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Rationale

Systemic activation of procoagulant and inflammatory mechanisms has been implicated in the pathogenesis of COVID-19. Knowledge of activation of these host response pathways in the lung compartment of COVID-19 patients is limited.



Objectives

To evaluate local and systemic activation of coagulation and interconnected inflammatory responses in critically ill COVID-19 patients with persistent acute respiratory distress syndrome.



Methods

Paired bronchoalveolar lavage fluid and plasma samples were obtained from 17 patients with COVID-19 related persistent acute respiratory distress syndrome (mechanical ventilation > 7 days) 1 and 2 weeks after start mechanical ventilation and compared with 8 healthy controls. Thirty-four host response biomarkers stratified into five functional domains (coagulation, complement system, cytokines, chemokines and growth factors) were measured.



Measurements and Main Results

In all patients, all functional domains were activated, especially in the bronchoalveolar compartment, with significantly increased levels of D-dimers, thrombin-antithrombin complexes, soluble tissue factor, C1-inhibitor antigen and activity levels, tissue type plasminogen activator, plasminogen activator inhibitor type I, soluble CD40 ligand and soluble P-selectin (coagulation), next to activation of C3bc and C4bc (complement) and multiple interrelated cytokines, chemokines and growth factors. In 10 patients in whom follow-up samples were obtained between 3 and 4 weeks after start mechanical ventilation many bronchoalveolar and plasma host response biomarkers had declined.



Conclusions

Critically ill, ventilated patients with COVID-19 show strong responses relating to coagulation, the complement system, cytokines, chemokines and growth factors in the bronchoalveolar compartment. These results suggest a local pulmonary rather than a systemic procoagulant and inflammatory “storm” in severe COVID-19.





Keywords: COVID-19, persistent ARDS, coagulation, innate immune response, bronchoalveolar space



Introduction

The severe acute respiratory syndrome corona virus (SARS-CoV)-2 pandemic has had a tremendous global impact. While most SARS-CoV-2 infections are mild, up to 20% of cases result in severe Coronavirus Disease (COVID)-19, particularly in the elderly and in patients with cardiopulmonary comorbidities (1). Severe COVID-19 is associated with respiratory failure, which has been considered a form of acute respiratory distress syndrome (ARDS), although its characteristics may differ from ARDS caused by other diseases (2, 3). Another distinctive feature of COVID-19 is the frequent occurrence of venous thrombo-embolic (VTE) events, which may be related to hypercoagulability (4, 5). These particularities of COVID-19 have raised considerable interest in the interactions between coagulation and the immune response triggered by this new disease.

The innate immune system is the first to respond to infection of the airways by SARS-CoV-2 (6). The respiratory epithelium and resident leukocytes release cytokines and chemokines that trigger recruitment of other immune cells to the primary site of infection. While this response is initiated to inhibit viral replication, unrestrained activation of inflammation can result in collateral tissue damage, which has been documented in ARDS associated with other types of lung infection (7). In addition, ARDS and pneumonia can result in aberrant activation of coagulation in the lung microenvironment. While this pulmonary coagulopathy is largely inflammation-driven, coagulation proteases in turn can amplify inflammation, resulting in an injurious vicious cycle (8–10).

Previous investigations have reported exuberant activation of the innate immune and coagulation systems in the systemic circulation of patients with COVID-19 (4, 11–14). Knowledge on local activation of these host response pathways in ventilated COVID-19 is limited. Autopsy studies have shown extensive alveolar damage accompanied by widespread inflammation and pulmonary in situ thrombosis in patients who succumbed to COVID-19 (2, 15). Recently, it was proposed that SARS-CoV-2 infection induces a process termed immunothrombosis, in which activated leukocytes interact with platelets and coagulation factors, leading to intravascular clot formation and microthrombotic complications in lungs and other organs (16). Here we set out to evaluate local and systemic activation of coagulation and interconnected inflammatory responses in critically ill patients with COVID-19 by measuring a large set of biomarkers in bronchoalveolar lavage fluid (BALF) and concurrently collected plasma. We hypothesized that severe COVID-19 would be associated with strong activation of coagulation especially locally in the lungs and that this would be associated with concurrent activation of host response pathways implicated in coagulation and lung injury. To test this we composed a set of 34 host response biomarkers reflection alterations in five pathophysiological domains, i.e., coagulation, the complement system, cytokines, chemokines and growth factors.



Methods


Study Design

This study was part of the Amsterdam Study for Deep Phenotyping of COVID-19 disease (ArtDECO) 1 study, a cohort study of all patients with PCR confirmed COVID-19 related persistent ARDS (mechanical ventilation > 7 days) admitted to the intensive care unit (ICU) of the Amsterdam University Medical Centers (Amsterdam UMC), location VUmc. ARDS was defined according to the Berlin criteria (17). Per clinical protocol all patients requiring more than 7 days of mechanical ventilation underwent video-assisted bronchoscopy BALF sampling. Left-over biological samples and clinical data were stored in the anonymized research Amsterdam UMC COVID-19 biobank (#2020-182) and database (Castor; castoredc.com). Informed consent for the use of samples and data was deferred until discharge from the ICU. In case of death, informed consent was requested from the patient’s relatives. The study procedure was approved by the Review Committee of the Amsterdam UMC Biobank (protocol number 2020-065). The study was performed in accordance with the declaration of Helsinki and adheres to Dutch regulations. The current investigation included patients from whom data and samples were available between March 27th and May 31st 2020. All available paired BALF-plasma samples harvested between 1 and 2 weeks after start invasive mechanical ventilation were used for this analysis; from a subset of patients obtained paired follow up samples were also analyzed. Techniques concerning blood and BALF sampling, and used assays, are described in the detail in the online data supplement. Biological samples were compared with samples of 8 healthy subjects (5/8 male, mean age 38.75 years, 1/8 ex-smoker) from whom BALF (8 x 20 ml 0,9% NaCl) and plasma was obtained as part of study protocols NL48912.018.14 (RILCA trial) and NL53354.018.15 (RILCO trial) approved by the institutional ethics committee after having given written informed consent.



Clinical Protocol

Per clinical protocol, all patients with PCR confirmed COVID-19 related persistent ARDS requiring more than 7 days of mechanical ventilation, admitted to the intensive care unit (ICU) of the Amsterdam University Medical Centers (Amsterdam UMC), location VUmc, underwent chest computed tomography (CT) without and with (when clinically indicated) intravenous contrast (CT pulmonary angiography (CTPA)) at fixed time-points. At the same time, respiratory mechanics were measured and video-assisted bronchoscopy BALF sampling was performed. These procedures were repeated on a weekly basis for as long as patients were intubated and did not show clinical improvement. Intravenous steroid treatment with 1mg/kg prednisone, with a maximum dose of 80 mg once a day, was started after fourteen days of mechanical ventilation, in absence of clinical improvement and after exclusion of pulmonary infectious complications. Steroids were tapered after 10 days. When clinically indicated, chest CT and bronchoscopy with BALF sampling were also performed in addition to these fixed time points.



Blood and BALF Sampling

Prior to diagnostic BALF sampling, venous blood was drawn in EDTA anticoagulated tubes. Blood was centrifuged 10 min at 1800g and supernatant plasma was collected and stored at -80°C. During bronchoscopy lungs were instilled with 2 x 20 ml 0,9% NaCl at a (sub)segmental level, each aspirated immediately with low suction for microbiological diagnostic purposes. Leftover BALF (3-20 ml) was centrifuged (300g, 10min, 4°C) and BALF supernatant was stored at -80°C until further analysis.



Assays

BALF was treated with 1% Triton-X100 for 2 hours before samples were used for the specific assays to eliminate all viable virus. D-dimer, soluble tissue factor, tissue type plasminogen activator (tPA), plasminogen activator inhibitor type I (PAI-1), soluble CD40 ligand (sCD40L) and soluble P-selectin (sP- selectin) were measured using Human Thrombosis LEGENDplex™ (#740892, BioLegend, Amsterdam, the Netherlands). Thrombin-antithrombin complexes (TATc) were measured by ELISA (TAT-EIA, Affinity Biologicals, Leiden, the Netherlands). Kallikrein-C1-inhibitor complexes (18) C3bc (19) C4bc (20) mannose binding lectin (MBL) (21) and C1-inhibitor (C1-INH) antigen (22) and activity (22) were measured by assays as described previously. All other mediators and growth factors were measured by Human XL Cytokine Magnetic Luminex Performance Assay (#LKTM014, R&D systems, Abingdon, United Kingdom) and were read on a Bioplex 200.



Statistical Analysis

All results are presented as numbers (percentages) for categorical variables, median and interquartile ranges (IQR, 25th and 75th percentiles) for non-parametric quantitative variables (boxplots) and mean ± standard deviation (SD) for parametric quantitative variables. Differences between groups were tested by Wilcoxon signed-rank test for paired data and Wilcoxon rank sum test for unpaired data. A p value ≤ 0.05 was considered statistically significant. All statistical analyses were performed in R (version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria).




Results


Patients and Analysis of the Local and Systemic Host Response

Seventeen patients from whom paired BALF and plasma samples were harvested in parallel between 1 and 2 weeks after initiation of invasive mechanical ventilation were studied. Clinical characteristics are shown in Table 1. Patient demographics were comparable to previous reports on COVID-19 disease with a higher incidence in elderly, male subjects with an elevated BMI (1, 11, 12, 23). In eleven patients (64.7%) treatment with steroids was initiated. Ten patients started after baseline BALF and plasma sampling and 1 patient just prior to baseline sampling. Seven patients (41.2%) were treated with hydroxychloroquine, 2 patients (11.8%) with the tyrosine kinase inhibitor imatinib. All patients underwent CTPA within 7 days of ICU admission; ten patients (58.8%) were diagnosed with pulmonary embolism, for which therapeutic anticoagulation was initiated. Thirteen patients (76.5%) were treated for a possible secondary infectious complication during their stay in the ICU (Table 2). Four patients died during ICU stay (23.5%).


Table 1 | Demographics and clinical characteristics of patients with COVID-19 related persistent acute respiratory distress syndrome at ICU admission.




Table 2 | Secondary pulmonary infections during ICU stay.



Activation of procoagulant and immune responses in the bronchoalveolar compartment of critically ill COVID-19 patients were measured using a comprehensive set of biomarkers, stratified into five functional “domains”, i.e., coagulation, the complement system, cytokines, chemokines and growth factors. To obtain insight into the extent of compartmentalization of these responses, the same biomarkers were measured in plasma.



Coagulation Activation

Markers of coagulation activation (D-dimer, thrombin-antithrombin complexes (TATc) and soluble tissue factor) (9, 10) were strongly elevated in BALF of COVID-19 patients relative to levels measured in BALF from control subjects (Figure 1). Of interest, in plasma only D-dimer concentrations were elevated in patients, whereas the plasma levels of TATc and soluble tissue factor were not different from those in healthy controls. Kallikrein-C1-inhibitor complexes, reflecting activation of the contact system (24), was not detectable in BALF from either patients or controls, while plasma levels were not different between groups. C1-inhibitor (C1-INH) antigen and activity levels were elevated in both BALF and plasma from patients. The fibrinolysis markers tissue type plasminogen activator (tPA) and plasminogen activator inhibitor type I (PAI-1 (9) were markedly elevated in BALF and modestly in plasma of patients, when compared to heathy controls. tPA/PAI-1 ratio’s in BALF were not different between patients and controls, whilst in plasma these ratio’s were slightly higher in patients. Soluble CD40 ligand (sCD40L) and soluble P-selectin (sP-selectin), indicative of platelet activation (25), were increased in both BALF and plasma from patients when compared with controls.




Figure 1 | Coagulation activation. Bronchoalveolar lavage fluid and plasma were obtained from 17 critically ill COVID-19 patients who had been on mechanical ventilation for at least 7 days and 8 healthy control subjects. Data are expressed as box and whisker diagrams depicting the median and lower quartile, upper quartile, and their respective 1.5 interquartile range as whiskers (as specified by Tukey). Comparisons between groups were performed using the Wilcoxon rank sum test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p = ≤ 0.0001. BALF, bronchoalveolar lavage fluid; C1-INH, C1-inhibitor; Kallikrein-C1-INH, Kallikrein-C1-inhibitor complexes; PAI-1, plasminogen activator inhibitor type I; sCD40L, soluble CD40 Ligand; sP-selectin, soluble P-selectin; TATc, thrombin-antithrombin complexes; tPA, tissue type plasminogen activator.





Complement Activation

Tight interactions exist between coagulation and the complement system (26). BALF and plasma levels of C3bc (indicative of activation of the common pathway of complement) (27) and C4bc (indicative of activation of the classical and lectin pathways of complement) (27) were strongly increased in COVID-19 patients relative to controls (Figure 2). In contrast, mannose binding lectin (MBL) levels remained undetectable in BALF, while plasma MBL was higher in patients than in controls.




Figure 2 | Complement activation. Bronchoalveolar lavage fluid and plasma were obtained from 17 critically ill COVID-19 patients who had been on mechanical ventilation for at least 7 days and 8 healthy control subjects. Data are expressed as box and whisker diagrams depicting the median and lower quartile, upper quartile, and their respective 1.5 interquartile range as whiskers (as specified by Tukey). Comparisons between groups were performed using the Wilcoxon rank sum test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. BALF, bronchoalveolar lavage fluid; C3bc, complement 3bc; C4bc, complement 4bc; MBL, mannose binding lectin.





Cytokine and Chemokine Release

Local cytokine release has been implicated in the pathogenesis of lung injury and pulmonary coagulopathy in patients with ARDS (7, 9) and several investigations reported a “cytokine storm” in patients with COVID-19, referring to elevated plasma concentrations of cytokines and chemokines (28, 29). Concentrations of cytokines were particularly elevated in BALF of patients with COVID-19 (Figure 3). This was true for proinflammatory cytokines (tumor necrosis factor (TNF)-α, interleukin (IL)-1α, IL-1β), anti-inflammatory cytokines (IL-1 receptor antagonist) as well as cytokines with a mixed functional profile (IL-6, IL-10, IL-33). The plasma levels of these cytokines were also higher in patients than controls. Likewise, all 10 chemokines measured, were elevated in BALF of patients when compared with that from controls; in plasma chemokine levels were more modestly (CXCL8, CX3CL, CCL3, CCL4, CCL18, CCL19, CCL20) or not elevated (CXCL1, CXCL2, CCL5) in patients (Figure 4).




Figure 3 | Cytokine release. Bronchoalveolar lavage fluid and plasma were obtained from 17 critically ill COVID-19 patients who had been on mechanical ventilation for at least 7 days and 8 healthy control subjects. Data are expressed as box and whisker diagrams depicting the median and lower quartile, upper quartile, and their respective 1.5 interquartile range as whiskers (as specified by Tukey). Comparisons between groups were performed using the Wilcoxon rank sum test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. BALF, bronchoalveolar lavage fluid; IL, interleukin; IL-1RA, interleukin-1 receptor antagonist; TNF-α, tumor necrosis factor-α.






Figure 4 | Chemokine release. Bronchoalveolar lavage fluid and plasma were obtained from 17 critically ill COVID-19 patients who had been on mechanical ventilation for at least 7 days and 8 healthy control subjects. Data are expressed as box and whisker diagrams depicting the median and lower quartile, upper quartile, and their respective 1.5 interquartile range as whiskers (as specified by Tukey). Comparisons between groups were performed using the Wilcoxon rank sum test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. BALF, bronchoalveolar lavage fluid; IL, interleukin; MIP, macrophage inflammatory protein; PARC, pulmonary and activation-regulated chemokine; RANTES, Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted.





Growth Factor Release

Several growth factors have been studied in the context of lung inflammation, including vascular endothelial growth factor (VEGF) (30), platelet derived growth factor (PDGF)-AA (31), PDGF-BB (31), fms like tyrosine kinase 3 ligand (FLT3L) (32) and granulocyte-macrophage colony stimulating factor (GM-CSF) (33). Of these, PDGF-AA and PDGF-BB were only elevated in BALF of patients with COVID-19, while FLTL3 and GM-CSF were elevated in BALF more so than in plasma (Figure 5). VEGF was only increased in plasma of patients.




Figure 5 | Growth factor release. Bronchoalveolar lavage fluid and plasma were obtained from 17 critically ill COVID-19 patients who had been on mechanical ventilation for at least 7 days and 8 healthy control subjects. Data are expressed as box and whisker diagrams depicting the median and lower quartile, upper quartile, and their respective 1.5 interquartile range as whiskers (as specified by Tukey). Comparisons between groups were performed using the Wilcoxon rank sum test. **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. BALF, bronchoalveolar lavage fluid; FTL3L, fms like tyrosine kinase 3 ligand; GM-CSF, granulocyte-macrophage colony-stimulating factor; PDGF, platelet derived growth factor; VEGF, vascular endothelial growth factor.





Temporal Changes in Local and Systemic Procoagulant and Immune Responses During ICU Stay

From ten patients follow up BALF and plasma samples were obtained 3 or 4 weeks after start invasive mechanical ventilation. Across all five functional domains many host response biomarker levels in BALF showed decreasing trends between week 1-2 and week 3-4, reaching statistical significance for soluble tissue factor, tPA, sCD40L, sP-selectin (coagulation, Supplementary Figure 1), TNF- α, IL-1α, IL-1β (cytokine release, Supplementary Figure 3), CXCL2, CXCL8, CCL3, CCL4 (chemokine release, Supplementary Figure 4), VEGF, PDGF-AA and FTL3L (growth factor release, Supplementary Figure 5). Complement activation products did not change over time in BALF (Supplementary Figure 2). In plasma, significant decreases were detected between week 1-2 and week 3-4 for TATc, PAI-1, IL-1 receptor antagonist, IL-6, IL-10, CXCL8, CCL19, CCL20, VEGF and GM-CSF (Supplementary Figures 6–10). There was no clear relationship between treatment with corticosteroids and changes in biomarker levels between 1-2 and 3-4 weeks (see color codes for absence or presence of corticosteroid treatment in individual patients in Supplementary Figures 1–10).



Differences Between Patients With and Without Pulmonary Embolism

Comparison of host response biomarkers between patients with pulmonary embolism (n = 10) and those without pulmonary embolism (n =7) revealed higher IL-6 plasma levels and in BALF lower C1-inhibitor activity, lower IL-10 and lower GM-CSF in patients with pulmonary embolism; Supplementary Table 1).




Discussion

Here we report an in depth biomarker analysis, both of the bronchoalveolar and systemic compartment, in consecutive ventilated critically ill COVID-19 patients admitted to the ICU who had needed mechanical ventilation for at least 7 days. Since the first description of COVID-19, many studies have documented activation of procoagulant and inflammatory pathways in the systemic circulation (4, 11, 14). We studied local activation of the coagulation system and interconnected inflammatory networks in the bronchoalveolar compartment during ICU stay. By measuring thirty-four host response biomarkers in paired BALF and plasma samples we demonstrate an especially strong response in the bronchoalveolar compartment of COVID-19 patients across five functional domains, i.e., coagulation, complement system, cytokines, chemokines and growth factors.

We show strong activation of coagulation in the respiratory system of COVID-19 patients, as reflected by elevated BALF levels of D-dimer and TATc, and in addition provide indirect evidence for a role for tissue factor herein, as suggested by highly elevated soluble tissue factor concentrations in BALF. Differences in these coagulation markers between patients and controls were much greater in BALF than in plasma, suggesting local activation of coagulation. SARS-CoV-2 may in part promote pulmonary coagulopathy by a direct effect on bronchial epithelial cells via activation of tissue factor signaling and impairment of epithelial anticoagulant mechanism (34). Notably, stronger activation of coagulation locally versus systemically in our ICU/ARDS cohort does not preclude a role for systemic coagulation activation in various thromboembolic and vascular events in COVID-19 in general (35). tPA/PAI-1 ratio’s were not different between groups in BALF and only modestly elevated in plasma of patients, arguing against a strongly disturbed fibrinolyic balance in COVID-19 patients and suggesting that elevated D-dimer levels reflect enhanced coagulation rather than hyperfibrinolysis. Besides via tissue factor-Factor VIIa, the coagulation system can be activated via the intrinsic pathway, which is tightly connected with the kallikrein-kinin system. Dysregulation of the kinin pathway has been suggested to contribute to pulmonary edema in COVID-19 and interventions inhibiting bradykinin activity or formation have been proposed as a potential therapy for COVID-19 (36). Activation of the kallikrein-kinin system in vivo is difficult to measure due to fast clearance of its proteases and protease-C1-inhibitor complexes (22). Thus, our results do not exclude activation of the kallikrein-kinin system, although one might argue that sufficient inhibitory capacity remained available in BALF and plasma, as indicated by elevated C1-inhibitor activity levels in COVID-19 patients.

Aberrant activation of the complement system has been implicated in COVID-19 coagulopathy and associated lung injury (37–41). We here provide evidence for not only activation of the complement system in the circulation, but also in the bronchoalveolar lumen of patients with COVID-19, as reflected by elevated C3bc and C4bc levels in BALF. In agreement, a recent study reported elevated C5a-desarg levels in BALF of four patients with ARDS due to COVID-19 (37). COVID-19 patients had elevated plasma MBL concentrations, suggesting involvement of the lectin pathway; in BALF MBL remained undetectable in both patients and controls. Of note, undetectable MBL levels in BALF of COVID-19 patients in the presence of high plasma MBL concentrations could reflect local activation of MBL, considering that this takes place at cell surfaces. Monocyte-derived macrophages from BALF of COVID-19 patients showed increased ficolin-1 mRNA expression, which may support local activation of the MBL pathway (42). Thus, the main route of complement activation in the lungs of COVID-19 patients remains to be determined. Besides complement products, proinflammatory cytokines such as TNF-α, IL-1α, IL-1β and IL-6 can activate coagulation, primarily via enhancing tissue factor expression (9, 10). We here report elevated concentrations of many proinflammatory cytokines, particularly in BALF, in COVID-19 patients

VEGF is a pluripotent glycoprotein that is constitutively expressed at high levels in the lung, where it may facilitate repair mechanisms following injury by epithelial regeneration (30). We found strongly elevated VEGF plasma levels in COVID-19 patients, while VEGF concentrations in BALF were highly variable and statistically not different from control values. VEGF may reduce vascular barrier function in the lungs and it has been postulated that angiotensin-converting enzyme (ACE)2 can antagonize this VEGF effect (43). Since SARS-CoV-2 cell invasion lowers expression of ACE2 (44), a possible detrimental role of VEGF vascular permeability could be enhanced during COVID-19; clearly, this hypothesis needs conformation in experimental settings. Elevated PDGF levels in BALF of COVID-19 patients may reflect activation of multiple cell types, including platelets, mast cells and the epithelium (31). Of interest, thrombin can induce PDGF release by human lung epithelial cells (45), pointing at a possible interaction between coagulation and PDGF production in the airways. Thus far, PDGF expression in ARDS or pneumonia has not been studied and its role in acute lung inflammatory conditions is speculative. Experimental studies have indicated that FLT3L may exert strong effects in the lung compartment. Pretreatment of mice with FLT3L increased lung injury during pneumococcal pneumonia, likely through inducing accumulation of proinflammatory dendritic cells (32), and pharmacological inhibition of FLT3 signaling attenuated LPS-induced lung injury and edema in mice (46). These studies suggest that the strongly elevated FLT3 levels in BALF of COVID-19 patients may contribute to lung injury.

Current knowledge of local activation of inflammatory mechanisms in the airways of patients with COVID-19 is limited. In severe COVID-19 lung macrophages displayed high expression of IL-1β, IL-6, TNF-α and various chemokines (CCL2, CCL3, CCL4, CCL7, CXCL9, CXCL10 and CXCL11). These patients had high IL-1β, IL-6 and IL-8 protein levels in BALF (42), a finding that was reproduced in a study entailing four patients with COVID-19 associated ARDS (37). We here expand these earlier reports to protein level and to procoagulant and inflammatory systems implicated in lung injury. We did not find evidence for a systemic “cytokine storm” in COVID-19 as plasma cytokine levels did not exceed 100 pg/mL. In line with previous reports (47, 48) our results show higher cytokine levels in the bronchoalveolar compartment suggesting an ongoing local hyperinflammatory state in severe COVID-19 patients rather than a systemic response. Our investigation adds information about a large set of biomarkers across five functional domains to these earlier studies (47, 48).

Our study has limitations. The first samples were obtained after at least 7 days on the ICU; admission samples would have provided insight into early activation of proinflammatory and procoagulant pathways during severe COVID-19. The sample size was relatively small although still considerably larger than previous studies evaluating host responses in the bronchoalveolar space of COVID-19 patients (37, 42, 47, 48). In accordance with previous studies (1, 49) we documented pulmonary emboli in 58.8% of the patients included in our investigation. It has been suggested that procoagulant and inflammatory responses (“thrombo-inflammation”) are involved herein (16, 50). Whilst we found limited differences in plasma and BALF biomarkers between patients with and without pulmonary embolism, our investigation was not designed or powered to detect such differences. Despite the selection of a specific population of COVID-19 patients there was still unavoidable heterogeneity within this observational cohort that may have affected biomarker levels, including steroid treatment in 64.7% of patients which per clinical protocol was started after two weeks of ICU stay and thus could have modified host response parameters in follow up samples obtained after 3-4 weeks. Finally, we used samples from healthy subjects who were not matched with regard to demographics, smoking or comorbidities as reference; our investigation did not entail critically ill patients without COVID-19, thereby precluding conclusions on the disease-specificity of the host response aberrations reported.

In conclusion, we report a strong local response in the lung compartment across multiple functional domains related to coagulation and inflammation in patients with persistent ARDS due to COVID-19. Early in the pandemic many studies suggested an important role for a systemic “cytokine storm” in the pathophysiology of severe COVID-19 (14, 28, 29). The current results suggest a local rather than a systemic procoagulant and inflammatory “storm” in these patients.
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Background

Studies on the role of eosinophils in coronavirus disease 2019 (COVID-19) are scarce, though available findings suggest a possible association with disease severity. Our study analyzes the relationship between eosinophils and COVID-19, with a focus on disease severity and patients with underlying chronic respiratory diseases.



Methods

We performed a retrospective analysis of 3018 subjects attended at two public hospitals in Madrid (Spain) with PCR-confirmed SARS-CoV-2 infection from January 31 to April 17, 2020. Patients with eosinophil counts less than 0.02×109/L were considered to have eosinopenia. Individuals with chronic respiratory diseases (n=384) were classified according to their particular underlying condition, i.e., asthma, chronic pulmonary obstructive disease, or obstructive sleep apnea.



Results

Of the 3018 patients enrolled, 479 were excluded because of lack of information at the time of admission. Of 2539 subjects assessed, 1396 patients presented an eosinophil count performed on admission, revealing eosinopenia in 376 cases (26.93%). Eosinopenia on admission was associated with a higher risk of intensive care unit (ICU) or respiratory intensive care unit (RICU) admission (OR:2.21; 95%CI:1.42-3.45; p<0.001) but no increased risk of mortality (p>0.05).



Conclusions

Eosinopenia on admission conferred a higher risk of severe disease (requiring ICU/RICU care), but was not associated with increased mortality. In patients with chronic respiratory diseases who develop COVID-19, age seems to be the main risk factor for progression to severe disease or death.





Keywords: chronic respiratory diseases, COVID-19, eosinopenia, eosinophils, asthma, COPD (chronic obstructive pulmonary disease), OSA (obstructive sleep-apnea)



Introduction

In December 2019, a new human coronavirus, officially denominated severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was identified in Wuhan, China. On March 11 2020, the World Health Organization declared the illness caused by the novel virus - coronavirus disease 2019 (COVID-19) – to have reached pandemic levels (1). COVID-19 is a predominantly respiratory disease, with an extremely variable presentation ranging from minimal flu-like symptoms to significant hypoxia and acute respiratory distress syndrome. However, it can also affect other organs and systems (2). All age groups are at risk for infection, although older adults (> 65 years) are more vulnerable, with coronary artery disease, diabetes, and hypertension identified as risk factors for mortality on univariable analysis (3).

As respiratory viruses are the most common triggers of asthma exacerbation, there is widespread concern that SARS-CoV-2 may pose a particular threat to asthma patients (4). However, coronaviruses are not as strongly linked to asthma exacerbations (4) as are others, with rhinoviruses constituting the greatest risk (5). In a previous publication, we reported the prevalence and characteristics of patients with asthma in a small cohort of hospitalized COVID-19 patients, finding an asthma prevalence of 5.80%, a rate closely resembling that observed in the overall Spanish population (6). Our previous findings (6) are supported by a recent study on asthma and COVID-19, in which the authors found no clear evidence that patients with asthma are at a higher risk of infection or of developing severe illness (7). In a Spanish cohort of 545 patients with severe uncontrolled asthma under biologic treatment, Rial et al. (8) described a similar prevalence and severity of COVID-19 between these and non-severe asthma patients. However, this is not always the case for other chronic respiratory diseases. Available data clearly suggests a higher risk of severe COVID-19 for chronic obstructive pulmonary disease (COPD) patients, although the reported prevalence seems to be similar or even lower than that of the general population (9). In the CORONADO study, including diabetic patients admitted to hospital with COVID-19, Cariou et al. (10) reported that treated obstructive sleep apnea (OSA) was independently associated with an increased risk of mortality.

Eosinophils have an important role in the pathogenesis of varied respiratory conditions, including chronic respiratory diseases such as asthma and COPD. They represent a small (1-3%) percentage of all circulating leucocytes (11). As components of the immune system, eosinophils are involved in a profusion of homeostatic and inflammatory responses, and have been observed to take part in antiviral host defense (12, 13). Eosinophils recognize and react against viruses through indirect mechanisms such as pattern recognition receptors (toll-like receptors, nucleotide-binding oligomerization domain-like receptors, and he receptor for advanced glycation end products), high mobility group box 1 (HMGB1) receptor expression, and participation in antigen presentation, and through direct mechanisms such as the release of preformed eosinophil-derived neurotoxin and eosinophil cationic protein and extracellular traps (14). Dysregulation of eosinophils contributes to many eosinophil-associated diseases as idiopathic hypereosinophilic syndrome, severe eosinophilic asthma, chronic rhinosinusitis with nasal polyposis (CRSwNP), eosinophilic esophagitis, eosinophilic granulomatosis with polyangiitis, bullous pemphigoid, and atopic dermatitis (15). Under certain conditions, eosinophils migrate to target tissues such as the respiratory tract, where the presence of degranulated eosinophils in lung tissue is associated with the pathogenesis of bronchial smooth muscle hyperreactivity (16). In both allergic and severe non-atopic late-onset asthma, eosinophilia has been correlated with disease severity, frequent exacerbations and tissue remodeling (17). In COPD, higher blood eosinophil counts may In predict a positive response to corticosteroid treatment (18), although recently they have also been associated with higher readmission rates for severe exacerbations (17). Regarding COVID-19, eosinopenia has been observed in 51% of hospitalized patients (19). This finding is associated with longer hospital stays (20), while normalization of the blood eosinophil (EOS) count may be indicative of recovery (21). In contrast, in a larger cohort, Lucas et al. (22) observed increased levels of eosinophils among patients with severe COVID-19. Their research on the immune response in patients with moderate or severe COVID-19 demonstrates an increase in type 2 effectors (i.e., interleukin-5, interleukin-13, and immunoglobulin E) in addition to higher eosinophil counts. The immune process that causes eosinopenia in COVID-19 is still unclear and is probably multifactorial, as a recent review on the mechanism of action displayed by eosinophils against respiratory viruses (14) concludes.

In this study, our main objective was to determine the association of eosinophils with the severity of COVID-19, specifically in patients with chronic respiratory diseases (CRD).



Materials and Methods


Subjects and Data Acquisition

Patients attending either of two public hospitals in Madrid, Spain, (Hospital Universitario Fundación Jiménez Díaz and General Hospital of Collado Villalba) from January 31 to April 17, 2020 with polymerase chain reaction (PCR)-confirmed SARS-CoV-2 infection were included. The participating hospitals follow common clinical practice guidelines for admission and inpatient management of SARS-CoV-2 infection (described in Supplementary Material). Maintaining patient confidentially at all times, medical records were retrieved from a Microsoft SQL Server Integration Services (SSIS) reporting database and analyzed using R version 3.5.2 (R Project for Statistical Computing; R Foundation), MATLAB 9.7-R2019b (MathWorks Natick, MA, USA), and IBM SPSS software version 25 (IBM, Armonk, NY, USA). Approval was obtained from the institutional Ethics Committee. We retrospectively studied patient charts to obtain data on demographic characteristics, baseline comorbidities (hypertension, cardiac disease, cancer, renal and neurological conditions, and type 2 diabetes mellitus), laboratory test results on admission and discharge, smoking status, use of systemic corticosteroids during hospitalization, need for intensive care unit (ICU) or respiratory intermediate care unit (RICU) admission, and outcome on discharge (death or survival).

At the time of admission, the hospital computer system requires physicians to enter mandatory information on patients’ preexisting conditions. Electronic records of patients thus classified as presenting an underlying respiratory disease were further analyzed in detail and categorized as presenting asthma, COPD, OSA, and/or other chronic respiratory diseases (Supplementary Material). Eosinopenia was defined as an EOS count of less than 0.02 × 109/L (19) with regards to data analysis.



Statistics

For statistical analysis, we expressed categorical variables as frequencies and percentages, with comparisons made using Fisher’s exact test. Odds ratio (OR) with a 95% confidence interval (CI) was calculated for clinical variables to report association between the risk of death for different chronic respiratory diseases, and the risk of ICU admission and sex. Continuous variables were summarized as mean ± standard deviation (SD) or median and interquartile range (IQR).

Data were compared using an unpaired, two-tailed Mann-Whitney test for comparisons between two groups or the Kruskal-Wallis with Dunn post hoc test for multiple comparisons. For paired data, comparisons between two groups were performed using a two-tailed Wilcoxon matched-pairs test or repeated-measures ANOVA with Dunn post hoc test for multiple comparisons. The Kolmogorov-Smirnov test was used to evaluate the normal distribution of data. A p-value less than 0.05 was considered significant. Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software Inc, San Diego, CA, USA).

Missing data were entered using multiple imputations, implemented using the MICE R package. In order to determine the most relevant variables for predicting mortality and ICU admission, univariable and multivariable logistic regression models were used. Univariable models were summarized by the OR, 95% CI, and p-value. Multivariable models were chosen by the best subset regression method, using the Akaike information criterion (AIC) to select the model with the best fit. Leave-one-out (LOO) cross-validation was carried out to evaluate the performance of the models in classification. This performance was summarized by the ROC curve and the area under the curve. Also, OR, 95% CI, and p-values of statistical significance of OR, and Hosmer-Lemeshow test were reported.




Results


Study Population

Of the initial 3018 patients enrolled, 479 were excluded because of lack of completion of the respiratory items of the initial physician-performed admission questionnaire. We divided the remaining 2539 patients into two major groups: those with (n = 384) and without (n = 2155) an underlying chronic respiratory disease. The prevalence of chronic respiratory diseases was 15.12%.

The non-chronic respiratory disease group (NCRD) was balanced in terms of gender (female: 51.04%), with a mean age of 61.09 ± 19.30 years, and included only 124 (5.75%) active smokers. ICU or RICU admission was required for 125 individuals (5.80%), and there were 234 total deaths (10.86%), mostly among males (58.12%), with this association being statistically significant (OR = 1.45, 95% CI = 1.13-1.85; p<0.01).

The CRD group was predominantly male (57.29%), with a mean age of 71.41 ± 14.83 years, and included 30 (7.8%) active smokers. 89 subjects (23.18%) had been previously diagnosed with COPD, 81 (21.09%) with OSA, 113 (29.42%) with asthma and 98 with other CRD such as bronchiectasis, interstitial lung disease (ILD), or chronic pulmonary thromboembolism. Only 24 patients (6.2%) required ICU/RICU admission (7 asthma, 10 OSA, 2 COPD, 4 other CRD; Table S1). Eighty-six deaths were recorded: 9 (10.46%) had asthma, 18 (20.93%) had OSA, 27 (31.39%) had COPD, and 32 (37.21%) had another CRD. The statistical analyses comparing CRD and NCRD are reported in Table 1.


Table 1 | Demographic and clinical data of patients from the CRD and NCRD populations.



A comparison of NCRD and CRD patients revealed that individuals with NCRD were significantly younger (p<0.0001). CRD patients were predominantly male and presented higher mortality rates and higher eosinophil and basophil blood counts on admission. The association between CRD and other comorbidities was stronger than in the NCRD group, particularly for hypertension and cardiac disease (Table 1).



CRD Subgroup Analysis

Asthma patients had a mean age of 62.28 ± 18.34 years; though COPD and OSA mostly affected males, most subjects in the asthma group were female (Table 2). Seven asthma patients (5.26%) required ICU/RICU admission, of whom six were discharged from the hospital, and one died. A closer look at the nine deaths (7.96%) in the asthma group reveals that most of them took place in patients over 82 years of age with underlying cardiac diseases and hypertension. On statistical analysis, asthma patients showed a lower risk of death due to COVID-19 when compared to patients with COPD (OR = 0.20, 95% CI = 0.09-0.45; p<0.0001), OSA (OR = 0.30, 95% CI = 0.13-0.72; p<0.01) and the other-CRD group (OR = 0.19, 95% CI = 0.09-0.44; p< 0.0001).


Table 2 | Demographic and clinical data of patients with asthma, COPD and OSA.



Patients in the COPD group had a mean age of 76.19 ± 9.98 years and were predominantly male. The majority of smokers were included in this group (Table 2). The overall prevalence of COPD was 3.51% in this cohort. We also observed a high percentage of COPD patients with cardiac disease and hypertension. Of the 27 deaths recorded, the majority occurred in patients over 70 years of age with a variety of comorbidities such as cardiac diseases, renal diseases, and hypertension. Unfortunately, the two patients who required ICU/RICU admission both died.

Patients with OSA had a mean age of 68.62 ± 11.50 years, were mainly male, obese, and presented cardiac diseases and hypertension (Table 2). Of note, four of the 10 OSA patients requiring ICU/RICU admission died, of which none presented cardiovascular comorbidities. A total of 18 OSA patients died,14 of whom were over 72 years old.

Upon statistical analysis of the three groups, we found that COPD patients were significantly older than those in the other groups (Table 2). OSA patients had a significantly higher body mass index (BMI), with majority of patients in this group suffering from obesity. Also, we observed a majority of females and non-smokers in the asthma group, a statistically significant difference with regards to the other groups. Regarding white blood cell count on admission and discharge, neither eosinophils nor monocytes showed significant differences between CRD subgroups. However, COPD patients had a lower lymphocyte count than that of OSA patients (p<0.05) and asthma patients (p<0.01) on discharge. Blood levels of D-dimer, ferritin or C-reactive protein showed no statistical difference among our three subgroups (Table 2). Overall, COPD patients had the highest mortality rate, and the results of a univariable logistic regression model showed that age was the main variable influencing death in the asthma (OR = 1.10, 95% CI = 1.03-1.17; p<0.01) and OSA group (OR = 1.08, 95% CI = 1.02-1.15; p<0.01). Using a multivariable logistic regression model, age again showed the highest association with mortality, regardless of other comorbidities or other independent variables (Figure S1).



Eosinophil Behavior in Hospitalized COVID-19 Patients

Of the 2539 subjects assessed, we obtained an EOS count on admission for 1396. Considering eosinopenia as an EOS count of less than 0.02 ×109/L, we found that 376 subjects had eosinopenia (26.93%). The group with eosinopenia was predominantly male (53.21%), 41 subjects (10.90%) required ICU/RICU admission, and 68 died (18.09%). The other 1020 patients belonged to the normal (non-eosinopenia) EOS group which was balanced in terms of gender (females 50.93%); 43 subjects (4.22%) were admitted to ICU/RICU and 134 died (13.14%). Statistical analysis suggests that eosinopenia on admission places patients at a higher risk of ICU/RICU admission (Figure 1A) but does not confer a higher risk of mortality (Figure 1B).




Figure 1 | Eosinopenia can predict ICU/IRCU admission. (A) Eosinopenia on admission did not change significantly in regards to observed mortality in either group. (B) When the need for ICU/RICU admission was assessed, patients with eosinopenia on admission had a significantly higher risk in comparison to patients with no eosinopenia on admission. **p < 0.01.



When we analyzed EOS on admission, we found that patients in the CRD group had higher EOS counts than NCRD patients (Figure 2); this difference reached statistical significance (1.7 (0.3-3.1) vs 1.1 (0.2-2.7) eosinophils ×109/L; p<0.01). We also compared EOS counts on admission to EOS counts at discharge in order to study the temporal evolution of this marker in both CRD and NCRD groups; of 2539 patients included, both values were available for only 627 (CRD=133 and NCRD=494). Subsequently, we excluded patients treated with systemic corticosteroids (394 subjects) as these drugs are known to deplete EOS and therefore act as a confounding factor; this left 233 patients for analysis (CRD=45 and NCRD=188). We observed that EOS counts were higher on admission than at discharge in both groups (Figure 2).




Figure 2 | Patients at discharge show a lower number of blood eosinophils. Data revealed that eosinophils were higher on admission than at discharge in both groups (CRD and NCRD). Patients treated with systemic corticosteroids during hospitalization were excluded from analysis. ***p < 0.001; ****p < 0.0001.



As eosinophils are associated with chronic respiratory diseases, we also collected CRD patients’ EOS counts before hospital admission. We considered “eosinophils before admission” as the number of eosinophils from patients’ most recent complete blood count performed before testing positive for SARS-CoV2, an interval which varied from a month to 6 years. Data showed that eosinophils on admission were significantly lower than eosinophil counts before hospital admission. Figure 3A shows eosinophil data before admission, on admission and at discharge. The median EOS count before admission in asthma [0.21x109/L (0.09-0.41)], COPD [0.20x109/L (0.11-0.31)] and OSA [0.18x109/L (0.10-0.28) were normal. Patients with eosinopenia on admission were present in all CRD subgroups (Table 2), but at discharge, the number of patients with eosinopenia increased (Figure 3B). These patterns of eosinophil behavior were observed across all CRD subgroups. We found no differences between CRD subgroups in terms of changes in eosinophil counts.




Figure 3 | Eosinophil behavior among CRD subgroups. (A) EOS count showed a significant progressive decrease from admission to discharge in all CRD groups (asthma, COPD and OSA). (B) Patients with eosinopenia on admission were present in all CRD subgroups. Interestingly, in the asthmatic subgroup, patients with eosinopenia at discharge were significantly more numerous than at admission, a trend not observed in COPD and OSA patients. **p < 0.01; ****p < 0.0001.



Peripheral capillary oxygen saturation (SpO2) and D-dimer values on admission showed no significant difference between the eosinopenia and non-eosinopenia groups (Figures 4A, B). Interestingly, the non-eosinopenia group had a significantly higher lymphocyte count than the eosinopenia group (Figure 4C). Lymphocytes on admission were significantly higher than lymphocytes at discharge in both the eosinopenia and non-eosinopenia groups (Figure 4C), suggesting a correlation between lymphocyte and eosinophil counts (Figure 4D). Also, levels of C-reactive protein did not exhibit any significant difference (Table 2).




Figure 4 | Relationship of eosinopenia with clinical and laboratory parameters. Comparison of the eosinopenia group and non-eosinopenia group regarding peripheral capillary oxygenation saturation on admission (A), with no differences between groups; D-dimer on admission showed similar results (B); the absolute lymphocyte count on admission was higher in the non-eosinopenia group, and both groups presented higher absolute lymphocyte counts on admission than at discharge (C); suggesting a correlation between lymphocytes and eosinophils (D). ***p < 0.001; ****p < 0.0001.






Discussion

Our main objective was to describe the role played by eosinophils in the severity of COVID-19 and to clarify the relationship between eosinophils and CRD. Our analysis suggests that eosinopenia on admission could be related with severe COVID-19 disease, resulting in a higher risk of ICU/RICU admission. This finding supports the results published by Xie et al. (20) in which patients with eosinopenia had worse radiographic findings, longer hospital stays, and more severe disease. We obtained a lower prevalence of eosinopenia (26.93%) on admission than other published series (19, 20), possibly owing to our larger sample size and also because the study period coincided with peak pollen season in Madrid.

Classically, eosinophils have been considered as important immune cells in the pathogenesis of inflammatory processes such as parasitic helminth infections and allergic or pulmonary diseases like allergic and non-allergic asthma; more recently, they have been linked to the immune response conferring host protection linked both, by direct or indirect mechanisms against viruses, bacteria and yeasts (23). The finding of eosinopenia on admission in hospitalized patients associated with worst recovery outcomes could be a signal of an intense immune response environment against the pathogen causing the disease. In fact, persistent peripheral eosinopenia has been established as a marker of poor outcomes in severe acute infections as bacterial sepsis (24). In regards to respiratory diseases, in patients with COPD exacerbations who need hospitalization, eosinopenia on admission has been associated with higher mortality and lengthier hospital stay than patients with normal eosinophils (25); nowadays, eosinopenia is included in an algorithm that help determine the prognosis of patients with acute exacerbation of COPD (26) on admission. It is also interesting to mention that eosinophil degranulation has been observed to be significantly decreased in the eosinophils from older subjects (50-88 y.o.) in comparison to younger subjects (20-40 y.o.) in patients with asthma (27); this finding may influence worst prognosis in hospitalized patients with infections in older patients. Human rhinovirus and respiratory syncytial rhinovirus (RSV) have been identified as major pathogens of virus-induced asthma exacerbations (28, 29); in fact, RSV infection in childhood places adults at risk of developing asthma (30) relationship to asthma and eosinophils, a few studies have demonstrated the relationship between eosinophils and asthma exacerbations. Calhoun et al. found the significant migration of eosinophils to lung tissue after the exposure to allergens in subjects with allergic rhinitis with previous infection due to rhinovirus in comparison with normal volunteers (31). Green et al. demonstrated that changes in controller medication of patients with asthma based on the count of eosinophils in sputum, led to a significant reduction in asthma exacerbations and in hospitalization admission due to asthma exacerbation (32) in comparison by management based on guidelines suggestion of symptoms and lung function tests; reinforcing the leading role of eosinophils in asthma exacerbations. Moreover, blood eosinophil counts over 400 cell/μL have been associated with a greater rate of asthma exacerbation and lower odds of achieving asthma control (33).

Our findings support those of a recent cluster analysis of a cohort of 825 hospitalized subjects with asthma, in which patients in cluster 3 (with older age, high daily inhaled corticosteroid dose, more intense maintenance medications, and severe or life-threatening exacerbations) characterized by a lower mean of blood eosinophils on admission (0.02x109/L) presented the worst in-hospital prognosis with extended hospital stay and a higher need of ICU admission in comparison with the other two clusters (34).

Surprisingly, when analyzing eosinophil counts from admission to discharge, we found more patients with eosinopenia at discharge than on admission, both in the CRD and NCRD groups. For this analysis, patients who received systemic corticosteroids during their hospital stay were excluded, because this could act as a confounding factor. This finding contrasts with the rate of EOS recovery at discharge found by Xie G et al. (20). This discrepancy between the two reports may be the result of the larger sample size used in our study, or the fact that the complete EOS recovery observed by Xie et al. occurred approximately 18 days after disease onset. With regard to this last factor, our laboratory findings may reflect an earlier hospital discharge, as to alleviate the great strain on the healthcare system caused by the pandemic, COVID-19 patients in the Madrid region were discharged to an intermediate care medical facility before complete resolution of the disease. We found a positive correlation between lymphocytes and eosinophils, but did not observe a significant relationship between eosinopenia and D-dimer, SpO2 nor with C-reactive protein.

A recently published article analyzing immune response using peripheral blood from 253 patients hospitalized with COVID-19 shows that patients with severe COVID-19 tend to have increased eosinophils compared to those with moderate disease (22). However, as the aforementioned study quantified low density eosinophils and used a different technique, no accurate comparison can be made.

Our results show that eosinopenia on admission could be used to identify those patients at higher risk for severe COVID-19, defined as requiring ICU/RICU care.

In addition, we analyzed the differences in COVID-19 severity among hospitalized patients who had asthma, COPD, or OSA. These patients have higher mortality, possibly due to the high rate of older patients in the COPD group as our univariate and multivariate analysis results suggested (Table S2 and Figure S1). It has been hypothesized that this greater severity is related to the higher expression of angiotensin-converting enzyme II (ACE-2) in the lower airways of active smokers with COPD, as this is the receptor that SARS-CoV-2 binds to and uses to enter epithelial cells (35). Also, the higher percentage of comorbidities associated in this group might play an important role where mortality is concerned.

The prevalence of patients with OSA was 3.19%. These patients seem to have a higher risk of requiring ICU/RICU admission than patients with COPD. This difference is likely related to the group’s younger age range and fewer associated comorbidities, which makes these patients more eligible to receive intensive care than the older, more comorbid patients with a lower chance of recovery in the COPD group. However, when OSA patients were compared to asthma patients, the two subgroups were found to have a similar mean age; statistical analysis does suggest a higher risk of mortality among OSA patients, which probably predicts a higher severity of COVID-19. Our findings are in accordance with a recent analysis by Maas et al. (36), who conclude that OSA patients were more prone to COVID-19 infection and at least double the risk of developing respiratory failure. On the other hand, obesity (defined as BMI ≥ 30.0 kg/m2) has been recognized as a risk factor for severe COVID-19; furthermore, obesity has been shown to increase the risk of hospital admission, ICU admission, and mortality in previous viral pandemics (37).

The prevalence of asthma patients in this study was 4.45%, with a predominantly female population, consistent with epidemiological observations of the non-COVID-19 asthma population (38). Our statistical analyses suggest that these patients have the same chance of severity, ICU/RICU care and mortality as NCRD patients. Based on their observations of lesser severity of COVID-19 in patients with a T2 phenotype asthma, Muñoz X. et al. (39) suggest that this phenotype could play a protective role against COVID-19. Extensive analyses have ruled out asthma as a risk factor for SARS-CoV2 infection or for severe COVID-19 (40).

High levels of ferritin and D-dimer on admission have been associated with severity of COVID-19 (41). Surprisingly, higher ferritin levels were found in the NCRD group than CRD patients even though a higher percentage of fatal outcome was observed in the CRD group. We suspect that this controversial result could be explained by the fact that NCRD was significantly younger than CRD; and as our multivariate analysis for the risk of mortality showed, age is the main risk factor. The laboratory parameters that have been associated with higher mortality rates are high levels of D-dimer and severe lymphopenia. The levels of C-reactive protein did not significantly differ between NCRD and CRD; nor between the CRD subgroups; this could be explained by the fact that in the context of viral pneumonia this biomarker tends to fall in the normal range and not be useful for determining prognosis (42). On comparison, none of our CRD subgroups showed any statistically significant differences in these three parameters.

In summary, although the immune mechanism of eosinopenia in COVID-19 remains unclear, patients with eosinopenia on admission have a higher risk of developing severe COVID-19 requiring ICU/RICU care, meaning that eosinopenia on admission can be used to predict the severity of the disease. Eosinophils are more likely to be low at discharge irrespective of severity. In our multivariate analysis to assess the risk of mortality in asthma, COPD and OSA patients, age was the main risk factor for mortality in patients with COVID-19.
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The COVID-19 pandemic has reached direct and indirect medical and social consequences with a subset of patients who rapidly worsen and die from severe-critical manifestations. As a result, there is still an urgent need to identify prognostic biomarkers and effective therapeutic approaches. Severe-critical manifestations of COVID-19 are caused by a dysregulated immune response. Immune checkpoint molecules such as Programmed death-1 (PD-1) and its ligand programmed death-ligand 1 (PD-L1) play an important role in regulating the host immune response and several lines of evidence underly the role of PD-1 modulation in COVID-19. Here, by analyzing blood sample collection from both hospitalized COVID-19 patients and healthy donors, as well as levels of PD-L1 RNA expression in a variety of model systems of SARS-CoV-2, including in vitro tissue cultures, ex-vivo infections of primary epithelial cells and biological samples obtained from tissue biopsies and blood sample collection of COVID-19 and healthy individuals, we demonstrate that serum levels of PD-L1 have a prognostic role in COVID-19 patients and that PD-L1 dysregulation is associated to COVID-19 pathogenesis. Specifically, PD-L1 upregulation is induced by SARS-CoV-2 in infected epithelial cells and is dysregulated in several types of immune cells of COVID-19 patients including monocytes, neutrophils, gamma delta T cells and CD4+ T cells. These results have clinical significance since highlighted the potential role of PD-1/PD-L1 axis in COVID-19, suggest a prognostic role of PD-L1 and provide a further rationale to implement novel clinical studies in COVID-19 patients with PD-1/PD-L1 inhibitors.
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Introduction

COVID-19 pandemic caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) holds the world in thrall since early March 2020. COVID-19 manifests a spectrum of signs and symptoms from mild illness to acute pneumonia. Unfortunately, a considerable percentage of patients rapidly worse to acute respiratory distress syndrome (ARDS) requiring intensive care (1, 2).

Understanding the link between patients’ immune features and disease severity represents a crucial step in the war against this pandemic. Severe-critical manifestations of COVID-19 are caused by a dysregulated immune response in which the adaptive immune system, ruled by T and B lymphocytes, plays a fundamental role (3).

T cells fulfill specific antiviral actions inside a complex inflammatory milieu influencing both the cellular and humoral immunity (4). During a chronic infection, including COVID-19, these cells are either eliminated or become dysfunctional until exhaustion (4, 5). The reduction of T cell count as well as increased levels of biochemical parameters of inflammation correlate with a poor prognosis in COVID-19 patients and have been proposed to set up a more aggressive treatment in order to avoid a sudden worsening of clinical conditions (5).

Immune checkpoint molecules, including Programmed death-1 (PD-1) and its ligand programmed death-ligand 1 (PD-L1), play an important role in innate and especially adaptive immune response by serving as modulators. The PD-1/PD-L1 axis is a major contributor among the checkpoint molecules in maintaining the delicate balance between immune response and immune-mediated cellular damage during inflammation (6). Such signaling is involved in several types of infections such as in human immunodeficiency virus (HIV) and hepatitis C virus (HCV) (7–9).

PD-1 calibrates qualitatively and quantitatively T cell responses against cancer (10) and its role during both acute and chronic infection has been quite characterized (9).

Recently, it has been reported that in severe and critical COVID-19 patients T cells, shifting from a status of hyperactivation to one of exhaustion, express increased levels of PD-1 (5, 11).

In contrast, there are few and inconclusive data about the significance of PD-L1 dysregulation during SARS-CoV-2 infection and no data are currently available on the role of soluble PD-L1 (sPD-L1) in COVID-19 patients with a different grade of disease severity and prognosis.

The present study aimed to investigate the role of PD-L1 in COVID-19 prognosis and pathogenesis.



Materials and Methods


Patient Characteristics and Biochemical Parameters

Patients with a confirmed diagnosis of COVID-19 and healthy donors from “San Giovanni di Dio e Ruggi D’Aragona” University Hospital were recruited from October 2020 to January 2021. All patients with COVID-19 pneumonia diagnosed based on characteristic radiological findings and a positive naso-pharyngeal swab for SARS-CoV-2 RNA, were evaluated to be included in the study. Patient selection was performed based on: (i) age >18 years; (ii) characteristic infiltrates observed by a chest CT scan; (iii) positive nasal swab for SARS-CoV-2-RNA at the time of hospital admission; (iv) informed consent for blood sample analysis. All participants were Caucasians. All of them signed informed consent. The study was approved by the local ethics committee (n.30_r.p.s.o./2020), in accordance with the Declaration of Helsinki and its amendments and was performed without interfering with normal clinical practice.

Demographic (age and gender) and pathological [comorbidities, diagnosis of COVID-19 associated pneumonia, need of high-flow oxygen therapy, length of hospital stay (LOS), time length of negativizaton to SARS-CoV-2, therapy, death or hospital discharge] data were retrieved from clinical records. Biochemical [number of peripheral blood cells (neutrophils, lymphocytes and platelets), lactate dehydrogenase (LDH), erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) and fibrinogen] and arterial oxygen partial pressure/fractional inspired oxygen (PaO2/FIO2) parameters were collected as part of the standard workup at the Clinical Pathology Unit of “San Giovanni di Dio e Ruggi D’Aragona” University Hospital.



Blood Sample Collection and Measurement of Soluble PD-L1

Peripheral blood samples were collected from each subject during routine venipuncture within 6 days from the admission to the hospital. Serum samples were isolated by centrifugation at 1000×g for 15 minutes (min) at 4°C and immediately stored at −80°C until analysis. Levels of soluble PD-L1 (sPD-L1) were determined by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s instruction (Elabscience Biotechnology Co. Ltd, Wuhan, China). The optical density (OD) was measured spectrophotometrically using a plate reader (TECAN® infinite 200 PRO) at a wavelength of 450 nm. Each sample was tested in duplicate. The sPD-L1 level was determined using a standard curve. The minimum detectable level of sPD-L1 was 0.10 ng/mL and the detection range was 0.16-10.0 ng/mL. The intra-assay and inter-assay coefficients of variation were below 10%. Data are expressed as the mean ± SD of three independent experiments.



Tissue Sample and Immunohistochemical Staining of PD-L1

Formalin-fixed paraffin-embedded (FFPE) specimen of bronchial aspirate was obtained from patient # COVID-22 followed at “San Giovanni di Dio e Ruggi D’Aragona” University Hospital. The patient has consented for tissue acquisition per institutional review board-approved protocol. The patient signed informed consent. FFPE tissue sections (4 μm) from the bronchial aspirate sample were used as substrates in immunohistochemical (IHC) reactions. The PD-L1-specific monoclonal antibody (mAb) SP263 and the rabbit mAb IgG, utilized as an isotype control for PD-L1 staining, were purchased from VENTANA. The staining with SP263 mAb was performed on Ventana BenchMark XT automated IHC Stainer (VENTANA) utilizing OptiView DAB IHC Detection Kit (VENTANA). The staining intensity and percentage of stained cells were reviewed and enumerated by an experienced pathologist (PZ) who did not know the patient characteristics and clinical outcome. Staining with PD-L1-specific mAb was performed according to the manufacturers’ instructions and was scored by counting both the number of epithelial and immune stained cells in four high-powered fields.



RNA-seq of PD-L1

RNA-seq profiles used to assess PD-L1 gene profiles in human cells and lung biopsies were collected from Gene Expression Omnibus (GEO) (12) accession GSE147507, GSE148729 and GSE56192. The cell lines used were human lung adenocarcinoma Calu-3, normal human bronchial epithelial (NHBE) and human adenocarcinoma alveolar basal epithelial A549 cell lines. A549, Calu3, NHBE cells were incubated at indicated times and indicated viral load (MOI) with SARS-CoV-2 and SARS-CoV-1 (Calu3). In addition, A549 cells were transduced with an expression vector encoding the human ACE2 protein and incubated for 24 hours with SARS-CoV-2, at different MOI and treated with ruxolitinib (500 nM), a JAK1 and JAK2 kinase inhibitor. Cells incubated with vector but without the virus (mock) and untreated cells were used as controls. Lung biopsies were derived from a deceased male COVID-19 patient (age 74) or uninfected patients [one male (age 72) and one female (age 60)]. Expression levels of PD-L1 RNA were the counts of reads aligned to the genome and expressed as counts per million. Values were extracted from supplemental data from GSE147507 and GSE148729. The vendors analyzed the sequencing libraries on the Illumina NextSeq 500. They then aligned the reads using the RNA-Seq Alignment app on Basespace (Illumina, CA).

RNA-seq profiles of immune cells were collected from the Immunological Genome Project (13) using the Skyline RNA-seq tool. Eight peripheral blood samples from 7 hospitalized patients with RT-PCR-confirmed SARS-CoV-2 infection and 6 healthy controls were included. Samples were collected between 2 and 16 days after the onset of symptoms. Four of 8 COVID-19 samples were collected from ventilated patients diagnosed with acute respiratory distress syndrome (ARDS); the remaining 4 samples were from less critically ill patients. One patient was sampled twice, initially at 9 days after symptom onset while admitted and requiring supplemental oxygen but not ventilated, and again at 11 days after symptom onset following intubation. Thresholds on expression values were derived for each platform by one of two distribution-based approaches. For platforms with well-defined negative control probe sets, the threshold for greater-than-chance expression was defined as expression values greater than or equal to the 95% quantile of expression values in the negative controls.



Statistical Analysis

Statistical analysis was performed with the Stata Statistical Software, Version 13.0 (StataCorp, LP). Correlations between sPD-L1 levels, pathological and clinical characteristics of COVID-19 patients were analyzed by Spearman rank correlation test. Differences in the expression levels of variables according to pathological and clinical characteristics were analyzed using the Mann–Whitney U test. The correlation of sPD-L1 levels with the number of deaths was analyzed by Fisher exact test. For RNA-seq analysis, gene counts were normalized using the EdgeR package, Bioconductor (14) which considers that most genes are invariant between experiments. PD-L1 RNA levels result from similar processing of the reads involving the DESeq2 package (15). Statistical analyses were performed using Prism 9.0.0 (16). Pairwise comparisons were generated for all cell types with the control and PD-L1 was identified whose expression was significantly different for each cell type. p<0.05 was considered to be statistically significant. All tests used were two-tailed.




Results


Patient Characteristics

A total of 31 patients with a confirmed diagnosis of COVID-19 from “San Giovanni di Dio e Ruggi D’Aragona University Hospital” were recruited from October 2020 to January 2021. All baseline medical record information including clinical characteristics and laboratory data are shown in Table 1. Among the 31 patients, 4 (12.9%), 15 (48.4%) and 12 (38.7%) were mild, moderate-severe and critical cases, respectively. Twenty-nine (93.55%) had the diagnosis of COVID-19 associated pneumonia and 23 (74.19%) required high-flow oxygen therapy. Twenty patients (64.5%) suffered from chronic diseases including hypertension (51.6%), diabetes (25.8%), dyslipidemia (19.3%), cardiovascular disease (12.9%), immune disorder (9.7%), chronic pulmonary disease (9.7%) and chronic kidney disease (6.4%) (Supplementary Table 1). The mean hospital LOS was 42.48 days (range, 19-83) while the meantime length of negativization for SARS-CoV-2 was 38.43 days (range, 15-75). Most of patients were treated with corticosteroids (90.32%), low molecular weight heparin (LMWH) (90.32%), azithromycin (83.87%), ceftriaxone (29.03%), ruxolitinib (6.45%), eculizumab (6.45%) and tocilizumab (6.45%) (Supplementary Table 2). Five patients (16.13%) died from ARDS while 26 patients (83.87%) were discharged.


Table 1 | Patient characteristics.





Correlation Between Pathological and Clinical Characteristics of COVID-19 Patients

Age of patients correlated with the number of peripheral lymphocytes (Spearman’s rho -0.3196, p=0.0852), serum CRP levels (Spearman’s rho 0.3749, p=0.0412), required high-flow oxygen therapy (Spearman’s rho 0.4621, p=0.0101), LOS (Spearman’s rho 0.5421, p=0.0020), time length of negativization for SARS-CoV-2 (Spearman’s rho 0.4002, p=0.0284) and the number of deaths (p=0.0223). The number of deaths was significantly higher in older patients [mean 79.2 years, (range, 61-90)] as compared to younger patients [mean 62.4, (range 31-84)].

The number of peripheral lymphocytes was negatively correlated with serum LDH and CRP levels (LDH: Spearman’s rho -0.4318, p=0.0153; CRP: Spearman’s rho -0.4764, p=0.0067), LOS (Spearman’s rho -0.4769, p=0.0067) and time length of negativization for SARS-CoV-2 (Spearman’s rho -0.3629, p=0.0448). Besides, serum LDH levels correlated with LOS (Spearman’s rho 0.4211, p=0.0183) and the number of deaths (p=0.0763).

Levels of ESR correlated with required high-flow oxygen therapy (p=0.0085), LOS (Spearman’s rho 0.5106, p=0.0621) and time length of negativization for SARS-CoV-2 (Spearman’s rho 0.5089, p=0.0631).

Lastly levels of CRP correlated with required high-flow oxygen therapy (p=0.0072), LOS (Spearman’s rho 0.5159, p=0.0030), time length of negativization for SARS-CoV-2 (Spearman’s rho 0.3825, p=0.0337) and the number of deaths (p=0.0052). As expected, increased LOS correlated with the number of deaths (p=0.0007).



Serum Levels of sPD-L1 and Its Comparison in COVID-19 Patients With Different Clinicopathological Characteristics

We first evaluated and compared serum levels of sPD-L1 from all 31 COVID-19 patients within 6 days [mean number 4.75 days (range, 3-6 days)] of the hospital admission with those of 24 healthy donors without SARS-CoV-2. The mean serum level of sPD-L1 in hospitalized COVID-19 patients and non-infected patients was 0.162 ng/ml (range, 0.0479-0.730) and 0.103 ng/m (range, 0.0472-0.204), respectively (Figure 1A). The serum levels of sPD-L1 were significantly higher in COVID-19 patients as compared to those of non-infected patients (p=0.0351).




Figure 1 | Comparisons between serum levels of biochemical parameters in patients with different clinicopathological characteristics. (A) Serum levels of sPD-L1 in COVID-19 patients were compared with those of healthy donors by Mann-Whitney U test. (B) The number of peripheral lymphocytes in COVID-19 patients who died or were discharged from the hospital were compared by the Mann-Whitney U test. (C) Serum levels of CRP in COVID-19 patients who died or were discharged from the hospital were compared by the Mann-Whitney U test. (D) Serum levels of sPD-L1 in male and female COVID-19 patients were compared by the Mann-Whitney U test. On each box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data points not considered outliers, and outliers are plotted individually. p was considered significant if < 0.05.



We then correlated serum levels of sPD-L1 with blood sample biomarkers as well as with levels of PaO2/FIO2 at the same day of PD-L1 sample collection. The mean number of neutrophils, lymphocytes and platelets was 5579.5 x103/µL (range, 1780-10900), 1888.4 x103/µL (range, 560-3860) and 257466.7 x103/µL (range, 81000-471000), respectively. The mean level of LDH, ESR, CRP and fibrinogen was 276.6 U/l (range, 121-979), 40.58 mm (range, 13-129), 1.292 mg/dl (range, 0.02-6.28) and 318.2 mg% (33-731), respectively. The mean level of PaO2/FIO2 was 320.11 mmHg (range, 142-571).

Consistent with baseline results, the number of lymphocytes (p=0.0017) (Figure 1B) and levels of CRP (p=0.0009) (Figure 1C) at the time of PD-L1 measurement significantly correlated with the number of deaths from COVID-19. In COVID-19 patients serum levels of sPD-L1 were significantly and negatively correlated with both total number of lymphocytes (Spearman’s rho -0.3353, p=0.0401) (Figure 2A) and levels of PaO2/FIO2 (Spearman’s rho -0.3274, p=0.0755) (Figure 2B). In contrast serum levels of sPD-L1 significantly and positively correlated with levels of CRP (Spearman’s rho 0.3988, p=0.0483) (Figure 2C). Patients displaying higher levels of sPD-L1 also displayed a low number of lymphocytes and PaO2/FIO2 as well as a high level of CRP. In addition, serum levels of sPD-L1 significantly correlated with the age and sex of patients. Specifically female patients displayed higher levels of sPD-L1 as compared to males (p=0.0472) (Figure 1D). Older patients displayed a higher level of sPD-L1 as compared to that of younger patients (Spearman’s rho 0.4789, p=0.0074) (Figure 2D). More importantly serum levels of sPD-L1 significantly correlated with the prognosis of COVID-19 patients (p=0.0469). Specifically, levels of PD-L1 were higher in all those patients who later died during the hospitalization (mean 0.227, range 0.111-0.402) as compared to patients who were discharged (mean 0.142, range 0.0479-0.730) (Figure 3A). Patients with high levels of PD-L1 were characterized by old age (p=0.0067) (Figure 3B), low number of lymphocytes (p=0.0111) (Figure 3C), high levels of CRP (p=0.0170) (Figure 3D), high levels of LDH (p=0.0154) (Figure 3E), high LOS (p=0.0417) (Figure 3F) and high number of deaths (p=0.048). Noteworthy no correlations between serum levels of sPD-L1 with patient comorbidities as well as with patient therapies (Supplementary Tables 1 and 2).




Figure 2 | Correlation between serum levels of sPD-L1 and clinicopathological characteristics of COVID-19 patients. Serum levels of sPD-L1 in COVID-19 patients were correlated with the number of peripheral lymphocytes (A), the level of PaO2/FIO2 (B), the level of CRP (C) and the age of patients (D) by Spearman’s correlations. p was considered significant if < 0.05.






Figure 3 | Prognostic value of sPD-L1 in COVID-19 patients. (A) Serum levels of sPD-L1 in COVID-19 patients who died or were discharged from the hospital were compared by Mann-Whitney U test. Age of patients (B), number of lymphocytes (C), levels of CRP (D), levels of LDH (E) and LOS (F) grouped based on sPD-L1 levels were compared using the Mann-Whitney U test. On each box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data points not considered outliers, and outliers are plotted individually. p was considered significant if < 0.05.





PD-L1 Up-Regulation in SARS-CoV-2 Infected Cells

We characterized PD-L1 RNA levels in a variety of model systems of SARS-CoV-2 including in vitro tissue cultures, ex-vivo infections of primary epithelial cells and biological samples obtained from tissue biopsies of COVID-19 patients. RNA-seq results from the GEO database were downloaded.

Calu3 and NHBE cell lines were permissive to SARS-CoV-2. In Calu3 cells, following incubation with SARS-CoV-2, the levels of PD-L1 were significantly (P<0.001) increased as compared to those of mock cells (Figure 4A). In NHBE cells SARS-CoV-2 and mock incubation did not change the transcriptional levels of PD-L1. A549 cells were relatively non-permissive to SARS-CoV-2 (Figure 4A). However following transduction with an expression vector encoding the human ACE2 protein they became permissive to SARS-CoV-2. In both A549 cells and ACE2-transduced A549 cells SARS-CoV-2 incubation at low MOI (0.2) did not change the PD-L1 levels as compared to that of mock cells. However, a dramatic increase in viral load (MOI 2) was significantly (P< 0.001) associated with an increase in PD-L1 RNA-seq levels in A549 cells and even more to a greater extent in ACE2-transduced A549 cells. Noteworthy in these cells transcriptional levels of PD-L1 were abolished after ruxolitinib treatment (Figure 4A).




Figure 4 | PD-L1 upregulation in SARS-CoV-2 infected cells and in COVID-19 patient lung biopsies. (A) RNA levels of PD-L1 in A549, Calu3, NHBE cells, lung specimens derived from deceased COVID-19 and uninfected patients were downloaded from the GEO database and analyzed. A549, Calu3, NHBE cells were incubated for 24 hours with SARS-CoV-2 (A549.SARS-CoV2, Calu3.SARS-CoV2 and NHBE.SARS-CoV2) at different viral load (MOI). A549 cells were transduced with an expression vector encoding the human ACE2 protein (A549.ACE2), incubated for 24 hours with Sars-CoV-2 (A549.ACE2.SARS-CoV2) at different viral load (MOI) and treated with ruxolitinib (500 nM) (A549.ACE2.SARS-CoV2.Rux). Cells incubated with vector but without the virus (mock) were used as a control (A549.mock, Calu3.mock, NHBE.mock, A549.ACE2.mock). (B) Calu3 cells were incubated with SARS-CoV-2 or SARS-CoV-1 (Calu3.SARS-CoV2 and Calu3.SARS-CoV1) at different time points. Cells non incubated (Calu3.untreated) or incubated with vector but without the virus (Calu3.mock) were used as controls. (C) Lung specimens derived from COVID-19 patients were considered and compared to samples of uninfected human lung biopsies. RNA levels of PD-L1 were compared using Pairwise comparisons. ** and *** indicate p < 0.001 and < 0.01, respectively. (D) Representative staining patterns of FFPE bronchial aspirate with PD-L1-specific mAb SP263 of a COVID-19 patient. IgG was used as an isotype control for PD-L1 staining (data not shown). Magnification is indicated.



Analysis of PD-L1 RNA levels following incubation with SARS-CoV-2 at different time points demonstrated that PD-L1 levels were significantly (P<0.01) increased following 4-hour incubation and even more to a greater extent following 24-hour incubation with both SARS-CoV-1 and SARS-CoV-2 as compared to non-infected cells (Figure 4B).

Analysis of PD-L1 RNA levels obtained from post mortem lung biopsies of COVID-19 patients and lung tissue biopsies from healthy uninfected individuals demonstrated a significant (P<0.001) increase in PD-L1 transcript levels in COVID-19 patients as compared to healthy subjects (Figure 4C). Lastly, an IHC staining of a bronchial aspirate obtained from a COVID-19 patient analyzed for sPD-L1 levels (76 years old, female, requiring high-flow oxygen therapy and discharged following 83 days of hospitalization) demonstrated a moderate PD-L1 expression on lung epithelium cells (Figure 4D).



PD-L1 Dysregulation in Immune Cells of COVID-19 Patients

We lastly characterized PD-L1 RNA levels in peripheral blood mononuclear cells (PBMC) obtained from COVID-19 patients and compared them to those obtained from healthy donors. RNA-seq results from the Immunological Genome Project database (13) were downloaded. As expected, there was an increase in PD-L1 RNA levels in IgG, IgM and IgA plasmablasts in COVID-19 patients as compared to healthy donors. However, a significant increase in PD-L1 levels was also detected in neutrophils, monocytes (CD16+) and gamma delta T cells of COVID-19 patients (p<0.001) as compared to healthy donors. In addition, a significant decrease of PD-L1 levels (p<0.001) was detected in CD4+ T cells stimulated with interferon in COVID-19 patients as compared to healthy donors (Figure 5).




Figure 5 | PD-L1 dysregulation in PBMC of COVID-19 patients. RNA levels of PD-L1 in PBMCs derived from COVID-19 patients and healthy donors were down-loaded from the Immunological Genome Project database and analyzed. PBMC were characterized as stem cells and eosinophils (Eos.SC), developing neutrophils (Neu.Dev), neutrophils (Neu), dendritic cells (DC), plasmacytoid dendritic cells (pDC), monocytes CD16+ and CD14+ (Mo.CD16 and Mo.CD14), natural killer cells (NK), gamma delta T cells (T.gd), CD8+ memory T cells (T.8Mem), CD4+ interferon-stimulated T cells (T.4.IFN-stim), CD4+ memory T cells (T.4Mem), CD4+ naive T cells (T.4Nve), IgA+ plasmablasts (PB.IgA), IgM+ plasmablasts (PB.IgM), IgG+ plasmablasts (PB.IgG) and B cells (B). RNA levels of PD-L1 for all cell types with the control were compared using Pairwise comparisons. *** indicate p < 0.001.






Discussion

The COVID-19 pandemic has far reaching direct and indirect medical and social consequences. So far, there is still an unmet clinical need in defining patient prognosis and effective therapeutic approaches (17). Several parameters have been proposed to define COVID-19 patient prognosis. Biochemical parameters such as the number of lymphocytes and levels of CRP are shown to be effective prognostic biomarkers (18). Others, such as LDH, SAO2, PaO2/FIO2 and radiological findings, have been shown in some cases to contribute to defining COVID-19 diagnosis and prognosis (19, 20). The data we have shown are in line with these findings since the number of lymphocytes and CRP levels as well as LDH and PaO2/FIO2 correlated with patient prognosis assessed by the LOS and number of deaths from COVID-19. By corroborating the information in the literature, these results validate the representativeness of the patient population analyzed despite its limited number (21). In the present study, we have focused our analysis on characterizing the potential significance of sPD-L1 as a biomarker of patient prognosis. Our data demonstrate that PD-L1 might be useful to stratify COVID-19 patient prognosis as high levels of sPD-L1 correlated with validated prognostic biomarkers especially lymphopenia and high levels of CRP as well as with an increase of LOS and mortality rate. The levels of sPD-L1 were assessed within the first 6 days of hospital admission and were not later evaluated during the hospitalization of COVID-19 patients. Whether sPD-L1 levels still increase in those patients which are more likely to death from COVID-19 as compared to those discharged should be further investigated.

An increase in sPD-L1 is likely to reflect dysregulation of PD-1/PD-L1 axis in the host immune response of COVID-19 patients with a poor prognosis. The SARS-CoV-2 induces an extensive array of defense mechanisms in the host (22). Innate immunity tries to block or inhibits initial infection to protect the cells, or to eliminate virus-infected cells, and occurs well before the onset of an adaptive immune response. Innate immunity generally slows rather than stops a viral infection, allowing time for the adaptive immune response to begin. Antibody and T-cell-mediated immunity are the two major players of the adaptive immune response to viral infection. Antibodies usually bind to free viral particles, blocking infection of the host cell. In contrast, T cells act principally by recognizing and destroying virus-infected cells. In innate and especially adaptive immune responses, checkpoint molecules play an important role in maintaining the delicate balance of stimulating or inhibiting immune cell activation or inducing phenomena of self-tolerance or autoimmunity (23). The PD-1/PD-L1 axis is one of the major components of the checkpoint molecule family. Several lines of evidence indicate that the PD-1/PD-L1 axis might play a role in regulating the host immune response to SARS-CoV-2 as well as in COVID-19 pathogenesis (24–28). T cells, with CD8+ cytotoxic T cells (CTLs) capable of secreting an array of molecules to eradicate viruses from the host, are major players in SARS-CoV-2 clearance. At the same time, CD4+ helper T cells can assist cytotoxic T cells and B cells and enhance their ability to clear pathogens. However, persistent stimulation by the virus may induce T cell function reduction and exhaustion, leading to loss of T cell-related cytokine production. T cell exhaustion is defined by sustained expression of inhibitory receptors, and a transcriptional state distinct from that of functional effector or memory T cells (29). Diao et al. have recently shown that in COVID-19 patients, especially those critically ill, besides a negative correlation between T cell count (CD8+ and CD4+) and patient prognosis, both T cell types showed an exhaustive phenotype because of an increased expression of PD-1 and TIM-3. Moreover, an increase of the exhausted T cells expressing PD-1 correlated with patient prognosis (5).

Kong et al. have also shown that serum levels of 11 soluble checkpoints including GITR, 4-1BB, TIM-3, CD27, LAG-3, PD-1, CD28, CTLA-4, BTLA, HVEM, and CD80 correlated with severe illness in COVID-19 patients (30). Furthermore, patients with COVID-19 show increased Fas and PD-1 expressions in both CD4+ and CD8+ T cells. This also indicates the association of these regulatory molecules with the apoptosis of antigen-activated T cells during COVID-19, leading to decreased CD4+ T cell numbers and lowering the percentage of naive T cells (31). On the other hand, an elevation in the number of cells such as monocytes, neutrophils and natural killer (NK) cells causing cytokine storm has been reported (32, 33). Patients with more severe clinical conditions besides overexpressing proinflammatory cytokines such as IL-6, IL-1 and TNF-α, also display high levels of PD-L1 in monocytes and DCs. In the present work, we show that increased levels of sPD-L1 are associated with PD-L1 dysregulation in both epithelial and immune cells (34). In particular, epithelial cells permissive to SARS-CoV-2 upregulated PD-L1 expression. Induced PD-L1 expression can be restored by treatment with ruxolitinib, a JAK1 and JAK2 kinase inhibitor. Therefore, we hypothesize that JAK1 or JAK2 are involved in PD-L1 upregulation following SARS-CoV-2 infection in epithelial cells. However, mechanisms of PD-L1 upregulation in epithelial cells by SARS-CoV-2 should be further investigated. In vivo PD-L1 upregulation on infected cells might also reflect an increased cytokine release by the activated host immune cells. In both cases, PD-L1 upregulation provides infected cells with an immune escape mechanism to both innate and adaptive immune response facilitating viral replication and immunosuppression.

In addition, we have shown that PD-L1 is dysregulated on many types of immune cells of COVID-19 patients. Dysregulation of the PD-L1 gene correlates with substantial phenotypic differences between COVID-19 cases and controls, predominantly in monocytes, gamma delta T cells, neutrophils and CD4+ interferon-stimulated T cells. Several innate immune cell subsets are depleted in COVID-19 patients, including gamma delta T cells, DCs, plasmacytoid DCs, CD16+ monocytes and NK cells. Monocyte rearrangement is likely to reflect the elevated IL-10 levels observed in COVID-19 patients. IL-10, as an inhibitory cytokine, prevents T-cell generation and thus disrupts and reduces T-cell activation and proliferation, leading to dysfunction of cellular immune responses (35). Furthermore, along SARS-CoV-2 induced viral infection, signal transducer and activator of IL-10 secretion led to overexpression of PD-1 and PD-L1 in monocytes and DCs (36). It has been reported that monocytes involved in COVID-19, similar to monocytes involved in HCV, overexpress PD-L1 and IL-10. Noteworthy patients with more severe clinical states have higher expressions of PD-L1 on monocytes, DCs and granulocytes (37). Similarly, the attachment of PD-L1 from monocytes to PD-1 expressed on the surface of CD8+ T lymphocytes also inhibits their antiviral activity and ultimately leads to disease progression. Lastly, increased expression of PD-L1 on neutrophils and gamma delta T cells might also hamper their ability to eliminate infected cells. Gamma delta T cells do not recognize classical peptide antigens, their TCRs are non-MHC restricted, and they can respond to pathogen-associated molecular patterns and produce cytokines in the absence of TCR ligands. They can also defend against viral infection by secreting IFNγ and upregulating the expression of NKG2D, perforin, granzyme B and FasL. Following injury, resident cells release inflammatory cytokines and chemokines to recruit reparative neutrophils to the injury site. Excess inflammation, however, can result in undesired tissue damage. Therefore, the body’s ability to control inflammation is tightly regulated. PD-L1 expression on neutrophils increases with inflammation and correlates with impaired antibacterial function (10, 38). Even more PD-L1 overexpression on neutrophils correlates with markers of T cell exhaustion and contributes to suppression of T cell function resulting in an immunosuppressive activity in other types of viral infections such as HIV (39). Targeting PD-L1 with blocking antibodies can also enhance neutrophil innate immune function (40, 41). Lastly, decreased expression of PD-L1 on CD4+ interferon-stimulated T cells in COVID-19 patients may reflect the induction of a hyperactivation status which causes an excessive immunopathology (42).

Some data indicate that SARS-CoV-2 infection might persist in some tissue compartments. In individuals infected with HIV and on anti-retroviral therapy, immune checkpoint proteins themselves identify cells preferentially infected with HIV that persist on anti-retroviral therapy (43, 44). This observation is of great importance in efforts to eliminate residual virus that persists despite anti-retroviral therapy, as these infected cells are a major barrier to a cure. Whether PD-1/PD-L1 axis is involved in SARS-CoV-2 latency in long term SARS-CoV-2 infected patients should be further investigated.



Conclusions

In conclusion, this study highlighted the potential role of PD-1/PD-L1 axis in COVID-19 and suggests a prognostic role of sPD-L1. These data have clinical significance since they provide a further rationale to implement novel clinical studies in treating COVID-19 patients with PD-1/PD-L1 inhibitors. Recent data in cancer patients treated with anti-PD-1 or anti-PD-L1 inhibitors have shown contrasting results on the safety and efficacy of these checkpoint inhibitors in protecting or exacerbating COVID-19 infection. Administration of checkpoint inhibitors such as anti-PD-1/PD-L1 should be investigated early in COVID-19 progression and especially should be avoided in critically ill patients where the immune system is already hyperactivated. Further studies will be needed to establish the potential timing of the administration of checkpoint inhibitors in COVID-19 patients. sPD-L1 as well as lymphopenia and elevated levels of CRP could be considered as biomarkers to identify and monitor patients who are likely to benefit from treatment with immune checkpoint inhibitors.
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To determine whether the neutralization activity of monoclonal antibodies, convalescent sera and vaccine-elicited sera was affected by the top five epidemic SARS-CoV-2 variants in the UK, including D614G+L18F+A222V, D614G+A222V, D614G+S477N, VOC-202012/01(B.1.1.7) and D614G+69-70del+N439K, a pseudovirus-neutralization assay was performed to evaluate the relative neutralization titers against the five SARS-CoV-2 variants and 12 single deconvolution mutants based on the variants. In this study, 18 monoclonal antibodies, 10 sera from convalescent COVID-19 patients, 10 inactivated-virus vaccine-elicited sera, 14 mRNA vaccine-elicited sera, nine RBD-immunized mouse sera, four RBD-immunized horse sera, and four spike-encoding DNA-immunized guinea pig sera were tested and analyzed. The N501Y, N439K, and S477N mutations caused immune escape from nine of 18 mAbs. However, the convalescent sera, inactivated virus vaccine-elicited sera, mRNA vaccine-elicited sera, spike DNA-elicited sera, and recombinant RBD protein-elicited sera could still neutralize these variants (within three-fold changes compared to the reference D614G variant). The neutralizing antibody responses to different types of vaccines were different, whereby the response to inactivated-virus vaccine was similar to the convalescent sera.




Keywords: mutation, monoclonal antibody, pseudotyped virus, neutralization, vaccine, B.1.1.7



Introduction

The pandemic spread of SARS-CoV-2 has severely affected the worldwide economy and healthcare systems. Therapeutic monoclonal antibodies are the most promising treatment, and vaccines are the best hope for prophylaxis. However, an increasing number of SARS-CoV-2 variants have been reported and have rapidly spread to several countries. For example, D614G rapidly became the dominant strain (1), cluster 5 was transmitted between humans and mink (2), the 501Y.V1(VOC-202012/01, B.1.1.7) variant spread rapidly in the United Kingdom (3), the 501Y.V2(VOC-202012/01, B.1.351) variant appeared in South Africa (4), the 501Y.V3(P1, B.1.1.28.1) variant appeared in Brazil (5), and the COH.20G/677H variant appeared in the USA (6). Accordingly, there is great concern that these mutations might affect antigenicity and lead to the failure of therapeutic antibodies and vaccines.

As early as June 2020, our group systematically analyzed spike mutants with a global frequency greater than 0.3%. We found that the D614G mutation increased the infectivity of SARS-CoV-2, but its antigenicity did not change (7). Recently, we demonstrated that the 501Y.V2 variant can escape neutralization by many monoclonal antibodies and compromises the effectiveness of several polyclonal antibodies (8). This study focused on the epidemic strains in the UK, including VOC-202012/01 and the other four high-prevalence variants. We compared the neutralization activity of monoclonal antibodies and sera elicited by different kinds of vaccines that have been approved or are in clinical research, including the inactivated virus vaccine CoronaVac, mRNA vaccine SW0123, as well as spike-encoding DNA or RBD protein, and convalescent sera from COVID-19 patients.

Up to January 13, 2021, there were 359, 302 SARS-CoV-2 sequences in the GISAID database, 44% of which were from the UK. We first investigated the growth trend of all mutations with frequencies above 1% globally and in the UK (Figure 1A). The most common mutations were D614G, A222V, L18F, and S477N. Since December 2020, the VOC-202012/01 (VOC-202012/01 variant, including multiple mutations 69-70del, 144/145del, N501Y, A570D, P681H, T716I, S982A, and D1118H) has been increasing rapidly. A significant number of genetic changes in the spike protein were speculated to increase infectivity and cause immune escape.




Figure 1 | Analysis of mutations and epidemic variants of SARS-CoV-2. (A) The numbers of each mutation in the spike protein of SARS-CoV-2 with a frequency above 1% worldwide and in the UK were tracked in GISAID from March 1st 2020 to Jan 13th 2021. The 17 mutations are listed in order of global frequency. (B) The percentage of UK epidemic variants on Jan 13th 2021 on GISAID.



As the recent SARS-CoV-2 variants contain a number of different mutations, we selected the five most frequent natural variants from the UK for further study, which included D614G+L18F+A222V, D614G+A222V, D614G+S477N, D614G+69-70del+N439K, and the VOC-202012/01 strain (Figure 1B). We constructed pseudoviruses corresponding to the five variants and 12 single deconvolution mutants of the variants in the D614G genetic background using the VSV vector system. Neutralization activity was compared between the variants and the reference strain D614G.



Materials and Methods


Cells

Huh-7 cells were obtained from the Japanese Collection of Research Bioresources (Cat: 0403), and 293T cells were obtained from the American Type Culture Collection (CRL-3216). All the cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM, high glucose; HyClone) with 100 U/ml of penicillin–streptomycin solution (GIBCO), 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, GIBCO), and 10% fetal bovine serum (FBS, Pansera ES, PAN-Biotech) at 37°C in a humidified atmosphere comprising 5% CO2.



Monoclonal Antibodies

The monoclonal antibodies cross-binding to the RBD domain, named P2C-1F11, P2B-2F6, 261-262, 151, and 247, which were derived from single B cells from eight individuals infected with SARS-CoV-2 (9), were a kind gift from Professor Linqi Zhang of Tsinghua University. The H014 and H00S022 monoclonal antibodies were obtained from Sino Biological Co., Ltd., which is a technical service company covering many fields of life science research. The two monoclonal antibodies were selected from a phage display antibody library which was generated from RNAs extracted from peripheral lymphocytes of mice immunized with recombinant SARS-CoV RBD. SARS-CoV-2 RBD was used as the target for screening the phage antibody library for potential hits (10). 1F9, 7B8, 4E5, 2F7, 2H10, 10D12, 10F9, 9G11, 11D12, and LK+LH were from Beijing Biocytogen Co., Ltd., which is a new drug research and development company. The preparation method of these Abs was the same as for H014 and H00S022. X593 was developed collaboratively by BeiGene and Singlomics Biopharmaceutical. The underlying mAbs were identified by high-throughput single-cell sequencing of blood samples from recovered patients with COVID-19 at the Advanced Innovation Center for Genomics of Peking University. X593 is being tested in a Phase 2 clinical trial to evaluate its efficacy and safety in patients with mild to moderate COVID-19 (11).



Convalescent Sera

Sera of convalescent COVID-19 patients were collected from Hubei (CS1-CS5) and Hunan province (CS6-CS10) between March and April 2020. Consent forms were signed prior to blood collection.



Sera From Vaccinated Participants

The sera elicited by an inactivated virus vaccine (CoronaVac, Sinovac Life Sciences, China) were collected 14 days after the second dose of the standard 0 day and 28 day immunization procedure. Alum adjuvant was used with the inactivated-virus vaccine (12). Ten samples were used in this test. Consent forms were signed prior to blood collection.

The mRNA vaccine (SW0123; Stemirna Therapeutics, Shanghai, China) was administered at a dose of 200 µg on Days 0 and 21, and sera were collected 2 weeks after the second immunization. A total of 14 samples were used for the tests.



Sera From Immunized Animals

Animals were handled under institutional guidelines for laboratory animal care and use of NIFDC (Beijing, China), and the Animal Care and Use Committee at the NIFDC approved the study protocol.

Mice were immunized with purified SARS-CoV-2 RBD protein with alum adjuvant (20 µg protein) once every 7 days three times subcutaneously. Blood samples were collected 7 days after the third immunization. Serum samples from three mice were pooled for a total of three samples from nine mice.

Guinea pigs were immunized with pcDNA3.1- SARS-CoV-2-Spike plasmid (200 µg per guinea pig) every 14 days three times intramuscularly. The plasmid was diluted to 1 µg/µl with phosphate buffer saline. Four serum samples from four guinea pigs were collected 14 days after the third immunization.

Horses were immunized with the SARS-CoV-2 RBD protein with Freund’s incomplete adjuvant at an initial dose of 3 mg protein via the subcutaneous route. After 10 days, 6 mg of RBD protein with Freund’s incomplete adjuvant was injected. The third immunization was performed 10 days after the second immunization with 12 mg of RBD protein with Freund’s incomplete adjuvant. Sera from four horses were collected 7 days after the third immunization.



SARS-CoV-2 Pseudovirus

The SARS-CoV-2 spike protein expression plasmid pcDNA3.1 was constructed based on the GenBank sequence MN908947, as described previously (7). The replication-defective G*ΔG-VSV (Kerafast, USA) was used as the backbone virus. Cells were transfected with pcDNA3.1-SARS-CoV-2 and simultaneously infected with G*ΔG-VSV, and the supernatant containing the pseudovirus was harvested 24 and 48 h later, aliquoted, and stored at −80°C for further use. Site-directed mutagenesis based on circular PCR and template digestion with DpnI (NEB, USA) was used to construct the mutants of SARS-CoV-2 pseudovirus. The primers used for site-directed mutagenesis are listed in Supplementary Table 1. The virus was quantified via RT-PCR by detecting the P protein of VSV and diluted with DMEM to 7.0 × 104 TCID50/ml as described in our previous paper (13).



Neutralization Assay

The virus neutralization assay was performed as described in our previous paper (13). The monoclonal antibodies, sera from immunized animals, or convalescent sera were diluted to a certain concentration, followed by a 3-fold serial dilution. The antibodies or sera were mixed with pseudovirus and incubated at 37°C for 1 h. Thereafter, the mixture was added to a 96-well cell culture plate containing 2 × 104 Huh 7 cells in 100 μl per well. The cells were then incubated at 37°C in a humidified atmosphere containing 5% CO2. Chemiluminescence signals were detected using the Britelite plus reporter gene assay system (PerkinElmer, USA) after 24 h. The virus neutralization titer was calculated using the Reed–Muench method in PerkinElmer Ensight software. The results were based on three to five repetitions.



Structure Modeling

The spike protein was modeled based on the Protein Data Bank coordinate set 6VXX, showing the mutation N501Y in S1 and S982A in S2. Pymol program (The PyMOL Molecular Graphics System, Version 2.2.0, Schrödinger, LLC) was used for visualization.



Statistical Analysis

GraphPad Prism 8 was used for plotting. One-way ANOVA and Holm–Sidak’s multiple comparisons test were used for statistical analysis. The results are shown as means ± SEM. *P <0.05, **P <0.01, ***P <0.005, ****P <0.001.




Results


The Neutralization Properties of SARS-CoV-2 Variants Were Affected by Three Mutation in RBD of Spike

To determine whether the existing neutralizing monoclonal antibodies are effective against the five epidemic mutant variants, the neutralizing activity of 18 monoclonal antibodies (mAbs) targeting different areas of the receptor-binding domain was tested (14). Six of the 18 mAbs, including H00S022, 1F9, 10D12, 10F9, A247, and 11D12, displayed significantly reduced neutralizing activity against the VOC-202012/01 variant and variants carrying a single N501Y mutation (Figure 2A). Furthermore, mAbs H00S022 and 2F7 lost most of their neutralizing activity against the D614G+69-70del+N439K and N439K+D614G variants. The S477N variant showed decreased susceptibility to mAb 7B8, but most of the other antibodies were still effective (Figure 2A and Supplementary Figure 1). No decrease of neutralization by any of the mAbs was observed for the variants without mutations in the RBD. The results indicated that the N439K, S477N, and N501Y mutations in the RBD could affect the susceptibility of SARS-CoV-2 variants to neutralization. Structure modeling of the mutation N501Y in S1 and S982A in S2 was showed as Figure 2B.




Figure 2 | The neutralization activity of mAbs against 16 SARS-CoV-2 variants and mutations. (A) Monoclonal antibodies were serially diluted and mixed with equal amounts of the five different SARS-CoV-2 variants and those containing a single mutation. After pre-incubation at 37°C for 1 h, trypsinized Huh 7 cells were added. After cultivation for 24 h, the luminescence of the target cells was measured. The neutralization inhibition rate of the antibody and ID50 was calculated using the Reed–Muench method. The data represent the ID50 ratio of each variant to that of D614G. The neutralization ability of 19 different monoclonal antibodies (x axis) against 16 SARS-CoV-2 variants and mutations (y axis) are shown as heatmap. Red represents an increase in neutralization capacity, while blue represents a decrease in neutralization capacity. Four-fold changes were considered statistically significant. (B) Structure modeling of the mutation N501Y in S1 and S982A in S2 based on “6VXX”.





The Neutralization Response of Convalescent Sera to SARS-CoV-2 Variants Did Not Change Significantly

To investigate whether the five variants may lead to re-infection with SARS-CoV-2, we examined the neutralization ability of sera from convalescent patients who recovered from COVID-19. As shown in Figure 3A, the neutralization ability of most of the convalescent sera against VOC-202012/01, D614G+69-70del+N439K and D614G+A222V was not changed (0.9, 1.3 and 1.3-fold compared to D614G, respectively). The convalescent sera showed somewhat increased neutralization activity against D614G+L18F+A222V (2.6-fold) and decreased neutralization activity against D614G+S477N (0.5-fold). Since more than a four-fold change is considered significant in neutralization assays, there was no significant change in the neutralization activity of convalescent sera against these variants.




Figure 3 | The neutralization activity of polyclonal Abs against the five epidemic variants. Sera were serially diluted and the other procedures were the same as described for Figure 2A. Scatter plot of (A–F) showing the neutralization ID50 ratio of each variant to that of D614G. Each point represents a single result, and the dashed line represents the mean value. The results are a summary of at least three repeated experiments. The dotted line represents 4-fold changes. (D) showed the animal immunization scheme.





The Neutralization Ability of Sera Elicited by Inactivated-Virus Vaccines Against SARS-CoV-2 Variants Did Not Change Significantly

BBIBP-CorV (15) and CoronaVac (12) have been licensed in China. Both vaccines are based on inactivated wild-type virus and have shown good effectiveness in clinical trials (12, 15). To examine whether the protection provided by inactivated-virus vaccines may be compromised by the SARS-CoV-2 variants, the neutralization sensitivity of the variants to vaccine-elicited sera was tested (Figure 3B). Our results indicated that the neutralization activity of vaccine-elicited sera against VOC-202012/01 and the other four variants did not change significantly. The sera showed a slightly increased reaction to D614G+L18F+A222V and D614G+A222V, which was similar to the convalescent sera. Moreover, neutralization activity towards D614G+S477N did not decrease.



The Protective Effect of the mRNA Vaccine (SW0123) Was Not Affected by the VOC-202012/01 Variant

Vaccines based on the experimental mRNA platform have been approved by several countries for the first time due to the urgency of the pandemic. The BNT162b2 vaccine from BioNTech/Pfizer and mRNA-1273 produced by Moderna has been shown to be more than 90% effective in preventing COVID-19 (3, 16). In China, there are also a number of mRNA vaccines in preclinical and clinical stages. Due to limited sample availability, only the VOC-202012/01 variant was tested (Figure 3C). The data indicated that VOC-202012/01 did not escape from the mRNA vaccine (SW0123)-elicited sera, where the full-length spike was expressed. This result was in agreement with data on human sera elicited by the BNT162b2 vaccine (3).



The Neutralization Response of Sera Elicited by Recombinant RBD Protein to VOC-202012/01 Variant Was Slightly Decreased

To predict the effect of the recombinant RBD-based vaccine. Mice and horses were immunized with purified RBD protein from Wuhan-1 strain (Figure 3D). The neutralization pattern was slightly different from that of convalescent human sera or inactivated-virus vaccines (Figure 3E). However, there was no significant change in the neutralization activity against any of the variants. VOC-202012/01 showed slightly decreased neutralization by sera from both RBD protein-immunized mice and horses, whereas D614G+L18F+A222V and D614G+A222V did not show an increase of neutralization sensitivity.



The Neutralization Activity of Sera Elicited by a DNA Vaccine to VOC-202012/01 Variant Was Slightly Decreased

Guinea pigs were immunized with the recombinant DNA encoding the full-length spike gene. In our assay, the mutations did not impact neutralization significantly (Figure 3F), whereas VOC-202012/01 showed a slight decrease (0.8-fold compared to D614G), which was similar to the RBD-elicited horse sera.




Discussion

Since December 2020, the SARS-CoV-2 variant named VOC-202012/01, classified as lineage B.1.1.7, has spread rapidly in the United Kingdom. This variant has attracted attention due to several genetic changes in the spike protein, which are speculated to increase infectivity and possibly lead to immune escape. Eight of the 17 mutations in the VOC-202012/01 variant are located in the spike protein, including 69-70del, 144/145del, N501Y, A570D, P681H, T716I, S982A, and D1118H (3). The 69-70del mutation has been described as a dominant mutation in an immune-suppressed individual treated with convalescent plasma, and it is present in several natural variants, including those transmitted in mink (17). The N501Y mutation in the RBD has been identified in a mouse-adapted strain, indicating that it is potentially associated with increased virulence in mice (18). It has also been suggested that the N501Y mutation increases the binding affinity of the spike protein to human ACE2 (19). Furthermore, as the P681H mutation is immediately adjacent to the Furin cleavage site, the proteolytic cleavage during viral maturation is assumed to be influenced (20).

Our study of the neutralization susceptibility of these variants to a panel of mAbs showed that the N501Y mutation of VOC-202012/01 located in the RBD significantly decreased the neutralization activity of seven antibodies. Structure modeling showed that when N501 was mutated into hydrophobic residue Y, it may coordinate with ACE2 better through hydrophobic interaction, improve the interaction conformation of RBD and ACE2, and increase the affinity of RBD and ACE2. In addition, the introduction of a benzene ring formed a large steric effects, which may be one of the reasons for the decrease of neutralization activity of some mAbs caused by N501Y mutation. The single mutation S982A at the S2 fragment of the spike protein also affected the neutralization activity of five mAbs, although not as significantly as N501Y. According to the results of structural analysis, when S982 was mutated to A982, the breaking of hydrogen bonds changed the interaction between this site and surrounding residues, which in turn affected the binding of the mAbs to the S protein, thereby reducing the antibody neutralizing activity. Furthermore, the P681H mutant was also slightly less sensitive to neutralizing mAbs.

However, no evident immune escape of 69-70del was observed in this study, which may be because the selected mAbs were not targeted to the N-terminal domain. Our results therefore indicate that the N501Y, P681H, and S982A mutations might be important antigenic sites of the VOC-202012/01 variant.

L18F and A222V are typical mutations of the B.1.177 lineage. This lineage is also known as 20A.EU1, which is prevalent in England, Denmark and other European countries (21). D614G+L18F+A222V and D614G+A222V were the main epidemic variants before the emergence of VOC-202012/01. Furthermore, the L18F mutation is also present in variants B.1.351and P1, which are reported to exhibit a significant capacity to escape from mAbs and vaccines (22). This study showed that A222V was more sensitive to most mAbs, whereas L18F was slightly resistant to some mAbs. Both the D614G+L18F+A222V and D614G+A222V variants showed increased sensitivity to convalescent sera and sera elicited by inactivated-virus vaccines, which may be caused by the A222V mutation.

Since June 2020, a large number of S477N mutants have appeared and spread rapidly. S477N is the representative mutation site of the B.1.160, B.1.127, and B.1.526 lineages (COVID-19 CoV Genetics Browser, https://covidcg.org/). Lineage B.1.160 grew rapidly from September 2020 in Denmark, Switzerland, France, Britain, and other European countries. In Australia, 60% of the sequences uploaded up to January 2021 contained D614G+S477N. The B.1.526 lineage that recently spread rapidly in New York City, USA, also contains the S477N mutation, which is speculated to significantly impact the epidemic. Since S477N is in the RBD region of S protein, it may slightly change the antigenicity of the virus. Our results showed that S477N escaped from neutralization by the mAb 7B8, which was consistent with the results of another study, which showed broad resistance of this mutant to a group of mAbs (23). Furthermore, S477N was also resistant to neutralization by the human convalescent sera tested in this study, but not to vaccine-elicited sera. The reason for these differences requires further study.

N439K is the representative mutation of lineage B.1.258, in which it always appears together with the 69-70del mutation. This lineage was mainly reported in the UK, Denmark, Germany, Switzerland, Slovenia, and other European countries (24). As it is located in the RBD, the N439K mutation is also resistant to neutralization by some mAbs. However, it did not affect the neutralization activity of polyclonal sera, suggesting that it may not be the key epitope dominant in humans.

Furthermore, we compared the performance of different types of vaccines against these five SARS-CoV-2 variants. Several types of SARS-CoV-2 vaccines are available worldwide, among which the mRNA vaccines BNT162b2 from BioNTech/Pfizer (25) and mRNA-1273 from Moderna (16), as well as the adenoviral vector vaccines Ad26.COV2.S from Johnson & Johnson (26) and ChAdOx1 AstraZeneca (27) are already widely used in western countries. The inactivated-virus vaccines BBIBP-CorV (15) and CoronaVac (12), as well as the adenovirus-based vaccine Ad5-nCoV (28) have been licensed in China. In addition, several recombinant protein vaccines (29) and DNA vaccines (30) are in development. As we were not able to obtain sera from human probands immunized with RBD or DNA vaccines, sera from animals immunized with SARS-CoV-2 RBD or DNA expressing the spike antigen were used to model the immune reactivity of recombinant protein vaccines and DNA vaccines. Mice and guinea pigs were used as common experiment animals. Sera from horses immunized with SARS-CoV-2 RBD protein were used because the RBD-specific equine immunoglobulin F(ab’)2 fragment was also reported as a candidate for the treatment of SARS-CoV-2 (31).

Our results highlight that none of the five variants significantly reduced the neutralization activity of the elicited sera. It also appears that the composition of sera elicited by inactivated-virus vaccines is more similar to convalescent sera, whereas the sera from animals immunized with RBD protein or DNA encoding the full-length spike protein might be different from convalescence sera. The selection of different types of vaccines and the use of RBD or full-length spike as the immunogen requires careful research and comparison. Additional analysis is required to determine the best immunization method and to analyze the mechanism of why different source of spike antigens caused different immune responses.

In summary, this study found that the N501Y, N439K, and S477N mutations significantly decreased the neutralization activity of some monoclonal antibodies. However, they did not significantly affect the neutralization effect of convalescent sera and vaccine-elicited sera. As the epidemic progresses, more complex variants of SARS-CoV-2 could continue to appear. To prevent the failure of therapeutic antibodies and vaccines, it is critical to closely monitor the variants and their antigenicity at all times.
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Introduction

COVID-19 is a viral disease caused by a novel coronavirus, SARS-CoV-2, and is responsible for a pandemic since being identified in January 2020, resulting in a severe acute respiratory syndrome (SARS). Although most patients with COVID-19 may experience an asymptomatic, mild, or self-limited illness, many patients rapidly develop dyspnea and pneumonia, requiring hospitalization for pulmonary support. Patients with severe COVID-19 symptoms manifest cytokine release syndrome (CRS), which is associated with systemic inflammation, hemodynamic instability, and multi-organ failure (1). Progression from milder respiratory symptoms to acute respiratory distress syndrome (ARDS) is currently believed to be driven largely due to CRS and be one of main reasons for COVID-19 mortality.



Cytokine Release Syndrome in COVID-19, Innate Immunity, and Antibody Response

The CRS phase of SARS-CoV-2 is thought to occur due to an influx of neutrophils and macrophages as well as elevations of inflammatory cytokines, with higher levels of IL-6, IL-1, IL-8, and IL-18 (1, 2). In CRS, a variety of pro-inflammatory cytokines, including IL-1, IL-6, IL-8, CXCL-10, interferon (INF)-induced chemokines, and tumor necrosis factor (TNF)-α are secreted by alveolar macrophages that drive the inflammatory response and promote further influx of neutrophils, monocytes, and other inflammatory cells (1, 3).

