are depicted. Statistical significance between groups was calculated using an unpaired non-parametric Kruskal-Wallis test of transformed data (*p < 0.033; **p < 0.002; ***p < 0.0002; ****p<0.0001).



To measure the capacity of MVA-S(3P) to induce SARS-CoV-2-specific binding and neutralizing antibodies, serum samples were collected on day 0 (baseline, prior to first immunization in group 3), day 28 (prior to first immunization in group 2 or second immunization in group 3; 4 weeks after the first immunization in group 3), day 49 (3 weeks after the first immunization in group 2; 3 weeks after the second immunization in group 3), day 56 (prior SARS-CoV-2 infection; 4 weeks after the first immunization in group 2; 4 weeks after the second immunization in group 3), and day 60 (4 days after SARS-CoV-2 infection). First, we measured anti-S binding IgG antibody levels at all time points (days 0, 28, 49, 56, and 60) by ELISA. These data show that vaccination with one or two doses of MVA-S(3P) induced equally high IgG titers against the S protein (Figure 1B), with induction of high binding anti-S IgG antibody titers at 3-4 weeks after the first MVA-S(3P) dose, further enhanced at 3-4 weeks after the second (booster) dose, and then maintained after SARS-CoV-2 challenge (Figure 1B).

Next, we measured SARS-CoV-2 neutralizing antibody levels at day 56 (just prior SARS-CoV-2 challenge; 4 weeks after the first or second MVA-S(3P) dose) by using either a live microneutralization assay or a neutralization assay using S-pseudotyped VSV particles in both cases against SARS-CoV-2 virus or VSV-S particles containing the D614G mutation in the S protein. The results show that all vaccinated animals (10/10 in each vaccinated group) induced SARS-CoV-2 neutralizing antibodies with MVA-S(3P) double vaccination, eliciting higher neutralizing antibody titers against SARS-CoV-2 than the single immunization, but with no statistical significant differences between both vaccinated groups (geometric mean titer (GMT) +/- SEM: 2419,2 +/- 847,3 in the two-dose regimen and 1853,6 +/- 1187,2 in the single-dose regimen, using the live microneutralization assay; 382,6 +/- 68,1 in the two-dose regimen and 254,1 +/- 30,3 in the single-dose regimen, using S-pseudotyped VSV particles) (Figure 1C), and no neutralizing activity detected in the MVA-WT control group.

Finally, we analyzed the titers of neutralizing antibodies against several SARS-CoV-2 VoC on day 56 by using S-pseudotyped VSV particles expressing S proteins from SARS-CoV-2 VoC beta (B.1.351), gamma (P.1), delta (B.1.167.2), and omicron (B.1.1.529; BA.1) and compared with those induced by the SARS-CoV-2 B.1 strain (D614G). These data show that two doses of MVA-S(3P) induced higher titers of SARS-CoV-2 neutralizing antibodies than the one-dose schedule against the prototypic B.1 strain containing the D614G mutation (382,6 +/- 68,1 versus 254,1 +/- 30,3), and also against VoC beta (B.1.351; 246,7 +/- 91,9 versus 149 +/- 41,9), gamma (P.1; 905,9 +/- 322,4 versus 357,5 +/- 73,8), and delta (B.1.167.2; 389,9 +/- 104,8 versus 259,7 +/- 22,5), but with no statistical significant differences between both vaccinated groups (Figure 1D). The omicron BA.1 variant could be also neutralized (40,2 +/- 19,1 versus 7,8 +/- 6,8), but with a lower seroconversion rate and with 9,5-32,5-fold lower titers in comparison with B.1 in the two-dose and one-dose regimens, respectively, but again with no statistically significant differences between both vaccinated groups (Figure 1D).





MVA-S(3P) vaccine candidate protects hamsters from SARS-CoV-2 challenge

To assess the protective efficacy of MVA-S(3P), 4 weeks after the last dose of the MVA-S(3P) vaccine (day 56), all hamsters were infected intranasally with 2 × 105 TCID50 of SARS-CoV-2 and then sacrificed on day 4 post-challenge (Figure 1A). We first assessed the change in body weight on the day of sacrifice (day 60; day 4 post-challenge) compared to the day of SARS-CoV-2 infection (day 56). This analysis shows that hamsters vaccinated with one or two doses of MVA-S(3P) had significantly increased body weight compared to animals inoculated with MVA-WT; the latter lost a mean of 5% body weight at 4 days post-challenge (Figure 2A).




Figure 2 | Hamster body weight change and SARS-CoV-2 virus replication in the lungs and nasal washes. (A) Percentage of hamster body weight change on the day of sacrifice (day 60, day 4 post-challenge) normalized to body weight on the day of SARS-CoV-2 infection (day 56). Data are expressed as means ± standard deviation. Statistical significance between groups was calculated using an ordinary one-way ANOVA followed by Tukey’s multiple comparison test (***p<0.0002, ****p<0.0001). (B) SARS-CoV-2 sgmRNA levels in the nasal washes (left panel) and lungs (right panel) of MVA-S(3P)-vaccinated hamsters on day 4 post-SARS-CoV-2 infection. Data were expressed as copies per ml of nasal wash or per mg of lung tissue. Data presented as means ± SEM. The dotted line indicates the limit of detection. Statistical significance between groups was calculated using an ordinary one-way ANOVA of transformed data followed by Tukey’s multiple comparison tests (**p<0.002, ***p<0.0002, ****p<0.0001). (C) SARS-CoV-2 infectious particles in the lungs of MVA-S(3P)-vaccinated hamsters on day 4 post-SARS-CoV-2 infection. Data were expressed as TCID50 per mg lung tissue. The dotted line indicates the limit of detection. Data presented as means ± SEM. Statistical significance between groups was calculated using an ordinary one-way ANOVA of transformed data followed by Tukey’s multiple comparison test (****p<0.0001).



Next, nasal washes and lung tissues obtained at 4 days post-challenge were analyzed to assess the level of SARS-CoV-2 replication. Importantly, all MVA-S(3P)-vaccinated hamsters, even after a single dose, had significant 102-fold and approximately 105-fold reduction (close to the limit of detection) in SARS-CoV-2 RNA levels in their nasal washes (Figure 2B, left) and lungs (Figure 2C, right), respectively, compared to the MVA-WT control group. Notably, SARS-CoV-2 infectious virus titers were undetectable in the lungs of all MVA-S(3P) vaccinated hamsters, even after a single dose (Figure 2C), with an approximately 103-fold significant reduction, compared to the MVA-WT control group.

Histopathological analysis of lung sections obtained 4 days post-challenge and stained with hematoxylin-eosin showed that almost no lung pathology was observed in hamsters vaccinated with one or two doses of MVA-S(3P), compared to MVA-WT control animals, with a significant reduction in cumulative lung histopathology scores that were close to the mean score of uninfected animals (Figure 3A). A comprehensive examination of lung sections showed that MVA-WT control hamsters had elevated scores for bronchopneumonia, perivascular and peribronchial inflammation, apoptotic bodies in the bronchial wall, and vasculitis, whereas hamsters vaccinated with one or two doses of MVA-S(3P) had residual scores close to the mean scores of uninfected animals (data not shown). Representative images of hematoxylin-eosin-stained lungs after SARS-CoV-2 infection (Figure 3B) showed bronchopneumonia (green arrows), significant peri-vascular inflammation with endothelialitis (red arrows), and a clear peribronchial inflammation (blue arrows) in control MVA-WT hamsters, whereas in animals vaccinated with MVA-S(3P) almost no lesions were detected and normal lung parenchyma was observed with only very focal perivascular inflammation (red arrows).




Figure 3 | Lung histopathology. (A) Histopathologic scoring of hematoxylin and eosin-stained sections of hamster lungs on day 4 post-SARS-CoV-2 infection. Data presented as means ± SEM. The dotted line represents the mean lung score of uninfected hamsters (1.5). Statistical significance between groups was calculated using an unpaired non-parametric Kruskal-Wallis test (***p<0.0002). (B) Representative hematoxylin and eosin-stained images of lung sections from MVA-WT- and MVA-S(3P)-vaccinated hamsters on day 4 after SARS-CoV-2 infection. The general view of the lung (left) has been shown along with histopathological details of selected lung areas (blue boxes) (right). Green, red, and blue arrows (right panel) indicate bronchopneumonia, peri-vascular inflammation with endothelialitis, and peri-bronchial inflammation, respectively. Scale bars: 1 mm (left) and 100 μm (right).



Finally, we assessed the effect of vaccination with MVA-S(3P) on the pattern of cytokine expression triggered in hamsters on day 4 post-challenge, using RT-qPCR to analyze the mRNA levels of key cytokines in lung homogenates as an index of inflammation. These data show that one and two doses of MVA-S(3P) significantly downregulated IL-6, MX-2, and IP-10 mRNA levels in a similar manner, compared to infected MVA-WT control hamsters (Figure 4).




Figure 4 | RNA Levels of proinflammatory cytokines in MVA-S(3P)-vaccinated hamsters. IL-6, MX-2, IP-10, and IFN-γ mRNA levels were detected by RT-qPCR in lungs obtained 4 days post-SARS-CoV-2 infection (n = 10/group). Mean RNA levels and SEM are depicted. The log2-fold change compared to the RNA levels of vehicle control is plotted. Statistical significance between groups was calculated using an ordinary one-way ANOVA of transformed data followed by Tukey’s multiple comparison test (*p<0.033, ***p < 0.0002, ****p<0.0001).








Discussion

Currently, several COVID-19 vaccines are approved and available for human use (2). Despite the good efficiency of these vaccines in reducing the severity of the disease, mortality, and hospitalizations, they still face several challenges such as their inability to prevent reinfections, limited durability of the immune responses, adverse effects related to vaccination, such as thrombosis, the emergence of new variants, complex logistics, and low availability of vaccines in low-income countries (2). Therefore, the development of novel COVID-19 vaccines is still needed to overcome the drawbacks of currently approved vaccines.

The use of MVA vectors as a vaccine platform against pathogens has been reported to elicit efficient immune responses with marked efficacy in various animal models and in human clinical trials (24, 25). Moreover, parental MVA has been approved by the European Medicines Agency (EMA) and the United States of America (USA) Food and Drug Administration (FDA) as a vaccine against smallpox and mpox. More recently, a recombinant multivalent MVA-based vaccine (MVA-BN-FILO) has been authorized by the EMA as part of a heterologous vaccination regimen for protection against Ebola virus infection (26). Regarding SARS-CoV-2, we and others have shown that MVA-based vaccine candidates against SARS-CoV-2, which mainly express SARS-CoV-2 S protein, induced robust immunogenicity and efficacy against SARS-CoV-2 in a variety of animal models, including mice, hamsters, and non-human primates (6–14, 27–40). These studies involved MVA vectors expressing either a non-stabilized form of the S protein (6–9, 12–14, 28–32, 34, 38–40) or a prefusion-stabilized S protein (10, 11, 27, 33, 35–37). Moreover, recent results of a phase I clinical trial showed that a synthetic MVA vector co-expressing SARS-CoV-2 S (in a non-stabilized version) and N proteins is safe and immunogenic, inducing SARS-CoV-2-specific humoral and T cellular immune responses (41, 42).

Recently, we reported the generation of a novel optimized non-replicating MVA vaccine candidate, termed MVA-S(3P), which expresses a prefusion-stabilized full-length S protein lacking the furin cleavage site between the S1 and S2 subunits and containing three proline amino acid substitutions in the S2 subunit, that stabilizes the S trimers in a prefusion conformation to enhance S expression in its most immunogenic form (10, 11). A single intramuscular or intranasal dose of this optimized MVA-S(3P) vaccine candidate is more immunogenic and efficacious than an MVA vector expressing a non-stabilized S protein, termed MVA-S, inducing in immunized mice higher titers of SARS-CoV-2-specific binding IgG antibodies and neutralizing antibodies, as well as Th1-type CD4+ and cytotoxic CD8+ T cell immune responses. Moreover, it enhanced the protection of transgenic K18-hACE2 mice against morbidity and mortality caused by a SARS-CoV-2 challenge (10, 11).

In the current study, we used a second animal model, that of Syrian hamsters, which is a relevant model used to assess SARS-CoV-2 pathogenesis and vaccine efficacy (13, 17, 20), to explore the immunogenicity and protective efficacy against SARS-CoV-2 infection of the MVA-S(3P) vaccine candidate. This study was performed as a necessary step to warrant the progression of this vaccine candidate to further clinical development. When compared to the MVA-WT control group, immunization of hamsters with one or two intramuscular doses of MVA-S(3P) significantly reduced SARS-CoV-2 RNA loads in the lungs and nasal washes, as well as titers of infectious virus in the lungs to undetectable levels, prevented body weight loss, and markedly reduced lung pathology. In addition, a strong reduction of IL-6, MX-2, and IP-10 RNA expression levels, genes known to be linked to COVID-19 severity (IL-6, IP-10) or at least upregulated in SARS-CoV-2 infection (MX-2) in both humans (43–45) and hamsters (17, 20, 23), was observed in the lungs of vaccinated hamsters as an indicator of protection against virus-induced lung inflammation. Remarkably, high titers of binding IgG antibodies against the S protein and neutralizing antibodies against the SARS-CoV-2 Wuhan strain and VoCs beta, gamma, and delta were detected in serum samples from vaccinated animals. Importantly, neutralizing activity against omicron BA.1 variant pseudoparticles was also detected, although variable and more dependent on repeated immunization. It remains tempting to speculate that this coverage also extends to more recent omicron subvariants (BA.4/5, BQ.1.1, and XBB) with a further evolving antigenic spectrum (46). Regarding safety, immunization of hamsters with one or two intramuscular doses of MVA-S(3P) was well tolerated with no signs of local reactogenicity or systemic vaccine-induced side effects observed in the animals.

We recently reported that the vaccine candidate MVA-S, which expresses a full-length non-stabilized S protein, is also immunogenic and effective against SARS-CoV-2 infection in Syrian hamsters (13). A direct comparison of the results obtained in Syrian hamsters immunized with MVA-S with those immunized with MVA-S(3P), obtained in this study, showed that MVA-S(3P), which expresses a full-length prefusion-stabilized S protein, is more immunogenic and effective than MVA-S. MVA-S(3P) elicited more than 10-fold higher titers of S-binding IgG antibodies and 6-25-fold higher neutralizing antibody titers against the ancestral SARS-CoV-2 Wuhan strain and several VoCs than MVA-S. Furthermore, MVA-S(3P)-vaccinated hamsters had a significant increase in body weight at 4 days post-challenge, while MVA-S-vaccinated hamsters had similar body weight compared to the beginning of the experiment. MVA-S(3P) was also more effective than MVA-S, with greater reductions in SARS-CoV-2 viral RNA (approximately 103-fold) and no detectable infectious virus (40-fold reduction compared to MVA-S) in the lungs, and almost no detectable lung histopathology, whereas MVA-S-vaccinated hamsters developed small lung histopathology scores. MVA-S(3P) also led to reduced levels of several proinflammatory cytokines, while no effect was observed in MVA-S-vaccinated hamsters.

Although these results are encouraging, the hamster study has some limitations. For example, it would be interesting to determine whether MVA-S(3P) could protect hamsters against a challenge with SARS-CoV-2 omicron variants, which are now circulating among the population. In this regard, the presence of neutralizing antibodies against omicron BA.1 in hamsters vaccinated with MVA-S(3P), although at lower levels, could indicate that it is highly likely that protection against the SARS-CoV-2 omicron variant could be triggered. Future studies will examine this issue. On the other hand, in the hamster study, we did not analyze the presence of T-cell immune responses, as the reagents for evaluation of T-cell responses in hamsters are far more limited than in mice. In this regard, we previously reported that the vaccine candidate MVA-S(3P) induced robust levels of SARS-CoV-2 S-specific CD4+ and CD8+ T-cell immune responses in mice, either after intramuscular (11) or intranasal immunizations (10), so MVA-S(3P) is likely to elicit a robust magnitude of SARS-CoV-2 S-specific CD4+ and CD8+ T-cell immune responses in hamsters. Future experiments will cover this topic.

Overall, we show in this study that the MVA-S(3P) vaccine candidate is safe, highly immunogenic, and effective against SARS-CoV-2 infection in Syrian hamsters, even after administration of a single dose. These data support further clinical trial evaluation of this MVA-S(3P) vaccine candidate, whose GMP lots are already available.
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The COVID pandemic exposed the critical role T cells play in initial immunity, the establishment and maintenance of long term protection, and of durable responsiveness against novel viral variants. A growing body of evidence indicates that adding measures of cellular immunity will fill an important knowledge gap in vaccine clinical trials, likely leading to improvements in the effectiveness of the next generation vaccines against current and emerging variants. In depth cellular immune monitoring in Phase II trials, particularly for high risk populations such as the elderly or immune compromised, should result in better understanding of the dynamics and requirements for establishing effective long term protection. Such analyses can result in cellular immunity correlates that can then be deployed in Phase III studies using appropriate, scalable technologies. Measures of cellular immunity are less established than antibodies as correlates of clinical immunity, and some misconceptions persist about cellular immune monitoring usefulness, cost, complexity, feasibility, and scalability. We outline the currently available cellular immunity assays, review their readiness for use in clinical trials, their logistical requirements, and the type of information each assay generates. The objective is to provide a reliable source of information that could be leveraged to develop a rational approach for comprehensive immune monitoring during vaccine development.
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Introduction


Human immune responses include a range of cellular and soluble factors. To optimally assess immune responsiveness an integrated approach that measures both cellular and soluble factors is required. However, only the antibody response was measured at scale throughout clinical development of the first generation COVID vaccines, in particular titers of neutralizing antibodies and total immunoglobulin G (IgG). Cellular immunity was partially characterized, and only at the early-stage trials (1–9). This approach left open questions about how long-term protection can be established and monitored, particularly in the context of emerging variants (10). For most vaccines antibodies can serve as adequate surrogates of general immune responses when applied to the overall population (11). In COVID, neutralizing antibody (nAb) levels have been shown to be predictive of protection from symptomatic infection in healthy, previously unexposed individuals (12, 13) though the correlate calculations are still in progress (14–16). Other evidence indicates that protection correlates may also involve non-neutralizing antibodies, as well as T cells and innate immunity (17–19). In high-risk populations, such as the elderly and people with compromised immune function, antibody measurements alone have been insufficient metrics of responsiveness to vaccination (20, 21). In addition, given how short the interval between exposure to infection can be for respiratory viruses, perhaps the most effective measures of immune responsiveness may be correlates of infection clearance and durable long term protection (22), which are functions of the cellular immune response.







