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Editorial on the Research Topic
 Immune response to respiratory viruses and respiratory viral infections in susceptible populations





Introduction

Respiratory viruses are ubiquitous pathogens that cause infections of varying severity depending on attributes of the host and the virus itself (1). Data from the influenza pandemic in 2009, seasonal influenza epidemics and, more recently, the COVID-19 pandemic, underlie the importance of certain host risk factors that are associated with severe viral infections (1). Besides primary and iatrogenic/secondary immunosuppression that constitutes well known risk factors for basically any infection, other conditions such as pregnancy, obesity, diabetes mellitus, hypertension, cardiovascular disease, asthma, chronic obstructive pulmonary disease and extremes of age have been associated with high mortality and morbidity from respiratory viral infections (1).

The pathogenesis of immune dysregulation that is triggered by these host factors remains largely inexplicable. Revealing the differences and deciphering the commonalities among these conditions that render the host susceptible to severe viral infections will lead us a step closer to the development of more individualized therapeutic targets and preventative strategies. It is, therefore, vital to congregate the available evidence (including recent advances) and highlight the current research gaps in order to attest potential future therapeutic and preventative options.

The current Research Topic aims to highlight interdisciplinary research approaches that explore the role of host risk factors in the pathogenesis, progress and outcome of respiratory viral infections. Ultimately, the scope of this topic is to generate evidence on improved management and prevention of viral infections in susceptible populations, by assembling current knowledge and addressing potential gaps in research.



Cell culture model and diagnosis of respiratory viral infections

Cell culture models are essential laboratory tools for studying in vitro models of host-pathogen interactions and the molecular mechanisms that are involved in the pathogenesis of viral infections. Fukuyama et al. presented their study on the establishment of a new porcine bronchial epithelial cell line from the respiratory tract of a neonatal pig. Through their experiments they concluded that porcine bronchial cells may represent a useful in vitro tool to investigate treatments that both potentiate antiviral immunity in the respiratory epithelium of the porcine host and can regulate Toll Like Receptor (TLR) 3- and TLR4-mediated inflammatory injury in the porcine airway which protects the host against harmful immune over responses.

In clinical context, early diagnosis and severity stratification of respiratory viral infections remains challenging in many cases as diagnostic molecular assays are not readily available in all clinical settings and routinely used biomarkers, such as C-reactive protein and white blood cell count, are not sensitive and specific for viral infections (2). Research is increasingly focusing on molecules that can be potentially used as biomarkers with high sensitivity and specificity for viral infections. Herzog et al. conducted a literature review on the surface adhesion molecule on human myeloid cells CD169 (also known as Siglec1 or Sialoadhesin), as a candidate screening biomarker for viral diseases. The authors concluded that even though CD169 shows a promising potential as a biomarker in acute viral diseases so far, universal laboratory standards and methodological groundwork are imperative to generate comparable and reliable results on its diagnostic performance in the context of viral infections.



Severe acute respiratory syndrome coronavirus 2 infection

Severe Acute Respiratory Syndrome Coronavirus 2 (SARSCoV-2) cell entry is achieved through binding of the surface Spike (S) protein into its main host receptor angiotensin converting enzyme 2 (ACE2) (3). SARS-CoV-2 triggers inflammatory responses by affecting multiple cell types including type II alveolar epithelial cells and activating molecular pathways via its S protein, which have been shown to participate in the pathogenesis of COVID-19 (4–7). Al-Qahtani et al. showed that SARS-CoV-2 S protein suppressed inflammatory responses by decreasing the expression and secretion of interleukin (IL)-8, IL-6 and Tumor Necrosis Factor alpha (TNF-α) in alveolar type II cells during the early stages of infection, through activation of the PI3K/AKT pathway. The authors also suggested that at the early stages of the infection, S protein signals inhibit immune responses to the virus, which allows the propagation of the infection. Moreover, S protein signals in combination with TLR2 signals enhance Plasminogen Activator Inhibitor-1 (PAI-1) expression, which potentially affects the local coagulation cascade. The findings of this study propose the potential use of AKT/mTOR inhibitors for the regulation of inflammatory responses during SARS-CoV-2 infection.

SARS-CoV-2 infection has been considered as a trigger for autoimmune diseases through different mechanisms, including bystander activation, cross-reactivity, molecular mimicry, epitope spreading, and cryptic antigen unmasking (8). Tonutti et al. presented a case of anti- Melanoma differentiation antigen 5 (MDA5) syndrome with skin manifestations, constitutional symptoms, and cardiomyopathy following a confirmed SARS-CoV-2 infection in a 70-year-old Caucasian woman and then, they systematically searched for publications on inflammatory myositis associated with COVID-19, focusing on the anti-MDA5 syndrome. MDA5, a pattern recognition receptor, along with type I interferon (IFN) are important components of the immune response against viral infections. The activation of MDA5 induces the synthesis of type I IFN, which is inversely correlated with COVID-19 severity. A strong IFN signature has been associated with disease activity in various connective tissue diseases, including anti-MDA5 syndrome and might have protective effects against viral infections, including COVID-19. Finally, they concluded that SARS-CoV-2 may trigger the synthesis of autoantibodies and elicit an autoimmune response involved in inflammatory myositis pathogenesis, associated to the type I IFN rich molecular milieu promoted by the virus itself. In addition, Luo and Zhou identified common differentially expressed genes (DEGs) for COVID-19 and primary Sjogren's syndrome and performed enrichment and Protein-protein interaction network analysis. They found that COVID-19 and Sjogren's syndrome have common pathogenic mechanisms and pathways, that may be mediated by specific hub genes.

Diversity in response to SARS-CoV-2 exposure among elderly people may be related to differences in their innate immune responses (9). The gel-forming mucin 5B (MUC5B) is part of the mucus that covers the surface of the respiratory epithelium and plays a key role in the control of respiratory infections, the maintenance of immune homeostasis and the mucociliary clearance (10, 11). The decreased expression of MUC5B leads to declined mucociliary clearance, which has been correlated with aging (12). Moreover, constitutive expression of MUC5B levels is associated with the MUC5B promoter polymorphism rs35705950, while the high expressing T-allele is a risk factor for the non-infection-related aging lung disease, idiopathic pulmonary fibrosis (13). van Moorsel et al. investigated the association of MUC5B rs35705950 with severe COVID-19, in a retrospective candidate gene case-control study and the findings revealed that carriage of the T-allele of MUC5B rs35705950 may result in the protection from severe COVID-19, providing further evidence for the existence of trade-offs among optimal expression levels of MUC5B in the aging lung.

Alshammary et al. performed a systematic review and meta-analysis about the role of T-cell subsets and IL-10 levels among COVID-19 patients and their correlation with the disease severity and outcome. The results demonstrated that severe and non-survivor COVID-19 cases had lower counts of CD4/CD8 T-cells and higher levels of IL-10 compared to mild and survivor cases and the immunodepression following SARS-CoV-2 infection is possibly driven by IL-10. Also, they suggested that these clinical parameters may be reliable predictors of severity and mortality in COVID-19 patients.

Pinchera et al. evaluated the impact of mammalian Target of Rapamycin (mTOR) treatment on the evolution and outcome of SARS-CoV-2 infection in 371 kidney transplant recipients. No differences in the risk of acquiring SARS-CoV-2 infection were observed between the various immunosuppressive therapies. In contrast, patients who received mTOR inhibitors, as part of their immunosuppressive therapy, compared to other regimens had a lower chance of developing a moderate or severe disease. It is worth noting that multivariate analysis found that none of the variables considered showed a statistically significant impact regardless of the presence or absence of mTOR inhibitors. Therefore, mTOR inhibitors may be considered a possible treatment for COVID-19 in transplant and non-transplant patients, due to their potential antiviral or immunomodulatory properties.

In addition, it has been reported that vitamin D may be an important component in the prevention of respiratory tract infections, as it plays a signaling role in the modulation of the innate and adaptive immune response and immunoregulation (14). A systematic review and meta-analysis of randomized controlled trials was conducted by Kümmel et al. to assess the potential effects of vitamin D supplementation on the treatment and prevention of COVID-19 and its complications. The authors found that vitamin D supplementation is associated with a trend of decreased COVID-19-related mortality, shorter hospitalization, and less frequent admission to the Intensive Care Unit (ICU), especially in patients receiving repeated vitamin D doses, when vitamin D was given after the diagnosis of COVID-19.

Finally, acute respiratory distress syndrome (ARDS) in COVID-19 is triggered by hyperinflammation, indicating the need of immunosuppressive treatments. The Janus kinase (JAK) inhibitors, including Ruxolitinib, that block cytokine signaling pathways were found to improve outcome in hospitalized COVID-19 patients (15). Völkel et al. investigated the systemic effects of Ruxolitinib in critically ill COVID-19 patients by studying serum proteomes by mass spectrometry and cytokine array analyses at different time points after initiation of treatment. They demonstrated that the mechanism of action of Ruxolitinib in COVID-19 associated ARDS can be related to the SARS-CoV-2-infection and the effects of this drug as a modulator of T-cells.



Other respiratory viruses

Cigarette smoking has been associated with an increased risk of contracting acute respiratory infections, as well as increased risk of developing severe infections and infection-related adverse outcomes (16, 17). Studies have demonstrated the complex interplay between host immune responses to influenza A and cigarette smoking, and how the latter may lead to worse infection outcomes (17). However, data on the effects of cigarette smoking on influenza B infection are limited. Chavez et al. developed an animal model to study how cigarette smoking can affect the course and severity of influenza B infection. The authors demonstrated that cigarette smoke extract reduced the influenza-B specific antibodies without compromising their neutralizing potency. Although they did not find any association between cigarette smoke extract exposure and viral replication, there was a dose-dependent effect of increasing cigarette smoke extract concentrations on mortality, insinuating a potential role of cigarette smoking in influenza B infection-related adverse outcomes in humans.

Besides influenza, Respiratory Syncytial Virus (RSV) represents a major contributor of infection-related hospitalizations with significant mortality and morbidity rates among adults and children, and especially in infants, elderly and immunocompromised patients (18–20). Besides supportive care, specific treatment options for RSV include ribavirin, palivizumab and RSV-immune globulin (only available in the United States), but are reserved for severe cases or at high risk for severe disease, including immunocompromized patients (21). Bindernagel et al. presented their experience of using a single dose of ASCENIV (an intravenous immunoglobulin that is manufactured from blending normal plasma with plasma from donors that possess high antibody titers against RSV and other respiratory pathogens) in three cases of critically ill children of < 5 years old, with some form of immune dysregulation. According to the authors, all three cases improved following administration of ASCENIV, concluding however, that well designed randomized controlled trials are needed to investigate whether ASCENIV is safe and effective in RSV infection.

Increasing evidence showed that inflammasomes activated by viral pathogens play a key role in viral clearance and tissue injury recovery (22). Li et al. investigated the role of non-canonical inflammasomes in the context of human adenovirus (HAdV) infection, another important respiratory pathogen that may lead to severe pneumonia, especially amongst susceptible hosts. The researchers found that HAdV infection induce macrophage pyroptosis by triggering non-canonical inflammasome activation via a NF-kB-dependent manner. They also noted that caspase-4 and caspase-5 may represent potential biomarkers associated with the severity HAdV-related pneumonia. These results reveal a new pathogenetic perspective on the pathogenesis of HAdV-related inflammatory tissue damage, that warrant further investigation.
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Background: Diversity in response on exposure to severe acute respiratory syndrome coronavirus 2 may be related to the innate immune response in the elderly. The mucin MUC5B is an important component of the innate immune response and expression levels are associated with the MUC5B promoter polymorphism, rs35705950. The high expressing T-allele is a risk allele for the non-infectious aging lung disease idiopathic pulmonary fibrosis (IPF). We investigated if MUC5B rs35705950 associates with severe COVID-19.

Methods: In this retrospective candidate gene case-control study we recruited 108 Dutch patients (69% male, median age 66 years, 77% white) requiring hospitalization for COVID-19 (22% ICU stay, 24% died). For validation, genotypes were obtained from the UK-Biobank (n = 436, 57% male, median age 70 years, 27% died), for replication data from the severe COVID-19 GWAS group from Italy (n = 835) and Spain (n = 775) was used, each with a control cohort (n = 356,735, n = 1,255, n = 950, respectively). MUC5B association analysis was performed including adjustment for age and sex.

Results: The rs35705950 T-allele frequency was significantly lower in Dutch white patients (n = 83) than in controls (0.04 vs. 0.10; p = 0.02). This was validated in the UK biobank cohort (0.08 vs. 0.11; p = 0.001). While age and sex differed significantly between cases and control, comparable results were obtained with age and sex as confounding variables in a multivariate analysis. The association was replicated in the Italian (p = 0.04), and Spanish (p = 0.03) case-control cohorts. Meta-analysis showed a negative association for the T-allele with COVID-19 (OR = 0.75 (CI: 0.67–0.85); p = 6.63 × 10−6).

Conclusions: This study shows that carriage of the T-allele of MUC5B rs35705950 confers protection from development of severe COVID-19. Because the T-allele is a known risk allele for IPF, this study provides further evidence for the existence of trade-offs between optimal mucin expression levels in the aging lung.
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INTRODUCTION

The current coronavirus disease (COVID-19) pandemic illustrates the diversity in response on exposure to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Response to infection ranges from asymptomatic to death from organ failure, of which the latter is most commonly observed in the elderly (1). Such differences are associated with aging, but may also be influenced by the genetic constitution of the host.

Diversity in response to SARS-CoV-2 exposure may be related to host factors associated with airway defense. The gel-forming mucin 5B (MUC5B) is part of the mucus that covers the surface of the respiratory epithelium and forms a key barrier defense against respiratory pathogens (2, 3). In vivo studies in mice showed that Muc5B deficiency caused accumulation of materials in the upper and lower airways, leading to chronic infection and inflammation that failed to resolve normally. By contrast, in mice that overexpress Muc5B, macrophage function was improved. Hence, the presence of Muc5B in the lung is essential for controlling infections, maintaining immune homeostasis, and mucociliary clearance (4). Aged mice had significantly reduced Muc5b levels in comparison with young mice (5) and decreased expression of Muc5B in mouse models was associated with reduced mucociliary clearance (4, 5). In both humans (6) and mice (5) decreased mucociliary clearance was shown to be associated with aging.

Constitutive expression levels of MUC5B are associated with a common promoter polymorphism, rs35705950 of the encoding gene MUC5B. The minor rs35705950 T allele is associated with high expression levels of MUC5B and the major G allele is associated with low expression levels (7, 8). The high expressing T-allele is a known risk factor for idiopathic pulmonary fibrosis (IPF) (7), a fatal aging lung disease of unknown cause predominately affecting older males with a history of smoking. IPF is a non-infectious disease of the distal lung caused by damage of the alveolar epithelium followed by progressive fibrogenesis (9).

Recently it was shown that aging lung diseases such as IPF and chronic obstructive pulmonary disease (COPD) share disease loci but have opposite risk alleles (10). Given the fact that the alleles of these loci influence expression levels we proposed a theory of trade-offs in aging lung disease (11). A trade-off exists whenever a benefit in one context entails a cost in another (12). In aging lungs, the high expressing MUC5B T-allele may be important for optimal airway defense against infections while it provides an increased risk for IPF in the alveolar compartment.

Therefore, we examined if MUC5B rs35705950 is associated with severe COVID-19. To investigate this, we performed a retrospective candidate rs35705950 case-control study in a Dutch cohort and included an UK cohort for validation and an Italian and Spanish cohort for replication.



MATERIALS AND METHODS


Patients

This is a retrospective candidate gene case-control study. The discovery cohort from the ILD biobank and data registry of the St Antonius Hospital Nieuwegein, the Netherlands, included (n = 108) adult patients hospitalized due to COVID-19 at St Antonius Hospital between March 19, 2020 and May 5, 2020. Diagnosis of COVID-19 was made on the basis of a positive SARS-CoV-2 PCR except for three cases with clinical characteristics and a high-resolution computed tomography (HRCT) of the chest congruent with COVID-19 pneumonia. We collected demographics, clinical characteristics, radiology and survival data from medical hospital records. Severe disease was arbitrarily defined by hospitalization with the need for oxygen supplementation.

The control group consisted of 611 Dutch white healthy controls, from the biobank. The study was approved by The Medical research Ethics Committees United (MEC-U) of St. Antonius Hospital and all patients provided written informed consent (approval number R05-08A).

For validation we obtained data from the UK biobank (13). The validation cohort consisted of unrelated UK Biobank participants (application 44046) of European ancestry with 436 adult patients with a diagnosis of COVID-19 based on a positive SARS-CoV-2 PCR in the period 16 March−14 April 2020. In this period, testing was almost exclusively restricted to patients admitted to the hospital or presenting at emergency services with severe disease plus healthcare workers suffering clinical signs of infection, including fever and cough or shortness of breath. Overall, for the UK, the case fatality rate was highest during the study period (https://ourworldindata.org/mortality-risk-covid?country~GBR). Death due to COVID-19 was calculated using ICD-10 codes U071 and U072 before end of May 2020 and 117 out of 436 (27%) of the UK biobank case cohort died due to COVID-19. This indicates that the test criteria at that time were a reasonable proxy for severe COVID-19. Furthermore, 356,799 UK biobank controls were included. All UK Biobank participants provided written informed consent, the UK Biobank study was approved by the National Research Ethics Service Committee North West-Haydock (REC reference 16/NW/0274), and all study procedures were performed in accordance with the World Medical Association Declaration of Helsinki ethical principles for medical research.

For replication we obtained summary data from the severe COVID-19 GWAS group (14) for white subjects. Replication cohort I consisted of 835 adult patients, of which 30% were female and a median age of 65 (IQR 56–75) years hospitalized with COVID-19 in Italy and 1,255 controls of which 39% is female and a median age of 49 (IQR 33–59) years. Replication cohort II consisted of 775 adult patients, of which 34% were female and a median age of 67 (IQR 58–75) years hospitalized with COVID-19 in Spain and 950 controls of which 33% were female and a median age of 44 (IQR 33–50) years. Severe COVID-19 was defined as hospitalization with respiratory failure. Information about respiratory support and comorbidities were described previously in more detail (14).



Genotyping

For Dutch subjects, DNA was extracted using a Chemagic 360 (PerkinElmer, Waltham, Massachusetts, USA) from whole blood. The discovery cohort was genotyped for MUC5B rs35705950 genotype with a pre-designed taqman SNP genotyping assay and the QuantStudio® 5 Real-Time PCR system (both ThermoFisher Scientific, Waltham, Massachusetts, USA).

For the UK biobank data, we obtained genotype counts summarized separately for cases and controls for SNP rs35705950, with data from participants who died before the epidemic excluded. SNP data was generated from the Affymetrix Axiom UK Biobank array and the UK BiLEVE array following extensive central quality control (13). We used genetic data from the “v3” release of UKBB containing the full set of Haplotype Reference Consortium (HRC) and 1000 Genomes imputed variants, followed by additional internal quality control to define a cohort of unrelated white European participants (15).

For replication cohort I and II, we obtained genotype counts summarized separately for white cases and controls from the severe COVID-19 GWAS group for SNP rs35705950 at chr11, pos_hg38 1219991, G, T (www.c19-genetics.eu). SNP rs35705950 was directly genotyped, except for 3 out of 2,090 genotypes of the Italian cohort. These were imputed via TOPMed reference panel (14).



Statistical Analysis

SPSS 24 (IBM, Armonk, New York, USA) was used for statistical analysis. Due to ethnic differences in the prevalence of the MUC5B rs35705950 alleles, genetic analyses were stratified by ethnicity and only statistically analyzed in white subjects. Differences between white and non-white patients and between carriers and non-carriers of the rs35705950 T-allele were calculated using a Chi square test for categorical data. Differences with continuous data were tested with t-test or the Mann-Whitney U test where appropriate. Differences between the allele and genotype frequencies were calculated with the Pearson's goodness-of-fit chi-square test, together with the OR and 95% CI. Binary logistic regression was used to test for MUC5B rs35705950 association and COVID-19 with age and sex as confounding variables. Linear regression was used to test for rs35705950 association with age, adjusted for sex. Fisher's exact test was used to test for deviation from Hardy–Weinberg equilibrium. A value of p < 0.05 was considered statistically significant. Meta-analyses were performed using the allele contrast and dominant model in the web tool META-Genyo (16). Heterogeneity in the data was evaluated with I2 statistics and Cochran's Q test was low for both the allele contrast and dominant model. The fixed-effect estimate method, inverse variance was used.




RESULTS


Dutch Participants

In total 108 patients hospitalized with COVID-19 (Table 1) in The Netherlands were included in the study of which 74 (69%) were males. Among 108 patients, 83 (77%) were white and 25 patients were non-whites. The median age of the patients was 66 years (range 19.1–92.4) and differed significantly between whites (71 years) and non-whites (55 years; p = 0.0004). Of all patients, 24 patients were admitted to the intensive care unit (22%).The median length of hospitalization of patients who survived COVID-19 was 9 days. Twenty-three patients died (21%) and they were significantly older than patients who survived, 74 vs. 63 years, respectively (p = 0.002). There was a trend toward significance for a younger age at death in non-whites (Table 1).


Table 1. Characteristics of Dutch patients hospitalized with COVID-19.
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The control cohort consisted of 611 white subjects with a median age of 59 years, of which 285 (47%) were male.



UK Biobank Participants

In total 436 patients of European ancestry with a diagnosis of COVID-19 were included in the study of which 249 (57%) were males. Characteristics and co-morbidities for UK biobank participants are presented in Table 2. The median age of the patients was 70 years. One hundred and seventeen patients (27%) patients died. The control cohort consisted of 356,799 subjects with a median age of 69 years, of which 161,178 (45%) were male. Significantly more male sex, older age, higher number of death, higher BMI, more diabetes, COPD and ILD were observed among COVID-19 cases when compared with controls (Table 2).


Table 2. Characteristics of UK biobank participants.
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Association of MUC5B Rs35705950 With COVID-19

In the discovery cohort of 108 patients, there were 99 patients with a GG genotype and 9 patients with a GT genotype. The minor T-allele frequency of the MUC5B promoter polymorphism was 0.04. In the white subgroup of COVID-19 patients, 76 had a GG genotype and 7 a GT genotype, which was in Hardy-Weinberg equilibrium. The frequency of the T-allele in the white COVID-19 group was 0.04 and this was significantly lower than the T-allele frequency of 0.10 in the control group (p = 0.023; OR = 0.42, CI = 0.19–0.91; Table 3). Age and sex were significantly different between cases and controls, however multivariate analysis with age and sex as confounding variables showed comparable results (p = 0.03; OR = 0.40, CI = 0.18–0.91).


Table 3. MUC5B rs35705950 genotype in white subjects with severe COVID-19 and controls.
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For the UK validation cohort the minor T-allele frequency of MUC5B rs35705950 was 0.08 in cases and this was significantly lower than the T-allele frequency of 0.11 in the controls (p = 0.001; OR = 0.66, CI = 0.51–0.85; Table 3).

This association remained significant after adjustment for age, sex, BMI, asthma, COPD, ILD and diabetes (Table 4).


Table 4. Multivariate association analysis for COVID-19 in the UK biobank validation cohort.
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For the UK biobank cohort we separately investigated if the rs35705950 allele frequency associated with age. The association of the rs35705950 allele frequency with age is small with β = −0.0002 (p = 0.027) with a small decrease in T-allele frequency with increasing age. Moreover, if we remove ILD cases, the association for non-ILD UK biobank participants become β = −0.0003 (p = 2.8 × 10−4). This indicates that there is no survival bias of T-allele carriers. Our data also demonstrates no survival bias for ILD cases during this period of isolation.

In the severe COVID-19 replication cohort I and cohort II, the minor T-allele frequency of MUC5B rs35705950 was 0.10 and this was significantly lower than the T-allele frequency of 0.13 in both control cohorts (cohort I: p = 0.039; OR = 0.81, CI = 0.67–0.99; and cohort II: p = 0.030; OR = 0.79, CI = 0.64–0.98; Table 3). Analysis of replication cohort I and II together, adjusted for sex, age and top 10 principal component showed comparable results, OR 0.75 (SD 0.098); p = 0.003.

Meta-analyses were performed to analyze the association of MUC5B rs35705950 with severe COVID-19, both for comparison of allele contrast and for a dominant T-allele carriage model (GT+TT vs. GG). Figure 1A shows the forest plot of the T vs. G allele meta-analysis of the four cohorts. The pooled negative association with COVID-19 for the T allele was significant with an OR of 0.75 (CI: 0.67–0.85); p = 6.63 × 10−6. Figure 1B shows the forest plot of the meta-analysis of the dominant model (GT+TT vs. GG) of the four cohorts. The pooled negative association of T allele carriage was significant with an OR of 0.75 (CI: 0.66-0.86; p = 2.05 × 10−5).


[image: Figure 1]
FIGURE 1. Forest plots of meta-analyses of the association of MUC5B rs35705950 with severe COVID-19 in subjects of European ancestry. Dotted line represents the odds ratio from the combined analysis. (A) Meta-analysis of allele contrast (T vs. G; P combined analysis = 6.63 e-06). (B) Meta-analysis of the dominant T-allele carriage model (GT+TT vs. GG; P combined analysis = 2.05e-05). CI, confidence interval.





DISCUSSION

In this study we used a candidate gene case-control approach to examine whether a genetic polymorphism that influences expression of MUC5B is associated with susceptibility to severe COVID-19. We observed a significant association between the MUC5B rs35705950 promoter polymorphism and severe COVID-19 in four white European cohorts. The results of the meta-analyses demonstrate the protective effect of the MUC5B T allele against severe COVID-19. The T-allele frequency and T-carrier frequency was lower in severe COVID-19 patients than in controls.

Beneficial effects of carriage of the T-allele have been reported before. In smoking non-Hispanic white COPD patients with interstitial HRCT features, T-allele carriers experienced less acute respiratory disease and a longer time-to-first event (17). Furthermore, in IPF patients, carriers had a lower bacterial burden than non-carriers (18) and better survival (19).

In the human respiratory system, MUC5B is secreted throughout the lung by submucosal glands and the superficial epithelium of trachea, bronchi, bronchioles and alveoli, and by salivary glands and nasal mucosa (3, 4, 20, 21). The T-allele was shown to increase the MUC5B promoter activity and carriers of the T-allele demonstrated increased RNA expression of MUC5B in lung tissue (7, 8, 22). A recent paper shows that MUC5B rs35705950 resides within a gene enhancer that is subject to epigenetic remodeling (23). In the airway epithelium of an explant lung of a severe ICU admitted COVID-19 patient, dramatically reduced MUC5B protein and mRNA expression was found when compared with control lung (24).

The increased MUC5B production in T-allele carriers may protect carriers from adverse events related to airway defense. This may be of particular importance in aging, because mucus production and mucociliary clearance have been described to decrease with aging (5, 6). Furthermore, decreased mucociliary clearance may underlie the observed age-related increase in the incidence of severe community-acquired pneumonia in the elderly (25). Similar to previous reports on COVID-19 (1) we also observed that severe COVID-19 and death from COVID-19 is predominantly found in the elderly.

Severe COVID-19 is primarily associated with a respiratory system pathology. Autopsy of patients who died from COVID-19 showed presence of diffuse chronic and tracheobronchial inflammation and alveolar type 2 (AT2) cell hyperplasia in the majority of biopsies (26). SARS-CoV-2 virus was detected in both airway epithelium and AT2 cells and the authors concluded that histology suggests progressive disease that begins in the airway and extends to alveolar zones (26). High constitutive levels of MUC5B in the elderly may protect the airway from SARS-CoV-2 viral infection.

Death rates of the Dutch and UK COVID-19 cases are high. The UK biobank positive COVID-19 cases even had a death rate of 27% which is considerably higher than the maximum 15.2% (27) evolving case fatality rate in the UK from mid-March to end May 2020. After community testing was rolled out, the case fatality rate in the UK decreased below 4% (27). The high death rate of affected UK biobank cases may be due to the older age of biobank participants with a median of 69 years old. With increasing age, the lung changes to the extent that alleles which in younger people confer non-essential divergent expression, may influence the risk of disease in aged tissue. In aging lung diseases such as IPF, COPD and lung cancer, a pattern is emerging of shared disease loci. Although loci are shared, it is of considerable interest that the respective diseases associate with opposite risk alleles and with opposing expression levels (10, 11, 28). Previously we summarized findings and presented a theory in which trade-offs in the aging respiratory system exist (11). The present study shows that the MUC5B rs35705950 polymorphism may be added to this list of shared loci with opposite risk alleles. The MUC5B T-allele, which appears beneficial in this study, is best known as a major risk allele for IPF (7). IPF is a rare non-infectious pulmonary aging disease of unknown cause characterized by insidious onset of disease in patients without a history of pulmonary health problems. Subsequent studies showed that the MUC5B T-allele not only predisposes to IPF but to a variety of chronic progressive forms of pulmonary fibrosis (29–32).

Because severe COVID-19 is associated with substantial pneumonitis and shares multiple risk factors with IPF, Fadista et al. recently investigated whether a genetic correlation between IPF and severe COVID-19 exists using a Mendelian randomization approach (33). They found that genetically increased risk of IPF indeed associated with increased COVID-19 severity, except for the MUC5B allele. The MUC5B risk allele had a different effect compared with other IPF predisposing alleles and protected against COVID-19 hospitalization in the elderly. Because the MUC5B results contradicted their hypotheses the authors were concerned that the analysis might have been influenced by possible selection bias: 1) due to the rs35705950 T allele carriers undertaking strict self-isolation, and 2) due to survival bias of the rs35705950 non-IPF T allele carriers (33). With the unique data of the UK biobank cohort, we were able to address these questions. First, the MUC5B T allele is only known to be associated with progressive fibrosing ILD. These patients may have been isolating due to clinical vulnerability. However, instead of underrepresentation, we were able to show the significant overrepresentation of patients with ILD in the biobank COVID-19 cases vs. non-cases. These data include 5 IPF cases and 1,014 IPF controls, bias introduced by effective shielding of these patients is therefore not present. Second, it is suggested that MUC5B T-allele carriers may have increased survival in the population. This would result in increasing T-allele frequencies with age. However, we found a very slight decrease in the T-allele frequency with age. When we delete ILD subjects from the cohort, the association remained, meaning that there is no survival bias of T-allele carriers in the non-ILD population.

The finding by Fadista et al. is in line with our current findings and we found no evidence for stratification bias driving these results. We performed a candidate allele study because we hypothesized that the IPF predisposing allele would protect against COVID-19 and confirmed this hypothesis. The current finding of protection against severe COVID-19 combined with the established increased risk for pulmonary fibrosis in T-allele carriers may represent a trade-off that becomes apparent with aging. During the first decades of life the effect of both alleles may be neutral while at an older age differences in constitutive expression levels may predispose to disease. The pleiotropic property of the gene polymorphism is expressed only in the older individuals. This idea complements the well-established principle of pleiotropic antagonism, the theory of aging where one gene is involved in multiple traits (pleiotropy) with a beneficial fitness enhancing effect in early life and a detrimental fitness diminishing effect in later life (34).

A limitation of the study is the focus on white European populations. Minor allele frequencies for MUC5B rs35705950 are known to differ between populations. The allele frequencies of the control cohorts are congruent with previous reports (32, 35–37). The protective T-allele is known to have the highest frequency in populations of European ancestry, but is less frequent to non-existent in non-European populations. It is tempting to speculate that the increased risk for infection with SARS-CoV-2 and the worse clinical outcome in black, Asian and minority ethnic populations in western societies (38) may be associated with low carriage of the protective MUC5B T-allele. Replication cohort I and II are part of the study population used by Fadista et al. (33). In their study, a 89% white patient population and a 99% white control cohort was used, therefor they adjusted the analysis for genetic ancestry principal components (33). We used a white Dutch and UK population, so in order to replicate our findings and allow comparison of the results we included replication cohorts I and II and performed the analysis on white subjects only, which produced similar results. However, future studies aimed at improving understanding of COVID-19 risk in populations worldwide should include genetics of different ethnic groups. Another limitation is the small sample size of the Dutch cohort, yielding a significant result but with a wide confidence interval. Furthermore, specific information on disease severity such as organ involvement, CO-RAD and CT-severity scores are missing. However, all patients in the Dutch cohort were hospitalized for confirmed COVID-19 and had a SpO2 <94%. Hospital triage during the study period was restricted because the wards were overcrowded. Furthermore, 22% of patients were admitted to the intensive care unit and 24% of patients died. In addition, the death rates of the UK COVID-19 cases was high (27%), all suggestive of case cohorts with severe COVID-19. However, further studies are needed to investigate if the MUC5B polymorphism will associate with specific COVID-19 severity scores.

A strength of our study is the inclusion of the UK Biobank cohort, with cases and controls having been recruited as one cohort 9–13 years prior to the COVID pandemic. This procedure is most ideal to avoid recruitment bias in case-control studies and the cohort yields a highly significant result.

In conclusion, we found that carriage of the T-allele of MUC5B rs35705950 confers protection from development of severe COVID-19. Because the T-allele is a known risk allele for pulmonary fibrosis, this study provides further evidence for the existence of trade-offs between optimal expression levels in the aging lung.
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Background: Many COVID-19 patients reveal a marked decrease in their lymphocyte counts, a condition that translates clinically into immunodepression and is common among these patients. Outcomes for infected patients vary depending on their lymphocytopenia status, especially their T-cell counts. Patients are more likely to recover when lymphocytopenia is resolved. When lymphocytopenia persists, severe complications can develop and often lead to death. Similarly, IL-10 concentration is elevated in severe COVID-19 cases and may be associated with the depression observed in T-cell counts. Accordingly, this systematic review and meta-analysis aims to analyze T-cell subsets and IL-10 levels among COVID-19 patients. Understanding the underlying mechanisms of the immunodepression observed in COVID-19, and its consequences, may enable early identification of disease severity and reduction of overall morbidity and mortality.

Methods: A systematic search was conducted covering PubMed MEDLINE, Scopus, Web of Science, and EBSCO databases for journal articles published from December 1, 2019 to March 14, 2021. In addition, we reviewed bibliographies of relevant reviews and the medRxiv preprint server for eligible studies. Our search covered published studies reporting laboratory parameters for T-cell subsets (CD4/CD8) and IL-10 among confirmed COVID-19 patients. Six authors carried out the process of data screening, extraction, and quality assessment independently. The DerSimonian-Laird random-effect model was performed for this meta-analysis, and the standardized mean difference (SMD) and 95% confidence interval (CI) were calculated for each parameter.

Results: A total of 52 studies from 11 countries across 3 continents were included in this study. Compared with mild and survivor COVID-19 cases, severe and non-survivor cases had lower counts of CD4/CD8 T-cells and higher levels of IL-10.

Conclusion: Our findings reveal that the level of CD4/CD8 T-cells and IL-10 are reliable predictors of severity and mortality in COVID-19 patients. The study protocol is registered with the International Prospective Register of Systematic Reviews (PROSPERO); registration number CRD42020218918.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020218918, identifier: CRD42020218918.

Keywords: COVID-19, SARS-CoV-2, coronavirus, interleukin 10, CD4, CD8, IL-10


INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a viral infection caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first identified in December 2019 when patients with an unknown type of pneumonia were admitted to Hubei hospital in Wuhan, China (1, 2). The fear of encountering a novel strain from the notorious coronavirus family, of which SARS-CoV-1 and MERS-CoV are members, was thus realized (3). This novel disease spread rapidly from its country of origin to other regions of the world, affecting people in 192 countries and resulting in 280,001,617 confirmed cases and 5,402,083 deaths (4). COVID-19 was declared a global health emergency and a pandemic by the World Health Organization (WHO) in March 2020 (5).

Infection with SARS-CoV-2 does not immediately cause disease, and patients can be divided into four major classes based on their presentation on the clinical spectrum. Patients in the first class are asymptomatic with no clinically reported signs, although anosmia and dysgeusia are common among this group (6–8). The second develop flu-like symptoms with fever, sore throat, and cough (9, 10). Additional signs and symptoms of varying severity are present in the third group, including frequent chest pain, difficulty breathing, and unproductive cough (10, 11). Finally, in the fourth group, life-threatening complications become evident as the disease progresses, and patients begin to exhibit critical signs and symptoms, including pneumonia, acute lung injury (ALI), acute respiratory distress syndrome (ARDS), septic shock, and multiple organ failure (12, 13). Furthermore, the incubation period from infection to the onset of disease varies greatly, ranging from 2 to 14 days (14, 15). The virus's basic reproduction number (R0) is estimated to be around 1.4 and 3.8, indicating the potential for a pandemic and recurrent infection within populations (1, 16–18).

It is common for patients with COVID-19 to show a marked decrease in their leukocyte counts, specifically their lymphocyte counts, a condition that translates clinically into immunodepression or immunosuppression (19–25). Outcomes depend on lymphocytopenia status, especially patients' T-cell counts. Recovery is more likely when lymphocytopenia is resolved, and severe complications arising from lymphocytopenia may lead to death (25–29). In addition, studies report elevated levels of IL-10 in severe and non-survivor cases relative to mild or survivor COVID-19 cases (23–26, 30–32). Thus, as an anti-inflammatory cytokine, IL-10 may be responsible for the reduced T-cell counts that lead to immunodepression in COVID-19 patients (33).

It is essential for our understanding of the disease course to identify the influence of T-cell subsets and IL-10 in patients with mild and severe COVID-19, as well as in survivor and non-survivor cases. This systematic review and meta-analysis aimed to analyze T-cell subsets (CD4/CD8) and IL-10 in severe and fatal cases of COVID-19. Our understanding of the mechanisms causing the immunodepression observed in COVID-19—and its consequences—may enable the early identification of disease severity predictors and development of more effective interventions.



METHODS


Protocol and Registration

The systematic review and meta-analysis were performed and reported following the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA), including the flow diagram (Figure 1) and checklist (Supplementary Table 1.1) (34). Guidelines provided by the Meta-Analyses Of Observational Studies in Epidemiology (MOOSE), including the checklist (Supplementary Table 1.2) (35) were also followed. The study protocol was registered with the International Prospective Register of Systematic Reviews (PROSPERO); registration number CRD42020218918 (36).


[image: Figure 1]
FIGURE 1. PRISMA flow diagram for T-cell subsets and IL-10 in COVID-19 studies. Figure is adapted from PRISMA flow diagram 2009 (34).




Eligibility Criteria

The PICOS framework—problem/patients/population, intervention/indicator, compare, outcome, and study designs—was used to formulate our research question (37, 38) as follows: Patients: confirmed COVID-19 patients; Indicator: T-cell subsets (CD4/CD8) and IL-10; Comparison: mild vs. severe or survivors vs. non-survivors; Outcome: severity or mortality; Study designs: hospital-based published studies including retrospective, cohort, prospective, descriptive or observational studies, and case series, in which T-cell subsets (CD4/CD8) and IL-10 levels are documented across COVID-19 severity and mortality groups.

Our review also included studies reporting clinical laboratory parameters among confirmed COVID-19 patients, in which clinical diagnosis and classification of patients were carried out following either the WHO guidelines or guidelines published by an official national or regional health governing body. We allowed this criterion to be flexible as the majority of studies only followed WHO guidelines after their recognition of COVID-19 as a pandemic on March 11, 2020 (5, 39). However, studies following national or regional guidelines were included if the criteria for COVID-19 classification was outlined clearly and matches the criteria outlined by the WHO.

The selected studies were hospital-based, and those not reporting on CD4/CD8 T-cells and IL-10, or lacking proper stratification of COVID-19 patients, were excluded. Moreover, to reduce population heterogeneity, we included studies reporting laboratory values for male or female adults and excluded studies reporting on children and pregnant women. However, given that some studies only stratified patients based on sex or provided the mean age of their entire sample, we anticipated a proportion of no more than 10% where studies stated inclusion of children or pregnant women. Furthermore, to eliminate possible differences arising in clinical data obtained from the infection of various SARS-CoV-2 strains, we included studies reported during the first emergence of SARS-CoV-2. Included studies were published in 2020/2021, and data acquisition covered the period from December 2019 to July 2020.



Information Sources

A systematic search was conducted for published journal articles from databases including PubMed MEDLINE, Scopus, Web of Science, and EBSCO CINAHL. Eligible studies identified from the bibliographies of relevant systematic reviews were also included, and a manual search on the preprint server for health sciences, medRxiv, was used to identify unpublished relevant studies. Reviews, opinion articles, editorial material, communications, conference proceedings and abstracts, in-vivo, and in-vitro studies were excluded.



Search Strategy

A systematic search was conducted for journal articles published from December 1, 2019 to March 14, 2021. We used the text words (severe acute respiratory syndrome coronavirus 2), or (SARS-CoV-2), or (coronavirus infection disease 19), or (COVID-19), in conjunction with (T lymphocytes), (T-cells), (CD4), (CD8), (lymphocytes), (interleukin 10), and (IL-10) independently (Supplementary Tables 2.1–2.4). We also applied filters to our search results specifying journal articles and articles published in English.



Study Selection

Articles obtained from each database were imported into a designated EndNote (Clarivate) folder (40). A new folder was created to combine all articles from each database to eliminate duplicates. Retained articles were then exported into an electronic review manager, Colandr (41), to facilitate title, abstract, and full-text screening using the specified eligibility criteria. While performing full-text screening, we performed a manual search of the full article text, including the Supplementary Material, to confirm T-cell subsets (CD4/CD8) and IL-10 were included in each study. This process was carried out independently by six authors, with articles selected by one author being verified by the others. In any cases of disagreement, the final decision about each study was made by consensus from all authors, and decisions were documented in an Excel spreadsheet (Microsoft Corporation) (42).



Data Collection Process

Extracted data from the studies were exported into an Excel spreadsheet. For studies with unclear classification of patients, the corresponding authors were contacted for clarification. Authors were also contacted to request data where studies were missing values for T-cell subsets or IL-10. If no response was received, we performed data extraction from study figures using WebPlotDigitizer, a web-based tool for extracting data from figures (Supplementary Table 3) (43).



Data Items

Data items included author name, publication year, study location (country/city/hospital), study period (duration), study design, assessment of COVID-19 severity (WHO or national/regional health care authority guidelines), timing of proposed classification (on admission or later), sample size (number), sample characteristics (sex, age, underlying conditions), number of cases classified as mild or survivor, number of cases classified as severe or non-survivor, T-cell subsets (CD4/CD8), and IL-10 values stratified by severity or mortality. For laboratory values reported on a continuous scale, the mean and standard deviation (SD), the median with minimum/maximum range, or median and interquartile (IQR) values were extracted. This process was carried out independently by three authors, AFA, JMA, and HFA, and data extracted by one author were verified by the others. Consensus was reached by all authors in any instances of disagreement, and decisions were documented in Excel.



Assessment of Quality and Risk of Bias in Individual Studies

The Newcastle-Ottawa Scale (NOS) for cohort studies was adopted to evaluate selected studies independently (44). The NOS scale uses a star system (0–9) to judge a study based on three domains: sample selection, sample comparability against controls, and assessment of outcome. A higher NOS score (above 7 stars) reflects better quality and a lower risk of bias. In contrast, lower NOS scores (below 4 stars) reflect lower quality and a higher risk of bias. NOS scores of 4–6 stars indicate moderate quality and risk of bias (Supplementary Table 4). All authors independently rated the included studies. Each author documented their scoring decision and subsequently verified the scoring decision of other authors. The final decision for each study was made by consensus from all authors, and scores were documented in Excel.



Synthesis of Extracted Data

Extracted data values from the selected studies were reported on a continuous scale. The mean and SD from each study were pooled to compute the effect size or the standardized mean difference (SMD) and 95% confidence intervals (CI). In the case of median and IQR (minimum and maximum) reporting, we computed the mean and SD based on Wan et al.'s formula (45). The mean and SD were calculated using Cochran's formula for median and IQR reporting without minimum and maximum ranges (46). Furthermore, the means and SDs of similar subgroups were combined into a single group using Cochran's formula for combining similar subgroups (46). Formulas used in this study are listed in Supplementary Tables 5.1–5.2.



Meta-Analysis Summary Measures

Because heterogeneity was expected between individual studies, our meta-analysis used the DerSimonian-Laird inverse variance method for a continuous random-effects model (46, 47). To calculate the SMD, we applied Hedge's g formula to avoid bias in a small study size (48, 49). Statistical analysis of extracted data in this study took place using STATA 17 (StataCorp) (50).



Synthesis of Meta-Analysis Results

The SMD and 95% CI were computed using the mean, SD, and sample size from each study (47). Meta-analysis results were displayed using forest and Galbraith plots following the same meta-analysis computational measures. Statistical analysis of extracted data, including the construction of the forest and Galbraith plots, also used STATA 17 (StataCorp) (50).



Assessment of Heterogeneity

Statistical heterogeneity was assessed using I2 values to measure the degree of inconsistency of collected results produced from the meta-analysis (51, 52). An I2 cut-off value of 0% indicates no heterogeneity, 25% is low, 50% is moderate, and 75% indicates a high level of heterogeneity (52). The Galbraith plot can also be used to assess heterogeneity visually through detecting outliers located outside the 95% CI shaded region (53). STATA 17 (StataCorp) (50) was used to analyze the I2 cut-off value and the Galbraith plot.

Between-study variations can be further explored through subgroup analysis to identify the source of heterogeneity if due to a specific study-level covariate. Heterogeneity induced by the relationship between specific-study effect size and study-level covariates can be measured by performing meta-regression, where the adjusted R2 is used to examine the proportion of between-study variance explained by study-level covariates (54). A bubble plot was also generated following meta-regression as a graphical presentation of the relationship between study-level covariates and the effect size of a specific study (54–56). STATA 17 (StataCorp) was used for the statistical analysis of extracted data, including meta-regression and the construction of the bubble plot (50).



Small Study Effects and Publication Bias

Standard funnel plots and non-parametric trim and fill funnel plots were constructed to detect possible cumulative bias in the studies. The standard funnel plot is used to detect small study effects and publication bias (57, 58). A symmetrical funnel denotes the absence of bias, while an asymmetrical funnel indicates clear publication bias (46). Publication bias may arise because smaller studies with non-significant results are suppressed from publication, leading to a biased sample. With the nonparametric trim and fill analysis, smaller studies inducing the funnel plot asymmetry are removed to estimate the funnel plot true center. This is followed by the addition of removed studies and their missing counterparts around the center (46, 59, 60). This method enables detection and measurement of the influence of missing studies on the overall effect size (46, 59, 60).

The regression-based Egger test was also performed to statistically assess plot distribution asymmetry: P <0.1 indicates publication bias, whereas P > 0.1 indicates no publication bias (61, 62). Measurement of publication bias was also performed using Begg's non-parametric rank correlation based on correlating the standardized effect with the variance using Kendall's tau b (63). Begg's test investigates whether Kendall's rank correlation between the effect size and its variance equals zero: a significant correlation indicates bias (P < 0.05), whereas a non-significant correlation indicates the absence of bias (P > 0.05). Standard funnel plots, nonparametric trim and fill funnel plot analysis, regression-based Egger test, and the nonparametric rank correlation (Begg) test were performed using STATA 17 (StataCorp) (50).



Meta-Analysis Sensitivity Test

The influence of studies harboring a high risk of bias was quantified by performing the Leave-One-Out sensitivity test, where each study is omitted sequentially to measure its influence on the overall combined effect size (64). STATA 17 (StataCorp) was again used for this purpose (50).




RESULTS


Study Selection

An outline of the systematic review search results is presented in Figure 1. We identified 5,120 studies by searching four major databases, including PubMed (1,322), Web of Science (1,247), Scopus (1,744), and EBSCO CINAHL (804). In addition, three records were identified from the bibliographies of relevant systematic reviews and the manual search on the preprint server medRxiv. After removal of duplicates, 810 records were screened. Of those, 272 were excluded following title and abstract review. Retained articles were assessed for study eligibility. Of these, 256 records were excluded as they were not COVID-19 related studies. A further 153 papers were excluded as they were reviews, communications, editorial articles, in-vivo/in-vitro studies or studies reporting on pregnant women or children. Included studies were thoroughly assessed for eligibility criteria. Of those, 77 records were excluded because of lack of stratification based on severity/mortality, for reporting on severe cases only (Supplementary Table 6.1), and because of overlapping study periods (Supplementary Table 6.2). Finally, 52 studies were retained for the synthesis of meta-analysis results (19, 21–25, 27, 30–33, 65–105).