During the later stages of COVID-19, there are increases in pro-inflammatory cytokines and low levels of antiviral antibodies and adaptive immune responses noted, similar to previously reported results about SARS-CoV, suggesting innate immunity rather than the adaptive immunity as the driving force for excessive inflammation in COVID-19 associated ARDS (3, 4). In Meizlish et al., proteomic profiling of hospitalized patients with COVID-19 revealed prominent signatures of neutrophil activation in those patients with critical illness (5). Markers of neutrophilic activation, such as granulocyte colony-stimulating factor [G-CSF] and interleukin-8 [IL-8] and neutrophil-derived effectors (resistin [RETN], lipocalin-2 [LCN2]) had the greatest discriminatory power in this study for identifying patients with severe COVID-19 (5). This study represented important findings given that neutrophils are often the first responders in the innate immune response but can have notable collateral damage.

Complement activation has also been suggested to play an important role and be a distinct entity in severe COVID-19 infection. In Ma et al., circulating markers of complement activation were found to be higher in patients with respiratory failure in COVID-19 compared to those with non-respiratory failure with COVID-19 and influenza (6). The complement pathway can typically be activated by 3 arms: classical pathway, alternative pathway, and lectin pathway. In this study, increased activation of the alterative pathway was noted and was found to be associated with worse outcomes in COVID-19 infection (6).

Studies are currently ongoing to shed more light on the adaptive immunity and antibody response associated with COVID-19. There is data that demonstrates the ability of the SARS-CoV-2 virus to elicit neutralizing antibody response in sera and for those antibodies to be isolated (7, 8). There is evidence that the antibody response is largely mounted against the spike and nucleocapsid proteins of the SARS-CoV-2 virus and the severity of infection is associated with an increase in magnitude and breadth of the humoral response (9). The kinetics of the humoral response equally important, in addition to the magnitude of it, as delayed production of neutralizing antibodies has also been showed to be linked to fatality and impaired viral clearance (10).



COVID-19 and Toll-Like Receptors

Activation of human innate immune cells, such as macrophages, through binding of viral antigens from SARS-CoV-2 to cell-surface toll-like receptors (TLRs) has been demonstrated to be a vital mediator of COVID-19 immunopathogenesis (11–13). TLRs are a family of 10 transmembrane receptor proteins (TLR1-TLR10) that recognize pathogen-associated molecular patterns (PAMPs) on viruses, bacteria, and other foreign molecules. TLRs play a major role in the initiation of the innate immune response, with the production of inflammatory cytokines, type I IFN, and other mediators (11–13).

The SARS-CoV-2 viral spike protein binds to the extracellular domains of various TLRs, with strongest binding to TLR4. It has been shown that pathogenic human coronaviruses induce oxidized phospholipids that promote acute lung injury by increase lung macrophage cytokine/chemokine production via TLR4 (12). Similarly, SARS-CoV specific GU rich ssRNA fragments induce a high level of TNF- α, IL-6, and IL-12 via TLR7 and TLR8 (14). Collectively, recent in vitro and in vivo experiments suggest that TLRs and innate immunity pro-inflammatory signaling may be important in CRS and major immunopathologic consequences.



Immunomodulatory Therapies in COVID-19

Immunomodulatory agents, which are commonly used in rheumatologic conditions, have garnered interest for COVID-19 and the hyperinflammatory state. Certain agents are being used to target individual mediators of the inflammatory pathway to mitigate CRS; for example, tocilizumab, which is a monoclonal antibody against the receptor for IL-6, has shown some potential benefit for improving lung function and decreasing length of hospitalization in a large single-center trial (15, 16). Other studies have shown conflicting results with little to no benefit for tocilizumab in mortality of patients with COVID-19 (15, 17–19).

In addition, studies have investigated the benefit of steroid use in COVID-19 patients, given their ability for broad-based immunosuppression. In a trial from University of Oxford including 6000 patients with COVID-19 taking 6mg dexamethasone daily, there was lower mortality in ventilated patients and those on oxygen therapy, with on overall decrease in 28-day all cause mortality (15). However, the use of steroids has only been indicated in a subset of COVID-19 patients with hypoxia and has not been shown to have utility in other aspects of the disease, while carrying the risk of multiple side effects (15).

Targeting multiple cytokines with an agent may represent a viable strategy in the treatment of CRS in COVID-19. Janus kinase (JAK) inhibitors, which target JAK1, JAK2, JAK3, affect multiple cytokines involved in antiviral responses such as type I interferon, IL-2, IL-15, IL-21, and IFNγ (19). Baricitinib, a selective inhibitor for JAK1 and JAK2 commonly used for rheumatoid arthritis, has shown in combination with an antiviral, known as remdesivir, to decrease recovery time for patients with COVID-19, particularly those on high flow oxygen (19). However, ruxolitinib, another selective JAK1 and JAK2 inhibitor, did not show any improvement in recovery time in patients with COVID-19 compared to placebo group (19). Currently, there are limited therapeutic strategies for COVID-19, which may be only used in a subset of patients and provide a modest benefit in recovery times and mortality.



IRAK4 Axis and COVID-19

The cytokines that are correlated with poor prognosis in ARDS (IL-6, TNF and IL-1) are controlled by the TLR-interleukin 1 associated receptor kinase 4 [IRAK4]-interferon regulatory factor 5 [IRF5] axis (20). IRAK-4 is a serine, threonine kinase that is a key intracellular signaling node downstream of myddosome-associated TLRs and the IL-1 family receptors (IL-1R, IL-18R and IL-33R) that mediate much of the human innate immune responses (Figure 1). In mice with genetically deleted IRAK4, the TLR/IL-1 signaling is impaired, resulting in limited proinflammatory cytokine profile (20, 21).




Figure 1 | Signaling pathway involving interleukin 1 associated receptor kinase 4 (IRAK4). IRAK-4 is a serine, threonine kinase that is a key intracellular signaling node downstream of myddosome-associated toll-like receptors (TLRs), which is depicted as myeloid differentiation primary response 88 (MyD88), and the IL-1 family receptors (IL-1R, IL-18R and IL-33R). Activation of the IRAK4 pathway triggers an inflammatory chemokine and cytokine cascade that is important in innate immunity. This is mediated through the recruitment and activation of Tumor Necrosis Factor (TNF) receptor associated factor 6 (TRAF6). The TRAF6 adaptor protein is able to interact and induce the translocation of transcription factor nuclear factor kappa B (NF-kB) to the nucleus, resulting in transcriptional activation of genes encoding cytokines and chemokines. Additionally, TRAF6 can induce a pathway through mitogen-activation protein kinases (MAPK) that leads to activator protein 1 (AP-1)- induced gene expression of pro-inflammatory cytokines. In addition, ssRNA fragments from SARS-CoV-2 virus can activate the IRAK4 pathway as shown via TLR7 and TLR8, which are membrane bound on an endosome, as shown. As shown, an IRAK-4 inhibitor will inhibit this inflammatory chemokine and cytokine cascade. This pathway can be activated by other cytokines or by the recognition of TLRs with pathogen-associated molecular patterns (PAMPs) on viruses, bacteria (e.g. lipopolysaccharide (LPS) on gram negative bacteria and TLR4), and other foreign molecules.



Inhibition of IRAK4 kinase activity blocks the production of cytokines, such as type I IFNs, inflammatory cytokines IL-6, TNF-α, IL-12 and IL-1, which are key drivers in the pathogenesis of multiple autoimmune and inflammatory diseases. In mouse models, it has been shown that IRAK4 inhibitors suppress lipopolysaccharide-induced TNF activation, alleviate collagen-induced arthritis, and block gout formation (21). IRAK4 has thus emerged as an attractive therapeutic target for diseases associated with dysregulated inflammation, such as systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), spondylarthritis, and psoriatic arthritis. In a phase 2b, multi-center, double-blind, randomized clinical trial for patients with RA inadequately treated with methotrexate, patients taking a reversible IRAK4 inhibitor had a greater decrease in clinical disease scores and inflammatory markers compared to the placebo group (22). Ongoing clinical trial (NCT04575610) is investigating the efficacy of IRAK4 inhibition in patients who are hospitalized with COVID-19 ARDS.

At the present, studies have been focused on targets in the hyperinflammatory state associated with SARS-CoV-2 and improving disease outcomes. Some cytokine inhibition strategies are being investigated for COVID-19; however, IRAK4 may thus provide an important therapeutic target to consider for CRS in COVID-19, given its role in innate immunity and TLR signaling. The potential impact of a successful therapeutic target, such as IRAK4, in COVID-19 could allow for decreased overall mortality, reduced time with mechanical ventilation, decreased time to clinical improvement, and shorter hospitalization stay.
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The novel SARS-CoV-2virus that caused the disease COVID-19 is currently a pandemic worldwide. The virus requires an alveolar type-2 pneumocyte in the host to initiate its life cycle. The viral S1 spike protein helps in the attachment of the virus on toACE-2 receptors present on type-2 pneumocytes, and the S2 spike protein helps in the fusion of the viral membrane with the host membrane. Fusion of the SARS-CoV-2virus and host membrane is followed by entry of viral RNA into the host cells which is directly translated into the replicase-transcriptase complex (RTC) following viral RNA and structural protein syntheses. As the virus replicates within type-2 pneumocytes, the host immune system is activated and alveolar macrophages start secreting cytokines and chemokines, acting as an inflammatory mediator, and chemotactic neutrophils, monocytes, natural NK cells, and CD8+ T cells initiate the local phagocytosis of infected cells. It is not the virus that kills COVID-19 patients; instead, the aberrant host immune response kills them. Modifying the response from the host immune system could reduce the high mortality due to SARS-CoV-2 infection. The present study examines the viral life cycle intype-2 pneumocytes and resultant host immune response along with possible therapeutic targets.
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Introduction

TheCOVID-19 outbreak due to a novel viral disease has variable symptoms which include fever, cough, headache, fatigue, difficulties in breathing, and loss of taste and smell. The symptoms arise from 1-14 days after exposure to the virus. The symptoms may change from mild to moderate and critical in some conditions. Around 15% of people develop severe symptoms like hypoxia and lung damage and5% of people suffer from critical symptoms like respiratory failure, shock, and multiorgan failure (1). The disease slowly progresses to acute respiratory distress syndrome (ARDS) following a lung injury if appropriate measures are not taken promptly. Initially, the infection was recognized due to the severe acute respiratory syndrome coronavirus(SARS-CoV-1)virus that caused an epidemic in 2002 (2). However, when currently available antiviral drugs failed and a high degree of human-to-human transmission was observed, it was realized that it was a new virus outbreak.

The first case was reported in the Wuhan city of China in December 2019.In the next few days, several patients with the same symptoms were admitted to hospitals, and all those patients had a direct or indirect link with the Huanan seafood market of Wuhan, Hubei province (3). Since, most of the patients had a direct or indirect link with the sea food market, it was suggested that the likely source of new virus might have been an animal (4). The virus spreads from human to human through the air from droplets (cough or sneeze), close personal contact (touching), objects or surfaces with viral particles, or from fecal and urine contamination (5). Due to its high transmission rate, the virus covered the whole world, and WHO had to declare coronavirus disease (COVID-19) as a public health emergency (6). Since its origin in Wuhan, more than 28 million people have been infected and more than 0.9 million people have lost their lives, and the number is continuously increasing. At the end of January 2021, the number of global deaths was at 2 million and the number of cumulative cases was about 100 million (John Hopkins, Coronavirus Resource Center) (7). Maximum death shave been reported in Italy, Spain, Iran, the UK, and US compared to Wuhan, the origin of the virus. Firstly, it was observed that the virus belonged to the large family of beta coronaviruses causing respiratory illness but based on its phylogenetic analysis, it was found that it had only an 80%sequence similarity with the deadly SARS-CoV-1(that caused an epidemic in 2002) virus and only a 50%sequence similarity with Middle East respiratory syndrome (MERS, that caused another outbreak in 2012) (8). None of the Coronaviridae family of viruses showed an identical sequence similarity with the new coronavirus. Therefore, the virus is a novel coronavirus discovered in 2019and its disease was formerly designated as COVID-19. Since it has 80% sequence similarity with the previously knownSARS-CoV-1 virus, it is called the SARS-CoV-2 virus and as the first patient was reported in Wuhan, the virus is also called Wuhan human virus (9).

After confirmation of the novelty of the virus, the next question was, what was its origin? SARS and MERS viruses had bats as the common origin but had different intermediary hosts to infect human beings (10). Based on this information, the SARS-CoV-2virus was assumed to have originated and mutated in bats and used an unidentified intermediary host to cause infection in humans (11).

However, due to its novelty, we currently have minimal vaccine therapy to combatSARS-CoV-2 infection. There is no such specific and effective treatment available for this disease, the only current option is management. The patient can be cured by supportive care which includes treatment to relieve symptoms, fluid therapy, oxygen support, and medications to support the affected vital organs (12). In mild cases, supportive care includes medication like paracetamol to relieve symptoms like fever and body aches. The US Center for Disease Control and Prevention (CDC) recommends that those who are suspected to have the disease can isolate at homes and always use face masks and gloves. People with more severe symptoms require treatment in hospitals. Those with low oxygen levels need oxygen support and dexamethasone as it reduces the risk of death. For breathing difficulties, ventilation support and admission to an intensive care unit (ICU) is recommended (13). Several antiviral and antimalarial drugs have been studied in clinical trials and recommended in emergency use in hospitals like hydroxychloroquine, ritonavir, and remdesivir. These drugs are not recommended for early treatment (14).

Nowadays, various vaccines are available for COVID-19 and after taking the vaccines, some countries are free of this disease. A list of vaccines is listed in Table 1. Along with that Defence Research and Development Organisation (DRDO) India issued a drug named 2-deoxy-D-glucose (2DG) which will be used as an anti-COVID drug in India.


Table 1 | Approved vaccines for COVID-19 disease.



As far as immune response is concerned, a unique immune response has been observed in COVID-19 patients. Recently, it was observed in a study that in normal patients, there was a lower level of classical inflammatory cytokines like G-CSF, CCL-20, IL-1β, IL-2, IL-6, IL-15, TNF-α, and TGF-β while at the same time, there was a higher plasma level of GM-CSF and CXCL-10 in COVID-19 patients (15). All the observed cytokines are important components of the innate immune response. Some scientists carried out meta-transcriptomic sequencing to analyze the innate immune cells in bronchoalveolar lavage fluid of eight COVID-19 cases. The study reported the overexpression of pro-inflammatory genes, those of chemokines along with innate immune cells like dendritic cells and macrophages. These studies indicated robust activation of the innate immune response in SARS-CoV-2-infected patients. While most of the studies have mainly focused on the innate immune response, little is discussed about the adaptive immune response (16). Although, several studies have reported about the life cycle and heightened immune response raised by the human body against SARS-CoV-2 infection, none of the works could explain the exact mechanism. The results of various studies on the immune system are ambiguous.

The current review is an effort to unveil the viral structure, life cycle, and molecular sites that could be targeted to fight COVID-19 infection. The study also deals with the host immune response raised against SARS-CoV-2 infection and its modulation to minimize alveolar damage.



Structural Characteristics of SARS-CoV-2

Coronaviruses are spherical in shape (diameter125 nm). A club-shaped protrusion of spike glycoprotein emanates from the lipid bilayer and looks like a crown hence the name “corona” viruses. It belongs to the β-genera of the four identified categories of coronavirus (including α, β, γ, δ) (17). Among all the categories, αand βCoVs are found to infect mammals, γ-coronaviruses infect avian species, and δ-coronaviruses infect both mammals and birds (18). Other proteins embedded on the lipid bilayer are the envelope protein and membrane protein, also present on the virus’s surface, but their structure and function are not well known (19). The genome of the virus is comprised of positive-sense single-stranded RNA that remains encapsulated in the lipid bilayer along with capsid protein. Although little is known about the viral structure, recent work has helped considerably to reveal the virus’s microstructure (20). Daniel Wrapp and colleagues studied the structure of the spike protein using electron microscopy. They stated that the spike protein comprises three subunits (i.e., is trimeric) arranged in such a way that it helps in virus attachment with the angiotensin-converting enzyme (ACE-2) receptor (21).The study also reported that the trimeric proteins of SARS-CoV-2have a 10-20% higher binding affinity with the human ACE-2 receptor compared toSARS-CoV-1 (21, 22).

Further, they explained that this spike protein exists in a metastable perfusion conformation that undergoes substantial structural rearrangement to fuse with the host membrane (21) (23). It is reported that some cross-reactivity of monoclonal antibodies raised against the SARS-CoV structural proteins with SARS-CoV-2 was produced by SARS-CoV-1againstSARS-CoV-2 (24). t is also reported that the spike protein has a furin cleavage site at the boundary of S1 and S2, which is processed before it binds with the host receptor (25). The cross-reactivity of SARS-CoV-1 antibodies against the SARS-CoV-2 virus is also reported (26). This furin-type cleavage was not reported in the SARS-CoV-1 virus. From this, one can speculate why the virus has a high rate of transmission (27). Numerous studies have reported a glycan shield over the spike protein that might be somehow helping in the immunity evasion of the virus, but further work is still needed o confirm its role in immunity evasion (28, 29). There is much more that needs to be discovered about this spike protein. Once we have understood the molecular structure and spatial orientation of the protein residues of the spike protein, we can design its inhibitors accordingly (30).

The genetic material of SARS-CoV-2 is comprised of a large positive-sense single-stranded RNA that remains underneath with a nucleocapsid, which can be directly translated into viral structural and non-structural proteins and the genome of progeny virus (31). The whole SARS-CoV-2genome consists of 29,891 nucleotides, which encodes 9860 amino acids, and these amino acids are used to make 27 types of proteins needed by the virus. Although SARS-CoV-2shares approximately 80% sequence similarity with SARS-CoV-1, there is a significant difference of 380 new amino acids. These new amino acids could be responsible for the extra proteins found in the SARS-CoV-2 virus. For instance, the 8a protein present in SARS-CoV-1isabsent in SARS-CoV-2, and the 84 amino acid protein 8b in SARS-CoV-1 has 121 amino acid residues in SARS-CoV-2 (32). The difference of these 380 amino acids might have contributed to the production of these proteins and the high rate of transmission and immune escape.

Although little is known about these 27 viral proteins encoded by SARS-CoV-2 RNA, scientists now knows about the four major proteins encoded by the virus, which make up the major structure of the virus surface (33). These include spike surface glycoprotein (already discussed above), the small envelope protein, the matrix protein, and the nucleocapsid protein (18).

The spike glycoprotein of the newly emerged SARS-CoV-2 contains a potential cleavage site for furin proteases (34). This observation has implications for the zoonotic origin of the virus and its epidemic spread. The membrane of coronaviruses harbors a trimeric trans-membrane spike (S) glycoprotein, which is essential for the entry of virus particles into the cell (17). The S protein contains two functional domains: a receptor-binding domain and a second domain which contains sequences that mediate fusion of the viral and cell membranes. The S glycoprotein must be cleaved off by the host cell proteases to enable its fusion with the host ACE receptors. The S glycoprotein is necessary for viral fusion and entry into the host cells; therefore, it is also on the list to prepare a vaccine against SARS-CoV-2 (35).

Structural and molecular understanding helps researchers to correlate the innate and adaptive immune response mechanisms against SARS-CoV-2. Here, we aim to discuss the molecular involvement of alveolar pneumocytes and the innate and adaptive immune responses toSARS-COV-2infection.



Pathophysiology of Alveolar Pneumocytes

The wall of alveoli contains type-1 and type-2 pneumocytes that play an important role in the exchange of gases. Type-1 pneumocytes are responsible for gaseous exchange while type-2 pneumocytes secrete a surfactant that keeps the lungs’ surface tension minimal, thus preventing them from collapsing. Alveolar epithelium is in close proximity with blood capillaries that have the thickness of one cell, again required for an efficient exchange of gases during the phenomenon of breathing (36). As alveolar tissue has direct access to external air, normal physiological function of pneumocytes alters in various pathological conditions like pneumonia, tuberculosis, chronic obstructive pulmonary disease (COPD), acute respiratory distress syndrome (ARDS), and asthma. Reduced production of surfactant in cigarette smokers has been attributed in the pathogenesis of COPD. Cigarette smoking stimulates production of reactive oxygen species (ROS) which damage type-2 pneumocytes. Damaged type-2 pneumocytes are phagocytosed by the macrophages and neutrophils that further release inflammatory cytokines and ultimately lead to the inflammation of airways which finally develops into COPD (37). Pneumonia is another pathological condition characterized by an inflamed airway and pus-filled air sacs caused by bacterial, viral, and fungal infection of pneumocytes. Inhaled bacteria injure alveolar cells which further releases leukotriene B4 (LTB4) that acts in a chemotactic manner for the blood cells (monocytes and neutrophils) which rush towards the site of injury. Macrophages in response to engulfed bacteria release interleukin-1(IL-1), IL-8, and tumor necrosis factor-α (TNF-α) which not only raise body temperature but also actin a chemotactic manner from immune cells. Due to the hyper response of secreted cytokines, fluid accumulates in and around the alveoli as consolidation. Consequently, gaseous exchange becomes extremely difficult and the patient struggles to breathe (7). ARDS is a pathological condition resulting from acute lung injury which is associated with various etiologies. Inflammation in ARDS further leads to diffuse alveolar injury, pulmonary edema, infiltration of immune cells, and formation of a hyaline membrane. Like pneumonia, acute lung injury in ARDS also triggers the innate immune response involving macrophages, neutrophils, cytokines, and denudation of the basement membrane of the lungs followed by accumulation of fluid in the alveoli and subsequently respiratory failure (38). Interestingly, the same types of pathological changes have also been observed in patients suffering from COVID-19which has been discussed in depth in the preceding section.



Multivariate Role of ACE-2 in COVID-19

It has been reported that the presence of ACE-2 is necessary and sufficient to initiate COVID-19 infection (39). It provides a gateway for COVID-19 entry into cells and subsequently infection (17). Therefore, it becomes necessary to study the ACE-2 enzyme and its location on all body cells. ACE-2 is a transmembrane protein of the renin angiotensin system (RAS) family of proteins. It exerts its biological action by converting soluble plasma protein angiotensinogen into angiotensin-I and angiotensin-II which acts on angiotensin type-1 receptors (AT1Rs) and angiotensin type-2receptors (AT2Rs) (39). Although significantly less information is available about their pathophysiological roles, findings from numerous studies have suggested their protective role in the heart, kidney, blood vessels, and central nervous system (40). Scientific research suggests that the ACE-2 receptor protects the alveolar epithelium tissue present in the lung alveoli, consisting of a single layer of epithelial tissue, and enhances proliferation of type-2 pneumocytes in the case of lung fibrosis (41). Another study suggests that well-differentiated cells are the target of COVID-19 as it is easier to enter and egress across the plasma membrane of these cells (42). Alveolar type-2 pneumocytes serve both these purposes. A secondary complication of the virus infection might be due to the high distribution ofACE-2 receptors on the arteries, heart, kidneys, intestine, and lungs (43).



Viral Life Cycle in Pneumocytes

The life cycle of COVID-19 is straight-forward. Once it reaches the lungs, it binds to type-2 pneumocytes of the alveoli using its spike protein (36). At the site of the target cells, S proteins are activated by serine protease TMPRSS2, which opens the trimeric proteins into S1 and S2 proteins (20) (Figure 1). Another study confirmed that TMPRSS2 and ADAM17 intracellular proteases also helped ACE-2enable the efficient entry of the virus (44). Heurich et al. reported that co-expression of ACE-2 with TMPRSS2 augmented SARS-S uptake. It was reported in the study that arginine residue at 697 and 716 is essential for cleaving of TMPRSS2 serine proteases that mediated the viral S-protein entry (45). The collective effect of TMPRSS2/HAT and ADAM17 on activation of the S protein on COVID-19 and the ACE-2 receptor on type-2 pneumocytes again might be attributable to the high rate of transmission of COVID-19 from person to person. S1 binds with its C-terminal on the ACE-2 receptor present on the pneumocytes which helps in its attachment. Once a firm ACE-2 attachment is fixed, the S2 subunit comes forward to initiate the fusion with the host cells’ plasma membrane and injects its positive-sense single-stranded RNA into the host cells (40). Firstly, in the pneumocytes, the host cells’ ribosome is hacked to translate the viral double-positive single-stranded RNA (++dsRNA) into a large polypeptide which is further chopped into smaller structural and non-structural proteins. The RNA-dependent RNA polymerase (RdRp)is one such non-structural protein that replaces the viral genome (46). Remdesivir, as the inhibitor of RdRp, is currently being used in some cases to combat viral infection (47). The viral genome replicated by RdRp and translated structural proteins like the envelope (E), membrane (M),and spike (S) proteins are then assembled into new virions in the Golgi body. The new virus egresses out of the cell by exocytosis (48).




Figure 1 | Viral life cycle in the host cell. A healthy person gets infected when they come in contact with an infected person. Once at the surface of type-2 pneumocytes, virus has two options to gain entry into the pneumocytes. First, the virus can directly enter the pneumocytes by a fusion process and secondly by receptor-mediated endocytosis. For receptor-mediated endocytosis, attachment with the ACE-2 receptor is a must. Host serine protease TMPRSS2 activates the spike protein and subunits S1 and S2 get separated. S1 binds to the host ACE-2 receptor while S2 initiates the fusion of the viral envelope with the host plasma membrane followed by formation of viral syncytium and entry into host cells. Once the virus has reached inside the cell, the viral genome is directly translated into major proteins which are further fragmented into smaller proteins which are used in the synthesis of progeny virus. The fragmented proteins are further processed in the endoplasmic reticulum and Golgi body to assemble into progeny virus. Host RNA-dependent RNA polymerase converts the viral RNA into new virions genome. Progeny virus after completing the life cycle bursts the host cells and starts infection into nearby cells. In severely infected patients, the virus also affects the vital organs like kidneys and heart. Potential drug targets 1. Drugs enhancing stabilization of the spike protein can prevent viral entry, 2. inhibitors of TMPRSS2 can stop activation of viral protein, 3. antibodies against S1 and S2 can prevent attachment with host ACE-2, and 4. a fusion inhibitor can prevent viral entry.





Host Immune Response to SARS-CoV-2


Innate Immune Response

Our nonspecific immunity produces a rapid response to viral infection and acts as the first line of defense. This allows our body time to prepare the specific immunity that needs to be triggered. It is always there in our body and responds as soon as a pathogen invades our body (49). Innate immunity involves physical and chemical barriers and includes cellular response. Major cell types involved in this are leukocytes, neutrophils, monocytes, eosinophils, basophils, and natural killer cells (50). While, neutrophils and monocytes carry out phagocytosis of the invaded pathogen to impart the innate cellular response, natural killer cells kill the invaded pathogen by inducing apoptosis. Apart from this, the complement system also plays a vital role in innate immunity (51).

Innate immune response quickly responds to the SARS-CoV-2virus whenever a healthy person comes in contact with an infected person (Figure 2A). The initial innate response is presented by the mucus and cilia of the trachea, which induces coughing and excess mucus to help promote the virus’ early expulsion. Various studies have reported these symptoms in COVID-19 patients (52, 53). But viruses that escape from the mucus and cilial lining of the trachea finally reach the alveoli and enter type-2 pneumocytes (37). As the virus replicates in these cells, patients remain asymptomatic up to two weeks post-infection. But continuous virus replication causes a cellular injury that involves the synthesis and secretion of inflammatory mediators like leukotrienes, prostaglandin, and histamine, which make up the second line of the innate response (54, 55). The main goal of inflammation is to isolate, destroy, and inactivate the invader, remove debris, and repair the injured tissue. Due to inflammation, circulating neutrophils and monocytes rush to the site of infection, where they start phagocytosis of the invading virus (15).




Figure 2 | Innate immune response against SARS-CoV-2. (A) Early innate immune response and development of symptoms. Host immune response activatestype-2 pneumocytes invaded by the virus. Inflammatory cytokines IL-1, IL-6, and TNF-1α activate the macrophages. Macrophages in acute cases release small proportions of inflammatory markers that not only attract the circulatory monocytes and neutrophils at the site but also increase the body temperature. (B) Delayed innate immune response and development of severe pneumonia. Circulating inflammatory mediators IL-1, IL-6, and TNF-α in blood further exacerbate the acute innate immune response by increasing the chemotactic effect of monocytes and neutrophils towards the lungs. The monocytes and neutrophils leak out through the endothelial cells and enter into the alveoli. Neutrophils starts phagocyting the viral particles and monocytes subdivide into macrophages (like FCN1+ macrophages, SPN+1 macrophages, and FABP4+ macrophages). Out of the four sub divisions of macrophages, FCN1+ macrophages are highly inflammatory and produce cytokines like CCL-2, CCL-3, CCL5, IL-8, CXL, L10, CXCL11, CCL17, and GM-CSF which appear as a cytokine storm in SARS-CoV-2. The second type of macrophages, i.e., SPN+ macrophages, have an anti-inflammatory effect while FABP+ macrophages enhance surfactant secretion by type-2 pneumocytes through PPARγ expression. As a result, excess fluid accumulates in the alveoli resulting in severe pneumonia.



Further, these cells also secrete IL-1, IL-8, and TNF-α,enhancing the chemotactic effect of the circulating monocyte and neutrophil cells to squeeze through blood capillaries to reach the extravascular region and finally the alveoli (56). Apart from pneumocytes, the virus also infects macrophages present in the lung’s alveoli and the infection of type-2 pneumocytes on their surface (antigen presenting cells) to activate the adaptive immune response (37). Macrophages also secrete IL-1 and TNF-α, which act on the hypothalamus which causes high fever and acts upon the bone marrow, which causes leukocytosis (56). Virally infected cells also produce a lot of interferons (IFNs) which play an essential role in innate (IFN-α and β) and adaptive immune responses (IFN-γ) (57).



Fate of Macrophage- and Neutrophil-Mediated Cytokine Storm

Phagocytosis is followed by the formation of pseudopodia, the engulfment of the virus and the formation of the phagosome, and then a fusion of lysosome-containing vesicles which causes hydrolysis and the degradation of the ingested virus antigens.

In neutrophils, the viral antigens are finally released into the extracellular region from where they reach the lymph nodes and activate B; cells in the adaptive immune system. Along with that, if the engulfed virus is too strong to be degraded into antigens, then the neutrophils undergo self-lysis through a free radical-induced mechanism (58). Oxygen in neutrophils is transformed into free radicals like O2, H2O2, and HOCl, which cause lysis of the viral cell but also cause damage to the neutrophil’s nucleus (59). There is one more mechanism known as neutrophil extracellular traps (NETS) by which neutrophils can inhibit viral replication. The nucleic material released from degraded neutrophils moves to the extracellular region, binds to the antigen with its histone protein, and causes lysis of that antigen. Then, cathepsin-like enzymes initiate hydrolysis of the complex thus formed (60, 61).

Monocytes have a different fate after phagocytosis. The hydrolyzing released antigens are not released into the circulation but are thoroughly processed inside the monocytes and expressed on the major histocompatibility complex-I and II. MHC-I is expressed by all nucleated cells, but MHC-II is only presented by the antigen-presenting cells (macrophages, dendritic cells, and B-lymphocytes) (62). The monocyte-derived macrophages reach the lymph nodes, which also stimulate an adaptive immune response.

The complement system is a significant player in the immune system. It further enhances microbial clearing by phagocytic cells utilizing liver complement proteins and antibodies (63). The complement system involves the activation of a cascade of reactions with the attachment of antibodies on the antigen to form a membrane attack complex (MAC), which includes a channel in the antigen cells. Water and ions leak out from the cells, and ultimately lysis of antigenic cells takes place (63). There are three pathways through which the complement system can act:

	Classical pathway: The pathway is initiated to bind antibodies to the antigen present on the foreign cell. C1 is the first complement protein that attaches to the Fc part of the antibody. Subsequently, complement proteins C4, C2, C3b, C5b, C6, C7, C8, and C9 bind to each other and form a long complex. The complex breaks at the interface of C3band C5b. The pentameric complex comprises an MAC that leads to the lysis of cells. The remaining complex acts as opsonin for the circulating macrophages and is phagocytized. Released complement C3a and C5a are acted upon by the protease released by mast cells, which are activated and augment the inflammatory response by attracting monocytes and neutrophils and further augment the inflammatory response (64).

	Alternative pathway: The complement protein directly binds (without an antibody) with an antigen present on the foreign cell and initiates a cascade reaction that involves subsequent attachment with C5b, C6, C7, C8, and C9. Finally, the complex breaks at the interface of C3b and C5b, and the rest of the steps are like the classical pathway (65).

	Lectin pathway: The pathway starts with the binding of lectin with mannose molecules present on the antigen. Attachment of lectin is followed by complement proteins C4, C2, C3b, C5b, C6, C7, C8, and C9. The rest of the steps are like the classical pathway (66).





Differential Crosstalk of Cytokine Blockade

Apart from the circulating complement proteins, virally infected cells produce interferons released into the extracellular region and bind with the receptors on healthy cells and stimulate them to produce degrading enzymes. When these healthy cells get infected with the same virus, the enzymes activate and kill the invading virus. The enzymes break the viral messenger RNA and thus viral protein synthesis (67). Further, IFNs enhance the phagocytic activity of macrophages, stimulate the production of antibodies by βcells, and enhance the killing power of natural killer cells and cytotoxic T cells (68).

Natural killer cells, a special kind of lymphocyte cells, are the next fighters of the innate immune response. These cells kill only those cells which lack MHC-I on their surface (69). Once they come in contact with cells, they release perforin and create pores in the plasma membrane of the invaded cells. Consequently, ions and water rush inside the infected cell leading to cell swell and burst (70).

Unfortunately, the dysregulated innate immune response is observed in COVID-19 patients. A higher level of pro-inflammatory cytokines like IL-1, IL-6, TNF-α, and chemokines 6are noted in the serum of severely infected patients (71) (Figure 2A). A higher number of neutrophils and a lower number of lymphocytes are also observed in the patients. Cytokines and chemokines have an essential role in the innate immune response (72). A recent clinical report of 41 patients from the Huanan sea food market reported a high level ofIL-2, IL-7, IL-10, IP-10,Granulocyte colony-stimulating factor (G-CSF), MCP-1, MIP 1-α, and TNF-α, particularly in those patients who were in the ICU (73). IL-2, a soluble form of the IL-2R a chain (sCD25), a pro-inflammatory protein, is mainly secreted from activated CD4+ andCD8+T cells and dendritic cells. The presence of IL-2 in COVID-19 patients indicate activation of the adaptive immune response (73). IL-7 serves an important function for developing double-negative CD4- and CD8-anddouble-positive CD4+ and CD8+ cells inthymocytes.IL-7 works at all stages of T cell development (15). Raised levels of IL-7showed that adaptive immune response is rapidly required in patients involved in the above study (74). IL-10 is an anti-inflammatory cytokine secreted by the regulatory T cells, macrophages, dendritic cells, Th1, and Th2 cells. Irrespective of its source, IL-10 inhibits the functions of macrophages and dendritic cells and limits the functions of Th1 and Th2 cells as well as that of natural killer cells (75). It is previously reported that IL-10 production increases dysregulated immune response as it can damage the host cells. High expression of IL-10 in COVID-19 patients could be one reason behind the delayed and weak adaptive response (76).

Elevated granulocyte colony-stimulating factor (G-CSF) is a hematopoietic growth factor indispensable for the proliferation of and differentiation in neutrophils (77). It is produced by monocytes/macrophages in response to lipopolysaccharide (LPS), TNF-α, and IFN-γ. Higher levels of G-CSF could be the main reason behind the observed neutropenia in COVID-19 patients (78). IP-10or CXCL-10 is a 10kDa protein secreted by leukocytes, neutrophils, eosinophils, monocytes, epithelial, and endothelial cells in response to IFN-γ, which acts upon the CXCR3 receptors present on the activated T cells, β-lymphocytes, natural killer cells, dendritic cells, and macrophages (79). It is reported that IL-10 plays an essential role in T cell trafficking in various infections caused by parasites like Toxoplasma gondi (80). An elevated level of CXCL-10/IL-10 in the patients of COVID-19 at Wuhan further evidenced the exacerbation of the innate immune response.

Monocyte chemoattractant protein-1 (MCP-1), also known as CCL-2, plays an important role in chemotactic monocytes and macrophages and has a repairing role in the damaged tissue. The said effect of MCP-1 is already reported in previous studies (81). Production of MCP-1 by monocytes involves the infection of monocytes with the virus, which then releases INF-β, which acts on other leucocytes. These leucocytes secrete some unknown soluble substance that stimulates the monocytes to secrete MCP-1 protein for chemotactic purposes. The upsurged level of MCP-1 reported in the above study showed the involvement of monocytes and macrophages at the injury site due to SARS-CoV-2 (82).

Macrophage inflammatory protein1α (MIP-1α) or CCL-3 is the next cytokine observed in patients with SARS-CoV-2. Various studies have reported that MIP-1α enhances leukocyte trafficking at the site of infection (83). The movement of the leucocytes towards the injury site further augments the inflammatory response through TNF-α, IL-1, and IL-6. MIP-1α also has an essential role in CD8+ T cells chemotactic effect. Therefore, to stop further inflammatory response, inhibition of MIP-1α becomes crucial. A study on the same has already shown reduced recruitment of neutrophils when MIP-1α was selectively inhibited by an anti-MIP-1α antibody (56).

Tumor necrosis factor-α (TNF-α) is the master regulator of inflammation. It is known that TNF-α contributes to inflammation by participating in vasodilation and edema formation, enhancing adhesion of leucocytes to the epithelium, regulating blood coagulation, inducing oxidative stress in inflammation, and finally by inducing fever (84). Augmented TNF-α in the above study further evidenced the development of strong inflammation in SARS-CoV-2 patients. Approximately all patients of COVID-19 have reported the above-stated symptoms that can be blocked by TNF-α antibody-like infliximab/adalimumab (85).

Zhou et al. (86) conducted a clinical trial on eight confirmed patients of COVID-19. They observed a heightened immune response by taking samples directly from the bronchoalveolar lavage(BAL) instead of taking blood samples. Cell composition analysis of BAL fluid of COVID-19 patients showed neutrophils, eosinophils, dendritic cells, and mast cells. Interestingly, like previous studies, raised NLR was also observed in this study, which again confirms the role of NLR in COVID-19 pathogenesis (86). They also observed pro-inflammatory cytokines and chemokine genes (IL-1B, CXCL-17, CXCL-8, and CCL-2) along with specific antiviral interferon-stimulating genes (ISGs) like IFIT and IFITM in BAL. IFIT and IFITM genes belong to the family of genes called IFITs expressed by the infected viral cell to initiate INFs synthesis in nearby healthy cells and thus play an important role in the host innate immune response (86). It is previously reported that IFIT-coded proteins interfere with the viral translation process and thus with the viral replication process (48). The raised levels of INFs in COVID-19 patients would result due to overexpression of IFIT and IFITM genes to combat viral infection in nearby healthy cells (87). They also observed an upregulated level of calgranulin genes with pleiotropic functions in inflammatory disorders (S100A8, SI00A12). Interestingly, the upregulatedIL-1RN and SOCS3 were also observed, which confirms feedback inhibition of cytokines as both these genes have an antagonistic function on cytokine synthesis. Among the upregulated cytokines, CXCL-17is observed as highly expressed in all SARS-CoV-2 patients, highlighting its role in COVID-19 pathogenesis (88). CXCL-17has a major chemoattractant role in the mucosal tissue during cellular injury, especially in the lungs. The chemotactic neutrophils further exacerbate inflammation by CXCL-8, CXCL, and CXCL-2 as these cytokines play a crucial role as neutrophil chemoattractants (89).

While most studies on SARS-CoV-2 shed light on the innate immune response, few studies also reported activation of the adaptive immune response in COVID-19 patients. A recent survey of 34 hospitalized patients evidenced the activation of humoral-mediated response (part of the adaptive immune response) in SARS-CoV-2-infected patients. The blood antibodies, IgG and IgM levels, were carefully monitored for up to four months. It was concluded that IgG antibody level continuously kept increasing after recovery in SARS-CoV-2-infected patients while the blood level of IgM first increased and then kept on decreasing. This study evidenced the activation of B cells producing specific antibodies against SARS-CoV-2antigens (90).

Another study was carried out by Eugenia Ziying Ong and colleagues, who reported a high-level expression of IL-1 in severe cases of SARS-CoV-2 (91). A similar study was conducted using the blood samples of COVID-19 patients. The severity of infection was described based on cytokines IL-6, IL-8, and IL-10 in cellular microparticles (cMPs). These cMPs were reported to contain cellular receptors, cytoplasmic proteins, nucleic acids (RNA, micro-RNA, and DNA), and cytokines. A high number of cMP was written in the blood of COVID-19 patients compared to that of healthy persons. Upon cytokine analysis, a higher level of IL-6, IL-8, and IL-10 was detected in severe pneumonia patients. Low levels of IL-6 secreted by macrophages can protect the lung alveoli. Still, the excessive release of IL-6 can adversely affect them by inducing fibrinogen activation and activation of coagulation factors, inhibit endothelial repair, and thus increase the permeability of blood vessels which causes inflammatory lung injury. IL-8, with its strong neutrophil chemotactic and activation potential, can further induce inflammation. Like IL-6, a low level of IL-8 protects the lungs, but a higher level can damage them. On the other hand, IL-10 has an anti-inflammatory action and can monitor the host immune response through T helper cells; it can also inhibit overexpression of pro-inflammatory cytokines and thus can serve as the best prognostic marker to control the host immune response along with IL-6 and IL-8 (92).

There is an increase in antibody-secreting cells (ASCs), follicular helper T cells (TFH-cells), and SARS-CoV-2-specific IgM in mildly infected patients, and IgG is observed before symptomatic recovery. Lower levels of CD16+and CD14+ subset monocytes were also reported in the same study, indicating immunopathology and recruitment of these cells at the site of action (Figure 2B) (3). Monocytes, a part of innate immunity, are mainly involved in phagocytosis of the infected cells, but subsets of CD16+ and CD14+ expressing monocytes also indicate their role in adaptive immunity (93).

In severely infected patients, a high level of differentiation of subsets of macrophages has been reported. RRR et al. first found four subgroups of macrophages classified as FCN1, SPP1, and FABP4 markers in severely infected patients. Among subgroups 1 and 2, macrophages are recognized as FCN1+ (monocytes-derived) macrophages. These express higher inflammatory mediators like cytokines, CCL-2, CCL-3, CCL5, IL-8, CXCL-10, and CXCL11, and hence play a major role in inflammation of the alveolar sac. Contrary to this, subgroup3 macrophages, i.e.,SPP1+ macrophages, are observed to repair function rather than damage the alveoli (94). Overall, an opposite effect of SPP1+ macrophages on FCN1+ macrophages has been observed on the alveoli. The relative concentration of the two types of macrophages would determine if there would be an inflammation response or repairing action on the alveoli. The fourth group, FABP4+ alveolar macrophages, showed higher expression of PPARγ, which plays a vital role in the metabolism of the lipid surfactant. It is previously reported that the lipid surfactant is essential for the efficient working of alveoli as it has a major role in reducing alveolar surface tension. A decrease in the productivity of the surfactant can lead to the collapse of the alveolar sac and hence respiratory failure in the infected patients. Therefore, PPARγ-expressing FABP4+ alveolar macrophages somehow enhance the synthesis and secretion of lung surfactant (95).

In severely infected patients, dysregulated innate immune systems accumulate fluid in the gap between alveolar and endothelial cells and cause difficulty breathing. Most recent studies have reported these symptoms in COVID-19 patients (96).




Adaptive Immune Response

Adaptive immune response specifically kills bacterially and virally infected cells. It uses three reactions: humoral response, antibody-mediated response, and cell-mediated response, which uses specific cytotoxic cells (97). It is activated when neutrophils release phagocytized antigen fragments into the circulation and when antigen-presenting cells (macrophage, dendritic cells) reach the lymph nodes (Figure 3) (98). Lymph nodes have a particular type of cells known as CD4+T cells (differentiated into T helper cells (Th1 and Th2) and CD8+T cells [differentiated into cytotoxic T lymphocytes (CTL)] which are stimulated by the antigen-presenting cells (APC) (99). Further, the differentiation of βcells into antibody-secreting cells depends on IL-4 provided by activated T helper cells. Macrophages present their processed antigen on MHC-II molecules that bind with CD4+ T cell receptors of the T helper cells. The antigen on MHC-II is recognized by the T cell receptor (TCR). Co-stimulation of T helper cells is achieved through CD28+ receptors on T helper cells and B7 factor on macrophages (100). The final step in the activation of T helper cells involves secretion of IL-1, and it binds toIL-1 R on the T helper cells (Figure 4). As a result, T helper cells get activated and undergo auto-activation with IL-2,and T helper cells 1 (Th1) proliferate into numerous T helper 2 cells (Th2),which further enhances the expression of IL-4 and IL-5. The secreted IL-4 and IL-5 serve essential functions on β cells. IL-4 enhances the colonial expansion of βcells, and IL-5 triggers their differentiation into antibody-secreting plasma cells (101). Secreted antibodies neutralize the circulating antigen and enhance the clearing of the pathogen by activating the complement system, as discussed above. Poor activation of antibodies secreting βcells has been reported in COVID-19 patients. According to the findings of one study, antibodies were produced against the RBD of the spike protein and nucleoprotein in the COVID-19 patients with a high viral load. After 20 days of hospitalization, viral RNA was continuously detected in the posterior oropharyngeal saliva of those patients, indicating poor activation of βcells (102).




Figure 3 | Activation of adaptive immune response in lymph nodes. Adaptive immune response is triggered when the secreted chemokines by macrophages in the lungs reach the lymph nodes and cause colonial expansion of native CD8+ T cells and B cells which rush to the site of injury and start clearing the virally infected cells. The killing of viral-infected cells damages the type-2 pneumocytes which is followed by accumulation of fluid in the space inside the alveoli. Excessive mechanical injury to the alveolar cells damages the alveolar epithelium and thus causes respiratory failure which ultimately develops into ARDS.






Figure 4 | Normal adaptive immune response. Activated CTL, B cells, and natural killer cells after being activated in the lymph nodes translocate towards the lungs. In the lungs, CTL and NK cells starts clearing the SARS-CoV-2-infected cells. Both these cells kill cells by the inducing apoptosis in the target cells by secreting granzymes which form perforins in the target cells. Consequently, ions start leaking, and initiated apoptosis can be observed by formation of membrane blebs. The small membranes blebs are then phagocytosed by the neutrophils. Antibodies secreted from the B cells inhibit the virus replication by neutralization. Antibodies also help in opsonization and phagocytosis of the virus by neutrophils.



Another important player of adaptive immune response is cytotoxic T lymphocytes (CTLs) or killer T cells or CD8+ T cells activated by virally infected macrophages. Circulating virally infected macrophages reach the lymph nodes where they present the processed antigen to CD8+ T cells. Macrophages interact with their MHC-II molecule with the CD8+ receptor of cytotoxic T cells. Once stimulated by the antigen, CTLs from lymph nodes start traveling towards the site of infection through the bloodstream. The antigen on the MHC-II is read by the CTLs, which in response starts producing perforin and granzymes. Perforin creates pores in the virally infected cells through which granzymes enter the same cell and initiate apoptosis of the infected cell (68).

The adaptive immune response also comes into action along with the innate immune response in severely infected patients. The adaptive immune response uses two weapons antibodies-secreting βcells and T cells (cytotoxic T lymphocytes orCD8+ T cells and CD4+ T cells) to clear the virally infected cell. CD4+ T cells act as T helper cells programmed to respond only to MHC-II-expressing cells, while CD8+ T cells are programmed to respond only to MHC-I-expressing cells. Along with these cells, natural killer cells, although a part of innate immunity, play an important role in killing SARS-CoV-2-infected cells. Firstly, all those cells that lack MHC-1 protein on their surface are killed. Secondly, all those cells with the MICA protein on their surface are killed. Thirdly, all those cells with attached IgG antibodies on their surface antigen are also killed. Natural killer cells also induce apoptosis in the target cells. Another important point is that adaptive immunity clears the viral infection and memorizes the invading pathogen, and protects us from future infections from the same pathogen (103).

A recent study has reported high colonial expansion of CD8+ T cells in COVID-19 patients. At the same time, abnormally delayed adaptive immune response was observed in some patients infected with COVID-19 (55). Zheng et al. stated that cytotoxic T lymphocytes and NK cells are dispensable in controlling the viral infection. They conducted a study on 68 COVID-19 patients to monitor their CTLs and NK cell levels in their blood plasma (Figure 5). With the progression of the disease, a continuous decrease inCD8+ cells were noted. They also reported that among lymphocyte populations, CD8+ and NK cells are involved mainly in anti-COVID response. The number of T cells and CD8+ cells was low in patients with severe disease in comparison to patients with mild disease. Patients with COVID-19 showed a functional exhaustion of NK and CD8+ cells. This exhaustion of NK and CD8+ cells showed an increase expression of the CD94/NK group 2 member A (NKG2A) receptor. Interestingly, in patients after therapy, the number of NK and CD8+ cells were restored and the expression of NKG2A was reduced. These findings allow us to hypothesize that the functional exhaustion of cytotoxic lymphocytes associated with COVID-19 infection breaks the antiviral immunity and enhanced expression of NKG2A as specifically observed in CD8+ and NK cells could contribute to the maintenance of this blunted antiviral surveillance (104). It is well known that IFN-γ, IL-2, granzyme-B, and TNF-α are responsible for the proliferation of βcells into antibody-secreting plasma cells and colonial expansion of NK cell/CTL. The inhibition of these cytokines’ expression by these cells could be a strategy used by SARS-CoV-2to suppress the adaptive immune response. The NK cells and CTL are responsible for clearing the virus-infected cells and since the virus here does not want to be removed by the NK cells and CTL, enhancing NKG2 expression on these cells helps achieve that objective. This could explain why some COVID-19 patients remain asymptomatic for a long time. Moreover, a decrease in the levels of NKG2 and the cytokines above are reported. This makes NKG2 a vital drug target in the immune checkpoint to prevent SARS-CoV-2 replication (96). Delayed or no activation of T cells is further supported by another study conducted on three positive COVID-19 patients and10 healthy persons, which concluded that delayed response is a trick used by the SARS-CoV-2 virus to prolong its infection and to maintain a febrile environment so that it can enhance community transmission (105). Abnormally low levels ofCD3+, CD4+, and CD8+ T cells were noted in severely infected COVID-19 patients. These cells are specific for viral infection, and their lower number indicates severe dysregulation in the adaptive immune response (86).




Figure 5 | Exhaustion of adaptive immune response. In some patients of infected with SARS-CoV-2, although adaptive immune response was observed to be activated by the presence of CTL, NK, and B cells, none of these cells were found killing the virally infected cells. The special behavior shown by these cells was termed as exhaustion of NK, CTL, and B cells. Furthermore, these cells were also observed to be expressing NKG2 on their surfaces making NKG2 as important drug target. Monalizumab, a NKG2 receptor inhibitor, has been reported to clear a phase-II clinical trial.





Host Immune Response and Development of Severe Pneumonia

Lung alveoli are spaces for gaseous exchange in and out of the body. The soft lining of the alveoli consists of a single layer of type-1 and type-2 pneumocytes. Type-1 cells mainly function in gaseous exchange, but type-2pneumocytes also secrete lung surfactant in addition to gaseous exchange to reduce surface tension. Continuous secretion of the surfactant from type-2 pneumocytes prevents the lungs from collapsing. The same thing is observed with SARS-CoV-2 infection, which binds toACE-2 pneumocytes and stops surfactant secretion. Infected type-2 pneumocytes trigger the host immune response by releasing inflammatory mediators that act upon the alveoli resident macrophages (106). Activated macrophages release cytokines IL-1, IL-6, and TNF-α, which activate chemotactic immune cells circulating in the bloodstream. They also act locally on the endothelial cells causing a gap between tight junctions. Due to vascular permeability of the endothelial cells, fluid leakage in the gap between alveolar epithelial and blood vessel endothelial cells increases, and vascular fluid accumulates around the alveoli damaging the epithelial cells. Blood neutrophils are attracted at the site of the infection and release reactive oxygen species, which start destroying the alveolar epithelium. Following neutrophils, monocytes also reach the site and increase phagocytosis of damaged pneumocytes and viral particles (84). Similar results have been published in a study conducted by Shan et al., who observed the development of acute pneumonia in Rhesus Macaques on inoculation with SARS-CoV-2. The results were spotted with chest radiographs and histopathological results. The collective response of macrophages, neutrophils, and monocytes induces excessive production of cytokines, mucus, and antibodies, which overfill the alveoli and block the gaseous exchange, leading to the death of the patient due to respiratory failure (Figure 4) (107).



Conclusion

Novel coronavirus SARS-CoV-2 transmitting from person to person requires host alveolar type-2 pneumocytes to complete its life cycle. Numerous ACE-2 receptors on the apical side of the type-2 pneumocytes provide an interface for viral entry. SARS-CoV-2 brings forward its spike protein for attachment with ACE-2 receptors. Its spike protein is a trimeric protein that has a furin protease cleavage site. Intracellular serine protease TMPRSST serves this function and causes the cleavage and activation of spike proteins. Upon activation, the S1 subunit of the spike protein binds to ACE-2 receptors, and the S2 subunit initiates fusion with the plasma membrane of type-2pneumocytes. Some studies have also reported that host ADAM17 and cathepsin B/L serve the same function in failing TMPRSS2 to execute the activation of the spike protein. Once in the host cells, SARS-CoV-2uses host ribosomes to synthesize its structural proteins and genomic virions. Upon completion of its life cycle, the progeny virus bursts the cell and is ready to transmit the infection in healthy individuals (40).

The host immune system starts its function once the infection is complete. Interestingly, different responses from the host immune system have been observed in COVID-19 patients, depending on the severity of pneumonia (103).In mildly infected patients, only a small elevation in IgG and IgM antibodies and fewer cytokines are observed, which impart protection to the lungs. Moderate cases of COVID-19 have a higher level of antibody-secreting cells, macrophages, neutrophils, along with a high level of cytokines. In patients with severe pneumonia, a very high level of cytokines (IL-6, IL-8, IL-10, and TNF-α) and large subtypes of macrophages have been observed but no activation of NK cells CD8+ T cells is evident (108).

From the reported data of COVID-19 patients, it is tough to understand whether how the host immune system acts is pivotal. This is simply due to the dual behavior of the immune system. It acts as a hero within limits but turns into a villain whenever there is an excess of a particular cytokine. Another reason for this type of behavior could be the specific type of organ or tissue or cells. Since lung alveoli, the site of gaseous exchange, are made of a single layer of type-1 and type-2 pneumocytes, injury to single cells means losing a large surface area. Overactivation of inflammatory markers can overstimulate the immune system, which could damage and reduce this surface area through its phagocytotic action. This is why NK cells and T cells remain inactive in mild and moderate COVID-19 patients (105). In severe pneumonia patients, the joint function of macrophages, neutrophils, monocytes, natural killer cells, and CD8+ T cells damage and phagocytose the alveolar type-1 and type-2 pneumocytes; this means that COVID-19 patients must be placed on a ventilator. In most instances, patients die of respiratory failure (109).

It would be pertinent to mention that a physician can save more lives by controlling the patient’s immune response. One way to control the hyperactive immune response is to use anti-inflammatory drugs (95). Another way of controlling the hyperactive immune system is to stop the proliferation of inflammation, enhancing FCN+ macrophages, and accelerating the expansion of anti-inflammatory SPP+ macrophages. Something can be achieved by controlling specific cytokines, i.e., inflammatory cytokines IL-6, IL-8, TNF-αcan be neutralized with antibodies, explicitly increasing the anti-inflammatory cytokine IL-10. Excessive phagocytosis by the NK cells and CTL in severely infected patients can be managed by regulating the NKG2 receptors on these cells. Low NKG2 expression on NK cells and CTL makes them more active, while high expression makes them less involved and less phagocytic (Figure 5). Therefore, by working at various immune checkpoints through innovative in vitro disease models, a physician can reduce the mortality associated with the SARS-CoV-2 virus (6, 110).

The current review provides a detailed study of the COVID-19 viral life cycle and host immune response, which may give a new direction to researchers in developing various treatment strategies to overcome the infection caused by the novel coronavirus.
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Abbreviation

ARDS, Acute respiratory distress syndrome; SARS-CoV-1, Severe acute respiratory syndrome coronavirus-1; COVID-19, Coronavirus disease 2019; MERS: Middle East respiratory syndrome; 5. SARS-CoV-2, Severe acute respiratory syndrome coronavirus-2; ACE-2 receptor, Angiotensin converting enzyme 2 receptor; RAS: Renin angiotensin system; TMPRSS2, Transmembrane serine protease 2; ADAM-17, A metalloproteinase protein belonging to the adamylysin surface protein; NK cells, Natural killer cells; IFNs: Interferons; NETS, Neutrophil extracellular traps; MAC, Membrane attack complex; MHC-I&II, Major histocompatibility complex-I and II; ILs, Interleukins; G-CSF, Granulocyte colony stimulating factor; IL-10, Interferon γ -induced protein 10kDa also known as C-X-C motif chemokine; MCP-1, Monocyte chemoattractant protein-1; TNF-α, Tumor necrosis factor-α; Th1&Th2, T helper cells type 1 and 2; MIP-1α, Macrophage inflammatory protein-1α; BAL, Bronchial alveolar lavage; NLR, Neutrophil leucocyte ratio; ISGs, Interferon stimulating genes; IFITs, Interferon-induced protein with tatratricopeptides repeats; cMPs, Cellular microparticles; ASCs, Antibody secreting cells; TFH-cells, Follicular helper T cells; PPARγ, Peroxisome proliferator activated receptor-gamma; CTLs, Cytotoxic-T lymphocytes; APC, Antigen presenting cells; RBD, Receptor binding domain; MICA, MHC class 1 polypeptide-related sequence A.
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SARS-CoV-2 infection leads to a highly variable clinical evolution, ranging from asymptomatic to severe disease with acute respiratory distress syndrome, requiring intensive care units (ICU) admission. The optimal management of hospitalized patients has become a worldwide concern and identification of immune biomarkers predictive of the clinical outcome for hospitalized patients remains a major challenge. Immunophenotyping and transcriptomic analysis of hospitalized COVID-19 patients at admission allow identifying the two categories of patients. Inflammation, high neutrophil activation, dysfunctional monocytic response and a strongly impaired adaptive immune response was observed in patients who will experience the more severe form of the disease. This observation was validated in an independent cohort of patients. Using in silico analysis on drug signature database, we identify differential therapeutics that specifically correspond to each group of patients. From this signature, we propose a score—the SARS-Score—composed of easily quantifiable biomarkers, to classify hospitalized patients upon arrival to adapt treatment according to their immune profile.




Keywords: COVID-19, immunologic profile, personalized medicine/personalized health care, score, therapeutic strategy



Introduction

Coronavirus disease 2019 (COVID-19), due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, has affected over 118 million people and is responsible for 2.6 million deaths since the beginning of the pandemic (WHO, March, 11 2021). The clinical evolution of patients with SARS-CoV-2 infection is highly variable between individuals, ranging from asymptomatic state for the majority of patients to severe symptoms. Approximately 10 to 20% patients require hospitalization and intensive care units (ICU) admission mainly for acute respiratory distress syndrome (ARDS) or multi-organ failure (1, 2). Some factors increase the risk of COVID-19 severity comprising old age, male gender and cardiovascular comorbidities—diabetes, obesity and hypertension (3).

In severe COVID-19 patients, profound dysregulated immune responses have been described, characterized by strong systemic inflammation leading to acute injury of several organs including the lungs, the kidney and the heart (4–9). Severe or fatal COVID-19 is indeed associated with elevated innate pro-inflammatory immune cytokines in peripheral blood including interleukin (IL)-1, IL-6, IL-8, or C–X–C motif chemokine ligand 10 (CXCL-10) (7, 10) and alterations of both innate and adaptive immunity (11–13). Patients with COVID-19 have profoundly impaired induction of types I and III IFNs, that lead to untuned antiviral response and viral persistence (14). Dysfunctional type I IFN immunity have been attributed to either inherited intrinsic genetic defects in double-stranded RNA sensor TLR3 and interferon regulatory factor 7 (IRF7) (15), or to the production of neutralizing auto-Abs against type I IFNs (16) in respectively, 3.5 and 10.2% of life-threatening COVID-19 patients. Severe dysfunctions in neutrophils and monocyte populations (17–20), lymphopenia and uncoordinated responses of the three arms of SARS-CoV-2 specific adaptive immunity (CD4+, CD8+ T cell responses and B cell antibody production) were reported in patients with acute COVID-19, particularly in patients >65 years old (21, 22).

While COVID-19 severity is associated with immune disorders, there is a lack of robust biomarkers that identify at admission groups of hospitalized patients who will experience poor clinical outcome. In addition, several immunomodulators (dexamethasone and anti-IL-6R) are currently proposed to patients, with controversies with respect to their efficacy and there is no consensus about the use of these immunomodulatory drugs (23–27). The use of dexamethasone for up to 10 days was however shown to reduce 28-day mortality compared to usual care in patients needing oxygen or receiving invasive mechanical ventilation at randomization (28).

The aim of the present study was to segregate and characterize hospitalized COVID-19 patients based on their immune profile. We therefore performed an extensive analysis of immune parameters on a cohort of hospitalized COVID-19 patients, integrating flow cytometry, transcriptomic data, and multiple clinical variables reflecting organ damages. We identified two groups of patients based on immune gene expression, that segregate with disease severity. We propose a combined association of easily quantifiable biomarkers, called “SARS-Score” that allow an accurate classification of the patients. Finally, after validation of the signature on public data, we used in silico tools to propose a personalized medicine in COVID-19, that could specifically correspond to each group of patients.



Materials and Methods


Patient’s Cohort

A prospective observational cohort study of 36 adult patients (≥18 years old) with available samples admitted in the Georges Pompidou European Hospital (Paris, France) since March 2020 was analyzed in this study. All patients were diagnosed with COVID-19, i.e. positive for SARS-CoV-2 nucleic acid on real-time reverse transcription-polymerase chain reaction (RT-PCR) assays of nasopharyngeal swab specimens, in accordance with the World Health Organization (WHO) COVID-19 technical guidance (https://apps,who,int/iris/handle/10665/330854). On admission, all patients required oxygen and 27 were admitted in the ICU with the need of invasive mechanical ventilation. This study was approved by the medical ethic committee (CERAPHP·5 approval number 00011928). Patients included in the present study, or their relatives, were informed that their medical data could be used for research purposes in accordance with the General Data Protection Regulation (EU 210 2016/679). Clinical and biological variables were obtained at admission, reflecting lung, liver, renal and cardiac function and hemostasis (Supplementary Table 6).

For each patient, the day after admission, blood was collected in PAXgene tubes (Promega, Madison, WI, USA) for further RNA extraction, or in citrate tubes for flow cytometry analyses. Plasma was frozen for assay of cytokine levels, and peripheral blood mononuclear cells (PBMC) were isolated and frozen for further flow cytometry analysis. Samples from non-infected control subjects were purchased from the French Blood Establishment.



Flow Cytometry

Thawed cells were stained with live/dead for viability (Thermofisher, Waltham, MA, USA), monoclonal antibodies (mAbs) directed against CD3, CD209 (Beckman Coulter, Brea, CA, USA), CD14, CD16, CD19, CD56, CD86, CD299 (BD Biosciences), CD8, CD40, HLA-DR (BioLegend, San Diego, CA, USA) and CD163 (Miltenyi Bergisch Gladbach, Germany), for 30’ at 4°C in PBS and 10% FCS medium. Staining was acquired on Fortessa X20 (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software.

The unsupervised analysis was done using Excyted pipeline (https://github,com/maximemeylan/Excyted). Intensity values of events gated from live cells were normalized using the Logicle transformation. Unsupervised clustering and Uniform Manifold Approximation and Projection (UMAP) were computed with 10,000 events for each sample using k = 30.



Luminex

Plasma cytokines were measured by Luminex technology (Bio-Plex, Bio-Rad, 27-Plex Assays panel, Marnes-la-Coquette, France) according to the manufacturer’s instructions.



RNA Extraction

Total RNA was purified from frozen PBMCs of COVID-19 patients using the Maxwell 16 LEV simplyRNA Cells Kit (Promega, Madison, WI, USA), according to the manufacturer’s instructions. Cell pellets were dispersed in the chilled 1-Thioglycerol/Homogenization Solution. Total RNA was eluted in a low volume of 50 μl, RNA quality and quantity were estimated on a NanoChip (Total Eukaryote RNA Assay Nano II Kit, Qiagen, Düsseldorf, Germany) by capillary electrophoresis (BioAnalyzer, Agilent Technologies, Santa Clara, CA, USA). Samples with a RIN ≥8 were considered suitable for Reverse Transcription and Real-Time PCR experiments.



Reverse Transcription

Reverse-transcriptions were carried out on the entire RNA sample in a 20 μl total reaction volume with the High-Capacity cDNA Reverse Transcription Kit with RNAse inhibitor (PN 4368814, Applied Biosystems, Waltham, MA, USA) according to the manufacturer’s instructions. Concentration of cDNA was estimated with a Qubit 3.0 Fluorometer (Q33216, Thermofisher).



Semi-Quantitative Real-Time Polymerase Chain Reaction

Real-time PCR were performed with 40 ng of cDNA using the 2× TaqMan Universal Master Mix (Applied Biosystems) and 20× Taqman® Gene Expression Assay for the detection of human targets TLR3, TLR7, RIG-I, and MDA-5. Reactions took place in a Hard-Shell 384-well PCR plate (Biorad, Hercules, CA, USA) in a 10 μl total reaction volume. Detection and semi-quantification of gene expression were performed on a CFX384 Touch™ Real-Time PCR Detection Instrument (Biorad). Technical triplicates were carried out. Semi-quantitative real-time PCR results were analyzed with the dedicated CFX Manager software (Biorad). Data standardization was carried out using the Ct obtained for the Human GAPDH housekeeping gene. The ΔCt were used to evaluate the differential expressions by estimation of the Fold Change.



nCounter® Gene Expression

The kit used for the Gene Expression analysis was the nCounter®Cancer Immune™ Panel (NanoString Technologies, Seattle, WA, USA). A master mix was created by adding 70 μl of hybridization buffer to cancer immune reporter code set tube. Hybridization step was performed in the nCounter 12-well Notched Strip Tubes. The following components were added respectively: 8 μl of MasterMix, 100 ng of RNA in a volume of 5 μl, 2 μl of capture probe set. The tubes were immediately incubated 21 h in a pre-heated 65°C thermal cycler. Once removed from the thermal cycler, hybridization reactions were immediately processed with the nCounter Prep-station for purification step and immobilization in a cartridge. Finally, data collection was carried out in the nCounter® Digital Analyzer (FOV555).



Nanostring nCounter Data Analysis

Quality control of nCounter data was performed with the nSolver software developed by NanoString Technologies. Samples with insufficient detection limit were excluded from the analysis. A hierarchical clustering was performed on the normalized nCounter data using Euclidean distance and the Ward method. Normalization was performed with the package NanoStringNorm (29). The nCounter data embed positives (6), negatives (8) and housekeeping genes (30) required to normalize data. The package gplots was used to generate a heatmap showing the hierarchical clustering and the relative genes expression. Principal component analysis on normalized nCounter data was performed with the package factoextra.

Differential gene expression analysis based on NanoString nCouter data was performed using the Nanostringdiff package version 1.20.0 (available from Bioconductor) (31). The normalization procedure and the identification of differentially expressed genes between groups were done using methods provided by the package. The adjusted p-values (q-values) were calculated using the Benjamini and Hochberg procedure (false discovery rate). Genes with q-value <0.05 and a fold change greater than 2 (log2 fold change >1) or less than −2 (log2 Fold change <−1) have been identified as overexpressed genes or underexpressed genes respectively. Volcano plot showing the results was generated with the package EnhancedVolcano.



Gene Enrichment Analysis

Enrichment analysis was performed using the package EnrichR downloaded from CRAN (32, 33). For tissue and cell signatures we used The Human Genome Atlas. For biological process and pathway signatures we used KEGG 2019 and Gene Ontology Biological Process 2018. For drug signatures we used DsigDB and signatures from the GEO Drug perturbation. Signatures were ordered according to the q-values and only the more significant signatures were considered relevant (q-values <0.05).



Public RNAseq Data (GSE157103)

In order to confirm our results on a larger cohort, we downloaded the TPM normalized RNA seq data from the GSE157103 dataset (34). The data include transcriptomic data from 100 COVID-19 patients (whole blood) and corresponding clinical annotations.



Statistical Analyses

The statistical analysis was performed using R 4.0.2 and appropriate packages available from CRAN or Bioconductor. For quantitative variables, we used the Mann–Whitney–Wilcoxon test to compare the distribution between two groups. For correlation analysis, we used the Spearman method. Correlation coefficient and p-values was calculated with the package hmisc and correlogram was generated with the package corrplot.




Results


COVID-19 Patient Clinical Characteristics, Immunophenotyping and Gene Expression Signature

We analyzed a prospective cohort of 36 hospitalized COVID-19 patients (mean age of 62 years) with a clinical course ranging from moderate to severe disease, with nine patients hospitalized in the general ward and 27 needing ICU admission (Supplementary Table 1). We extensively collected clinical and routine laboratory tests on admission reflecting lung, liver, renal, cardiovascular functions and hemostasis.

We first compared the immune profiles of COVID-19 patients to those of 10 healthy donors (controls) by flow cytometry analysis of PBMCs (gating strategy shown in Supplementary Figure 1). We found lymphopenia with a decrease of both T and B cells numbers in COVID-19 patients, as previously reported (21), while no difference in NK and NKT cells (Supplementary Figure 2A). Monocytes, are not different in numbers, but display high expression of CD16, CD40, CD163 and a low expression of HLA-DR compared to healthy donors meaning either an over-activated phenotype or a compensatory anti-inflammatory response as CD86 is not upregulated in COVID patients (Supplementary Figures 2B, C). The expression level of the viral sensors TLR3, TLR7, DDX58 coding for RIG-I and interferon induced with helicase C domain 1 (IFIH1) coding for MDA-5 were highly variable among patients (Supplementary Figure 2D). TLR7 was the sole sensor significantly overexpressed in COVID-19 patients as compared to controls.

The most important difference being observed for monocytes, we performed an unsupervised analysis of the flow cytometry data on CD14+ cells. We identified 19 clusters (Supplementary Figure 3A) of which 16 are significantly differentially represented between the control group and COVID-19 patients (eight clusters more abundant and eight less abundant), and showing different expression profiles of monocytes markers as shown in the heatmap representation (Supplementary Figure 3B). For each COVID-19 patient, we then correlated the percentages of each differentially represented cluster with the levels of cytokines and chemokines that were evaluated by luminex assay, markers of blood vessels and of organs dysfunctions and viral sensors expression. We found that over-represented clusters are correlated with inflammatory cytokines and chemokines (IL-6, IL-18, sIL-6Ra, sTNFR1, CXCL10, CCL2 and eotaxin) and markers of vessel inflammation, whereas a negative correlation was found between the under-expressed clusters and these inflammatory molecules (Supplementary Figure 3C).

Altogether, these data showed a distinct immune profile of COVID-19 patients as compared to healthy donors with a strong heterogeneity among hospitalized COVID-19 patients, both in terms of immune populations, activation status and viral sensors expression.



Immune Signature Identifies Two Groups of COVID-19 Patients

Hierarchical clustering of transcriptomic analysis of 730 immune related genes from PBMC of COVID-19 patients with available samples (n = 25) at admission and of 10 healthy donors, revealed a complete segregation between controls and patients, except for one patient who developed a moderate disease (WHO score = 4) with a short non-ICU hospitalization (Figure 1A). Overall, 35% of the immune related genes explored were differentially expressed between patients and controls, with 178 genes overexpressed and 80 genes under-expressed (Supplementary Tables 2 and 3).




Figure 1 | Transcriptomic immune gene signature identifies two groups of COVID-19 patients. (A) Heatmap representation showing relative expression of immune genes by COVID-19 and controls reveals the presence of two groups of patients: group 1 (blue) and group 2 (red). (B) Principal component analysis of COVID-19 and controls shows that group 1 is intermediate between controls and group 2 COVID-19 patients. (C) Volcano Plot showing differentially expressed genes between group 2 and group 1. X axis displays fold changes between the two groups and Y axis the −log10 (p value). Differentially overexpressed genes (Signature A—highlighted in purple) and under-expressed genes (Signature B—highlighted in yellow) by group 2 as compared to group 1 patients were characterized by fold changes superior/inferior to 2 and with a significant p value (<0.05). (D) Venn diagrams showing common differentially expressed genes between group 1, group 2 and controls. (E, F) Enrichment analysis of genes of the signatures A and B (respectively up-regulated and down-regulated in group 2) using EnrichR and three different datasets. The histogram shows the first five more significant enriched signatures from The Human Genome Atlas (HGA). corresponding to tissue and cell signatures. The bubble plot shows the first 15 more significant enriched signatures from the Kyoto Encyclopedia of Genes and Genome (KEGG) and Gene Ontology Biological process (GO), corresponding to biological pathway signatures. Signatures are ordered according to adjusted p-values, the color graduation shows the percentage of genes overlapping between the datasets signature and our own signature.



Strikingly, hospitalized COVID-19 patients segregated into two groups 1 and 2 (Figure 1A). Principal component analysis of transcriptomic features of whole blood at the onset of hospitalization revealed that group 1 (blue) was closer to healthy controls than group 2 (red) (Figure 1B). Delay between the onset of symptoms and sample collection (performed day 2 of hospitalization) was identical in the two groups (9.5 and 9.9 days for groups 1 and 2, respectively, P-value = 0.3672), indicating that transcriptomic differences were not due to temporal discrepancies. Seventy genes (i.e. signature A) and 45 genes (i.e. signature B) were significantly over-expressed and under-expressed, respectively, in group 2, as compared to group 1 patients (Figure 1C and Supplementary Tables 4, 5). Using the Venn-diagram representation, we identified that among the 39 genes differentially expressed between group 1, group 2 and controls, 34 belong to the group 2 and only four to the group 1, which confirms that group 2 is characterized by a specific gene expression signature. Moreover, we also showed that group 2 display the most important difference in number of genes differentially expressed between all COVID patients, or each group and controls (Figure 1D). Genes up-regulated in group 2 belong to signatures of myeloid cells, neutrophil activity, inflammatory response, TLR and type I IFN signaling pathways, and inhibition of T cell proliferation (i.e. arginase 1, PDL1, PDL2 and CD276/B7-H3), (Figure 1E and Supplementary Table 4). At the opposite, genes involved in CD8 and NK cell function, T cell activation, T helper (Th) differentiation, co-stimulatory receptors (TNFRSF4 (OX40), ICOSLG (ICOS ligand), TNFRSF18 (GITR) and TNFRSF11A (RANK)), and antigen presentation, were down-regulated in group 2 (signature B; Figure 1F and Supplementary Table 5). These results are compatible with the coexistence of patients with a distinct immune profile: (i) adaptive immune response triggering (i.e. group 1), (ii) exacerbated myeloid and innate responses, with dysfunctional adaptive immune response (i.e. group 2).



Clinical Outcome in Patient’s Groups According to Immune Signature

Patients of group 2 did not differ from group 1 for age and diabetes, but have a higher body mass index compared to group 1 (Supplementary Table 6). The severity of respiratory distress in each group was estimated by the WHO score. Patients without oxygen therapy, oxygen by mask, or nasal prongs had a 4–5 WHO score, whereas patients requiring oxygen by NIV or high flow, mechanical ventilation or extracorporeal membrane oxygenation (reflecting a severe lung damage) had >6 WHO score. Strikingly, almost all patients (15/16; 94%) from group 2 had severe respiratory distress (>6 WHO score) as compared to 25% (2/8) in group 1 (P = 0.0013) (Figure 2A). Differential biological variables between the two groups, reflecting other vital organs and tissues (i.e. liver, kidney, heart and blood vessels) (Supplementary Table 6) were investigated. Among them Hepatic Steatosis Index (HSI) and prothrombin ratio (% PR) reflecting liver damage, urinary Na+ and Na+/K+ reflecting kidney injury, troponin for cardiac damage, and E-selectin and placental growth factor (PlGF) reflecting the vessel status were significantly different in group 2 patients as compared to group 1 (Figure 2B). Overall, multi-organ failure, potentially exacerbated by endothelium damage and thrombosis was more pronounced in group 2 patients. Finally, 88% (7/8) of death belongs to group 2 (Figure 2A), underlying distinct clinical outcome associated with differential immune patterns of patients’ groups.




Figure 2 | Immune and clinical characteristics of groups 1 and 2 COVID-19 patients. (A) Comparison of WHO score, of need for ICU hospitalization and of death status between group 1 (blue) and 2 (red) patients. (B) Comparison of clinical values reflecting liver (HSI and prothrombin ratio), renal [Na/K and Na (U)], cardiac function (troponin), and blood vessels (E-selectin and PIGF) between groups 1 and 2 patients. Only the values showing significant differences between the two groups are shown. (C) Comparison of immune cells quantification in groups 1 and 2 patients. (D) Comparison of TLR3 expression and cytokines quantification in two groups of patients (by Luminex assay). Statistical analyses were performed by Wilcoxon test using GraphPad software. *p < 0.05; **p < 0.01; ***p < 0.001. ICU, Intensive Care Unit; PlGF, Placental Growth Factor.



We then compared the immune populations between both groups of COVID-19 patients. The group 2 was characterized by increased total leucocytes counts, with a profound lymphopenia, a decreased proportion of CD8+ T cells and increased proportion of CD4+ T cells, a decrease in NK cells and an increase of neutrophils (Figure 2C). In addition, group 2 patients presented with higher plasma level of proinflammatory cytokines (IL-6, IL-8, TNF-α, soluble TNF receptor 2 (sTNFR2)), of IL-4 and IL-7, and of anti-inflammatory heme oxygenase 1 (HMOX1) (Figure 2D and Supplementary Table 7). These data confirmed a higher inflammatory response, neutrophilia and reduced NK and T cell responses in group 2, whereas group 1 had a profile favoring an adaptive immune response. Of note, group 2 patients displayed a higher expression of TLR3 on PBMC (with no difference for TLR7, RIG-I and MDA-5) (Figure 2D).



Immune Gene Signature Identifies a Similar Group of Severe Patients in Public Cohort

In order to confirm our results, gene signatures A and B, on which we based the definition of patient’s groups with distinct prognosis, we investigated an independent public cohort of 100 hospitalized COVID-19 patients, with available RNAseq (GSE157103) and clinical data sets. All the genes of the signature were not detected in the dataset, so we first verified whether the expressed genes of each signature were co-expressed in this public cohort dataset and performed a gene enrichment analysis to show that we keep the same enrichment signature. (Supplementary Figure 4A). This analysis confirmed that genes of the signature A correspond to myeloid and neutrophil signatures, complement and coagulation and negative regulation of T cell responses, whereas genes of the signature B correspond mainly to positive regulation of immune responses (antigen presentation, T and NK cell activation) (Supplementary Figure 4B).

Hierarchical clustering showed that gene signatures A and B segregated two groups of patients, as observed in our previous cohort (Figure 3A). Patients of group 2 compared to group 1 had higher comorbidity (Charlson score), longer duration of hospitalization, were more often hospitalized in ICU with higher ICU severity scores (APACHE II and SOFA), and required more often invasive mechanical ventilation (Figure 3A).




Figure 3 | Signatures A and B identify two groups of patients in a public COVID-19 patient cohort (RNAseq data). (A) Heatmap showing relative expression of the gene signature and hierarchical clustering of COVID-19 patients with clinical and biological annotation. (B) Mean expression of the signatures A and B according to type of service hospitalization (ICU or not) and the need of mechanical ventilation (yes or not). (C) Significant correlation between the mean expression of—signatures A and B with the different clinical scores and biological values. Correlations were determined with the spearman correlation coefficient. NS, not significant.



We finally calculated, for each patient, the correlation between the mean expression of signatures A and B and clinical and biological data related to severity of the disease. Interestingly, patients expressing signature B had no invasive mechanical ventilation and were not hospitalized in ICU, suggesting a milder form of COVID-19 infection (Figure 3B). Biological markers of inflammation (CRP and fibrinogene) and of tissue injury (lactate), were also significantly correlated with the mean expression of signature A, which correspond to group 2 patients (Figure 3C).

These data confirm that the immune signatures, determined the second day of hospitalization, were able to classify patients and predict distinct clinical evolution.



Identification and Validation of a SARS-Score

We then searched for a minimal combination of immune gene signature and of clinical biomarkers which would make it possible to determine which patients are most at risk to evolve into a poor clinical outcome. To obtain the minimal combination of genes, we selected the ones for which the expression was the most discriminant between groups 1 and 2 (Figure 4A). We thus identified seven genes (CEACAM1, S100A8, S100A12, CSF1R, TLR5, CD59 and CD96) with less than 10% of distribution overlap between the two groups of patients. In parallel, we determined among clinical data, a combination of eight clinical variables that are easily obtainable in routine. To create a stringent score, we defined for each clinical biomarker, a threshold corresponding to a classification in group 1 or 2 (Figure 4B). These thresholds correspond to the extreme quartiles (first and last 25%) of the total distribution among the cohort. Combined together, these biomarkers constitute a powerful score, called SARS-Score, that could be useful to guide therapeutic management of severe patients.




Figure 4 | Definition of a SARS-Score for hospitalized patients and proposal of therapeutic agents. (A) Radar plot showing biomarkers from the signatures. We selected the genes with less than 10% of distribution overlap between the two groups of patients. The data shown are the log2 fold change of the mean of group 1 (blue) or group 2 (red) relative to controls. (B) The SARS-Score is composed of seven genetic (left) and eight clinical variables (right). For each variable, the upper part of the table displays the thresholds defined to classify patients in group 1 (blue) or 2 (yellow). These thresholds correspond to the first (25%) and last quartile (75%) of the total distribution, except for the WHO score which corresponds to the threshold between mild and severe disease (WHO Score = 6). The lower part of the table shows the application of the SARS-Score on our cohort. The blue and yellow cells correspond to values allowing a classification in group 1 or 2, respectively. Gray cells represent values that do not allow classification and white cells correspond to missing values. The final score (column “classification obtained”) is obtained by adding up the number of each colored cell. (C). Application of the clinical part of the SARS-Score on 51 COVID-19 patients. The color code and the thresholds used are the same as in (B). Patients having more blue or yellow cells are classified as “group 1” or “group 2”, respectively. Patient having the same number of blue and yellow cells are considered as “Unclassified”.



We validated clinical part of this score on another cohort of 51 COVID-19 hospitalized patients (from HEGP hospital) and were able to classify 48 of them in group 1 or 2 (Figure 4C). We confirmed that group 2 patients of this cohort are characterized by a high WHO score (96.6% >6 for group 2, 10.5% >6 for group 1); p = 9.6e−09), ICU hospitalization (100% in ICU for group 2, 31.6% for group 1; p = 1.24e−07), high rate of death (41% for group 2, 21% for group 1; p = 0.12) (Supplementary Figure 5).



Identification of Potential Therapeutic Targets

We then investigated which drugs could be beneficial for each group of patients. To this end, we performed a drug-set enrichment analysis using EnrichR and drug signature databases (DsigDB (35) and GEO). Those databases include genes differentially expressed after drug treatment which induced a phenotype of interest by its action on known or unknown (off-target effects) targets, resulting in modification of gene expression. The objective of this approach is to identify drugs that would induce the downregulation of signature A (Figure 5A) and the upregulation of signature B (Figure 5B). Most of the drugs identified with this approach were immunomodulatory drugs. We found two inhibitors of cytokines: Tocilizumab (anti-IL-6 receptor) and Etanercept (anti-TNF-α receptor), glucocorticoids (dexamethasone. prednisolone and hydrocortisone), anti-inflammatory (aspirin, curcumin and parthenolide) and immunosuppressive (tacrolimus and mycophenolate) drugs. We also identify repurposed drugs with immunomodulatory properties like imatinib, thalidomide, isotretinoin, atorvastatin, vemurafenib and rosiglitazone. Interestingly, most of these drugs are being tested in clinical trials (Table 1) but further investigations are needed to confirm a potential benefit effect in COVID-19 patients. Nevertheless, these results highlight the importance of administering immunomodulatory therapies specifically to patients of group 2.




Figure 5 | Drug discovery and clinical assays. (A, B) Enrichment analysis of drug signatures from DsigDB and GEO drug perturbations to down-regulate Signature A or up-regulate signature B, respectively.




Table 1 | Clinical trials using drugs that could down-regulate the signature A and up-regulate the signature B (last update: June 16, 2021).






Discussion

While immune characterization of the severe COVID-19 patients is now quite precise, notably dysregulated responses with a strong inflammation and a defect of IFN response (36, 37), a few immunologic studies on predictive factors of the clinical outcome and drug selection have been made (38, 39).

Different molecules of interest were pointed out that could be targeted in severe COVID-19 patients. A multi-omics analysis identified 219 molecules highly correlated with COVID-19 status and severity, involved in complement system activation, dysregulated lipid transport and neutrophil activation, vessel damage and blood coagulation (34). The chemokine CXCL10 has also been identified as a plasma biomarker of impaired CD4+ and CD8+ T cell responses in acute COVID-19 (22), and S100A8 and S100A9 alarmins, known to be released by myeloid cells in inflammatory situations, are biomarkers of monocytes and neutrophil subsets alterations (20). Finally, a recent study revealed that a combination of 12 biomarkers, including CCL2, IL-15, soluble ST2 (sST2), NGAL, sTNFRSF1A, ferritin, IL-6, S100A9, MMP-9, IL-2, sVEGFR1 and IL-10, was associated with mortality (38). As observed in previous studies (18, 21), our cohort of patients exhibit a profound lymphopenia and alterations of the myeloid compartment, with an increase of circulating “dysfunctional” CD14+CD163+ and CD14+HLA-DRlow monocytes as compared to controls. The immune gene signature shows an enrichment in innate myeloid immune profile, complement and coagulation cascades—consistent with the complement activation and hemostasis troubles described in COVID-19 (34)—and in neutrophil activation and degranulation—in line with neutrophils count and neutrophil extracellular traps (NETs) that were reported to be associated with COVID-19 severity (40). Altogether, these first results confirmed that despite a small number of patients, our cohort exhibited similar immune characteristics compared with previous published cohorts of severe COVID-19 patients.

The need of robust predictive biomarkers of COVID-19 severity led us to deeply characterize the immune signature of hospitalized COVID-19 patients at admission to search for early immune specificities that are linked to later multi-organ failure and severity of the disease. We have observed a strong heterogeneity among hospitalized COVID-19 patients and found two distinct groups. These two sub-groups of hospitalized Covid-19 patients were characterized by a distinct immune gene signature, and clinical outcome.

The group 1 is closer to the control group whereas the group 2 is more distant. Indeed, compared to group 1, the group 2 overexpresses a signature linked to myeloid immune response, cytokine mediated signaling pathways including type I IFN, and neutrophils chemotaxis and under-expresses a signature linked to NK and CD8+ T cell responses, T cell activation, Th17 response and antigen presenting pathways. Conflicting results have been reported for the role of type I IFN in COVID-19 patients: while type I IFNs are essential to control the disease in the early steps of infection, it seems to exacerbate inflammation during severe disease (41).

Interestingly, we also found an over-expression in the group 2 of alarmins (S100A8 and S100A12) that have been shown to be specifically linked with neutrophil recruitment in fatal coronavirus infections (18, 20, 42). Of note, if pro-inflammatory cytokines were correlated with monocytes clusters more abundant in COVID-19 patients, they were not different between groups 1 and 2. This is probably due to the small number of patients in each group.

Dramatically, when we compared the clinical data between the two groups, the group 2 was more severe than the group 1, showing a strong correlation between immune signatures and the severity of the disease. Indeed, the group 2 was characterized by a multi-organ failure (as indicated by the SOFA score) and an increased mortality rate: 44% of the group 2, and only 12% in the group 1. Of note, the only patient from group 1 who died suffered from recurrent breast cancer.

To assess whether segregation of hospitalized severe patients was still found in an independent larger cohort, we applied our immune signatures A and B on a public database of 100 hospitalized COVID-19 patients (GSE157103). Again, the patients expressing the signature A at admission were more often admitted in ICU, needed more frequently invasive mechanical ventilation and their comorbidity (Charlson) and severity (SOFA and APACHE II) scores were higher than patients expressing the signature B. This result confirms the strength of the correlation between our immune profiles and the clinical severity of the disease.

Finally, knowing that our immune signature could be predictive of the clinical outcome of COVID-19, we created a score, the SARS-Score, to classify the patients with easy obtainable clinical data and highly specific genes. We propose a score, composed of eight clinical parameters reflecting multi-organ failure and seven genes from our transcriptomic analysis, after their validation at the protein level. Applied to our cohort, the SARS-Score allows perfectly discriminating patients of groups 1 and 2, either using clinical data and/or immune variables, and even allows proposing a therapy specific to the group the patient belongs to (Figure 6).




Figure 6 | Summary of the two groups of hospitalized COVID-19 patients. Groups 1 (blue, left part) and 2 (red, right part) have been defined on differential immune transcriptomic profiles that correspond to specific immune orientations. The plasmatic and clinical characteristics of these two groups allow to predictively classify the patients and personalize the therapeutic strategies to improve the outcome of COVID-19 patients.



Indeed, results about treatments of COVID-19 patients are highly controversial (43–46), probably in part because severe COVID-19 patients were considered as a homogeneous population. Based on the immune signature, we performed a drug gene set enrichment analysis to propose differential therapeutics, alone or in combination, that could specifically correspond to each group of patients. With this approach, we took into account both the specific pharmacology of the drug and the overall effect on the modulation of genes expression. We found several drugs that would revert the signatures A and B: our study suggests that inhibiting pro-inflammatory cytokines would be beneficial for group 2 patients. This could be achieved by cytokine receptors blockade such as Tocilizumab or Etanercept to target IL-6R or TNFαR, respectively. Blocking TNFαR has already been proposed in COVID-19 (47) and might be a strong candidate as it can regulate both signatures A and B. On the contrary, group 1 patients would probably benefit from drugs that activate antiviral adaptive immune cell responses. This could be achieved by repurposing molecules such as Imatinib, Thalidomide, Isotretinoin or Atorvastatin, that are already in clinical trials in COVID-19 (NCT04422678, NCT04273529, NCT04361422 and NCT04380402. respectively) (30, 48–50), or monoclonal antibodies targeting immune co-stimulatory molecules TNFRSF4 (OX40), TNFRSF18 (GITR) or LAG3 immune checkpoint (overexpressed in group 1 patients). Immunosuppressive drugs like Tacrolimus—in clinical trials in COVID-19 (NCT04341038)—appear also as a possible candidate in our study, although its use has been associated with high mortality among organ transplant recipients. Finally, glucocorticoids such as Dexamethasone, Prednisolone or Hydrocortisone seem to be able to both boost signature B profile and revert signature A. Interestingly, the clinical efficacy of corticosteroids have already been correlated with neutrophil-to-lymphocytes ratio, which we found as a marker of group 2 patients (51, 52).

Altogether, our study provides a fundamental understanding of the different immune profiles among severe hospitalized COVID-19 patients and provides a score which would be a useful tool to classify patients and propose accurate treatments for both groups of patients, towards a more personalized medicine against COVID-19.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by CERAPHP·5 00011928. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

JR, PEF and NJ performed the experiments. JR, PEF, AKi and MM performed bioinformatic analysis. JR, P-EF, NJ, and IC analyzed the data. NH, AKa, CS, ET, DS, AK, J-SH,ML, AF, JBA, JLD,MADD, and FP provided clinical samples and pathological data. IC designed and supervised the study. JR, PEF, NJ, MADD, FP and IC wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the “Institut National de la Sante et de la Recherche Medicale” (INSERM), Sorbonne Universite, Universite de Paris.



Acknowledgments

We thank the Hopital Europeen Georges Pompidou hospital for contributing to the tissue collection. We also thank the CHIC (Center of Histology Imaging and Cytometry) facility of the Centre de Recherche des Cordeliers.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.701273/full#supplementary-material



References

1. Wang, T, Du, Z, Zhu, F, Cao, Z, An, Y, Gao, Y, et al. Comorbidities and Multi-Organ Injuries in the Treatment of COVID-19. Lancet (2020) 395:e52. doi: 10.1016/S0140-6736(20)30558-4

2. Quah, P, Li, A, and Phua, J. Mortality Rates of Patients With COVID-19 in the Intensive Care Unit: A Systematic Review of the Emerging Literature. Crit Care (2020) 24:1–4. doi: 10.1186/s13054-020-03006-1

3. Zhou, F, Yu, T, Du, R, Fan, G, Liu, Y, Liu, Z, et al. Clinical Course and Risk Factors for Mortality of Adult Inpatients With COVID-19 in Wuhan, China: A Retrospective Cohort Study. Lancet (2020) 395:1054–62. doi: 10.1016/S0140-6736(20)30566-3

4. Merad, M, and Martin, JC. Pathological Inflammation in Patients With COVID-19: A Key Role for Monocytes and Macrophages. Nat Rev Immunol (2020) 20:355–62. doi: 10.1038/s41577-020-0331-4

5. Chua, RL, Lukassen, S, Trump, S, Hennig, BP, Wendisch, D, Pott, F, et al. COVID-19 Severity Correlates With Airway Epithelium-Immune Cell Interactions Identified by Single-Cell Analysis. Nat Biotechnol (2020) 38:970–9. doi: 10.1038/s41587-020-0602-4

6. Giamarellos-Bourboulis, EJ, Netea, MG, Rovina, N, Akinosoglou, K, Antoniadou, A, Antonakos, N, et al. Complex Immune Dysregulation in COVID-19 Patients With Severe Respiratory Failure. Cell Host Microbe (2020) 27:992–1000. doi: 10.1016/j.chom.2020.04.009

7. Lucas, C, Wong, P, Klein, J, Castro, TBR, Silva, J, Sundaram, M, et al. Longitudinal Analyses Reveal Immunological Misfiring in Severe COVID-19. Nature (2020) 584:463–9. doi: 10.1038/s41586-020-2588-y

8. Messner, CB, Demichev, V, Wendisch, D, Michalick, L, White, M, Freiwald, A, et al. Ultra-High-Throughput Clinical Proteomics Reveals Classifiers of COVID-19 Infection. Cell Syst (2020) 11:11–24.e4. doi: 10.1016/j.cels.2020.05.012

9. Wei, L-L, Wang, W-J, Chen, D-X, and Xu, B. Dysregulation of the Immune Response Affects the Outcome of Critical COVID-19 Patients. J Med Virol (2020) 92:2768–76. doi: 10.1002/jmv.26181

10. Vabret, N, Britton, GJ, Gruber, C, Hegde, S, Kim, J, Kuksin, M, et al. Immunology of COVID-19: Current State of the Science. Immunity (2020) 52:910–41. doi: 10.1016/j.immuni.2020.05.002

11. Blanco-Melo, D, Nilsson-Payant, BE, Liu, W-C, Uhl, S, Hoagland, D, Møller, R, et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell (2020) 181:1036–1045.e9. doi: 10.1016/j.cell.2020.04.026

12. Laing, AG, Lorenc, A, Del Molino Del Barrio, I, Das, A, Fish, M, Monin, L, et al. A Dynamic COVID-19 Immune Signature Includes Associations With Poor Prognosis. Nat Med (2020) 26:1623–35. doi: 10.1038/s41591-020-1038-6

13. Del Valle, DM, Kim-Schulze, S, Huang, H-H, Beckmann, ND, Nirenberg, S, Wang, B, et al. An Inflammatory Cytokine Signature Predicts COVID-19 Severity and Survival. Nat Med (2020) 26:1636–43. doi: 10.1038/s41591-020-1051-9

14. Galani, I-E, Rovina, N, Lampropoulou, V, Triantafyllia, V, Manioudaki, M, Pavlos, E, et al. Untuned Antiviral Immunity in COVID-19 Revealed by Temporal Type I/III Interferon Patterns and Flu Comparison. Nat Immunol (2021) 22:32–40. doi: 10.1038/s41590-020-00840-x

15. Zhang, Q, Bastard, P, Liu, Z, Le Pen, J, Moncada-Velez, M, Chen, J, et al. Inborn Errors of Type I IFN Immunity in Patients With Life-Threatening COVID-19. Science (2020) 370:eabd4570. doi: 10.1126/science.abd4570

16. Bastard, P, Rosen, LB, Zhang, Q, Michailidis, E, Hoffmann, H-H, Zhang, Y, et al. Autoantibodies Against Type I IFNs in Patients With Life-Threatening COVID-19. Science (2020) 370:eabd4585. doi: 10.1126/science.abd4585

17. Veglia, F, Perego, M, and Gabrilovich, D. Myeloid-Derived Suppressor Cells Coming of Age. Nat Immunol (2018) 19:108–19. doi: 10.1038/s41590-017-0022-x

18. Schulte-Schrepping, J, Reusch, N, Paclik, D, Baßler, K, Schlickeiser, S, Zhang, B, et al. Severe COVID-19 Is Marked by a Dysregulated Myeloid Cell Compartment. Cell (2020) 182:1419–40.e23. doi: 10.1016/j.cell.2020.08.001

19. Venet, F, Demaret, J, Gossez, M, and Monneret, G. Myeloid Cells in Sepsis-Acquired Immunodeficiency. Ann NY Acad Sci (2020). doi: 10.1111/nyas.14333

20. Silvin, A, Chapuis, N, Dunsmore, G, Goubet, A-G, Dubuisson, A, Derosa, L, et al. Elevated Calprotectin and Abnormal Myeloid Cell Subsets Discriminate Severe From Mild COVID-19. Cell (2020) 182:1401–18.e18. doi: 10.1016/j.cell.2020.08.002

21. Chen, G, Wu, D, Guo, W, Cao, Y, Huang, D, Wang, H, et al. Clinical and Immunological Features of Severe and Moderate Coronavirus Disease 2019. J Clin Invest (2020) 130:2620–9. doi: 10.1172/JCI137244

22. Rydyznski Moderbacher, C, Ramirez, SI, Dan, JM, Grifoni, A, Hastie, KM, Weiskopf, D, et al. Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations With Age and Disease Severity. Cell (2020) 183:996–1012.e19. doi: 10.1016/j.cell.2020.09.038

23. Rosas, IO, Bräu, N, Waters, M, Go, RC, Hunter, BD, Bhagani, S, et al. Tocilizumab in Hospitalized Patients With Severe COVID-19 Pneumonia. N Engl J Med (2021) 384:1503–16. doi: 10.1056/NEJMoa2028700

24. Salama, C, Han, J, Yau, L, Reiss, WG, Kramer, B, Neidhart, JD, et al. Tocilizumab in Patients Hospitalized With COVID-19 Pneumonia. N Engl J Med (2021) 384:20–30. doi: 10.1056/NEJMoa2030340

25. Stone, JH, Frigault, MJ, Serling-Boyd, NJ, Fernandes, AD, Harvey, L, Foulkes, AS, et al. Efficacy of Tocilizumab in Patients Hospitalized With COVID-19. New Engl J Med (2020) 383:2333–44. doi: 10.1056/NEJMoa2028836

26. Águas, R, Mahdi, A, Shretta, R, Horby, P, Landray, M, and White, L. CoMo Consortium. Potential Health and Economic Impacts of Dexamethasone Treatment for Patients With COVID-19. Nat Commun (2021) 12:915. doi: 10.1038/s41467-021-21134-2

27. Cordeiro, LP, Linhares, EONN, Nogueira, FGO, Moreira-Silva, D, and Medeiros-Lima, DJM. Perspectives on Glucocorticoid Treatment for COVID-19: A Systematic Review. Pharmacol Rep (2021) 73:728–35. doi: 10.1007/s43440-021-00225-3

28. RECOVERY Collaborative Group, Horby, P, Lim, WS, Emberson, JR, Mafham, M, Bell, JL, et al. Dexamethasone in Hospitalized Patients With COVID-19. N Engl J Med (2021) 384:693–704. doi: 10.1056/NEJMoa2021436

29. Waggott, D, Chu, K, Yin, S, Wouters, BG, Liu, F-F, and Boutros, PC. NanoStringNorm: An Extensible R Package for the Pre-Processing of NanoString mRNA and miRNA Data. Bioinformatics (2012) 28:1546–8. doi: 10.1093/bioinformatics/bts188

30. Rossi, R, Talarico, M, Coppi, F, and Boriani, G. Protective Role of Statins in COVID 19 Patients: Importance of Pharmacokinetic Characteristics Rather Than Intensity of Action. Intern Emerg Med (2020) 15:1573–6. doi: 10.1007/s11739-020-02504-y

31. Wang, H, Horbinski, C, Wu, H, Liu, Y, Sheng, S, Liu, J, et al. NanoStringDiff: A Novel Statistical Method for Differential Expression Analysis Based on NanoString Ncounter Data. Nucleic Acids Res (2016) 44:e151. doi: 10.1093/nar/gkw677

32. Chen, EY, Tan, CM, Kou, Y, Duan, Q, Wang, Z, Meirelles, GV, et al. Enrichr: Interactive and Collaborative HTML5 Gene List Enrichment Analysis Tool. BMC Bioinf (2013) 14:128. doi: 10.1186/1471-2105-14-128

33. Kuleshov, MV, Jones, MR, Rouillard, AD, Fernandez, NF, Duan, Q, Wang, Z, et al. Enrichr: A Comprehensive Gene Set Enrichment Analysis Web Server 2016 Update. Nucleic Acids Res (2016) 44:W90–7. doi: 10.1093/nar/gkw377

34. Overmyer, KA, Shishkova, E, Miller, IJ, Balnis, J, Bernstein, MN, Peters-Clarke, TM, et al. Large-Scale Multi-Omic Analysis of COVID-19 Severity. medRxiv (2020). doi: 10.1101/2020.07.17.20156513

35. Yoo, M, Shin, J, Kim, J, Ryall, KA, Lee, K, Lee, S, et al. DSigDB: Drug Signatures Database for Gene Set Analysis. Bioinformatics (2015) 31:3069–71. doi: 10.1093/bioinformatics/btv313

36. Zhou, T, Su, TT, Mudianto, T, and Wang, J. Immune Asynchrony in COVID-19 Pathogenesis and Potential Immunotherapies. J Exp Med (2020) 217:e20200674. doi: 10.1084/jem.20200674

37. Hadjadj, J, Yatim, N, Barnabei, L, Corneau, A, Boussier, J, Smith, N, et al. Impaired Type I Interferon Activity and Inflammatory Responses in Severe COVID-19 Patients. Science (2020) 369:718–24. doi: 10.1126/science.abc6027

38. Abers, MS, Delmonte, OM, Ricotta, EE, Fintzi, J, Fink, DL, de Jesus, AAA, et al. An Immune-Based Biomarker Signature is Associated With Mortality in COVID-19 Patients. JCI Insight (2021) 6:e144455. doi: 10.1172/jci.insight.144455

39. Bowman, ER, Cameron, CMA, Avery, A, Gabriel, J, Kettelhut, A, Hecker, M, et al. Levels of Soluble CD14 and Tumor Necrosis Factor Receptors 1 and 2 May be Predictive of Death in Severe Coronavirus Disease 2019 (COVID-19). J Infect Dis (2020) 223:jiaa744. doi: 10.1093/infdis/jiaa744

40. Janiuk, K, Jabłońska, E, and Garley, M. Significance of NETs Formation in COVID-19.  Cells (2021). doi: 10.3390/cells10010151

41. King, C, and Sprent, J. Dual Nature of Type I Interferons in SARS-CoV-2-Induced Inflammation. Trends Immunol (2021) 42:312–22. doi: 10.1016/j.it.2021.02.003

42. Guo, Q, Zhao, Y, Li, J, Liu, J, Yang, X, Guo, X, et al. Induction of Alarmin S100A8/A9 Mediates Activation of Aberrant Neutrophils in the Pathogenesis of COVID-19. Cell Host Microbe (2020) 29(2):222–35.e4. doi: 10.1016/j.chom.2020.12.016

43. Bansal, P, Goyal, A, Cusick, A, Lahan, S, Dhaliwal, HS, Bhyan, P, et al. Hydroxychloroquine: A Comprehensive Review and Its Controversial Role in Coronavirus Disease 2019. Ann Med (2021) 53:117–34. doi: 10.1080/07853890.2020.1839959

44. Li, G, Ruan, S, Zhao, X, Liu, Q, Dou, Y, and Mao, F. Transcriptomic Signatures and Repurposing Drugs for COVID-19 Patients: Findings of Bioinformatics Analyses. Comput Struct Biotechnol J (2021) 19:1–15. doi: 10.1016/j.csbj.2020.11.056

45. Khalil, A, Kamar, A, and Nemer, G. Thalidomide-Revisited: Are COVID-19 Patients Going to Be the Latest Victims of Yet Another Theoretical Drug-Repurposing? Front Immunol (2020) 11:1248. doi: 10.3389/fimmu.2020.01248

46. Asselah, T, Durantel, D, Pasmant, E, Lau, G, and Schinazi, RF. COVID-19: Discovery, Diagnostics and Drug Development. J Hepatol (2021) 74:168–84. doi: 10.1016/j.jhep.2020.09.031

47. Feldmann, M, Maini, RN, Woody, JN, Holgate, ST, Winter, G, Rowland, M, et al. Trials of Anti-Tumour Necrosis Factor Therapy for COVID-19 are Urgently Needed. Lancet (2020) 395:1407–9. doi: 10.1016/S0140-6736(20)30858-8

48. Emadi, A, Chua, JV, Talwani, R, Bentzen, SM, and Baddley, J. Safety and Efficacy of Imatinib for Hospitalized Adults With COVID-19: A Structured Summary of a Study Protocol for a Randomised Controlled Trial. Trials (2020) 21:897. doi: 10.1186/s13063-020-04819-9

49. Han, Y, Yang, L, Duan, X, Duan, F, Nilsson-Payant, BE, Yaron, TM, et al. Identification of Candidate COVID-19 Therapeutics Using hPSC-Derived Lung Organoids. bioRxiv (2020). doi: 10.1101/2020.05.05.079095

50. Li, Y, Shi, K, Qi, F, Yu, Z, Chen, C, Pan, J, et al. Thalidomide Combined With Short-Term Low-Dose Glucocorticoid Therapy for the Treatment of Severe COVID-19: A Case-Series Study. Int J Infect Dis (2021) 103:507–13. doi: 10.1016/j.ijid.2020.12.023

51. Cai, H, Liu, G, Zhong, J, Zheng, K, Xiao, H, Li, C, et al. Immune Checkpoints in Viral Infections. Viruses (2020) 12. doi: 10.3390/v12091051

52. Liu, Y, Du, X, Chen, J, Jin, Y, Peng, L, Wang, HHX, et al. Neutrophil-To-Lymphocyte Ratio as an Independent Risk Factor for Mortality in Hospitalized Patients With COVID-19. J Infect (2020) 81:e6–e12. doi: 10.1016/j.jinf.2020.04.002



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.