Cellular immune monitoring assays currently used in clinical trials


Cellular immunity is currently being measured in clinical trial settings using a number of approaches. The enzyme-linked immune absorbent spot assay (ELISpot (23); see 
Box 1
) and the intracellular cytokine stain assay (ICS (24); 
Box 1
) assay have both been used in clinical trials for either primary, secondary or exploratory endpoints in comparable proportions for the last twenty years (
Figure 1
). The activation induced marker assay (AIM (25); 
Box 1
), another flow cytometry method, was first used for clinical trial secondary endpoints beginning in 2019. All three techniques require live peripheral blood mononuclear cells (PBMC) and in vitro antigen-specific stimulation prior to sample analysis, have established standardization procedures, require the same level of Clinical Laboratory Improvement Amendments (CLIA) complexity, and can be rapidly scaled with existing laboratory infrastructure. ELISpot has been the primary cellular immunology assay deployed in COVID vaccine clinical trials, reflected in its proportional increased use since 2020 (see 
Figure 1
). ICS and AIM require more reagents than ELISpot, though typically ELISpot requires longer culture time. Assay sensitivity is comparable in practice. Although fewer cells can be used in ELISpot, the data becomes more variable at the lower end of the cell input scale which reduces that advantage resulting in comparable cell inputs used by all assays.





Figure 1 | 
Utilization of cellular immunity monitoring assays in clinical trials. Clinical trials using one of the indicated technologies were retrieved from clinicaltrials.gov till October 2022 and displayed by start year. Completed studies and those in progress were used, withdrawn and terminated studies were excluded.




The main difference between ELISpot and the flow cytometry based ICS and AIM assays is the type of data generated. ELISpot is an antibody capture assay that provides one output, the enumeration of cells producing the particular cytokine targeted by the capture antibody, most frequently interferon-gamma (IFNγ). There is no further characterization of the responding cells. ICS is a multi-parametric flow cytometry assay which can also measure the frequency of cytokine-secreting cells, but also determines the responding cells’ lineages, activation states, and proportion of multi-functional responders, which defined as cells that make more than one cytokine following antigen-specific stimulation and which are highly desirable after vaccination (26). AIM assays typically use fewer parameters than ICS and focus on the detection of immune cell activation following antigen-specific stimulation by evaluating the expression of activation-associated surface markers, rather than the production of activation-associated cytokines (27). Since a balance of pro-inflammatory and anti-inflammatory cytokines is desirable in the regulation of host immune response (28), assessment of potential drug hypersensitivity reactions—including drug allergy and adverse drug reaction—can be gleaned from tests that detect cytokine secretion, especially tests such as ICS that enable the simultaneous detection of multiple, specific cytokines (29, 30). Due to the phenotypic characterization of the responding cells, ICS and AIM assays provide superior information than ELISpot on what kind of immune cells are involved in a response and therefore allow better mechanistic insights. This will be particularly useful for understanding how to induce robust, long lasting immune responses, especially in immune compromised individuals.



 Box 1 Immune monitoring assay definitions.



ELISpot: Enzyme-linked immune absorbent spot assay. A method for measuring cytokines secreted by activated cells following antigen stimulation (23). The assay requires viable cells which are activated in vitro and the cytokines secreted are captured by antibodies pre-coated onto the surface of the culture wells. Readouts are colorimetric and specific for single analytes. A fluorescence version of this assay can measure up to three analytes.



ICS: Intracellular cytokine stain assay.
A flow cytometry assay that measures the percentage of cytokine-producing cells following antigen stimulation and provides information about the cellular subpopulations producing either single or multiple cytokines of interest (24). The assay requires viable cells which are activated in vitro and then stained for cell surface lineage and activation markers and for intracellular cytokine production. Stimulated cells can be analyzed either prior to or following cellular expansion. Readouts are multiparametric flow cytometry files.



AIM: Activation induced marker assay. A flow cytometry assay that measures the percentage of activated cells following antigen stimulation and provides information about the cellular subpopulations expressing activation markers (25). The assay requires viable cells which are activated in vitro and then stained for cell surface lineage and activation markers Stimulated cells can be analyzed either prior to or following cellular expansion. Readouts are multiparametric flow cytometry files.



ScRNA: Single-cell RNA sequencing assay. A method of sequencing a cell’s complement of RNA molecules that provides high resolution information about gene expression levels in each cell analyzed as well as presence of transcriptional alterations such as alternative splicing and transcription starting site changes (31). The assay uses suspensions of cells not necessarily required to be viable, which are partitioned into single cell suspensions through limiting dilution or fluidic sorting. Cellular RNA is then extracted, reverse transcribed into cDNA and amplified using nucleotide primers containing multiple unique barcodes used for later data deconvolution and interrogation. The assay could be used on ex vivo cells or after in vitro stimulation. Readouts are in next generation sequencing (NGS) compatible formats.



TCR sequencing: T cell receptor sequencing assay.
A version of scRNA analysis focused on measurement of expressed T cell receptor genes at the single cell level (32). Assay requirements and methodologies are similar to scRNA except for using amplification and data analysis methods specific for T cell receptor gene expression. Readouts are in NGS compatible formats.



Biosensors: Wearable biometric devices that can continuously monitor and transmit data for a range of physiologic activities such as resting heart rate, heart rate variability, dermal temperature (33), among others, and the changes observed in these measurements can be associated with immune phenomena and used as surrogate markers. These assays do not require cellular sampling from the host and provide spreadsheet compatible data in multiple formats.




A recent publication presented an overview of the technologies and differences between multiple cellular immunity assays (27), including a qualitative comparison of just the laboratory costs of running these assays. However, the establishment and maintenance of the infrastructure necessary to prepare viable PBMC of consistent quality across multiple sites is also a vital factor to consider. Once that investment is also factored in, the overall costs between cellular immunity assays become much more comparable. The differentiating feature, therefore, is the information generated by each assay, and consequently their cost effectiveness as opposed to simply cost.







Molecular immune monitoring assays currently used in clinical trials


Single-cell RNA (scRNA) and T cell receptor (TCR) sequencing have seen a rapid rate of adoption in clinical trials in the last 5 years (
Figure 1
, 
Box 1
). ScRNA allows high resolution gene expression analysis of samples at the single-cell level and is particularly suitable for studying dynamic processes such as the development, expansion or contraction of cellular immune responses, or reversible processes such as immune exhaustion (31, 34). ScRNA analysis can also be used to identify multi-functional responding cells (35, 36). TCR sequencing focuses on the antigen receptors expressed by T cells and has been used for diagnosis and personalized monitoring of remission and relapse in multiple hematologic cancers (32, 37). At the population level, TCR sequencing has been used to determine the clonality and repertoire dynamics of public T cell responses (38, 39). The information provided by these molecular methods can be expected to become relevant for assessing risk in future treatments in T cell directed vaccines such as the universal flu vaccine (40), and also likely for assessment of booster doses of existing vaccines.







Immune monitoring assay comparison


A comparison of the cellular immunity assays discussed here is presented in 
Figure 2
. We assessed current readiness of each assay as a composite of whether each assay had been previously used for clinical trial endpoints, plus the scalability of the assay platform, and whether standardization has been established. Scalability was evaluated by considering each platform’s installed base, and how quickly assay scale up can be implemented. Standardization was assessed by examining whether reporting, calibration and procedural standards have been established. Logistical considerations examined what kind of sample was required to carry out each test and the CLIA-regulated complexity requirements. Finally, the information generated by each assay was used to determine how detailed the immune monitoring was, and whether there was enough information to enable specific assessments such as the type of immune response induced, assessment of cross-reactivity and of risk for adverse effects such as drug hypersensitivity reactions via simultaneous detection of multiple, specific cytokines.





Figure 2 | 
Cellular immunity assay characteristics. Color coded visualization of parameters that enable cellular immunity measurements to be conducted at clinical trial scale. Clinical trial endpoint use was determined by reviewing clinicaltrial.gov completed trials and trials in progress per assay. The highest endpoint type per trial was reported. CLIA complexity was assessed as high (H) medium (M), low (L) or non-applicable (N/A). Assay abbreviations are described in the text. Additional abbreviations not previously referred to are calibration standardization (Calibr) and procedural standardization (Proc).




Multiple methods are available for high resolution immune monitoring (
Figure 2
). All the technologies reviewed here are already being used in clinical trials, with ELISpot and ICS having over two decades of use. All assays have a broad enough install base and sufficient throughput to be scalable for large trials. ELISpot, the flow cytometry, and the scRNA and TCR sequencing molecular methods have published standardization guidelines (41–48). All are sufficiently complex to warrant high level CLIA complexity designations (49) and therefore must be performed in CLIA laboratories by appropriately trained personnel.


The type of information provided by the cellular immunity assays is going to be essential for evaluation of next generation COVID vaccines, especially to define critically needed correlates associated with duration of protection (50). Phase II studies that incorporate in depth analysis of the cellular response in defined high risk populations such as the elderly or immune compromised will be able to provide new insights into the underlying immune mechanisms involved and better understanding of the dynamics of waning immunity for both cellular and humoral responses, as well as better risk assessment for novel viral variants. For example, the breadth of the immune response as measured by the total number of viral epitopes actively engaged by an individual may be a better measure of protection than measuring any one particular element of the immune response, such as nAb titer (51). Such analyses can become the basis of cellular immunity biomarkers that can then be deployed in Phase III studies using large scale-amenable genomics technologies (32, 52).


ELISpot provides the least in-depth characterization of the cellular immune response, whereas scRNA would provide the most in depth characterization. Multi-parametric flow cytometry as represented by the ICS and AIM assays falls somewhere in between, but nonetheless is still able to provide the critical information needed to evaluate the type of cellular immunity induced by the vaccination, as well as assess cross reactivity and risk of adverse effects. Judging from the overall operational costs involved, including sample procurement, processing, laboratory operations and subsequent data analysis, multi-parametric flow cytometry may be the most cost-effective application for the monitoring of vaccination-induced cellular immunity and identification of cellular immunity correlates.


ELISpot and the flow cytometry assays need live cells, which is a major source of logistical concern and also a source of data variance. Inconsistent cell preparations not only affect the yield of PBMC per tube of blood collected, but can also affect responsiveness in subsequent testing. Effective deployment of any of these cellular assays requires the establishment of properly trained sample collection and processing sites. Alternatives to PBMC preparation and cryopreservation such as whole blood ICS, whereby the blood is directly stimulated with the required antigens (53) could help alleviate the variable quality and stability issues. This protocol allows the freezing of cells following the stimulation step which would offer the potential of performing this technique directly at the clinical site but still requires careful training of all personnel involved. Additionally, automated platforms for PBMC processing also exist, and equipping clinical sites with these capabilities could be an alternative for isolating PBMC on the same day as the blood draw. The molecular methods do not require live blood cells and for direct ex vivo sample analyses can bypass the establishment of high quality sample processing. However, If the molecular assays are intended to be used on a subset of the cells, or following enrichment of antigen specific responses, the requirement for live cells of a consistent quality would remain. Nonetheless, processes for live cell preparation have been well-established in fields such as HIV where cellular immunity is a critical parameter of clinical trials, and multiple options are available for effective deployment.


Several studies have demonstrated that relatively limited number of subjects (20-30 individuals) are sufficient to demonstrate significant differences between vaccinated/treated groups and placebo control or baseline using ELISpot or ICS (3, 10, 54, 55). Since the number of subjects required depends on the magnitude of the expected effect sizes, elucidating differences between a vaccine/drug candidate and a commercially available ‘active’ comparator might be achieved with about 100 subjects or less (56). Clinical studies employing multi-parametric flow cytometry at this scale are already routinely performed. Vaccine trials that require a representative subset of each population being tested to undergo full immune monitoring, especially if that included the high risk elderly and immune compromised populations, would substantially improve our understanding of how to establish and maintain robust long-term protection. Expanding testing to larger numbers of subjects per trial would help elucidate low frequency adverse effects of the kind typically missed in small scale trials but are present when a vaccine is rolled out to the general population. Note, however, that immune compromised subjects are not typically recruited in vaccine trials, except for HIV where the target of the vaccine is the cause of the compromised immunity. Nor do correlate calculations typically seek to compare or combine cellular immunity and antibody titer data into holistic measurements of immune responsiveness to associate with clinical outcomes.


The incremental costs of these studies could be argued that they will discourage investment in vaccine development or restrict innovative approaches to vaccine development. A mitigating strategy might be to simply require the acquisition and retention of appropriate clinical samples during early developmental efforts while allowing deferral of the investment analyzing those samples until a later phase of clinical trials but prior to FDA approval. We would also recommend a deliberately agile process to determining what clinical samples should be retained and what subsequent assays should be performed as we learn more about which studies are most relevant in general, and more specifically which assays are more relevant to different infectious agents. A collateral benefit of systematically including T cell assays in the assessment of vaccines is that focusing more attention on these assays will likely accelerate simplification and cost-reduction for these tests and generate novel technical approaches to obtain comparable information.


Finally, it is important to note an emerging, but completely different technologic approach to tracking individual immune response - wearable biosensors, also known as wearable biometric devices (
Box 1
). Biosensors can continuously track a range of physiologic and behavioral changes, on an individual level. Early data from primarily consumer biosensors have found that the detection of subtle physiologic changes post-vaccination relative to pre-vaccination baselines allowed an objective quantification of individual inflammatory responses (57). Some of these studies have found a direct relationship between the degree of physiologic change and humoral immunity (33, 58). Preliminary findings using medical grade wearables appear to extend these findings to include cellular immunity. This technology is not yet mature enough to have established standardization comparable to the other technologies reviewed here, however we anticipate that it will achieve that maturity within a few years since it is already being used for clinical trial primary endpoints (
Figure 1
). Wearable biosensors do not have that level of standardization yet, and their regulation will depend on the intended use, ranging from low risk, general wellness applications that do not meet the definition of a medical device as defined in Section 201(h) of the FD&C Act (59) to high-risk medical devices requiring FDA premarket approval comparable to continuous blood glucose monitoring systems. A wearable system that is designed to monitor an immune response would likely meet the definition of a medical device and thus be subject to FDA regulations and oversight as a class II or class III medical device. We believe that the deployability, non-invasiveness, and complementarity of the data collected by wearables are expected to significantly contribute to improved understanding of host response and adverse effect monitoring in the future.







Conclusions


COVID has brought increased public attention to the consequences of insufficient immune protection, and the limitations of insufficiently monitoring cellular immunity. We have an opportunity to integrate cellular immunity and antibody testing to inform more effective vaccination strategies and develop immune monitoring tools that should be adopted for every therapy that involves the immune system. A monolithic, homogenized approach to understanding vaccine effectiveness at a total population level overlooks the opportunity to better address the specific needs of large and growing cohorts of elderly and immunocompromised sub-populations. We can now better leverage the abundance of biotech innovation to extend our ability to understand vaccine effectiveness in different subcohorts, which itself is the first of many steps towards a future of more personalized vaccinology.
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Characteristics Participants (n=97)

Age (years), mean+SD 40.66+7.98

Sex (Male:Female) 24:73

Han ethnicity, n (%) 97 (100.00)
Body-mass index (kg/m?), mean+SD | 22.69+4.28

Interval between 2™ and 3 doses (days), mean+SD 257.34+8.75

Before the third dose

Positive for total antibody, n (%) 81 (83.51)
Positive for IgM, n (%) 0 (0.00)

Positive for IgG, n (%) 41 (42.27)
Positive for neutralizing antibody, n (%) 54 (55.67)

Month 1 after the third dose

Positive for total antibody, n (%) 97 (100.00)
Positive for IgM, n (%) 1(1.03)

Positive for IgG, n (%) 97 (100.00)
Positive for neutralizing antibody, n (%) 97 (100.00)

Month 6 after the third dose

Positive for total antibody, n (%) 97 (100.00)
Positive for IgM, n (%) 0 (0.00)
Positive for IgG, n (%) 96 (98.97)

Positive for neutralizing antibody, n (%) 97 (100.00)
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Characteristics

Participants (n=97)

Total reactions after the third dose

Any, n (%) 23 (23.71)
Grade 3, n (%) 0 (0.00)
Injection site adverse reactions

Pain, n (%) 8 (8.25)
Induration, n (%) 1(1.03)
Swelling, n (%) 1(1.03)
Systemic adverse reactions

Muscle pain, n (%) 13 (13.40)
Fatigue, n (%) 2 (2.06)
Nausea, n (%) 1(1.03)
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Characteristics Mild SEEE Seronegative Control
(PCR+/1gG+) (PCR+/1gG+) (PCR+/19G-) (PCR-/1gG-)
n=33 n=26 n=27 n=33
Age (median, range) 43 (23-66) 59 (33-70) 47 (28-70) 43 (24-67)
Sex, n (%)
Male 16 (48.5) 17 (65.4) 14 (51.9) 17 (51.5)
Female 17 (51.5) 9 (34.6) 13 (48.1) 16 (48.5)
Days from 1** PCR+ to 1 IgG+ (median, IQR) 23 (15-43) 26 (22.2-43.5) 18 (14-27) -
Days from 1* PCR+ to sample collection (median, IQR) 175 (142-195) 182 (141-211) 203 (145-216) -
Days from 1° IgG+ to sample collection (median, IQR) 132 (100-168) 139.5 (117.3-168) 166 (128-196) -
CMV-seropositivity, n (%) 24 (72.7) 25 (96.2) 22 (81.5) 23 (69.7)
Symptoms, n (%) 28 (84.8) 26 (100) 16 (59.3) 0(0)
Cough 15 (45.5) 21 (80.8) 10 (37) 0(0)
Fever 15 (45.5) 23 (88.5) 8(29.6) 0(0)
Headache 12 (36.4) 9 (34.6) 11 (40.7) 0(0)
Diarrhoea 7(21.2) 18 (69.2) 5(18.5) 0(0)
Myalgia 8(242) 12 (46.2) 8 (29.6) 0(0)
Dyspnea 4(12.1) 21 (80.8) 2(74) 0(0)
Odynophagia 9(27.3) 5(19.2) 7(259) 0(0)
Ageusia 13 (39.4) 4(154) 3(111) 0(0)
Asthenia 9 (27.3) 7 (26.9) 2(74) 0(0)
Anosmia 8(242) 5(19.2) 4(148) 0(0)
Other" 8(242) 13 (50) 8 (29.6) 0(0)
Oxygen supplement, n (%) 0(0) 26 (100) 0 (0) 0(0)
Nasal glasses 0(0) 25 (96.2) 0(0) 0(0)
Reservoir mask 0(0) 4 (15.4) 0(0) 0(0)
Non-invasive ventilation 0(0) 4(154) 0 (0) 0(0)
Mechanical intubation 0(0) 1(3.8) 0(0) 0(0)
Oxygen saturation, median % (IQR) - 92 (91-94) - -
Comorbidities, n (%)
Hypertension 5(152) 12 (46.2) 4(148) 3(9.0)
Dyslipidaemia 4(12.1) 8 (30.8) 0 (0) 2(6.1)
Obesity 3090) 6(23.1) 3(111) 309.0)
Cardiovascular disease 4(121) 5(19.2) 1(37) 309.1)
Respiratory disease 4 (12.1) 3 (11.5) 3(111) 3(9.1)
Diabetes 3(9.) 4(154) 1(37) 0(0)
Other 19 (57.6) 15 (57.7) 8 (66.7) 14 (42.4)

Cell-mediated immune function, (IU/mL IFNG; median, IQR)" 348 (216-662) 372 (182-660)

*Including runny nose, nasal congestion, nausea, discomfort, phlegm, seasickness, shivers, ganglion swelling or facial rash.
*Cell-mediated immune function was determined in a group of 87 participants.