Study Characteristics

The general characteristics of the studies are described in Table 1. They were all hospital-based and included 34 retrospective, 1 retrospective case series, 1 retrospective cohort, 1 prospective, 1 prospective observational, 1 prospective cohort, 10 cohort, and 3 observational cohort studies. The majority of studies were from China with 37 investigations across multiple cities [Wuhan (21), Beijing (4), Hangzhou (3), Guangzhou (2), Taizhou (2), Shanghai (1), Wenzhou (1), Nanchang (1), Nanjing (1), and Jiangsu (1)]. The remaining studies were from the United States [New York (1), New Haven (1), and Cincinnati (1)], United Kingdom [London (2), and Manchester (1)], France [Paris (1), and Creteil (1)], Ireland [Dublin (1)], Italy [Brescia/Monza/Pavia (1)], Spain [Madrid (1)], Netherlands [Breda (1)], Brazil [Curitiba (1)], Korea [Seoul (1)], and Singapore [Singapore (1)] (Figure 2).


Table 1. General characteristics of included studies.
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FIGURE 2. Map showing the location and number of included studies. A total of 52 studies from 11 countries across 3 continents were included. Made with Khartis (106).


The main characteristics and methods for COVID-19 classification in the selected studies are shown in Supplementary Table 7.1. A total of 15 studies classified COVID-19 severity based on WHO guidelines, while 25 studies followed the Chinese National Health Commission or the Chinese Centre for Disease Control and Prevention, and 12 studies used national or local guidelines. With regard to the clinical laboratory tests performed for COVID-19 patients, 37 studies reported sample acquisition within 24 h of admission, 8 reported sample acquisition 1–7 days post-admission, 1 study reported sample acquisition 7–14 days post-admission, and 6 studies did not specify the sample acquisition time (Supplementary Table 7.2). All studies confirmed COVID-19 infection through RT-PCR. Comorbidities varied, with most studies reporting cardio-cerebrovascular disease, hypertension, diabetes, renal disease, liver disease, chronic obstructive pulmonary disease (COPD), and cancer (Supplementary Table 7.3).

Reporting of COVID-19 severity subgroups (e.g., discharged vs. hospitalized; non-ICU vs. ICU) varied greatly between studies. Therefore, each subgroup was assigned to either mild (including moderate) or severe (including critical) categories based on the clinical presentation described in each study. Similarly, the reporting of COVID-19 mortality contained a slight degree of variability (e.g., cured vs. died; hospitalized vs. deceased). Each subgroup was thus classified into either survivors or non-survivors. Some studies reported more than two groups (up to four), and accordingly, we performed a subgroup combination if the stratification for COVID-19 patients was defined clearly in the study. Thus, our meta-analysis only included studies satisfying this criterion. Supplementary Table 7.4 illustrates the method for subgroup assignment from each study, and Supplementary Table 5.2 shows the formula used for combining subgroups.

The population size and age of COVID-19 patients from the included studies are shown in Supplementary Tables 8.1–8.4. The total number of patients by sex is reported as an approximate number because some studies did not describe gender. The mean population size based on severity was 7,913, including 3,905 males and 3,680 females. Of those, 5,109 (2,357 males/2,493 females) were classified as mild, and 2,804 (1,548 males/1,087 females) were severe. In contrast, the mean population size based on mortality was 3,420, including 1,813 males and 1,508 females. Of those, 2,662 (1,350 males/1,268 females) were sub-grouped as survivors, and 758 (463 males/240 females) as non-survivors. The mean age was 53.03 ± 25.6 for the mild group, and 63.39 ± 22.61 for the severe patients. In contrast, the mean age was 59.36 ± 16.11 for the survivors, and 70.67 ± 12.82 for the non-survivors.



Risk of Bias Within Studies

Studies were examined for quality to avoid bias, and a score was assigned to each study using the NOS scale for quality assessment of cohort studies, shown in Table 1 and detailed in Supplementary Table 4. The majority of studies received scores indicating high quality: 5 studies received a score of 9, 8 studies received scores of 8, and 26 studies received scores of 7. A total of 13 studies received scores of 6, indicating moderate quality. The sensitivity analysis of our results did not differ markedly following the exclusion of moderate quality studies.



Meta-Analysis Results of Individual Studies

For the pairwise comparison between mild and severe COVID-19, 24 studies reported decreased counts for CD4 T-cells in the severe cases compared with mild ones (SMD = −1.39 to −0.11), and only 2 studies reported increased counts for CD4 T-cells (SMD = 0.25 to 0.34) (Figure 3A and Supplementary Table 9.1). Similarly, 25 studies reported decreased counts for CD8 T-cells in severe cases relative to mild ones (SMD = −1.49 to 0.02), and only 1 study reported increased counts for CD8 T-cells (SMD = 0.55) (Figure 3B and Supplementary Table 9.2). In contrast, all 38 studies of IL-10 reported increased IL-10 levels in the severe cases relative to mild ones (SMD = 0.19 to 1.57) (Figure 4 and Supplementary Table 9.3).
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FIGURE 3. Forest plot of T-cell subsets in COVID-19 severity studies. (A) CD4 T-cells in COVID-19 severity studies. (B) CD8 T-cells in COVID-19 severity studies. The no-effect line is represented at the value of zero. The diamond symbol represents estimated combined effect size.
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FIGURE 4. Forest plot of IL-10 in COVID-19 severity studies. The no-effect line is represented at the value of zero. The diamond symbol represents estimated combined effect size.


All included studies for CD4 T-cells (six studies) reported decreased counts in the non-survivors relative to survivors (SMD = −0.99 to −0.03) (Figure 5A and Supplementary Table 9.4), for the pairwise comparison between COVID-19 survivors and non-survivors. Similarly, four studies reported decreased counts for CD8 T-cells among non-survivors compared with survivors (SMD = −0.89 to −0.47), and only two studies reported increased counts for CD8 T-cells (SMD = 0.17 to 0.36) (Figure 5B and Supplementary Table 9.5). In contrast, nine studies reported increased levels of IL-10 in the non-survivors relative to survivors (SMD = 0.29 to 1.6), and only one study reported decreased levels of IL-10 (SMD = −0.01) (Figure 5C and Supplementary Table 9.6).
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FIGURE 5. Forest plot of T-cell subsets and IL-10 in COVID-19 mortality studies. (A) CD4 T-cells in COVID-19 mortality studies. (B) CD8 T-cells in COVID-19 mortality studies. (C) IL-10 in COVID-19 mortality studies. The no-effect line is represented at the value of zero. The diamond symbol represents estimated combined effect size.




Meta-Analysis Results of Combined Studies
 
Forest Plot Meta-Analysis

Based on severity, a total of 26 eligible studies were used for pairwise comparison between mild and severe COVID-19 cases for T-cell subsets. There were 2080 subjects in the mild group vs. 1,112 in the severe group for CD4 T-cells, and 2,107 subjects in the mild group vs. 1,092 in the severe group for CD8 T-cells. Our forest plot meta-analysis revealed an increased effect size of having reduced counts of CD4 and CD8 T-cells in the severe group relative to the mild group (SMD = −0.56, 95% CI = −0.72 to −0.39; SMD = −0.53, 95% CI = −0.67 to −0.39, respectively) (Figures 3A,B). Similarly, a total of 38 eligible studies were used for pairwise comparison between mild and severe COVID-19 cases for IL-10, with a total of 1,981 subjects in the mild group vs. 1,731 in the severe group. The forest plot meta-analysis revealed an increased effect size of having elevated levels of IL-10 in the severe group compared with the mild group (SMD = 0.64, 95% CI = 0.55 to 0.74) (Figure 4).

In terms of mortality, six eligible studies were used for pairwise comparison between survivor and non-survivor COVID-19 cases for T-cell subsets. A total of 1,680 cases were noted in the survivor group vs. 389 in the non-survivor group for CD4 T-cells, and 537 in the survivor group vs. 95 in the non-survivor group for CD8 T-cells. Our forest plot meta-analysis revealed an increased effect size of having reduced CD4 and CD8 T-cell counts in the non-survivor group compared with the survivor group (SMD = −0.73, 95% CI = −0.94 to −0.53, and SMD = −0.44, 95% CI = −0.84 to −0.04, respectively) (Figures 5A,B). Similarly, considering mortality, a total of 10 studies were used for pairwise comparison between survivor and non-survivor COVID-19 cases for IL-10, with a total of 2810 subjects in the survivor group vs. 569 in the non-survivor group. The forest plot meta-analysis revealed an increased effect size of having elevated levels of IL-10 in the non-survivor group compared with the survivor group (SMD = 0.74, 95% CI = 0.42 to 1.06) (Figure 5C).



Galbraith Plot Meta-Analysis

A total of 26 studies were used for pairwise comparison between mild and severe COVID-19 cases for T-cell subsets. For CD4 T-cell studies, the Galbraith meta-analysis revealed one study located outside the 95% CI region, and one on the 95% CI borderline (Figure 6A). For CD8 T-cell studies, the meta-analysis revealed two studies located outside the 95% CI region (Figure 6B). Similarly, using severity, a total of 38 eligible studies were used for pairwise comparison between mild and severe COVID-19 cases for IL-10. The meta-analysis for IL-10 revealed two studies on the 95% CI borderline (Figure 6C).
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FIGURE 6. Galbraith plot meta-analysis for CD4/CD8 T-cells and IL-10 in COVID-19 severity and mortality studies. (A) CD4 T-cells in COVID-19 severity studies. (B) CD8 T-cells in COVID-19 severity studies. (C) IL-10 in COVID-19 severity studies. (D) CD4 T-cells in COVID-19 mortality studies. (E) CD8 T-cells in COVID-19 mortality studies. (F) IL-10 in COVID-19 mortality studies.


Focusing on mortality, six studies were used for pairwise comparison between survivor and non-survivor COVID-19 cases for T-cell subsets. For CD4 and CD8 T-cell studies, all included studies were located within the 95% CI region (Figure 6D) and (Figure 6E), respectively. Similarly, a total of 10 eligible studies were used for pairwise comparison between survivor and non-survivor COVID-19 cases for IL-10. The meta-analysis revealed all included studies were located within the 95% CI region (Figure 6F).




Assessment of Heterogeneity

The degree of heterogeneity among results from the meta-analysis was assessed using I2 values. Based on severity, a moderate level of heterogeneity was observed among studies reporting on CD4 T-cells (P < 0.001, I2 = 73.20%) (Figure 3A), and CD8 T-cells (P < 0.001, I2 = 64.19%) (Figure 3B). Thus, a low level of heterogeneity was observed among studies reporting on IL-10 (P < 0.001, I2 = 37.43%) (Figure 4). Similarly, based on mortality, a moderate level of heterogeneity was observed in studies reporting on CD4 T-cells (P< 0.001, I2 = 51.31%) (Figure 5A), and CD8 T-cells (P < 0.001, I2 = 64.08%) (Figure 5B). However, a high level of heterogeneity was observed for studies reporting on IL-10 (P < 0.001, I2 = 88.18%) (Figure 5C).


Subgroup Analysis

A subgroup analysis and meta-regression test were used to assess the source of heterogeneity using study-level covariates stratifying studies based on location (city, country, and continent), study design (retrospective, prospective, or cohort), classification protocol (WHO NCP, CDC, National Health Commission of China, or National/Regional Guidelines), sample acquisition time (at admission or later), population influence (total number of male/female, and mean age of patients), and laboratory influence (test procedure) followed by construction of a bubble plot. Moreover, the covariate of continent was stratified as America, Asia, and Europe. Thus, studies published in America and Europe were sometimes combined due to insufficient studies in each group. The covariate city was stratified as Wuhan or other cities because most studies were based in Wuhan. Similarly, the covariate country was stratified as China or other countries because most studies were based in China. In addition, the total number of male/female patients in each study was indicated as (more or <50), and the mean age of patients was indicated as (more or <50 or 60). We found city, continent, classification protocol, total number of male/female, and mean age of patients were study-level covariates successful in reducing the heterogeneity observed in included studies (in varying degrees based on the parameter being tested).

Based on severity, between-study variability was detected and measured for CD4/CD8 T-cell and IL-10 studies. For CD4 T-cells, the stratification of studies based on the continent covariate revealed a greater heterogeneity among studies conducted in Asia (P < 0.001, I2 = 66.76%) than for those in Europe and the Americas (P <  0.001, I2 = 16.79%) (Supplementary Figure 10.3A). Furthermore, the meta-regression analysis revealed that 25.15% of heterogeneity could be explained by the selected covariate (continent) (Supplementary Figure 10.3B) and the effect size increase in studies conducted in Europe or the Americas compared with Asia (Supplementary Figure 10.3C). Similarly, the stratification of CD8 T-cell studies based on the continent covariate revealed a higher heterogeneity among studies conducted in Asia (P < 0.001, I2 = 56.01%) than for studies conducted in Europe and the Americas (P < 0.001, I2 = 0.00%) (Supplementary Figure 10.13A). The meta-regression analysis indicated that 42.38% of the heterogeneity could be explained by the selected covariate (continent) (Supplementary Figure 10.13B) and the effect size increase in studies conducted in Europe or the Americas compared with Asia (Supplementary Figure 10.13C). However, the stratification of IL-10 studies, based on the covariate city, revealed greater heterogeneity among studies conducted in Wuhan (P < 0.001, I2 = 36.10%) compared with other cities (P < 0.001, I2 = 26.39%) (Supplementary Figure 10.21A). In addition, the meta-regression analysis showed that 10.91% of heterogeneity could be explained by the selected covariate (city) (Supplementary Figure 10.21B) and the effect size increase in studies conducted in Wuhan compared with other cities (Supplementary Figure 10.21C).

The total number of included studies was insufficient to perform a subgroup analysis focusing on mortality. However, between-study variability was measured for CD4/CD8 T-cell and IL-10 studies. For CD4 T-cells, the stratification of studies based on the covariate (classification protocol) revealed more heterogeneity among studies conducted following the WHO NCP or CDC guidelines (P < 0.001, I2 = 37.41%) in comparison to those following national or local guidelines (P < 0.001, I2 = 0.00%) (Supplementary Figure 10.35A). The analysis revealed that 100% of heterogeneity could be explained by the selected covariate (classification protocol) (Supplementary Figure 10.35B) and the effect size increase in studies conducted following WHO NCP or CDC guidelines compared with those following national or local guidelines (Supplementary Figure 10.35C). Stratification of CD8 T-cell studies based on the covariate (total number of male/female patients) revealed homogeneity among studies conducted in studies when the total number of male/female patients is (<50) (P < 0.001, I2 = 0.00%) or (>50) (P < 0.001, I2 = 0.00%) (Supplementary Figures 10.47A, 10.48A). Furthermore, the meta-regression analysis revealed that 100% of the heterogeneity was explained by the selected covariate (total number of male/female patients) (Supplementary Figures 10.47B, 10.48B), and the effect size decrease in studies when the number of male/female patients is (>50) compared with those (<50) (Supplementary Figures 10.47C, 10.48C). Moreover, the stratification of IL-10 studies, based on the covariate (mean age), revealed greater heterogeneity among studies when the mean age of patients is (>60) (P < 0.001, I2 = 82.18%) compared with those (<60) (P<0.001, I2 = 0.00%) (Supplementary Figure 10.59A). The analysis revealed that 44.16% of heterogeneity could be explained by the selected covariate (mean age) (Supplementary Figure 10.59B) and the effect size decrease in studies when the mean age of patients is (>60) compared with those (<60) (Supplementary Figure 10.59C).




Small Study Effects and Publication Bias

Where heterogeneity was due to small study effects or publication bias, funnel plots were constructed to compare COVID-19 severity and mortality studies. In addition, the regression-based Egger test (using study-level covariates) and the non-parametric rank correlation (Begg) test were performed to statistically evaluate the funnel plot symmetry. Visual inspection of the funnel plot for CD4 T-cell severity studies suggested symmetrical distribution among included studies (Supplementary Figure 11.1A). The regression-based Egger's test with study-level covariates showed no evidence of small study effects or publication bias (P > 0.1) (Supplementary Figure 11.1B), a finding supported by the non-parametric rank correlation Begg's test (P > 0.05) (Supplementary Figure 11.1C). Funnel plot symmetry was also confirmed by the non-parametric trim and fill analysis that revealed no missing studies (Figure 7A). Similarly, visual inspection of the funnel plot for CD8 T-cell severity studies suggested symmetrical distribution among the studies (Supplementary Figure 11.2A). The regression-based Egger's test with study-level covariates indicated no small study effects or publication bias (P > 0.1) (Supplementary Figure 11.2B), along with the non-parametric rank correlation Begg's test (P > 0.05) (Supplementary Figure 11.2C). Funnel plot symmetry was also confirmed by the non-parametric trim and fill analysis that revealed no missing studies (Figure 7B). In contrast, visual inspection of the funnel plot for IL-10 severity studies suggested asymmetrical distribution among included studies (Supplementary Figure 11.3A), and the regression-based Egger's test with study-level covariates indicated small study effects or publication bias (P<.1) (Supplementary Figure 11.3B). Although the non-parametric rank correlation Begg's test revealed no evidence of small study effects or publication bias (P > 0.05) (Supplementary Figure 11.3C), funnel plot asymmetry was confirmed by the non-parametric trim and fill analysis that revealed four missing studies. However, the overall effect size did not vary greatly with the addition of the four imputed studies (observed SMD = 0.644, 95% CI = 0.547 to 0.741 and observed + imputed SMD = 0.605, 95% = 0.503 to 0.707) (Figure 7C).
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FIGURE 7. Non-parametric trim and fill funnel plot analysis of publication bias for CD4/CD8 T-cells and IL-10 in COVID-19 severity studies. (A) CD4 T-cells in COVID-19 severity studies. (B) CD8 T-cells in COVID-19 severity studies. (C) IL-10 in COVID-19 severity studies. Observed studies (blue). Imputed studies (orange).


Visual inspection of the funnel plot for CD4/CD8 T-cell and IL-10 mortality studies suggested symmetrical distribution among included studies (Supplementary Figures 11.4A, 11.5A, 11.6A). The regression-based Egger's test with study-level covariates showed no evidence of small study effects or publication bias (P > 0.1) (Supplementary Figures 11.4B, 11.5B, 11.6B), a finding supported by the nonparametric rank correlation Begg's test (P > 0.05) (Supplementary Figures 11.4C, 11.5C, 11.6C). Funnel plot symmetry for CD4/CD8 T-cell and IL-10 mortality studies was also confirmed by the non-parametric trim and fill analysis that revealed no missing studies (Figures 8A–C).
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FIGURE 8. Non-parametric trim and fill funnel plot analysis of publication bias for CD4/CD8 T-cells and IL-10 in COVID-19 mortality studies. (A) CD4 T-cells in COVID-19 mortality studies. (B) CD8 T-cells in COVID-19 mortality studies. (C) IL-10 in COVID-19 mortality studies. Observed studies (blue). Imputed studies (orange).




Meta-Analysis Sensitivity Test

We conducted a Leave-One-Out sensitivity analysis to compare mild vs. severe cases and for comparison between survivors vs. non-survivors. Results from each study in the severity group contributed similarly to the overall results for the combined effect size [SMD = −0.52 to −0.58 for CD4 T-cell studies (Supplementary Figure 12.1), SMD = −0.50 to −0.56 for CD8 T-cell studies (Supplementary Figure 12.2), and SMD = 0.65 to 0.63 for IL-10 studies (Supplementary Figure 12.3)]. Results from each study in the mortality group contributed similarly to the overall result of the combined effect size [SMD = −0.70 to −0.77 for CD4 T-cell studies (Supplementary Figure 12.4), (SMD = −0.32 to −0.63 for CD8 T-cell studies (Supplementary Figure 12.5), and SMD = 0.82 to 0.69 for IL-10 studies (Supplementary Figure 12.6)].




DISCUSSION

The SARS-CoV-2 infection continues to spread globally, with millions of lives lost and many individuals at high risk of developing serious or life-threatening complications. Although vaccines can effectively reduce risks associated with SARS-CoV-2, new variants have been identified worldwide that may challenge the effectiveness of current vaccines (107–109). In addition, vaccination may not be a feasible option for immunocompromised patients or in cases where infection precedes vaccination. Therefore, examining the underlying pathophysiological manifestations of SARS-CoV-2 infection within its human host, as reflected in the resulting clinical picture and laboratory parameters, is paramount to our ability to prevent disease progression or mortality in the present time and the future.

Lymphocytopenia is a common outcome among COVID-19 patients, observed mainly as decreased counts of CD4 and CD8 T-cells (26, 96, 110–112). Several studies have shown that patients with recovered T-cell counts experience improvement in their health status, while the condition of patients with non-recovered T-cell counts worsens and sometimes leads to death (110, 113). Thus, the main objective of this review was to assess the magnitude of this immunodepression and its role in enabling the early identification of mild and severe COVID-19 cases and potential survivor and non-survivor cases. Elucidating the influence of SARS-CoV-2 infection on host immunity among COVID-19 cases allows for a better understanding of the disease course and intervention needed during the early phase following infection.

Our meta-analysis shows that COVID-19 alters the status of human host immunity by driving the depression of adaptive immunity, manifesting in the lower counts of CD4 and CD8 T-cells more evident in severe and non-survivor cases. This observation aligns with recent systematic reviews and meta-analyses in which T-cell subsets were also reduced (114–121). The immune system's ability to overcome the disease by reversing immunosuppression is critical, considering that our systematic review and meta-analysis have shown that mild cases and survivors exhibit a slight depression or possibly recovered T-cell counts compared with severe cases or non-survivors. T-cells play a crucial role in adaptive immunity, essential for fighting infection. Several lines of evidence reveal that in COVID-19, innate immunity is mainly responsible for inducing the inflammation observed following infection with SARS-CoV-2. This translates into a cytokine storm prevalent among patients diagnosed with COVID-19. However, adaptive immunity is essential for virus recognition and immunity against subsequent infection. The fact that this arm of the immune system is paralyzed following infection with SARS-CoV-2 indicates that host ability to produce specific immunity against the virus is compromised. Furthermore, the initiation of the adaptive immune response requires the CD4 T-cells to recognize viral-associated antigens necessary to initiate recognition through antigen-presenting cells (APCs) (122). Similarly, viral clearance through cytotoxic CD8 T-cells is critical following viral infections (123, 124). However, if the very tool that enables antigen recognition and viral clearance is downregulated, the whole arm of adaptive immunity may be affected. This clinical picture is noticed in COVID-19 patients, as described by the cumulative studies in our meta-analysis showing that following infection with SARS-CoV-2, CD4, and CD8 T-cell counts are reduced.

Several mechanisms have been put forward to explain the reduced T-cell counts observed in COVID-19 patients, which may be due to direct infection of T-cells with SARS-CoV-2, impaired T-cell proliferation and activation, T-cell exhaustion and apoptosis, or as a consequence of excessive production of inflammatory cytokines (33, 93, 125–129). Moreover, several cytokines have been found to inversely correlate with T-cell counts in COVID-19, including IL-10, suggesting a possible involvement in T-cell reduction following infection with SARS-CoV-2 (33). This aligns with the fact that during viral infections, the secretion of IL-10 has been found to inhibit the expression of major histocompatibility class II (MHC II) and co-stimulatory molecules CD80 and CD86 on APCs. This restricts CD4 T-cells' ability to recognize viral antigens, and as a consequence CD8 T-cells lose the activation signals initiated by CD4 T-cells (124, 130, 131).

In addition, studies in our meta-analysis revealed that IL-10 concentration is increased following SARS-CoV-2 infection, suggesting that IL-10 may function as a predictor of patients' clinical status and survival. Our meta-analysis results show that IL-10 is increased in severe cases and non-survivors relative to mild or survivor COVID-19 cases. This observation has also been recorded in similar systematic reviews and meta-analysis studies conducted with COVID-19 confirmed patients. Their IL-10 levels were also increased following infection with SARS-CoV-2 (115–117, 119, 120, 132, 133). IL-10 downregulates an exacerbated immune response or excessive inflammation as an anti-inflammatory cytokine (134, 135). However, in COVID-19, IL-10 is associated with severe cases and mortality because the cytokine storm intensifies. Thus, as a counterbalancing cytokine, IL-10 should facilitate the recovery from the cytokine storm initiated primarily through the secretion of IL-6, given that several lines of evidence indicate the involvement of IL-6 in the cytokine storm following SARS-CoV-2 infection (25, 136). Interestingly, IL-6 and IL-10 are increased among severe and non-survivor COVID-19 cases (25). This may indicate that in COVID-19, IL-10 enhances the pro-inflammatory environment. Further, IL-10 inhibits the activation of adaptive immunity by suppressing the function of antigen recognition on APCs, pointing to the possible role of IL-10 as the main driver of the immunosuppression observed in patients with COVID-19. However, more research is needed to verify this hypothesis.



CONCLUSION

Our systematic review and meta-analysis revealed that CD4 and CD8 T-cells are reduced in COVID-19 patients. The studies show that this reduction is more evident in the severe and non-survivor cases than in mild or survivor cases. In addition, our meta-analysis indicated that the IL-10 concentration increases, especially in the severe and non-survivor cases relative to mild or survivor cases. We conclude that the immunodepression observed following infection with SARS-CoV-2 is possibly driven by IL-10. Moreover, evidence demonstrates that the levels of CD4 and CD8 T-cells, and IL-10, are associated with severity and mortality, suggesting the importance of including such critical parameters in the routine diagnostic panel for COVID-19 patients as predictors of severity and mortality following SARS-CoV-2 infection.


Study Limitations

This systematic review and meta-analysis investigated the levels of T-cell subsets and IL-10 in COVID-19 patients. Conclusive data are still emerging because of the relatively short time since the emergence of SARS-CoV-2. Studies that described T-cell subsets together with IL-10 were also scarce, and lymphocyte counts were sometimes reported without dissecting the subsets. These limitations made it challenging to obtain a focused larger study size. In addition, including studies published only in the English language may also have limited our results. However, we believe that the quality of our search and the data obtained could assist in understanding the COVID-19 clinical picture, consistent with the goal of collating reliable sources to aid the scientific community and health care providers in their combat against this novel disease. Nonetheless, further studies are needed to support our conclusions and findings.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

AA was involved in study conceptualization, literature search, data curation, analysis and interpretation of the data, generation of the figures, and in drafting and revising the manuscript. JA and HaA were involved in the literature search, data curation, analysis and interpretation of the data, and in revising the manuscript. KA and AA-S were involved in the data curation, analysis and interpretation of the data, and in revising the manuscript. HeA was involved in the data curation, analysis and interpretation of the data, generation of the figures, and in revising the final version of the manuscript. All authors have approved the final version of the manuscript.



FUNDING

The research project was supported by a grant from Research Centre of the Female Scientific and Medical Colleges, Deanship of Scientific Research, King Saud University.



ACKNOWLEDGMENTS

The authors acknowledge the resources and support from the research core facilities at King Saud University and Riyadh Elm University.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.852749/full#supplementary-material



REFERENCES

 1. Li Q, Guan X, Wu P, Wang X, Zhou L, Tong Y, et al. Early transmission dynamics in Wuhan, China, of novel coronavirus-infected pneumonia. N Engl J Med. (2020) 382:1199–207. doi: 10.1056/NEJMoa2001316

 2. Gorbalenya AE, Baker SC, Baric RS, de Groot RJ, Drosten C, Gulyaeva AA, et al. The species severe acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and naming it SARS-CoV-2. Nat Microbiol. (2020) 5:536–44. doi: 10.1038/s41564-020-0695-z

 3. Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature. (2020) 579:270–3. doi: 10.1038/s41586-020-2012-7

 4. CSSE. Coronavirus COVID-19 Global Cases: The Center for Systems Science and Engineering (CSSE) at Johns Hopkins University (JHU). (2021). Available online at: https://gisanddata.maps.arcgis.com/apps/opsdashboard/index.html#/bda7594740fd40299423467b48e9ecf6

 5. WHO. Director-General's Opening Remarks at the Media Briefing on COVID-19. Geneva: World Health Organization (2020).

 6. ENT. Loss of Sense of Smell as Marker of COVID-19 Infection. London: Ear, Nose and Throat Surgery at The Royal College of Surgeons of England (2020).

 7. Bagheri SH, Asghari A, Farhadi M, Shamshiri AR, Kabir A, Kamrava SK, et al. Coincidence of COVID-19 epidemic and olfactory dysfunction outbreak in Iran. Med J Islam Repub Iran. (2020) 34:62. doi: 10.1101/2020.03.23.20041889

 8. Kaye R, Chang CWD, Kazahaya K, Brereton J, Denneny JC III. COVID-19 anosmia reporting tool: initial findings. Otolaryngol Head Neck Surg. (2020) 163:132–4. doi: 10.1177/0194599820922992

 9. Guan W-j, Ni Z-y, Hu Y, Liang W-h, Ou C-q, He J-x, et al. Clinical characteristics of coronavirus disease 2019 in China. N Engl J Med. (2020) 382:1708–20. doi: 10.1056/NEJMoa2002032

 10. Chen N, Zhou M, Dong X, Qu J, Gong F, Han Y, et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive study. Lancet. (2020) 395:507–13. doi: 10.1016/S0140-6736(20)30211-7

 11. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus from patients with pneumonia in China, 2019. N Engl J Med. (2020) 382:727–33. doi: 10.1056/NEJMoa2001017

 12. Hui DS, Azhar EI, Madani TA, Ntoumi F, Kock R, Dar O, et al. The continuing 2019-nCoV epidemic threat of novel coronaviruses to global health - the latest 2019 novel coronavirus outbreak in Wuhan, China. Int J Infect Dis. (2020) 91:264–6. doi: 10.1016/j.ijid.2020.01.009

 13. Lee PI, Hsueh PR. Emerging threats from zoonotic coronaviruses-from SARS and MERS to 2019-nCoV. J Microbiol Immunol Infect. (2020) 53:365–7. doi: 10.1016/j.jmii.2020.02.001

 14. Lauer SA, Grantz KH, Bi Q, Jones FK, Zheng Q, Meredith HR, et al. The incubation period of coronavirus disease 2019 (COVID-19) from publicly reported confirmed cases: estimation and application. Ann Intern Med. (2020) 172:577–82. doi: 10.7326/M20-0504

 15. Wang Y, Wang Y, Chen Y, Qin Q. Unique epidemiological and clinical features of the emerging 2019 novel coronavirus pneumonia (COVID-19) implicate special control measures. J Med Virol. (2020) 92:568–76. doi: 10.1002/jmv.25748

 16. Liu Y, Gayle AA, Wilder-Smith A, Rocklöv J. The reproductive number of COVID-19 is higher compared to SARS coronavirus. J Travel Med. (2020) 27:taaa021. doi: 10.1093/jtm/taaa021

 17. Wu JT, Leung K, Bushman M, Kishore N, Niehus R, de Salazar PM, et al. Estimating clinical severity of COVID-19 from the transmission dynamics in Wuhan, China. Nat Med. (2020) 26:506–10. doi: 10.1038/s41591-020-0822-7

 18. Zhao S, Lin Q, Ran J, Musa SS, Yang G, Wang W, et al. Preliminary estimation of the basic reproduction number of novel coronavirus (2019-nCoV) in China, from 2019 to 2020: A data-driven analysis in the early phase of the outbreak. Int J Infect Dis. (2020) 92:214–7. doi: 10.1016/j.ijid.2020.01.050

 19. Carissimo G, Xu W, Kwok I, Abdad MY, Chan Y-H, Fong S-W, et al. Whole blood immunophenotyping uncovers immature neutrophil-to-VD2 T-cell ratio as an early marker for severe COVID-19. Nat Commun. (2020) 11:5243. doi: 10.1038/s41467-020-19080-6

 20. Gao M, Liu Y, Guo M, Wang Q, Wang Y, Fan J, et al. Regulatory CD4(+) and CD8(+) T cells are negatively correlated with CD4(+) /CD8(+) T cell ratios in patients acutely infected with SARS-CoV-2. J Leukoc Biol. (2020) 109:91–7. doi: 10.1002/JLB.5COVA0720-421RR

 21. Guan J, Wei X, Qin S, Liu X, Jiang Y, Chen Y, et al. Continuous tracking of COVID-19 patients' immune status. Int Immunopharmacol. (2020) 89(Pt. A):107034. doi: 10.1016/j.intimp.2020.107034

 22. Hue S, Beldi-Ferchiou A, Bendib I, Surenaud M, Fourati S, Frapard T, et al. Uncontrolled innate and impaired adaptive immune responses in patients with COVID-19 ARDS. Am J Respir Crit Care Med. (2020) 202:1509–19. doi: 10.1164/rccm.202005-1885OC

 23. Liu J, Li S, Liu J, Liang B, Wang X, Wang H, et al. Longitudinal characteristics of lymphocyte responses and cytokine profiles in the peripheral blood of SARS-CoV-2 infected patients. EBioMedicine. (2020) 55:102763. doi: 10.1016/j.ebiom.2020.102763

 24. Xu B, Fan CY, Wang AL, Zou YL, Yu YH, He C, et al. Suppressed T cell-mediated immunity in patients with COVID-19: a clinical retrospective study in Wuhan, China. J Infect. (2020) 81:e51–60. doi: 10.1016/j.jinf.2020.04.012

 25. Zou L, Dai L, Zhang Y, Fu W, Gao Y, Zhang Z, et al. Clinical characteristics and risk factors for disease severity and death in patients with coronavirus disease 2019 in Wuhan, China. Front Med. (2020) 7:532. doi: 10.3389/fmed.2020.00532

 26. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

 27. Li X, Liu Y, Li J, Sun L, Yang J, Xu F, et al. Immune characteristics distinguish patients with severe disease associated with SARS-CoV-2. Immunol Res. (2020) 68:398–404. doi: 10.1007/s12026-020-09156-2

 28. Tang Y, Li Y, Sun J, Pan H, Yao F, Jiao X. Selection of an optimal combination panel to better triage COVID-19 hospitalized patients. J Inflamm Res. (2020) 13:773–87. doi: 10.2147/JIR.S273193

 29. Gan J, Li J, Li S, Yang C. Leucocyte subsets effectively predict the clinical outcome of patients with COVID-19 pneumonia: a retrospective case-control study. Front Public Health. (2020) 8:299. doi: 10.3389/fpubh.2020.00299

 30. Chi Y, Ge Y, Wu B, Zhang W, Wu T, Wen T, et al. Serum cytokine and chemokine profile in relation to the severity of coronavirus disease 2019 in China. J Infect Dis. (2020) 222:746–54. doi: 10.1093/infdis/jiaa363

 31. Keddie S, Ziff O, Chou MKL, Taylor RL, Heslegrave A, Garr E, et al. Laboratory biomarkers associated with COVID-19 severity and management. Clin Immunol. (2020) 221:108614. doi: 10.1016/j.clim.2020.108614

 32. Zhao Y, Qin L, Zhang P, Li K, Liang L, Sun J, et al. Longitudinal COVID-19 profiling associates IL-1RA and IL-10 with disease severity and RANTES with mild disease. JCI Insight. (2020) 5:e139834. doi: 10.1172/jci.insight.139834

 33. Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and functional exhaustion of T cells in patients with coronavirus disease 2019 (COVID-19). Front Immunol. (2020) 11:827. doi: 10.3389/fimmu.2020.00827

 34. Moher D, Liberati A, Tetzlaff J, Altman DG, The PG. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. (2009) 6:e1000097. doi: 10.1371/journal.pmed.1000097

 35. Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD, Rennie D, et al. Meta-analysis of observational studies in epidemiology: a proposal for reporting. Meta-analysis Of Observational Studies in Epidemiology (MOOSE) group. JAMA. (2000) 283:2008–12. doi: 10.1001/jama.283.15.2008

 36. Alshammary H, Alshammary H. T-cell subsets and interleukin-10 levels are predictors of severity and mortality in COVID-19: a systematic review and metananalysis. PROSPERO (2020). Available online at: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020218918

 37. Richardson WS, Wilson MC, Nishikawa J, Hayward RS. The well-built clinical question: a key to evidence-based decisions. ACP J Club. (1995) 123:A12–3. doi: 10.7326/ACPJC-1995-123-3-A12

 38. Saaiq M, Ashraf B. Modifying “Pico” question into “Picos” model for more robust and reproducible presentation of the methodology employed in a scientific study. World J Plast Surg. (2017) 6:390–2.

 39. WHO. Clinical Management of COVID-19. WHO Headquarters (HQ) (2020).

 40. EndNote. EndNote X9. Philadelphia, PA: Clarivate (2013).

 41. Cheng S, Augustin C, Bethel A, Gill D, Anzaroot S, Brun J, et al. Using machine learning to advance synthesis and use of conservation and environmental evidence. Conserv Biol. (2018) 32:762–4. doi: 10.1111/cobi.13117

 42. Microsoft. Microsoft Excel for Mac. Microsoft Corporation (2020).

 43. Rohatgi A. WebPlotDigitizer. Web Based Tool to Extract Data From Plots, Images, Maps. Version 4.4 Released. Pacifica, CA (2020). Available online at: https://automeris.io/WebPlotDigitizer/

 44. Peterson J, Welch V, Losos M, Tugwell P. The Newcastle-Ottawa Scale (NOS) for Assessing the Quality of Nonrandomised Studies in Meta-Analyses. Ottawa, ON: Ottawa Hospital Research Institute (2011).

 45. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard deviation from the sample size, median, range and/or interquartile range. BMC Med Res Methodol. (2014) 14:135. doi: 10.1186/1471-2288-14-135

 46. Higgins JPT, Chandler J, Cumpston M, Li T, Page M, Welch V, . (eds.). Cochrane Handbook for Systematic Reviews of Interventions Cochrane (2020). Available online at: www.training.cochrane.org/handbook

 47. DerSimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials. (1986) 7:177–88. doi: 10.1016/0197-2456(86)90046-2

 48. Hedges LV, Olkin I. Statistical Methods for Meta-Analysis. Orlando, FL: Academic Press (2014).

 49. Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t-tests and ANOVAs. Front Psychol. (2013) 4:863. doi: 10.3389/fpsyg.2013.00863

 50. STATA. Stata Statistical Software: Release 17. College Station, TX: StataCorp LLC (2021).

 51. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med. (2002) 21:1539–58. doi: 10.1002/sim.1186

 52. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. BMJ. (2003) 327:557–60. doi: 10.1136/bmj.327.7414.557

 53. Galbraith RF. A note on graphical presentation of estimated odds ratios from several clinical trials. Stat Med. (1988) 7:889–94. doi: 10.1002/sim.4780070807

 54. Berkey CS, Hoaglin DC, Mosteller F, Colditz GA. A random-effects regression model for meta-analysis. Stat Med. (1995) 14:395–411. doi: 10.1002/sim.4780140406

 55. Thompson SG, Higgins JP. How should meta-regression analyses be undertaken and interpreted? Stat Med. (2002) 21:1559–73. doi: 10.1002/sim.1187

 56. Thompson SG, Sharp SJ. Explaining heterogeneity in meta-analysis: a comparison of methods. Stat Med. (1999) 18:2693–708.

 57. Light RJ, Pillemer DB. Summing Up: The Science of Reviewing Research Harvard University Press: Cambridge, MA. (1984) xiii+191 pp. Educ Res. (1986) 15:16–7.

 58. Sterne JAC, Becker BJ, Egger M. The Funnel Plot. Publication Bias in Meta-Analysis. New York, NY: Wiley (2005). p. 73–98.

 59. Duval S, Tweedie R. Trim and fill: a simple funnel-plot-based method of testing and adjusting for publication bias in meta-analysis. Biometrics. (2000) 56:455–63. doi: 10.1111/j.0006-341X.2000.00455.x

 60. Duval S, Tweedie R. A nonparametric “Trim and Fill” method of accounting for publication bias in meta-analysis. J Am Stat Assoc. (2000) 95:89–98. doi: 10.1080/01621459.2000.10473905

 61. Lin L, Chu H. Quantifying publication bias in meta-analysis. Biometrics. (2018) 74:785–94. doi: 10.1111/biom.12817

 62. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. BMJ. (1997) 315:629–34. doi: 10.1136/bmj.315.7109.629

 63. Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for publication bias. Biometrics. (1994) 50:1088–101. doi: 10.2307/2533446

 64. Harrer M, Cuijpers P, Furukawa T, Ebert D. Doing Meta-Analysis with R: A Hands-on Guide. Boca Raton, FL; London: Chapman & Hall/CRC Press (2019).

 65. 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

 66. Azmy V, Kaman K, Tang D, Zhao H, Dela Cruz C, Topal JE, et al. Cytokine profiles before and after immune modulation in hospitalized patients with COVID-19. J Clin Immunol. (2021) 41:738–47. doi: 10.1007/s10875-020-00949-6

 67. Cantenys-Molina S, Fernández-Cruz E, Francos P, Lopez Bernaldo de Quirós JC, Muñoz P, Gil-Herrera J. Lymphocyte subsets early predict mortality in a large series of hospitalized COVID-19 patients in Spain. Clin Exp Immunol. (2021) 203:424–32. doi: 10.1111/cei.13547

 68. Chen J, Han T, Huang M, Yang Y, Shang F, Zheng Y, et al. Clinical characteristics of asymptomatic carriers of novel coronavirus disease 2019: a multi-center study in Jiangsu Province. Virulence. (2020) 11:1557–68. doi: 10.1080/21505594.2020.1840122

 69. Deng F, Zhang L, Lyu L, Lu Z, Gao D, Ma X, et al. Increased levels of ferritin on admission predicts intensive care unit mortality in patients with COVID-19. Med Clin. (2021) 156:324–31. doi: 10.1016/j.medcli.2020.11.030

 70. Flament H, Rouland M, Beaudoin L, Toubal A, Bertrand L, Lebourgeois S, et al. Outcome of SARS-CoV-2 infection is linked to MAIT cell activation and cytotoxicity. Nat Immunol. (2021) 22:322–35. doi: 10.1038/s41590-021-00870-z

 71. Gadotti AC, de Castro Deus M, Telles JP, Wind R, Goes M, Garcia Charello Ossoski R, et al. IFN-gamma is an independent risk factor associated with mortality in patients with moderate and severe COVID-19 infection. Virus Res. (2020) 289:198171. doi: 10.1016/j.virusres.2020.198171

 72. Han H, Ma Q, Li C, Liu R, Zhao L, Wang W, et al. Profiling serum cytokines in COVID-19 patients reveals IL-6 and IL-10 are disease severity predictors. Emerg Microbes Infect. (2020) 9:1123–30. doi: 10.1080/22221751.2020.1770129

 73. He B, Wang J, Wang Y, Zhao J, Huang J, Tian Y, et al. The metabolic changes and immune profiles in patients with COVID-19. Front Immunol. (2020) 11:2075. doi: 10.3389/fimmu.2020.02075

 74. He S, Zhou C, Lu D, Yang H, Xu H, Wu G, et al. Relationship between chest CT manifestations and immune response in COVID-19 patients. Int J Infect Dis. (2020) 98:125–9. doi: 10.1016/j.ijid.2020.06.059

 75. Henry BM, Benoit SW, Vikse J, Berger BA, Pulvino C, Hoehn J, et al. The anti-inflammatory cytokine response characterized by elevated interleukin-10 is a stronger predictor of severe disease and poor outcomes than the pro-inflammatory cytokine response in coronavirus disease 2019 (COVID-19). Clin Chem Lab Med. (2021) 59:599–607. doi: 10.1515/cclm-2020-1284

 76. Huang H, Zhang M, Chen C, Zhang H, Wei Y, Tian J, et al. Clinical characteristics of COVID-19 in patients with preexisting ILD: a retrospective study in a single center in Wuhan, China. J Med Virol. (2020) 92:2742–50. doi: 10.1002/jmv.26174

 77. Huang W, Li M, Luo G, Wu X, Su B, Zhao L, et al. The inflammatory factors associated with disease severity to predict COVID-19 progression. J Immunol. (2021) 206:1597–608. doi: 10.4049/jimmunol.2001327

 78. Jin XH, Zhou HL, Chen LL, Wang GF, Han QY, Zhang JG, et al. Peripheral immunological features of COVID-19 patients in Taizhou, China: a retrospective study. Clin Immunol. (2021) 222:108642. doi: 10.1016/j.clim.2020.108642

 79. Kwon JS, Kim JY, Kim MC, Park SY, Kim BN, Bae S, et al. Factors of severity in patients with COVID-19: cytokine/chemokine concentrations, viral load, and antibody responses. Am J Trop Med Hyg. (2020) 103:2412–18. doi: 10.4269/ajtmh.20-1110

 80. 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

 81. Li C, Jiang J, Wang F, Zhou N, Veronese G, Moslehi JJ, et al. Longitudinal correlation of biomarkers of cardiac injury, inflammation, and coagulation to outcome in hospitalized COVID-19 patients. J Mol Cell Cardiol. (2020) 147:74–87. doi: 10.1016/j.yjmcc.2020.08.008

 82. Li M, Guo W, Dong Y, Wang X, Dai D, Liu X, et al. Elevated exhaustion levels of NK and CD8(+) T cells as indicators for progression and prognosis of COVID-19 disease. Front Immunol. (2020) 11:580237. doi: 10.3389/fimmu.2020.580237

 83. Li Q, Xu W, Li WX, Huang CL, Chen L. Dynamics of cytokines and lymphocyte subsets associated with the poor prognosis of severe COVID-19. Eur Rev Med Pharmacol Sci. (2020) 24:12536–44. doi: 10.26355/eurrev_202012_24051

 84. Liao B, Liu Z, Tang L, Li L, Gan Q, Shi H, et al. Longitudinal clinical and radiographic evaluation reveals interleukin-6 as an indicator of persistent pulmonary injury in COVID-19. Int J Med Sci. (2021) 18:29–41. doi: 10.7150/ijms.49728

 85. Liu F, Ji C, Luo J, Wu W, Zhang J, Zhong Z, et al. Clinical characteristics and corticosteroids application of different clinical types in patients with corona virus disease 2019. Sci Rep. (2020) 10:13689. doi: 10.1038/s41598-020-70387-2

 86. Liu J, Dong YQ, Yin J, He G, Wu X, Li J, et al. Critically ill patients with COVID-19 with ECMO and artificial liver plasma exchange: a retrospective study. Medicine. (2020) 99:e21012. doi: 10.1097/MD.0000000000021012

 87. Liu L, Zheng Y, Cai L, Wu W, Tang S, Ding Y, et al. Neutrophil-to-lymphocyte ratio, a critical predictor for assessment of disease severity in patients with COVID-19. Int J Lab Hematol. (2020) 43:329–35. doi: 10.1111/ijlh.13374

 88. Liu X-Q, Xue S, Xu J-B, Ge H, Mao Q, Xu X-H, et al. Clinical characteristics and related risk factors of disease severity in 101 COVID-19 patients hospitalized in Wuhan, China. Acta Pharmacol Sin. (2021) 43:64–75. doi: 10.1038/s41401-021-00627-2

 89. Liu Y, Tan W, Chen H, Zhu Y, Wan L, Jiang K, et al. Dynamic changes in lymphocyte subsets and parallel cytokine levels in patients with severe and critical COVID-19. BMC Infect Dis. (2021) 21:79. doi: 10.1186/s12879-021-05792-7

 90. Luo M, Liu J, Jiang W, Yue S, Liu H, Wei S. IL-6 and CD8+ T cell counts combined are an early predictor of in-hospital mortality of patients with COVID-19. JCI Insight. (2020) 5:e139024. doi: 10.1172/jci.insight.139024

 91. Mann ER, Menon M, Knight SB, Konkel JE, Jagger C, Shaw TN, et al. Longitudinal immune profiling reveals key myeloid signatures associated with COVID-19. Sci Immunol. (2020) 5:eabd6197. doi: 10.1126/sciimmunol.abd6197

 92. McElvaney OJ, McEvoy NL, McElvaney OF, Carroll TP, Murphy MP, Dunlea DM, et al. Characterization of the inflammatory response to severe COVID-19 illness. Am J Respir Crit Care Med. (2020) 202:812–21. doi: 10.1164/rccm.202005-1583OC

 93. Rendeiro AF, Casano J, Vorkas CK, Singh H, Morales A, DeSimone RA, et al. Profiling of immune dysfunction in COVID-19 patients allows early prediction of disease progression. Life Sci Alliance. (2021) 4:e202000955. doi: 10.26508/lsa.202000955

 94. Schrijver B, Assmann J, van Gammeren AJ, Vermeulen RCH, Portengen L, Heukels P, et al. Extensive longitudinal immune profiling reveals sustained innate immune activation in COVID-19 patients with unfavorable outcome. Eur Cytok Netw. (2020) 31:154–67. doi: 10.1684/ecn.2020.0456

 95. Shi H, Wang W, Yin J, Ouyang Y, Pang L, Feng Y, et al. The inhibition of IL-2/IL-2R gives rise to CD8(+) T cell and lymphocyte decrease through JAK1-STAT5 in critical patients with COVID-19 pneumonia. Cell Death Dis. (2020) 11:429. doi: 10.1038/s41419-020-2636-4

 96. Tan M, Liu Y, Zhou R, Deng X, Li F, Liang K, et al. Immunopathological characteristics of coronavirus disease 2019 cases in Guangzhou, China. Immunology. (2020) 160:261–8. doi: 10.1111/imm.13223

 97. Wang Z, Yang B, Li Q, Wen L, Zhang R. Clinical features of 69 cases with coronavirus disease 2019 in Wuhan, China. Clin Infect Dis. (2020) 71:769–77. doi: 10.1093/cid/ciaa272

 98. Yang A-P, Li H-M, Tao W-Q, Yang X-J, Wang M, Yang W-J, et al. Infection with SARS-CoV-2 causes abnormal laboratory results of multiple organs in patients. Aging. (2020) 12:10059–69. doi: 10.18632/aging.103255

 99. Yang F, Shi S, Zhu J, Shi J, Dai K, Chen X. Clinical characteristics and outcomes of cancer patients with COVID-19. J Med Virol. (2020) 92:2067–73. doi: 10.1002/jmv.25972

 100. Yi P, Yang X, Ding C, Chen Y, Xu K, Ni Q, et al. Risk factors and clinical features of deterioration in COVID-19 patients in Zhejiang, China: a single-centre, retrospective study. BMC Infect Dis. (2020) 20:943. doi: 10.1186/s12879-020-05682-4

 101. Zeng HL, Lu QB, Yang Q, Wang X, Yue DY, Zhang LK, et al. Longitudinal profile of laboratory parameters and their application in the prediction for fatal outcome among patients infected with SARS-CoV-2: a retrospective cohort study. Clin Infect Dis. (2020) 72:626–33. doi: 10.1093/cid/ciaa574

 102. Zeng Z, Yu H, Chen H, Qi W, Chen L, Chen G, et al. Longitudinal changes of inflammatory parameters and their correlation with disease severity and outcomes in patients with COVID-19 from Wuhan, China. Crit Care. (2020) 24:525. doi: 10.1186/s13054-020-03255-0

 103. Zhang B, Yue D, Wang Y, Wang F, Wu S, Hou H. The dynamics of immune response in COVID-19 patients with different illness severity. J Med Virol. (2021) 93:1070–7. doi: 10.1002/jmv.26504

 104. Zhang J, Yu M, Tong S, Liu LY, Tang LV. Predictive factors for disease progression in hospitalized patients with coronavirus disease 2019 in Wuhan, China. J Clin Virol. (2020) 127:104392. doi: 10.1016/j.jcv.2020.104392

 105. Feng X, Li P, Ma L, Liang H, Lei J, Li W, et al. Clinical characteristics and short-term outcomes of severe patients with COVID-19 in Wuhan, China. Front Med. (2020) 7:491. doi: 10.3389/fmed.2020.00491

 106. Durand B. (Khartis): Interim Administrator of the Institut d'études Politiques de Paris the Fondation Nationale des Sciences Politiques. (2021). Available online at: https://www.sciencespo.fr/cartographie/khartis/en/#home (accessed March 15, 2022).