Copyright © 2021 Russick, Foy, Josseaume, Meylan, Hamouda, Kirilovsky, Sissy, Tartour, Smadja, Karras, Hulot, Livrozet, Fayol, Arlet, Diehl, Dragon-Durey, Pagès and Cremer. 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: 29 July 2021

doi: 10.3389/fimmu.2021.690653

[image: image2]


Eosinophil: A Nonnegligible Predictor in COVID-19 Re-Positive Patients


Xiaolu Li 1†, Deqing Yin 2†, Yanyan Yang 3†, Chunhua Bi 4, Zhibin Wang 1, Guangren Ma 5, Xiuxiu Fu 1, Shengxiang Ji 2*, Fachun Jiang 6* and Tao Yu 1,7*


1 Department of Cardiac Ultrasound, The Affiliated Hospital of Qingdao University, Qingdao, China, 2 Department of Microbiology, Linyi Center for Disease Control and Prevention, Linyi, China, 3 Department of Immunology, School of Basic Medicine, Qingdao University, Qingdao, China, 4 Department of Infectious Disease, The Affiliated Hospital of Qingdao University, Qingdao, China, 5 Department of Medical Education, Qingdao Chest Hospital, Qingdao, China, 6 Department of Infectious Disease, Qingdao Centre for Disease Control and Prevention, Qingdao Institute of Prevention Medicine, Qingdao, China, 7 Institute for Translational Medicine, The Affiliated Hospital of Qingdao University, Qingdao, China




Edited by: 

Kensuke Miyake, The University of Tokyo, Japan

Reviewed by: 

Sarah Rowland-Jones, University of Oxford, United Kingdom

Sheikh Rahman, Emory University, United States

*Correspondence: 

Tao Yu
 yutao0112@qdu.edu.cn 

Shengxiang Ji
 jsx0070077@126.com 

Fachun Jiang
 jfch88@126.com


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Viral Immunology, a section of the journal Frontiers in Immunology


Received: 03 April 2021

Accepted: 08 July 2021

Published: 29 July 2021

Citation:
Li X, Yin D, Yang Y, Bi C, Wang Z, Ma G, Fu X, Ji S, Jiang F and Yu T (2021) Eosinophil: A Nonnegligible Predictor in COVID-19 Re-Positive Patients. Front. Immunol. 12:690653. doi: 10.3389/fimmu.2021.690653



Although vaccine resources are being distributed worldwide, insufficient vaccine production remains a major obstacle to herd immunity. In such an environment, the cases of re-positive occurred frequently, and there is a big controversy regarding the cause of re-positive episodes and the infectivity of re-positive cases. In this case-control study, we tracked 39 patients diagnosed with COVID-19 from the Jiaodong Peninsula area of China, of which 7 patients tested re-positive. We compared the sex distribution, age, comorbidities, and clinical laboratory results between normal patients and re-positive patients, and analysed the correlation between the significantly different indicators and the re-positive. Re-positive patients displayed a lower level of serum creatinine (63.38 ± 4.94 U/L vs. 86.82 ± 16.98 U/L; P =0.014) and lower albumin (34.70 ± 5.46 g/L vs. 41.24 ± 5.44 g/L, P =0.039) at the time of initial diagnosis. In addition, two positive phases and the middle negative phase in re-positive patients with significantly different eosinophil counts (0.005 ± 0.005 × 109/L; 0.103 ± 0.033 × 109/L; 0.007 ± 0.115 × 109/L; Normal range: 0.02-0.52 × 109/L). The level of eosinophils in peripheral blood can be used as a marker to predict re-positive in patients who once had COVID-19.
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Introduction

On 11 February 2020, the World Health Organization (WHO) officially named the emerging infectious disease that broke out in Wuhan, China in December 2019 as coronavirus disease-19 (COVID-19). Subsequently, the aetiological agent was identified by the Coronavirus Study Group of the International Committee on Taxonomy of Viruses, and the virus causing this severe respiratory disease was named as severe acute respiratory syndrome coronavirus 2 (SARS-COV-2) (1). During the next few months, COVID-19 rapidly spread worldwide to become the highest threat caused by a pandemic. According to the latest statistics from the Johns Hopkins University, by August 16, 2020, the total number of COVID-19 cases globally exceeds 21.48 million, with over 771,000 deaths (2). The data is constantly updated with a rising infection and mortality rate reported. It is estimated that the global pandemic would last until June 2021, with intermittent lockdowns considered the ‘new normal’ (3). Additionally, it is estimated that 250 million people would be infected and 1.75 million deaths would occur worldwide by June 2021. Alarmingly, variants of the SARS-CoV-2 strain have been found in many countries around the world. However, there are still many controversies regarding the relationship between infectivity, pathogenicity, and the association between variation of the novel strain and the recurrence of the disease in patients (re-positive state). If the patient’s re-positive state cannot be effectively controlled, the prevention and control of the global pandemic and the allocation of medical resources will face greater stress for an unpredictable duration. In addition, clinicians and scholars are now concerned whether COVID-19 will become a refractory chronic disease due to the patient’s repeated re-positive episodes.

Since the outbreak of the disease, many research articles on clinical cases have focused on epidemiology, clinical features, laboratory examination, and imaging features, to promote the development of diagnosis and treatment of clinical patients. The criteria for Chinese COVID-19 patients to be cured and discharged include recovered of body temperature, improvement of respiratory symptoms, improvement of lesions by radiological examination, and negative viral nucleic acid test of respiratory specimens for two consecutive tests (4). However, it is worth noting that since February 2020, re-positive cases have been reported in succession (5–9). Especially at a time when vaccines are being distributed and administered quickly, there are cases of patients reactivating. Patients are defined re-positive if they meet the discharge criteria and show positive viral nucleic acid test results from pharyngeal swabs or rectal swab samples, during a continuous review after discharge. The appearance of these cases has attracted a lot of attention, as it is presently unknown whether returning re-positive patients can transmit the virus. In addition, there is no clinical and experimental data to determine whether the cause of a patient’s re-positive state is a false negative test result or virus re-positive or re-infection.

In this study, a total of 39 COVID-19 patients in Qingdao were retrospectively analysed, among which 7 patients developed a re-positive state. We studied the differences in epidemiological characteristics and clinical laboratory parameters, including blood count and serum biochemical examination, between re-positive patients and recovered patients, and at different phases of re-positive patients. We founded that male over the age of 45 year old appeared to account for a greater proportion of the re-positive patients from the Jiaodong Peninsula area. Both creatinine and eosinophils counts can be used as a marker to predict re-positive in patients who once had COVID-19. We hope to comprehensively summarize the significant characteristics of re-positive patients, to provide a reliable theoretical basis for clinical prediction, treatment, and effective control of re-positive episodes, and to provide a breakthrough for further in-depth studies of the causes of re-positive episodes and the mechanism of viral immunity.



Materials and Methods


Study Design and Patients

This case-control study included 39 patients diagnosed with COVID-19 admitted to The Affiliated Hospital of Qingdao University and Qingdao Chest Hospital from January 18 to November 7, 2020. The diagnosis, clinical classification (mild, medium, severe, and critical), and discharge criteria for patients with COVID-19 pneumonia are based on the COVID-19 Prevention and Control Plan (7th edition) published by the National Health Commission (3). Patients who met the required standards and were allowed to leave the hospital, were quarantined for 14 days as required, and were tested for SARS-COV-2 nucleic acid in a timely manner. From these patients, re-positive patients were admitted to the hospital again, and a detailed routine blood and serum biochemical examination was conducted, and their close contacts were isolated for observation.



Data Collection

The clinical records of 39 patients with COVID-19, including 7 re-positive patients, were reviewed. The clinical data obtained during the patient’s hospitalization were collected from electronic medical records by two trained researchers. We collected clinical data including age, sex, symptoms, comorbidities, laboratory test results, details of treatment, and clinical outcomes. All clinical data were independently examined and entered into the database by two investigators, and the final review and evaluation of the input data was performed by a third investigator. The patient’s clinical results were followed until November 7, and patients had only one re-positive.



RT-PCR Test

Positive results of reverse transcription PCR (RT-PCR) assays were used to confirm SARS-CoV-2 infection and define re-positive patients. Deep nasal swab or throat swab samples were collected, from which SARS-CoV-2 RNA was extracted. A SARS-COV-2 nucleic acid detection kit was used, and RT-PCR detection was performed according to manufacturer’s instructions. The RT-PCR amplified the SARS-CoV-2 genome’s open reading frame lab (ORF1ab) and nucleocapsid protein (N) regions, and the cycle threshold value was determined according to the manufacturer’s instructions. The details are as follows: ORF1ab: forward, 5’-CCCTGTGGGTTTTACACTTAA-3’, reverse,5’-ACGATTGTGCATCAGCTGA-3’ and Fluorescence, 5’-FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1-3’; N: forward, 5’-GGGGAACTTCTCCTGCTAGAAT-3’, reverse, 5’-CAGACATTTTGCTCTCAAGCTG-3’ and Fluorescence, 5’-FAM-TTGCTGCTGCTTGACAGATT-TAMRA-3’. The results of RT-PCR with no Ct value or a Ct value is 40 were reported as negative, while those with a Ct value less than 37 were reported as positive. When the Ct value is between 37 and 40, the result is considered suspicious positive. In addition, any suspected positive result was tested again. The sample is judged to be positive if the repeat results Ct value is less than 40, and amplification curve has obvious peaks, otherwise it is negative.



Statistical Analysis

Statistical analysis was performed using SPSS22.0 (IBM, Chicago). Descriptive statistics were generated to characterize the study population. Continuous variables were described as the mean with standard deviation or median with interquartile range. Univariable analysis between different groups was done using Student’s t-test and Kolmogorov-Smirnov test. Paired t-test was used to analyse the difference of clinical indicators of re-positive patients in the case of RT-PCR negative test and positive test, Next, factors with statistically significance (P<0.05) were further analysed by ANOVA for single factor repeated measurements followed by Bonferroni correction at different stages, and verified by the logistic cubic curve regression model. Results from the correlation are reported as p value. All reported p values are two-sided.




Results


Demographic and Epidemiological Characteristics

A total of 39 patients diagnosed with COVID-19 were discharged from the hospital between 29th January and 26th May, including 1 death, 5 severe cases, 21 non-severe cases, and 1 asymptomatic case. The discharged patients were followed up with for check-up for at least 14 days. As of June 9, 7 re-positive patients were found, comprising 2 female (28.6%) and 5 male (71.4%) patients. The mean age was 53.14 ± 21.65 years; 2 patients (28.6%) were younger than 45 years, whereas 5 patients (71.4%) were older than 45 years. In recovered patients who did not turn re-positive, 12 patients (37.5%) were male and 20 patients (62.5%) were female. The mean age was 46.69 ± 18.36 years, where 15 patients (46.9%) were younger than 45 years and 17 patients (53.1%) were older than 45 years. There were no significant differences in age (P =0.484) or sex distribution (P =0.205) between the re-positive and recovered groups. Of these re-positive patients, 6 (85.7%) had at least one comorbid condition listed in which hypertension, hyperlipidaemia, diabetes, and chronic bronchitis. History of sick contact was present in all patients. During the initial diagnosis of COVID-19 in the re-positive groups, there were 2 severe cases and 5 non-severe cases. The date of onset of re-positive episodes ranged from January 27 to March 6, 2020. The mean duration of the first RT-PCR positive period duration was 13.67 (10-18) days, and the mean duration of the subsequent RT-PCR negative period was 22.67 (6-47) days. The mean duration of RT-PCR re-positive prior was 10.40 (2-18) days. In one patient, the symptoms during the re-positive period were more severe than during the initial infection, but the clinical examination showed that it might be associated with bacterial infection. The symptoms of the other patients during the re-positive period were milder than in their initial infection, or there were no visible clinical symptoms during the re-positive period, except for the positive RT-PCR test results (Table 1).


Table 1 | Baseline characteristics of re-positive patients with COVID-19.





Differences Between Re-Positive and Recovered Patients

To study the differences between the re-positive patients and recovered patients, we compared and analysed the routine blood and serum biochemical indexes at admission, and found that the creatinine levels of re-positive patients were significantly lower than that of recovered patients (63.38 ± 4.94 U/L vs. 86.82 ± 16.98 U/L; P =0.014). Creatinine is a marker of kidney injury, and viral infection can lead to increased creatinine levels. Lower creatinine levels were observed in re-positive patients at the time of initial diagnosis, which cannot be explained. However, these results suggest that creatinine levels at the time of initial diagnosis may be a potential indicator of developing re-positive episodes in the future. Another indicator of a significant difference was a lower level of serum albumin concentration in patients with re-positive patients (34.70 ± 5.46 g/L vs. 41.24 ± 5.44 g/L, P =0.039) (Figure 1). In severe patients with COVID-19, a variety of inflammatory indicators will be increased. Some indicators have been reported in published articles to assess the severity and predict the prognosis of COVID-19 (10–13). In this study, we compared inflammatory indicators, including C-reactive protein (CRP), white blood cell count, neutrophil count, lymphocyte count, and Neutrophil-to-lymphocytes ration (NLR), and the results show that there is no significant difference in these indicators between the patients who are re-positive and those who are not (Table 2).




Figure 1 | The indicators of significant difference between patients with and without re-positive. Re-positive patients had lower serum creatinine concentrations (A) and albumin concentrations (B) at the time of initial admission than did recovered patients. Yellow represents the re-positive patients, and blue represents the recovered patients. All quantification graphs represent mean ± SD.




Table 2 | Comparison of laboratory indicators between re-positive and recovered group.



For all demographic data, clinical characteristics and laboratory findings in univariate analysis, we identified each variable that showed and/or reached statistical significance with p<0.05 between the patients who are re-positive and those who are not. For Pearson correlation analyses, variables initially entered the model included serum creatinine level and serum albumin concentration. Results showed that serum creatinine level was the only significant variable (p =0.014) and it can be independently predicted for re-positive of COVID-19.



Characteristics of Clinical Indicators in Re-Positive Patients

In order to describe the clinical laboratory characteristics of re-positive patients at different stages and identify the clinical indicators that can be associated with re-positive episodes, we analysed the blood routine and serum biochemistry of re-positive patients. The results showed that eosinophil counts decreased significantly to abnormal values during both the initial diagnosis and the re-positive episode (0.005 ± 0.005 × 109/L; 0.103 ± 0.033 × 109/L; 0.007 ± 0.115 × 109/L; Normal range: 0.02-0.52 × 109/L). We then analysed the difference in eosinophil counts in re-positive patients at different stages (initial diagnosis, recurrent negative stage, and recurrent positive stage), and found that a significant difference existed between the recurrent negative stage and the other two stages (P =0.002) (Figure 2). In addition, there was no abnormal platelet counts in the three stages (166.17 ± 20.84 × 1012/L: 267.00 ± 62.19 × 1012/L: 162.25 ± 23.82 × 1012/L), but we found that the platelet count of re-positive patients in the negative phase was significantly higher than that in the other two phases (P =0.004). These findings suggest that platelet counts and eosinophil counts appear to indicate the course of the COVID-19 disease in patients, especially in re-positive patients (Figure 3). Since the symptoms of the re-positive period were milder than that of the initial diagnosis period, we specifically compared the inflammatory indicators of the two periods and found no significant difference (Table 3).




Figure 2 | The indicators of significant difference between patients with and without re-positive. Re-positive patients had lower serum creatinine concentrations (A) and albumin concentrations (B) at the time of initial admission than did recovered patients. Yellow represents the re-positive patients, and blue represents the recovered patients. all quantification graphs represent mean ± SD.






Figure 3 | Platelet counts in re-positive patients of COVID-19 at different phases. The platelet count of the patients with re-positive was lower than that of the negative stage in the initial stage and the re-positive stage, and the difference was statistically significant. (A) Platelet count at different stages of the patients. The X-axis represents the stage of the patient's course, which is segmented based on RT-PCR results, and the Y-axis is the value of the index. The red dots represent the positive results of RT-PCR and the blue dots represent the negative results of RT-PCR. The values are the mean values. Data that is not shown is not available. (B) Correlation between platelet count and RT-PCR results. R2 represents the degree of fit between the data points and the curve. The number on X-axis represents four rounds of RT-PCR.




Table 3 | Comparison of inflammatory indicators between re-positive phase and initial diagnosis phase.



We identified that eosinophil counts and platelet count showed reached statistical significance with p<0.05 among the different phases of re-positive patients. After one-way ANOVA analyses, results showed that eosinophil counts (Figure 2B) and platelet counts (Figure 3B) were significant variable which could indicate the progression of patient’s course of COVID-19.




Discussion

The outbreak of COVID-19 has caused a global crisis, as the disease continues to spread with the number of cases increasing rapidly. Despite the emergence of candidate vaccines (14), it remains to be seen whether the vaccines can continue to effectively protect the population from infection and prevent re-positive episodes in the context of rapid viral mutations. In the absence of specific drugs and natural immunity, the re-positive episodes of patients discharged from hospitals have a negative impact on the treatment and control of the disease, and mental health of the patients. Therefore, it is particularly important to master the monitoring indices for the prediction of the rate of recurrence in order to successfully determine the causes of the re-positive episodes.

The patients tracked in this study were treated in accordance with the guidelines followed during their first confirmed hospitalization and were discharged after meeting the criteria. After discharge, all patients were strictly quarantined and observed, where re-positive patients were isolated from other infected patients. Therefore, we excluded the cases of patients re-infected with the virus, and selected six patients that were re-positive after treatment of their first viral infection. Presently, there is a lack of conclusive evidence on why patients have developed re-positive episodes, however from existing reports, we propose a few theories: (1) the virus may have an intermittent dormancy period where the immune response and corresponding clinical symptoms caused by the infection have reduced, however the virus may continue to persist in patients, leading to positive nucleic acid detection results. Studies have shown that the median duration of the loss of SARS-CoV-2 from patients was 20 days, where the shortest duration was 8 days and the longest was 37 days when the virus could be detected in the body of a deceased patient until the time of death (15). However, another study observed that a COVID-19 patient displayed pulmonary absorption one week after admission; however, the throat swab test still yielded positive results. The patient tested positive for the virus for 49 days, however, the test result was negative on the 51st day after infection (16). The duration of re-positive episodes in the patients tracked in our study ranged from one week to one month, which may be related to the continuous release of the virus from the lower respiratory tract. However, the dormancy period and clearance characteristics of SARS-CoV-2 in the body of patients are still not fully understood. (2) Insufficient course of drug treatment and incomplete viral clearance: re-positive episodes may be due to the suppression of viral replication due to drugs utilised during hospitalization and insufficient or lower viral load during detection resulting in false-negative results. However, the actual virus may not have been completely cleared from the body. After discharge from the hospital, a decrease or suspension of the use of drugs prescribed may lead to an increase in the proliferation of the virus, leading to a positive nucleic acid test result. (3) Error in sample collection: Most nucleic acids detected by RT-PCR assays are obtained from nasal or throat swab samples. The location from where the sample is collected may be inaccurate, and the virus might not be captured in the sample despite following the procedure. Factors such as sample transportation, commissioning, and detection kits used also influence the test results. A study involving 610 patients with SARS-CoV-2 infection reported a high proportion of false-negative RT-PCR test results (16, 17). In our study, the six patients not only had negative results twice in a row, but also showed no symptoms of viral infection or signs of respiratory infection at the time of their first discharge. At the second admission, there were no symptoms as their chest CT scans were normal, and laboratory test data of re-admitted patients showed no significant differences compared to data from their first diagnosis. Therefore, initial false-negative test results have to be accounted for when studying re-positive cases determined by RT-PCR.

It has been reported that the proportion of re-positive in adolescents under 14 years of age is higher than the proportion over the age of 14 years; patients with severe symptoms during hospitalization were found to not develop re-positive episodes (17). However, in our follow-up case, there were 2 re-positive patients with severe symptoms, and our study found that there were no significant differences in age between re-positive patients and recovered patients, which may indicate that the likelihood of developing re-positive episodes is not closely related to the severity of the condition at the first diagnosis or age of the patients. In addition, studies have found that male patients generally have higher infection and death rates than female patients (18), which is believed to be due to the influence of hormones, and the higher expression of the viral receptor, angiotensin-converting enzyme 2 (ACE2) protein in males (19). In addition, studies have reported that non-coding RNA has an important regulatory role in cardiovascular disease (20, 21). As a cardiovascular regulator, ACE2 may play a potential role in the re-positive of COVID-19 and may be regulated by non-coding RNA, which is worthy of further development research. Our study found that there was no significant difference in the number of male and female re-positive patients, which may be because ACE2 does not play a key role in developing re-positive episodes. It is worth noting that due to the small number of cases selected in this study, and the concentration of cases in the Jiaodong Peninsula region, this study may only represent the characteristics of the re-positive cases in this region.

We found that serum creatinine level is closely related to whether patients will be re-positive or not. As a product of muscle metabolism, serum creatinine is metabolized out of the body through the kidney. Studies have found that the kidney’s ability to clear creatinine decreases with aging (22). Even though there were no significant differences in age and gender distribution between the re-positive and non-repositive groups, we found that male over the age of 45 appeared to account for a greater proportion of the re-positive patients. Age-related changes in creatinine levels, even if not out of the normal range, seem to have the potential to be a sensitive early predictor of the likelihood of re-positive. However, how does the change of aging and creatinine affect re-positive, which still needs more and more in-depth research to confirm and verify.

Eosinophils have powerful immune functions and are thought to be associated with disorders such as asthma and allergies. Studies have shown that severe respiratory syncytial virus infection is closely related to the recruitment and degranulation of eosinophils into the pulmonary parenchyma (23, 24), playing a key role in promoting tissue damage and bronchospasm. However, eosinophils are vital for immune function, especially for developing immunity against viral infections. Studies have confirmed that eosinophils have antiviral activity against respiratory syncytial virus in vitro, and it has been observed that eosinophil counts in the lungs are always elevated before the onset of disease, regardless of the respiratory virus initially inoculated (25). Studies have found that the percentage of eosinophils in patients diagnosed with COVID-19 is abnormally low, and by analysing the correlation of eosinophils, fever, and pneumonia, it was found that COVID-19 and fever are negatively correlated with the percentage of eosinophils, and the ratio of eosinophils to neutrophils (26). In addition, it has been reported that the duration of SARS-CoV-2 load is 3-14 days and eosinophil counts continue to 7-9 days, and eosinophilia may be an indicator of COVID-19 improvement (27). Existing studies have shown that eosinophils are associated with poor prognosis, and there is evidence that eosinophils are associated with acute respiratory deterioration (28–30). Consistently, the ICU metastasis rate was significantly higher in the eosinopenia group than in the non-eosinopenia group (31). Moreover, eosinophil reduction has been reported in patients with SARS-CoV-2 infection, which can be improved when the viral load in patients is reduced (27, 32), and a study have shown that the recovery of eosinophils has independent prognostic value for the course of mild diseases (33). One study tested the hypothesis that the decrease in eosinophils was associated with a malfunction of the innate immune response, and found that the decrease in eosinophils was specific for COVID-19 (34). In addition, a prospective observational study in France suggested that eosinopenia could be used as an adjuvant index for patients with suspected COVID-19, since it is more sensitive and specific than lymphocytes (35), and another study reached the same conclusion (36). In our study, we found that patients in the stages of initial infection and re-positive episodes display significantly decreased eosinophil counts. Consistent with previous research, this finding suggests that eosinophil counts are a reliable indicator of re-positive episodes, not only for the diagnosis and progression of COVID-19, but also for the continuous monitoring of patients after discharge.

In addition, this study had several limitations, and the biggest one is that sample size is too little, because there are only 7 re-positive cases from a relatively limited area are included. Secondly, because our research is retrospective, we have not been able to detect the information of the virus sequence. As a result, the comprehensive and in-depth research is necessary. Further research needs to include as many re-positive patients as possible in a wider area and need to detect virus sequence accordingly, so that the diagnostic value of eosinophils for re-positive patients can be more reliably confirmed, and it can also help clinicians to analyse and grasp more comprehensively characteristics of re-positive patients.



Conclusion

In this study, it was found that the age, sex, and severity of the disease of patients at the time of initial diagnosis were not closely related to recurrence of COVID-19, however, male older than 45 years with comorbidities account for a greater proportion of the patients. There were significant differences in the creatinine levels of re-positive patients and recovered patients at the time of initial diagnosis. Although the patients showed clinical symptoms that were milder in the re-positive phase than in the initial diagnosis phase, clinical laboratory test results showed no significant difference in inflammatory indicators between the two phases. Regarding the clinical characteristics of re-positive patients, this study found that eosinophil counts decreased significantly in both the initial diagnosis and re-positive phases, whereas it increased normally in the negative phase. Similarly, the platelet counts of re-positive patients were significantly lower during the initial diagnosis and re-positive phases than during the negative phase.

In summary, the levels of creatinine and albumin may be able to help differentiate between a re-positive population at initial diagnosis, and eosinophils counts may play a role in determining the stage of the patient’s disease, but their role in viral immunity and re-positive patients needs further study. So these evidences give us a thought, does the proliferation of SARS-COV-2 virus cause eosinophilia reduction in the body? Is drug regulation of eosinophils potentially effective in controlling virus replication which could prevent for reinfection with SARS-COV-2 virus? Hopefully, these problems could attract more attention, and more studies are definitely needed for further investigation.
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Coronavirus disease 2019 (COVID-19) broke out and then became a global epidemic at the end of 2019. With the increasing number of deaths, early identification of disease severity and interpretation of pathogenesis are very important. Aiming to identify biomarkers for disease severity and progression of COVID-19, 75 COVID-19 patients, 34 healthy controls and 23 patients with pandemic influenza A(H1N1) were recruited in this study. Using liquid chip technology, 48 cytokines and chemokines were examined, among which 33 were significantly elevated in COVID-19 patients compared with healthy controls. HGF and IL-1β were strongly associated with APACHE II score in the first week after disease onset. IP-10, HGF and IL-10 were correlated positively with virus titers. Cytokines were significantly correlated with creatinine, troponin I, international normalized ratio and procalcitonin within two weeks after disease onset. Univariate analyses were carried out, and 6 cytokines including G-CSF, HGF, IL-10, IL-18, M-CSF and SCGF-β were found to be associated with the severity of COVID-19. 11 kinds of cytokines could predict the severity of COVID-19, among which IP-10 and M-CSF were excellent predictors for disease severity. In conclusion, the levels of cytokines in COVID-19 were significantly correlated with the severity of the disease in the early stage, and serum cytokines could be used as warning indicators of the severity and progression of COVID-19. Early stratification of disease and intervention to reduce hypercytokinaemia may improve the prognosis of COVID-19 patients.
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Introduction

Coronavirus disease 2019 (COVID-19) is a novel infectious disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that has rapidly spread throughout the world (1, 2). As of 16 June 2021, there have been 176,156,662 confirmed cases of COVID-19 worldwide, including 3,815,486 deaths, reported to WHO. Although a total of 2,310,082,345 vaccine doses have been administered, SARS-CoV-2 mutates rapidly, so the number of confirmed coronavirus cases and the proportion of deaths are still increasing.

With no effective treatment directly targeting SARS-CoV-2, COVID-19 is associated with a fatality rate of around 1-3%, which is commonly linked to the development of acute respiratory distress syndrome (ARDS) (3, 4). ARDS is a life-threatening complication as the alveolar-capillary barrier is compromised and fluid leaks into the lungs, which is the leading cause of mortality for COVID-19 patients (5). Hypercytokinemia, which is also called cytokine storm, was found in SARS-CoV-2 infection, and thought to contribute to acute lung injury and development of ARDS (6–9). Pathological changes consistent with cytokine storms have been observed in COVID-19 patients, particularly in severe or critically ill cases (10, 11).

Our previous study revealed that immunological disorders play an important role in the progression of COVID-19 (12, 13). The specific pathogenesis of cytokine storm is still unclear. The key to reduce the mortality of COVID-19 is to clarify the pathogenesis, explore specific therapeutic targets, and screen early targets for severe disease. Here, we investigated the serum cytokine in COVID-19 patients and attempted to find accurate markers for predicting fatal outcomes and reveal the immune mechanism related to COVID-19.



Methods


Clinical Specimens

Hospitalized COVID-19 patients were admitted between January 2020 and March 2020. Hospitalized pandemic influenza A (H1N1) patients and healthy volunteers were enrolled at the same time. COVID-19 and H1N1 infections were confirmed in the laboratory with protocols reported previously (14, 15). The classification of COVID-19 subtype was based on the eighth edition of Diagnostic and Treatment Protocol for COVID-19 in China. Mild-type COVID-19 cases included nonpneumonia and mild pneumonia. The severe type manifested as dyspnoea, respiratory rate ≥ 30 breaths per minute, blood oxygen saturation ≤ 93%, partial pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2) ratio < 300, and/or lung infiltrates > 50% within 24–48 hours. Critical cases exhibited respiratory failure, septic shock, and/or multiple organ dysfunction/failure. Patients with HIV, tumor, organ transplant status, pregnancy status and autoimmune diseases are excluded from this study. Finally we enrolled a total of 75 COVID-19 patients, including 28 mild cases, 30 severe cases and 17 critical cases.

We also recruited 23 H1N1 patients. The control group consisted of 34 healthy individuals who visited the First Affiliated Hospital of Zhejiang University for routine health examinations. All healthy subjects had normal liver biochemistry tests and Chest X-ray without evidence of cardiovascular diseases, liver diseases, diabetes or other diseases. A summary of the clinical information of the patients is shown in Table 1 and Supplementary Table 1.


Table 1 | Clinical characteristics of subjects including COVID-19 patients, H1N1 patients and healthy controls in this study.



This study was approved by the Institutional Review Board of the First Affiliated Hospital, School of Medicine, Zhejiang University (numbers IIT2020-136, numbers IIT20200148A), and written informed consent was obtained from all participants. The Declaration of Helsinki was strictly followed.


Data Extraction

Clinical and demographic data were retrieved from all participants electronic medical records. These data included age, gender, comorbidities, symptoms, the severity of illness scores at admission. APACHE II score is a severity of disease classification system, which based upon initial values of 12 routine physiologic measurements, age, and previous health status to provide a general measure of disease severity (16). Here we used to assess the severity of COVID-19 as previously reported (17, 18). Laboratory variables that were evaluated included levels of blood routine examination (white blood cells, hemoglobin, platelet, neutrophil and lymphocyte), coagulation function (D-Dimer), biochemical examination [alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), c-reactive protein (CRP), creatinine (Cr)] and serum ferritin. The reference values for the normal ranges of laboratory tests were in accordance with those used by the hospital laboratory.

Human pharyngeal swabs or sputum specimens and peripheral venous blood were collected at the earliest possible time point after hospitalization (9). Blood from healthy subjects was collected after physical examination. Serum samples were processed in the laboratory within 4 hours after collection and stored at −80°C until analysis. All biochemical indices were measured using an automatic analyzer (Hitachi 7600, Tokyo, Japan). Hematological parameters were analyzed using an automated hematology analyzer (Sysmex XN-9000). International normalized ratio (INR) was determined using the coagulation method with a Sysmex CS-2000i Analyser (Sysmex, Kobe, Japan) (19, 20).



Extraction of RNA and Real-Time RT-PCR

Viral infections were confirmed by real-time reverse-transcription polymerase chain reaction (PCR) with the RNeasy Mini Kit (QIAGEN, Germany) using sputum and throat swab specimens (8). If the data passed the quality controls, they were analysed.




Cytokine and Chemokine Measurements

Multiplex immunoassays based on magnetic beads for selected serum biomarkers by a Bio-Plex Pro Human Cytokine Screening Test Kit (48-Plex #12007283, Bio-Rad), with a Bio-Plex 200 Suspension Array System (Bio-Rad, Hercules, CA) were processed in a BSL-2 Laboratory following the manufacturers’ instructions. Primary data were analysed using Bio-Plex Manager Software Version 6.1.1. Forty-eight cytokines that were quantified are listed as follows: Cutaneous T-cell attractant chemokine (CTACK); Eosinophil chemotactic protein (Eotaxin); basic fibroblast growth factor (FGF Basic); granulocyte colony-stimulating factor (G-CSF); granulocyte-macrophage colony-stimulating factor (GM-CSF); chemokine (C-X-C motif) ligand (CXCL) 1 (GRO-α); hepatocyte growth factor (HGF); interferon (IFN) alpha 2; IFN-γ; interleukin (IL) IL-1α; IL-1β; IL-1 receptor agonist (IL-1ra ); IL-2; IL-2ra; IL-3; IL-4; IL-5; IL-6; IL-7; IL-8; IL-9; IL-10; IL-12 p40 subunit (IL-12 (p40)); IL-12(p70); IL-13; IL-15; IL-16; IL-17; IL-18; Interferon-γ-inducible protein 10 (IP-10); leukemia inhibitory factor (LIF); monocyte chemoattractant protein (MCP) 1; MCP-3; macrophage colony-stimulating factor (M-CSF); Macrophage migration inhibitory factor (MIF); chemokines monokine induced by interferon (IFN)-γ (MIG); macrophage inflammatory protein (MIP) 1α; MIP-1β; beta-nerve growth factor (β-NGF); platelet-derived growth factor bb (PDGF-BB); regulated on activation, normal T cell expressed and secreted (RANTES); stem cell factor (SCF); stem cell growth factor beta (SCGF-β); stromal cell–derived factor 1a (SDF-1α); tumor necrosis factor -alpha (TNF-α); TNF-β; TNF-related apoptosis-inducing ligand (TRAIL); vascular endothelial growth factor (VEGF).



Statistical Analysis

Statistical analyses were performed with SPSS (version 20.0, SPSS Inc, Chicago, IL, USA). The figures were generated by GraphPad Prism (version 8.0, La Jolla, CA, USA). Continuous variables were expressed as median and interquartile range (IQR) values. The Kolmogorov–Smirnov test was used to assess whether continuous data were normally distributed. For the data of continuous numerical variables that conform to normal distribution and have homogeneity of variance, we carried out variance analysis to determine whether differences in the levels of cytokines between groups were statistically significant. For the data that do not exhibiting a normal distribution, nonparametric test was used. The differences between rates were tested by chi-square test or Fisher exact test, if appropriate. Correlations between variables were evaluated using Spearman’s correlation test. Logistic regression and receiver operating curve (ROC) analyses were performed to determine the diagnostic value. In all analyses, a P value < 0.05 derived from a 2-tailed test was considered statistically significant. For multiple comparison, we used Bonferroni correction to adjust P value.




Results


Patient Information

The main demographic characteristics of enrolled COVID-19 patients (COVID-19 group), H1N1 patients (H1N1 group) and healthy controls (HC group) were similar. The median age of the COVID-19 patients was 53 years (IQR, 39-62.5 years), and 46 (61.3%) were men. The median age of the H1N1 patients was 55 years (IQR, 39–67 years), 9 (39.1%) were men. The median age of healthy controls were 55 years (IQR, 49.8-59 years), and 20 (58.8%) were men. There was no statistical difference in age and sex among the three groups.

In COVID-19 group, the most common comorbidities were hypertension (33.3%), diabetes (13.3%) and liver diseases (10.7%). The main symptoms of the COVID-19 patients were fever and cough. The most common comorbidities were hypertension (21.7%) and respiratory disorders (21.7%) for H1N1 patients, and the most common symptoms were cough and expectoration. Respiratory disorders were more frequent in H1N1 patients, whereas other comorbidities (cardiovascular diseases, liver diseases, diabetes and hypertension) were equally distributed across H1N1 group and COVID-19 group. At the time point which serum specimens are collected, 6 patients were hospitalized in the ICU ward and the rest were in general isolation ward. The patient was transferred to the general ward after the nucleic acid turned negative. 1 COVID-19 patient underwent lung transplantation after the nucleic acid test of SARS-CoV-2 turned to negative. The mortality rate within 28 days was 0 in both COVID-19 group and H1N1 group.



Hypercytokinaemia in COVID-19 Patients

In this study, 48 cytokines and chemokines in the peripheral blood samples of the subjects were analysed. In general, hypercytokinaemia was observed in COVID-19 group compared with HC group and H1N1 group. 33 cytokines were significantly increased in the 75 COVID-19 patients compared with the HC group (Figure 1), including CTACK, G-CSF, GM-CSF, GRO-a, HGF, IFN-α2, IFN-γ, IL-1a, IL-1β, IL-2ra, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p70), IL-12(p40), IL-13, IL-15, IL-17, IL-18, IP-10, LIF, M-CSF, MIF, MIG, β-NGF, SCGF-β, SDF-1a, TNF-α, TNF-β and VEGF.




Figure 1 | Comparison of serum cytokine concentrations between COVID-19 patients, H1N1 patients and healthy controls. Serum from COVID-19 patients (N=75), H1N1 patients (N=23) and healthy controls (N=34) were collected and 48 kinds of cytokines were measured. The horizontal line represents the median. Of the cytokine examined, 33 cytokines were significantly increased in COVID-19 patients when compared with the healthy controls, 29 cytokines were significantly increased in the COVID-19 group compare with H1N1 group. *P < 0.05, **P < 0.01, ***P < 0.001.



Compared with the H1N1 group, 29 cytokines were significantly increased in the COVID-19 group, including CTACK, G-CSF, GM-CSF, GRO-α, HGF, IFN-a2, IL-1α, IL-1β, IL-2ra, IL-5, IL-7, IL-8, IL-9, IL-10, IL-12(p70), IL-12(p40), IL-13, IL-15, IL-17, IL-18, LIF, MIF, MIG, β-NGF, SCGF-β, SDF-1α, TNF-α, TNF-β and VEGF.



Correlation Between Levels of Cytokines and SARS-CoV-2 Viral Titer

Sputum or throat swab samples from COVID-19 patients were collected for detection of virus load. Sputum or throat swab samples from 35 patients were obtained on the same day blood was drawn within 2 weeks after disease onset; the virus titer was quantitatively detected, and the results are expressed by the CT value, as previously reported (21). Through correlation analysis between the virus CT value and 33 significantly elevated cytokines, the level of 3 cytokines, including IP-10 (ρ=-0.415, p=0.013), HGF (ρ=-0.381, p=0.024) and IL-10 (ρ=-0.344, p=0.043) were correlated positively with the virus titer (Figure 2).




Figure 2 | Correlations between serum cytokine level and virus titers in COVID-19 patients. The virus quantitative detection results were expressed by CT value for the SARS-CoV-2 gene by quantitative real-time reverse transcription-PCR as previously described. Viral loads from 35 patients within 2 weeks after disease onset were acquired. The levels of 3 cytokines, including IP-10, HGF and IL-10, were positively correlated with the virus titers.





Association Between Levels of Cytokines and the Severity of COVID-19

To further determine whether the level of cytokines that significantly elevated are associated with the severity of COVID-19, cytokine levels were compared between mild, severe and critical types. As shown in Figure 3, when compared with the mild type, the level of 2 cytokines were significantly increased in severe cases, including G-CSF and M-CSF. When compared with the mild type, the level of 2 cytokines were significantly elevated in critical cases, including IP-10 and M-CSF.




Figure 3 | Comparison of serum cytokine concentrations between COVID-19 patients with different severity of illness. Serum samples from critically ill (N=17), severe (N=30), and mild (N=28) COVID-19 patients were collected at the earliest possible time point after hospitalization for assays measuring the concentrations of 48 cytokines. 2 cytokines with significantly increase in severe cases when compared with mild type, including G-CSF and M-CSF. 2 cytokines with significantly increase in critical cases when compared with mild type, including IP-10 and M-CSF. *P < .05, **P < .01.



At the same time, we analyzed the correlation between 33 significantly elevated cytokines and APACHE II score in 9 patients in the first week after disease onset. We found a significant positive correlation between the following cytokines and the severity of the COVID-19, which including IL-1β (ρ=0.77, p=0.015) and HGF (ρ=0.83, p= 0.006), while GRO-α (ρ=-0.68, p=0.046), IL-9 (ρ=-0.78, p=0.0139), TNF-α (ρ=-0.71, p=0.0325) and TNF-β (ρ=-0.86, p=0.0029) were negative correlated with disease severity (Table 2).


Table 2 | Cytokine which highly related with APACHE II score in COVID-19.





Correlation Between Levels of Cytokines and Multisystem Function

To clarify the correlation between cytokines and clinical indicators, we analyzed the correlation between cytokines and creatinine, troponin I (TNI), procalcitonin (PCT), and international normalized ratio (INR) within two weeks after disease onset for significantly elevated cytokines (Supplementary Table 2). The correlation analysis showed that G-CSF (ρ=0.45, p=0.0007), HGF (ρ=0.43, p=0.0010), IL-1β (ρ=0.43, p=0.0010) and M-CSF (ρ=0.42, p=0.0015) were positively correlated with the level of Cr. GRO-a (ρ=-0.47, p=0.0006) and IL-17 (ρ=-0.43, p=0.0019) were negatively correlated with the level of TNI. IL-6 (ρ=0.41, p=0.0017) and IL-8 (ρ=0.42, p=0.0012) were positively correlated with the level of INR. IL-18 (ρ=0.46, p=0.0004) was positively correlated with the level of PCT.



Independent Predictors of Cytokines and Their Diagnostic Value

Univariate analyses were carried out to identify prognostic factors for significantly elevated cytokines (Table 3). In this part, 55 patients within 2 weeks after COVID-19 onset were included. In univariate analysis, the level of G-CSF (OR = 1.0034, 95% CI 1.0000– 1.0067, p = 0.0475), HGF (OR = 1.0018, 95% CI 1.0001–1.0035, p = 0.0411), IL-10 (OR = 1.1930, 95% CI 1.0349– 1.3752, p = 0.0150), IL-18 (OR = 1.0087, 95% CI 1.0002– 1.0173, p = 0.0460), M-CSF (OR = 1.0541, 95% CI 1.0066– 1.1038, p = 0.0251) and SCGF-β (OR = 1.000, 95% CI 1.000– 1.000, p = 0.0271) were associated with the severity of COVID-19.


Table 3 | Results of univariate analyse identifying independent cytokine associated with the severity of COVID-19.



ROC curve analysis was also performed to evaluate the relative efficiencies to predict the severity of the disease for significantly elevated cytokines. 55 patients within 2 weeks after COVID-19 onset were included in the analysis, as shown in Table 4. 11 kinds of cytokines could predict the prognosis of patients with severe and critical disease, including G-CSF, HGF, IL-6, IL-7, IL-8, IL-10, IL-18, IP-10, M-CSF, MIG and SCGF-β. Among which IP-10 (AUC: 0.74, 95%CI: 0.61-0.88, P =0.003) had the largest area under ROC curve, and IP-10 was also the most sensitive cytokine. M-CSF (AUC: 0.72, 95%CI: 0.59 - 0.86, P =0.006) was the most specific cytokine, which was also an excellent predictor for disease severity.


Table 4 | Receiver operating characteristic (ROC) curve analysis by cytokines for COVID-19 patients to predicting severity of the disease.






Discussion

COVID-19 remains a continuing threat globally due to the increasing number of deaths. Medical scientists and biologists around the world are still working to reduce morbidity and fatality. It is important to clarify the pathogenesis of the disease, the early warning indicators and the intervention targets of the disease (6, 7, 22). In our study, we revealed hypercytokinemia is present in patients with COVID-19, and significantly associated with the severity of early stage.

In our study, 33 cytokines were significantly elevated in COVID-19 patients compared with healthy controls. Both anti-inflammatory cytokines (such as IL-10 and IL-13) and pro-inflammatory cytokines (such as IL-1β, IL-6, IP-10, G-CSF, IL-8, IL-17 and IFN-γ) were significantly increased in COVID-19 patients, suggesting a serious immune disorder, which has been reported in other pathogenic coronaviruses (CoV) including Middle East respiratory syndrome coronavirus (MERS-CoV), severe acute respiratory syndrome coronavirus (SARS-CoV) (21, 23, 24). We compared the current literature on cytokines of COVID-19, and found that the research methods of the three studies were similar. Due to the different levels of disease severity, the results are not exactly the same. There are 38 (6), 27 (7) and 31 (22) cytokines increased in this three study compared with healthy controls, while among which 27(27/38, 71%), 22(22/27, 81.5%) and 24(24/30, 80%) cytokines were also increased in our study separately. Moreover, 14 cytokines were significantly increased in all 4 studies, including HGF, IL-1β, IL-2ra, IL-6, IL-7, IL-10, IL-13, IL-18, G-CSF, M-CSF, MIG, IP-10, IFN-a2 and IFN-γ. IP-10, also known as CXCL10, has been demonstrated that it can induce the chemotactic activity and migration of granulocyte, monocytes, macrophages and lymphocytes (25). A large number of studies on COVID-19 reported that IP-10 has been considered as an important biomarker of severe disease (6, 22, 25–28). IP-10-CXCR3 signaling seems to be a key factor in the pathological deterioration of SARS, H7N9 infection and ARDS (21, 23, 29). It has been reported that influenza infections had higher IP-10 concentrations than coronavirus, enterovirus or rhinovirus, and paramyxovirus (30). Our study found that there was no significant difference in the elevated level of IP-10 between patients with H1N1 and COVID-19. Therefore, we believe that IP-10 may play an important role in lung injury due to a variety of causes, rather than a specific marker of COVID-19. Antibody targeting IP-10 may be a promising strategy for the treatment of lung injury and ARDS.

IL-13 and IL-10 as anti-inflammatory cytokines were also significantly elevated in COVID-19 patients. A study that enrolled 548 patients found that high cytokine levels (IL-2R, IL-6, IL-10, and TNF-α) were significantly associated with severe COVID-19 on admission, whose findings correspond with our results (31). The appearance of elevated IL-10 may not play an effective protective role, but suggest a latent immune effort to control cytokine storm, which are unfortunately too late (32). Studies have revealed that IL-13 is a driver of COVID-19 severity (33), and could disrupts type 2 pneumocyte stem cell activity (34). While IL-13 neutralization results in reduced disease and lung hyaluronan deposition. The role of these anti-inflammatory factors remains to be further elucidated.

Among the 33 elevated cytokines, 29 cytokines in the COVID-19 group were higher than those in the H1N1 group, but there were no significant differences in IP-10, M-CSF, IFN-γ, and IL-6. This may indicate that these 4 cytokines may play an important role in the severity of viral respiratory diseases. Studies have reported differences in immunological characteristics between patients with H1N1 and COVID-19 (17). But our findings reveal more severe cytokine storms in COVID-19 compared with H1N1. The pathologic findings of the H1N1 patients are typical of alveolar pneumonia, which includes alveolar edema and inflammatory infiltrates in the lungs, preserving the integrity of the alveolar walls and the microstructure of the organs (17). And the inflammatory infiltrates observed in the lungs were composed of macrophages, polymorphonuclear cells, and scarce lymphocytes. SARS-CoV-2 induced intense and extensive inflammatory lung infiltrates, as well as thickness of alveolar walls, hemorrhages, and partial loss of the histological architecture of the lung, and macrophages is the primary inflammatory infiltrating cell in the lungs. The significantly elevated cytokine levels in peripheral blood were parallel to lung injury, further confirming the importance of cytokine storm in lung injury.

Many studies have focused on the correlation between viruses and the severity of diseases, but the research reports on the correlation between cytokines and viruses are limited. We found that the level of IP-10 was moderately positively correlated with viral titers, while the levels of HGF and IL-10 were weakly positively correlated with viral titers. Mathieu Blot’s studies found that the concentrations of IP-10 were elevated in the COVID-19 ARDS group, but without correlation between ELF IP-10 and viral load (26). Ying Chi has reported that the serum levels of MCP-1, G-CSF, and VEGF were weakly and positively correlated with viral titers (7). Yingxia Liu revealed 17 cytokines were linked to 2019-nCoV loads according to 25 samples from 12 COVID-19 patients (6). In our study, 3 elevated cytokines including IP-10, HGF and IL-10 were included in Yingxia Liu’s finding. These studies were characterized by a small number of cases, repeated sampling of the same patient and mild cases. Our results suggest the correlation between viruses and cytokines in the early stages of COVID-19. In comparison, our research is more complete and more convincing.

Statistical analysis showed that the cytokines of COVID-19 patients within 1 week after disease onset were correlated with the severity of the disease. The levels of HGF and IL-1β in the first week after disease onset were positively correlated with disease severity, while the levels of four cytokines (GRO-a, IL-9, TNF-α and TNF-β) were negatively correlated with APACHE II score. There was no such correlation in the second week after disease onset, indicating that hypercytokinemia in the early stage after disease onset was closely related to the severity of COVID-19, and that immune disorders might be the initial factor causing the severity of the disease. Whether GRO-a, IL-9, TNF-α and TNF-β play protective roles in COVID-19 has not been eliminated at present, which needs further confirmation by basic experiments. Similar to Chi Ying's findings, they reported most of the cytokines whose levels were associated with the severity of COVID-19 peaked at 6 to approximately 8 days (acute phase of disease) after onset (7). Therefore, we believe that early control of cytokine storm can improve the progression of the disease. But once in the late stage, cytokine storm is no longer correlated with the severity of the disease, which has caused organ damage and secondary infection, and it is difficult to reverse the disease.

The progression of COVID-19 usually involves multiple organs damage. Correlation analysis of cytokines and clinical indicators showed that hypercytokinemia was closely related to cardiac function, renal function and coagulation function. It may even be associated with secondary infections. IL-6 and IL-8 were positively correlated with INR here. Lung-centric coagulopathy may play an important role in the pathophysiology in the severe COVID-19 patients (35). It's reported that IL-6 may contribute to this pathology by inducing coagulation cascades (36), and IL-8 also could activates coagulation, which may be possible therapeutic targets (37). A significant positive correlation was found between IL-18 and PCT in our study. Indeed IL-18 is a biomarker to differentiate sepsis and septic shock status (38). Serum IL-18 concentration was found to correlate with inflammatory markers and reflect COVID-19 severity, consistent with our findings (39). Therefore, blocking cytokine storm in time may play an important role in protecting organ function and even avoiding secondary infection. Several studies have attempted to treat cytokine storm with monoclonal antibodies, including anti-IL-6 and anti-IL-8 in small samples (40–42). Our previous study found that the use of artificial liver support system can clear the cytokine storm and reduce the mortality of COVID-19, which indirectly supports this theory (29).

We analyzed whether these cytokines could be used as predictors for the disease progression of COVID-19. Our subjects were divided into moderate group and severe /critically group, just as the study reported by Yang Yang, in whose study subjects were divided into two groups, including non-ARDS group (the moderate patients) and ARDS group (critically ill and severe patients). 6 cytokines, including IP-10, MCP-3, IL-1ra, M-CSF, HGF and IL-6 were found highly associated with disease severity and predict the progression of COVID-19, among which 4 cytokines are consistent with our study. While in our study, 11 cytokines were shown to have good predictive ability. The predictive power of IP-10 was the best, with the highest sensitivity. Cytokines including M-CSF, G-CSF, HGF, IL-6, IL-7, IL-8, IL-10, IL-18, MIG and SCGF-β also exhibited good predictive value.

There are some limitations in our study. First, this is a single-center retrospective study. Due to the timely control of the epidemic, the sample size was small, especially lack of longitudinal samples. In the future, more multi-center studies in other parts of our country, and even other countries with different levels of disease severity are needed to verify these results. Because correlation does not necessarily reflect any causation, studies in cell and animal models are needed for a comprehensive interpretation of the clinical results. Finally, serum isolated from peripheral blood may not fully reflect the immune response that occurs in infected tissues, another cytokine milieu including peripheral intracellular cytokines, and even in the organs such as lung, kidney, and heart are also need to be further investigated.

In this study, we revealed the correlation between the cytokine storm induced by SARS-CoV-2 and the severity of early disease. A profile of cytokines, including IP-10 and M-CSF can be used as biomarkers for the prediction of severity in the early stage of COVID-19. Blocking cytokine storm may improve multiple organ function and reduce mortality in COVID-19 patients. Thus our findings provide a theoretical basis that early blocking of cytokine storm plays an important role in the treatment of disease, and timely identification of severe disease is of great significance for the diagnosis and treatment of COVID-19.
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Background

Prediction of the severity of COVID-19 at its onset is important for providing adequate and timely management to reduce mortality.



Objective

To study the prognostic value of damage parameters and cytokines as predictors of severity of COVID-19 using an extensive immunologic profiling and unbiased artificial intelligence methods.



Methods

Sixty hospitalized COVID-19 patients (30 moderate and 30 severe) and 17 healthy controls were included in the study. The damage indicators high mobility group box 1 (HMGB1), lactate dehydrogenase (LDH), aspartate aminotransferase (AST), alanine aminotransferase (ALT), extensive biochemical analyses, a panel of 47 cytokines and chemokines were analyzed at weeks 1, 2 and 7 along with clinical complaints and CT scans of the lungs. Unbiased artificial intelligence (AI) methods (logistic regression and Support Vector Machine and Random Forest algorithms) were applied to investigate the contribution of each parameter to prediction of the severity of the disease.



Results

On admission, the severely ill patients had significantly higher levels of LDH, IL-6, monokine induced by gamma interferon (MIG), D-dimer, fibrinogen, glucose than the patients with moderate disease. The levels of macrophage derived cytokine (MDC) were lower in severely ill patients. Based on artificial intelligence analysis, eight parameters (creatinine, glucose, monocyte number, fibrinogen, MDC, MIG, C-reactive protein (CRP) and IL-6 have been identified that could predict with an accuracy of 83−87% whether the patient will develop severe disease.



Conclusion

This study identifies the prognostic factors and provides a methodology for making prediction for COVID-19 patients based on widely accepted biomarkers that can be measured in most conventional clinical laboratories worldwide.
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Introduction

The recent emergence of a novel, pathogenic SARS-coronavirus 2 (SARS-CoV-2) in China and its rapid spread caused a global COVID-19 pandemic affecting more than 165 million people worldwide. SARS-CoV-2 infects host cells by binding to angiotensin-converting enzyme 2 (ACE-2) receptor primed by host transmembrane serine protease 2 (TMPRSS2), a multidomain type II transmembrane serine protease of the hepsin/TMPRSS subfamily (1). After passing the initial replication stage, SARS-CoV-2 causes a disease of varied severity. The disease varies from an asymptomatic condition in children, teenagers and young adults to a severe, lethal disease in the elderly (2). COVID-19 infection in a susceptible person can cause hyperinflammatory syndrome induced by the inappropriate triggering of danger sensing accompanied by cytokines and chemokines release, complement activation, and potentially life-threatening failure of respiratory, renal and hepatic systems, which can lead to death (3–7).

Importantly, 14−17% of COVID-19 patients develop a severe form of the disease requiring oxygen support and admission to the intensive care unit (ICU) (8–10). Underlying medical conditions such as diabetes, chronic cardiac diseases, chronic kidney diseases and obesity contribute to the severity of COVID-19 (11, 12). Moreover, it was recently shown that genetic factors could predispose to severe disease, including DNA polymorphisms in ACE2, TMPRSS2 (13) or HLA-I genotype (14). The COVID Human Genetic Effort has identified mutations in the type I interferon (IFN) pathway that may account for 14% of severe COVID-19 cases (2). In this regard, production of type I IFN is defective in severe COVID-19 patients (15). However, the severity of the disease in a large group of patients cannot be explained only by genetic predisposition. Various combinations of inflammatory cytokines and biochemical factors have been shown to be typical in more severe COVID-19. For example, IL-6, CRP and Krebs von den Lungen-6 (KL-6) together have been shown to be indicators of the severity of COVID-19 (16). Patients admitted to ICU had higher levels of IL-6, CRP and procalcitonin (17). Moreover, in severe cases, lymphopenia and higher levels of ALT, LDH, CRP, ferritin and D-dimer have been detected, as well as higher levels of IL-6, IL-10, IL-2RA and TNF-α (2).

Prediction of the severity of COVID-19 at its onset is important for providing adequate and timely management to reduce mortality. A combination of cytokines has been shown by using unsupervised principal component analysis to predict different degrees of severity of COVID-19. That analysis has shown the key roles of TNF-α, IL-6, IL-8, IL-1β and type I IFNs in patients undergoing extracorporeal membrane oxygenation (ECMO) (18). Notably, less seriously affected patients have been characterized by a type I IFN response, with increased IFN-α and IFN-β (18). That finding reconfirmed earlier studies showing that inborn errors in type I IFN response could underlie the lethality COVID-19 (19). Moreover, a combination of factors has been shown to be predictive of increased mortality. Laguna-Goya et al. have demonstrated that high IL-6, CRP, LDH, ferritin, D-dimer, neutrophil count, and neutrophil-to-lymphocyte ratio are all predictive of mortality (20). When a machine learning-based model was applied, CRP, age, LDH, ferritin and IL-10 turned out to be predictors of COVID-19 related mortality (21).

Severely ill COVID-19 patients often develop multiorgan damage, including in liver (22), kidney (23) and heart (24); this damage was associated with coagulation abnormalities and thrombosis (25). It is well known that virally infected or dying cells emit endogenous damage-associated molecular pattern molecules (DAMPs), which serve as danger signals. These molecules have non-immunological functions inside viable cells but their emission by dead or damaged cells triggers an immune response (26). HMGB1, one of the most extensively studied DAMPs, is correlated with the severity of tissue damage in patients with numerous lung disorders, including severe pneumonia (27). In a recent study, COVID-19 patients admitted to ICU had higher levels of HMGB1 compared to healthy controls (28). Several other damage molecules, such as LDH, AST and ALT, are often associated with multiorgan damage and might be used to estimate the severity of COVID-19 infection (29). However, it is difficult to predict disease severity in a large group of patients, and a more complex multifactorial analysis and prediction methods are needed to predict the development of severe disease upon hospitalization in order to initiate early treatment and possibly achieve better outcomes. Therefore, in the current study, we examined tissue damage markers such as HMGB1, LDH, AST, ALT and blood coagulation parameters, in combination with the profile of 47 cytokines, and analyzed them by unbiased machine learning methods (Logistic Regression, Support Vector Machine and Random Forest) to identify a combination of factors that could help to predict severe COVID-19.

Machine learning algorithms are widely used in medicine, including the study of COVID-19 (30). Recent studies using machine learning are devoted to assessing disease severity in COVID-19 patients based on blood and urine tests (31), determination of cytokine profiles associated with the severity and mortality of patients with COVID-19 (18), development of prognostic models for predicting mortality of patients with COVID-19 (32, 33), analysis of chest computed tomography (CT) scans (34), identification of novel drug candidates against COVID-19 (35), and many others. In this study we investigated the possibility of predicting the severity of COVID-19 by using cytokines/blood test data. To solve the binary classification problem, we built a logistic regression model, named Support Vector Machine and Random Forest, which is widely used to construct clinical prediction models (36–38).



Methods


Patients

This prospective study was performed at the University Clinic of Privolzhsky Research Medical University, Nizhny Novgorod, Russia. It was conducted in accordance with the Declaration of Helsinki and approved by the local ethics committee of Nizhny Novgorod State University. Male and female patients aged 18−85 years old were included in the study on day 1−3 of hospitalization. All participating patients provided written, informed consent. Pregnant women and patients with severe immunodeficiency were excluded. Only hospitalized patients in whom the presence of SARS-CoV-2 in pharyngeal swabs was determined by real-time reverse-transcription polymerase chain reaction (RT-PCR). Between May 2020 and August 2020, 60 COVID-19 patients were enrolled. The healthy controls (n=17) were contact patients, who had no complaints and were tested negative by an antigen RT-PCR test. The demographic characteristics of the patients are provided in Table 1. The diagnosis of COVID-19 and treatment were made according to the Ministry of Health of Russian Federation “Temporary guidelines on the prevention, diagnosis and treatment of COVID-19” version 7.0 (39). The patients were separated into two groups according to the severity of pulmonary involvement and the need for oxygen support. Oxygen was supplied through masks but four patients were mechanically ventilated. Peripheral blood samples were taken on the day of hospitalization, during the second week, and in some cases during week seven. The control group was represented by healthy volunteers of the corresponding age without acute viral infection.


Table 1 | Demographics and baseline characteristics of patients included in the study.





Cytokine Analysis

Peripheral blood samples were collected in weeks 1, 2 and 7 by venous puncture and sera were stored at −80°C until analysis of cytokines. The analysis was performed on serum in which there was no hemolysis. The sera were thawed, spun (3000 rpm, 10 min) to remove debris and incubated with antibody-immobilized beads overnight at 2−8°C. Assays were run according to the manufacturer’s instructions using a human cytokine/chemokine/growth factor 47-plex panel and a Millipore kit for Luminex (Merck KGaA, Darmstadt, Germany). The following were analyzed: sCD40L, epidermal growth factor (EGF), eotaxin, fibroblast growth factor 2 (FGF-2), Fms-related tyrosine kinase 3 ligand (FLT-3L), fractalkine, granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), growth-regulated oncogene) - alpha (GRO-α), IFN-α2, IFN-γ, IL-1α, IL-1β, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IL-17E/IL-25, IL-17F, IL-18, IL-22, IL-27, IP-10, monocyte chemoattractant-1 (MCP-1), MCP-3, macrophage colony-stimulating factor (M-CSF), MDC, MIG, macrophage inflammatory protein 1α (MIP-1α), MIP-1β, platelet-derived growth factor (PDGF-AA), PDGF-AB/BB, TGF-α, tumor necrosis factor (TNF-α), TNF-β, vascular endothelial growth factor (VEGF-A). Measurements and data analyses were performed using the standard set of programs Magpix (Milliplex MAP). Serum LDH activity was analyzed using a kinetics method according to the manufacturer’s instructions (DDS in vitro Solutions, Pushchino, Russia).

Biochemical studies (glucose, creatinine, C-reactive protein, AST, ALT) were performed on an Indiko automatic biochemical analyzer (ТhermoScientific, Finland) using the manufacturer’s reagents. Control materials were produced by RANDOX (Randox Laboratories, UK). Coagulation parameters (fibrinogen, D-dimer) were analyzed on coagulation analyzer ACL TOP 500 (Instrumentation Laboratory, USA) using the manufacturer’s reagents.



HMGB1 Analysis

Serum HMGB1 was assayed by using an ELISA kit according to the manufacturer’s instructions (IBL International, Hamburg, Germany).



Dataset and Pre-Processing for Building AI Models

To build prediction models for COVID-19 severity, we considered 30 moderate and 30 severe cases. We chose only 19 cytokines and blood markers (MDC, glucose, creatinine, fibrinogen, CRP, IL-6, TNF-α, IL-8, MIP-1β, IL-18, MIG, IP-10, ALT, LDH, APTT, D-dimer, HMGB1, neutrophil counts, monocyte counts) for which the differences between controls and patients and/or between severe and moderate were statistically significant. We focused on the results of cytokines/blood tests carried out during the first days after hospitalization (week 1).

The resulting dataset was pre-processed for use of machine learning algorithms. The missing values were replaced with the average value for the respective group. Since most algorithms depend on data scaling, the data were normalized by z-score normalization, also known as standardization. The values of each attribute were transformed using the following formula , where µ and σ are the mean and the standard deviation of the feature values, respectively. To solve the problem of binary classification, patients with a moderate course of COVID-19 were assigned to class 0, and those who had severe disease to class 1.



Prediction Algorithms

We used three classification algorithms to predict the severity of COVID-19. Logistic regression is a model in which the response is a categorical variable denoting a patient class (40). Logistic regression using a logistic function allows estimation of the probability of a binary response based on predictor variables.

Support Vector Machine, and in particular Support Vector Classifier, is an algorithm based on finding a hyperplane in a feature space that best separates data points belonging to different classes (41). The aim is to define the optimal hyperplane that has the maximum margin, i.e., the maximum distance between data points in the two classes. Margin maximization is performed so that future data points can be classified with more confidence.

Random forest is an ensemble of concurrently trained independent decision trees (42). Each individual tree from the ensemble predicts the class of a patient, and then the class with the most votes becomes the prediction of the Random Forest Classifier. Decision tree is a tree-structured classifier in which nodes represent certain decision rules, which allows splitting the feature space into parallelepipeds containing objects of only one class (43).

A cross-validation approach was used to select the model hyperparameters (the regularization parameter in logistic regression and support vector machine models, as well as the number of decision trees in random forest). Since the dataset is small and there is no way to divide it into two independent datasets for training and testing, then the cross-validation was used to develop predictive models and measure their performance. In particular, we used leave-one-out cross-validation approach, which is preferred for small datasets: machine learning algorithms are trained N times on N - 1 objects from the sample and then tested on the remaining one. Here, N is the total number of considered objects in the sample. The final performance measure is defined as the average of the values computed for each partition. The prediction abilities of the models were compared using the classification accuracy (ratio of true predictions to all predictions).

The above algorithms were implemented using Python v3.7.5 and scikit-learn package v0.23.1. The data were visualized by principal component analysis performed using R v4.0.2 with the prcomp function from stats package and fviz_pca_biplot function from factoextra package. Principal component analysis is a technique used to identify strong patterns in a dataset and transform high-dimensional data to low-dimensional data (2D or 3D) so that it can be visualized easily (44). The new subspace is defined to maximize data variability in the orthogonal projection onto the subspace.


Most Important Feature Selection

An advantage of the classification algorithms adopted here is that they quantify the importance of features. The larger this number, the greater the influence of the marker on the prediction of the target variable. If there is an evaluator that assigns weights to features, we can perform recursive features selection in order to leave the most significant markers. Additionally, the removal of some features from consideration can improve the classification accuracy. We used the recursive feature elimination strategy (RFE function from scikit-learn Python package) together with each classifier to eliminate the redundant features and to select the most important ones.




Statistical Analysis

P values comparing moderate to severe cases are produced by comparison of the data between the two groups for normal (Gaussian) distribution (alpha = 0.05) using D’Agostino & Pearson test for the demographics and baseline characteristics of patients. The normally distributed data were analyzed by the unpaired parametric test, while unpaired non-parametric data were analyzed by Mann-Whiney test. The levels of inflammatory mediators, damage parameters and biochemical parameters in the sera of patients (severe, moderate and healthy controls) were analyzed by one-way ANOVA and Kruskal-Wallis test for multiple comparisons. The significance of the p-values are as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. Following analysis for Gaussian distribution, Pearson correlation coefficient and two-tailed p values were calculated for the selected datasets using GraphPad Prism 9.0.




Results


Characteristics of the Patients

All the patients in the study were hospitalized with COVID-19. The diagnosis of COVID-19 and treatment were made according to the Ministry of Health of Russian Federation “Temporary guidelines on the prevention, diagnosis and treatment of COVID-19” version 7.0” (39). Their demographic characteristics are summarized in Table 1. The most common complaints were high fever, cough, muscle weakness, shortness of breath, anosmia, chest pain, headache, and muscle ache. Less common were throat pain and diarrhea. The patients were hospitalized for a median of 9.1 ± 6 days to 9 ± 3.6 days for severely and moderately ill patients, respectively. At admission, severely ill patients had a higher breathing rate than patients with moderate COVID-19. Peripheral capillary oxygen saturation (SpO2) reached 95.2 ± 1.9% in moderate cases and was lower in severe cases (89.9 ± 5.3%). Fifteen patients with severe COVID-19 received non-invasive oxygen support, while those with a moderate form of the disease did not require oxygen support.

Lung damage as assessed by computed tomography reached more than 75% in 27 out of 30 severely ill patients, and two more patients progressed to 75% lung damage in week two. One patient had 50% lung damage. Only 10% of the patients with moderate COVID-19 had 75% lung damage, 27% had about 25%, and in 63% lung damage exceeded 25%. Lesion volume in both lungs was scored on a semi-quantitative scale according the to the Russian national guidelines (45, 46) from CT-0 to CT-4 with a 25% step (CT-0: 0%, CT-1: 25%, CT-2: 50%, CT-3: 75%, CT-4: 100%). Half of the severely affected patients were admitted to the ICU for 9 ± 3.6 days. All four deceased patients were mechanically ventilated and died from acute respiratory distress syndrome and endotoxic shock.

Most of the severely affected COVID-19 patients had comorbidities (80%). The most common comorbidities in severely ill patients were arterial hypertension (80%), diabetes (43%), malignancy (16%), and chronic lung diseases (6.6%). However, only 60% of the moderate cases had comorbidities, and the most common was arterial hypertension (53%, Table 1). All patients had pneumonia with typical ground glass opacities in computed tomography (CT) scans of the lungs. Thromboembolic events occurred in 56% of the patients with severe disease but in only 16% of patients with moderate disease.



Inflammatory Markers

The cytokine and chemokine levels were analyzed in serum of patients at admission, two weeks after admission, and in week seven. In agreement with previously published studies (17, 47–49), we observed a hyperinflammatory syndrome in severe cases, which required oxygen support. In serum of patients with severe COVID-19, the levels of IL-6, MIG, TNF-α, IL-8, IL-18 and IP-10 were higher than in the healthy controls (Figures 1A–G), while in moderate disease only the levels of IL-18, IL-8 and IP-10 were higher. At hospital admission, only three cytokines were different between the severe and moderate groups, namely IL-6, MIG and MDC. IL-6, a cytokine that was attributed mostly to the cytokine storm (48), was significantly increased in severe cases in weeks 1 and 2, while patients with a moderate form of the disease did not show an increase in IL-6 levels (Figure 1A). In week 1, MIG was lower in severely ill patients than in patients with moderate disease (Figure 1E). MDC was significantly lower in severe than in moderate disease in weeks 1 and 2. TNF-α levels were strongly increased in moderate and severe disease in week 1, but in week 7 it was at the detection limit. MIP-1β significantly increased in week 2 in both moderate and severe disease. IL-8 and IL-18 were increased in moderate and severe disease during weeks 1 and 2, but the levels were normalized in week 7. IP-10 was increased in both severe and moderate disease in week 1, it was higher in moderate disease in week 1, and normalized starting from week 2. In severe cases, the IP-10 levels remained high in week 2 but by week 7 it diminished to control values (Figure 1B).




Figure 1 | The levels of inflammatory mediators IL-6 (A), IP-10 (B), IL-8 (C), MIP-1β (D), MIG (E), IL-18 (F), TNF-α (G), IL-17F (H) and MDC (I) in the sera of patients with moderate or severe COVID-19. Cytokines were analyzed in healthy controls (n = 17) and in moderate or severe COVID-19 cases in week 1 (W1), week 2 (W2) and week 7 (W7) by Luminex. The data from moderate COVID-19 cases in W1 (n = 30), W2 (n = 18) and W7 (n = 13), and in severe cases in W1 (n = 29), W2 (n = 15) and W7 (n = 8) are presented as scatter plots of each individual value with a line at the median. The data were analyzed by one-way ANOVA and Kruskal-Wallis test for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



IL-17 levels were not different between the two severity groups, with the exception of two patients with severe disease in whom IL-17 increased in week 2 and remained elevated in week 7 (Figure 1H).

Thus, the severely sick patients had higher levels of TNF-α, IL-6, IL-8, IL-18, MIG and IP-10 than the healthy controls, while in patients with moderate disease only IL-8, IP-10 and IL-18 were significantly higher than in healthy controls. In both groups, the cytokine levels returned to control levels by week 7. Noteworthy is that the levels of 18 of the 47 cytokines tested were above the detection limit. The levels of cytokines that were not different between the groups are presented in Figure E1.



Organ Damage Markers

The classical organ damage parameters, including LDH and ALT, were significantly higher in weeks 1 and 2 in severe cases than in healthy controls, but were fully normalized in week 7 (Figures 2A, B). The levels of creatinine showed the same trend (Figure 2D). In contrast, HMGB1, a damage-associated molecular pattern, was also increased from week 1 but remained high in moderately and severely ill patients up to week 7 (Figure 2F). AST was not different between the groups (Figure 2C).




Figure 2 | Damage parameters in serum of patients with a moderate or severe form of COVID-19. Lactate dehydrogenase (LDH) (A), alanine aminotransferase (ALT) (B), aspartate aminotransferase (AST) (C), creatinin (D), C reactive protein (CRP) (E) and high mobility group box 1 (HMGB1) (F) were analyzed in sera from controls (n = 17) moderate COVID-19 cases in W1 (n = 30), W2 (n = 18) and W7 (n = 13), severe cases in W1 (n = 29) and W2 (n = 15), and severe cases in W7 (n = 8) are presented as scatter plots of each individual value with a line at the median. The data were analyzed by one-way ANOVA and Kruskal-Wallis test for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



The CRP levels were high at admission and normalized by week 7 (Figure 2E). Notably, we observed a strong correlation of LDH with CRP (Figures E2A, B). In week 2, a correlation existed between LDH and HMGB1 (Figure E2C). Moreover, ferritin (Figure 3E), fibrinogen and D-dimer levels (Table 2) were higher in the severe cases than in moderate cases.


Table 2 | The analysis of blood coagulation parameters in peripheral blood at admission (week 1) and at week 2.






Figure 3 | The peripheral blood counts (A–D), serum ferritin (E) and glucose levels (F) from healthy controls (n = 17), moderate COVID-19 cases in week 1 (W1) (n = 30), week 2 (W2) (n = 18) and week (W7) (n = 13), and in severe cases in W1 (n = 29), W2 (n = 15) and W7 (n = 8) are presented as scatter plots of each individual value with a line at the median. The data were analyzed by one-way ANOVA and Kruskal-Wallis test for multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.





Monocyte Activation in Severe COVID-19 Patients

The patients with moderate disease had normal counts of white blood (WBC), neutrophils and lymphocytes in their peripheral blood throughout the course of the disease (Figure 3). However, the monocytes were significantly upregulated from the first week in moderately ill patients but normalized by week 7. In severe cases, the numbers of WBC were increased during weeks 1 and 2 (Figure 3A) but returned to normal, with the exception of two patients who continued to have elevated WBC counts. Remarkably, monocytes were strongly increased in severely ill patients in weeks 1 and 2 but returned to normal in week 7 (Figure 3C). In severely ill patients, neutrophils increased steeply in weeks 1 and 2. One patient maintained high neutrophil count up to week 7 (Figure 3B). Again, the number of monocytes were strongly increased in weeks 1 and 2 in severe cases but returned to normal in week 7. The patients with severe disease have shown lymphopenia at week 1 while the lymphocyte numbers in moderate cases were comparable to controls.

The increase in peripheral monocyte count in severe cases was accompanied by higher levels of IL-6, IL-8, MIG and IP-10. This could be indicative of the previously reported aberrant monocyte activation in severely ill patients (50). The number of monocytes in peripheral blood correlated with the IL-6 levels and with damage parameters such as CRP, LDH, ALT and creatinine (Figure 4) but no correlation was found between those parameters and neutrophil numbers (Figure E3). Of interest, although HMGB1 significantly increased in severely ill patients, it was not correlated with monocyte or neutrophil numbers (Figures 4F, E3F). The increase in peripheral monocyte numbers in the severe cases compared to the moderate cases was accompanied by higher IL-6 and MIG and significantly lower MDC levels in serum (Figure 1). The levels of MDC were significantly reduced in patients with severe COVID-19 compared to moderate disease during weeks 1 and 2. In week 2, patients with moderate disease showed induction of MDC in blood, while in severely affected patients it remained downregulated. All these features could be indicative of aberrant monocyte activation in severe COVID-19 disease.




Figure 4 | Correlation of monocyte numbers with selected damage parameters IL-6 (A), lactate dehydrogenase (B), C-reactive protein (C), creatinine (D), alanine aminotransferase (E) and high mobility group box 1 (F) in peripheral blood of COVID-19 patients. Following analysis for Gaussian distribution, Pearson correlation coefficient and two-tailed p values were calculated for the selected datasets using GraphPad Prism 9.0.





Artificial Intelligence Predicts Severity of COVID-19

We considered various machine learning algorithms to build a predictive model of the severity of COVID-19: logistic regression (LR), Support Vector Machine (SVM) and Random Forest (RF). First, we used grid search to find the best hyperparameters for classifiers. For the LR model, we determined the optimal regularization parameter (C = 0.014). The SVM model was configured with linear kernel and optimal regularization parameter (C = 0.035). The optimal number of decision trees in the RF ensemble was nestimators=48. We evaluated the constructed models using leave-one-out (LOO) cross-validation accuracy and obtained 82%, 83% and 82% for LR, SVM and RF, respectively. Thus, the severity of COVID-19 can be predicted with good accuracy on the basis of 19 markers.

Further, to improve the performance of predictive models and determine the most important markers, we performed recursive feature elimination (RFE) with each classifier. As a result, based on the weights of the features assigned by the LR model, we identified a subset of 10 markers (Table 3, first column) for which the prediction accuracy calculated using the LR model was the highest of all subsets (83%). Using RFE together with SVM, we defined a subset of 10 features (Table 3, second column) for which the accuracy reaches a maximum of 87%. Finally, by performing feature selection based on the importance that the RF classifier calculated, we found an optimal subset of 12 markers (Table 3, third column) with a prediction accuracy of 85%. Eight important markers were highlighted by all three algorithms: MDC, fibrinogen, creatinine, glucose, MIG, monocytes, CRP and IL-6. The prediction accuracy using only these features was 83%, 85% and 80% for LR, SVM and RF, respectively. To visualize the space of the eight obtained features, we performed principal component analysis (PCA) among COVID-19 moderate and severe patients only, and projected the data on the first two principal components, PC1 and PC2. The data depicted in the plane of the principal components are shown in Figure 5. The results show that the group of severe cases was characterized by an increase in creatinine, glucose, MIG, monocytes, fibrinogen, IL-6 and CRP, and a decrease in MDC.


Table 3 | The most important markers of COVID-19 severity identified by recursive feature elimination (RFE) in conjunction with machine learning algorithms such as Logistic Regression (LR), Support Vector Machine (SVM) and Random Forest (RF).






Figure 5 | Distinct markers associated with COVID-19 severity. PCA of eight most important markers measured in COVID-19 patients at week 1. PC1 and PC2 explain 39.5% and 14.7% of the variation between patients, respectively, and segregate the patients by severity groups. Ellipses represent the 70% confidence interval of patient distribution in each group.





Prediction Model Based on Logistic Regression

It is important to develop a convenient clinical decision model to predict the severity of COVID-19. To do this, we used a LR model that can provide a clear practical interpretation. According to this classification algorithm, we can calculate the value of the logistic function and determine the patient’s class:

	

where

	

is a linear combination of the values of 8 features under consideration.

The coefficients β were obtained from our trained LR model:

	

Prediction of disease severity of a particular patient, with an average accuracy of 83% (the accuracy of the LR model), is based on the value of the logistic function. If f(x)>0.5, the patient has severe COVID-19; if f(x)<0.5, it is a moderate condition.

Thus, we have constructed a practical model for predicting the severity of COVID-19 based on eight cytokines/blood markers. This model could support clinicians’ decision-making and triage of COVID-19 patients. All the models we constructed enable accurate prediction of COVID-19 severity based on the values of eight factors as input, and as output classifying the patient as moderately ill (0) or severely sick (1).




Discussion

Identifying patients who will develop a severe form of COVID-19 and multiple organ damage remains a puzzle. In this study, we analyzed tissue damage markers such as HMGB1, LDH, AST, ALT and blood coagulation parameters, as well as the cytokine profile, to identify a combination of parameters that would accurately foresee the development of severe forms of the disease. In our cohort of moderately and severely sick hospitalized COVID-19 patients, IL-6, MIG, TNF-α, IL-8, IL-18 and IP-10 were highest in patients with severe COVID-19.

Indeed, several studies have reported a significant increase in the levels of cytokines and chemokines in severe COVID-19 patients, including VEGF, hepatocyte growth factor, TNF-α, MIP 1-α, MCP-1, IP-10, IFN-γ, GM-CSF, G-CSF, M-CSF, IL-17, IL-13, IL-12, IL-10, IL-7, IL-6, IL-1, IL-2 and IL-4 (51). Interestingly, it has been reported that SARS-CoV-2 infection also elevates the secretion of anti-inflammatory cytokines (IL-4 and IL-10) (52). In our study, the levels of seven cytokines in COVID-19 patients (IL-6, IP-10, IL-8, MIG, MIP-1β, IL-18, TNF-α) were different from those in healthy controls, while M-CSF, MCP-1, FLT-3, VEGF, IL-1RA, EGF, eotaxin and MCP-1 were not different. Other cytokines (Table E2) remained below the detection limit in two independent measurements. In contrast to a study by Zhu et al., we did not find increased levels of anti-inflammatory cytokines such as IL-4 and IL-10 (9).

Increased IL-6 levels are an important hallmark of the cytokine storm, which is produced in response to infection and tissue damage. Several studies have correlated increased IL-6 levels with COVID-19 severity and mortality (53–55). Therefore, IL-6 was considered as an attractive target for the treatment of COVID-19 (56, 57). Moreover, there is a link between the hyperinflammatory syndrome and aberrant monocyte activation in COVID-19 patients, which was demonstrated by the dysregulated balance in monocyte populations with a preference for inflammatory CD14+ monocytes expressing IL-1β, JUN, FOS, JUNB, KLF6, CCL4 and CXCR4 in the circulation (58). Therefore, the circulating activated monocytes could further support the hyperinflammatory syndrome in COVID-19 patients (58). Importantly, in COVID-19 patients requiring ICU admission, significantly higher numbers of IL-6 producing monocytes have been reported (59). Surprisingly, in our study the levels of MDC were significantly lower in severely ill patients compared to patients with a moderate form of the disease. MDC signals through the CCR4 receptor and functions as a potent chemoattractant for Th2 lymphocytes, monocytes, monocyte-derived dendritic cells, and natural killer cells (60). It has been shown that MDC acts as a pro-inflammatory cytokine in cigarette smoke-induced pulmonary inflammation and sepsis (60). In the type-2 inflammatory response, especially in asthmatic patients, antigen exposure leads to up-regulation of the CCR4 ligands of MDC and TARC/CCL17 (61). Therefore, looking at all these findings together, in COVID-19 patients MDC could might act as a protective cytokine to counterbalance the massive type 1 biased inflammatory response.

We have shown that the damage parameters (i.e., DAMPs) such as LDH have a strong correlation with CRP in COVID-19 patients. It should be noted that targeting HMGB1 and its receptor RAGE was considered an attractive treatment strategy for COVID-19 infection (62). Also, a recent study reported increased HMGB1 levels in serum of COVID-19 patients (63). The authors reported that at ICU admission, the plasma levels of HMGB1 and IL-6 correlated with D-dimer and C-reactive protein levels (28). However, in our study, despite a clear increase in HMGB1 levels in severe COVID-19, no correlation between HMGB1 and other parameters could be found. Moreover, our machine learning models did not show any prognostic value of HMGB1 in predicting the severity of COVID-19.

Multiorgan damage occurs in severe cases of COVID-19. For example, it has been recognized that early kidney injury is an important complication of COVID-19 and is accompanied by increased serum creatinine, hematuria and proteinuria. The kidney injury in severely ill patients was strongly associated with increased mortality (64). Moreover, several large studies in the USA have identified acute kidney injury in up to 50% of hospitalized COVID-19 patients (65). Thus, it is important to stress that multiorgan injury is the result of induction of a massive, regulated cell death associated with the release of several DAMPs, including HMGB1. Notably, HMGB1 is released from cells undergoing apoptosis (66), necroptosis (67) or ferroptosis (68). Thus, it is conceivable that in patients with severe COVID-19, multiorgan damage results from the induction of one or a combination of regulated cell death modalities. In this context, a case study has reported the presence of lipid peroxides, the major executors of ferroptosis (69), in the kidneys of a patient who died from COVID-19 (70). Massive apoptosis and necroptosis have also been shown in postmortem lung sections of deceased COVID-19 patients, and the cell death was associated with inflammatory cell infiltration and pulmonary interstitial fibrosis (71). The release of HMGB1 was increased in serum of patients with severe COVID-19 (54, 63), which is in line with the results of our cohort of patients.

It has been shown that COVID-19 is associated with activation of NLRP3 inflammasome and was linked to the more severe form of COVID-19 (72). IL-18 was correlated with markers of the severity of COVID-19, such as IL-6 and LDH (72). However, in our study, upregulation of IL-18 was observed in moderately and severely ill patients during weeks 1 and 2 but it returned to normal in week 7.

We investigated a dataset of confirmed COVID-19 patients collected from Nizhniy Novgorod, Russia and used machine-learning algorithms to predict the severity of the disease. We built three prediction models having an accuracy of over 80%. In addition, we identified eight important cytokines and blood markers that differentiate to a great extent severe from moderate disease.

Nevertheless, this study has the following limitations 1) the predictive models were constructed based on a relatively small sample size (60 patients) therefore the interpretation of our findings might be limited; 2) we only used leave-one-out cross-validation rather than external validation. However, this method was shown to be a valuable tool for building the prediction models (73). But despite this, the selected factors that allow determination of the severity of COVID-19 are consistent with those previously known in the literature and as more data become available, the whole procedure can easily be repeated to finetune the prediction models.

In summary, our study shows that exaggerated monocyte activation correlates with excessive organ damage hyperinflammatory syndrome and predicts the severity of COVID-19 by artificial intelligence with a precision of over 80%. Future studies should focus particularly on the practical clinical value of damage parameters, including developing a scoring system with plasma biomarkers for early recognition of COVID-19 patients at risk of developing severe disease. The use of the described prediction models across different clinical settings and populations will gain more insights into progression of COVID-19 disease.
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Supplementary Figure 1 | The levels of inflammatory mediators in the serum samples were analyzed in healthy controls (n = 19), and in moderate or severe cases of COVID-19 in week 1 (W1), week 2 (W2) and week 7 (W7) by Luminex. The data from moderate COVID-19 in W1 (n = 30), W2 (n = 18) and W7 (n = 13) and from severe COVID-19 in W1 (n = 29), W2 (n = 15) and W7 (n = 8) are presented as scatter dot plots of each individual value with a line at the median. The data were analyzed by one-way ANOVA and Kruskal-Wallis test for multiple comparisons.

Supplementary Figure 2 | Correlation analysis of damage parameters in serum. The XY pairs were correlated between each other and the Pearson coefficient and a two-tailed p value were calculated for the selected datasets using GraphPad Prism 9.0.

Supplementary Figure 3 | Correlation analysis of peripheral blood neutrophil counts and selected damage parameters. The XY pairs were correlated between each other and the Pearson coefficient and two-tailed p value were calculated for the selected datasets using GraphPad Prism 9.0.

Supplementary Table 1 | Treatment options used for COVID-19 patients.

Supplementary Table 2 | Summary of the detection limits for each parameter tested by Millipore kit for Luminex (Merck KGaA, Darmstadt, Germany).
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In March 2020, the World Health Organization (WHO) declared a global health emergency—the coronavirus disease 2019 (COVID-19) pandemic. Since then, the development and implementation of vaccines against the virus amidst emerging cases of re-infection has prompted researchers to work towards understanding how immunity develops and is sustained. Serological testing has been instrumental in monitoring the development and persistence of antibodies against SARS-CoV-2 infection, however inconsistencies in detection have been reported by different methods. As serological testing becomes more commonplace, it is important to establish widespread and repeatable processes for monitoring vaccine efficacy. Therefore, we present enzyme linked immunosorbent assays (ELISAs) compatible for antibody detection in saliva as highly accurate, efficacious, and scalable tools for studying the immune response in individuals vaccinated against SARS-CoV-2.
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Introduction

In December 2019, a novel coronavirus emerged, causing widespread respiratory illness and earning the name Coronavirus Disease 2019 (COVID-19) (1). In the months that followed, the SARS-CoV-2 virus rapidly spread from a series of cases in the Wuhan province of China resulting in a global pandemic, infecting millions worldwide. Many infected individuals have had minor or no symptoms, which contributed to high transmissibility by allowing the virus to spread undetected from low-symptomatic and asymptomatic individuals to others. 

Researchers have shown that previously infected individuals develop SARS-CoV-2 specific antibodies which persist for at least 8 months post-infection (Figure 1) (2). Immunoglobulin G (IgG), with respect to two other antibodies present (IgM and IgA), is known to maintain stability and neutralizing activity in serum for several months following symptom onset, providing a proxy for monitoring long-term immune response (3–5). Therefore, antibody testing can permit the tracing of viral spread post-infection as long as antibodies persist in previously infected individuals. 




Figure 1 | Schematic of SARS-CoV-2 infiltration and neutralization. (A) SARS-CoV-2 viral structure. (B) Neutralizing antibodies developed against SARS-CoV-2. (C) Infiltration of SARS-CoV-2 into the host cell via RBD binding. (D) Neutralizing antibodies bind specifically to a SARS-CoV-2 epitope (RBD in this case) to prevent it from entering the epithelial cell.



Furthermore, reliable antibody testing will become increasingly useful for tracking vaccine efficacy and the development of herd immunity in our population. With the current vaccination rollout, an efficient, effective, and easily implemented serological assay will be essential for ensuring a safe return to pre-pandemic normalcy. Here, we describe ELISAs that have been studied for the detection of antibodies against SARS-CoV-2 and discuss their potential as optimal tools for monitoring the development of herd immunity within the population.



Vaccines and Vaccine Development

As immunizations are beginning to become widely administered and available, it is important to implement a universal test that will allow us to monitor and confirm the development of an immune response against SARS-CoV-2. The main objective for all the major vaccines against SARS-CoV-2 is to elicit an immune response which can in turn protect people from severe disease and mortality. Secondary to that goal is to reduce the transmissibility of SARS-CoV-2 in the population, thereby reducing the number of new variants. Long-term SARS-CoV-2 antibody detection is thus crucial to determining the durability of the humoral response following vaccination.

Initial clinical studies from the Kaiser Permanente Washington Health Research Institute on 45 individuals receiving the Moderna vaccine have indicated that the vaccine elicits both binding and neutralizing antibody responses that develop approximately two weeks after vaccination (6). Studies on mRNA vaccines developed from both Moderna and Pfizer have found that the S-protein binding IgG concentrations were higher than those from convalescent plasma donors who acquired endogenous SARS-CoV-2 antibodies (7). Short-term interim results from clinical studies at the National Institute for Allergies and Infectious Diseases on 34 patients acquiring antibodies after receiving the Moderna vaccine show that the humoral response remained robust 119 days after receiving a complete dose of the mRNA-1273 vaccine (8). Additionally, Sadoff et al. showed that antibody presence and neutralizing capability following the Moderna and Johnson and Johnson vaccines were strongly correlated (9). Given the expected need to test mass populations rapidly, accurately, and safely on a long-term monthly basis to evaluate the presence and persistence of SARS-CoV-2 antibodies, an assay which couples rapid specimen collection with high-throughput processing and analysis would be optimal for universal monitoring.



Immunoassays

ELISAs are often implemented in a well-plate format, making them easy to automate and scale for high-throughput screening of antibody response developed against SARS-CoV-2 infection. ELISAs for detection of SARS-CoV-2 antibodies incorporate peptide fragments of the virus itself, including the nucleocapsid (N) protein, the spike (S) protein, and the receptor binding domain (RBD). Antibodies from biofluids, such as blood, serum, or saliva, that bind to the antigens are detected through a second incubation step. If bound, an enzyme-labeled anti-human antibody reacts with a substrate to produce a color indicating the presence of antibodies (Supplementary Figure 1). We review here some commercially developed ELISA kits which have received Emergency Use Authorization (EUA) by the FDA as well as several kits developed in-house by a number of research groups (Table 1) (10). Kits developed in-house have the advantage of being less expensive and more accessible to researchers, thus studies involving in-house ELISAs typically have larger study cohorts.


Table 1 | Summary and statistics of reviewed EUA-approved, non-EUA approved, and in-house ELISA kits.




Serum-Based ELISAs

Researchers from the Odense University Hospital in Denmark evaluated the performance of 6 commercially available SARS-CoV-2 antibody detection assays, two of which utilized ELISA (11). Both EUROIMMUN IgG and Wantai IgM kits were evaluated using 57 previously SARS-CoV-2 positive individuals and 200 pre-COVID blood donation specimens. Both the EUROIMMUN SARS-CoV-2 antibody detection kits and the Wantai IgM ELISA kit incorporate the RBD from the SARS-CoV-2 S protein as the assay antigen. The Wantai IgM ELISA detected antibodies in 79% of participants, while the EUROIMMUN ELISA had 96.2% sensitivity for detecting IgG antibodies.

A study from the University of Aix-Marseille in France also evaluated the efficacy of the EUROIMMUN IgG kit as well as the commercially available NovaLisa IgG and IgM kits using serum contributed by 40 individuals previously infected by SARS-CoV-2 and 10 individuals who had not been exposed to the virus (12). The NovaLisa ELISA employs an antigen from the N protein of SARS-CoV-2. This group found the performance of the EUROIMMUN IgG kit to be weaker than was previously suggested, with a sensitivity of 61.3%. They also found the sensitivity of the NovaLisa IgG kit to be less than 50% and estimated the sensitivity of the NovaLisa IgM kit to be between 19.4% and 35.5%.

In a comparative study, earlier work from our group evaluated the performance of IgG and IgA kits developed both by EUROIMMUN and Gold Standard Diagnostics (GSD) on serum collected both from 123 symptomatic and previously SARS-CoV-2 PCR-positive individuals and 83 PCR-negative individuals (13). The GSD ELISA is an adaptation from the NovaLisa ELISA which also uses an antigen from the N protein of SARS-CoV-2. We found IgG and IgA kits from GSD to have 100% specificity as well as 69% and 15% sensitivity, respectively. Additionally, we found the EUROIMMUN IgG and IgA kits to have 100% and 92% specificity and 90% and 86% sensitivity, respectively. We believe the discrepancy in performance between our study and the study from the University of Aix-Marseille is attributable to the difference in sample size illustrating limitations of both specimen collection for ELISA processing and reliance on a manufacturer to provide commercially developed plates. These discrepancies illustrate a need for ELISAs that can be developed in-house with reliable quality control, as we describe below.

After developing their own ELISA using an antigen from the RBD of the S protein, Iyer et al. from Mass General Hospital and Harvard Medical School evaluated the development and persistence of IgG, IgA and IgM antibodies in 343 participants previously infected by SARS-CoV-2 for up to 122 days post symptom onset. These researchers found their assay to have 100% specificity and sensitivities of 95% for IgG, 90% for IgA, and 81% for IgM antibodies (3). When compared to serum collected pre-pandemic from 1548 individuals, this group found that serum-based antibody concentrations dropped below their established positive threshold for IgM around 30 days and around 70 days for IgA. In addition, IgG levels persisted above the pre-pandemic controls throughout their study.

Another research group from the Icahn School of Medicine at Mount Sinai monitored the development and persistence of neutralizing antibodies in more than 30,000 previously infected individuals. These individuals confirmed the persistence of neutralizing antibodies through evaluating the correlation between their neutralizing assay and the “Mount Sinai ELISA”, developed in-house (4). The Mount Sinai ELISA was specific to IgG antibodies and was found to have 92.5% sensitivity and 100% specificity. This assay was used to perform antibody quantification by establishing a baseline of 120 serum samples with known ELISA titers. Over a period of 5 months, Wajnberg et al. found that antibodies against SARS-CoV-2 were detectable at relatively stable titers both by their in-house ELISA and neutralizing antibody assay.

These studies have used serum to evaluate antibody prevalence post infection by SARS-CoV-2 and to test the performance of various ELISA kits. Accordingly, ELISAs developed in-house have the potential to meet or exceed the performance of commercially available assays. Furthermore, studies which use assays developed in-house are more affordable and readily available, enabling them to be used to screen more individuals. However, despite the success of many of these studies in performing serum-based ELISAs for SARS-CoV-2 antibody detection, there are a number of drawbacks which result in a lack of accessibility and affordability.

Blood serum is derived from whole blood, meaning that a trained phlebotomist must perform the blood collection and serum isolation from a participant. This process is time-consuming, costly, and puts the phlebotomist in direct contact with the patient, presenting a health risk. While fully automated ELISAs can be compatible with the need for high-throughput screening, the inability to collect samples in a rapid, high-throughput way results in a bottleneck for specimen analysis. Another biofluid that could be collected without the requirement of a trained personnel is saliva, or oral fluid. It has been demonstrated, as we will describe in more detail, that saliva-based assays for antibody detection, and particularly for SARS-CoV-2 antibody detection, perform similarly to serum-based assays while eliminating the challenging sample collection barrier compared to the use of serum.



Saliva-Based ELISAs

There are two major antibodies that can be detected in oral fluids: secretory IgA (SIgA) and IgG. While SIgA is produced locally in the salivary glands, most of the IgG in saliva comes from antibodies that are produced in the serum and cross into saliva through gingival crevices in the gums. Recently published longitudinal data tested paired saliva and serum samples in 402 convalescent patients confirmed to have COVID-19 through rt-PCR and 339 pre-COVID samples. The results showed that the detection of antibodies in the saliva, primarily IgG, correlated to levels of antibodies in the serum using an in-house developed saliva-based ELISA. More interestingly, IgG was detectable in saliva up to 105 days in both serum and saliva. The levels of IgA and IgM, which typically are the first two major antibodies to decline in serum post infection, also decayed in saliva. The ELISA that was developed for measuring IgG had a sensitivity of 95.6% using spike protein and 93.8% using RBD (14). This sensitivity is comparable to EUA approved serum-based ELISA kits for detecting antibodies against SARS-CoV-2 and this study demonstrates the importance and adequacy of saliva-based specimens for the detection of antibodies against SARS-CoV-2.

Although blood serum has been traditionally used in ELISAs, there has been a noted interest prior to the onset of the COVID-19 pandemic in developing an ELISA that can use a saliva sample. In an effort to improve the quality of specimens and testing procedures compared to rapid diagnostic tests, Beelaert et al. sought to validate and assess the usefulness of two oral fluid ELISAs for the detection of HIV antibodies (15). Using 140 oral fluid specimens (Intercept Oral Specimen Collection Device, OraSure Technologies, Bethlehem, USA) from HIV positive patients, the researchers found the Genscreen™ HIV-1/2 (Bio-Rad, Marnes-La-Coquette, France) and adapted Vironostika HIV Ag/Ab (Biomérieux, Marcy L'Etoile, France) ELISAs to have sensitivities of 100% and 95.7% as well as specificities of 97.3% and 100%, respectively. A saliva-based ELISA has also been developed and validated to measure IgG antibodies in response to human T-lymphotrophic viruses type 1 and 2 (HTLV-1/2). Woo et al. tested paired plasma and oral fluid (Oracol device, Malvern Medical Developments, Worcester, UK) of HTLV-1/2-seropositive patients with an in-house ELISA (n = 131) and a randomly selected subset of patients (n = 36) with the commercially available Murex HTLV I+II EIA (DiaSorin, Dartford, UK) (16). They found their in-house ELISA to be 100% sensitive and specific for both specimen types. The 36 oral fluid samples run with Murex HTLV I+II EIA for comparison yielded a lower sensitivity (86%) and 100% specificity. However, the 5 of 36 nonreactive samples also displayed low reactivities in the in-house ELISA and this commercial assay is configured solely for the analysis of serum or plasma. In addition, they found a strong correlation between the paired oral fluid and plasma signal/cutoff values from their in-house ELISA, further demonstrating oral fluid as an alternative to venous blood for serosurveillance of infectious diseases.

Oral fluid antibody prevalence has also been shown to be a valuable tool for evaluating vaccine campaigns. Nigatu et al. estimated measles antibody prevalence in children pre- (n = 1928, age 9 months to 5 years) and post-vaccination (n = 745, age 9 months to 19 years) campaign (17). Measles antibodies were tested in oral fluids (ORACOL device, MMD, Worcester, UK) using a commercial ELISA kit (Enzygnost rubeolla (measles) IgG, Dade Behring Diagnostics, Marburg, Germany) with a 91.7% sensitivity and 91.9% specificity. Not only did this work evaluate the effectiveness of the vaccine campaign, it also identified specific age groups of concern which may be more susceptible to continued measles transmission post-vaccination. Therefore, oral fluid surveys have the capacity to inform healthcare experts for continued improvement of vaccination strategy.

The convenience of using saliva in ELISA-based antibody tests have many potential advantages over using serum in a public healthcare setting. Most notably, saliva can theoretically be collected by the patients without the need of a phlebotomist. This would potentially lead to a decrease in demand for medical personnel and alleviate some of the strain put on the healthcare system. OraSure Technologies, Inc. has already manufactured an oral antibody collection device (OACD) that meets EUA requirements and can be self-administered under healthcare worker guidance, making it useful when available phlebotomists are limited (18). Furthermore, this advantage could reduce the risk of exposure to healthcare workers, which was a concern when collecting whole blood for testing from patients during the pandemic. OraSure Technologies has also developed their own, ELISA test for SARS-CoV-2 that pairs with their OACD and has been demonstrated to have 90.9% sensitivity and 100% specificity, showing that saliva can be as useful as serum in ELISA-based antibody tests.

As newer variants of SARS-CoV-2 are emerging and vaccines are being administered to the public, easily accessible antibody tests within communities would be a useful strategy for monitoring the protection against infection and severe disease. Communities that have a lower prevalence of antibodies against SARS-CoV-2 are at risk of an outbreak, especially as the more transmissible B.1.617.2 variant continues to spread among unvaccinated communities (19). Areas where access to healthcare is limited would benefit from a more convenient mail-in service for receiving and sending self-administered saliva collection devices that can readily be mailed back to the provider for analysis.

With continued efforts to roll out vaccines, tracking antibody levels in the population through saliva-based assays can be useful for identifying vulnerable populations. In a cross-sectional study conducted by Weill Cornell Medicine and Amsterdam Infection and Immunity Institute, 53 healthcare workers who received the Pfizer vaccine and 13 healthcare workers who received the Moderna vaccine were tested for IgG and IgA antibodies against the RBD and S protein antigens in paired serum and saliva samples. The participants were then tested for antibody production for both specimens at time points between 1 – 2 weeks after administration of the first and second dose. Antibodies against the SARS-CoV-2 RBD were detectable in all 66 saliva and serum samples. Likewise, the levels of IgG in both saliva and serum remained detectable the longest (20).




Discussion 

Given the persistence of SARS-CoV-2 and the need to roll out a massive amount of vaccine doses, tracking immunity in the population will be challenging. Therefore, a reliable, convenient, and scalable antibody detection method is needed to track antibody prevalence in the population. To keep up with this demand, ELISA-based antibody detection methods offer a practical solution. Biotechnological innovations have allowed for the adaptation of reliable tests to more easily collected specimen types, further advancing the accessibility of ELISA-based antibody detection. Gold standard serum-based antibody detection is not as accessible nor scalable compared to saliva-based assays due to the invasiveness of the sample type and the requirement of trained professionals for sample collection. Furthermore, saliva specimens remain stable longer at ambient temperatures, allowing for more practical shipment of samples where needed.

Together with the ease of scaling and potential for use with saliva specimen types, ELISAs stand out as the optimal analytical tool for population serosurveillance, especially as vaccines are being distributed as the primary measure to stop the spread of SARS-CoV-2. These unique attributes provide a reliable and convenient way to track immunity worldwide.
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Supplementary Figure 1 | Schematic of an indirect ELISA. (A) An antigen, like the spike protein from the SARS-CoV-2 Virus, is coated at the bottom of a polystyrene well in a microtiter plate. (B) A sample (serum in this example) is added to the wells that are coated with the antigen and incubated. Any antibodies against that antigen that the patient’s immune system has produced will bind. (C) Once the patient’s antibodies have bound to the antigen, the wells are rinsed to reduce nonspecific binding. The secondary antibodies are then added and incubated. The secondary antibodies are linked to an enzyme and bind to the patient’s antibodies. (D) The wells are rinsed again, and a substrate is added. (E) The enzyme that is linked to the secondary antibody acts as a catalyst and reacts with the substrate that causes the solution in the wells to change colors. A stop solution is added to stop the reaction and prevent further color change. A spectrophotometer is used to read the signal at a that is produced from the reaction at a set wavelength from the bottom of each well. The antibodies that the patient produced will cause more capturing of the secondary antibody and thus produce a greater reaction with the substrate and thus a more intense coloration of the wells.
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Auranofin is an FDA-approved disease-modifying anti-rheumatic drug that has been used for decades for treatment of rheumatoid arthritis. This gold(I) compound has anti-inflammatory properties because it reduces IL-6 expression via inhibition of the NF-κB-IL-6-STAT3 signaling pathway. Also, by inhibiting redox enzymes such as thioredoxin reductase, auranofin increases cellular oxidative stress and promotes apoptosis. Auranofin also possesses antiviral properties. Recently, it was reported that auranofin reduced by 95% SARS-CoV-2 RNA in infected human cells in vitro and decreased SARS-CoV-2-induced cytokine expression, including IL-6. During SARS-CoV-2 infection, a cytokine storm involving IL-6 increases severity of illness and worsens prognosis. Therefore, auranofin could, in our point of view, reduce pathology due to SARS-CoV-2-induced IL-6. COVID-19 is a rapidly-evolving respiratory disease now distributed worldwide. Strikingly high numbers of new COVID-19 cases are reported daily. We have begun a race to vaccinate people, but due to the complex logistics of this effort, the virus will continue to spread before all humans can be immunized, and new variants that may be less well contained by current vaccines are of concern. The COVID-19 pandemic has overwhelmed health care systems and new treatments to reduce mortality are urgently needed. We encourage to further evaluate the potential of auranofin in the treatment of COVID-19 in vitro and in animal models of SARS-CoV-2 infection and, if preliminary data are promising, in clinical trials with COVID-19 patients. In our opinion, auranofin has the potential to become a valuable addition to available therapies in this pandemic.
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Introduction

COVID-19, caused by the coronavirus SARS-CoV-2, has infected, as of March 7th 2021, more than 116 millions of people and caused more than 2.5 million deaths worldwide due to sustained human-to-human transmission (1). The number of new COVID-19 cases has recently skyrocketed in many countries, particularly in the Americas and Europe (1). Many countries implemented regional or nationwide lockdown policies, curfews or stay-at-home orders to attempt to contain the spread of the virus. While vaccines targeting SARS-CoV-2 are now available, the appearance of more contagious new SARS-CoV-2 variants is a serious threat (2). If vaccine efficacy is reduced against emerging variants, all ground gained during the past year could be lost and SARS-CoV-2 could resurge again (2). We must also take into consideration the reluctance of some people to be vaccinated, and the time needed to immunize whole communities, worldwide. All these factors will leave part of the population non-immune, at least for some time. Moreover, immunity from natural infection or vaccination may not last for years and humanity would not be protected from a resurgence of SARS-CoV-2 or a SARS-like coronavirus in the future. For these reasons, there is an urgent need to find new treatments to significantly reduce COVID-19-related pathogenicity and mortality. That being said, discovering and developing a new drug as well as testing its safety is an expensive and time-consuming endeavor. On the contrary, repurposing an approved drug is more affordable and time efficient, which constitute important factors during a pandemic. However, repurposed drugs should be thoroughly evaluated in vitro, in animal models and clinical trials before being recommended in the treatment of COVID-19 patients. So far, clinical management of COVID-19 patients was based on supportive care while several repurposed drugs are being tested in clinical trials (3).



Clinical Trials and Immunomodulatory Treatments

Clinical trials tested, among others, antiviral (e.g. remdesivir), anti-parasitic (e.g. ivermectin), anti-inflammatory (e.g. glucocorticoids) and antibody (e.g. tocilizumab) therapies to treat COVID-19 (4). In a randomized trial, remdesivir, a promising antiviral drug, shortened the time to recovery compared to placebo in COVID-19 patients (5). However, treatment with an antiviral drug alone is not sufficient to prevent mortality in all patients (5, 6). It was suggested that remdesivir therapy could show improved efficacy if administered before the inflammatory phase of COVID-19; this hypothesis would benefit further investigation (4, 6, 7). Recently, ivermectin, a macrocyclic lactone with broad-spectrum antiparasitic action, was considered promising in the treatment of COVID-19 due to its anti-SARS-CoV-2 effects in vitro (8). Ivermectin has known antiviral properties against several viruses such as yellow fever virus, dengue virus and chikungunya virus (9, 10). But, simulations based on pharmacokinetic studies performed in healthy volunteers predicted that ivermectin is unlikely to reach concentrations in lungs needed for anti-SARS-CoV-2 action, even if 10 times the approved dose is administered orally (11). At the latter dose, the maximum plasma concentrations would be one order of magnitude lower than the in vitro IC50 of ivermectin against SARS-CoV-2 (8, 12). Clinical trials are being performed and results will determine the potential of ivermectin in the treatment of COVID-19.