351 (131-577)

451 (71-679)
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ntiVac (IgG) (BAU/ml) Elecsys (IgG) (

Non-vax 1 vax 2 vax 3 vax Non-vax 1 vax 2 vax 3 vax
Min. 35 595.5 510.8 1582 34.40 986.0 51.80 10279
Max. 801.7 52199 17639 18951 902 172400 148810 166430
Range 766.7 51604 17128 17370 867.6 171432 148758 156151
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Age (years)
Mean (SD) 40.6 (12.14)

N 653

Sex, n (%)

Female 472 (72)
Male 176 (28)
Other 3(1)
Unknown/Not Reported 2 (0)

Race, n (%)

Unknown/Not Reported 3 (1)
American Indian/Alaska Native 1 (0)
Asian 57 (9)
Black or African American 26 (4)
More Than One Race 18 (3)
Native Hawaiian or Other Pacific Islander 1 (0)
White 545 (84)

Ethnicity, n (%)

Unknown/Not Reported 3(1)

Hispanic or Latino 32 (5)

NOT Hispanic or Latino 618 (94)
BMI (kg/m)

Mean (SD) 27.7 (8.33)

Enrollment Group, n (%)

Healthcare worker 522 (80)
Not HC worker 131 (20)
Pre-existing Medical Conditions, n (%) 151 (23)
Chronic Lung Disease (asthma/emphysema/COPD) 66 (10)
Diabetes Mellitus 22 (3)
Cardiovascular Disease 13 (2)
Chronic Renal Disease 3 (<1)
Liver Disease 1(<1)
Hypertension 66 (10)
Immunocompromised condition 4 (1)

Neurologic/Neurodevelopmental/Intellectual Disability 1(<1)
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ratio limit limit Z-Value p-Value treated Control weight weight
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Case-control
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Variable

Cohort
Italy, Bari
Italy, Bologna
Ttaly, Brescia
Italy, Trieste
Italy, Verona
Romania, multicenter
Slovakia, multicenter
Spain, Barcelona
Spain, Oviedo

Sex
Male

Female

Job title
Administration
Physician (including residents)
Nurse
Technician
Other HCW (including auxiliary workers)
Previous COVID-19 infection
Never infected
Infected before first serologic measurement
Infected between first and second serologic measurement
Infected at both times
Number of vaccine doses
2 doses
3 doses
Time between first and second serologic measurements
< 30d
30d-60d
60d-90d
90d-120d
120d-150d
150d-180d
180d-210d
210d-240d
240d-270d
270d-300d
300d-330d
330d-360d
360d-390d
390d-410d
410d-440d
Time between first serologic measurement and first dose of vaccine
<90d
290d

* Difference in cohort-specific standardized antibody level.
SE, standard error.

N (%)

157 (0.8)
5,536 (28.6)
5,881 (30.4)
2,058 (10.6)
4,569 (23.6)

67 (0.3)

583 (3.0)

480 (2.5)

33(0.2)

5,295 (27.3)

14,069 (72.7)

2,263 (11.7)
4,288 (22.1)
4,714 (24.3)

8,099 (41.8)

1,568 (8.1)
4,989 (25.8)
7,310 (37.7)
1,622 (8.4)

3,875 (20.0)

16,634 (85.9)
2,327 (12.0)
376 (1.9)

27 (0.1)

18,196 (94.0)

1,168 (6.0)

13 (0.0)
173 (0.9)
649 (3.3)

3,162 (16.3)
5,548 (28.6)
1,806 (9.3)
4,823 (24.9)
1,780 (9.2)
603 (3.1)
426 (2.2)
274 (1.4)

71 (04)
19 (0.1)
16 (0.1)

1(0.0)

9,989 (51.6)

9,375 (48.4)

Mean difference* (SE)

1.21 (0.07)
-0.28 (0.01)
-0.33 (0.00)
-0.69 (0.04)
-0.19 (0.01)
-0.85 (0.08)
-0.84 (0.05)
0.37 (0.08)

-0.78 (0.13)

-0.29 (0.01)

~0.31 (0.01)

-0.36 (0.01)
-0.36 (0.01)
-0.33 (0.01)

-0.23 (0.01)

-0.25 (0.03)
-0.27 (0.01)
-0.33 (0.01)
-0.25 (0.03)

-0.34 (0.02)

~0.29 (0.01)
~0.62 (0.02)
1.01 (0.07)

0.96 (0.29)

-0.38 (0.01)

0.92 (0.04)

074 (0.77)
~0.37 (0.06)
-0.34 (0.03)
-0.30 (0.01)
~0.36 (0.01)
~0.48 (0.02)
~0.44 (0.02)
-0.30 (0.03)
0.23 (0.06)
0.95 (0.07)
1.01 (0.08)
0.68 (0.15)
1.25 (0.21)
1.92 (0.38)

0.89 ()

-0.29 (0.01)

-0.32 (0.01)
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Character RR 95% Cl

Cohort

Italy, Bari 1.90 1.53-2.36
Italy, Bologna Ref

Italy, Brescia 1.03 0.99-1.06
Italy, Trieste 249 2.34-2.64
Italy, Verona 1.68 1.59-1.78
Romania, multicenter 1.80 1.56-2.07
Slovakia, multicenter 2.77 2.55-3.00
Spain, Barcelona 1.81 1.62-2.02
Spain, Oviedo 0.89 0.59-1.33
Sex

Male Ref

Female 0.98 0.96-1.00
Age

10 years increase 1.03 1.02-1.04
Job title

Administration Ref

Physician (including residents) 1.01 0.97-1.05
Nurse 1.01 0.98-1.05
Technician 0.99 0.95-1.04
Other HCW (including auxiliary workers) 1.01 0.97-1.05

Previous COVID-19 infection

Never infected Ref

Infected before the first serologic measurement 0.81 0.78-0.85
Infected between the two serologic measurements 0.33 0.29-0.38
Infected at both times 0.70 0.50-0.99

Number of vaccine doses

2 doses Ref

3 doses 0.46 0.40-0.54
Time between first vaccine dose and first serology measurement

30 days increase 1.08 1.07-1.10
Time between first and second serology measurements

30 days increase 1.04 1.03-1.05
Antibody level at first serologic measurement

1 SD increase in In(antibody level) 1.60 1.56-1.64

Type of vaccine -

Comirnaty Ref

Spikevax 0.83 0.75-0.92
Vaxzevria 0.98 0.64-1.50
Mixed vaccines 0.61 0.51-0.74
Missing 0.44 0.37-0.52

RR, relative risk for decrease of one standard error of the cohort-specific distribution of In(antibody level) between the last and the first serologic measurements, adjusted for all the
variables in the table.
CI, confidence interval; HCW, healthcare worker; Ref, reference category; SD, standard deviation.
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PLWH n (%) Controls n (%)

Total 140 (100.0) 75 (100.0)
Age* 58.0 (10.1) 54.9 (12.4)
Age Group
<40 7 (5.0) 9 (12.0)
40 - 59 64 (45.7) 34 (45.3)
> 60 69 (49.3) 32 (42.6)
Sex
Female 7 (5.0) 43 (57.3)
Male 133 (95.0) 32 (42.7)
Race
Asian 4(29) 3 (4.0)
Black or African American 9 (6.4) 0 (0.0)
Native Hawaiian or other Pacific Islander 0 (0.0) 1(1.3)
Other 4(29) 1(13)
White 120 (85.7) 62 (82.7)
Missing/Declined 3(2.1) 8 (10.7)
Ethnicity
Hispanic 12 (8.6) 1(1.3)
Non-Hispanic 126 (90.0) 66 (88.0)
Missing/Declined 2(1.4) 8 (10.7)
Comorbidities: Any 78 (55.7) 36 (48)

’ Diabetes 15 (10.7) 5(6.7) ‘

‘ Hypertension 49 (35.0) 16 (21.3) ‘
Asthma 13 (9.3) 12 (16.0)
Heart disease 14 (10.0) 3 (4.0)
Obesity 13 (9.3) 16 (21.3)
Chronic lung diseases (e.g., COPD) 2(14) 0 (0.0)
Kidney disease 6(4.2) 0 (0.0)
Vaccine Type (Primary)
Pfizer (BNT162b2) 94 (67.1) 54 (72.0)
Moderna (mRNA-1273) 45 (32.1) 19 (25.3)
J&J (Ad26.COV2.S) 1(0.7) 2(27)
Days since 1% booster** 111.5 (45-153.25) 109 (83.5 - 128)

Self-reported history of SARS-CoV-2 infection

No 118 (84.2) 60 (78.7)
Yes 21 (15.0) 16 (21.3)
CD4 (cells/mm?) * 760.2 (93 - 1639) -

Viral Load (HIV-1 RNA, copies/mL)

< 20 (Undetectable) 128 (91.4) -
20 to 500 10 (7.1) =
> 500 2(14) =

*Values are mean (standard deviation). ** Values are median (IQR).
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Infection-naive Convalescents

(n=85) (n=64)
Age (years) 46 (25-66) 41 (26-67) 0.184
Sex (Female) 61 (72) 41 (65) 0.36
Body Mass Index 232 (21.2-26.3) 23.6 (22-26.8) 0392
Obesity (>30) 7(8) 8(12)
Smoking 22 (26) 25 (39) 0.005
Diabetes mellitus 4(5) 0 0.098
Hypertension 6(7) 6(9) I 0.781
Days from COVID-19 to inclusion - 198 (179-216) -

COVID-19 illness

Mild - 51
Moderate - 4
Severe = 5

Serology at study inclusion

Anti-N IgG positive 0 37 (58) <0.001
IgG titer (AU/ml) 4.62 (3.7-6.2) 10.1 (5.3-19.8) <0.001
Neutralysing antibodies (ng/mL) 0 1692 (1004-2562)

T-cell response to Spike antigen
CD4+ T cells 35 (41) 23 (36) 0.792

CD8+ T cells 34 (40) 28 (44) 0570

Data are expressed as median and interquartile range, and percentage. Mann-Whitney for continuous and chi-square for categorical variables were performed for statistical differences
between variables.
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Antibody

Anti-CD3-FITC
Anti-CD3-PERCPCy5.5
Anti-CD4-PERCPCy5.5
Anti-CD8-FITC
Anti-CD16-PE
Anti-CD19-PE
Anti-CD27-PECy7
Anti-CD45RO-APC
Anti-CD56-APC
Anti-CD62L-PECy7
Anti-CD138-APC
Anti-Tbet-PE
Anti-RORYt-APC
Anti-GATA3-PECy7
Anti-IEN-y
Anti-IL-17A-PE

Zenon™ anti-mouse IgG2b-Alexa 488

Isotype

Mouse IgG1, ¥
Mouse IgGl, k¥
Mouse IgG2b, x
Mouse IgGl, k¥
Mouse IgG1, x
Mouse IgG1, &
Mouse IgG1, x
Mouse IgG2a, ¥
Mouse IgG1, K
Mouse IgG1, ¥
Mouse IgG1, K
Mouse IgG1, ¥
Mouse IgG2b, k
Mouse IgG1, ¥
Mouse IgG2b, k
Mouse IgG1, ¥
Goat Fab fragments

Clone

UCHTI
UCHT!
OKT4
RPA-T8
B73.1
HIB19
M-T271
UCHLI
HCD56
DREG-56
MII5
04-46
Q21-559
150-823
IENG/466
SCPL1262

Catalog, Manufacturer

300406, Biolegend

560835, BD Biosciences

317428, Biolegend

555366, BD Biosciences

561313, BD Biosciences

302208, Biolegend

560609, BD Biosciences

559865, BD Biosciences

318310, Biolegend

304822, Biolegend

347193, BD Biosciences

561268, BD Biosciences

563620, BD Biosciences

560405, BD Biosciences
NBP2-53332, Novus Biologicals, USA
560436, BD Biosciences

725202, Thermo Fisher Scientific, San Diego, CA, USA
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ODrel
Me[IQR], n = 2074

VNA, 1/x, n = 207
0, n (%)
5, n (%)
10, n (%)
20, n (%)
n (%)
n (%)
160, n (%)
320, n (%)

*differences are statistically significant (p<0.05).

46 - 65

n=1199
1.03 [0.61 - 1.96]

n=118
13 (11.0%)
19 (16.1%)
31 (26.3%)
27 (22.9%)
4 (3.4%)
19 (16.1%)
2 (1.7%)
3 (2.5%)

Age cohort

66 - 80

n=885
1.43 [0.80 - 2.62]
n =389

9 (21.3%)
3 (14.6%)
6 (18.0%)
9 (21.3%)
(2.2%)

(13.5%)
(5.6%)

(

2
12
5
3 (3.4%)

p (criterion)

<0.001* (Mann Whitney criterion)

0.333 (exact Fisher-s test)
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Study

Knopp-
2022 (3)

USA

Nolasco-
2022 (4)

Ty

Vives-
2022 (5)
+

Spain

Country Age Sex Comorbidities

38

36

56

History Sex with COVID-19

of travel-  men  vaccination
ing prior prior to
to MPV  MPV
infection
Male  HIV, Herpes and No Yes No
1V drug use
Male  Bipolar disorder Yes Yes Yes
and syphilis
Male Depression, type 2 No Yes -

diabetes mellitus,
and previous

hospital admission
for COVID-19

MPV

COVID-
19 diag-
nosis

PCR

PCR

Symptoms and signs at
admission

Tonsillar inflammation, dry
mucous membranes,
vesiculopapular lesions on face,
torso, extremities and genitalia

Fever, pharyngodynia, fatigue,
headache, dotted body, including
the palm of the right hand and
the perianal region, skin lesions
in various stages of progression,
small vesicles, reddened haloed
pustules, and umbilicated plaques,
bilateral tonsillar hypertrophy,
hepatosplenomegaly, and an
enlarged hypomobile and painful
lymph node in the right inguinal
region.

Genital ulcer with indurate edges
and a fibrin base, foreskin edema,
glans erythema, painful bilateral
inguinal lymph nodes swelling,
and two punctate erythematous
lesions on the extremities. After
24h of admission, new blistering,
pustular and ulcerated lesions on
the extremities, buttocks, chest,
and scalp

Laboratory
findings

X-ray
findings

Elevated WBCs -

Elevated CRP, ~ Chest X-ray

fibrinogen,  revealed a
prothrombin  parenchymal
time,and  hypodiaphany
positive for i the right
HIV parailary
region,
Elevated S

WBCs, CRP,
and glycemia

#Preprint paper; HIV, human immunodeficiency virus; IV, intravenous; MPXV, monkeypox virus; PCR, polymerase chain reaction; WBCs, white blood cells; CRP, C-reactive protein.

Length
of
hospital

9 days

6 days

4 days

Treatment

1V fluids +
continuation
of the HIV
treatment of
the patient

Sotrovimab
500 mg IV +
dolutegravir,
abacavir and
lamivudine
for HIV

A single dose
of 2.4 million
units of
Benzathine
penicillin and
amoxicillin-
clavulanic
acid 875/125
mg TID iv

Outcome

Recovery
and
discharged

Recovery
and
discharged

Recovery
and
discharged
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RBD, 0.5ug/mL S-ECD, 0.5pug/mL

0 day

Mean 524 5.21 523 5.21
STDEV 0.14 0.16 0.08 0.14
cv 2.61% 3.16% 1.46% 271%
T-test 0.480 0.607
B.
N-IgY-pAb [ RBD, 0.5pg/mL [ S-ECD, 0.5ug/mL

0m. 6 m. ‘ 12 m. 0m. 6 m. 12 m.
Mean 527 5.64 ‘ 5.40 543 5.59 ‘ 5.58
STDEV 0.27 0.38 ‘ 0.34 0.40 0.22 ' 0.40
CV% 5.12% 6.74% ‘ 6.30% 7.37% 3.93% [ 7.17%
T-test 0.073 ‘ 0.190 0.234 0.241
Control (PBS) 0.18 ND ‘ 0.16 0.17 ND 0.12
m, month.
The stability was tested in an ELISA coated by RBD or S-ECD. The mean and SD values were based on 20 repeated tests at the storage time from day 0 to day 7 at 37°C, or at the storage
time from 0 to 12 months at 4°C. The values were expressed as OD.
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A Mapping of proteome microarray (with N-IgY-Ab)

B Mapping of proteome microarray (Pre-immunized hen-serum)
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Sample No Z-score = 3.0

M. No. N-lgY-pAb Pre-immuno serum residues

7 73 6.09 S1+82
8 727 1023 s2

9 725 0.54 S1

10 5.68 0.33 RBD
Peptide

Non-structural proteins (NSP)

190 335 <0.05 SNEKQEILGTVSWNL 15 orflab- 137

695 3.15 <0.05 HHANEYRLYLDAYNM 15 orflab-642
S-ECD

840 378 <0.05 RTQLPPAYTNSFTRG 15 NTD (21-35)
852 3.01 0.15 LGVYYHKNNKSWMES 15 *NTD (141- 155)
864 741 <0.05 GAAAYYVGYLQPRTF 15 *NTD (261-275)
867 745 <0.05 CALDPLSETKCTLKS 15 NTD(291-305)
879 331 <0.05 APGQTGKIADYNYKL 15 *RBD (411-425)
884 742 <0.05 LKPFERDISTEIYQA 15 RBD(461-475)
894 7.38 0.192 PFQQFGRDIADTTDA 15 CTD1(561-575)
895 7.38 <0.05 DTTDAVRDPQTLEIL 15 CTD1(571-585)
896 7.38 <0.05 TLEILDITPCSFGGV 15 CTD1(581-595)
904 6.34 <0.05 ECDIPIGAGICASYQ 15 CTD2(661-675)
912 3.56 <0.05 YICGDSTECSNLLLQ 15 S1/52(741-755)
919 743 14.16 KPSKRSFIEDLLENK 15 §1/52(811-825)
920 3.19 <0.05 LLENKVTLADAGFIK 15 S§1/82 (821-835)
954 7.38 <0.05 SPDVDLGDISGINAS 15 HR2(1161-1175)
958 7.19 <0.05 QELGKYEQYIKWPWY 15 HR2-TM (1201-1215)

Non-structural proteins (NSP)

991 4.93 146 MNSRNYIAQVDVVNENLT 18 ORF10-3

992 4.01 <0.05 MKIILFLALITLATC 15 ORF7a- 1

1003 6.52 6.46 TLCFTLKRKTE 11 ORF7a- 12

Controls

1 positive <005 KEVPALTAVETGAT polio peptide

2 negative <0.05 YPYDVPDYAG HP

3 positive 7.132 Human IgG+IgM+IgA
4 negative <005 Streptavidin

5 negative <0.05 Buffer PBS

6 negative <0.05 N-protein

« Mutation: Grey box *NTD (141LGVYYHKNNKSWMES155, (G142D); “NTD.