 107. Cui J, Li F, Shi ZL. Origin and evolution of pathogenic coronaviruses. Nat Rev Microbiol. (2019) 17:181–92. doi: 10.1038/s41579-018-0118-9

 108. Woo PC, Lau SK, Yip CC, Huang Y, Tsoi HW, Chan KH, et al. Comparative analysis of 22 coronavirus HKU1 genomes reveals a novel genotype and evidence of natural recombination in coronavirus HKU1. J Virol. (2006) 80:7136–45. doi: 10.1128/JVI.00509-06

 109. Islam MR, Hoque MN, Rahman MS, Alam ASMRU, Akther M, Puspo JA, et al. Genome-wide analysis of SARS-CoV-2 virus strains circulating worldwide implicates heterogeneity. Sci Rep. (2020) 10:14004. doi: 10.1038/s41598-020-70812-6

 110. Lippi G, Plebani M. Laboratory abnormalities in patients with COVID-2019 infection. Clin Chem Lab Med. (2020) 58:1131–4. doi: 10.1515/cclm-2020-0198

 111. Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir Med. (2020) 8:420–2. doi: 10.1016/S2213-2600(20)30076-X

 112. Zhong Y, Cao Y, Zhong X, Peng Z, Jiang S, Tang T, et al. Immunity and coagulation/fibrinolytic processes may reduce the risk of severe illness in pregnant women with COVID-19. Am J Obstet Gynecol. (2020) 224:393.e1–25. doi: 10.1016/j.ajog.2020.10.032

 113. Tan L, Wang Q, Zhang D, Ding J, Huang Q, Tang YQ, et al. Lymphopenia predicts disease severity of COVID-19: a descriptive and predictive study. Signal Transduct Target Ther. (2020) 5:33. doi: 10.1038/s41392-020-0159-1

 114. Elshazli RM, Toraih EA, Elgaml A, El-Mowafy M, El-Mesery M, Amin MN, et al. Diagnostic and prognostic value of hematological and immunological markers in COVID-19 infection: a meta-analysis of 6320 patients. PLoS ONE. (2020) 15:e0238160. doi: 10.1371/journal.pone.0238160

 115. Zhang Z, Ai G, Chen L, Liu S, Gong C, Zhu X, et al. Associations of immunological features with COVID-19 severity: a systematic review and meta-analysis. BMC Infect Dis. (2021) 21:738. doi: 10.1186/s12879-021-06457-1

 116. Qin R, He L, Yang Z, Jia N, Chen R, Xie J, et al. Identification of parameters representative of immune dysfunction in patients with severe and fatal COVID-19 infection: a systematic review and meta-analysis. Clin Rev Allergy Immunol. (2022) 18:1–33. doi: 10.1007/s12016-021-08908-8

 117. Mulchandani R, Lyngdoh T, Kakkar AK. Deciphering the COVID-19 cytokine storm: systematic review and meta-analysis. Eur J Clin Invest. (2021) 51:e13429. doi: 10.1111/eci.13429

 118. Moutchia J, Pokharel P, Kerri A, McGaw K, Uchai S, Nji M, et al. Clinical laboratory parameters associated with severe or critical novel coronavirus disease 2019 (COVID-19): a systematic review and meta-analysis. PloS ONE. (2020) 15:e0239802. doi: 10.1371/journal.pone.0239802

 119. Akbari H, Tabrizi R, Lankarani KB, Aria H, Vakili S, Asadian F, et al. The role of cytokine profile and lymphocyte subsets in the severity of coronavirus disease 2019 (COVID-19): a systematic review and meta-analysis. Life Sci. (2020) 258:118167. doi: 10.1016/j.lfs.2020.118167

 120. Liu K, Yang T, Peng XF, Lv SM, Ye XL, Zhao TS, et al. A systematic meta-analysis of immune signatures in patients with COVID-19. Rev Med Virol. (2021) 31:e2195. doi: 10.1002/rmv.2195

 121. Yonas E, Alwi I, Pranata R, Huang I, Lim MA, Yamin M, et al. Elevated interleukin levels are associated with higher severity and mortality in COVID 19 - a systematic review, meta-analysis, and meta-regression. Diabetes Metab Syndr. (2020) 14:2219–30. doi: 10.1016/j.dsx.2020.11.011

 122. Rogers MC, Lamens KD, Shafagati N, Johnson M, Oury TD, Joyce S, et al. CD4(+) regulatory T cells exert differential functions during early and late stages of the immune response to respiratory viruses. J Immunol. (2018) 201:1253–66. doi: 10.4049/jimmunol.1800096

 123. Mescher MF, Curtsinger JM, Agarwal P, Casey KA, Gerner M, Hammerbeck CD, et al. Signals required for programming effector and memory development by CD8+ T cells. Immunol Rev. (2006) 211:81–92. doi: 10.1111/j.0105-2896.2006.00382.x

 124. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations (*). Ann Rev Immunol. (2010) 28:445–89. doi: 10.1146/annurev-immunol-030409-101212

 125. De Biasi S, Meschiari M, Gibellini L, Bellinazzi C, Borella R, Fidanza L, et al. Marked T cell activation, senescence, exhaustion and skewing towards TH17 in patients with COVID-19 pneumonia. Nat Commun. (2020) 11:3434. doi: 10.1038/s41467-020-17292-4

 126. Zheng HY, Zhang M, Yang CX, Zhang N, Wang XC, Yang XP, et al. Elevated exhaustion levels and reduced functional diversity of T cells in peripheral blood may predict severe progression in COVID-19 patients. Cell Mol Immunol. (2020) 17:541–3. doi: 10.1038/s41423-020-0401-3

 127. Alshammary AF, Al-Sulaiman AM. The journey of SARS-CoV-2 in Human Hosts: A Review of Immune Responses, Immunosuppression, and their Consequences. Virulence. (2021) 12:1771–94. doi: 10.1080/21505594.2021.1929800

 128. Tavakolpour S, Rakhshandehroo T, Wei EX, Rashidian M. Lymphopenia during the COVID-19 infection: what it shows and what can be learned. Immunol Lett. (2020) 225:31–2. doi: 10.1016/j.imlet.2020.06.013

 129. Tang Y, Liu J, Zhang D, Xu Z, Ji J, Wen C. Cytokine storm in COVID-19: the current evidence and treatment strategies. Front Immunol. (2020) 11:1708. doi: 10.3389/fimmu.2020.01708

 130. Bogdan C, Vodovotz Y, Nathan C. Macrophage deactivation by interleukin 10. J Exp Med. (1991) 174:1549–55. doi: 10.1084/jem.174.6.1549

 131. de Waal Malefyt R, Haanen J, Spits H, Roncarolo MG, te Velde A, Figdor C, et al. Interleukin 10 (IL-10) and viral IL-10 strongly reduce antigen-specific human T cell proliferation by diminishing the antigen-presenting capacity of monocytes via downregulation of class II major histocompatibility complex expression. J Exp Med. (1991) 174:915–24. doi: 10.1084/jem.174.4.915

 132. Udomsinprasert W, Jittikoon J, Sangroongruangsri S, Chaikledkaew U. Circulating levels of interleukin-6 and interleukin-10, but not tumor necrosis factor-alpha, as potential biomarkers of severity and mortality for COVID-19: systematic review with meta-analysis. J Clin Immunol. (2021) 41:11–22. doi: 10.1007/s10875-020-00899-z

 133. Zawawi A, Naser AY, Alwafi H, Minshawi F. Profile of circulatory cytokines and chemokines in human coronaviruses: a systematic review and meta-analysis. Front Immunol. (2021) 12:666223. doi: 10.3389/fimmu.2021.666223

 134. Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A. Interleukin-10 and the interleukin-10 receptor. Annu Rev Immunol. (2001) 19:683–765. doi: 10.1146/annurev.immunol.19.1.683

 135. Fiorentino DF, Zlotnik A, Mosmann TR, Howard M, O'Garra A. IL-10 inhibits cytokine production by activated macrophages. J Immunol. (1991) 147:3815–22.

 136. 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

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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Alshammary, Alsughayyir, Alharbi, Al-Sulaiman, Alshammary and Alshammary. 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: 21 June 2022
doi: 10.3389/fmed.2022.852973






[image: image2]
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Introduction: In solid organ transplant recipients, COVID-19 is associated with a poor prognosis because of immunosuppression. Some studies suggest a potential therapeutic role of mammalian Target of Rapamycin (mTOR) inhibitors in SARS-CoV-2 infection. This study aimed to assess the impact of mTOR employment on the evolution and outcome of SARS-CoV-2 infection in solid organ transplant recipients.

Methods: We enrolled kidney transplant patients attending the Azienda Ospedaliera Universitaria Federico II in Naples and followed up on these patients from March 2020 to June 2021. We evaluated the risk of acquiring the SARS-CoV-2 infection, the clinical presentation of the disease, and its outcome together with the type of immunosuppressive therapy. Finally, we assessed the impact of mTOR inhibitors on relevant clinical metrics of SARS-CoV-2 infection.

Results: We enrolled 371 patients, of whom 56 (15.1%) contracted SARS-CoV-2 infection during the period of the study. There were no differences observed among the different immunosuppressive therapies concerning the risk of acquiring SARS-CoV-2 infection. In contrast, the type of immunosuppressive therapy had a significant impact on the outcome of the disease. In detail, patients who received mTOR inhibitors, as part of their immunosuppressive therapy, compared to other regimens had a lower chance of developing a moderate or severe form of the disease (OR = 0.8, 95, CI: (0.21–0.92), P = 0.041).

Conclusion: In kidney transplant patients, the use of mTOR inhibitors as part of an immunosuppressive regimen is associated with a better prognosis in the case of COVID-19.

Keywords: kidney transplant, SARS-CoV-2, COVID-19, mTOR inhibitors, immunosuppressive therapy


INTRODUCTION

Immunosuppressive therapy is a crucial aspect in a solid organ transplant patient. It is the mainstay of the prevention of rejection of the allograft, but at the same time, it contributes to determining the patient's susceptibility to several infections (1–3). Different immunosuppressive drugs, such as calcineurin inhibitors (tacrolimus and cyclosporine), corticosteroids, antimetabolite agents (mycophenolate and azathioprine), and the mammalian target Of rapamycin (mTOR) inhibitors (everolimus and sirolimus), are used to prevent rejection (4, 5). In particular, mTOR is a crucial pathway in many physiological processes (such as cell cycle progression, transcription, translation, differentiation, apoptosis, motility, and cell metabolism) and, therefore, plays a central role in the regulation of cell growth and proliferation, at the translational level, and in cell cycle progression. Moreover, as mTOR also modulates protein synthesis at ribosomal and transfer RNA transcription levels, it also plays a fundamental role in viral translation (6). It is already known that several viruses, such as adenovirus, cytomegalovirus, herpes simplex virus, and Middle East respiratory syndrome coronavirus (MERS – CoV), use the mTOR pathway to replicate (7, 8). The mTOR pathway is also involved in the life cycle of SARS-CoV-2 infection (9). The antiviral properties of mTOR have been known and ascribed to a variety of mechanisms (10). This aspect needs to be considered in relation to the pandemic impact (2–4). There are scarce data on the possible role of mTOR inhibitors vs. SARS-CoV-2 and their potential impact on the evolution of the disease; however, some studies support the potential therapeutic role of these drugs (11). Some reviews suggest the therapeutic potential of mTOR inhibitors, such as rapamycin, against COVID-19 both in vitro and in vivo (12–14).

For these reasons, blocking the mTOR signaling pathway could be a strategy to treat SARS-CoV-2 infection and its evolution. This study aimed to describe and assess the impact of the mTOR inhibitor therapy on the evolution and outcome of SARS-CoV-2 infection in solid organ transplant recipients followed in our center.



MATERIALS AND METHODS

We conducted an observational retrospective cohort study. We enrolled patients with kidney transplants attending the Azienda Ospedaliera Universitaria Federico II in Naples from March 2020 to June 2021. Diagnosis of SARS-CoV-2 infection was obtained by positivity to the rhino-oropharyngeal swab for SARS-CoV-2 RNA research by reverse transcription-polymerase chain reaction (RT-PCR). For patients with COVID-19, we used the Henry Ford Hospital (HFH). COVID-19 severity scoring system to distinguish the disease's mild, moderate, and severe forms (15). In particular, the mild disease was defined as patients who had normal chest radiography and SpO2 of ≥94% without the need for supplemental oxygen. Patients with moderate disease were those who had abnormal chest radiography, SpO2 of <94%, and were in need of 1 and 5 L/min supplemental O2. Patients with severe disease were defined by abnormal chest radiography, SpO2 of <94%, and requiring ≥6 L/min of O2 (16). For each patient, we evaluated the epidemiological characteristics, the laboratory data, the data of radiological instrumental investigations, clinical characteristics, the time elapsed since the transplant, the type of immunosuppressive treatment, and their changes during SARS-CoV-2 infection, the need for treatment and the type of treatment for SARS infection -CoV-2, and the outcome. In particular, we evaluated the potential relationship between the use of mTOR vs. other immunosuppressive regimens and severity or clinical outcome.

Data were reported as the median and interquartile range (IQR) given their non-parametric distribution. For comparisons between continuous variables, the Mann-Whitney U test was performed. We used the Chi-square test to test if two categorical variables are associated. Co-variates significantly associated with death in the univariate analysis were also analyzed in a multivariate model. The P-value for statistical significance was set at <0.05 for all the tests.

With respect to the ethical issues, the study was conducted in compliance with the Declaration of Helsinki and the principles of good clinical practice. The authors confirm adherence to the ethical policies of the journal, as noted on the journal's author guidelines page.



RESULTS

We enrolled 371 patients with kidney transplant (229 men, 61.8%) with a median age of 49 (18–86) years and a mean age of 51.4 years. Of these, 56 (15.1%) became infected with SARS-CoV-2 during the period of the study. Of these 56 patients with SARS-CoV-2 infection, 30 (53.6%) showed symptoms of the disease (COVID-19) and 26 had an asymptomatic infection (Table 1). Of the 30 patients with COVID-19 symptoms, 15 (50%) had a mild form of the disease, 7 (24%) had a moderate form of the disease, and 8 (26%) had severe form of the disease. Hospitalization was necessary for 12 (21.4%) patients, eight with the severe form of the disease and four with the moderate one. Of the 12 patients admitted, five required oxygen supplementations, five required non-invasive/high flow ventilation, and two required invasive ventilation (Table 1). Of the enrolled patients, only 12 patients performed high-resolution lung computed tomography (HRCT); in particular, only hospitalized patients performed HRCT. The severity score index, as proposed by Chung et al. (17) was used for the analysis of each individual HRCT. The 12 patients had a median severity score index equal to 13/20 as proposed by Chung et al. (17). Of the 12 patients, only one was taking mTOR inhibitors, particularly sirolimus, and had a severity score index equal to 10/20, as proposed by Chung et al. (17). Distinguishing the severity score index, proposed by Chung et al. (17) between the group of mTOR inhibitors and the group without mTOR inhibitors (10/20 vs. 13/20), a severity score index, proposed by Chung et al. (17) was higher among patients without mTOR inhibitors.


Table 1. Anagraphical and clinical features of patients with kidney transplant with SARS-CoV-2 infection.

[image: Table 1]

All 371 patients underwent immunosuppressive therapy at the time of enrollment. In particular, 220 underwent triple immunosuppressive therapy, 142 dual therapy, and nine single immunosuppressant (Tables 2–4).


Table 2. Immunosuppressive therapy for each patient.
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Table 3. Single vs. double vs. triple immunosuppressive therapy.
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Table 4. Single vs. dual vs. triple immunosuppressive therapy in patients with SARS-CoV-2 infection.
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Data concerning the different immunosuppressive regimens also in relation to clinical presentation and outcome are given in Tables 3, 6.

In relation to the different immunosuppressive therapies, 66 patients (17.8%) assumed the immunosuppressive therapy with mTOR inhibitors, 48 with everolimus, and 18 with sirolimus. Of these, 11 (16.6%) (eight treated with everolimus and three with sirolimus) acquired SARS-CoV-2 infection (OR for SARS-CoV-2 infection acquired vs. no SARS-CoV-2 infection acquired: 1.1, 95, CI: (0.25–2.8) mTOR inhibitors recipients vs. other regimens), p = 0.210). Of the 11 patients infected, 7 (63.6%) had COVID-19; in particular, six had a mild form of the disease, while 1 had a moderate form of the disease (OR for moderate/severe form vs. mild:0.8, 95, CI: (0.21–0.92) mTOR inhibitors recipients vs. other regimens; p = 0.041) (Tables 2, 5, 6). No patient treated with mTOR inhibitors presented a severe form of the disease.


Table 5. Immunosuppressive therapy evaluation for single immunosuppressant.
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Table 6. Immunosuppressive therapy evaluation: mTOR inhibitors vs. other types of immunosuppressive therapies.
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No significant differences were observed between those patients who received a triple vs. a mono/double immunosuppressive regimen in the risk of acquiring the infection (OR = 1.1, 95, CI: (0.60–2.5), p = 0.270) (Tables 3, 4).

All patients with symptoms underwent modifications of the immunosuppressive therapy. Regarding the therapeutic management of the infection, the first step was the reduction of immunosuppressive therapy, providing, in the first instance, the reduction or suspension of antimetabolites. In the case of severe forms of the disease, all immunosuppressive therapy was suspended, except for the steroid therapy, which was increased (OR for modification/suspension of immunosuppressive therapy vs. non-modification of immunosuppressive therapy in SOT with a moderate-severe form of COVID-19:0.7, 95, CI: (0.44–0.85), p = 0.048) (18–21). Only one patient experienced acute organ rejection, and two patients died.

We conducted a multivariate analysis of the possible variables that could impact the evolution of the COVID-19 disease, regardless of the presence or absence of mTOR inhibitors. We considered diabetes, BMI, duration of immunosuppressive treatment, duration of renal disease, and concomitant heart disease as variables. The multivariate analysis highlighted the values of diabetes [OR = 0.9, 95, CI: (0.85–1.4), P = 0.130], BMI [OR = 1.1, 95, CI: (0.92–1.3), P = 0.145], duration of immunosuppressive treatment [OR = 1.2, 95, CI: (0.72-1.8), P = 0.350], duration of renal disease [OR = 1.1, 95, CI: (0.52–2.1), P = 0.420], and concomitant heart disease [OR = 0.96, 95, CI: (0.88–1.7), P = 0.290].



DISCUSSION

Our study first shows that the use of mTOR inhibitors when compared with other immunosuppressive regiments was associated with a more favorable outcome of COVID-19 in a cohort of patients. Moreover, none of the patients undergoing immunosuppressive therapy with mTOR inhibitors (everolimus and sirolimus) presented a severe form of the disease.

In contrast, neither the number of immunosuppressive drugs nor their type was associated with the risk of acquiring the infection.

We underline that our data may add knowledge to the management of SARS-CoV-2 infection in patients who underwent solid organ transplant and, in particular, to the management of immunosuppressive therapy during this infection. Moreover, from our study, the role of mTOR inhibitors in COVID-19 treatment could be hypothesized even in a non-transplant setting. However, this hypothesis needs to be deepened and demonstrated with further studies with a different design (i.e., randomized controlled trial).

How can we explain these results? There are at least two possible explanations: an antiviral effect of mTOR inhibitors or an immunomodulant action. With respect to the first hypothesis, we underline that a potential positive impact of mTOR inhibitors in the course of several viral infections is already known in the literature (22, 23). However, to our best knowledge, our study is the first one to show a positive impact of mTOR inhibitors in the course of SARS-CoV-2 infection on the evolution of the disease. The results might be due to the wellknown immunomodulatory effect of these drugs that could reduce the cytokine storm typical of the immune activation phase of the disease. Alternatively, another possible reason could be due to the inhibitory action on the mTOR pathway, which could induce the inhibition of transcriptional processes and consequently induce a reduced viral replication.

By multivariate analysis, it was found that none of the variables considered (diabetes, BMI, duration of immunosuppressive treatment, duration of renal disease, and concomitant heart disease) showed a statistically significant impact regardless of the presence or absence of mTOR inhibitors. Furthermore, as reported in the meta-analysis by Gatti et al. (24) also in our case, there was no increased mortality risk in this category of patients compared to the general population.

We acknowledge that our study presents several limitations, such as the retrospective design, the small sample size, the monocentric cohort, the lack of data on dosages of immunosuppressive therapies, and changes in immunosuppressive therapy during SARS-CoV-2 infection.



CONCLUSION

Our real-life study showed a positive impact of therapy with mTOR inhibitors in SARS-CoV-2 infection occurring in patients who underwent kidney transplant. Due to potential antiviral or immunomodulant properties, this class of drugs might be considered a possible weapon in the fight against COVID-19, both in transplant and non-transplant settings. These hypotheses need to be explored in randomized controlled trials.
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Introduction

The SARS-CoV-2 infection has been advocated as an environmental trigger for autoimmune diseases, and a paradigmatic example comes from similarities between COVID-19 and the myositis-spectrum disease associated with antibodies against the melanoma differentiation antigen 5 (MDA5) in terms of clinical features, lung involvement, and immune mechanisms, particularly type I interferons (IFN).



Case Report

We report a case of anti-MDA5 syndrome with skin manifestations, constitutional symptoms, and cardiomyopathy following a proven SARS-CoV-2 infection.



Systematic Literature Review

We systematically searched for publications on inflammatory myositis associated with COVID-19. We describe the main clinical, immunological, and demographic features, focusing our attention on the anti-MDA5 syndrome.



Discussion

MDA5 is a pattern recognition receptor essential in the immune response against viruses and this may contribute to explain the production of anti-MDA5 antibodies in some SARS-CoV-2 infected patients. The activation of MDA5 induces the synthesis of type I IFN with an antiviral role, inversely correlated with COVID-19 severity. Conversely, elevated type I IFN levels correlate with disease activity in anti-MDA5 syndrome. While recognizing this ia broad area of uncertainty, we speculate that the strong type I IFN response observed in patients with anti-MDA5 syndrome, might harbor protective effects against viral infections, including COVID-19.
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Introduction

Infections are well known triggers for autoimmune diseases through different proposed mechanisms, including bystander activation, cross-reactivity, epitope spreading, and cryptic antigen unmasking (1–3).

New-onset autoimmune diseases following COVID-19 have been described, including both single-organ (e.g. Guillain-Barré syndrome) (4) and systemic rheumatologic diseases (e.g. inflammatory arthritis, connective tissue diseases, and vasculitis) (5). Anti-melanoma differentiation antigen 5 (anti-MDA5) syndrome is a disease belonging to the spectrum of inflammatory myositis (6); this is a heterogeneous group of systemic autoimmune disorders, characterized by skeletal muscle inflammation (7). Historically, myositis has been classified according to Bohan and Peter’s criteria (8). A currently accepted classification divides myositis into clinical-serological categories: dermatomyositis, antisynthetase syndrome, immune-mediated necrotizing myopathies, polymyositis, and inclusion-body myopathy. Concerning muscle pathology, dermatomyositis is characterized by B and CD4 T cell infiltrate with perivascular distribution and complement activation, whereas in polymyositis inflammation appears at endomysial level, with a mononuclear cell infiltrate mainly composed by CD8 T cells and macrophages (7, 9–11). However, since each category might include heterogenous entities, a classification system based on myositis-specific antibodies has been advocated (6). Anti-MDA5 syndrome has usually been classified as dermatomyositis, due to prominent skin manifestations, mild (seldom absent) muscle involvement (clinically amyopathic dermatomyositis), and interstitial pneumonitis (6, 7, 12). The clinical picture of anti-MDA5 syndrome is unique, with digital ulcers, palmar and plantar papules, signs of vasculitis, and severe pulmonary involvement, associated with anti-MDA5 autoantibodies (12). A clinical overlap between COVID-19 and anti-MDA5 syndrome has been described, especially in the terms of rapidly progressive interstitial lung disease (ILD), fever, myalgia, and skin rashes; also, imaging findings show significant similarities, i.e. bilateral ground-glass pneumonitis and peri-bronchovascular consolidations (13, 14). In both conditions, elevated C-reactive protein levels and hyper-ferritinemia have prognostic significance; meanwhile, macrophage activation, endothelial dysfunction, and vasculopathy have been hypothesized as pathogenic factors (15). SARS-CoV-2 infection has been proposed as a human pathogenic model for anti-MDA5 syndrome (16). Furthermore, it has been recently suggested to search for anti-MDA5 antibodies in patients with COVID-19 for prognostic purposes (17).

We observed a case of anti-MDA5 syndrome becoming evident after COVID-19 and then focused on reports of inflammatory myositis occurring in association with SARS-CoV-2 infections via a systematic literature review. Ultimately, we aim to hypothesize potential immune pathogenic mechanisms for both conditions.



Anti-MDA5 Syndrome Following Mild COVID-19: Case Report

In November 2020, a 70-year-old Caucasian woman developed fever, cough, and anosmia. Four months before, she had developed an unexplained skin rash which resolved with glucocorticoids and antihistamines. She had a history of moderate-severity chronic obstructive pulmonary disease (COPD) associated with active smoking. At the time, the woman did not undergo any nasopharyngeal swab, and her symptoms resolved spontaneously in two weeks; meanwhile, her close contacts were diagnosed with COVID-19. One month after the resolution of her flu-like symptoms, she developed arthralgias and skin lesions on her face, chest, and hands; the patient denied any muscle-related symptom or weakness. She sought dermatological evaluation, and a topical treatment was started without any improvement. A SARS-CoV-2 nasopharyngeal swab proved negative and a serum test for immunoglobulin G (IgG) against SARS-CoV-2 spike protein resulted positive (96.1 AU/mL – positive if titer > 15); since the patient was not vaccinated at the time, this result demonstrates previous SARS-CoV-2 infection. For the persistence of skin rash, Gottron-like lesions on her hands (Figure 1), and arthralgias, she was admitted to our Department of Rheumatology and Clinical Immunology in March 2021. Blood tests proved normal except for C-reactive protein (2.1 mg/dL – normal value NV < 0.5 mg/dL), aspartate (84 IU/L – NV 5-35 IU/L) and alanine aminotransferase (133 IU/L – NV 5-35 IU/L), polyclonal hyper-gammaglobulinemia (23 g/L – 26.2%), elevated ferritin (595 ng/mL – NV 11-306 ng/mL), troponin I (19 ng/L – NV < 14 ng/L), and type B natriuretic peptide (BNP) (251 pg/mL – NV 5-100 pg/mL); creatine kinase (CK) values were normal (40 IU/L – NV < 135 IU/L), as were complement levels. Serum tests demonstrated previous hepatitis B infection with positive HBs antibody, and IgG antibodies for SARS-CoV-2 spike protein were still positive (96 AU/mL – NV < 15 AU/mL). The patient was tested for serum autoantibodies, including the myositis-associated panel: rheumatoid factor (RF), antinuclear antibodies (ANA), anti-extractable nuclear antigen (ENA) screening, anti-citrullinated protein antibodies (ACPA), antiphospholipid antibodies, and antineutrophil cytoplasm antibodies (ANCA) were negative; anti-MDA5 antibodies proved positive at both immunoblotting and immunoprecipitation analysis. A nailfold video-capillaroscopy showed reduced capillary density, neo-angiogenesis, and giant capillaries (Figure 1). She underwent chest CT scan revealing pulmonary emphysema, compatible with her COPD history, but not ILD. Pulmonary function tests demonstrated moderate obstruction and a severe reduction in diffusing capacity for carbon monoxide (DLCO): FVC 1.83 L – 82% of predicted, FEV1 1.12 L – 64% of predicted, and DLCO 37% of predicted. No abnormalities were found on EKG and echocardiography, but cardiac magnetic resonance imaging (MRI) findings were consistent with interstitial fibrosis as mirrored by increased native T1 mapping time (Figure 1). A diagnosis of anti-MDA5 syndrome with cutaneous and cardiac involvement was made. Screening for malignancy was performed by chest CT scan, neck and abdominal ultrasound, urinary and cervical cytology, fecal occult blood test and resulted negative. Low-dose methylprednisolone (0.25 mg/Kg/die) and azathioprine 100 mg daily were started. Methotrexate was not prescribed due to concomitant non-alcoholic steatohepatitis and according to the patient preferences and disability. After six months, skin lesions improved but did not completely resolve, with a persistent tenuous heliotrope rash and V-neck sign. Furthermore, active myocarditis was retrieved at cardiac MRI, as demonstrated by mild increase in native T2 mapping time. Azathioprine was stopped, and mofetil mycophenolate mofetil 3 grams daily was started (18).




Figure 1 | Manifestations of COVID-19-associated anti-MDA5 dermatomyositis. (A) Cutaneous manifestations presented as violaceous, maculo-papular lesions on both dorsal and volar sides. (B) Nailfold video-capillaroscopy illustrated reduced capillary density, neo-angiogenesis, and tortuous, ectasic and giant capillaries. (C) Anti-MDA5 antibodies detected by immunoprecipitation. (D, E) T1-weighted cardiac magnetic resonance images presenting increased signal intensity [native T1 = 1067 ± 37msec (NV < 1015)], which, in association with ECV = 30 ± 4% (NV < 29) and normal T2 intensity [native T2 = 46 ± 3 msec (NV < 50 msec)], indicates interstitial myocardial fibrosis and is consistent with previous myocarditis. (F) Skin punch biopsy of a Gottron-like lesion on the left hand showing patchy mixed superficial inflammatory infiltrated with leukocytoclastic vasculitis features (Hematoxylin and eosin, 20x magnification).





Study Search Strategy and Selection

The Medline database was accessed from PubMed and systematically searched for articles published in English between January 1st, 2020 and March 31st, 2022. We followed the search strategy and article selection process illustrated in the flowchart in Supplementary Figure 1, according to the recommendations of the PRISMA statement (19). Only peer-reviewed articles in English accepted for publication that included case reports and case series were included in this search. Two reviewers (FM and AT) evaluated all potentially relevant articles independently and summarized them. They discussed any area of uncertainty, screened the full text reports, and decided whether these met the inclusion criteria while resolving any disagreement through discussions. Neither of the authors were blind to the journal titles or to the study authors or institutions.



Results

Eleven cases of inflammatory myositis temporally related to COVID-19 have been reported (20–27); the main features are illustrated in Table 1. In nine patients, new-onset inflammatory myositis followed SARS-CoV-2 infection; two cases of disease relapse following COVID-19 have been reported: one at pediatric age (22) (in a child who experienced a skin-only relapse of juvenile DM) and one in the adult setting (20) (in a patient positive for both anti-Mi-2 and anti-PM/Scl antibodies). Three out of eleven cases were juvenile DM (22, 26), in the other 8 adult cases the median age was 58 (interquartile range – IQR 50-64) years; a strong female predominance was observed (8/11 cases). In 9/11 reports, the severity of COVID-19 is described: 3/9 patients developed overt pneumonia, one of them succumbing to the infection (20); a flu-like illness was experienced in 4/9 cases, whereas two patients (22, 26) were completely asymptomatic. Apart from the case described by Gokhale (20) et al., none of the patients required specific therapies, oxygen supplementation nor mechanical ventilation for COVID-19. Time from the diagnosis of SARS-CoV-2 infection to the onset of inflammatory myositis was less than two months, and in four patients (20, 24, 26) rheumatologic manifestations were concomitant with the diagnosis of the infection. DM-related skin involvement was present in all the patients, being the only manifestation in one case of relapsed juvenile DM (22). Myopathy was noticed in 10/11 cases, generally in the form of a mild/moderate proximal muscle weakness; cardiomyopathy was only detected in one patient with systemic lupus erythematosus-dermatomyositis overlap (21). Pulmonary involvement was present or suspected (based on worsening dyspnea) in five cases (20, 21, 23, 24). There was no report of cancer-related DM.


Table 1 | Relevant clinical features of previously reported cases of DM following SARS-CoV-2 infection.



In terms of autoimmune profiling, 4/11 cases (21, 22, 24) tested negative for serum autoantibodies, including two pediatric cases (22) and a lupus/dermatomyositis overlap syndrome (21). Two patients (20, 23) tested positive for anti-MDA5 antibodies: one of them (also positive for anti-Ro52 antibodies) underwent fatal macrophage activation syndrome (23), the other (also positive for anti-SAE-1 antibodies) died due to pneumonia (20). Two patients were positive for anti-Mi-2 antibodies: one of them was diagnosed new-onset DM (25), the other (also positive for anti-PM/Scl antibodies) experienced disease relapse (20). Moreover, one case of anti-NXP2 DM was described (27). Eight out of eleven patients experienced favorable outcome regarding both inflammatory myositis and COVID-19. One case of juvenile DM required mechanical ventilation due to respiratory deterioration, but gradual improvement followed thereafter (26). As already stated, two deaths were observed: one following macrophage activation syndrome (23), the other attributable to severe SARS-CoV-2 pneumonia (20); both patients had tested positive for anti-MDA5 autoantibodies.



Discussion


SARS-CoV-2 at the Crossroads of Anti-Viral Immunity and Autoimmunity: The Role of MDA5

Viral infections have been hypothesized as environmental triggers in the pathogenesis of autoimmune diseases, including inflammatory myopathies (28), likely through molecular mimicry (1). Three immunogenic linear epitopes with high sequence identity to SARS-CoV-2 proteins have been recently recognized in patients with DM (29) and may explain how SARS-CoV-2 could trigger an autoimmune response in predisposed subjects, leading to autoantibody production. Further, autoantibodies directed towards specific antiviral signaling proteins (i.e., MDA5 and RIG-I) have been recently described by our group in a cohort of patients affected by COVID-19 (28). Notably, SARS-CoV-2 replication occurs through the synthesis of double-stranded RNA intermediates (dsRNA). RIG-I and MDA5 are pattern recognition receptors involved in innate antiviral immunity, and act as major sensors for dsRNA intermediates. While MDA5 recognizes long dsRNAs, RIG-I binds to shorter dsRNA fragments (30, 31). After binding to the viral dsRNA, MDA5/RIG-I activate a Janus kinase (JAK)/Signal Transducer and Activator of Transcription (STAT) signaling pathway leading to type I IFN production, which is an essential cytokine in antiviral immune response (32). RNA viruses, as well as IFN itself, can upregulate the expression of MDA5 in infected cells, thus amplifying the whole process. After viral-induced cell lysis, dsRNA-MDA5/RIG-I complexes are released in the extracellular space, where they act as cryptic antigens, leading to autoantibody production (14). Through the generation of ‘new self’ epitopes, SARS-CoV-2 could elicit the synthesis of autoantibodies against antiviral signaling proteins (28). Moreover, apart from inducing type I IFN synthesis, RIG-I seems also to inhibit viral replication in an IFN-independent manner (33). It is unknown whether anti-MDA5 and anti-RIG-I antibodies possess any pathogenic effect, or they just represent the epiphenomenon of an aberrant activation of the immune response.



Type I IFN in the Pathogenesis of COVID-19

The severity of COVID-19 has been reported to be inversely related to the IFN production: if compared with mild-moderate forms, severe and life-threatening infections display an impaired type I IFN activity, a reduced viral clearance, and a delayed hyper-inflammatory response (34). Inborn errors of the type I IFN pathway have been associated with more severe forms of COVID-19, and severe SARS-CoV-2 infection led to new diagnosis of such type of immune deficiencies in a study cohort (35). Moreover, SARS-CoV-2 is able to evade the immune defense by antagonizing various steps involved in type I IFN synthesis (36, 37), including the direct inhibition of RIG-I and MDA5 by specific viral proteins (38). Studies conducted on animal models found that early IFN production would be crucial in producing an effective and protective antiviral response towards SARS-CoV-2, leading to the subsequent development of mild forms of COVID-19 (39). Autoantibodies directed towards type I IFN have been described in patients with severe SARS-CoV-2 pneumonia; by neutralizing IFN molecules, these antibodies would tip the balance in favor of the virus, thereby reducing viral clearance (40). According to these data, low type I IFN activity is associated with more severe COVID-19; vice versa, we could hypothesize that a strong type I IFN signature might be beneficial in orchestrating the antiviral immune response, leading to milder forms of disease.



Type I IFN in the Pathogenesis of Autoimmunity and the Anti-MDA5 Syndrome

Beyond their crucial role in viral clearance, type I IFN levels are elevated in sera of patients with autoimmune diseases, including systemic lupus erythematosus, rheumatoid arthritis, and DM (41, 42). Treatment with IFN-alpha (e.g. for HCV hepatitis or multiple sclerosis) has been associated with the appearance of serum autoantibodies, such as antinuclear antibodies and anti-dsDNA (43). Moreover, cases of new-onset inflammatory myositis following IFN-alpha administration have been described (44). It is worth mentioning that type I IFN levels correlate with disease activity in patients with DM and their downregulation can predict response to therapy (45). Finally, a high type I IFN signature might have a pathogenic role in vasculopathy and interstitial lung damage, which are prominent features of DM (46). If compared with other inflammatory myopathies, anti-MDA5 syndrome shows an even stronger type I IFN signature (46–48). Increased levels of MDA5 expression are found in peripheral mononucleated blood cells of patients with anti-MDA5 syndrome (47), and a possible role for type I IFN in the pathogenesis of the disease has been recently proposed (48). Furthermore, a peculiar population of autoreactive B cells has been recently described in a cohort of patients with severe anti-MDA5 syndrome. These lymphocytes synthetize monoclonal autoantibodies that can stimulate IFN-gamma (a type II IFN) production in peripheral blood mononucleated cells; notably, these antibodies are not directed towards MDA5 (49). The interplay between type I and II IFNs in both antiviral response and autoimmune pathogenesis is currently under investigation. Little is known about the relationship between MDA5 activation, type I IFN signature, autoantibody synthesis, and the immune pathogenic mechanisms that lead to the development of anti-MDA5 syndrome. Moreover, since autoimmune complications have been found in only a minority of patients affected by COVID-19, predisposing factors remain largely unknown.



Case Discussion and Pathogenic Hypothesis

We have recently described autoantibodies directed towards antiviral signaling proteins (e.g., MDA5 and RIG-I) in a cohort of patients affected by mild COVID-19; however, none of the aforementioned patients developed any feature suggestive of systemic autoimmune disease (28).

Through the recognition of viral dsRNA and the activation of a type I IFN response, MDA5 could link SARS-CoV-2 infection and subsequent anti-MDA5 syndrome (50). In our case, overt anti-MDA5 syndrome was preceded by a mild (flu-like) form of SARS-CoV-2 infection. A type I IFN-driven response may have exerted an effective antiviral activity, explaining the mild course of COVID-19 reported by our patient. We may hypothesize that the woman went through a prominent type I IFN response, with subsequent enhanced viral clearance. Besides having antiviral activity, this strong cytokine signature could have triggered the immune mechanisms underlying anti-MDA5 syndrome, which is an IFN-mediated disease (47, 48). Furthermore, COVID-19 could have revealed a pre-existing autoimmune condition/predisposition: the woman might have had previously DM-like skin rash, and SARS-CoV-2 infection could have unveiled overt disease by eliciting a strong IFN signature. There is uncertainty in the patient’s past medical history, and no laboratory tests were performed before referral to our clinic: this represents a limitation for any possible conclusion, we must be aware that most cases will remain with some blind spots that need to be recognized.

High type I IFN levels are associated with an increased risk and are predictors of disease activity in some IFN-mediated autoimmune diseases, such is the case of anti-MDA5 syndrome (45, 47). A strong IFN signature might be related to an enhanced viral clearance and, consequently, to a mild course of SARS-CoV-2 infection. In this view, our patient would be paradigmatic, with mild COVID-19 preceding DM onset/flare. Thus, autoimmunity resulting from an exuberant and dysregulated activation of the immune system could harbor parallel protective effects, due to an increased immune surveillance against viral infections. Notwithstanding, we must be aware that this interpretation is probably simplistic. The presence of anti-MDA5 antibodies has been recently correlated with a severe course of SARS-CoV-2 infection in a Chinese cohort, and it has also been proposed that autoantibody production might occur after the release of the antigen from infected cells (17). As reported in our systematic review, two out of two patients positive for anti-MDA5 antibodies died. In one case (23) anti-Ro52 antibodies, which are associated with rapidly progressive ILD and worse prognosis (51), were also present; the woman succumbed to macrophage activation syndrome, and there’s no reason to attribute her death to COVID-19, since anti-MDA5 syndrome appeared two months after recovery from the infection. Meanwhile, the patient described by Gokhale et al. (20) tested positive for anti-SAE1 antibodies, which are associated with ILD and increased cancer risk (52). It is unclear whether the woman died due to SARS-CoV-2 pneumonia or to anti-MDA5 syndrome-associated rapidly progressive-ILD, since both conditions can manifest with organizing pneumonia features at chest CT scan (13). Furthermore, a more severe phenotype of anti-MDA5 syndrome has been described in Asian ancestry (53), such is the case of this patient. Taken together, these demographic, clinical, and serologic differences could partially explain the diversities between previously described cases and our report of anti-MDA5 syndrome following mild SARS-CoV-2 infection.

Similarities between COVID-19 and anti-MDA5 syndrome might implicate changes in treatment strategies in both conditions (16). Further research is required to elucidate the mechanisms that lead to anti-MDA5 autoantibodies synthesis in a subset of SARS-CoV-2 infected patients. Also, there is an urge to understand which predisposing factors (e.g., genetically determined) couple autoantibody production with the development of anti-MDA5 syndrome in only a minority of cases. Furthermore, little is known about if (and how) anti-MDA5 antibodies might influence the outcome of COVID-19. Finally, the balance between immune activation vs. immune tolerance is still extensively unexplored.




Conclusions

Type I IFN is an essential component of the immune response towards viral infections, and a strong IFN signature has been described in various connective tissue diseases, including anti-MDA5 syndrome. Apart from triggering the synthesis of autoantibodies, SARS-CoV-2 might be able to elicit an autoimmune response involved in inflammatory myositis pathogenesis, associated to the type I IFN-rich molecular milieu promoted by the virus itself. Both de novo anti-MDA5 syndrome development and disease relapses could occur through such immune mechanisms. Ultimately, clinicians should be aware that autoimmune phenomena, ranging from isolated autoantibody positivity to overt systemic rheumatologic syndromes, are a possible complication of even mild or asymptomatic SARS-CoV-2 infections, and that the dogmatic separation between infections and chronic inflammation should be dynamically reconsidered.
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Background

Accumulating evidence has revealed that the prevalence of Coronavirus 2019 (COVID-19) was significantly higher in patients with primary Sjogren’s syndrome (pSS) compared to the general population. However, the mechanism remains incompletely elucidated. This study aimed to further investigate the molecular mechanisms underlying the development of this complication.



Methods

The gene expression profiles of COVID-19 (GSE157103) and pSS (GSE40611) were downloaded from the Gene Expression Omnibus (GEO) database. After identifying the common differentially expressed genes (DEGs) for pSS and COVID-19, functional annotation, protein-protein interaction (PPI) network, module construction and hub gene identification were performed. Finally, we constructed transcription factor (TF)-gene regulatory network and TF-miRNA regulatory network for hub genes.



Results

A total of 40 common DEGs were selected for subsequent analyses. Functional analyses showed that cellular components and metabolic pathways collectively participated in the development and progression of pSS and COVID-19. Finally, 12 significant hub genes were identified using the cytoHubba plugin, including CMPK2, TYMS, RRM2, HERC5, IFI44L, IFI44, IFIT2, IFIT1, IFIT3, MX1, CDCA2 and TOP2A, which had preferable values as diagnostic markers for COVID-19 and pSS.