The COVID-19-associated inflammatory cytokine storm is at least partly responsible for increased severity of illness and mortality (13). COVID-19 patients could then benefit from the anti-inflammatory activity of corticosteroids during the inflammatory phase of the disease (3, 7). Preliminary studies showed that low-dose corticosteroids do not delay viral clearance (14) and that corticosteroids can improve survival of critically ill patients with COVID-19 (3, 7). Particularly, the Randomized Evaluation of COVID-19 Therapy (RECOVERY) trial of dexamethasone showed that this glucocorticoid reduced mortality in hospitalized patients receiving respiratory support (invasive mechanical ventilation or oxygen alone) (15). Based on data from this clinical trial, the Panel of the US National Institutes of Health (NIH) now recommends administration of dexamethasone to COVID-19 patients requiring supplemental oxygen (16).

Due to the major role of IL-6 in the COVID-19-associated inflammatory cytokine storm (13, 17), IL-6 inhibitors are attractive therapeutic options and several clinical studies evaluated or are ongoing to evaluate their potential to improve outcome during COVID-19 (18–21). A comprehensive review of ended and ongoing clinical trials on IL-6 inhibitors was already published (21). Tocilizumab is a monoclonal antibody against IL-6 receptor used in the treatment of rheumatoid arthritis and is, by far, the IL-6 inhibitor most studied as a potential therapy against COVID-19 (21). The promising role of tocilizumab was first revealed in anecdotal reports and small scale clinical studies. As examples, some reports showed that tocilizumab significantly reduced COVID-19-associated inflammatory response and prevented rapid clinical deterioration of COVID-19 patients with severe pneumonitis (18). Some clinical trials reported that treatment with tocilizumab leads to improvement of oxygenation and reduction of risk of mechanical ventilation and mortality (21). In the EMPACTA clinical trial, hospitalized COVID-19 patients not receiving mechanical ventilation, tocilizumab reduced the likelihood of progression to mechanical ventilation or death (22). However, in the EMPACTA clinical trial, mortality by day 28 was similar in patients treated with tocilizumab compared to patients treated with placebo (22). Other studies also showed no clinical improvement or no reduction in mortality (e. g. randomized controlled COVACTA trial) (21). Sarilumab is another anti-IL-6 receptor antibody used in the treatment of rheumatoid arthritis (18). Like tocilizumab, sarilumab is sometimes, but not always, associated with clinical improvement in COVID-19 patients (21). In contrast with tocilizumab and sarilumab, siltuximab is a human–murine chimeric monoclonal antibody that binds soluble forms of human IL-6 (19). Several clinical trials using tocilizumab, sarilumab or siltuximab are ongoing; their results will provide an important insight on the role of these IL-6 inhibitors in the treatment of COVID-19.

While IL-6 inhibitors are promising in the treatment of COVID-19, lack of efficacy of IL-6 inhibitors in some clinical trials advice against their use alone in COVID-19 patients. Therefore, combination therapies with other immunomodulatory molecules are of immediate interest (20, 21). As an example, in the ongoing COV-AID clinical trial, COVID-19 patients received in addition to standard care either tocilizumab, siltuximab or anakinra (anti-IL-1 binding the IL-1 receptor) or a combination of tocilizumab with anakinra or siltuximab with anakinra (20). Results of these clinical trials will define the impact of combination therapies in the outcome of COVID-19. Moreover, the combination of tocilizumab with corticosteroids already showed significant clinical improvement. The two largest randomized controlled trials on tocilizumab, named ‘Randomized, Embedded, Multifactorial Adaptive Platform Trial for Community- Acquired Pneumonia (REMAP-CAP)’ and ‘Randomized Evaluation of COVID-19 Therapy (RECOVERY)’, reported a reduced mortality following tocilizumab treatment in COVID-19 patients. The REMAP-CAP trial was a large international clinical trial enrolling critically ill hospitalized COVID-19 patients within 24 hours of intensive care unit level care (23). Clinical improvement in the REMAP-CAP trial was measured by median number of respiratory or cardiovascular organ support–free days, this number was 10 for COVID-19 patients treated with tocilizumab with standard of care (SOC) compared to 0 for control COVID-19 patients receiving only SOC (23). Also, tocilizumab treatment with SOC reduced mortality in the REMAP-CAP trial compared to SOC alone (23). During the time the REMAP-CAP trial was conducted, glucocorticoids were recommended in the SOC following the publication of the data of other clinical trials such as the REMAP-CAP on hydrocortisone (24) and the RECOVERY trial on dexamethasone (15). Therefore, the combination of tocilizumab with glucocorticoids as part of the SOC probably improved the results of the REMAP-CAP trial (23). In the RECOVERY trial on tocilizumab, hospitalized patients with severe or critical COVID-19 with hypoxia and high C-reactive protein levels were enrolled; 82% of enrolled COVID-19 patients also received systemic corticosteroids (25). Tocilizumab decreased mortality and increased chances to be discharged from hospital within 28 days (25). Also, among patients not under invasive mechanical ventilation at baseline, tocilizumab reduced the risk of invasive mechanical ventilation and death (25). The RECOVERY Collaborative Group therefore concluded that the benefits of tocilizumab were additional to the benefits of systemic corticosteroids (25). Consequently, the Panel of the NIH provides the following recommendations on their website (26): ‘The Panel recommends using ‘tocilizumab in combination with dexamethasone in certain hospitalized patients who are exhibiting rapid respiratory decompensation due to COVID-19’; however ‘The Panel recommends against the use of anti-IL-6 monoclonal antibody therapy (i.e., siltuximab) for the treatment of COVID-19, except in a clinical trial’ (26).

Supportive therapies for clinical management of severe COVID-19 are administered in hospital settings with close monitoring of patients. Effectively, COVID-19 is a rapidly-evolving disease and severe cases need to be hospitalized and treated under meticulous monitoring. However, an oral treatment that can be prescribed to patients with mild to moderate symptoms would help them recover at home while reducing viral replication and environmental contamination, therefore diminishing spread of the virus in the household. For patients, such therapy would reduce their risk of developing severe clinical symptoms and requiring hospitalization. For communities, such treatment would lower pressure on the health care system. The threat of a marked surge of COVID-19 cases that would overwhelm the health care system is a sword of Damocles hanging over us. If the pandemic worsens and hospitals overflow, prioritization of access to intensive care would need to be established. In that catastrophic scenario, an oral treatment could offer an alternative therapy for patients not requiring intensive care such as mechanical ventilation.

An oral drug with anti-inflammatory and anti-SARS-CoV-2 properties, that is already FDA-approved with a known toxicity profile would be a promising candidate in the treatment of COVID-19. Auranofin is FDA-approved and well tolerated in humans, based on decades of use for treatment of rheumatoid arthritis (RA) (27). Auranofin can be administered orally and its pharmacokinetics, pharmacodynamics and adverse effects have been described (28, 29). RA is an autoimmune disease causing inflammation, pain and swelling in articulations (30). While the mechanism by which auranofin reduces inflammation during RA is not fully understood, it is reported that auranofin can decrease expression of some pro-inflammatory cytokines (30). In fact, peripheral blood monocytes of RA patients treated with auranofin have lower basal and lipopolysaccharide-stimulated IL-6 productions compared to untreated RA patients (31). Also, expression of macrophage-derived IL-6, which is abundant in rheumatoid synovium, is also reduced by auranofin treatment in vitro (30). By its action on the redox milieu, via inhibition of redox enzymes such as thioredoxin reductase, auranofin also possesses anticancer, antiparasitic, antibacterial and antiviral properties which were reviewed elsewhere (32). In human cells infected with SARS-CoV-2, auranofin inhibited viral replication and markedly decrease expression of proteins of the inflammatory response, including IL-6 (33). If further investigations in vitro and in animal models of SARS-CoV-2 infection validate the anti-COVID-19 effects of auranofin, this gold compound would become a promising candidate in the treatment of COVID-19.



Mechanisms of Action of Auranofin

To understand the potential of auranofin for the treatment of COVID-19, knowledge of its mechanisms of action is necessary. Manipulating the redox milieu by inhibiting redox enzymes is the main mechanism of action of auranofin (27). Auranofin is a potent inhibitor of thioredoxin reductase, an enzyme that minimizes oxidative stress and promotes cell survival (27). Disruption of redox homeostasis by auranofin can therefore lead to redox-sensitive apoptosis (27). Thioredoxin reductase also regulates the transactivation of NF-κB, a transcription factor involved in inflammation and cell survival (34). Inhibition of thioredoxin reductase prevents NF-κB DNA binding and NF-κB-dependent gene expression (34). From previous studies on SARS-CoV, we predict that high IL-6 expression during COVID-19 cytokine storm is mediated by NF-κB (35). In fact, the SARS-CoV viral spike protein and nucleocapsid protein promote NF-κB-dependent IL-6 expression (13, 35). Strong NF-κB activation induces SARS-CoV-mediated lung inflammatory immunopathology and inhibition of NF-κB decreases mortality in SARS-CoV infected mice (13). Auranofin also inhibits homodimerization of TLR4 and TLR4-mediated activation of NF-κB (36). In silico studies recently showed that toll-like receptor (TLR) 4 could have a crucial role in SARS-CoV-2-induced inflammatory responses and that TLR4-antagonists are promising therapeutic candidates (37). Moreover, other TLRs are targeted by auranofin, including TLR3 (38), which is involved during SARS-CoV-2 infection (13). Auranofin also prevents activation of IκB kinase (IKK) which initiates phosphorylation of IκB and promotes NF-κB activity (39). In addition, auranofin suppresses the degradation of inhibitory IκB proteins associated with NF-κB (39). Equally important, auranofin inhibits IL-6-induced phosphorylation of Janus kinase 1 (JAK1) and signal transducer and activator of transcription 3 (STAT3) (40). Moreover, due to its inhibitory effect on STAT3 translocation to the nucleus, auranofin blocks expression of STAT3-regulated genes (40). Thus, auranofin inhibits several steps in the NF-κB-IL-6-STAT3 signaling pathway (Figure 1).




Figure 1 | Mechanisms of action of auranofin. Auranofin inhibits dimerization of toll-like receptor (TLR) 4, activation of IκB kinase (IKK), degradation of IκB, IL-6-induced phosphorylation of Janus kinase 1 (JAK1) and signal transducer and activator of transcription 3 (STAT3), and STAT3 translocation to the nucleus. In addition, auranofin inhibits thioredoxin reductase (TrxR) and, consequently, TrxR-dependent activation of thioredoxin (Trx); auranofin therefore inhibits the Trx-induced promotion of NF-κB transactivation.



Because auranofin acts upstream and downstream of NF-κB-dependent IL-6 expression, both IL-6 secretion and STAT3-derived IL-6 action are inhibited (39, 40). As an important proinflammatory cytokine, IL-6 is a potent inducer of inflammatory sequelae, including from COVID-19 (41, 42). The SARS-CoV-2-associated inflammatory cytokine storm, comprising cytokines including IL-6, leads to severe illness and multiple organ dysfunction (13, 17, 35, 43). NF-κB-derived high IL-6 levels are biomarkers of COVID-19 severity and predict mortality; IL-6 is thus a potential target for immunotherapy (13, 17, 41–44). Pulmonary fibrosis in severe COVID-19 cases or as sequelae after COVID-19 are associated with the cytokine storm (45). Because IL-6 is linked to pulmonary fibrosis, for example, during idiopathic pulmonary fibrosis (46), high IL-6 levels during COVID-19 could promote pulmonary fibrosis; this hypothesis would need further investigation. Since auranofin inhibits fibrosis in human hepatic stellate cells (47), auranofin could hypothetically have the same inhibitory effect on SARS-CoV-2-associated pulmonary fibrosis; this hypothesis will need to be further investigated.



Antiviral Properties of Auranofin

Antiviral actions of auranofin have been an active field of research. For example, auranofin has anti-HIV properties. Protein-protein interactions, involving the viral glycoprotein gp120, are essential for HIV to enter human cells (48). Thioredoxin, or another redox enzyme, reduces gp120 for proper conformation for protein interaction and viral entry (48). Auranofin, by inhibiting thioredoxin reductase, was shown to inhibit HIV infection of cultured cells (48). SARS-CoV-2 also relies on protein-protein interactions, particularly between the viral spike protein and host angiotensin converting enzyme 2 (ACE2), for entry into host cells (35, 49). This interaction was illustrated by the crystal structure of the receptor-binding domain of the spike protein bound to the host ACE2 (50, 51). Cysteines are present in spike and ACE2 proteins and are involved in redox-active disulfide bonds (52). Conformation of both the spike and the ACE2 proteins can thus be subject to the redox milieu (52). A thioredoxin-dependent redox model of spike-ACE2 interaction was proposed and the authors hypothesized that oxidized ACE2 with intact disulfide bonds is necessary for SARS-CoV-2 entry, and that the thioredoxin system, including thioredoxin reductase, would block viral entry via reduction of ACE2 (52). However, our understanding of the spike-ACE2 interface is not complete because, in fact, auranofin (an inhibitor of thioredoxin reductase) inhibits the spike-ACE2 interaction at IC50 value of 22.2 µM (49, 53, 54). Studies using humanized ACE2 transgenic mice would probably determine the potential of auranofin to block SARS-CoV-2 entry in host cells. Auranofin also inhibits SARS-CoV and SARS-CoV-2 papain-like proteases, (which are important for viral replication) at IC50 values of 25.5 µM and 0.75 µM, respectively (49).

Rothan et al. reported that, at 24 hours and at 48 hours after infection, auranofin (4 µM) reduced SARS-CoV-2 RNA by 70% and 85%, respectively, in human cell culture supernatants and by 85% and 95%, respectively, in human cell lysates (33). The EC50 at 48 hours after infection was approximately 1.4 µM (33). In cell culture supernatants at 48 hours after infection, auranofin also significantly reduced viral infectivity as determined by plaque assay (33). To explain its inhibitory effect on viral replication, it was hypothesized that auranofin could affect SARS-CoV-2 protein synthesis partially due to its action on the redox milieu via inhibition of thioredoxin reductase (33). We recommend to further investigate in vitro the potential direct antiviral action of auranofin during SARS-CoV-2 infection to better understand its mechanism of action. Then, we encourage pre-clinical studies in animal models of COVID-19 to validate in vivo the direct antiviral property of auranofin. Also, pre-clinical studies will determine if treatment with auranofin for more than 48 hours will be safe for SARS-CoV-2-infected animals. Rothan et al. reported that, not only did auranofin inhibit SARS-CoV-2 replication, it also significantly reduced the expression of key proteins of the inflammatory response (IL-6, NF-κB, TNFα, ILβ) 48 hours after infection of human cells with SARS-CoV-2 (33). The effect of auranofin on IL-6 is particularly marked and can probably be explained by inhibition of the NF-κB pathway. In fact, SARS-CoV-2 infection increased by 200-fold the mRNA expression of IL-6 in human cells compared to mock-infected cells, while auranofin-treated SARS-CoV-2-infected cells had only a 2-fold increase in IL-6 expression compared to mock-infected cells (33). High levels of IL-6 in the COVID-19-associated cytokine storm are linked with disease severity and mortality (17, 41). Therefore, to our point of view, the major advantage of auranofin treatment is its significant reduction of IL-6 expression in SARS-CoV-2-infected cells. Animal models, particularly with humanized ACE2 transgenic mice, could determine if auranofin has the potential to reduce SARS-CoV-2-associated IL-6-derived pathogenicity and decrease COVID-19 immunopathology.

Auranofin also inhibits replication of other viruses, including Zika virus and Venezuelan equine encephalitis virus, as well as chikungunya virus both in vitro and in a murine model of infection (55). Apoptosis of auranofin-treated virus-infected cells was proven by the presence of viral genomes and misfolded/incompletely assembled particles in supernatants (55). Selective apoptosis triggered by auranofin is illustrated by its action on the HIV viral reservoir. HIV eradication from the body is compromised by the viral reservoir in long-lived central memory and transitional memory CD4+ T cells harboring the retroviral genome (56). In vitro, auranofin induces differentiation and death of these CD4+ T cell subpopulations constituting the viral reservoir in humans (56). Also, in SIVmac251-infected rhesus macaques, auranofin reduced long-lived central memory and transitional memory CD4+ T cells and decreased cell-associated viral DNA (56). The anti-HIV reservoir effects of auranofin were attributed to the lower antioxidant defenses of central memory and transitional memory CD4+ T cells (57). The inhibitory effect of auranofin on the redox enzyme thioredoxin reductase increases cellular oxidative stress and promote redox-sensitive apoptosis (27); auranofin therefore has the ability to select those cell populations for apoptosis (57). In addition, human cells also possess mitochondrial thioredoxin reductase and auranofin can, at very low micromolar concentrations, inhibit mitochondrial thioredoxin reductase (58). Consequently, auranofin can induce mitochondrial membrane permeability transition, loss of mitochondrial membrane potential, release of cytochrome c and apoptosis (58).



Safe Use of Auranofin in Humans

Auranofin has been generally replaced in the treatment of rheumatoid arthritis by more targeted therapies, in part due to its side effects (32). Auranofin is not a harmless drug and treated patients should be monitored (28). Effectively, as a metal-based drug, toxicity issues need to be considered (54). Loose stool and diarrhea commonly occur following oral treatment with auranofin, while rash and proteinuria are less common side effects (28). Fortunately, thrombocytopenia and bone marrow suppression only happen rarely; but long term therapies should be monitored for their potential impact on immune functions (28). Also, auranofin is not recommended in pregnant women and a highly effective birth control should be used (59). In a recent Phase I clinical trial investigating the potential of auranofin for short term therapies, this gold compound was safe and well tolerated (59). Adverse effects were frequent (headache was the most frequently reported), but all adverse effects were mild and resolved without treatment (59). In most cases, anti-COVID-19 treatment with auranofin should be short term (54). The advantages of auranofin treatment in SARS-CoV-2 infections will prevail over potential toxicity for most patients, but we recommend administering auranofin under close medical supervision until safety data are available for COVID-19 patients. Auranofin is FDA-approved and safe in humans and the fear of side effects, which are mostly mild, should not stop its evaluation in clinical trials for the treatment of COVID-19. In fact, auranofin is now in several Phase II clinical trials for its antiviral and antiparasitic properties (27, 33, 59). Auranofin could be tested by adding it to currently accepted therapies with minimal additional risk for COVID-19 patients. If clinical trials prove its safety in COVID-19 patients, auranofin could then be administered outside of hospital settings.



Discussion

An orally-administered FDA-approved drug with anti-inflammatory and anti-SARS-CoV-2 properties with an acceptable toxicity profile would offer significant benefits for the control of the COVID-19 pandemic. Auranofin, an anti-rheumatic drug, has anti-inflammatory properties via its modulation of the NF-κB-IL-6-STAT3 signaling pathway by inhibiting several components upstream and downstream of IL-6 expression (34, 36, 39, 40). Because NF-κB and NF-κB-dependent IL-6 are major actors in the COVID-19-associated cytokine storm and high IL-6 levels worsen prognosis and predicts mortality (13, 17, 35, 41), drugs that can block this pathway are of immediate interest (18–21, 42–44). Auranofin is a potent inhibitor of SARS-CoV-2-induced cytokine expression (including IL-6) in human cells in vitro (33). Moreover, unlike monoclonal antibodies specifically targeting IL-6 or its receptor or glucocorticoids such as dexamethasone, auranofin also has a potential direct antiviral action that could be of additional benefit. Effectively, if further investigations in vitro and in COVID-19 animal models (such as in humanized ACE2 transgenic mice) validate the potential direct anti-SARS-CoV-2 action of auranofin, it will constitute an additional factor in its favor. Furthermore, by inhibiting thioredoxin reductase, auranofin can induce redox-sensitive apoptotic pathways and promote mitochondrial membrane permeability transition (27, 58). Studies will be needed to determine if auranofin can target for apoptosis SARS-CoV-2-infected cells. Auranofin also has an anti-fibrotic action in human hepatic stellate cells (47), but it is not yet elucidated if auranofin can inhibit pulmonary fibrosis in severe COVID-19 cases or as sequelae after COVID-19.

Auranofin shows a peak plasma gold concentration 1-2 h following oral dosing (27, 59–61). Because of rapid metabolism, auranofin is not detected intact in blood; pharmacokinetic data therefore rely on measurement of plasma gold concentration, where gold mostly binds to serum proteins (27, 59–61). Following 7 days of 6 mg/day auranofin, plasma gold concentration ranged from 0.12 to 0.22 µg/ml (59). A clinical trial (Phase I and II Study of Auranofin in Chronic Lymphocytic Leukemia (CLL); registration number NCT01419691) using 21 mg/day auranofin to treat relapsed leukemia was approved by the FDA (59). At a dose of 21 mg/day auranofin, plasma gold concentration increases proportionally and ranged from 0.42 to 0.77 µg/ml (59). Also, doubling the period of treatment from 7 to 14 days doubled the plasma gold concentration, which ranged from 0.22 to 0.42 µg/ml for 6 mg/day auranofin and from 0.78 to 1.48 µg/ml for 21 mg/day auranofin, respectively (59). Moreover, auranofin has a long terminal half-life (59). Therefore, two weeks after the last treatment, plasma gold concentrations remained high ranging from 0.11 to 0.30 µg/ml for 6 mg/day auranofin and from 0.39 to 1.05 µg/ml for 21 mg/day auranofin, respectively (59). Because gold corresponds to 29% of the mass of auranofin, the molarity of ‘auranofin equivalent’ can be calculated from plasma gold molar concentration. But it is important to remember that auranofin itself, as used for in vitro assays, is not present in blood and its metabolites might not have the same efficacy in vivo, particularly because they are protein-bound (59–61). With this in mind, ‘auranofin equivalent’ values can be extrapolated from plasma gold concentrations mentioned above (59). After 14 days of treatment with 21 mg/day auranofin, plasma gold concentration reached 1.18 µM to 2.21 µM ‘auranofin equivalent’ and remained between 0.58 µM to 1.5 µM ‘auranofin equivalent’ two weeks after the last treatment (59). The antimicrobial properties of auranofin metabolites bound to serum proteins are unknown and should be further investigated. In other words, it may not be appropriate to assume that plasma gold concentration corresponding to a given ‘auranofin equivalent’ molarity would be as efficacious in vivo to inhibit infection as the same molar concentration of auranofin in vitro; also, the stability of auranofin in cell culture has not been reported. That being said, it is most likely that the concentration needed to inhibit SARS-CoV-2 papain-like protease (IC50 0.75 µM in vitro) and to reduce SARS-CoV-2 replication (EC50 1.4 µM in vitro) would be achievable by oral administration of auranofin (33, 49). On the other hand, it is improbable that levels obtained after oral administration of auranofin will reach the concentration needed to inhibit the spike-ACE2 interaction (IC50 22.2 µM in vitro) (49, 53, 54). Animal studies, particularly with humanized ACE2 transgenic mice, will better define the anti-SARS-CoV-2 effects of auranofin in vivo. Notably, in the in vitro study reported by Rothan et al., the 50% cytotoxic concentration for human cells was approximately 5.7 µM, 4 times the EC50 for SARS-CoV-2 (33). We recognize that this low margin of safety is a source of concern. Because treatment of COVID-19 would be short term, high doses of auranofin may have an acceptable toxicity profile; but clinical trials in COVID-19 patients are of course necessary to establish the appropriate dose.

Injectable gold compounds are also potential therapies for COVID-19 (49, 53, 54, 62). However, investigations remain to be done to determine if, like auranofin (33), other gold metallodrugs inhibit NF-κB-induced IL-6 expression and SARS-CoV-2 replication. The main advantage of gold compounds administered intramuscularly is achieving high plasma gold levels, up to ten-fold higher than with oral administration of auranofin (60, 61). Therefore, the high plasma concentrations needed to inhibit the spike-ACE2 interaction could potentially be achievable with injectable gold compounds (49); however, this hypothesis should be tested in animal models, particularly with humanized ACE2 transgenic mice. On the other hand, it might not be necessary to inhibit the spike-ACE2 interaction to have anti-SARS-CoV-2 effects and auranofin could present other advantages over injectable gold metallodrugs. Effectively, if further in vitro investigations followed by pre-clinical studies in animal models of COVID-19 prove that auranofin can inhibit NF-κB-induced IL-6 expression as well as SARS-CoV-2 replication and SARS-CoV-2 papain-like protease, auranofin could become a valuable addition to available therapies for COVID-19. Promising data obtained from pre-clinical studies would support evaluation of auranofin in clinical trials with COVID-19 patients. Another point in the favor of auranofin is that it is conveniently administered orally and for this reason, can be prescribed to patients recovering at home. If clinical trials prove that auranofin can be safely administered to COVID-19 patients, then auranofin could be prescribed outside of hospital settings. Finally, auranofin is mostly excreted by the enteric route (60, 61). Because only 15% to 30% of an oral dose of auranofin is absorbed, even the anti-rheumatic dose of 6 mg/day for 7 days leads to high gold concentration in feces following oral dosing (59–61). High ACE2 expression in enterocytes of the small intestine was proposed to explain enteric COVID-19 symptoms and sites of tissue damage (35). Therefore, we hypothesize that auranofin can be particularly efficacious to treat SARS-CoV-2 infection in the intestines, but this hypothesis would need further investigation in animal models and, potentially, in clinical trials.



Concluding Remarks

While information on the action of auranofin during SARS-CoV-2 infection is limited, knowledge of the mechanism of action of auranofin in the treatment of autoimmune and infectious diseases allow to predict that this compound could be a promising candidate in the treatment of COVID-19. Due to the current pandemic, there is a necessity to perform further in vitro investigations and conduct pre-clinical studies in SARS-CoV-2-infected animals to evaluate the potential anti-inflammatory and antiviral effects of auranofin during SARS-CoV-2 infection. If pre-clinical studies prove the anti-COVID-19 properties of auranofin, these data will pave the way for clinical trials with SARS-CoV-2-infected patients to repurpose auranofin for the treatment of COVID-19. Further studies could also determine if the inhibitory effect of auranofin on thioredoxin reductase can induce redox-sensitive apoptosis of SARS-CoV-2-infected cells and if its anti-fibrotic action can prevent COVID-19-associated pulmonary fibrosis. Ultimately, this oral therapy could be added to supportive therapies administered to patients under monitoring in hospital settings and could benefit COVID-19 patients with mild to moderate symptoms recovering at home. We therefore join our voices with other researchers (33, 49, 53, 54, 62) to encourage the evaluation in animal models and clinical trials of chrysotherapy with auranofin, or possibly other gold metallodrugs, alone or in combination with other immunomodulatory molecules for the treatment of COVID-19.
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Since its emergence at the end of 2019, SARS-CoV-2 has spread worldwide at a very rapid pace. While most infected individuals have an asymptomatic or mild disease, a minority, mainly the elderly, develop a severe disease that may lead to a fatal acute respiratory distress syndrome (ARDS). ARDS results from a highly inflammatory immunopathology process that includes systemic manifestations and massive alveolar damages that impair gas exchange. The present review summarizes our current knowledge in the rapidly evolving field of SARS-CoV-2 immunopathology, emphasizing the role of specific T cell responses. Indeed, accumulating evidence suggest that while T-cell response directed against SARS-CoV-2 likely plays a crucial role in virus clearance, it may also participate in the immunopathology process that leads to ARDS.
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1 Introduction

Coronaviruses are a family of single-strand positive RNA enveloped viruses that infect a wide range of hosts. To date, seven viruses are known to infect humans. They include four common human coronaviruses: 229E and NL63 (alpha coronavirus) and OC43 and HKU1 (beta coronavirus). Those endemic viruses cause, in most cases, mild to moderate upper-respiratory tract illnesses (common cold). Human coronaviruses also include three highly pathogenic epidemic beta coronaviruses:

	Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) (1), the epidemy of which emerged in China in 2002 and ended in 2003.

	Middle East Respiratory Syndrome Coronavirus (MERS-CoV), that appeared in the Middle East in 2012 (2).

	The highly contagious SARS-CoV-2, which outbreak started in the province of Wuhan in China at the end of 2019, and which spread worldwide at a very rapid pace.



Those three highly pathogenic coronaviruses predominantly infect the lower respiratory tract, mainly alveolar epithelial cells. They may cause fatal pneumonia associated with increased production of pro-inflammatory cytokines and chemokines, lung infiltration by mononuclear inflammatory cells, acute lung injury with massive diffuse alveolar damage, leading to an acute respiratory distress syndrome (ARDS) (1, 2) (see Figure 1).




Figure 1 | Immunopathology of ARDS. Cytopathic SARS-CoV-2 infection of pulmonary epithelial cells and endothelial cells is the starting point of a series of cascading pro-inflammatory events leading to ARDS eventually. Viral replication, via activation of the innate immune response components such as TLR, triggers the production of interferons, inflammatory cytokines, and chemokines. This inflammation induces infiltration into the alveoli and activation of neutrophils, macrophages, and lymphocytes. Activated immune cells produce large amounts of pro-inflammatory cytokines such as IL-6, IL-1β, TNF-α, and IL-8 that exacerbate local cell recruitment and activation, leading to a “cytokine storm” through this amplification loop. The increase of capillary permeability causes pulmonary edema. Thrombosis occurs via several mechanisms, including injury of endothelial cells by the virus and subsequent activation of the coagulation cascade, activation of neutrophils that secrete procoagulant factors, and activation of complement that leads to activation of platelet and coagulation. Regeneration of the lung epithelia is impaired. This cascade of events ends in a severe impairment of Gas exchanges between alveoli and lung capillaries, causing hypoxemia. Created with BioRender.com.



Infection with the new coronavirus SARS-CoV-2 can be divided into three stages: 1) an asymptomatic incubation period with or without detectable virus, 2) a non-severe symptomatic period with a detectable virus, and 3) a severe symptomatic period with the predominance of respiratory symptoms and variable viral loads in nasopharyngeal samples (3, 4). In some patients worsening may occur despite a decrease in viral load in nasopharyngeal samples (5), while in others, it is associated with high viral loads (3–5). Not all patients progress to the severe phase of the disease. The proportion of patients from the general population, regardless of age, who advance to the critical stage, ranges from 8 to 15% (6, 7). However, there is a higher risk of progression for patients over 65 years old (6). There is also a high prevalence of obesity and hypertension in SARS-CoV-2-infected patients who require invasive mechanical ventilation (8). The risk of progression to severe respiratory complications and death is also higher in patients with cancer (7, 9), including hematological malignancies (10).

While clinical worsening with severe respiratory complications is related to exacerbated immunopathology, it is not necessarily associated with high viral loads. Virus replication in alveolar epithelial cells may trigger in some patients an uncontrolled immunopathology process that continues to exacerbate while viral burden reduces. In SARS-CoV-2 infected patients, ARDS occurs approximately between day 9 and day 12 following the onset of symptoms (11). It is associated with biological hallmarks of intense inflammation (e.g., increase of serum ferritin and CRP), coagulation activation (e.g., increase of d-dimers), and heart damage (e.g., increase of Troponin). The incidence of thrombotic complications appears particularly high in intensive care unit patients with SARS-CoV-2, with pulmonary embolism being the most frequent, ranging from 20.6 to 31% (12, 13).



2 Immunopathology of Acute SARS-CoV-2 Infection


2.1 Interactions Between SARS-CoV-2 Infection and ACE2

The first contact of SARS-CoV-2 with its human target cell is through the interaction of the spike protein (S Protein), a primary site of neutralization (14), and the SARS-CoV receptor angiotensin-converting enzyme (ACE) 2 (14, 15). ACE2 is also the entry receptor of SARS-CoV but not that of MERS-CoV, the functional entry receptor of which is DPP4 (dipeptylpeptidase 4), also known as CD26 (16).

Biophysical and structural evidence suggest that SARS-CoV-2 S protein binds ACE2 with higher affinity than SARS-CoV S protein (17). Several SARS-CoV-2 major variants with mutations within the amino-terminal domain (NTD) and the receptor-binding domain (RBD) of the S protein that increase affinity for ACE 2 have emerged since the beginning of the outbreak (18). For both SARS-CoV and SARS-CoV-2, the S protein is cleaved by the host cell serine protease TMPRSS2 (14), allowing its conformational change and exposition of the fusion peptide required for virus delivery into the cell. Also, neutralizing antibodies against the SARS-CoV S protein may provide some protection against SARS-CoV-2 (14), although limited (17). ACE2 has a remarkable abundance at the cell surface of lung alveolar epithelial cells (pneumocytes type 1 and 2) and enterocytes of the small intestine, two cell types in contact with the external environment (19). It is also broadly present on arterial and venous endothelial cells and arterial smooth muscle cells in numerous organs, including lung, heart, liver, gut, kidney, and brain (14). TMPRSS2 has a wide distribution in epithelia, including lung, gut, pancreas, kidney, prostate, testis, and is regulated by androgen, which may account for a higher incidence of severe SARS-CoV-2 infection in adult males (20, 21).

ACE2 is a major negative regulator of the renin-angiotensin-aldosterone system (RAAS), a cascade of vasoactive peptides. ACE2 degrades angiotensin II (AngII) to angiotensin (1–7), reducing its action on vasoconstriction, sodium retention, and fibrosis. Previous works in vitro on human cells and in vivo on experimental mouse models have shown that SARS-CoV interaction with the S protein leads to ACE2 downregulation (22, 23). ACE2 is a critical negative regulatory factor for the severity of lung edema and acute lung failure (22, 23). Recombinant ACE2 can protect mice from severe acute lung injury (22). AngII acts as a vasoconstrictor and pro-inflammatory factor after binding to angiotensin receptor type I (AT1R), mainly on non-immune cells (24). The possible downregulation of ACE2 after interaction with the S protein of SARS-CoV-2 (25) may increase the pro-inflammatory action of AngII. The AngII-AT1R axis in the respiratory system can activate both NF-κB and STAT3 that act synergistically and trigger an interleukin-6 (IL-6) signaling amplification loop in non-immune cells known as IL-6-mediated inflammation amplifier or IL-6 amplifier for short (26). IL-6 amplifier leads to the production of numerous pro-inflammatory cytokines and chemokines, including IL-6, and the recruitment of immune cells that exacerbate inflammation (26). The age-dependent increase of COVID-19 mortality may be related to the age-dependent enhancement of the IL-6 amplifier (27).



2.2 Interferon Response and Cytokine Release During Acute SARS-CoV-2 Infection

The onset of symptoms following the incubation period to SARS-CoV-2 is associated with intense virus replication (28). At that time, viral proteins and RNA had activated the innate components of the immune response, including toll-like receptors (TLRs) and RIG-I-like receptors (RLRs), with the production of interferons (IFN), inflammatory cytokines, and chemokines. Viral RNA internalized into endosomes may activate TLRs and promote the secretion of pro-inflammatory cytokines, such as tumor necrosis factor-α and IL-6 (29, 30). IFNs are critical components of the innate immune response that install an antiviral state in uninfected cells, impair viral replication in infected cells, and activate various innate and adaptative immune cells (30). Type I IFN and inflammatory cytokines and chemokines may also have a role in the rapid and transient lymphopenia that accompanies many acute viral infections by favoring lymphocyte redistribution (31). It has been reported a suppression of type I IFN signatures in peripheral blood of SARS-CoV-2-infected patients with severe disease, along with decreased plasma IFN-α concentrations, compared to patients with mild to moderate disease (32). By contrast, severe and critical patients had enhanced pro-inflammatory IL-6 and TNF-α–responses (32). SARS-CoV-2 may inhibit IFN-α production via the inhibitory effects of non-structural proteins 6 and 13 (nsp6 and nsp13) and open reading frame 6 (ORF6) on IRF3, a key transcriptional factor involved in the IFN-α activation (33). Moreover, several SARS-CoV-2 proteins, including nsp6 and nsp13, inhibit IFN-α signaling by blocking (STAT1)/STAT2 phosphorylation and/or its nuclear translocation (33). Those results suggested that systemic type I IFN response may have a positive effect on SARS-CoV-2 infection. However, the effects of IFNs appear much more complex (34). Indeed, contrasting with the benefit of this systemic type I IFN response, a correlation has been shown between the high levels of type I and type III IFNs, in particular IFN-λ mRNA, in naso-oropharyngeal and bronchoalveolar lavage fluid samples and disease morbidity in SARS-CoV-2–infected patients (35). While type I IFNs are widely expressed, IFN-λ responses, in terms of cytokine production and receptor expression, appear restricted to a limited number of cell types that include epithelial cells (34). The signaling pathway of IFN-λ in epithelial leads to the induction of a group of IFN-stimulated genes (ISGs), and the tumor suppressor p53, the latter limiting viral replication by enhancing IFN signaling and inducing cell cycle arrest of infected cells (34, 36). In mice infected with influenza virus, IFN-λ may impair proliferation of lung epithelial cells during recovery (35, 37), as well as differentiation of alveolar epithelial progenitor cells to secretory and multiciliated cell subtypes (37). IFN-λ produced by dendritic cells in the lungs of mice exposed to a synthetic viral RNA may damage the lung epithelium, favoring bacterial superinfection (35). Those results suggest that while systemic type I IFN may help limit virus spreading, IFN-λ, which mainly acts on mucosal surfaces, may disrupt lung epithelial regeneration during recovery, exacerbating respiratory disease. One limitation of those results is that they were mainly obtained in mice infected with influenza virus, and this experimental model may not necessarily reflect the features of SARS-CoV-2 infection in humans.

The severe phase of SARS-CoV-2 infection is associated with high blood levels of inflammation markers, such as ferritin and CRP (38–40), and a cytokine release syndrome with the production of a panel of pro-inflammatory and anti-inflammatory cytokines, including IL-1β, TNF-α, IL-6, IL-7, IL-8, IL-9, GM-CSF, G-CSF, MCP-1, IP-10, IFN-α, and IL-10 and TGF-β (3, 40–44). Noteworthy, TGF-β may trigger a process of pulmonary fibrosis (44, 45). The increase of CRP suggests the important secretion of IL-6. Such observations raised the possibility of the therapeutic use of anti-IL-6 and anti-IL-1β monoclonal antibodies to treat the severe phase of SARS-CoV-2 infection. Tocilizumab is a humanized monoclonal antibody to the IL-6 receptor (IL-6R), used to treat rheumatoid arthritis and, more recently, severe cytokine release syndrome caused by treatment with chimeric antigen receptor T cell (CAR-T) immunotherapy. Initial studies suggested that Tocilizumab may have some efficacy in patients in the severe phase of SARS-CoV-2 (46–49). However, subsequent randomized clinical studies showed disparate results (50). While in some studies, IL-6R antagonists improved outcomes (51, 52), including survival (52), others failed to demonstrate significant clinical benefit (53, 54).



2.3 Complement Activation During Acute SARS-CoV-2 Infection

In four patients with severe SARS-CoV-2, requiring non-invasive mechanical ventilation, Eculizumab, a C5 blocking monoclonal therapeutic antibody, led to rapid clinical improvement (55). This suggested that blocking complement activation could be beneficial for patients infected with SARS-CoV-2. In patients with SARS-CoV-2–associated ARDS and purpuric skin rash, deposits of terminal complement components C5b-9 (membrane attack complex), C4d, and mannose-binding lectin (MBL)-associated serine protease (MASP)2 were found in both pulmonary and dermal microvessels, suggesting systemic activation of the alternative and lectin-based complement pathways (56). Higher complement activation products in blood, including soluble C5b-9, correlated with and predicted increased disease severity (57). Activation of the complement may be the consequence of the binding of the coronavirus nucleocapsid protein to the mannose-binding lectin (MBL)-associated protease-2 (MASP-2), a serine protease of the lectin pathway of complement activation (58, 59). The nucleocapsid protein appears highly conserved between SARS-CoV, MERS-CoV, and SARS-CoV-2 (60–62). Direct activation of the alternative complement pathway by the SARS-CoV-2 S protein has also been suggested (63), especially that SARS-CoV-2 infection down-regulates expression of the complement activation inhibitors CD46, CD55, and CD59 (64, 65). In an experimental mouse model of MERS-CoV, increased concentrations of the C5a and C5b-9 complement products were found in sera and lungs, respectively, and inhibition of complement activation with anti-C5a reduced lung damage (41, 64, 66). In another experimental mouse model of SARS-CoV infection, C3 invalidation was associated with substantial reductions in tissue lesions and recruitment of inflammatory cells in the lungs, suggesting that the complement may play a significant role in the early step of inflammation (67). Interestingly, in this experimental model, C3 invalidation did not increase virus replication, suggesting that complement-dependent opsonization mechanisms are not critical for controlling virus replication (67). The levels of soluble C5a were increased in the blood and bronchoalveolar lavage fluid according to the severity of SARS-CoV-2 infection (68). In parallel, high expression levels of C5a receptor 1 (C5aR1) were found in blood and pulmonary myeloid cells (68). This suggested that blocking the C5a–C5aR1 axis may have a therapeutic interest in preventing excessive lung myeloid cell infiltration and inflammation (68). Another point of increasing attention is the effect of complement overactivation on thrombosis. Indeed, complement activation may favor hypercoagulability and thrombosis via several mechanisms that include activation and injury of endothelial cells, platelet aggregation and activation of platelet prothrombinase, as well as inhibition of fibrinolysis (69–72). Also, MASP-2, in addition to trigger complement activation, may cleave prothrombin to form activated thrombin (73). The potential mechanisms of complement activation during SARS-CoV-2 and ARDS are summarized in Figure 2.




Figure 2 | Complement activation during SARS-CoV-2-related ARDS. SARS-CoV-2 infection of alveolar epithelial cells (type II and type I) and endothelial cells may trigger complement activation via the three pathways of complement activation. The binding of the SARS-CoV-2 nucleocapsid protein to MASP-2 may activate the lectin pathway of complement activation. Activation of the alternative pathway could be facilitated by the lack of complement inhibitors (CD46, CD55, and CD59) on infected alveolar cells and virions. IgM to SARS-CoV-2 may efficiently activate the classical pathway. The three complement activation pathways converge to generate the C3a and C5a anaphylatoxins and the Membrane Attack Complex (C5b-C9) (MAC). C3a and C5a are potent chemoattractants and inflammatory mediators that recruit and activate neutrophils and monocytes/macrophages. Deposition of MAC on the membranes of alveolar epithelial cells and endothelial cells leads to cell lysis. Complement overactivation may promote hypercoagulability and thrombosis via several mechanisms, including activation and injury of endothelial cells, platelet aggregation and platelet prothrombinase activation, and inhibition of fibrinolysis. Also, MASP-2, in addition to trigger complement activation, may cleave prothrombin to form activated thrombin. Created with BioRender.com.





2.4 Antibody Responses During Acute SARS-CoV-2 Infection

Initial observations suggested that the median time to detect specific IgM and IgA in serum is 5 days following symptom onset, while the median time to detect IgG is 14 days (74). IgA likely dominate the early SARS-CoV-2 antibody response in serum, saliva, and broncho-alveolar fluid (75). Within 19 days following symptoms onset, 100% of patients had detectable anti-SARS-CoV-2 IgG (76). Among antibodies to SARS-CoV-2, neutralizing antibodies (NAbs) prevent cell infection by disrupting the interaction between the S protein and ACE2. NAbs are directed against either the RBD or the NTD, both being located on the S1 subunit of the S protein (77, 78). NAbs are detectable in 85% of patients after recovery from SARS-CoV-2 infection (79, 80). This proportion was higher among patients with severe SARS-CoV-2 infection and lower in asymptomatic infections (80).

In vaccinated individuals or individuals who have recovered from SARS-CoV-2 infection, NAbs likely play an important role in the protection from symptomatic infection or re-infection, respectively (81, 82). NAbs may be produced early during acute SARS-CoV-2 infection. Neutralizing IgA, directed against the RBD, were detected in a significant proportion of patients in the first week after the onset of symptoms (75). Neutralizing IgA peaked 3 weeks after the onset of symptoms then decreased by week 4 while anti-RBD IgG reached a plateau (75). However, anti-RBD IgA may persist for longer periods in saliva (75).

In severe SARS-CoV-2 infection, neutralization potency of anti-RBD antibodies predicted survival (83). In outpatients with early SARS-CoV-2 infection (less than one week after the onset of symptoms), administration of monoclonal IgG directed against the S protein (Casirivimab/Imdevimab combination or Bamlanivimab) led to rapid decline of the viral load in the nasopharynx (84, 85). No added benefit of those therapeutic antibodies was found in sicker hospitalized patients (86). Possibly, because in later stages of the disease, inflammation and thrombotic events play a more significant role in the patient’s outcome than SARS-CoV-2 replication (86).

In some cases, antibodies to viruses may also promote inflammation and immunopathology via a process known as antibody-dependent enhancement (29, 87). Such pathogenic antibodies likely mainly include low affinity and non-neutralizing antibodies (29). Pathogenic antibodies may target S protein of SARS-CoV on epitopes others than neutralizing sites such as RBD (29). Immune complexes involving pathogenic antibodies may exacerbate inflammation and promote tissue injury by activating TLRs in endosomes following internalization via FcR in immune myeloid cells (29). Pathogenic antibodies may also include IgM that activate efficiently the complement classical pathway (29). In experimental models of SARS-CoV-infected macaques, anti-S protein IgG promoted production by alveolar macrophages of monocyte chemoattractant protein (MCP)-1 and IL-8 in productively infected lungs (88). Lung macrophages also displayed a loss of TGF-β and high expression of IL-6 (88). In vitro, sera from patients who died of SARS-CoV infection enhanced SARS-CoV-induced MCP-1, and IL-8 production by monocytes-derived macrophages was observed and was reduced upon FcγR blockade (88). In SARS-CoV infected macaques, the passive transfer of antibodies against the S protein prevents SARS-CoV entry in pneumocytes (88). However, passively transferred anti-spike IgG also increased macrophage infiltration and favored the occurrence of more severe pneumonia (88). Whether such pro-inflammatory pathogenic antibodies are present during acute SARS-CoV-2 infection in humans and play a significant deleterious role is a point of interest that deserves detailed investigations. Moreover, the potential pathogenic role of antibodies against human endemic « common cold » coronaviruses, that may bind SARS-CoV-2 with low affinity, remains to be determined.

During acute SARS-CoV-2 infection, in patients with severe disease, an absence of germinal centers has been shown along with a reduction of germinal center B cells, but the preservation of AID-expressing B cells (89, 90). The loss of germinal centers may be related to a failure of Bcl6+ T follicular help cell (Tfh) differentiation (90). This impairment in Tfh differentiation could be secondary to changes in the extra-follicular cytokine milieu, including high levels of TNF-α induced downstream of a strong Th1 response. Those defects in B cell differentiation in patients with severe SARS-CoV-2 infections have also been associated with increased proportions of SARS-CoV-2-reactive cytotoxic Tfh cells that may kill B cells and dampen germinal center responses (91). Loss of germinal centers may not enable the generation of long-lived memory or high-affinity SARS-CoV-2 specific B cells (90). Whether such a loss of germinal centers may also affect patients with a mild disease remains to be determined.



2.5 T Cell Responses During Acute SARS-CoV-2 Infection

A specific T cell response is required for virus clearance in many viral infections. The conventional paradigm is that following viral replication in a specific tissue, such as alveolar epithelial cells, local dendritic cells that have taken up viral antigens migrate to the draining lymph nodes and prime naive CD4 and CD8 T cells to generate specific primary effectors and later highly functional memory cells. Antigen-specific CD8 effector T cells rapidly expand, acquire the ability to produce cytokines, such as IFN-γ and TNF-α, and cytotoxicity-associated molecules, such as perforin and granzymes, then migrate to lungs, to exert cytotoxicity toward infected cells (92).

A central biological hallmark of severe SARS-CoV-2 infection is lymphopenia, which correlates with poor clinical outcome (93, 94). Although lymphopenia affects particularly T cells (95), B cell and NK cell counts are also decreased in patients with severe SARS-CoV-2 infection (96). Following recovery, lymphocyte counts return to normal values in most cases (95, 96). Lymphopenia is also a common observation in several acute viral respiratory infections, including SARS-CoV and MERS-CoV infections (97, 98). Lymphopenia may be related to lymphocyte redistribution that involves both retentions in lymphoid tissues and infiltration into target tissues of virus replication (31). Retention in lymphoid tissues may favor antigen priming of naive T cells by dendritic cells to initiate primary effector expansion and the process of memory generation. Lymphopenia may exacerbate, in severe forms of the infection, according to the level of lung inflammation (6). Divergent observations on lung lymphocyte infiltration during the severe phase of SARS-CoV-2 infection were reported. Some authors reported that immune cells infiltrating lungs mostly are macrophages and neutrophils along with a few lymphocytes; most of them were CD4 T cells (99). Others authors reported that lung mononuclear cell infiltrates were dominated by lymphocytes (45).

Observations on patients with severe SARS-CoV infection indicated a full restoration of CD8 lymphopenia between the third and the fifth week after disease onset. By contrast, a full restoration of CD4+ lymphopenia was slower, as CD4 cell count remains lower than in controls three months after the onset of disease, although a rapid and significant recovery was observed since the third week (31, 100). Such rapid recovery points out tissue sequestration. However, other mechanisms for lymphopenia may be involved including T depletion associated with the lymphoid organ necrosis reported during SARS-CoV-2 infection (99).

Transcriptomic analysis of bronchoalveolar lavage fluid and peripheral blood mononuclear cells in patients infected with SARS-CoV-2 suggested that this virus may induce apoptosis and P53 signaling pathway in lymphocytes (44). The capacity of SARS-CoV-2 to infect lymphocytes in vivo remains unclear. There is no significant expression of ACE2 on T and B cells (62). Observations of T and B cell infection by SARS-CoV have been reported (101). Other receptors may be possibly involved in the entry of SARS-CoV-2 into lymphocytes, including CD147 or CD26 (DDP4) (102–104). However, this remains under debate (105), and to date, ACE2 should be considered as the only entry receptor for SARS-CoV-2. Therefore, direct viral infection may not be a significant mechanism of the lymphopenia associated with SARS-CoV-2. Another potential mechanism for SARS-CoV-2 infection-induced lymphopenia is apoptosis related to inflammatory cytokines, such as TNF-α, that may trigger T cell apoptosis following interaction with TNFR1, the expression of which is increased on T cells in aged individuals (106, 107). T cell numbers in blood correlated negatively with the levels of IL-6, IL-10, and TNF-α (108).


2.5.1 CD4 T Cell Responses

In patients with severe acute SARS-CoV-2 infection, a diminution of total regulatory T cells (Treg) in blood was observed (96, 109). A decrease of Treg in patients with severe disease was also found in the pool of SARS-CoV-2-specific CD4 T cells (91). Conversely, an increase in the proportion of pro-inflammatory CCR6+ Th17 within the total CD4 T cell pool was reported in a patient who died from severe SARS-CoV-2 infection with ARDS (45). CCR6 enables the homing of CD4 T cells to the lung and the gut  (110). Activated CD4 T cells reactive to S protein of SARS-CoV-2 are detectable in most patients with acute SARS-CoV-2 infection (96, 111). In patients with severe disease, the frequency of SARS-CoV-2–specific CD4 T cells is higher than in convalescent individuals (96). Most of those specific T cells are likely primary effectors or early memory cells in patients with acute infection, while in convalescent patients, SARS-CoV-2–specific CD4 T cells likely correspond to memory cells. S protein dominance was found for anti-SARS-CoV-2 CD4 T cells in patients with ARDS (112), while SARS-CoV-2 CD4 memory T cells may exhibit a different pattern of immunodominance, with codominance of M, spike, and N viral proteins (113). An intriguing point is that up to 60% of unexposed healthy donors also showed CD4 T cell reactivity to S protein of SARS-CoV-2, suggesting a possible cross-reactivity of memory CD4 T cells directed against the four endemic human coronaviruses (111, 113–115). This cross-reactivity may be potentially related to previous contacts with animal beta-coronaviruses (114). Therefore, CD4 T cell cross-reactivity between SARS-CoV-2 and endemic human coronavirus or even coronavirus from animals in contact with humans appears quite common. The role of these pre-existing cross-reactive memory T cell responses in the immunopathology of SARS-CoV-2 infection remains to be clarified.

It has been suggested that progression to the severe phase of SARS-CoV-2 infection is associated with a reduction in the polyfunctionality of total CD4 T cells (e.g., the ability for the same lymphocyte to produce TNF-α, IL-2, and IFN-γ) (116). Those results of apparent functional impairment of CD4 T cells in severe SARS-CoV-2 infection contrasts with other observations that functional anti-SARS-CoV-2 CD4 T cells are detectable in all ARDS patients (112). Those specific CD4 T cells mainly produce Th1 cytokines, although Th2 and Th17 cytokines were also detected (112). However, an extensive single-cell transcriptomic analysis of SARS-CoV-2 specific CD4 T cells in patients with severe SARS-CoV-2 acute infection showed that polyfunctional Th1 and Th17 cell subsets were under-represented in the repertoire of SARS-CoV-2-reactive CD4 T cells as compared to influenza-reactive CD4 T cells (91). The same study also showed in patients with severe infection a high frequency of cytotoxic CD4 T cells, that express perforin and granzyme B (GrB), including cytotoxic Tfh (91). Cytotoxic CD4 T cells (non-Tfh) may kill infected type II pneumocytes that can express class II MHC (117). Cytotoxic Tfh cells can kill B cells and dampen germinal center responses (91). As reported above, there is an impairment in Tfh differentiation and Tfh response during severe SARS-CoV-2 infection (90, 91). This defect may negatively impact not only the generation of memory B cell responses but also the generation of CD8 memory, as Tfh may also be required for the optimal differentiation of highly functional CD8 memory T cells (118).



2.5.2 CD8 T Cell Responses

CD8 T cells from patients with severe SARS-CoV-2 infection showed higher activation, including higher IFN-γ and GrB expression, than patients with mild infection (116). Such strong activation may lead to high expression of exhaustion-associated receptors, including PD-1, TIGIT, and CTLA-4 (116). A massive PD-1 upregulation has been shown in patients with ARDS (108). One concern with the potential conclusions drawn from those studies is that T cell exhaustion is a process that affects T cells specific for a particular pathogen and not the whole blood T cell compartment regardless of the antigen specificity, as reported in the SARS-CoV-2 studies described above. Therefore, one cannot rule out that the increase in inhibitory receptors may be a global adaptation process of T cells to the cytokine storm rather than an intrinsic defect of the anti-SARS-CoV-2 primary T cell response. The observations on total T cells may not necessarily reflect the situation of anti-SARS-CoV-2-specific T cells, although a substantial part of activated CD8 T cells may be specific SARS-CoV-2 (119). Also, the expression of inhibitory receptors such as PD-1 on T cells during acute viral infections may not necessarily reflect a deleterious exhaustion process such as seen during chronic viral infections or cancers, but rather may be part of a physiological tuning process that adjusts T cell activation and functionality.

In a series of patients with ARDS, anti-SARS-CoV-2 specific CD8 T cells were detected in all patients admitted to an intensive care unit (112). Those CD8 T cells for which specificity included the S glycoprotein mainly have a memory effector or a terminally differentiated effector phenotype (112).

In SARS-CoV-infected patients, similar functionality, phenotype, and frequencies of virus-specific T cells were found between patients who experienced moderate and severe diseases, with most of the CD8 T cells producing only IFN-γ. A minority of specific CD8 T cells could also produce TNF-α and degranulate (CD107a+). Their frequency was higher in patients with the severe form of the disease (120). During the acute phase of MERS-CoV infection, higher frequencies of specific cytotoxic CD8 T cells have been shown in patients with moderate/severe diseases than in patients with mild disease (121). These CD8 T cells were directed mainly against the viral S protein (121), suggesting an association between the level of the specific early CD8 T cell response and the severity of the infection (121). Conversely, in experimental mouse models of MERS-CoV, viral clearance was not possible in T cell-deficient mice. However, it was possible in mice lacking B cells, indicating the crucial role of the CD8 T cell response for virus clearance (122). Similarly, 2 cases of patients with X-linked agammaglobulinemia who have developed and cleared a mild SARS-CoV-2 have been reported, suggesting that B cells and immunoglobulins are not essential for the control of virus replication during acute infection (123).

In various experimental models of acute respiratory virus infections, such as Respiratory Syncytial Virus (RSV), Influenza A Virus (IAV), Human Metapneumovirus (HMPV) and Pneumonia Virus of Mice (PVM) infections, expansion of specific CD8 T cells peaked in airways and lungs between day 8 and up to day 14 following mouse infection, and generally coincided with virus clearance (124). In antigen-naive individuals, mainly in children, during infection with respiratory viruses, including RSV, IAV, rhinovirus, and endemic coronaviruses, the peak of CD8 T cells in tracheal aspirates of primary effectors occurs around day 10 (124, 125). The key role of primary CD8 T cell effectors in mediating viral clearance during acute respiratory viral infections in children is well established (124). However, there is also evidence in experimental mouse models and, to a lesser extent, in children, of the immunopathological potential of CD8 T cells, following infection with respiratory viruses such as RSV that also infects alveolar epithelial cells (124, 126, 127). CD8 T cell-mediated immunopathology may involve the CD8 cytotoxic pathways such as perforin/GrB and Fas/Fas ligand (124) as well as the production of cytokines such as IFN-γ and TNF-α that may take part in a cytokine storm. Similarly, to CD4 T cells, memory CD8 T cells recognizing peptides conserved amongst coronaviruses are detectable in unexposed individuals. Those cells appear more abundant in patients with mild disease, suggesting a potential protective role (128). However, the situation is likely more complex and likewise their CD4 T cell counterparts, further studies are required to clarify the exact impact of those cross-reactive memory CD8 T cells.





3 Concluding Remarks

The immune response to acute lower respiratory viral infections must be tightly regulated, enabling pathogen elimination while maintaining crucial gas exchange. The highly inflammatory process leading to ARDS results from inappropriate regulation of the network of innate and adaptive components of the immune response triggered by SARS-CoV-2 replication in the pulmonary alveolus (see Figures 1–3). The anti-SARS-CoV-2 primary T cell response, which includes the complex and multi-faceted CD4 T cell response and the CD8 T cell component, likely plays an essential role in virus clearance. It may also participate in the immunopathology process leading to ARDS. Impaired regulation may affect not only the CD4 and CD8 primary effectors generated directly by SARS-CoV-2 infection but possibly also pre-existing memory T cells against endemic coronaviruses that may react to shared viral peptides. Human beta-coronaviruses may trigger long-lasting T cell memory. SARS-CoV-specific memory T cells have been detected more than 10 years after SARS (129). Anti-viral-memory T cells, including lung-resident memory T cells, may be highly reactive and may generate potent secondary responses. For instance, in mice, pre-existing anti-RSV memory CD8 T cells generated through a prime-boost vaccine strategy led to IFN-γ-mediated fatal immunopathology following virus challenge (130). Therefore, although coronavirus cross-reactive memory T cells could benefit many patients by helping to clear the virus, one cannot rule out that this pre-existing T cell memory may exacerbate immunopathology in some subsets of patients by providing uncontrolled CD4 helping signals to myeloid and lymphoid immune effectors, and by direct CD8 cytotoxicity. Patients at risk of ARDS include the elderly and patients with obesity. There is a loss in Treg functions during aging that may render aged individuals more susceptible to immunopathology (131). Obesity leads to accelerated immune senescence (132). It is also associated with chronic inflammation with dysfunction of several T cell subsets, including Treg and Th17 (132).




Figure 3 | T cell responses during severe SARS-CoV-2 infection. The complex network of CD4 T cell responses during SARS-CoV-2 infection involves different CD4 subsets, including Treg, Th1 cells, Th17 cells, and some cytotoxic CD4 subsets. Th17 cells may activate neutrophils, and Th1 may provide helping signals to macrophages and CD8 effectors. Cytotoxic CD4 T cells that produce multiple chemokines (that may recruit myeloid cells) and direct cytotoxic properties have been reported in patients with severe disease. Those cytotoxic CD4 subsets could exert cytotoxicity on infected type II pneumocytes that can express MHC class II. The role of cross-reactive memory CD4 T cells generated following previous infections with endemic coronaviruses remains to be clarified. Those activated cross-reactive cells may provide help to various immune effectors, including SARS-CoV-2-specific CD8 primary effectors or coronavirus cross-reactive CD8 memory T cells (secondary effectors). Circulating cytotoxic Tfh that may kill B cells have also been described. The diminution of Treg reported in severe ARDS may exacerbate T cell mediated immunopathology. Created with BioRender.com.



A better understanding of the regulatory processes within the complex network of immune effectors acting in pulmonary alveoli (see Figures 1–3), including the mix of SARS-CoV-2-specific primary T cells and beta-coronavirus cross-reactive memory T cells (Figure 3), is required to prevent and treat ARDS in patients at risk.
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Angiotensin-converting enzyme 2 (ACE2) is a receptor for the spike protein of SARS-COV-2 that allows viral binding and entry and is expressed on the surface of several pulmonary and non-pulmonary cell types, with induction of a “cytokine storm” upon binding. Other cell types present the receptor and can be infected, including cardiac, renal, intestinal, and endothelial cells. High ACE2 levels protect from inflammation. Despite the relevance of ACE2 levels in COVID-19 pathogenesis, experimental studies to comprehensively address the question of ACE2 regulations are still limited. A relevant observation from the clinic is that, besides the pro-inflammatory cytokines, such as IL-6 and IL-1β, the anti-inflammatory cytokine IL-10 is also elevated in worse prognosis patients. This could represent somehow a “danger signal”, an alarmin from the host organism, given the immuno-regulatory properties of the cytokine. Here, we investigated whether IL-10 could increase ACE2 expression in the lung-derived Calu-3 cell line. We provided preliminary evidence of ACE2 mRNA increase in cells of lung origin in vitro, following IL-10 treatment. Endothelial cell infection by SARS-COV-2 is associated with vasculitis, thromboembolism, and disseminated intravascular coagulation. We confirmed ACE2 expression enhancement by IL-10 treatment also on endothelial cells. The sartans (olmesartan and losartan) showed non-statistically significant ACE2 modulation in Calu-3 and endothelial cells, as compared to untreated control cells. We observed that the antidiabetic biguanide metformin, a putative anti-inflammatory agent, also upregulates ACE2 expression in Calu-3 and endothelial cells. We hypothesized that IL-10 could be a danger signal, and its elevation could possibly represent a feedback mechanism fighting inflammation. Although further confirmatory studies are required, inducing IL-10 upregulation could be clinically relevant in  COVID-19-associated acute respiratory distress syndrome (ARDS) and vasculitis, by reinforcing ACE2 levels.
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Graphical Abstract | ACE2 enzyme is a negative regulator of RAAS providing a crucial link between immunity, inflammation, increased coagulopathy, and
cardiovascular disease, thereby serving as a protective mechanism against inflammation, heart failure, myocardial infarction, lung disease, hypertension, vascular permeability, and diabetes. ACE2 function, following SARS-CoV binding, is reduced due to endocytosis and proteolytic cleavage and there are high levels of Ang II in the blood of patients with COVID-19. Consequently, the upregulation of human ACE2 induced by IL-10 in SARS-CoV-2-infected patients could be clinically useful, due to the protection elicited by the increased activity of ACE2 and possibly angiotensin(1–7).




Introduction

Coronaviruses are animal viruses, but they mutate towards strains that can infect directly humans (1, 2). A novel strain, 2019-nCoV or COVID-19, giving rise to SARS-CoV-2, has emerged at the end of 2019 (1, 3). The understanding of COVID-19 pathogenesis and the occurrence of high COVID-19-associated death burden became an urgency within the pandemic. Thousands of papers have been published, on epidemiology, diagnosis, and cure. Vaccination appears to be the most successful strategy against COVID-19 so far; however, numerous pharmacological approaches are being studied.

In this scenario, challenging open questions for immunologists remain partially unresolved.

Coronaviruses easily replicate in epithelial cells of the respiratory tract, but not exclusively: there are a large number of cells that can harbor the virus (4). Epithelial cell infection leads to cytopathic changes of the mucosae, mostly respiratory and enteric. Endothelial cells might be involved in the arterial as well venous thrombotic events (4). Within the respiratory disease, which can be mild or severe, human coronavirus infections can induce inflammation and immune suppression with respiratory tract infection and organ dysfunction, until acute respiratory distress syndrome (ARDS) that can be lethal (3, 5, 6).

Virus pathogenesis is frequently associated with the intensified production of proinflammatory cytokines in some patients and was evident with the previous SARS (7). Proinflammatory cytokines and chemokines act as the necessary early immune response against pathogens. However, an increased and non-controlled immune response has been associated with the high virulence of SARS-CoV (8, 9), indicated as “cytokine storm”. Peripheral blood and lungs of SARS patients were characterized by elevated levels of proinflammatory cytokines, such as IL-1, IL-2, IL-6, IL-8/CXCL8, and chemokines, including CXCL10 and MCP-1/CCL2, which were associated with disease severity (10–14).

SARS-CoV infects type 2 pneumocytes and ciliated bronchial epithelial cells engaging angiotensin converting enzyme 2 (ACE2) as a receptor, which processes angiotensin II (Ang II) to Ang (1–7). The novel SARS-CoV-2 virus employs ACE2 as a receptor, similar to SARS-CoV (15–18). ACE2 is a membrane-bound peptidase expressed in lungs, heart, kidneys, and intestine as well as arterial and venous endothelial cells in all organs studied (4, 19). Ang II is a key effector of the renin–angiotensin–aldosterone system (RAAS) and exerts its biological functions through type 1 and 2 receptors (AT1R and AT2R) (20). RAAS has a key role in blood pressure homeostasis and electrolyte balance, while Ang II through AT2R is also involved in the development of inflammatory reactions and in the control of the kinin–kallikrein system, with important implications for the coagulation cascade. SARS-CoV infection decreases the expression of ACE2 (21), with possible relevance for the development of lung fibrosis reported in SARS patients months after their clearance of the viral infection (22–26); in fact, ACE2 exerts an anti-inflammatory role.

COVID-19 patients in particular display elevated levels of IL-6, and this is the cytokine so far mostly studied, with investigations also on the possible therapeutic use of anti-IL-6 agents, such as tocilizumab (27). However, as reported above, other cytokines are present in altered levels.

Increasing evidence supports the involvement of IL-10, although few investigations have been addressed to this molecule. IL-10, the main member of the IL-10 superfamily, plays a critical role in the resolution of peripheral inflammation, thus being largely investigated as anti-inflammatory cytokine (28, 29). Since its initial discovery, it has been found that IL-10 is produced by different leukocytic cell types, such as monocytes, granulocytes, and non-immune cells, including epithelial cells and keratinocytes (30, 31). Despite the numerous published papers, the ultimate role of IL-10 in disease has not been fully determined, due to the extremely heterogenous immunological contexts that regulate its functions and the documented controversial effects (32–34). In vivo, IL-10 exerts dual effects on NK activities, with some reports documenting increased cytolytic activities and others showing an opposite effect (32, 35). The tissue microenvironment or in vitro surroundings plays a role in IL-10 inhibition or activation of immune cells (32).

In severe/critically ill patients, a dramatic increase of interleukin IL-10 has been described as a crucial feature of COVID-19. COVID-19 patients in the intensive care unit (ICU) have been reported to exhibit increased systemic levels of IL-10, as compared to non-ICU patients (3, 36, 37). Elevated levels of IL-10 have strong correlations with those of IL-6 and C-reactive protein (38). This clearly suggests the presence of IL-10 in COVID-19 severity.

Patients with severe and fatal disease had significantly increased IL-6 and IL-10. These were strong discriminators in Chinese cohorts (39) and Brazilian cohorts (40). The levels of IL-10 are positively correlated with CRP amount (38). Elevation of IL-6, IL-10, and C-reactive protein is a reliable indicator of severe COVID-19 (41). IL-10 was elevated in severe but not mild cases after the virus infection; IL-10 at week 1 may predict patient outcomes (42). IL-10 and IL-10/lymphocyte count at emergency department presentation were described as independent predictors of COVID-19 severity (43). Moreover, elevated IL-10 was more strongly associated with outcomes than pro-inflammatory IL-6 or IL-8. IL-6 and IL-10 are found to predict disease severity (38). Elevated serum levels of IL-6, IL-10, and tumor necrosis factor alpha (TNFα) in non-survivors have been detected, compared to those in the survivors (44). Also, a fatal outcome has been observed in patients with severe COVID-19 with kinetic variations in IL-6, IL-8, and IL-10, independently of sex, age, absolute lymphocyte count, direct bilirubin, hypertension, and chronic obstructive pulmonary disease (44). Two meta-analyses on IL-6 and IL-10 circulating levels found a correlation between the disease severity and mortality in COVID-19 patients (45, 46). Since IL-10 is reported as an anti-inflammatory cytokine, elevated levels could represent a reaction of the organism to curb inflammation, a sort of alarmin-like signal (47).

We hypothesize that IL-10 could be a danger signal, and its elevation could possibly represent a negative feedback mechanism suppressing inflammation.

Although spike-ACE2 binding in pneumocytes, as well as other affected cells, is required for viral entry, paradoxically, treatments that increase ACE2 may be beneficial in mitigating the complications of COVID-19, by curbing inflammation. Therefore, ACE2 expression seems to be a two-faced Janus for the development of human COVID-19 disease severity. In the RAAS, Angiotensin converting enzyme 2 (ACE2)–Ang 1-7–Mas represents a protective arm to contrast the deleterious effect of ACE1–Ang II, which induces systemic and pulmonary hypertension. ACE2 activates anti-inflammatory pathways after tissue injury (48). SARS-CoV-1 was found to decrease ACE2 expression after binding, and low levels of ACE2 have been implicated in cardiovascular impairments and ARDS (20, 49).

Anti-inflammatory drugs may offer cardiopulmonary protection in COVID-19 via enhanced ACE2 expression. The paradoxical effect of stimulating SARS-COV-2 receptor ACE2 messenger expression could lead to both enhanced entry route in the cells and, at the same time, reduced inflammatory cytokine production and protection from further damage.

In this Brief Research Report, we show our preliminary data on a possible role for IL-10 in trying to mitigate COVID-19 pathogenesis, by enhancing ACE2 expression in lung cells (see Graphical Abstract). We show that treatment with IL-10 of Calu-3, cells of lung epithelial origin, enhances mRNA expression of ACE2, in a dose-dependent manner, as measured by quantitative qPCR. Given the involvement of endothelial cells in COVID-19 pathogenesis, we also stimulated cultured human endothelial cells to see if a similar scenario as in Calu-3 cells might occur. We found that ACE2 is upregulated by IL-10 also on human umbilical vein endothelial cells (HUVECs). Expression of ACE2 on Calu3 and HUVECs was also detected by Western blot, to confirm it at the protein level.

Treatment with biguanide metformin, based on some evidence of beneficial effects in SARS-CoV-2 (50, 51), was also tested, and was found to upregulate ACE2 in lung and HUVECs. Sartans, regulators of the RAAS system, did not induce increase or reduction of ACE2 messenger to a significant extent.

We point that our preliminary data provide a hint to the mechanism of a potential role of IL-10 in SARS-CoV-2-associated disease severity and ARDS, by elevating ACE2 expression, and that IL-10 stimulation could have therapeutic potential and therefore we propose our data here as a “rapid preliminary report”.



Materials and Methods


Cytokines, Angiotensin II Receptor and ACE inhibitors, and Metformin

IL-1β and IL-10 cytokines were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany) and resuspended in sterile water. TNFα was purchased from Peprotech (Rocky Hill, NJ, USA) and resuspended in sterile water. Olmesartan, losartan, and enalapril were purchased from Sigma-Aldrich and dissolved in sterile water. Metformin was purchased by Sigma-Aldrich and dissolved in sterile water.



Cell Line Culture and Maintenance

Calu-3 cells were purchased by American Type Culture Collection (ATCC) and cultured in RPMI 1640 medium (Euroclone, Pero, MI, Italy) supplemented with 10% of FBS, 2 mM l-glutamine (Euroclone), 100 U/ml penicillin, and 100 μg/ml streptomycin (Euroclone).

HUVECs were purchased by ATCC and cultured in endothelial cell basal medium (EBM, Lonza), supplemented with endothelial cell growth medium (EGM™ SingleQuots™, Lonza), 10% of FBS, 2 mM l-glutamine (Euroclone), 100 U/ml penicillin, and 100 μg/ml streptomycin (Euroclone) and used between three and five passages. Clau3 and HUVECs were regularly tested for absence of mycoplasma contamination.



Cell Treatments

Calu-3 cells (1 × 106 cells/dish) were seeded in 100-mm Petri dishes in RPMI 1640 medium (Euroclone, Pero, MI, Italy) supplemented with 10% of FBS, 2 mM l-glutamine (Euroclone), 100 U/ml penicillin, and 100 μg/ml streptomycin (Euroclone). Following cell adhesion, fresh complete medium with IL-10 (1, 5, and 25 ng/ml), TNFα (50 ng/ml), IL-1β (25 ng/ml), olmesartan (10 µM), losartan (10 µM), and metformin (10 mM) were added for 24 h at 37°C.

HUVECs (1 × 106 cells/dish) were seeded in 100-mm Petri dishes in endothelial cell basal medium, 10% of FBS, 2 mM l-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. Following cell adhesion, fresh complete medium with IL-10 (1, 5, and 25 ng/ml), TNFα (50 ng/ml), IL-1β (25 ng/ml), olmesartan (10 µM), enalapril (10 µM), and metformin (10 mM) were added for 24 h at 37°C. Following treatments, cells were used for further analysis by qPCR, Western blot, and flow cytometry.



Real-Time PCR

ACE2 primers for qPCR and the housekeeping β-actin (Supplementary Table S1) were designed using the NCBI Primer-BLAST tool and purchased from Integrated DNA Technologies (IDT, Coralville, IA, USA). Total RNA was extracted using TRIzol method, following separation with chloroform precipitation of RNA with isopropanol (Sigma-Aldrich). RNA pellet was washed twice with 75% ethanol (Sigma-Aldrich) and resuspended in nuclease-free water. RNA concentration was determined using Nanodrop Spectrophotometer ND-1000 (Thermo Fisher Scientific). Reverse transcription was performed using the SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific), starting from 1,000 ng of total RNA. Quantitative real-time qPCR was performed using SYBR Green Master Mix (Applied Biosystems) on QuantStudio 6 Flex Real-Time PCR System Software (Applied Biosystems). All reactions were performed in duplicate, and the experiment was repeated four times. The relative gene expression was expressed relative to non-treated cells normalized to the housekeeping gene. Cycles up to 35 were taken into account.



Western Blotting Analysis

Cell lysates were obtained using RIPA buffer, supplemented with protease and phosphatase inhibitor cocktails (Roche Diagnostics GmbH). Proteins (30 µg) were loaded on NuPAGE Novex 4%–12% Bis-Tris Gel (Life Technologies) and transferred to a PVDF membrane Amersham Hybond (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). Membranes were incubated overnight at 4°C with the primary antibodies ACE2 (Invitrogen, dilution 1:1,000). Then, membranes were washed three times in TBS with 0.05% Tween 20 (TBS-T, pH 7.4), and incubated for 1 h at room temperature, with peroxidase-linked anti-rabbit IgG secondary antibody (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA, dilution 1:2,000). Specific protein bands were detected by acquisition with the Alliance Q9 Atom System (Uvitec, Cambridge, UK). Protein expressions were normalized to β-actin (Cell Signaling Technology, dilution 1:1,000). Western blot data were analyzed using Q9 Alliance software (Uvitec, Cambridge, UK) to determine the band optical density (OD).



Statistical Analysis

Statistical analysis was performed using the GraphPad Prism software, v9. Results are shown as mean ± SEM, one-way or two-way ANOVA, followed by Tukey’s post-hoc test. p values ≤ 0.05 were considered statistically significant.




Results


IL-10 Treatment of Calu 3 (Lung) Cells

To investigate the effect of IL-10 on ACE2 expression on Calu 3 cells at the transcriptional level, we performed quantitative real-time PCR (qPCR) analysis on cells treated with different doses of IL-10. ACE2 was found to be differentially expressed in IL-10-treated cells as compared to non-treated ones, in a statistically significant manner by using 25 ng/ml dosage (Figure 1A). We also compared the effects of the inflammatory cytokines TNF-α and IL-1β, at the same concentration, without observing an increase in ACE2 expression (Figure 1B). The ACE2 levels in Calu3 treated with IL-10 (25 ng/ml) were statistically significantly higher than in control, TNF-α, and IL-1β in Calu 3 cells.




Figure 1 | Effects of IL-10 on ACE2 expression in Calu-3 cells by qPCR. (A) The ability of IL-10 (1 to 10 ng/ml) to induce ACE2 expression in Calu-3 cells was determined, following 24 h of stimulation, by qPCR. IL-10 increased ACE2 expression in a dose-dependent manner; N = 5–7. (B) The effects of IL-10 (25 ng/ml) to induce ACE2 expression in Calu-3 cells were compared to the pro-inflammatory cytokines TNFα (50 ng/ml) and IL-1β (25 ng/ml), following 24 h of treatment; N = 5. IL-10 (25 ng/ml) increased ACE2 expression as compared to TNFα (50 ng/ml), IL-1β (25 ng/ml), and control untreated cells. (C) The effects of IL-10 (25 ng/ml) on ACE2 expression in Calu-3 was determined by qPCR, as compared to olmesartan (10 µM) or losartan (10 µM); olmesartan (10 µM) or metformin, (10 mM), by qPCR. N = 5. Non-significant effects was seen with sartans but metformin (10 mM) increased ACE2 expression. Data are shown as mRNA relative expression, normalized to β-actin and control, mean ± SEM, one-way ANOVA, **p < 0.01, ***p < 0.001, Control: control vehicle cells.



We also tested inhibitors of the ACE system, and a non-related anti-diabetic, anti-inflammatory drug. No statistically significant difference in ACE2 expression was detected in Calu3 cells treated with the olmesartan and losartan (angiotensin II receptor inhibitors), as compared to control untreated cells (Figure 1C). Cells treated with the biguanide metformin exhibited statistically significantly upregulation of ACE2 (Figure 1C).

To confirm at the protein level the presence of ACE2, ACE2 protein was detected by Western blot in Calu-3 cells (Figure 1A) with specific antibodies. Notwithstanding the constitutive presence of ACE2 on the membrane of these cells, modulation at the protein level was observed following 24-h treatment of IL-10 (Figure 2A). We found elevated ACE2 expression in Calu 3 cells treated with IL-10 (25 ng/ml) but not IL-1β (Figure 2A). Metformin treatment also increased ACE2. Data of four independent Western blot were quantified and reported in a histogram (Figure 2B).




Figure 2 | Expression of ACE2 protein in Calu-3 cells. ACE2 expression on Calu-3 cells was evaluated following 24-h exposure to IL-1β (25 ng/ml) and IL-10 (5 and 25 ng/ml) and metformin (10 mM) by Western blot (A). Band intensities were denistometrically quantified (B) and normalized to β-actin and control; N = 4. Data are shown as mean ± SEM. Control, control vehicle cells.





IL-10 Treatment of HUVE (Endothelial) Cells

The ability of IL-10 (5 and 25 ng/ml) to induce ACE2 expression in HUVECs was determined, following 24 h of stimulation, by qPCR. IL-10 increased ACE2 expression and was statistically significantly higher upon treatment with IL-10 at 25 ng/ml (Figure 3A). The effects of IL-10 (25 ng/ml) on ACE2 expression in HUVECs was compared to those of olmesartan (angiotensin II receptor inhibitors) and enalapril (ACE inhibitor), by qPCR. Olmesartan and enalapril did not enhance expression, they even induced a small but not significant decrease in ACE2 (Figure 3B). Cells treated with the biguanide metformin exhibited significantly upregulation of ACE2 (Figure 3B).




Figure 3 | Effects of IL-10, sartans, and metformin on ACE2 expression in HUVECs. The ability of IL-10 (5 and 25 ng/ml) to induce ACE2 expression in HUVECs was determined, following 24 h of stimulation, by qPCR. (A) IL-10 increased ACE2 expression in a dose-dependent manner. (B) The effects of IL-10 (25 ng/ml) on ACE2 expression in HUVECs was determined by qPCR, olmesartan (10 µM), enalapril (10 µM), or metformin (10 mM). Metformin shows a trend in increasing ACE2 expression in HUVECs. Data are shown as mRNA relative expression, normalized to β-actin and control, mean ± SEM, one-way ANOVA, *p < 0.05, **p < 0.01. Control, control vehicle cells. ns, not significant.



We also found a modulation in ACE2 protein expression in HUVECs treated with IL-10 (25 ng/ml) by Western blot (Figure 4) stained with specific antibodies, as compared to cytokine IL-1β treatment and control untreated cells. We observed that IL-10 (25 ng/ml) increased ACE2 in HUVECs, while IL-1β decreased it (Figure 4A). Also, 5 ng/ml of L-10 were able to show induction of ACE2 protein (Figure 4B). Bands of eight Western blots were scanned, quantified, and reported in graphic (Figure 4C). HUVECs treated with metformin also exhibited upregulation of ACE2 (Figure 4B).




Figure 4 | Expression of ACE2 protein in HUVECs. ACE2 expression by HUVECs was evaluated following 24-h exposure to IL-1β (25 ng/ml) or IL-10 (25 ng/ml) (A), IL-10 (5 ng/ml), IL-1β (25 ng/ml) and metformin (10 mM) (B) by Western blot. Eight Western blots were quantified, normalized to β-actin and control, and reported in a histogram (C).






Discussion

Ang-II stimulates the expression of pro-inflammatory mediators, including IL-6, through receptor subtypes (20). Ang II can be hydrolyzed from ACE2 to Ang1–7, which can bind to MAS [G protein-coupled receptor (GPCR)] receptors to act as an antagonist of Ang-II receptors to mediate physiological processes (20). An increase in the activation of ACE2, which produces Ang-1-7 that binds to MAS receptors, prevents local and systemic dysfunctions and reduces inflammation (20, 52); it is a shared opinion that ACE2 plays a protective role in acute lung injury (20, 52). A reduced expression of ACE2 caused by SARS-CoV-2 infection could contribute the SARS inflammatory effect (53). In SARS-CoV2 infection, ACE2 plays a dual role. On the one hand, it is the principal SARS-CoV-2 receptor and previous studies have interrelated the susceptibility of human airway epithelia to SARS-CoV-2 infection through the presence of ACE2 (15–17). On the other hand, the expression of mRNA and the enzymatic activity of ACE2 can decrease the inflammatory activity and exert a protective role in acute lung injury (20). In a rat model, resorcinolnaphthalein, which increases the activity of ACE2, improved endothelia-dependent vasorelaxation and increased the anti-inflammatory cytokine IL-10 (54, 55).

A recent Nature Medicine paper shows that manipulation of RAAS and supraphysiological levels of ANGII in swine induce a pathological phenotype that shares several features of COVID-19 (56). In swine, blocking ACE2 leads to increased coagulation, disturbs lung perfusion, induces diffuse alveolar damage, increases pulmonary artery pressure, and reduces blood oxygenation differently compared to control animals (56).

A decrease in ACE2 can be involved in ARDS. An increased and exacerbated immune response has been associated with the high virulence of SARS-CoV (8, 9), indicated as “cytokine storm”. Peripheral blood and lungs of SARS patients are characterized by elevated levels of proinflammatory cytokines, such as IL-1, IL-2, IL-6, IL-8/CXCL8, and chemokines associated with disease severity (10–14).

Several reports show in particular that high serum levels of not only of the pro-inflammatory IL-6, IL-1β and TNFα but also anti-inflammatory cytokine IL-10 are associated with the severity of the disease and a higher comorbidity index among adults with COVID-19 (38, 39, 41–46, 57). Changes in serum IL-6 and IL-10 levels act as a predictive biomarker to determining severe patient COVID-19 (44).

Two meta-analyses of IL-6 and IL-10 circulating levels found a correlation between the disease severity and mortality in COVID-19 patients (45, 46). Since IL-10 is reported as an immune-modulating cytokine, elevated levels could represent a reaction of the organism to curb inflammation, a sort of alarmin-like signal (47).

Our working hypothesis was that the IL-10 action could be mediated by regulation of ACE2 receptor expression. Our preliminary data, which could have implication in fostering novel studies in this direction, show that IL-10 increases ACE2 mRNA expression in lung-derived Calu-3 cells, and this could be involved in ARDS regulation. Recently, it has been shown that a simple natural IL-10-inducing small molecule can ameliorate a chronic inflammatory disease (58).

A high frequency of thrombosis and thromboembolism has been additionally reported in COVID-19-affected patients [16–18] (Figure 1). ACE2 expression has been demonstrated in endothelial cells from arterial and venous vessels [5], and there is clear-cut evidence that endothelial cells can acquire SARS-CoV-2 infection [19], with development of endotheliitis, endothelial cell damage, systemic vasculitis, and disseminated intravascular coagulation (DIC). Our group has reported a case of biventricular thrombosis in a COVID-19 patient with ischemic dilated cardiomyopathy (59).

Here, we present preliminary evidence that anti-inflammatory cytokine IL-10 treatment induces ACE2 mRNA enhancement in endothelial cells. Regulation is opposite of the one induced by pro-inflammatory signal IL-1β. The sartans (olmesartan and losartan) have no significant modulation over the control groups.

Another molecule that has been suggested to be able to mitigate COVID-19 inflammatory syndrome is metformin (50, 51). A few retrospective analyses of observational studies in COVID-19 patients with type 2 diabetes mellitus, with and without metformin, have shown a reduction in mortality for metformin (50, 51). In a retrospective US large cohort, metformin was significantly linked to reduced death in women (51). A small Chinese cohort also examined metformin effects (56). Metformin has hypothetically been suggested for the treatment of patients with COVID-19 at risk of developing severe illness (60). In our report, metformin appears to act in the same direction as IL-10, by enhancing ACE2 mRNA expression. Metformin activates the NAD+-dependent deacetylase silent information regulator T1 (SIRT1), which regulates expression of ACE2 (61, 62) and cardiopulmonary protection in COVID-19 (62–64).

An early induction of anti-inflammatory mediator IL-10 upon SARS-CoV-2 infection might function as a mediator that serves as a countermeasure to inflammation and coagulopathy (40); given the dual IL-10 (32, 35) caution is mandatory. The initial evidence is limited, and further studies are warranted to confirm the role IL-10 in COVID-19.



Conclusions

Treatments that increase ACE2 may be beneficial in mitigating the complications of COVID-19 by curbing inflammation. Our evidence shows that IL-10 is upregulating ACE2 in lung-derived cells and endothelial cells. We believe that IL-10, by enhancing ACE2, could be a body attempt to reduce inflammation. Although more investigations are required, it could be hypothesized that treatment with agents increasing IL-10, by reinforcing ACE2 expression or production of Ang 1–7 peptide, may represent a novel way to treat COVID-19-associated ARDS.
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Pulmonary surfactant is a complex and highly surface-active material. It covers the alveolar epithelium and consists of 90% lipids and 10% proteins. Pulmonary surfactant lipids together with pulmonary surfactant proteins facilitate breathing by reducing surface tension of the air-water interface within the lungs, thereby preventing alveolar collapse and the mechanical work required to breathe. Moreover, pulmonary surfactant lipids, such as phosphatidylglycerol and phosphatidylinositol, and pulmonary surfactant proteins, such as surfactant protein A and D, participate in the pulmonary host defense and modify immune responses. Emerging data have shown that pulmonary surfactant lipids modulate the inflammatory response and antiviral effects in some respiratory viral infections, and pulmonary surfactant lipids have shown promise for therapeutic applications in some respiratory viral infections. Here, we briefly review the composition, antiviral properties, and potential therapeutic applications of pulmonary surfactant lipids in respiratory viral infections.
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Introduction

Pulmonary surfactant is a complex and highly surface-active material that are found in the fluid lining of the alveolar surface of the lungs (1). It forms a mobile-liquid phase that covers the alveolar epithelium to facilitate breathing by reducing surface tension at the air-water interface within the lungs, thereby preventing alveolar collapse and reducing the mechanical work required to breathe (1, 2). Pulmonary surfactant is an important lipoprotein complexes of the lung lining, consisting of 90% lipids and 10% proteins by weight, and it is produced predominantly by alveolar type 2 (ATII) cells (2, 3). Together with pulmonary surfactant proteins, lipids provide the surface activity of surfactants (2, 3). Pulmonary surfactant proteins contain four proteins, including surfactant protein (SP)-A, SP-B, SP-C, and SP-D. SP-B and SP-C are small hydrophobic peptides, while SP-A and SP-D are large, soluble, hydrophilic proteins that have key overlapping and distinct roles in innate immunity and the immunological homeostasis of the lung (1).

In addition to lowering surface tension and preventing alveolar collapse at end-expiration, pulmonary surfactant functions as a modulator of immune responses (1). Previous studies have revealed that pulmonary surfactant, especially pulmonary surfactant proteins, plays an important role in the host defence against respiratory tract infection (1). Most previous studies focused on the anti-infectious roles of SP-A and SP-D. These proteins were found to protect the lung against multiple viral infections by directly neutralising viruses and modulating host antiviral immunity (1). SP-A and SP-D were found to bind several viruses, including influenza A virus, respiratory syncytial virus (RSV), and human immunodeficiency virus, enhancing their clearance from mucosal points of entry and modulating the host antiviral immune response (4). Many studies have investigated the antiviral properties of pulmonary surfactant proteins possess antiviral effects; however, few studies have focussed on the antiviral properties of pulmonary surfactant lipids. Emerging data have shown that some pulmonary surfactant lipids potentiate the host defence against respiratory viral infections (3, 5). Because the surface of lung is permanently exposed to the virus and pro-inflammatory factors directly in the respiratory viral infections, it is particularly important to explore the host defence against viruses of pulmonary surfactant lipids. Herein, we briefly review the antiviral properties and relevant mechanisms of pulmonary surfactant lipids in respiratory viral infections and discuss their possible therapeutic applications.



Pulmonary Surfactant Lipid Constituents and Functions

In pulmonary surfactant lipids, the most abundant constituents are glycerophospholipids (2, 3). Surfactant phospholipids (PLs) account for 80–85% of pulmonary surfactant lipids, including phosphatidylcholine (PC, accounting for about 80%); phosphatidylglycerol (PG, accounting for about 7–15%); and small quantities (accounting for approximately 5% each) of phosphatidylinositol (PI), phosphatidylethanolamine (PE), and phosphatidylserine (PS) (Figure 1). The most prevalent PLs in pulmonary surfactant lipids is PC, and approximately 40% of pulmonary surfactant PC is saturated dipalmitoyl-PC (DPPC) (i.e., PC with two palmitic acid groups) (Figure 1). The tight intermolecular packing of DPPC, especially at end-expiration, is thought to be largely responsible for the surface tension-reducing activity of surfactants that guards against alveolar collapse (2, 3) as DPPC achieves very low surface tension upon compression (6). The remaining PC molecular species mainly include unsaturated lipids, such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (2, 3). The POPC in the surfactant film contributes to the membrane fluidity at physiological temperature, and unsaturated PC (PC16:0/16:1) is related to surface dynamics and respiratory rate (7). These unsaturated PCs improve the adsorption and spreading properties of surfactant at the air-liquid interface (8). Other pulmonary surfactant PLs such as PE, is important in facilitating/promoting curvature in some non-bilayer surfactant forms that are critical intermediates throughout the transitions from bilayers to interfacial films and their interconversions during surfactants metabolism (9, 10); and PI can increase the rate of alveolar fluid clearance and stabilise the surfactant monolayer (7).




Figure 1 | Pulmonary surfactant lipid constituents. Pulmonary surfactant components are important lipoprotein complexes of the lung lining, consisting of 90% lipids and 10% proteins by weight. Pulmonary surfactant proteins contain four proteins, including surfactant protein (SP)-A, SP-B, SP-C, and SP-D. In pulmonary surfactant lipids, the most abundant constituents are glycerophospholipids. Surfactant phospholipids (PLs) account for 80–85% of pulmonary surfactant lipids; surfactant PLs are a mixture of lipids, which include phosphatidylcholine (PC, accounting for about 80%), phosphatidylglycerol (PG, accounting for about 7–15%), and small quantities (accounting for approximately 5% each) of phosphatidylinositol (PI), phosphatidylethanolamine (PE), and phosphatidylserine (PS). The most prevalent PL in pulmonary surfactant is PC, and approximately 40% of surfactant PC is saturated dipalmitoyl-PC (DPPC).



In addition to preventing alveolar collapse during respiratory activity, pulmonary surfactant lipids can also modulate the inflammatory response to microbial components (3). PCs have anti-inflammatory properties that can alleviate tissue damage in multiple organs via the inhibition of multiple proinflammatory mediators. DPPC inhibits lipopolysaccharide (LPS)-induced cytokine production by airway epithelial cells and monocytes, and DPPC supplementation in mice attenuates lung inflammation. However, PONPC [1-palmitoyl-2-(9-oxononanayl)-PC], another component of PC, can increase the production of nitric oxide and cytokines in macrophages via the upregulation of TLR4 and Myd88 gene expression (11). PI and PG can inhibit macrophage proinflammatory cytokine responses to LPS. PG can also reduce inflammatory mediator production by blocking the toll-like receptor 2 (TLR2) pathway, thus repressing lung inflammation. Moreover, PG can inhibit the single-stranded RNA-activated TLR7/8 pathway and reduce pre-inflammation cytokine secretion. In a study, PG supplementation preserved lung function and prevented alveolar epithelial injury in a neonatal pig triple-injury model of acute respiratory distress syndrome (ARDS) (12). PLs competitively inhibit the binding of LPS to LPS-binding protein and CD14, which then inhibits the LPS–LPS-binding protein –TLR4 signalling pathway and attenuates inflammation (3).



Alteration in Pulmonary Surfactant Lipids in Respiratory Viral Infections

Pulmonary surfactant lipids constitute the frontline of defence against inhaled pathogens (3). Respiratory viral infections, such as those caused by influenza virus and RSV, which are the most common respiratory viruses, can induce the dysfunction of pulmonary surfactant lipids metabolism (13). ATII cells are responsible for the synthesis, secretion and recycling of pulmonary surfactant (14), and they are the primary site of influenza virus replication in the distal lung (15). Influenza infection significantly alters ATII cells surfactant lipid metabolism, and this was reported to result in surfactant dysfunction and ARDS in influenza-infected mice (15). The levels of several major pulmonary surfactant PLs (PCs, PGs, and PEs) in ATII cells from influenza-infected mice were significantly decreased compared with that in mock-infected animals; however, the levels of several minor pulmonary surfactant lipids (PSs, PIs, and sphingomyelin), cholesterol, and diacylglycerol were increased in ATII cells from influenza-infected mice (15). Moreover, cytidine 5’-diphosphocholine and 5’-diphosphoethanolamine (liponucleotide precursors for PCs and PEs synthesis, respectively, in ATII cells) were also decreased (15). Furthermore, alterations in PLs in ATII cells were reflected in the composition of surfactant lipids in bronchial alveolar lavage fluid, which showed reduced amounts of PCs and PGs but increased amounts of sphingomyelin and cholesterol (15).

A study on lung tissue sample obtained from RSV-infected mice demonstrated alteration in 86 surfactant lipids, compared with that in control mice (16). Levels of PI, lyso-PI and plasmalogen lipids, including plasmenyl-PC and plasmenyl-PE were significantly elevated in the lungs of RSV-infected mice (16). The levels of palmitoylated PGs such as PG (16:0_22:5), PG (16:0_22:6), and PG (16:0_18:1) were decreased, but the levels of stearoylated PG lipids, such as PG (18:2_20:4), PG (18:2_18:2), and PG (18:1_20:4), were increased in the lung tissues of RSV-infected mice (14).

Although there is no convincing evidence that pulmonary surfactant lipids are dysfunctional in those with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, indirect evidence indicates that SARS-CoV-2 infection may induce alterations in the composition of pulmonary surfactant lipids in three ways. Firstly, SARS-CoV-2 infects ATII cells by binding angiotensin-converting enzyme 2 (17), and the infected cells provide an environment for SARS-CoV-2 replication. Colonisation of these cells by SARS-CoV-2 may interfere with the synthesis of pulmonary surfactant components. Secondly, SARS-CoV-2 infection may influence the recycling and catabolism of the used/spent/altered pulmonary surfactant in ATII cells and alveolar macrophages. Thirdly, inflammation can result in the compositional alterations of lipids (18). Therefore, the inflammations in the lung caused by SARS-CoV-2 infections may alter composition of pulmonary surfactant lipids. A previous study has shown that SARS-CoV-2 infections result in the decrease of pulmonary surfactant proteins (19), indicating that pulmonary surfactant lipid content may also be influenced by SARS-CoV-2. A recent study showed that the lipid metabolism in the plasma was altered in patients with coronavirus disease 2019 (COVID-19). The levels of PCs in plasma gradually reduced over time, while the levels of PEs and PSs in the plasma gradually increased over time in those with COVID-19 fatalities (20). Although the direct relationship between pulmonary surfactant and plasma lipids has not been studied, the composition of pulmonary surfactant lipid composition may be similarly altered in COVID-19 patients, and related research should emerge soon. Together, current evidence suggests that pulmonary surfactant lipid composition may undergo alterations following respiratory viral infection.

Altered pulmonary surfactant lipid composition not only influences surface tension-related properties but also impacts the progress of inflammation following viral infections. Importantly, recent studies have shown that supplementation with several pulmonary surfactant lipids, such as PGs (mainly POPG [1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)] and PIs via intranasal inoculation can prevent some respiratory viral infections, and this may provide potential therapeutic applications for respiratory viral infections. This suggests potential therapeutic applications of pulmonary surfactant lipids for preventing or treating respiratory viral infections. We will briefly review these topics in the followings.



Antiviral Effect of Pulmonary Surfactant Lipids in RSV Infection

RSV is a negative-sense, single-stranded RNA virus of the Paramyxoviridae family, and that is a leading cause of acute respiratory tract infections in early childhood (21). As mentioned earlier, the levels of some PGs in the lungs are decreased after RSV infection (16). Some studies have shown that POPG and PIs possess potent antiviral effects, and POPG supplementation can prevent RSV infection (5, 22–24). POPG can bind RSV with high affinity and inhibit virus attachment to cells; it then blocks viral plaque formation and markedly suppresses virus replication (22, 24). POPG can also attenuate inflammatory responses induced by RSV through direct interactions with the TLR4-interacting proteins, CD14 and MD-2 (5). Intranasal POPG supplementation significantly prevented virus infection and inflammation in the lungs of RSV-infected mice (22, 24). In addition, PI also markedly prevented RSV infection in vivo and in vitro (5, 23). The presence of PI during RSV challenges in vitro prevented virus attachment to epithelial cells by binding RSV with high affinity, blocking the spread of RSV from infected to uninfected cells and suppressing RSV replication (23). In another study, intranasal inoculation with PI reduced the viral load in lungs, eliminated the influx of inflammatory cells, and reduced lung tissue histopathology in RSV-infected mice (23). Collectively, these findings demonstrate that POPG and PI are effective for the prevention and treatment of RSV infections. Other studies indicate that the antiviral ability of POPG may be greater than that of PI, although the latter may confer longer-lasting protection against RSV infection (5).

Regarding the underlying mechanism(s), the antiviral effects of PI and POPG are achieved by their binding to RSV to block virus attachment to epithelial cells. However, it is unclear why PI and POPG have such a high affinity for RSV and how they bind to RSV. Moreover, it has not been determined whether the high affinity of PG and POPG is specific for RSV, or if this phenomenon applies to other viruses. It is also unknown if the antiviral mechanisms of PG and PI are the same. We believe these mechanisms should to be further explored as this information may be important for developing an effective strategy for controlling RSV infection.



Antiviral Effects of Pulmonary Surfactant Lipids in Influenza Virus Infection

Influenza virus is one of the most common viruses globally, causing global health problems and life-threatening infections and resulting in an estimated 500,000 deaths each year (25). As mentioned above, the levels of some PCs and PGs were decreased in the lungs after influenza infection (15). Previous studies have shown that PG supplementation can suppress influenza virus infections (5, 26, 27). POPG can inhibit influenza A virus attachment to the plasma membrane and block subsequent replication in vitro (26). Another study showed that POPG can bind to two strains of influenza virus, H1N1-PR8-influenza and H3N2-influenza, with high affinity and block influenza virus replications (26, 27). Some studies revealed that the intranasal inoculation of POPG in H1N1-PR8-influenza-infected mice markedly reduced viral titres and suppressed inflammatory cell infiltrates in the lungs (5, 26, 27). PI can also bind to H1N1-influenza with high affinity and disrupt viral spread from infected to non-infected cells in tissue culture, reducing H1N1 propagation (5, 27). PI administration also significantly reduced lung inflammation and viral burden in infected mice (5, 27). These studies suggest that PI and PG can prevent influenza infection by binding to the influenza virus. The above studies also indicate that PI and PG are effective for preventing RSV infection. However, it is undetermined if the antiviral capabilities of PI and PG are against for most viruses or pertain only influenza and RSV.



Antiviral Effects of Pulmonary Surfactant Lipids in Other Viral Infections

Previous studies showed that other pulmonary surfactant PLs, such as PC and PS, can control infection by reprogramming macrophages via negatively charged membrane (28). 1-stearoyl-2-arachidonoyl-PI (SAPI), which is the most abundant PI, can defend against dengue virus infection (29). DPPC can promote adenoviral entry into epithelial cells by binding the virus and serving as a vehicle for receptor-independent penetration into the cell (29). Exogenous PS also promotes cell entry by enveloped viruses, potentially by promoting fusion (30). Interestingly, PS in the poxvirus envelope promotes viral infectivity (31), possibly through apoptotic cell mimicry (32). Plasmalogen pre-conditioning may be potentially used as anti-viral therapeutic and prophylaxis strategy to treat SARS-CoV-2, influenza, human cytomegalovirus (HCMV) and West Nile Virus (WNV) infections (33). The potential anti-viral mechanism of plasmalogen may include influencing viral entry host cells via non-receptor microdomain mediated endocytosis pathways; modulating lipid-modulated host innate immune response and virus-induced host membrane rearrangements, especially cubic membrane (CM) formation (33).

As suggested above, not all lipids are protective against viral infection. A previous study showed that PE was required for the replication of a (+)RNA virus (34), and RNA virus replication depended on PE enrichment at replication sites in subcellular membranes (35). The PE receptor CD300a can bind dengue virus and enhance infection (36). Previous studies have shown that cholesterol play an important role in viral entry into host cells and cholesterol-lowering therapies can reduce viral infectivity (37). These studies suggest that not all lipids are protective in respiratory viral infection.



Potential Therapeutic Applications of Pulmonary Surfactant Lipids in Respiratory Viral Infections

After respiratory viral infection, viruses can interfere with the synthesis and secretion of pulmonary surfactant; this can cause an increase in surface tension, leading to alveolar collapse and ARDS (38, 39). ARDS is characterised by lung inflammation and pulmonary oedema, which reduces gas exchange and leads to hypoxaemia and dyspnoea, with patients often requiring mechanical ventilation to provide sufficient oxygenation (38, 39). Pulmonary surfactant lipids can lower surface tension at the air-liquid interface, thus preventing alveolar collapse at end-expiration (1, 3). As such, supplementation with pulmonary surfactant lipids can effectively alleviate respiratory distress because of the lack of surfactant lipids in the lung. In fact, PG-containing surfactants have already been approved by the Food and Drug Administration for the treatment of neonatal respiratory distress syndrome (40). A previous study also showed that supplementation composed of surfactant with additional PG (to a molar percentage of 6%) preserved lung function and prevented alveolar epithelial injury in a neonatal pig triple-injury model of ARDS (12). Current studies have demonstrated that multiple respiratory viruses, such as RSV, SARS, and SARS-CoV-2, usually cause ARDS (38). Thus, pulmonary surfactant lipids supplementation does not only restore the decreased pulmonary surfactant lipids caused by viral infection, but it also reduces surface tension to decrease the work of breathing and increase oxygen supply.

Respiratory viral infections are accompanied by an aggressive proinflammatory cytokine response that is directly related to the severity of the disease (41). Thus, the inflammation modulatory function of pulmonary surfactant may be important for treating virus infection. Pulmonary surfactant lipids have been shown to modulate the inflammatory response to microbial components, such as LPS and single-stranded RNA, also known as pathogen-associated molecular patterns (PAMPs). Thus, supplementation with pulmonary surfactant lipids can effectively alleviate virus infection-induced inflammatory responses. Recently, several pulmonary surfactant lipids have been reported to have anti-inflammatory effects, among which PGs have been reported to play an anti-inflammatory role in many inflammatory processes (3, 5, 39). PGs were shown to inhibit the expression of interleukin (IL)-1α, IL-1β, IL-6, and/or TNFα, as well as IL-8 and interferon-γ in response to TLR activation (39), which then decreased inflammation in the lungs. Therefore, pulmonary surfactant lipids supplementation may reduce virus-induced inflammation.

Importantly, recent studies have shown that POPG and PI supplementation can combat RSV and influenza infection by blocking viral replication (5). Although, it is unclear whether pulmonary surfactant lipids can defend against other respiratory viral infections, this suggests it is worthwhile to explore the antiviral effect of pulmonary surfactant lipids. Another application of pulmonary surfactant lipids is using them as a vehicle for antiviral drugs administrated by the pulmonary route. Use surfactant lipids as a vehicle can offer compatibility for delivering antiviral drugs, vaccines and other therapeutic molecules, which enhances targeted delivering and also has capability for immunomodulation (42). For example, DPPC liposomes can also be loaded with hydroxychloroquine to treat COVID‐19 disease trough inhalation (43). Collectively, the pulmonary administration of exogenous pulmonary surfactant lipids may have therapeutic effects as follows (Figure 2): the pulmonary surfactant lipids may (1) supplement the decreased pulmonary surfactant lipids; (2) reduce surface tension and prevent alveolar collapse during respiratory activity; (3) inhibit the proinflammatory response and alleviate tissue damage in lungs; and (4) inhibit virus replications and limit viral infection;(5) be as a vehicle for drugs administrated by the pulmonary route.




Figure 2 | Potential mechanism of PLs in therapeutic applications in respiratory viral infections. Respiratory viral infections can induce the dysfunction of pulmonary surfactant lipids. Supplement the pulmonary surfactant lipids may have therapeutic effects as follows: it may (1) supplement the decreased pulmonary surfactant lipids; (2) reduce surface tension and prevent alveolar collapse during respiratory activity; (3) inhibit the proinflammatory response and alleviate tissue damage in lungs; and (4) inhibit virus replications and limit virus infection.



However, some pulmonary surfactant lipids such as PEs may facilitate RNA virus infection. Thus, not all pulmonary surfactant lipids can be used to treat viral infections. As pulmonary surfactant lipids contain many species and subclasses, further studies need to be performed to explore the potential functions of each pulmonary surfactant lipid in respiratory viral infections.

It is worth noting that, pulmonary surfactant proteins also possess anti-viral and anti-inflammatory properties, especially SP-A and SP-D (4). Therefore, the use of pulmonary surfactant lipids in combination with pulmonary surfactant proteins may be more effective in treatment of respiratory virus infection. In fact, current studies have used a combination of pulmonary surfactant lipids and pulmonary surfactant proteins to treat ARDS (44).