(261GAAAYYVGYLQPRTE275); *RBD (411APGQTGKIADYNYKLA25, (K417N).

Comparative analysis of the immune response of the N-IgY-pAb and non- immunized hen serum targeting sites of the peptides in Figures 5A, B was summarized. *NR, number of
residues; HP, hemagglutinin peptide.
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Sex

Men

Women
Gestational age at birth
Early term

Full term

Late term
Postterm

Birth weight
SGA

AGA

LGA

Length at birth
Low

Adequate

High

Apgar 1st minute
<6

27

Apgar 5th minute
<6

27

CC/HC ratio
Adequate
Inadequate

No information

14

14

12

Symptomatic

%

57.1
42.9

357

57.2

7.1

78.6

214

7.1

85.7
7.1

11

12

Asymptomatic

SGA, Small for gestational age; AGA, Appropriate for gestational age; LGA, Large for gestational age; CC, Chest circumference; HC, Head circumference.

41.7
58.3

333
83
41.7
16.7

91.7

8.3

83

91.7

83

91.7

100.0

91.7
83
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Patients with Delta ~ Patients with Omicron- = Patients with Omicron-  Uninfected
Characteristics breakthrough BA.1 breakthrough BA.5 breakth controls
infection (N=25) infection ( 5) infection (N=12) (N=28)
Sex:
Men (%) 17 (68) 10 (66.7) 4(333) 14 (50) ns.
Women (%) 8(32) 5(33.3) 8(66.7) 14 (50)
Age:
Total 73 (51-82) 60 (55-77) 69 (62-79) 53 (49-63) C-BA.5 and C-D: p<0.01
2 doses of vaccine 71 (49-83) 58 (44-63) N/A 52 (48-64) C-D: p=0.0457
Booster 71 (60-81) 74 (55-82) 69 (62-79) 54 (50-61) C-BA.1 and C-BA.5: p<0.01
vaccination
Vaccine:
Comirnaty® 23 (92) 8 (53.3) 6 (50) 15 (53.6) D-BA.1, D-BA5 and C-D:
(BioNTech/Pfizer) p<0.01
(%)
Spikevax® 1(4) 2(13.3) 0 12 (42.9) C-BA.5 and C-D: p<0.01
(Moderna) (%)
Janssen® (Johnson 1(4) 0 0 0 ns
& Johnson) (%)
Combination (%) 0 5(33.3) 5(41.7) 1(3.6) D-BA-1, D-BA-5 and C-BA.5:
p<0.01; C-BA.1: p<0.05
Unknown (%) 0 0 1(8.3) 0 ns.
Vaccine doses:
1(%) 1(4) 1(67) 0 0 ns.
2 (%) 22 (88) 8 (53.3) 0 16 (57.1) D-BA.1 and C-D: p<0.05; D-
BA.5: p<0.0001; BA.1-BA.5:
0.01; C-BA.5: p<0.001
3 (%) 2(8) 6 (40) 10 (83.3) 10 (35.7) D-BA.1, BA.I-BAS, C-D and
C-BA.5: p<0.05; D-BA.5:
p<0.0001
4 (%) 0 0 2(16.7) 2(7.1) ns.
Days since vaccination:
Total 149.5 (97-184.3) 134.5 (66.25-192.5) 184.5 (133-222.5) 186 (45.75- ns.
199.5)
Since 2nd 160 (113-188) 176 (90.5-229.3) N/A 54 (29-186) D-C: p=0.0414
vaccination
Since booster 96.5 (91-102) 69 (46-140) 184.5 (133-222.5) 199 (192.3- D-BA.5, BA.I-BA.5 and D-C:
208) Pp<0.05; C-BA.1: p<0.01
Unknown 7 1 4 0

Data indicate median (interquartile range) or absolute numbers (percentage).
Differences between groups for the categorical variables were analyzed by Fisher’s exact test and for the continuous variables by two-tailed Mann-Whitney U test. N/A, not applicable; D, Delta; C,

uninfected control; n.

., not significant.
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All Asymptomatic Mild/Moderate Severe/Critical

n= (100%) 6 n= (%) n= (%) n= (%)
99 25 13 45 16
Sex Male 93 24 (25.8) 13(14) ‘ 41 (44.1) 15 (16.1) 0922
Female 6 1(16.7) 0(0) 4 (66.7) . 1(167)
Race ‘White 51 11 (21.6) 7(13.7) 23 (45.1) 10 (19.6) 0.6
Black/African American 38 10 (26.3) 4(10.5) 20 (52.6) 4 (10.5)
Asian 1 0(0) 0(0) 1 (100) 0(0)
Not reported 9 4 (44.4) 2(22.2) 1 (11.1) 2(222)
Ethnicity Non-hispanic 91 23 (25.3) 12 (13.2) 41 (45) 14 (15.4) 0.995
Hispanic 4 0(0) 1(25) 2 (50) . 1(25)
Not reported 4 2(8) 0(0) 24 1(6)
Age Range 30-59 38 11 (28.9) 4 (10.5) 18 (47.4) 5(13.1) 0.975
60-89 58 14 (24.1) 9 (15.5) 25 (43.1) ‘ 10 (17.2)
90+ 3 0(0) 0(0) 2 (66.7) 1(333)
Co-Morbidities Chronic Lung Disease 1(11.1) | 7 (77.8) 1(11.1) 0.8
Cardiac Disease 9 (20) 25 (54.3) . 12 (26)
Obesity 4(14.3) 16 (57.1) 8(286)
Diabetes 4(17.4) 14 (60.9) 5(21.7)
HIV 0(0) 1 (100) 0(0)
Cancer | 4 (36.4) | 5 (63.6) I 2(18.2)

P-value calculated by chi-square test.
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asers Color Target Alternate names
FLI FITC CD15% NKG2A KLRC1
FL2 PE I CD335 Nkp46 NCRI
FL3 PE Vio615 CD314 NKG2D KLRK1
Fl4 PC5.5 CD158a_h KIR2DL1/DS1
FLS PC7 CD158b1_b2 KIR2DL2/DL3

‘ FL6 APC CD158el_e2 KIR3DL1/DS1
FL7 APC-A700 CD56 ‘
FL8 APC-A750 CDI16

‘ FL9 PB CD94 NKG2e KLRD1
FL10 KrO CD3
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B SE Beta p value
COVID-19 strains 15,641 (9.820, 21.462) 2930 0.524 5338 <0.001
Lys —5.087 (~9.660, ~0.514) 2302 ~0.196 -2210 0.030
TBil —0.178 (~0.663,0.308) 0244 —0.064 0728 0468
cr 0.004 (<0.107, 0.115) 0056 0.007 0.072 0942
CK-MB 0.001 (<0379, 0.382) 0192 0.001 0.007 0994
LDL 0.766 (~2.650, 4.181) 1719 0.040 0.445 0657

Lys, Lymphocyte; TBil, Total bilirubin; Cr, Serum creatinine; CK-MB, Creatine kinase isoenzyme; LDL, Low density lipoprotein. Bold values means that p <0.05 and is statistically significant.
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Delta variant Original

s (n=56) plele
WBC, x10°/L. 4.93 (3.82,5.99) 4.75(3.97,5.59) 0718
Lys, x10°/L. 0.95(0.72, 1.36) 1.30(0.95, 1.73) 0.001
ALT, U/L 23.00 (14.00, 34.00) 16.2(13.17, 25.96) 0.177
AST, U/L 125.00 (20.00, 32.00) 23.34(18.07, 32.58) 0.470
“TBil, pmol/L 8.20(6.50, 11.20) 10.94 (7.35, 16.51) 0.009
Alb, g/L 44.60 (41.05, 45.40) 38.95 (35.95, 42.10) <0.001
CRP, mg/L. 9.56 (5.34, 16.97) 10.63 (3.00, 21.45) 0.731
ESR, mm/h 20.50(12.25, 32.25) 35.00 (18.50, 66.00) 0.003
PCT, nmol/L 0.00 (0.00, 0.04) 0.00 (0.00, 0.05) 0.678
D-dimer, pg/mL 0.30 (0.25, 0.44) 0.23(0.13,0.52) 0.163
Cr, pmol/L 70.00 (56.28, 82.65) 46.69 (39.86, 57.00) <0.001
CK, U/L 68.10 (47.30, 92.43) 63.10 (46.40, 115.55) 0.990
CK-MB, U/L 10.90 (8.60, 13.48) 8.70 (5.00, 12.20) 0.015
TG, mmol/L 1.13(0.76, 1.74) 1.08 (0.74, 1.54) 0.519
TC, mmol/L 3.68(3.35,4.19) 3.77(3.24,4.43) 0.882
LDL, mmol/L. 2.31(1.90,2.52) 2.62(2.13,3.20) 0.005
HDL, mmol/L 1.12(0.85, 1.30) 0.81(0.71,0.98) <0.001

WABC, white blood cell; Lys, lymphocyte; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total bilirubin; CRP, C-reactive protein; PCT, procalcitonin; ESR, erythrocyte
sedimentation rate; Alb, albumin; Cr, serum creatinine; CK, creatine kinase; CK-MB, creatine kinase isoenzyme; TG, triglyceride; TC, total cholesterol; LDL, low-densiy lipoprotein; DL,
igh-density lipoprotein. Bold values means that p<0.05 and is statistically significant.
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Delta variant

(n1=56) p value
Gender [male, n (%)) 34(60.71%) 34(60.71%) 1.000
Age [year, median (IQR)] 41(33.25, 56) 41(35,56.5) 0.766
Smoking / [ (%)] 7(12.50%) 1(1.79%) 0.041
Drinking / [n (%)] 101.79%) 1(1.79%) 1.000
Comorbidities
Hypertension / [ (%)) 9(16.07%) 9(16.07%) 1000
Coronary disease / [1 (%)] 0(0%) 0(0%) =
Diabetes / [ (%)] 6(10.71%) 3(5.36%) 0.469
Symptoms
Fever / [n (%)) 17.(30.36%) 40 (71.43%) <0.001
Fatigue / [n (%)) 10 (17.86%) 25 (44.64%) 0.004
Cough / [ (%)] 41(73.21%) 44 (78.57%) 0.659
Anorexia / [ (%)] 3(5.36%) 24(4286%) <0.001
Chills / [ (%)] 6(10.71%) 8(14.29%) 0.776
Myalgia / [n (%)] 3(5.36%) 6(10.71%) 0.487
Shortness of breath / [ (%)] 4(7.41%) 17 (30.36%) 0.004
Abdominal pain / [ (%)) 3(5.36%) 3(5.36%) 1.000
Sore throat / [1 (%)] 12/(21.43%) 12(21.43%) 1.000
Diarhea / [ (%)) 2(3.57%) 13(23.21%) 0.006
Nausea / [ (%)] 0(0%) 5(8.93%) 0.067
Dizziness / [n (%)] 5 (8.93%) 6(10.71%) 1.000
Headache / [ (%)] 6(10.71%) 9(16.07%) 0.580
Vomiting / [ (%)] 1(1.79%) 5(8.93%) 0.208
Chest CT with positive pneumonia / [ (%)] 42(75.00%) 52(92.86%) 0.019
Chest CT ground glass lesion / [ (%)] 24 (42.86%) 39 (69.64%) 0.004
Corticoid / [ (%)) 6(10.71%) 15 (26.79%) 0.051
Anti-viral therapy / [ (%)) 30(53.57%) 21 (37.50%) 0.088
Globulin/ [ (%)) 6(10.71%) 15 (26.79%) 0.051
Severe disease / [ (%)) 3(5.36%) 8 (14.29%) 0.204
Virus shedding time [day, median (IQR)] 415 (315,46.75) 18.5(13,25.75) <0.001

IQR, interquartile range. Bold values means that p<0.05 and i
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C (95% Cl) p-value Specificity
CD3+ 0.84 (0.77-0.91) <0.001 7 0.80 0.73
CD4+ 0.85 (0.78-0.92) <0.001 5 0.80 077
CD8+ 0.66 (0.56-0.76) 0.009 25 0.56 073

AUC, area under the curve.
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E 5'-CTCATTGATTTTTCGCGGGATA-3
par. | Monkeypox R 5'-GACGATACTCCTCCTCGTTGGT-3'
TaqMan- generic Advantages: MPVX
MGB (minor P 5'-6FAM-CATCAGAATCTGTAGGCCGT-MGBNFQ-3’ can be quickly and
grove accurately (83)
binding) real- F 5'-AACAACCGTCCTACAATTAAACAACA-3’ distinguished from
time PCR Monk smallpox virus.
N3R onteypox R 5'-CGCTATCGAACCATTTTTGTAGTCT-3' 4
generic
P 5'-6FAM-TATAACGGCGAAGAATATACT-MGBNFQ-3'
Beacon based E 5-ATTGGTCATTATTTTTGTCACAGGAACA-3' Limitation: the
Monkeypox | .
and MGB extracellul performance is
probe based B6R racellnlar R 5-AATGGCGTTGACAATTATGGGTG-3 A ©4)
: enveloped ; :
real-time 3 specific real-time
PCR protein P 5'-MGB/DarkQuencher-AGAGATTAGAAATA-FAM3'’ PCR platform.
F 5'-GAGATTAGCAGACTCCAA-3'
MPXV R 5'-GATTCAATTTCCAGTTTGTAC-3'
ATI Congo clade Limitation: DNA
specific Pl 5'-GCAGTCGTTCAACTGTATTTCAAGATCTGAGAT-Fluorescein-3' imitation:
LightCycler sequencing after a
qumm:“ve P2 5'-LCRed640-CTAGATTGTAATCTCTGTAGCATTTCCACGGC-Phos-3' PCR amplification
is needed to (85)
PCIP}C('P:)C' F 5'-GAGATTAGCAGACTCCAA-3' differentiate MPXV
4 MPXV West | : West African and
- Afican R 5'-TCTCTTTTCCATATCAGC-3 Congo Basin strains.
Cl;“?‘; Pl 5'-GCAGTCGTTCAACTGTATTTCAAGATCTGAGAT-Fluorescein-3'
specific
P2 5'-LCRed640-CTAGATTGTAATCTCTGTAGCATTTCCACGGC-Phos-3'
F 5'-CACACCGTCTCTTCCACAGA-3'
MPXV West
G2R African R 5'-GATACAGGTTAATTTCCACATCG-3'
specific
P 5'-FAM-AACCCGTCGTAACCAGCAATACATTT-BHQL-3' Advantages: 1.
Perform equally
TaqMan F 5'-GGAAAATGTAAAGACAACGAATACAG-3 wellin all platforms.
be based Monk 2. Capable of
probe base G2R N A R 5'-GCTATCACATAATCTGGAAGCGTA-3 g o (86)
Real-time generic differentiating
PCR P 5'-FAM-AAGCCGTAATCTATGTTGTCTATCGTGTCC-BHQI-3' between Central
and West African
Monkeypox E 5'-TGTCTACCTGGATACAGAAAGCAA-3' clades.
caL Emfg” R 5'-GGCATCTCCGTTTAATACATTGAT-3'
asin-
specific P 5'-FAM-CCCATATATGCTAAATGTACCGGTACCGGA-BHQI-3'
TagMan F 5'-CATCTATTATAGCATCAGCATCAGA-3'
robe based Monkeypox Advaniages;iones
Bihe F3L i R 5'-GATACTCCTCCTCGTTGGTCTAC-3' step, rapid and 87)
Real-time generic specific
ific.
PCR P 5'-JOE-TGTAGGCCGTGTATCAGCATCCATT-BHQI-3'
E 5'-AATAAACGGAAGAGATATAGCACCACATGCAC-3' Advantages:
. Specificity: 100%
Recombinase R 5'-GTGAGATGTAAAGGTATCCGAACCACACG-3' Sensitivity: 95%
polymerase GIR Monkeypox Time: 3 to 10 (88)
amplification generic 5. minutes
P.
(RPA) assay P ACAGAAGCCGTAATCTATGTTGTCTATCGQTFCCTCCGGGAACTTA- | 10D, 16 molecules/
3 ul

F, forward; R, reverse; P, probe.
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Order of

appearance

Monkeypox
spread by air
travel (name

of the countries)

From Nigeria to the October
UK 2018
From Nigeria to October
Israel 2018
From Nigeria to May 7,
Singapore 2019
From Nigeria to the July 17%,
Us 2021
From Nigeria to November
Maryland, US 2021
From Nigeria to the May 7,
UK 2022
From Germany to June 16",
Taiwan 2022
From Germany to June 21%,
Korean 2022
From United Arab July 2022
Emirates (UAE) to

India

From Germany to September
Chongging, China 16", 2022

Remark

Two UK travelers reported a rash that started in the groin before leaving Nigeria.

After exposure to two dead rodents in Nigeria, the patient was infected.

After the patient returned to Singapore from Nigeria, he was infected.

After the patient returned to the USA from Nigeria, his skin samples tested positive for the
West African clade of MPXV via PCR.

After the patient returned to the US from Lagos, Nigeria, he was infected.

The patient developed a rash when arriving in the UK from Nigeria, MPXV was laboratory
confirmed.

A 20-year-old returned to Taiwan from Germany. Then the CDC confirmed MPXV
infection.

A 34-year-old Korean man traveled to Europe in June 2022. On the day returned to Korea,
he presented with a genital lesion. Mpox was laboratory confirmed.

Case 1, developed a sore throat and worsening oral lesions after returning from URE to
India.

Case 2, his lesions spread to his face, back, neck, and forearm after traveling from UAE to
Kerala, India.