Conclusions

Our study reveals common pathogenesis of pSS and COVID-19. These common pathways and pivotal genes may provide new ideas for further mechanistic studies.
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Introduction

Primary Sjogren’s syndrome (pSS) is one of the most common systemic autoimmune disorders, frequently accompanied by a variety of specific autoantibodies, such as antinuclear antibodies (ANAs), antibodies against Ro/Sjogren’s syndrome-related antigen A (SSA) and La/Sjogren’s syndrome-related antigen B(SSB), and hypergammaglobulinemia (1, 2). The prevalence of pSS is about 60 cases per 100,000 inhabitants (3) and there is a significant gender distribution difference, with the number of male patients to female patients ratio being about 1:9 (4). It is marked by lymphocytic infiltration of exocrine glands, such as lacrimal glands, salivary glands and other exocrine glands, characterized by oral and ocular dryness. At least one-third of patients with pSS may have multiple organ function impairment, such as severe thrombocytopenic purpura, primary biliary cirrhosis, and interstitial pneumonia, which can seriously compromise the patient’s prognosis, and 5% of patients may develop lymphoma (5).

The etiology and pathogenesis of pSS are still not fully elucidated and may be related to various factors such as infection, genetics and sex hormone abnormalities. Among them, viral infections are more closely related to pSS. Epstein-Barr virus (EBV), cytomegalovirus (CMV) and hepatitis C virus (HCV) may play an important role in the pathogenesis of pSS.

EBV, a DNA virus, was the first virus identified in association with pSS. EBV can affect the host immune system by directly infecting lymphocytes and indirectly regulating the expression of viral antigens through immunomodulatory mechanisms (6). The DNA component of EBV has been found to be detectable in the epithelial cells of saliva and lacrimal glands of patients with pSS (7). Studies have reported that EBV can induce autoimmune disorders in pSS through type I interferon, molecular mimicry and ectopic lymphoid-like structures (ELS),a feature of pSS pathogenesis. EBV promotes the development and progression of pSS by inducing TLR to promote IFN-I production by dendritic cells (8, 9). In addition, the molecular mimicry between pSS autoantigens and EBV-associated antigens in the serum of pSS patients suggests that EBV infection may be involved in pathogenesis through molecular mimicry mechanism (10). Moreover, EBV can invade the ELS and thus contribute to the growth and differentiation of self-reactive B cells in pSS patients (11). CMV is a double-stranded DNA virus. It was found that CMV IgG concentrations were higher in the control group than in the pSS patient group, implying that CMV infection may be associated with the development of pSS, however, this needs to be confirmed by further clinical studies (12). HCV is a RNA virus capable of causing chronic hepatitis, cirrhosis and hepatocellular carcinoma. The pSS-characteristic salivary gland lymphocyte infiltration was found in patients with hepatitis C (13). Therefore, it was hypothesized that HCV infection might be associated with the development of SS and further studies are needed to confirm the relationship between HCV and pSS. However, although viruses such as EBV, CMV and HCV have been found to influence the pathogenesis of pSS, there are still relatively few studies focusing on COVID-19 and pSS.

Currently, Coronavirus 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is ravaging the world, which is posing an ongoing challenge to global health (14). Globally, as of 8 April 2022, there have been 494,587,638 confirmed cases of COVID-19, including 6,170,283 deaths (https://covid19.who.int/). In addition to imposing a severe burden on global healthcare systems, the epidemic is also posing a serious challenge to the management of patients with “inflammatory autoimmune systemic diseases”, including primary Sjogren’s syndrome (15, 16). Multiple studies have reported that a significantly higher prevalence of COVID-19 has been observed in patients with pSS than in the general population (17, 18). Immune dysfunction, as well as the use of immunosuppressive therapies, have been reported to predispose pSS patients to severe bacterial and viral infections (18), however, the underlying mechanism of this phenomenon is still not fully elucidated.

Exploring the common transcriptional profile of pSS and COVID-19 may provide new insights into common pathogenesis of the two diseases. In this study, we aimed to identify pivotal genes associated with the pathogenesis of pSS complicated with COVID-19. Two datasets downloaded from the GEO database (GSE30999 and GSE28829) were analyzed. Integrated bioinformatics and enrichment analysis were used to identify common DEGs and their functions in COVID-19 and pSS. In addition, a PPI network was constructed using the STRING database and Cytoscape software (version 3.9.1) to analyze the gene modules and identify hub genes. Finally, we identified 12 important hub genes and further constructed TF-gene regulatory network and TF-miRNA regulatory network for these genes. The hub genes identified in this study between COVID-19 and pSS are expected to provide new insights into the biological mechanisms of these two diseases.



Materials and methods


Datasets preparation

GEO (www.ncbi.nlm.nih.gov/geo) is a large database containing gene expression for multiple diseases, which is publicly available and free of charge (19). GSE157103 (20) dataset contains 100 COVID-19 samples and 26 non-COVID-19 samples, which used high throughput sequencing technology based on Illumina NovaSeq 6000 platform. GSE40611 (21) dataset consists of 17 pSS tissues and 18 control tissues, which was based on Affymetrix Human Genome U133 Plus 2.0 Array platform.



Identification of shared DEGs between COVID-19 and primary Sjogren’s syndrome

GEO2R (22) (www.ncbi.nlm.nih.gov/geo/geo2r/) is an online web-based tool that can be employed to compare and analyze gene expression between different sample groups. Networkanalyst (23) (www.networkanalyst.ca/) is an online visual analytics platform that enables gene expression differential analysis and enrichment analysis, meta-analysis, protein-protein interaction network analysis, and integrated analysis of multiple datasets. In this study, Networkanalyst was used to identify DEGs for GSE157103 and we employed GEO2R to analyze DEGs for GSE40611. Genes with adjusted P-value < 0.05 and |log2 fold change (log2FC)| > 1.0 were considered DEGs. The R language package VennDiagram (24) was used to obtain shared DEGs between the GSE157103 and GSE40611 datasets.



Gene ontology and KEGG enrichment analysis

KEGG Orthology Based Annotation System (25) (KOBAS; http://bioinfo.org/kobas) is a database developed by Peking University for annotation and identification of enriched pathways and diseases. Gene ontology and KEGG enrichment analysis were performed to analyze the potential function of DEGs by using the KOBAS 3.0 database. Adjusted P-value < 0.05 was considered statistically significant.



Construction of protein–protein interaction network and module analysis

Search Tool for the Retrieval of Interacting Genes (STRING (26); http://string-db.org) (version 11.5) is a database for the study of protein interactions with information on more than 14,000 species, more than 60 million proteins, and more than 20 billion interactions, which include both direct physical interactions as well as indirect functional correlations. The protein-protein interaction (PPI) interaction network of the common DEGs was constructed by STRING with an interaction score > 0.4. Cytoscape software (27) (version 3.9.0) was used to visualize the PPI network and we used the Cytoscape plug-in Molecular Complex Detection (MCODE (28)) to analyze core functional modules. The parameters were set as follows: degree cutoff = 2, max depth = 100, node score cutoff = 0.2 and K-core = 2. Then KOBAS 3.0 was applied to carry out KEGG and GO analysis of the genes in each module.



Identification and analysis of hub genes

The hub genes were selected by a plug-in cytoHubba (29) of Cytoscape and then seven algorithms (Closeness, MCC, Degree, MNC, Radiality, Stress and EPC) were used to confirm the final hub genes, which were visualized by Venn diagram. GeneMANIA (30) (http://genemania.org), an online tool that can predict gene interactions, was utilized to construct a co-expression network of identified hub genes.



Construction of TF-gene regulatory network and TF-miRNA regulatory network

In this study, TF-gene regulatory network and TF-miRNA regulatory network were constructed by utilizing the Networkanalyst platform. In the case of TF-gene regulatory network, the ENCODE (31) (https://www.encodeproject.org/) database, which is included in the Networkanalyst platform, was been used. As for TF-miRNA regulatory network, it was acquired from the RegNetwork (32) (http://www.regnetworkweb.org) database, which is incorporated in the NetworkAnalyst platform.



ROC curves of hub genes

ROC curves were constructed and the area under the ROC curve (AUC) was calculated separately to evaluate the diagnostic performance of the hub genes on COVID-19 and pSS using the R packages “pROC” (33).




Results


Identification of DEGs and shared genes between COVID-19 and primary Sjogren’s syndrome

The overall flow chart of this study was shown in Figure 1. For GSE157103 dataset, a total of 1003 DEGs were identified, among which 554 genes were up-regulated and 449 genes were down-regulated (Figure 2A). Based on the GSE40611  dataset, we identified 351 DEGs including 291 upregulated genes and 60 downregulated genes (Figure 2B). Then by taking the intersection of DEGs of GSE157103 dataset and GSE40611 dataset, there were 40 shared DEGs selected, which were visualized by Venn diagrams (Figure 2C).




Figure 1 | Workflow diagram of this study.






Figure 2 | Volcano diagram and Venn diagram. (A) The volcano map of GSE157103. (B) The volcano map of GSE40611. Upregulated genes are colored in red; downregulated genes are colored in green. (C) The two datasets showed an overlap of 40 DEGs.





GO and KEGG pathway enrichment analysis

For GO enrichment analysis, the top five significant terms showed that the shared DEGs were mainly involved in protein binding cytoplasm, cytosol, nucleus and nucleoplasm (Figure 3A). In terms of KEGG pathway enrichment analysis, the top five significant terms were metabolic pathways, pyrimidine metabolism, cell cycle, hepatitis C and cytokine-cytokine receptor interaction. These results forcefully indicated that cellular component and metabolic pathways collectively participated in the development and progression of both inflammatory diseases (Figure 3B).




Figure 3 | GO and KEGG enrichment analysis of common DEGs. (A)The enrichment analysis results of GO. (B)The enrichment analysis results of KEGG Pathway. Adjusted P-value < 0.05 was considered significant.





Protein–protein interaction network analysis and submodule analysis

The PPI network included 40 nodes and 149 edges, of which the PPI enrichment P-value was lower than 1.0e − 16 (Figure 4). By visualizing the PPI network using Cytoscape software, the redder the color of the gene in the network, the higher the connectivity of the gene with other genes. A key gene module, including 25 shared DEGs, was obtained by applying the MCODE plug-in of Cytoscape (Figure 5A). GO enrichment analysis of these genes in the module showed that these genes were mainly associated with cytoplasm, defense response to virus, response to virus, cytosol and type I interferon signaling pathway (Figure 5B). KEGG enrichment analysis of these genes in the module indicated that these genes were mainly related to pyrimidine metabolism, cell cycle, p53 signaling pathway, progesterone-mediated oocyte maturation and cellular senescence (Figure 5C).




Figure 4 | PPI network diagram. The redder the color of the gene in the network, the higher the connectivity of the gene with other genes.






Figure 5 | Significant gene module and enrichment analysis of the modular genes (A) A significant gene clustering module. (B) GO enrichment analysis of the modular genes. (C) KEGG enrichment analysis of the modular genes.





Identification and functional analysis of hub genes

By applying the seven algorithms of plug-in cytoHubba, we screened the top 20 hub genes. Through the intersection of Venn diagrams, 12 common hub genes were finally identified, including CMPK2, TYMS, RRM2, HERC5, IFI44L, IFI44, IFIT2, IFIT1, IFIT3, MX1, CDCA2 and TOP2A (Figure 6A). According to GeneMANIA database, we constructed a complex gene interaction network to decipher the biological functions of these hub genes, with the co-expression of 60.37%, physical interactions of 33.91%, co-localization of 3.46%, predicted of 2.15% and pathway of 0.10% (Figure 6B). Twenty genes associated with the 12 hub genes were identified, and the results showed that they were mainly linked to response to type I interferon, response to virus, regulation of viral genome replication, regulation of viral life cycle, viral life cycle, deoxyribonucleotide metabolic process and adenylyltransferase activity.




Figure 6 | Venn diagram and co-expression network of hub genes. (A) The Venn diagram showed 12 overlapping hub genes screened by 7 algorithms. (B) Hub genes and their co-expression genes were analyzed via GeneMANIA.





TF-gene interactions and TF-miRNA co-regulatory network

TFs which can interact with the 12 hub genes were predicted by Networkanalyst, and the TF-gene regulatory network was plotted and visualized by Cytoscape (Figure 7). The network contains 124 TFs, 134 nodes and 165 edges. These TFs regulate more than one hub gene in the network, which demonstrated the high interaction of TFs with hub genes. Subsequently, TF-miRNA co-regulatory network was constructed using NetworkAnalyst, which predicted the interaction of miRNA and TF with hub genes (Figure 8). This interaction may be responsible for the regulation of hub gene expression. The network included 65 nodes and 85 edges and 12 miRNAs and 45 TF genes interacted with hub genes.




Figure 7 | Network for TF-gene interaction with hub genes. The highlighted blue color node represents the hub genes and other nodes represent TF-genes.






Figure 8 | The network presents the TF-miRNA coregulatory network. The network consists of 65 nodes and 85 edges including 45 TF-genes, 12 miRNA and 8 hub genes. The nodes in red color are the hub genes, a yellow node represents TF-genes and other nodes indicate miRNAs.





ROC curves of hub genes

We assessed the diagnostic efficacy of the 12 hub genes by plotting ROC curves. In the COVID-19 dataset, TYMS(AUC:0.952), RRM2(AUC:0.954), CDCA2(AUC:0.946) and TOP2A(AUC:0.958) exhibited good diagnostic efficiency for differentiating the patients with SARS-CoV-2 from healthy controls (Figure 9A). In the pSS dataset, CMPK2 (AUC:0.922), TYMS (AUC:0.918), IFI44 (AUC:0.925), IFIT1 (AUC:0.948), IFIT3(AUC:0.944) and MX1 (AUC:0.935) exhibited preferable diagnostic performance for differentiating pSS patients from healthy controls (Figure 9B).




Figure 9 | Validation of diagnostic shared biomarkers. (A) The ROC curve of the diagnostic efficacy verification in GSE157103. (B) The ROC curve of the diagnostic efficacy verification in GSE40611.






Discussion

Evidence has indicated that the prevalence of COVID-19 was significantly higher in patients with pSS compared to the general population. A variety of viruses (EBV, CMV and HCV) have been found to be closely associated with the development of pSS, but there are still fewer studies on COVID-19 and pSS. Hence, we attempted to explore the shared molecular biological function and pathways between COVID-19 and pSS, and to determine the interrelationship between COVID-19 and pSS.

In this study, 40 shared DEGs of COVID-19 and pSS have been identified. After constructing the PPI network of common DEGs, we identified 12 hub genes (CMPK2, TYMS, RRM2, HERC5, IFI44L, IFI44, IFIT2, IFIT1, IFIT3, MX1, CDCA2 and TOP2A).

Seven genes have been reported to be related to the pathological mechanism of COVID-19 and pSS. CMPK2 (Cytidine/uridine monophosphate kinase 2) is a thymidylate kinase, known to be associated with mitochondrial DNA (mtDNA) synthesis, and may attenuate the severity of acute respiratory distress syndrome (ARDS), a common complication of severe COVID-19, by rate-limiting for mtDNA synthesis (34, 35). In pSS samples, CMPK2 was reported to be upregulated and was linked to the extent of immune cell infiltration, mitochondrial respiratory chain complexes, and mitochondrial metabolic pathways (36). HERC5 (HECT and RLD domain containing E3 ubiquitin protein ligase 5) is an antiviral immune protein which is induced by interferon. It can inhibit replication of hepatitis C (HCV), influenza A (IAV), human immunodeficiency virus (HIV), SARS-CoV-2 and other viruses by mediating ISGylation of protein targets induced by type I interferon (37–39). IFI44L (Interferon(IFN) Induced Protein 44 Like) is a type-1 I interferon-stimulated gene, induced by several different viruses. IFI44L expression was significantly higher in pSS patients than in controls and was markedly increased after IFN-α or IFN-β stimulation (40, 41). In addition, this gene was also significantly upregulated in SARS-CoV-2 infected cardiac tissues (42). As a feedback regulator of IFN responses, IFI44L can facilitate virus replication via modulating innate immune responses induced after virus infections (43). IFIT (Interferon-induced protein with tetratricopeptide repeats) genes are interferon-stimulated genes and consist of four genes, IFIT1, IFIT2, IFIT3 and IFIT5. The expression of IFIT genes is low in multiple cell types, while viral infection can increase their expression. In pathological conditions, they inhibit viral replication by binding and modulating the function of cellular and viral proteins (44, 45). IFIT1, IFIT2 and IFIT3 have been shown to be upregulated in cells infected with SARS-CoV-2, indicating activation of the interferon innate response, which could be regarded as potential drug targets for the treatment of COVID-19 (46–48). Moreover, they may upregulate the expression of CXCL10 which induces lymphocyte chemotaxis and may inhibit the replication of viruses. These molecules may play a critical role in the innate immune response in response to viruses (49). MX1 (Myxovirus resistance 1) encodes a guanosine triphosphate (GTP) metabolizing protein involved in the cellular antiviral response. The encoded protein is induced by type I and type II interferons and antagonizes the replication process of multiple different RNA and DNA viruses. Through binding to viral nucleoproteins, MX1 can interfere with the transcription of influenza viruses (50–52). Several studies have revealed that MX1 is overexpressed in COVID-19 group compared to control group, due to the activation of MX1 responding to new viruses for which the body has no immune defense (53–55). In addition, the baseline level of MX1 help to identify SARS-CoV-2-positive patients and help to differentiate patients who are inclined to different outcomes (56). Similarly, the expression of MX1 was significantly upregulated in the pSS (57). For the remaining five hub genes (TYMS, CDCA2, TOP2A, RRM2 and IFI44), there are no studies reporting their role in COVID-19 or pSS, which emphasizes its importance in future research.

In this study, GO enrichment analysis indicated that the type I interferon signaling pathway is common pathogenesis of COVID-19 and pSS. Furthermore, based on published publications, we hypothesized that type I interferon might be a shared mechanism of COVID-19 and pSS.

Interferon (IFN) is a class of cytokines with antiviral effects that directly induce anti-pathogenic immune responses by controlling the inflammatory response and coordinating the immune response, thereby resisting invasion and infection by foreign pathogens (58). Interferons induced by viral infections can be produced through different signaling pathways, eventually leading to the transcription and expression of hundreds of IFN-stimulated genes (ISGs), which further exert antiviral effects (59). Interferons are classified into three major classes: type I, II, and III interferons. Type I interferons (IFN-α, IFN-β, IFN-ϵ, IFN-κ, IFN-ω) are secreted by virus-infected cells, type II interferons (IFN-γ) are secreted by activated T cells, and type III IFN (IFN-λ) binds to type III IFN receptors (IFNLR) and is preferentially expressed on epithelial cells and certain bone marrow cells (60). Type I interferon is the main type of interferon that can exert antiviral effects.

Although IFN has anti-multiviral effects, it does not kill viruses directly, but rather inhibits the replication process by producing antiviral proteins (61). Studies have demonstrated that IFN can induce the expression of antiviral proteins upon viral infection (62). IFN-α can significantly enhance cellular susceptibility to microorganisms by upregulating Toll-like receptors (TLRs) expression or the expression of transduction molecules and kinases involved in TLR signaling (63). Moreover, IFN-α strongly increases the differentiation of T cells and enhances cellular immunity (64). In addition to its effect on T cells, IFN can also promote the proliferation of B cells and enhance humoral immune responses (65). In summary, there are two main antiviral mechanisms of IFN: one is acting on viruses, such as interfering with viral replication, and the other is acting on cells to strengthen the immune function of the body.

There is substantial evidence that type I interferon plays an important role in the pathogenesis and progression of pSS due to immune dysregulation (66). For example, it can influence the immune response to pSS, participating in the activation of antiviral responses and controlling immune responses through interactions with the corresponding receptors (67). An important role of type I interferon is to induce immune activation, which affects the production and regulation of pro-inflammatory cytokines and other mediators (68). Monocytes are stimulated by type I interferon to differentiate into dendritic cells and stimulate immature dendritic cells to express chemokines and costimulatory molecules that facilitate their homing to secondary lymphoid organs, thereby activating adaptive immunity (69). In addition, macrophages are stimulated by interferon to enhance phagocytosis. BAFF (B cell activating factor) is known to be involved in the pathogenesis of pSS, as it is upregulated in monocytes in response to type I and type II IFN and promotes B-cell survival (70). In addition to monocytes, macrophages, dendritic cells and salivary gland epithelial cells also express BAFF in response to IFN stimulation (71, 72). Transgenic mice that overproduce BAFF exhibit increased B cell proliferation, increased germinal center responses, autoantibody production, and increased numbers of immune complexes (73). This suggests that IFN (especially IFN type I) promotes the development of pSS by inducing innate immunity, activating adaptive immunity, and regulating inflammatory cytokines and antibody levels.

Although previous studies have explored the pivotal genes associated with COVID-19 and pSS, respectively. However, few studies have explored the common molecular mechanisms between the two through bioinformatic approaches. In this study, we explored and identified common DEGs, hub genes and TFs of COVID-19 and pSS for the first time, which helped to further elucidate the pathogenesis of both. However, our study also has some limitations. First, this study requires external validation to verify our findings; second, the function of hub genes needs to be further validated in an in vitro model, which will be the focus of our future work.

In conclusion, we identified common DEGs for COVID-19 and pSS and performed enrichment and PPI network analysis. We found that COVID-19 and pSS share pathogenic mechanism that may be mediated by specific hub genes. This study provides a potential direction for further investigation of the molecular mechanisms of COVID-19 and pSS.
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CD169, also known as Siglec1 or Sialoadhesin (Sn), is a surface adhesion molecule on human myeloid cells. Being part of the Siglec family, it acts as a receptor for sialylated molecular structures, which are found among various pathogenic and non-pathogenic ligands. Recent data suggest that CD169 may represent a promising new biomarker in acute respiratory and non-respiratory viral infections, such as SARS-CoV-2, Respiratory syncytial virus (RSV) and Human immunodeficiency virus (HIV). Therein lies a great potential to sufficiently differentiate viral from bacterial infection, which has been an incessant challenge in the clinical management of infectious disease. CD169 equips myeloid cells with functions, reaching far beyond pathogen elimination. In fact, CD169 seems to crosslink innate and adaptive immunity by antigen presentation and consecutive pathogen elimination, embodying a substantial pillar of immunoregulation. Yet, our knowledge about the kinetics, mechanisms of induction, signaling pathways and its precise role in host-pathogen interaction remains largely obscure. In this review, we describe the role of CD169 as a potentially novel diagnostic biomarker for respiratory viral infection by evaluating its strengths and weaknesses and considering host factors that are involved in pathogenesis of virus infection. Finally, this brief review aims to point out shortcomings of available evidence, thus, guiding future work revolving the topic.
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Introduction

The correct diagnosis of different infectious diseases in an outpatient or emergency department setting, where rapid decision making and triage are essential for disease management, is constantly being a challenge. Established biomarkers, such as C-reactive protein (CRP), procalcitonin (PCT), erythrocyte sedimentation rate (ESR), and white blood cell counts (WBC) do not provide the needed specificity to precisely differentiate and, thus, diagnose the causative microorganism; oftentimes, these biomarkers are associated with numerous other conditions, such as comorbidities, age, medication, etc. (1), and therefore they show a wide variance of their diagnostic performance (2). Researching new reliable biomarkers in the field of infectious disease would significantly improve the concept of individualized medicine. Differentiating early and accurately viral and bacterial infections will have the great benefit of reducing mortality and morbidity as well as the spread of multi-resistant pathogens due to inappropriate antibiotic use.

CD169 (Siglec1; Sialoadhesin) is featured in several infectious and inflammatory conditions, including autoimmune disease (3, 4) and organ transplant rejection (5). Both protective and pathogenic roles have been attributed to this receptor in several viral infections, e.g., involving HIV, pathogenic murine retrovirus, Zika virus, Dengue virus, and porcine reproductive and respiratory syndrome virus (PRRSV) (6–12). Recent data show that CD169 may be a potential biomarker in respiratory viral diseases, caused by SARS-CoV-2, RSV and Influenza A virus (13–22). This review aims to focus on CD169 and its diagnostic performance in acute viral infection. Potentially involved host factors, that are driving CD169 expression, will be also elaborated.


Molecular characteristics and potential contributions in immunoregulation

CD169 is an inducible and continuously expressed cell surface molecule on mononuclear phagocyte immune cells [macrophages (Mϕ), monocytes (Mo), dendritic cells (DC)], occurring among mammalian species (23, 24), which binds to sialylated ligands [preferentially α (2, 3)-linked sialic acid glycoconjugates] on endogenous and foreign pathogenic membrane surfaces (25, 26). Its level of expression varies among cell subpopulations, depending on the tissue and the niche. (27, 28) CD169+ macrophage subpopulations are strategically situated within the secondary lymphoid organs of lymphnodes [subcapsular sinus macrophages (SSMs) and medullary sinus macrophages (MSMs)] and spleen [marginal metallophilic macrophages (MMMs)]. There, they reside near B- and T-cell populations, serving immunosurveillance. Furthermore, they are distributed extensively among tissue resident macrophage subpopulation (e.g., lung, gut, skin, liver) (29–31) CD169 is characterized by 17-Ig-like domains (23, 32), allowing for pathogen binding, mediating pathogen uptake and cell-cell adhesion between different immune cells. The cytoplasmic residue of CD169, however, is rather short and poorly conserved in length and sequence, which leads to the conclusion, that the predominant function of the receptor is primarily cellular interaction, rather than signaling (23, 24, 33) (Supplementary Figure 1).

The roles and functions in immunoregulatory processes seem to be manifold, including pathogen recognition (28), pathogen uptake (28, 34, 35) cross-presentation to CD8α+ DCs (T cell priming) (25, 33, 36, 37), as well as B-cell and invariant natural killer T-cell (iNKT) activation (33, 38).

It has been repeatedly demonstrated, that CD169 plays a crucial role in cases of trans-infection in retrovirus invasion (7, 9, 39–43). Thereby, viruses exposing sialylated gangliosides in their outer surface composition are recognized and uptaken by CD169-expressing myeloid cells and subsequently presented to susceptible CD4+ T-cells at the cell-cell interface between antigen presenting cell (APC) and T-cell (39). The ability to trans infect has recently been described in the context of SARS-CoV-2 infection as well, extending the results shown in retroviruses (44, 45). In a similar way to what has been described in Ebola-virus infection (46), Perez-Zsolt et al. reported the storage of SARS-CoV-2 particles within virus containing compartments (VCCs) on infected DCs, eventually resulting in trans-infection of ACE2-and TMPRSS2-expressing cells via DCs (44, 47). Treatment with monoclonal antibodies against the CD169 receptor demonstrated significant decrease of trans-infection (40), which shows potential as a therapeutic target.

Pediatric studies are rather scarce. However, Jans et al. investigated the in vitro monocytic CD169 expression levels in infants and adults following RSV infection and found comparable upregulation among patient groups. Their research demonstrated, that CD169 induced through RSV infection led to a decrease of interferon-γ (IFN-γ) release by adult CD4+ T-cells, whereas the infant group showed no reduction of IFN-γ, possibly due to the lack of differentiated CD4+ memory T-cells in newborn and infants. Also, lower CD43 expression on naïve T-cells were seen in the pediatric group in comparison to adult T-cell expression (22). CD43 has been proposed as the main counter receptor for CD169 on T-cells and is highly represented on adult memory T-cells (22, 48). Therefore, low CD43 on infants’ naïve T-cells is presumably accountable for the lack of inhibitory IFN-γ signaling by CD169 induction (22). An overview of potential immunoregulatory implications of CD169 is depicted in Figure 1.
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FIGURE 1
Potential implications of CD169+ myeloid cells on different cell subsets of innate and adaptive immunity. CD169+ expression is induced by type I IFN signaling following viral penetration. Downstream IFN pathways are set in motion, promoting virus titer control and adaptive immune cell priming and recruitment. Influencing factors of type I IFN induced CD169, that are contributing to the impairment of antiviral immunity need further clarification. The displayed pathways likely differ between myeloid cell lines, as well as between adults and children, and are depicted in one single figure, solely for illustrating purposes of the processes described in available literature. PAMP, pathogen associated molecular patterns; LT-α/β, lymphotoxin α/β; IFN, interferon; DC, dendritic cell; VCC, virus containing compartment. The figure was created with BioRender.com.


Notably, CD169 is also involved in infection with certain bacteria in diverse peripheral tissues, such as skin, brain, and gut tissue. Encapsulated bacteria like Escheria coli, Campylobacter jejuni, Neisseria meningitidis and group A and B Streptococcus (GAS, GBS) have evolutionary evolved remarkable escape strategies by mimicking host polysaccharide structures like GM1. These strategies dampen anti-bacterial activities, e.g., by binding to inhibitory members of the Siglec1-family (49, 50). CD169, in contrast, is lacking inhibitory signaling motifs. CD169 is rather capable of recognizing sialylated pathogens, such as GBS, mediating phagocytosis and promoting bactericidal activities (50). In the autoimmune disease Guillain-Barré – Syndrome, Campylobacter jejuni expresses lipooligosaccharides structures on its surface, that are structurally similar to gangliosides in humans, allegedly causing auto reactive antibodies via CD169-Sia interactions (26). On the other hand, very recent evidence showed, that treatment with Staphylococcus aureus on CD169-deficient mice indicated impaired local immune response and adaptive immune cell recruitment of IL-17 producing γδ T-cells in the dermis (51). Additionally, an increase in bacterial burden was observed and the authors proposed a local type I IFN signaling pathway driving CD169 expression, but the source of type I IFN could not be elucidated (51). Lastly, results from knockout experiments on CD169 in Mycobacterium tuberculosis infection suggest that the receptor is responsible for the retainment of extracellular vesicles deriving from infected cells resulting in early antiviral immune activation (52).

Summing up, CD169, expressed on myeloid cells comprises fundamental implications on both innate and adaptive immunity. The profound role in pathogen recognition via sialylated gangliosides and consecutive virus containment has become evident (27). Beyond that, direct and indirect immunoregulatory influences on adaptive immune cell subsets in an activating, priming, and recruiting fashion are observed. Along with protective antiviral attributions, viral hijacking of CD169+ DCs with subsequent trans-infection of susceptible adaptive immune cells have extensively been investigated in retrovirus infection and lately been shown in SARS-CoV-2 infection. The role in enveloped virus transmission via CD169 mediated trans-infection needs future investigation and holds space for potential therapeutic targeting. Prompt CD169 upregulation on infant monocytes due to RSV infection suggests an inborne mechanism following evolutionary conserved pathogen recognition receptor (PRR) signaling.



Mechanisms of induction and cell population maintenance

One of the main drivers of CD169 upregulation is through mechanisms that lead to type I interferon (IFN-I) responses. Especially IFN-α plays a major part in CD169 expression (23). The typical involvement of type I interferons are conditions of proinflammatory, immunoregulatory and anti-tumoral nature, which explains the increased expression of myeloid CD169 in this context (53). Furthermore, the capability of detecting and engulfing viruses is critically dependent on the recognition of sialic acid, which has been demonstrated in in vitro SARS-CoV-2 experiments, where mutation of CD169 led to impaired viral uptake. Monosialotetrahexosylganglioside (GM1) could be identified as one of the gangliosides interacting with CD169 in vitro (44). Although not shown in respiratory viral infection, several studies, found the sialic acid containing monosialodihexosylganglioside (GM3) to be another physiological ligand of CD169 (54–57) In vivo analyses revealed a direct and clear upregulation of the receptor upon IFN-I (α/β/ω) stimulation within the physiological ranges of viral infection (58). In addition, significant changes in pSTAT1 and pSTAT2, pathways that are crucially involved in antiviral activity, have been detected (58, 59). Of note, CD169+ macrophages have been found to be one of the main IFN-1 producers upon virus infection, themselves, making a self-enforcing process of IFN-mediated antiviral activity conceivable (27). Supporting that, in vitro IFN-α exposure of monocyte-derived macrophages (MDMs) and monocyte-derived dendritic cells (MDDCs) seems to enhance the capacity to uptake SARS-CoV-2 virus particles in contrast to non-stimulated APCs (44).

In mediating immunoregulatory functions, CD169+ cell subpopulations are susceptible toward environmental changes. To date, the evidence on milieu and cell maintenance relationship is obscure. Knockout analyses were able to identify some of the factors, that are creating an environmental niche, which is affecting the differentiation and maintenance of lymphoid tissue CD169+ macrophages: Receptor activator of nuclear factor kappa-B ligand (RANKL), member of the TNF superfamily is a key factor in controlling lymphnode organogenesis and is primarily expressed by marginal reticular cells, a stromal cell subset. RANKL deficiency in Cd169-cre Rankfl/fl mice has resulted in quantitative decrease and impaired differentiation in subcapsular sinus macrophages (SSMs) and medullary sinus macrophages (MSMs) (60) Expanding on these results, Camara et al. further revealed in a different work, that deficiency in B-cell derived lymphotoxin α/β (LT α/β) and LTβ receptor (LTβR) also led to decrease in numbers of SSMs and MMMs and to exchange of lymphoid CD169+ macrophages (19, 60, 61) Additionally, Shinde et al. studied the correlation between tumor necrosis factor (TNF), IFN-I expression and CD169 expression in vesicular stomatitis virus (VSV) infection and they demonstrated that, the ablation of TNF receptor (TNF-R) and mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) led to severe immunopathology (62). They concluded that TNF is contributing to the maintenance of CD169+ cells, resulting in early virus replication, thus promoting early antiviral immune activation. Of note, it’s suggested, that the retainment of viral antigen by CD169+ myeloid cells is enabling early antigen presentation, which could be beneficial in amplifying the adaptive immune response in early infection (62).



Host factors in pathogenesis

Given the assumption that CD169 is representing an important immunoregulatory player in the early stages of infection and disease progression, implications of loss-of-function phenotypic variants have demonstrated the course of infection in null individuals; Martinez-Picado et al. investigated a large cohort of HIV-infected individuals comprising of two homozygous and 97 heterozygous individuals expressing a specific stop-codon variant (Glu88Ter) in the CD169 gene (40). This gene is variously found among individuals of different ethnicities (39, 40). Interestingly, no significant differences in terms of virus acquisition, viral plasma load nor disease progression could be seen, despite phenotypical differentially expressed haploinsufficiency or protein absence (40). Yet, the heterozygous subjects revealed lower virus capture abilities than the control group and the results indicated that homozygous loss-of-function variant cannot be compensated. Notably, the identification of two infected null individuals indicate, that functional CD169 is dispensable in terms of HIV acquisition (40). Similarly, another work on PRRSV infection in CD169 knockout pigs showed no significant differences in severity of interstitial pneumonia development or histopathology in CD169 deficient compared to heterozygous and wild type animals, despite the prove of productive PRRSV infection in the piglets (11). However, the ablation of in vivo CD169+ alveolar macrophage (AM) population in a transgenic CD-169-DTR mouse strain boosted inflammation and respiratory dysfunction in response to PR8 influenza virus infection, leading the authors to conclude, that CD169+ AMs are thoroughly involved in disease containment, especially early virus titer control, and development of disease severity (27).

Based on the above findings from different animal models and human data, genetic loss of function alterations of CD169 in viral infection provides conflicting results. Impaired virus control and disease aggravation possibly depends on the virus strain, the species being infected, individual immune status and cell line susceptibility. Future ex vivo and in vivo research need to shed light on the precise impact of receptor loss-of-function variants.

Regarding the CD169 expression upon IFN-α/β stimulation, impaired or deficient IFN-1 signaling, (as shown in critically ill COVID-19-patients), may also negatively influence the expression of CD169, and, therefore, the viral control in early stages of infection (16, 20, 63). The hypothesis of neutralizing IgG autoantibodies against type I IFN has been tested in SARS-CoV-2 infection and was proven to be a potential underlying factor in the course of critical disease. In vivo and in vitro studies, published by Bastard et al. demonstrate the presence of neutralizing type I IFN autoantibodies in about 10% of critically ill SARS-CoV-2 patients, that cause decrease in pSTAT1 in the majority of (almost exclusively male) patients (64). Thus, it would be interesting to see, if similar results are reproducible among other viral infections, how they correspond to CD169 expression levels and under which conditions external acquisition of interferonopathy and impairment of downstream CD169 expression is possible. Nevertheless, a connection seems very plausible, since these findings are in accordance with low CD169 levels in severe SARS-CoV-2 infection, as described by Doehn et al. (20). Moreover, Zhang et al. identified inborn type I IFN-associated deficiencies resulting in severe illness in the context of SARS-CoV-2 (64). Moreover, genetic interferonopathies of type I IFN, have been associated with high levels of monocytic CD169 in childhood autoimmune Aicardi Goutière syndrome (AGS) and Singleton-Merten syndrome (SMS) and therefore monocytic CD169 has been proposed as an effective screening marker (65).




CD169: Clinical marker of viral disease

Although, numerous aspects of the positive and negative control mechanisms of CD169 expression in health and disease still need further clarification, its momentous participation in fundamental immunologic processes (such as surveillance, recognition of self and foreign, antigen uptake, containment, and presentation) has been demonstrated. Recently, multiple studies have been testing the capacities of CD169 as a biomarker in viral disease. Clinical trials, performed to date, mainly revolve around SARS-CoV-2 infection (13–16, 19–21, 58). Very few studies have indicated the role in infection by other respiratory viruses, such as RSV, Influenza A virus or Rhinoviruses (15, 22).

The ongoing clinical challenge is how to correctly identify the underlying cause when infection is suspected. The development of reliable host-based biomarkers is necessary to bridge the diagnostic gap in ambiguous clinical cases of infection. High sensitivity (negative test results; “rule-out-approach”) values are needed to not miss any patients with bacterial infection in need for antibiotics, whereas a “rule-in-approach” (positive test results), thus high specificity, is necessary in cases of viral infections (14, 66).


CD169 as an early diagnostic marker in SARS-CoV-2 infection

Since the onset of SARS-CoV-2 pandemic in 2019, a series of both retrospective and prospective clinical studies, investigating the diagnostic performance and discriminative ability of (monocytic) CD169 as a host-based biomarker of acute viral disease have been performed.

Monocytic CD169 (mCD169) expression levels reliably detected viral infection and results [measured in mean fluorescence intensity values (MFI) or monocyte/lymphocyte ratio MFI (rMFI)] displayed high sensitivity (≥ 80%) and specificity (≥ 91%) throughout (Table 1). Worth mentioning, where data were available, mCD196 expression exceeded the sensitivity and specificity of CRP (14, 16). Moreover, CD169 and viral load (cycle threshold values and time to positive PCR) were directly associated (15, 16, 21). The comparison of mCD169 levels between patients with active SARS-CoV-2 infection and virally suppressed HIV patients under antiretroviral therapy, showed significant differences, substantiating the role of CD169 as a marker of acute viral infection (21). Bedin et al. researched the monocytic CD169 expression at the beginnings of the COVID-19 pandemic (March/April 2020) and several valuable observations were made (16): No association between the onset of symptoms and mCD169 levels on hospital admission could be detected. Interestingly, mCD169 levels were not connected to disease severity or need for ICU treatment. Other observations included positive correlations between mCD169 and IFN-α levels, which both decreased over time of hospitalization. Lastly, the retrospective analysis of anti-SARS-CoV-2-IgG responses, were present in 7 SARS-CoV-2 positive subjects and were accompanied by lower mCD169 expression, suggesting that higher levels are seen before seroconversion (16). These results are in accordance with published evidence by Minutolo et al. who showed positive correlation between the mCD169/lymphocyte ratio (RMFI) and the percentage of marginal naïve B-cells (19). Recently, a study demonstrated the longitudinal CD169 expression in COVID-19 infection, and the results demonstrated higher levels of expression in early stages and mild cases of SARS-CoV-2 infection, in contrast to significantly decreased expression in critically ill patients (20). In mild cases, CD169 expression peaked within the first 3 days post symptom onset and showed slow decrease to normal ranges within 3–4 weeks. In addition, as mentioned before, a strong correlation between viral load and CD169 expression in mild cases was seen, which interestingly, was not the case for severe disease (20). Additionally, the assessment of the monocyte landscape by t-distributed stochastic neighbor embedding analysis (t-SNE) showed, that the monocyte subpopulation in mild cases almost exclusively consisted of CD169+ clusters, which were significantly increased in mild disease, decreased in severe disease, and absent in healthy individuals (67). These findings once again are indicative of a protective role of CD169 in viral disease.


TABLE 1    Clinical trials indicating the diagnostic performance of monocytic CD169.
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In contrast, increased CD169 expression in moderately and severely diseased patients have also been described in untreated patients presenting with severe interstitial pneumonia and SARS-CoV-2 associated multisystem inflammatory syndrome in children (MIS-C), suggesting that CD169 may be a prognostic marker for oxygen need and adverse outcomes (19, 36). Moreover, a significant over-expression of monocytic CD169 has been seen in patients admitted to the ICU due to severe SARS-CoV-2 infection (18).

Comparative immune profiling of patients presenting with or without acute respiratory distress syndrome (ARDS) in SARS-CoV-2 patients revealed a peculiar CD169 associated immune signature, which was not seen in ARDS patients negative for SARS-CoV-2. But no immune signature changes could be seen within the SARS-CoV-2-infected patients (ARDS vs. no ARDS) (68).

In summary, the clinical trials that have been conducted so far, show promising results for the diagnostic potential of CD169 as a screening tool for viral disease. However, not only studies are still scarce but also the “normal” values and limits of CD169 remain non-standardized. Regarding its prognostic and monitoring properties, the evidence is inconsistent. Prospective data should address the host factors, involved in the balancing act of CD169 expression between immune competence and immune deterioration, that are underlying asymptomatic/mild and severe disease progression.

Lastly, another constraint should be addressed: As already indicated, CD169 expression has been shown to be associated not only with respiratory viral disease, but also other (pathogenic) conditions of inflammatory or, infectious nature, e.g., autoimmunity, cancer, organ transplant rejection, bacterial infection, and various non-respiratory viral infections (3–5, 26, 40, 46, 50, 51, 53, 69). It may be assumed, that the diagnostic value of CD169 in patients affected with one or several of the above-mentioned pathologies is of limited significance.




Discussion

The existing evidence clearly indicates the valuable role of CD169 in diverse immunoregulatory functions, particularly in effecting early infection and viral control as well as its impact on adaptive immunity. Being a downstream molecule of type I IFN signaling, various interferonopathies are likely to impair the expression of CD169, as has already been depicted in the literature. Besides, a loss of function variant affecting the CD169 molecule itself has also been described.

The good diagnostic performance of CD169 as a biomarker of acute viral disease so far, seems to be promising in both viral epidemics where high sensitivity is needed (“rule-out-approach”), and in non-epidemic scenarios where high specificity is required (“rule-in approach”). Nonetheless, clinical trials are still limited; moreover, establishing universal laboratory standards and methodological groundwork is crucial for the improvement of comparability of laboratory testing and results among future studies (52). This encompasses pre- and post-analytical issues, as well as prospectively randomized design of clinical studies and patient recruitment strategies. Most of the clinical trials to date, have been conducted among SARS-CoV-2 patients, and only a very small number of studies showed the significance of CD169 as a virus-induced surface marker in other respiratory viral infections, like influenza A virus and RSV. However, large studies focusing on different viral strains are needed to confirm these preliminary data. Furthermore, future study protocols should take under consideration demographic data including age, gender, ethnical background and comorbidities. Current data regarding CD169 expression in acutely infected patients, almost exclusively focuses on adult patients. Indeed, studying the expression in vulnerable patient groups, e.g., children, elderly, immunocompromised, pregnant, etc., would be particularly interesting, as these groups are commonly affected by severe viral infections, and therefore are more frequently in need for medical care or intervention. Besides viral infections, increased CD169 is seen in autoimmune conditions and anti-tumor immune responses. Hence, the diagnostic performance of CD169 as a biomarker of acute viral disease in these conditions needs further evaluation. What is more, effects of antiviral and anti-inflammatory properties on CD169 expression have not been investigated in depth yet. Finally, more research addressing the positive, but mainly the negative control mechanisms are needed to give a better understanding of origin and fate of these remarkable CD169 expressing myeloid cell subsets.

Finally, it should be mentioned, that this Mini Review has its limitations. Since the literature search has been focused on the implications of CD169 in respiratory viral disease, the connection between CD169 and HIV, respectively autoimmune (e.g., SLE) and cancerous disease have largely remained unconsidered. Moreover, especially with reference to SARS-CoV-2, new evidence emerges constantly. This literature search has been conducted with utmost care; within the common limitations of unsystematic narrative reviews, it aims to serve as a roundup on the available evidence on the role of CD169 within the scope of respiratory viral disease, while also directing future work in a field, that is very much in motion.



Authors contribution

SH wrote the manuscript. SH, BA, and SM contributed to the literature search. BA revised the manuscript. CS and PF critically revised the manuscript and contributed to conceptualization and supervision of the work. All authors contributed to the article and approved the submitted version.



Funding

CS was supported by the Universities Giessen and Marburg Lung Center (UGMLC), German Center for Lung Research (DZL), University Hospital Giessen and Marburg (UKGM) research funding according to article 2, section 3 cooperation agreement, and Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)-SFB 1021 (Project-ID 197785619), KFO 309 (Project-ID 284237345), and SK 317/1-1 (Project-ID 428518790) as well as by the Foundation for Pathobiochemistry and Molecular Diagnostics.



Conflict of interest

CS was supported by Consultancy and Research Funding by Hycor Biomedical, Bencard Allergie, and Thermo Fisher Scientific and Research Funding by Hycor Biomedical and Mead Johnson Nutrition (MJN).

The remaining 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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.979373/full#supplementary-material

SUPPLEMENTARY FIGURE 1
(a) Domain organization of CD169: CD169 belongs to the Ig-like Siglec superfamily, hence the designation Sialic acid-binding immunoglobulin-type lectins. Siglecs are a group of cell surface molecules, which can roughly be subdivided into highly conserved Siglecs, including CD169, and CD33-related Siglecs (24, 70, 71). CD169, being one of the largests representatives of its family, consists of 17 immunoglobulin domains, that are characteristically protruding in the peripheral extracellular space. This feature distinguishes CD169 from other members of the Siglec family. Consequently, trans-binding and cell-cell interaction are the preliminary function of the molecule rather than cis-interaction [O’Neill (72), Munday et al. (73)]. Additionally, CD169 has a short cytoplasmic tail. Based on current knowledge it lacks inhibitory or activating signaling motifs. (b) N-terminal domain of CD169: The sialic-acid binding domain is situated within a shallow pouch of the V-set domain on the outer extracellular part of the molecule. PDB ID: 1QFP; PDB DOI: http://doi.org/10.2210/pdb1QFP/pdb [Deposition authors: May et al. (74)]. (c) Simplified presentation of the representative CD169 ligand GM1. GM1 has been identified as one ligand of CD169 in SARS-CoV-2, binding via its single N-acetylneuraminic acid (NANA). Glc, D-Glucose; Gal, D-Galactose; GalNac, D-acetyl-D-galactosamine (75). The figure was created with BioRender.com.
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Background

SARS-CoV-2 infects through the respiratory route and triggers inflammatory response by affecting multiple cell types including type II alveolar epithelial cells. SARS-CoV-2 triggers signals via its Spike (S) protein, which have been shown to participate in the pathogenesis of COVID19.



Aim

Aim of the present study was to investigate the effect of SARS-CoV2 on type II alveolar epithelial cells, focusing on signals initiated by its S protein and their impact on the expression of inflammatory mediators.