Potential Therapeutic Applications of Pulmonary Surfactant Lipids in SARS-CoV-2 Infection

Alterations in pulmonary surfactant composition may occur in COVID-19 patients; thus, the administration of pulmonary surfactant lipids may be effective in COVID-19 patients. Several groups have undertaken studies to investigate the therapeutic value of exogenous pulmonary surfactant lipids in COVID-19 patients (39). A clinical trial of surfactants treatment on COVID-19 patients was ongoing (45). In this trail, a natural animal derived (bovine) lung surfactants, Bovactant (Alveofact®) was used and it consisted of a mixture of phospholipid (75% PCs, 13% PG, 3% PE, 1% PI and 1% sphingomyelin), 5% cholesterol, 1% surfactant proteins (SP-B and SP-C), very low levels of free fatty acid, lyso-phosphatidylcholine, water and 0.3% calcium (45). Whether pulmonary surfactant lipids possess antiviral effects against SARS-CoV-2 infection is still unknown, and we hope future studies will soon reflect on this subject.

COVID-19 is usually accompanied by ARDS, which may result in severe inflammation, multiorgan failure, and death (17). Because there are no specific antiviral treatments for SARS-CoV-2 infection, it is necessary to find alternative supportive treatments to prevent ARDS, severe inflammation, and pulmonary failure (39), which are the most common causes of COVID-19 mortality. The use of the pulmonary surfactant seems to be promising as an additional therapy for the treatment of ARDS and has been proposed by some researchers (39, 40). They concluded that pulmonary surfactant lipids supplementation could potentially reduce surface tension, inhibit the proinflammatory response, and improve ARDS in COVID-19, and we agree with their opinion based on the above discussion. However, some lipids, such as PE and cholesterol, could facilitate virus infection. As a result, it is important to clarify the alterations of pulmonary surfactant components in COVID-19 before conducting related trials.



Conclusions

In summary, pulmonary surfactant lipids have multiple functions beyond simply reducing the surface tension and altering the mechanical properties of the lung. Notably, these additional functions include anti-inflammatory and antiviral roles in the lungs. As the lung epithelium is constantly exposed to the environment, pulmonary surfactant provides a crucial first line of defence against infection by enhancing the removal of pathogens, modulating the response of inflammatory cells, and optimising lung biophysical activity. Compared to the studies on the application of pulmonary surfactant proteins in viral infections, current studies on pulmonary surfactant lipids are still in early stages, and few in number. Therefore, further studies are required to explore the possibility of pulmonary surfactant lipids as a therapeutic approach or developmental drug therapy in respiratory viral infections. Taken together, this review can form the basis to guide future studies regarding research directions for the study of pulmonary surfactant lipids.
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At present, the global COVID-19 epidemic is still in a state of anxiety, and increasing the cure rate of critically ill patients is an important means to defeat the virus. From an immune perspective, ARDS driven by an inflammatory storm is still the direct cause of death in severe COVID-19 patients. Although some experience has been gained in the treatment of COVID-19, and intensive COVID-19 vaccination has been carried out recently, it is still effective to save lives to develop more effective programs to alleviate the inflammatory storm and ARDS in patients with SARS-CoV-2 or emerging variants of SARS-CoV-2. In reorganizing the ARDS-related inflammatory storm formation program in COVID-19 patients, we highlighted the importance of the vicious circle of inflammatory cytokines and inflammatory cell death, which is aggravated by blood circulation to form multi-system inflammation. Summarizes the interlocking and crisscrossing of inflammatory response and inflammatory cell death mechanisms including NETs, pyrolysis, apoptosis and PANoptosis in severe COVID-19. More importantly, in response to the inflammatory storm formation program we described, and on the premise of following ethical and clinical experimental norms, we propose a three-dimensional integrated program for future research based on boosting antiviral immune response at the initial stage, inhibiting inflammatory cytokine signaling at the exacerbation stage and inhibiting cell death before it’s worse to prevent and alleviate ARDS.
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1 Introduction

In the past 20 years, various coronaviruses including severe acute respiratory syndrome coronavirus (SARS-CoV) in 2003 (1), middle east respiratory syndrome coronavirus (MERS-CoV) in 2012 (2) and SARS-CoV-2 in 2020 (3, 4) have caused many health crises in different countries and regions around the world. The genome sequence of SARS-CoV-2 has nearly 80% homology with SARS-CoV and about 50% with MERS-CoV (5). In the latest and more extensive screening, samples of pneumonia patients collected from Sarawak Regional Hospital in Malaysia in the past few years were found to be canine-derived coronavirus infections (6) and in Haitian children, pig-derived delta coronaviruses were also found (7). The global pandemic of acute infectious pneumonia named “Coronavirus disease 2019 (COVID-19)”caused by SARS-CoV-2, is by far the most widespread, longest lasting and worst example among them.

From the beginning of 2020 to the present, the COVID-19 epidemic has risen and fallen throughout the world in just over a year, and the latest round of the epidemic caused by the rapid and continuous mutation of SARS-CoV-2 has also broken out (8). Globally, as of 16 September 2021, there have been exceeded 226 million confirmed cases of COVID-19, including >4.65 million deaths, reported to the World Health Organization (WHO). As a result, the overall prevalence of mortality in COVID-19 patients was ~2% (4.65/226). Although billions doses of vaccination that have been completed worldwide have brought hope to control the epidemic, the speed of vaccination is still a few days away from the universal immune barrier. The recent report of the centers for disease control and prevention in the United States also showed cases of COVID-19 vaccine breakthrough infections. And recent studies have also shown that existing vaccines, including mRNA vaccines, adenovirus vaccines, inactivated vaccines and RBD-subunit vaccines, have reduced the neutralizing activity against the SARS-CoV-2 mutant strains (9, 10). In addition, we still lack specific anti-SARS-CoV-2 drugs. Therefore, while developing a broader-spectrum vaccine and wonder drugs, we should further study the mechanism of death caused by COVID-19 and develop more effective treatment options.

The spectrum of COVID-19 presentations ranges from the asymptomatic infection, to a mild self-limiting influenza-like illness, to life-threatening multiorgan failure (11–13). Most COVID-19 patients present mild or moderate symptoms, about 15% of patients develop severe pneumonia and 5% progress to critically ill (14–16). So, reducing the incidence of multiorgan failure is the key to improve the cure rate and reduce the mortality of COVID-19 (17, 18). A large number of inflammatory macrophage infiltration and the distribution of inflammatory cytokines such as interleukin (IL)-1β, IL-6, and IL-18, were found in the pulmonary pathology of patients with severe COVID-19 (19–21). The inflammatory storm instigated by pathogenic T cells and inflammatory monocytes was considered to be the key to the severity of COVID-19 (22). These cells release proinflammatory factors represented by granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6, which recruit more inflammatory cells into the lungs and other organs to form a “cytokine release syndrome”, and the further aggravated inflammatory storm will eventually lead to multiorgan failure and death in patients with severe COVID-19 (22–24). Based on these basic findings, the COVID-19 immunotherapy strategy that targets these inflammatory cytokines or their receptors to relieve the inflammatory storm have benefited patients with COVID-19 in the past year. The results of a Chinese study exploring the treatment of tocilizumab for COVID-19 including 21 patients in the intensive care unit (ICU) were the first to encourage this treatment strategy (25). Clinical trials focusing on blocking IL-6 signaling to treat COVID-19 benefit patients, including IL-6 receptor antagonists [tocilizumab (26, 27) and sarilumab (28)] and IL-6 inhibitors [siltuximab (29)], and tocilizumab needs to be combined with standard antiviral care to be highlighted in the comparison of international multi-center clinical trials (26, 30). Subsequent clinical trials of monoclonal antibody drugs showed that treatments targeting the GM-CSF receptor (mavrilimumab) and the IL-1 receptor (anakinra) were also related to clinical improvement of patients with severe COVID-19 (31, 32). Although these monoclonal antibody drugs that target inflammatory cytokine signals have shown some benefits, they were limited by many complex factors such as drug targets, the treatment time, the dosage, and differences in patient immune responses, and their performance in reducing patient mortality was unsatisfactory (24, 33, 34).

To further improve the COVID-19 immunotherapy strategy to better reduce the risk of patient death, it is necessary to re-analyze the process of COVID-19 inflammatory storm based on recent research findings. Here, we discuss the progression of acute respiratory distress syndrome (ARDS), a typical evolution of severe COVID-19, as a starting point, reorganize the process of severe inflammatory storms, and try to propose a targeted graded treatment plan for a future research based on the combination of antiviral immune response, inflammatory immune response and inflammatory cell death. Although targeting each individual aspect of this three-dimensional program has been shown to be effective, it has to be said that the overall treatment plan is still an idealized strategy. Therefore, to test its superiority and earlier application, we call for the three-dimensional graded treatment plan to be considered for clinical trials under the premise of ethical requirements.



2 ARDS Is a Life-Threatening Condition of COVID-19 Induced by Inflammatory Storm

ARDS is a common cause of respiratory failure in critically ill patients and is a severe pulmonary condition that leads to refractory hypoxemia (35, 36). Alveolar surfactant is a foamy substance that can keep the full expansion of the alveoli, which is essential for breathing. In ARDS, lung injury causes fluid to leak into the space between the alveoli and capillaries, and as the pressure increases, fluid builds up inside the alveoli to accumulate and degrade surfactants, forming a typical ARDS characteristic—accumulation of fluid in the lungs, causing the alveoli to collapse (36). These changes prevent the lungs from filling properly with air, disrupting the gas exchange in the lungs, and causing a series of serious cascade reactions that impact the oxygen supply of tissues and organs. Because of this, ARDS usually occurs in life-threatening conditions such as severe pneumonia, sepsis and severe trauma. The incidence of ICU patients worldwide is about 10%, and the mortality rate is as high as 30-40% (37, 38).

Viral infections, especially coronavirus and avian influenza virus (H5N1), cause pneumonia to be one of the main factors leading to ARDS (39). In the coronavirus epidemic caused by the SARS-CoV for the first time in 2003, reports showed that the incidence of ARDS was about 25% (40). ARDS had also occurred in some severe cases and animal models with MERS infection (41). A study from the early days of the COVID-19 epidemic showed that nearly 40% of severe and critical hospitalized patients developed ARDS, and more than half of those diagnosed died from the disease (42). So, ARDS is closely related to death caused by coronavirus infection. In those patients with ARDS who recovered, although the lung function gradually improved within a year or so, it was difficult to recover as before, lung volume was below normal, and scarring was present (14, 42).

In patients with symptomatic coronavirus infection, pulmonary inflammation was activated, and pneumonia develops into ARDS as the inflammation worsens (22, 40–42). More and more evidences suggest that the occurrence of ARDS seems to be less directly due to the infected virus itself and more related to excessive rather than effective inflammation in the body (15, 43, 44). This excessive inflammation is usually manifested as the continuous release of inflammatory factors, which is aggravated by blood circulation to form multi-system inflammation, which is called cytokine storm or inflammatory storm (22–24, 45).



3 Inflammatory Storm Program That Triggers ARDS in COVID-19

Similar to the common influenza virus, the SARS-CoV-2 enters the respiratory tract of most people, it will also activate the antiviral immune response that causes inflammation, leading to mild symptoms such as sore throat, cough, fever. In some cases, the virus is difficult to control and escapes into the alveoli to stimulate excessive release of inflammatory factors, triggering an inflammatory storm and developing ARDS (Figure 1).




Figure 1 | The malignant cycle of inflammatory factors and inflammatory cell death exacerbates the inflammatory storm to trigger ARDS and multiorgan failure in severe COVID-19.




3.1 Initiation: SARS-CoV-2 Invades the Type II Alveolar Epithelial Cell

Respiratory droplets are the main carrier of the SARS-CoV-2, and its journey begins in the nose, mouth and eyes, and travels down the alveoli in the lungs (46, 47). SARS-CoV-2 is an enveloped, positive-sense single-stranded RNA virus, which belongs to Betacoronavirus genus and is highly pathogenic (48, 49). SARS-CoV-2 encodes four structural proteins, among which the nucleocapsid (N) protein combines with RNA to form a helical capsid, spike (S), envelope (E), and membrane (M) constitute the viral membrane proteins, of which spike mediates virus entry into host cells (49–51). In the study of SARS-CoV, it has been confirmed that the main receptor of S protein is angiotensin-converting enzyme 2 (ACE2) expressed in type II alveolar epithelial cells (52). The S protein coding gene of SARS-CoV-2 is highly variable with SARS-CoV, and the nucleotide homology is less than 75% (5, 51). The S protein is trimeric-like clover-shaped, with three S1 heads and one trimeric S2 stem, and the receptor-binding domain (RBD) is located at the tip of each S1 head (49, 52, 53). After the RBD in the S protein mediates direct contact with ACE2 on the target cell surface, the transmembrane serine protease (TMPRSS2) cleaves the C-terminal peptide of ACE2 to enhance the virus invasion driven by the S protein (54). In addition, recent studies have shown that the CD147 molecule that can be expressed on most leukocytes, platelets and endothelial cells is also the host receptor for the RBD in S protein of SARS-CoV-2, participating in the interaction between the virus and the target cell and helping the virus invade (55). When the virus successfully infects a type II alveolar epithelial cell, it will inject its own RNA into the cell and achieve a large amount of replication, releasing more virus to infect other target cells nearby.

Due to the need to defend against pathogenic microorganisms brought in by breathing air, the liquid layer on the alveolar surface resides with immune cells, especially macrophages with phagocytic function, which account for more than 95% and are called alveolar macrophages (56). SARS-CoV-2 may directly infect these myeloid cells by binding to the C-type lectin receptor on the surface of cells via the glycosylation sites in the non-RBD region of the S protein, and this recognition mode did not induce the antiviral immune response of interferon, but instead led to the release of a large number of inflammatory factors (57). Macrophages can be polarized into pro-inflammatory M1 macrophages or M2 macrophages that inhibit inflammation, depending on the stimulus conditions they receive. Under physiological conditions, alveolar macrophages exhibit an anti-inflammatory M2 phenotype (56, 58). Recent studies have shown that the endosomal vesicles of M2 type macrophages are slightly alkaline, which can inhibit the separation of SARS-CoV-2 nucleic acid from viral particle components and help lysosomes to degrade the virus (59). This may be one of the reasons why most infected people have mild symptoms and can effectively control the virus in the early stage. In some severe cases, the out-of-control virus induces alveolar cells to release cytokines and higher proportions of M1 macrophages and neutrophils in the bronchoalveolar lavage fluid (60), intended to activate a stronger antiviral immune response, but it also produces a strong inflammatory response and alveolar injury (Figure 1, left). M1 type macrophages are softer and have better phagocytic effects, but the endosomal vesicles of M1 macrophages is acidic, which helps the SARS-CoV-2 nucleic acid to be separated from the viral particle components, thereby helping the virus amplification (20, 59). In addition, it also increases the risk of the virus spreading from M1 macrophages into the blood throughout the body.



3.2 Exacerbation: Inflammatory Storm Spreads Through Blood Vessels

The increased inflammation in COVID-19 patients leads to a further increase in body temperature and inflammation-related clinical indicators, such as C-reactive protein, serum ferritin, and IL-6 (13, 16). As inflammation and viruses spread to the blood, T cells are rapidly activated, and over-activated T cells develop into pathogenic T cells, producing factors such as GM-CSF and IL-6 (22). GM-CSF further activates CD14+CD16+ inflammatory monocytes to produce a larger amount of IL-6 and other inflammatory factors (e.g., IL-1β, IL-8, IL-18, and TNF-α), thereby forming an inflammatory storm, leading to severe immune damage in the lungs and other organs (15, 22, 23). Most patients with severe COVID-19 are diagnosed with lymphopenia based on blood routine reports, especially T cells (13, 16). This is not only related to apoptosis or death caused by syncytia after excessive activation of T cells (61), but may also be related to inflammatory infiltration of lungs and other organs. In the histopathological examination of the lungs, heart, intestines, etc. of critically ill patients, significant inflammatory cell infiltration was observed, including inflammatory macrophages, neutrophils, and pathological T cells (19, 20, 62).

Contrary to lymphopenia, the increase of neutrophils in the capillaries or inflammatory tissues of infected patients is also a sign of the severity of COVID-19 (13, 14), and most inflammatory factors can promote the activation of neutrophils (63). Activated neutrophils release cytokines and chemokines, and the networked DNA-protein complex structure forms neutrophil extracellular traps (NETs) to trap and kill pathogenic microorganisms (63, 64). During the formation of NETs, a variety of intracellular damage-associated molecular patterns (DAMPs) are released, activating pattern recognition receptors, causing the surrounding immune or non-immune cells to produce excessive pro-inflammatory cytokines and chemokines; and those released together include histone, DNA, myeloperoxidase (MPO), neutrophil elastase, cathepsin and proteinase-3 and other granular proteins, which cause increasing tissue necrosis (64). In severe COVID-19 patients, NETs-related signaling pathways in lung tissue are up-regulated, and the level of MPO-DNA complex in plasma is higher, suggesting lung tissue damage and platelet-triggered NETs formation is related (65, 66). Activated neutrophils can also activate complement by releasing NETs to cause endothelial damage and necrotizing inflammation, and further promote venous thrombosis (64). In addition, NETs can activate platelets through extracellular DNA and provide a scaffold for the combination of red blood cells and activated platelets, thereby promoting a wider connective network and amplifying the formation of immune thrombi (65, 67). Indeed, a recent study showed that SARS-CoV-2 can also directly infect vascular endothelial cells with the accumulation of inflammatory monocytes (e.g., neutrophils) in multiple organs of patients with severe COVID-19, such as lungs, heart, kidney, small intestine and liver (68). Patients with severe COVID-19 also have clinical symptoms of disseminated intravascular coagulation with elevated serum D-dimer and prolonged prothrombin times (14, 16, 69). Together, it is reasonable to believe that the direct attack of the virus and the infiltration of inflammatory immune cells caused by the infiltration of vascular endothelial cells will loosen the tight junctions of vascular endothelial cells, thereby promoting the spread of vascular leakage and inflammatory storms to multiple organs throughout the body through the circulatory system, and further aggravating lung damage (Figure 1, middle).



3.3 Worsening: Inflammatory Cell Death Exacerbates Multi-System Inflammation

Although cell death (e.g., pyroptosis, apoptosis, and necroptosis) is an important mechanism for controlling pathogenic microbial infections, inflammatory cell death also leads to the release of inflammatory factors and cell contents, including alarmins and DAMPs, which causes severe inflammatory responses (64, 70).

Pyroptosis is a form of inflammatory cell death that is mediated by the caspases-inflammasome or -gasdermin cascade, which manifests as the continuous expansion of cells until the cell membrane ruptures, resulting in the release of cell contents and activating a strong inflammatory response (71). Pyrolysis is also the main mechanism for the release of non-signal peptide inflammatory factors, such as the release of IL-1β or IL-18 depends on the caspase-1-dependent gasdermin D cascade (72). In the lung pathology and peripheral blood from patients with severe COVID-19, it was also observed that the pyrolysis of macrophages led to the release of the IL-1β and IL-18 by NLRP3 inflammasome activation and cleavage of caspase-1 (20, 73, 74).

Apoptosis was originally thought to be a non-inflammatory form of cell death, which breaks down cells through membrane vesicles to avoid direct release of cell contents. However, more and more recent evidence shows that due to the crosstalk between the caspase family of apoptotic proteins and the gasdermin family of lysing cell executors, apoptosis is not always inflammatory silent (75–77). For example, in the caspase cascade that drives the onset of apoptosis, caspase 3 can cleave gasdermin E and caspase 8 can cleave gasdermin D to lyse cells under special conditions (75, 77), such as the ORF3a protein stimulation of SARS-CoV-2 (78). SARS-CoV-2 can also induce airway epithelial cells to show apoptosis and cytopathic characteristics (79).

Compared with the release of NETs by neutrophils, more DAMPs are released due to the inflammatory death of cells induced by thrombus and tissue damage (80). High levels of endogenous DAMP molecule S100A8/A9, HMGB1 and lactate dehydrogenase can be detected in the serum of severe COVID-19 patients (81, 82). The latest reports show that patients with severe COVID-19 produce a large number of autoantibodies against autoantigens including intracellular molecules, which indirectly supports the theory that inflammatory cell death promotes the formation of a hyperinflammatory state (83).

In a study on the effects of inflammatory factors released by COVID-19 on cell death, it was confirmed that tumor necrosis factor α (TNF-α) and interferon γ (IFN-γ), two inflammatory factors that were significantly elevated at the end of the inflammatory response, can induce PANoptosis, a regulated and extensive inflammatory cell death mode, and provide a molecular scaffold for the interaction and activation of mechanisms necessary for pyrolysis, apoptosis and necrosis (76, 84). Together, although more research is needed to fully clarify the inflammatory cell death pathway in the process of SARS-CoV-2 infection and the functional consequences of these processes, more and more evidence is pointing towards this. Due to the spread of the blood circulatory system, a large number of inflammatory factors, DAMPs and alarmins produced by inflammatory cell death completely amplify the inflammatory storm from the lungs into the multi-system of body, which not only makes the lungs worse, but also induces multiple organ failure and causes death that is difficult to save (Figure 1, right).




4 Proposing the Targeted and Graded COVID-19 Treatment Schedule for a Future Research


4.1 Current Progress in COVID-19 Treatment

COVID-19 is a new infectious disease caused by the spread of SARS-CoV-2 mediated through respiratory particles, with complex clinical manifestations, ranging from no symptoms to critical illness associated with respiratory failure, septic shock, and multiorgan failure (14, 85). In the face of an increasing number of severe cases caused by the global spread of SARS-CoV-2, there is an urgent need for experimental therapies and drug repurposing to alleviate the COVID-19. Since the COVID-19 pandemic, global research institutes and hospitals have carried out intensive research work and clinical trials, and developed new treatment methods and multiple vaccines targeting SARS-CoV-2 at an unprecedented speed, making the management of COVID-19 significant progress. Therefore, in addition to symptomatic treatment, there are currently some treatments of proven benefit in antiviral and anti-inflammatory aspects, which are recommended for use under the emergency use authorization (EUA) or further evaluated in licensed clinical trials (86–88).


4.1.1 Small-Molecule Antiviral Agents

Antiviral medications are regarded as the essential requirement to control the outbreak of COVID-19, just like oseltamivir plays an important role in fighting the influenza virus (89). Multiple antiviral agents with anti-SARS-CoV-2 activity identified by in vitro screening during the early onset of the pandemic, including remdesivir, hydroxychloroquine and lopinavir/ritonavir, but subsequent randomized controlled clinical trials have shown little or no benefit (90–92). Ivermectin, as a cheap drug approved for antiparasitic use, has recently been reported to have a strong ability to inhibit SARS-CoV-2 replication in vitro (93), but unfortunately, the published clinical trial results do not support the conclusion of in vitro testing (94). In the latest living guideline of COVID-19 treatments by WHO issued on July 6, 2021, it is clearly recommended to against remdesivir for hospitalized patients with COVID-19 and against hydroxychloroquine, lopinavir/ritonavir or ivermectin for patients with COVID-19 of any severity (88).



4.1.2 Anti-SARS-CoV-2 Neutralizing Antibody Cocktails

Compared with the above-mentioned dilemma of small-molecule antiviral agents, the anti-SARS-CoV-2 neutralizing antibody cocktails have appeared promising in current clinical trials. Neutralizing antibodies, as an important antiviral weapon produced by the immune system, remain in the plasma of individuals recovering from the viral infection. As a traditional antiviral immunotherapy, convalescent plasma therapy was evaluated by clinical trials in China during the early onset of the pandemic (95), and subsequently authorized to be used for critically ill patients with COVID-19 under EUA in the United States (96, 97). This is only a stopgap measure due to the uncertain effects of the other composition from the plasma on therapeutic efficacy and safety. At present, the neutralizing antibody targeting SARS-CoV-2 obtained through recombinant expression technology has entered the stage of clinical trials. REGN-COV2, consisting of two monoclonal antibodies casirivimab and imdevimab, a neutralizing antibody cocktail drug to target the SARS-CoV-2 RBD domain, has been proven to reduce the viral load in the body compared with placebo (98), and it can effectively reduce hospitalization or mortality when administered to non-hospitalized patients with COVID-19 based on public clinical trial data (99). Bamlanivimab/Etesevimab, consisting of a cocktail of neutralizing antibodies targeting Skipe protein of the SARS-CoV-2, also benefits non-hospital patients in clinical trials, reducing hospitalization and mortality (100). Based on these clinical trials, REGN-COV2 and Bamlanivimab/Etesevimab have been licensed to treat non-hospitalized patients with COVID-19 under the EUA in the United States, but as the SARS-CoV-2 variants continue to update, their effectiveness needs further evaluation.



4.1.3 Type I Interferon

Interferon is a cytokine with antiviral and immunomodulatory activities produced by host cells when a virus infects the body, and is seen as the body’s first line of antiviral defence (101). Population studies have found that the COVID-19 severity is related to patients carrying autosomal genetic locus mutations associated with type I IFN genes (102) or the presence of neutralizing autoantibodies against type I IFN in patients (103). Moreover, the lack of type I IFN in the blood may be a potential predictor of the COVID-19 severity (104). These studies have highlighted the important role of type I IFN in the control of SARS-CoV-2 infection, so it is speculated that at least in the early stages of SARS-CoV-2 infection, the use of type I IFN may have therapeutic benefits for some patients. Some preliminary clinical trial data show that compared with the placebo group, inhaled interferon-α or interferon-β can achieve greater clinical improvement, reduce hospital stay and increase the chance of recovery (105, 106).



4.1.4 Antagonists of Inflammatory Factors

Contrary to the low antiviral immune response caused by the lack of type I interferon, the excessive immune response triggers a surge of inflammatory cytokines and the formation of an inflammatory storm that leads to a sudden turn of the disease. IL-1β is the pro-inflammatory cytokine produced by immune cells after recognizing viruses to activate inflammasomes, and it is also increased in COVID-19 patients (20). Anakinra, as an IL-1 receptor antagonist, is a drug approved for the treatment of rheumatoid arthritis and has the potential to reduce the need for invasive mechanical ventilation and mortality in severe COVID-19 patients based on a small case-control study (31). Pathological T cells that produce GM-CSF have been identified in COVID-19 patients (22), and the monoclonal antibody mavrilimumab that blocks the GM-CSF receptor has also shown promising prospects in preliminary clinical trials (32). But overall, the clinical research data targeting the early pro-inflammatory factor IL-1β or GM-CSF is still insufficient, and the efficacy of alleviating the inflammatory storm of COVID-19 still needs further confirmation.

In contrast, IL-6, as the core pro-inflammatory cytokine, has received extensive attention in the research on the inflammatory storm of COVID-19 (22, 33, 45). Three IL-6 signaling antagonists are used to try to alleviate the inflammatory storm of COVID-19, including the monoclonal antibody (Tocilizumab, Sarilumab) that blocks IL-6 receptors authorized for various rheumatological conditions and the monoclonal antibody (Siltuximab) that targets IL-6 authorized for Castleman’s syndrome. Tocilizumab’s confidence in alleviating the inflammatory storm of COVID-19 first began with the preliminary results of an clinical trial of Tocilizumab combined with conventional antiviral drugs in 21 patients with severe COVID-19 (25). Subsequently, the results of a large international multi-center randomized controlled trial (EMPACTA, NCT04372186) showed that for hospitalized patients with COVID-19 who were not mechanically ventilated, adding tocilizumab on the basis of standard care can reduce the risk of mechanical ventilation or death in patients (26). The results of another large randomized controlled trial (REMAP-CAP, NCT02735707) are consistent, and it also showed that treatment with tocilizumab or sarilumab to critically ill COVID-19 patients in the ICU can improve the outcomes including survival (107). Antagonists of IL-6 receptors (Tocilizumab, Sarilumab) have been authorized by the governments of China, the United Kingdom, and the United States to treat COVID-19 patients under EUA. In the latest living guideline of COVID-19 treatments issued by the WHO, tocilizumab or sarilumab is strongly recommended for use in severe and critical COVID-19 (88).




4.2 “Combined Boxing” Is Worthy of Consideration in Future COVID-19 Treatment

As mentioned above, we have accumulated some experience in the therapeuqcs of COVID-19, but there are still hundreds of thousands of new confirmed cases of COVID-19 and nearly 10,000 deaths every day in the world according to the data released by WHO. Stress from the frequent occurrence of SARS-CoV-2 variants is a well-known cause, and on the other hand, we also need to face up to the fact that we still haven’t found specific antiviral medicines, especially for SARS-CoV-2 variants including the highly contagious delta variant (B.1.617.2) (108) and the highly pathogenic lambda variant (C.37) (109).

From mild pneumonia symptoms to ARDS, to multiple organ failure, it is still the main cause of death in severe COVID-19 patients (14, 23, 45, 87). Reorganizing the process of inflammatory storms is not only important for understanding the progress of the disease, but also helps us to form a more complete treatment plan. Aiming at the mechanism that drives patients to progress from pneumonia to ARDS and multiple organ failure, the inflammatory storm that is gradually aggravated, we propose a new three-dimensional integrated treatment strategy for future research under ethical precursors: 1. Initiation phase: Block SARS-CoV-2 from entering cells and boost anti-viral immune response; 2. Exacerbation stage: Early and sufficient monoclonal drugs targeting inflammatory cytokines; 3. Before it’s worse: A three-dimensional unity based on anti-virus, anti-inflammatory, and anti-cell death (Figure 2). The drafting of this strategy is inspired by the results of published clinical trials. The single neutralizing antibody of anti-SARS-CoV-2 is not ideal (110), and the combination as a cocktail is recommended for mild patients with COVID-19 that plays a good role in blocking the infection of host cells in the early stage of viral infection (100). Tocilizumab, which is strongly recommended by the WHO, also requires a combination of antiviral agents because tocilizumab alone cannot be more effective than the placebo group (COVACTA, NCT04320615) (30), and adding tocilizumab on the basis of standard care benefit severe and critically ill patients with COVID-19 (25, 26, 107). This three-dimensional integrated treatment strategy not only highlights the combination of different drugs such as antiviral and anti-inflammatory, but also highlights the need for targeted addition of drugs at different stages of COVID-19, and calls for adding drugs to alleviate cell death before COVID-19 becomes life-threatening. At present, most of the screening inhibitors of targeted cell death are still in the cutting-edge basic research. At present, most inhibitors that target cell death is still in the cutting-edge basic research. Disulfiram, as a drug that has been approved for the treatment of alcohol addiction, has recently been reported to target gasdermin D to prevent it from making holes in the cell membrane, which can effectively alleviate the death of a mouse model of sepsis (111). Given that COVID-19 can produce an inflammatory syndrome that is similar to sepsis, whether disulfiram can be used to treat severe COVID-19 patients should be considered, and it can inhibit the Lpro protease of SARS-CoV-2P, which has the potential to inhibit virus replication (112). In addition, the combined treatment of neutralizing antibodies against TNF-α and IFN-γ in mice infected with SARS-CoV-2 can alleviate PANoptosis and protect mice from death (84). Although the existing evidence only comes from mouse models, anti-cell death is a potentially promising therapeutic idea in life-threatening infectious diseases caused by inflammatory storms including COVID-19.




Figure 2 | The three-dimensional integrated solution based on anti-viral, anti-inflammatory and anti-cell death slows down the ARDS clock of severe COVID-19.



The three-dimensional integrated treatment strategy including anti-viral, anti-inflammatory and anti-cell death is an ideal combination of saving the lives of COVID-19 patients, and its effectiveness needs to be repeatedly tested under the precursors of ethical and clinical research guidelines. Clinically, the definition of mild, severe and critical COVID-19 mainly refers to the imaging characteristics of pneumonia and blood oxygen related indexes, such as blood oxygen saturation and arterial oxygen partial pressure (13, 14). However, the clinical manifestations of the patient are delayed relative to the body damage. The blood biochemical test report of the patient showed a significant decrease in lymphocyte count, a significant increase in inflammation indicators (IL-6, C-reactive protein, ferritin, etc.) and an increase in blood coagulation function indicators (D-dimer, procalcitonin, thrombin time, etc.), which are potential early warning indicators for severe and critically ill patients with COVID-19 (14, 87). In addition, attempts to propose faster and more accurate COVID-19 prediction models from the aspects of clinical symptoms (113), transcriptome (114), serum protein (115), and metabolome (116) based on artificial intelligence algorithms have also been established, but they still need to be further confirmed in the future. And the limitations of these parameters and data models that are indicative of the progression of COVID-19 may also be discovered in the future exploration of the three-dimensional schedule, so that they can be further improved in a targeted manner, so as to indicate the medication window more timely and accurately.
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Background

The most severe cases of Coronavirus-Disease-2019 (COVID-19) develop into Acute Respiratory Distress Syndrome (ARDS). It has been proposed that oxygenation may be inhibited by extracellular deoxyribonucleic acid (DNA) in the form of neutrophil extracellular traps (NETs). Dornase alfa (Pulmozyme, Genentech) is recombinant human deoxyribonuclease I that acts as a mucolytic by cleaving and degrading extracellular DNA. We performed a pilot study to evaluate the effects of dornase alfa in patients with ARDS secondary to COVID-19.



Methods

We performed a pilot, non-randomized, case-controlled clinical trial of inhaled dornase for patients who developed ARDS secondary to COVID-19 pneumonia.



Results

Improvement in arterial oxygen saturation to inhaled fraction of oxygen ratio (PaO2/FiO2) was noted in the treatment group compared to control at day 2 (95% CI, 2.96 to 95.66, P-value = 0.038), as well as in static lung compliance at days 3 through 5 (95% CI, 4.8 to 19.1 mL/cmH2O, 2.7 to 16.5 mL/cmH2O, and 5.3 to 19.2 mL/cmH2O, respectively). These effects were not sustained at 14 days. A reduction in bronchoalveolar lavage fluid (BALF) myeloperoxidase-DNA (DNA : MPO) complexes (95% CI, -14.7 to -1.32, P-value = 0.01) was observed after therapy with dornase alfa.



Conclusion

Treatment with dornase alfa was associated with improved oxygenation and decreased DNA : MPO complexes in BALF. The positive effects, however, were limited to the time of drug delivery. These data suggest that degradation of extracellular DNA associated with NETs or other structures by inhaled dornase alfa can be beneficial. We propose a more extensive clinical trial is warranted.



Clinical Trial Registration

ClinicalTrials.gov, Identifier: NCT04402970.
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Introduction

Health care systems across the world are being inundated with patients who are critically ill due to infection with Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) causing Coronavirus Disease 2019 (COVID-19). Around 10% of those infected will develop the most severe manifestation of the disease requiring admission to an intensive care unit (1). Early reports suggested neutrophil extracellular traps (NETs) as being a potential contributor to the severity of disease in some patients with COVID-19 (2). As originally described, NETs were proposed to ensnare and potentially kill invading microbes, but it is now clear that these extracellular DNA-protein complexes are almost always deleterious and contribute to tissue destruction and pathogenesis in many diseases (3, 4). In severe cases of COVID-19, NETs appear to cause significant morbidity in the lungs with associated microthrombi formation, endothelial damage, capillaritis, neutrophilic mucositis and mucus accumulation (2, 5–7). Plasma levels of NETs are increased in patients requiring intubation and are inversely correlated with arterial blood oxygen content to fraction of inspired oxygen ratio (PaO2/FiO2) (8). Dornase alfa (recombinant human DNase I) is currently used in patients with Cystic Fibrosis and reduces mucus viscosity by degrading extracellular DNA in the airways (9, 10). We proposed a trial using inhaled dornase alfa as a therapeutic target to reduce extracellular DNA and NETs in patients with acute respiratory distress syndrome (ARDS) secondary to COVID-19 pneumonia, with outcome aims including improved lung compliance and gas exchange (11).



Methods


Study Design

A single center, non-randomized, controlled before-and-after clinical study was designed to examine the effects of inhaled dornase alfa in patients with ARDS secondary to COVID-19 pneumonia. The Institutional Review Board at the University of Missouri approved the clinical trial including collection of clinical data and clinical samples from participating patients (trial #2022206) and case control clinical data from patients with COVID-19 infection with exemption of informed consent from each patient due to the case control portion of the study involving only information collection and analysis (#2025101). A non-randomized model was used to determine if an effect could be noticed to justify a larger randomized controlled study. Patients were recruited from the medical intensive care unit at the University of Missouri, a 250-bed academic tertiary care medical center. Recruitment was considered after confirmation of SARS-CoV-2 infection induced ARDS and progression of care requiring mechanical ventilation. Inclusion criteria included age ≥ 18 years, hospitalized, and mechanically ventilated for illness related to SARS-CoV-2 infection, with individual or surrogate ability to sign informed consent, and negative urine-based pregnancy test in female patients. Exclusion criteria included contraindication or intolerance to dornase alfa, length of mechanical ventilation expected to be less than 48 hours, life expectancy less than 24 hours based upon judgment of treatment physician, pregnancy, or inability to obtain informed consent. Patients in the treatment group received nebulized dornase alfa (2.5mL) via vibrating mesh through the ventilator circuit twice daily for three days after enrollment. Control group patients received standard of care for severe COVID-19 pneumonia and ARDS. No placebo group was included in this pilot study. The primary outcome measure was change in arterial oxygen saturation to inhaled fraction of oxygen (PaO2/FiO2) compared to the day of enrollment. Secondary outcomes included change in static lung compliance   compared to the day of enrollment, duration of mechanical ventilation, length of ICU stay, length of hospitalization, secondary bacterial infections, and mortality. PaO2/FiO2 and static lung compliance measurements were all obtained when patients were supine for at least 2 hours prior to measurement. Sample size was determined based upon ability to calculate significance of the primary outcome. Interim analysis was performed every 3 patients to evaluate for trends in outcomes and consideration of trial continuation.



Data Collection

Demographic and clinical data of the patients was obtained from electronic medical records at enrollment. Clinical study information collected included age, sex, co-morbidities, therapies received, serological testing, ventilator data, bacterial and viral culture data, days of hospitalization, days in the intensive care unit, days of mechanical ventilation, and mortality.



Sample Acquisition and Processing

An optional part of the trial consisted of collecting patient samples including blood and bronchoalveolar lavage fluid (BALF) before and after receiving therapy with dornase alfa to compare frequency of neutrophils and NET MPO-DNA complex concentrations. BALF was either obtained from any unused fluid collected as part of routine clinical care, or if approved by the patient, additional research samples were obtained. BALF cell count and differential were all performed by the clinical laboratory with frequency of neutrophils being expressed by percent of total white blood cells per mcL and absolute cell counts per mcL. BALF used for detection of NET MPO-DNA complex concentrations were processed as follows. Mucus in BALF samples was manually broken up by gentle pipetting, followed by straining through a cell strainer, then split into 1 mL aliquots and immediately frozen at -80°C. Blood to be discarded after clinical laboratory analysis was also obtained. Approximately 1 mL blood was centrifuged at 150 g for 10 minutes at room temperature, followed by collection and freezing of the plasma at -80°C until further use. Meanwhile, neutrophils from 1 mL blood were isolated using the EasySep Human Neutrophil Enrichment Kit (Stemcell Technologies) per manufacturer instructions and diluted to 1x106 cells/mL in RPMI +5% FBS. Isolated neutrophils from the blood were then seeded at 5x105 cells/well of a 12 well plate (Corning), allowed to adhere for 30 minutes, followed by NET induction via stimulation with 10 µg/mL phorbol 12-myristate 13-acetate (PMA, Sigma) for 4 hours at 37°C. NETs were then detached from adherent cells by gentle pipetting, centrifuged at 150 g for 20 minutes at room temperature to separate NETs from cells and debris, and the supernatant was immediately frozen at -80°C. Control NETs from a healthy volunteer were prepared and stored in this same manner.



NET MPO-DNA Complex Detection

To detect the presence of NET MPO-DNA complexes, 96-well plates (Corning) were coated with 4 µg/mL of anti-MPO monoclonal antibody (clone 4A4, Bio-Rad) in a sodium carbonate/bicarbonate buffer (pH 9.6), incubated at 4°C overnight, washed with PBS, and subsequently blocked with 1% bovine serum albumin in PBS for 30 minutes at room temperature. Thawed BALF, serum, and PMA-neutrophil-induced NET samples were immediately added after washing, followed by incubation for 90 minutes at room temperature. After washing, a 1:100 dilution of anti-DNA-POD antibody (clone MCA-33, Roche) was added to each well and incubated again for 90 minutes at room temperature. The amount of single or double-stranded DNA bound to MPO was then detected by adding 2,2’-azino-di-[3-ethylbenzthiazoline sulfonate], or ABTS substrate (Roche) and incubated for 15 minutes at room temperature on a plate shaker at 250 rpm. Plates were then read on an EPOCH microplate reader (Bio-Tek) by measuring optical density at 405 nm wavelength. MPO-DNA complexes were quantified by comparing against a standard curve of known DNA concentrations (in µg/mL) as determined by spectrophotometry from healthy volunteer control NETs prepared as described above and reported as micrograms/milliliter.



Statistical Analysis

Statistical test and graphs were made using GraphPad Prism software. Data are presented as difference between means 95% confidence intervals. Statistical difference was assessed by two-tailed, paired or unpaired, t-test. Statistical significance for the study was defined as P-value ≤ 0.05.



Patient Demographics

Baseline demographics and clinical characteristics of the treatment group and case control group are depicted in Table 1. There was no significant difference noted between the two groups regarding co-morbidities and common therapies received for COVID-19.


Table 1 | Demographics and concurrent medical therapies of patients in the case-control group (N=20) and Dornase alfa treatment group (N=10).






Results

A total of 10 dornase alfa-treated patients were included in the pilot trial and all 10 were included in the final analysis. As the trial was not established as a randomized trial, a total of 20 case control patients were also included in the final analysis (Figure 1). Recruitment for the study was performed from June 19, 2020 to December 1, 2020. A significant improvement in change of PaO2/FiO2 from baseline was noted in the treatment group compared to change of PaO2/FiO2 from baseline in case-control subjects at day 2 (Figure 2A; Difference between means 95% CI, 2.96 to 95.66, P-value = 0.038). The significant difference in measured PaO2/FiO2 was not maintained after drug treatment completion with measurements obtained out to 14 days on mechanical ventilation. Improvement was also noted in static lung compliance at days 3 through 5, which again was not sustained durably beyond the drug treatment period out to 14 days (Figure 2B; Difference between means 95% CI, 4.8 to 19.1, 2.7 to 16.5, and 5.3 to 19.2 mL/cmH2O respectively). Secondary outcomes including adverse events did not show statistically significant differences between treatment and case-control groups assessed up to 90 days (Table 2). BALF and blood samples obtained in the treatment group before and after therapy were analyzed for cell differential and accumulation of MPO-DNA complexes. Eleven patients in the control group also underwent diagnostic bronchoscopy and samples in the treatment group were also compared to this control group. There was no difference in neutrophil counts or percentages between the before treatment samples and the control group (Figure 3). Despite the non-significant increase in neutrophil percentage and absolute log10 neutrophil count (Figure 3), there was a significant reduction in BALF NETs measured as MPO-DNA complexes (Difference between means 95% CI, -14.7 to -1.32, P-value = 0.01) (Figure 4A) after therapy with inhaled dornase alfa. There was no difference in the serum MPO-DNA activity before or after therapy, nor in NETs that were experimentally induced from neutrophils isolated from patient blood that were treated with PMA ex vivo (Figures 4B, C).




Figure 1 | Consort flow diagram. A total of 20 patients were evaluated for the study with 8 patients not meeting inclusion criteria and 2 declining to participate. 10 patients were included in the treatment arm with no patients lost to follow up. 20 patients were randomly selected to be a part of the case-control arm (12).






Figure 2 | Oxygenation and compliance responses to dornase alfa treatment. (A) Change in PaO2/FiO2 compared to day 0. Each colored circle symbol represents a unique patient in the treatment group and each colored triangle symbol represents a unique patient in the control group. A significant increase is noted in the treatment group at day 2 of treatment with a non-statistically significant increase for the additional 14 days. (B) Change in static lung compliance (mL/cmH2O) compared to day 0. Each colored circle symbol represents a unique patient in the treatment group and each colored triangle symbol represents a unique patient in the control group. Starting on day 3 there was a significant improvement in lung compliance in the treatment group compared to the case control group that was sustained to day 5. No statistically significant difference was noted at 14 days.




Table 2 | Primary and Secondary Outcomes of patients in case-control group (N=20) and Dornase alfa treatment group (N=10).






Figure 3 | Dornase alfa treatment did not reduce BALF neutrophils. Control, day 0 and day 4 symbols are displayed as mean ± SEM of 11 subjects in the control group and 9 subjects in the treatment group. Each individual color-coded point with connecting line between day 0 and 4 represents a unique patient in the treatment group (N=9). Two patients only had samples from a single time point due to sample degradation. Only 11 subjects in the control group underwent BALF sampling during hospitalization and are represented by individual colored coded data points. No statistically significant difference was noted in (A) % Neutrophils, or (B) log transformed absolute neutrophil counts in the bronchoalveolar fluid between case control patients and patients prior to receiving dornase alfa.






Figure 4 | Dornase alfa treatment reduced BALF NETs. Symbols on Day 0 and Day 4 are represented as mean ± SEM of 10 subjects in the bronchoalveolar fluid (BALF) analysis and serum neutrophil extracellular traps (NETs) analysis and 9 subjects in the induced NETs analysis. Due to not having the appropriate material prior to sample collection from the first enrolled patient, we were only able to perform induced NET analysis on 9 subjects (C). Each connecting line with points at Day 0 and 4 represents a unique patient sample and is patient colored coded to previous graphs (N=10). NETs defined by NET MPO : DNA complex measurement was significantly reduced in the BALF after 3 days of therapy with dornase alfa (A). There was no significant change in serum NETs or NETs induced in vitro from patient neutrophils harvested after dornase alfa therapy (B, C) respectively.





Discussion

Neutrophils play an important role in the innate immune response in the lungs and have been shown to be higher in BALF in patients with COVID-19, particularly those with increased disease severity (11, 13). An associated increase in neutrophil chemoattractants have also been observed (8). Neutrophils can release complexes of chromosomal DNA, histones and granule enzymes, such as MPO, as NETs trapping microorganisms, but also causing collateral damage in the form of thrombosis and lung injury (13, 14). Earlier studies noted an increase in circulating markers for NETs in patients with COVID-19 compared to healthy controls, as well as autopsy findings have confirmed the presence of NETs in the lungs (5, 15). The concept of NET-driven lung injury is not unique to COVID-19. Targeting NETs in ARDS has been applied to other causes of pneumonia as the level of NETs has been associated with disease severity (16, 17).

Our group began by applying dornase alfa to one severe COVID-19 patient who subsequently showed improvement in oxygenation after treatment (2). Therefore, we designed this initial clinical trial with PaO2/FiO2 improvement as the primary outcome objective. We predicted that the inhaled drug would decrease extracellular DNA and NETs in the lung and improve oxygenation. Currently, the data appear to support both predictions. There was a decrease in MPO-DNA complexes, which suggests a decrease in NETs (Figures 2–4). This result makes sense given the accumulation of neutrophils in the lungs in response to infection, with lytic death and DNA release having deleterious effects. At the same time, the ability of dornase alfa to degrade DNA and improve oxygenation wanes rapidly upon drug withdrawal. A more durable effects of decreased magnitude may be possible to determine upon increasing patient N in a more extensive trial. One concern was the potential negative effect of degrading NETs whose function is in part to fight off invading pathogens. There was no observed significant increase in secondary pulmonary infections. We conclude that the premise of applying dornase alfa to degrade DNA in NETs and improve oxygenation in severe COVID-19 induced ARDS appears sound and should be further explored in a more extensive clinical trial. We also propose that the time of drug administration be extended, predicting that a greater duration of beneficial effects may thereby be induced, with the goal of decreasing morbidity and mortality rates in these patients. There is currently a phase 2 open-label, randomized, Best-Available-Care (BAC) and historic-controlled trial ongoing at University College London Hospital looking into the effects of inhaled dornase alfa over 7 days on the outcome of patients admitted to the hospital who are at risk of ventilatory failure (18).



Limitations

Our study is limited by being a single center study and a small sample size which does not allow for power to determine many of the secondary outcomes. If plausible, future studies should aim to include multi-center patient data sets and a larger patient population. Our population was also predominantly white, non-Hispanic and may underrepresent the effect on other ethnic groups. Standard of care for severe COVID-19 patients includes treatment with systemic corticosteroids, which has been reported to reduce systemic NET activity (16). The limited serological change in MPO-DNA activity may have been affected by this therapy. Another limitation is that MPO-DNA complexes in patient samples were discussed as known NET products, but the mechanism of their generation was not determined.



Conclusion

Severe COVID-19 pneumonia leading to ARDS is associated with increased extracellular MPO-DNA complexes, potentially as NETs, in the alveolar space. Inhaled Dornase alfa, via degradation of alveolar DNA, significantly improved oxygenation and lung compliance. Due to a persistent inflammatory state of the lungs in COVID-19 and ARDS, the effect is short lived after drug removal. Results of our pilot study warrant further consideration of a larger randomized trial in patients with ARDS secondary to COVID-19, as well as other causes of ARDS.
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Objectives

The longitudinal and systematic evaluation of immunity in coronavirus disease 2019 (COVID-19) patients is rarely reported.



Methods

Parameters involved in innate, adaptive, and humoral immunity were continuously monitored in COVID-19 patients from onset of illness until 45 days after symptom onset.



Results

This study enrolled 27 mild, 47 severe, and 46 deceased COVID-19 patients. Generally, deceased patients demonstrated a gradual increase of neutrophils and IL-6 but a decrease of lymphocytes and platelets after the onset of illness. Specifically, sustained low numbers of CD8+ T cells, NK cells, and dendritic cells were noted in deceased patients, while these cells gradually restored in mild and severe patients. Furthermore, deceased patients displayed a rapid increase of HLA-DR expression on CD4+ T cells in the early phase, but with a low level of overall CD45RO and HLA-DR expressions on CD4+ and CD8+ T cells, respectively. Notably, in the early phase, deceased patients showed a lower level of plasma cells and antigen-specific IgG, but higher expansion of CD16+CD14+ proinflammatory monocytes and HLA-DR−CD14+ monocytic-myeloid-derived suppressor cells (M-MDSCs) than mild or severe patients. Among these immunological parameters, M-MDSCs showed the best performance in predicting COVID-19 mortality, when using a cutoff value of ≥10%. Cluster analysis found a typical immunological pattern in deceased patients on day 9 after onset, which was characterized as the increase of inflammatory markers (M-MDSCs, neutrophils, CD16+CD14+ monocytes, and IL-6) but a decrease of host immunity markers.



Conclusions

This study systemically characterizes the kinetics of immunity of COVID-19, highlighting the importance of immunity in patient prognosis.





Keywords: COVID-19, innate immunity, adaptive immunity, humoral immunity, outcome



Introduction

Coronavirus disease 2019 (COVID-19), an infectious disease caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has become the greatest threat to global public health (1–3). Globally, as of January 20, 2021, there have been 94.9 million confirmed cases of COVID-19, including 2.1 million deaths, as reported by the World Health Organization (4). Currently, there is still no confirmed effective therapeutic strategy for COVID-19, highlighting the importance of further understanding the pathogenesis of the disease.

In contrast to the decrease of peripheral blood CD4+ and CD8+ T-cell count (5), deceased patients demonstrated increased expressions of HLA-DR and CD38 on these cells, which emphasized the importance of overactivation of adaptive immunity in the pathogenesis of the disease (6). Consistent with this notion, severe patients showed a higher level of plasma cytokines such as IL-2, IL-6, TNF-α, and IL-10, compared to mild patients, supporting the evidence that high inflammatory status and dysregulation of immunity were involved in patients with poor outcome (7). In line with these findings, some studies have demonstrated that innate immune responses in patients with uncontrolled SARS-CoV-2 infection are exaggerated and remain elevated, contributing to tissue damage (8–10). In contrast, previous studies also have reported that old age, low CD8+ T cells, and underlying diseases are risk factors for COVID-19 progression, which indicates that patients with initial low immunity are more likely to develop severe disease (7, 11). We thus speculated that either hyperimmune or hypoimmune status could be noted in COVID-19 patients and that different immune statuses could predict the severity and mortality due to COVID-19.

Although many previous studies have focused on the characteristics of host immunity in COVID-19 patients with different severity (12–15), there were rare studies that systemically investigated the kinetics of immunity in patients with COVID-19. Here, we monitored the dynamics of immune responses, including innate, adaptive, and humoral immunity, in COVID-19 patients with different severity.



Methods


Patients

Between February 2020 and May 2020, patients with confirmed COVID-19 were recruited from Tongji Hospital, Wuhan, China; and the immune indicators involved in innate, adaptive, and humoral immunity were continuously determined in these patients. Confirmed COVID-19 was defined in patients who had clinical and radiological characteristics of COVID-19 and together with positive SARS-CoV-2 real-time RT-PCR results. The COVID-19 patients were classified into three groups according to different severity and outcome during 45 days after onset of illness: 1) mild group, patients have saturation of oxygen (SpO2) ≥94% on room air during hospitalization and finally discharge; 2) severe group, patients have sign of hypoxia (respiration rate ≥30 times/min, SpO2 ≤93%, or PaO2/FiO2 ratio ≤300 mmHg), recovered, and then discharges; and 3) deceased group, patients have respiratory failure requiring mechanical ventilation, septic shock, and/or multiple organ dysfunction and then died during hospitalization (16). Patients without a definite clinical outcome and remained in hospital until 45 days after onset of illness were excluded. Disease courses were classified into the early (0–15 days), middle (16–30 days), and late (31–45 days) phases based on days after onset of symptoms. Patients admitted during the study period received supportive and therapeutic modalities based on individual physician’s clinical discretion and our inpatient guide. The main treatments included supplemental oxygen, antibiotics, antiviral drug, corticosteroids, and intravenous immunoglobulin. The routine blood test and immunological monitoring (the number and phenotype of immune cells, cytokines, and SARS-CoV-2-specific IgG) were performed every 3 to 9 days until 45 days after onset of illness. The demographic and clinical information, laboratory results, and outcome data were collected from electronic medical records. All patients discharged from the hospital within 45 days were subsequently be transferred to isolation hotels, and blood samples were still collected until 45 days after onset of illness. This study was approved by the ethical committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China (IRB ID: TJ-C20200128). Written informed consent was obtained from all the participants.



Routine Blood Test, SARS-CoV-2-Specific IgG, and Cytokine Profile Analysis

Blood samples were collected from study participants. The absolute numbers of neutrophils, lymphocytes, monocytes, and platelets were measured by an automatic blood cell counter. The SARS-CoV-2-specific IgG, which targets the receptor-binding domain of the spike protein, was detected by paramagnetic particle chemiluminescent immunoassay using iFlash-SARS-CoV-2 IgG assay kit (YHLO Biotech Co., Ltd. Shenzhen, China). The levels of IL-2 receptor (IL-2R) and IL-10 in serum were measured according to an automatic procedure of a solid-phase two-site chemiluminescent immunometric assay via IMMULITE 1000 Analyzer (Siemens). The level of IL-6 was measured by the electrochemiluminescence method (Roche Diagnostics).



Flow Cytometry Analysis

Heparinized peripheral blood was collected from study participants. Fluorescence-labeled monoclonal antibodies against the following antigens were added to the cell suspensions: CD45, CD3, CD4, CD8, CD45RA, CD45RO, HLA-DR, CD19, CD27, CD38, CD86, CD14, CD16, and CD56 (BD Biosciences). Isotype controls with irrelevant specificities were included as negative controls. All these cell suspensions were incubated for 30 min on ice. After washing, the pellets were resuspended in 300 μl of staining buffer, followed by analysis with FACSCanto flow cytometer (BD Biosciences). Gating strategies of HLA-DR+ CD4+ and CD8+ T cells, CD45RO+CD4+ T cells, CD27+CD38− memory B cells, CD27+CD38high plasma cells, CD16+CD14+ monocytes (non-classical monocytes), HLA-DR−CD14+ monocytic-myeloid-derived suppressor cells (M-MDSCs), lymphoid-derived dendritic cells (DCs), and CD86+ lymphoid-derived DCs are shown in Supplementary Figures 1–4. The definition and gating strategy of M-MDSCs were according to a previous study (17). The percentage of CD3−CD19−CD14−CD56−HLA-DR+ cells in CD45+ lymphocytes was defined as the percentage of lymphoid-derived DCs. The number of lymphoid-derived DCs was calculated by multiplying the percentage of lymphoid-derived DCs with total lymphocyte count.



TBNK Lymphocyte Subset

The absolute numbers of CD4+ and CD8+ T cells, B cells, and NK cells were determined by using TruCOUNT tubes and BD Multitest 6-color TBNK Reagent Kit (BD Biosciences) according to the manufacturer’s instructions.



Statistical Analysis

The results are presented as mean ± standard deviation (SD), or as median with interquartile range (IQR), when appropriate. Continuous variables were compared with one-way ANOVA test. Chi-square test was used for categorical data. To aid visualization, a smoothing spline was fitted to the values of different immunological parameters to summarize the overall trend. Receiver operating characteristic (ROC) curve analysis was performed on immune indicators to assess the cutoff values. The Kaplan–Meier survival analysis was used to analyze the cumulative survival, and a log-rank test was used to determine differences in survival. Hierarchical cluster analysis was performed to determine the typical immunological pattern among different groups of patients, and correlation between different immunological indicators was analyzed. Statistical significance was determined as p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001). Statistical analyses were performed using SPSS version 19.0 (SPSS, Chicago, IL), GraphPad Prism 8.0 (San Diego, CA, USA), and R 4.0.3 (R Foundation, Vienna, Austria).




Results


Clinical Characteristics of Coronavirus Disease 19 Patients

The demographic and clinical characteristics of included patients are shown in Table 1. Ninety-three patients with COVID-19, including 47 severe and 46 deceased patients, were enrolled from Tongji Hospital. Another 27 mild COVID-19 patients were included and matched for age and gender to the severe group. No significant difference in age, gender, symptoms at the onset of illness, imaging features, and time from onset to admission was recorded among these three groups. Deceased patients showed a higher percentage of comorbidities such as chronic obstructive pulmonary disease and cardiovascular disease than did mild patients. Almost half of the patients had common treatment, including antibiotics, antiviral drugs, and corticosteroids. The proportion of patients treated with corticosteroids and intravenous immunoglobulin in the mild group was significantly lower than in the severe and deceased groups.


Table 1 | The demographic and clinical characteristics of patients with COVID-19.





Routine Blood Test and Cytokine Results of Coronavirus Disease 2019 Patients

A sustained lower level of neutrophils was observed in mild patients compared with severe or deceased patients. Conversely, neutrophils gradually increased after onset, reached a maximum at 3 weeks, and were maintained at a high level after that in deceased patients. Deceased patients showed a gradual loss of lymphocytes after onset, but lymphocytes in mild and severe patients gradually restored to the normal range. Thus, deceased patients displayed a rapid increase of neutrophil-to-lymphocyte ratio (NLR) in the early phase of the disease. Platelets in deceased patients also gradually decreased after onset, but in severe patients, they were gradually restored after a transient decline (Figure 1A). IL-2R in deceased patients remained at a high level during the illness, while in mild and severe patients, it gradually declined after onset. Both IL-6 and IL-10 had an increased trend in deceased patients with the progress of the disease but stayed at a low level in mild and severe patients. Similar to NLR, IL-2R/lymphocytes in deceased patients remained at a high level during the illness (Figure 1B).




Figure 1 | Dynamic analysis of routine blood test and cytokines in patients with different outcomes. (A) The absolute numbers of neutrophils, lymphocytes, platelets, and NLR and (B) the values of IL-2R, IL-6, IL-10, and IL-2R/lymphocytes in the peripheral blood of mild (yellow line), severe (blue line), and deceased (red line) COVID-19 patients were analyzed at different time points (every 3 days from day 3 to day 45 after onset of illness). Data in each time point are expressed as median with interquartile range. The smoothing cubic splines were fitted to the values of different parameters to summarize the overall trend. NLR, neutrophil-to-lymphocyte ratio; IL-2R, IL-2 receptor. ap < 0.05; bp < 0.01; cp < 0.001. M, mild; S, severe; D, deceased.





The Number of Different Subsets of Lymphocytes, Lymphoid-Derived Dendritic Cells, and Monocytes in COVID-19 Patients

Generally, deceased patients displayed a lower number of different subsets of lymphocytes, including CD4+ and CD8+ T cells, B cells, and NK cells, than did mild patients. Notably, the numbers of CD8+ T cells and NK cells in deceased patients were maintained at a low level during the illness, whereas those in mild and severe patients were gradually restored with the development of the disease. Consistent with NK cells, lymphoid-derived DCs in deceased patients remained at a low level during the illness. In contrast to the gradual increase of monocytes in mild patients, the number of monocytes in deceased patients gradually decreased in the early phase but gradually increased from the middle to late phase of the disease (Figure 2A).




Figure 2 | Dynamic analysis of the number, phenotype, and function of immune cells in patients with different outcomes. (A) The absolute numbers of CD4+ T cells, CD8+ T cells, B cells, NK cells, lymphoid-derived DCs, and monocytes and (B) the percentages of HLA-DR+CD4+ T cells, HLA-DR+CD8+ T cells, CD45RO+CD4+ T cells, CD27+CD38− memory B cells within CD19+ B cells, CD27+CD38high plasma cells within CD19+ B cells, SARS-CoV-2-specific IgG, CD16+CD14+ monocytes, HLA-DR−CD14+ M-MDSCs within monocytes, and CD86+ lymphoid-derived DCs in the peripheral blood of mild (yellow line), severe (blue line), and deceased (red line) COVID-19 patients were analyzed at different time points (every 3 days from day 3 to day 45 after onset of illness). Data in each time point are expressed as median with interquartile range. The smoothing cubic splines were fitted to the values of different parameters to summarize the overall trend. Lymphoid-derived DCs, dendritic cells; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; M-MDSCs, monocytic-myeloid-derived suppressor cells. ap < 0.05; bp < 0.01; cp < 0.001. M, mild; S, severe; D, deceased.





The Phenotype and Function of Immune Cells in COVID-19 Patients

HLA-DR expression on CD4+ T cells showed a rapid increase in the early phase in deceased patients and then gradually decreased in the late phase. Although CD45RO expression on CD4+ T cells and HLA-DR expression on CD8+ T cells had an increased trend in deceased patients after onset, their overall levels in deceased patients were lower than in mild patients, especially in the early phase. The frequency of plasma cells within B cells in mild patients rapidly reached maximum after onset, while in deceased patients, it had a slow increased trend during the illness. Consistent with plasma cells, SARS-CoV-2-specific IgG took a long time to reach maximum in deceased patients compared with mild or severe patients. Notably, deceased patients demonstrated higher percentages of CD16+CD14+ non-classical proinflammatory monocytes and HLA-DR−CD14+ M-MDSCs compared with both mild and severe patients. The overall expression of CD86 on lymphoid-derived DCs in deceased patients was lower than that in mild and severe patients (Figure 2B).



Using Immunological Parameters for Predicting COVID-19 Mortality

The Kaplan–Meier method was further used to analyze the cumulative survival of patients and the effect of these immunological parameters on survival. The cutoff values of these immune parameters used for survival analysis were determined by ROC analysis (the maximum of M-MDSCs, neutrophils, IL-6, and CD16+CD14+ monocytes and the minimum of CD8+ T cells in different time points were used for each patient). We found that CD8+ T cells were positively correlated with survival rate; but M-MDSCs, neutrophils, IL-6, and CD16+CD14+ monocytes were conversely negatively correlated with survival rate in enrolled patients. Among these immune parameters, M-MDSCs showed the best performance in predicting COVID-19 mortality, when using cutoff value of ≥10% (Figure 3). ROC analyses of these markers for distinguishing deceased patients from other patients are shown in Supplementary Figure 5.




Figure 3 | Using immune parameters for predicting COVID-19 mortality. The effect of immune parameters including M-MDSCs, CD8+ T cells, neutrophils, IL-6, and CD16+CD14+ monocytes on predicting 45-day mortality after onset of illness was analyzed in COVID-19 patients. M-MDSCs, monocytic-myeloid-derived suppressor cells. *p < 0.05, **p < 0.01, ***p < 0.001.





Clustering Analysis of Immunological Parameters in COVID-19 Patients on Day 9 After Onset

To determine the effect of immunological parameters on predicting disease outcome in the early phase, the immunological data were compared between different groups of patients on day 9 after onset. Nevertheless, samples were collected from only a small number of patients (mild group, n = 10; severe group, n = 11; deceased group, n = 10). Many immunological indicators, such as neutrophils, IL-6, CD4+ and CD8+ T cells, B cells, lymphoid-derived DCs, HLA-DR+CD8+ T cells, CD16+CD14+ monocytes, and M-MDSCs, had significant differences among these three groups (Supplementary Table 1). Subsequent hierarchical cluster analysis showed that these immunological indicators could better distinguish mild, severe, and deceased patients. In comparison with mild and severe patients, deceased patients displayed a typical immunological pattern in the early phase of disease, characterized as the increase of inflammatory markers including monocytes, CD16+CD14+ monocytes, neutrophils, M-MDSCs, IL-6, and IL-10, and the decrease of host immunity markers including CD4+ T cells, CD8+ T cells, B cells, NK cells, lymphoid-derived DCs, platelets, HLA-DR+CD8+ T cells, and CD45RO+CD4+ T cells (Figure 4A). Further correlation analysis demonstrated that these inflammatory markers were obviously negatively correlated with host immunity markers in COVID-19 patients with different outcomes (Figure 4B).




Figure 4 | Clustering analysis of immune parameters in COVID-19 patients with different outcomes on day 9 after onset of illness. (A) Heat maps comparing 21 immune parameters in mild (n = 10), severe (n = 11), and deceased (n = 10) patients. On the y-axis are immune parameter values after z-scoring, and on the x-axis are individual patients. Red–white–blue squares represent z-scoring values. Red dot, deceased patient; yellow dot, severe patient; blue dot, mild patient. (B) Correlation matrix of 21 immune parameters in 31 COVID-19 patients (mild, n = 10; severe, n = 11; deceased, n = 10). M-MDSCs, monocytic-myeloid-derived suppressor cells; IL-2R, IL-2 receptor; lymphoid-derived DCs, dendritic cells. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

Increasing studies have indicated that one of the biggest drivers of COVID-19 mortality is cytokine storm (7, 18, 19). This potentially deadly condition can cause acute respiratory distress syndrome (ARDS) and multiple organ failure, which are two of the primary causes of mortality in severe COVID-19 patients (20–25). As a result, the dysregulation of immune cells, especially the lymphocytes and monocytes, is closely involved with the pathogenesis of severe COVID-19. Recently, the overall view of peripheral blood immune cells in COVID-19 patients remains obscure. This study has attempted to elucidate the dynamic immunological parameter landscape, including both the number and function of innate (neutrophils, NK cells, monocytes, and lymphoid-derived DCs), adaptive (CD4+ and CD8+ T cells), and humoral (B cells, plasma cells, and antigen-specific IgG) immune cells, in COVID-19 patients with different outcomes.

Previous studies have focused on the characteristics of host immunity in COVID-19 patients. However, most studies determined this only at a single time point, such as on admission or before discharge (11, 26–32). Furthermore, many studies did not classify the patients according to time after onset, age, or underlying diseases (11, 33). Our previous studies have confirmed that age can affect the number and phenotype of immune cells (34, 35). More specifically, in contrast to the gradual increase of HLA-DR expression on CD4+ and CD8+ T cells, the number of CD4+ and CD8+ T cells gradually decreased with increasing age (35, 36). Thus, understanding the conclusions of immunological data should be done with caution if these studies did not balance patients according to different influencing factors, and some data could be misleading to some extent. In view of these shortcomings, the present study has made some improvements. First, this is a longitudinal study, and the immunological data were continuously monitored from onset of illness to 45 days after onset. Second, in case of bias, many influencing factors such as age and gender were matched between different groups when including patients. Third, to elucidate the pathogenesis of the disease, we attempted to simultaneously investigate as many immunological parameters as we could, involving neutrophils, lymphocytes, monocytes, platelets, T cells, B cells, NK cells, lymphoid-derived DCs, plasma cells, M-MDSCs, cytokines, and SARS-CoV-2-specific antibody, which is caused by our comprehensive immune monitoring program in clinical practice.

Many previous studies have focused on the kinetics of immunity in COVID-19 patients with different severity (27, 37–40). Lucas et al. demonstrated that a concomitant reduction in T-cell number and an early elevation in cytokine levels were associated with worse disease outcomes (40), which are in accordance with our findings. Furthermore, a previous study has shown that a subgroup of patients had T-cell activation characteristic of acute viral infection and plasmablast responses reaching >30% of circulating B cells (37), which is consistent with our experimental results. However, a previous study has also demonstrated that more severe cases have a late onset in the humoral response as compared with mild/moderate infections (39), which is in line with our recent observations showing that the differentiation of plasma cells was delayed in severe patients. Regarding monocytes, consistent with previous findings, we also observed the CD16+ non-classical monocytes increased early with a reduction in classical CD16− monocytes in severe patients (38). Nevertheless, the innovation of this study is that we investigated the dynamics of innate, adaptive, and humoral responses simultaneously in COVID-19 patients with different severity. A previous study has shown that the differentiation of plasma cells is quicker in mild patients compared with severe patients (39). Thus, the percentage of plasma cells in mild patients may have reached the peak at detection and then gradually decreased over time. However, some long-live memory plasma cells could persistently secrete a high level of antibodies, which could be the possible cause of the discrepancy in the percentage of plasma cells and antibody level in mild patients. There is no doubt that host immunity will gradually develop into a hypo or even anergic state in the late phase of deceased COVID-19 patients. However, identifying the immune characteristics in the early phase of the disease is the key to predicting disease prognosis. Based on the findings of this study, the following immune characteristics should be mentioned in the early phase of COVID-19: 1) increase of neutrophils but accompanying decrease of lymphocytes, leading to a rapid increase of NLR, is the most distinctive feature noted in the peripheral blood of deceased patients; 2) decrease of T-cell number, with low expression of functional markers such as HLA-DR and CD45RO, predicts the high risk of severe disease, which highlights the importance of adaptive immunity in controlling SARS-CoV-2 infection; 3) low level of lymphoid-derived DCs and NK cells, with decreased expression of CD86 on lymphoid-derived DCs, indicates a low innate immunity in patients with poor outcome; 4) low level of plasma cells and SARS-CoV-2-specific IgG supports the idea that delayed differentiation of plasma cells and antibody production are the typical characteristics of humoral immunity in patients with poor outcome; 5) increase of non-classical monocytes and IL-6, suggesting a high inflammatory state, is an important factor for predicting poor outcome; and 6) a rapid increase of inhibitory cells, especially the sustained expansion of M-MDSCs, can further aggravate immune deficiency, which could be the key factor to cause persistent low immunity in patients with poor outcome. Importantly, in the early phase of the disease, SARS-CoV-2-infected patients who have low innate, adaptive, and humoral immunity, but with high inflammatory status, tend to develop more severe disease. These findings confirm that the initial hypoimmune status is the most important risk factor for the poor outcome of the disease.

Given that cytokine storm is one of the leading causes of death for COVID-19 patients, preventing or weakening cytokine storm could reduce the overall mortality of the disease. Theoretically, corticosteroid therapy might have benefit for severe COVID-19 patients when cytokine storm occurs, as it can exhibit immunosuppressive effects through inhibiting NF-κB signaling; inhibiting the synthesis of proinflammatory cytokines including IL-1β, IL-2, IL-6, TNF-α, IL-17, and granulocyte-macrophage colony-stimulating factor; and reducing the proliferation, activation, differentiation, and survival of T cells and macrophages (18, 41). However, whether corticosteroids are beneficial in the treatment of COVID-19 is controversial, based on the evidence of SARS and Middle East respiratory syndrome (MERS) studies showing that corticosteroids would increase mortality and delay the clearance of coronavirus (42, 43). Recently, one study shows optimistic results, indicating that dexamethasone therapy results in lower 28-day mortality among those who were receiving either invasive mechanical ventilation or oxygen alone (40). In general, the dose, duration, and especially the timing of treatment are the key factors to determine whether corticosteroid therapy is beneficial for COVID-19.

It is noteworthy that impaired lymphocyte function accompanying increased expression of exhaustion markers has been reported in severe COVID-19 patients (44, 45). However, we emphasize that although the number of lymphocytes remains low in severe patients, their function is inconsistent in different phases of illness, which is decided by the time after onset. In line with previous findings, impaired T-cell function was commonly noted in the late phase of severe patients, whereas activation marker expressed on T cells in patients regardless of severity was rapidly increased in the early phase of the disease (46). Thus, the dynamic monitoring of immune responses is of great importance for understanding the pathogenesis of the disease. In addition, a previous study has demonstrated that IL-6 may be the key regulator for the exhaustion of lymphocytes in severe patients (45). Given that the expansion of M-MDSCs was earlier than the increase of IL-6 and was maintained at a high level throughout the illness in patients with poor outcomes, we, therefore, put forward that sustained expansion of M-MDSCs is also one of the key factors contributing to the exhaustion of adaptive immunity. These data suggest that M-MDSCs could be used as a prominent marker for predicting COVID-19 prognosis.

Thus, monitoring the immune status of COVID-19 patients is not only helpful for predicting the prognosis of disease but also improves the therapeutic effect. Consistent with this notion, previous studies have shown that the reduction in inflammation parameters and improvement in lymphopenia are common manifestations of effective treatment (47, 48). Given that we have drawn the dynamic immunological parameter landscape in COVID-19 patients with different outcomes, these immune indicators could be used to guide treatment strategies. For instance, the high inflammatory status provided the theoretical basis of using steroids for the treatment of severe SARS-CoV-2 infection. Furthermore, when machine learning was used to evaluate the combined application of multiple indicators, it would further improve the prediction effect and simplify the work of clinicians (49).

Several limitations of the study should be mentioned. First, this was a single-center study that was limited by the small sample size. Further validation by other centers with a large sample size is required to confirm the predictive role of inflammation markers. Second, we did not classify some cell subsets accurately. For instance, lymphoid DCs were characterized as CD3−CD19−CD14−CD56−HLA-DR+ cells in CD45+ lymphocytes. However, we did not classify different types of DCs, such as CD123+ DCs, CD11c+ DCs, CD14+ DCs, and CD141+ DCs. Moreover, several other types of cells such as MDSCs and innate lymphoid cells display similar phenotypes in comparison with DCs, which could cause bias to the results of DCs. Third, given that the number of MDSCs in several types of malignancy was increased in peripheral blood, the effect of MDSC on predicting COVID-19 prognosis in patients who had malignancy would be affected.

This study has described the landscape of immune responses throughout COVID-19 illness, highlighting the importance of host immunity in patients with COVID-19.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a causative virus in the development of coronavirus disease 2019 (Covid-19) pandemic. Respiratory manifestations of SARS-CoV-2 infection such as acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) leads to hypoxia, oxidative stress, and sympatho-activation and in severe cases leads to sympathetic storm (SS). On the other hand, an exaggerated immune response to the SARS-CoV-2 invasion may lead to uncontrolled release of pro-inflammatory cytokine development of cytokine storm (CS). In Covid-19, there are interactive interactions between CS and SS in the development of multi-organ failure (MOF). Interestingly, cutting the bridge between CS and SS by anti-inflammatory and anti-adrenergic agents may mitigate complications that are induced by SARS-CoV-2 infection in severely affected Covid-19 patients. The potential mechanisms of SS in Covid-19 are through different pathways such as hypoxia, which activate the central sympathetic center through carotid bodies chemosensory input and induced pro-inflammatory cytokines, which cross the blood-brain barrier and activation of the sympathetic center. β2-receptors signaling pathway play a crucial role in the production of pro-inflammatory cytokines, macrophage activation, and B-cells for the production of antibodies with inflammation exacerbation. β-blockers have anti-inflammatory effects through reduction release of pro-inflammatory cytokines with inhibition of NF-κB. In conclusion, β-blockers interrupt this interaction through inhibition of several mediators of CS and SS with prevention development of neural-cytokine loop in SARS-CoV-2 infection. Evidence from this study triggers an idea for future prospective studies to confirm the potential role of β-blockers in the management of Covid-19.
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Introduction

It is well-known in recent times that severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a causative virus in the development of coronavirus disease 2019 (Covid-19) pandemic (1). This disease was initially documented in the Wuhan province of China (2). The SARS-COV-2 virus is highly infective with about 15% of the patients require hospitalization and 5% may need intensive care (3). Approximately half of the Covid-19 patients taken to intensive care units (ICU) die due to various complications associated with acute respiratory distress syndrome (ARDS) (4). The severe Covid-19 complications include respiratory failure, cardiac arrhythmias, acute kidney injury, and stroke (5). Respiratory failure is a result of acute lung injury (ALI) and ARDS (6). The respiratory system signs lead to hypoxia, oxidative stress, and sympatho-activation and in severe cases lead to sympathetic storm (SS) (7). SS is characterized by recurrent episodes of hyperhidrosis, hypertension, tachycardia, tachypnea, and hyperthermia (8).

On the other hand, exaggerated immune response to the SARS-CoV-2 invasion may lead to the production of various inflammatory substances (9). There may be an uncontrolled release of pro-inflammatory cytokines such as interleukins (IL-6, IL-1β, IL-8), tumor necrosis factor-alpha (TNF-α), and chemokines that together lead to the development of cytokine storm (CS) (10).

In Covid-19, there is interactive interaction between CS and SS in the development of multi-organ failure (MOF) and life-threatening complications (11). However, cutting the bridge between CS and SS by anti-inflammatory and anti-adrenergic agents may mitigate complications that are induced by SARS-CoV-2 infection in severely affected Covid-19 patients (12).

Anti-adrenergic β-blockers are a class of medications used in the management of cardiovascular disorders such as arrhythmia, acute coronary syndrome, and hypertension as well as other disorders like tremor and anxiety (13). β-blockers are either selective (block β1 or β2) or non-selective (block both β1 and β2). β-blockers reduce sympathetic stimulation-mediated by adrenalin and noradrenalin on β receptors (13). β1 receptors are located mainly on the heart and kidney while, β2 receptors are expressed primarily in the lungs, vascular smooth muscles, and gastrointestinal tract (14).

The objective of the present study was to summarize the current updates in the discussed topic and demonstrates the potential guidance for the usage of beta-blocker on the SS and CS in Covid-19.



β-Blockers and Sympathetic Storm in Covid-19

It has been reported that β-blockers such as propranolol, metoprolol, and labetalol are effective in the management of SS by mitigation of autonomic dysregulation and sympathetic spells in patients with thalamic injury (15). SS is due to increased activity of the sympathetic nervous system (SNS) at the expense of the parasympathetic nervous system (PSNS) due to brain injury (16). The severity of traumatic brain injury (TBI) correlates with the level of sympathetic activation. The implication is that early use of β-blockers in TBI may attenuate the development of SS (17). Luostarinen et al., a retrospective study showed that TBI in Covid-19 patients did not affect disease severity (18). About 55% of hospitalized Covid-19 patients develop neurological signs (19). These signs may remain for about three months following SARS-CoV-2 infection, suggesting the development of latent brain injury (20).

Invasion of the central nervous system (CNS) by SARS-CoV-2 has remained speculative (21). However, brain injury in Covid-19 patients might be due to the direct effect of SARS-CoV-2. Covid-19 may lead to brain injury because it manifests with hypoxemia, autoimmune response, thrombosis, and CS (22). Notably, involvement of the peripheral nervous system (PNS) and autonomic nervous system (ANS) results in an imbalance between SNS and PSNS with the development of SS (23). The imbalance of the SNS/PSNS axis of ANS may affect the release of pro-inflammatory cytokines and immune-inflammatory response during Covid-19 (24). In this context, high circulating catecholamine levels may reflect sympathetic-mediated neutrophilia and T cell dysfunction in Covid-19 due to SS (25). Thus, the development SS in Covid-19 is through central and peripheral effects of SARS-CoV-2 that increase sympathetic outflow (Figure 1).




Figure 1 | SARS-CoV-2 infection and development of sympathetic and cytokine storms: Central effect of SARS-CoV-2 leads to brain injury and development of sympathetic storm (SS). The peripheral effect of SARS-CoV-2 leads to induction imbalance between the sympathetic nervous system (SNS) and parasympathetic nervous system (PSNS) and development of cytokine storm (CS). Both SS and CS lead to Covid-19 severity.



The potential mechanisms of SS in Covid-19 are through the three pathways including; ALI/ARDS-induced hypoxia, which activate the central sympathetic center through carotid bodies chemosensory input (26). SARS-CoV-2-induced neuroinflammation directly activates sympathetic centers like locus coeruleus (LC), rostral ventrolateral medulla (RVLM), and hypothalamic paraventricular nucleus (HPVN) (27). SARS-CoV-2-induced pro-inflammatory cytokines, which cross the blood-brain barrier and activate sympathetic center (Figure 2) (28).




Figure 2 | SARS-CoV-2-induced sympathetic storm. SARS-CoV-2 acute lung injury (ALI) and acute respiratory distress syndrome (ARDS)-induced hypoxia, SARS-CoV-2-induced neuroinflammation, and release of pro-inflammatory cytokines activate the central sympathetic center with the development of the sympathetic storm.



Moreover, comorbidities that induce a high sympathetic activity such as diabetes mellitus and hypertension may exacerbate cardiac arrhythmia, cardiac arrest, and acute myocardial infarction (29). Development of Covid-19 severity is linked with SS and vagal suppression that culminates into the CS (30). It is thus suggested that vagal stimulation might be valuable in Covid-19 patients through modulation of SS and release of pro-inflammatory cytokines (31). It has been shown that cholinergic agonists inhibit inflammation via suppression of inflammatory signals such as high mobility group protein 1 (HMGB1) (32). Furthermore, a molecular docking study observed that the nicotinic acetylcholine receptor (nAChR) may be a potential binding receptor for SARS-CoV-2 (32). Inhibition of nAChR by SARS-CoV-2 leads to inhibition of PSNS and exaggeration of SNS with subsequent progression of CS due to inhibition of vagal anti-inflammatory mediated by diminution of nAChR activity (33). Likewise, α-1 and β-receptor antagonists have valuable effects in Covid-19 via lessening of SS and development of CS (34). For that reason, β-blockers reduce sympathetic stimulation and inhibit the interaction between SARS-CoV-2 and receptor binding sites of angiotensin-converting enzyme 2 (ACE2) and CD147 (35) (Figure 3).




Figure 3 | SARS-CoV-2 and release of pro-inflammatory cytokines: SARS-CoV-2 activates the sympathetic center, increases activity of the sympathetic nervous system (SNS), the release of catecholamine, which activates the expression of CD147 that increase viral entry. SARS-CoV-2 downregulates ACE2 which increases circulating angiotensin II (AngII). SARS-CoV-2 inhibits anti-inflammatory nicotinic acetylcholine receptor (nAChR) with reduced activity of the parasympathetic nervous system (PSNS). These changes together trigger the release of pro-inflammatory cytokines.



β-blockers reduce SS-induced cardiac arrhythmia, and destabilization of coronary plaques due to high circulating catecholamine, which cause positive inotropic and chronotropic effects through β1 receptor (36). As well, β-blockers reduce cardiac injury caused by sympathetic over-activation. Cardiomyocyte inflammation results from induction of local TNF-α and IL-6 expression (37).

Moreover, binding of SARS-CoV-2 to the ACE2 leads to deregulation of the renin-angiotensin system (RAS) with upregulation of vasoconstrictor angiotensin II (AngII). There is a co-current down-regulation of vasodilator Ang 1-7 leading to hypertension, sympathetic stimulation, and development of ALI and ARDS (38). β-blockers, therefore, reduce the activity of RAS by inhibiting the release of renin from renal juxtaglomerular cells, and protects the lungs and heart from exaggerated RAS and SS (39). An experimental study by Danukalo et al. illustrated that AngII increases firing and activity of LC with the propagation of sympathetic activation and hypertension in rats (40). Besides, β-blockers like propranolol modulate the activity and sensitivity of LC and prevent sympathetic stimulation in patients with migraines (41). Indeed, non-selective and lipophilic β-blockers like propranolol have a potent effect in the suppression of catecholamine from presynaptic adrenergic neurons through inhibition of excitatory presynaptic β2 autoreceptor (42). Taken together, β-blockers reduce the development of SS directly or indirectly through suppression of the central effect of AngII.

β-blockers prevent SS-induced ALI as high circulating catecholamines are linked with the development of ALI/ARDS (43). In addition, β-blockers prevent ALI through modulation of neutrophilia, lymphopenia, and the release of pro-inflammatory cytokines (44). In a retrospective study that involved 651 patients in ICU with sepsis, the patients on chronic β-blockers therapy had a lower risk of sepsis-induced ARDS. The patients required less mechanical ventilation due to upregulation of protective alveolar β2 adrenoceptors (45). Likewise in a randomized controlled clinical trial of 314 patients with acute respiratory failure in the ICU showed that patients on β-blockers therapy had a lower in-hospital mortality rate (46). Contrastingly, Mutlu et al., observed that β2-agonists improve alveolar fluid clearance in patients with pulmonary edema through up-regulation of alveolar epithelial sodium active transport (47). A study that involved 79 patients with ALI is associated with impairment of pulmonary alveolar clearance rate (48). These findings imply that selective β1-blockers are safer than non-selective ones in prevention of β2 adrenoceptors’ beneficial effect.

The findings support the favorable effects of β-blockers in the mitigation of SS-induced ALI/ARDS in severely affected Covid-19 patients (Figure 4).




Figure 4 | Role of β-blockers in lung protection: β-blockers inhibit sympathetic nervous system (SNS), renin release, locus coeruleus (LC) activity, and central presynaptic β2 receptors that decrease the release of catecholamine and angiotensin II (AngII) with subsequent inhibition of sympathetic storm and lung protection.





β-Blockers and Cytokine Storm in Covid-19

CS or cytokine releasing syndrome is a systemic inflammatory syndrome characterized by high circulating pro-inflammatory cytokines. CS also involves abnormal immunological hyperactivation involving pathogens, autoimmune reactions, and cancers (49). In Covid-19 pro-inflammatory cytokines including IL-6, TNF-α, IL-1β, and macrophage inflammatory protein (MIP) are elevated. Plasmablasts, CD4 and CD8, and other immune cells are also activated in CS (50). The interaction between SARS-CoV-2 and ACE2 on the affected cells induces cell damage. The interaction also causes the release of damage and inflammatory signals. The mentioned signals activate macrophages for the release of chemokines and pro-inflammatory cytokines that trigger T cells recruitment and activation (51). In addition, SARS-CoV-2 spike protein can activate CD147 and toll-like receptor 4 (TLR4) leading to stimulation of myeloid differentiation 88(MyD88) pathway. Myeloid differentiation provokes nuclear factor kappa B (NF-κB), which stimulates the release of pro-inflammatory cytokines and the development of CS (52) (Figure 5).




Figure 5 | Role of SARS-CoV-2 in the development of cytokine storm (CS): SARS-CoV-2 through activation of CD147 activate myeloid differentiation 88 (MyD88), through toll-like receptor 4 (TLR4) and ACE2 activate angiotensin II (AngII) that together trigger NF-κB pathway, which stimulates the release of pro-inflammatory pathway and development of cytokine storm.



Interestingly, adrenergic receptors are linked with immunological disorders and the development of immune-mediated ALI since 90% of β-receptors are located in the lung alveoli with β2 predominant in 70% (53). β2 receptors are expressed by all immune cells especially macrophages, dendritic cells, and lymphocytes (54). Therefore, the β2-receptors signaling pathway play a crucial role in the production of pro-inflammatory cytokines, macrophage activation, and B-cells. The B-cells are involved in the production of antibodies which exacerbates the inflammation (55). Thus, β2-agonists may induce alveolar inflammation and pulmonary microvascular thrombosis via the accelerated release of IL-6 (56). Nossent et al. observed that β2-agonists increase the risk of venous thrombosis through activation of von Willebrand factor and factor VIII (57). In addition, activation of β2 receptors leads to the generation of reactive oxygen species (ROS) and induction of oxidative stress. Oxidative stress activates the release of IL-6, promotion of Th2 immune response, and inhibition of interferon-gamma (INF-γ) (58).

β-blockers have anti-inflammatory effects through reduction release of IL-6 and TNF-α, with inhibition of NF-κB and signal transduction and activator of transcription 3 (STAT3) (59). These pro-inflammatory cytokines and inflammatory signaling pathways are highly activated in Covid-19 in the progression of CS (60). Therefore, β-blockers may attenuate the development of CS in patients with severe Covid-19 (61). Additionally, β-blockers may reduce SARS-CoV-2-induced coagulopathy and pro-thrombotic complications through inhibition of platelet aggregations and factor VIII (62). β-blockers alleviate endothelial dysfunction and microvascular dysfunction linked with coagulopathy in Covid-19 through suppression of vascular endothelial growth factor (63).

CS is also developed due to activation of nod-like receptor pyrin 3 (NLRP3) inflammasome by SARS-CoV-2 viroporin (64). Gao et al. found that β-blocker nebivolol inhibits NLRP3 inflammasome in obesity-induced vascular remodeling in experimental animals (65). So, β-blockers could have potential benefits in mitigating the progression of SARS-CoV-2-mediated CS. SS with high catecholamine levels activates RAS with induction of AngII-mediated ALI and release of pro-inflammatory cytokines. Therefore β-blockers through inhibition of renin release and suppression of RAS may weaken the release of pro-inflammatory cytokines and the development of CS (66). Furthermore, macrophage activation syndrome (MAS) like disease is developed in severely affected Covid-19 leading to ALI, ARDS, and MOF (67). Xia et al. illustrated that high circulating catecholamine levels are associated with macrophages activation and release of pro-inflammatory cytokines (68). A prospective study involving 32 patients with immune-mediated dilated cardiomyopathy showed that β-blockers therapy reduces pro-inflammatory TNF-α. β-blockers increase anti-inflammatory IL-10 through inhibition of macrophage activation (69). Thus, β-blockers may reduce the development of MAS through inhibition of macrophage activation and release of pro-inflammatory cytokines (70). Nateasan preprinted study summarized the beneficial effects of β-blockers in Covid-19 in some points including that β-blockers improve oxygenation, reduce bronchial secretion, inhibit entry of SARS-CoV-2 through ACE2 and CD147, inhibit the release of pro-inflammatory cytokines, reduce the development of pulmonary edema and ARDS, inhibit the development of endothelial dysfunction and coagulopathy, block proliferation of SARS-CoV-2, and finally suppression of NLRP3 inflammasome and NF-κB signaling (62).

Taken together, according to these findings, β-blockers might have a potential therapeutic modality in the prevention development of CS in Covid-19 (Figure 6).




Figure 6 | Catecholamine and acute lung injury: catecholamine during SARS-CoV-2-induced sympathetic storm, activates β1, which activates NF-κB and NLRP3 inflammasome of immune cells macrophages and neutrophils induces the release of pro-inflammatory cytokines. Activation of immune cells triggers the generation of reactive oxygen species (ROS), activation of β2 leads to the development of endothelial dysfunction, coagulopathy, and thrombosis. Together these changes cause acute lung injury (ALI) and acute respiratory syndrome (ARDS). Inhibitory effects of β-blockers.





Neuroinflammation, Sympathetic and Cytokine Storms in Covid-19

Covid-19 causes systemic as well as different neurological disorders characterized by anosmia, headache, seizure, cerebrovascular complications, impaired consciousness, psychiatric disorders and dysautonomia (71). These neurological manifestations in Covid-19 are due to direct SARS-CoV-2 cytopathic effects or indirectly due to cerebral endothelial dysfunction and neuroinflammation caused by the cytokine storm (71). In addition, Covid-19 can aggravate neuroinflammation through activation of neurons, microglia, astrocytes and endothelial cells with subsequent increase of cytokines and chemokines in the CNS (72). Similarly, activations of dendritic cells, monocytes/macrophages, mast cells, endothelial and epithelial cells contribute to induction of neuroinflammation by releasing of pro-inflammatory cytokines and development of cytokine storm-induced neuroinflammation (73). Furthermore, Covid-19-induced psychological stress and sympathetic activation can exacerbate neuroinflammation via induction activation of mast cells and other immune cells to release pro-inflammatory cytokines (73). Therefore, there is a neuro-immunopathological mechanistic linkage between neuroinflammation with SS and CS in Covid-19 patients. It has been shown that neuroinflammation together with activated AngII and oxidative stress can provoke activation of sympathetic outflow with development of hypertension (74). Winklewski et al., observed that neuroinflammation plays a crucial role in the neuronal injury and activation of SNS. In turn, overactivated SNS induces pulmonary complications with increased risk of pneumonia, which causes a bystander autoimmune response against the CNS, thereby initiating a vicious cycle (75). Therefore, SARS-CoV-2-induced neuroinflammation could be the potential cause of sympathetic overactivity in severely affected Covid-19 patients (76). Sympathetic overactivity and development of SS may exert noteworthy detrimental effects on Covid-19 patients through action on the CNS and other vital organs (76). In turn, SARS-CoV-2 infection may increase sympathetic discharge through induction of CS, hypoxia and RAS imbalance (76). β-blockers mainly propranolol are effective in reduction of paroxysmal sympathetic overactivity following TBI (77). Furthermore, selective β-blockers can mitigate sympathetic overactivity and SS-induced neuroinflammation following ischemic stroke since up-regulated β2-adrenoceptor anti-inflammatory activity acts against post-stroke neuroinflammation (78). However, Evans et al., experimental study illustrated that β-blockers have pro-inflammatory effects so may increase neuroinflammation by inducing synaptic phagocytosis (79). The chronic use of β-blockers reduces systemic inflammation in patients with chronic liver disorders (80). Also, prolonged use of β-blockers in hypertensive Covid-19 patients does not affect the mortality but decreases risk for development of CS and SS (81). Taken together, these findings give a clue that β-blockers could have potential role in attenuation of neuroinflammation, SS and CS in Covid-19 patients.



Cross talk Between Sympathetic and Cytokine Storms in Covid-19

It is proposed that cortical inhibitory GABAerigic neurons inhibit pre-sympathetic hypothalamic PVN neurons (82). These GABAerigic neurons have a high expression of ACE2 receptors. Therefore down-regulation of ACE2 receptors during SARS-CoV-2 infection may suppress these inhibitory inter-neurons with activation of hypothalamic PVN sympathetic neurons (83). Down-regulation of ACE2 during SARS-CoV-2 infection also augments AngII level, which has a potent stimulatory effect on the central hypothalamic PVN sympathetic neurons (84). Notably, central sympathetic stimulation due to SARS-CoV-2 infection increases circulating catecholamine. Catecholamines activate macrophages and neutrophils for the release of pro-inflammatory cytokines. Activated macrophages and neutrophils also release catecholamines, which act in a paracrine manner for augmentation of pro-inflammatory cytokines release (85). Rlddell speculated that catecholamine acts as a fuel for the activation and boosting of macrophages and neutrophils and the development of CS (86). Indeed, high catecholamine levels interact with pro-inflammatory cytokines in the progression of capillary leak syndrome and the development of MOF (87). These findings confirm the potential nexus between SS and CS in the development of MOF in patients with severe Covid-19 (88). An experimental study showed that interruption of catecholamine synthesis and release by metyrosine inhibits the development of CS in mice induced by T cell targeting antibodies (89).

Furthermore, high catecholamine levels during the development of SS in Covid-19 patients facilitate entry of SARS-CoV-2 via induction expression of CD147. Expressed CD147 causes damage to the lung alveolar basement membrane through activation of matrix metalloproteinase (MMPs) (90). In turn, alveolar membrane injury triggers the release of catecholamine from activated macrophages and neutrophils with the generation of the vicious cycle of injury (91). Thus, inhibition of CD147 may alleviate ALI through disruption of catecholamine-mediated acute inflammatory reactions (92). Hence, β-blockers may reduce pulmonary inflammation and alveolar dysfunction through inhibition of CD147 and MMPs in SARS-CoV-2 infection (93). Inhibition of CD147 leads to significant down-regulation of NF-κB signaling, which is the central pathway for the activation release of pro-inflammatory cytokines (94). Therefore, β-blockers through inhibition of CD147, NF-κB signaling and other inflammatory molecules (95) are potentially considered anti-inflammatory agents and may mitigate Covid-19 severity.

Moreover, CD147 play an important role in the progression of inflammatory and thrombotic pathways by triggering the interaction between platelets, immune and endothelial cells (96). Jin et al., experimental study demonstrated that thrombotic-induced acute ischemic stroke triggers expression and upregulation of CD147 in the brain micro-vessels and circulating platelets and leukocytes causing secondary microthrombosis (97). Therefore, inhibition of CD147 improves acute ischemic stroke by inhibiting thrombo-inflammation (97). CD147 could represent a novel therapeutic target against thrombo-inflammatory disorders. In addition, cyclophilin A stimulates platelets adhesion and thrombus formation through activation of CD147 (98). Thus, inhibition of the cyclophilin A-CD147 interaction attenuates acute pulmonary thrombosis in experimental rats (99). In SARS-CoV-2 infection both cyclophilin A and CD147 are activated with substantial development of pulmonary micro-thrombosis (100, 101). In addition, activation of cyclophilin A and CD147 is associated with cardiac inflammation and fibrosis in patients with heart failure (102). β-blockers improve cardiac function in patients with heart failure via inhibiting expression of cyclophilin A and CD147 (102). Furthermore, CD147 induces expression of vascular endothelial growth factor (VEGF) in different inflammatory disorders (103). Yin et al., found that high VEGF serum levels are linked with neuroinflammation through recruitment of inflammatory cells and activation of brain AngII in Covid-19 patients (104), while Barbieri et al., showed that high endothelial nitric oxide synthase levels associated with VEGF activity in stressed mice (105). It has been reported that β-blockers can reduce expression of VEGF in patients with lung cancer (71). Therefore, β-blockers are able to inhibit development of pulmonary thrombo-embolism and SARS-CoV-2 infection-induced heart failure by inhibiting cyclophilin A-CD147 expression in the platelets and cardiomyocytes respectively with attenuation of neuroinflammation via inhibition of VEGF.

It has also been proposed that α1-blockers like prazosin are effective in the mitigation of CS in Covid-19 through inhibition release of IL-6 (106). Therefore, dual β and α1-blocker like labetalol might be more effective in suppressing the development of CS through complete blocking of catecholamine effects on the immune cells during SS in Covid-19 (107).

Interestingly, β-blockers mainly carvedilol has anti-oxidant effects that are induced by high catecholamine level in patients with heart failure (108). Therefore, β-blockers block the development of oxidative stress during the development of SS and CS in Covid-19 that is associated with various complications like endothelial dysfunction and coagulopathy (109). It has been shown that toxic gas-induced pulmonary alveolar membrane injury triggers cascades for the development of oxidative stress. Oxidative stress then provokes neutrophils and macrophages to release pro-inflammatory cytokines and the development of ALI (110). Similarly, oxidative stress injury in SARS-CoV-2 infection escalates the release of pro-inflammatory cytokines in an oxidative-dependent manner in the development of CS (111). Notably, myeoloperoxidase (MPO) is regarded as a linking marker between oxidative stress and inflammation. High MPO activity is linked with the development of cardiovascular complications (112). MPO is regarded as a natural immune response, which releases hypochloruous acid (HOCI). HOCL competes for oxygen binding at heme molecule of hemoglobin causing heme destruction and release of free iron that cause acute tissue injury through the generation of ROS in Covid-19 (113). This confirms that MPO-induced oxidative stress is regarded as the chief central pathway linking the development of CS and SS in Covid19. β-blockers mostly metoprolol block the activity of MPO and mitigate the development of oxidative stress and further development of sympoatho-cytokine storm (108). Therefore, there is considerable crosstalk between SS and CS in Covid-19 (Figure 7).




Figure 7 | Role of β-blockers in the irruptions of the crosstalk between cytokine (CS) and sympathetic storms(SS): β-blockers block reduces the release of catecholamine and decreases its stimulatory effect on β2, CD147, and immune cells with reduction release of pro-inflammatory cytokines. The anti-inflammatory effects of β-blockers also attenuate CS-induced acute lung injury (ALI) and acute respiratory syndrome (ARDS), development of oxidative stress (OS), and final systemic complications.



The present study revealed β-blockers are effective mitigators of both SS and CS through interruption of catecholamine-β receptors interaction and inhibition release of pro-inflammatory cytokine and development of CS in Covid-19. Despite these beneficial effects of β-blockers in Covid-19 patients, β-blockers have some adverse effects including bradycardia, bronchospasm, peripheral vasoconstrictions, insomnia and depression (114). These adverse effects of β-blockers mainly bronchospasm and peripheral vasoconstrictions may adversely affect the pulmonary function in aged critically ill Covid-19 patients. However, selective β-blockers like celiprolol, nebivolol and carvedilol have less adverse effects due to their selectivity against β1-adrenoceptors (114). Moreover, celiprolol, which is β1-adrenoceptors antagonist and β2-adrenoceptors agonist, is safe in asthmatic patients as it induces bronodilation (115). However, β2-adrenoceptors which expressed on airways and immune cells contribute to exaggerated immune response in the early phase of SARS-CoV-2 infection (61). β2-adrenoceptors on the alveolar macrophages promote secretion of IL-6 and induction of immuno-thrombosis with development of pulmonary thromboembolism (61). Thus, non-selective β-blockers counteract pulmonary thromboembolism by inhibiting prothrombotic response, secretion of VEGF and vascular tone (116). Futhermore, selective inhibitors of β2-adrenoceptors (ICI) blocks the fosforilation of NfKB principal orchestrator of inflammatory response (117).

Therefore, use of non-selective β-blockers in Covid-19 patients in the early phase could be beneficial to attenuate SARS-CoV-2 infection-induced hyperinflammation through inhibition pro-inflammatory cytokines release (61). Likewise, non-selective β-blockers block exaggerated immune response and pulmonary thrombosis by suppressing Th17 activation and procoagulant status respectively. Therefore, despite the adverse effects of β-blockers, non-selective β-blockers appear to be more effective than selective β-blockers in the clinical setting of Covid-19.

We lacked access to clinical data to enforce the concept, however, this study proposes a mechanism of cross-talk between CS and SS in Covid-19 regarding the potential role of β-blockers to guide further studies.



Conclusion

The anti-inflammatory effect of β-blockers through the inhibition release of pro-inflammatory cytokines contributes to the mitigation of CS progression. In addition, β-blockers attenuate the development of SS due to SARS-CoV-2 infection-induced catecholamine release and sympatho-excitation. CS and SS interact at various levels to cause lethal complications in patients with severe COVID-19 like ALI, ARDS, and MOF. However, β-blockers interrupt this interaction through inhibition of several mediators of CS and SS. β-blockers also prevent the development of the neural-cytokine loop in SARS-CoV-2 infection. Evidence from this study triggers an idea for prospective studies to confirm the potential role of β-blockers in the management of Covid-19 in clinical trials.
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Amino acid substitutions and deletions in the Spike protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants can reduce the effectiveness of monoclonal antibodies (mAbs). In contrast, heterologous polyclonal antibodies raised against S protein, through the recognition of multiple target epitopes, have the potential to maintain neutralization capacities. XAV-19 is a swine glyco-humanized polyclonal neutralizing antibody raised against the receptor binding domain (RBD) of the Wuhan-Hu-1 Spike protein of SARS-CoV-2. XAV-19 target epitopes were found distributed all over the RBD and particularly cover the receptor binding motives (RBMs), in direct contact sites with the angiotensin converting enzyme-2 (ACE-2). Therefore, in Spike/ACE-2 interaction assays, XAV-19 showed potent neutralization capacities of the original Wuhan Spike and of the United Kingdom (Alpha/B.1.1.7) and South African (Beta/B.1.351) variants. These results were confirmed by cytopathogenic assays using Vero E6 and live virus variants including the Brazil (Gamma/P.1) and the Indian (Delta/B.1.617.2) variants. In a selective pressure study on Vero E6 cells conducted over 1 month, no mutation was associated with the addition of increasing doses of XAV-19. The potential to reduce viral load in lungs was confirmed in a human ACE-2 transduced mouse model. XAV-19 is currently evaluated in patients hospitalized for COVID-19-induced moderate pneumonia in phase 2a-2b (NCT04453384) where safety was already demonstrated and in an ongoing 2/3 trial (NCT04928430) to evaluate the efficacy and safety of XAV-19 in patients with moderate-to-severe COVID-19. Owing to its polyclonal nature and its glyco-humanization, XAV-19 may provide a novel safe and effective therapeutic tool to mitigate the severity of coronavirus disease 2019 (COVID-19) including the different variants of concern identified so far.
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Introduction

Passive antibody therapies have demonstrated efficacy to reduce the progression of mild coronavirus disease 2019 (COVID-19) to severe disease if administered early enough in the course of illness (1–3). Three sources of antibodies have so far been assessed. First, passive antibody therapy using the infusion of convalescent plasma (CP) with high SARS-CoV-2 antibody titers in hospitalized patients, administered within 72 h after the onset of mild symptoms, reduced the relative risk of progression to severe disease by 73% if CP presented a titer of >1:3,200 and by 31.4% with lower titer CP (1). This was true with CP drawn between June and October 2020. However, the CP from patients infected by the original SARS-CoV-2 lineage had poor activity against the Beta variant, and this was attributed to three mutations (K417N, E484K, and N501Y) in the Spike protein (4). Among these mutations, E484K has been shown to play a major role in reducing the binding and neutralization (5). Second, besides the use of CP, more than 50 neutralizing monoclonal antibodies (mAbs) are in development against the Spike receptor-binding domain (RBD) and the N-terminal domain (NTD) of SARS-CoV-2 (6). Those developed by Regeneron Pharmaceuticals (REGN-COV2 (casirivimab/imdevimab cocktail), Eli Lilly (bamlanivimab/etesevimab), Celltrion (regdanvimab), and GSK (sotrovimab) provide protection against the risk of severe COVID-19 when administered early in high-risk symptomatic patients with mild to moderate COVID-19 not requiring hospitalization (7). However, viral mutations can escape the mAbs, which are used to treat the infection of SARS-CoV-2 (8). The Alpha variant is refractory to neutralization by most mAbs, which target the NTD of Spike protein and also resistant to several RBD-specific mAbs (9). Mutations in the Beta lineage (K417N, E484K, and N501Y in RBD), especially mutations of Spike at E484 but also in the N-terminal domain (NTD; L18F, D80A, D215G, Δ242-244, and R246I in SA variant (10, 11)), reduce neutralization sensitivity or confer neutralization escape from multiple mAbs (4, 5, 12–20). Third, polyclonal antibodies produced in their Fab’2 format from horses (21) or in their IgG format from humanized cows (22) or glyco-humanized pigs (23) have also proven efficacy to neutralize SARS-CoV-2. The safety and tolerability in humans of Fab’2 from horses and of humanized IgG polyclonal antibodies have been confirmed recently in different clinical trials (Lopardo et al., 2021 (21), NCT04453384, NCT04469179, Gaborit et al., 2021 (24)), contrasting with unmodified polyclonal antibodies containing wild-type IgG antibodies that induce serum sickness and allergic reactions (including fever and skin rashes) in 20% to 30% of the patients, excepting for those who concomitantly receive immunosuppression and high doses of steroids (25, 26). A partial efficacy of anti-SARS-CoV-2 Fab’2 from horses has been reported in those patients with negative baseline antibodies (NCT04494984). The efficacy of humanized or glyco-humanized IgG polyclonal antibodies in COVID-19 is still being investigated (NCT04453384, NCT04928430). Glyco-humanized swine antibodies are novel therapeutic modalities launched in 2019 after immunization of alpha 1,3-galactosyltransferase (GGTA1)/cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) double KO pigs. Absence of the two corresponding alpha-Gal and Neu5GC xenoantigens has been shown to prevent the formation of immune complexes with human natural antibodies and is meant to avoid post-infusion serum sickness and allergies (23). Glyco-humanized swine antibodies against human T cells have already been used as an induction treatment in kidney transplant patients in the frame of a clinical phase 2 trial (ClinicalTrials.gov Identifier: NCT04431219).