A Chinese salesperson visited Germany and had MSM behavior, then returned to China
and was confirmed with an MPXV infection.
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Adverse Reactions

1st dose

No adverse reactions

Pain at the injection site
Swelling at the injection site
Induration at the inoculation site
Rash at the vaccination site
Itching at the injection site
Redness at the injection site
Slight dizziness and nausea
Mild fever symptoms
Muscle soreness

Fatigue, lethargy symptoms
Mild diarrhea

Other allergic reactions

230 55.02%
144 34.45%
28 6.70%
11 2.63%
2 0.48%
6 1.44%
5 1.20%
9 2.15%
13 3.11%
34 8.13%
58 13.88%
4 0.96%
5 1.20%

243

123

28

26

41

6.88%

1.72%

0%

0.98%

0.49%

1.97%

1.97%

6.39%

10.07%

0.25%

1.23%

211

80

16

22

32

66.14%

25.08%

5.02%

251%

0%

0.94%

0.63%

1.25%

1.25%

6.90%

10.03%

0.63%

0.63%

n, number of participants; % = percentage of the total number of participants in this group.
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Characteristic Group %
Gender Male 182 42.92%
Female 242 57.08%
Age 12-18 2 0.47%
19-25 108 25.47%
26-40 207 48.82%
‘ 41-60 100 23.58%
over 60 years old 7 1.65%
Healthy Good 385 90.80%
General 36 8.49%
Poor 3 0.71%
Basic illness Hypertension 28 6.60%
Diabetes 15 3.54%
Coronary heart disease 4 0.94%
Chronic respiratory disease 12 2.83%
. Immunodeficiency disease 3 0.71%
Obesity 47 11.08%
Other illnesses 16 3.77%
None of the above 328 77.36%
Vaccination doses 1 dose 7 1.65%
2 doses 86 20.28%
3 doses 325 76.65%
I Not vaccinated 6 1.42%
Adverse reactions to other vaccines 99 23.68%
Willing to continue booster vaccinations 337 80.62%
Still suffering from COVID-19 after being vaccinated 5 1.20%

n, number of participants; % = percentage of the total number of participants in this group.
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Adverse Reaction

Other allergic reactions

Mild diarrhea

Fatigue, lethargy symptoms
Muscle soreness

Mild fever symptoms

Slight dizziness and nausea
Redness at the injection site
Itching at the injection site
Rash at the vaccination site
Induration at the inoculation site
Swelling at the injection site
Pain at the injection site

No adverse reactions

Other allergic reactions

Mild diarrhea
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Mild fever symptoms
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Rash at the vaccination site
Induration at the inoculation site
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No adverse reactions

Bl 1st dose(n=418)
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Peptide Position (base-pairs) Sequence

S15 141-160 LGVYYHKNNKSWMESEFRVY
S39 381-400 GVSPTKLNDLCFTNVYADSF
S44 431-450 GCVIAWNSNNLDSKVGGNYN
| S64 631-650 | PTWRVYSTGSNVFQTRAGCL
S82 811-830 KPSKRSFIEDLLFNKVTLAD
S95 941-960 TASALGKLQDVVNQNAQALN
S104 1031-1050 ECVLGQSKRVDFCGKGYHLM
S115 1141-1160 LQPELDSFKEELDKYFKNHT
M1 1-20 MADSNGTITVEELKKLLEQW
N16 | 151-170 PANNAAIVLQLPQGTTLPKG
N24 231-250 ESKMSGKGQQQQGQTVTKKS
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Comparison between group S and group A

Characteristics of Sardinian ~ 10tal pts  Group A | Group S

Covid-19 pts (N=381)  (N=174) | (N=207) Univariate Analysis Multivariate analysis
95% Cl | Py"  ORw* 95%Cly Py’

Age > 65 yr 138 | 362 | 49 | 282 | 89 | 423 | 19 12-30 0.003 25 16 - 4.1 13107 0.001
Male gender ' 226 | 593 | 72 | 414 | 154 | 744 | 41 2.6-65 | 6210 4.8 v 31-77 1.810" 14107
Autoimmune disease™ ‘ 75 | 197 24 | 138 | 51 | 246 , 20 ‘ V2537 0.009 24 , 13-43 0.004 . 0.032
HBB rs11549407 (C>T) ‘ 2 | 58 18 | 103 4 19 | 017  004-053  6010™ 02 » 00-05 0.002 0.016
HLA-G 3" UTR 14bp Del/Del 84 | 220 52 | 299 | 32 | 155 04 | 03-07 | 80107 0.4 02-07 6.510™ 0.005
KIR2DS2/HLA C1 combination +* ‘ 10 | 289 | 63 | 362 ‘ 47 | 27 05 | 03-08 0.005 0.6 » 04 -09 0.031 0248
LZTFLI rs35044562 (A>G) 76 | 199 22 | 126 | 54 | 261 | 24 14-44 0.001 22 | 12-40 0.010 0.080
HLA-B*58:01, C*07:01, DRBI*03:01' | 8 ‘ 2.1 7 1.0 1 05 | ol ‘ 00-09 0.026 0.1 . 00-08 0.060 . 0.480

Multivariate analysis based on a logistic regression model included all the clinical, immunological and genetic variables found significantly associated (P value < 0.05 in univariate analysis) with the
course of the viral infection: age > 65 yr, male gender, concomitant autoimmune diseases, B-thalassemic trait rs11549407 HBB gene (C>T), Neanderthal LZTFLI gene rs35044562 (A>G), KIR-ligand
combination KIR2DS2/HLA C1 and the HLA-G 3'UTR 14 bp Del/Del genotype. In the comparisons between Group S and Group A, age and gender were the most relevant factors, therefore the odds
ratios of all variables were adjusted accordingly. " Py = P value in univariate analysis; Py = P value in multivariate analysis based on a logistic regression model; Py = multivariate P value corrected
for multiple comparisons by the Bonferroni method.

7 ORys = Odds ratio adjusted for age and gender; * 95% Cly; = 95% confidence interval calculated using the logistic regression model.

% Rheumatoid arthritis, type I diabetes mellitus and autoimmune hepatitis; *+ = present. " The result for the three loci HLA haplotype (HLA-B*58:01, C*07:01, DRB1*03:01) is not fully reliable since
logistic regression analysis is a large sample method which requires at least 10 subjects.

The bold values mean statistical significance. Bold formatting are used to highlight values that have achieved statistical significance based on the applied tests or criteria.
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Alleles (f) Genotypes (f)

Allele Ins Del HWE Ins/Ins | Ins/Del | Del/Del P value
2n n (%) n (%) (P value) n (%) n (%) n (%)
Population group control 420 840 A 422 0.789 0.375 2 it 19
pulation group (0.489) | (0.511) : ’ (0.229) (0.521) (0.250)
381 381 81 219 81
VID-19 pati 1 762 52 .003* 2.4 .2
COVID-19 patients 38 6 0500 | ©s00) | 37 0.003 fo21s) Tl o213 75 0.29
159 189 33 93 4
. A 1 4 1. 311 2 ..
Srowp; 7 8 0457) | (0.543) 031 0310 (0.190) (0.534) (0.276) L2 0334
22 192 48 126 33
v s 207 414 10.369 0.001* 7005 | 0.029°
Group (0536) | (0.464) (0.232) (0.609) (0.159)
- ICU patients 57 114 74 4 3079 0.114* 2 2 4 11257 0.004°
ER (0.649) | (0351) : i (0.369) (0.561) (0.070) : :

Group A = asymptomatic and paucisymptomatic patients, Group S = patients with severe clinical manifestation, ICU patients = patients admitted to Intensive Care Units, HWE = Hardy-Weinberg
Equilibrium.

* Allele frequencies of Ins and Del variants were not in HWE in COVID-19 patients Group S. Allele frequencies of ICU were on the edge of significance. * P value was calculated for comparison

between the genotype of HLA-G (Ins/Ins, Ins/Del, Del/Del) in Group S vs Population group control. ® P value was calculated for comparison between the genotype of HLA-G (Ins/Ins, Ins/Del, Del/
Del) in ICU patients vs Population group control.

The bold values mean statistical significance. Bold formatting are used to highlight values that have achieved statistical significance based on the applied tests or criteria.
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207 Group S

(severe symptoms) Group A vs Group S

HLA-G 3'UTR 381 COVID-19 patients 174 Group A (paucisymptomatic)

Haplotypes 2N =762 2N =348 % 2N =414 % OR (95% Cl)
UTR1 207 0.272 112 0.3218 - 0.2295 0.005 0.628 (0.455 - 0.865) 0.045
(DelTGCCCGC) § : : : i SRR :
UTR-2

225 0.295 108 0.3103 117 0.2826 0.403 0.875 (0.641 - 1.120;
(InsTCCCGAG) ( )
UTR-5

X . 4 .11 X J .951 - 2.!

(BRTCCTGAC) 75 0.098 27 0.0776 3 01159 | 0087 559 (0.951 - 2.557)
UTR-3

96 0.126 39 0.1121 57 0.1377 0.289 0.790 (0.512 - 1.221
(DelTCCCGAC) ( )
UTR-7

75 0.098 24 0.0690 51 0.1232 0.014 1.897 (1.142 - 3.151 0.126
(InsTCATGAC) ( )
UtR:4 60 0.079 27 0.0776 33 0.0797 0914 0.971 (0.572 - 1.650)
(DelCGCCCAC) : . : : i : ’
UTR-18

.004 002 2 .004: = 1.684 (0.152 - 18.

(BaTaECeke) 3 0.00: 1 0.0029 0.0048 | 1000 = 1.684 (0.152 - 18.656)
UTR-10

0 0.000 0 0.0000 0 0.0000 -
(DelTCCCGAG)
UTR-6

18 0.024 9 0.0259 9 0.0217 0.709 1.195 (0.469 - 3.044
(DelTGCCCAC) ( )
UTR-13 3 0.004 1 0.0029 2 0.0048 0.667 0.594 (0.054 - 6.575)
(DelTCCTGAC) : : : : : : :
UTR-8
s TCECEAG) 0 0.00 0 0.0000 0 0.0000 -

Analysis of eight polymorphisms at the 3'UTR of HLA-G [hg38 chr6:29,827,845-29,831,125]. Haplotype combination of polymorphisms at the 3'UTR of HLA-G: HLA-G 14bp Ins/Del
(rs3711944629), 3003C>T (s1707), 3010C>G (rs116152775), 3027A>C (rs17179101), 3035C>T (rs17179108), 3142C>G (rs1063320), 3187A>G (1s9380142), and 3196C>G (rs1610696). °P values
were calculated for comparisons between Sardinian COVID-19 patients and the population group. Pc corresponds to P values corrected for multiple comparisons. OR, odds ratio; CI, confidence
interval. Group A: asymptomatic or paucisymptomatic patients, Group S: patients with severe disease. % = allele frequencies expressed as decimals.
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HLA-G extended haplotypes

IEES

3'UTR haplotype

N = 381

COVID-19

patients

2N =762

%

N = 174 Group A
(paucisymptomatic)

2N = 348 %

N = 207 Group S
(severe symp-

toms)

2N =414

%

Group A vs Group S

P value® OR (95% Cl)

G*01:01:01:01 UTR-1 144 0.189 79 0.227 65 0.157 0.016 0.634 (0.440 - 0.913)

G*01:03:01:02 UTR-5 75 0.098 27 0.078 48 0.116 0.087 1.559 (0.951 - 2.557)
I 1

G*01:01:02:01 UTR-2 105 0.138 56 0.161 49 0.118 0.093 0.700 (0.463 - 1.058)
I

G*01:01:03:03 UTR-7 72 0.094 21 0.060 51 0.123 0.004 2.188 (1.288 - 3.716)
| G*01:01:01:08 UTR-1 63 0.083 32 0.092 31 0.075 0.429 0.799 (0.477 - 1.339)
‘ G*01:01:22:01 UTR-2 51 0.067 21 0.060 30 0.072 0.505 0.822 (0.462 — 1.464)

G*01:01:01:03/05 UTR-4 59 0.077 27 0.078 32 0.077 0.988 1.004 (0.589 - 1.711)
[ G*01:04:01:01 UTR-3 87 I 0.114 36 i 0.103 51 0.123 0.393 0.821 (0.522 - 1.291)
| G*01:06:01:01/02 UTR-2 39 0.051 15 0.043 24 ‘ 0.058 0.354 0.732 (0.378 - 1.418)
' G*01:05N UTR-2 27 0.035 15 0.043 12 0.029 0.294 1.509 (0.697 - 3.268)
‘ G*01:04:04 UTR-3 9 0.012 3 0.009 6 0.014 0.455 0591 (0.147 - 2.382)
I |

G*01:01:01:04 UTR-18 3 0.004 1 0.003 2 0.005 0.667 0.594 (0.054 - 6.575)
I 1 B

G*01:04:01:01 UTR-10 0 0 = 0 = 0 0.931 1.190 (0.024 - 60.11)
!

G*01:01:01:06 UTR-4 1 0.001 1 0.003 0 0 0.605 2.386 (0.080 - 71.34)

G*01:04:01:02 UTR-3 0 0 - 0 - 0 -
I

G*01:01:01:01 UTR-4 0 0 - 0 - 0 -
I

G*01:01:01:04 UTR-6 18 0.024 8 0.023 10 0.024 0.916 0.951 (0.371 - 2.435)
’ G*01:01:01:03 UTR-7 3 I 0.004 2 0.006 1 0.002 0.464 2.387 (0.216 - 26.44)
} G*01:01:02:01 UTR-13 3 0.004 1 0.003 2 0.005 0.667 0.594 (0.051 - 6.575)
’ G*01:01:01:06 UTR-2 0 0 - 0 - 0 0931 1.190 (0.024 - 60.11)
‘ G*01:06:02:02 UTR-2 1 0.001 1 0.003 0 0 0.605 2.386 (0.080 - 71.34)
[ G*01:01:01:01 | UTR-3 0 0 - I 0 = 0 -
| G*01:03:01:01 UTR-5 0 ‘ 0 - 0 - ‘ 0 -
} G*01:02:02 UTR-2 0 0 - 0 - 0 -
! 1

G*01:01:01:09 UTR-1 0 0 = 0 = 0 =
1 |

G*01:01:17 UTR-2 2! 0.003 2 0.006 0 0 0.275 4.786 (0.215 - 106.48)

¢ P values were calculated for comparisons between Sardinian COVID-19 patients, Group A vs Group S. OR, odds ratio; ClI, confidence interval. Group A: asymptomatic or paucisymptomatic

patients, Group S: patients with severe disease.
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N =420 N = 381

Controls vs Patients

HLA-G 3'UTR controls Covid-19 patients

Haplotypes 2N = 840 2N = 762 SP-value OR (95% Cl)

(l;;?_l‘,; _ 288 03429 207 02717 0.002 14(11-17) 0.02
|

g:gé . 213 0.2536 25 02953 0.064 0.8 (07 - 1.0)

g::;:éc_r _ 135 0.1607 75 0.0984 <0001 18 (13 - 24) 0.001
| :‘];T:l{_rzc A 6 0.0821 9% 0.1260 0.005 0.6 (0.4 - 09)

g:g_é g 57 0.0679 75 0.0984 0.029 07 (05 - 1.0)
|

&TSECCCAC) 51 0.0607 60 0.0787 0.168 0.8 (05 - 1.1)
| :‘ID?:{_?C UG 15 00179 3 0.0039 0.008 46 (13 - 16.0)
!

&TT-ICOC A 9 0.0107 0 0.0000 0.004 - 0.042
|

:‘JD:?%Z B 3 0.0036 18 00236 0.001 0.1 (0.1 -05) 0.017
‘ :g:%ém AG 0 0.0000 3 0.0039 0.107 00 (00 - 22)
|

z::ff_é A 0 0.0000 0 0.0000 - -

Analysis of eight polymorphisms at the 3'UTR of HLA-G [hg38 chr6:29,827,845-29,831,125]. Haplotype combination of polymorphisms at the 3'UTR of HLA-G: HLA-G 14bp Ins/Del
(rs3711944629), 3003C>T (rs1707), 3010C>G (rs116152775), 3027A>C (rs17179101), 3035C>T (rs17179108), 3142C>G (rs1063320), 3187A>G (rs9380142), and 3196C>G (rs1610696). °P values
were calculated for comparisons between Sardinian COVID-19 patients and the population group. Pc corresponds to P values corrected for multiple comparisons. OR, odds ratio; CI, confidence
interval; % = allele frequencies expressed as decimals.