Results

For this purpose A549 alveolar type II epithelial cells were exposed to SARS CoV2 S recombinant protein and the expression of inflammatory mediators was measured. The results showed that SARS-CoV-2 S protein decreased the expression and secretion of IL8, IL6 and TNFα, 6 hours following stimulation, while it had no effect on IFNα, CXCL5 and PAI-1 expression. We further examined whether SARS-CoV-2 S protein, when combined with TLR2 signals, which are also triggered by SARS-CoV2 and its envelope protein, exerts a different effect in type II alveolar epithelial cells. Simultaneous treatment of A549 cells with SARS-CoV-2 S protein and the TLR2 ligand PAM3csk4 decreased secretion of IL8, IL6 and TNFα, while it significantly increased IFNα, CXCL5 and PAI-1 mRNA expression. To investigate the molecular pathway through which SARS-CoV-2 S protein exerted this immunomodulatory action in alveolar epithelial cells, we measured the induction of MAPK/ERK and PI3K/AKT pathways and found that SARS-CoV-2 S protein induced the activation of the serine threonine kinase AKT. Treatment with the Akt inhibitor MK-2206, abolished the inhibitory effect of SARS-CoV-2 S protein on IL8, IL6 and TNFα expression, suggesting that SARS-CoV-2 S protein mediated its action via AKT kinases.



Conclusion

The findings of our study, showed that SARS-CoV-2 S protein suppressed inflammatory responses in alveolar epithelial type II cells at early stages of infection through activation of the PI3K/AKT pathway. Thus, our results suggest that at early stages SARS-CoV-2 S protein signals inhibit immune responses to the virus allowing it to propagate the infection while in combination with TLR2 signals enhances PAI-1 expression, potentially affecting the local coagulation cascade.
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Introduction

During the last two decades, public health faced several outbreaks of severe respiratory diseases caused by coronaviruses, such as severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV), which were soon held under control. However, the outbreak of the newer SARS-CoV-2 coronavirus at the end of 2019 in Wuhan City, which causes COVID-19 disease, evolved rapidly to a global pandemic with unprecedented health and economic repercussions. A major complication characterizing COVID-19 pathogenesis, is the presence of microvascular and macrovascular thrombosis which are associated with a high risk of mortality (1, 2). For example, the formation of thrombi in pulmonary vessels can lead to pulmonary embolism and acute respiratory failure observed in patients with COVID-19 (3). Impaired fibrinolysis also raises the thrombotic risk observed in COVID-19 patients. Fibrinolytic activity is regulated by plasminogen activators (tPA, uPA) and plasminogen activator inhibitor-1 (PAI-1), which serve as useful biomarkers of the disease (4).

SARS-CoV-2 cell entry is achieved through binding of its surface spike protein to its main cellular receptor angiotensin converting enzyme 2 (ACE2) (5–7). The spike protein is a homotrimeric class I fusion protein consisting of a receptor-binding subunit S1 and a membrane-fusion subunit S2 (8–10). When SARS-CoV-2 binds to ACE2 with S1 subunit, the spike protein undergoes protease cleavage at the S1/S2 cleavage site by the transmembrane Serine Protease 2 (TMPRSS2), allowing fusion of the viral membrane with the host-cell membrane by the S2 subunit, and the subsequent viral endocytosis (5, 11, 12). In addition to its direct binding to ACE2, the S protein is a potent viral PAMP that is sensed by other cell receptors, such as TLR2 in lung epithelial cells (13). Subsequently, TLR2 forms heterodimers with TLR1 or TLR6, creating a complex containing MyD88 with IRAK kinase family members, leading to activation of NF-κB and MAPK signaling, and ultimately to the production of inflammatory cytokines and chemokines (14). The expression of TLR2 is also increased following SARS-CoV-2 infection and it is positively associated with the severity of COVID-19 (15). In addition to the S protein, TLR2 senses SARS-CoV-2 envelope protein, inducing the production of proinflammatory cytokines independent of viral entry (15).

The initial site of infection and viral replication is the sinonasal airway epithelium, consisting of ciliated and mucus secretory cells (16). As the disease spreads down to the alveolar compartment, the primary cell being infected by SARS-COV-2 is the alveolar type II cell, which is also the main cell type that expresses ACE2 and TMPRSS2 in the lung (17, 18). After SARS-CoV-2 infection, alveolar type II cells release the virus that infects adjacent type II cells, and also secrete interferons and inflammatory cytokines and chemokines to initiate the innate immune response. The inflammatory response includes mobilization of immune cells and tissue damage. The ultimate consequence is diffuse alveolar injury with loss of functional surfactant, damage of type I cells and endothelial cells, alveolar flooding and influx of inflammatory cells (19, 20). Disease severity is associated to a highly dysregulated innate immune response, characterized by this excessive inflammatory response, as well as a relatively delayed interferon (IFN) response against the virus, facilitating robust viral replication and inflammatory damage to tissues (21). In contrast, multiple studies show that critically ill COVID-19 patients are characterized by lymphopenia with loss of CD4+ T, CD8+ T, NK cells and B cells, as well as a decreased number of immune cells producing IFNγ and TNFα (22–24). There are several possible explanations for this, including pulmonary recruitment of lymphocytes from the blood, direct virus killing of lymphocytes, T-cell apoptosis and exhaustion (25). Furthermore, other studies have also shown an increased release of anti-inflammatory cytokines and mediators, such as IL10 and cytokine growth and differentiation factor 15 (GDF-15) in COVID-19 patients, possibly as a mechanism to downregulate excessive inflammatory responses and restore the balance between pro and anti-inflammatory responses (26–28). Therefore, COVID-19 infection cannot be characterized by a classical cytokine storm syndrome, but rather as a significant inflammatory dysregulation with alternating hyperinflammation and immunosuppression states during the infection. Understanding which immune state predominates at each stage of SARS-CoV-2 infection, as well as the molecular pathways that regulate them, is very crucial in order to enhance our knowledge of disease pathogenesis and develop new therapeutic strategies.

During SARS-CoV-2 infection, several signaling pathways are activated by the interaction of spike protein with its ACE2 receptor. Specifically, it has been shown that SARS-CoV-2 infection can cause multiple intracellular phosphorylation events in the mTOR, ERK and JAK1 pathways (29–31). The PI3K/Akt/mTOR pathway is an important cell signaling pathway that regulates various cell functions and its upregulation has been observed in diseases caused by viruses (32). Following the activation of related receptors by viruses, PI3K generates PIP3, resulting in the activation of PDK1 which further activates protein kinase B (PKB/Akt). The phosphorylated Akt mediates the phosphorylation of mTOR, promoting nuclear translocation of NF-κB, which regulates proinflammatory gene expression. The role of the PI3K/Akt pathway in cytokine production is cell-type specific and depends on the stimulus applied. Therefore, PI3K/Akt might exert proinflammatory or anti-inflammatory properties according to the situation. Several studies have already demonstrated the implication of this pathway in COVID-19 pathogenesis. For example, activation of the PI3K/Akt signaling pathway can be induced by CD147 and furin (involved in SARS-CoV-2 cell entry), while the clathrin-mediated SARS-CoV-2 endocytosis is also regulated by the PI3K/Akt pathway (33). Another proteotranscriptomics study, showed increased levels of phosphorylation of Akt, mTOR and other downstream effectors at 24h post-infection, indicating activation of Akt-mTOR pathway at an early stage of the infection (30).

In the present study, we investigated the impact of SARS-CoV-2 S protein in the production of inflammatory mediators alone or in combination with TLR2 signals from alveolar epithelial type II cell. We further, investigated the possible molecular pathways (MAPK/ERK, PI3K/Akt) implicated in this process, in order to determine how SARS-CoV-2 influences its main entry site at an early stage of the infection.



Materials and methods


Cell culture

The A549 cell line (ATCC: CCL-185) was used in this study as a model of type II alveolar epithelial cells. Cells were cultured in Dulbecco Modified Eagle Medium (DMEM), low glucose (1g/L) (Thermo Fisher Scientific, Waltham, USA) supplemented with 10% fetal bovine serum (FBS) and antibiotics (10,000 U/ml penicillin and 10 mg/ml Streptomycin). Cells were seeded in 24-well plates at a final density of 4×105 cells/ml and were stimulated with different concentrations of SARS-CoV-2 Spike-Membrane Recombinant Fusion Protein (10, 20, 50, 100 ng/ml; TP701119, OriGene, Rockville, USA) in the presence or absence of the TLR ligand PAM3csk4 (1μg/ml; Tocris, Bristol, UK) for 6 and 12 hours. In another set of experiments, A549 cells were pre-treated with the selective Akt 1/2/3 inhibitor MK-2206 2HCl (5μM; cat# S1078, SelleckChem, Berlin, Germany) for 24 hours and then stimulated with 50ng/ml SARS-CoV-2 Spike-Membrane Recombinant Fusion Protein for 18 hours to collect cell culture supernatants.



Enzyme-linked immunosorbent assay (ELISA)

A549 cells were stimulated with SARS-CoV-2 Spike-Membrane Recombinant Fusion Protein for 12 hours in the presence or absence of TLR2 ligand, and cell culture supernatants were collected for cytokine quantification. Cytokine production of IL6, IL8 and TNFα was determined using the Elisa Max™ Delux Set (BioLegend, SanDiego USA) as indicated by the manufacturer.



Real-time PCR

For the mRNA level detection of IL6, IL8, TNFα, CXCL5, PAI-1 and IFNα, total RNA was extracted from A549 cells using TRI Reagent (Sigma-Aldrich, St Louis, USA). Eight hundred nanogram of total RNA were used for cDNA synthesis (TAKARA, Primescript RT Reagent kit, Tokyo, Japan). Amplification was performed using KAPA SyBr® Fast Universal qPCR kit (Kapa Biosystems, Cape Town, South Africa). Denaturation was carried out at 95°C for 10 seconds, annealing and extension at 60°C for 30 seconds for 40 cycles in a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Data analysis was accomplished using the ΔΔCT method and GAPDH was used as the housekeeping gene. The primer sequences used in this study, were the following: IL6: forward 5’ GTCAGGGGTGGTTATTGCAT 3’ and reverse 5’ AGTGAGGAACAAGCCAGAGC 3’; IL8: forward 5’ TGTGAAGGTGCAGTTTTGCC 3’ and reverse 5’ CACCCAGTTTTCCTTGGGGT 3’; TNFα: forward 5’ GCCCAGGCAGTCAGATCAT 3’ and reverse 5’ TATCTCTCAGCTCCACGCCA 3’; CXCL5: forward 5’ ACAGACCACGCAAGGAGTTC 3’ and reverse 5’ TCTTCAGGGAGGCTACCACT 3’; PAI-1: forward 5’ TCACGAGTCTTTCAGACCAAG 3’ and reverse 5’ CCGGACCACAAAGAGGAAG 3’; IFNα: forward 5’ GGAGGAGAGGGTGGGAGAAA 3’ and reverse 5’ GACAACCTCCCAGGCACAAG 3’; GAPDH: forward 5’ GGAAGGTGAAGGTCGGAGTCA 3’ and reverse 5’ GTCATTGATGGCAACAATATCCACT 3’.



Western blot

For Western blot, cell lysates were harvested with RIPA lysis buffer and protein concentration was determined using the Pierce BCA Protein Assay. Protein lysates were resuspended in SDS-containing loading dye, were separated on 10% polyacrylamide gel, and then transferred to nitrocellulose membrane. Briefly, after blocking with 5% Bovine Serum Albumin (BSA) containing 0.1% Tween 20 for an hour at room temperature, the membranes were incubated overnight at 40C with primary antibodies (1:1000), washed with PBST and then incubated with peroxidase-conjugated secondary antibodies (1:5000) for 1 hour at room temperature. Membranes were exposed to trans-UV light in a ChemiDoc XRS+ (BioRad Laborato-ries, Inc, Hercules, CA, US) and signals were digitalized and analyzed by densitometry with the embedded software (Image Lab Software, v.6.1). Band intensities of phosphorylated proteins were normalized with total protein intensities as well as with the loading control beta-actin. The antibodies used in this study were the following: p-Akt (cat#9271, Cell Signaling, Massachusetts, USA), Akt (Cell Signaling, #9272, Massachusetts, USA), p-Erk 1/2 (Cell Signaling, #9101, Massachusetts, USA), Erk 1/2 (Cell Signaling, #9102, Massachusetts, USA) and β-actin (Cell Signaling, #3700, Massachusetts, USA).



Statistical analysis

Comparison among groups was performed using t-test for parametric data, or Mann—Whitney and the Kruskal—Wallis test with Dunn’s multiple comparison post-test for non-parametric data. Data were depicted in box-and-whiskers or bars and plotted as median with range or mean ± S.D. The GraphPad InStat Software (GraphPad v6.0, San Diego, CA, USA) was used for analysis. P value < 0.05 was considered statistically significant. Results are representative of at least three independent experiments.




Results


SARS-CoV-2 S protein suppresses pro-inflammatory responses in A549 epithelial cells

The inflammatory responses of alveolar epithelial cells driven by the SARS-CoV-2 -Spike/ACE2 interaction were determined by stimulation of A549 cells with different concentrations of SARS-CoV-2 Spike-Membrane recombinant fusion protein and measuring the induction of the inflammatory mediators IL6, TNFα, IL8 at 6 hours following stimulation, since they are induced early in inflammatory responses, and IFNα, CXCL5 and PAI-1 at 12 hours following stimulation, since they are induced at later time points. We utilized a commercially available SARS-CoV-2 S protein raised in HEK293 cells, therefore no bacteria were involved, to avoid potential endotoxin contamination. The results showed that SARS-CoV-2 S protein suppressed the expression and production of IL8, IL6 and TNFα (Figures 1A–C, G–I). At higher doses of the recombinant protein the suppressive effect was abrogated, possibly due to binding of the protein to additional receptors with lower affinity, such as TLRs, through which the effect could be stimulatory. Expression of CXCL5, PAI-1 and IFNα was measured at 6 and 12 hours following stimulation with SARS-CoV-2 S protein but no effect was observed (Figures 1D–F). The results showed that SARS-CoV-2 S protein suppressed the release of pro-inflammatory cytokines at early stages of contact with alveolar epithelial cells.




Figure 1 | SARS-CoV-2 S protein suppressed the expression and production of pro-inflammatory cytokines in A549 cells. A549 cells were treated with different concentrations of SARS-CoV-2 Spike-Membrane recombinant fusion protein (10, 20, 50, 100 ng/ml) for 6 or 12 hours. (A–C) mRNA expression of IL6, IL8 and TNFα decreased upon SARS-CoV2 Spike stimulation for 6 hours compared to untreated control cells. (D–F) No effect was observed for the expression of CXCL5, PAI-1 and IFNα at 12 hours following stimulation. (G–I) Secretion of IL8, IL6 and TNFα decreased upon SARS-CoV2 Spike stimulation (50ng/ml) for 12 hours. Data are illustrated in box-and-whiskers and plotted as median with range (n=4 biological replicates per group). Statistical analysis was performed with Kruskal - Wallis test (A–F) and Mann – Whitney U test (G–I). Results are representative of three independent experiments. *p < 0.05.





SARS-CoV-2 S protein modulated TLR2 responses in A549 epithelial cells

To determine the effect of SARS-CoV-2 S protein on alveolar epithelial cells when co-stimulated with TLR2, a signal that can be initiated by SARS CoV2 envelope protein or by bacterial lipoproteins, we exposed A549 cells to the TLR2 ligand PAM3csk4 in the presence of SARS-CoV-2 Spike for 6 and 12 hours. PAM3csk4-stimulated A549 cells demonstrated reduced expression and secretion of IL8 (Figures 2A, G), as well as reduced secretion of IL6 and TNFα (Figures 2H, I), following stimulation with SARS-CoV-2 S protein. At the mRNA level, expression of IL6 and TNFα was not affected (Figures 2B, C), suggesting that regulation of these proteins by SARS-CoV-2 S protein may occur at the post-transcriptional level. On the contrary, PAM3csk4-induced expression of inflammatory mediators CXCL5, PAI-1 and IFNα increased at 12 hours post-stimulation with SARS-CoV-2 S protein (Figures 2D–F). Expression of CXCL5, PAI-1 and IFNα was not affected at 6 hours following stimulation (data not shown). The results showed that SARS-CoV-2 S protein suppressed the induction of pro-inflammatory cytokines in TLR2-stimulated A549 cells at early timepoints, while combination of SARS-CoV-2 S protein and TLR2 induced expression of the anti-viral responses through IFNα, expression of the chemokine CXCL5 potentially leading to recruitment of inflammatory cells.




Figure 2 | SARS-CoV-2 S protein differentially modulated TLR responses in A549 cells. A549 cells were treated with different concentrations of SARS-CoV-2 Spike-Membrane recombinant fusion protein (10, 20, 50, 100 ng/ml) and PAM3csk4 (1μg/ml) for 6 or 12 hours. (A) Decreased mRNA expression of IL8 was observed upon co-stimulation with SARS CoV2 S protein and PAM3csk4, compared to cells treated with PAM3csk4-alone (control). (B, C) No effect was observed for the expression of IL6 and TNFα. (D–F) Increased expression of CXCL5, PAI-1 and IFNα at 12 hours post-stimulation. (G–I) Secretion of IL8, IL6 and TNFα decreased in the presence of SARS-CoV-2 S (50ng/ml) after 12 hours. Data are illustrated in box-and-whiskers and plotted as median with range (n=4 biological replicates per group). Statistical analysis was performed with Kruskal - Wallis test (A–F) and Mann – Whitney U test (G–I). Results are representative of three independent experiments. *p < 0.05.





SARS-CoV-2 S exerted its immunosuppressive action through the PI3K/Akt pathway in A549 cells

To determine which signaling pathway is involved in the early SARS-CoV-2 S immunosuppressive action, we stimulated A549 cells with SARS-CoV-2 S protein, TLR2 ligand PAM3csk4 and the additive effect of both SARS-CoV-2 S protein and PAM3csk4 for 15 and 30 minutes for protein collection and quantification of specific signaling targets in western blot. The signaling pathways investigated were the PI3K/Akt and MAPK/ERK pathway, which were previously associated with COVID19 pathogenesis and progression. While MAPK/ERK is a well characterized pro-inflammatory pathway (34), Akt signals initiate both anti-inflammatory and pro-inflammatory effects (35). The results shown in Figure 3, revealed that SARS-CoV-2 S slightly decreased the phosphorylation and activation of ERK1/2, while it increased the phosphorylation and activation of AKT. The addition of TLR2 stimuli along with SARS-CoV-2 S amplified this effect considerably.




Figure 3 | SARS-CoV-2 S protein triggered the induction of the PI3K/Akt pathway. A549 cells were treated with 50ng/ml SARS-CoV-2 S protein or PAM3csk4 or SARS-CoV-2 S and PAM3csk4 for 15 and 30 minutes. SARS-CoV-2 S protein slightly decreased the phosphorylation of ERK1/2 (A, C), while significantly increased the phosphorylation of AKT (A, B). Representative western blot (A) is presented and densitometry analysis from three (B) or two (C) independent experiments. Densitometry analysis is illustrated in bar graphs and plotted as mean ± S.D. Individual points indicate the biological replicates from all experiments (experiments 1 and 2 include two biological replicates for each condition and experiment 3 includes one biological replicate per condition). Statistical analysis was performed with t test (B), but it was omitted for ERK due to the small sample size (C). *p < 0.05.



To confirm that suppression of pro-inflammatory cytokines by SARS-CoV-2 S protein was mediated through the PI3K/Akt pathway, we treated A549 cells with the selective AKT inhibitor MK2206 for 24 hours and subsequently stimulated cells with SARS-CoV-2 S protein. Inhibition of Akt with MK2206 was confirmed by western blot (Supplementary Figure 1). In the presence of SARS-CoV-2 S protein, A549 cells secreted reduced IL8, IL6 and TNFα, an effect which was abrogated in MK2206-treated cells (Figure 4). This result confirmed that the initial immunosuppression observed in the presence of SARS-CoV-2 S protein was mediated through the PI3K/Akt pathway.




Figure 4 | Inhibition of AKT abrogated the immunosuppressive action of SARS-CoV-2 S protein. A549 cells were treated with the pan-AKT inhibitor MK2206 (5μM) for 24 hours and then stimulated with SARS-CoV-2 S (50ng/ml) for 12 hours. Secretion of IL8 (A), IL6 (B) and TNFα (C) decreased in the presence of SARS-CoV-2 S, an effect which was less evident in MK2206-treated cells. Data are illustrated in bars and plotted as median with range (n=4 biological replicates per group). Statistical analysis was performed with Kruskal - Wallis test. *p < 0.05.






Discussion

COVID-19 pandemic continues to pose a major challenge for public health and economy. Severe COVID-19 cases are associated with development of lung injury, vascular damage and ARDS, which is the main cause of high mortality rates (36). SARS-CoV-2 initial sites of infection include the upper and lower respiratory tracts. At the lower respiratory tract, SARS-CoV-2 infects cells of the gas exchange portion of the lung and in particular the alveolar epithelial type II cells. Pathological alterations at this region, include alveolar damage, pneumocyte desquamation and hyaline membrane formation, as well as significant accumulation of monocytes/macrophages, responsible for the robust inflammatory cytokine response observed (37, 38). However, recent studies have shown a dampened innate immune response after SARS-CoV-2 infection of nasal and bronchial epithelial cells (39, 40), as well as an early immunosuppression stage preceding the later hyperinflammation stage that leads to cytokine storm and ARDS (41). Therefore, developing new personalized therapeutic interventions requires a better understanding of the differential immune responses according to the cell type infected, as well as the COVID-19 patient’s immune status and how it evolves during the course of the disease.

In the present study, we used A549 cells stimulated with SARS-CoV-2 S protein as a model to investigate the immunomodulatory action of SARS-CoV-2 in alveolar epithelial type II cells. Our findings demonstrated decreased expression and secretion of IL8, IL6 and TNFα, while CXCL5, PAI-1 and IFNα remained unaffected even 12 hours post-infection. This finding implies that alveolar epithelial type II cells may enter an immunosuppressive state at early stages of the infection. Previous studies have already demonstrated reduced expression of pro-inflammatory cytokines in the myeloid cells from patients with COVID-19 (42), as well as reduced production of chemokines (41). A possible explanation for the early decreased inflammatory responses of the airway epithelium could be the result of immune evasion mechanisms employed by the virus to survive and replicate inside the alveolar epithelial cells avoiding the detection by other immune cells (43). Another potential explanation could be the occurrence of increased cell death and the disruption of tight junction complexes between adjacent epithelial cells observed during SARS-CoV-2 infection (41), leading to the upregulation of homeostatic mechanisms to resolve this situation rather than inflammatory responses. Co-stimulation of SARS-CoV-2 S protein with the TLR2 ligand PAM3csk4, increased significantly the expression of the inflammatory mediators CXCL5, PAI-1 and IFNα at 12 hours following infection, but could not change the decreased production of the pro-inflammatory cytokines IL8, IL6 and TNFα. While it is known that TLR2 signaling induces inflammatory responses via the NF-kB pathway during SARS-CoV-2 infection (14), our findings demonstrate that TLR2-induced cytokine production is not enough to ameliorate the early-stage immunosuppression induced by SARS-CoV-2 in alveolar epithelial type II cells. However, at a later timepoint a potential stimulation of TLR2 by SARS-CoV-2 can induce inflammatory and anti-viral responses (CXCL5, IFNα) and promote disease pathogenesis by enhancing the coagulation mechanism (induction of PAI-1). Several studies have found elevated levels of PAI-1 in hospitalized COVID-19 patients (4, 44, 45). Increased levels of PAI‐1 are associated with thrombosis, since inhibition of plasminogen activators results to reduced conversion of plasminogen to plasmin which degrades fibrin clots (46). PAI-1 is expressed in different cell types and its increase can be induced by proinflammatory cytokines, indicating a cross-link between inflammation and thrombosis (47, 48). Moreover, studies have shown that PAI-1 is highly induced in alveolar type II cells in idiopathic pulmonary fibrosis (IPF), regulating alveolar type II cell senescence and secretion of profibrotic mediators (49). Nevertheless, our data show a modest induction of PAI-1 expression in TLR2 activated cells, suggesting that SARS CoV2 S protein signaling may not be the primary signal inducing PAI-1. The simultaneous increase of CXCL5, responsible for neutrophil recruitment, also correlates with the development of immunothrombosis, since neutrophils are known to stabilize microthrombi via the release of neutrophil extracellular traps (NETs) (50).

To decipher the molecular pathway by which SARS-CoV-2 S protein exerts this early immunosuppressive action in alveolar epithelial cells, we treated A549 cells with SARS-CoV-2 S protein, TLR2 ligand PAM3csk4 and their combination for 15 and 30 minutes, in order to investigate their impact to specific molecular pathways, such as PI3K/AKT and MAPK/ERK. Our results demonstrated that SARS-CoV-2 S protein did not affect the MAPK/ERK pathway, but significantly induced the PI3K/AKT pathway, since the induction of AKT phosphorylation was observed upon stimulation with SARS-CoV-2 S protein, particularly when co-stimulated with PAM3csk4. To further verify that the immunosuppressive effects of SARS-CoV-2 were mediated through the activation of PI3K/AKT, we also treated A549 cells with the selective AKT 1/2/3 inhibitor MK2206 and measured the production of IL8, IL6 and TNFα after S protein stimulation compared to mock treated cells. Stimulation with PAM3csk4 was not performed at this instance, since SARS-CoV-2 S protein is the primary cause of the decreased inflammatory responses observed, while PAM3csk4 induces inflammatory responses independently through TLR2 receptor. Indeed, we observed that SARS-CoV-2 S was not able to significantly alter the production of IL8, IL6 and TNFα in MK2206-treated cells compared to mock treated cells. Our findings are in accordance with other studies indicating the possible implication of the PI3K/AKT pathway in the immunosuppressive action of the virus and other diseases. For example, IL-37, a member of the IL-1 family which is stimulated by SARS-CoV-2, has been shown to suppress IL-1β, IL-6, TNFα and CCL2 in rheumatic diseases by acting on mTOR and enhancing the AMPK activity, to maintain mitochondrial membrane potential and limit the toxic effects of ROS (51). Other studies have also shown that PI3K signaling mediates an immunosuppressive phenotype in myeloid cells to prevent excessive innate immunity in chronic infections and inflammation (52). Another possible immunosuppressive activity of SARS-CoV-2 acting through the PI3K/AKT/mTOR pathway is the inhibition of autophagy. Studies have shown that coronaviruses might inhibit the autophagic mechanism by increasing viral replication and through upregulation of AKT/mTOR, since mTORC1 is known to inhibit autophagy (53). For example, the related corona virus MERS-CoV can interfere with host cell autophagy by promoting the degradation of BECN1, after AKT1 activation (54). Hence, Akt/mTOR inhibitors could prove a valuable asset in COVID-19 management. Various studies have shown that blockade of mTOR can inhibit protein synthesis and thus reduce viral replication and inflammation (55–57). Moreover, mTOR inhibitors can limit the proliferation of memory B cells and T cell responses, preventing the production of cross‐reactive antibodies for SARS‐CoV‐2 (58, 59).

Our study has several limitations, since the work was performed in a single cell line A549 and investigated a single molecular pathway (PI3K/AKT). In addition, the implication of the PI3K/AKT pathway could be further investigated with mTOR inhibitors or other downstream AKT targets to delineate the exact mechanism by which PI3K/AKT decreases the pro-inflammatory responses. Even if our study correlates with other studies showing decreased cytokine production in SARS- CoV-2 infection as previously mentioned, there are not many reports for cytokine production at the early stages of the infection and further research should be performed to this direction, before we can reach certain conclusions. However, this study can propose the potential use of AKT/mTOR inhibitors for the regulation of inflammatory responses during SARS-CoV-2 infection.
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Vitamin D supplementation and its impact on immunoregulation are widely investigated. We aimed to assess the prevention and treatment efficiency of vitamin D supplementation in the context of coronavirus disease 2019 (COVID-19) and any disease-related complications. For this systematic review and meta-analysis, we searched databases (PubMed, Embase, Scopus, Web of Science, The Cochrane Library, medRxiv, Cochrane COVID-19 Study Register, and ClinicalTrial.gov) for studies published between 1 November 2019 and 17 September 2021. We considered randomized trials (RCTs) as potentially eligible when patients were tested for SARS-CoV-2 infection and received vitamin D supplementation versus a placebo or standard-of-care control. A random-effects model was implemented to obtain pooled odds ratios for the effect of vitamin D supplementation on the main outcome of mortality as well as clinical outcomes. We identified a total of 5,733 articles, of which eight RCTs (657 patients) met the eligibility criteria. Although no statistically significant effects were reached, the use of vitamin D supplementation showed a trend for reduced mortality [odds ratio (OR) 0.74, 95% confidence interval (CI) 0.32–1.71, p = 0.48] compared with the control group, with even stronger effects, when vitamin D was administered repeatedly (OR 0.33, 95% CI 0.1–1.14). The mean difference for the length of hospitalization was −0.28 (95% CI −0.60 to 0.04), and the ORs were 0.41 (95% CI 0.15–1.12) and 0.52 (95% CI 0.27–1.02) for ICU admission and mechanical ventilation, respectively. In conclusion, vitamin D supplementation did not improve the clinical outcomes in COVID-19 patients, but trends of beneficial effects were observed. Further investigations are required, especially studies focusing on the daily administration of vitamin D.
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Introduction

Within a short period of time, the novel coronavirus [severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2)] has become a global challenge. The increase in the number of coronavirus disease 2019 (COVID-19) cases dictates the need for low-cost and widely available therapies, to help prevent SARS-COV-2 infections and protect from severe COVID-19.

There is evidence that vitamin D has an important impact on the human immune system and can prevent respiratory tract infections (1), as vitamin D plays a signaling role in the modulation of the innate and adaptive arms of the immune system and immunoregulation. A link has been made between pathogen recognition, cytokine secretion, the expression of nuclear vitamin D receptors, and 1-α-hydroxylase (CYP27B1), which is expressed in several tissues and immune cells (2). The active forms of vitamin D induce the production of antimicrobial peptides and support the differentiation of monocytes, with the enhancement of phagocytic and chemotactic capacity (3). Vitamin D leads to a more tolerogenic immune environment by downregulating the production of proinflammatory cytokines (e.g., IL-12, IFN-γ, IL-6, IL-8, TNF-α, and IL-9) and increasing the anti-inflammatory responses through blocking the NK-κB pathways (e.g., IL-4, IL-5, and IL-10) (4). The indirect and direct effects on T-cell differentiation lead toward a Th2 phenotype, and B-cell proliferation and immunoglobulin secretion are inhibited by vitamin D (3, 5).

The global prevalence of vitamin D deficiency (<20 ng/ml) is high and even higher for partial deficiency (<30 ng/ml). Several studies have reported data on the prevalence of low vitamin D levels in Europe (up to 40%) and in the United States of America, Canada, and India with more than 20% of the general population being deficient, which shows that inadequate vitamin D serum concentrations are a frequent issue around the globe (6). Vitamin D may come from three different sources: endogenous production after exposure to UVB rays, nutritional sources, or exogenous supplementation. Vitamin D has a good safety profile and is associated with a low risk for acute intoxication with commonly recommended doses (2). Therefore, it is a widely available low-cost supplement with the potential to reduce the prevalence of vitamin D deficiency. Recent observational studies have reported heterogeneous results about the association between insufficient vitamin D serum levels and the risk of developing severe COVID-19, requiring further investigations (7).

The aim of this review was to assess the potential effects of vitamin D supplementation on the treatment and prevention of COVID-19 and severity-related complications. In addition, it also aimed to evaluate the impact of different dosing and administration regimens compared with placebo or standard of care in randomized controlled trials (RCTs).



Materials and methods


Search strategy and selection criteria

This systematic review and meta-analysis was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Supplementary Table 6) (8) and followed the “Cochrane Handbook for Systematic Reviews of Interventions” (9). The study protocol was registered with PROSPERO (CRD42021279150).

Two reviewers (LK, HK) independently performed the systematic search of the databases PubMed/MEDLINE, EMBASE, Scopus, Web of Science, The Cochrane Library, and the preprint server medRxiv in addition to the trial registries Cochrane COVID-19 Study Register and ClinicalTrials.gov for clinical trials published between 1 November 2019 and 17 September 2021. This search was performed using the following search terms: “COVID-19 OR SARS-CoV-2” AND “vitamin D.” The search strategies are available in Supplementary Table 1. Additionally, a manual search was performed to identify further records by screening gray literature and references of eligible studies.

Studies were included in this meta-analysis when meeting the following inclusion criteria: involving participants with no age, gender, or ethnicity restriction, who were tested for SARS-CoV-2 infections as defined by the World Health Organization (10); investigating any type of vitamin D supplementation compared with placebo, standard of care, or no treatment; and giving information of relevant clinical outcomes. Furthermore, only RCTs published in English or German language were eligible. We excluded all other types of studies, studies which administered additional or different agents than vitamin D, and studies that did not test for SARS-CoV-2 infections or with missing assessment of the relevant outcomes.

Two independent teams of two reviewers (LK, RR; HK, BH) screened titles and abstracts to identify potentially eligible studies. The same two teams independently screened the full texts of possibly relevant studies. Any disagreements were resolved by consulting an independent fifth reviewer (KP).



Data analysis

The relevant data of all included studies were extracted and independently reviewed by two reviewers (LK, HK). Data were entered into a predefined table for analysis. The criteria for inclusion were strictly adhered to and any discrepancies were resolved by discussion until an agreement was reached. The corresponding authors of the trials were contacted for important missing data. The risk of bias of the included studies was independently assessed by two reviewers (LK, HK) using the Cochrane Risk of Bias tool for RCTs (11). The tool included five domains, which were rated from low to high risk, and then combined to indicate the overall risk of bias. Any disagreements were resolved by consensus.

Statistical analysis was carried out using the meta (v5.0-0) package (12) in the R (v4.1.2) programming language (13). Meta-analysis of proportions was pooled by fitting a random intercept logistic regression model with the metaprop function to logit-transformed proportions in order to include valid estimates for studies with very few or no events. Study estimates are shown with computed Clopper–Pearson 95% confidence intervals. The same pooled estimates were conducted for subgroups and tested by the χ2 test for significant pairwise differences. Heterogeneity was assessed by estimating the maximum likelihood of τ2 and quantified with the I2 index. Comparisons of studies were analyzed using odds ratios between the treatment and control groups with the metabin function by performing a random-effects model for the pooled odds ratio using the Mantel–Haenszel method (14). Heterogeneity was assessed using a restricted maximum-likelihood estimator of τ2.

Publication bias was evaluated by performing a funnel plot of the logit-transformed prevalence and inverse variance. This was tested using the metabias function with the linear regression test (15) and the rank correlation test (16) for asymmetry. Correlations with vitamin D levels were investigated by linear regression of mean concentration per study, weighted by study size (reflected by circle size and opacity). Squared Pearson correlation coefficient (R2) is stated per correlation.

The quality of evidence was analyzed by performing the GRADE approach to evaluate the certainty of evidence. Using the GRADE.pro software (17), we created a summary of findings table.




Results


Study selection

The initial search identified a total of 5,733 articles of potential relevance. After the removal of duplicates, 2,483 articles were screened by title and abstract, and 83 potentially eligible records were selected for full-text reading. In total, 44 RCTs were eligible according to the inclusion criteria; an additional trial was identified by manual search. However, no results were available for 37 of the trials, which were excluded as they did not meet the inclusion criteria. Thus, we were able to finally include eight RCTs in this meta-analysis with a combined total of 657 individual patients (Figure 1).




Figure 1 | PRISMA flowchart showing the study selection process to identify trials on vitamin D supplementation for the treatment and prevention of COVID-19. COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome-related coronavirus 2; WHO, World Health Organization.





Study characteristics

All trials included adults of both genders (Supplementary Figure 1) (18–25). Two studies were conducted in India, while the remaining six originated from different countries around the world; six studies assessed the data of hospitalized patients and one only included outpatients. The trial by Sabico et al. included both settings. Patients were only included if SARS-CoV-2 infection was confirmed by PCR or other criteria matching the WHO definition. Participants with a vitamin D deficiency were enrolled in three studies; the Murai et al. trial performed an additional post-hoc analysis for patients with vitamin D deficiency at baseline. The COVID-19 severity ranged from asymptomatic to severe, although most studies did not report the severity of disease.

Furthermore, three studies compared the effects of vitamin D supplementation with placebo and five with standard of care. The majority of studies used cholecalciferol. However, the dosage and duration of the vitamin D supplementation varied, ranging from 0.5 to 5,000 µg; vitamin D was administered as a single bolus, a daily dose, or using a combination by administrating a high-dose bolus followed by daily doses (trial by Castillo et al.). Relevant data were reported, with mortality in all eight studies, but other outcomes were assessed more infrequently. The timing of follow-up assessments varied across studies, although it was not always specified. Serum vitamin D levels at baseline were measured in five studies only during follow-up, while the others simply reported the baseline serum levels. The baseline characteristics of the participants were heterogeneous, even reporting significant differences of vitamin D serum levels between the intervention and the control groups, when vitamin D concentrations were assessed. Additional characteristics of the included studies are presented in Table 1. No prevention trials were included. The overall risk of bias within the studies was assessed and considered to be low to some concerns (Supplementary Figure 2).


Table 1 | Characteristics of the eligible randomized controlled trials and their patients (18–25).





Results of the meta-analyses

The primary analysis of mortality in the vitamin D group compared with the control group was assessed, revealing trends of reduced mortality in the intervention group, although it was not statistically significant [odds ratio (OR) 0.74, 95% confidence interval (CI) 0.32–1.71; Figure 2]. The mortality rate and the count of deaths were reported in all of the eight trials included: no deaths occurred in two trials, while the highest mortality rate was observed in the Soliman et al. trial being 17.86% among all patients; and none of the trials reported a statistically significant effect of vitamin D on mortality themselves.




Figure 2 | Forest plot random-effects model for the association of vitamin D supplementation and the main outcome mortality. CI, confidence interval; OR, odds ratio.



Subgroup analysis comparing vitamin D supplementation to placebo did not show a beneficial effect on mortality, with an OR of 1.29 (95% CI 0.54–3.07; Figure 3), compared with standard of care in which lower odds were observed (OR 0.33, 95% CI 0.1–1.14), but no significance was reached in either of the subgroups. The subgroup receiving multiple dosages of vitamin D was associated with a trend of lower mortality (OR 0.33, 95% CI 0.1–1.14), by analyzing the same reported events as in the standard-of-care subgroup. Other studies administrating multiple doses of vitamin D did not report any deaths. For the patients receiving a single bolus of vitamin D compared with the control group, no beneficial effect was observed, with the same two studies included as for the placebo subgroup. Furthermore, the vitamin D deficiency subanalysis did not show an effect of vitamin D on mortality (OR 0.95, 95% CI 0.29–3.1) among all patients, with confirmed vitamin D serum levels below 30 or 20 ng/ml at baseline. Overall, subgroup analyses failed to reach statistically significant effects.




Figure 3 | Mortality among subgroup analyses. CI, confidence interval; OR, odds ratio. 1Control group receiving a placebo. 2Control group receiving standard of care. 3Patients receiving a single dose of vitamin D once. 4Patients receiving more than one dose of vitamin D. 5Patients with confirmed vitamin D deficiency below 30 or 20 ng/ml at baseline.



By analyzing further clinical outcomes, no statistical significance was observed. However, the length of hospitalization tended to be shorter in the vitamin D group compared with the control group [mean difference (MD) −0.28, 95% CI −0.60 to 0.04; Figure 4]. It should be noted that the Murai et al. study was weighted 82.8% in this analysis. The random-effects model for the need of ICU admission is showing a less frequent admission to ICU in the intervention group (OR 0.41, 95% CI 0.15–1.12), while vitamin D supplementation was associated with lower odds for the need of mechanical ventilation compared with the control group (OR 0.52, 95% CI 0.27–1.02).




Figure 4 | Forest plot random-effect model of various outcomes: (A) length of hospitalization; (B) need for ICU admission; (C) need for mechanical ventilation. CI, confidence interval; MD, mean difference; OR, odds ratio; SD, standard deviation.



For the length of hospitalization and the need for ICU admission, further subgroups were formed, analyzing the trials administering repeated dosages of vitamin D supplementation only. In this process, no statistically significant effects of vitamin D supplementation compared with the control group were observed, with a trend of shorter hospitalization (MD −0.64, 95% CI −1.42 to 0.13) and less frequent admission to the ICU (OR 0.30, 95% CI 0.07–1.35; Table 2). None of these results were statistically significant.


Table 2 | Outcomes in trials administrating vitamin D repeatedly.



Significant increases in vitamin D serum levels were assessed by analyzing the five trials reporting on vitamin D levels (Supplementary Figure 3), while three trials did not measure vitamin D serum levels. Thus, it is difficult to relate vitamin D concentrations with reported clinical outcomes.



Publication bias and certainty of evidence

Publication bias was assessed using funnel plots with no significant risk of biases as revealed by Begg’s correlation test and Egger’s regression (Supplementary Figure 10). The overall quality of evidence was low to moderate, based on the GRADE profile that is available in Supplementary Table 4.




Discussion

To our knowledge, this is the first study specifically focusing on dosing regimens of vitamin D in RCTs in the context of COVID-19 by performing further subgroup analyses. Previously published meta-analyses by Szarpak et al. and Rawat et al. reported similar results to our main outcomes, not reaching a statistical significance for the effect of vitamin D supplementation on abrogating COVID-19-related complications. However, they included quasi-experimental and non-randomized trials, as only three RCTs were available at the time of their final search (26, 27). In contrast, other meta-analyses reported significantly lower rates of adverse outcomes such as the one by Pal et al. (28). They revealed a significantly less frequent admission to the ICU and lower rates of mortality in patients receiving vitamin D supplementation by analyzing RCTs and observational studies. Vitamin D supplementation given before the diagnosis of COVID-19 did not show any benefit. The meta-analysis by Nikniaz et al. reported significantly lower rates of mortality in patients receiving vitamin D supplementation by analyzing two RCTs and one quasi-experimental study, and Shah et al. showed a significantly reduced need for ICU admission by analyzing two RCTs and one observational study (29, 30). Tentolouris et al. and Hosseini et al. also depicted significantly reduced needs for ICU admission, while Beran et al. showed significant effects of vitamin D for the length of hospitalization and the need for mechanical ventilation (29, 31, 32). Overall, these meta-analyses included other types of clinical trials on vitamin D supplementation, while we chose to focus on high-quality studies to limit the risk of bias. Varikasuvu et al. focused on RCTs and were able to show significant effects of vitamin D regarding PCR positivity and COVID-19 severity, but not for COVID-19-related mortality (33). They included fewer trials than we did with a total of six RCTs and only two for PCR positivity and assessed COVID-19 severity by analyzing the rate of ICU admission, need for mechanical ventilation, and severity of symptoms as one outcome.

Studies on other respiratory tract infections, conducted before the emergence of SARS-CoV-2, reported lower rates of acute respiratory infections in patients receiving vitamin D supplementation (34–36). One meta-analysis on vitamin D supplementation to prevent acute respiratory tract infections performed subgroup analyses for repeated doses of vitamin D, showing lower rates of respiratory tract infections when vitamin D supplementation was administered on a daily basis (1). In the meta-analysis by D’Ecclesiis, which included all kinds of studies, additional boluses and higher doses had no stronger effects (37).

Overall, previous studies generated heterogeneous results. While some report the protective effects of vitamin D supplementation on mortality and the need for ICU admission, others show no significant association between vitamin D supplementation and COVID-19-related outcomes. However, most studies have several limitations such as the inclusion of low-quality trials, trials offering additional supplementation other than vitamin D (34, 35), non-exclusive focus on COVID-19 (1, 36), missing information on vitamin D serum levels, heterogeneous baseline characteristics of included studies, and varying dosing and administration regimens of vitamin D supplementation. Overall, the quality of trials focusing on vitamin D and COVID-19 is an important issue that obviously affects the quality of published results. Importantly, the Lancet recently retracted a preprint article about a trial also investigating the effect of vitamin D treatments on COVID-19 and related outcomes as there was a series of mistakes made by the authors in the qualification of the study and its description (38).

Our analyses revealed no statistically significant findings for our main outcomes and subgroup analyses, but undoubtedly stronger effects were observed when vitamin D supplementation was administered repeatedly. However, it should be considered that the RCTs administrating multiple dosages of vitamin D without a placebo control are of lower quality than RCTs with placebo. The trials comparing vitamin D supplementation with placebo are only weighted in the single-bolus subgroup in this analysis. Therefore, placebo-controlled RCTs are required to draw more robust outcomes on the effect of multiple dosages of vitamin D supplementation in COVID-19 disease.

The main strength of our study is that we included only high-quality studies by limiting the eligible studies to RCTs comparing vitamin D to placebo or standard of care, while previous meta-analyses additionally or only analyzed observational studies. Secondly, we focus on trials investigating vitamin D supplementation in the context of COVID-19 as data from other respiratory infections may not be applicable, compared with meta-analyses assessing the effect of vitamin D supplementation on respiratory tract infections in general (1, 34–36). Thirdly, we augmented our search results by contacting trial investigators for unpublished data. Finally, we conducted an analysis on vitamin D supplementation administered repeatedly to limit the fluctuation of vitamin D serum levels, which is a novel aspect in this context, only investigated by previous meta-analyses performed before the emergence of SARS-CoV-2 (1). Hence, we were able to investigate the effect of a continuous increase of serum concentrations on clinical outcomes.

Our study also has some limitations. Firstly, only a small number of trials passing our inclusion criteria were available. In those trials, only a small number of outcome events were reported, leading to a risk of overestimation of the true intervention effect for assessed outcomes. Secondly, studies were quite heterogeneous using different dosing regimens of vitamin D supplementation. Moreover, the different study locations limit the generalizability of our findings to those settings, while the baseline characteristics of the participants included in individual RCTs were heterogeneous, with no adjustments for vitamin D serum levels. Thirdly, studies were not always evaluating the same primary outcome, or information on clinical outcomes was missing. Data especially on vitamin D serum levels and timing of follow-up measurements were not reported in all trials. Even after contacting trial investigators, not all information was available. Finally, some risk of bias was detected for the included studies (Supplementary Figure 2).

There is an urgent need for further investigation demonstrating the effect of vitamin D supplementation in the context of COVID-19, as sufficient vitamin D serum concentrations may help protect people from severe disease progression all over the world. The major challenge lies in assessing the relationship between vitamin D serum concentrations reached by supplementation and the occurrence of SARS-CoV-2 infection as well as disease-related clinical outcomes. Currently, there are more than 50 ongoing clinical trials on vitamin D supplementation in COVID-19 patients registered on ClinicalTrials.gov (39). However, when looking at their study protocols, 94% of them (Supplementary Table 5) may have difficulties to prove the beneficial effects of vitamin D serum concentrations reached by supplementation on COVID-19-related outcomes. Consistent monitoring of vitamin D serum levels is necessary, including a run-in period and the adjustment of baseline values between the intervention and the control group in the randomization process. The importance of adjusted vitamin D serum levels can be demonstrated by looking at the trial performed by Soliman et al. with the highest concentrations of vitamin D being measured in the control group at baseline (25), leading to a high risk of misclassification bias and reduced power. Furthermore, the study size must be chosen wisely to be able to show the significant effects of vitamin D supplementation, since participants in the control group can produce vitamin D endogenously as well. The period of investigation, including the duration of vitamin D supplementation and time until the follow-up assessments, needs to be of adequate length to reach sufficient vitamin D serum levels. Since our analysis showed a tendency for a harmful effect of a single bolus of vitamin D, vitamin D supplementation should be administered repeatedly (e.g., daily) rather than once. Considering these suggestions, only three of the ongoing trials, based on their study protocol, could be helpful to assess the effect of vitamin D supplementation for the treatment of COVID-19.

Interestingly, vitamin D supplementation can affect vitamin K levels by influencing vitamin D-dependent proteins and potentially can induce vitamin K deficiency (40, 41). As previous studies have demonstrated that a low vitamin K concentration is associated with higher risks of developing severe COVID-19 and increased IL-6 levels, undoubtedly, further research is needed to investigate the levels of vitamin K in the context of vitamin D insufficiency as well as the role of vitamin D supplementation in vitamin K levels and its related outcomes in the COVID-19 population (42–45).