The possible advantage of polyclonal antibodies over mAbs is their recognition of an array of epitopes on the target antigen, which should theoretically be not or less affected by antigen variations. Here, we investigated the extent to which XAV-19, a glyco-humanized swine polyclonal antibody previously shown to present neutralizing activity against SARS-CoV-2 Wuhan and D614G (B.1, PANGOLIN lineage) viruses (23), reduces viral load in vivo in human ACE-2-expressing mice and binds multiple target epitopes on SARS-CoV-2 Spike, and whether it maintains activity against the United Kingdom (Alpha/B.1.1.7), South African (Beta/B.1.351), Brazil (Gamma/P.1), and Indian (Delta/B.1.617.2) variants of concern.



Methods


Reagents

XAV-19 is a swine glyco-humanized polyclonal antibody against SARS-CoV-2 obtained by immunization of pigs with double knockout for alpha 1,3-galactosyltransferase (GGTA1) and cytidine monophosphate N-acetyl hydroxylase (CMAH) genes, as previously described (23). It corresponds to the whole IgG fraction, including all possible IgG subclasses, extracted from swine immune serum by capture and polishing chromatography. Intermediate R&D preparations of swine glyco-humanized polyclonal antibody against SARS-CoV-2 had been generated, presenting variable anti-SARS-CoV-2 binding activities (23). XAV-19 batches used in this study were clinical batches BMG170-B02, B03, and B06, which showed comparability in release testing. Comparator bamlanivimab is from Lilly (Indianapolis, IN, USA). Recombinant Spike molecules of the Wuhan type (Sino Biological ref 40591-V08H), mutation-containing RBD (Y453F ref 40592-V08H80; N501Y, ref 40592-V08H82; N439K, ref 40592-V08H14; E484K, ref 40592-V08H84), Alpha (ref 40591-V08H12; containing mutations HV69-70 deletion, Y144 deletion, N501Y, A570D, D614G, P681H), and Beta (ref 40591-V08H10; containing mutations K417N, E484K, N501Y, D614G) forms and recombinant human Fc-tagged ACE-2 were purchased by Sino Biological Europe, Eschborn, Germany.

SARS-CoV-2 Wuhan (D614 and D614G B.1variant), Alpha, Beta, Gamma, and Delta strains were isolated from SARS-CoV-2-infected patients in the Pitié-Salpêtrière, Aix-Marseille, and Toulouse University hospitals (France). The BetaCoV/Hong Kong/VM20001061/2020 [HK1] Wuhan was isolated at The Chinese University of Hong Kong (China).



Binding ELISA

The target antigen (SARS-CoV-2 Spike RBD-HIS protein, Sino Biological Europe) was immobilized on Maxisorp plates at 1 µg/ml in carbonate/bicarbonate buffer at 4°C overnight. After washing, saturation was performed with PBS-Tween-BSA for 2 h at room temperature. Samples were diluted into PBS-Tween and added into the plate in duplicate, incubated 2 h at RT, and washed three times. Bound pig IgGs were revealed with a secondary anti-pig-HRP-conjugated antibody (Bethyl Laboratories, USA) diluted in washing buffer, at 1:1,000, incubated 1 h at RT, and washed three times. TMB reagent was added in the plate, incubated up to 20 min in the dark, and the reaction was stopped with H2SO4. Reading was performed at 450 nm.



Spike/ACE-2 Neutralization Assay

An ELISA assay was developed to assess the properties of anti-SARS-CoV-2 Spike antibodies to inhibit the binding of ACE-2 to immobilized Spike. SARS-CoV-2 Spike S1-HIS (Sino Biological Europe; either Wuhan, Alpha or Beta) was immobilized on Maxisorp plates at 1 µg/ml in carbonate/bicarbonate buffer pH 9.0 at 4°C overnight. The plates were washed in PBS-Tween-0.05% and saturated with PBS-Tween-0.05%-2% skimmed milk for 2 h at room temperature (RT). Anti-Spike RBD antibodies diluted in PBS-Tween-0.05%-1% skimmed milk were then added and incubated for 30 min. Then, ligand human ACE-2-mFc tag (Sino Biological; 125 ng/ml final concentration) was added in the same dilution buffer. After 1-h incubation at room temperature and three washes, the mouse Fc tag was revealed with a specific HRP-conjugated antimouse IgG secondary antibody (diluted in in PBS-Tween-0.05%-1% skimmed milk powder at 1:1,000, incubated 1 h at RT, and washed three times). TMB reagent was added into the plate, incubated 6 min in the dark, and the reaction was stopped with 50 µl, 1 M H2SO4. The plate was read at 450 nm.



Determination of XAV-19 Target Epitopes

A peptide microarray analysis has been performed using the PepStar™ system (JPT Peptide Technologies, Berlin, Germany). A total of 53 purified synthetic 15-meric overlapping peptides derived from RBD (sequence from BDSOURCE accession number NC_045512.2), with an additional C-terminal glycine (added for technical reasons), were covalently immobilized on glass surface. Full-length human IgG, mouse IgG, and pre-immune pig IgG were co-immobilized on microarray slides as assay controls. The XAV-19 sample used in the analysis is the clinical drug substance batch BMG170-B06, hybridized at the dilution of 100 µg/ml (the same applied for control swine IgG) for 1 h at 30°C on microarray slides. After sample incubation, secondary fluorescently labeled mouse anti-pig-IgG antibody diluted 1:5,000 was added in the corresponding wells and left to react for 1 h. Finally, a tertiary fluorescently labeled antimouse-IgG antibody at 1 μg/ml was incubated for 1 h to detect bound anti-pig-IgG secondary antibody. After washing and drying, the slides were scanned with a high-resolution laser scanner at 635 nm to obtain fluorescence intensity profiles. The slides were scanned with a receiver gain of 900 V, and images were quantified to yield a mean pixel value for each peptide.

The proteolytic epitope mapping comprised a proteolytic digestion step of the RBD protein, the isolation of resulting peptides by XAV-19 affinity chromatography, and the LC-MS/MS analysis of the eluted peptides. In short, the RBD protein was reduced, alkylated, and digested with an enzyme/protein ratio of 1:50 during 3 h at 37°C with the endopeptidases trypsin, chymotrypsin, or Arg-C. Digestion products were immunocaptured on Sepharose 4B on which XAV-19 IgG has been immobilized during 2 h at room temperature. Columns were then washed (ammonium bicarbonate 25 mM), and elution was performed with a Glycine/HCl 50 mM pH 2 buffer. Eluted fractions were then resolved by C18 inverted phase chromatography and tandem analyzed (MS/MS) to measure peptide masses. Data were compared with theoretical masses resulting from an in silico RBD digestion with the corresponding enzyme.



Cytopathogenic Effect (CPE) Assay

Vero cells (CCL-81) and Vero E6 cells (CRL-1586) were obtained from the American Type Culture Collection and maintained at 37°C with 5% CO2 in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 5% heat-inactivated fetal bovine serum (FBS) and 1X penicillin-streptomycin solution (Thermo Fisher Scientific, USA). SARS-CoV-2 clinical isolates (D614G variant; GenBank accession number MW322968), Alpha (GenBank accession number MW633280), Beta (GenBank accession number MW580244), Gamma (Gene accession number pending), and Delta (Gene accession number pending) were isolated from SARS-CoV-2 RT-PCR confirmed patients by inoculating Vero cells with a sputum sample or nasopharyngeal swabs in the biosafety level-3 (BSL-3) facility of the Pitié-Salpêtrière University Hospital. Viral stocks were generated using one passage of isolates on Vero cells. Titration of viral stock was performed on Vero E6 by the limiting dilution assay allowing the calculation of tissue culture infective dose 50% (TCID50). The neutralizing activity of XAV-19 was assessed with a whole virus replication assay using the five SARS-CoV-2 isolates. XAV-19 was subjected to serial twofold dilution ranging from 50 to 0.05 µg/ml in fresh medium. About 50 µl of these dilutions was incubated with 50 µl of diluted virus (2 x 103 TCID50/ml) per well in a 96-well plate at 37°C for 60 min in eight replicates. A hundred microliters of a Vero E6 cell suspension (3 x 105 cells/ml) was then added to the mixture and incubated at 37°C under an atmosphere containing 5% CO2 until microscopy examination on day 4 to assess CPE. An infectivity score has been assigned on each well: 0, no cytopathic effect; 1, a fraction of cells was affected; and 2, 100% cells affected. The addition of the scores in the eight replicates was then transformed in the percentage of the maximal scoring (e.g., score of 16 = 100%). For viral load (VL) quantification, a similar experiment was conducted with a range of XAV-19 dilution ranging from 24 to 1 µg/ml in fresh medium. On day 4, RNA extraction of the eight pooled replicates of each XAV-19 dilution was performed with NucliSENS EasyMag (BioMerieux) according to the manufacturer’s protocol. The relative VLs were assessed from cycle threshold values for the ORF1ab gene obtained by the TaqPath™ COVID-19 RT-PCR (ThermoFisher, Waltham, USA) and by linear regression in log10 copies/ml with a standard curve realized from a SARS-CoV-2 positive nasopharyngeal sample quantified by Droplet-Digital PCR (Bio-Rad). IC50s were analyzed by nonlinear regression using a four-parameter dosage-response variable slope model with the GraphPad Prism 8.0.2 software (GraphPad Software, USA). To further analyze the neutralization potency and to confirm data with other independent laboratories, plaque reduction neutralization tests (PRNT)/CPE assays and viral load evaluation were carried out independently on Vero E6 cells at the BSL-3 facility of VibioSphen, University Paul Sabatier, Toulouse, France and of Aix-Marseille University, Marseille, France. SARS-CoV-2 Wuhan, Alpha, and Beta strains were isolated from patients with laboratory-confirmed COVID-19 from the corresponding university hospital. The viral isolates were amplified by one additional passage in Vero E6 cells to make working stocks of the virus. Vero E6 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% v/v fetal bovine serum and 1% v/v penicillin-streptomycin supplemented with 1% v/v sodium pyruvate at 1 x 105 cells per well in 12-well tissue culture plates. At 100% confluence (2 days post-seeding), the cells were washed twice with PBS, and six serial dilutions of the virus (1/10 each time) were added to the cells. Following infection with 0.3 ml per well of each dilution, plates were incubated at 37°C for 1 h, and the cells were washed with PBS before the addition of 2% w/v agar containing 1 μg/ml-5 tosyl phenylalanyl chloromethyl ketone-trypsin (Sigma-Aldrich) to the cell surface. Plates were left at room temperature for 20–30 min to allow for the overlay to set and were then incubated at 37°C for 72 h. Cells were fixed with 4% v/v paraformaldehyde before both fixative and agar were removed, and cells were stained with 0.1% w/v Crystal Violet (Fisher) in 20% v/v ethanol. Plaque titers were determined as plaque forming units per ml. CPE reduction assay was performed as follows: Vero E6 cells were seeded in 96-well clusters at a density of 5,000 cells/well 2 days before infection. Twofold serial dilutions, starting from 100 µg/ml of XAV-19, were mixed with an equal volume of a viral solution containing 300 pfu of SARS-CoV-2 (final volume 200 μl). The serum–virus mixture was incubated for 1 h at 37°C in a humidified atmosphere with 5% CO2. After incubation, 100 μl of each dilution was added in eight wells of a cell plate containing a semiconfluent Vero E6 cell monolayer. Control cells were infected with COVID-19 at MOI 0.01. Remdesivir (25 µM) was used as a positive control. After 3 days of incubation, the plates were inspected by an inverted optical microscope. Viable cells were quantified with CellTiter-Glo 2.0 luminescent cell viability assay.



Antibody Escape Study

XAV-19 was subjected to serial twofold dilutions ranging from 50 to 0.2 µg/ml in fresh medium. Fifty microliters of XAV-19 dilutions was incubated with 50 µl of diluted virus (2 x 103 TCID50/ml) per well in a 96-well plate at 37°C for 60 min in duplicates. A hundred microliters of a Vero E6 cell suspension (3 x 105 cells/ml) was then added to the mixture and incubated at 37°C under an atmosphere containing 5% CO2. A no-antibody control was included to account for any cell culture adaptations of each SARS-CoV-2 variant. Virus replication was monitored on day 4 by screening for cytopathic effect. The supernatants were collected from wells with the highest antibody concentration displaying evident CPE. Fifty microliters of supernatants was used to infect new Vero E6 cells to which greater fresh XAV-19 concentrations were added. This procedure was repeated over five passages. RNA extraction was also performed on these supernatants with NucliSENS EasyMag (BioMerieux) according to the manufacturer’s protocol. Sanger sequencing was performed on the last passage (fifth) of each variant.



Human ACE-2 Mouse Model

The protocol of the animal experiments was described in a previous study (27). Balb/c mice were first infected with 108 TCID50 of the adenovirus carrying human ACE-2 protein intranasally. After 5 days post-infection, mice received intranasal administration of 105 PFU of SARS-CoV-2 (BetaCoV/Hong Kong/VM20001061/2020 [HK1]). XAV-19 was administrated by intraperitoneal injection (I.P.) 24 h before or after the infection. Lungs were collected at day 3 post-infection, at a time where the viral load was maximal in this model (27), and the viral load was measured by tissue culture infectious dose (TCID50) using Vero E6 cells. The animal experiments were performed in the BSL3 facility of the University of Hong Kong. The study protocol was carried out in strict accordance with the recommendations and was approved by the Committee on the Use of Live Animals in Teaching and Research of the University of Hong Kong (CULATR 5499-20).




Results


XAV-19 Binding to SARS-CoV-2 Spike Correlates With Neutralizing Potency

Antibodies elicited after immunization with SARS-CoV-2 Spike can bind to their target and optionally present neutralizing activity. To assess whether binding intensity correlates with the neutralization potency, a series (n=117) of individual R&D serum samples drawn from immunized animals at different timepoints were evaluated in parallel in a binding ELISA and in a Spike/ACE-2 neutralization ELISA. The data (Figure 1A) indicated that the binding assay (expressed in serum titer) correlated with the neutralization assay (IC50, inhibitory concentration to inhibit 50% of the signal; R=0.8). The next question was whether analyzing neutralization with a Spike/ACE-2 neutralization ELISA predicts the neutralization of cell infection using live viruses. To answer the question, four R&D anti-SARS-CoV-2 IgG batches made from pooled serum samples (different from those presented in Figure 1A) presenting variable anti-RBD binding activities were assessed in parallel in neutralizing ELISA and in CPE assays. The batches presented IC50 values by ELISA of 1.3, 1.34, 2.2, and 12 µg/ml, and the corresponding values in CPE assays were of 3, 2, 12.5, and 25 µg/ml, thus also showing a correlation (R=0.91; Figure 1B). For further analyses and clinical use, GMP batches are similar to the R&D batches presenting the highest activity (lower left dots in Figure 1B).




Figure 1 | Correlation between binding, neutralizing ELISA, and CPE assay. (A) A series of 117 individual hyperimmune serum samples were assessed in parallel in an RBD binding ELISA and in a Spike/ACE-2 interaction ELISA. Linear correlation was observed with R= 0.8. Dots represent data from duplicate measurements in a single experiment. (B) Four R&D batches of swine anti-RBD polyclonal IgG were produced, with different binding activities against SARS-CoV-2 Spike (23). These samples were evaluated in parallel in the Spike/ACE-2 neutralization assay, as in A, and by CPE. IC50 in ELISA and CPE, expressed in tissue culture infectious dose (TCID100), are from single experiments and have been plotted to evaluate the correlation. The R value after linear extrapolation was 0.91.





XAV-19 Targets Multiple Epitopes on RBD

Two orthogonal methods have been used to identify the epitopes recognized by XAV-19 on the RBD protein. First, all 15-meric peptides overlapping by 10 amino acids (thus a total of 53 peptides) were spotted on glass slides and hybridized with two GMP batches of XAV-19 or pre-immune swine GH-pAb control antibodies. The resulting heatmap plot revealed that all peptides, though to varying extents, could be specifically recognized by antibodies contained in XAV-19 (Figure 2A). Since XAV-19 antibodies cannot bind all peptides simultaneously when contained in the Spike protein, for steric hindrance, a second investigation was undertaken to identify which peptides in the RBD domain in a more native configuration are recognized by XAV-19 antibodies. The assay was based on the recognition by XAV-19 antibodies of RBD-derived peptides obtained by proteolytic digestion (three enzymes tested: trypsin, chymotrypsin, and Arginase-C) and an isolating step of the resulting peptides by affinity chromatography (XAV-19 being immobilized on Sepharose) followed by an LC-MS/MS analysis of the eluted peptides. This proteolytic epitope mapping analysis revealed several recognition areas on the RBD protein (Supplementary Table 1). The peptides where the two methods gave the strongest overlapping hits, thus most probably representing dominant target epitopes, were amino acids 347–355 and 445–461. Amino acids 409–417, 462–473, and 530–535 were also found to be protected in the LC-MS/MS analysis, although less recognized in the peptide array (Figure 2B). Interestingly, six amino acids described to directly interact with human ACE-2 (28) are located in these regions.




Figure 2 | XAV-19 target epitopes. (A) Heatmap from a peptide array experiment showing the binding intensity of two XAV-19 batches and pre-immune IgG to 15-meric peptides of the RBD sequence, overlapping by 10 amino acids. White, no binding; yellow, background binding; light red, medium binding; dark red, strong binding. Positive control: pig IgG spotted on the slides (Control-Spot). Negative controls, human and mouse IgG spotted on the slides, were negative (not shown). (B) XAV-19 target epitopes on the RBD domain (amino acid sequence numbered according to DBSOURCE sequence reference NC_045512.2) as recorded in LC-MS/MS peptide mapping. Font size refers to binding intensity in the peptide array shown in A: font 10, weak recognition; font 14, medium recognition; font 18, strong recognition. Underlined bold: XAV-19 target peptides as defined in LC-MS/MS. Blue characters: amino acids in contact with ACE-2, according to Jafary et al. (28).





Neutralization of Wuhan, Alpha, Beta, Gamma, and Delta SARS-CoV-2 Variants

XAV-19 was tested in a Spike/ACE-2 binding competition assay, where the Spike protein was of the original Wuhan type or contained the RBD mutations N501Y, N439K, and Y453F described in the Alpha and Beta variants, or the mutation E484K to induce resistance to mAbs (29). Variants expressing a combination of mutations present in the Spike Alpha (HV69-70 deletion, Y144 deletion, N501Y, A570D, D614G, P681H) or Beta (K417N, E484K, N501Y, D614G) were also tested. All single mutation forms of the Spike could be fully neutralized at concentrations not significantly different (slightly lower for the E484K mutation) from the Wuhan type (Figure 3A). XAV-19 also demonstrated a 100% inhibitory activity on the two Spike proteins fully representative of the Alpha and Beta variants, similar to the Wuhan Spike, with IC50 values of 6.4, 4.0, and 4.5 µg/ml, respectively (Figure 3B). Bamlanivimab, tested in parallel, demonstrated a potent inhibitory capacity against the Wuhan and Alpha variants, with an IC50 value of 0.01 µg/ml but, as described (30), failed to inhibit the binding of Beta Spike to ACE-2, even at a high concentration (Figure 3C).




Figure 3 | Neutralization assay in the ELISA format: assessment of SARS-CoV-2 Spike/ACE-2 interaction and its anti-RBD antibody-mediated inhibition. Spike-HIS containing the indicated mutations (A) or grouped mutations corresponding to the Alpha and Beta variants (B, C) was immobilized on plastic, and binding of recombinant human ACE2-Fc was revealed with a secondary antibody against Fc. 100% inhibition represents absence of Spike/ACE-2 interaction. (A, B) Means of triplicate measurements run in a single experiment assessing XAV-19 at the indicated concentration. (C) Means of triplicate measurements run in a single experiment assessing bamlanivimab at the indicated concentration.



To further determine the neutralizing effect of XAV-19 using live viruses, CPE assays were performed in three different platforms (Paris Sorbonne University, Aix-Marseille University, and Paul Sabatier Toulouse University) using Wuhan (D614), B.1 (D614G PANGOLIN lineage) (D614G), Alpha, Beta, Gamma, and Delta SARS-CoV-2 clinical isolates, as previously described (31). The test assessed the inhibition of live viruses with sensitive Vero E6 cells and recorded infection after 4 days by assessing CPE and viral load by RT-qPCR. Data showed similar neutralizing potency for the Wuhan B.1 (D614G), Alpha, and Beta strains in a first set of experiments (Supplementary Figure 1) and showed global similar potency of XAV-19 on the Wuhan D614G, Alpha, Beta, Gamma, and Delta strains in a second set of experiments (Figure 4), with the absence of neutralizing activity below 1.5 µg/ml and 100% neutralizing activity above 5 to 10 µg/ml. Table 1 shows recorded IC50 values assessed in one to three independent experiments in different laboratories for up to three GMP batches of XAV-19 and bamlanivimab assessed in parallel.




Figure 4 | In vitro neutralization of SARS-CoV-2 variants by XAV-19. XAV-19 neutralizing potency was evaluated in an in vitro assay using whole replicating viruses. Percentage of infection was evaluated as described in Methods, based on cytopathogenic effect (CPE) (A) and virus RNA load (B) after infection with SARS-CoV-2 viruses of the indicated variants. CPE percentage was assessed by microscopy examination and calculated on eight replicates for each XAV-19 concentration. 100% represents the absence of CPE inhibition at the studied concentration, as found in control (no inhibitor) condition. Viral load percentage was calculated as the ratio of the viral load in each XAV-19 concentration to the viral load in controls (no inhibitor). XAV-19 concentrations are expressed on a 10 logarithmic scale. Blue dot: D614G/B.1 variant; green square: Alpha/UK/B.1.1.7 variant; red triangle: Beta/SA/B.1.351 variant; black square: Gamma/BR/P.1 variant; purple triangle: Delta/B.1.617.2 variant.




Table 1 | Potency assessment of XAV-19 (GMP drug substance batch B03/04) by CPE and RT-PCR quantification of residual viral RNA after infection of Vero E6 cells with virus variants.





Absence of XAV-19 Induced SARS-CoV-2 Mutation In Vitro

Antibodies, by applying a selective selection pressure, can favor the outgrowth of resistant novel variants with unknown properties, especially in conditions where their neutralizing potency is suboptimal. To investigate whether XAV-19 is susceptible to generate such variants, Vero E6 cells were infected with 100 TCID50/50 µl of either B.1D614G, Alpha, Beta, Gamma, or Delta strains and maintained over five passages (20 days) with culture medium or culture medium containing increasing concentrations of XAV-19. After passage 5, the emergence of antibody escape mutants was evaluated by Sanger sequencing. The data from the sequencing are summarized in Table 2. They show absence of mutations in the RBD domain (amino acids 331 to 524) under any condition. Variations were found in the Spike outside the RBD domain, not associated with the addition of XAV-19. Overall, 11 mutations were found without antibody addition (culture medium only), whereas 5 mutations were found with XAV-19. These mutations probably represent adaptations to the culture conditions. None of these mutations has been described as resistant to antibodies.


Table 2 | Amino acid substitutions in the SARS-CoV-2 Spike detected after five passages in Vero E6 cells with or without addition of XAV-19.





XAV-19 Reduces Lung Viral Load in Human ACE-2 Expressing Mice

Balb/c mice with human ACE-2 expression in the lung were infected with 105 PFU SARS-CoV-2 intranasally. XAV-19 was administrated through intraperitoneal injection under different experimental conditions: 1) 20 mg/kg, 24 h before viral infection; 2) 2 mg/kg, 24 h before viral infection; 3) 0.2 mg/kg, 24 h before viral infection; 4) 20 mg/kg, 24 h after viral infection; and 5) untreated. The results showed a 98% reduction of the viral load in the lung at day 3 if 20 mg/kg of XAV-19 was given to the mice 24 h before the infection and a 94% reduction if 20 mg/kg of XAV-19 was given 24 h after the infection. No significant reduction of the viral load was observed from the group of administrating either 2 or 0.2 mg/kg 24 h before infection (Figure 5). Whatever the treatment group, no virus was found anymore on day 5 post-infection (data not shown).




Figure 5 | Murine model of SARS-CoV-2 infection. Balb/c mice (n=4/group) were first transduced intranasally with adenovirus coding for human ACE-2. After 5 days, mice were infected intranasally with SARS-CoV-2 (Wuhan strain) and received the indicated dose of XAV-19, intraperitoneally, 24 h before (pre-inf) or after (post-inf) infection. Three days later, lungs were necropsied and homogenized and the viral load was evaluated by PRNT. Each dot represents a single mouse and is the mean of eight replicates assessed in a single experiment. Nonparametric statistics were used for pairwise comparisons using Kruskal–Wallis tests. **p < 0.01.






Discussion

XAV-19 is a swine glyco-humanized neutralizing polyclonal antibody raised against the RBD protein of the SARS-CoV-2 original Wuhan strain (17). In this paper, we report that XAV-19 also fully neutralizes Alpha (United Kingdom/B.1.1.7), Beta (South African/B.1.351), Gamma (Brazil/P.1), and Delta (Indian/B.1.617.2) variants in vitro. Because XAV-19 is manufactured after pooling many individual serum samples drawn on multiple donor animals, it presumably contains a diversity of IgG molecules presenting an array of avidities and seeing several epitopes on the target protein. When analyzing individual sera (from individual donor animals) composing XAV-19, a correlation was observed between binding and neutralizing activities. This indicated that globally, most antibodies in XAV-19 bind to RBD in a way that prevents SARS-CoV-2 Spike interaction with human ACE-2. Because the RBD immunization antigen and the Spike-HIS protein used in neutralizing assays are recombinant molecules, it was important to control that the corresponding RBD domain in live viruses could also be similarly targeted and neutralized. Parallel testing of four XAV-19 R&D batches presenting with varying neutralization potencies confirmed that a high neutralization potential assessed in vitro with a recombinant Spike-Fc molecule corresponded to a high neutralization potential in cytopathic assays using live viruses. This observation confirmed the data showing that a neutralizing ELISA is predictive of SARS-Cov-2 neutralization assessed in a lentivirus-pseudotyped SARS-CoV-2 neutralization assay (4).

Target epitopes of XAV-19 on RBD differed whether assessed by peptide microarray or by proteolytic peptide mapping. Peptide microarrays indicated that all possible 15-meric peptides contained in the RBD protein have been immunogenic in animals and generated specific antibodies. In a real situation, however, not all antibodies can be engaged together, and some of them might fail to get access to the corresponding protein domain, for steric hindrance. The proteolytic peptide mapping assay allows the presentation of large peptides issued from RBD proteolysis and therefore is believed to be more relevant. The proteolytic peptide mapping partially confirmed data from the peptide microarrays and identified several target epitopes containing amino acids important for the interaction between Spike and human ACE-2, explaining the neutralizing activity of XAV-19. The Alpha, Beta, Gamma, and Delta variants contain mutations in the RBD domain, which might impact recognition by anti-RBD antibodies. K417N/T and E484K are present in Beta and Gamma variants, N501Y is present in the Alpha, Beta, and Gamma variants, and T478K appears in the Delta variant. These mutations are located in peptides scored as “medium” in the peptide microarray and not revealed by proteolytic peptide mapping. These mutations might therefore have no or a limited impact on XAV-19 binding. In contrast, L452R is present in the Delta variant and is located in a region seen as a major target epitope by both techniques. This predicts that antibodies binding to the corresponding peptide would be affected. However, XAV-19 behaves similarly toward the Delta variant, with even a stronger neutralization of the viral load after infection of Vero E6 cells (Figure 4B). It is possible that in a polyclonal antibody, although a specific antibody is prevented from recognizing its target (because of a change in the epitope), other antibodies remain able to bind a closely related epitope. This is what is suggested by the peptide array data showing many binding possibilities.

Independent cytopathic assays with live viruses were run in parallel in different locations by different teams. They show similar findings, i.e., that a concentration of XAV-19 up to 10 µg/ml is required to fully neutralize all the variants. There was a clear tendency of higher concentration required to exhibit similar neutralizing capacity against the Beta and Gamma variants, as compared with Wuhan, Alpha, and Delta forms. This difference was observed in different assays, whether measuring target cell viability, cytopathogenic effect, or viral RNA load, and confirmed in different experiments, thus reflecting actual differences rather than experimental variability. However, important differences in IC50 values were observed for neutralization of Beta, Gamma, and Delta variants using two different XAV-19 batches (Table 1). Here, we cannot exclude experimental interplatform variability since the two different XAV-19 batches used presented potencies considered as comparable using a good laboratory practice-validated ELISA method in release testing. Thus, our results demonstrate that XAV-19 can fully neutralize all SARS-CoV-2 variants, and a clear difference was evident when compared to bamlanivimab, which has no neutralizing effect on the Beta variant.

When administered intraperitoneally to human-ACE-2 mice challenged intranasally with SARS-CoV-2 viruses, XAV-19 induced a dose-dependent reduction of the viral load in the lung, demonstrating the potential to localize to infected tissues. The 94% to 98% reduction in the viral load noticed here is in agreement with the data obtained with different neutralizing antibodies in ferrets, hamster, or mouse models (32–40) or obtained with the REGN-CoV2 antibody cocktail in a comparable animal model (41). In a few studies, however, the viral reduction factor reached 3 or 4 log (33, 42–45). Interestingly, Gilliland et al. (22) reported the absence of viral reduction in the lung of SARS-CoV-2 challenged mice treated with a humanized cow polyclonal antibody, whereas a clear clinical impact was demonstrated. One limitation of our model in which mice airways are transduced with an adenovirus expressing human ACE-2 is the absence of clinical symptoms, as the mice eliminate the virus by themselves within a few days. The evaluation we made was restricted to the assessment of the viral load in the lung. Therefore, owing to the lack of correlation between the lung viral load and the clinical status, our data cannot inform whether XAV-19 can bring a clinical benefit or whether the 20 mg/kg dose found to be active in mice can be extrapolated for human use.

Early after the COVID-19 outbreak onset, many labs have been able to rapidly develop neutralizing antibodies. One year later, as of mid-2021, more than 93 clinical trials assessing the safety and benefit of mAbs and 8 of polyclonal antibodies are listed in the Clinicaltrials.gov repository (NCT04610502, NCT04838821, NCT04514302, NCT04834908, NCT04834089, NCT04518410, NCT04453384, and NCT04453384). In late 2020, variants of concern started to spread in the population and now cause the majority of infections. However, antibodies that are now assessed clinically have been mostly raised against the initial, Wuhan strain. It has therefore become essential to revisit their potential to also neutralize variants. XAV-19 is currently being tested in phase 2 and 3 studies (NCT04453384; Eudract Number: 2020-005979-12). Phase 2a demonstrated that a single intravenous perfusion of XAV-19 at 2 mg/kg was safe, achieving a median serum Cmax of 50.4 µg/ml and day 8 concentration of 20.3 µg/ml with elimination half-life (T1/2) estimated at 11.4 days (24, 46). The data presented here, together with these pharmacokinetic data, indicate that XAV-19 can provide high and sustained therapeutic activity in vivo. These data warrant continuation of clinical studies with XAV-19, especially in a context where the Delta variant becomes dominant and other variants of concern emerge.
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A novel coronavirus, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), arose late in 2019, with disease pathology ranging from asymptomatic to severe respiratory distress with multi-organ failure requiring mechanical ventilator support. It has been found that SARS-CoV-2 infection drives intracellular complement activation in lung cells that tracks with disease severity. However, the cellular and molecular mechanisms responsible remain unclear. To shed light on the potential mechanisms, we examined publicly available RNA-Sequencing data using CIBERSORTx and conducted a Ingenuity Pathway Analysis to address this knowledge gap. In complement to these findings, we used bioinformatics tools to analyze publicly available RNA sequencing data and found that upregulation of complement may be leading to a downregulation of T-cell activity in lungs of severe COVID-19 patients. Thus, targeting  treatments aimed at the modulation of classical complement and T-cell activity may help alleviate the proinflammatory effects of COVID-19, reduce lung pathology, and increase the survival of COVID-19 patients.
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Introduction

A novel coronavirus, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), arose late in 2019 in Wuhan, China, which led to a global pandemic resulting in thus far over 239 million confirmed cases and almost 5 million deaths attributed to this virus, as of October 2021, according to the World Health Organization (WHO). Disease pathology ranges from asymptomatic to minimal symptoms, mildly symptomatic with cough and shortness of breath, to severe respiratory distress with multi-organ failure requiring mechanical ventilator support. COVID-19–associated morbidity and mortality have been attributed to a hyperinflammatory cytokine storm caused by strong immune activation (1). COVID-19 has also been shown to suppress host functional adaptive and innate immunity resulting in unrestrained viral dissemination and organ damage (1).

Critical illness in COVID-19 can be traced to several genes found to function in at least two distinct biological pathways: 1) innate antiviral defenses, which are vital early in disease (IFNAR2 and OAS), and 2) host-driven inflammatory lung injury, which is a crucial mediator of life-threatening COVID-19 (DPP9, TYK2, and CCR2) (2). The 3p21.31 gene cluster includes the genes SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, and XCR1 and has also been identified as a genetic susceptibility locus in COVID-19 patients with respiratory failure (3). However, the cellular mechanisms responsible for the observed increased risk of the severe disease remain unclear and may represent a therapeutic opportunity. To complement these findings, we used bioinformatics tools to analyze publicly available RNA sequencing data from lung biopsies of severely ill COVID-19 patients.



Materials and Methods


RNASEQ Dataset Acquisition

With the intent to investigate SARS-CoV-2 infection and immuno-pathology, publicly available RNA-Sequencing datasets were downloaded from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (4). These datasets contained RNA-Sequencing data acquired from recently deceased SARS-CoV-2 patients lung biopsies and lung biopsies from recently deceased control patients. Count tables measuring gene expression were downloaded. Data was obtained from three separate studies (EXP1, EXP2, and Live Control). The gene expression data from these RNA-Sequencing experiments was used for both calculation of differential gene expression and CIBERSORTx analysis.

	- Deceased SARS-CoV-2 Patients [Experiment # 1 EXP1- National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) (4); GEO Accession GSE147507; Samples- GSM4462413, GSM4462414, GSM4462415, GSM4462416 (5)].

	- Deceased SARS-CoV-2 Patients (Experiment #2 EXP2- NCBI GEO accession GSE150316; Samples- GSM4546576, GSM4546577, GSM4546578, GSM4546581, GSM4546582, GSM4546584, GSM4546586, GSM4546588, GSM4546589, GSM4546592, GSM4546596, GSM4546596, GSM4546597, GSM4546598, GSM4546599, GSM4546601, GSM4546608, GSM4546609, GSM4546610, GSM4546611, GSM4546612).

	- Live Control Patients [NCBI GEO accession GSE83717; Samples; GSM2214000, GSM2214001, GSM2214002, GSM2214003, GSM2214004 (6)].





Differential Gene Expression Analysis

Differential gene expression was then calculated from the count tables using DESeq2 (7). Gene fold changes representing SARS-CoV-2 infected patients (Either EXP1 or EXP2) against control, meaning the values corresponding to up or down regulations of genes in SARS-CoV-2 samples, were considered significantly differentially expressed if the corrected p-value was <.05.



CIBERSORT

To estimate the relative percentage of different immune cell types in SARS-CoV-2 patients (Either EXP1 or EXP2) compared to control, we used CIBERSORTx. CIBERSORTx is an analytical tool that provides an estimation of the abundances of member cell types in a mixed cell population using gene expression data (8). Mapped read counts for each sample (Either EXP1 or EXP2) were input into CIBERSORT along with the standard “LM22” gene signature file. CIBERSORT output is displayed as fractional proportions of each immune cell sub-population.



Pathway Analysis

Furthermore, Ingenuity Pathway Analysis (IPA) (Qiagen) was then used for analysis and interpretation of the acquired differential expressed gene lists from RNA sequencing (9). A detailed description of this software is available at ingenuity.com. First, we produced a list containing genes that were significantly changed in at least one dataset and were also commonly up or down regulated in both datasets. Then My Pathway/Path Designer tools were then used in IPA to plot all known interactions between the gene list and top cellular functions of interest.




Results

We used bioinformatics approaches to explore the lung immunity in severely ill COVID-19 patients. CIBERSORTx allows us to estimate relative abundances of immune cells in a sample from gene expression data. The CIBERSORTx results from EXP1 data show a 4-fold increase in naive CD4 T-cells and about a 2-fold increase in resting natural killer (NK) cells in the lungs of postmortem SARS-CoV-2 patients compared to control (Figure 1). We also observed decreases in CD8 T-cells, Tregs, gamma/delta T-cells, monocytes, and a 4-fold reduction in activated dendritic cells (Figure 1). In EXP2 we observed almost a 2-fold increase in memory resting CD4 T-cells, monocytes, and activated dendritic cells, about a 3-fold increase in mast cells, a 4-fold increase in M1 macrophages, and a 10-fold increase in naive B-cells (Figure 1). We also observed decreases in eosinophils, M0 macrophages (5-fold), M2 macrophages (5-fold), and neutrophils (3-fold) (Figure 1). The CD4 T-cells in the lungs are mostly identified as naive or resting CD4 T-cells, which may be functionally exhausted at this end stage of the disease (Figure 1). Due to the small number of samples in each experiment, one would expect differences in the obtained results. To overcome this limitation, we chose to focus on similarities found in the results, as differences found in the CIBERSORTx results could be attributed to statistical noise and/or patient variation.




Figure 1 | CIBERSORT Analysis- Cell Fractions: This module enumerates the proportions of distinct cell subpopulations in bulk tissue expression profiles.



Pathway analysis of differentially expressed genes in severe COVID-19 patients showed an upregulation of genes involved in the classical complement pathway, as well as a downregulation of genes involved in T-cell activation and T-cell migration (Table 1). Analysis of COVID-19 patients has shown that proteins involved in the complement system are significantly upregulated in the sera of the severe COVID-19 patients (10). The gene C1S, associates with two other complement components C1r and C1q in order to yield the C1 complex, which then triggers the subsequent steps of the classical pathway of complement activation, and is found to be upregulated in the lungs of severe COVID-19 patients in our IPA analysis (11). Severe COVID-19 patients also show an increase in IgG1 production (12). Our IPA analysis found that the IgG component genes, IGHG3, IGHG4, and IGHV3-30 are upregulated in the lungs of severe COVID-19 patients (Table 1). These proteins are known to specify effector functions, such as activation of complement or binding to Fc receptors (13).


Table 1 | Differentially expressed genes in severe COVID-19 patients.



Studies have revealed new genetic associations with critical illness in COVID-19 patients (2, 3). Further examination of the interactions between our findings and the previously identified severe COVID-19 genetic susceptibility markers revealed that some of these genes are likely to influence the migration, as well as the antiviral and proinflammatory activity of T-cells (Figure 2A). Interestingly, OAS3 was identified as a genetic susceptibility marker in severe COVID-19 disease and is found to be differentially expressed in severe COVID-19 patients in our analysis. OAS3 can also act as a negative regulator of chemokines’ expression and interferon responsive genes in human macrophages (14). We found this gene to be down-regulated in severe COVID-19 cases, which would help explain the highly inflammatory state seen in these patients.




Figure 2 | IPA Network Analysis. (A) IPA generated network map showing known connections among the common genes found in both RNASeq datasets and the previously identified severe COVID-19 genetic susceptibility markers (SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, XCR1, DPP9, MAT2B, OAS3, TYK2, CCR2, CCR3, and INFAR2) with known pathways in IPA for cellular functions of interest. Genes are colored based on if the average gene expression between the two experiments showed upregulation (red) or downregulation (green). SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, XCR1, DPP9, MAT2B, OAS3, TYK2, CCR2, CCR3, and INFAR2 are all labeled in yellow. (B) COVID-19 causes upregulation of IgG production leading to activation of classical complement through C1S, which produces a downregulation of RUNX1 and TYK2 signaling, that blocks T-cell maturation and mutes Th1/Th17 immune response, respectively.



Our results suggest that COVID-19 is causing upregulation of IgG production leading to activation of classical complement through C1S, which produces a downregulation of RUNX1 and TYK2 signaling, that blocks T-cell maturation and mutes Th1/Th17 immune response, respectively (Figure 2B). It is important to note that the data obtained in our studies is informatics-based, so further mechanistic studies will need to be performed to confirm the associations found here.



Discussion

Our results are in contrast with the data obtained from peripheral blood samples of COVID-19 patients, as this shows decreases in total lymphocytes, CD4+ T-cell, CD8+ T-cell, B-cell, and NK cell counts (15). One possible explanation for this observed peripheral lymphopenia could be the sequestration of lymphocytes in the lungs (15). The initial innate immune response to respiratory infections facilitates the recruitment of various immune cell subsets that accumulate in the airways in response to combinations of distinct trafficking signals expressed by airway and alveolar blood vessel endothelial cells (16). It could be that blood vessels in the lung are the first to be affected by SARS-CoV-2-mediated pathology and this may result in a vicious cycle of vessel damage, inflammation, and additional leukocyte recruitment (16). In EXP2 we observed increases of dendritic cells, monocytes, and macrophages. These cells are known to form the mononuclear phagocyte (MNP) system, which sense and phagocytose pathogens, mediate leukocyte recruitment, initiate and shape immune responses and regulate inflammation (17). It has been suggested that during COVID-19 these cells release proinflammatory cytokines resulting in erratic infiltration of pro-inflammatory effector cells, which in turn exacerbates tissue damage (17).

COVID-19 patients with the severe disease show higher leukocyte and neutrophil counts with lower lymphocyte counts and a high neutrophil-to-lymphocyte ratio, as well as lower percentages of monocytes, eosinophils, and basophils (18). In COVID-19 patients, T cell counts are reduced significantly, and the surviving T cells appear functionally exhausted, possibly through SARS-CoV-2-induced NKG2A expression, which may result in disease progression (19). This helps explain the fact that we saw an increase in the percentage of CD4 T-cells in the lungs of SARS-CoV-2 infected patients, as these CD4 T-cells were mainly naïve or resting.

It has been shown that the uncontrolled production of cytokines in critically ill patients with COVID-19 pneumonia leads to cytokine storm syndrome, which is centrally involved in the exacerbation of symptoms and disease development (20). Emerging evidence suggests that the complement system plays a key role in this inflammatory reaction (21, 22). Complement is activated by three main pathways (lectin, alternative, and classical), leading to the production of C3 and C5, which are then cleaved to release C3a and C5a (23). Complement activation is known to suppress viral invasion, however, induction of the cytokine storm by SARS-CoV-2 infection can lead to vascular leakage, activation of complement, diffuse intravascular coagulation and death (20–22). ACE2 expression on vascular endothelium allows for infection by SARS-CoV-2, which induces injury, activates complement, and sets up an inflammation feedback loop (22).

SARS-CoV-2 infection caused activation of complement proteins, including C5b-9, C4d, MASP-2, C1R, C1S, CFB, and complement C3, to be produced locally in the lungs, where they were then processed to activate fragments that caused an upregulation of inflammatory signaling (23, 24). Complement has also been shown to be actively involved in the negative control of T-cell effector immune responses and homeostasis (25). Our IPA analysis predicts that complement activation by SARS-COV-2 infection could be blocking T-cell maturation through a downregulation of RUNX1 signaling. RUNX1 is a transcription factor that is required for T-cell maturation and homeostasis, as it has been shown that RUNX1 deficient T cells bind IgM, C1q, C4 and C3 and are eliminated by complement (26). IPA analysis also predicts that a downregulation of TYK2 signaling, caused by complement activation, could be inhibiting the activation of a Th1/Th17 cellular immune response. TYK2 has been shown to play a role in both the IL-12/Th1 and IL-23/Th17 signaling cascades (27). However, the consequences of this local complement activation within the lung and the correlation with COVID-19 severity are not fully understood. Thus, targeting complement may help alleviate the proinflammatory effects of COVID-19, reduce lung pathology, and thus increase the survival of COVID-19 patients (28). However, further studies will be needed to determine the exact role that SARS-CoV-2 induced complement activation has on the negative regulation of T-cells.



Conclusion

In summary, severe COVID-19 patients’ lungs exhibit an increase in naive and resting CD4 T-cells. Results suggest that an increase in IgG proteins and complement pathway activation may be leading to the downregulation of CD4 T-cell activation in severe COVID-19 patients (Figure 2B). Furthermore, genes found in COVID-19 severity could be influencing the antiviral and proinflammatory activity of these T-cells. Overall, these results suggest that treatments aimed at the modulation of classical complement and T-cell activity may help alleviate the proinflammatory effects of COVID-19, reduce lung pathology, and increase the survival of COVID-19 patients. Further study on the pharmaceutical modulation of these pathways may help reduce the severity of disease in future COVID-19 patients.
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Coronavirus disease-2019 (COVID-19) was declared as a pandemic by WHO in March 2020. SARS-CoV-2 causes a wide range of illness from asymptomatic to life-threatening. There is an essential need to identify biomarkers to predict disease severity and mortality during the earlier stages of the disease, aiding treatment and allocation of resources to improve survival. The aim of this study was to identify at the time of SARS-COV-2 infection patients at high risk of developing severe disease associated with low survival using blood parameters, including inflammation and coagulation mediators, vital signs, and pre-existing comorbidities. This cohort included 89 multi-ethnic COVID-19 patients recruited between July 14th and October 20th 2020 in Doha, Qatar. According to clinical severity, patients were grouped into severe (n=33), mild (n=33) and asymptomatic (n=23). Common routine tests such as complete blood count (CBC), glucose, electrolytes, liver and kidney function parameters and markers of inflammation, thrombosis and endothelial dysfunction including complement component split product C5a, Interleukin-6, ferritin and C-reactive protein were measured at the time COVID-19 infection was confirmed. Correlation tests suggest that C5a is a predictive marker of disease severity and mortality, in addition to 40 biological and physiological parameters that were found statistically significant between survivors and non-survivors. Survival analysis showed that high C5a levels, hypoalbuminemia, lymphopenia, elevated procalcitonin, neutrophilic leukocytosis, acute anemia along with increased acute kidney and hepatocellular injury markers were associated with a higher risk of death in COVID-19 patients. Altogether, we created a prognostic classification model, the CAL model (C5a, Albumin, and Lymphocyte count) to predict severity with significant accuracy. Stratification of patients using the CAL model could help in the identification of patients likely to develop severe symptoms in advance so that treatments can be targeted accordingly.




Keywords: COVID-19, SARS-CoV-2, C5a anaphylatoxin, blood indices, biomarkers



Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first reported as a novel pneumonia in Wuhan (China), has resulted in above 119 million infections and approximately 2.5 million deaths globally (1). SARS-CoV-2 is one of seven coronaviruses that are capable of infecting humans. Three of these viruses can cause severe disease, namely SARS-CoV, MERS-CoV and SARS-CoV-2, the other four HKU1, NL63, OC43 and 229E are linked to mild disease symptoms (2). Generally, coronaviruses are known to cause respiratory, enteric, hepatic, and neurological symptoms in their host, with a wide spectrum of disease severity (3). COVID-19 patients have a variable presentation of symptoms including fever, non-productive cough, dyspnea, myalgia, fatigue and pneumonia accompanied with normal or reduced leukocyte counts (4). Thus, COVID-19 disease symptoms range from asymptomatic and mild phenotype, to the severe infection leading to acute respiratory distress syndrome (ARDS) and multiorgan failure with poor survival rates (5). The mortality rate varies among populations and patient demographics and is reported to be higher within the elderly, individuals with pre-existing comorbidities, and immunocompromised patients (6).

In addition, a role for the cytokine storm has been suggested as a crucial player in determining disease severity, including the development of pulmonary intravascular coagulation. Among the mechanisms contributing to multiorgan failure, an interplay between inflammation and coagulation has been shown critical in COVID-19 patients (7). Exacerbated coagulation, characterized by elevated levels of D-dimer (>1 μg/ml) were observed in COVID-19 patients, and an association with poor prognosis was reported (8). Moreover, the presence of a prothrombotic state in multiple organs is supported by autopsies of COVID-19 patients independent of disease time-course (9). Particularly, megakaryocytes and platelet-rich thrombi are found in the lungs, heart, and kidneys (10). Remarkably, COVID-19-associated thrombosis is linked with increased morbidity and mortality in critical cases (11–13). Accumulating evidence suggests a correlation between increased level of inflammatory mediators, including cytokines and chemokines, and COVID-19 disease progression. For instance, SARS-CoV-2 infection severity is linked to high blood levels of C-reactive protein, ferritin, and D-dimers (14, 15). The clinical symptoms documented in the severe form of COVID-19 resemble those observed in the cytokine release syndrome (CRS) (16–18). CRS is characterized by a robust release of pro-inflammatory cytokines such as IL-6 (19). A significant correlation between levels of IL-6 and an increased risk of death was observed in COVID-19 patients (17). Hence, tocilizumab and sarilumab were proposed as promising therapeutic strategies to reduce mortality in COVID-19, by blocking IL-6 signalling, and ameliorating the deleterious effects of the inflammatory storm (20). The RECOVERY trial study recently demonstrated the effectiveness of tocilizumab and dexamethasone combined in improving the survival rate and reducing the risk for ventilatory assistance in COVID-19 patients (21).

Furthermore, the complement system, an important arm of innate immunity, has been proposed as a crucial mediator in lung inflammation in SARS-CoV-2 infection. Generally, the complement system triggers a cascade, upon its activation by specific recognition pathways, leading to the generation of cleavage products that opsonize and eliminate pathogens, regulating inflammatory responses, and coordinating adaptive immunity (REF). Indeed, an exaggerated complement activation induced by excessive stimuli such as viruses, may have a damaging effect by turning the complement system into a pathogenic effector in numerous diseases, especially thrombosis and sepsis (22). An active cross-talk between the complement system and the coagulation cascade has been established (23) (24). Interestingly, increased levels of complement split product C5a were detected in the plasma and bronchoalveolar lavage fluid (BALF) of COVID-19 patients (25). In addition, a higher expression level of C5aR1 receptors were measured in pulmonary myeloid cells in the blood of SARS-CoV-2 infected patients, supporting a role for the C5a-C5a receptor interaction in the pathophysiology of ARDS (23, 25). In this study, several serological and biological variables were measured in patients with SARS-CoV-2 infection and their association with disease severity was analysed. We tested the hypothesis that C5a is a novel potential candidate to predict COVID-19 disease severity. Furthermore, we tested the association between C5a and pro-inflammatory and coagulation biomarkers in COVID-19 patients. The results from this study might aid the identification of patients at risk of developing severe COVID-19 disease or mortality, and in discerning pharmacological interventions to improve patient outcomes.



Materials and Methods


Study Approval

This study was conducted in accordance with the Code of Ethics of the World Medical Association. Ethics committee approval was obtained from the Medical Research Center at Hamad Medical Corporation (MRC-05-084, Immunological and immune-genetic investigations in COVID-19 patients with varying disease severity, 06/21/2020). All the patients gave their informed consent to participate.



Study Design and Data Collection

This prospective cohort study included 89 randomly selected patients, diagnosed with COVID-19 in Doha between July 14th and October 20th, 2020. Selection criteria for participants was age (between 35 and 65 years), a positive SARS-CoV-2 PCR test result (a CT value < 30) and residency in Qatar. Upper respiratory tract specimens (throat and nasopharyngeal swabs) were tested for SARS-CoV-2 infection using TaqPath COVID-19 Combo Kit (Thermo Fisher Scientific, Waltham, Massachusetts), or Cobas SARS-CoV-2 Test (Roche Diagnostics, Rotkreuz, Switzerland). All consented patients were recruited form Hazem Mebairek Hospital, Qatar’s centre of communicable disease control (CDC) and Um Gharan quarantine facility. SARS-CoV-2 testing is routinely offered to all individuals presenting with symptoms suggestive of COVID-19, those who had close contact with confirmed cases, and all returning travellers.

Participants were stratified into three categories namely severe, mild and asymptomatic. Patients were categorized in the severe group based on requirement of oxygen support and ICU admission (n=33). While mild cases were categorized based on clinical symptoms and positive radiographic findings indicating pulmonary involvement (n=33). COVID-19 patients with mild to severe disease (n=66) were hospitalized for inpatient management, out of which 33 (50%) were admitted to ICU. In the severe group, 23 patients (70%) needed mechanical ventilation, of which fourteen patients (42%) died with respiratory failure listed as the primary cause of death. Standard of care for hospitalized patients consisted of supportive care and antiviral therapy, with individual regimens selected based on severity of disease, the presence of comorbidities, contra-indications and potential drug-drug interactions. The patients with a positive SARS-CoV-2 PCR and no longitudinal clinical presentation were labelled as asymptomatic cases (n=23). Blood samples were collected at the time of diagnosis, prior to isolation, or hospitalization. Clinical and laboratory investigations including diastolic blood pressure, body mass index (BMI), viral load, number of comorbidities, routine blood tests including complete blood cell counts were performed. In addition, the blood levels of electrolytes, glucose, albumin, total protein, C-reactive protein, procalcitonin, IL-6, D-dimers, ferritin, urea, and liver enzymes were determined. Complement activation C5a was measured in plasma using Human C5a/Complement C5a ELISA Kit (Sigma, St Lousi, MO, USA). Survival data including whether the patients were still alive or not as the end of survey date was obtained from the CERNER electronic healthcare system. This study was performed in accordance with the Reporting of Observational Studies in Epidemiology (STROBE) recommendations (26).



External Validation of Existing Severity and Mortality Models in COVID-19 Patients

Nowadays, various early prediction models have emerged amid the COVID-19 pandemic, aiming at optimizing patient stratification and reducing morbidity and mortality (27). In this study, we systematically tested several existing mortality and severity models, based on simplicity and ease of use. The tested mortality models included the CURB-65 (confusion, urea, respiratory rate, BUN, age>65) (28), the CRB-65 (confusion, respiratory rate, BUN, age>65) (29), the pneumonia severity index (PSI) (30), and the ANDC score (age, NLR, D-dimer, CRP) (31). The first three models have been validated and extensively used to predict 30-day mortality in community-acquired pneumonia, whereas the ANDC has only recently been employed to predict COVID-19 mortality. These scoring systems need rigorous external validation, through testing in different populations. Therefore, we further attempted to validate four COVID‐19 severity models, including the CALL (comorbidity, age, lymphocyte count, lactate dehydrogenase), CALL‐interleukin‐6 (IL‐6) scores, Haifeng et al. model (lymphocyte count and albumin), and Zhenyu et al. model (age, albumin, comorbidity, CRP) (32).



Accuracy Assessment of Prediction Models

Accuracy of COVID severity and mortality models was assessed using the area under the receiver-operator characteristic curve (AUC). For internal validation of the accuracy estimates and to reduce overfit bias, we used 1000 bootstrap resamples. The area under the curve (AUC) was calculated to detect the model with the best discriminatory capacity. A model with AUROC>0.8 is known to be of excellent discriminatory ability (31). In addition, we tested model calibration using the “rms” package.



Statistical Analysis

All statistical analyses were conducted with R statistical software (version 4.0.4, R Foundation). Shapiro-Wilk test was used to examine covariates normality and choose an appropriate statistical test. Since all variables had a non-normal distribution, comparisons between different groups of severity and survival were performed using the Mann-Whitney test for continuous variables, and Fisher’s Exact Test for categorical. Values were reported as medians and interquartile range [IQR]. Two tailed p-values were calculated and p-value <0.05 was considered statistically significant. Spearman rank correlation tests were used to assess the correlation between different blood parameters. The Kaplan-Meier method was used to plot survival curves.




Results


Clinical Characterization of COVID-19 Patients Upon Diagnosis

In order to find a set of early predictors of severity and mortality, we analysed the clinical history, instrumental variables and laboratory tests of 89 patients diagnosed with COVID-19, aged between 35 and 65 years [median, IQR 48 (42-56)]. This multi-ethnic study included patients from thirteen nationalities: Qatar, Pakistan, Bangladesh, India, Siri Lanka, Philippines, Nepal, Egypt, Libya, Tunisia, Yemen, Eretria, and US. In agreement with previously published studies of COVID-19 cohorts, patients with comorbidities, including diabetes, hypertension, dyslipidemia, cardiovascular disease, renal disease, liver disease and/or asthma experienced more severe symptoms, requiring admission to the intensive care unit (ICU) (33). In particular, 70% out of 33 severe cases required mechanical ventilation. Within the severe group, 36% had at least 1 comorbidity, 44% and 39% had at least 2 and 3 comorbidities respectively (Table 1). Furthermore, at the time of diagnosis, a low diastolic blood pressure and a high respiratory rate were observed in severe/critical cases that required ICU admission compared to patients with mild and asymptomatic patients (Supplementary Figure 1A). Interestingly, out of 69 patients with available BMI data, 71% were overweight [27.9 (24.7, 30.4)] (BMI>25 kg/m2) including asymptomatic [26.1 (23.8, 30.1)], mild [28.8 (25.8, 31.7)], and severe [27.3 (24.5, 29.4)] (Supplementary Figure 1B and Table 1). The nutritional status of our cohort according to the WHO guidelines was 26% normal weight, 46% pre-obesity, 19% obesity class I, 4% obesity class II, and 3% obesity class III (Table 1) (34, 35). It is noteworthy to mention that hyperglycemia was observed in COVID-19 patients with mild and severe disease, despite insulin treatment (Table 1). While some studies suggest a direct association between viral load and COVID-19 disease severity, the viral load in our cohort did not show a difference between asymptomatic, mild or severe cases at the time of diagnosis (Supplementary Figure 1C) (36–38).


Table 1 | Demographic, clinical and laboratory measurements of asymptomatic, mild, and severe COVID-19.





Changes in Complete Blood Count Are Associated With Disease Severity and Mortality in SARS-CoV-2 Infected Patients

The association between hematological and serological biomarkers changes and disease severity in SARS-CoV-2 infection was analysed (Table 1). The analysis of the CBC variables using Wilcoxon rank sum test showed a significant increase in white blood cell count (WBC) (Figure 1A), absolute neutrophil count (ANC) (Figure 1B), percentage of neutrophils (Figure 1C), and neutrophil-to-lymphocyte ratio (Figure 3I) in severe patients compared to mild and asymptomatic cases. In contrast, lymphocyte count (Figure 1D), percentage of lymphocytes (Figure 1E), and monocytes (Figure 1F) showed significantly lower levels in severe cases compared to non-severe counterparts. On the other hand, the total monocyte counts, as well as eosinophil and basophil percentages were not different among the three groups with varying disease severity (Table 1). In addition, changes in red blood cell parameters were observed among patients with different COVID-19 disease severity. Decreased red blood cell count (RBC) (Figure 1G), haematocrit (Hct) (Figure 1H), haemoglobin (Hgb) levels (Figure 1I), and mean corpuscular hemoglobin concentration (MCHC) (Figure 1J) were detected in severe patients compared to mild and asymptomatic cases. On the other hand, mean corpuscular volume (Figure 1K) and red blood cell distribution width (RDW-CV) (Figure 1L) were elevated in severe cases compared to patients without symptoms and with mild symptoms. Moreover, compared to patients who survived, non-survivors had significantly higher levels of total WBC (Supplementary Figure 2A), ANC (Supplementary Figure 2B), neutrophils (%) (Supplementary Figure 2C), mean corpuscular volume (MCV) (Supplementary Figure 2D), ferritin (Supplementary Figure 2E), and RDW-CV (Supplementary Figure 2F). However, patients who did not survive despite medical intervention showed significantly lower levels of lymphocyte count (Supplementary Figure 2G), lymphocyte (%) (Supplementary Figure 2H), monocyte (%) (Supplementary Figure 2I), RBC (Supplementary Figure 2J), Hct (%) (Supplementary Figure 2K), and Hgb (Supplementary Figure 2L).




Figure 1 | Complete blood count parameters of asymptomatic, mild and severe COVID-19 patients (A) white blood cell count, (B) absolute neutrophil count, (C) neutrophil (%), (D) lymphocyte count, (E) lymphocyte (%), (F) monocyte (%), (G) red blood cell count, (H) hematocrit, (I) hemoglobin, (J) mean corpuscular hemoglobin concentration, (K) mean corpuscular volume, (L) red blood cell distribution width. The following symbols were used to indicate statistical significance: NS, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.





COVID-19 Severity Is Associated With Increased Levels of C5a, Coagulation, and Inflammation Markers

The plasma concentration of complement split product C5a was measured using ELISA in all 89 COVID-19 patients. Although, the normal plasma level of C5a is less than 120 pg/ml, higher levels were detected in all samples (>260 pg/ml), including the asymptomatic patients. Interestingly, C5a plasma levels increased proportionally to COVID-19 disease severity (p<0.001) (Figure 2A). Prothrombin time (p=0.002) was higher in severe patients, whereas fibrinogen was lower in the severe group compared to non-severe patients (p=0.021) (Table 1). Regarding survival outcomes, median circulating C5a levels were further compared between survivors [1,289 (775-1,690)] and non-survivors [1,670 (1,375-2,191)] and were found statistically significant (p=0.035) (Supplementary Figure 3A). A procoagulant state characterized by platelet activation, increased mean platelet volume (p<0.001) (Supplementary Figure 3B), platelet distribution width (p=0.010) (Supplementary Figure 3C), and partial thromboplastin time (p=0.006) (Supplementary Figure 3D) was observed in patients with severe disease. Furthermore, within the severe group the higher values were observed in patients that did not survive. Elevated D-dimer levels were also observed in the severe group (Figure 2B) and particularly in patients who did not survive [4.15 (1.49-5.67)] (p<0.001) (Supplementary Figure 3E) as compared to mild and asymptomatic cases.




Figure 2 | Coagulation and inflammatory markers in asymptomatic, mild and severe COVID-19 patients (A) complement component 5a, (B) D−Dimer, (C) C−reactive protein, (D) procalcitonin, (E) Interleukin−6, (F) ferritin, (G) urea, (H) adjusted calcium, (I) total protein, (J) albumin, (K) calcium, (L) high−sensitivity Troponin−T. The following symbols were used to indicate statistical significance: NS, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.



Recent studies have shown an association between higher levels of inflammatory markers and SARS-CoV-2 infection severity (7). In this line, increased peripheral leukocytes and neutrophils numbers, and higher levels of C-reactive protein (CRP) were observed in patients with severe disease [27 (6-77)] compared to mild [21 (7-83)] and asymptomatic patients [4 (1-14)] (p<0.001) (Figure 2C). Procalcitonin, another acute-phase protein usually below the limit of detection in clinical assays in the blood of healthy individuals, was found in high amounts in patients with severe disease [0.44 (0.14-0.83)] compared to patients with no symptoms [0.03 (0.03-0.14)] and to those with mild clinical presentation [0.16 (0.05-0.30)] (p=0.007) (Figure 2D). Provocatively, higher levels of CRP (Supplementary Figure 3F) and procalcitonin (Supplementary Figure 3G) were detected in patients that did not survive compared to those who survived, with a prominent increase in CRP levels [74 (21-158) vs 13 (5-40)] (p=0.004). A mildly elevated but statistically non-significant elevation of IL-6 levels was observed in severely ill patients when compared to other groups (Figure 2E). Another key acute-phase reactant that we investigated was ferritin, whereas an increase in ferritin levels protects the host by limiting the free iron needed for pathogen growth and survival, it can also play a pro-inflammatory role, contributing to the cytokine storm (39). Within the group of critically ill COVID-19 patients, hyperferritinemia (> 500 µg/L) was observed with a median of 1,131 [536-1,634] vs 396 [181-582] and 404 [220-786] in patients with no or mild symptoms respectively (Figure 2F). Accumulated evidence is in support of a higher mortality rate of patients with cardiovascular diseases as a result of SARS-CoV-2 infection (40). In this line higher levels of high-sensitivity cardiac troponin T (HS-TnT) as a marker of disease progression, was determined in severe cases compared to mild patients (Figure 2L). Particularly, higher levels were observed in patients that did not survive (Supplementary Figure 3M).



SARS-CoV-2 Disease Severity Is Associated With Changes in Kidney and Liver Function Parameters

Acute kidney injury has been reported in adult patients following SARS-CoV-2 infection with multifactorial causality including cytokine storm, hypoxia, increased coagulation and impaired glomerular filtration. Interestingly, we observed significantly higher levels of urea in severe patients compared to asymptomatic and mild patients (p<0.001) (Figure 2G). High urea levels indicative of impaired renal function were observed in non-survivors (Supplementary Figure 3I). To further investigate the association between renal function and COVID-19 disease severity and mortality, electrolytes were measured. Patients with severe complications of COVID-19 presented with hypernatremia (Table 1) and hypocalcemia (Figure 2K), in which low calcium levels correlated with increased mortality (Supplementary Figure 3L). Recently, COVID-19 patients were classified as severe or non-severe based on total protein levels in the serum (41). In our study, we found that circulating total protein (Figure 2I) and albumin levels (Figure 2J) were inversely correlated with disease severity. As a result, calcium values adjusted for the albumin concentration were highest in the severe COVID-19 cases (Figure 2H). The levels of total protein (Supplementary Figure 3J), albumin (Supplementary Figure 3K), and calcium (Supplementary Figure 3L), were significantly lower in patients who died compared to those who survived.

Involvement of different organs is another hallmark of COVID-19 severity. In the current cohort, significantly elevated levels of liver enzymes, alkaline phosphatase (ALP) (Supplementary Figure 3N), alanine aminotransferase (ALT) (Supplementary Figure 3O), aspartate aminotransferase (AST) (Supplementary Figure 3P), and lactate dehydrogenase (LDH) (Supplementary Table 1) were measured in non-survivors compared to survivors.



C5a Is Correlated With Several Blood Indices in SARS-CoV2 Infection

Elevated levels of pro-inflammatory anaphylatoxin C5a has been reported in cases of sepsis involving renal impairment. Neutrophil-to-lymphocyte ratio (NLR) is also recognized as a predictive factor for disease severity in sepsis, a variety of malignancies, and recently for critical illness in patients with SARS-CoV-2 infection. In accordance with these studies, a higher NLR was observed in the severe group patients compared to mild and asymptomatic cases (Figure 3I). However, it has not yet been established whether there is an association between C5a and other haematological and serological parameters, and the resulting long-term outcomes in COVID-19 patients.




Figure 3 | Correlation of complement component 5a with blood indices in SARS-CoV2 infected patients (A) Neutrophil−to−lymphocyte ratio, (B) RBC distribution width, (C) Urea, (D) glucose, (E) albumin, (F) hemoglobin, (G) hematocrit, (H) calcium. Ratios of complement component 5a to blood indices including (I, Q) neutrophil: Lymphocyte, (J, R) C5a: neutrophil−to−lymphocyte, (K, S) C5a: lymphocyte count, (L, T) C5a: red blood cell count, (M, U) C5a: hemoglobin, (N, V) C5a: hematocrit, (O, W) C5a: albumin, (P, X) C5a: calcium in asymptomatic, mild and severe COVID-19 patients, and in survivors versus non-survivors. The following symbols were used to indicate statistical significance: NS, p > 0.05; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.



A significantly lower ratio of C5a to NLR (CNLR) was calculated in severe cases of COVID-19 compared to less severe patients. In addition, we report a statistically significant lower median of CNLR in the non-survivor group (Figure 3R). In order to further investigate the role of C5a in COVID-19 pathogenesis, we calculated the ratios of C5a to several blood indices and found that ratios of C5a to lymphocyte (Figure 3K), RBC (Figure 3L), Hgb (Figure 3M), Hct (Figure 3N), albumin (Figure 3O), and calcium (Figure 3P) were significantly higher in severe patients in comparison with patients with no or mild symptoms (Figure 3 and Supplementary Table 2). A correlation matrix was plotted for all investigated covariates to analyse the relationship between each pair of variables in this dataset (Supplementary Figure 4). Moreover, Spearman’s Correlation analysis revealed that neutrophil-to-lymphocyte ratio (Figure 3A), red blood cell distribution width (RDW) (Figure 3B), urea (Figure 3C), and glucose (Figure 3D) were positively correlated with C5a levels. A mild correlation (R=0.44) observed between C5a and NLR. On the other hand C5a levels had an inverse correlation with albumin (Figure 3E), Hgb (Figure 3F), Hct (Figure 3G) and calcium (Figure 3H), with a mild inverse correlation (R=0.52) with albumin. Altogether, C5a might contribute to COVID-19 disease severity by exacerbating innate immune responses and renal and hepatic injury while playing a dual role in inflammation and thrombosis.



C5a Is a Novel Predictive Marker For Mortality in COVID-19 Patients

To investigate mortality risk factors in COVID-19 patients, available clinical and laboratory parameters were stratified based on clinically relevant cut-offs using normal reference intervals. The difference between the time of admission or quarantine and the time of death or end of the survey was used to calculate Kaplan-Meier survival estimates. Increased levels of C5a in the plasma of severe cases, prompted an inclusion of C5a in survival analysis, along with already described risk factors. The survival function graph demonstrated that levels of C5a higher than 1200 pg/ml adversely affect short-term survival in COVID-19 patients (p=0.033) (Figure 4A). Notably, the two functions are closer together in the first 30-40 days of follow-up, but thereafter have a widening gap, suggesting that high levels of C5a is more detrimental later during follow-up than it is early on. To further evaluate the relationship between C5a and known prognostic markers with mortality status, ratios of C5a to other covariates were independently stratified into tertiles and assessed as predictors of survival. We found that ratios of C5a-to-NLR (Figure 5A), C5a-to-lymphocyte (Figure 5B), C5a-to-urea (Figure 5C), C5a-to-glucose (Figure 5D), and C5a-to-Hgb (Figure 5E) are good predictors of mortality in SARS-CoV-2 infection. Additionally, analysing CBC variables demonstrated that patients with high cut-off for WBC (>10x103/μL) (Figure 4B), ANC (>7x103/μL) (Figure 4C), neutrophil percentage (>80%) (Figure 4D), neutrophil-to-lymphocyte ratio (>5) (Figure 4E), RDW-CV (>14.5%) (Figure 4F) exhibited a higher risk for mortality. Furthermore, patients with a low probability of survival showed a higher level of inflammatory marker CRP >100 mg/L (Figure 4G), as well as, urea >8.1mmol/L (Figure 4H), and creatinine >124 μmol/L (Figure 4I). Patients with high sodium levels (>145 mmol/L) tended to have a higher risk of death (Figure 4J). Additionally, the study of the survival time using other potential prognostic blood indices revealed several independent risk factors that are associated with fatal outcome including low levels of lymphocyte (=<20%) (Figure 4K), albumin (=<25 g/L) (Figure 4O), and red blood cell parameters including RBC (=<4.8x106/µL) (Figure 4L), Hct (=<40%) (Figure 4M), and Hgb (=<10 g/dL) (Figure 4N) in SARS-CoV-2 infected patients.




Figure 4 | (A) Complement component 5a (C5a), (B) White blood cell count (WBC), (C) Absolute neutrophil count (ANC), (D) Neutrophil [%], (E) Neutrophil−to−lymphocyte ratio, (F) RBC distribution width (RDW−CV), (G) C−reactive protein (CRP), (H) Urea, (I) Creatinine, (J) Sodium, (K) Lymphocyte [%], (L) Red blood cell count (RBC), (M) Hematocrit (Hct) [%], (N) Hemoglobin (Hgb), (O) Albumin.






Figure 5 | Kaplan-Meier survival analysis using tertiles of C5a-to blood indices including -NLR, -lymphocyte, -urea, -glucose and -Hgb ratios. The significance of the log-rank Mantel–Cox test of equality of survival distributions is shown as p-value. Ratios of C5a-to blood indices were stratified based on tertiles as indicated in the reference ranges and represented with orange, green, and blue lines.





Validation of Severity and Mortality Models: CAL Is a New Predictive Model of COVID-19 Severity

Based on the original formulas, we were able to calculate severity scores for the CALL, CALL-IL6, Haifeng et al. and Zhenyu et al. models in 89 (99%) patients. Comparing the AUROCs for severe COVID-19, only the model by Haifeng et al. was statistically significant with AUC 0.88 (95% CI 0.80-0.95) (32). Performance of severity models can be found in Figure 6A. Multivariable logistic regression considering the Haifeng et al. model variables (lymphocyte count and albumin levels) along with C5a levels as predictors of severe COVID-19, showed that only the latter two variables were significant (OR 0.707, 95% CI 0.5817–0.815) and (OR 1.001, 95% CI 1.0002–1.003), respectively. Thus, we tested the hypothesis that adding C5a to albumin, and lymphocyte and referring to it as the CAL would result in a predictive model with improved discriminative ability. Using the Delong approach to compare AUCs (42), the CAL model performed better than the original version with (AUC 0.94 vs. 0.88, with difference between areas 0.06, p= 0.04) (Figure 6A), but had a lower overall calibration (Supplementary Figure 5). Using the original formulas or points, we were able to calculate mortality scores for the CURB-65, CRB-65, PSI and ANDC models in 53 (60%) patients. Only the ANDC and PSI models were significant, with AUCs 0.81 (95% CI 0.69-0.94) and 0.71 (95% CI 0.56-0.86), respectively. Therefore, we tested the performance of both PSI and ANDC combined, which showed better accuracy, AUC 0.85 (95% CI 0.73-0.98) (Figure 6B). The latter model showed better calibration than the ANDC alone (Supplementary Figure 5). Furthermore, using the original formulas or points, we tested predicting ICU admission using the CURB-65, CRB-65, and PSI scores in 53 (60%) patients. Only the PSI excellent performance in predicting ICU admission AUC 0.88 (95% CI 0.79-0.97) (Figure 6B) with acceptable calibration (Supplementary Figure 5).




Figure 6 | ROC curves showing the comparison between CAL (C5a, albumin, and lymphocyte count) and previously described severity models (A) including Haifeng et al. (lymphocyte count, albumin), CALL‐interleukin‐6 (IL‐6), Zhenyu et al. (age, albumin, comorbidity, CRP), and CALL (comorbidity, age, lymphocyte count, lactate dehydrogenase). (B) ROC curves for CRB-65, CURB-65, and PSI in predicting ICU admission. (C) ROC curves for CRB-65, CURB-65, and PSI alone, ANDC alone and PSI with ANDC combined in predicting mortality.






Discussion

Severe SARS-CoV-2 infection confers a hypercoagulable state along with a robust inflammatory response (7, 8). Evidence gathered during post-mortem examination of COVID-19 patients implicates thrombosis as a major cause of death. Several studies demonstrated that an exaggerated anti-viral inflammatory response can lead to endothelial dysfunction/activation and a procoagulant state, known as thrombotic microangiopathy (TMA) (43). TMA results in diminished blood flow leading to tissue ischemia and oxidative injury, culminating in multiorgan failure reported in COVID-19 patients. In agreement, high incidence of venous thromboembolism (VTE) has been shown to correlate with disease severity and mortality in hospitalized COVID-19 patients (44). Accordingly, pulmonary intravascular coagulation observed in the lungs of COVID-19 patients can compromise other organs including the heart and kidneys, leading to multiorgan failure and death (9, 45–47). Recent studies demonstrated the role of SARS-CoV-2 in complement activation (48). The SARS-CoV-2 N protein was reported to bind mannan-binding lectin-associated protease (MASP-2) and activate the lectin pathway, initiating the complement cascade (49). Complement activation products were also detected on circulating erythrocytes in hospitalized COVID-19 patients (50). Particularly, serum levels of anaphylatoxin C5a are significantly increased in COVID-19 patients (51, 52). Furthermore, antibodies against SARS-CoV-2 may also contribute to the activation of the classical and alternative pathways of complement, sustaining high levels of C5a in severe COVID-19 cases (53). In another study using immunohistochemistry staining and single-cell RNA-Seq, high expression level of C5aR1 across inflammatory cells was detected in the lungs of patients infected with SARS-CoV-2 (38, 54, 55). Increased plasma levels of complement terminal complex soluble C5b-9 (sC5b-9) and activated C5a correlated with disease severity. Even more, elevated levels of C5a were found in patients requiring continuous positive airway pressure or mechanical ventilation (52). In addition, histological studies in COVID-19 patients have shown deposition of viral spike glycoprotein, complement split product C4d, and sC5b-9 in the interalveolar septa and microvessels (56). Similarly, Jiang et al. detected high concentrations of C5a and sC5b-9 in the sera and lung tissue in a mouse model of MERS (51). Our study is in alignment with previous research demonstrating a crucial role of C5a in the crosstalk between inflammation and thrombosis (38, 48–50, 52, 54, 56). We demonstrated increased levels of C5a in the plasma of our multi-ethnic cohort of COVID-19 patients, which was proportional to disease severity. Increases in C5a levels were also proportional to the levels of fibrin degradation product, D-dimer, known to be elevated in VTE and disseminated intravascular coagulation. Additionally, we found poor survival outcomes in COVID-19 patients with C5a levels higher than 1200 pg/ml. In our data, both C5a levels and neutrophil count increased proportionally with disease severity. The complement component C5a is a potent chemoattractant, which activates neutrophils and recruits them to the site of inflammation (57). The activation of C5a results in neutrophil degranulation and tissue factor expression, resulting in a prothrombotic state by triggering the extrinsic coagulation pathway (23). In this line, we found a positive correlation between C5a levels and the number of circulating neutrophils in the blood, in addition to a lower ratio of C5a to NLR (CNLR) in the severe cases of COVID-19. Here we propose “CAL” as a novel prognostic model of COVID-19 severity with an enhanced predictive capacity.

Similarly, previous reports have detected low serum albumin in patients with severe COVID-19, which was linked to thrombotic events (58, 59). In this study, an association of hypoalbuminemia with patient mortality was identified. A sustained stress on the liver leading to the production of APPs and clotting factors diverting the resources might result in a diminished synthesis of albumin, further aggravating the hemodynamic status. While the insult on the renal system led to increased levels of circulating urea and creatinine promoting multi-organ damage. The role of proteinuria as a cause of hypoalbuminemia needs further exploration. We further attempted to validate several COVID-19 severity models created to aid in clinical decision-making, but exhibit limited overall performance. These models are associated with a risk of bias and overfitting and are not well-reported (60). Public sharing of anonymized raw data that has been published from COVID-19 studies is necessary to develop and validate better models in large multi-centred settings (60). We acknowledge that the current study has limited sample size and the model needs further validation in diverse ethnic backgrounds with larger cohort studies. Moreover, the CAL model might not be easy to adopt in low-income countries due to financial constraints associated with lab investigations in the underdeveloped countries.

In summary, high C5a complement protein and APPs, hypoalbuminemia, and renal insufficiency collectively have an adverse outcome on survival of COVID-19 patients. Altogether, we conclude that patients with an abnormally low level of albumin and lymphocytes and a high number of neutrophils, in addition to anaemic state characterized by low RBC, haemoglobin, and haematocrit counts are at a higher mortality risk. Patients who did not survive had elevated levels of inflammatory (CRP, and procalcitonin) and prothrombotic mediators (C5a, D-Dimer, INR, MPV, and PDW, prothrombin time, and partial thromboplastin time). Based on these results, we propose a mechanistic role of C5a in the pathogenesis and severity of COVID-19, highlighting its crosstalk between inflammation and thrombosis (Figure 7). Lastly, this study identifies biomarkers of COVID-19 severity that can potentially assist clinicians in early recognition of patients at risk for critical complications and mortality and in developing new management strategies.




Figure 7 | A proposed mechanistic role of complement C5a in lung injury during SARS-CoV-2 infection. (1) SARS-CoV-2 virus infects respiratory epithelial cells by binding to the angiotensin-converting enzyme 2 (ACE-2) receptor, followed by viral shedding. (2) Tissue resident macrophages and dendritic cells take up the virus or virus-infected cells. (3) They carry out antigen presentation in the hilar lymph nodes activating virus specific T and B cells. (4) Innate immune cells in the pulmonary microenvironment release cytokines to recruit immune cells to the site of infection. (5) T lymphocytes help B cells and plasma cells release antibodies into circulation and in the pulmonary microenvironment. (6) Meanwhile, complement activation can take place directly via lectin pathway or via alternative and classical pathways in the presence of antigen-antibody complexes. (7) C5a acts as a potent chemotactic agent recruiting innate immune cells, including neutrophils which further activates the immune system leading to cytokine storm. (8) Damaged alveoli and leaky blood vessels promote local clotting with C5a and IL-6, stimulating platelet activation and release of pro-inflammatory cytokines like IL-6 and C5a into circulation. (9) Systemic action of inflammatory mediators and micro-thrombi cause general tissue hypoxia along with stress on the liver leading to synthesise of acute phase reactants, and proteins from the complement and clotting cascade on the expense of albumin, with sequestration of ferritin, thereby elevating liver enzymes and promoting the pro-coagulant state. The inflammatory mediators, including immune complexes and C5a cause renal injury and cardiac stress.
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Seventeen years after the epidemic of SARS coronavirus, a novel coronavirus SARS-CoV-2-emerged resulting in an unprecedented pandemic. Angiotensin-converting enzyme 2 (ACE2) is an essential receptor for cell entry of SARS-CoV-2 as well as the SARS coronavirus. Despite many similarities to SARS coronavirus, SARS-CoV-2 exhibits a higher affinity to ACE2 and shows higher infectivity and transmissibility, resulting in explosive increase of infected people and COVID-19 patients. Emergence of the variants harboring mutations in the receptor-binding domain of the Spike protein has drawn critical attention to the interaction between ACE2 and Spike and the efficacies of vaccines and neutralizing antibodies. ACE2 is a carboxypeptidase which degrades angiotensin II, B1-bradykinin, or apelin, and thereby is a critical regulator of cardiovascular physiology and pathology. In addition, the enzymatic activity of ACE2 is protective against acute respiratory distress syndrome (ARDS) caused by viral and non-viral pneumonias, aspiration, or sepsis. Upon infection, both SARS-CoV-2 and SARS coronaviruses downregulates ACE2 expression, likely associated with the pathogenesis of ARDS. Thus, ACE2 is not only the SARS-CoV-2 receptor but might also play an important role in multiple aspects of COVID-19 pathogenesis and possibly post-COVID-19 syndromes. Soluble forms of recombinant ACE2 are currently utilized as a pan-variant decoy to neutralize SARS-CoV-2 and a supplementation of ACE2 carboxypeptidase activity. Here, we review the role of ACE2 in the pathology of ARDS in COVID-19 and the potential application of recombinant ACE2 protein for treating COVID-19.
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Introduction

ACE2 is a homologous molecule of angiotensin converting enzyme (ACE) and functions as an enzyme (carboxypeptidase) that degrades angiotensin II peptides on the cell membrane surface (1). In vivo, the peptidase activity of ACE2 has been shown to suppress the renin-angiotensin system (RAS system) to improve cardiovascular or kidney diseases as well as acute respiratory distress syndrome (ARDS) (2–4). Infection with the 2003 SARS coronavirus rapidly caused severe lung inflammation in most cases and a high rate of ARDS, which made it relatively easy to identify infected individuals. On the other hand, the current SARS-CoV-2 pandemic virus is highly infectious with wide range of symptoms from asymptomatic and mild cases to some moderate and severe cases (5). It is thus difficult to isolate and contain SARS-CoV-2 infections without extensive testing strategies. There are still many unresolved issues to fully understand the molecular mechanisms of SARS-CoV-2 infections and the onset and aggravation of COVID-19.



ACE2 As a SARS-CoV-2 Receptor

SARS-CoV-2 is an enveloped single-stranded RNA virus that belongs to the family of beta coronaviruses (6). The SARS coronavirus in 2003 is structurally and genetically highly similar to SARS-CoV-2, both of which carry a transmembrane Spike protein on the surface of the infectious virus particles. The binding of Spike protein to ACE2 on the host cell surface leads to entry of the virus into cells, a process that is required to establish the infection (7). The Spike protein of SARS-CoV-2 has a higher affinity for the human ACE2 protein as compared to the Spike of the first 2003 SARS coronavirus. The origin of SARS-CoV-2 remains unknown, but a coronavirus called RaTG13, which shows a high homology of 96% or more in its genome sequence, has been isolated from bats. It has been therefore suggested that SARS-CoV-2 might have emerged and evolved in bats (8).

The Spike protein consists of an S1 region containing the receptor binding domain (RBD) that binds to ACE2 and an S2 region that promotes fusion of the viral membrane with the host cell membrane (9). Membrane fusion between host cells and the infectious virus particles is activated through cleavage of the Spike protein between S1 and S2 by host cell proteases such as transmembrane protease serine 2 (TMPRSS2) or cathepsin (7, 10). There are two modes of infection: the cell surface-mediated pathway and the late endosome-mediated pathway. Cleavage of S protein by TMPRSS2 is important on the cell surface. Furin, which is highly expressed in the cardiovascular system, induces the cleavage of S1/S2 in Spike, which might contribute to the different manifestations of COVID-19 pathologies as compared to 2003 SARS (7, 10). Consequently, it has been shown in infection experiments using cultured cells that serine protease inhibitors such as Nafamostat mesylate and Camostat mesylate suppress the intracellular invasion of SARS-CoV-2, and clinical trials are currently being conducted (2). In addition, it has been shown that structural changes in the Spike protein can also be mediated by neutrophils proteases such as elastase, one mechanism by which inflammatory cells could affect SARS-CoV-2 infections (11, 12). In the late endosome-mediated pathway, after the virus is internalized together with ACE2, structural changes in the Spike protein are induced by proteases such as cathepsin as the pH decreases in the endosome (13). Other SARS-CoV-2 receptors, such as CD147 or Lectins have also been reported, but in the absence of these additional receptors the ACE2-expressing cells are still permissive for SARS-CoV-2 (14–16). Recently, neuropilin-1 has been reported as a co-receptor for SARS-CoV-2, which facilitates virus entry through ACE2 receptor (17). Thus, ACE2 is the only essential receptor for SARS-CoV-2 infection. Irrespective if these additional SARS-CoV2 receptors might contribute to in vivo infections, the soluble ACE2 recombinant protein can be utilized as a molecular decoy that neutralizes the virus and thereby strongly suppresses cellular entry of the virus and thereby reduces the infection (18) (Figure 1). Clinical trials are currently underway to use soluble ACE2 as an antiviral drug that might be effective against essentially all SARS-CoV2 variants of concern. In addition, ACE2 functions as an enzyme that degrades peptides. Importantly, the ACE2 binding site of Spike is separated from the catalytic active site, and the binding of Spike protein does not apparently affect the enzyme activity of ACE2 recombinant protein per se in vitro enzymatic assays and also in vivo in a patient with COVID-19 (19).




Figure 1 | ACE2-mediated cell entry of SARS-CoV-2 and inhibition of virus infection by recombinant soluble ACE2 protein.





Pulmonary ACE2 Expression and SARS-CoV/SARS-CoV-2 Infections

As for the 2003 SARS coronavirus, in vitro biochemical analysis elucidated that ACE2 is a candidate receptor for SARS-CoV Spike protein, though multiple additional receptors were proposed. We therefore conducted the first in vivo SARS-CoV infections using ACE2-deficient mice, proving the first definitive proof that ACE2 is an indispensable receptor for SARS coronavirus infections in vivo. At the same time, we found that ACE2 is highly expressed in the lung and that the expression of ACE2 is suppressed in the lungs of SARS infected mice (20). Post-translational regulation such as intracellular localization in late endosome-mediated viral infection (Figure 1) or post-transcriptional regulation via induction of microRNA expression by NF-kB activation have been reported as molecular mechanisms of pulmonary ACE2 expression (21). Recently, we have found that SARS-CoV-2 infected hamster lungs also exhibit reduced ACE2 protein expression (22). Therefore, it is presumed that the expression of ACE2 protein is also decreased in the lung tissue of COVID-19 pneumonia patients, and it is possible that the ACE2 and RAS systems are involved in the pathophysiology of COVID-19.



Enzyme Activity of ACE2 and Its Role in the Cardiovascular System

While ACE2 is a receptor for SARS-CoV2, it was originally discovered as an enzyme that degrades angiotensin II (Ang II). The RAS system contributes to regulation of blood pressure, renal function, water homeostasis, electrolyte balance, or inflammation in vivo through the production of the vasoactive octapeptide Ang II. ACE has a metalloprotease structure in which zinc (Zn) is coordinated, thereby cleaving two amino acids at the C-terminal of angiotensin I to produce active Ang II. In contrast, ACE2 has a similar metalloprotease structure, but in vivo primarily cleaves Ang II as a substrate to produce angiotensin 1-7 (Ang 1-7) (23) (Figure 2). Whereas the ACE gene maps to the autosomal chromosome 17 of humans, we initially mapped ACE2 to the X chromosome, in multiple species. Of note, we initially cloned ACE2 in our laboratory in a fly screen for heart tube development and then made the first ACE2 mutant mice (24) that allowed us to perform the above in experiments to define the essential in vivo role of ACE2 in the RAS. ACE2 degrades not only Ang II but also peptides such as Apelin (APJ receptor agonist) or des-Arg9-Bradykinin (1-8) (B1 receptor selective agonist), expanding the role of ACE2 beyond the RAS (23).




Figure 2 | Schematic of the Renin-angiotensin system (RAS) and the central roles of ACE and ACE2. AT1 receptor, Angiotensin type 1 receptor; MAS, MAS1 Proto-Oncogene, G Protein-Coupled Receptor. The amino acid sequences of Angiotensin 1 (Ang I), Angiotensin II (Ang II), and Angiotenin 1-7 (Ang 1-7) are indicated.



Angiotensinogen, the progenitor of the Angiotensin I and Angiotensin II peptides, Renin, ACE, Angiotensin II, and Angiotensin type 1 receptor (AT1 receptor) increase the blood pressure as a positive regulatory pathway of the RAS. Mice deficient in all the above coding genes show a marked decrease in blood pressure. On the other hand, ACE2 was initially thought to have an antihypertensive effect because it decomposes Ang II, and it was expected that blood pressure would increase in ACE2-deficient mice, but intriguingly, no major abnormality was observed in blood pressure. On the other hand, it was found that ACE2-deficient mice showed progressive deterioration of cardiac function with aging, and in the pathological model of heart failure and renal failure, it was found that the genetic inactivation of ACE2 resulted in exacerbated pathologies driven by Ang II. Accordingly, ACE2 maintains the homeostasis of the circulatory system by negatively regulating the RAS, maintains cardiac contractility and suppresses tissue remodeling such as in diabetic kidney fibrosis of liver fibrotic models (4). In addition, Ang 1-7 metabolized from Ang II by ACE2 exerts functions such as vasodilation and improvement of cardiac function through activation of the Ang 1-7/MAS receptor pathway. Thus, in addition to downregulation of Ang II levels, ACE2 has multiple beneficial effects on cardiovascular pathologies, diabetic injury, fibrosis, inflammation and, most importantly for this review, acute lung injury (2–4).



Role of RAS/ACE2 in the Lung Injury of COVID-19

It has long been known that the activity and expression of ACE is extremely high in the lung, and analysis for clinical samples of ARDS patients had shown that the higher the expression of ACE in the ACE I/D gene polymorphism, the more severe the onset and severity of ARDS (25). Our study in the early 2000s, where we developed pulmonary intensive care units for mice, revealed that ACE2 has a lung protective effect in ARDS in the acute phase (26). In the ARDS/acute lung injury model of mice, ACE2-deficient mice develop markedly worsened respiratory functions, increased vascular permeability, marked pulmonary edema, neutrophil infiltration, and destruction of alveolar structures as compared to wild-type mice (26). Furthermore, administration of recombinant soluble ACE2 protein to mice with lung injury markedly improved the symptoms, that is, ACE2 functions as a lung protective factor in ARDS. On the other hand, administration of AT1 receptor blocker (ARB) or introduction of ACE gene deficiency into ACE2-deficient mice improved severe lung injury and suppressed vascular permeability. Furthermore, improvement of acute lung injury was observed in ACE-deficient mice and AT1-receptor-deficient mice (26). Deficiency of angiotensin type 2 receptor (AT2 receptor) exacerbated acute lung injury. Therefore, these genetic mapping studies in mice showed that ACE, Ang II and AT1 receptors exacerbate in acute lung injury, whereas ACE2 and AT2 receptors function as lung protecting factors (26) (Figure 3).




Figure 3 | Summary of genetic study of the roles of RAS components in severe ARDS in mice. Ang II, Angiotensin II; AT1R, Angiotensin type 1 receptor; AT2R, Angiotensin type 2 receptor.



As mentioned above, the expression of ACE2 protein is down-regulated in the lungs of SARS-CoV2 infected hamsters, possibly via internalization of ACE2 together with the attached virus, though other mechanisms might be operational. In 2003, it was found that recombinant Spike protein of the 2003 SARS coronavirus alone decreased the expression level of ACE2 on the cell surface of cultured cells. Accordingly, in the hydrochloric acid (HCl) induced ARDS model of mice, administration of recombinant Spike protein of SARS coronavirus markedly worsened respiratory functions, inflammation, and pulmonary edemas. In mice treated with Spike protein, decreased expression of ACE2 and increased Ang II levels were observed, and administration of ARB improved severe acute lung injury caused by Spike of the 2013 SARS-CoV (20). More recently, we administered SARS-CoV-2 Spike protein to a hamster with HCl inhalation-induced ARDS, which showed a similar exacerbation of acute lung injury (22). Treatment with the ACE2-like enzyme B38-CAP improved severe lung injury (22, 27). Of note, B38-CAP does not bind the SARS-CoV2 virus but carries ACE2 catalytic activity. Furthermore, we found that even in actual SARS-CoV2 infections, the pathophysiology of ARDS/acute lung injury can be improved by supplementing the enzymatic activity of ACE2 (22). These data are in line with recent data showing that soluble ACE2 can improve SARS-CoV2-induced lung injury in animal models (28, 29). Based on these results, it appears that both SARS coronavirus and SARS-CoV-2 infections activate the local RAS in the lung and downregulate ACE2 in the lungs, thereby contributing to more severe ARDS (Figure 4).




Figure 4 | Proposed role of the RAS and ACE2 in SARS-CoV-2 infection and subsequent pathogenesis of ARDS.





RAS Inhibitors and Regulation of ACE2 Expression

From the beginning of the COVID-19 outbreak, clinical studies reported that cardiovascular diseases such as hypertension were important risk factors for aggravation of COVID-19. Interestingly, ACE2 is also a critical regulator of cardiovascular pathophysiology. After ACE2 was first discovered in 2000, our group generated first ACE2 mutant animals to explore its biological in vivo function, resulting in a cardiovascular phenotype (24). For example, spontaneously hypertensive rats develop heart failure due to prolonged hypertension, but the expression of ACE2 in heart and vascular tissues decreases as the disease progresses. On the other hand, it was reported that administration of ARB or ACE inhibitor (ACEi) restored and increased the expression of ACE2 in tissues by lowering blood pressure and improving the pathophysiology of heart failure (30). Similar elevations in ACE2 expression have also been observed in the kidneys of ARB-treated diabetic nephropathy model mice (31). Based on these findings, it was proposed that ARBs and ACEi prescribed as antihypertensive drugs may increase the expression of ACE2 in hypertensive patients and increase the risk of SARS-CoV-2 infection, proposing that these antihypertensive treatments might need to be changed. However, in these previous papers it has been reported that ARB and ACEi actually do not increase the expression of ACE2, but that the expression of ACE2 is normalized as the disease condition improves. Subsequent large-scale clinical studies reported that taking ARB or ACEi did not affect either SARS-CoV-2 infection or the frequency of COVID-19 onset (32). More recent data analysis of 2 million people reported that taking ARBs and ACEi rather suppressed the aggravation of COVID-19 (33), supporting our first genetic mapping studies that ACE2 positively affects prevention from the pathology of ARDS.



Perspectives

It has recently been reported in clinical trials that the AT2 receptor small molecule agonist C21 improved respiratory failure in COVID-19 patients (34). The AT2 receptor is also called an organ-protective RAS system, and exhibits an action opposite to that of the canonical RAS system with activation of the AT1 receptor. Moreover, multiple groups are testing soluble forms of ACE2 as treatment of COVID-19, with ACE2 playing a dual role as Spike receptor and a protector of multiple organs involved in the COVID-19 pathology. We eagerly await the outcomes of these clinical studies.
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Background

The benefits of intravenous immunoglobulin administration are controversial for critically ill COVID-19 patients.



Methods

We analyzed retrospectively the effects of immunoglobulin administration for critically ill COVID-19 patients. The primary outcome was 28-day mortality. Inverse probability of treatment weighting (IPTW) with propensity score was used to account for baseline confounders. Cluster analysis was used to perform phenotype analysis.



Results

Between January 1 and February 29, 2020, 754 patients with complete data from 19 hospitals were enrolled. Death at 28 days occurred for 408 (54.1%) patients. There were 392 (52.0%) patients who received intravenous immunoglobulin, at 11 (interquartile range (IQR) 8, 16) days after illness onset; 30% of these patients received intravenous immunoglobulin prior to intensive care unit (ICU) admission. By unadjusted analysis, no difference was observed for 28-day mortality between the immunoglobulin and non-immunoglobulin groups. Similar results were found by propensity score matching (n = 506) and by IPTW analysis (n = 731). Also, IPTW analysis did not reveal any significant difference between hyperinflammation and hypoinflammation phenotypes.



Conclusion

No significant association was observed for use of intravenous immunoglobulin and decreased mortality of severe COVID-19 patients. Phenotype analysis did not show any survival benefit for patients who received immunoglobulin therapy.





Keywords: COVID-19, intravenous immunoglobulin therapy (IVIG), hyperinflammation, hypoinflammation, efficiency



Introduction

Since March 2020, when the WHO declared the COVID-19 outbreak a global pandemic, the infection caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus has led to 173,674,509 confirmed cases and 3,744,408 deaths to date (1, 2).

Current evidence indicates that severe COVID-19 results from an increased systemic cytokine response and a maladapted host response to the SARS-CoV-2 virus. The aggressive inflammatory response induced by SARS-CoV-2 appears to be associated with lung injury, multiorgan failure, and death (3–5). Because of the specific pathophysiology of COVID-19, immune-based therapies such as intravenous immunoglobulin (IVIG) are under consideration.

However, the effectiveness of IVIG use for COVID-19 patients is controversial. A survival benefit from the administration of IVIG was reported in one single randomized clinical trial (6) and in some observational studies (7–9) but not in others (10–12). The results of a few small trials of IVIG treatment of COVID-19 have not been sufficiently powered to assess differences in mortality (10, 13, 14). Shao et al. conducted a multicenter, retrospective cohort study of IVIG treatment of critically ill COVID-19 patients; the investigators reported significantly reduced 28-day mortality after confounder adjustments (8). However, a weakness of the study was the heterogeneity of the severity of illness among participants, even though the researchers used subgroup analysis of critical and severe patient types. In another retrospective cohort study, Liu et al. did not find any significant difference in mortality of patients who received IVIG compared with non-IVIG patients (12).

COVID-19 populations are heterogeneous (5, 15), which leads to diverse and often ineffective treatment. Accordingly, identifying distinct phenotypes of COVID-19 patients is key to personalized management strategies. Chen et al. used an unsupervised machine learning approach to identify two distinct phenotypes of COVID-19 (16). They found significant survival benefits from corticosteroid treatment of patients with the hyperinflammatory COVID-19 phenotype compared with a hypoinflammatory phenotype. It is unknown whether patients with different COVID-19 phenotypes respond differently to IVIG treatment.

The objective of this study was to assess whether an association existed between IVIG therapy and 28-day mortality of severe COVID-19 patients and to identify COVID-19 patients with hyperinflammatory and hypoinflammatory phenotypes and their responses to IVIG treatment.



Methods


Study Design and Participants

We conducted a retrospective cohort study in 19 hospitals in Wuhan (Hubei Province), Huangshi (Hubei Province), Shenzhen (Guangdong Province), and Jiangsu Province. We screened all adult patients with COVID-19 who were admitted to intensive care units (ICUs) of the participating hospitals between January 1 and February 29, 2020. Inclusion criteria were the following: 1) >18 years of age; 2) laboratory-confirmed diagnosis of COVID-19 (17); 3) severe respiratory failure requiring advanced respiratory support (i.e., high flow nasal oxygen, non-invasive mechanical ventilation, and invasive mechanical ventilation), circulatory shock, or multiorgan failure. The Ethics Committee of Jin Yin-tan Hospital approved this study (KY-2020-10.02). Patient-level informed consent was not required because this study was retrospective.



Data Collection and Outcome

Demographic data, chronic comorbidities, vital signs, and laboratory results obtained within the first 24 h after ICU admission were extracted from electronic medical records. Treatment and outcome data were also recorded. Acute Physiology and Chronic Health Evaluation II (APACHE II) scores were calculated to assess the severity of illness. The main exposure of interest was the administration of IVIG therapy. All data were collected by using a case record form modified from the standardized International Severe Acute Respiratory and Emerging Infection Consort. The primary outcome was 28-day mortality.



Statistical Analysis

Values were presented as the mean (SD) or median (interquartile range (IQR)) for continuous variables as appropriate and as percent for categorical variables. Comparisons between groups were made using the chi-square test or Fisher’s exact test for categorical variables and Student’s t-test or the Mann–Whitney U test for continuous variables, as appropriate.



Inverse Probability of Treatment Weighting Using the Propensity Score

Propensity score matching (PSM) was performed to reduce bias by adjusting for the following 15 variables: age; sex; history of hypertension, diabetes, and chronic heart disease; chronic kidney disease, solid malignancy, connective tissue disease, and chronic obstructive lung disease; and vasopressor, invasive mechanical ventilation on ICU admission, APACHE II, disease onset days, and use of glucocorticoids. PSM was implemented with a nearest-neighbor strategy. IVIG and non-IVIG patients were paired according to the propensity scores using exact matching with a caliper size of 0.02 and a paired ratio of 1:1.

During the matching process, a considerable proportion of patients were lost. Thus, inverse probability of treatment weighting (IPTW) using the propensity score analysis was also performed to estimate the causal treatment effects including all eligible patients (entire cohort with complete data on all 15 covariates mentioned above).

The balance of covariates was evaluated by estimating standardized mean differences (SMD) before matching, after matching, and after IPTW adjusted, and a small absolute value less than 0.1 was considered successful balancing between IVIG and non-IVIG patients.



Association of Intravenous Immunoglobulin Therapy With 28-Day Mortality

Logistic regression and Cox proportional hazards regression were performed to assess an association between IVIG therapy and 28-day mortality. Baseline variables of clinical relevance and significance at the univariable level (p < 0.20) were the following: use of glucocorticoids, APACHE II scores, age, sex, and history of hypertension, diabetes, cardiovascular disease, chronic kidney disease, and chronic obstructive lung disease. The same baseline covariates with IVIG therapy were adjusted in the Cox model. All statistical analyses were performed using R (version 4.0.0, R studio, Boston, MA).



Cluster Analysis

According to Sinha et al., clinical data such as vital signs and laboratory measurements may enable phenotype identification based on machine learning in acute respiratory distress syndrome (ARDS) (18). As a result, four vital signs (temperature, heart rate, systolic blood pressure, and respiratory rate), eight laboratory measurements (white blood cell, lymphocytes, hematocrit, platelet, sodium, total bilirubin, albumin, and creatine), and two inflammation markers (C-reactive protein and D-dimer) were selected to derive phenotypes. The multiple imputation method was used to account for missing data. The consensus k means clustering models were used to identify COVID-19 phenotypes. Gap statistics was used to determine the optimal number of phenotypes. Logistic regression and Cox analyses before and after IPTW were conducted for each clinical phenotype.




Results


Patient Characteristics

In this study, we included 754 critically ill patients, of whom 392 (52.0%) received IVIG therapy. The days from illness onset to ICU admission were longer in the non-IVIG group compared with the IVIG group (13 (IQR 9, 20) vs. 12 (IQR 8, 17), p = 0.009). More patients in the non-IVIG group than in the IVIG group required vasopressin on ICU admission (47% vs. 31%, p = 0.027). Differences in baseline and clinical characteristics are listed in Table 1. As seen, SMD of age, history of chronic obstructive pulmonary disease (COPD), vasopressor on ICU admission, illness onset to ICU admission, and glucocorticoid use were more than 0.1. To correct for the potential imbalances, we performed the propensity score-matched method. In the propensity score-matched cohort, 253 patients who received IVIG therapy were matched with 253 non-IVIG therapy patients. During the matching process, 248 individuals were lost. As a result, we performed an additional analysis of the inverse probability of treatment weighting using propensity scores for the entire cohort with complete data on covariates (Figure S1).


Table 1 | Clinical characteristics of 754 patients with COVID-19 included in the study according to IVIG treatment.





Details of Intravenous Immunoglobulin Use

We did not consider the dose and course of IVIG, although most patients were administered with a conventional dose of 0.5 g/kg/day. The patients in the IVIG group received IVIG at 11(IQR 8, 16) days from illness onset (Table 1). Prior to ICU admission, 118 of 392 (30.1%) patients received IVIG treatment, while others received IVIG treatment after ICU admission.



Outcome

The overall cohort 28-day mortality was 54.1%. There were no significant differences between the groups in the number of deaths by 28 days (Table 1). Kaplan–Meier curves for estimated survival did not show any significant differences in the outcome (Figure 1).




Figure 1 | Kaplan–Meier analysis for 28-day survival of the IVIG and non-IVIG groups. IVIG, intravenous immunoglobulin.





Propensity Score-Matched Analysis

The PSM resulted in 253 patients who received IVIG matched to 253 patients who did not receive IVIG. More participants received IVIG than those who did not receive it; thus, 139 IVIG patients were unmatched in contrast to 109 non-IVIG patients. Figure S2 reports the SMD for each of the 15 baseline covariates before and after matching. In propensity score-matched analysis (n = 506), compared with the control group, IVIG therapy was not associated with differences in 28-day mortality, neither in a logistic regression model nor in a Cox model (Table 2).


Table 2 | 28-day mortality of critically ill patients with distinct phenotypes in COVID-19 using various adjustment methodologies.





Inverse Probability of Treatment Weighting Using the Propensity Score

Inverse probability of treatment weighting (IPTW), assessed from patients with complete covariate data included in the propensity analysis, also resulted in between-group balance on baseline characteristics (n = 731). All baseline variables had SMD values of less than 0.1. Figure S2 reports the SMD for each of the 15 baseline covariates before and after weighting. Both logistic regression model and Cox model did not show a significant difference between IVIG treatment and 28-day mortality, compared with the control non-IVIG group (Table 2).



Cluster Analysis

We found by consensus k means clustering models based on clinical data and inflammatory markers that a 2-class model was the optimal fit for the two distinct phenotypes of COVID-19 patients (Figure 2). Ultimately, 438 patients were classified as phenotype 1 with less severity and hypoinflammation, and 316 patients were classified as phenotype 2 with more severity and hyperinflammation. We did not find any benefit of IVIG therapy with respect to 28-day mortality for either hyperinflammation or hypoinflammation patients (Table 2).




Figure 2 | Estimating the optimal number of clusters using gap statistics. The optimal number of clusters was estimated using gap statistics. The optimal number was indicated by the dashed line.