The bold values mean statistical significance. Bold formatting are used to highlight values that have achieved statistical significance based on the applied tests or criteria.
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W=y (il Controls vs Patients

HLA-G extended haplotypes

Healthy controls COVID-19 patients
Alleles 3'UTR haplotype 2N = 840 % 2N = 762 % P value® OR (95% Cl) Pc
G*01:01:01:01 UTR-1 ‘ 231 02750 144 0.1890 <0.001 16 (1.3 - 2.1) 0.002
‘ G*01:03:01:02 UTR-5 131 0.1560 75 ‘ 0.0984 0.001 17 (13 - 23) 0.018
} G*01:01:02:01 UTR-2 “ 99 » 0.1179 | 105 » 0.1378 0.260 08 (0.6 - 1.1)
} G*01:01:03:03 UTR-7 57 0.0679 | 72 0.0945 0.054 0.7 (05 - 1.0)
| | |
G*01:01:01:08 UTR-1 55 0.0655 63 0.0827 0.213 0.8 (0.5 - 1.1)
L | | | |
G*01:01:22:01 UTR-2 54 0.0643 51 0.0669 0.840 1.0 (06 - 1.4)
G*01:01:01:03/05 | UTR-4 12 0.0500 59 . 0.0774 v 0.030 0.6 (0.4 - 09)
G*01:04:01:01 UTR-3 ‘ 46 | 00548 87 | 0.1142 <0.001 05 (03 - 07) 0.005
| I | | ]
G*01:06:01:01/02 UTR-2 36 0.0429 39 0.0512 0.478 08 (05 - 13)
| ! |
G*01:05N UTR-2 15 0.0179 27 00354 0.029 05 (0.3 -09)
’ G*01:04:04 UTR-3 ' 16 , 0.0190 | 9 00118 0314 16 (0.6 - 3.7)
’ G*01:01:01:04 [ UTR-18 ‘ 15 v 00179 ‘ 3 0.0039 v 0.008 | 46 (13 - 16.0)
G*01:04:01:01 UTR-10 9 00107 0 0.0000 0.004 -
’ G*01:01:01:06 UTR-4 ' 6 , 0.0071 | 1 0.0013 0.127 5.5 (0.7 - 45.6)
‘ G*01:04:01:02 UTR-3 6 | ooom | 0 0.0000 0.032 -
[ G*01:01:01:01 ‘ UTR-4 { 3 ‘ 0.0036 | 0 0.0000 0.251 -
} G*01:01:01:04 UTR-6 “ 3 " 00036 ‘ 18 . 0.0236 , 0.001 0.1 (0-05) ‘ 0.018
L 1
G*01:01:01:03 UTR-7 0 0.0000 3 0.0039 0.107 0.0 (0.0 - 22)
| |
G*01:01:02:01 UTR-13 0 0.0000 3 0.0039 0.107 0.0 (0.0 - 2.2)
! |
G*01:01:01:06 UTR-2 3 0.0036 0 0.0000 0251 -
L I I I | I
G*01:06:02:02 UTR-2 3 0.0036 1 0.0013 0.626 27 (03 - 26.3)
| | | |
G*01:01:01:01 UTR-3 1 0.0012 0 0.0000 1.000 -
L | | { |
G*01:03:01:01 UTR-5 4 0.0048 0 0.0000 0.126 -
G*01:02:02 UTR-2 3 0.0036 0 0.0000 v 0251 -
} G*01:01:01:09 UTR-1 ‘ 2 » 0.0024 ‘ 0 0.0000 0.501 -
’ G*01:01:17 | UTR-2 ‘ 0 , 0.0000 | 2 0.0026 0.226 ‘ 0.0 (0.0 - 48)

¢ P values were calculated for comparisons between Sardinian COVID-19 patients and the population group. Pe corresponds to P values corrected for multiple comparisons. OR, odds ratio; CI,
confidence interval; % = allele frequencies expressed as decimals.
The bold values mean statistical significance. Bold formatting are used to highlight values that have achieved statistical significance based on the applied tests or criteria.
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Characteristics of Sardinian Total pts Group A Group S Comparison

COVID-19 patients N =381 N =174 N =207 Group S vs Group A
Age (yr): mean + SD 56.0 + 17.40 51.97 + 17.47 6243 + 1699 P=1310"

n % n % % P value OR (95% Cl)
Age <50 yr 108 0.2835 82 04713 26 0.1256 5310 0.2 (0.1 - 0.3)
50 yr< Age< 65 yr s oos | a7 ool | 68 omss 0221 [ s (08 -2.1)
Age =65 yr 158 04147 45 02586 113 05459 11107 34(22-53)
Male e 05932 72 o438 | 154 0.7440 6210M | 41 (27 - 6.4)
Female 155 0.4068 102 0.5862 53 0.2560 6.2:10™" 0.2 (02 - 04)

Comorbidities

Cancer 6 0.0157 | 4 0.0230 2 0.0097 0.418 04 (0.1 -23)
Diabetes I 13 1 0.0341 4 0.0230 9 ] 0.0435 0.397 [ 1.9 (0.6 - 6.4)
Chronic pulmonary disease’ 5 0.0131 3 7 0.0172 2 | 0.0097 0.663 0.6 (0.1 - 3.4)
Ischemic heart disease® 28 0.0735 15 0.0862 13 0.0628 0.433 0.7 (0.3 - 1.5)
Hypertension 57 ‘ 0.1496 ' 25 ‘ 0.1437 . 32 0.1546 ‘ 0.776 . 1.1 (0.6 - 1.9)
Autoimmune disease’ 75 0.1969 24 0.1379 51 0.2464 0.009 2.0 (1.2 -3.5)
Hypercholesterolemia 38 0.0997 14 0.0805 24 0.1159 0.304 1.5 (0.8 - 3.0)

Chronic Medication use

Steroidal anti-inflammatory drug 20 0.0525 § 0.0287 15 0.0725 0.066 26 (09 -74)
Non steroidal anti-inflammatory clrug4 22 0.0577 7 0.0402 15 0.0725 0.194 1.9 (0.7 - 4.7)
ACE 11 inhibitor” 39 0.1024 15 0.0862 | 24 0.1159 0.398 ' 14 (0.7 - 2.7)
Angiotensin II receptor blocker® » 21 0.0551 » 9 ‘ 0.0517 . 12 0.0580 ‘ 0.826 . 11(0.5-2.7)
Beta and calcium channel blockers” 48 0.1260 20 0.1149 28 0.1353 0.643 12 (0.7 - 2.2)
Levothyroxine 23 0.0604 14 0.0805 . 9 0.0435 0.138 ' 05 (0.2 - 1.2)

Genetic trait

Beta-thalassemia Trait® 22 0.0577 18 0.1034 4 0.0193 0.001 0.2 (0.1 - 0.5)
G6PDH deficiency I 40 0.1050 16 0.0920 24 0.1159 0.504 1.3 (0.7 - 2.5)
LZTFLI (rs35044562)° ' 76 0.1995 ' 22 ‘ 0.1264 . 54 0.2609 0.001 . 24(1.4-42)
OAS3 (r51156361)"° 339 0.6378 152 0.6207 187 0.6522 0.412 1.3 (0.7 - 2.6)
HLA-B*58:01, C*07:01, DRB1*03:01" ' 8 0.0210 7 0.0402 1 0.0048 0.026 ' 0.1 (0.0 - 0.9)
KIR AA Haplotype 127 0.3333 55 0.3161 | 72 0.3478 0.586 » 12 (0.7 - 1.8)
KIR2DS2/HLAC Cl+ group ligand [ 110 ‘ 0.2887 63 1 0.3621 47 0.2271 0.005 » 0.5 (0.3 - 0.8) |

! Chronic obstructive pulmonary disease was defined as a diagnosis of emphysema and/or bronchitis.

2 Ischemic heart disease was categorized as history of myocardial infarction or angina

*Autoimmune diseases included Hashimoto’s thyroiditis, type I diabetes mellitus, rheumatoid arthritis, systemic lupus erythematosus and autoimmune hepatitis

* Non-steroidal anti-inflammatory drugs included aspirin, ibuprofen, diclofenac, naproxen, indomethacin, celecoxib, and meloxicam.

® Angiotensin converting enzyme inhibitors included captopril, enalapril, lisinopril, fosinopril, ramipril, and quinapril.

© Angiotensin II receptor blockers included losartan, candesartan, irbesartan, olmesartan, and valsartan.

7 Dihydropyridine calcium channel blockers included amlodipine, nifedipine. Beta blockers included atenolol, bisoprolol, labetalol, metoprolol, nebivolol.

# The variant at codon 39 (C>T, rs11549407) in the HBB gene has been found in more than 90% of beta thalassemia carrier in Sardinia and has been associated with protection against severe COVID-
19.

? The allelic variant rs35044562 (A>G) in the LZTFLI gene, inherited from Neanderthal. has been associated with the highest risk of severe infection of SARS-CoV-2 (36).

' The allelic variant rs1156361 (T>C) in the OAS3 gene, inherited from Neanderthal, has been associated with protection against severe COVID-19 (70).

! None of the patients with SARS-CoV-2 infection carried the four loci extended haplotype HLA-A*02:05, B*58:01, C*07:01, DRB1*03:01 which was present in 3.1% of the 420 people selected for the
Sardinian population group control [OR = 0.1 (95% CI 0.0 - 0.6), P = 0.002].

P values were calculated for comparisons between Sardinian COVID-19 patients, Group A vs Group S. SD, standard deviation; CI, confidence interval.

The bold values mean statistical significance. Bold formatting are used to highlight values that have achieved statistical significance based on the applied tests or criteria.
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Peptide Sensitivity Specificity Cutoff
Lower bound Upper bound
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Data collection
Wavelength, A 0.979

Space group P2,2,2,

RBD m

0.979

P2,2,2,

Cell parameters

a,b,c A 55.1, 111.3, 142.9
o By 90, 90, 90
Molecules/a.u. 3

Resolution, (A) 50-2.04 (2.08-2.04)

# of reflections

85.8, 103.6, 112.1
90, 90, 90
3

50-2.05 (2.09-2.05)

194.5, 86.6, 57.7
90, 99.9, 90
3

50-2.4 (2.44-2.4)

Total 219416 334,796 102,672
Unique 54,854 59,785 34,224
Riyerger % 141 (63.7) 12.8 (82.7) 126 (38.0)
R % 7.3 (42.5) 5.6 (46.7) 8.1 (29.4)
CCipt 0.98 (0.57) 0.99 (0.49) 0.97 (0.80)
Iis 116 (1.65) 199 (1.3) 175 (1.9)
Completeness, % 98.0 (92.1) 93.3 (74.8) 923 (72.0)
Redundancy 4.0 (2.6) 5.6 (3.4) 3.0 (1.9)
Refinement Statistics

Resolution, A 50.0-2.05 50.0-2.05 50.0-2.4
R'% 166 177 17.9
Ries % 19.8 208 224

# of atoms

Protein 4,857 4,825 4,746
Water 567 243 85
Ligand/Ion 55 27 40
Overall B value (A)?

Protein 33 51 60
Water 10 50 50
Ligand/Ion 75 94 107
RMSD"

Bond lengths, A 0.008 0.008 0.010
Bond angles, ® 098 1.0 1.2
Ramachandran?®

Favored, % 95.1 96.6 94.7
Allowed, % 39 32 46
Outliers, % 1.0 02 0.7
PDB ID 7848 7URQ 7URS

Values in parentheses are for the highest-resolution shell.

“Rmerge = 2 | 1-<I> | /31, where I is the observed intensity and<I> is the average intensity obtained from multiple observations of symmetry-related reflections after rejections.

PRy, = as defined in (31).
CCip2 = as defined by Karplus and Diederichs (32).

R =3||F,| - |E|l/£|F,|, where F, and E, are the observed and calculated structure factors, respectively.

“Riree = as defined by Briinger (33).
fRMSD = Root mean square deviation.
SCalculated with MolProbity.
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Kp fold increase as compared to RBD,y

RBD,,, 82x10'+26x10"  1.7x107"+47x 107 2.1+04 i)

RBDyjpha 59x10"+27x10"  v68x 1071+ 1.1x 107 | 23+09 11

RBDpers 27x10"£35x10°  L1x107+48x 107 | 138+ 124 66

RBDepiton LIx10°+67x10" | 34x10%+39x10™* 25+ 16 12

c?valx RBDjor 13x10°+83x 10" 51x107"+46x10™" = 37+08 1.8
RBDgerra 1L1x10°+65x 10" 31x107*+28x 107" 25408 1.2

RBDgumicron BA2 12x10°+93x 10" | 74x 107 + L.1x 107 85+ 45 10

RBDomicron BQ.1.1 N.D. N.D. N.D. =

RBDomicron XeB.1.5 N.D. N.D. N.D. 2

The equilibrium dissociation constants (Kp), association constants (k,), and dissociation constants (ky) are as shown. Ky, values were determined using a 1:1 Langmuir model. Values are the
average of three or four experiments with standard deviations as shown. N.D., not detected.
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Patient No Age Clinical symptom  Gender Hospitalization Length (days) = RBD-specific utralizing activity (NTso)

antibody titer

cz 34 Severe Male 19 | 1:100 1356.6

wiQ 24 common Female 14 ‘ 1:300 1:317.7
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Inflammatory Indicators Effect estimates Effect 95% CI Prop.Mediated
Indirect 0381 0.166, 0.632 0.001
WBC Direct -1670 -2.765, 0450 0.007 29.56%
Total -1289 -2.393, -0.069 0.037 ‘
Indirect 0192 -0.017, 0.497 0.125
N Direct -1.486 -2.769, 0270 0.015 1 14.84%
Total 1294 -2,530, -0.069 0.036
Indirect 0053 -0.662, 0.020 0.752
L Direct 1232 -2.407, 0.076 0.056 4.12%
Total -1285 2470, -0.004 0.039
Indirect 0307 -0.645, -0.064 0.034
CRP Direct 1324 2,577, 0.024 0.047 1 18.83%
Total -1630 -2.832, 0299 0.013
Indirect -0.094 -0.256, 0.075 0259
PCT Direct -1422 -3.248, 0398 0.120 6.20%
Total -1516 -3.360, 0.299 0.094

WBC, White blood cell count; N, Neutrophil count; L, Lymphocyte count; CRP, C-reactive protein; PCT, Procalcitonin. The bold values mean statistical significance.
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Inflammatory Indicators Effect estimates Effect 95% CI Prop.Mediated
Indirect 0381 0.166, 0.632 0.001
WBC Direct -1670 -2.765, 0450 0.007 29.56%
Total -1289 -2.393, -0.069 0.037 ‘
Indirect 0192 -0.017, 0.497 0.125
N Direct -1.486 -2.769, 0270 0.015 1 14.84%
Total 1294 -2,530, -0.069 0.036
Indirect 0053 -0.662, 0.020 0.752
L Direct 1232 -2.407, 0.076 0.056 4.12%
Total -1285 2470, -0.004 0.039
Indirect 0307 -0.645, -0.064 0.034
CRP Direct 1324 2,577, 0.024 0.047 1 18.83%
Total -1630 -2.832, 0299 0.013
Indirect -0.094 -0.256, 0.075 0259
PCT Direct -1422 -3.248, 0398 0.120 6.20%
Total -1516 -3.360, 0.299 0.094

WBC, White blood cell count; N, Neutrophil count; L, Lymphocyte count; CRP, C-reactive protein; PCT, Procalcitonin. The bold values mean statistical significance.
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Inflammatory Indicators Bl95%CIT?

P value
WBC 1.23 [0.59,1.86] <0.001
N 1.21 [0.66,1.76] <0.001
L -0.14 [0.38,0.10] 02609
CRP 20.32 [11.04,29.6] <0.001
PCT 082 [-0.16,1.81] 00988

“Inflammatory indicators as the response variable and comorbidity burden group as the predictor variable in linear regression models. Models adjusted for gender, vaccination, and disease
severity. The bold values mean statistical significance.

WBC, White blood cell count; N, Neutrophil count; L, Lymphocyte count; CRP, C-reactive protein; PCT, Procalcitonin.
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Overall Low burden of High burden of

Variables (n=767) comorbidity (n=285) comorbidity (n=482)
Gender

Male 328 (42.8) 199 (41.3) 129 (45.3)

0.317

Female 439 (57.2) 283 (58.7) 156 (54.7)
Vaccination

No 499 (70.2) 272 (59.9) 227 (88.3)

<0.001

Yes 212 (29.8) 182 (40.1) 30 (11.7)
Group

Non-severe group 730 (95.4) 472 (98.1) 258 (90.8) <0.001

Severe group 35 (4.6) 9(1.9) 26 (9.2)
Minimum Ct value of ORF gene 25.73 (11.25) 26.58 (11.5) 24.81 (1049) 0.005
Minimum Ct value of N gene 25.39 (12.43) 26.14 (12.7) 24.39 (11.77) 0.013
Minimum Ct value of E gene 25.71 (11.24) 26.10 (11.34) 24.89 (11.05) 0.065
WBC(x 10°/L) 6.15 (3.32) 5.61 (2.07) 6.95 (447) <0.001
N(x 10°/L) 4.11 (4.08) 3.67 (4.23) 4.76 (3.76) 0.002
L(x 10°/L) 1.49 (1.19) 1.59 (1.00) 1.35 (141) 0.022
CRP(mg/L) 26.21 (47.56) 14.18 (30.71) 43.36 (60.46) <0.001
PCT(ng/mL) 0.74 (4.08) 0.15 (0.59) 1.39 (5.82) 0.025

WBC, White blood cell count; N, Neutrophil count; L, Lymphocyte count; CRP, C-reactive protein; PCT, Procalcitonin. The bold values mean statistical significance.
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Disease =~ COVID-19 Influenza Influenza
name
GEO GSE157103 GSE111368 GSE101702
accession
GEO GPL24676 GPL10558 GPL21185
platform
Tissue Peripheral Peripheral Blood Peripheral Blood
(Homo Blood
sapiens)
Experiment RNA-Seq Array Array
Type
Number of 100 patients 199 patients had HIN1 influenza virus 102 patients and 57 controls
samples and 26 infection, 30 patients had other influenza
controls virus infection and 130 controls
Country USA United Kingdom Germany
Description | Patients tested |~ The majority had HIN1 influenza virus World Health Organization definition of influenza-like illness (fever of 38 °C or higher,

positive for
COVID-19

infection

cough and illness onset within the last ten days). Eligible patients were assessed by an
admitting physician for likelihood of influenza infection.
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Number of BNT

vaccine doses Mount detectable infection- Sero- Ser Nonresponsive/
received at study Total  induced anti-RBD IgG before Sero-con-  reverted persist Remained sero-
follow-up (n) vaccination at baseline verted (n) (n) (n) negative (n)
2 Yes ‘ 109 - 1 105 -
None (unvaccinated) 199 No ‘ 90 56 - - 34
2 Yes ‘ 44 - = 44 s
Received one dose of a two-
dose schedule 80 No 36 B = = 4
3 Yes ‘ 11 - 1 10 -
Received two doses of a
two-dose schedule 2 No ‘ 12 10 = = 2

n represents the total number of participating schoolchildren; “- implies the number of children in that particular row for a particular variable defined in the column is null.
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Variable group N (%) Negative Positive Seroprevalence% (959
Male 174 (41.7) 82 92 52.9 (45.5-60.2)
Sex Female 245 (58.3) 120 ‘ 125 51.0 (44.8-57.2)
7-9 15 (3.6) 6 9 60.0 (35.7-80.2)
10-14 . 141 (33.8) . 72 69 49.0 (40.8-57.1)
Age 15-19 263 (62.6) 123 140 53.2 (47.2-59.2)
Yes 165 (39.3) 3 162 98.2 (94.5-99.6)
Presence of COVID-like symptoms No 254 (60.7) . 199 55 21.3 (16.7-26.8)
i Yes 2(05) 1 1 50.0
Had positive via RT-PCR testing at enrolment No 417 (99.5) 201 216 51.3
‘ Overall 419 202 217 51.8. (47.-56.5)
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0.95; [0.75, 1.00]

Rand. guess 0.50

GB CD3,4,8 0.95; [0.76, 1.00]
GB CD3 0.94; [0.74, 1.00]
GB CD4 0.96; [0.79, 1.00]
GB CD8 0.52; [0.20, 0.83]

Models were trained on different subsets of features, namely, ‘CD3’ denotes the model trained only on CD3 T cell type data; ‘CD4’ denotes the model trained only on CD4 T cell type data; ‘CD8’
denotes the model trained only on CD8 T cell type data; and ‘CD3,4,8’ denotes the model trained on all T cell types. AUROCs and AUPRCs are reported as the average over 1,000 bootstrap

0.94; [0.72, 1.00]
0.96; (0.78, 1.00]

0.58; [0.28, 0.87]

resamples and a 95% empirical confidence interval. As a naive baseline, we report the expected AUROC and AUPRC of a random guess.
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of school Seroprevalence RT-PCR positive (%)