Overall, a focus on reaching sufficient vitamin D serum levels is crucial, and not only in the context of COVID-19 vitamin D supplementation may be important to help improve immune function globally. With all age groups being affected, the risk of insufficient vitamin D status is prevalent worldwide. Multiple factors such as age, gender, ethnicity, or limited sun exposure influence vitamin D metabolism and can result in insufficient vitamin D serum concentrations. It is important to investigate vitamin D supplementation regimens as a safe and widely available supplement to reduce the prevalence of vitamin D deficiency globally and establish supplementation programs for people of high risk (6, 46, 47). Over the last decade, a successful nutrition policy in Finland resulted in improved vitamin D status in adult people nationally. Finland also reports low rates of SARS-CoV-2 infections and COVID-19-related deaths compared with the United States of America and Europe, even with the lowest rates of SARS-CoV-2 infections in Europe in November 2020. However, if vitamin D sufficiency is one of the multiple factors influencing the prevalence of COVID-19 in Finland and may help improve the global situation, further investigations are required (46, 48).



Conclusion

In conclusion, our findings indicate that vitamin D supplementation is associated with the trend of reducing COVID-19-related mortality and clinical severity, especially in patients receiving repeated vitamin D doses, when vitamin D was given after the diagnosis of COVID-19. Repeated administration of vitamin D supplementation could be helpful to reach sufficient serum levels and improve immune function and, thus, COVID-19-related complications. The available evidence to date is of low quality with heterogeneous findings. Therefore, it is impossible to demonstrate the immunological benefit of vitamin D supplementation in this context yet. Hence, further investigations are required, including updated analyses of ongoing and future RCTs.
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Influenza B virus (IBV) is a major respiratory viral pathogen. Due to a lack of pandemic potential for IBV, there is a lag in research on IBV pathology and immunological responses compared to IAV. Therefore, the impact of various lifestyle and environmental factors on IBV infections, such as cigarette smoking (CS), remains elusive. Despite the increased risk and severity of IAV infections with CS, limited information exists on the impact of CS on IBV infections due to the absence of suitable animal models. To this end, we developed an animal model system by pre-treating mice for two weeks with cigarette smoke extract (CSE), then infected them with IBV and monitored the resulting pathological, immunological, and virological effects. Our results reveal that the CSE treatment decreased IBV specific IgG levels yet did not change viral replication in the upper airway/the lung, and weight recovery post infection. However, higher concentrations of CSE did result in higher mortality post infection. Together, this suggests that CS induced inflammation coupled with IBV infection resulted in exacerbated disease outcome.
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Introduction

Influenza virus infections cause seasonal epidemics that result in significant disease and economic burden (1). Between 2010-2020, estimated yearly symptomatic infections caused by Influenza viruses’ range between 9-45 million cases, 140,000-710,000 hospitalizations, and between 12,000-52,000 deaths in the United States (2). Extending out to the global population, 290,000-650,000 die worldwide annually as a result of Influenza virus infections (3). Economically, these infections result in an estimated 2.8-5.0 billion dollars in medical costs in the United States alone as of 2017 (4), representing 0.014-0.03% of the US national GDP for that year (5). Therefore, to better prevent and treat influenza viral infection, it is imperative that we further examine any factors that could exacerbate disease outcomes.

Influenza viruses are negative sense, segmented, RNA enveloped viruses belonging to the Orthomyxoviridae family. There are 4 types: Influenza A virus (IAV), Influenza B virus (IBV), Influenza C virus (ICV), and Influenza D virus (IDV). Type A-C all infect humans, however IAV and IBV are primarily responsible for seasonal epidemics. Between 2000-2020, IAV remained the dominant seasonal influenza virus type in the United States (Table 1) (6–24). Historically, IAV has dominated research efforts and understanding of IBV has lagged behind. This gap in IBV research should be filled since IBV is also a known public health concern. For example, IBV accounted for significant percentages of known cases in the United States, as high as 45% in certain years (Table 1). Of the aforementioned 2.8-5 billion dollar medical cost estimate in 2017, IBV infections accounted for 37% of that total (4). Outside of the United States, IBV has achieved dominant status over IAV in Europe in some years (25). Additionally, IBV can adversely affect specific vulnerable populations. In pediatric cases for example, IBV infection can be more virulent compared to adult cases (26). Despite these sizable economic and disease burdens, IBV remains relatively understudied compared to IAV. With awareness of the impact of IBV, the field has begun to increase efforts for IBV. As evidence, both lineages of IBV have been included in seasonal Flu vaccines, dubbed the quadrivalent Flu vaccine, since 2012 in US. However, it remains largely unknown what is the impact of respiratory related lifestyle factors, such as cigarette smoking, on IBV infection, and its associated co-morbidities.


Table 1 | Yearly IAV to IBV infection cases in the United States as Reported in the CDC MMWRs.



Cigarette smoking also represents a medical and environmental factor known to damage respiratory tissues. Thus, it is likely to exacerbate IBV infection and disease outcomes. Cigarette smoking (CS) results in an estimated 480,000 deaths in the United States each year, representing approximately 6.8% of the annual cigarette related deaths worldwide (27). CS is known to increase the risk and/or be causative of a number of chronic diseases, including, but not limited to: heart disease, multiple types of cancer, diabetes, and chronic obstructive pulmonary disease (COPD) (28). Smoking is also an established risk factor for infectious disease, including pulmonary bacterial infections like pneumonia (29, 30), Tuberculosis (31–34), acute respiratory tract infections in children exposed to environmental cigarette smoke (dubbed second hand smoke) (35), and viral infections like Human papillomavirus (HPV) infections (36) and Influenza A virus infection (37–39). Similarly, studies have also shown that smoking has detrimental effects on COVID-19 outcomes (40, 41).

Besides the risk, CS is also known to increase the severity of IAV disease in patients (37). Similarly, cigarette smoke has been shown to decrease weight gain (slow recovery) (42–45) and increase both lung remodeling (46) and mortality in animal models of IAV infection (43–45, 47, 48). Interestingly, multiple studies have reported that animal models of cigarette smoking do not exhibit higher viral titers than non-smoking controls post infection (43, 47–49), suggesting that worse disease outcomes are likely not due to changes in the viral replication. However, CS does appear to alter pro-inflammatory cytokine profile responses to IAV infection. Specifically, CS exposure in mice greater than two weeks appears to result in higher levels of pulmonary pro-inflammatory cytokines including (but not limited to) TNF-α, IFN-γ, IL-6, IL-12, IL-23, IL-1, IL-5, IL-10, KC, MIP-1α, IL-17, and IL-1β (44–46, 48, 50). The favorable explanation is that this increased pro-inflammatory response could give rise to exacerbation of pulmonary inflammation post infection, resulting in greater damage and slower recovery (42, 45, 46, 48, 49, 51).

Surprisingly however, to our knowledge, there is very little information regarding how cigarette smoking affects IBV infections and disease outcomes specifically. Lacking pathological, virological, and immunological profiling of smoking effects on IBV infection could result in severe lag-time between treatment development and deployment, especially in sever epidemics or situations when IBV is of particular concern. To this point, we know second hand smoke has been shown to result in not only higher incidents of infection, but also hospitalization in infants and children (52–54), and because IBV infection can be severe in children, it is critical we further investigate the role of CS in IBV infection. To this end, it is critical to establish an experimental model of how cigarette smoke affects the pathology, virology, immunology, and disease outcomes from IBV infection in mice.

Here, we developed an animal model system to better understand how aspects of CS may affect IBV infections by treating mice for two weeks with liquid cigarette smoke extract (CSE), then infecting them with IBV. Our results showed that exposure to CSE decreased IBV specific antibodies but oddly did not compromise their neutralization potency for IBV. Similar to previous studies in IAV, we also did not observe an impact of CSE on virus replication, and associated disease outcomes. Intriguingly, we observed about a 2-fold increase in IBV specific activated splenocytes from animal exposed to CSE versus the control animals. Additionally, we observed a dose dependent effect of increasing concentrations of CSE on mortality in mice. These data represent the first information regarding the pathological and immunological effects of water-soluble components of CS on IBV infection in vivo and suggested that there is a negative impact on IBV disease outcome. Our studies provide an experimental platform to further dissect the impact of CSE on IBV infection.



Materials and Methods


Virus and cells

Influenza B/Victoria/2/87 virus was propagated in pathogen free eggs purchased from Charles River laboratories Inc. and stored at -80°C. A549 and Madin-Darby canine kidney (MDCK) cells were cultured at 37°C in DMEM medium supplemented with 10% FBS, or MEM medium supplemented with 10% FBS, respectively.



Cytotoxicity assay

To evaluate the impact of CSE on cell viability, we used the Cell Counting Kit-8 (CCK-8), Dojindo Inc. Briefly, A549 cells were plated at 2.75x105 cells per well in 96 well plates in DMEM supplemented with 10% FBS for 24 hours (hrs). Cells were subsequently exposed to varying concentrations of CSE, ranging from 40X to 0.16X, with a 3-fold dilution, and maintained at 37°C for an additional 24 hours. CCK-8 solution (10 μL per well) was added, followed by an additional incubation for 2 h. The absorbance was measured at 450 nm.



Multi-step growth curve

To evaluate viral replication under the influence of CSE, A549 cells were plated at 3x105 cells per well in 6 well plates in DMEM supplemented with 10% FBS for 24 hrs. Medium was aspirated, then cells were treated overnight with either PBS, 1x CSE, or 2.5x CSE diluted in DMEM with 10% FBS. The following day, media with CSE or PBS was removed, and cells were infected with a multiplicity of infection (MOI) of 0.05 of Influenza B/Victoria/2/87 virus diluted in PBS/BSA/PS (1x PBS, 0.42% BSA, 100ug/ml Pen-strep, 0.8mM CaCl2-2*H2O, 1mM MgCl2-6H2O) and incubated at 33°C for one hour. Then, virus solutions were aspirated and replaced with 1ml of post infection media (1x DMEM, 0.35% BSA, 100U/ml Pen-strep, 2mM L-glutamine, 0.15% sodium bicarbonate, 20mM HEPES pH 7.0, 0.25ug/ml TPCK). Infection samples were collected at 24 and 48 hours post infection. The virus concentrations were evaluated by standard plaque assays.



Plaque assay

MDCK cells were plated in 12 well plates at 5x105 cells/well the night before in MEM supplemented with 10% FBS. Virus was serially diluted in PBS/BSA/PS. MEM media from cells was aspirated and replaced with 200µl of virus dilution for 1hr at 33°C. Plates were rocked every 15 min. Virus was aspirated and replaced with plaque overlay (1x EMEM, 0.21% BSA, 100µg/ml Pen/Strep, 2mM L-Glutamine, 0.22% Sodium Bicarbonate, 10mM HEPEs pH 7.0, 0.1% D-dextrose, 0.7% Avicel, 1µg/ml TPCK). Plates were incubated at 33°C for 72hrs. Cells were fixed with 3.7% Formaldehyde in 1x PBS for 1hr, then stained with 0.08% Crystal Violet.



Mice

6-8 weeks old Female BALB/cJ mice were purchased from the Jackson Laboratory and housed in a pathogen free vivarium facility at the University of California, Riverside. Food and water were available ad libitum.



Cigarette smoke extract exposure

Cigarette smoke extract was prepared as previously described (55, 56). Briefly, cigarette smoke from 40 commercially available Marlboro Class A Cigarettes were filtered through 12.5ml of sterile 1xPBS at a rate of 1 cigarette every 1 minutes in a chemical hood. Cigarettes were smoked until they reached the filter, then replaced. The resulting liquid was filter sterilized through a 0.22uM filter and classified as “40X cigarette smoke extract (CSE)”. 40x CSE was aliquoted and frozen at -80°C until use.

6 to 8-week-old BALB/cJ female mice were anesthetized with isoflurane, then intranasally inoculated with 50μl of specified concentration of CSE (diluted in sterile PBS) or PBS as a mock control. Mice were daily treated in the same manner, 6-days per week for two weeks.



Influenza virus infections

After two weeks of CSE exposure, mice were isoflurane anesthetized and intranasally inoculated with 50μl of Influenza B/Victoria/2/87 WT virus diluted in PBS/BSA/PS. Total PFU per mouse given were as specified in figures. Mice were sacrificed on day 0, 3, 6, or 21 post infection depending on the experiment.



Lung pathology

After two weeks of CSE or PBS treatments, mice were infected with 105 PFU B/Victoria/2/87 WT virus per mouse. Mice were sacrificed 0 and 3 days post infection, and lungs were extracted, washed in 1x PBS, then fixed in 4% formaldehyde at room temperature. Lungs were dehydrated, embedded in paraffin, and lung sections were subjected to Hematoxylin and Eosin (H&E) staining.



Hematoxylin and eosin staining

Mice were euthanized with CO2, and lungs were extracted and washed with PBS, the fixed it with 4% formaldehyde for 72 hrs at room temperature. Lungs were subsequently dehydrated with 70%, 80%, 90%, and 95% ethanol for 2, 2, 1, and 1hr respectively, then dehydrated again with 100% ethanol for 1 hr. After xylene treatment, lungs were immersed in liquid paraffin wax. Lungs were sectioned using microtome (Lecia Microsystems, Leica RM2235), at approximately 4μm thickness per slice. The slices were then attached to a glass slide and dried at 45°C for 12 hrs. Last, slides were Hematoxylin-Eosin stained, dried, fixed with neutral resin, then covered with cover slips.



BAL fluid collection

21 days post IBV infection, mice were sacrificed. Tracheas were exposed and incisions were made above the manubrium. One ml of sterile PBS was pushed through the incision and out the nasal cavity for collection. BAL fluid was clarified by centrifugation, aliquoted, and frozen at -80°C until analysis.



Enzyme-linked immunosorbent assay for IgG and IgA

To assess the levels of virus-specific IgG and IgA antibodies present in samples from IBV infected mice, ELISAs were performed on blood sera (for IgG) or lavage fluid (for IgA) samples. In brief, 96 well MaxiSorp ELISA plates (Thermo Fisher Scientific, #442404, Rochester, NY) were coated with 50µl of 10µg/ml purified B/Victoria/2/87 WT virions. Wells were blocked at room temperature with PBS containing 1% dried milk and 0.1% Tween 20 (blocking buffer) for 2hrs, washed with PBS containing 0.1% Tween 20 (wash buffer), and subsequently incubated with blood sera or lavage samples serially diluted in blocking buffer. After 2hr room-temp incubations, plates were washed with wash buffer and incubated with secondary horse radish peroxidase conjugated antibody (Southern Biotech #1040-05 for IgA; Millipore, CAT# AP503P, Temecula, Ca for IgG) for 30min at room temperature. Plates were washed with wash buffer and incubated with colorimetric substrate (o-phenylenediamine dihydrochloride, Invitrogen, Carlsbad, CA) for 30min at room temperature, then read with a plate reader measuring optical density at 450 nm (OD450).



IFN-γ evaluation

Mice were sacrificed 6 days post IBV infection. Spleens were removed and washed in 5ml of R10 media (RPMI media supplemented with 2mM L-glutamine, 100ug/ml Pen-strep, 100mM Hepes pH 7.0, and 10% FBS). Spleens were homogenized through a 40 µM cell strainer, washed with 5 ml of R10 media, centrifuged at 1000g for 5 min, then aspirated. Homogenates were treated with 3ml of Ammonium-Chloride-Potassium (ACK) lysis buffer (NH4Cl 150mM, KHCO3 10mM, EDTA 0.1mM, pH to 7.2) for 10min and neutralized with 10ml of R10 media. Homogenates were centrifuged, aspirated, resuspended in 4ml R10 media, then counted. 3x105 cells/well were plated in triplicate per spleen in 96 well plates in R10 media. Boiled B/Victoria/2/87 WT virus was added to a final concentration of 30ug/ml for stimulation, and plates were placed at 37°C for 72 hours. Anti CD3/CD28 antibody at 20ug/ml and R10 media was used as positive and negative controls respectively. Supernatants were harvested, clarified by centrifugation, then frozen at -80°C until ELISA analysis.

We used ELISAs to evaluate IFN-γ content in the supernatant samples. Specifically, Nunc Maxisorp plates were coated with 50µl of 0.5ng/µl Anti-mouse IFN-γ purified antibody (Invitrogen eBioscience #14-7313-85) overnight at 4°C. Wells were washed 3x with wash buffer (PBS with 0.05% Tween 20). 50 µl of supernatant samples were diluted 1:10 in dilutant buffer (PBS with 1% BSA and 0.05% tween 20) and added to wells for 2 hours at 37°C. Wells were washed, then treated with 50µl (0.5 µg/ml) of biotin conjugated anti-mouse IFN-γ antibody (Invitrogen ebioscience #13-7312-85) for 1hr at 37°C. Wells were washed, then treated with 100 µl (0.5µg/ml) of HRP conjugated streptavidin (Jackson Immunoresearch #016-030-084) for 30min at 37°C. Wells were washed, then incubated with colorimetric substrate (o-phenylenediamine dihydrochloride, Invitrogen, Carlsbad, CA) for 30min and read with plate reader measuring optical density at 450 nm (OD450).



Microneutralization assay

To assess neutralizing potency of antibodies against the challenge virus, we performed microneutralization assays. Briefly, 6x104 MDCK cells were plated in 96 well plates. 24hr after plating, 2000 PFU of B/Victoria/2/87 WT virus was incubated with serum samples serially diluted in PBS containing 0.35% BSA for 1hr at 33°C. Virus-serum mixtures (100μl) were added to MDCK cells (MOI=0.003) and incubated at 33°C for 1hr, then washed with PBS. Cells were then incubated overnight at 33°C in MEM media containing 0.35% BSA, 2mM L-glutamine, 0.15% NaHCO3, and 2 mM HEPES pH 7.0, and 1µg/ml TPCK. 24 hours post infection (hpi), cells were fixed with 100% methanol for 20min at -20°C and washed with PBS. Cells were blocked at room-temp with PBS containing 1% dried milk and 0.1% Tween 20 (blocking buffer) for 1hr, and then incubated with sera from B/Victoria/2/87 infected mice diluted in blocking buffer. After 1hr room-temp incubations, plates were washed with wash buffer and incubated with secondary anti-mouse horse radish peroxidase conjugated antibody HRP (Millipore, Temecula, CA) IgGγ for 30min at room-temp. Plates were washed and then incubated with colorimetric substrate (o-phenylenediamine dihydrochloride, Invitrogen, Carlsbad, CA) for 30min and read with plate reader measuring optical density at 450 nm (OD450).



RNA extraction and qRT-PCR

Mice were euthanized 3 days post infection by CO2 and lungs were immediately extracted and placed in 1ml of Trizol reagent (Thermo Fisher Scientific). Samples were homogenized, then frozen at -80°C until time of RNA extraction. 250µl of Chloroform was added. Samples were vortexed and centrifuged at 20,000g for 15min at 4°C. The RNA from the aqueous phase was precipitated with isopropyl alcohol at a ratio of 1:1.1 using glycogen as a carrier. The resulting RNA pellet was washed with 70% ethanol, air dried, and resuspended in nuclease-free water.

To remove contaminating genomic DNA, RNA was treated with DNAse I (Ambion #2222, Austin, TX). DNAse was removed by phenol/chloroform extraction and RNA was resuspended in nuclease free water. cDNA was synthesized from 1ug of RNA per sample using Superscript II in 20µl reactions (18064-022, Invitrogen, Carlsbad CA). qRT-PCR reactions used 2µl of a 1:10 dilution of cDNA, 400 nM of each primer, and 10µl of 2x Radiant Green Lo-Rox qPCR mix (QS1005, Alkali Scientific, Fort Lauderdale FL). β-Actin internal control was used to normalize results.



Statistical analysis

The experimental data were analyzed by the student t-test or the two-way ANOVA depending on the specific setting using the GraphPad Prism V. 9.0.



Ethics and biosafety statement

Animal studies were approved by University of California, Riverside Institutional Animal Care and Use Committee (IACUC) and performed in the biosafety level 2 facility. All animals were cared for in the Animal Resources Facility under specific-pathogen-free conditions in appliance with the Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals, 8th edition.




Results


CSE suppressed IBV replication in A549 cells

Duffney et al. has previously shown that there was more WSN (A/WS/1933 H1N1) IAV infectivity in human airway epithelial cells exposed to cigarette smoke compared to the control cells (57). To evaluate whether there is a similar impact in human lung cells exposed to the water-soluble components of CS on IBV infection, we treated A549 cells with either PBS (mock), 1x CSE, or 2.5x CSE for 24hr, then infected with Influenza B/Victoria/2/87. We noted that 24 hours post CSE treatment, 1x CSE and mock control cells appeared to have similar morphology (Figure 1A). However, 2.5x CSE treated cells appeared to cease proliferation, likely due to toxicity from high dose CSE. Yet, these cells were still attached to the plate (Figure 1A). To more quantitively evaluate the cytotoxicity of CSE, we measured cell viability using the CCK-8 kit (Figure 1B). The results showed similar readings between cells with or without CSE treatment at 4.44X and below. This suggested that concentrations of CSE at 4.44X and below exhibited no apparent negative impact on cell viability. Post infection, 1x CSE did not appear to increase or decrease virus replication, but 2.5x CSE did appear to significantly decrease viral titers 24 hours post infection (hpi) (Figure 1C).




Figure 1 | CSE suppressed viral replication ex vivo. A549 cells were treated for 24hrs with either PBS (mock), 1x CSE, or 2.5x CSE (A). Cytotoxicity of CSE on A549 cells were further analyzed with CCK-8 kit (B). Cells were infected with Influenza B/Victoria/2/87 at an MOI = 0.05. Supernatant samples were taken at 24 and 48 hpi and tittered by standard plaque assay (C). A standard 2-way ANOVA with multiple comparisons was used for statistical analysis in PRISM software 9.0, *** = p<0.0001. N=4 per treatment group. NS, Not statistically significant.





Low dose of CSE did not exacerbate IBV infection

To examine the pathological effects of cigarette smoke on IBV infection in vivo, we intranasally inoculated 6-8 week old female BALB/cJ mice with 1x CSE for two weeks, 6 days/week (Figure 2A). For this period of treatment, 1x CSE exposure did not affect the weights over a two-week period (Figure 2B). Furthermore, 1x CSE exposure did not substantially increase pathological damage in the lungs of mice compared to PBS control mice (Figure 2G, Top). Subsequently, we infected these mice with 1X103, 1X104, or 1X105 PFU/mouse of IBV (Influenza B/Victoria/2/87). We observed mice body weight changes for 14 days post infection. We found that 1x CSE exposure did not increase weight loss during this two-week period post infection, regardless of the dose of IBV compared to PBS control mice (Figures 2C, E), nor did 1x CSE exposure have any effect on mortality among different groups of mice (Figures 2D, F). Finally, lung histology on tissue from three days post infection indicated immunocyte infiltration only in infected samples with or without CSE treatment. However, the phenomenon was not observed in samples from CSE treatment alone (Figure 2G, Bottom). This suggests that our current CSE dose is not high enough to exhibit a significant negative impact on disease outcomes.




Figure 2 | 1X CSE treatment does not affect mice weight loss or survival before or after IBV infection. (A) 6–8-week-old female BALB/cJ mice were treated intranasally with 50µl of 1xCSE daily, six days per week, for two weeks total. Weights of mice were monitored during 1x CSE treatment (B) and after infection (C) with 103, 104, or 105 (E) PFU/mouse. Survival was monitored up to 14 days post infection for (D) 103/104 or 105 (F) PFU/mouse groups. N=5 for all groups. Lungs were harvested from 1X CSE treated mice at the day of infection, Day 0, or three days post IBV infections. For mice of 3 DPI, half of tissues were fixed for H&E staining analysis (G) and the rest were used for qPCR gene expression analysis of pro-inflammatory molecules (H). Larger lung pictures are 10X magnification, while smaller picture in upper right corner of lung histology represents 20x magnification. Red arrows indicated thickening of the alveolar septa with congestion, blue arrows indicate the infiltration of inflammatory cells. With higher resolution at 20X, a large number of neutrophils and lymphocytes were only present in infected samples. Statistical significance for figure were determined by 2-way ANOVA with multiple comparisons.



We next assessed the potential impact of CSE on the viral pulmonary replication and immunological responses post IBV infection. We treated mice with 1x CSE and infected as described in earlier sections (Figure 3A). We observed that with both low and high doses of IBV, 1x CSE exposure did not affect the amount of virus detected in the lungs from mice at 3 and 6 days post infection (dpi) (Figures 3B, C) compared to control PBS groups. Similarly, we did not find any difference between 1x CSE and PBS viral titers in the upper respiratory fluid 3 or 6 dpi (Figure 3D). Also, we found that 1x CSE treatment did not have a significant impact on pro-inflammatory cytokine gene expression 3 dpi (Figure 2H).




Figure 3 | 1X CSE treatment does not affect respiratory viral replication or pathological responses. (A) schematic describing 6–8-week-old female BALB/cJ mice treated with 1X CSE and infected with IBV. Virus lung replication was measured on day 3 and day 6 post 1x103 (B) or 1x105 PFU/mouse of IBV infection (C). (D) Virus replication was also measured from upper airway lavage fluid collected from 1x103 PFU infected mice by standard plaque assay. Significance was determined by standard students t-test. N=3. NS, Not statistically significant.



Because smoking has been shown to alter innate and adaptive immune responses post IAV infection in some reports (44–46, 58), we went further to determine whether CSE exposure influences the host immune responses after IBV infection. Here, we examined both cellular and humoral responses through evaluating IFN-γ production from the IBV specific splenocytes, IBV specific IgA level from nasal lavage samples, and IBV specific IgG levels from sera samples (Figure 4A). Even though we observed significantly higher IFN-γ production from splenocytes of CSE mice versus those of PBS control animals (Figure 4B), we did not observe a discernable difference in PBS vs CSE treated animal in their IgA (Figure 4C) or IgG (Figure 4D) titers at 21dpi. Furthermore, we evaluated the potency of those IBV specific IgGs by microneutralization assays. Similarly, we did not detect significant difference between CSE or PBS treatment groups (Figure 4E). To evaluate whether our observation is independent of IBV dose usage, we repeated the experiments with a higher dose infection at 1x105 PFU/mouse. Similarly, we found that neither IgG (Figure 5A) nor neutralization titers (Figure 5B) differed between CSE or PBS groups. Collectively, our results suggest that early cellular immune responses are elevated in CSE mice, but mucosal and humoral immunity by later stages post infection have equalized. However, this is likely due to the low dose of CSE used here in these studies. At three days post infection, lung histology indicated cell infiltration only in infected samples regardless of CSE treatment, which was not observed in samples from CSE treatment alone (Figure 2G, Bottom). This suggests a likely caveat that our current CSE dose is not high enough to impact on host immune responses.




Figure 4 | 1X CSE treated mice do not exhibit altered adaptive immune responses post IBV infection. As shown in schematic (A) mice were treated with 1x CSE for two weeks and infected with either 103 or 104 PFU/mouse of IBV. Spleens from 103 PFU infection group were removed 6 DPI, homogenized and stimulated with either IBV virion, R10 media only, or Positive Control Antibody CD3/CD28 (AB). (B) IFN-γ expression was measured from stimulated splenocytes by ELISA. N=3. (C) Upper airway lavage fluid was used to measure IgA antibody titers 21 DPI by ELISA from mice infected with 103 PFU of IBV (D) Blood sera was drawn from mice infected with 103 or 104 PFU of IBV 21 DPI to measure IBV specific IgG responses by ELISA (N=5) or (E) neutralizing antibody titers as calculated from the 50% Reciprocal Inhibition Titer. Two-way ANOVA was used to test significant differences with multiple comparisons, * indicating p<0.5. NS, Not statistically significant.






Figure 5 | 1x CSE treatment does not affect IgG or neutralizing titers of mice infected with higher doses of IBV. Mice were treated with 1x CSE as in Figure 4, and infected with 105 PFU/mouse of IBV. (A) Blood sera was drawn from mice infected with 103 PFU (LD) or 104 PFU (HD) of IBV 21 DPI to measure IgG responses by ELISA (N=5) or (B) neutralizing antibody titers as calculated from the 50% Reciprocal Inhibition Titer. Two-way ANOVA was used to test significant differences.





Increasing concentration of CSE reduces survival of mice post IBV infection

Smoking commonly varies among people, typically between 1 cigarette to multiple packs a day (https://www.lung.org/research/trends-in-lung-disease/tobacco-trends-brief/overall-tobacco-trends). To better mimic the physiologic condition, but more importantly to mimic the heavy smoking conditions, we further tested higher dose of CSE on IBV pathology, disease outcome, and immune responses. To this end, we first treated mice as described in Figure 6A with increasing amount of CSE. We observed that mice exhibited similar weight changes among different groups during the two-week CSE treatment period. The result suggested that increasing concentrations of CSE did not have an overwhelming impact on mice with up to 14 days treatment resulting in no significant effect of weight changes (Figure 6B). Following the same amount (105 PFU) of IBV infection, based on the weight records for surviving animals, we did not find significant differences in weight between our CSE treatment groups and the PBS mock treatment group (Figure 6C). However, from our survival data, we observed that the survival rate was inversely correlated with the amount of CSE used (Figure 6D). To further assess impact of high dose CSE on humoral responses, we tested IgA levels of nasal wash samples (mucosal) and IgG level of sera samples (systematic). Intriguingly, we observed a significant decrease in IBV specific IgA titers only for the undiluted samples (Figure 6E) and a more profound significant decrease in IBV specific IgG titers up to around 900-fold of dilutions of original sera (Figure 6F). On the contrary, we did not observe a difference in IgG neutralizing titers for IBV (Figure 6G) between CSE treated animals and PBS controlled animals. Furthermore, with increasing amounts of CSE used, we observed a decrease in survival following the subsequent IBV infection. Finally, we treated mice with CSE, subsequently infected them as in Figure 6A and assessed the potential impact of increasing CSE concentrations on the viral pulmonary and upper bal fluid replication 3 DPI (Figures 6H, I). Similar to 1xCSE treatments, increasing concentrations of CSE did not significantly alter viral replication in the lungs or upper bal fluid. Together, these facts revealed the CSE did not have direct negative impact on viral replication outcomes, for both upper and lower respiratory tracts.




Figure 6 | Increasing concentrations of CSE reduced survival. (A) Schematic showing 6-8-week-old female BALB/cJ mice were treated intranasally with 50µl of CSE, ranging from 5x to 20x, daily for six days per week, for two weeks total. (B) Weights of mice were monitored during CSE treatment and (C) after infection with 105 PFU/mouse of IBV for 14 days. (D) Survival was monitored for up to 14 days post infection, N=5 for all groups. (E) Lavage IgA or (F) Sera IgG specific for IBV from samples collected at 21 DPI was determine by ELISA from surviving mice, and (G) neutralizing antibody titers were calculating from microneutralization assays. Two-way ANOVA was used to test significant differences. In a second experiment, 5 mice per group were CSE treated and infected as in schematic 6A, and viral replication for the lungs (H) and upper bal fluid (I) was measured with standard plaque assay 3 DPI. One-way ANOVA with multiple comparisons was used to test significant differences to PBS group. NS, Not statistically significant. * = p=0.01, ** = p<0.0077, *** = p=0.0001, **** = p<0.0001.



Overall, we established a smoking model system for IBV using water-soluble components of CS. We found that the treatment negatively affected IBV infection outcomes and dampened host immune responses. The results validate that our smoking system recapitulated the disease outcomes of natural smoking behavior upon viral infection. Together, we provided a valuable resource to understand the impact of CS on IBV infection.




Discussion

Cigarette smoking increases the risk of IAV infection and exacerbates negative health outcomes, increasing both the time to recover and mortality. However, there is very little data on how cigarette smoking affects IBV infection, disease and to what degree. To this end, we developed an in vivo smoking model to study the pathological, immunological, and viral effects cigarette smoking may have on IBV infections. This was accomplished by pre-treating mice for two weeks with various concentrations of CSE, then infecting them with IBV and monitoring morbidity, mortality, lung inflammation, viral pulmonary and upper airway replication, and IBV specific serum and mucosal antibody levels. Ex vivo, IBV viral replication is not altered by 2.5x CSE treatment in A549 cells. In vivo, weight loss and mortality post IBV infection were not affected by 1x CSE regardless of the IBV dose compared to PBS control mice. Similarly, IgA, IgG, and neutralizing IgG levels were all similar in 1x CSE and PBS mock controls. However, 1x CSE induced a roughly 2-fold increase in IBV specific spleenocyte IFN-γ levels compared to PBS controls. Finally, increasing concentrations of CSE resulted in increased mortality compared to PBS controls after subsequent IBV infection, a significant decrease in IBV specific IgA or IgG levels but did not impact weight loss. Together, our system established a platform for further study of CS on IBV and provided first in vivo data on impact of CS on IBV infection in model systems.

Studying cigarette smoking and determining the specific chemical or compound in CS responsible for certain pathological or immunological responses is difficult for many reasons. Noah et al. measured live IBV vaccine RNA and specific cytokine levels post vaccination in nasal lavage fluid from active young smokers, secondhand smoke exposed, and never smoker groups (59). They noted that smokers had higher levels of IBV vaccine RNA and lower IL-6/IFN-γ levels compared to never smoker controls. Noteworthy, their conclusions were heavily influenced by variation in daily cigarettes consumed, type of cigarettes smoked, age, genetic background, unknown co-morbidities, other environmental factors, and use of attenuated vaccine virus.

To minimize the impact from those factors, it is necessary to perform a similar evaluation in a better controlled experimental system. Humans are exposed to at least 3 different types of smoke from cigarettes: firsthand, secondhand, and thirdhand smoke. Firsthand smoke comes from a person inhaling smoke through the cigarette directly into their lungs, also known as “mainstream” smoke (60), while secondhand smoke is smoke released into the environment from the lite side of the cigarette or from exhaled smoke and can be unintentionally inhaled by bystanders, a form of “side-stream” smoke (61). Thirdhand smoke come from either first or secondhand smoke that has settled or built up on furniture or surroundings that subsequently come into contact with people interacting with the smoke covered objects (62). Many systems that model cigarette smoking in mice place the mice in plexiglass chambers and expose them to mixtures of air and cigarette smoke pumped into the chamber for a specified time (whole body exposure), simulating side-stream smoke exposure or utilize nose only exposure systems (63), creating difficulty in both replicating CS exposure at relative human mass to cigarette ratios and study to study experiments.

Traditionally, the experimental system is built on the usage of a smoking chamber. Even though it can better mimic natural respiratory conditions, it suffers from the imprecise inoculation amount, let alone the financial requirements necessary for purchase. Here, we established a system based on the usage of water-soluble components from CS. CS is comprised of over 7000 chemicals and compounds. Our system will allow us to quickly distinguish water soluble component effects of cigarette smoke on IBV infection from the non-water soluble effects with fewer confounding factors. Additionally, it is superior in financial cost and prevents research personnel from handling mice that otherwise may be covered in toxic or carcinogenic components of cigarette smoke collected on their fur from side-stream smoke exposure. All these factors make this system a simple yet robust platform for evaluating CSE on respiratory viral infection.

We found that CSE treatment did not affect weight loss at any concentration from 1x to 20x. This is curious as smoking has been shown to result in weight loss in mice (64, 65). At least three factors could partially explain this lack of weight loss: a) the CSE we made contains only the water-soluble components of cigarette smoke, b) the mice were not exposed to CSE long enough to induce physical changes, or c) there were chemical variation in the cigarettes we used compared to previous studies. During the actual act of smoking cigarettes, there would be constant exposure of the lungs to water soluble and insoluble components of CS. To make our CSE, we bubble CS through PBS to capture the water soluble components, but allow the rest of the smoke to escape through the pump. Subsequently, any water insoluble particles that are trapped on the liquid surface are mostly removed by filter sterilization. As such, it’s possible the water insoluble particles or the combination with soluble components are necessary to induce weight loss. For CSE exposure length, previous studies have shown that there is a difference in pro-inflammatory cytokine response profiles depending on CS exposure of less than or greater than 2 weeks (66). It is possible that CSE exposure more than 2 weeks could have yielded a more significant effect on morbidity and mortality. Animal model studies with IAV range from as few as 3 days (67) to as long as 6 months (50). Given that there is huge variation in treatment period and amount of cigarettes used, it is not surprising to observe no significant weight loss from CSE treatment alone. Additionally, the brand of cigarette used in a study may have potential consequences on disease outcomes, including damage to the lungs. For example, Goel et al. found that among 27 brands of US commercially available cigarettes, there was as much as a 12-fold variation in free radicals in the gas phase of the CS (68). These free radicals can cause damage to cellular membranes and DNA (69), resulting in tissue damage to exposed organs. Because cigarette smoke contains over 7000 different chemicals and compounds (70), variation in which cigarettes are used in academic studies are likely going to lead to phenotypic variation post infection. Nevertheless, our CSE treatment did exhibit negative impacts on experimental animals, which resulted in decreased survival after subsequent IBV infection in a CSE dose dependent manner. The difference in weight loss warrants necessity for future studies to further titrate the specific amount, treatment time and types of CS or CSE.

Our data indicates that 1x CSE treatment did not impact IBV viral loads at 3 or 6 dpi with high or low doses of IBV or CSE. Gualano et al. has reported that cigarette smoke exposure in mice can lead to a moderate increase to viral loads (42). However, more reports indicate CS exposure does not impact viral loads of IAV infections, which is in line with our findings (43, 47–49). This would suggest that worse disease outcomes in our smoking model is likely not due to increased viral burden. Our speculation is in line with previous reports, which have correlated the final severity of disease outcome with the elevated inflammatory responses post IAV infection in smoking conditions, rather than with viral replication.

We noted interestingly that 1x CSE treatment resulted in increased IFN-γ production in spleenocytes compared to the PBS controls. IFN-γ promotes differentiation and proliferation of CD8+ T-cells and upregulates antigen presenting cell MHC II expression, aiding in CD4+ T-cell activation (71, 72). Only a specific set of immune cells produce IFN-γ, including CD8+ cytotoxic T-cells, B cells, and antigen presenting cells (APCs) (73). Our data suggests that post infection, CSE treatment may have resulted in either an expansion of IBV specific immune cells or the spleenocyte immune cells are producing more IFN-γ than none CSE treatment under the same IBV specific stimulation. This was also mentioned earlier that there was a time dependent effect of CS on immune cytokine responses to infection (66). It is possible that elevated IFN-γ responses post infection could reflect higher inflammatory responses (attracting more cells) post IBV infection in 1x CSE treated mice. Interestingly, this differs from IAV data, as Feng et al. has shown that there was reduced IFN-γ from the lungs of CS mice, as well as reduced numbers of IFN-γ+ cells from lungs and spleens of CS treated mice compared to control mice (43). It is possible this represents a potential pathological difference between IAV and IBV models of smoking, but it also may likely reflect experimental parameter differences including 1) exposure time, 6 weeks CS exposure vs 2 weeks CSE exposure and 2) exposure materials, CS versus CSE. Additionally, treatments with higher concentrations of CSE led to higher mortality after IBV infection. This suggests that higher concentrations of CSE are resulting in higher levels of inflammation post infection and could be responsible for exacerbating disease outcomes. Indeed, a number of IAV/CS studies have found higher lung and upper airway cell infiltration in CS mice compared to control groups (46, 48, 49).

Together, our results show that our system is a valid, rapid, and safer method to explore the effects of CS on IBV pathology and immune response compared to traditional experimental chamber models. We used the system to provide evidence to validate the negative impact of smoking on IBV infection. Together, we provided a valuable resource to understand the impact of CS on IBV vaccination and coinfections from different respiratory viruses, including IAV and even SARS-CoV-2. Furthermore, our model can serve as a platform for initial testing of the efficacy of anti-viral drugs and treatments under smoking conditions or could be used to examine if or how treatments designed to alleviate smoking consequences like inflammation affect infection outcomes. In result, these studies would provide the ground level animal model data required for further clinical testing in humans. In summary, our system will extend our understanding of other respiratory microbes under smoking conditions or other co-morbidities, such as diabetes, to help guide clinicians to achieve better treatment outcomes.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The animal study was reviewed and approved by University of California, Riverside Institutional Animal Care and Use Committee (IACUC).



Author contributions

JRC, WY, HD performed experiments. JRC and HD performed the CSE treatment. WY performed histology analysis. WY and JRC analyzed histology data. JC and DX performed and analysis the cytotoxicity analysis. JRC performed Statistics. JRC and RH wrote the draft of the manuscript and all authors contributed to the revising of the manuscript prior to submission. All authors contributed to the article and approved the submitted version.



Funding

JC was supported by a pre-doctoral fellowship provided by the University of California Office of the President (UCOP), under the Tobacco Related Disease Research Program (TRDRP, T30DT1060). This work was partially supported by NIAID (1R21AI147057 and R01AI153419) to RH.



Acknowledgments

Schematic figures were created with Biorender. We thank Samantha Cordingley for the help with our qRT-PCR analysis.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Lee, VJ, Ho, ZJM, Goh, EH, Campbell, H, Cohen, C, Cozza, V, et al. Advances in measuring influenza burden of disease. Influenza Other Respir Viruses (2018) 12:3–9. doi: 10.1111/irv.12533

2. Anonymous. CDC Factsheet: Influenza disease burden (Atlanta, GA: Center for Disease Control and Prevention).

3. Organization WH. WHO influenza seasonal factsheet 2020. (2020) (Geneva, Switzerland: World Health Organization).

4. Yan, SK, Weycker, D, and Sokolowski, S. US Healthcare costs attributable to type a and type b influenza. Hum Vaccines Immunotherapeutics (2017) 13:2041–7. doi: 10.1080/21645515.2017.1345400

5. Bank, W. GDP (current US$). Available at: https://data.worldbank.org/indicator/NY.GDP.MKTP.CD (Accessed 8/31/22).

6. CDC. 2000-2001 INFLUENZA SEASON SUMMARY (2001). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2000-2001/00-01summary.htm (Accessed 8/22/22).

7. CDC. 2001-02 INFLUENZA SEASON SUMMARY (2002). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2001-2002/01-02summary.htm (Accessed 8/22/22).

8. CDC. 03 U.S. INFLUENZA SEASON SUMMARY (2002). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2002-2003/02-03summary.htm (Accessed 8/22/22).

9. CDC. 2003 - 04 U.S. INFLUENZA SEASON SUMMARY (2004). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2003-2004/03-04summary.htm (Accessed 8/22/22).

10. CDC. 2004-05 U.S. INFLUENZA SEASON SUMMARY (2005). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2004-2005/04-05summary.htm (Accessed 8/22/22).

11. CDC. 2005-06 U.S. INFLUENZA SEASON SUMMARY (2006). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2005-2006/05-06summary.htm.

12. CDC. 2006-07 U.S. INFLUENZA SEASON SUMMARY (2007). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2006-2007/06-07summary.htm.

13. CDC. 2007-08 U.S. INFLUENZA SEASON SUMMARY (2008). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2007-2008/07-08summary.htm (Accessed 8/22/22).

14. CDC. 2008-2009 influenza season summary (2009). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2008-2009/08-09summary.htm (Accessed 8/22/22).

15. CDC. 2009-2010 influenza season summary (2010). Available at: https://www.cdc.gov/flu/weekly/weeklyarchives2009-2010/09-10Summary.htm (Accessed 8/22/22).

16. CDC. Update: Influenza activity - united states, 2010-11 season, and composition of the 2011-12 influenza vaccine (2011). Available at: https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6021a5.htm (Accessed 8/22/22).

17. CDC. Update: Influenza activity - united states, 2011-12 season and composition of the 2012-13 influenza vaccine (2012). Available at: https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6122a4.htm (Accessed 8/22/22).

18. CDC. Influenza activity - united states, 2012-13 season and composition of the 2013-14 influenza vaccine (2013). Available at: https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6223a5.htm?s_cid=mm6223a5_e (Accessed 8/22/22).

19. CDC. Influenza activity - united states, 2013-14 season and composition of the 2014-15 influenza vaccines (2014). Available at: https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6322a2.htm (Accessed 8/22/22).

20. CDC. Influenza activity - united states, 2014-15 season and composition of the 2015-16 influenza vaccine (2015). Available at: https://www.cdc.gov/mmwr/preview/mmwrhtml/mm6421a5.htm (Accessed 8/22/22).

21. CDC. Influenza activity - united states, 2015-16 season and composition of the 2016-17 influenza vaccine (2016). Available at: https://www.cdc.gov/mmwr/volumes/65/wr/mm6522a3.htm (Accessed 8/22/22).

22. CDC. Update: Influenza activity in the united states during the 2016–17 season and composition of the 2017–18 influenza vaccine (2017). Available at: https://www.cdc.gov/mmwr/volumes/66/wr/mm6625a3.htm (Accessed 8/22/22).

23. CDC. Update: Influenza activity in the united states during the 2017–18 season and composition of the 2018–19 influenza vaccine (2018). Available at: https://www.cdc.gov/mmwr/volumes/67/wr/mm6722a4.htm?s_cid=mm6722a4_w (Accessed 8/22/22).

24. CDC. FluView interactive map (2019-2020, weeks 40-26). Available at: https://gis.cdc.gov/grasp/fluview/fluportaldashboard.html (Accessed 8/22/22).

25. Anonymous. Influenza in Europe, summary of the season 2017–18 (Solna Municipality, Sweden: European Centre for Disease Prevention and Control) (2018).

26. Bhat, YR. Influenza b infections in children: A review. World J Clin Pediatr (2020) 9:44–52. doi: 10.5409/wjcp.v9.i3.44

27. Anonymous. CDC Smoking & tobacco use factsheet. (2020) (Atlanta, GA: Center for Disease Control and Prevention).

28. Control CfD. CDC Smoking & tobacco use: Health effects factsheet (Atlanta, GA: Center for Disease Control and Prevention) (2020).

29. Almirall, J, Gonzalez, CA, Balanzo, X, and Bolibar, I. Proportion of community-acquired pneumonia cases attributable to tobacco smoking. Chest (1999) 116:375–9. doi: 10.1378/chest.116.2.375

30. Almirall, J, Bolibar, I, Balanzo, X, and Gonzalez, CA. Risk factors for community-acquired pneumonia in adults: a population-based case-control study. Eur Respir J (1999) 13:349–55. doi: 10.1183/09031936.99.13234999

31. Aryanpur, M, Masjedi, MR, Hosseini, M, Mortaz, E, Tabarsi, P, Soori, H, et al. Cigarette smoking in patients newly diagnosed with pulmonary tuberculosis in Iran. Int J Tuberculosis Lung Dis (2016) 20:679–84. doi: 10.5588/ijtld.15.0662

32. Alcaide, J, Altet, MN, Plans, P, Parron, I, Folguera, L, Salto, E, et al. Cigarette smoking as a risk factor for tuberculosis in young adults: A case-control study. Tubercle Lung Dis (1996) 77:112–6. doi: 10.1016/S0962-8479(96)90024-6

33. Smith, GS, Van Den Eeden, SK, Baxter, R, Shan, J, Van Rie, A, Herring, AH, et al. Cigarette smoking and pulmonary tuberculosis in northern California. J Epidemiol Community Health (2015) 69:568–73. doi: 10.1136/jech-2014-204292

34. Bonacci, RA, Cruz-Hervert, LP, Garcia-Garcia, L, Reynales-Shigematsu, LM, Ferreyra-Reyes, L, Bobadilla-del-Valle, M, et al. Impact of cigarette smoking on rates and clinical prognosis of pulmonary tuberculosis in southern Mexico. J Infect (2013) 66:303–12. doi: 10.1016/j.jinf.2012.09.005

35. Pavic, I, Jurkovic, M, and Pastar, Z. Risk factors for acute respiratory tract infections in children. Collegium Antropologicum (2012) 36:539–42.