Discussion

In this retrospective cohort study, we did not find IVIG therapy for COVID-19 associated with a lower risk of 28-day mortality compared with the absence of IVIG. This finding was consistent across analytic approaches and different COVID-19 phenotypes.

As noted by Tang et al., patients with severe COVID-19 are prone to have high concentrations of pro-inflammatory cytokines (19). The dysregulation of immunoreactivity induced by SARS-CoV-2 infection may contribute to disease severity and death (20). IVIG is polyvalent immunoglobulin that includes IgG and trace amounts of IgA, soluble CD4, CD8, HLA molecules, and some cytokines (21). The immunoregulatory effects of IVIG include, but are not limited to, blockade of Fc receptors on immune cells, negative regulation of lymphocyte proliferation, and inflammatory reactions (22). Treatment with IVIG has potential effects of passive immunity and anti-inflammation, which provide a rationale for the use of IVIG in severe infections. IVIG has long been considered a candidate drug for the treatment of severe influenza (23, 24) and coronaviruses such as SARS and Middle East respiratory syndrome (MERS) (25). In a randomized controlled trial of severe influenza A (H1N1), Hung et al. (24) observed reductions in the concentrations of cytokines and viral load and reduced mortality in an IVIG group. According to a retrospective study by Cao et al., administration of high-dose IVIG (2 g/kg) was associated with reduced 28-day mortality (HR 0.24; 95% CI 0.06– 0.99, p < 0.001) in subsets of severe COVID-19 patients within 14 days of onset (9). This finding is different from what we found in this study. We attribute this discrepancy to different sample sizes and different doses and courses of IVIG treatment. Liu et al. (26) suggested that, compared with the regular small dose of IVIG, high-dose IVIG may produce immunomodulatory effects by different mechanisms. Our results are consistent with previous findings in a retrospective, multicenter cohort conducted by Liu et al. (12).

According to Osuchowski et al. (27), SARS-CoV-2 possesses features of both low and high pathogenic coronavirus subspecies, which lead to distinct profiles of clinical and pathophysiological features. As a result, the priority now is to identify subsets of patients who are most likely to benefit from a particular treatment modality. Thus, we endeavored to identify COVID-19 phenotypes based on routine clinical data and inflammation markers. We found two phenotypes distinguished by different levels of inflammation. Individuals with hyperinflammation were prone to worse outcomes than hypoinflammation persons, a result similar to the findings of Manson et al. (28). We then performed phenotype analysis to assess whether the effectiveness of IVIG differed between the two phenotypic groups. Chen et al. reported that glucocorticoid treatment was associated with a reduced hazard ratio for 28-day mortality (HR 0.51; 95% CI 0.34–0.78; p = 0.0018) in a hyperinflammation subgroup (16). However, we did not find a similar superiority of IVIG treatment effectiveness in our hyperinflammation group.

One strength of our study was that it included a multicenter cohort of more than 700 patients with severe COVID-19. The data were collected during the early phase of the COVID-19 outbreak in China. We used robust statistical methodologies such as propensity score matching and inverse probability of treatment weighting to compare 28-day mortality of patients treated or not treated with IVIG. Assessment of IVIG treatment effect was limited in most previous studies because of small sample sizes (<100 participants). The retrospective cohort study conducted by Liu et al. mentioned earlier had a sample size comparable with that of our study (12). However, Liu et al. did not attempt to correlate results with COVID-19 phenotypes. Our study provides clinical outcome data that are likely representative of patients with severe COVID-19 and the subsets of different phenotypes.

Our study also had some limitations. Because of its observational design, unmeasured confounders and residual measured confounders may have influenced the results despite effective propensity score matching and inverse probability of treatment weighting. We did not consider the dose and course of IVIG treatment because the IVIG regimen protocol was not available during the period of COVID-19 disease represented by our cohort; most patients were administered with 0.5 g/kg/day. Also, confounders such as the allocation of medical resources during the emergency may have been associated with mortality but difficult to measure quantitatively in our cohort. Subtle phenotypes may have been missed because of a lack of plasma biomarkers such as interleukin-6 and ferritin. In addition, the safety and tolerance of IVIG therapy were not recorded, although Ferrara et al. have reported minor adverse reactions (29).



Conclusion

Among severe patients with COVID-19, IVIG therapy was not associated with the lower risks of 28-day mortality, compared with the control group. Phenotype analysis also showed no survival benefits in patients who received IVIG therapy. A randomized clinical trial is needed for the estimation of the benefits of IVIG treatment on COVID-19.
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Acute respiratory distress syndrome (ARDS) is a severe pulmonary disease, which is one of the major complications in COVID-19 patients. Dysregulation of the immune system and imbalances in cytokine release and immune cell activation are involved in SARS-CoV-2 infection. Here, the inflammatory, antigen, and auto-immune profile of patients presenting COVID-19-associated severe ARDS has been analyzed using functional proteomics approaches. Both, innate and humoral responses have been characterized through acute-phase protein network and auto-antibody signature. Severity and sepsis by SARS-CoV-2 emerged to be correlated with auto-immune profiles of patients and define their clinical progression, which could provide novel perspectives in therapeutics development and biomarkers of COVID-19 patients. Humoral response in COVID-19 patients’ profile separates with significant differences patients with or without ARDS. Furthermore, we found that this profile can be correlated with COVID-19 severity and results more common in elderly patients.




Keywords: SARS-CoV-2, COVID-19, ARDS, auto-antibodies, antigen, acute-phase proteins, proteomics, microarrays



1 Introduction

Coronaviruses (CoV) are a family of single-stranded positive RNA viruses with high diversity. This family is classified into three groups: Alphacoronavirus, Betacoronavirus and Gammacoronavirus. The first two infect mammals and the third are avian viruses. Currently, seven types of CoVs are known to be capable of infecting humans, two Alphacoronavirus (CoV-229E and CoV-NL63) and five Betacoronavirus (CoV-HKU1, CoV-OC43, SARS-CoV, MERS-CoV, and SARS-CoV-2) (1–3).

It is interesting to note that all CoVs have common characteristics. Their structural proteins include the spike glycoprotein (S), responsible for virus–host cell interaction; envelope (E) and membrane (M), accountable for the formation of the viral envelope and nucleocapsid (N), in charge of forming a helical complex that interacts with the M protein during the virion assembly process. Also, there are non-structural proteins (involved in virus transcription and replication) and other accessory proteins. During the CoV infection, the S protein is cleaved into two subunits (S1 and S2). S1 subunit contains the receptor binding domain (RBD) (responsible for the trimer organization of the S protein), whereas the S2 subunit has the fusion machinery (2–4).

While CoV-229E, CoV-NL63, CoV-OC43, and CoV-HKU1 exhibit low pathogenicity; SARS-CoV, MERS-CoV, and SARS-CoV-2 cause atypical pneumonias that can lead to acute respiratory distress syndrome (ARDS). As is well known, SARS-CoV 2 is currently considered a global health emergency. This CoV was discovered in December 2019 (COVID-19) due to an emerging outbreak in Wuhan (China). The main clinical features of patients of COVID-19 disease are very heterogeneous and range from asymptomatic disease to severe atypical pneumonia (1, 3). The underlying factors for this heterogeneous presentation have been an area of intense research. Understanding these factors would help in stratifying patients that are at high risk of adverse outcomes and also shedding light in the pathophysiology of this disease to meet the urgent need for a targeted and rational treatment design against this serious global affliction.

As in any pathogen infection, the immune system plays a crucial role in the development and consequences of COVID-19. Both the innate and adaptive responses triggered by SARS-CoV 2 have attracted the attention of the scientific community (5). In general terms, the inflammatory response is the hallmark of the innate immune system. This non-specific response to environmental assaults such as pathogens can also be induced by persistent tissue damage and the release of damage-associated patterns (DAMPs). The resultant alterations in homeostasis manifest themselves as the imbalances in crosstalk plasmatic cascades such as coagulation, fibrinolysis, or the complement system (6).

With regards to the adaptive response, serum antibodies are essential components of specific immunity but are also involved in the pathogenesis of many autoimmune diseases, allergies, and oncopathologies. While a lot is known about the mechanism of host antibody production following pathogen or infectious exposure or vaccination, the induction of autoantibodies (AABs) in many other diseases still remains to be clearly elucidated (7, 8).

Knowledge of autoantibodies dates back to the 1940s. This type of antibody is produced in the absence of foreign antigen in reaction to the host’s own components. These autoantibodies are characterized as IgM isotype antibodies, possessing polyreactivity and high antigen avidity. In genetically susceptible individuals, infection and other environmental factors have been described as factors which trigger immune responses by different mechanisms, namely, cytokine production and release, stimulation of toll-like receptors and other pattern recognition receptors, the release of self-antigens by damaged cells and tissues, and/or molecular mimicry (9, 10). On the other hand, the production of molecular patterns associated with damage and pathogen-associated molecular patterns after the entry of microorganisms is also one of the causes of the generation of autoantibodies, which seems to be highly correlated with this type of response in SARS-CoV-2 infection (11).

However to date, it is still unknown about the spectrum of AAB responses and kinetics of AAB induction during acute infection and systemic inflammation (12). Regarding COVID-19, ARDS and sepsis are one of the most serious clinical complications. ARDS and sepsis are acute inflammatory conditions associated with high morbidity and mortality, often involving multiple organ failure. ARDS is caused by a wide variety of infectious or inflammatory stimuli to the lung that may occur by direct (i.e., pneumonia) or indirect injury (i.e., peritonitis). The pathological hallmarks of ARDS are diffuse alveolar damage manifested by disruption of alveolar capillary interface, and also the accumulation of immune cells (innate and adaptive immune cells) and protein-rich exudates in the alveolar spaces (13). COVID-19 patients have elevated levels of cytokines and several inflammatory mediators (such as IL-6, TNF-α or IL-8, among others) in lung proximal fluids and peripheral blood. SARS-CoV-2 infections cause local and systemic inflammatory responses; however, in sepsis, there is a rapid shift towards an anti-inflammatory immunosuppressive state, loss of dendritic cells, and low B cells and CD4+ lymphocyte counts; on the contrary, the cytokine storm with systemic consequences is noteworthy (14). In addition, the presence of AABs has been reported in COVID-19 patients and its correlation with disease outcome (15).

In this study, a systematic evaluation of humoral responses has been carried out by functional proteomics, in order to describe a mechanism and time course for the rapid induction of AABs seen in ARDS and sepsis in SARS-CoV-2 patients, which could provide novel insights in treatment, diagnosis, and prognosis. Herein, a multiplex array for simultaneous detection of acute phase components and AABs (against a panel of potential autoantigens) have been designed and validated.



2 Materials and Methods


2.1 Materials

All reagents were of analytical grade and were used as received without further purification. Sodium acetate (AcONa), isopropyl alcohol, ethanol 96%, 3-(2-Aminoethylamino)-propyldimethoxymethylsilane (MANAE) (≥95.0%), BS3 (bis(sulfosuccinimidyl)suberate), dimethyl sulfoxide (DMSO), glycerol 85%, bovine serum albumin (BSA), Tween™ 20, Hybriwell sealing system, Lysogeny broth (LB) medium, Grace Bio-Labs ProPlate® microarray system, Grace Bio-Labs ProPlate® clips for microarray systems (Sigma-Aldrich, St. Louis/MO, USA); SuperBlock™ Blocking Buffer (TBS), Pierce™ BCA Protein Assay Kit, EZ-Link NHS-PEG4 Biotin., Blocker™ BSA (10%) in PBS, Quant-it Pico Green dsDNA Assay Kit, Microscope slides (76 × 26 mm), Mseries Lifterlip y Lifterslip™ coverslips, Coronavirus Ig Total Human 11-Plex ProcartaPlex™ Panel (Thermo Scientific, Rockford/IL, USA); Microarray-Specific 384-well Microplates, JetStar™, Optimum Microarray Printing Buffer C (ArrayJet, Roslin, UK); Corning® 96-well Black Flat Bottom Polystyrene Not Treated Microplate (Corning, Somerville, Massachusetts, USA); Cytiva Amersham™ Streptavidin-Fluor Cy3 (GE-Healthcare, Little Chalfont, Buckinghamshire, UK); MAGPIX® Drive Fluid, 4 pack (Merck KGaA, Darmstadt, Germany); TnT® Coupled Reticulocyte Lysate System kit, Pure Yield plasmid miniprep system (Promega, Madison/WI, USA); TSA Individual Cyanine 3 Tyramid Reagent Pack (PerkinElmer, Waltham/MA, USA). Antibodies used in this report are detailed in Table S1.



2.2 Equipment and Software

ArrayJet® Printer Marathon v1.4, JetSpyder™ 12 samples, JetStar™ (ArrayJet, Roslin, UK); Scanner SensoSpot Fluorescence (Miltenyi Imaging GmbH, Radolfzell, Germany); Orbital shaker (FALC Instruments S.r.l.; Treviglio, Italy); Fisherbrand™ Microplate Vortex Mixers (Fisherbrand™, EEUU); T100 Thermal Cycler (Biorad, Hercules/CA, USA); Magnetic 96-Well Separator, Digital Dry Block Heater (Thermo Scientific, Rockford/IL, USA); GenePix® Pro Microarray Analysis Software (Molecular Devices, San Jose/CA, USA); R statistics software (R Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/); MAGPIX® System of xMAP® instruments and xPONENT® Software (Luminex Corporation, Austin, Texas, USA).



2.3 Patients and Samples


2.3.1 Cohort 1

Plasma samples from 20 patients diagnosed with COVID-19 by RT-PCR and 10 healthy donors (COVID-19 negative) were collected in the University Hospital of Salamanca (HUS, Salamanca, Spain) and deposited in the Spanish National DNA Biobank (Banco Nacional de ADN, University of Salamanca). In all cases, each patient gave informed consent prior to entering the study and was subsequently approved by the HUS ethics committee. The most relevant clinical and laboratory information are summarized in Tables S1, S2.



2.3.2 Cohort 2

Plasma samples from 76 patients diagnosed with COVID-19 by RT-PCR were collected in the University Hospital of Miguel Servet (HUMS, Zaragoza, Spain). The most relevant clinical information of the patients is summarized in Tables S3, S4.




2.4 Antigen Profiling of Different Coronavirus Strains

Kit ProcartaPlex Human Coronavirus Ig Total Panel 11-plex was used for antigen study as previously reported using xMAP’s methodology (16). All plasma samples were incubated in Corning® 96 Well Solid Polystyrene Microplate together with the standard samples for relative quantification, medium and low control CoV and Assay Buffer as blank. Standard serial dilution was made in PCR 8-Tube Strip. All soluble immunoglobulins (S1 protein for all CoV and for SARS-CoV-2 in addition to the spike trimer -S1 + S2-, RBD and N proteins) are captured with a Bead mix. All washes were carried out with Wash Buffer diluted in deionized water and used a Magnetic 96-Well Separator. Detection antibody was made with Ig total Det Antibody diluted with Detection Ab Diluent (1×). Acquisition was made in Reading Buffer with xMAP® instruments and the MAGPIX® System software was used for analysis. All incubation steps were made in agitation with Fisherbrand™ Microplate Vortex Mixers and cover the plate with Plate Cover and Black Microplate Lid.



2.5 Detection of Acute-Phase Proteins (APPs) by Affinity Proteomics


2.5.1 APPs Array Design

Based on previous reports (17), protein array content was designed with 21 different antibodies (Table S5) targeting 21 different APPs. Each antibody was resuspended in PBS employing low concentrations from stock solution (ten-fold difference between them). Subsequently, antibody aliquots were diluted 1:1 (v/v) in Arrayjet Printing buffer C, according to ArrayJet Printer Marathon v1.4 specifications. Slide-out has 7 identical subarrays with 432 spots, each antibody is printed in triplicate. Positive (Cy3, anti-biotin antibody and biotin) and negative (GST-antibody, PBS, clean buffer, and printing buffer) as controls were also included in each subarray. A total of 6 serum samples were analyzed per array. Antibodies were deposited on a chemically activated surface prepared according to previous reports (18) with ArrayJet Printer Marathon v1.4. Eventually, printed arrays were packed and stored protected from light in dry atmosphere at room temperature (RT) until assayed.


2.5.1.1 Sera Biotinylation

Following the protocol described previously by Henjes et al. (17, 19), plasma proteins (100 µg) were biotinylated by incubation with 0.78 mg/ml of NHS-PEG4-biotin (12 µl in DMSO) for 2 h at 4°C. Biotinylation reactions were stopped with 0.5 M Tris–HCl (pH 8) obtaining a final concentration of biotin 1:200 (v/v) in each sample.



2.5.1.2 APPs Screening

Firstly, 100 μl of biotinylated serum 1:100 (v/v) in SuperBlock® BSA were prepared. Epitope retrieval was performed according to a previously described method (20). Microarrays were blocked and washed with distilled water (3 times, 5 min). Then, samples were incubated overnight at 4°C with slight shaking. After that, the arrays were washed with PBS with Tween (PBST) (0.05%) (3×, 5 min) and revealed using 1:200 (v/v) Cy3-Streptavidin for 30 min. Finally, arrays were washed with PBS (3×, 5 min) and distilled water, dried and scanned.



2.5.1.3 Image Acquisition

Array images were obtained by Scanner SensoSpot Fluorescence. The TIFF images generated by array scanning were analyzed using GenePix Pro 6.0. software. Parameters were set to quantify light intensity values at Cy3 (λ = 532 nm) (21).





2.6 AAB Profiling by Nucleic Acid-Programmable Protein Array (NAPPA)


2.6.1 NAPPA Array for AAB Profiling

Based on previous reports (22), NAPPA was built with 30 cDNAs encoding ARDS AABs in triplicate and positive (Cy3, MasterMix) and negative (GST-antibody, PBS, bovine serum albumin (BSA), Bis-(sulfosuccinimidyl) suberate (BS3), clean buffer, and printing buffer) controls (Table S6). The design and distribution of the cDNAs on the arrays was as follows: 6 subarrays, each subarray with 144 spots, deposited on a chemically activated surface prepared accordingly with ArrayJet Printer Marathon v1.4.

All the cDNAs (pANT7-cGST plasmids) from DNASU (https://dnasu.org/DNASU/Home.do) were sequence validated. DNA prep for NAPPA arrays were carried out as previously described by Manzano et al. (23). Purified cDNAs were precipitated by the addition of 0.8× volumes of isopropanol and centrifugation at 4,000g for 30 min at RT. Precipitated cDNAs were then washed with 80% (v/v) ethanol and allowed to air-dry. cDNA (15 µg) of each precipitated plasmid were dissolved in 15 µl of MasterMix solution containing 33.3 mg/ml BSA, 2.5 mg/ml rabbit polyclonal anti-GST antibody and 2 mM BS3 and transferred to a 384-plate with 15 µl of glycerol 47% (v/v).



2.6.2 NAPPA Performance


2.6.2.1 Quality Control (QC)

In all the NAPPA assays, to check the deposition of the cDNA on the microarray surface, microarrays were blocked, and cDNA staining was carried out by incubating each microarray with 200 μl of picogreen solution diluted by 1:600 (v/v). Additionally, to observe in situ protein expression, arrays were blocked and incubated with IVTT system kit (TnT® Coupled Reticulocyte Lysate System kit, Promega) and analyzed as previously described (23, 24).



2.6.2.2 Serum Screening

For serum antibody screening, microarrays were blocked, washed with distilled water and dried with compressed nitrogen gas. Proteins were then expressed using the protocol for the IVTT system. The master mix for this IVTT system was prepared with 200 μl of reticulocyte lysate containing 16 μl of TNT buffer, 8 μl of T7 polymerase, 4 μl of -Met, 4 μl of -Leu or -Cys and 168 μl of DEPC water, and used following the manufacturer’s instructions. The IVTT system was incubated on the microarrays, using HybriWell gaskets. The microarrays were incubated for 90 min at 30°C and 30 min at 15°C for protein expression and capture by the polyclonal rabbit anti-GST antibody. The HybriWell gaskets were then removed, and the arrays were washed with MixMilk (PBS, 0.5% milk powder and 0.2% Tween20) 1 h on an orbital shaker. The microarrays were washed with distilled water and both cohorts were incubated in each subarray (1:100 (v/v) in MixMilk as previously described (25) at 4°C in rotation overnight. The next day, the microarrays were washed 3× with PBST 0.05%. First, microarrays were then incubated with HRP-linked anti-human IgG for 30 min at a dilution of 1:200 (v/v) and then washed again three times with PBST 0.05%. Secondly, microarrays were incubated with 200 μl/microarray of tyramide signal amplification reagent for 5 min at RT. Microarrays were then washed three times with PBST 0.05%, and then once with distilled water and dried by centrifugation.



2.6.2.3 Image Acquisition

As described above, array images were obtained by Scanner SensoSpot Fluorescence. The TIFF images generated by array scanning were analyzed using GenePix Pro 6.0. software. Parameters were set to quantify light intensity values at Cy3 (λ = 532 nm) (21).





2.7 Bioinformatics Analysis


2.7.1 APPs and AAB Microarray Data Pre-Processing and QC

The fluorescence signal retrieved from images processed in the previous section was corrected by subtracting background signal and then transformed into Z score as described in previous reports (26, 27). Overall raw fluorescence and log2 (Z score) density distribution were compared to validate signal correction at each microarray employed. Principal Component Analysis (PCA) was performed to discard any microarray-wise batch effect (Figure S1). Data processing and analysis were performed in R environment (28).



2.7.2 Biostatistics and Data Visualization

Volcano plots illustrate the statistical significance of Z score ratio changes at any two defined conditions. Z ratio is calculated by subtracting the mean Z score in condition A and mean Z score in condition B and then dividing it by the overall standard deviation of Z score in conditions A and B as previously described (29). Volcano plot Y-axis represents the statistical significance of Z score mean difference in conditions A and B–Wilcoxon Rank Sum test, -log2 (p-value)-. Canonical biplot is a visualization technique extensively applied to interpret Principal Component Analysis (PCA). The biplots presented in this work draw both observation and variables—patient samples and microarray proteins respectively—as dots and directed vectors. The vector size and direction indicate the discriminatory power of protein variables at the first two Principal Components. Importantly, the direction of vector variables at biplot can also reveal correlations between sets of protein variables and therefore, corroborate the trends observed in Volcano plots.

All the dendograms depicted in the heat maps presented in this work were generated applying the Euclidean distance and Complete-linkage clustering method. Protein microarray profile of AAB for IL2RB, SFTPD, TNFRSF1B, and ANGPT2 was employed to generate a Random Forest (RF) classification model of ARDS prognosis. RF performance was evaluated by calculating AUC and ROC curves when classifying individuals at cohort 2 with mild symptoms (no ICU) and patients admitted to ICU. Additionally, the complete AAB protein microarray profile was used to generate a series of Random Forest (RF) classification models of ARDS prognosis. RF and ROC curves were generated using random Forest and EPI R packages -ntry = 2, ntree = 500- (30, 31). The plots presented in this work were generated using ggplot2, ggpubr, ggbiplot, Epi, ComplexHeatmap, and pathview R packages (32–36).

Additionally, AAB protein microarray profile was used to generate a series of Random Forest (RF) classification models of ARDS prognosis. RF performance was evaluated calculating AUC and ROC curves when classifying individuals with mild symptoms [no intensive care unit (ICU)] and patients admitted to ICU. RF and ROC curves were generated using RF and EPI R packages -ntry = 2, ntree = 500- (30, 36).





3 Results

In the search to cross-check all the immune profiles of patients with ARDS in COVID-19, this study has begun by analyzing the antigenic profile related not only to SARS-CoV-2, but also to other CoVs to collect a complete antigenic profile for this type of viruses. Next, the pattern of acute phase proteins was outlined as indicative of the state of the innate immune response and finally, the profile of AABs related to ARDS was characterized. The use of multiplex assay has allowed the high throughput study of each of the parameters individually and also the global assessment of all in the immune response associated with ARDS associated with COVID-19.


3.1 SARS-CoV-2 Antigen Profiling

Antigenic multiplex assay for other coronaviruses (Figure 1) indicates that 87% has S1 protein antibodies for CoV-229E, 97% for CoV-HKU1, 90% for CoV-OC43, 97% for CoV-NL63, and 33% for SARS-CoV.




Figure 1 | Summary of CoV and SARS-CoV-2 antigen multiplex assay and diagnostic tests employed in ARDS cohort 1. Categorical heat map summarizing the results obtained for SARS-CoV-2 and other coronaviruses (CoV) antigen multiplex assay (blue), PCR (black) and serological diagnostic tests employed for ARDS cohort 1. The serologic test distinguishes high and very high levels of IgG and IgM antibodies (orange and red color, respectively). The samples were separated by clinical symptoms and ordered according to age (green color scale).



When analyzing these data according to ± ARDS diagnosis, it is obtained that: i.) ARDS negative: 90% of samples have antibodies for CoV-229E, CoV-HKU1and CoV-NL63 and 100% have antibodies for CoV-OC43, 97% for SARS-CoV. ii.) ARDS positive: 85% of analyzed serum was positive for CoV-229E and CoV-OC43, 100% were positive for V-HKU1 and CoV-NL63 and 50% of them were positive for SARS-CoV proteins (Figure 1, Table 1 and Table S7).


Table 1 | Data summary of cohort 1 for SARS-CoV-2 Antigen Profiling.



For SARS-CoV-2, it is observed that the protein with the highest antigenic capacity is the S1 protein, present in 75% of the COVID-19 patients. This is followed by the trimeric form of the S1 protein in 45% of samples, RBD in 30% of samples and nucleocapsid in 15% of samples (Figure 1). Approximately 80% of COVID-19 patients and with ARDS have IgG antibodies for protein N and 50% presented Ig M. Both immunoglobulins were present in 30% COVID-19 patients (Figure 1).

Furthermore, when we study the Wilcoxon mean for ± COVID-19 patients, significant differences between coronavirus existence and ARDS diagnosis are not observed. However, there are significant differences between the antibodies against SARS-CoV-2 proteins (Spike, S1 protein, RBD, and Nucleocapsid) (Figure S1).



3.2 Evaluation of Humoral Responses in ARDS in COVID-19 Patients

As pointed out above, innate and adaptive humoral immune responses play a key role in the diagnosis and evolution of COVID-19 patients. Once the antigen serologic profile against SARS-CoV-2 and other COVs have been characterized in all the included patients, the analysis of APPs as markers of the innate immune response and the profile of AABs related to ARDS as part of the adaptive immune response has been carried out.


3.2.1 APPs Profiling in COVID-19-Associated ARDS Patients

Different inflammatory crosstalking cascades are generically referred to as APPs. Processes that lead up to sepsis seem to be a result of acute activation of these cascades as an alarm signal for the immune system. It might seem that the decrease of the antigenic stimulus or the tissue damage repair could lead to a rapid normalization of APP levels. However, it has been shown that APPs can remain chronically activated after prolonged sepsis. Even sepsis processes can lead to periods of immunosuppression after persistent inflammation (37). In this work, we designed a multiplex platform for the detection of APPs. The relationship between the cascades and the specific APPs is known so the aim of this part of the work is taking the set of APPs, to find biomarkers that can help in the detection and prognosis for COVID-19. Very interesting results about the network established by the APPs have been detected thanks to the new high-throughput screening platform. Significantly activated APPs have been observed in patients with COVID-19 and ARDS disease (Figure 2 and Figures S3, S4).




Figure 2 | Comparative analysis of the Z scores between control and ARDS patients in the cohort 1 obtained from the microarray for Acute Phase reactants (A) Volcano plot summarizing the statistical significance of Z score ratios between control and ARDS patients in the cohort 1 (X-axis). The difference between means was evaluated at 1:500 and 1:5,000 dilutions applying Wilcoxon Rank Sum test (Y-axis). Acute Phase reactants showing statistically significant mean differences are highlighted in blue and larger dots. (B) Canonical biplot representing the PCA of the microarray for Acute Phase reactants both at 1:500 and 1:5,000 dilutions employed in the cohort 1. Dots represent samples and vectors the protein variable contribution to the first two principal components at X and Y-axes. The biplot only highlights the most exemplary protein variables. (C) Heat map describing Z score values obtained from the microarray for Acute Phase reactants in 1:5,000 dilution in the cohort 1. Samples are separated by clinical symptoms (red and gray labeled columns) and ordered according to patient age (green color scale).



Regarding the APP network, COVID-19 positive patients in cohort 1 present a significant decrease in amyloid related proteins such as serum amyloid components P and A (APCS and SAA, respectively) and retinol-binding protein (RET4). Similar trend occurs in haptoglobin (HP) and α-1-acid glycoprotein (ORM1), proteins related with iron metabolism and blood transport of biomolecules. Related to the coagulation cascade, a deficiency of factor VIII (F8) has been also detected. This is a key factor for the activation of the complete coagulation cascade and also the rest of the interconnected pathways (as depicted in Figure 3). In contrast, an increment in serum albumin (ALB) and transferrin (TF) was detected in these patients compared to control subjects.




Figure 3 | APPs network investigated in microarray screening. The colors correspond to the different physiological processes. In darker colors those proteins that appear more elevated in patients with ARDS in the pathology of COVID-19 are depicted. ALB, Albumin; SAA, serum amyloid A; APCS, serum amyloid P;THBR, thrombin; CP, ceruloplasmin; VWF, von Willebrand factor; C3, C3 complement factor; C4A, C4 complement factor; F8, factor VIII; FTH1, ferritin; FGA, fibrinogen; HP, haptoglobin; MBL2, Mannan-binding lectin; PGA, plasminogen; CRP, C reactive protein; RET4, Retinol-binding protein; F2, prothrombin; TF, transferrin; CBG, transcortin; TTHY, transthyretin; CTRC, α-1-antiquimotripsin; A1AT, α-1-antitripsin; ORM1, α-1-glucoproteı́n; A2M, y α-2-macroglobulin.



Considering the different cascades and physiological processes represented in the complexity of acute-phase reactants, a global view of their deregulation in patients with COVID-19 can be depicted (Figure 3).

Up- and down variations on APP levels seem reasonable for a pathogen infection and associated tissue damage by ARDS. Specifically, it can be observed how there is a dysregulation in specific proteins of each of the cascades and processes collected among the APPs. The interconnection between proteins and signaling cascades make it evident that as a whole, there is a generalized dysregulation among the APPs. On the other hand, comparing this pattern of proteins obtained in patients with COVID-19, it is striking that we obtain a network of APPs different (even contrary) to that expected in a situation of inflammation and infection where proteins like ALB usually appear depleted in plasma and was found to be enhanced in the studied ARDS patients. By contrast SAA and APCS tend to be elevated in an infectious process and in this screening, they are observed lower than in controls (38).



3.2.1 AAB Profile in COVID-19-Associated ARDS Patients

Considering an exploratory analysis of the AAB profile in cohort 1 (n = 30), differences can be found between ARDS positive (ADSR+) and ARDS negative (control) patients (ADSR−). A total of 30 AABs (Table S4) corresponding to cytokines, tissue damage, extracellular matrix proteins, lung tissue proteins, and antigenic proteins associated with other pathologies associated with lung tissue damage, among others, were studied for both groups of patients (Figure 4).




Figure 4 | Comparative analysis of the Z scores between control and ARDS patients in the cohort 1 obtained from the microarray for AABs (A) Volcano plot summarizing the statistical significance of Z score ratios between control and ARDS patients in the cohort 1 (X-axis). The difference between means was evaluated applying Wilcoxon Rank Sum test (Y-axis). AABs showing statistically significant mean differences are highlighted in blue and larger dots. (B) Canonical biplot representing the PCA of the microarray for AABs employed in the cohort 1. Dots represent samples and vectors the AAB variable contribution to the first two principal components at X and Y-axes. The biplot only highlights the most exemplary AAB variables. (C) Heat map describing Z score values obtained from the microarray for AABs in cohort 1. Samples are separated by clinical symptoms (gray and red labeled columns) and ordered according to patient age (green color scale).



Of these AABs, three of them—ANGPT2, SELE, and CAV2—are detected in ARDS+ patients with a highly significant difference (Figure 4A and Figure S4) (Wilcoxon test p-value <0.05) over ARDS− patients. In contrast, the highly significant difference (Wilcoxon test p-value <0.05) in ADSR− patients is found in MOK detection compared to ARDS+ patients.

These differences in AABs profiles are displayed on Figures 4A, B, where it is shown that ANGPT2, SELE, and CAV2 (proteins involved in vascular remodeling, cytokine-activated vascular adhesion, cell growth control and apoptosis, respectively) clustered a group of patients in comparison with MOK (related to inflammation in innate immunity) that is detected only in controls.

Once the most significant differences between patient groups have been identified, a clear correlation is observed between the AABs profiles in ARDS-positive patients according to the age. It is correlated that the higher number of AABs is detected in elderly patients, as it might be expected in previously reported studies about auto-immunity (18, 24). This is observed in Figure 4C, where the distribution of proteins is mainly by age group. A high presence of AABs can be observed especially in patients between 60 and 80 years. In this age range, as shown both in Figures S5A, B, we found proteins with higher expression such as ANGPT2, CAV2, FGF7, and PROC. In contrast, in patients older than 80 years, a highly significant difference (Wilcoxon test p-value <0.05) is observed in the AABs against of MUC1, TNFRSF6B, CXCL8, and MOK.

In order to further investigate the relationship of both screenings performed for AABs and APPs, a Spearman correlation between both profiles in patients with ARDS has been performed (Figure S6). This joint bioinformatics analysis has resulted in positive and negative correlations between some AABs and APPs, strengthening the differential humoral profile of ARDS patients.




3.3 Evaluation of AAB Profiling Across COVID-19 Severity

Once AABs profile are observed, we explored if this profile is correlated with the severity of the disease. Therefore, it evaluated this AAB profile in a larger cohort of COVID-19 positive patients (n = 76), which are divided in four groups of patients depending on the severity of the pathology (Figure 5 and Figure S7).




Figure 5 | Comparative analysis of the Z scores between patients showing mild and severe ARDS symptoms in the cohort 2 obtained from the microarray for AABs (A) Volcano plot summarizing the statistical significance of Z score ratios between patients with mild symptoms or hospitalized (no ICU) and patients admitted to the ICU and/or deceased in the cohort 2 (X-axis). The difference between means was evaluated applying Wilcoxon Rank Sum test (Y-axis). AABs showing statistically significant mean differences are highlighted in blue and larger dots. (B) Canonical biplot representing the PCA of the microarray for AABs employed in the cohort 2. Dots represent samples and vectors the AAB variable contribution to the first two principal components at X and Y-axes. The biplot only highlights the most exemplary AAB variables. (C) Heat map describing Z score values obtained from the microarray for AABs in the cohort 2. Samples are ordered according to clinical symptoms and patient age (green color scale). Samples grouped under No ICU category include patients with mild symptoms or hospitalized -columns labeled in gray or orange color in the heat map and summarized in gray in the biplot-. UCI group include patients admitted to the ICU and/or deceased -columns labeled in red or brown color in the heat map and summarized in red in the biplot.



Regarding the severity, in order to compare a greater number of AABs expressed in patients with mild and higher severity, two differentiated groups of patients were made. On the one hand, ‘No ICU’, includes non-hospitalized and hospitalized patients. On the other hand, ‘ICU’, includes ICU and exitus individuals.

Between these two groups, significant differences in AAB profiles (Wilcoxon test p-value <0. 05) are observed as shown in the Figures 5A, B and Figure S6A where AAB against TNFRSF6B (tumor necrosis factor), MUC1 (prognostic lung tumor marker), MOK and CXCL8 (involved in inflammation) are higher in the ‘ICU’ group; while the detection of FGF7 (involved in cell growth and tissue repair), TNFRSF1B (tumor necrosis factor), CPA4 (involved in proteolysis), ANGPT2 (involved in vascular remodeling), PROC (involved in blood clotting), CAV1 (cell cycle regulation), SELE (involved in inflammation), IL2RA and IL2RB (involved in extracellular proteolysis) is higher in the ‘no ICU’ group (Figures 5A, B).

Figure 5C and Figure S6B show the distribution of AABs based on the prognosis of patients, separated into four groups, ranging from low to high severity. Several AABs such as MUC1 or TNFRSF6B, among others, are significantly detected in patients with a more severe pathology. In addition, as previously indicated in cohort 1, a higher expression is observed in elderly patients. On the contrary, FGF7 and ANGPT2, among other AABs, are also significantly detected mostly in patients with lower or minimal severity.

Furthermore, AAB proteins showing largest Z ratios at AAB profiling in Figure 5A, were used to define a series of Random Forest (RF) models to classify ARDS COVID-19 patient severity. The performance of RF models at classifying patients admitted to ICU was assessed by calculating the Area Under the Curve (AUC) (Figures S8, S9). The combination of TNFRSF6B, MUC1, MOK, and CXCL8 shows an AUC = 0.687, with a 63% of sensitivity and a 76.7% of specificity (Figure S7A). However, the combination of AAB proteins significantly decreased at patients admitted to ICU—IL2RB, SFTPD, TNFRSF1B, and AGPT2—returned the RF model with best performance—AUC = 0.8– (Figure S8), with 87% of sensitivity and 63.3% of specificity.




4 Discussion

In recent months, the study of SARS-COV-2 at all levels (genomic, transcriptomic, proteomic) has been fundamental in understanding the clinical–epidemiological characteristics of COVID-19.

It is estimated that 90% of adults have antibodies against to CoV-NL63, CoV-HKU1, CoV-229E, and CoV-OC43; which are similar virus to SARS-CoV-2 in terms of transmission and replication mechanisms and processes (3). For this reason, in this study, antigenic multiplex assay for CoVs was performed to compare and correlate with the SARS-CoV-2 antigen response. The, it was confirmed that both controls and COVID-19 positive patients present antibodies to several virus antigen proteins and/or all four of the previously circulating CoVs. Furthermore, the presence of antibodies to other coronaviruses does not appear to be related either to the presence of antibodies to SARS-CoV-2, or to being ± SARS-CoV-2 infected. Hence, it can be concluded that previous exposure to other coronaviruses is not affecting the onset of ASDR.

It is known that the vast majority of patients at ICU with severe pneumonia and later ARDS are known to be infected with respiratory viruses. However, the direct pathophysiological link between ARDS and respiratory viruses is still unknown; therefore, there is an urgent need to uncover the mechanistic underpinnings of this process and also the need for the prognostic biomarkers. Patients infected by SARS-CoV, SARS-CoV-2, and MERS-CoV (highly pathogenic viruses), can suffer from severe acute lung injury or ARDS (1, 39). Herein, it is not observed a direct relation between COVID-19 associated ARDS diagnosis and previous infection by CoV-NL63, CoV-HKU1, CoV-229E, and CoV-OC43 as detected by antibodies against these CoVs (40).

With respect to APPs, a novel multiplex assay has been designed and successfully tested to simultaneously screen multiple patients; thus, this screening has allowed us to establish a pattern of ARSD-related acute phase reactants in COVID-19. These APPs can contribute to a better patient diagnosis, prognosis and also helping to complete the clinical picture of the patient for a better stratification and therapeutical options. Many of the APPs (ALB, ORM, CRP among others) appear in the routine clinical analysis (by conventional immunoassays) of hospitalized patients and can be applied to stratify COVID-19 patients according to the severity (41). If the diagnosis of the disease is taken further, these parameters also play an important role in the application of the most appropriate therapeutical strategy. So far, the current treatment indicated for these patients is based on steroidal anti-inflammatory drugs such as dexamethasone (that target the inflammatory response in a non-specific manner) (42). With the study of APPs in a more detailed way, a more targeted and effective anti-inflammatory treatment for patients could be achieved according to particular APPs profiles and its alterations. Thus, APP profile might have a predictive or prognosis value for ARDS-related patients.

Multiple studies have focused on the investigation of COVID-19 AABs and their associated pathologies because they may be triggers for the development of autoimmune and/or inflammatory dysregulation (43). Bearing in mind these results, patients with severe COVID-19 infection have more than just an overactive immune response, their B cells seem to produce AABs. In SARS-COV-2 infection, dysregulation of the immune system can trigger an imbalance of cytokines and immune cell activation. This uncontrolled production and release of proinflammatory cytokines and chemokines can trigger extensive tissue damage as observed in other autoimmune diseases (44). In addition, MHC molecules are essential for antigen presentation and T cell activation. The MHC locus is highly polymorphic, and HLA-B is the most polymorphic locus in the human genome. The MHC molecule determines the epitope presented to the T cell. It has been suggested that some MHC molecules can present viral peptides with epitopes very similar to their own peptides, which may lead to the activation of autoreactive T cells. Variations in the MHC locus are also closely related to many different autoimmune diseases (7, 45, 46) given dysregulation, identification of AABs in COVID-19 and its associated pathologies, as we have observed in our results, have also been demonstrated in other studies about the diversity (47), frequency and suggested function of these AABs (48).

Nowadays, it is known that autoantibodies play a key role in triggering the inflammation responsible for organ damage. ARDS is caused by a wide variety of infectious or inflammatory stimuli in the lung that may originate from direct injury as in pneumonias. The pathological features of ARDS are diffuse alveolar damage manifested by alteration of the capillary interface, and also accumulation of immune cells (innate and adaptive) and protein-rich exudates in the alveolar spaces (14). Likewise, when the inflammation persists in severe cases as it exists in ADSR pathology, it can also generate a sharp drop in APPs, generating an “immunosuppressive” systemic situation that would favor autoantibodies to have more damaging potential. Dysregulation in the humoral response reflected in APPs may result in dysregulation leading to autoimmune-like alterations. Multiple studies have focused on the investigation of autoantibodies described in COVID-19 patients and their associated pathologies (43). Considering these findings, patients with severe COVID-19 infection may have a picture of an overactive immune response in terms of antibody production that would also correlate with the exhausted leukocyte tendency noted above. Dysregulation of the immune system can trigger an imbalance of cytokines and activation of immune cells. This uncontrolled production and release of proinflammatory cytokines and chemokines may trigger extensive tissue damage, as seen in other autoimmune diseases and could be the key to understanding the inflammatory and sepsis processes of this disease (44).

Compared to previous relevant studies regarding the presence of autoantibodies in COVID-19 disease, the patients studied by Bastard et al. presented a percentage of about 10% of presence of autoantibodies against INF type 1 in the case of severe COVID-19 patients (49). With this work, the authors analyzed parameters such as sex or age and were able to correlate it with the severity of the cohorts studied, concluding that adaptive autoimmunity impairs innate and intrinsic antiviral immunity. In this study, in the correlation of the presence of autoantibodies and age, our data are in agreement with the reported work. Moreover, here, we have been able to discriminate severity with an autoantibodies profile presented in all studied cohorts.

In this regard, our results show AABs previously described as a function of pathology severity related to tissue and vascular damage such as MOK1 (50), antigenic proteins associated with lung damage such as MUC1 (51) including pro-inflammatory and inflammatory cytokines such as TNF, and interleukins like CXCL8 involved in the cytokine cascade and related with sepsis and septic shock (37, 52). In addition, our results show a higher amount of AABs in patients with advanced age as demonstrated in studies of other autoimmune pathologies as there is an enhancement of autoimmunity in immunosenescence development (53–56). Overall, these results show an AAB profile that discriminate ± ARDS patients and their severity (Figures S8, S9). Furthermore, this determined profile is mostly common in elderly patients, which correlate with the disease outcome and prevalence.



5 Conclusions

Monitoring the immune responses in COVID-19 associated ARDS patients help with predicting the disease severity. In fact, many therapeutics target the immune response; mainly the dysregulated hyper-inflammatory state that occurs in some COVID-19 patients. Nevertheless, blood-derived signatures of COVID-19 severity are diverse from lymphopenia, immune suppression, interferon driven immunopathology, T cell activation and exhaustion or immune senescence. Additionally, patients with severe COVID-19 infection have more than just an overactive immune response; their B-cells seem to produce auto-antibodies. In this study, several AABs have been identified in ARDS patients targeting the cytokines, chemokines, glycoproteins, and phospholipoproteins. In addition, it has been possible to identify differential patterns of AABs associated with lung damage depending on the severity of the patients studied. The detection of these AABs could open novel hallmarks to monitor infection dynamic and evolution. In this sense, the degree to which autoimmunity contributes to either mild, acute or severe COVID-19 is still not fully understood and further analysis and characterizations are required to provide novel insights in the disease. Furthermore, it is demonstrated that affinity proteomics combined with systems biology allows the identification of inflammatory mediators, plasmatic protein cascades and auto-antibodies, as an immune fingerprint which could define potential therapeutic targets and biomarkers of the variable responses to SARS-CoV-2 infection.
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ACE and ACE2 Gene Variants Are Associated With Severe Outcomes of COVID-19 in Men
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the current coronavirus disease 2019 (COVID-19) pandemic, affecting more than 219 countries and causing the death of more than 5 million people worldwide. The genetic background represents a factor that predisposes the way the host responds to SARS-CoV-2 infection. In this sense, genetic variants of ACE and ACE2 could explain the observed interindividual variability to COVID-19 outcomes. In order to improve the understanding of how genetic variants of ACE and ACE2 are involved in the severity of COVID-19, we included a total of 481 individuals who showed clinical manifestations of COVID-19 and were diagnosed by reverse transcription PCR (RT-PCR). Genomic DNA was extracted from peripheral blood and saliva samples. ACE insertion/deletion polymorphism was evaluated by the high-resolution melting method; ACE single-nucleotide polymorphism (SNP) (rs4344) and ACE2 SNPs (rs2285666 and rs2074192) were genotyped using TaqMan probes. We assessed the association of ACE and ACE2 polymorphisms with disease severity using logistic regression analysis adjusted by age, sex, hypertension, type 2 diabetes, and obesity. The severity of the illness in our study population was divided as 31% mild, 26% severe, and 43% critical illness; additionally, 18% of individuals died, of whom 54% were male. Our results showed in the codominant model a contribution of ACE2 gene rs2285666 T/T genotype to critical outcome [odds ratio (OR) = 1.83; 95%CI = 1.01–3.29; p = 0.04] and to require oxygen supplementation (OR = 1.76; 95%CI = 1.01–3.04; p = 0.04), in addition to a strong association of the T allele of this variant to develop critical illness in male individuals (OR = 1.81; 95%CI = 1.10–2.98; p = 0.02). We suggest that the T allele of rs2285666 represents a risk factor for severe and critical outcomes of COVID-19, especially for men, regardless of age, hypertension, obesity, and type 2 diabetes.
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Introduction

The ongoing coronavirus disease 2019 (COVID-19) pandemic has affected around 336 million individuals, causing the death of nearly 5,560,718 severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infected subjects around the world (1). Current evidence shows that COVID-19 patients experience clinical manifestations ranging from asymptomatic to severe pneumonia with multiple organ failure (2–4). The severity of COVID-19 and its clinical manifestations and outcomes are related to the internalization mechanism of the virus into the host cell, host genetics variants, advanced age, gender, and comorbidities (5). In this sense, the homeostasis of the renin–angiotensin system is another risk factor underlying the pathogenesis of COVID-19 because angiotensin-converting enzyme 2 (ACE2) is the predominant receptor by which the SARS-CoV-2 virus enters and infects cells (6, 7). An altered ACE/ACE2 expression ratio could contribute to severe outcomes in COVID-19 patients (8), as it does for cardiovascular diseases (9).

Recent studies have suggested the association of genetic polymorphisms of ACE and ACE2 with the case rate of COVID-19. However, the clinical implication of ACE genetic variants in the severity and prognosis of COVID-19 remains unclear. The insertion/deletion (I/D) polymorphisms play a pivotal role in cardiovascular and respiratory diseases; for instance, the D/D genotype has been associated with SARS progression (10, 11). Moreover, it has been associated with poor clinical outcomes of acute respiratory distress syndrome (ARDS), where individuals with the D/D genotype had significantly higher mortality than those who carry the I/I genotype (12). In addition, different reports have proposed that ACE2 polymorphisms rs2285666 (G870A) could modulate the susceptibility to SARS-CoV-2 infection by contributing to higher expression of ACE2 receptor (13, 14).

Furthermore, several reports have shown that ACE2 gene polymorphism is related to acute lung injury, making COVID-19 patients significantly prone to develop ARDS (12, 14, 15). To improve the understanding of how genetic variations and biological mechanisms are involved in COVID-19 severity, we consider that the association of case fatality rate and genetic variants of ACE/ACE polymorphism could represent a strategy to identify possible SNPs as susceptibility and prognostic markers in the Mexican population.



Material and Methods


Setting and Participants

From June 2020 to March 2021, we performed a multicenter cross-sectional study in which the following institutions were included: the Instituto Nacional de Rehabilitación Luis Guillermo Ibarra-Ibarra, Instituto Nacional de Cardiología Ignacio Chávez, Hospital Central Militar, Hospital Central Norte Pemex, and Hospital General Dr. Manuel Gea González. A non-probability sampling method was conducted, as the participants were patients at the COVID-19 triage facilities.

All subjects were evaluated with the following comprehensive clinical procedures: from each patient, oxygen saturation levels and ferritin, D-dimer, lactate dehydrogenase, and C-reactive protein (CRP) were recorded. Ferritin and D-dimer levels were measured in plasma with automatic analyzers (DxI 800 Beckman Coulter, COBAS pro e-801, COBAS integra 400 plus, and ACL TOP 550 CTS Werfem, COBAS integra 400 plus, respectively), while lactate dehydrogenase and C-reactive protein (CRP) were measured in serum using Olympus AU 800, COBAS pro c-503, COBAS integra 400 plus, and DxC 700 AU Beckman Coulter.



Ethical Statement

This study was conducted following the good clinical practice and the Declaration of Helsinki. Informed consent was obtained from each participant before entering the study. The study was approved by the ethics committee of the Instituto Nacional de Rehabilitación LGII (INR-LGII: 17/20). The inclusion criteria were age ≥18 years and a positive test for SARS-CoV-2 infection by RT-PCR. The exclusion criteria were incomplete clinical history and related individuals.



Outcomes

According to the criteria of Gandhi et al. (16), we defined each COVID-19 patient group as mild, severe, and critical. Mild group included those ambulatory subjects with oxygen saturation level ≥94%, and with symptoms such as fever, headache, fatigue, odynophagia, cough, rhinorrhea, diarrhea, anosmia, or dysgeusia, with or without dyspnea or pneumonia, and not requiring hospitalization. Severe status was defined as those hospitalized individuals with saturation levels <94%, and any of the following symptoms: tachypnea (FR > 30 bpm), pulmonary infiltrate >50%, and dyspnea for small efforts. Finally, the critical group were those patients requiring invasive mechanical ventilation who could course with shock and multiorgan failure. In addition, we stratified patients by their requirement of oxygen therapy in two groups: those who did not need any type of oxygen therapy and those who had oxygen requirement by nasal tips, mask, or intubation.



Genotyping

Genomic DNA was obtained from peripheral blood and saliva using a commercial kit (QIAamp DNA blood Mini kit, Qiagen, Germany), and its quality was verified in agarose gels stained with SYBR® Green I nucleic acid gel stain (Invitrogen, CA, USA). Then, the DNA concentration was measured and adjusted to 20 ng/µl with a NanoDrop spectrophotometer (Thermo Fisher Scientific, CA, USA).

A systematic review of ACE and ACE2 gene SNPs was performed, from which we selected the SNPs with a minor allele frequency (MAF) ≥20% according to 1000 Genomes Project or Hapmap Project in the Mexican population (MXL) with previous reports showing significant association with other diseases.

The I/D polymorphism was genotyped by real-time polymerase chain reaction, coupled to a high-resolution melting curve (HRM) analysis allowing the identification of the dissociation temperature for the deletion and insertion amplicon. The DNA was denatured at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 25 s, annealing at 67°C for 60 s, and extension at 72°C for 75 s, melt ramp from 77°C to 95°C. This protocol was implemented in the RotorGen Q thermal cycler (Qiagen, Germany). The genotype for this variant was assigned by HRM analysis and confirmed by the melting curve. Additionally, the rs4344 of ACE and rs2285666 and rs2074192 of ACE2 were analyzed. These SNPs were determined with TaqMan genotyping assays on a StepOne Real-Time PCR equipment (Thermo Fisher Scientific, CA, USA).



Statistical Analysis

The normality of the distribution of the variables was evaluated. Kruskal–Wallis was used for comparing non-parametric continuous variables between studied groups, and the results were described using the median and the interquartile range (IQR). For the categorical variables, the chi-squared test was performed. For all tests, a value of p <0.05 was considered statistically significant. Hardy–Weinberg expectations (HWEs) were assessed for all polymorphisms in the mild group, and the linkage disequilibrium (LD) between variants of the same gene using HaploView software V4.2 (17). A logistic regression analysis was used to evaluate the association between genetic variants and COVID-19 outcomes in the three main inheritance models, i.e., codominant, dominant, and recessive, adjusted by age, sex, hypertension, type 2 diabetes, and obesity. The final models were evaluated using the Hosmer–Lemeshow goodness-of-fit test. The association between SNPs and clinical features was assessed by comparing their distribution among alleles and genotypes by Kruskal–Wallis test and stratified by disease outcome. The analysis was performed using the STATA v.13 statistical package (StataCorp, TX, USA).




Results


Patients

From June 2020 to March 2021, 489 individuals with COVID-19 were selected. Nonetheless, eight patients did not have complete clinical data. Therefore, a total of 481 patients were included in this study. We classified the study population as 31% (149) mild, 26% (125) severe, and 43% (207) critical, of which 86 subjects died. The median age was 51 (IQR = 43–63), and a total of 60% (290) were male subjects. In the overall population, the common symptoms were cough, headache, myalgia, and dyspnea. Most individuals had at least one coexisting illness such as hypertension and type 2 diabetes. We observed significant differences in the majority of the subjects’ clinical characteristics depending on the group they belong to (Table 1). However, no significant differences were observed for abdominal pain (p > 0.05).


Table 1 | Clinics characteristics of population of study.





Association Between ACE and ACE2 Polymorphisms With COVID-19 Outcomes

Allelic and genotype frequencies were calculated (Table 2). For ACE gene, I/D alleles in the total sample were 61% for I and 39% for D allele; in addition, for rs4344 polymorphism, the MAF was 39% (A allele). Only 42% of patients with mild illness carried the II genotype, while 33% of severe patients and 39% of critical patients showed this genotype. These frequencies were also observed for the rs4344 variant and were not significantly different between study groups.


Table 2 | Allelic and genotypes frequencies of the population of study.



When we compared the genotypes frequencies of the evaluated SNPs between mild, severe, and critical groups, we found significant differences in rs2285666 polymorphism and marginally difference in rs2074192 polymorphism both of ACE2 gene (p = 0.009, p = 0.05, respectively). When comparing mild illness and the requirement for oxygen therapy (severe or critical illness), we found significant differences in rs2285666 and rs2074192 ACE2 variants genotypic frequencies (p = 0.002 and p = 0.01, respectively). Among those patients that needed oxygen therapy, 36% carried the T/T genotype of the rs2285666 gene variants in comparison to 23% of the patients who did not need it, while for the variant of the rs2074192, the T/T genotype showed a 35% in comparison to 28% of the patients who did not require it. For the alleles frequencies, the MAF of rs2285666 variant was 41% (T allele), while the MAF of rs2071192 was 42% (T allele). We did not detect any significant difference in the allelic frequencies of both polymorphisms between outcomes.

The genotypes of ACE I/D and rs4344 variants were in Hardy–Weinberg equilibrium. However, the genotypes of ACE2 were not in equilibrium. We observed a strong LD between both ACE gene variants, showing a D′ of 0.97. Regarding the ACE2 gene variants, the LD was slightly lower, having a D′ of 0.88.



Multiple Logistic Regression Analysis

In the logistic regression analysis, we did not find a statistically significant association of ACE variants with COVID-19 outcomes. Notwithstanding, for the C/T genotype of the rs2285666 polymorphism, we found an OR = 0.52 (95%CI = 0.29–0.94), and for T/T genotype, an OR = 1.66 (95%CI = 1.01–2.73) in the codominant model with critical outcome (Supplementary Material). After adjusting by age, hypertension, sex, type 2 diabetes, and obesity, we found a significant positive association between the T/T genotype in the codominant model of rs2285666 polymorphism and critical outcome (OR = 1.83; 95%CI = 1.01–3.29), and for oxygen requirement (OR = 1.76; 95%CI = 1.01–3.04). Moreover, for this same ACE2 genetic variant but under a recessive model, we observed an OR = 1.89 (95%CI = 1.06–3.35) for critical outcome and an OR = 1.80 (95%CI = 1.06–3.05) for oxygen requirement. This positive association with critical outcome and oxygen requirement found with the T/T genotype of ACE2 rs2285666 polymorphism was also observed with the T allele (OR = 1.58, 95%CI = 1.09–2.30; and OR = 1.52, 95%CI = 1.08–2.14). Finally, the T allele of this ACE2 variant was marginally associated with a higher risk of severe outcome (OR = 1.45; 95%CI = 0.99–2.13) (Table 3).


Table 3 | Association of ACE and ACE2 polymorphism with the outcome of COVID-19.



Given that ACE2 gene polymorphisms are in the X chromosome, an allele analysis stratified by sex was performed. We observed that the positive association found with the rs2285666 T allele and severe illness was maintained and even had a higher magnitude and significance among men than the one observed in the whole study population (OR = 1.72; 95%CI = 1.02–2.89; p =0.03). The same happened with the association seen between ACE2 rs228566 T allele and critical illness, and with oxygen requirement, which for men showed an OR = 1.81 (95%CI = 1.10–2.98) and OR = 1.77 (95%CI, 1.12–2.83), respectively (Table 4).


Table 4 | Association of ACE2 alleles with COVID-19 outcome in men.



We further evaluated the potential to identify patients who needed oxygen therapy using the predicted values of the multivariate logistic regression model of the associated polymorphism of ACE2 by receiver operating characteristic (ROC) curve analysis. We observed that with this model, we can categorize patients that required oxygen therapy from those who did not (Figure 1).




Figure 1 | ROC curve for the association model of rs2285666 ACE2 polymorphism with oxygen requirement.





Association of ACE and ACE2 Genes Polymorphisms With COVID-19 Clinical Biomarkers and Oxygen Saturation Levels

We performed a refined approach to determine the behavior of the main COVID-19 clinical biomarkers and oxygen saturation level in our study population. In this sense, we could observe a significant reduction in oxygen saturation with increasing disease severity. Furthermore, statistically significant differences were observed among outcomes for COVID-19 biomarkers (p < 0.001) (Supplementary Table S2). D-Dimer and ferritin plasma concentrations showed significantly higher values in critical COVID-19 subjects (679.5 ng/ml for D-dimer and 619 ng/ml for ferritin) than in mild disease patients. We also evaluated lactate dehydrogenase and CRP in serum. A clear tendency for increased levels of these biomarkers was observed among outcomes.

We evaluated the distribution of clinical features and biomarkers among the four genotypes polymorphisms and COVID-19 outcomes; nevertheless, we only found significant differences with the ACE2 rs2285666 polymorphism. In the mild group, we found a higher amount of D-dimer in T allele carriers (p50 = 323 ng/ml, IQR = 217–501 ng/ml) in comparison to C allele carriers, and for C/T genotype (p50 = 360 ng/ml, IQR = 214.5–501 ng/ml) and T/T genotype (p50 = 285, IQR = 217,430 ng/ml) carriers in comparison to C/C patients. Regarding ferritin levels, differences among genotypes were also observed among mild, severe, and critical patients. In this context, the lowest level of ferritin was observed in the carriers of the heterozygote genotype. Moreover, CPR was significantly increased in T allele carriers of the mild group (p50 = 4.95 mg/ml, IQR = 2–13.4 mg/ml), and in the critical patients with the T/T genotype (p50 = 26.55 mg/ml, IQR = 16.61–113.19 mg/ml). In the severe group, we only found significant differences in lactate dehydrogenase levels among ACE2 rs2285666 genotypes, showing the highest level those patients carrying the T/T genotype (p50 = 322.8 U/L, IQR = 213.3–439 U/L) (Supplementary Table S3).




Discussion

A total of 481 individuals with COVID-19 were included in this study, 22% of them were in a severe stage and 86 subjects died with a median age of 64.5 years. These findings agree with those reported by Zhang et al., since he observed that patients older than 60 years were more prone to develop complications with fatal outcomes (18). Additionally, COVID-19 has been reported to be more severe in male individuals (19), which is in agreement with our results. The 67% of individuals who developed a critical outcome were male, and 28 (67%) of the total deaths were attributable to them. This difference in gender susceptibility has been reported in previous studies performed in Italy (20), Spain, China, Germany, the UK, and South Korea (21).

A recent meta-analysis showed that fever, cough, fatigue, and dyspnea were the most prevalent symptoms of COVID-19 (22). On the other hand, in the present work, the majority of symptoms were significantly different among the outcomes (p < 0.001); cough and dyspnea were the highlights in critical disease conditions. A previous report from the WHO–China Joint Mission on COVID-19 showed that 87.9% of confirmed COVID-19 cases presented fever, while in our study, only 32% had fever. Interestingly, 33% of mild patients in our study presented fever, while 41% of those who developed a critical illness had fever. Cough is another common symptom with a previously reported prevalence of 67.7% (4). In our study, we observed a 67% of frequency; however, in critical cases, it was major than previously reported (76%).

Frequent comorbidities observed in individuals with COVID-19 include hypertension, type 2 diabetes, and cardiovascular disease, being serious risk factors in severely ill individuals compared with non-severely ill patients (23). In our study, critically ill adults with COVID-19 presented type 2 diabetes (28%), obesity (27%), and hypertension (23%). These findings are consistent with the published data by Wu et al. (24) and Grasselli et al. (25).

Some risk factors have been described for COVID-19 outcomes; however, understanding the role of host genetic variants for risk or protective effect could provide some insights into COVID-19 outcomes. Differences in the severity of COVID-19 due to sex have already been reported where men are the most vulnerable to severe or fatal COVID-19 outcomes (26, 27). Possible explanations include exposure to environmental factors such as smoking, diet, and physical activity, and genetic factors associated with the mechanisms of infection by SARS-CoV-2 including the genes of the ACE/ACE2 pathways.

Although there are several studies stating the association of different polymorphisms of ACE and ACE2 with hypertension and other cardiovascular diseases, there is no consistent evidence describing the role of rs2285666 and rs2074192 of ACE2 gene or of I/D and rs4344 polymorphisms of ACE gene in COVID-19 outcomes.

Regarding ACE I/D polymorphisms, the frequencies observed in our study were similar to those reported in the Mexican Mestizo population by Vargas-Alarcón et al. They indicated that the I/D polymorphism distinguishes the Amerindian population from other populations, suggesting that the I/D polymorphism could be a distinctive genetic susceptibility marker for some diseases in Amerindian population (28). Sarangarajan et al. reported the prevalence of I/D in different populations including South Americans with I/D prevalence similar to our findings; it is important to state that I/D genotypes prevalence were different among geographical locations (29). This evidence points out the consistency of our results regarding ACE I/D variant frequencies.

Some studies of ACE gene in the Mexican population have reported the I/D polymorphism as a genetic marker of susceptibility for cardiovascular disease, diabetes, and hypertension diseases (28, 30). This evidence suggests that the I/D polymorphism of ACE could impact COVID-19 outcomes (31, 32). A recent study by Gómez et al. associated the D/D genotype of ACE only with hypertensive individuals who presented a severe COVID-19 outcome (12). Conversely, our results showed no significant association of this variant with COVID-19 outcomes, but we found a significant association with hypertension that could be an indirect effect of COVID-19 complications (see Supplementary Material). In agreement with our results, Karakas et al. reported that I/D was not associated with the severity of COVID-19 infection in Turkey populations (33). Nevertheless, it is important to point out that the D/D genotype of ACE gene has a role on the renin–angiotensin system, by increasing ACE levels and angiotensin-inactivating AT-1 receptor, and downstream pathophysiological effects. Therefore, future studies should not be discarded. In the same way, rs4344 polymorphism has been associated with hypertension (34) and angiotensin-converting enzyme inhibitors-related cough (15). Here, we observed the same results; nonetheless, no association with critical COVID-19 outcomes was identified.

The ACE2 rs2285666 variant falls in the third intron of the gene, affecting gene expression by an alternative splicing mechanism (7). Asselta and colleagues reported that substitution of C for T increased the strength of the splice site in 9.2%, having as result a higher expression of the ACE2 protein (35). Gemmati and Tisato reported that the ACE2 gene is a “first genetic gateway” involved in infection, severity, and COVID-19 (26); however, differences among populations and geographic regions could exist, as reported by Shikov et al. (36). Moreover, ACE2 has been associated with hypertension, heart failure, and diabetes. Falahi and Kenarkoohi have already suggested that more studies focused on the role of ACE2 gene in the pathogenesis and outcomes of COVID-19 are needed due to the existing controversies whether ACE2 genotypes might explain the differences in the infection severity (37). Our results showed that the T allele of rs2285666 is a risk factor of severe and critical outcomes in COVID-19, especially in men. Choudhary et al. described the possible physiological roles of ACE2 in COVID-19, suggesting that the study of ACE2 variants will help understand the pathophysiology of this disease (14). Moreover, Benetti et al. reported in a cohort of COVID-19 patients that genetic variants of ACE2 have an impact on its protein function, which reinforces the hypothesis that at least some variants identified, or the cumulative effect of them, might confer different susceptibility to infection and progression of COVID-19 (38). Our results indicate an association between the T/T genotype of ACE2 rs2285666 (G8790A) and an increased risk for severe–critical outcomes (oxygen requirement) in individuals with COVID-19. Srivastava and colleagues stated that genetic variations of ACE2 affect the susceptibility to COVID-19 and found a lower infection rate in the carriers of the T allele in Indian populations. However, it is important to mention that there are many factors involved in the SARS-CoV2 infection, and ACE2 might not be the only gene involved (39). For the rs2074192 ACE2 polymorphism, Shikov et al. (36) reported similar frequencies between controls, mild, and severe outcome of COVID-19 with the ones presented here. However, a recent study by Cafiero et al. (40) reported in 104 subjects of Italy that even though genotypes frequencies were similar to our results (frequencies CC>TT>CT), they suggested that rs2074192 could predict the clinical outcome of COVID-19. We did not find a significant association between this ACE2 variant and disease outcome; nevertheless, this could be explained by the difference in sample sizes and the difference in the genetic background among both populations.

Regarding risk differences by sex, Gemmati et al. reported that an unbalance of ACE/ACE2 might show marked differences in the outcomes of COVID-19 in both sexes, given that this unbalance could induce a higher inflammatory mediators/receptors expression; hence, men might show a worse clinical scenario than women, as women could activate a mosaic advantage due to their X-heterozygosity (27). After all, many genes associated with the regulation of the immune system are located in the X chromosome. In that sense, ACE2 gene locus is Xp22.2, and it has been reported that the rs2285666 T/T genotype of ACE2 decreased the gene expression level by up to 50% compared with the C/C genotype in Italian and other European populations (27, 38). Supporting this notion, we found that men had a higher risk of severe and critical COVID-19 disease than women carrying the T allele of this ACE2 polymorphism.

Among the clinical features evaluated in the present study that have been used as biomarkers for COVID-19, we could observe that ACE2 genetic variant had an impact on D-dimer, ferritin, lactate dehydrogenase, and CRP levels. Even though the direct effect of ACE2 on these biomarkers levels is not quite clear, the difference showed in these COVID-19-associated biomarkers supports the notion that ACE2 rs228566 polymorphism could be consider as a genetic susceptibility marker for COVID-19 outcome.

Another factor important to mention is that there are no previous studies of ACE2 genetic variants in the Mexican population with COVID-19, although the frequency difference of these variants among different populations could affect the association of ACE2 with COVID-19 illness. However, not only the genetic background might explain the differences in the outcomes of COVID-19, but also environmental risk factors such as smoking, drinking habits, and personal hygiene could be implicated.

The strengths of this study include a representative and multicentric hospital-based from Mexico City sample, obtaining clinical information, and the diagnosis of COVID-19 by RT-PCR test and blood sample for DNA extraction. Additionally, the patient outcomes were classified by Gandhi criteria. This adequate classification allowed us to stratify patients and to identify the association of genetic variants with the outcomes of individuals with COVID-19. However, the limitations of this study include that we could not have lifestyle information such as smoking habits, which has been reported to increase the severity of COVID-19 outcomes in men. Another limitation worth mentioning is that we could not evaluate other genes involved in ACE and ACE2 pathways that could be contributing to the increased risk for severe COVID-19 outcome seen for the T allele of ACE2 rs228566 polymorphism.

In conclusion, our results show that the T allele of rs2285666 is associated with more severe outcomes of COVID-19, particularly in men, regardless of their age or the presence of hypertension and type 2 diabetes. This genetic variant could be useful as a prediction and susceptibility marker in the prognosis of COVID-19, which will also help to personalize the COVID-19 treatment.
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In contrast to dexamethasone, the clinical efficacy of methylprednisolone (MP) remains controversial, and a systems biology study on its mechanism is lacking. In this study, a total of 38 severe COVID-19 patients were included. The demographics, clinical characteristics, and severity biomarkers including C-reactive protein (CRP), d-dimer, albumin, and Krebs von den Lungen 6 of patients receiving MP (n=26, 40 mg or 80 mg daily for 3-5 days) and supportive therapy (n=12) were compared. Longitudinal measurements of 92 cytokines in MP group from admission to over six months after discharge were performed by multiplex Proximity Extension Assay. The results showed that demographics, baseline clinical characteristics were similar in MP and non-MP groups. No death occurred and the hospital stays between the two groups were similar. Kinetics studies showed that MP was not better than supportive therapy at improving the four severity biomarkers. Cytokines in MP group were characterized by five clusters according to their baseline levels and responses to MP. The immunological feature of severe COVID-19 could be defined by the “core signature” cytokines in cluster 2: MCP-3, IL-6, IFN-γ, and CXCL10, which strongly correlated with each other and CRP, and are involved in cytokine release storm. The “core signature” cytokines were significantly upregulated at baseline and remained markedly elevated after MP treatment. Our work showed a short course of MP therapy could not rapidly improve the immune disorders among severe COVID-19 patients or clinical outcomes, also confirmed “core signature” cytokines, as severity biomarkers similar to CRP, could be applied to evaluate clinical treatment effect.
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Introduction

The coronavirus disease 2019 (COVID-19), which is caused by highly contagious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has caused over 200 million infections and 4.2 million deaths as of August 11, 2021 (1). A national-wide survey including 72,314 confirmed COVID-19 cases in mainland China showed that 19% of patients developed severe or critical disease, and the mortality rate in the critically ill was extremely high (49%) (2). Similarly, the mortality rates among severe and critical patients in the US ranged from 50% to 65% (3–5). Thus, prevention of disease progression and rescue of deteriorating patients play critical roles in COVID-19 treatment.

Severe COVID-19 patients frequently develop acute respiratory distress syndrome (ARDS), with extra clinical manifestations including thromboembolic complications, dysfunctions of central or peripheral nervous system, and elevations of C-reactive protein (CRP) and IL-6 (6). Ravaging SARS-CoV-2 infection typically results in overactivation of innate and adaptive immune responses, the term “cytokine release storm (CRS)”, which could be caused by various fatal infections, complications of malignant tumors, and autoimmune diseases, and characterized by elevations of various inflammatory cytokines, e.g. IL-6, IL-10, IL-8, and CXCL10 (7–13). In CRS, all the cytokines reflecting activated type 1 antiviral cellular immune response (IFN-γ), type 2 anti-helminths cellular immune response (IL-5, IL-13), and type 3 antifungal cellular (IL-17, IL-22) were elevated (12). Therefore, restoring immune balance and suppressing markedly elevated inflammatory cytokines are critical for curing severe COVID-19 patients and lowering mortality.

By now at least four therapeutics for severe COVID-19 have been recommended by National Institutes of Health (NIH): Remdesivir (direct-acting antiviral), dexamethasone (long-acting corticosteroid), tocilizumab (IL-6 receptor blocker), and baricitinib (Janus kinase 1 and 2 inhibitor) (14). Notably, the last three therapeutics aim to mitigate the immune response and prevent a hyperinflammatory state, which is involved in CRS. In contrast to dexamethasone, whose benefit had been confirmed in “RECOVERY” clinical trial (15), evidence to support the use of other corticosteroids such as methylprednisolone (MP) was not so robust, and contradictory results emerged (16). Ramiro et al. reported that high-dose MP combined with tocilizumab facilitated the recovery of COVID-19 patients with CRS, and significantly reduced the mortality rate (17), and another study showed a prolonged MP administration was associated with lower mortality in severe COVID-19 patients (18). In contrast, a meta-analysis conducted by World Health Organization suggested MP was not significantly associated with lower mortality in critically ill patients (19), and a phase II clinical trial reported a short course of MP could not reduce the mortality in hospitalized COVID-19 patients (20). Despite these discrepancies, a comprehensive and longitudinal evaluation of the kinetics of inflammatory cytokines among COVID-19 patients who received MP is still lacking, which could provide a valuable tool to understand the role of MP in curing severe COVID-19 and also fill the knowledge gaps on the immunological features of this population. In this retrospective study, we performed a systematic assessment of MP effect by use of a set of well-studied COVID-19 severity biomarkers including CRP, d-dimer, albumin (Alb), and Krebs von den Lungen 6 (KL-6) (21), as well as a broad spectrum of inflammatory cytokines from admission to over six months after discharge.



Materials and Methods


Study Population

Guangzhou Eighth People’s Hospital was the treatment center for COVID-19 in Guangzhou, and local patients would be firstly enrolled here according to prevention policy. This retrospective study was approved by Guangzhou Eighth People’s Hospital Ethics Committee (No. 202001134), and written informed consent was obtained from patients. COVID-19 severity was evaluated according to Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia (Eighth edition, General Office of National Health Commission, China), and “severe patients” here refers to both severe and critically ill patients meeting any of the following: (1) shortness of breath, respiratory rate≥30 times/min; (2) in the resting state, during inhalation, the oxygen saturation is ≤93%; (3) arterial partial pressure of oxygen (PaO2)/inhaled oxygen concentration (FiO2)≤300mmHg (1mmHg=0.133kPa); (4) The clinical symptoms are progressively worsening, and lung imaging shows that within 24 to 48 hours the lesion has progressed significantly >50%. In total, 38 severe COVID-19 patients hospitalized at Guangzhou Eighth People’s Hospital from January 20, 2020, to March 13, 2020, were included, representing most local severe COVID-19 patients in 2020 (88.4%, 38/43), 5 severe patients were not included because they were transferred and treated elsewhere. Among the severe COVID-19 patients, 26 of them received sodium succinate MP (40 mg or 80 mg) once daily for 3-5 days, and the other 12 patients received supportive therapy without MP treatment. Demographic, clinical characteristics, and laboratory findings were collected from electronic medical charts. Healthy control (n=9) consisted of 3 males and 6 females, and the median age was 41 years.



Sample Collection and Plasma Cytokine Measurement

The time points of sample collection include before, during, and after MP treatment during hospitalization, and over six months after discharge. The samples of nine healthy individuals, who had a median age of 41 years (interquartile range [IQR]: 35-44 years), were also included as a control. Anticoagulated peripheral blood was collected from COVID-19 patients and plasma was separated by centrifugation at 3000 rpm for 6 min at room temperature, aliquoted, and stored at −80°C until use. Plasma samples were inactivated with 1% Triton X-100 in phosphate-buffered saline (v/v) incubation at room temperature for 2 hours. A total of 92 inflammation-related cytokines were measured using Olink® inflammation panel of multiplex Proximity Extension Assay (PEA) according to the manufacturer’s instructions (www.olink.com, Table S1). Briefly, the target cytokine was recognized by two paired oligonucleotide-conjugated antibodies, and the templates, that the paired oligonucleotide sequences, were amplified by quantitative real-time PCR. Data analysis was performed with normalized protein expression (NPX), which was generated on a Log2 scale where a larger number represented a higher level of target cytokine in the sample. The data were pre-processed by Olink® using NPX Manager software. The complete list of cytokines and their abbreviations are shown in Table S1.



Statistics Analysis

Continuous variables were expressed as median (IQR) or mean ± SEM. Categorical variables were summarized as the counts and percentages in each category. Student’s t-test tests or Mann-Whitney tests were applied to continuous variables as appropriate. Pearson’s rank correlation was used to explore the correlations between different parameters, p<0.05 was considered statistically significant. Statistical analysis was performed with IBM SPSS Statistics 25. Graphic representations were performed with GraphPad Prism 8 software. Full-spectrum heatmap of 92 inflammatory cytokines and the graphical representation of correlations were performed with “pheatmap” and “corrplot” packages of R studio, respectively.




Results


Baseline Characteristics of Severe COVID-19 Patients

Guangzhou Eighth People’s Hospital has been the only designated treatment center to manage COVID-19 patients since the epidemic began. A total of 43 severe COVID-19 patients were enrolled in 2020 and 5 of them were transferred elsewhere shortly after admission, and the remaining 38 severe COVID-19 patients were treated here till discharge and therefore included in our study. Among them, 26 were treated with 40 mg or 80 mg MP per day within several days of admission (median [IQR]= 1[1-3] days) for 3-5 days, and 12 severe patients only received supportive therapy and were defined as “non-MP group”. The median ages of MP and non-MP groups were 58.0 and 59.5 years, respectively (p=0.698, Table 1). The gender distribution and comorbidity proportion of the two groups were similar (p=1.000). Upon admission, 92.3% (24/26) of patients in MP group and 100% (12/12) of patients in non-MP group received oxygen support (p=1.000). Besides, the proportions of patients receiving anticoagulant therapy in MP and non-MP groups were similar (p=0.984). The well-studied COVID-19 severity biomarkers, serum CRP (22, 23) and d-dimer (24, 25), were elevated in MP and non-MP groups on admission (CRP>10 mg/L, d-dimer>1000 µg/L), and albumin (26, 27) was decreased (Alb<40 g/L). The three biomarkers on admission were not significantly different between MP and non-MP groups (p>0.05, Table 1). Recently we and other groups identified serum KL-6 as a novel biomarker of COVID-19 severity (21, 28), here we also determined the KL-6 level of severe patients on admission and found it was similar in MP and non-MP groups (420.9 vs 407.8 U/mL, p=1.000). In all, the demographics, baseline clinical characteristics, and severity biomarkers were not significantly different between MP and non-MP groups.


Table 1 | Demographics and baseline characteristics of severe COVID-19 patients.





Clinical Outcome and Kinetics of COVID-19 Severity Biomarkers

There was no death among severe COVID-19 patients during the study period, and 13 patients (50.0%) in MP group and 9 (75.0%) in non-MP group were transferred to ICU (p=0.147), and 11 (42.3%) in MP and 6 (50.0%) in non-MP groups received mechanical ventilation (p=0.658). The average hospital stays in MP and non-MP groups were 26.2 days and 22.2 days, respectively (p=0.160). Given that no death occurred in the cohorts, we used COVID-19 severity biomarkers including CRP, d-dimer, Alb, and KL-6 as alternatives to mortality to evaluate the clinical efficacy of MP. The CRP level in MP group was markedly elevated at baseline (median=39.8 mg/L, Figure 1A left panel), and significantly decreased after MP treatment (approximately 1 week after admission, median=17.0 mg/L, p=0.003), and then progressively declined over time till discharge (Figure 1A right panel). For patients in non-MP group, the median level of CRP significantly decreased from 34.7 mg/L at baseline to 19.1 mg/L at 1 week after admission (p=0.014), and continuously decreased to 3.0 mg/L at 2 weeks after admission (p=0.008). Since the hospital stays were similar between MP and non-MP groups, we compared CRP in the two groups at the same time points, and found their CRP levels at baseline, 1 week, and 3 weeks after admission were not significantly different; in contrast, CRP at 2 weeks after admission was lower in non-MP group than that in MP group (median [IQR]: 3.0 [3.0-3.0] vs 3.0 [3.0-23.5] mg/L, p=0.030, Figure 1A right panel). The level of d-dimer in MP group significantly increased after MP treatment (1w vs bassline=2950 vs 1670 µg/L[median], p=0.016) and remained elevated before discharge; d-dimer in non-MP group was also elevated at baseline and did not vary significantly during hospitalization (Figure 1B). Alb in MP group was decreased at baseline (<40 g/L) and started to increase at 2 weeks after admission (2w vs 3w=33.5 vs 37.1 g/L [median], p<0.001), while Alb in non-MP group increased as early as 1 week after admission (Figure 1C). KL-6 continuously and significantly increased in MP and non-MP groups within 2 weeks and 1 week after admission, respectively (Figure 1D). Despite the differences in kinetics, the levels of d-dimer, Alb, and KL-6 were not significantly different at the same time points between MP and non-MP groups. Given that the demographics and baseline variables were similar between MP and non-MP groups, these data suggested MP administration for severe COVID-19 was not better than supportive therapy at improving clinical outcome and severity biomarkers.




Figure 1 | Kinetics of COVID-19 severity biomarkers including CRP (A), d-dimer (B), Alb (C), and KL-6 (D) in MP (n=26) and non-MP (n=12) groups. Data are presented as mean ± standard error. Student’s paired or unpaired tests, or Mann-Whitney tests were applied as appropriate. A dotted line indicates the upper limit of CRP (10 mg/L) and d-dimer (1000 μg/L), the lower limit of Alb (40 g/L). *p < 0.05.





Longitudinal Changes in Inflammatory Cytokines in MP Group

One of the distinctive features of severe COVID-19 is the excessive elevation of multiple cytokines such as IL-6, IL-10, and IFN-γ (29–35). Upon admission, the severe patients displayed a marked elevation in acute-phase reactants including CRP and d-dimer, and hypoalbuminemia (Table 1 and Figure 1), suggesting ongoing immunological abnormalities (34). Since MP did not show greater benefit among severe COVID-19 patients compared with supportive therapy, we conducted a longitudinal analysis of immune inflammatory indexes in MP group from admission to over six months after discharge by simultaneously evaluating 92 immune inflammation-related pathway cytokines using the PEA method, aiming to explore the immunological features of this population, as well as the effect of MP on inflammatory cytokines. We observed a marked elevation of various cytokines including pro-inflammatory cytokines (IL-6, IL-8, and IFN-γ), immunostimulatory chemokines (CXCL10, CXCL11, and CX3CL1), an inflammatory chemokine MCP-3, and a pro-inflammatory mediator Oncostatin M (OSM) in MP group at baseline compared to healthy control (Figure 2). Most of the cytokines, such as IL-6, IFN-γ, and CXCL10, were linked to CRS (34). In contrast, cytokines CD6 and Delta and Notch-like epidermal growth factor-related receptor (DNER) were significantly decreased at baseline (p=0.021 and p=0.007, respectively).




Figure 2 | Longitudinal changes in inflammatory cytokines in MP group. The relative levels of 92 cytokines were depicted with normalized protein expression (NPX) and shown in heatmap, 92 cytokines were divided into five clusters as shown in heatmap. The full spectrum heatmap was performed with “pheatmap” packages of R studio.



To evaluate the effect of MP on inflammatory cytokines in an unbiased manner, we performed an unsupervised clustering analysis that included all the MP patients and healthy control and all the time points using 92 cytokines, and five main clusters emerged, as shown in Figure 2 and Table S2. Cluster 1 comprised CXCL5, MCP-4, FGF-19, IL-12B, CD6, SCF, TWEAK, FGF-21, CD244, TRANCE, CST-5, DNER, TNFB, ST1A1, uPA, CCL28, AXIN1, and Flt3L, and was characterized by reduced cytokine levels at baseline, and among them, the levels of CD6 and DNER were significantly lower than healthy control (Figure 3). For most of the cytokines in cluster 1, no significant difference was observed between before and after MP treatment, except that CST-5 increased (p=0.02), the level of which was slightly lower than healthy control at baseline. Besides, four cytokines including CXCL5, CD6, TWEAK, and SCF, were significantly lower than healthy control after MP treatment (p=0.009, p=0.025, p=0.008, and p=0.001, respectively). TRANCE and Flt3L were significantly lower than healthy control during treatment (p=0.002, p=0.042, respectively). These data indicated MP was not effective in rapidly restoring the downregulated cytokines among severe COVID-19 patients. As expected, the level of all the cytokines in cluster 1 reverted to normal over 6 months after discharge.




Figure 3 | Inflammatory cytokines in cluster 1 were down-regulated during hospitalization. Data are presented as median ± 95% CI. Statistics analysis was performed with Kruskal-Wallis nonparametric method.



Except for the reduced cluster 1 cytokines, the expression of the other 4 clusters was increased or no difference compared with the healthy control. Cluster 2 was driven by a set of inflammatory markers closely related to CRS. Among them IL-6, CXCL10, CXCL11, and MCP-3 were markedly elevated at baseline, during, and after MP treatment; besides, the differences in all the cytokines between the two time points, before and after MP treatment, were not significant (Figure 4B), suggesting MP was not effective in improving these inflammatory markers associated with CRS. Cytokines in cluster 3 such as IL-7 and IL-10RA were similar to healthy control at baseline and did not vary significantly during hospitalization (Table S2). Similarly, cytokines in cluster 4 were mildly elevated at baseline and displayed no significant change during hospitalization except EN-RAGE, which is a biomarker of pulmonary injury and associated with the pathogenesis of sepsis-induced ARDS (36), was significantly elevated after MP treatment compared to healthy control (p=0.007, Figure 4C). Cluster 5 contained MCP-2, LAP TGF-β1, TNFSF14, CCL4, CCL3, CCL19, TNF, CX3CL1, PD-L1, VEGF-A, OSM, CXCL9, CCL23, IL-8, and IL-18R1 (Figure 4A). Among them, IL-8, CX3CL1, and OSM were significantly elevated at baseline, and the latter two remained markedly elevated after MP treatment (p=0.009 and p=0.008, respectively). Besides, the other five cytokines, CCL3, CCL23, VEGF-A, IL-18R1, and the inhibitory immune checkpoint PD-L1, were mildly elevated at baseline and significantly elevated during or after MP treatment. MCP-2 was significantly decreased after MP treatment compared with baseline (p=0.011), but the levels of MCP-2 at the two time points were not significantly different from healthy control.




Figure 4 | Inflammatory cytokines in cluster 2, cluster 4, and cluster 5 were up-regulated during hospitalization. (A) cluster 5, (B) cluster 2, (C) cluster 4. Data are presented as median ± 95% CI. Statistics analysis was performed with Kruskal-Wallis nonparametric method.





Strong Correlations Between CRP and “Core Signature” Cytokines

To gain insights into the key immunological features of the severe patients treated with MP, we also correlated the measurements of CRP, d-dimer, Alb, KL-6 and inflammatory cytokines across all sample collection during hospitalization. Except for CRP, there were no significant correlations between D-dimer, Alb, KL-6, and inflammatory cytokines (data not shown). By analyzing the correlation between CRP and inflammatory cytokines, a core signature of this population was primarily defined by four cytokines in cluster 2, which strongly and positively correlated with each other and CRP: MCP-3, IL-6, IFN-γ, and CXCL10 (Figure 5A, B). All these cytokines were linked to CRS and COVID-19 prognosis (34, 37). Another cytokine in cluster 2, CXCL11, strongly correlated with CXCL10 (r=0.710, p<0.001) and moderately correlated with CRP (r=0.400, p=0.010), IL-6 (r=0.430, p=0.005), IFN-γ (r=0.570, p<0.001), and MCP-3 (r=0.520, p<0.001), as shown in Figure 5A. Besides, other cytokines including IL-8, IL-18R1, VEGF-A, MCP-2, CCL3, CCL23, and OSM in cluster 5, IL-18 and CSF-1 in cluster 4, and TRANCE in cluster 1 moderately correlated with CRP, as shown in Figure S1. Notably, MP showed poor efficiency in improving CRP and these “core signature” cytokines (Figures 1A, 4B).




Figure 5 | Strong correlations between CRP and “core signature” cytokines. (A) Correlation heatmap. The size of circle represents the absolute value of correlation coefficient, correlation heatmap was performed with “corrplot” packages of R studio. (B) Cytokines strongly correlated with CRP and each other.






Discussion

Our longitudinal analyses of severe COVID-19 patients treated with MP revealed the key temporal characteristics of severity biomarkers as well as immune response in this population. We found that a short course of MP was not superior to supportive therapy for severe COVID-19 in improving clinical outcomes and severity biomarkers. Although the severity biomarker, CRP, was markedly decreased after MP treatment, CRP in non-MP group displayed similar kinetics (Figure 1A). Besides, no significant difference in the other three severity biomarkers, d-dimer, Alb, and KL-6 between MP and non-MP groups was observed at the same time points during hospitalization (Figures 1B–D). Recently it was reported that prolonged MP treatment was effective in reducing CRP compared to supportive therapy, but this benefit seemed to be restricted to within 7 days after admission in their cohort, and at a later stage the levels of CRP were similar between the two groups (18). Reduced mortality has also been reported to be associated with prolonged or high-dose MP regimen (17, 18, 38). Notably, the dosage and duration of MP administration in the literature are highly heterogeneous and might have affected the observed outcome, e.g., a recent clinical trial conducted in Brazil did not find an improvement in mortality with a short course of MP (20). Consistent with this finding, we here showed that a short course of MP could not improve the clinical outcome of severe COVID-19 patients. The regimen of MP in our study was 40 mg or 80 mg daily for 3-5 days. Thus, the results should be interpreted with caution for other regimens of MP. Previous studies have suggested age is an independent risk factor for severe COVID-19 (25). In our cohort, the severe patients enrolled in an unbiased manner indeed represented an older population (Table 1).

The markedly elevated inflammatory cytokines at baseline indicate aberrant immune response among severe COVID-19 patients, and a variety of them such as IL-6 are involved in CRS (Figures 2, 4B) (12, 34, 39), which correlates with pulmonary damage, multi-organ injury, and death (40). It was proposed that CRS in COVID-19 was distinct from those associated with sepsis and chimeric antigen receptor T cells, with a prolonged elevation of cytokines over weeks and absence of coordination between them (41). Here, we found a broad spectrum of the cytokines in cluster 2 and 5 were aberrantly elevated at baseline and remained upregulated even after MP treatment (Figures 4A, B), likely adding novel evidence to the theory. Besides, we also identified the cytokines in cluster 1, e.g., CD6 was significantly downregulated at baseline (Figures 2, 3). Recent studies showed that CD6 is a co-inhibitory molecule that inhibits T-cell response (42, 43). Thus, a downregulated CD6 at baseline is probably associated with overactivation of T cell response among severe COVID-19 patients.

The “core signature” cytokines, including MCP-3, IL-6, IFN-γ, and CXCL10 in cluster 2, characterized by a strong correlation with CRP and each other, were significantly elevated on admission (Figure 2 and 4B). These indicated that “core signature” cytokines as severity biomarkers similar to CRP could be applied to evaluate treatment efficacy. However, we found MP had a limited effect on them as all the “core signature” cytokines remained markedly elevated after MP treatment (Figure 4B). Recently it was reported that compared to prednisone and MP, dexamethasone had the highest reduction effect on IL-6, potentially supporting the result of “RECOVERY” trial and our findings (15, 41). IL-8 and OSM in cluster 5 correlate with COVID-19 severity and are considered as predictors for prognosis (39, 44). In MP group, both of them were markedly elevated at baseline and after MP treatment (Figure 4A). Besides, we also observed an increased PD-L1 after MP treatment, which might be associated with CRS and CD8+ T-cell exhaustion (45). These data suggested that a short course of MP is not capable to reverse immune dysregulation among severe COVID-19 patients. As mentioned above, some studies also reported lower mortality associated with prolonged or high-dose MP administration (18, 38), it would be interesting to evaluate the effect of these MP regimens on inflammatory cytokines.

It is worth noting that coagulation abnormalities and pulmonary damages among severe COVID-19 patients, presenting as elevated serum d-dimer and KL-6, continued before discharge, when the median of CRP levels was in the normal range (Figures 1B, D). These unusual abnormalities may link to post-discharge complications that were reported recently and warrant further research (46). On the other hand, all the aberrant cytokines are restored after discharge more than six months by analysis of 92 cytokines, these data may suggest that immune system had a good prognosis.

There has been a variety of studies regarding the immunological features of COVID-19 (9, 12, 39), but a temporal analysis of patients receiving MP, whose clinical efficacy remains controversial, is still lacking. Thus, our longitudinal study on this population by use of systems biology approach would be a deep expansion. Our study period covers hospitalization and over six months after discharge, rendering a complete picture of the clinical course and cytokine characteristics of COVID-19 patients treated with MP. The limitations of our study include that it is a retrospective, observational study, and the sample size is not large due to a small number of infected COVID-19 cases in Guangzhou although a majority of the local severe patients (88.4%, 38/43) had been included. Indeed, during the study period (by March 13, 2020), the cumulative number of COVID-19 cases in Guangzhou was only 347 according to Guangzhou Municipal Health Commission Report (47). Unfortunately, by now a large, multicenter, randomized trial on clinical efficacy of MP is still lacking.

Taken together, our study evaluated the efficacy of a short course MP among severe COVID-19 patients by use of a variety of well-studied biomarkers and also revealed the “core signature” cytokines, the hallmark of severe COVID-19, as well as the dynamic changes of the immunological features of the population. This would undoubtedly broaden our understanding of the pathogenesis of COVID-19 and provide scientific evidence for future treatment of the highly contagious disease.
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Objectives

Recent studies suggest that asthma may have a protective effect on COVID-19.We aimed to investigate the causality between asthma and two COVID-19 outcomes and explore the mechanisms underlining this connection.



Methods

Summary results of GWAS were used for the analyses, including asthma (88,486 cases and 447,859 controls), COVID-19 hospitalization (6,406 hospitalized COVID-19 cases and 902,088 controls), and COVID-19 infection (14,134 COVID-19 cases and 1,284,876 controls). The Mendelian randomization (MR) analysis was performed to evaluate the causal effects of asthma on the two COVID-19 outcomes. A cross-trait meta-analysis was conducted to analyze genetic variants within two loci shared by COVID-19 hospitalization and asthma.



Results

Asthma is associated with decreased risk both for COVID-19 hospitalization (odds ratio (OR): 0.70, 95% confidence interval (CI): 0.70-0.99) and for COVID-19 infection (OR: 0.83, 95%CI: 0.51-0.95). Asthma and COVID-19 share two genome-wide significant genes, including ABO at the 9q34.2 region and OAS2 at the 12q24.13 region. The meta-analysis revealed that ABO and ATXN2 contain variants with pleiotropic effects on both COVID-19 and asthma.



Conclusion

In conclusion, our results suggest that genetic liability to asthma is associated with decreased susceptibility to SARS-CoV-2 and to severe COVID-19 disease, which may be due to the protective effects of ongoing inflammation and, possibly, related compensatory responses against COVID-19 in its early stage.
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Introduction

The COVID-19 pandemic due to the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections caused a public health crisis worldwide. By the end of March 2021, the COVID-19 pandemic has incurred 128 million infections worldwide, including close to three million deaths, with a mortality rate of 2.2%, according to Johns Hopkins Coronavirus Resource Center (https://coronavirus.jhu.edu/map.html). Although the majority of infected persons experience mild no obvious symptoms, approximately 10-20% of people with COVID-19 infection need hospitalization (1, 2). In hospitalized patients, comorbid hypertension, obesity, and diabetes are common (1, 2).

There is substantial variability in terms of symptoms, severity, and prognosis of the disease. Infected individuals with older age or medical complications are more likely to develop severe symptoms, with some young and seemingly healthy individuals also having serious outcomes. Host genetics is considered to play an essential role in an individual’s propensity to contract infectious diseases (3). Other medical conditions may exert an influence on an individual’s susceptibility to COVID-19 both by disease-driven conditioning of the immune system, and by shared genetic variations, which may either predispose to comorbid conditions or aid in resisting disease phenotype.

As COVID-19 disease is known to affect both upper and lower airways, it is not surprising that the links between SARS-CoV-2 severity and pre-existing lung inflammation were soon uncovered. In particular, in lung epithelium cell datasets from SARS-CoV-2 infection and idiopathic pulmonary fibrosis, transcriptomic analyses pinpointed a set of shared pathways and hub genes (4). Similarly made observations genetically connected SARS-CoV-2 withpulmonary arterial hypertension (5).

It is commonly accepted that asthmatics and patients with respiratory allergies have increased susceptibility and severity for viral infections (6). Therefore, asthma was initially considered as a risk factor for COVID-19, and a higher prevalence of asthma in COVID-19 hospitalized patients has been reported (7). Asthma was reported to be associated with a higher risk of morbidity in COVID-19 patients (8). However, some studies reported that the prevalence of asthma in patients with COVID-19 is lower than expected (9, 10), suggesting that having asthma may exert a protective effect (11). Some evidence indicates that asthma is not associated with outcomes of COVID-19 (12–14). Until now, the relationship between COVID-19 and asthma remains controversial and is under active debate (15–18). The associations reported by observational studies may suffer from limited support for causality. Therefore, there is an urgent need to determine their association using more fundamental evidence and to elucidate the mechanisms underlying the association between COVID-19 and asthma.

Mendelian randomization (MR) is an analytic framework that utilizes genetic variants as instrumental variables to test the causative association between an exposure and an outcome (19), which has been widely used in recent studies (20–22). In particular, previous MR analyses have reported causal risk factors for a severe course of COVID-19, including body mass index and smoking intensity (23–25). In this study, summary-level Genome-Wide Association Studies (GWAS) data were utilized to test for putative causal associations between asthma and two COVID-19 outcomes. Furthermore, we annotated the COVID-19 GWAS results by performing functional analyses for the discovered genes. These asthma-related findings may shed more insight into the COVID-19 pathophysiology.



Methods


Study Design and Participants

Two-sample MR was employed to investigate causal relationships between asthma and COVID-19 outcomes in the summary-level GWAS datasets. The asthma GWAS dataset included 88,486 cases and 447,859 controls (97.2% of the participants were of European origins) (26). Two datasets were obtained from the COVID-19 Host Genetic Initiative GWAS meta-analyses round 4 (Release Date: October 20, 2020) (27), with outcomes including either COVID-19 hospitalization (6,406 hospitalized COVID-19 cases and 902,088 controls), or COVID-19 infection (14,134 COVID-19 cases and 1,284,876 controls). COVID-19 infection reflects the overall susceptibility to the disease, whereas COVID-19 hospitalization cases represent the relative severity of the disease. In both the COVID-19 datasets, all the participants were of European origins.



MR Analysis and Genetic Correlation Estimation

Causality was tested using inverse variance-weighted (IVW) analysis (28). To evaluate the sensitivity, we further test the causal effect using the MR-Egger regression (29) and the weighted median method (30). The intercept from the MR-Egger model was used as a measure of directional pleiotropy. All the above analyses, and the heterogeneity analysis, were conducted using TwoSampleMR v0.5.5 (31). Single-nucleotide polymorphisms (SNPs) associated with asthma at genome-wide significance (P < 5.0E-8) were selected as instrumental variants and further pruned using a clumping r2 cutoff of 0.01. The genetic correlations of asthma with COVID-19 outcomes were calculated using linkage disequilibrium (LD) score regression (32). Statistical significance of the analyses was accepted when P values were < 0.05.



Annotation of the COVID-19 and Asthma GWAS Results

Functional mapping and annotation (FUMA) software was used to map SNPs to genes and identify LD-independent genomic regions (33). All genes located within 10 kb vicinity of each variant were mapped. Independent significant SNPs (IndSigSNPs) were extracted when their P-value were genome-wide significant (P ≤ 5.0E-08) and independent of each other (r2 < 0.6). Lead SNPs were identified as a subset of the independent significant SNPs that were in LD with each other at r2 < 0.1 within a 500 Kb window. Genomic risk loci were identified by merging lead SNPs located at a distance of less than 500 kb from each other. Clumping procedures were carried out in accordance with the European 1000 Genomes Project phase 3 reference panel. Due to extensive LD, the entire major histocompatibility complex (MHC) locus was merged into one region (chr6:25-35Mb). Regional association results of the loci were plotted using LocusZoom (34).



Cross-Trait Meta-Analysis of COVID-19 Hospitalization and Asthma

We conducted a cross-trait meta-analysis to identified pleiotropic genetic variants shared by asthma and COVID-19 hospitalization. ASSET is an agnostic approach that performs cross-trait meta-analysis by allowing a subset of the input GWASs to have no effect on a given SNP (35). This technique identifies the strongest association signal by exhaustive exploration of all possible subsets of GWAS and their inputs within a fixed-effect framework.



Tissue Specificity and Pathway Enrichment Analyses

Tissue specificity of the genome-wide genes was measured against each of the differentially expressed gene (DEG) sets from GTEx v8 (36) using the hypergeometric test (33). For each genome-wide gene, enrichment in canonical pathways was evaluated using FUMA (33). All analyses were done using R v4.0.3 or Python v3.7. A detailed description of the methods is provided in the Supplementary File.



Gene Overlap Analysis for COVID-19 and Asthma

To identify overlapped risk genes between COVID-19 and asthma, we retrieved genome-wide risk genes for two traits from GWAS-catalog (https://www.ebi.ac.uk/gwas/). For COVID-19, we combined the results from GWAS-catalog and the genes identified in our present study.




Results


MR Analysis and Genetic Correlation Estimation

As shown in Table 1 and Figure 1, our MR analysis unequivocally indicated that asthma is associated with decreased risk for either COVID-19 infection (OR: 0.83, 95%CI: 0.70-0.99, P = 0.037) or hospitalization (OR: 0.70, 95%CI: 0.51-0.95, P = 0.023). The sensitivity analyses suggested that the directions of causal effect estimates across the methods were the same. Tests of MR-Egger regression did not support the directional pleiotropy of the genetic instrumental variables for both the causal associations (MR-Egger intercept < 0.001, P > 0.05). The heterogeneity test did not support the existence of heterogeneity in the MR analysis (all P > 0.05). There were no genetic correlations between asthma and COVID-19 hospitalization (r = -0.03, P = 0.631) or COVID-19 infection (r = 0.11, P = 0.120).


Table 1 | Causal effects of asthma on the COVID-19 outcomes.






Figure 1 | Causal effects of asthma on COVID-19 outcomes, including hospitalization and infection. IVW, inverse variance weighted; MR, Mendelian randomization. The lines denote effect sizes (b).





Annotation of the COVID-19 and Asthma GWAS Results

A total of six and four genomic loci were associated with COVID-19 hospitalization and with infection, respectively (Table 2 and Figure 2). All the four loci implicated in COVID-19 infection overlapped with the six loci associated with COVID-19 hospitalization. For both datasets, the 3p21.31 locus had the largest amount of signals within protein-coding genes.


Table 2 | Genomic loci influencing the COVID-19 outcomes and asthma.






Figure 2 | Manhattan plot of GWAS results of the COVID-19 outcomes and asthma. The x-axis is chromosomal position of SNPs and the y-axis is the significance of the SNPs (-log10P). Each horizontal dashed line denotes genome-wide significance level of 5E-8. Dashed green rectangles indicate the two overlapped genomic loci between COVID-19 hospitalization and asthma.



A total of 19 and 10 protein-coding genes were detected for COVID-19 hospitalization and infection, respectively (Table 2). All the 10 coding genes implicated in COVID-19 infection overlapped with the gene set for the COVID-19 hospitalization. Therefore, the present study revealed a total of 19 genome-wide risk genes for COVID-19, including ABO, CCR1, CCR2, CCR3, CCR9, CCRL2, CXCR6, DPP9, FYCO1, IFNAR2, LIMD1, LTF, LZTFL1, OAS1, OAS2, OAS3, SLC6A20, VSTM2A, and XCR1.

For asthma, a total of 169 genomic loci were associated with the illness. Interestingly, two loci were overlapped with those of COVID-19 hospitalization, including the 9q34.2 locus and the 12q24.13 locus (Table 2 and Figure 2). The ABO gene within the 9q34.2 locus was implicated in both asthma and COVID-19.



Cross-Trait Meta-Analysis of COVID-19 Hospitalization and Asthma

The cross-trait meta-analysis identified 63 significant associations (P < 5E-8), including two SNPs shared by COVID-19 and asthma (Figure 3 and Supplementary Table 1). The rs1381383189 within ABO was implicated in both the traits in the same direction (3.00E-08), while rs35350651 within ATXN2 was implicated in both the traits in the opposite directions (2.33E-09).




Figure 3 | Two overlapped loci between COVID-19 hospitalization and asthma. Left is the 9q34.2 locus and right is the 12q24.13 locus in hg19. The linkage disequilibrium information is from phase 3 of the 1000 Genomes Project. The dashed line represents the threshold for genome-wide significance (P < 5.0E-08).





Tissue Specificity and Pathway Enrichment Analyses

Gene-based tissue enrichment analysis showed that the set of 19 genes of COVID-19 was upregulated in the spleen, lung, and blood (Supplementary Figure 1A). SNP-based tissue enrichment analysis of asthma showed that the GWAS hits of asthma were over-represented in blood, spleen, lung, and small intestine (Supplementary Figure 1B). The pathway enrichment analysis highlighted multiple pathways, including cytokine interaction with their receptors, chemokine and interferon signaling, human oligoadenylate synthetase (OAS) antiviral response, G protein-coupled receptor signaling, and natural killer T pathway (Figure 4). These pathways are predominantly involved in the inflammatory function.




Figure 4 | Canonical pathway analyses of the set of COVID-19 risk genes.





Overlapped Genome-Wide Risk Genes Between COVID-19 and Asthma

In the GWAS catalog, there were 19 and 1,293 genes for COVID-19 and asthma, respectively. After merging with the 27 genes extracted in this study, a set of 34 risk genes for COVID-19 was formed. Overlap analysis revealed that two protein-coding genes were shared between the two conditions, namely, ABO and OAS2.




Discussion

Our study shows that asthma has a protective effect on the risk of COVID-19 infection and hospitalization, representing a surprising departure from other common respiratory viral outbreaks. Notably, COVID-19 progression relies on the over-activation of innate immunity and ‘cytokine storms’. Predominantly allergic immune responses, which are characteristic of asthma, may mediate the protective effect of asthma against COVID-19. The receptor-binding domain of SARS-CoV-2 spike protein docks to Angiotensin-Converting Enzyme 2 (ACE2), which is encoded by the gene reported as less active in asthma patients, thus, possibly limiting the entry of the virus into the epithelium of the asthmatic’ airways (37). The expression levels of ACE2 negatively correlate with the levels of Th2 cytokines in airway epithelial cells (IL-4, IL-5, and IL-13) and with total amounts of IgE (37, 38). In asthma, the predominance of Th2 response may alleviate the viral-induced release of interferons, and downregulate the cytokine storm which is typical for advanced COVID-19, thus, preventing hospitalization.

On the other hand, both the asthma treatments, namely, inhaled corticosteroids (39), and the cross-reactivity to T cell epitopes of common airborne allergens (40) may directly decrease the risk of contracting SARS-CoV-2 infection either by alleviating inflammation or by providing pre-existing immunity.

In this paper, we identified a set of 19 protein-coding risk genes associated with COVID-19 susceptibility and severity. These genes are located within six genomic loci, with chromosome 3p21.31 displaying the peak association across the two COVID-19 datasets and encompassing a cluster of chemokine receptor genes. Thus, our study supports the 3p21.31 locus as the most critical among COVID-19-related regions, which has been identified and highlighted by previous GWASs and functional analyses (41–43).