Cecilia (Alamura Branch) 35 18 51.4 (35.6, 67.0) 0(0)
‘ Nigist Fura 63 32 50.8 (38.8, 62.7) 1(15)
‘ Ethio Parent 63 34 54.0 (41.8, 65.7) 0(0)
‘ Misrak Chora |8 45 50.6 (40.4, 60.7) 1(L1)
Addis Ketema 81 i 56.8 (45.9, 67.0) 0(0)

Tula 88 42 47.7 (376, 58.0) 0(0)

Total 419 217 51.8 (47.0, 56.5) 2(05)
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LR # 0.92; [0.73, 1.00. 0.93; [0.74, 1.00.
LR % 0.91; [0.69, 1.00 0.92; [0.71, 1.00
LR MFI 0.87; [0.64, 1.00 0.88; [0.61, 1.00
LR #% 0.95; [0.79, 1.00. 0.95; [0.77, 1.00
GB # 0.96; [0.80, 1.00. 0.96; [0.81, 1.00
GB % 0.95; [0.76, 1.00. 0.95; [0.75, 1.00
GB MFI 0.93; [0.73, 1.00. 0.93; [0.69, 1.00
GB #% 0.96; [0.80, 1.00 0.96; [0.76, 1.00

Models were trained on different data types, namely, #’ denotes models trained on counts; ‘%’ denotes models trained on percentages; #,%" denotes models trained on both counts and
percentages; and ‘MFI” denotes models trained on mean fluorescence intensities. AUROCs and AUPRC:s are reported as the average over 1,000 bootstrap resamples and a 95% empirical
confidence interval. As a naive baseline, we report the expected AUROC and AUPRC of a random guess.
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Antibody Response Definition of Positivity

RBD EDS50 of RBD > 50 at t; OR ED50 of RBD > 50 at t,

N EDS50 of N> 5 at t; OR ED50 of N > 5 at t,

s1 ED50 of S1 > 20 at t; OR ED50 of S1 > 20 at t,

s2 ED50 of S22 5 at t, OR ED50 of S22 5 at t,

nAb EDS50 of nAb > 20 at t; OR ED50 of nAb > 20 at t,

Compound ‘ (ED50 of RBD 2 50 at t; AND [ED50 of N 2 5 at t; OR ED50 of SI > 20 at t; OR ED50 of $2 2 5 at t,])

OR
(ED50 of RBD = 50 at t, AND [ED50 of N = 5 at t, OR ED50 of S1 > 20 at t, OR ED50 of S2 > 5 at t,])

For RBD, N, $1,52, and nAb, the subject was defined as positive if ED50 exceeded the specified threshold at either time point t; or t;. The compound antibody response was defined by combining
criteria based on RBD, N, S1, and S2.
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CoV-ETH Current Study

May 2020 Sept. 2020

Total # participants 2911 100 134 ‘ 100 134 100
# surveys answered 2911 100 131 98 120 90 Function at ETH

Student 37 28

PhD student 36 27
Affiliation Scientist 15 11
ETH 2106 a2 95 71 95 71 Professor 4 %
Household members 804 28 39 29 39 29 Administrative 6 4
Sex Technician 5 4
female 1439 49 69 52 69 52 Other 31 23
male 1470 51 65 48 65 48 Smoking
other 1 0 0 0 0 0 Yes 11 8
Age range No 123 92
18-30 1660 57 91 68 91 68 Comorbidities
31-50 901 31 31 23 31 23 Respiratory 5 4
51-65 349 12 12 9 12 9 High BP 1 ‘ 1
Covid tested Obesity 1 1
No 2845 98 124 93 90 93 Cardiovascular 0 0
Yes, negative 53 2 1 1 16 1 Diabetes 1 1 1
Yes, positive 8 0 7 5 14 5 Diabetes 2 0 0
= 4 0 2 1 14 1 Immune 1 1
COVID-19 seroconverted HIV ‘ 1 L
Yes 113 4 65 ‘ 49 ) 65 49 Cancer 0 0
COVID-19 contact before sampling Blood cancer 0 0
Not known of 2673 92 98 75 96 80 Kidney 0 0
Probably 125 4 11 ‘ 8 8 7 Liver 0 0
Yes 107 4 22 17 16 13 Neurological 1 ‘ 1
Symptoms before sampling Spleen 0 0
No symptoms 1343 46 31 24 55 46 Stroke 0 0
Symptoms, no fever 1239 43 72 55 58 48 None 123 94






OPS/images/fimmu.2023.1178355/im200.jpg
GIncpe 13





OPS/images/fimmu.2023.1163688/fimmu-14-1163688-g002.jpg
v
v
-
T
Q\\

w o w °

20

) o w o

20

oney O/s *$*a0o 31 agy-Huy

0.4948
P <0.0001

p=0.0004
<0.0001

p<0.0001

20

w o w o

oney O/ *$*ao D31 agy-Huy

P~ d

< 0.0001

< 0.0001

=0.0496
<0.0001

204

. 7,
opey O/s ***ao H31 agy-vuy %

w

a

) w o w
< < &

oney O/s **ao D31 agy-Huy

oney 3/s ®*ao 31 agu-nuv





OPS/images/fimmu.2023.1098688/fimmu-14-1098688-g002.jpg
A

nucear divsion |
organele fission
mitolc nucear division {

sistr chromatidsegregation |
it iste chromati |
segregation

Cout

[X)

spindie

ehromosomal region

centiomeric region
Kinelochare |

0

%

qulie
o0

oams
owso

ubuiin binding {

microtubule binding |

stuctural consttuent o |
rbosome
single-stranded DNA hefcase| o
aciiviy’

haploglobin binding @

=8 19

3

004
GeneRalio

23 3

Ribosome:

Celloycle:

Coronavirus disease - COVID-15-

Ribosome biogenes's in eukaryotes

‘Oocyte meiosis:

Progesterons-mediated oocyle maturation-

pS3 signaling pathway { ©

004

006
GeneRatio

3

B serseespesetotactrum]

cel g °
anlimicrobial humora response °
defense response 0 fungus: ° -
esponse tofunges | ° s
0w
secrelory granue lumen- e O
[ &)
‘cytoplasic vesicie lumen [ ] o
vesice lumen [ 2t
specifc granule [ ] iy A0
oo
mary sosome
primarysosome | ] e
[ o0
[R— ° et
gycosaminoglycan binding: L]
serne-type endopepidase. ° H
actiy =
seine-type peplidase activity- °
ipopolysaccharide binding
3 oo 015
GaneRatio
Tanscrotonal miswiouision b cancer )
‘Staphylococcus aureus infection- [ ]
Inflammatory bowel disease- °
e
o
o
Asthma{ ® i
Grat-versus-host dsease | ®
B3 068 070 072
GeneRatio

response fovius °
epckine-medited sgnaing °
pathway
defense response fovirus: [ ) s
defense response to symbiont- .
negatve regultionof vial
‘gename repicaton ° Cont
[ )
secrtory g en ° o
eytoplasnic vesicle lumen ® [ M
s men o 8 qoe
spectc grande- ° oot
am
‘specifc granule lumen- ° ooz
o
cytokine binding: o
immune recptor acity °
doutie-standed RNA binding . 5
cysteine-type endopeptidase °
inibior aclvty
RAGE receptor binding{ @
b %8 B3 ole
GeneRatio
NOD-lke receptor signaling pathway °
Cotonavius disease - COVID-19-
Cyokine-cytokine receptor ntcacton
Epstein-Barr s inecion °
Infenza A °
Transcriptional misregulation in cancer ®
aaue
s
Hematopoietccel ineage: ° s
Y
Hepaitis C- ° oo
0w
‘Staphylococcus aureus infection- L]
Viral protein interaction with cytokine and cytokine receptor{ @
oG5 067 oms 08 070
GeneRatio





OPS/images/fimmu.2023.1158905/fimmu-14-1158905-g004.jpg
B
CD4IL-2* CD154* att; 00015CD4 IL-2* CD154™* att,

(0]
[e)]
£0.0015
g 0.0010
g 0.0010
©
ﬁ 0.0005 ' 0.0005 ¥
© X
: I .
5 1:0000 : 0.0000] & !
0 1 2 0 1 2
(o] D
CD4 IFN-y+ TNF* att CD4 IFN—yJr TNF* att
%0 .00075 0.0010
B
S 0.00050
[0)
o 0.0005
' 0.00025
N
€ 0.00000; # 0.0000] &
=z
0 1 2 0 1 D

Compound Symptoms Score Compound Symptoms Score





OPS/images/fimmu.2023.1178355/im20.jpg





OPS/images/fimmu.2023.1163688/fimmu-14-1163688-g001.jpg
202
Seronegative

BNT 1%t Dose (R >
2022 (Jan 01-13) g

S
n =119 did not BNT 2" Dose
participate in 2022 (Mar 22- C%)
Round 2 April 25) ~

= n=46
n=56 n=90 n=51 Seroconverted
Seroconverted| ) Naive (90.2%)
(62.2%) \ENS

All 51 were

~ seropositive
n=0s (100%)
Seropositive

(96.3%)





OPS/images/fimmu.2023.1098688/fimmu-14-1098688-g001.jpg
] 1 ‘Ill!ll

i |1
_- i

[Illl

i

AA 4~
=

JI\

il

~10g10(ad).P.Val)

mm [T

W i
il H
"f‘. fiig
| I"‘aiﬁ!“lfi';, |

~10g10(adj.P.Val)






OPS/images/fimmu.2023.1158905/fimmu-14-1158905-g003.jpg
0.5 il
Bootstrapped Test-set AUPRC

0.0

1.0

0.5
Bootstrapped Test-set AUROC

@
@ 2
= 2 %y, m 5 &
TW-po; >
53 - "% hs1q5 e SR - R
29 +N.£VQO o 2 S
== Lo o E B
Liss { Z2OD_-a28 §
x— i E | SERV oy .mRNSSnC 4
+N41 vay =
c
100000 |
f » ﬂ R XN-pog
8a0 o
g ]
7L ~ a
| | AN ¥ |
r g 1 A~
+N4I pgg = ||
X
9 x
d >oo.,vmo s dadll "l
N 2 @ © T o 9 3
<~ < o S oS o o 3
o JuaIoe0D BINj0sqy Y1 paddeusioog -
+
<
)
2w, a O IT}
g >oo.,vQU (&)
+
9s: A o
Hi AL, 2 8 i
N4l bg5 3 8 —— —
Q@
o 3
2N ¢ Ol ¢ ¢ _
T@ N gy %2
41 vagy 292% —_—
]
Y opos m zZa
} % — 04 pG1ag - s
*& gy S
o
g
7 X, a
Aoy ¢ £
| b . o
f i +¥iao +& T bay 3 - R 0z XZrns Xz hs Xz 0=
xz— xz= xzs xz= xzs
. © = &« o b v ® & - & < & @ = @ sTo =0 sTo
S S S S = [ ! > > > =, =
souepodw| a|qeliep go paddesisioog obejuadiad pa|edsay g pazilewIoN m nw m pnw m

< I a





OPS/images/fimmu.2023.1178355/im2.jpg
Sercor





OPS/images/fimmu.2023.1163688/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1098688/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1158905/fimmu-14-1158905-g002.jpg
NigG tt

RBD 1gG t1
S11gG t1

. RBD IgG t1
oo fEhGe

Abt,

RBD IgG 12

S11gG 12 . D Q
S219G t2 .
N IgG t2 .

Abt,

CD3 IFN+

cD3t,

coat,

%

CD3TNF+ % Cov-Mixti @) (DN
cp3 L2+
CD3 CD154+ % CoV-Mix t1

o

]
s
>
2
S
fra
z
=
@
a
3]

o
s
3
2
o

o
s
=
2
8

% CoV-Mix 2

% CoV-Mix t1
% CoV-Mix 2
% CoV-Mix 2
% CoV-Mix 2

[ CD4 TNF+ % CoV-Mix 12
% CoV-\

=
?
o
ES
3
Q
o
<
Q
o

z
L
a
o

CD3 IL2+
[ CD3 CD154+ % CoV-Mix 2
CD4 IFN+
CD8 IFN+
CD8 IL2+

CD8 TNF+ % CoV-Mix t1
CD3 TNF+

O [ OD8IL2+ % CoV-Mixtt

CD4 CD154+ % CoV-Mix t1

NIgG 2
nAb ©2
CD8 IFN+

~~ CD3 CD154+ % CoV-Mix ti

[ CD3TNF+ % CoV-Mix t1

oo CD4 IFN+ % CoV-Mix t1
[ CD4 CD154+

@ 5 D8 IL2+ % CoV-Mix 1

@ 7 CD3 IFN+ % CoV-Mix t1
S/ CD4 L2+ % CoV-Mix

<

D O o5

(3)

=)

o
Ao 0 D p@ O TN % CovMixtt

0O

I

® D2D D

(
&
<

0|

oo pppo

(

nAb t2
CoV-Mix ti

|

% CoV-Mix t1

4
S

CD4 IFN+ % CoV-Mix t1
CD4TNF+ % Cov-Mixt! @) @
D4 IL2+ % CoV-Mixti (@)
CD4 CD154+ % CoV-Mix t1 (@)
CD8 IFN+ % CoV-Mix t1 N
CD8TNF+ % CoV-Mixt1 (@)
CD8 IL2+ % CoV-Mix t1 . >
CD8 CD154+ % CoV-Mix t1
CD3 IFN+ % CoV-Mix t2 o

cpst,

CD8 CD154+ % CoV-Mix 2

G

(7 %

Z
%

Serology at t;
Serology at t,
T-cell assays at t;
T-cell assays at t,

co3t,

cpat,

CoV-Mix t2
CoV-Mix 2
b N 12

% CoV-Mix t2
% Nt2
%N t2

CD4 CD154+

%Nt
5> oo CD4TFN: %Sit

%N t2

%Nt

%}
-

s
2
&
)
9

NlgG t2
nAb 2
CD4 IFN+
5| CD4 TNF+
CD4 IL2+
p CD4 CD154+ % CoV-Mix t2
TD4 PN+
D p CD4TNF+ %Nt
CD4 IL2+
o CD4 CD154+ % N t1
CD4 IFN+
CD4 TNF+
CD4 IL2+

©
k=l
2

D
D
0

D S219G 2

el
E-
o
8
2
®

RBD IgG t1
S11gG 11
S21gGt1 @

N1gG t1

© o CD41L2+ % CoV-Mix t1

D D OO oo oo CD4CD154+ % CoV-

>
3
C
22
+
>
=
[«
)
o
9
Q

N
oy
=0}
oo
@
27
00
NN

o

a

oo

Ab

S11gG 12
S21G12 @
NigG 2 (@
nAb 2 gy
DATFN+ % CoV-Mix T J DI

CD4 TNF+ % CoV-Mixt1 (@ 000 d
CD4 IL2+ % CoV-Mix t1

Ya

D4 1PN+ % CoV-Mix 12
CD4 TNF+ % CoV-Mix 12 [0}
CD41L2+ % CoV-Mixt2 @
CD4 CD154+ % CoV-Mix t2
DFTFNT % N1
CD4TNF+ %Nt @ Q0D
CD4ll2+ %Nt @B
CD4CD154+ % Nti @ 'Q
CD4 IFN+ %N 12
CD4 TNF+ %N 12
CD4lI2+ %Nt2 @Y
CD4 CD154+ % N 12 @)
DFTFN %511
CD4 TNF+ %S1t1
CD4 L2+ %St

CoV-Mix

Ss1

CD4 IFN+
CD4 TNF+

CD4ll2+ %Si2 @
CD4 CD154+ % S1 12

CD3 TNF+ % CoV-Mix t2 .

Do CD4TNF+ %S1t1

CD4CD154+ % S1t1 @ E
% S1 1

CD3IL2+ % CoV-Mix t2
CD3 CD154+ % CoV-Mix 12
R
CD4 IFN+ % CoV-Mix 2 N
CD4 TNF+ % CoV-Mix 2 . D@
Cb4ltz+ % Cov-Mixt2 (@) B
CD4 CD154+ % CoV-Mix t2
CDB IFN+

C)

% CoV-Mix 2 o
CD8 TNF+
CD8 IL2+ % CoV-Mix t2 . [n

CD8 CD154+ % CoV-Mix 12 (@)

% CoV-Mix 2

cpst,

%S112
stt2
%St
%St2
% St2
%St2
Al
%Mt
%Mt
%Mt2
% M t2
Mt2

G,

CD4 CD154+ % Mt
CD4 CD154+ % M 12

CD4 CD154+ % S 12
CD4 IFN+

CD4 CD154+ % St
CD4 IFN+

CD4 TNF+
CD41FN+ % St1

p CD4TNF+ %St
CD4 IFN+

5 p CD4 L2+ %St1t2
5o CD4 CD154+ % S1 t2

CD4 IFN+
CD4 IL2+
CD4 TNF+
CD4 IL2+
CD4 TNF+
CD4 IL2+
CD4 TNF+
CD4 IL2+

o
@
o

)

o
‘© D oo CD4 CD154+ % S1 11

% S1 12 2D

DATFNT %51 D U
CD4TNF+ %Stl @ OOO
Cp4l: %St @
CD4CD154+ %S tl
CD4 IFN+ % St2
CD4TNF+ %St2
CD4 L2+ %St2
CD4 CD154+ % S 12
DA&TFN+ % MT
CD4TNF+ %Mt
CD41L2+ %Ml
CD4CD154+ % M1
CD4 IFN+ % Mt2
CD4TNF+ %Mt2 @(Q
CD4 IL2+ % M12
CD4CD154+ % M12 @

oy o

0.6

0.4

0.2

77
57
S/
0 %

0.8

0.6

0.4

0.2






OPS/images/fimmu.2023.1178355/im199.jpg





OPS/images/fimmu.2023.1147960/fimmu-14-1147960-g003.jpg
P5C3 ’ Ha
] ®
0.8 0.8
- IgMP
0.6 = IgMP 0.6 -o- IgG1
2 = Il 2 ¥ |gMM
- ¥ IgMM o4 9
-+ NC -4 NC
0.2 0.2
0.0 0.0
0 1 2 3 0 1 2 3 4
B log(ng/mL) log(ng/mL)
Sandwich ELISA Neutralization
EC;, (RBD) NTs, (VERO)
mAb pM ng/mL pM ng/mL
P5C3 I1gG1 106 20.8 36 55
P5C3 IgM M 90 16.7 - -
P5C3 IgM P 16 14.8 3 2.9
fold change +7 +12
pM ng/mL pM ng/mL
H4 1gG1 1195 144.2 5090 773,7
H4 IgM M 974 183.2 - -
H4 IgM P 169 158.8 13 12.4

fold change +7 +390





OPS/images/fimmu.2023.1158905/fimmu-14-1158905-g001.jpg
C— cohort 1996-2000
pre-pandemic !
negatives !