36. Mazarico, E, Gomez-Roig, MD, Guirado, L, Lorente, N, and Gonzalez-Bosquet, E. Relationship between smoking, HPV infection, and risk of cervical cancer. Eur J Gynaecological Oncol (2015) 36:677–80. doi: 10.12892/ejgo2713.2015

37. Kark, JD, Lebiush, M, and Rannon, L. Cigarette-smoking as a risk factor for epidemic a(H1n1) influenza in young men. N Engl J Med (1982) 307:1042–6. doi: 10.1056/NEJM198210213071702

38. Finklea, JF, Sandifer, SH, and Smith, DD. Cigarette smoking and epidemic influenza. Am J Epidemiol (1969) 90:390. doi: 10.1093/oxfordjournals.aje.a121084

39. Aronson, MD, Weiss, ST, Ben, RL, and Komaroff, AL. Association between cigarette smoking and acute respiratory tract illness in young adults. JAMA (1982) 248:181–3. doi: 10.1001/jama.1982.03330020025023

40. Organization WH. Smoking and COVID-19 (Geneva, Switzerland: World Health Organization) (2020).

41. Poudel, R, Daniels, LB, DeFilippis, AP, Hamburg, NM, Khan, Y, Keith, RJ, et al. Smoking is associated with increased risk of cardiovascular events, disease severity, and mortality among patients hospitalized for SARS-CoV-2 infections. PloS One (2022) 17:e0270763. doi: 10.1371/journal.pone.0270763

42. Gualano, RC, Hansen, MJ, Vlahos, R, Jones, JE, Park-Jones, RA, Deliyannis, G, et al. Cigarette smoke worsens lung inflammation and impairs resolution of influenza infection in mice. Respir Res (2008) 9:53. doi: 10.1186/1465-9921-9-53

43. Feng, Y, Kong, Y, Barnes, PF, Huang, FF, Klucar, P, Wang, XS, et al. Exposure to cigarette smoke inhibits the pulmonary T-cell response to influenza virus and mycobacterium tuberculosis. Infection Immun (2011) 79:229–37. doi: 10.1128/IAI.00709-10

44. Han, Y, Ling, MT, Mao, HW, Zheng, J, Liu, M, Lam, KT, et al. Influenza virus-induced lung inflammation was modulated by cigarette smoke exposure in mice. PLoS One (2014) 9:e86166. doi: 10.1371/journal.pone.0086166

45. Hong, MJ, Gu, BH, Madison, MC, Landers, C, Tung, HY, Kim, M, et al. Protective role of gamma delta T cells in cigarette smoke and influenza infection. Mucosal Immunol (2018) 11:894–908. doi: 10.1038/mi.2017.93

46. Kang, MJ, Lee, CG, Lee, JY, Dela Cruz, CS, Chen, ZJ, Enelow, R, et al. Cigarette smoke selectively enhances viral PAMP- and virus-induced pulmonary innate immune and remodeling responses in mice. J Clin Invest (2008) 118:2771–84. doi: 10.1172/JCI32709

47. Ferrero, MR, Garcia, CC, Dutra de Almeida, M, Torres Braz da Silva, J, Bianchi Reis Insuela, D, Teixeira Ferreira, TP, et al. CCR5 antagonist maraviroc inhibits acute exacerbation of lung inflammation triggered by influenza virus in cigarette smoke-exposed mice. Pharm (Basel) (2021) 14:A4552. doi: 10.3390/ph14070620

48. Robbins, CS, Bauer, CMT, Vujicic, N, Gaschler, GJ, Lichty, BD, Brown, EG, et al. Cigarette smoke impacts immune inflammatory responses to influenza in mice. Am J Respir Crit Care Med (2006) 174:1342–51. doi: 10.1164/rccm.200604-561OC

49. Bauer, CMT, Zavitz, CCJ, Botelho, FM, Lambert, KN, Brown, EG, Mossman, KL, et al. Treating viral exacerbations of chronic obstructive pulmonary disease: Insights from a mouse model of cigarette smoke and H1N1 influenza infection. PloS One (2010) 5:e13251. doi: 10.1371/journal.pone.0013251

50. Wang, JM, Li, QH, Xie, JG, and Xu, YJ. Cigarette smoke inhibits BAFF expression and mucosal immunoglobulin a responses in the lung during influenza virus infection. Respir Res (2015) 16:37. doi: 10.1186/s12931-015-0201-y

51. Mebratu, YA, Smith, KR, Agga, GE, and Tesfaigzi, Y. Inflammation and emphysema in cigarette smoke-exposed mice when instilled with poly (I:C) or infected with influenza a or respiratory syncytial viruses. Respir Res (2016) 17:75. doi: 10.1186/s12931-016-0392-x

52. Ladomenou, F, Kafatos, A, and Galanakis, E. Environmental tobacco smoke exposure as a risk factor for infections in infancy. Acta Paediatrica (2009) 98:1137–41. doi: 10.1111/j.1651-2227.2009.01276.x

53. Jedrychowski, W, and Flak, E. Maternal smoking during pregnancy and postnatal exposure to environmental tobacco smoke as predisposition factors to acute respiratory infections. Environ Health Perspect (1997) 105:302–6. doi: 10.1289/ehp.97105302

54. Miyahara, R, Takahashi, K, Anh, NTH, Thiem, VD, Suzuki, M, Yoshino, H, et al. Exposure to paternal tobacco smoking increased child hospitalization for lower respiratory infections but not for other diseases in Vietnam. Sci Rep (2017) 7:45481. doi: 10.1038/srep45481

55. Aedo, G, Miranda, M, Chavez, MN, Allende, ML, and Egana, JT. A reliable preclinical model to study the impact of cigarette smoke in development and disease. Curr Protoc Toxicol (2019) 80:e78. doi: 10.1002/cptx.78

56. Elliott, MK, Sisson, JH, West, WW, and Wyatt, TA. Differential in vivo effects of whole cigarette smoke exposure versus cigarette smoke extract on mouse ciliated tracheal epithelium. Exp Lung Res (2006) 32:99–118. doi: 10.1080/01902140600710546

57. Duffney, PF, Embong, AK, McGuire, CC, Thatcher, TH, Phipps, RP, and Sime, PJ. Cigarette smoke increases susceptibility to infection in lung epithelial cells by upregulating caveolin-dependent endocytosis. PLoS One (2020) 15:e0232102. doi: 10.1371/journal.pone.0232102

58. Jaspers, I, Horvath, KM, Zhang, WL, Brighton, LE, Carson, JL, and Noah, TL. Reduced expression of IRF7 in nasal epithelial cells from smokers after infection with influenza. Am J Respir Cell Mol Biol (2010) 43:368–75. doi: 10.1165/rcmb.2009-0254OC

59. Noah, TL, Zhou, HB, Monaco, J, Horvath, K, Herbst, M, and Jaspers, I. Tobacco smoke exposure and altered nasal responses to live attenuated influenza virus. Environ Health Perspect (2011) 119:78–83. doi: 10.1289/ehp.1002258

60. Health NIo. Dictionary of cancer terms: Mainstream smoke (Bethesda, Maryland: National Institute of Health).

61. Health NIo. Secondhand smoke and cancer (Bethesda, Maryland: National Institute of Health).

62. Jacob, P 3rd, Benowitz, NL, Destaillats, H, Gundel, L, Hang, B, Martins-Green, M, et al. Thirdhand smoke: New evidence, challenges, and future directions. Chem Res Toxicol (2017) 30:270–94. doi: 10.1021/acs.chemrestox.6b00343

63. Ghorani, V, Boskabady, MH, Khazdair, MR, and Kianmeher, M. Experimental animal models for COPD: A methodological review. Tob Induc Dis (2017) 15:25. doi: 10.1186/s12971-017-0130-2

64. Chen, H, Vlahos, R, Bozinovski, S, Jones, J, Anderson, GP, and Morris, MJ. Effect of short-term cigarette smoke exposure on body weight, appetite and brain neuropeptide y in mice. Neuropsychopharmacology (2005) 30:713–9. doi: 10.1038/sj.npp.1300597

65. Chen, H, Hansen, MJ, Jones, JE, Vlahos, R, Bozinovski, S, Anderson, GP, et al. Cigarette smoke exposure reprograms the hypothalamic neuropeptide y axis to promote weight loss. Am J Respir Crit Care Med (2006) 173:1248–54. doi: 10.1164/rccm.200506-977OC

66. Chavez, J, and Hai, R. Effects of cigarette smoking on influenza Virus/Host interplay. Pathogens (2021) 10:1636. doi: 10.3390/pathogens10121636

67. Boehme, SA, Franz-Bacon, K, Ludka, J, DiTirro, DN, Ly, TW, and Bacon, KB. MAP3K19 is overexpressed in COPD and is a central mediator of cigarette smoke-induced pulmonary inflammation and lower airway destruction. PLoS One (2016) 11:e0167169. doi: 10.1371/journal.pone.0167169

68. Goel, R, Bitzer, Z, Reilly, SM, Trushin, N, Foulds, J, Muscat, J, et al. Variation in free radical yields from US marketed cigarettes. Chem Res Toxicol (2017) 30:1038–45. doi: 10.1021/acs.chemrestox.6b00359

69. Machlin, LJ, and Bendich, A. FREE-RADICAL TISSUE-DAMAGE - PROTECTIVE ROLE OF ANTIOXIDANT NUTRIENTS. FASEB J (1987) 1:441–5. doi: 10.1096/fasebj.1.6.3315807

70. Anonymous. National cancer institute: Harms of cigarette smoking and health benefits of quitting factsheet. Available at: https://www.cancer.gov/about-cancer/causes-prevention/risk/tobacco/cessation-fact-sheet#:~:text=Of%20the%20more%20than%207%2C000,least%2069%20can%20cause%20cancer.

71. Maraskovsky, E, Chen, WF, and Shortman, K. IL-2 AND IFN-GAMMA ARE 2 NECESSARY LYMPHOKINES IN THE DEVELOPMENT OF CYTOLYTIC T-CELLS. J Immunol (1989) 143:1210–4. doi: 10.4049/jimmunol.143.4.1210

72. Curtsinger, JM, Agarwal, P, Lins, DC, and Mescher, MF. Autocrine IFN-gamma promotes naive CD8 T cell differentiation and synergizes with IFN-alpha to stimulate strong function. J Immunol (2012) 189:659–68. doi: 10.4049/jimmunol.1102727

73. Castro, F, Cardoso, AP, Goncalves, RM, Serre, K, and Oliveira, MJ. Interferon-gamma at the crossroads of tumor immune surveillance or evasion. Front Immunol (2018) 9. doi: 10.3389/fimmu.2018.00847



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Chavez, Yao, Dulin, Castellanos, Xu and Hai. 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: 18 April 2023

doi: 10.3389/fimmu.2023.1169968

[image: image2]


Human adenovirus infection induces pulmonary inflammatory damage by triggering noncanonical inflammasomes activation and macrophage pyroptosis


Lexi Li 1,2†, Huifeng Fan 2†, Jinyu Zhou 3, Xuehua Xu 2, Diyuan Yang 2, Minhao Wu 3*, Can Cao 3* and Gen Lu 1,2*


1 School of Medicine, South China University of Technology, Guangzhou, China, 2 Department of Respiration, Guangzhou Women and Children’s Medical Centre, Guangzhou, China, 3 Department of Immunology, Zhongshan School of Medicine, Sun Yat-sen University, Guangzhou, China




Edited by: 

Paraskevi C. Fragkou, Evaggelismos General Hospital, Greece

Reviewed by: 

Daniel Prantner, University of Maryland, United States

Charalampos D. Moschopoulos, University General Hospital Attikon, Greece

*Correspondence: 

Gen Lu
 lugen5663330@sina.com 

Can Cao
 caoc9@mail.sysu.edu.cn 

Minhao Wu
 wuminhao@mail.sysu.edu.cn


†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: 20 February 2023

Accepted: 03 April 2023

Published: 18 April 2023

Citation:
Li L, Fan H, Zhou J, Xu X, Yang D, Wu M, Cao C and Lu G (2023) Human adenovirus infection induces pulmonary inflammatory damage by triggering noncanonical inflammasomes activation and macrophage pyroptosis. Front. Immunol. 14:1169968. doi: 10.3389/fimmu.2023.1169968






Introduction

Human adenovirus (HAdV) is a common respiratory virus, which can lead to severe pneumonia in children and immunocompromised persons, and canonical inflammasomes are reported to be involved in anti-HAdV defense. However, whether HAdV induced noncanonical inflammasome activation has not been explored. This study aims to explore the broad roles of noncanonical inflammasomes during HAdV infection to investigate the regulatory mechanism of HAdV-induced pulmonary inflammatory damage. 





Methods

We mined available data on GEO database and collected clinical samples from adenovirus pneumonia pediatric patients to investigate the expression of noncanonical inflammasome and its clinical relevance. An in vitro cell model was employed to investigate the roles of noncanonical inflammasomes in macrophages in response to HAdV infection.





Results

Bioinformatics analysis showed that inflammasome-related genes, including caspase-4 and caspase-5, were enriched in adenovirus pneumonia. Moreover, caspase-4 and caspase-5 expression levels were significantly increased in the cells isolated from peripheral blood and broncho-alveolar lavage fluid (BALF) of pediatric patients with adenovirus pneumonia, and positively correlated with clinical parameters of inflammatory damage. In vitro experiments revealed that HAdV infection promoted caspase-4/5 expression, activation and pyroptosis in differentiated THP-1 (dTHP-1) human macrophages via NF-κB, rather than STING signaling pathway. Interestingly, silencing of caspase-4 and caspase-5 in dTHP-1 cells suppressed HAdV-induced noncanonical inflammasome activation and macrophage pyroptosis, and dramatically decreased the HAdV titer in cell supernatants, by influencing virus release rather than other stages of virus life cycle.





Discussion

In conclusion, our study demonstrated that HAdV infection induced macrophage pyroptosis by triggering noncanonical inflammasome activation via a NF-kB-dependent manner, which may explore new perspectives on the pathogenesis of HAdV-induced inflammatory damage. And high expression levels of caspase-4 and caspase-5 may be a biomarker for predicting the severity of adenovirus pneumonia.
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Introduction

Human adenovirus (HAdV), a member of the family Adenoviridae, is a common pathogen of respiratory tract infection in childhood and immunocompromised persons with high morbidity and mortality (1–3). There are seven different HAdV species (A-G), and to date, over 110 genotypes have been identified (1). And HAdV infection in children can cause numerous diseases such as pleural effusions, acute respiratory distress syndrome (ARDS), respiratory failure, myocarditis, and even death (3–6). Epidemiology suggests that among these serotypes, HAdV-3 and -7 are the most common types causing severe respiratory disease in children less than 5 years old worldwide (1–3, 7).

Inflammasomes, a group of cytosolic protein complexes, are formed to mediate host innate immune responses to microbial infection and cellular damage. They recruit inflammatory caspases, cysteine proteases that initiate or execute cellular programs, to trigger inflammation or cell death. Inflammasomes include canonical and noncanonical inflammasomes. Canonical inflammasomes, such as NLRP3, NLRP1, IPAF, and AIM2 inflammasome, activate caspase-1 to cleave pro-interleukin-1 beta (pro-IL-1β) and IL-18 into the secreted bioactive cytokines (8).. However, noncanonical inflammasomes often respond to intracellular lipopolysaccharide (LPS) and activate caspase-4 and caspase-5 in humans and caspase-11 in mice (9). Activated caspase-1/4/5/11 can induce cleavage of the pore-forming protein gasdermin D (GSDMD), leading to an inflammatory lytic type of cell death called pyroptosis.

It has been reported that HAdV DNA can activate inflammasomes to trigger innate immune responses (10). And K+ efflux, reactive oxygen species (ROS) and lysosomal damages have been brought forward as the exact cellular events involved in HAdV-induced NLRP3 inflammasome activation (11–13). Another study has shown that AIM2 inflammasome activated during HAdV infection to trigger caspase-1-mediated IL-1β/18 processing and GSDMD cleavage (14).

It is commonly believed that noncanonical caspase-4/5/11 directly senses cytosolic LPS via their caspase-activating and recruitment domains (CARD), pointing out the importance of noncanonical inflammasomes in anti-bacterial defense (15–17). Recently studies has verified that virus infection induces noncanonical inflammasomes activation during inflammatory responses, including severe acute respiratory syndrome coronavirus 2 (SARS–CoV-2), murine gammaherpesvirus 68 (MHV68) and coxsackievirus B3 (CVB3) (18–20). However, whether HAdV infection induced noncanonical inflammasomes activation in adenovirus pneumonia has not been explored.

Several signaling pathways play an important role in regulating inflammasome activation. For example, the nuclear factor-κB (NF-κB) signaling pathway serves as a prototypical proinflammatory pathway and provides the first signal for NLRP3 inflammasome activation by inducing pro-IL-1β and NLRP3 expression (21). NF-κB activation also promotes noncanonical caspase expression in inflammatory diseases (22, 23). Moreover, cGAS/STING signaling pathway functions as a cytoplasmic DNA sensor to initiate innate immune response against pathogen infection. The second messenger cGAMP catalyzed by cGAS could activate STING to induce downstream activation of TBK1/IRF3 or NF-κB, which respectively results in the production of type I interferons (IFNs) or proinflammatory cytokines (24–26). STING signaling pathway also contributes to both canonical and noncanonical inflammasome activation in Chlamydia trachomatis mouse bone marrow derived macrophages (BMDMs) (27). However, whether STING or NF-κB signaling pathway influences noncanonical inflammasome activation during HAdV infection remains unclear.

In the present study, we explored the role of noncanonical inflammasome during HAdV infection. We found that caspase-4 and caspase-5 expression levels were significantly increased in pediatric patients with adenovirus pneumonia and positively correlated with inflammatory damage. And in vitro experiments indicated that HAdV infection induced noncanonical inflammasomes activation and macrophage pyroptosis via NF-κB signaling pathway, while the STING signaling pathway was not involved in. Interestingly, silencing of caspase-4 and caspase-5 in dTHP-1 cells dramatically decreased the HAdV titer in cell supernatant. Overall, our study explored the broad role of noncanonical inflammasomes in HAdV-induced inflammatory responses, which may provide a potential therapeutic target for pediatric adenovirus pneumonia and a predictive biomarker for the severity.





Material and methods




Materials and reagents

RPMI medium, fetal bone serum (FBS), penicillin-streptomycin, L-glutamine, Opti-MEM and Lipofectamine™ 2000 were products of Invitrogen (Carlsbad, CA, USA). LPS derived from Pseudomonas aeruginosa, propidium iodide (PI), PMA and DMSO were purchased from Sigma Aldrich (St. Louis, MO, USA). C-176 (STING inhibitor) was bought from Selleck (Houston, TX, USA) and BAY11-7082 (NF-κB inhibitor) was bought from MedChemExpress (New Jersey, USA). 2’, 3’-cGAMP (STING agonist) and CpG ODN 2006 were bought from Invivogen (San Diego, CA, USA). Primary antibodies: anti-caspase-1 (AG-20B-0048) from Adipogen (San Diego, CA, USA); anti-caspase-4 (4450S), anti-GSDMD (97558S), anti-NF-κB p65 (8242S) and anti-P-NF-κB p65 (3033S) from Cell Signaling Technology (Beverly, MA, USA); another anti-caspase-4 (ab22687) from Abcam (Cambridge, MA, USA); anti-caspase-5 (M060-3) from Medical & Biological Laboratories(Nagoya, Japan); anti-β-actin (A1978) and anti-GAPDH(G9295) from Sigma Aldrich (St Louis, MO, USA).





Bioinformatics analysis

We downloaded the series GSE103119 on the Gene Expression Omnibus (GEO) database, whose microarray platform is GPL10558 (Illumina HumanHT-12 V4.0 expression beadchip). And 20 healthy controls and 80 viral pneumonia samples, including 9 adenovirus pneumonia samples, were used in the present study. Based on the annotation information in the platform, the probes were transformed into the corresponding gene symbols. Then the data were normalized using quantile normalization with the lumi package in R software (Version 4.2.1). Differentially expressed genes (DEGs) were estimated by using an online tool GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r ) with the following condition: adjusted p-value < 0.05 and the absolute value of log2fold-change (log2FC)> 2. We then performed Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) enrichment analysis for genes with these DEGs using Metascape (www.metascape.org ), which provides automated meta-analysis tools to reveal common and unique pathways from 40 independent knowledge bases. Gene Set Enrichment Analysis (GSEA) software (Version 4.3.0) was also used to explore the potential biological function difference between the two groups. GSEA was run for the “REACTOME_PYROPTOSIS.v2022.1.Hs.gmt” gene sets. Besides this, the correlations between variables were evaluated by a Pearson rank correlation test. The heatmaps and the correlation matrices were plotted by Chiplot (https://www.chiplot.online/ ), a free online platform for data analysis and visualization.





Clinical specimens and data collection

A total of 28 adenovirus pneumonia pediatric patients were enrolled in the present study. They were diagnosed according to the evidence-based guidelines regarding the diagnosis of pneumonia in children published by the World Health Organization (28). And the evidence of HAdV was confirmed by positive multiplex polymerase chain reaction (PCR) from lower respiratory tract samples. 15 pediatric patients were selected as control subjects, who were verified without recent respiratory infection by clinical characteristics and image manifestations. Severe or non-severe pneumonia was classified on the basis of clinical features detailed as previously reported (29). Peripheral blood and/or broncho-alveolar lavage fluid (BALF) samples, as well as clinical examination data from all the participants, were collected. All the pediatric participants were recruited from Guangzhou Women and Children’s Medical Center (Guangzhou, China), and written informed consents were obtained from all the participants’ guardians. This study was conducted in accordance with the declaration of Helsinki and approved from the Ethics Committee of the School of Medicine in the South China University of Technology and the Ethics Committee of Guangzhou Women and Children’s Medical Center. Detailed clinical characteristics and laboratory information are shown in Table 1.


Table 1 | Summary of clinical features and laboratory results of adenovirus pneumonia pediatric patients.







Cell culture and differentiation

Human THP-1 cells were cultured in RPMI medium supplemented with 10% FBS, 1% penicillin-streptomycin and 1% L-glutamine. And cells were incubated at 37°C in a humidified incubator with 5% CO2. The THP-1 cells were seeded in 12-well plates (8×105 cells/well) or 24-well plates (4×105 cells/well), and differentiated with PMA (100 nM) overnight. For mock differentiation, no PMA was used in the procedure.





Cell stimulation and transient transfection

In some cases, differentiated THP-1 (dTHP-1) cells were pretreated with the specific inhibitors, such as C-176 (1μM) and BAY11-7082 (10nM) for 1h before the infection and transfection. According to the manual of Lipofectamine™ 2000, dTHP-1 cells were transiently transfected with specific small interfering RNA against caspase-4 and caspase-5 vs scrambled control siRNA (siNC) or siGSDMD vs siNC. All siRNAs were designed and synthesized by Ruibo Biotechnology (Guangzhou, Guangdong, China). Flagellin transfection was performed according to the manual of DOTAP Liposomal Transfect Reagent (Sigma Aldrich, St. Louis, MO, USA). To stimulate TLR9, its respective ligands CpG DNA (10μg/mL) was added directly into the culture media. To stimulate STING, cGAMP (10μg/mL) was delivered into cytoplasm of dTHP-1 cells by using Lipofectamine™ 2000.





Virus infection and titration

The virus used in this study was the HAdV-3 strain GZ1 (GenBank accession number, DQ099432), generously provided by Dr. Qiwei Zhang at the Institute of Medical Microbiology, Jinan University. HAdV was propagated in A549 cells, with which the virus titers were determined using tissue culture infective dose (TCID50) assay. The virus was inoculated into dTHP-1 cells at a multiplicity of infection (MOI) of 100. The infection medium was removed 2h post adsorption and then cultured in fresh RPMI medium supplied with 10% FBS. The culture supernatants were sampled at indicated times to assess virus titer using TCID50.





Virus binding, entry and replication assay

In the virus binding assay, the dTHP-1 cells were incubated with HAdV (MOI=100) in 4° for 1h as a previous study (30). In the virus entry assay, the dTHP-1 cells were incubated with HAdV (MOI=100) in 37° for 0.5h to allow for virus attachment and internalization. In the virus replication assay, the dTHP-1 cells were incubated with HAdV (MOI=100) in 37° for 2h. The infection medium was removed 2h post adsorption and then cultured in fresh RPMI medium supplied with 10% FBS. The supernatants of cells were discarded, followed by washing with PBS buffer for three times. Total cellular DNA was extracted from the infected cells using Hipure Tissue DNA Mini Kit (Magen, Guangzhou, China). Relative HAdV-3 DNA expression fold was quantified by real-time PCR as a previous study (31). HAdV primer sequence was provided in Supplementary Table 1.





Western blot

Cells were lysed with cell lysis buffer containing 1mM phenylmethylsulfonyl fluoride, 1% protease inhibitor cocktail, 1% phosphorylase inhibitor cocktail, and 1 mM dithiothreitol (all from Sigma Aldrich, St. Louis, MO, USA). Cell lysate samples were boiled, separated on SDS-PAGE, and then transferred to PVDF membranes. Membranes were blocked with 5% (w/v) nonfat milk and incubated with a primary antibody overnight at 4°C, followed by a second incubation at room temperature for 1-2 h with appropriate HRP-conjugated secondary antibodies. After further washing with PBST, blots on the membranes were visualized with ECL reagent (KeyGEN, Nanjing, China) according to the manufacturer’s protocol. Equal protein loading was confirmed in all the experiments by using GAPDH or β-actin as loading control.





Real-time PCR

Total RNA was isolated from cell pellets using TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instruction, and quantitated using a NanoDrop 2000C Spectrophotometers (Thermo Scientific, West Palm Beach, FL, USA). One μg of total RNA was reverse-transcribed to produce cDNA by using the Revert Aid First Strand cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA). Then the cDNA was amplified using SYBR green master mix (TaKaRa, Mountain View, CA, USA) following the manufacturer’s protocol. Quantitative real-time PCR were performed using a Bio-Rad CFX96 Real-Time PCR System. Real-time PCR primers sequences are provided in Supplementary Table 1. Relative expression levels were calculated with the 2−ΔCt method. Relative mRNA levels were calculated after normalization to the level of β-actin.





Enzyme-linked immunosorbent assay

Secreted IL-1β level in culture supernatants was determined by human IL-1β ELISA kits from Dakewe Biotechnology (Shenzhen, Guangdong, China), according to the manufacturer’s instructions.





Propidium iodide staining

The dTHP-1 cells were inoculated on a 24-well plate. Following the treatment, PI staining solution was added to each well (0.3μg/ml). Cells were incubated at room temperature for 10-15 min and then observed under a fluorescence microscope. Three non-overlapping fields were randomly taken and photographed with the inverted fluorescent microscope Leica DMI4000B. The proportion of PI+ cells was calculated as follows: proportion of PI+ cells (%) = (number of red fluorescent cells/total cells) × 100%. Two wells were set in each group, and the experiment was repeated three times. The fluorescence images were analyzed and processed using ImageJ software to calculate the relative fluorescence density.





Statistical analysis

Statistical analysis was performed using GraphPad Prism (Version 8.0.2). Differences between the two groups were compared by using Student’s t-test. Differences with a p value less than 0.05 were considered statistically significant.






Results




Inflammasome-related genes and signaling pathways were enriched among children hospitalized with viral pneumonia

To unravel the immune regulatory mechanisms of viral pneumonia, we first analyzed changes in the gene transcriptome of whole blood from viral pneumonia pediatric patients and healthy controls by performing the enrichment analysis. The GO and KEGG analysis elucidated numerous statistically enriched biological terms and indicated that the most significantly changed gene enrichment pathways in viral pneumonia pediatric patients were the response to virus (GO:0009615) and the leukocyte activation (GO:0045321). Meanwhile, the pyroptosis (GO: 0070269) and the inflammasome complex pathway (GO: 0061702) were implicated as factors likely to be important for host responses to viral infection (p<0.001) (Figure 1A). The correlation between viral pneumonia and the pyroptosis signaling pathway was further confirmed by GSEA (Figure 1B). Furthermore, heatmaps indicated that the levels of inflammasome-related genes, such as NLRP3, AIM2, caspase-1/4/5, and inflammatory cytokines, including IL-1β/18, IFN-β, and tumor necrosis factor (TNF), were increased in adenovirus pneumonia pediatric patients (Figure 1C). Besides this, volcano plot analysis of adenovirus pneumonia pediatric patients also showed that caspase-4 and caspase-5 were remarkably upregulated compared to healthy controls (|log2FC|>2) (Figure 1D). As shown in the heatmap profile, IL-1β and GSDMD indicated positive correlation with caspase-4 and caspase-5 in adenovirus pneumonia pediatric patients, respectively (Figure 1E). Above all, we speculated that noncanonical caspase-4/5 inflammasome may be involved in modulating inflammatory responses during adenovirus pneumonia.




Figure 1 | Inflammasome-related genes and signaling pathways were enriched among children hospitalized with viral pneumonia. The data, downloaded within the GSE103119 dataset on the GEO database, were normalized using quantile normalization with the lumi package in R. (A) Enrichment analysis showing some of significantly enriched signaling pathways in viral pneumonia pediatric patients compared to healthy controls. (B) GSEA enrichment plot of the pyroptosis pathway. (C) Heatmap depicting the expression profiling of inflammasome-related DEGs in adenovirus pneumonia pediatric patients compare to healthy controls. (D) Volcano plot of DEGs in adenovirus pneumonia children and healthy control. (E) Heatmap of pairwise correlation of inflammation-related genes expression with caspase-4 and caspase-5.







Caspase-4 and caspase-5 expression levels were increased and positively correlated with inflammatory damage

To further verify these findings from transcriptome analysis, we collected clinical samples from adenovirus pneumonia pediatric patients, whose detailed clinical characteristics and laboratory information are shown in Table 1, to measure caspase-4 and caspase-5 expression by real-time PCR. As shown, peripheral blood mononuclear cells (PBMCs) from adenovirus pneumonia pediatric patients and healthy volunteers were enrolled, as well as cells of BALF samples from non-severe and severe pneumonia patients. We found that caspase-4 and caspase-5 mRNA levels significantly upregulated in the PBMCs of pneumonia patients with severe phenotype, while they slightly increased in non-severe patients compared to healthy controls, and increased in BALF of severe cases compared with the non-severe group (Figures 2A, B). Next, Pearson correlation matrix showed that caspase-4 and caspase-5 levels were positively associated with hypersensitive-C-reactive protein (hsCRP) and lactate dehydrogenase (LDH) concentration in peripheral blood (Figure 2C). As expected, the expression levels of caspase-1/4/5 and IL-1β in PBMCs of pediatric patients were founded to be positively correlated with hsCRP and LDH, respectively (Figures 2D, E).




Figure 2 | Caspase-4 and caspase-5 expression levels were increased and positively correlated with inflammatory damage. (A) Expression levels of caspase-4 and caspase-5 in PBMCs isolated from adenovirus pneumonia pediatric patients (12 non-severe vs 12 severe) and healthy volunteers’ (n=15) peripheral blood samples or (B) in cells isolated from severe (n=7) and non-severe patients (n=5) BALF samples. (C) Correlation matrix of caspase-4 and caspase-5 levels of pediatric patients (n=9) and their clinical parameters. (D, E) Correlations of indicated clinical inflammatory parameters of pediatric patients (n=20) with inflammation-related genes, respectively. (F) The representative lung HRCT images of severe and non-severe adenovirus pneumonia pediatric patients. (G) Expression levels of caspase-4/5 in adenovirus pneumonia pediatric patients (n=17) divided into two groups according to the HRCT scores. Data are representative of at least three experiments. Error bars represent the mean ± SEM. *P value<0.05, **P value <0.01, ***P value <0.001, ****P value <0.0001, ns, no significance.



Moreover, we also classified according to the high-resolution computed tomography (HRCT) scores ranging from 1 to 6 as a previous study (32), and divided all patients into two groups to evaluate whether caspase-4/5 expression was correlated with the degree of lung inflammatory damage (Figure 2F). It turned out that expression of caspase-4 and caspase-5 was higher in patients whose HRCT scores were 4-6 than in the 1-3 group (Figure 2G). Taken together, our results showed that caspase-4 and caspase-5 expression was increased in pediatric patients with adenovirus pneumonia and positively correlated with inflammatory damage. Thus, these data highlighted the potential role of noncanonical inflammasome in HAdV-induced inflammatory responses.





HAdV infection induced activation of caspase-4 and caspase-5

Furthermore, we investigated the effects of HAdV infection on expression and activation of caspase-4 and caspase-5 in vitro. The dTHP-1 cells were infected with HAdV or transfected with LPS, a positive control inducing noncanonical inflammasome activation. Firstly, increased IFN-β and IL-1β mRNA levels indicated that HAdV successfully infected dTHP-1 cells (Figure 3A). The data also indicated that caspase-4 and caspase-5 mRNA levels were greatly elevated after 4h post-infection (Figure 3A). Western blot data exhibited that HAdV infection induced activation of pro-caspase-1/4/5, as reflected by the appearance of their p20 subunits in a time-dependent manner (Figure 3B). Given caspase-4 and caspase-5 underwent processing, noncanonical inflammasomes seemed to be activated in human macrophages infected with HAdV.




Figure 3 | HAdV infection induced activation of caspase-4/5. The dTHP-1 cells were infected by HAdV (MOI=100) for indicated times and/or transfected LPS (2.5μg/ml) for 8h. (A)The mRNA levels of IFN-β, IL-1β, caspase-4/5 responses to HAdV infection at 0, 4, and 8h were measured by real-time PCR. (B) Western blot data showing expression of indicated protein in in dTHP-1 cells infected with HAdV at indicated times. (C) Western blot data showing expression of indicated protein in siCASP-4+5-treated dTHP-1 cells infected with HAdV at indicated times. (D) Representative images of dead cells stained with PI were observed by fluorescent microscopy (magnification: 20×, scale bar: 100 μm) and quantification of PI+ cells. (E) IL-1β secretion was tested by ELISA at 24h or 48h post-infection. The supernatants of (F) siCASP4+5 or (G) siGSDMD-treated vs siNC-treated dTHP-1 cells were collected for HAdV titer measured by the TCID50. Data are representative of two or three experiments. Error bars represent the mean ± SEM. *P value<0.05, **P value <0.01, ***P value <0.001, ****P value <0.0001.



To ascertain the individual roles of noncanonical inflammasomes in HAdV-induced macrophage pyroptosis, we transfected dTHP-1 cells with siRNAs targeting the expression of corresponding caspases or scrambled control siRNA prior to HAdV infection. Compared to the control, caspase-4 and caspase-5 siRNA duplexes effectively suppressed caspase-4 and caspase-5 expression (Figure 3C). And HAdV infection strongly induced the cleavage of GSDMD, which could be attenuated by silencing of caspase-4 and caspase-5 (Figure 3C). We also observed the fraction of PI+ cells was decreased by silencing of caspase-4 and caspase-5 (Figure 3D). And ELISA data showed that silencing of caspase-4 and caspase-5 decreased secretion of IL-1β, implying that HAdV-induced noncanonical inflammasome activated to promote IL-1β release (Figure 3E). Collectively, caspase-4 and caspase-5 can induce pyroptosis in dTHP-1 cells during HAdV infection.

To identify whether the noncanonical inflammation has any effects on HAdV infection, the supernatants of dTHP-1 cells infected at different timepoints were harvested. The TCID50 assay data showed that silencing of caspase-4 and caspase-5 in dTHP-1 cells decreased the virus titer of HAdV when compared to the control group (Figure 3F). As reported, the HAdV life cycle includes five main phases, which are binding, entry, replication, assembly, and release (33, 34). To explore which stage is affected by noncanonical inflammasomes, we constructed HAdV binding and entry models. Real-time PCR data showed that silencing of caspase-4 and caspase-5 did not influence the amount of HAdV bound on the cell surface or entered in the cell (Supplementary Figures 2A, B). Furthermore, intracellular HAdV DNA level in siCASP4+5 vs siNC-transfected and siGSDMD vs siNC-transfected dTHP-1 cells are comparable at different timepoints post-infection (Supplementary Figures 2C, D), indicating that silencing of caspase-4/5 and GSDMD did not affect the HAdV replication. Meanwhile, silencing of GSDMD significantly decreased the HAdV titer in cell culture supernatants compared with the control group (Figure 3G). Based on these results, we speculated that noncanonical caspase-4/5 inflammasome activation and macrophage pyroptosis may promote HAdV release, rather than other virus cycle stages.





NF-κB signal pathway was involved in HAdV infection-induced noncanonical inflammasome activation and macrophage pyroptosis

We next explored the downstream molecules of HAdV infection in modulating caspase-4/5 activation and subsequent macrophage pyroptosis. Given that STING and NF-κB signaling pathway are reported to be involved in inflammasome activation, we used the C-176 (STING inhibitor) or BAY11-7082 (NF-κB inhibitor) to investigate the effects of STING and NF-κB signaling pathways on noncanonical inflammasome activation during HAdV infection. Notably, pyroptosis usually occurred within 12-24h after injury (35, 36), so the duration of infection extended to 12-24h after being pre-treated with indicated inhibitors. Pretreatment of STING inhibitor C-176 dramatically decreased the IFN-β and IL-1β mRNA expression, but slightly reduced NF-κB p65 phosphorylation (Figure 4A and Supplementary Figure 1A). Western blot data showed that C-176 pretreatment also suppressed the cleavages of caspase-1 and GSDMD at indicated times after HAdV infection or LPS transfection (Figure 4B), indicating that inhibition of STING attenuated canonical inflammasome activation and macrophage pyroptosis. Notably, no significant differences in the mRNA and protein levels of caspase-4/5 were observed in the dTHP-1 cells pre-treated with C-176 inhibitor and DMSO, suggesting STING signaling pathway was not involved in noncanonical inflammasome activation during HAdV infection (Figures 4A, B). Real-time PCR data also indicated that mRNA levels of caspase-4 and caspase-5, as well as IFN-β and IL-1β, were downregulated in BAY pre-treated group (Figure 4C). Additionally, western blot further confirmed that BAY pretreatment significantly decreased the expression and cleavage of caspase-4/5, as well as their downstream GSDMD (Figure 4D). To investigate whether NF-κB-mediated caspase-4/5 upregulation via TLR9 or STING, dTHP-1 cells were transfected with cGAMP (STING agonist) or stimulated with CpG ODN 2006 (TLR9 agonist). Real-time PCR data showed that CpG ODN 2006 increased the mRNA levels of caspase-4 and caspase-5, while cGAMP had no significant effect on their expression (Supplementary Figures 1B, C). In conclusion, NF-κB, but not STING signaling pathway, may be involved in HAdV-induced noncanonical inflammasome activation and macrophage pyroptosis.




Figure 4 | NF-κB was involved in noncanonical inflammasome activation and macrophage pyroptosis. The dTHP-1 cells pre-treated by either (A, B) C-176 (1μM) or (C, D) BAY11-7082 (10nM) vs vehicle control (DMSO) were infected with HAdV (MOI=100) for the indicated times or transfected with LPS (2.5μg/ml) for 8h. (A, C) The mRNA levels of IFN-β, IL-1β, and caspase-4/5 were measured by real-time PCR. (B, D) Protein levels of indicated molecular in cell lysates were tested by western blot. Data are representative of at least three experiments. Error bars represent the mean ± SEM. *P value<0.05, **P value <0.01, ***P value <0.001, ****P value <0.0001, ns, no significance.








Discussion

Clinical observations have suggested that disease severity and outcomes of HAdV infection are closely associated with release of proinflammatory cytokines (37). Inflammasome-mediated inflammatory responses have been implicated in various microbial infections. However, only canonical inflammasomes, such as NLRP3 and AIM2 inflammasome, have been reported to be activated during HAdV infection (11–14). Here, we utilized wild-type HAdV-3 for the first time, which is one of the most common types causing severe adenovirus pneumonia in children, to investigate whether HAdV infection induces noncanonical inflammasome activation.

We mined available data on GEO database and found that expression of caspase-4 and caspase-5 was elevated in adenovirus pneumonia pediatric patients. Similarly, caspase-4 and caspase-5 expression levels were increased in the cells isolated from peripheral blood plasma and BALF, which collected from adenovirus pneumonia pediatric patients, and positively correlated with the severity of adenovirus pneumonia. HAdV exhibits species-restricted phenotypes, making studying disease progress in animal models particularly problematic (38). Thus, the mechanism and function of noncanonical inflammasomes during HAdV infection were investigated by in vitro cell model. Since macrophage is the major immune cell type for inflammasome activation, we stimulated human monocyte cell line THP-1 with PMA, to differentiate them into macrophages (dTHP-1) as previously reported (10–12). In our study, cell experiments identified the intracellular activation of caspase-4 and caspase-5 induced by HAdV infection. Furthermore, treatment with the caspase-4 and caspase-5 siRNAs attenuated HAdV-induced cleavage of GSDMD, confirming that HAdV infection induced macrophage pyroptosis by activating noncanonical inflammasomes.

Pyroptosis is a key function of canonical and noncanonical inflammasomes and usually plays essential roles in eliminating pathogenic infections (39). However, it is still unclear what influences noncanonical inflammasomes have on virus infection. It is reported that caspase-1 silencing enhances chikungunya virus (CHIKV) replication but severely impairs epstein-barr virus (EBV) replication (40, 41). Moreover, other studies find that the absence of canonical and noncanonical inflammasomes has no effect on replication of some viruses (18, 19, 40). The HAdV life cycle includes binding, entry, replication, assembly, and release (33, 34). We found that silencing of caspase-4 and caspase-5 did not affect the HAdV binding, entry, and replication. Meanwhile, silencing of caspase-4/5 and GSDMD in dTHP-1 cells decreased the virus titer of HAdV in cell culture supernatants, respectively. When viral particles are produced and accumulated in the infected cells, canonical and noncanonical inflammasome-induced macrophage pyroptosis will facilitate the viral progeny release (42). In this regard, we speculated that silencing of caspase-4 and caspase-5 suppressed noncanonical inflammasome-induced macrophage pyroptosis, and therefore impeded HAdV release. The effects of noncanonical inflammasomes-mediated pyroptosis have on virus load, inflammatory responses and lung injury would be better to be further investigated in vivo once HAdV-infected animal model has been validated.

We next explored the downstream molecules of HAdV infection in modulating caspase-4/5-mediated macrophage pyroptosis. In order to investigate if STING and NF-κB signaling pathway regulate noncanonical inflammasomes activation during HAdV infection, we pretreated dTHP-1 cells with NF-κB inhibitor before infected or transfected. Our results showed that cleavages of caspase-1 and GSDMD were suppressed in STING inhibitor group, confirming that STING signaling pathway was involved in canonical inflammasome activation. But STING inhibitor had no effect on caspase-4 and caspase-5 expression and cleavages, implying that STING signaling pathway was not involved in noncanonical inflammasome activation. We also found that NF-κB inhibitor suppressed HAdV-induced caspase-4 and caspase-5 expression, as well as decreased the cleavages of caspase-4/5 and downstream GSDMD. It is reported that during HAdV infection, both TLR9 and STING can recognize viral DNA and induce NF-κB activation (11, 12, 14). Whereas our in vitro data showed that activation of TLR9, but not STING, by using their specific agonists enhanced caspase-4 and caspase-5 expression. Therefore, we speculated that HAdV infection induced caspase-4/5 expression mainly via TLR9, rather than STING. Taken together, our current findings indicated that NF-κB, but not STING signaling pathway, may be involved in HAdV-induced noncanonical inflammasome activation and thereafter macrophage pyroptosis.

Canonical and noncanonical inflammasome both can trigger corresponding caspase activation to induce pyroptosis. In this regard, they act independently and in parallel to each other. Notably, they work in concert to protect the host against intracellular pathogens, but the interaction remains unclear. It is reported that activated noncanonical caspases, including caspase-4/5/11, can induce K+ efflux and then activate canonical NLRP3 inflammasome in some cases (43). And canonical inflammasomes can also act upstream of noncanonical inflammasomes in the host. As another study has reported, caspase-1 induces production of IL-18, which then triggers IFN-γ to prime caspase-11-mediated inflammatory responses during B. thailandensis infection (44). In addition, Akhter et al. found that caspase-11 was dispensable for caspase-1 activation in response to Legionella, Salmonella, Francisella and Listeria (45). Given that more attention has focused on individual impacts that noncanonical inflammasomes have, their interactive and collaborative contributions between canonical and noncanonical inflammasomes were less studied in our present study. Further studies on whether and how they cooperate to defend against HAdV are needed in the future.

In conclusion, our study provided evidence for the first time that HAdV infection induced caspase-4 and caspase-5 activation and thereafter macrophages pyroptosis. And silencing of caspase-4 and caspase-5 in dTHP-1 cells dramatically decreased the HAdV titer in cell supernatants, by influencing virus release. These findings explore new perspectives on the pathogenesis of HAdV-induced inflammatory damage. Moreover, expression of caspase-4 and caspase-5 were increased in pediatric patients with adenovirus pneumonia and positively correlated with severity and other clinical inflammatory parameters. Thus, high expression levels of caspase-4 and caspase-5 may be a biomarker for predicting the severity of adenovirus pneumonia.
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Serum proteomics hint at an early T-cell response and modulation of SARS-CoV-2-related pathogenic pathways in COVID-19-ARDS treated with Ruxolitinib
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Background: Acute respiratory distress syndrome (ARDS) in corona virus disease 19 (COVID-19) is triggered by hyperinflammation, thus providing a rationale for immunosuppressive treatments. The Janus kinase inhibitor Ruxolitinib (Ruxo) has shown efficacy in severe and critical COVID-19. In this study, we hypothesized that Ruxo’s mode of action in this condition is reflected by changes in the peripheral blood proteome.

Methods: This study included 11 COVID-19 patients, who were treated at our center’s Intensive Care Unit (ICU). All patients received standard-of-care treatment and n = 8 patients with ARDS received Ruxo in addition. Blood samples were collected before (day 0) and on days 1, 6, and 10 of Ruxo treatment or, respectively, ICU admission. Serum proteomes were analyzed by mass spectrometry (MS) and cytometric bead array.

Results: Linear modeling of MS data yielded 27 significantly differentially regulated proteins on day 1, 69 on day 6 and 72 on day 10. Only five factors (IGLV10-54, PSMB1, PGLYRP1, APOA5, WARS1) were regulated both concordantly and significantly over time. Overrepresentation analysis revealed biological processes involving T-cells only on day 1, while a humoral immune response and complement activation were detected at day 6 and day 10. Pathway enrichment analysis identified the NRF2-pathway early under Ruxo treatment and Network map of SARS-CoV-2 signaling and Statin inhibition of cholesterol production at later time points.

Conclusion: Our results indicate that the mechanism of action of Ruxo in COVID-19-ARDS can be related to both known effects of this drug as a modulator of T-cells and the SARS-CoV-2-infection.
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1. Introduction

Severe acute respiratory syndrome corona virus 2 (SARS-CoV-2) was first described as the cause of severe pneumonia in Wuhan, China in December 2019 (1). The clinical presentation of corona virus disease 19 (COVID-19) is highly heterogenous ranging from asymptomatic courses to flu-like symptoms and all the way to lethal pneumonia with acute respiratory distress syndrome (ARDS) (2–4). Due to the rapid spread of the COVID-19 pandemic (5), treatment initially relied on repurposing of already available drugs (6) and standard-of-care management for ARDS including mechanical ventilation and other organ replacement therapies. ARDS associated with SARS-CoV-2 infection is characterized by clinical symptoms and laboratory findings that are consistent with a massive cytokine release syndrome, such as increased plasma levels of proinflammatory cytokines and altered lymphocyte subsets (2, 3). No new medication has been developed specifically for critical SARS-CoV-2 pneumonia (7–12), but based on the understanding of the pathophysiology of ARDS in COVID-19, several immunosuppressive strategies emerge as rational treatment approaches. Indeed, corticosteroids (13), Janus kinase (JAK) inhibitors that block cytokine signaling pathways such as Ruxolitinib (Ruxo) (14–21) or Baricitinib (22–25), the IL-6 antibody Tocilizumab (26–28) or the IL-1 receptor antagonist Anakinra (29, 30) were found to improve outcome in hospitalized COVID-19 patients. Intriguingly, the JAK1/2 inhibitor Baricitinib, which also targets the kinase AAK1, a regulator of endocytosis of the SARS-CoV-2 receptor ACE2, had been predicted as a promising treatment for COVID-19 by artificial intelligence algorithms as early as February 2020 (31).