Our study revealed loci within the 9q34.2 and the 12q24.13 region as influencing both asthma and COVID-19 hospitalization. The ABO gene is the single gene within the 9q34.2 locus. Previously GWASs have identified it as a risk gene for critical illness of COVID-19 (41, 42) and asthma (26), while the present study suggests its involvement of COVID-19 infection and hospitalization as well. In previous studies, blood group A was associated with an increased risk for severe COVID-19 (OR = 1.45), while blood group O was shown to confer a protective effect (OR = 0.65) (42). Epidemiological studies reported a similar risk pattern for contracting COVID-19 (44, 45). Interestingly, ABO was also highlighted as a genome-wide gene for asthma by Han et al. (26), with blood group O being specifically reported as a risk factor for asthma in a recent review (46). Therefore, the effects incurred by the blood types on both diseases seem genuine.

Chromosome 12q24.13 contains a cluster of genes for the oligoadenylate synthase family (OAS1, OAS2, and OAS3). These enzymes synthesize 2’,5’-oligoadenylates (2-5As), which aid in degrading viral RNAs and inhibiting viral replication by activating latent RNase L (47). The association of OAS2 with asthma was reported in an earlier GWAS (48). Moreover, one study showed that expression levels of OAS2 correlate with reticular basement membrane thickness (49). Notably, OAS2 was recently suggested as one of the hub genes for coordinating innate immune responses in COVID-19 and a potential to-be-augmented target for the treatments of this illness (50). In particular, inhibitors of endogenous phosphodiesterase 12 (PDE-12) enzyme, which cleaves the host 2-5As, were proposed for this purpose (51).

Our meta-analysis supports that the effects of variation within the ABO and ATXN2 genes are shared between COVID-19 and asthma. Since ATXN2 has been associated with asthma at the genome-wide level, our meta-analysis suggests ATXN2 may be a novel risk gene for COVID-19. Ataxin-2, which is encoded by the ATXN2 gene, is a multifunctional protein of the rough endoplasmic reticulum and plasma membrane (52), where it modulates mTOR signals by participating in its translational regulation by associating with polyribosomes (53). In stressed cells, ataxin-2 also is involved in the formation of stress granules, where untranslated mRNAs are translationally inhibited (54, 55). Notably, stress granules attract certain viral proteins, including that of positive-strand RNA viruses SARS-CoV-2 (56) and Zika (57). In fact, induced disassembly of the stress granules is required for the production of viral particles (58). While the role of ataxin-2 in supporting the replication of SARS-CoV-2 is yet to be investigated, Zika (ZIKV) decreases its viral production in response to ataxin-2 depletion (57). Moreover, the N protein of SARS-CoV-2 (56, 59) and ataxin-2 (60) both aid in the formation of high-density protein/RNA condensates through their intrinsically disordered regions, possibly competing with each other.

The role of ataxin-2 in immunity is less clear. Previous studies have connected the genetic variation in the SH2B3/ATXN2 region with CD4+ T cells counts (61), and a variety of autoimmune conditions, including alopecia areata (62) and sarcoidosis (63).

Functional analyses showed that the set of 19 genome-wide risk genes for COVID-19 is expressed at a high level in the spleen, lung, and blood, supporting the involvement of the local immune responses in course of the COVID-19. Interestingly, GWAS hits of asthma were also enriched in three tissues mentioned above, and in the small intestine. Pathway analysis supports that the severity-related set of 19 genes predominately participates in cytokine and chemokine signaling, consistent with their enrichment in gene sets associated with several immune-related conditions. Our results strengthen the proposed viewpoint that COVID-19 progression depends on over-activated innate immunity and resultant ‘cytokine storm’.

The strengths of this study include the MR design, which is known to help avoid the causality pitfalls of traditional observational epidemiological studies. All or the vast majority of the participants were of European ancestry, reducing the potential population heterogeneity. Several limitations should be acknowledged, including pleiotropy as a potential source of bias capable of undermining the validity of an MR study. In the present study, both COVID-19 and asthma datasets contained samples from the UK biobank; this sample overlap may contribute to pleiotropy. However, the pleiotropy test revealed no indication of directional pleiotropy in the MR analysis.

In conclusion, our results suggest that genetic liability to asthma is associated with decreased risk for COVID-19 infection and hospitalization. This phenomenon may be due to the protective effects of ongoing inflammatory responses against the early stages of COVID-19.
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The scale of the COVID-19 pandemic forced urgent measures for the development of new therapeutics. One of these strategies is the use of convalescent plasma (CP) as a conventional source for passive immunity. Recently, there has been interest in CP-derived exosomes. In this report, we present a structural, biochemical, and biological characterization of our proprietary product, convalescent human immune plasma-derived exosome (ChipEXO), following the guidelines set forth by the Turkish Ministry of Health and the Turkish Red Crescent, the Good Manufacturing Practice, the International Society for Extracellular Vesicles, and the Gene Ontology Consortium. The data support the safety and efficacy of this product against SARS-CoV-2 infections in preclinical models.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic has posed an unprecedented need for new antiviral therapeutics that are safe, effective, and readily available for large populations. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19, is an airborne disease targeting the lung epithelial cells resulting in viral pneumonia in about 20% of the infected (1, 2). This is the major cause of mortality—so far, 4.5 million worldwide—due to the development of acute respiratory distress syndrome that involves inflammatory cascades and endothelial damage (3). As a result, any formulation of new treatment regimens to diminish the viral load and control lung inflammation has been the global focus as the mortality remains at 10% among those hospitalized (4).

Since the early days of the pandemic, many countries have been engaged in large-scale operations to collect and store convalescent serum from the survivors (5). This is considered as a historical remedy, dating back to the 19th century, to provide passive immunity when needed. In fact, successful applications of convalescent plasma have been reported during the epidemics by the members of Coronoviridea, SARS, and MERS in the last two decades (6, 7). Similar observations have been published recently for the treatment of severe COVID-19 (8–12). With the advent of monoclonal antibody technology, there has been a changing landscape. This is mostly due to inherited difficulties associated with crude plasma including a wide range of donor variability for the antibody titers, fear for transmission of infectious agents, and concern for augmenting inflammatory and thrombotic cascades in a critically ill host (13). In rare events, it can also induce transfusion-related acute lung injury (TRALI), a condition likely to involve exposure to donor autoantibodies (14).

The immunotherapeutic and biologic activities of convalescent plasma, in addition to antiviral antibodies, have been discussed in recent publications (15–19). In this regard, there has been a great interest in harnessing plasma content for extracellular vesicles (EV) including exosomes for the treatment of COVID-19 (20, 21). EVs are ubiquitously produced by many cell types as membrane-bound extracellular vesicles of 30 to 150 nm in size. Through protein and RNA cargo, exosomes can convey information to distant remote cells upon uptake by endocytosis. Elegant studies by Mao et al. (22) showed that the size distribution of exosomes from patients with SARS-CoV-2 infection was similar (55 to 145 nm) but the protein content varied with infection severity. There have been experimental models to study the immunomodulatory (23, 24), tropic (25), and antifibrotic (26) activities of plasma-derived exosomes. To our knowledge, the antiviral potency of plasma-derived exosomes from COVID-19 survivors has not been reported. We now present our findings to test this concept using preclinical models.



Methods


Regulatory Approvals

This study was approved by the Central Scientific Review Board of the Turkish Ministry of Health and was conducted in full compliance with the rules and regulations of contributing academic institutions.



The Viral Stocks

The hCoV-19/Turkey/ERAGEM-001/2020 strain was used in this study described in detail previously (27). B.1.36 strain was provided by the Ministry of Health, Directorate of Public Health. All viral studies were conducted at biosafety level 3 (BSL-3) laboratories at Erciyes University Vaccine Research, Development and Application Center (ERAGEM) and Genetic Engineering and Biotechnology Institutes of TUBITAK Marmara Research Center in Gebze, Turkey.



Cell Line

Vero E6 cells (CRL-1586™, ATCC, Manassas, VA, USA) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)–low glucose (Sigma, Germany) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, Waltham, MA, USA), 100 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin (Biological Industries, USA), i.e., a complete medium. All assays were conducted on rapidly growing cells in 96-well microtiter plates, seeded as 2.5 × 104 cells/100 μl media with 2% FBS/well.

Animal studies were conducted at Erciyes University after proper approval. Sixteen-week-old male Sprague–Dawley rats were maintained under routine conditions (room temperature, 12-h light cycle, fed ad libitum) and tested in compliance with the institutional Animal Experiment Guidelines at Erciyes University, Genome and Stem Cell Center (GENKOK).



Convalescent Plasma Collection

Donor selection followed the rules and regulations put forward by the Turkish Ministry of Health and Turkish Red Crescent (COVID-19 İMMÜN (KONVALESAN) PLAZMA TEDARİK VE KLİNİK KULLANIM REHBERİ) and WHO Blood Regulators Network (WHO Blood Regulators Network (BRN) Position Paper on Use of Convalescent Plasma, Serum or Immune Globulin Concentrates as an Element in Response to an Emerging Virus*, n.d.). The donors were selected according to criteria including adult men or women (without any history of pregnancy) with PCR or serology evidence of COVID-19 in the recent past, i.e., a minimum of 2 weeks and a maximum of 16 weeks prior to collection. This is in conjunction with the donor’s current status of being negative for acute SARS-CoV-2 infection by PCR and negative for HBsAg, HCV, HIV 1-2, and syphilis by serology. The procedure for the collection of convalescent plasma in Turkey has been described (28); accordingly, 200–600 ml convalescent plasma was collected by apheresis (Trima Accel®) and labeled as “COVID-19 Immune Plasma” using the ISBT-128 encoding system with authorization from the Turkish Red Crescent. Witness samples were stored at −86°C as per guidelines provided by the “National Standards for Blood Service Units” and national legislation on traceability. For the current studies, two different batches of COVID-19 convalescent plasma and one batch of healthy control plasma were utilized. These samples were in storage for a minimum of 6 months after collection.



Purification and Characterization of Plasma-Derived Exosomes

Two different methods were used for the isolation of exosomes: density cushion ultracentrifugation and aqueous two-phase system (ATPS). Density cushion ultracentrifugation was performed by layering 10 ml of plasma samples over 1.5 ml of 1 M sucrose solution in a 12.5-ml ultracentrifugation tube. Samples were then centrifuged at 100,000×g for 80 min using an SW 40i ultracentrifugation rotor (Beckman Coulter, Pasadena, CA, USA). After the centrifugation, the top layer was removed, and 1 ml of the sucrose layer was collected from the bottom carefully to ensure the exosome-containing phase remained unmixed with the contaminants of the upper phase. ATPS isolation of convalescent human immune plasma-derived exosomes (ChipEXOs) was performed as previously described (23, 29). Briefly, samples were mixed at a 1:1 (v/v) ratio with the isolation solution, which consists of PEG and dextran. Simultaneously, washing solution was prepared by diluting the isolation solution 1:1 (v/v) with distilled water. Samples and the washing solutions were centrifuged at 1,000×g for 10 min for phase separation. The upper 80% volume of the samples were discarded and then replaced with the upper 80% volumes of the washing solution and mixed via inversion. This process was performed twice, at the end of which the bottom phases of the samples containing the isolated exosomes were collected. Density cushion isolation provides exosome isolates with higher purity, at the expense of quantity, making it preferable to the ATPS isolation method for proteomic and transcriptomic analyses. All studies were conducted by following Good Manufacturing Practice (GMP) guidelines and under sterile conditions.



Structural Characterization of Exosomes


Measurements of Physical Properties

Size distribution of exosomes was measured by nanoparticle tracking analysis (NTA) using Nanosight NS300 (Malvern Instruments, Malvern, UK). Samples were diluted in phosphate-buffered solution (PBS) to contain 25–200 particles in a frame and examined by 15 captures of 20 s each. Threshold levels were selected for each sample according to the manufacturer’s instructions.



Scanning Electron Microscopy

Thirty microliters of air-dried exosome suspension on a glass slide was imaged by scanning electron microscopy (Zeiss GEMINI 500, Zeiss, Oberkochen, Germany) at the Erciyes University TAUM Research Center.



Flow Cytometry

Exosomes were studied for surface markers by flow cytometry after coupling with aldehyde/sulfate latex beads (A37304, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). First, 100 µl of exosome solution was mixed with 1.5 µl of bead solution and incubated for 30 min at room temperature. Then, 400 µl of PBS was added and the mixture was centrifuged at 2,700×g for 3 min. The pelleted bead–exosome complex was dispersed in 100 µl of 100 mM glycine solution to close the open aldehyde ends of the bead and incubated for 30 min, followed by PBS washing. Fluorescently labeled monoclonal antibodies to CD81 (349506, Biolegend, San Diego, CA, USA), TSG101 (ab209927, Abcam, Cambridge, UK), and CANX (ab203439, Abcam, Cambridge, UK) at 1:100 dilution in PBS with 1% BSA (bovine serum albumin) were added and samples were incubated overnight at 4°C. The samples were then washed twice with PBS, dispersed in 400 µl, and analyzed with the FACSCalibur flow cytometry instrument.




Biochemical Characterization of Exosome Cargo


miRNA Chip Assay

MicroRNA (miRNA) expression profile was performed by Affymetrix miRNA 4.0 GeneChip assay (Affymetrix, Santa Clara, CA, USA) using GeneChip 4.0 miRNA array that contains 2,025 pre-miRNAs and 2,578 mature miRNA probes for humans. RNA samples were isolated by the TRIzol method according to the manufacturer’s RNA isolation protocol (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA samples were labeled using Affymetrix FlashTag Biotin HSR RNA Labeling Kit. Briefly, 130 ng of total RNA samples were poly(A)-tailed using poly A polymerase enzyme and ATP at 37°C for 15 min, then biotinylated by ligating biotin-labeled fragment to the 3′ end using the FlashTag Biotin HSR RNA Labeling Kit following the manufacturer’s protocol. Labeled samples were hybridized on miRNA 4.0 arrays at 48°C and 60 rpm for 18 h via GeneChip® Hybridization Oven 645 (Affymetrix, Santa Clara, CA, USA). GeneChip® Fluidics Station 450 (Affymetrix, Santa Clara, CA, USA) and GeneChip® Scanner 3000 7G System (Affymetrix, Santa Clara, CA, USA) were used to wash, stain, and scan the arrays, respectively. Differentially expressed microRNAs among the study groups were analyzed via Affymetrix® Transcriptome Analysis Console software (TAC, version 4.0).



Proteomics

Proteomic profiling of ChipEXOs was performed by mass spectroscopy. Briefly, proteins were separated via 12% SDS-PAGE followed by cleanup and concentration using ReadyPrep 2-DE Cleanup Kit (Bio-Rad) according to the manufacturer’s instructions. SDS-PAGE gels were fixed in 40% methanol, 10% acidic acid, and colloidal Coomassie Brilliant Blue G-250 in distilled water (v/v) overnight. Bands of proteins were excised for in-gel tryptic digestion (Thermo Fisher). Digested peptides were preconcentrated and desalted in with a trap column and separated using an Acclaim PepMap RSLC C18 high-performance liquid chromatography (HPLC) analytical column (75 μm × 15 cm × 2 μm, 100 Å diameter, Thermo Fisher Scientific). Peptide identification was done with nLC-MS/MS using an Ultimate 3000 RSLC nanosystem (Dionex, Thermo Fisher Scientific, Waltham, MA, USA) coupled with a Q Exactive mass spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Full spectra mass spectroscopy of the peptides was conducted with the following settings: resolution of 70,000, scan range of 40–2,000 m/z, spray voltage of 2.3 kV, target automatic gain control of “AGC” 3 × 106, and a maximum injection time of 60 ms. The identified peptides were matched to proteins using Proteome Discoverer 2.2 (Thermo Fisher Scientific, Waltham, MA, USA) with the following settings: mass tolerance of 10 ppm, MS/MS mass tolerance of 0.2 Da, mass accuracy of 2 ppm, tolerant miscarriage of 1, minimum peptide length of 6, cysteine carbamidomethylation as fixed modification, methionine oxidation as variable modification, and asparagine deamination. The final results were queried in the UniProt/Swiss-Prot database for protein identification.




Bioinformatics

miRNA was analyzed in the Transcriptome Analysis Console (TAC) Software v4.0 program, selecting values with ±2-fold change and significance at p <0.05. In addition, miRNAs that were considered significant by the TAC Software v4.0 program were ontologically analyzed in the DIANA-miRPath v3.0 software (30). Venn diagram was created using the InteractiVenn software (31).

Data of all four donors were pooled together for the analyses. Functional annotation of the ChipEXO’s proteomes was made with UniProt accession numbers. Gene ontology (GO) enrichment analyses of ChipEXO’s proteomes were made using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (32) and Protein Analysis Through Evolutionary Relationships (PANTHER) (33). The percentage of proteins falling under a particular term over the total number of proteins was reported for GO and KEGG ontology analyses.



Preclinical Assessment of ChipEXO for Safety


Testing ChipEXO for Toxicity In Vitro

Two-fold dilutions of ChipEXO were added onto Vero E6 cells seeded in 96-well E-plate of the xCELLigence RTCA MP device (Agilent Technologies, Santa Clara, CA, USA) in triplicates. Throughout the experiment, the instrument was placed in a cell culture incubator at 37°C with 5% CO2 and was operated through a cable-connected external control unit. The assay is based on electrical impedance measured every 15 min; the electrical conductivity is converted to the unitless cell index (CI) parameter by xCELLigence RTCA Software Pro; a higher CI value indicates increased cell viability/health, whereas a lower value indicates cell death/unhealthy.



Testing ChipEXO for Toxicity In Vivo

Exposure of rats to ChipEXO was investigated as follows: unsedated healthy rats (n = 4 treated and n = 2 control)—held in upright vertical position and neck in hyperflexion—were exposed to ChipEXO (100 µl of stock solution) through intratracheal instillation over 2–3 s. Controls receive saline only. On the day of treatment, rats (n = 1 control; n = 2 study) were tested for barometric whole-body plethysmography (WBP, Buxco Systems, USA) modified for continuous flow. A constant gas flow input (6 L/min) is delivered with a mass flow controller (MFC-4, Sable Systems, North Las Vegas, NV, USA) to a gas mixer connected upstream of the chambers and gas flow output through a hole attached to the WBP cage. This allows to isolate and measure the changes in the chamber pressure from breathing by input and output impedances relative to the atmospheric pressure. For the measurement of ventilation (V), respiratory frequency (fR), and tidal volume (Vt), the rat was weighed and sealed into the WBP chamber. After the first 30 min to allow acclimation to 21% O2, with a constant 0.03% CO2 balanced N2, the rat was exposed to a constant flow of 21% O2 for 60 min. During this period, raw data were collected every 15 min, analyzed for fR, Vt, and V, and normalized to body mass [ml/(min*kg)] as described in Drorbaugh and Fenn (34) and Jacky et al. (35). Rats were then sacrificed on day 1 and day 5 post-treatment for histopathology examination of the lung and airway.




Functional Studies to Assess the Antiviral Properties of ChipEXO


Titration of SARS-CoV-2

The functional studies were based on the hCoV-19/Turkey/ERAGEM-001/2020 strain as previously described (27). The viral titer was determined as tissue culture infective dose 50% (TCID50) and focus forming assay (FFA) per published methods (27, 36). TCID50: Vero E6 cells were seeded in 96-well plates in complete medium and incubated for 18–24 h at 37°C. Upon confluency, 10-fold serial dilutions of the virus were added to the wells in triplicates. After incubation for 1 h at 37°C with shaking, the virus inoculum was removed and the cells were washed with PBS. The plates were incubated for 5 days in 5% CO2, at 37°C. The cytopathic effects (CPE) were determined by inverted microscopy and TCID50 was calculated according to the Reed and Muench method (Reed et al., n.d.). FFA: Cell monolayers were exposed to the virus as described above for 1 h at 37°C, followed by removal by PBS washing. This was followed by the addition of a fresh medium containing 1% CMC (carboxymethyl cellulose) and incubation at 37°C with 5% CO2 for 24 h. Cells were then fixed with 10% neutral buffered formaldehyde at room temperature for 20 min, permeabilized with 0.1% Triton X-100 in PBS for 20 min while gently rocking, and blocked with 5% skim milk in PBS. Human antibody to SARS-CoV-2 nucleocapsid protein (1:2,500) (GenScript; HC2003) in TBST (100 mM Tris–HCl pH 8.0, 1.5 M NaCl, 1% Tween 20) was added for an hour at 37°C followed by three washes with TBST. Goat anti-human IgG conjugated to fluorescein isothiocyanate (FITCH) (1:1,000) (SouthernBiotech, USA) was added, and cells were incubated for another hour followed by three washes with TBST and once with distilled water. The antibody-labeled cells were detected and analyzed by immunofluorescence microscopy (Leica Microsystems, Wetzlar, Germany). The fluorescent foci in each well were counted, and the virus titers were calculated and expressed as fluorescent focus units (FFU) per ml as described previously (37). The results of TCID50 and FFA guided the viral dose used in the functional testing of ChipEXO as described below.



Assessment of the Antiviral Properties of ChipEXO by CPE

Two-fold diluted exosomes were mixed with the hCoV-19/Turkey/ERAGEM-001/2020 strain of SARS-CoV-2 at a fixed dose of 100 TCID50 and incubated at 37°C for 1 h. The mixtures were then added onto the cells in triplicates. After absorption for 1 h at 37°C, the cells were washed with PBS and further incubated (in media with 2% FBS) for 5 days in 5% CO2 at 37°C for CPE under an inverted microscope.



Assessment of the Antiviral Properties of ChipEXO by FFA

Mixtures of ChipEXO at 2-fold serial dilutions and hCoV-19/Turkey/ERAGEM-001/2020 strain of SARS-CoV-2 at a fixed dose of 100 FFU were incubated at 37°C for 1 h. The mixtures were then added in triplicate to confluent Vero E6 cell monolayers. After absorption for 1 h at 37°C, the supernatants were removed and the cells were washed with PBS. The cell monolayers were overlaid with a medium containing 1% CMC and then incubated at 37°C with 5% CO2 for 24 h. The remaining steps of FFA were performed as described above for a final readout under immunofluorescence microscopy (Leica, UK). The controls included mock-infected and/or mock-treated wells.



Assessment of the Antiviral Properties of ChipEXO by Real-Time Tracking of Viral CPE

Progression of the B.1.36 strain of SARS-CoV-2 in Vero E6 cells in the presence or absence of ChipEXO was followed by real-time measurement of CPE using xCELLigence RTCA MP system (Agilent Technologies, Santa Clara, CA, USA) as described above. Two-fold dilutions of ChipEXO from different donors were prepared and tested individually or tested as a 1:1 mixture (by volume) of the two. First, the cells were incubated for 24 h in the xCELLigence RTCA MP device then exposed to 3.5 × 105 PFU/ml SARS-CoV-2 virus for 1 h. Without a change of media, ChipEXO was added to the wells, and cells were incubated for 160 h at 37°C with 5% CO2. Controls included wells with virus, exosome, or media alone.




Statistical Analysis

All experimental data in this study were analyzed using GraphPad Prism 8 software. One-way ANOVA was used to evaluate the statistical significance of results at a p-value less than 0.05, which is considered an alpha value. Each experiment was repeated three times.




Results


Donor Information

The study utilized plasma from five donors selected according to the Turkish Ministry of Health, Turkish Red Crescent, and WHO guidelines. None of the subjects had comorbid conditions or health concerns; none was on any type of medications or supplements. COVID-survivor donors were hospitalized for viral pneumonia and received supplemental oxygen and oral favipiravir treatment (38). The plasma collection was carried out between 21 and 30 days after complete resolution of all symptoms, respectively; at that time, two donors had negative PCR and positive anti-COVID-19 serology. None of the subjects received the COVID vaccine prior to plasma collection.



Characterization of Convalescent Plasma Exosomes

The exosome start solution out of 200 ml plasma was prepared in a 20-ml volume with normal saline (0.9% NaCl). The concentration of nanoparticles within these stock solutions was similar among the donors with readings at 2.07–3.52 × 1011/ml. The stock solution was stored at 4°C and tested within 2 days. Exosomes were isolated from each plasma stock using two different isolation methods (density cushion ultracentrifugation and ATPS). Size distribution, SEM micrographs, and flow cytometry results of exosomes isolated with both methods were similar to one another. Isolated exosomes were characterized based on MISEV criteria (39).

Physical characterization of the ChipEXOs was performed with NTA and scanning electron microscopy for size, concentration, and morphology. The mean size distribution of plasma-derived exosomes of the donors was 114 ± 15.6 nm, resulting in a 95% confidence interval (Supplementary Table 1). The size distribution/concentration was homogeneous with a single peak when graphed (Figures 1A, B).




Figure 1 | Characterization of convalescent human immune plasma-derived exosomes (ChipEXOs). (A) Individual size distribution measurements. (B) Mean size distribution measurements. (C) SEM micrograph. (D) Dynamic light scattering image. (E) Bead-assisted flow cytometry measurements of key exosome markers (CD81 and TSG 101) and a negative control marker (CANX). (F) Geometric MFI values are provided above the peaks. MFI, mean fluorescent intensity.



The morphology of isolated exosomes was uniform and spherical as shown by the SEM images in Figure 1C. Brownian motion measurements of the EVs were used in determining size and concentration measurements (Figure 1D). The bead-assisted flow cytometry profile of the exosomes was positive for the known exosome markers TSG101 and CD81; staining for intracellular CANX was negative as expected (negative control) (Figures 1E, F).


Transcriptomics

Figure 2 summarizes the results of miRNA profiles found in ChipEXO prepared from four different donors in comparison to plasma exosomes from a healthy control. Accordingly, the expression profile of ChipEXO significantly differed for 13 miRNA compared with healthy control. The data on these 16 miRNAs are shown in Figures 2A, B, as heatmap and bar graph, based on the signals generated by the present rates and fold change rates, respectively. Furthermore, these 16 miRNAs were associated with 16 different GO pathways that were shared by all three miRNA databases (microT-CDS, TarBase, and TargetScan) as shown in the Venn graph (Figure 2C); these pathways are listed in Figure 2D.




Figure 2 | miRNA analysis of ChipEXOs. (A) Heatmap demonstration of miRNA signals from two different sources of ChipEXOs and healthy-EXOs. (B) Enrichment and depletion of different miRNAs between the ChipEXO and healthy-EXO samples. (C) Venn diagram of GO pathways from three different databases (microT-CDS, TarBase, and TargetScan) of miRNAs. (D) GO pathway graph of miRNA found in all three databases.





Proteomics

GO enrichment was used to analyze the proteomic composition of ChipEXOs (33, 40). As shown in Figure 3, GO annotations showed enrichment of proteins under three main domains: those associated with the biological process, molecular function, and cellular component. The proteins under the biological process included those associated with immune activation and modulation; terms such as “response to symbiont” (a.k.a. response to the virus), “cytolysis by a host of symbiont cells,” and “killing by a host of symbiont cells” included C4b-binding protein (C4BP) alpha and beta chains, apolipoprotein L1, histidine-rich glycoprotein, and prothrombin (Figure 3A). The proteins under “molecular function” annotated five proteins under “complement binding” and four under “immunoglobulin binding,” for the enrichment of 80.39-fold and 58.72-fold, respectively, compared with the expected number of proteins based on the PANTHER reference list of the Homo sapiens gene database (Figure 3B). In proteins under “cellular compartment,” GO term analysis showed enrichment of proteins associated with extracellular vesicles, exosomes, and plasma membrane elements (Figure 3C). Those directly under the term “extracellular exosome” made up 26.1% of the identified proteins. The samples did not contain any contaminants that can be associated with exosome preparations, i.e., nuclear or mitochondrial proteins. The complete proteome is provided in the Supplementary Material.




Figure 3 | Proteomics of ChipEXO; Gene Ontology (GO) analysis according to functional enrichment networks: (A) biological process (green), (B) molecular function (blue), and (C) cellular component (green).



In addition to PANTHER, we also used KEGG to analyze the proteome (32). Notably, 28 KEGG Ontology (KO) terms (13.8% of all terms) were associated with “Complement and coagulation cascades.” Furthermore, 17 (8.4% of all terms) were associated directly with “Coronavirus disease—COVID-19” (Figure 4A); within these 17 KO terms, there were 64 unique proteins. Please find the full list of these 64 COVID-19-associated proteins in Supplementary Table 5 and the STRING relation scheme of ChipEXO proteins’ functionally enriched pathways (Figure 4B).




Figure 4 | (A) KEGG Ontology (KO) data of proteomic analysis of ChipEXO. (B) STRING relation scheme of the ChipEXO protein-enriched pathway.






Safety and Efficacy of ChipEXO in Preclinical Models

Figure 5 summarizes the safety evaluation of ChipEXO. In vitro, incubation of cells in the presence of ChipEXO did not cause cellular toxicity by visual exam under the inverted microscope for CPE (data not shown) or by automated xCELLigence system for cell viability (Figures 5A, B). In vivo, exposure of rats to ChipEXO did not cause immediate or delayed respiratory distress or allergic reaction. The tissue histopathology of airways and lung parenchyma did not show any signs of inflammation, necrosis, or thrombosis. Interestingly, a trend of improvement in lung functions was noted in rats treated with high-dose ChipEXO compared with mock-treated controls.




Figure 5 | Cytotoxicity of ChipEXOs from donor samples—sample 1 (A) and sample 2 (B)—on Vero E6 cells by real-time cytotoxicity assay on RTCA MP real-time cell analysis system. The data in the figure have been adjusted to the time point when the virus was added to the experiment. Histology: (C) control and (D) day 1 and (E) day 5—the exosome-administered animal showed no pathological changes in lung tissue of hematoxylin–eosin (H&E)-stained sections; ×4 magnification. Plethysmography: time activity for intratracheal instillation ChipEXOs. Exposure to normoxia (21.0% O2) groups does not affect respiratory frequency (fR) (F). Tidal volume (Vt) (G) and minute ventilation (V) (H) during whole-body plethysmography measurement. Bonferroni after repeated measures two-way ANOVA; all data presented as mean ± SEM: N = 1 for the control group and N = 2 for the exosome group. (The x-axis shows time in minutes). The difference for the plethysmography data points between the treated and untreated control was not statistically significant.



The antiviral activity of ChipEXO was tested in vitro using the Vero E6 cell line by two separate assay systems, each differing for viral strains and sequence of exposure to virus and exosomes. The common findings from these assays were as follows: ChipEXO had potent antiviral properties, and the effects were dose-dependent. Briefly, Figure 6 summarizes the results of the first assay system based on TCID50 and FFU. Here, cells were exposed to a fixed amount of viral load premixed with varying doses of ChipEXO for 1 h followed by the removal of virus and exosomes by a wash and continuing incubation in fresh media with 2% FBS for a total of 1 to 5 days. The viral titer was significantly reduced in the presence of high-dose ChipEXO (i.e., 1:2 dilution); this corresponded to a decline in TCID50/ml from 6.01 × 106 to 2.55 × 103 and FFU/ml from 4.3 × 106 to 1.2 × 103. The antiviral effect was dose-dependent and there was no detectable viral inhibition at 1/4 and 1/8 dilutions. Figure 7 summarizes the results of the second assay system using automated xCELLigence allowing real-time data collection. Cells were exposed to SARS-CoV-2 at a fixed dose for 1 h prior to adding varying doses of ChipEXO in the wells; thus, both virus and exosomes were present in the culture media during the remaining of the assay. The antiviral activity, based on CI values, was about 40% to 50% in the presence of high-dose exosomes. Interestingly, the effects of ChipEXOs were augmented when exosomes from two donors were mixed suggesting donor-specific cargo with additive bioactivities. Again, the effect was dose-dependent.




Figure 6 | Antiviral activity of ChipEXOs. Undiluted (A), 1/2 (B), 1/4 (C), and 1/8 (D) dilutions of ChipEXOs were mixed with 100 FFU of the SARS-CoV-2 and incubated at 37°C for 1 h. Infected non-treated (E) and mock-infected (F) controls were also included. (G) Bar graphical demonstration of green fluorescent levels of the virus antigen. (H) Comparison of TCID50 values of the virus-infected control and ChipEXO-treated cells. (I) Comparison of FFU values of virus-infected control and ChipEXO-treated cells. The antibody-labeled cells were detected and analyzed by immunofluorescence microscopy (Leica, DFC450C). Scale bars = 200 μm (*p < 0.05).






Figure 7 | The antiviral efficacy of ChipEXO was evaluated using the xCELLigence RTCA MP real-time cell analysis equipment.The xCELLigence system’s cell index (CI) for Vero E6 cells in media (red line), or after viral inoculation (3.5 × 105 PFU/ml), or alone (green line) (A). CI in the presence of virus and ChipEXO from two different concentrations, respectively (1/2 and 1/4) (B). In the top right corner, a smaller second graph displays the same data with the standard deviation added. The bar graph and table depicted the antiviral activity rate of ChipEXO and the CITmed and CPE delay hours, respectively. Each curve was obtained from at least three separate duplicates of normalized cell index (NCI) values.



The antiviral abilities of the ChipEXO samples of various dilutions were monitored in real-time with a 160-h incubation. The antiviral activity of ChipEXO was calculated using CITmed and CPE delay hours. All samples were normalized to the time point at which the virus was initially added, and this point was used to create the NCI (Supplementary Figure 2A). Using the NCI as the initial reference value, the time-lapse observed until the readings that correspond to 50% of the maximum value (i.e., CITmed) was determined in the presence of the virus alone. This allowed computing and comparing the time-lapse to reach the CIT50 value in the presence of ChipEXO. Based on CIT50 values, both ChipEXO samples delayed CPE only at 1:2 dilution, and this was for an average of 25 ± 3.8 h. The calculated antiviral activity of ChipEXO sample 1 at CITmed was 52%, 13%, and 10% (Supplementary Figure 2B), and that of sample 2 was 41%, 20%, and 12% (Supplementary Figure 2C), at 1:2, 1:4, and 1:8 dilutions, respectively. The antiviral activity of ChipEXO, however, was significantly increased (86% at 1:2 dilution) in wells treated with a 1:1 mixture of both ChipEXO samples (Figures 7A, B).




Discussion

Exosomes are ubiquitous products of many cells composed of a diverse array of proteins and RNA cargo engulfed within a lipid bilayer-enclosed vesicle. They are paracrine units of information that represent a form of a dynamic adaptive complex system for intercellular communications. This is a growing field for the diagnostic and therapeutic applications of exosomes in medicine that has intensified recently with the advent of the COVID-19 pandemic.

In the current study, we characterized ChipEXOs from COVID-19 patients. The physical characteristics of the exosomes were compatible with previous reports (23, 39). ChipEXO samples were free of SARS-CoV-2 viral elements by RT-PCR (data not shown). We tested for its safety in vitro and in vivo using three different preclinical models. Most importantly, to our knowledge, this is the first report to show the anti-SARS-CoV-2 properties of these exosomes. ChipEXO prepared from different donors consistently showed suppression of viral propagation and preservation of cell viability. The biological activities were fast, potent, and dose-dependent. These results from three different readout assays were conducted independently at two different virology research centers and were found comparable to one another.

The omics data of exosomes from convalescent plasma significantly differed from those of healthy control. The miRNA profile of ChipEXO was similar between the four donors and was significant for 13 isolates through orthological and ontological studies. These 13 miRNAs led to 16 common GO definitions. When these 16 pathways are examined in detail, they overlap with the definitions of miRNAs found in the literature (41). Overall, the common theme of the miRNA profile of ChipEXO appears to center on those promoting tropism and those involved in immune regulation, most already defined in the literature (42, 43). Interestingly, two miRNAs, mir-3613-3p and mir-635, found in ChipEXO are known to inhibit type I interferon pathway (44) possibly by mechanisms involving cytidine monophosphate kinase 1 (CMPK1) as well as JAK kinases (JAK1 and JAK3) (45). Further studies are needed to determine the role and potency of ChipEXO in the control of inflammation.

The proteomics data were compatible with the miRNA findings and similar to previously published reports (46). As summarized in Figure 4B and Supplementary Figure 3, the ChipEXO cargo showed products involved in four main pathways with functional continuum against COVID-19 infection. The first of these interacting pathways is the “Immune Modulation” pathway which included both elements of the complement cascade and regulatory proteins. The second pathway is the “Angiogenesis” pathway and included proteins to prevent coagulation and vasoconstriction upon virus infection. The third pathway is the “Tissue Protection” pathway, which included proteins involved in homeostasis, tissue protection, and regeneration. The fourth group was compiled under the “Antiviral Activity” pathway, which includes serine protease inhibitors and prevents the virus from binding to receptors such as ACE2 and PIKFYVE in the cell and blocks its entry into the cell.

To further elaborate, we found enrichment of the complement proteins properdin, C1r, C5, C1q, C1QB, C4BPB, C4BPA, and C8A in the ChipEXO compared with exosomes from healthy donor plasma. Similar observations have been reported by Mao et al. (22) and Sin Man Lam et al. (47). Activation of the complement system is necessary to induce anti-SARS-CoV-2 immunity, yet it can also contribute to endothelial cell damage and multiorgan failure (48, 49). ChipEXOs included protein cargo involved in vasodilation and anticoagulation. In particular, vWF, HRG, PROS1, GC, F2, FGA, and FGB proteins, which are responsible for the expansion of vessels and new vessel formation, modulate blood coagulation and mitigate against vasoconstriction and coagulation caused by virus infection (50). Furthermore, some of the enriched proteins in the ChipEXOs, including Alpha-2-macroglobulin and Serpin peptidase inhibitor, clade C (antithrombin) (SERPINC1), are anticoagulants with potential benefits to the host’s vascular health.

Another group of proteins enriched in the ChipEXOs are those associated with tissue and organ protection. This group included apolipoproteins (APOD, APOA2, and APOH), which are responsible for lipid metabolism; inter-alpha-trypsin inhibitor heavy chain (ITIH1, 2, and 4) proteins, which are secreted by hepatocytes and have both calcium ion binding and serine-type endopeptidase inhibitor activity; and FBL1 proteins, which bind to fibrinogen and modulate platelet adhesion, also play an important role in tissue homeostasis.

Antiviral activity is the fourth pathway representing some of the proteins enriched in the ChipEXOs. Studies on exosome uptake and half-life are important to distinguish whether ChipEXOs inhibit viral entry and/or viral replication. The candidates are being actively studied to further define the mechanisms of antiviral activities of ChipEXOs. Based on the literature review, gelsolin, an actin-binding protein that can trim and remodel the cytoskeleton, may be important (51). Gelsolin deficiency or its overexpression has been shown to inhibit the entry of HIV into the NKR-CCR5 cell line (52). Another important molecule enriched in the ChipEXOs is alpha-1-antitrypsin and alpha-1-Antichymotrypsin. Alpha-1-antitrypsin has recently been reported to block SARS-CoV-2 infection of Vero E6 cells by blocking the processing of SARS-CoV-2 S protein by furin and the transmembrane serine protease TMPRSS2 (53, 54). Previous studies have demonstrated that exosomes might have antiviral activity against some viruses as shown by Kesimer et al., with exosomes derived from human tracheobronchial ciliated epithelium which inhibited influenza A virus infection of Madin–Darby canine kidney (MDCK) cells, possibly due to the presence of sialic acids on the surface of exosomes which can then bind and inhibit the entry of the virus (55). The exosomes derived from HeLa cells transfected with receptor for SARS-CoV-2 angiotensin-converting enzyme 2 (ACE2) plasmid or those isolated from COVID-19 convalescent as well as healthy donor plasma were shown to contain ACE2 and neutralize SARS coronavirus infection in culture (56, 57). Healthy and convalescent plasma-derived exosomes, however, did not contain ACE2 in our study, suggesting ACE2-independent antiviral mechanisms.

It is suggested that infusing COVID-19 convalescent plasma (CCP) containing virus-specific antibodies might provide antibody-dependent elimination of infected cells due to the passive transfer of virus-specific antibodies. However, so far, this treatment only provided minor benefits in clinical course and outcomes (58). Recent studies revealed that two factors limit the success of CCP treatments: the development of autoantibodies against type-1 interferons, the main mediators of the immune response, or the presence of non-neutralizing antibodies, which may lead to antibody-dependent enhancement (ADE) (59). The limited therapeutic benefits attributed to CCP treatment could be due to the immunologically effective exosomes, derived from cytotoxic CD8 and effector Th1 T cells, as well as from NK cells, rather than the immune antibodies present in CCP (60). Many of these exosomes are capable of recognizing antigens with adequate sensitivity and specificity and can trigger an immune modulation into the cells and act as an epigenetic inheritor response to target pathogens through RNAs (61). In this study, we show that convalescent human immune plasma-derived exosomes, dubbed as ChipEXO, show remarkable antiviral, anticoagulant, and anti-inflammatory capabilities in vitro and characterized the various proteins and miRNA they carry. ChipEXO has the potential to be a promising and novel therapeutic strategy for the treatment of COVID-19-mediated lung injury and acute respiratory distress syndrome pneumonia.

In summary, the results from current data provide evidence that convalescent human plasma-derived exosomes have potent antiviral properties and may offer complimentary effects to promote tissue protection and immune modulation. Based on these encouraging findings, there is an ongoing phase I/II trial on the safety and efficacy of ChipEXOs for the treatment of COVID-19 with impending respiratory failure. Further investigations are in progress to further characterize this novel therapeutic agent offering biological activities beyond any known plasma-derived product during the fight against the pandemic.
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Demographics Case-Control Dornase alfa P-Value
(N=20) (N=10)
Age (years)* 60 (24-84) 63 (47-79) 0.65
Gender™
Male 13 (65%) 6 (60%) 0.8
Female 7 (35%) 4 (40%) 0.8
Ethnicity™
White, non-hispanic 16 (80%) 8 (80%) >0.999
African American 1(6%) 0 (0%) 0.49
Hispanic/Latino 3 (15%) 2 (20%) 0.74
Co-Morbidities™
Diabetes 11 (55%) 7 (70%) 0.45
Hypertension 14 (70%) 9 (90%) 0.24
Coronary artery 7 (35%) 5 (60%) 0.45
Disease
Chronic lung disease 7 (35%) 3 (30%) 0.79
(COPD, asthma, ILD)
Obesity 17 (85%) 8 (80%) 0.79
Therapies Received**
Remdesivir 20 (100%) 9 (90%) 0.16
Corticosteroids 20 (100%) 9 (90%) 0.16
Antibiotics 19 (95%) 10 (100%) 0.49
Convalescent Plasma 11 (65%) 9 (90%) 0.06
Anticoagulation 10 (50%) 4 (40%) 0.62
Paralytics 19 (95%) 8 (80%) 0.21
Prone positioning 16 (80%) 8 (80%) >0.999

*mean, min to max) *(total and % of patient population). COPD, Chronic Obstructive
Pulmonary Disease; ILD, Interstitial Lung Disease.
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Excluded (n= 10)
+ Not meeting inclusion criteria (n= 8)

+ Declined to participate (n=2)
+ Other reasons (n=0)

Non-Randomized (n= 10)

Allocated to case-control (n= 20)

Allocated to intervention (n= 10)

+ Received allocated intervention (n= 10)
+ Did not receive allocated intervention (give
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Discontinued intervention (give reasons) (n=0)

Analysed (n= 10) Analysed (n= 20)
+ Excluded from analysis (give reasons) (n=0) + Excluded from analysis (give reasons) (n= 0)
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Demographic characteristics Controls Moderate Severe p -value
(n=17) (n=30) (n=30)

Age, years 54,7 £19,7 47,7 £16,2 59,1 +15,9 0,0445*

Gender 7M/10F TM/23F 11M/19F

Body mass index 25,09 + 3,6 27,8 + 4,7 31,6 £4,9 0,0228", 0,0001*

SpO2 at admission (%) 97 +1,5 95+1,9 89,9 +53 <0,0001*, <0,0001*

Respiratory rate (breaths per min) 182 202 25+ 6 <0,0001*, <0,0001*

Before admission to the hospital, days 0 91+6 9+36 ns

Admission to the ICU, days 0 0 15

Oxygen support (n,%) 0(0) 0(0) 15 (50%)

Deaths (n,%) 0(0) 0(0) 4 (183%)

Symptoms at admission

Fever (n,%)

>38°C 0(0) 17 (66%) 22 (73%)

<38°C 0(0) 4 (13%) 1 (3%)

Cough (n,%) 0() 19 (63%) 16 (53%)

Fatigue (n,%) 0() 24 (80%) 25 (83%)

Shortness of breath (n,%) 0(0) 16 (563%) 23 (76%)

Anosmia (n,%) 0(0) 17 (56%) 9 (30%)

Chest pain (n,%) 0() 14 (46%) 12 (40%)

Headache (n, %) 0() 16 (63%) 12 (40%)

Myalgia (n,%) 0(0) 10 (33%) 8 (26%)

Rhinorrhea (n, %) 0(0) 7 (23%) 10 (33%)

Throat pain (n,%) 0(0) 6 (20%) 6 (20%)

Diarrhea (n, %) 0(0) 5 (16%) 6 (20%)

Hemoptysis (n,%) 0(0) 1 (3%) 0 (0%)

Comorbidity

Any comorbidity (n,%) 7 (41%) 18 (60%) 25 (83%)

Hypertension (n,%) 4 (23%) 16 (53%) 24 (80%)

Diabetes (n,%) 1 (6%) 1 (3%) 13 (43%)

Cardiovascular disease (n,%) 3 (17%) 4 (13%) 14 (46%)

Malignancy (n, %) 0(0) 4 (13%) 5 (16%)

Stroke (n,%) 0() 1(3%) 3 (10%)

Chronic lung diseases (n,%) 0(0) 2 (6%) 2 (6%)

Arthythmia (n,%) 0(0) 4 (13%) 1 (3%)

Rheumatoid arthritis (n,%) 1(6%) 0 (0%) 1(38%)

Smoking (n, %) 1 (6%) 1 (8%) 0 (0%)

*between moderate and severe, *between controls and severe.

The information on the patients included in the study is provided. The number (n) of the patients in each group is provided with description of their symptoms at admission and
comorbidities. For demographic characteristics data are presented as median + standard deviation. P values comparing the groups of healthy controls, moderate and severe cases are
produced by comparison of the data for normal (Gaussian) distribution (alpha = 0.05) using D’Agostino & Pearson test. The normally distributed data were analyzed by the one-way ANOVA
with Dunnett’s multiple comparisons test. The data, which were not normally distributed, were analyzed by an ANOVA Kruskal-Wallis test with Dunn’s test for multiple comparisons,
ns stands for nonsignificantly different values.
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In each column the markers are arranged in descending order of their importance,
determined by the corresponding algorithm.
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Test Kit Sensitivity (%) Specificity (%) Target N
Anti-SARS-CoV-2 IgG ELISA (Euroimmun) 90.0 100 Spike (S) protein 30
Anti-SARS-CoV-2 IgA ELISA (Euroimmun)* 86 92 S Protein 57
OraSureTechnologies Oral Fluid Specimen ELISA* 100 100 S1 fragment of S Protein 147
Beijing Wantai Biological Pharmacy Enterprise 96.7 97.5 S Protein 30
WANTAI SARS-CoV-2 Ab ELISA
Novalisa Anti-SARS-CoV-2 ELISA* 35.5 for IgG Nucleocapsid (N) Protein 40

19.4 for IgM

45.2 for IgG + IgM

Gold Standard Diagnostics Anti-SARS-CoV-2 ELISA* 69 for IgG 100 N Protein 123

15 for IgA
Mass General Hospital and Harvard Medical School 95 for IgG 100 Receptor Binding Domain (RBD) of S Protein 343
Anti-RBD antibody in house ELISA* 90 for IgA

81 for IgM
Mount Sinai IgG Anti-SARS-CoV-2 in house ELISA* 92.5 100 S Protein 120
University of Toronto Anti-SARS-CoV-2 in house 95.5 for S Protein S Protein, RBD 439
ELISA* 91.3 for RBD

*These ELISA kits have not received an EUA approval
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APTT, sec
INR, units

0-dimer,ng/ml
Anti-thrombin 3, %

Prothrombin time, sec

Fibrinogen,g/L

Controls

28+23

1,0£0,1

136 + 50

94 +17

11,6 +0,43

28+05

Week 1

Week 2

Moderate

30,2+39
ns
112£0,1
ns
752 + 1165
1 = < 0,0001
“p =0,0036
98+ 24
ns

12,52 £2
****p < 0,0001
4,56 1,46

**p = 0,0005

Sp =0,0384

Severe

32,7 + 15
ns
1,11+0.1
ns
10561 + 20
b < 0,0001
creatinine + *p = 0,0131
107 + 20
**p = 0,0034
*p=0,0107
186+19
***p < 0,0001
**p =0,0033
§555 = 0,0006
64+18
****p = < 0,0001
###p < 0,0001
$888p < 0,0001

Moderate

30,35 + 3.92
*p = 0,0006
1,12+ 0,1
ns
306 + 180
p =0,0061

98,38 + 24,36
ns

12,6+ 1,17
*p=0,0145

452+15
ns

Severe

328+69
*p = 0,0006
1,06 +0,1
ns
452 + 229
1 = < 0,0001

99 + 14
ns

12,2 +£1,37

36+12
ns

The activated partial thromboplastin time (APTT), the international normalised ratio (INR), D-dimer, antithrombin-3, prothrombin, and fibrinogen were analyzed. Data are presented as mean +
standard deviation. The data were first analyzed for normal (Gaussian) distribution (alpha = 0.05) using D'Agostino & Pearson test. The normally distributed data were then analyzed by the one-
way ANOVA with Dunnett's multiple comparisons test. While the data that were not normally distributed were analyzed by an ANOVA Kruskal-Walls test with Dunn's test for multiple
comparisons. The paired values between the same patients at week 1 and week 2 were analyzed by Wilcoxon matched -pairs signed rank test (&p < 0.05). The adjusted p values are provided,
where the p values were less than < 0.05 compared to healthy controls (), between the groups with different disease severity (#) and in the same patients tested at week 1 and week 2 (&), ns
stands for nonsignificantly different values.
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Primary and Secondary Outcomes

Primary Outcomes
APa0,/FiO, from Day 0 (95% Cl)
Day 1
Day 2
Day 3
Day 4
Day 5
Day 14
Secondary Outcomes
A Lung compliance from Day O
(95% ClI)
Day 1 (mL/cmH,0)
Day 2
Day 3
Day 4
Day 5
Day 14
A PEEP from Day 0 (95% Cl)
Day 1 (cmHx0)
Day 2
Day 3
Day 4
Day 5
Days on Mechanical Ventilation*
Days in ICU*
Days of Hospitalization*
Secondary Pulmonary Infections**
Mortality, 28-day**
Mortality, 90-day™**

Control
(N = 20)

-0.8 10 43.6
-9.6t0 33.1
-9.7t0 34.7
-24.8t031.7
-28.8t0 38.8
-92.6t0 70.2

-421t03.9
-3.1t02.3
-98t0-1.6
94t0-18
-841t0-1.3
-179t0-2.4

-0.7t01.7
-0.8t0 1.7
-1.1t024
-1.6t02.2
-1.41t03.1
18.2 (8-39)
22.1 (11-47)
28.7 (15-60)
5 (25%)
9 (45%)
11 (55%)

Dornase alfa
(N =10)

-29.7 to 51.1
52to 117
-21t0 68

-21.8t0 70.1

-35.9to 111

-150.8 to 260.8

-1.7t079
-1to9
-0.8t013.3
-32t011.3
-1.810 16.6
-16.3t0 17.8

-0.8t0 1.2
-1.71t0 0.9
-81t0 1.3
-45t01.6
-651t02
15.2 (5-29)
16.5 (7-30)
22,5 (8-52)
3 (30%)
4 (40%)
4 (40%)

P-Value

0.59
0.04
0.59
0.38
0.32
0.38

0.28
0.08
<0.01
<0.01
<0.01
0.09

0.74
0.34
0.27
0.28
0.19
0.47
0.23
0.61
0.78
0.8
0.46

(mean, min to max) *(total and % of patient population). ICU, Intensive Care Unit.

Significant P-values are in bold.





OPS/images/fimmu.2021.749291/fimmu-12-749291-g002.jpg
SARS-CoV-2

ALI/ARDS

Hypoxia

Pro-inflammatory
cytokines

Neuroinflammatio

Activation of
sympathetic center





OPS/images/cover.jpg
& frontiers | Research Topics.

ARDS in COVID-19 -
insights for treatment






OPS/images/fimmu.2021.707159/fimmu-12-707159-g001.jpg
White blood cell count (WBC)
[x10A3/uL]

Asymptomatic Mild Severe

<>
o

[x10A3/uL]

Lymphocyte count
_O;

Asymptomatic Mild Severe

NS.

n=23 n=33
n=33

Asymptomatic  Mild

Red blood cell count (RBC)

Severe

NS.

n=23 n=33
n=33

Asymptomatic Mild

concentration (MCHC) [g/dL]
3 3,
[ 8

Mean corpuscular hemoglobin
=
O_

5

Severe

Hematocrit (Hct) Lymphocyte Absolute neutrophil count (ANC)
[%] [%] [x10A3/uL]

Mean corpuscular volume (MCV)

-
2

<
o

e
A

=)
©
o

-
oo

-
Q
o

-
o,
o

10’

1005

1015

-
CR
o

o_
=

-
S,
W

Asymptomatic  Miid

Asymptomatic Miid

Asymptomatic  Miid

Asymptomatic Miid

Severe

Severe

Severe

Severe

Neutrophil
[%]
g

O_
>

e,
S

Asymptomatic Mild Severe

10‘.5

Monocyte
[%]
3,

1 00.5

Asymptomatic  Mild Severe
! 10
10" NS.
S 107
< =23 my
ST, =33
S8 10
23T
CR)
e o :
10 ¢
E n=33
10%¢
1008

Asymptomatic  Mild Severe

ey ..A -
R CX =5
o © b

Red blood cell distribution width =
(RDW-CV) [%]
<L

Severe

Asymptomatic  Mild





OPS/images/fimmu.2021.707159/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.700705/table1.jpg
Activation of
T-Lymphocytes

T-Lymphocyte
Markers

Loukocyte
Migration

Crassical
Complement
Patiway

Reguiation

up
Down

up

Down

up

Up
Down

Genes

ADA, CARD11, GD33, CD48, COROTA, DDYS8, DEF6, DOCK?2, GZMA, ICOS, IL7, PARP!, PIKGCG, PRL, SEMAGA, TNFSF14
AHNAK, AXL, G4, CDS9, CD83, DIABLO, HOACS, HYOUT, 24, MAPKI4, MAPKS, MAPKO, MR1, NBR1, PAGH, PBX1, PELII,
PRIAAT, PTGERA, RBP, RHOB, RUNXT, TICAMI, TLN1, TNFSFS, TYRO3, VA2, YAP

ADA, CARD'1, GOL19, CO38, COAD, CDA8, CHIBL1, GITA, COROTA, DDXS8, DEF, DOGK?, 1008, L7, MYBL2, PARPY,
PIKACG, POUAF, PRKGS, PRL, PSMBI0, RARG, TORGT

ABLI, AKT3, CDA4, GO, CMTG, CTSS, DIABLO, DIAPH1, DICERT, ELAVLT, FGFR2, FLT3, HRAS, ILAR, KATGA, MAWLT
MAPK14, MAPKS, MAPK9, M1, NUPB, PAGI, PBX1, PIPAK2C, PPIA, PRKCH, RBP, RIPKT, RUNX1, S1PR2, SERPINGS,
SHO1, S00S3, ST, TICAM1, TLN1, TNIP1, VAV2, WLS, XRCCS, 2FP36

DA C1q, CCL1S, CDGB, CDA8, CHAL1, CITA, CORO1A, DDXS, DEFS, DOCK?, 1COS, IGHV3-30, IGKV1-12, IGKVA-1, IGLY3-
25, 16LV3.27, L7, LRPG, PARP!, PIK30G, POUZAF1, PPARA, PRKB, SEMAIA, STATI, TOIRGT, TNFSF14

ABLI, AXL, CDA4, CTSS, DIAPHT, DICER, ELAVL1, HOACS, HRAS, IL24, ILAR, MAMIL1, MAPK14, MAPKS, MAPKO, MAY,
PELIT, PIPAKC, PPIA, PRKAA PTGER, RHOB, RIPKT, RUNK1, STPR2, SHC1, SOCS3, ST, TICAM1, TLN1, TNFSFO,
NPT, VAV2, WLS, YAPT

15, 1GHG3, IGHGA, IGHV3-20, IGKV1-12, 16KVA-1, 16L3.25, I6LY3-27

NA

Soectod oo ctons wero chosen fom an 1PA gonealo s of sigfcanty lored collr fctons, Tés was caoulod s a st of sgnicanty ofcentl epressed goros
e o e ihsal: A iy iy o i (v e i i





OPS/images/fimmu.2021.700705/fimmu-12-700705-g003.jpg
E

SARS-COV-Z

Severe COVID-19

* Respiratory distress
= Multi-organ failure
= Mechanical ventilator support

Physiological

Systemy

Decreases in memory T cells, cytotoxic CD8+
T-cells, and multi-functional CD4+ T-cells
Higher leukocyte and neutrophil counts
Lower lymphocyte counts

High neutrophil-to-lymphocyte ratio
Upregulation of the classical complement
pathway

Effects

>N

Cytokine

Storm

* Increase in the percentage of naive
and resting CD4+ T-cells

* Upregulation of the classical
complement pathway

* Downregulation of T-cell activation

* Downregulation of T-cell migration





OPS/images/fimmu.2021.700705/fimmu-12-700705-g002.jpg
Activation of T lymphocytes

Leukocyte Migration TCF3

GPR141 CCR2

~MAT.

IFNAR2

SEPSECS

' GPR182

'Y
., RI 1
A$1 beta-estradiol U“ X

'SLC6A20 PPy

CBFAZT3 RARA

Key:
I pownregulated
M upregulated IG}'W:! - ADAMTSL4 ALDH1A2

e V3- L IGHG3 )
2 nown COVID-10 Severy B . - S ADARB1

- [ a— i

. MAP1B

lymphocytes

[}
e
T-cell Maturation } Activation of 1
1 Th1/Th17 Cells
f Classical Complement /
f 1gG Production TYK2
4 1GHG3/4
41GHG3-30
IFNAR2
t CIS RUNX1
Ll ALDH1A2 | STAT6

/

I mMAP1B«—RARA { FYCO1
—





OPS/images/fimmu.2021.700705/fimmu-12-700705-g001.jpg
Tissue biopsy

In-silico cytometry

Relative Percent

100% [:]D

||||
|

00%

80

*

70

*

80!

*

40

*

30

*

20%

10

*

0

*

Sars-CoV-2 EXP1

Control EXP1
Sars-CoV-2 EXP2

Bulk tissue
RNA profile

—

Control EXP2

Live

L]L

|

Legend

Trascriptome
database

Neutrophils

Eosinophils

Mast cells activated
Mast cells resting
Dendritic cells activated
Dendritic cells resting
Macrophages M2
Macrophages M1
Macrophages MO
Monocytes

NK cells activated

NK cells resting

T cells gamma delta

T cells regulatory (Tregs)
T cells follicular helper

T cells CD4 memory activated
T cells CD4 memory resting
T cells CD4 naive

T cells CD8

Plasma cells

B cells memory

B cells naive





OPS/images/fimmu.2021.700705/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.761250/table2.jpg
Bav Pat D614G Alpha Beta Gamma Delta

No XAV-19 control G72R/G, D215N/DS1249F/S S151R H66R (%) M153R/M S686R
XAV-19 increasing concentration S1170F S151R HB66H/R S8131/S Q





OPS/images/fimmu.2021.761250/table1.jpg
IC50 CPE (ng/ml)

XAV-19 batch BO1
XAV-19 batch B02
XAV-19 batch B03/04
Bamlanivimab

IC50 viral RNA inhibition (ng/ml)

XAV-19 batch B03/04
XAV-19 batch B06
Bamlanivimab

Wuhan D614

ND

6250

400; 3130; 3130
ND

Wuhan D614

392
312
ND

Wuhan G614

6250

3130

2722; 2208; 2720
103; 84

Wuhan G614

584; 3733; 3681
593
117

Alpha

ND

ND

100; 2208; 2292
108; 100

Alpha

408; 1265; 3482; 3590
523; 532
486

Beta

ND

ND

6560; 3226
>50,000; >50,000

Beta

8057; 8933
157
>50,000

Gamma

ND
ND
8196
ND

Gamma

13880
721
ND

Delta

ND
ND
4226
ND

Delta

5557
646
ND





OPS/images/fimmu.2021.761250/fimmu-12-761250-g005.jpg
< M N - o
o o o o o
— — — — —

(lw/osqioL) 18313 [edIA

o
1






OPS/images/fimmu.2021.761250/fimmu-12-761250-g004.jpg
>

Infection (% CPE)

120
100

Infection (% viral load) 0

R
S

100
80
60
40
20

™ —
<10 05 00 05 10 15
XAV-19 concentration (pg/ml)

2.0

05 10
XAV-19 concentration (ug/ml)

L L I

D614G
Alpha
Beta
Gamma
Delta





OPS/images/fimmu.2021.761250/fimmu-12-761250-g003.jpg
Spike/ACE2 inhibition (%)

Spike/ACE2 inhibition (%)

Spike/ACE2 inhibition (%)

g

=&~ RBD-His Wuhan

80 W RBD-His Y453F
A RBD-His N-501-Y
60 ¥ RBDHis N-439K
¥ RBOHis E-4B4K
40
20
0
-1 0 1 2 3
Log XAV-19 concentration (pg/ml)
100
-~ S1 Wuhan
80 -+ 51 Apbha
® S1Beta
60
40
20
0
-1 0 1 2 3
Log XAV-19 concentration (pg/mi)
10
-~ 51 Wuhan
8 -+ 51 Alpha
-= S51Beta
60
40-
2
0
-4 -3 -2 -1 o

Log antibody concentration (pg/ml)





OPS/images/fimmu.2021.761250/fimmu-12-761250-g002.jpg
ACE-2 Binding Sites
—— -
(L 8 N 'WoRs TN N e 8 oy

3
Yo, %
)
6,
X :;:
od

RBD Sequence

%%,
™,
,

Heatmap

Pig 130
RVCPTESIVRFTIIT

RERIEHVADYEVLY
SUCVADTSVLYNSAS
ADYSVLYNEASFCTP
VLYSASPETFECYG

—
S
R
AR
AR
AR
AR
Raiad
s
e
i
Raiadt
Rad
S
e
R
Sad
RRd
R
Smidl
RRd
R
Ead
i
FiEd
o
Raiad
i
R
as
s
i
Rl
R
s
e
e
i
s
A
S
s
R
et
Fad
B
R
R
haiad
i
s
e
R
Sa8

SOOI

SOOI

SO

sie-rvgptesivrfpnitnlcprevinatrfasvyawnrkrisncva
364-dysvlynsasfstfkcygvsptkindicftnvyadsfvirgdevrgiapggtgkiadynyk

425-lpddftgeviawnsnnldskvggnynylyrlfrksnlipterdisteiy
171-qagstpengvegfncyfplasygfaptngvgygpyrvvvlsfellha

s21-patvCgpkkstnlvknkcvnf-san





OPS/images/fimmu.2021.761250/fimmu-12-761250-g001.jpg
16 . 30
=i B 8= ® R=091
= 2
£ « 3E.
oo o ll
% 2 23
g ! £8 .
154 23 10
05 z2e
ge
125 5] .
.
0.125 0 T T "
4 0 5 10 15
Binding ELISA Neutralizing ELISA

(serum titer x 105%) 1C50 (pg/ml)





OPS/images/fimmu.2021.761250/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2021.749291/fimmu-12-749291-g007.jpg
— by 'L
SG -~ SARS-CoV-22 = """ =777 7""~ » CS
| | 1
: y :
v v
Catecholamine «-------- Angll-------------- » ALI/RDS
- -7 I TS~ ~ o |
a y TT-a o
Beells CD1|47 ImmPpe cells Hyploxia
= | _-" |
Pro-inflammatory cytokines<4------------------—-------- OS

Complications





OPS/images/fimmu.2021.749291/fimmu-12-749291-g006.jpg
Catecholamine

—I Endothelial dysfunction Immune cells |—

Coagulopathy NF-kB ROS I_
NLRP3 inflammasome

!

Thrombosis Pro-inflammatory cytokines Oxidative injury






OPS/images/fimmu.2021.749291/fimmu-12-749291-g005.jpg





OPS/images/fimmu.2021.749291/fimmu-12-749291-g004.jpg
B-blockers :
Inhibition of Inhibition of
renin SNQ

Inhibition of Angll * Catecholamine

Inhibition of
LC

Inhibition of
contral R)

+ Sympathetic flow

* Sympathetic storm

Lung protection





OPS/images/fimmu.2021.749291/fimmu-12-749291-g003.jpg
e ——

f Sympathetic center ACE2 ‘ nAchR
4 sns ¥ PSNS

fCatecholamine Angll
* f

CD147

\4

Viral entry






OPS/images/fimmu.2021.695242/fimmu-12-695242-g001.jpg
pooim

B o

[ — sl iroas

peoosst





OPS/images/fimmu.2021.695242/fimmu-12-695242-g002.jpg





OPS/images/fimmu.2021.695242/fimmu-12-695242-g003.jpg





OPS/images/fimmu.2021.668074/fimmu-12-668074-g004.jpg
First SpO; (%)

Lymphocytes (x 10°L)

1009 B
® I
z* .
@ )
2
£
3
= 2z
o - o N
Non eosinopenia  Eosinopenia Non cosinopenia  Eosinopenia
°
0 15
I Non eosinopenia T
L2 | M Eosinopenia e 10 Spearman r = 0.5058
R = o ‘ovalue < 0.0001
. 3 .
: & -
o
Admission Discharge 02 o4 05 10 15

Eosinophils (x 10°1L)





OPS/images/fimmu.2021.668074/table1.jpg
NCRD population CRD population p-

(n=2155) (n=384) value
Demographic
variables
Age, years (mean + SD) 61.1+19.3 714 +148 Hkk
Female (%) 1100 (51.0) 164 (42.7) i
BMI (mean + SD) 270+541 306 +26.2 L
Smoking status (%)
Never 1675 (77.7) 217 (56.5) e
Former smoker 356 (16.5) 137 (35.7) b
Smoker 124 (5.8) 30(7.8) N.S.
Hospitalization
parameters
Fatal outcome (%) 234 (10.8) 86 (22.4) b
ICU (%) 125 (5.8) 24 (6.2) N.S.
First SpO2 (%) 94.0 (92.0-96.0) 94.0 (91.0-96.0) N.S.
Inflammatory pattern
Eosinophils (x10%L) 0.07 (0.01-0.18) 0.1 (0.02-0.21) -
Eosinopenia (%) 373 (17.3) 73 (19.0) N.S.
Leukocytes (x10%/L) 7.45 (5.14-10.27) 6.90 (5.46-8.80) N.S.
Lymphocytes (x 10°/L) 1.40 (0.9-2.00) 1.60 (0.90-2.30) N.S.
Basophils (x10'%/L) 034+ 05 043+05 *
Neutrophils (x 10%L) 4.10 (3.10-6.00) 4.40 (3.05-5.80) N.S.
Monocytes (x10%/L) 0.50 (0.30-0.60) 0.50 (0.40-0.70) N.S.
Laboratory
Parameters
D-dimer (ug/mL) 0.52 (0.29-0.97) 0.48 (0.27-1.09) N.S.
Ferritin (ug/mL) 606 (254-1609) 156 (69.7-357.0)  ****
C-reactive protein 4.11 (1.10-8.99) 2.80 (0.83-8.43) N.S.
(ug/mL)
Comorbidities
Heart disease (%) 371 (17.22) 162 (42.19) i
Diabetes meliitus (%) 317 (14.71) 86 (22.40) i
Renal disease (%) 141 (6.54) 58 (15.10) bhiid
Neurological disease 214 (9.93) 70 (18.23) an
(%)
Cancer (%) 108 (5.01) 38 (9.89) e
High blood pressure 837 (38.84) 217 (56.51) *ak

(%)

CRD, chronic respiratory disease group; NCRD, non-chronic respiratory disease group;
BMI, body mass index; ICU, intensive care unit; N.S., no statistically significant difference
found. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.





OPS/images/fimmu.2021.668074/table2.jpg
Asthma (n=113) COPD (n=89) OSA (n=81) Asthma vs COPD Asthma vs OSA COPD vs OSA
Demographics
Age, years (mean + SD) 62.3 +18.3 76.2 £10.0 68.6 +11.5 - -
Female (%) 66 (58.4) 19 (21.3) 20 (24.7) kicad i
BMI (mean + SD) 29.3+9.0 28.0 £6.7 33.7+75 - -
Smoking status (%)
Never 83 (73.4) 18 (20.2) 42 (51.8) e ” e
Former smoker 27 (23.9) 57 (64.0) 34 (42.0) * =
Smoker 3@7 14 (15.7) 5(6.2) =
Inflammatory pattern
Eosinopenia (%)
Previous 3(2.7) 2(2.2) 1(1.2
Admission 8(7.1 12 (13.5) 13 (16.0)
Discharge 24(21.2) 19 (21.3) 21(25.9)
Leukocytes (x10%/L)
Previous 6.70 (5.53-8.15) 7.16 (5.68-8.65) 7.19 (6.94-8.61)
Admission 6.41 (5.61-8.59) 7.84 (5.60-8.89) 6.93 (5.10-8.50)
Discharge 7.18 (6.23-9.06) 7.55 (6.50-10.38) 8.54 (6.24-10.24)
Lymphocytes (x10%L)
Previous 1.60 (0.90-2.38) 1.20 (0.70-1.95) 1.80 (1.13-2.60)
Admission 1.00 (0.80-1.55) 0.70 (0.40-1.10) 1.10 (0.60-1.60) o &
Discharge 0.00 (0.00-0.10) 0.00 (0.00-0.10) 0.00 (0.00-0.10) - -
Basophils (x10'/L)
Admission 042 +05 0.41 £0.53 0.45 £ 0.5
Discharge 019+ 0.4 0.18 £ 0.39 0.26 + 0.61
Neutrophils (x10°/L)
Admission 4.35 (3.00-5.78) 5.10 (3.98-6.65) 4.30 (2.90-5.48) &
Monocytes (x10%/L)
Admission 0.55 (0.40-0.70) 0.60 (0.30-0.80) 0.50 (0.40-0.70)
Laboratory parameters
D-dimer (ug/mL)
Admission 0.43 (0.18-0.67) 0.59 (0.40-1.63) 0.65 (0.33-1.27)
Ferritin (ug/mL)
Admission 168 (76.7-721) 162 (101-315) 169 (74.5-452)
Discharge 907 (352-1336) 539 (271-1632) 642 (434-982)
C-reactive protein (ug/mL)
Admission 1.16 (0.49-4.83) 3.08 (0.53-11.67) 3.10 (0.50-7.96)
Hospitalization parameters
Exitus (%) 9(8.0) 27 (30.3) 18 (22.2) o
ICU (%) 763 222 10 (12.3) *
First SpO2 (%) 94.0 (92.0-96.0) 94.0 (91.0-96.0) 94.0 (91.0-96.0)
Comorbidities
Cardiovascular (%) 33(29.2) 45 (50.6) 30 (37.0) i
Diabetes meliitus (%) 17 (15.0) 23 (25.8) 24 (29.6) &
Renal (%) 13 (13.9) 14 (16.7) 9(11.1)
Neurological (%) 15 (13.3) 18 (20.2) 13 (16.0)
Cancer (%) 7(6.2) 1 (12.4) 8(9.9)
High blood pressure (%) 46 (40.7) 59 (66.3) 52 (64.2) L

Comparisons were performed between chronic respiratory diseases subgroups. COPD, chronic respiratory disease; OSA, obstructive sleep apnea; BMI, body mass index; ICU, intensive

care unit. *p < 0.05; *'p < 0.01; ***p < 0.001; ***p < 0.0001.
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Cohorts Logistic regression model® Cox proportional hazards regression model®

aOoR (95% CI) p-Value aHR (95% CI) p-Value

All patients treated with IVIG vs. patients not treated with IVIG (reference)

Original cohort® 1.00 (0.70, 1.43) 0.994 0.94 (0.76, 1.15) 0.527
PSM cohort® 1.28 (0.86, 1.93) 0.227 1.10 (0.87, 1.38) 0.426
IPTW cohort® 0.95 (0.65, 1.37) 0.774 0.94 (0.76, 1.15) 0.534
Patients with hyperinflammation treated with IVIG vs. patients not treated with IVIG (reference)

Original cohort* 1.05 (0.57, 1.94) 0.871 0.96 (0.74, 1.25) 0.779
PSM cohort® 1.52(0.77, 8.02) 0.227 1.13 (0.84, 1.51) 0.423
IPTW cohort® 1.07 (0.57,2.01) 0.837 0.98 (0.75, 1.29) 0911
Patients with hypoinflammation treated with IVIG vs. patients not treated with IVIG (reference)

Original cohort® 1.01(0.63, 1.61) 0.966 0.92 (0.66, 1.28) 0.615
PSM cohort® 1.15 (0.67, 1.96) 0.616 0.96 (0.66, 1.40) 0.820
IPTW cohort® 0.90 (0.55, 1.46) 0.670 0.87 (0.62, 1.22) 0.427

aHR, adjusted hazard ratio; aOR, adjusted odds ratio; IPTW, inverse probability of treatment weighting; IVIG, intravenous immunoglobulin; PSM, propensity score matching; IPTW, inverse
probability of treatment weighting.

*The original cohort was the overall cohort that met inclusion criteria and comprises 392 patients with IVIG therapy and 362 patients with non-IVIG therapy.

®The propensity score-matched cohort comprises 253 patients with IVIG therapy and 253 patients with non-IVIG therapy.

°The entire cohort with complete data on covariates was included in propensity score inverse probability of treatment weighting analysis and comprises 388 patients with IVIG therapy and
343 patients with non-IVIG therapy.

9The logistic regression model was adjusted for the use of glucocorticoids, APACHE Il scores, age, sex, and history of hypertension, diabetes, cardiovascular disease, CKD, and COPD.
®The Cox proportional hazards regression model was adjusted for the same abovementioned baseline covariates.
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Variable Non-IVIG (n = 362) IVIG group (n = 392) p-Value SMD (%)
Male, n (%) 235 (65) 250 (64) 0.802 2
Age, years 64.5 £13.7 63.1+£125 0.142 "
Comorbidities
Diabetes, n (%) 70 (19) 75 (19) 1.000 5
Hypertension, n (%) 150 (41) 169 (43) 0.695 3
CHD, n (%) 44 (12) 51 (13) 0.807 3
COPD, n (%) 24 (7) 17 (4) 0.220 10
CKD, n (%) 8(2) 5(1) 0.481 7
Malignancy, n (%) 14 (4) 10(3) 0.412 8
CTD, n (%) 2(1) 3(1) 1.000 3
Days from illness onset to hospitalization, 7 (3-11) 6 (3-10) 0.593 4
median (IQR)
Days from illness onset to ICU admission, 3 (9-20) 2(8-17) 0.009 19
median (IQR)
APACHE Il score® 113+6.1 107+ 5.6 0.208 9
Organ support on ICU admission
Invasive ventilation, n (%) 64 (18) 59 (15) 0.380 7
Vasopressor, n (%) 47 (13) 31(8) 0.027 17
RRT, n (%) 60 6 1.000 1
ECMO, n (%) 1(0) 4(1) 0.419 9
Laboratory findings on ICU admission
White blood cell counts, x10%/L 103+ 6.6 10.1+5.9 0.574 4
Lymphocyte count, x10%/L 08+19 0807 0.668 3
Platelet count, x10%/L 178.6 + 87.9 1755+ 77.7 0.619 4
Glucocorticoid treatment, n (%) 175 (48) 301 (77) <0.001 14
IVIG therapy
Initiation from onset, median (IQR) - 11 (8-16) - -
Initiation from ICU admission, median (IQR) = 0(-2,1) = =
Outcome
28-day mortality, n (%) 201 (56) 207 (53) 0.499 -

Data presented as n (%) or means + SD unless otherwise noted. For continuous variables, Mann-Whitney U test was used to calculate the p-value unless otherwise noted. For categorical

variables, the chi-square test was used to calculate the p-value unless otherwise noted.

APACHE Ii, Acute Physiology and Chronic Health Evaluation; CHD, coronary heart disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CTD, connective

tissue disease; ECMO, extracorporeal membrane oxygenation; IVIG, intravenous immunoglobulin; RRT, renal replacement therapy; SMD, standardized mean difference.

“The Acute Physiologic Assessment and Chronic Health Evaluation Il (APACHE Il) score is calculated from 12 measurements during the first 24-h ICU admission. Scores can range from 0

to 71, with higher scores indicating more severe disease.
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L
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Total
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6.3(5.3-88)
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0.030 (0.010-
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7.7 (6293
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0.89 (0.83-0.96)
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4 (22%)
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6.3 (5.2-7.5)
1.70 (1.60-2.35)
37 (2.5-4.7)

1(1.9-2.5)
0.60 (0.50-0.80)
0.10 (0.00-0.20)
0.030 (0.020-
0.030)

28 (25-30)
59 (54-64)
88 (7.4-11.7)
1.80 (0.35-3.10)
050 (0.35-0.50)
5.10 (4.80-5.40)
44 (42-46)
14.60 (13.80-
15.40)
5.65 (5.40-6.00)
396 (181-582)
86 (83-89)
28.80 (27.55-
30.40)
33.60 (32.25-
33.95)
12.30 (12.00-
13.15)

248 (228-298)
10.60 (9.70-11.20)

15.3 (14.4-15.6)
12.35 (11.80-
13.02)

1.06 (1.00-1.12)
0.30 (0.26-0.38)
26.30 (16.55-
29.65)

30 (26-33)
1,009 (722-1,265)

4(1-14)
14 (8-19)

7 (6-88)
1.80 (1.12-2.52)
326 (277-406)
26.0 (25.0-27.0)
1380 (136.0-
140.0)
4.60 (4.12-5.10)
102.0 (99.0-103.0)
1.30 (1.28-1.32)
0.87 (0.84-0.90)
77 (70-80)
41 (38-44)

8 (4-10)
4(3-5)

81 (72-88)
98 (84-114)
82 (69-92)
25 (18-36)
26 (18-29)
318 (250-386)
200 (1.60-2.40)
1.10 (0.95-2.15)
22 (14-24)
2.34 (2.28-2.42)
2.31 (2.26-2.37)
0.03 (0.03-0.14)

33 (44%
29 (36%)
18 (33%
11 (34%
6 (33%)
6 (0-10)
47 (43-55)
26.2(185-31.7)
76 (67-82)
28.8(25.8-31.7)

)
)
)
)

5 (28%)
6 (46%)

1 (33%)

2 (100%)

12 (39%)
0(0%)

6.0 (5.3-82)
5.9 (4.2-7.5)
1.30 (1.00-1.90)
3.4 (2.4-5.8)
2.4 (1.5-39)
0.40 (0.30-0.70)
0.00 (0.00-0.10)
0.020 (0.010-
0.040)

27 (18-35)
66 (53-74)
7.9 (6.0-9.5)
050 (0.00-1.50)
0.30 (0.20-0.60)
5.10 (4.70-5.40)
41 (39-44)
13.70 (12.90-
14.70)
6.90 (5.75-8.85)
404 (220-786)
83 (78-87)
27.90 (25.80-
29.60)
3360 (32.50-
34.20)
13.30 (12.50-
13.80)

216 (190-306)
10.30 (9.70-10.90)

13.8 (11.0-15.7)
11.40 (11.06-
11.70)
1.00 (1.00-1.00)
0.43 (0.30-0.57)
4.60 (3.90-5.90)

31 (28-33)
1,289 (749-1,687)

21 (7-89)

32 (13-52)

8 (5-10)
1.37 (1.10-1.85)
313 (274-380)
24.9 (23.0-26.0)
137.0 (135.0-
139.0)
4.15 (4.00-4.56)
101.0 (99.0-103.0)
114 (1.01-1.16)
0.87 (0.79-0.92)
72 (68-75)
35 (32-39)
8(6-12)
4(3-5)

78 (66-92)
73 (61-139)
86 (62-100)
35 (24-72)
27 (22-49)
249 (214-339)
2.90 (2.41-4.07)
1.36 (1.20-1.77)
18 (14-21)
2.26 (2.15-2.34)
2.35 (2.29-2.46)
0.16 (0.05-0.30)

Severe
N =33’

19 (25%)

31 (38%)

20 (36%)

14 (44%)
7 (39%)

46 (29-86)
54 (46-59)
24.4(19.3-28.0)
68 (57-80)
27.3 (24.5-29.4)

9 (50%)

4(31%)

2 (67%)

0 (0%)

17 (56%)

1 (100%)
7.3(5.9-10.3)
11.2 (8.0-13.6)

1.00 (0.60-1.70)
8.3 (6.3-11.5)
9.3 (3.6-17.7)
0.70 (0.40-0.80)
0.00 (0.00-0.10)

0.040 (0.010-
0.050)
8(5-19)

84 (73-90)
5.4 (3.4-87)
0.30 (0.00-0.90)
030 (0.10-0.50)
3.40 (3.00-4.10)
31 (27-36)
9.60 (7.90-11.50)

6.20 (5.70-7.00)
1,131 (536-1,634)
90 (86-93)
29.20 (27.80-
30.00)
32.30 (31.10-
33.30)
16.20 (14.10-
17.30)

269 (190-344)
10.85 (10.10-
11.90)
12,6 (11.6-15.8)
12.55 (11.95-
13.88)
1.10 (1.00-1.20)
2.18 (1.20-4.73)
3.80 (2.98-4.95)

33 (29-40)
1,815 (1,407-
2,400)

27 (6-77)

34 (8-82)

36 (24-150)
1.80 (1.30-2.30)
300 (148-376)
26.0 (23.0-32.0)
141.0 (137.0-
147.0)
4.40 (4.00-4.70)
104.0 (98.0-109.0)
1.14 (0.98-1.42)
094 (0.87-1.01)
67 (57-72)
26 (23-29)
8(6-16)

13 (6-21)

66 (54-98)
133 (57-359)
99 (73-166)
34 (22-76)
36 (25-54)
429 (336-623)
3.19 (2.77-3.43)
220 (1.70-3.05)
17 (12-24)
2.16 (2.06-2.25)
2.45 (2.39-2.59)
0.44 (0.14-0.89)

p-
value?

<0.001
0.9
0.3
0.6
>0.9
<0.001
0.002
0.5
0.019
0.4
0.4

0.005
<0.001
0.001
<0.001
<0.001
0.10
0.066
0.2

<0.001
<0.001
<0.001
0.019
0.019
<0.001
<0.001
<0.001

0.2
<0.001
<0.001

0.087

0.033
<0.001

0.8
0.2

0.7
0.002

0.12
<0.001
0.021

0.2
<0.001

<0.001
0.4
<0.001
0.5
0.5
0.034
0.006

0.3
0.079
0.4
0.030
<0.001
<0.001
0.4
<0.001
0.5
0.7
0.14
0.085
0.10
<0.001
0.4
<0.001
0.7
<0.001
<0.001
0.007

IStatistics presented: n (%); Median (25%-75%).

?Statistical tests performed: Fisher's exact test; chi-square test of independence; Kruskal-Wallis test.

Bold p-values are those below the threshold of 0.05.
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Characteristic MP treated (n=26) Non-MP treated (n=12)  p value

age, years 58.0 (50.8-66.0) 59.5 (52.0-63.0) 0.698
male 16 (61.5%) 8 (66.7%) 1.000
oxygen support 24 (92.3%) 12 (100%) 1.000
anticoagulant 7 (26.9%) 4 (33.3%) 0.984
comorbidity, >1 22 (84.6%) 10 (83.3%) 1.000
CRP, mg/L 39.8(19.7-75.5) 34.7 (25.5-47.4) 0.545
d-dimer, pg/L 1670 (1105-2220) 1860 (1645-3460) 0.149
Alb, g/L 34.8(31.9-38.2) 35.4 (33.5-37.1) 0.782
KL-6, U/mL 420.9 (245.8-749.6) 407.8 (306.8-457.1) 1.000

Continuous variables were expressed as medians (interquartile). Categorical variables
were summarized as the counts and percentages in each category. Student's t test and
Mann-Whitney U test were applied to continuous variables as appropriate, and )(2 test
was used for categorical variables. CRP, C-reactive protein; Alb, albumin; KL-6, Krebs von
den Lungen 6. The upper limit is 10 mg/L for CRP, and 1000 ug/L for d-dimer; the lower
limit of Alb is 40 g/L.
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Characteristic Re-positive group (n =7) recovered group (n = 32) Statistic p-Value

Male [(n,%)] 5(71.43) 12 (37.50) X2 =269 0.205
Age [year(X + s)] 53.14 + 21.65 46.69 + 18.36 t=0.733 0.484
Comorbidities [(n,%)]

Cardiovascular disease 4 (57.14) 7 (21.88) X2 =353 0.083
Diabetes 2(28.57) 0 NA NA
Chronic bronchitis 1(14.29) 0 NA NA

Data are mean + SD, n/N (%), where NA is the total number of patients with available data. Cardiovascular disease: hypertension, hyperlipidaemia, and coronary atherosclerotic cardiopathy.
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Variable category Re-positive group Recovered group Statistic p-Value

Organ functional indicators

Total protein 60.70 + 5.37 67.18 £ 7.30 t=1.663 0.112

G/L(X = 5]

Albumin* 34.70 + 5.46 4124 £ 5.44 t=2.190 0.039

g/L(X+ 8)]

Total bilirubin 10.73 + 3.80 14.22 + 5.47 t=1.205 0.242

[umol/L(X+ s)]

Aspertate aminotransferase 28.68 + 12.50 28.74 +21.28 t=0.006 0.995

ULX + )]

Alanine aminotransferase 23.63 £ 5.10 31.89 £ 5.05 t=0.289 0.775

UALX + s)]

Serum urea 4.85 +1.68 3.98 + 0.95 t=-1.465 0.158

mmol/L(X + s)]

Serum creatinine* 63.38 + 4.94 86.82 + 16.97 t=2.693 0.014
mol/L(X+ s)]

Inflammation indicators

CRP [mg/L(QR)] 21.80 (2.94-53.57) 26.91 (8.32-36.00) t=-0.373 0.717

White blood cell 6.43 + 1.84 5.42 +1.83 t=1.313 0.221

x10%/L(X+ )]

Neutrophil 4.45 £ 1.68 3.37 £ 1.90 t=1.492 0.167

x10%/L(X+ )]

Lymphocyte 1.44 + 0.76 1.41+£0.75 t=0.100 0.922

x10%/L(X+ 8))

NLR (IQR) 4,28 (1.52-6.22) 3.34 (1.65-3.84) t=0.626 0.548

Data are mean + SD, /N (%), where NA is the total number of patients with available data. CRP, C-reactive protein; NLR, neutrophil-to-lymphocytes ration. *P < 0.05
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Immunosupressive drugs

Cytokines

Anti-inflammatory drugs

Drugs

Dexamethasone

Prednisolone

Hydrocortisone
Etanercept

Tocilizumab

Thalidomide
Isotretinoin
Imatinib
Atorvastatin
Rosiglitazone
Vemurafenib
Tacrolimus
Mycophenolate
Interferon beta
Parthenolid
Curcumin

Aspirin

Clinical trial
(numbers)

Yes (58)

Yes (41)

Yes (10)
No

Yes (57)

Yes (3)
Yes (9)
Yes (5)
Yes (9)
No
No
Yes (4)
No
Yes (13)
No
Yes (2)

yes (16)

Results

Clinical
benefit
Controversial

No result
published
No clinical
trial
Controversial

No result

published
No result

published
No result

published
No result

published
No clinical
trial

No clinical
trial

No result

published
No result

published
No result

published
No clinical
trial

No result

published
No result

published

In combination with standard care,
increase of ventilator-free days

Early administration decrease death rate
and ventilator dependence

Early short administration improves clinical

outcomes

May prolong virus shedding

Early short administration don’t reduce
mortality

No benefit on disease progression

Don'’t improve clinical outcomes at 15
days, and might increase mortality
Reduce oxygen requirement, ICU stay,
median hospital stay and mortality

No better clinical status or lower mortality
at 28 days

No prevention of intubation or death

Population of
COVID-19 patients

Al patients
Severe
Moderate and
severe

Severe
All patients

All patients
Severe or critical

Critical
Severe

Moderate

Ref

NCT04327401

NCT04323592

NCT04374071

NCT04273321
NCT04343729

NCT04346355
NCT04403685

NCT04730323

NCT04320615

NCT04356937
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Gen Severe

OR* 95%Cl

ACE2 rs2285666

c .

T 1.72 1.02-2.89
ACE2 rs2074192

(o] .

T 1.22 0.75-2.00

0.03

0.41

OR*

1.81

0.97

Critical

95%Cl

1.10-2.98

0.61-1.56

0.02

0.92

Oxygen requirement

OR*

1.77

1.07

95%Cl

1.12-2.83

0.69-1.66

0.01

0.75

Text in bold denotes statistical significance.
*Adjusted for age, hypertension, type 2 diabetes and obesity.
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Polymorphisms Severe Critical Oxygen requirement

OR* 95%Cl P OR* 95%Cl P OR* 95%Cl P
ACE I/'D
Codominant
I Reference Reference Reference
ID 1.21 0.67-2.15 0.52 0.82 0.47-1.44 0.50 0.98 0.59-1.64 0.95
DD 117 0.53-2.57 0.69 1.09 0.52-2.3 0.81 112 0.57-2.22 0.72
Dominant
ID+DD® 1.20 0.69-2.07 0.50 0.89 0.53-1.50 0.67 1.02 0.64-1.64 0.92
Recessive
DD 1.05 0.51-2.06 0.89 1.21 0.61-2.40 0.57 1.13 0.61-2.13 0.68
Alleles
| Reference Reference Reference
D 1.1 0.75-1.62 0.59 1.00 0.69-1.44 0.99 1.05 0.75-1.47 0.77
ACE rs4344
Codominant
GG Reference Reference Reference
GA 1.31 0.73-2.33 0.35 0.90 0.51-1.56 0.71 1.07 0.64-1.78 0.78
AA 117 0.51-2.66 0.70 1.28 0.60-2.74 0.51 1.23 0.62-2.49 0.54
Dominant
GA+AAY 1.29 0.74-2.22 0.36 0.99 0.58-1.66 0.97 T 0.69-1.78 0.65
Recessive
AAY 1.00 0.47-2.13 0.98 1.36 0.67-2.74 0.38 1.19 0.62-2.28 0.59
Alleles
G Reference Reference Reference
A 1.13 0.77-1.66 0.52 1.08 0.75-1.57 0.562 1.1 0.79-1.55 0.55
ACE2 rs2285666
Codominant
CC Reference Reference Reference
CT 1.02 0.44-2.37 0.95 0.99 0.43-2.26 0.99 0.88 0.42-1.87 0.75
T 1.64 0.89-3.01 o1 1.83 1.01-3.29 0.04 1.76 1.01-3.04 0.04
Dominant
CT+TT¢ 1.37 0.79-2.39 0.26 1.49 0.87-2.54 0.140 1.44 0.88-2.35 0.14
Recessive
T 1.69 0.93-3.06 0.08 1.89 1.06-3.35 0.03 1.80 1.06-3.05 0.03
Alleles
C Reference Reference Reference
T 1.45 0.99-2.13 0.05 1.58 1.09-2.30 0.01 1.52 1.08-2.14 0.01
ACE2 rs2074192
Codominant
cC Reference Reference Reference
cT 091 0.39-2.09 0.82 0.86 0.38-1.96 0.73 0.88 0.43-1.83 0.74
T 1.23 0.68-2.24 0.49 1.09 0.61-1.94 0.76 1.15 0.67-1.95 0.61
Dominant
CT+TT¢ 1.12 0.66-1.92 0.66 1.01 0.60-1.70 0.95 1.06 0.66-1.69 0.81
Recessive
T 1.25 0.70-2.25 0.44 1.12 0.63-1.96 0.69 117 0.69-1.96 0.55
Alleles
C Reference Reference Reference
T 1.16 0.80-1.69 0.43 1.05 0.73-1.51 03 1.09 0.78-1.58 0.57

Text in bold denotes statistical significance.

*Adjusted for age, sex, hypertension, type 2 diabetes, and obesity.

d, dominant inheritance model, the reference group is formed by mayor allele homozygote genotype; r, recessive inheritance model, the reference group is formed by mayor allele
homozygote and heterozygote genotype.
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Total
(n=481)

ACE gene polymorphisms
/D

| 587 (61%)
D 375 (39%)
I 183(38%)
D 221(46%)
DD 77(16%)
rs4344

G 590 (61%)
A 372 (39%)
GG 183(38%)
GA 224(47%)
AA 73(15%)

ACE2 gene polymorphisms
rs2285666

C 567 (59%)
T 395 (41%)
CC 241 (50%)
CT 85 (18%)
T 155 (32%)
rs2074192

C 556 (58%)
T 406 (42%)
cc 233 (48%)
cT 90 (19%)
T 158 (33%)

Chi-square test. Text in bold denotes statistical significance.

"Mild vs. severe and critical.
**Mild vs. oxygen requirement.
HWE, Hardy-Weinberg equilibrium.

Frequencies (%)

Mild
(n=149)

188 (63%)
110 (37%)
62(42%)
64(43%)
23(15%)

192 (64%)
106 (36%)
63(42%)
66(44%)
20(13%)

190 (64%)
108 (36%)
76(51%)
38(25%)
35(23%)

177 (59%)
121 (41%)
69 (46%)
39 (26%)
41 (28%)

Severe (n
=125)

147 (59%)
103 (41%)
41(33%)
65(52%)
19(15%)

149 (60%)
101 (40%)
41(33%)
67(54%)
17(14%)

146 (58%)
104 (42%)
63 (50%)
20 (16%)
42 (34%)

137 (55%)
113 (45%)
58 (46%)
21 (17%)
46 (37%)

Critical
(n=207)

252 (61%)
162 (39%)
80(39%)
92(44%)
35(17%)

250 (60%)
163 (39%)
79(38%)
91(44%)
36(17%)

231 (56%)
183 (44%)
102(49%)
27 (13%)
78 (38%)
242 (58%)
172 (42%)
106 (51%)
30 (14%)
71 (34%)

0.58

0.56

0.43

0.33

0.10

0.009

0.52

0.05

HWE

0.37

0.59

<0.001

<0.001

Frequencies (%)

Oxygen requirement (n = 181)

399 (60%
265 (40%
121 (37%)
157 (47%)
54 (16%)

399 (60%)
264 (40%)
120 (36%)
158 (48%)
53 (16%)

377 (67%)
287 (43%)
165 (50%)
47 (14%)
120 (36%)

379 (57%)
285 (43%)
164 (49%)
51 (15%)
117 (35%)

0.38

0.55

0.54

0.78

0.05

0.002

0.63

0.01
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Age (years)
Sex Male

Fever

Cough
Dyspnea

Chest pain
Headache
Odynophagia
Rhinorrhea
Myalgia
Diarrhea
Vomiting
Abdominal pain
Anosmia
Dysgeusia
Obesity
Overweight
Type 2 Diabetes
Hypertension

Total
n =481

51 (43,63)
290 (60%)
154 (32%)
322 (67%
255 (53%
210 (44
304 (63%

(

(

(

@

59

)

247 (51%
193 (40%)
321 (67%
177 (37%
80 (17%)
46 (10%)
245 (51%)
261 (54%)
129 (27%)
152 (32%)
134 (28%)
112 (23%)

Mild
n =149

44 32,51)
71 (48%)
9 (33%)
92 (62%)
38 (26%)
7 (45%)
121 81%)
99 (66%)
87 (58%)
104 (70%)
64 (43%)

34 (23%)

9 (13%)

65 (44%)

82 (55%)

6 (11%)
8 (12%)
14 (9%)
12 (8%)

Severe
n=125

53 (44,65)

Critical
n =207

58 (49,68)
140 (68%)
84 (41%)
157 (76%)
145 (70%)
68 (33%)
117 (56%)
85 (41%)
47 (23%)
123 (59%)
54 (26%)
23 (11%)
20 (10%)
80 (39%)
82 (40%)
78 (38%)
88 (42%)
76 (37%)
63 (30%)

<0.001*
0.001**
<0.001**
0.001**
<0.001**
<0.001**
<0.001**
<0.001**
<0.001**
0.008**
0.001**
0.01**
0.13*
<0.001**
<0.001**
0.001**
<0.001**
<0.001**
<0.001**

Text in bold denotes statistical significance.

"Kruskal-Wallis test.

**Chi-squared test.
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OR 95% confidence interval p value

upper limit lower limit
G-CSF 1.0034 1.0000 1.0067 0.0475
HGF 1.0018 1.0001 1.0035 0.0411
IL-10 1.1930 1.0349 1.3752 0.0150
IL-18 1.0087 1.0002 1.0173 0.0460
M-CSF 1.0541 1.0066 1.1038 0.0251
SCGF-B 1.0000 1.0000 1.0000 0.0271

COVID-19, coronavirus disease 2019; OR, odds ratio; G-CSF, granulocyte colony-stimulating factor; HGF, hepatocyte growth factor; IL-10, interleukin 10; IL-18, interleukin 18; M-CSF,
macrophage colony-stimulating factor; SCGF-B, stem cell growth factor beta.





OPS/images/fimmu.2021.681516/table4.jpg
Cytokine Cutoff value AUC 95% confidence interval Sensitivity Specificity Youden Index P

lower limit upper limit
G-CSF 3418 0.68 0.54 0.83 0.61 0.77 0.38 0.022
HGF 4496 0.68 0.53 0.82 0.67 0.68 0.35 0.028
IL-6 6.9 0.68 0.53 0.82 0.42 0.91 0.33 0.027
IL-7 151 0.66 0.51 0.81 0.70 0.59 0.29 0.048
IL-8 16.8 0.67 0.52 0.81 0.58 0.82 0.39 0.037
IL-10 7.6 0.69 0.55 0.83 0.55 0.77 0.32 0.017
IL-18 1019 0.67 0.562 0.81 0.64 0.64 0.27 0.036
IP-10 1693.0 0.74 0.61 0.88 0.73 0.73 0.45 0.003
M-CSF 291 0.72 0.59 0.86 0.42 0.95 0.38 0.006
MIG 2310.4 0.67 0.53 0.81 0.55 0.77 0.32 0.033
SCGF-B 192055.4 0.67 0.53 0.82 0.48 0.86 0.35 0.029

COVID-19, coronavirus disease 2019; AUC, area under the curve; G-CSF, granulocyte colony-stimulating factor; HGF, hepatocyte growth factor; IL-6, interleukin 6; IL-7, interleukin 7; IL-8,
interleukin 8; IL-10, interfeukin 10; IL-18, interleukin 18; IP-10, Interferon-y-inducible protein 10; M-CSF, macrophage colony-stimulating factor; MIG, chemokines monokine induced by
interferon (IFN)-y; SCGF-B, stem cell growth factor beta.
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Variable COVID-19 (n=75) H1N1 (n=23) Healthy control (n=34)
Gender, male, n (%) 46 (61.3) 9(39.1) 20 (58.8)

Age group-n (%)

<65 61 (81.3) 16 (69.6) 32(94.1)

>65 14 (18.7) 7(30.43) 2(5.9)
Median 53 55 55

IQR 39-62.5 39-67 49.8-59
Selected presenting signs and symptoms

Fever, n (%) 66 (88) 8(34.8)" /

Cough, n (%) 57 (76) 19 (82.6) /
Expectoration, n (%) 34 (45.3) 14 (60.9) /

Diarrhea, n (%) 9(12) 0 /

Blood routine examination

White blood cells, 10%/L-median (IQR) 5.9 (3.9-89) 7.3 (4.8-9.6) 5.6 (4.6-6.9)
Hemoglobin, g/L-median (IQR) 1347 (120-147.5) 135 (107-148) 145 (133.75-156.25)"
Platelet, 10%L-median (IQR) 191 (162-252.5) 170 (134-244) 235 (199.5-269.25)"
Neurtophil , 10%/L-median (IQR) 4.35 (2.6-7.5) 5.9 (3.4-7.8) 3.10 (2.34-3.69)"
Lymphocyte, 10%L-median (IQR) 0.8(0.5-1.2) 0.9 (0.6-1.4) 1.75 (1.38-2.19)*

Coagulation function

D-Dimer, ug/L FEU-median (IQR)
Biochemical examination
ALT, U/L-median (IQR)

AST, U/L-median (IQR)

LDH, U/L-median (IQR)

CRP, mg/L-median (IQR)

Cr, umol/L-median (IQR)

Serum ferritin, ng/mL-median (IQR)
APACHEIIscore-median (range)
Underlying disease

Cardiovascular diseases, n (%)

Respiratory disorders, n (%)

Liver diseases, n (%)

Diabetes, n (%)

Hypertension, n (%)

Treatment

Antibiotic therapy, n (%)
Glucocorticoid therapy, n (%)
Antiviral therapy, n (%)
Mechanical ventilation, n (%)
ECMO, n (%)

First detection time points of cytokine
within 1st week after COVID-19 onset, n (%)
within 2nd week after COVID-19 onset, n (%)
2 weeks later after COVID-19 onset, n (%)

375 (197.3-757)

22 (14.5-34)
22 (18-34)

247 (207.5-344)
17.7 (6.9-49.2)
75 (61-88.5)
520.5 (256.8-982.3)
5(0-19)

4(6.3)
3(4)
8(10.7)
10 (13.3)
25 (33.3)

28 (37.9)

57 (76)

75 (100)
6(8)

5 (66.7)

9 (12%)
46 (61%)
20 (27%)

209 (131.75-575.25)

23 (16.5-44.5)
23 (21-38)

258 (221-279)
27.2 (10.63-66.2)
66 (59-89)
289.2 (194.2-484.2)
5 (1-15)

2(8.7)
5(21.7)*
2(8.7)
1(4.3)
5(21.7)

6(26)
0(0)
23 (100)
0(0)
0(0)

/
/
tf

7

16.5 (13-21.8)"
19 (15.5-21)"
/

/

68.5 (60-79.3)
/

/

~~ =~~~

~~ =~~~

/
/
/

Data are displayed as n (%) or median (IQR). N is the total number of patients with available data. COVID-19, coronaviru disease 2019; IQR, Interquartile range; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase; CRP, C-reactive protein; Cr, creatinine; APACHE ll, Acute Physiology and Chronic Health Evaluation II;
ECMO, extracormoreal membrane oxygenation. *p < 0.05: COVID-19 vs healthy control: *p < 0.05: COVID-19 vs HINT.





OPS/images/fimmu.2021.681516/table2.jpg
Week 1 (N=9) Week 2 (N = 46)

Cytokine Spearman P value Spearman P value
GRO-a -0.68 0.0460 -0.27 0.0740
IL-9 -0.78 0.0139 -0.04 0.7990
TNF-o -0.71 0.0325 0.04 0.7970
TNF-B -0.86 0.0029 -0.08 0.8330
IL-18 0.77 0.0150 -0.05 0.7510
HGF 0.83 0.0060 o1 0.4820

N is the total number of patients with available data. COVID-19, coronavirus disease 2019; GRO-a, chemokine (C-X-C motif) ligand (CXCL) 1 ; IL-9, interleukin 9; TNF-a;, tumor necrosis
factor o; TNF-PB, tumor necrosis factor B; IL-1p, interleukin 18; HGF, hepatocyte growth factor.
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Variable category Re-positive phase Initial diagnosis phase Statistic p-Value

CRP [mg/L(IQR)] NA 21.80 (2.94-53.57)

white blood cell [x10%/L(X + s)] 8.63 +4.29 6.43 £ 1.84 t=1.188 0.269
neutrophil [x10%/L(X + s)] 6.37 + 4.40 4.45+1.68 =0.840 0.454
Lymphocyte [x10%/L(X + s)] 1.10+0.81 1.44 +0.76 t=-0.713 0.494
NLR (IQR) 14.21 (1.97-33.92) 4.28 (1.52-6.22) t=1.416 0.190

Data are mean+SD, n/N (%), where NA is the total number of patients with available data. CRP, C-reactive protein; NLR, Neutrophil-to-lymphocytes rations.
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Age
Sex:
Male
Female
Mean number of peripheral blood
cells:
Neutrophils
Lymphocytes
Platelets

LDH
ESR
CRP
Fibrinogen
COVID-19 associated pneumonia:
Presence
Absence
High-flow oxygen therapy
Yes
Not
Chronic diseases:
Hypertension
Diabetes
Dysplipidemia
Cardiovascular disease
Immune disorder
Chronic pulmonary disease
Chronic kidney disease
Absence
Mean number of LOS
Mean time length of negativization
Therapy:
Corticosteroids
Low molecular weight heparin
Azithromycin
Ceftriaxone
Ruxolitinib
Eculizumab
Tocilzumab
Nember of deaths

65.2 years (31-90)

14 (45.16%)
17 (54.84%)

5525.6 x10*/pL (range, 1100-9560)
834.4 x10%/pL (range, 2.07-3360)
266767.7 x10%/pL (range, 6000-
539000)
528.6 U/l (range, 160-2191)
52.64 mm (range, 20-80)
5.11 mg/dl (range, 0.05-18.69)
464.1 mg% (range, 126-775)

29 (93.55%)
2 (6.45%)

23 (74.19%)
8(35.81%)

16 (51.6%)
8 (25.8%)
6 (19.3%)
4 (12.9%)
3(9.7%)
3(9.7%)
2 (6.4%)
9 (29.0%)
42.48 days (range, 19-83)
38.43 days (range, 15-75)

29 (90.32%)
29 (90.32%)
27 (83.87%)
9 (29.03%)
2 (6.45%)
2 (6.45%)
2 (6.45%)
5(16.12%)
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Coding Genes
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FYCO1,CXCR6,XCR1,CCR3
ABO

DPP9

IFNAR2
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ABO
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ABO
SH2B3;ATXNZ;BRAP;ACAD10;
NAA25, TRAFD1;HECTD4,PTPN11;
MAPKAPKS, TMEM116

CHR, chromosome; BP, base position; NA, not available.
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IVW, inverse variance weighted.

Method
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Weighted median
MR Egger
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se
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S.No. Name of vaccine Approved Country Manufactured Company Efficacy

1 Moderna United States ModermaTX, Inc. Approximately 92%
2 Pfizer-BioNTech Multinational Pfizer Inc. Approximately 95.3%
3 Sputnik Light Russia Gamaleya Research Institute of Epidemiology and Microbiology ~ Approximately 79.4%
4 Sputnik V Russia Gamaleya Research Institute of Epidemiology and Microbiology Approximately 91%
5 Oxford-AstraZeneca Multinational, United States Oxford University and AstraZeneca Approximately 81.3%
6 BBIBP-CorV Multinational Sinopharm Approximately 93%
7 CoronaVac Brazil, Turkey Sinovac Biotech Approximately 84%
8 Novavax United Kingdom, South Africa Novavax and the Coalition for Epidemic Preparedness Approximately 89.3%

Innovations (CEPI)
9 Johnson & Johnson Multinational, United States, Brazil, South  Janssen Pharmaceuticals Companies of Johnson & Johnson Approximately 66.3%
Africa

10 Covaxin India Bharat Biotech Approximately 78%
11 Convidecia Multinational CanSino Biologics Approximately 65.7%
12 Covidshield India Central Drug Standard Control Organization (CDSCO) Approximately 70%
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