n =56 ,
|
April 27,2020  CoV-ETH cohort
self-isolation period ends |:| |:| |:| |:| n= 2’ 910 _ 165
L]
TN
May, 2020 11
t 1

1, 2020

May 1

J , hﬂ '/»; JJ

C+ cohort
PCR-confirmed

positives
n =56

Antibody response:
September, 2020 [7] negative

b [ positive
RB, S1, S2, and N level cutoffs

Statistical and
ML analysis

T cell assays





OPS/images/fimmu.2023.1178355/im198.jpg





OPS/images/fimmu.2023.1147960/fimmu-14-1147960-g002.jpg
Abundance [%]

100

7

($)]

5

o

2

(3)]

0
GS 1

H n 70
97 97
| 6
2 3 4 5 JC 1 2 3 a 5

GIcNAc GlicNAc . .
unfuc. fuc. Hybrid Man Rest

IgM Pentamer IgM Monomer

IgG1

Fc





OPS/images/fimmu.2023.1178355/im197.jpg





OPS/images/fimmu.2023.1147960/fimmu-14-1147960-g001.jpg
A B
P5C3 H4
kDa M 1gG1 IgM IgG1 IgM
130 2 1.2 1600
1022 kDa
100 — x
e - - P 1400
70 — 1
- - - 1200
55 -
0.8
1000
40 —
o 0.6 800 ®
= g
35 — 600
0.4
-- hid 210 kDa 400
— - — - -
257 0.2 M
200
0 0
5 75 10 125 15 175 20 225 25 27.5 30
min
15 — e P5C3 IgM Pentamer (SEC) e P5C3 |[gM emmm=molar mass






OPS/images/fimmu.2023.1147960/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1145652/table1.jpg
Oxygen support No oxygen support

n=12 n=41

Baseline characteristics

Age, years 58 [42-72) 75.0 [63.8-78.5] 53.0 [41-62] 0.013
Male gender, n (%) 23 (43%) 8 (67%) 15 (29%) 0.039
Overweight (BMI > 25 kg/m*) 25 (47%) 9 (75%) 16 (36%) 0.047
More than one comorbidity*, n (%) 16 (30%) 9 (75%) 7 (17%) <0.001
Hypertension 11 (19%) 6 (50%) 5 (12%) <0.001
Diabetes 5 (9%) 4 (33%) 1(2%) 0.007
Active cancer of hemopathy 7(13%) 5 (42%) 2 (5%) 0.004

SARS-CoV-2 vaccination

Type of vaccine 0.146
mRNA vaccine, n (%) 48 (88%) 9 (75%) 38 (93%) 0.121
Adenovirus vaccine, n (%) 3 (6%) 2 (17%) 1(2%) 0.125
Combined, n (%) 3 (6%) 1 (8%) 2 (5%) 0.545
Delay since last dose (days) 132 [44-188] 120 [58.5-148-8] 142 [37-201] 0.808
Delay since last dose > 3 months, n (%) 20 (38%) 8 (67%) 12 (57%) 0.719
Booster dose, n (%) 17 (32%) 2 (16%) 15 (36%) 0.296

SARS-CoV-2 breakthrough infection
Presence of symptoms at COVID-19 diagnosis 48 (91%) 12 (100%) 36 (87%) 0.879
Time from blood collection to onset of symptoms, days 4[2-7] 7 [4-13] 4 [2-5] 0.008

Humoral and cellular immune responses

Anti-SARS-Cov-2 IgG Ab (BAU/mL) 2759 473.0 2518 0.541
(28.9-1664.0] [168.3-1743] [13.1-1459]

Inhibition of the Delta variant (%) 68 [18-99] 66 [21-99] 68 [13-95] 0.855

Specific CD4* CD8" response (IFN-y, IU/mL) 0.35 [0.12-0.76] 0.11 [0.02-0.27] 0.53 [0.14-0.95] 0.021

Nonspecific cellular response (IFN-y, IU/mL) 84 [17-349] 9 [4-57] 123 [24-407] 0.004

Treatments and outcomes

Preventive anti-SARS-CoV-2 mAb, n (%) 15 (28%) 2 (17%) 13 (31%) 0472

Hospitalization, n (%) 10 (19%) 10 (83%) 0 (0%) <0.001
Corticosteroids, n (%) 12 (23%) 8 (67%) 3 (7%) <0.001
Tocilizumab, n (%) 3 (6%) 3 (25%) 0 (0%) 0.009
ICU admission, n (%) 3 (6%) 3 (25%) 0 (0%) 0.009
Death at 28 days, n (%) 3 (6%) 3 (25%) 0 (0%) 0.009

The number (and percentage) are indicated for categorical variables, median (and interquartile range) for continuous variable. Comparisons were performed using Wilcoxon-Mann-Whitney U
test for quantitative variables, and the Fisher’s exact test for qualitative variables. Significant associations are in bold.

* comorbidities: cardiovascular disease, obesity, respiratory diseases, haematological or solid organ malignancies, Ab, antibodies; BAU, binding antibody units; BMI, body mass index; IFN-y,
interferon-gamma; mAb, monoclonal antibodies; mRNA, messenger RNA vaccine; NA, not applicable.
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Variables Number of studies OR (95% Cl)

Risk factors

Hypertension 2 Fixed 0.57 (0.64-0.83) <0.001
Male sex 2 Fixed 0.7 (0.58-0.86) 0.001
Renal diseases 2 Fixed 0.59 (0.41-0.85) 0.004
Cardiovascular diseases 2 Fixed 0.55 (0.43-0.72) <0.001
Cerebrovascular diseases 2 Random 1.59 (0.23-11) 0.64
Diabetes mellitus 2 Fixed 091 (0.73-1.14) 0.41
Steroid/immunosuppressive therapy 2 Fixed 1.12 (0.87-1.44) 039
Nasal polyp 2 Random 1.55 (0.39-6.15) 0.53
Symptoms

Anorexia 2 Fixed 0.88 (0.55-1.39) 0.58
Cough 2 Fixed 0.84 (0.57-1.22) 0.38
Diarrhea 2 Fixed 0.93 (0.58-1.5) [ 0.77
Dyspnea 2 | Fixed 0.84 (0.58-1.23) 0.37
Fatigue 2 Fixed 1.05 (0.7-1.57) 0.8
Fever 2 Random 0.98 (0.26-3.71) 0.98

Nausea and vomiting 2 Fixed 0.9 (0.41-1.98) 0.8
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Variables Number of studies Prevalence (95% Cl)

Outcomes

Hospitalization 2 Random 20.8% (3.7-64)
Mechanical ventilation 2 Fixed 5.4% (2.5-11.6)
ICU admission 2 Fixed 6.7% (2.8-15)
Symptoms

Fever 3 Random 67% (30-91)
Cough 3 Random 55% (32-75)
Anosmia 3 Random 49.5 (27-73)
Nasal obstruction 2 Fixed 44.4% (31.4-58.2)
Fatigue 3 Random 41.5% (21-65)
Dyspnea 3 Fixed 36% (29-44)
Anorexia 2 Fixed 19.6% (14-28)
Diarrhea 3 Fixed 16.7% (11-24)

Nausea and vomiting 3 Fixed 7% (4-13)
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Sample size (N)

Mean (SD) age (years)

Male gender (%)

REEE Study design COVID-19 diagnosis
CRS  Control CRS Control CRS Control
Akhlaghi et al. (16) Cross-sectional 207 - 15 - >50 57.5 - PCR
Faiq et al. (20) cross-sectional 150 - 10 - 70 473 - PCR
Sbeih et al. (17) cross-sectional 52 942 58.14 (2.27) 54.63 (0.62) 32,69 48.94 PCR
Wang et al. (13) cross sectional 72 1100 7 60.5 (4625 - 68)* 61 (48 - 68.75)" 59.7 485 PCR
‘Workman et al. (15) cross-sectional 12282 12282 53 53.1 44.6 44.6 PCR
Lee et al. (18) Cohort 12323 207636 55 (19.6) 49.1 (19.9) 478 47.7 PCR
Miller et al. (21) Cohort 1707 - 554 (17.2) - 39.4 - PCR

CRS, Chronic rhinosinusitis; PCR, Polymerase chain reaction; *data presented in median (Interquartile range).

-, not reported.
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Study nhame A

Event Lower Upper

rate  limit limit  Total
Sheih et al. 2022  0.308 0.198 0.445 16/52
Wang et al. 2020 0.194 0.119 0.302 14/72
Lee et al. 2021 0.199 0.162 0.242 76/382
Miller et al. 2021  0.063 0.007 0.294 1/19
0.208 0.175 0.245
Study name B Statistics for each study Events / Total
Odds Lower Upper
ratio  limit limit p-Value CRS Control
Sbeih et al. 2022  5.537 2927 10.471 0.000 16/52 70/942
Wangetal. 2020 0.704 0386 1.281 0.250 14/72 281/1100
Lee et al. 2021 8.993 6.728 12.021 0.000 76/382 187/6958
3312 0719 15.255 0.124

-0.50

0.01

Event rate and 95% ClI

I

-0.25 0.00 0.25 0.50

QOdds ratio and 95% Cl

0.1 1 10 100

CRS Control
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Study name

Sbeih et al. 2022
Wang et al. 2020

Statistics for each study Events / Total

Odds Lower Upper
ratio limit limit p-Value CRS Control

1.398 0486 4.02 0535 4/52 53/942

0.702 0.167 295 0.630 2/72 43/1100
1.098 0469 2573 0.830

0.1

Odds ratio and 95% ClI

0.2 0.5 1 2

Control CRS
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Study name A Event rate and 95% CI

Event Lower Upper

rate limit limit Total
Akhlaghi et al. 2021 0.121 0.083 0.173 25/207 B
Faiq et al. 2022 0.180 0.126 0.250 27 /150 B
Sbeih et al. 2022 0.426 0342 0515 52/122
Workman et al. 2021 0.014 0.012 0.016 172 /12282
Lee et al. 2021 0.031 0.028 0.034 382 /12323
Miller et al. 2021 0.011 0.007 0.017 19/1707
0.065 0.025 0.157 &
B -1.00 -0.50 0.00 0.50 1.00
Study name Statistics for each study Events / Total 0Odds ratio and 95% CI
Odds Lower Upper
ratio  limit limit  p-Value CRS Control
Sbeih etal. 2022 0733 0507 1062 0101 52/122  942/1872
Workman etal. 2021 1000 0.808 1.237  1.000 172/12282 172/12282
Lee etal. 2021 0923 0831 1.024  0.132 382/12323 6958/207636

0923 0.843 1.011 0.086

01 02 05 1 2 5 10

CRS Control
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Na P-value Combined Score
lucanthone 1.17E-05 1604.544241
phytoestrogens 5.61E-05 2829.762918
etoposide 5.61E-05 2829.762918
dasatinib 1.51E-04 515.4745901
piroxicam 1.97E-04 455.7848279
pyrvinium 2.07E-04 1250.437687
rapamycin 0.001482212 350.0839021
niclosamide 0.00172901 315.690249
genistein 0.002117354 141.1556855
testosterone 0.002198304 138.3730945
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Tests

Exam and cognitive assessment

6-MWT with ABG and lactate testing

Home blood lactate
Home smO,

Symptom reporting

Me

d

Evalua

Upon arrival at the clinic participants should be seated for 30 min in a quiet room before a physical
examination and preparation of an indwelling arterial catheter. A blood sample is taken for full ABG
measurement (including lactate, bicarbonate, and anion gap) before insertion of an inter-arterial sensor
for continuous pH and blood-gas monitoring (e.g,, Paratrend 7). Participants then remain seated for a
further 30min while taking the Montreal cognitive assessment before beginning the 6-MW'T, with earlobe
capillary lactate measurements every minute. After the test, participants would rest, reclined for 30min
before the catheter and sensor are removed.

Participants would be provided with a home blood lactate meter (e.g., Abbott Lingo wearable for
continuous use or the Edge capillary home lactate meter for repeated manual measurements), a wearable
smO, meter (e.g., Moxy sensor) and a wearable activity monitor (e.g., smartwatch). Data would be
recorded continually during the day (both at rest and during any activities) with intermittent overnight
monitoring. Participants would use a log to track their daily symptoms, activity levels and sleep, noting
any changes in symptoms/intensity as they occur.
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rgan System
Systemic

Circulatory system

Respiratory system

Nervous system

Nervous system (cognitive)
Musculoskeletal system

Immune and lymphatic
systems

Gastrointestinal system

Integumentary system

Endocrine, reproductive,
urinary systems

Symptoms
Fatigue, PEM, temperature changes (fever / chills)

Hypoxia and reduced blood flow, clotting, bradycardia, tachycardia, fainting, chest pain, visible veins,
covid toes

Shortness of breath, cough, sore throat, hyperventilation / altered breathing, sneezing, sinus pain /
congestion, low oxygen saturation

POTS, dizziness, coordination / balance issues, tremors, loss of sensation, loss/changes of smell / taste,
hearing issues, vision issues, headaches, insomnia

Brain fog, confusion, attention issues, memory loss, speech / language issues, emotional/mood issues
Muscle pain, muscle fatigue / tightness, bone / joint pain / swelling

Inflammation, new allergies, anaphylaxis

Constipation, diarrhoea, nausea, vomiting, acid reflux, abdominal pain, change in appetite, changes in
weight

Rashes, hair loss, peeling skin, changes in sweat

Menstrual changes, bladder issues, hormone changes / issues

Disease Pathways
IN, DI, AC

TD, BF, IN, AC

TD, BF, IN, AC

TD, BF, IN, DI, AC

TD, BF, IN, DI, AC
TD, B, IN, DI AC

IN, DI, AC

TD, BF, IN, AC,
microbiome alterations

TD, BF, IN, AC

TD, BE, IN, AC

TD, tissue damage; BE, blood flow; IN, inflammation; DI, dysfunctional immunity (including viral reactivation and autoimmunity); AC, acidosis (including response mechanisms). Symptoms
based on (28). An individual’s symptom profile will likely be shaped by differences in the amount of persistent virus/proteins, the extent of viral dissemination and tissue damage, previous

infections, existing metabolic or inflammatory diseases and the impact of daily activities and circadian / hormonal cycles.
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Parameter

Total CD169* Monocyte Count

Intermediate Monocyte % of CD45" Cells

Intermediate Monocyte Count

Non-classical Monocyte % of CD45" cells

Non-classical Monocyte Count

CD169" % of Intermediate Monocytes

CD169" Non-classical Monocyte % of CD45" cells

CD169" Non-classical Monocyte Count

0.84 0.002

MIP-10. 0.611 0.05
IL-1o. 0.709 0.017
IL-1p 08 0.005
PDGF-AA 0.764 0.009
PDGF-AB/BB 0.782 0.006
FGF -0.627 0.044
Eotaxin 0.627 0.044
MIP-10. 0.63 0.042
VEGF 0.736 0.013
IL-8 0.747 0.04
MCP-1 -0.709 0.018
VEGF 0.836 0.002
MCP-1 0.691 0.022
IL-1o. 0.618 0.047
I IL-1B 0.745 0.011
IEN-y 0636 0.04
Eotaxin 0.655 0.034
PDGF-AA 0.618 0.048
IL-1 o 0.68 0.024
MIP-10. 0.783 0.006
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Age (years) 53 [44, 58] 54 [46.2, 59.2] 5 [44, 58.2] 0.953
Male Gender 8(72.7%) 6 (60%) 6 (60%) 0.778
Months post-COVID infection 6[4,12) 5[1.5,9.5]* = 0515
Body Mass Index (kg/mz) 30.8 [24.3,35.1] 269 [22.0, 34.6] No data 0.676
Received vaccination for COVID-19 9 (81.8%) 5 (50%) 8 (88.9%)* 0.116
Hospital admission (n, %)** 4 (36.3%) 0 0 0.015
Race
‘White/Caucasian 3(27.3%) 1(10%) 5 (50%) 0.160
Asian 4 (36.4%) 4 (40%) 5 (50%)
Native Hawaiian/Pacific Islander 3(27.3%) 2 (20%) 0
Other 1(9.0%) 3 (30%) 0
Co-morbidities
Asthma 1(9.1%) 1(10%) 1 (10%) 0.997
COPD 1(9.1%) 0 0 0.391
Hypertension 3 (27.3%) 2 (20%) 1 (10%) 0.605
Diabetes 2 (18.2%) 1 (10%) 1 (10%) 0.809
Smoking history (past/current) 4 (36.4%) 2 (20%) 0 0.109
Current alcohol use 3(27.3%) 5 (50%) 0 0.038

P-value calculated using Kruskal-Wallis test, Chi-square test, or Fisher’s exact test.

“I missing data.

**One patient was admitted to the medical ICU for mechanical ventilatory support.

Bold indicates statistical significance.
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Median age, years (IQR) 47 (31.5-57) 41.5 (28-53)
Gender, no

Female/male 11/14 71/60
Median interval since infection, days 117.0 (85-131,5) 105 (58-325)
(IQR)

Variant (time of infection as proxy), n (%)

B.1 25 (100) 37 (28.5)
Alpha = 6(4.6)
Delta = 40 (30.8)
BA.l = 27 (20.8)
BA.2 - 18 (13.8)
unknown = 2(15)
No. of vaccination doses, n (%) 25 (100%) -

0

1 - 19 (14.6)
2 = 41 (31.5)
3 = 70 (53.8)

Vaccination regimen, n (%)

Heterologous - 40 (30.8)
Homologous - 90 (69.2)
Vaccines homologous regimen, n (%) na.

BNT162b 74 (82.2)
mRNA-1273 10 (11.1)
ChAdOx1 5(5.6)
COVID-19 vaccine Janssen 1(1.1)
Vaccines heterologous regimen, n (%) na.

ChAdOx1/BNT162b 1(25)
ChAdOx1/BNT162b/BNT162b 5(12.5)
ChAdOx1/BNT162b/mRNA-1273 1(2.5)
ChAdOx1/mRNA-1273/mRNA-1273 2(5)
BNT162b/BNT162b/mRNA-1273 18 (45)
mRNA-1273/BNT162b 1(2.5)
mRNA-1273/mRNA-1273/BNT162b 6 (15)
ChAdOx1/ChAdOx1/BNT162b 1(2.5)
ChAdOx1/BNT162b/mRNA-1273 1(2.5)
COVID-19 vaccine 1(2.5)
Janssen/BNT162b/mRNA-1273 2(5)
COVID-19 vaccine Janssen/mRNA-1273 1(2.5)

COVID-19 vaccine Janssen/BNT162b/BNT162b

Median interval since last vaccination na. 126.5 (57 - 188)

na., not applicable.
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