At the University Hospital Marburg, following the successful individual treatment of a single patient (32), we conducted a non-randomized phase-II trial of the JAK1/2-Inhibitor Ruxolitinib in critically ill COVID-19 patients requiring mechanical ventilation (20). Ruxo was first approved for the treatment of myeloproliferative disorders (33), in which an activating mutation of JAK2 (V617F) is a common genomic finding (34). JAK2 is an intracellular tyrosine kinase that transduces signals from cytokine receptors, which in turn activate proliferative signaling cascades such as the MAP-kinase- or the PI3K/AKT-pathway (35). Beyond its antiproliferative impact on the cellular level, Ruxo also exerts immunosuppressive effects due to the integral function of JAK2 and its paralog JAK1 in cytokine networks, which are exploited clinically for the treatment of graft-versus-host disease (GvHD) following allogenic hematopoietic stem cell transplantation (36, 37). In this context, Ruxo not only acts via suppression of T-lymphocytes, but also of neutrophil granulocytes, which are major inducers of tissue damage in GvHD. In COVID-19, quantitative changes in neutrophils and monocytes have also been observed among patients with severe and moderate courses (38) as well as under treatment with Baricitinib (24). Moreover, inflammatory reactions in both GvHD and COVID-19 are at least partially mediated by the same cytokines, which include both proinflammatory mediators such as IL-6 or TNFα, and anti-inflammatory components such as IL-10 or TGFβ (39–41). In this study, we hypothesized that Ruxo’s mode of action in COVID-19-associated ARDS is reflected by changes in the peripheral blood proteome. To investigate this hypothesis, we applied mass spectrometry-based (MS) quantitative proteomics and cytometric bead array (CBA) analyses on serum samples from critically ill COVID-19 patients under treatment with Ruxo.



2. Materials and methods


2.1. Patients and samples

This study included 11 adult patients (age ≥ 18 years) with severe to critical COVID-19, who were treated at an Intensive Care Unit of the University Hospital Marburg between April 2020 and January 2022. All patients had not been vaccinated against SARS-CoV-2. SARS-CoV-2 infection was confirmed by polymerase chain reaction as described (20), yet, determination of SARS-CoV-2 variants was not included in the diagnostic routine. All patients were treated according to the current standard of care at the time of hospitalization. Eight patients were treated with Ruxo either on an individual basis or on a clinical trial (20). Informed consent to obtain and analyze samples for research purposes was obtained from all patients. Serum samples were stored at −80°C.



2.2. Serum proteomics

Samples were prepared for proteomic analysis by in gel digest (42, 43), as well as in solution digest (44) followed by high pH reversed phase separation (Pierce High pH Reversed-Phase Peptide Fractionation Kit, ThermoFisher Scientific) according to the manufacturer’s protocol, as reported. Briefly, after determining protein concentration of each serum sample by Lowry assay (BioRad Laboratories), 50 μg of total serum protein was separated into ten fractions using the in gel approach. For in solution digest, 150 μg were acetone-precipitated and separated into eight fractions. Liquid chromatography/tandem mass spectrometry was performed as reported (44). Used parameters were extracted and summarized using MARMoSET (45) and are included in the Supplementary Material 1. The mass spectrometry raw data from experiments described here has been deposited in the MassIVE member repository of the ProteomeXchange consortium (46).



2.3. Processing and statistical analysis of proteomics data

MS data were processed using MaxQuant v.2.0.3.0 (47), including label free quantitation against the human Uniprot protein sequence database (08.12.2020 download, canonical only with 75577 protein sequences).1 Parameters used for MaxQuant are included in the Supplementary Material 1. MaxQuant returned a file with 975 protein groups. 16 reverse proteins, 65 contaminant proteins and 194 proteins that were only represented by single peptides were dropped. The remaining 700 proteins were subjected to statistical analyses in R (48). For general linear model analysis we used the autonomics version 1.1.7.7 (49) interface fit_limma to the limma modeling engine (50). Overlap analyses of significantly regulated proteins identified in the limma-model was performed using the R-/Bioconductor package VennDetail (51). Functional analyses were performed using the R-/Bioconductor packages clusterProfiler (52) and dbtORA (53) and results were visualized using the package enrichplot (54).



2.4. Cytometric bead array assay

Fifty microliters of 1:4 diluted serum from each patient and time point was analyzed with human cytokine Grp I panel 17-plex cytometric bead array set (M5000031YV; Bio-Rad Laboratories), according to the manufacturer’s instructions and as described before (55) to quantify serum cytokines.




3. Results


3.1. Patient characteristics

This study included 11 COVID-19 patients, who were treated during the first to fourth wave of the pandemic (April 2020 - January 2022) at the University Hospital Marburg, Germany. All patients required intensive care treatment including mechanical ventilation (mean duration 26 days ± 10 days). Eight patients with ARDS were treated with Ruxo in a clinical trial (20) or on an individual basis (Ruxoonly group), and two of these additionally received steroids (Ruxo+Steroids subgroup) according to the standard of care at the time of hospitalization. One of three control patients (no ARDS, no Ruxo treatment) was treated with steroids. Baseline characteristics of the Ruxo and Control patients are summarized in Table 1. Blood samples for the analyses described in this work were collected before (day 0) and on days one (day 1), five to seven or nine to eleven days after initiation of Ruxo treatment. The latter time points were merged to day 6 and day 10, respectively, for statistical analyses. In the control group, different sampling time points are indicated relative to the day of ICU admission, which we considered the clinical peak of critical illness in these patients. All patients except for one in the Ruxo group who died on day 21, survived until day 28, which corresponds to the primary end point in several clinical trials investigating Ruxo in COVID-19-associated ARDS (20, 56) (Table 1).


TABLE 1    Characteristics of study patients.
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3.2. Serum proteomes of critically ill COVID-19 patients with or without Ruxo-treatment

To explore the serum proteomes of patients with severe COVID-19-associated pneumonia or ARDS and the impact of Ruxo in the latter condition, we performed MS in the absence of any depletion protocol against high-abundant serum proteins on serum samples collected at different time points after initiation of treatment. In total 25 samples from nine patients were investigated including three control, four Ruxoonly and two Ruxo+Steroids patients. We observed differential protein expression between Ruxo-treated and untreated patients at day 0 with Peptidoglycan recognition protein 1 (PGLYRP1 as the most significant upregulated factor in the treatment group (Figure 1A). However, principal component analysis (PCA) revealed clear patient-specific effects and time trajectories, which, did not generalize across patients. Subtle treatment effects were only recognizable for the Ruxo+Steroids subgroup (Figure 1B). Thus, the main PCA drivers appeared to be factors unrelated to the study-design. Particularly in the control group, covariates associated with preexisting conditions and/or patients’ permanent medications such as chronic kidney disease, diabetes, immunosuppression or antihypertensive drugs, confirmed, that the largest variability in the dataset was not caused by different treatments for COVID-19 (Supplementary Figure 1A in Supplementary Material 3). To further investigate potential effects of our experimental design, we performed partial least square (PLS) regression analysis. In line with the PCA results, examination of “treatment” as a design-factor revealed no clear separation of groups, (Figure 1C). These calculations underlined considerable heterogeneity of individual patients in all treatment groups in our limited dataset.
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FIGURE 1
Serum proteomes of critically ill COVID-19 patients with and without Ruxo treatment. (A) Left panel: Volcano plot of MS data indicating differential protein expression between COVID-19 patients with or without ARDS [Ruxo group (green) vs. control group (red)]. “p” indicates the raw p-value, “bon” indicates the Bonferroni-corrected p-value. Right panel: Time trajectory from principal component analysis for the protein PGLYRP1. (B) Principal component analysis (PCA) score plot derived from mass spectrometry (MS) data of different patients and sampling time points using treatment as a design-factor. Each individual is color-coded. Additionally, for each subject, “Treatment” is coded by symbol shape and “ApproxDay” by size. (C) Partial least square regression analysis (PLS) derived from the MS data. Coding as in panel (B).




3.3. Changes in serum proteomes of COVID-19 patients under Ruxo treatment over time

Given that “treatment” did not allow to distinguish patients treated with Ruxo from untreated patients, we next investigated “time” as a relevant design-factor in our experimental setting by PLS. Indeed, we detected some generalizable time effects, which were most pronounced (i.e., displayed the highest PLS1 loadings) for the proteins Afamin (AFM), Apolipoprotein C3 (APOC3), Lipopolysaccharide binding protein (LBP), and Serpin family A member 5 (SERPINA5) (Figure 2A and Supplementary Figure 1B in Supplementary Material 3). Yet, these exploratory analyses still revealed considerable heterogeneity within the three non-Ruxo patients, precluding to use them as an appropriate control group. Thus, these patients were excluded from subsequent analyses.
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FIGURE 2
Changes in serum proteomes of COVID-19 patients upon Ruxo treatment over time. (A) Partial least square regression analysis (PLS) derived from the MS data of different patients and sampling time points using time as a design-factor. Each individual is color-coded. Additionally, for each subject, “Treatment” is coded by symbol shape and “ApproxDay” by size. Samples from the same subject are connected by a line. (B) Volcano plot of MS data indicating differential protein expression in COVID-19 patients under treatment with Ruxo at day 1 (green) compared to day 0 (red). “p” indicates the raw p-value, “bon” indicates the Bonferroni-corrected p-value. (C) General linear modeling of protein expression as a function of sampling day.


Considering only Ruxo-treated patients (Ruxoonly and Ruxo+Steroids), we next investigated differential protein expression at different time points. Inter-Alpha-Trypsin Inhibitor Heavy Chain 4 (ITH4) was most significantly upregulated while, PGLYRP1 was expressed at lower levels under treatment (Figure 2B). This latter observation was consistent with our initial finding that PGLYRP1 was less abundant in the less severely ill patients. Subsequently, we extended our time-course analyses and performed general linear modeling of protein expression as a function of collection day, including subject as a random effect. This analysis revealed four proteins which changed systematically (FDR < 0.05) across patients, although these were not measured in all patients and/or at all time points: Apolipoprotein A5 (APOA5), N-Acetylglucosamine-1-phosphate transferase subunit gamma (GNPTG), PGLYRP1 and Serpin family A member 1 (SERPINA1) (Figure 2C, Supplementary Figure 1C in Supplementary Material 3, and Supplementary Table 1 in Supplementary Material 2). Modifying this analysis by calculating Helmert contrasts, i.e., comparing each day against the average of the previous time points confirmed systematic time-effects on APOA5 and SERPINA1 and added one more protein, Immunoglobulin Heavy Variable 3/OR16-12 (IGHV3OR16-12), a poorly characterized immunoglobulin complex component (Supplementary Figure 1C in Supplementary Material 3). The statistically significant time-effect observed for SERPINA1 attracted our particular attention, as this protein was detected in the two Ruxo+Steroids patients at d0 and d1 at approximately identical levels, but appeared completely absent at later time points. Moreover, when we compared the proteomes of critically ill COVID-19 patients who eventually deceased due to the infection to those who could be discharged from hospital, we found SERPINA1 among the factors that were higher expressed in the survivors. This observation was also remarkable because most of the factors that differentiated between final outcomes were largely unchanged over time (Supplementary Figure 2 in Supplementary Material 3). Due to the heterogeneity of our dataset, we could not confirm the time-effect of SERPINA1 as a true switch-like response, as a global analysis of presence/absence schematics in our dataset exhibited a random pattern (data not shown). In addition, since we had also collected peripheral blood mononuclear cells (PBMCs) from some patients at day 0, day 1 and day 6, we applied qPCR to examine whether changes in serum protein levels were paralleled by mRNA expression changes in these cells. However, this seemed not to be the case, which we attribute to differential expression of candidate genes (GNPTG, HP, C4B, PGLYRP1, WARS1, and SERPINA1) in various PBMC-subsets as well as expression in other tissues which contribute to serum levels of these proteins, such as liver (data not shown). Taken together, these results suggested that a mode of action for Ruxo in a small cohort of critically ill COVID-19 patients is potentially more reliably deduced from longitudinal in-patient effects rather than from comparisons between treatment groups.



3.4. Functional analysis of differentially regulated proteins under Ruxo treatment compared to baseline

To further characterize the response to Ruxo in COVID-19-ARDS patients on a functional level, we performed gene ontology (GO) and pathway enrichment analyses on the proteins that were differentially regulated at different time points according to our linear model. Each treatment day was compared to day 0 separately since the time trajectories from PLS analyses indicated opposite effects on several proteins over time. Focusing on significant proteins (raw p-value < 0.05) we identified ten proteins that were upregulated upon Ruxo treatment at day 1 and 17 proteins that were downregulated. At day 6 and 10, 22 and 47, or, respectively, 32 and 40 proteins were up- or downregulated (Supplementary Tables 2–4 in Supplementary Material 2). Overlap analyses of affected proteins at day 1, 6, and 10 confirmed opposite regulation of several factors as indicated by PLS. We identified only five factors that were regulated both concordantly and significantly over time (up: IGLV10-54, PSMB1, down: PGLYRP1, APOA5, WARS1, Supplementary Table 5 in Supplementary Material 2). Overrepresentation analysis (ORA) of GO terms (52) including all significant proteins (raw p-value < 0.05) at any individual time point revealed enrichment of biological processes that implicated a T-cell response only on day 1, but not on days 6 and 10 (Figure 3 and Supplementary Tables 6–8 in Supplementary Material 2). The highest fold change of T-cell-proliferation-related proteins was observed for VSIG4, a negative regulator of this process (57), which was upregulated approximately 2-fold (Supplementary Figure 3 in Supplementary Material 3). On the later time points, we found significant enrichment of the humoral immune response with a marked focus on B-cell-dependent processes on day 6, as well as complement activation. Notably, most proteins relating to these terms were downregulated (Figures 3B, C and Supplementary Tables 6–8 in Supplementary Material 2). Similar results were obtained applying a different implementation of ORA (dbtORA (53), Supplementary Tables 9–11 in Supplementary Material 2). Pathway enrichment analysis using the curated Wiki pathway database (52) yielded only two gene sets, the Nuclear receptors meta-pathway and the NRF2-pathway at day 1. The first one was also enriched on day 6, together with additional pathways including Network map of SARS-CoV-2 signaling and Statin inhibition of cholesterol production. These SARS-CoV-2- and Cholesterol-gene sets in turn were shared by enrichment results for day 6 and day 10 (Figure 4). Of note, most of the affected pathways included APOA5, which was downregulated under Ruxo treatment at all time points. Although enrichment analyses are less robust for the day 1 time point due to a very short list of only 27 significantly regulated proteins (compared to 69 on day 6 and 72 on day 10), these results suggest that Ruxo exerts immediate, but transient effects in COVID-19-ARDS patients, that during the course of several days clearly connect to the underlying condition, namely SARS-CoV-2-infection.
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FIGURE 3
Overrepresentation analysis of differentially regulated serum proteins in COVID-19 patients under Ruxo treatment. ORA was performed on differentially regulated proteins (raw p-value < 0.05) as detected by MS on (A) day 1, (B) day 6, and (C) day 10. The top 20 GO terms of the category biological process from analyses using the clusterProfiler package were plotted. Note that direction of regulation (up or down) was not considered in this analysis. The barplots indicate the level of significance and the number of included genes for each term. See Supplementary Tables 6–8 in Supplementary Material 2 for complete ORA results.
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FIGURE 4
Pathway enrichment analysis of differentially regulated serum proteins in COVID-19 patients under Ruxo treatment. Wiki-Pathway enrichment analysis was performed on differentially regulated proteins (raw p-value < 0.05) as detected by MS on (A) day 1, (B) day 6 and (C) day 10. Heatmap-like plots indicate expression of individual genes involved in each pathway.




3.5. Serum cytokine levels in COVID-19-ARDS and effects of Ruxo treatment

Cytokines and chemokines are generally difficult to capture by MS because of very low serum concentrations compared to other serum proteins. We therefore investigated these mediators in COVID-19-ARDS compared to COVID-19-pneumonia and their potential regulation by Ruxo separately using a cytometric bead array (CBA) assay. This analysis was restricted to three Ruxo and two control patients from whom sufficient sample material was available. COVID-19 patients with ARDS exhibited higher serum levels of all cytokines and chemokines measured (IFNy, TNFa, IL-4, IL-6, IL-7, IL-8, IL-10, IL-13, MIP-1b, and MCP-1) compared to patients with COVID-19 pneumonia without ARDS (data not shown). Moreover, serum cytokines and chemokines clearly showed patient-specific time courses, as observed in our proteomics experiments. However, despite heterogenous time-patterns, several mediators in Ruxo patients tended to approximate control levels after 10 days of treatment, such as TNFa, IL-8, MIP-1b, and MCP-1 (Figure 5). This observation presumably reflects attenuation of the cytokine storm, consistent with the expected clinical effects of Ruxo, although with slower kinetics than expected based on our initial clinical experience with Ruxo (32) and even transient increase of proinflammatory cytokines (58).
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FIGURE 5
Serum cytokine levels in treated and untreated COVID-19 patients. Cytometric bead array assay performed with serum samples collected at different time points (day 0, day 1, day 6, and day 10) from three COVID-19 patients under Ruxo treatment and two control patients, without Ruxo treatment. One patient in the Ruxo group also received steroids (marked by #).





4. Discussion

Ruxo has been repurposed for the treatment of SARS-CoV-2 infection in different clinical settings inside and outside of clinical trials, but the clinical significance of this drug in COVID-19 pneumonia and ARDS remains to be firmly established (18, 20, 21, 32, 56, 59–62). The work presented here adds to previous work on the mechanisms of action of Ruxo in hyperinflammation and respiratory distress (63, 64). Specifically, we aimed to gain deeper insights into systemic effects of Ruxo in critical COVID-19 by studying serum proteomes by MS and cytokine array analyses at different time points after initiation of treatment. Based on our early clinical experience with Ruxo for ARDS associated with SARS-CoV-2 infection (32), we expected rapid and profound changes of circulating factors. We therefore analyzed samples from only eight COVID-19-ARDS patients treated with Ruxo and three controls and did not stratify the patients/samples investigated here for outcome.

Firstly, we found time trajectories in the proteomics data that generalized for all patients, which included factors that have been mentioned in the literature in the context of COVID-19 such Afamin (65), APOC3 (66), or SERPINA5 (67). On the other hand, time patterns for a set of different proteins including APOA5, GNPTG or PGLYRP1 only became detectable after excluding the extremely heterogenous control group from further analyses. Only 5 factors were regulated both concordantly and significantly over time, including Immunoglobulin Lambda Variable 10–54 (IGLV10-54) and Proteasome 20S Subunit Beta 1 (PSMB1), which were upregulated and, respectively, PGLYRP1, APOA5 and Tryptophanyl-tRNA Synthetase 1 (WARS1), which were downregulated. IGLV10-54 has been identified as one of the top upregulated genes in SARS-CoV-2 infected individuals compared to healthy controls and also as component of an immune-response related gene cluster that distinguishes Long-COVID-patients from individuals who had recovered from the disease (68, 69). PSMB1, along with other proteasomal subunits has been described to be induced by hypoxia in the context of SARS-CoV-2-infection (70). In addition, certain PGLYRP1-derived peptides have been described to inhibit proinflammatory cytokine-production in a mouse model of acute lung injury with diffuse alveolar damage (71). We have not examined individual peptides on a sub-protein level in our analysis, but in view of these previous results, decrease of PGLYRP1 under Ruxo treatment might not necessarily point out PGLYRP1 as a direct target of Ruxo, but rather indicate resolution of the ARDS-causing cytokine storm within several days. APOA5 has been described to be differentially regulated in severe COVID-19 compared to healthy controls and also during recovery from this condition (72). Finally, WARS1, which has been reported to boost the innate immune response as a ligand of toll-like receptors TLR2 and TLR4 (73), has been identified as a factor involved in several biological processes associated with COVID-19 severity and has been described to be downregulated on the mRNA-level upon SARS-CoV-2-infection (74, 75).

On the functional level, i.e., with regard to biological processes or cellular pathways we found two phases of the response to Ruxo. The early phase on day 1 following treatment initiation was characterized by a T-cell response and repression of the NRF2-pathway, reflecting well established actions of Ruxo as a mediator of T-cells (76) and a previously identified SARS-Cov-2 key pathogenic pathway (77). At later time points, however, we observed enrichment of other SARS-CoV-2-related pathways, which involved, for example, ITIH4. This protein, which acts as a protease inhibitor upon proteolytic cleavage (78), has been detected at increased levels in plasma or serum samples of COVID-19 patients in previous proteomics studies reported in the literature (79, 80) and has also been proposed as a potential predictor for disease mortality (81). These observations support the clinical experience that Ruxo exerts prompt effects in COVID-19-associated ARDS, which only transiently overlay more sustained immune responses or pathomechanisms.

Thus, our careful and detailed analyses of our dataset revealed several lines of evidence that the mechanism of action of Ruxo in COVID-19-ARDS can be related to both known effects of this drug and the clinical condition studied, i.e., SARS-CoV-2-infection. However, interpretation of our experiments is clearly compromised by the very limited number of Ruxo- and control patients that were included in this study, which resulted in extensive variability within our cohort with regard to clinical covariates, and thus, of our proteomics dataset. Moreover, given that we included patients with critical COVID-19 from the first to fourth wave of the pandemic, variant-specific proinflammatory effects of different SARS-CoV-2-mutants may also have contributed to the heterogeneity observed in our dataset (82).

In summary, the results presented here further strengthen the concept of Ruxo constituting a rational treatment for COVID-19-related ARDS that warrants further preclinical and clinical investigation.
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In vitro culture models that precisely mirror the porcine respiratory epithelium are needed to gain insight into how pathogens and host interact. In this study, a new porcine bronchial epithelial cell line, designated as PBE cells, was established from the respiratory tract of a neonatal pig. PBE cells assumed a cobblestone-epithelial like morphology with close contacts between the cells when they reached confluence. The PBE cell line was characterized in terms of its expression of pattern recognition receptors (PRRs) and its ability to respond to the activation of the Toll-like receptor 3 (TLR3) and TLR4 signaling pathways, which are key PRRs involved in the defense of the respiratory epithelium against pathogens. PBE cells stimulated with poly(I:C) were able to up-regulate the expression of IFN-β, IFN-λ1 (IL-29), IFN-λ3 (IL-28B), the antiviral factors Mx1, OAS1, and PKR, as well as the viral PRRs RIG-1 and MDA5. The expression kinetics studies of immune factors in PBE cells allow us to speculate that this cell line can be a useful in vitro tool to investigate treatments that help to potentiate antiviral immunity in the respiratory epithelium of the porcine host. In addition, poly(I:C) and LPS treatments increased the expression of the inflammatory cytokines TNF-α, IL-6, IL-8, and MCP-1/CCL2 and differentially modulated the expression of negative regulators of the TLR signaling pathways. Then, PBE cells may also allow the evaluation of treatments that can regulate TLR3- and TLR4-mediated inflammatory injury in the porcine airway, thereby protecting the host against harmful overresponses.
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Introduction

Respiratory tract infections (RTIs) have been a major cause of morbidity and mortality in humans and animals historically. The improved sanitation, the greater access to health care, the research and development in antimicrobials, and the implementation of vaccines have helped to significantly diminish the incidence and severity of RTIs in humans (1). However, these advances have not been paralleled in the prevention of RTIs in animals of economic importance. The large-scale intensified animal production systems with high-density of individuals in confined spaces and the use of genetically homogenous populations in farms have been major drivers of pathogen spread (1). The prevention of RTIs in livestock is of great importance, not only because of the economic impact associated with the loss of animals, weight loss and reduced weight gain (2), but also because of its direct effect on human health. The modern systems for animal production often serve as the interface between wild and human populations, and multiple viral spillover events have occurred at this nexus (1). In addition, animal trade has contributed to multiple outbreaks globally, particularly RTIs. Perhaps the best example is the swine influenza virus (SIV) that has become endemic in pigs worldwide and was able to cross species barrier to infect humans causing the influenza pandemic in 2009 (3).

Pigs are relevant as livestock and RTIs are one of the main causes of economic losses in the swine industry (2). Both, bacterial and viral pathogens can colonize and infect the porcine respiratory tract causing from mild symptoms to severe lung diseases. Furthermore, it was reported that bacterial and viral pathogens can be detected in various combinations in porcine RTIs, indicating that these infectious diseases are often polymicrobial (2, 4). It was suggested that the onset of porcine RTIs is generally related to a primary viral infection that produce alterations in the respiratory mucosa promoting the secondary bacterial colonization (2, 4), as it has been described for humans (5, 6). Primary viral pathogens such as porcine reproductive and respiratory syndrome virus (PRRSV), porcine respiratory coronavirus (PRCV) and SIV are endemic in pig farms (2), and in addition to being a cause of morbidity, they can favor secondary bacterial infections through the damage of the respiratory epithelium and the impairment of mucosal immunity. The efficient prevention of respiratory viral infections in the porcine host could not only help to mitigate their consequences but also to reduce the incidence and severity of secondary bacterial infections.

Pathogens infecting the porcine respiratory mucosa via aerosols and/or droplets often initiate their replication in respiratory epithelial cells (RECs) in the upper tract (7). After this first replication, pathogens can disseminate and infect RECs from the lower respiratory tract inducing more severe diseases such as pneumonia or bronchitis. As seen in other mucosal surfaces, the RECs are at the interface with the environment and therefore they are of key importance in host defense. RECs facilitate mucociliary clearance and produce antimicrobial compounds to avoid the colonization of infectious pathogens (7). In addition, RECs express pattern recognition receptors (PRRs) that recognize structural components of microbes designated as microbial-associated molecular patterns (MAMPs). The recognition of MAMPs by RECs generates immunological changes in these cells that contribute to limit infections and help to coordinate the response of immune cells. In fact, complex interactions exist between RECs and mucosal immune cells that modulate their response to pathogens in a bidirectional way (7). Considering the important role of RECs in the defense of the respiratory mucosa, in vitro systems based on these cells have been proposed to advance in the knowledge of pathogen-host interaction as well as to investigate preventive and therapeutic alternatives that help to mitigate the impact of RTIs.

Primary RECs cultures and cell lines of human origins have been successfully used to investigate host-microbe interaction (reviewed in (8). These in vitro tools, which accurately represents the host biology because of the expression of relevant host factors and have less ethical concern than animal models, are of value to explore respiratory infections and characterize potential therapeutics for human RTIs (8). On the other hand, RECs of porcine origin have been studied only to a limited extent. In fact, porcine RECs cultures have been used mainly to study the replication, cytopathic effects, and immune responses of influenza virus (IFV) (9–12). Species-specific differences in the response of cells to viral challenges were observed. The Nipah virus (NiV) infects the respiratory tract of both humans and pigs. However, while NiV-infected pigs develop an acute and often severe inflammatory-mediated respiratory disease, symptoms are seen only in few NiV-infected human patients (13). Comparative studies using primary cultures of human and porcine bronchial epithelial cells infected with NiV revealed that both RECs responded to NiV infection by producing IFN-λ and antiviral factors (OAS and ISG-56). Human cells were more efficient than porcine cells to up-regulate IFN-λ and antiviral factors, which correlated with lower viral RNA content (13). Of note, while porcine bronchial epithelial cells had a reduced capacity to produce IFN-λ, they were capable to strongly express the proinflammatory cytokines IL-6 and IL-8, which were suggested to contribute to inflammatory-pathology. Similar results were described for IFV. Human RECs express significantly higher levels of IFN-β, IFN-λ, ISG15, Mx1, and OAS1 after the challenge with IFV than porcine cells. Furthermore, porcine RECs not only mounted an innate immune response that was lower in magnitude, but it was also delayed compared to human cells (14). Altogether, these results highlight the differences in the immune response of human and porcine RECs, indicating that species-specific cells are needed to investigate treatments that have true therapeutic value in vivo. Thus, reproducible in vitro culture models that precisely mirror the porcine respiratory epithelium are needed to gain insight into how pathogens and host interact. Investigating the expression of PRRs in porcine RECs, the activation and regulation of the related signaling pathways, their detailed immune response to PAMPs, and the influence of respiratory commensal bacteria in such responses are examples of the knowledge that should be generated to better design strategies to protect the porcine host from RTIs.

In the present study, we established a new porcine bronchial epithelial cell line designated as PBE cells from the respiratory tract of a neonatal pig. We characterized the PBE cell line in terms of its expression of PRRs and its ability to respond to the activation of the TLR3 and TLR4 signaling pathways, which are key PRRs involved in the defense of the respiratory epithelium against viral and bacterial pathogens, respectively.





Materials and methods




Animals and experimental tissues

Bronchial tissues were obtained from a neonatal LWD pig (Hiruzu Co., Ltd., Miyagi, Japan). The piglet for the bronchial tissue sampling was clinically healthy and free of infectious diseases as assessed by examination of a veterinarian. The piglet was slaughtered by electroshock and bloodletting according to the approved procedures. All procedures were conducted in accordance with the Guidelines for Animal Experimentation of Tohoku University, Japan, under the protocol number 2019 Noudou-038-02.





Isolation and cloning of PBE cells

Tissue pieces of the bronchus were collected from a 7-day piglet. The epithelial layer of the bronchus was scraped with a razor blade, and then transferred to 15 ml tubes containing serum free Dulbecco’s modified Eagle medium (DMEM, GIBCO, NY, USA), supplemented with penicillin (10 U/ml) and streptomycin (10 µg/ml). The tube was centrifuged at 1,500 rpm for 10 min at 4°C, and then the supernatant was removed. After washing three times with DMEM, the tissue pieces were transferred to collagen coated flasks (Sumilon, Tokyo, Japan) containing 10% FBS-DMEM, and then incubated at 37°C with 5% CO2.

In order to establish the PBE cell line, the epithelial cells of the primary cultures were cloned using the limiting dilution method after several passages of the primary culture. The cells were treated with a sucrose/EDTA buffer (pH 7.5; 0.45 M sucrose, 0.36% EDTA in PBS) for 3 min at 37°C, detached using 0.04% trypsin/PBS (GIBCO, NY, USA), and then diluted to 50 cells/ml in 10% FBS-DMEM. The cells were seeded on a collagen-coated 96-well plate (Sumilon, Tokyo, Japan). Each well was checked for cell growth and monoclonal expansion at day 4 after plating by microscopic analysis. A single colony of rapidly growing cells with epithelial-like morphology was found. Then the cells were passaged for the immortalization and the immunocytochemical analysis.





Immortalization

The porcine bronchial epithelial cells were used for transfection with pSV3-neo (ATCC, MA, USA). This plasmid codes for the oncogene SV40 large T antigen and a neomycin (G418)-resistance gene. For transfection, 1×106 cells were electroporated and treated with 1µg of SV40 large t antigen DNA per tip in 10 µl in the Neon™ Transfection System (Invitrogen, CA, USA) with. The cells were seeded in a collagen-coated 6 well plate containing 10% FBS-DMEM with 200 µg/ml G418 for the selection of transfected cells. After 5 days culture, the cells were collected and transferred to flasks for further characterization and maintained in culture.





Immunocytochemical staining

The PBE cells were seeded on a collagen-coated 8-well culture-slide at a cell density of 2×104 cells/cm2 for several days, washed with cold PBS once and then fixed with methanol and acetone (vol/vol) for 15 min at -20°C. After washing three times with PBS, the cells were treated with bovine serum albumin containing PBS for 20 min at room temperature. After washing three times with PBS, the cells were incubated with mouse monoclonal anti-SV40 T-antigen antibody (1/50 dilution, Abcam, CA, UK) or mouse monoclonal anti-cytokeratin, pan (mixture) antibody (1/50 dilution, Sigma-Aldrich, MA, USA). The cells were also incubated with rabbit polyclonal anti-ZO-1 antibody (1/2000 dilution, 21773-1-AP, Proteintech, IL, USA), mouse monoclonal anti-occludin antibody (1/3000 dilution, 66378-1-lg, Proteintech, IL, USA), rabbit anti-alpha-tubulin antibody (1/100 dilution, Proteintech, IL, USA), rabbit anti-E-cadherin antibody (1/200 dilution, Proteintech, IL, USA), rabbit anti-muc5B antibody (1/100 dilution, Proteintech, IL, USA), rabbit polyclonal anti-TLR3 antibody (1/100 dilution, GTX113022, Genetex, CA, USA), rabbit polyclonal anti-TLR4 antibody (1/100 dilution, BS-1021R, Bioss Antibodies, MA, USA) or rabbit polyclonal anti-TLR7 antibody (1/100 dilution, BS-6601R, Bioss Antibodies, MA, USA) overnight at 4°C in the dark. The PBE cells were washed three times with PBS, treated with secondary Alexa Fluor 488 conjugated Goat anti-rabbit IgG antibody (1/500 dilution, A-11008, Thermo Fisher Scientific, MA, USA), or Alexa Fluor 488 conjugated Goat anti-mouse IgG antibody (1/500 dilution, A-11001, Thermo Fisher Scientific, MA, USA) for 1h at 4°C in the dark. The PBE cells were washed three times with PBS, treated with secondary Alexa Fluor 488 conjugated donkey anti mouse IgG antibody (1/200 dilution, Jackson Immuno Research, PA, USA), or Alexa Fluor 488 conjugated donkey anti rabbit IgG antibody (1/200 dilution, Jackson Immuno Research, PA, USA) for 1h at -4°C in the dark. After three times washing by PBS, the cells were counterstained with 40,6-diamidino-2-phenylindole (DAPI) for 5 min at room temperature in the dark, and then washed three times with PBS. Cells treated only with secondary antibodies but not with the primary antibodies were used as controls. Slide images were viewed using a Laser Scanning Microscope BZ-9000 (Keyence, Tokyo, Japan), and photographed at 200× with software BZ II Viewer, Version 1.4.0.0.





Cell viability

PBE cells were seeded on a collagen-coated 24 well plate (MS0024, Sumitomo Bakelite, Tokyo, Japan) at an initial concentration of 0.5×104 cells/cm2 or 1×104 cells/cm2. Cells were collected by Accutase (12679-54, NACALAI TESQUE, Kyoto, Japan) after washing with PBS and mixed cell suspension and Trypan blue stain 1:1. Cell counts were determined by a blood cell counting board every day for 6 days.





Transepithelial electrical resistance analysis

PBE cells were seeded on a collagen-coated inserts 24-well plate (0.4 μm pore size, 354444, Corning, AZ, USA) at an initial concentration of 1×105, 1.5×105 or 2.0×105 cells/well. Transepithelial electrical resistance (TEER) was measured every 2 days of cultivation of PBE cells in transwell inserts using an epithelial volt–ohm meter with a chopstick electrode (Millicell ERS-2, MERS00002, EMD Millipore, Billerica, MA). Triplicate measurements were recorded for each monolayer.





Quantitative expression analysis by real-time PCR

PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2. At day 6, PBE cells were stimulated with the TLR3 synthetic agonist poly(I:C) (100 ng/ml) or the TLR4 agonist LPS (1000 ng/ml). The expressions of immune factors were evaluated at several points after the treatments by quantitative real time PCR. The total RNA of PBE cells was isolated by using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The concentration and purity of isolated RNA was determined with NanoDrop® ND-1000 Spectrophotometer. Reverse transcription was performed with the PrimeScript RT reagent Kit (Takara Bio, Shiga, Japan) following the manufactures instructions. The quantitative real time PCR was conducted on a CFX Connect Real-time PCR System (Bio-rad, Hercules, CA, USA) using TB Green Premix Ex Taq (Takara Bio, Shiga, Japan) according to the manufacturer’s recommendations. The thermal cycling conditions were 95°C for 30 followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. The primers used were listed in Supplementary Table 1. The β-actin, which is stably expressed in various tissues of pigs, was used as a housekeeping gene (15, 16). The expression level of mRNA was calculated using the calibration curve obtained from serially diluted plasmids, which was normalized by the expression level of β-actin in each sample, and then expressed as relative with the control set as 1.





Statistical analysis

Experiments were performed in triplicate and results were expressed as mean ± standard deviation (SD). After verification of the normal distribution of data, 2-way ANOVA was used. Tukey’s test (for pairwise comparisons of the means) was used to test for differences between the groups. Differences were considered significant at p<0.05.






Results




Establishment of PBE cells

The PBE cell line was developed using the simian virus 40 large T antigen (SV40). Primary culture cells were transfected with SV40 to create an immortalized cell line (Supplementary Figure 1). Although primary cells only survive between 3-4 passages, the immortalized PBE cells were successfully passaged more than 20 times.

In order to evaluate the growth kinetics of the PBE cells, two initial concentrations (0.5 x 104 or 1.0 x 104 cells/cm2) were used, and cells were evaluated until they reached confluence (Figure 1). The cells grew continuously until day 5, reaching confluence between days 5 and 6. The different initial concentration was reflected in different cell densities up to day 4. However, no significant differences in cell densities were observed between days 5 and 6 for the different initial concentrations. Microscopic analysis demonstrated that the PBE cells assumed a cobblestone-epithelial like morphology with close contacts between the cells when they reached confluence (Figure 1). The initial seeding concentration of 1.0 x 104 cells/cm2 was selected for further experiments.




Figure 1 | Growth kinetics of the originally established porcine bronchial epithelial (PBE) cell line. PBE cells were seeded at an initial concentration of 0.5 x 104 or 1.0 x 104 cells/cm2 and evaluated during six days to determine cell density. Microscope photographs show the growth of cells seeded at an initial concentration of 0.5 x 104 cells/cm2 from day 1 to day 6, in which the cells assumed a cobblestone-epithelial like morphology with close contacts between the cells. Results represent data from three independent experiments. Asterisks indicate significant differences in cell densities between the curves with distinct initial concentrations. * (P < 0.05).



SEM microscopic analysis was performed to characterize the surface of PBE cells at days 2, 10 and 20 (Figure 2). SEM study revealed the formation of cilia on the apical surface of PBE cells, which increased in size over time. This feature is a characteristic of respiratory epithelial cells. To further evaluate the epithelial nature of PBE cells, we performed immunohistochemical analysis to determine the expression of cytokeratin. PBE cells uniformly expressed cytokeratin as shown in Figure 3, confirming that PBE cells possess an epithelial phenotype. Tubulin was also evaluated in PBE cells and results demonstrated a strong expression of this protein (Figure 3). In addition, we studied the expression of proteins involved in cell-to-cell contact in the PBE cell line. It is well known that tight junctions or zona occludens (ZO) allow close contact between epithelial cells contributing to the maintenance of cell polarity and blocking the movement of transmembrane proteins between the apical and the basolateral cell surfaces. The ZO-1 function as an adaptor protein that link junctional transmembrane proteins, such as occludin and claudin, to the actin cytoskeleton. Thus, we studied the expression of ZO-1, occludin and E-cadherin in PBE cells (Figure 3). The expression of the three proteins was clearly observed in the PBE cells, particularly in the cell-to-cell contact regions. To measure the integrity of tight junction dynamics in PBE cells cultures the TEER analysis was applied. It was observed that the electrical resistance of the cellular monolayer gradually increased during a 11-days period (Supplementary Figure 2), confirming the establishment of a barrier. A low production of mucus was detected in PBE cells (data not shown). In order to confirm the production of mucus by the new cell line, we evaluated the expression of muc5B protein (Figure 3). The immunofluorescence study demonstrated a low expression of muc5B in the PBE cells.




Figure 2 | Scanning electron microscopy (SEM) characterization of the originally established porcine bronchial epithelial (PBE) cell line. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2 and evaluated at days 2, 10 and 20 by SEM analysis. SEM photographs show the surface of PBE cells in which the formation of cilia that increase in size over time can be distinguished. Results represent data from two independent experiments.






Figure 3 | Immunohistochemical characterization of the originally established porcine bronchial epithelial (PBE) cell line. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2 and evaluated at day 6. Photographs show the PBE cells stained with fluorescent antibodies directed to cytokeratin, tubulin, muc5B protein, the peripheral membrane phosphoprotein zona occludens 1 (ZO-1), occludin or E-cadherin. Cell nuclei were stained with DAPI. Antibody controls were performed by incubating cells with secondary antibodies without the addition of primary antibodies. The photographs show antibody control for ZO-1. Results represent data from two independent experiments.



Our results indicate that PBE cells reach a 100% confluent monolayer by 6 days of culture. Then, confluent PBE cells that have separated the apical and basolateral compartments were used for further experiments.





Expression of PRRs in PBE cells

We next aimed to evaluate whether the PBE cell line expressed relevant genes of the PRRs families that are involved in the recognition of microorganisms in the respiratory epithelium. We focused our studies in the expressions of PRRs from the Toll-like receptor (TLR) and the nucleotide-binding oligomerization domain-containing protein (NOD) families. The qPCR analysis revealed that PBE cells express TLR1-9, being TLR3, TLR4 and TLR7 the ones more highly expressed in this cell line (Figure 4). We also detected the expression of NOD1 and NOD2 in PBE cells (Figure 4). In order to confirm the expression of TLR3, TLR4 and TLR7 and to evaluate their cellular location, we performed immunohistochemical analysis (Figure 4). Both TLR3 and TLR7 were detected in a granular pattern in areas close to the cell nucleus, indicating their expression in endosomes. As expected, TLR4 was detected near the nucleus of cells but also in the cellular membrane (Figure 4).




Figure 4 | Expression of Pattern Recognition Receptors (PRRs) in the originally established porcine bronchial epithelial (PBE) cell line. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2 and evaluated at day 6. The expressions of PRRs from the Toll-like receptor (TLR) and the nucleotide-binding oligomerization domain-containing protein (NOD) families were evaluated by qPCR. Results are expressed as copy numbers of the PRRS genes per 25 ng of cDNA. Photographs show the PBE cells stained with fluorescent antibodies directed to TLR3, TLR4, or TLR7. Cell nuclei were stained with DAPI. Results represent data from three independent experiments.







Response of PBE cells to the activation of TLR3 signaling pathway

Considering the strong expression of TLR3 in PBE cells and the relevant role of this PRR in the defense of the respiratory epithelium against viral pathogens, we next aimed to characterize their response to the TLR3 signaling pathway activation. PBE cells were stimulated with the synthetic TLR3 agonist poly(I:C) and the expressions of IFN-β, IFN-λ1 (IL-29), IFN-λ3 (IL-28B) and the antiviral factors Mx1, OAS1, and PKR were evaluated by qPCR at several time points (Figure 5). Poly(I:C) stimulation increased the expression of IFN-β, IFN-λ1, and IFN-λ3 in PBE cells. A peak at hour 6 was observed for IFN-β, which then started to decrease until hour 24. For IFN-λ1 and IFN-λ3 the peak was detected later at hour 12 (Figure 5). Consistent with the peak of IFN-β at hour 6, the IFN-induced genes Mx1, OAS1, and PKR were significantly increased from hour 12 and remained elevated until hour 24 (Figure 5). The changes in the expression of the viral PRRs RIG-1 and MDA5 were also evaluated (Figure 6). MDA5 was significantly increased in PBE cells stimulated with poly(I:C) from hour 6, reaching a peak at hour 12. On the other hand, RIG-I was enhanced from hour 12 (Figure 6).




Figure 5 | Expression of interferons (IFNs) and antiviral factors in the originally established porcine bronchial epithelial (PBE) cell line in response to the activation of the Toll-like receptor 3 (TLR3) signaling pathway. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2. At day 6, PBE cells were stimulated with the TLR3 synthetic agonist poly(I:C) (100 ng/ml) and the expressions of IFN-β, IFN-λ1 (IL-29), IFN-λ3 (IL-28B) and the antiviral factors Mx1, OAS1, and PKR were evaluated by qPCR at the indicated time points. Results represent data from three independent experiments. Asterisks indicate significant differences between the control and the poly(I:C)-treated PBE cells. * (P < 0.05), ** (P < 0.01).






Figure 6 | Expression of antiviral Pattern Recognition Receptors (PRRs) in the originally established porcine bronchial epithelial (PBE) cell line in response to the activation of the Toll-like receptor 3 (TLR3) signaling pathway. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2. At day 6, PBE cells were stimulated with the TLR3 synthetic agonist poly(I:C) (100 ng/ml) and the expressions of the PRRs RIG-1, and MDA5 were evaluated by qPCR at the indicated time points. Results represent data from three independent experiments. Asterisks indicate significant differences between the control and the poly(I:C)-treated PBE cells. * (P < 0.05), ** (P < 0.01).



We also evaluated the changes in the expressions of inflammatory cytokines and chemokines in PBE cells stimulated with poly(I:C) (Figure 7). The activation of the TLR3 signaling pathway in PBE cells triggered the up-regulation of TNF-α, IL-6, IL-8, and MCP-1/CCL2. TNF-α and IL-8 showed a peak at hour 6 and then decreased gradually until hour 24. The peak for the expression of IL-6 and MCP-1 was observed at hour 12 (Figure 7).




Figure 7 | Expression of inflammatory cytokines and chemokines in the originally established porcine bronchial epithelial (PBE) cell line in response to the activation of the Toll-like receptor 3 (TLR3) signaling pathway. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2. At day 6, PBE cells were stimulated with the TLR3 synthetic agonist poly(I:C) (100 ng/ml) and the expressions of the inflammatory factors TNF-α, IL-6, IL-8, and MCP-1 were evaluated by qPCR at the indicated time points. Results represent data from three independent experiments. Asterisks indicate significant differences between the control and the poly(I:C)-treated PBE cells. * (P < 0.05), ** (P < 0.01).



We assessed whether poly(I:C) treatment modified the expression of negative regulators of the TLR signaling pathway in PBE cells (Figure 8, Supplementary Figure 3). The expressions of the TLR negative regulators A20, Bcl-3, IRAK-M, SIGIRR, MKP-1, and Tollip were evaluated at several time points after TLR3 activation. No significant changes were detected for the expression of SIGIRR, IRAK-M, Tollip and MKP-1 when poly(I:C)-stimulated PBE cells were compared to unstimulated controls (Supplementary Figure 3). Slight but statistically significant increase of Bcl-3 were observed at hour 12 (Figure 8). The most notable change in the expression of the TLR negative regulators was observed for A20. An increase of more than 4-fold expression was detected for A20 at hour 6, which then decreased until hour 24 (Figure 8).




Figure 8 | Expression of negative regulators of the Toll-like receptor (TLR) signaling pathway in the originally established porcine bronchial epithelial (PBE) cell line in response to the activation of TLR3. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2. At day 6, PBE cells were stimulated with the TLR3 synthetic agonist poly(I:C) (100 ng/ml) and the expressions of the TLR negative regulators A20 and Bcl-3 were evaluated by qPCR at the indicated time points. Results represent data from three independent experiments. Asterisks indicate significant differences between the control and the poly(I:C)-treated PBE cells. * (P < 0.05), ** (P < 0.01).







Response of PBE cells to the activation of TLR4 signaling pathway

Our studies showed a strong expression of TLR4 in PBE cells (Figure 4). Considering the important role of this PRR in the inflammatory response triggered by LPS in the respiratory epithelium, we next aimed to characterize the response of PBE cells to the TLR4 signaling pathway activation. PBE cells were stimulated with the TLR4 agonist LPS and the expressions of TNF-α, IL-6, IL-8, and MCP-1 were evaluated at several time points (Figure 9). TNF-α and MCP-1 showed a peak at hour 6 and then decreased gradually until hour 24. The peak for the expression of IL-8 was observed between hours 6 and 12; while IL-6 elevated its expression from hour 3 and was maintained at those levels until the end of the studied period (Figure 9). When we evaluated the expressions of the TLR negative regulators in PBE cells after TLR4 activation, it was observed that SIGIRR, MKP-1, and Tollip were not modified (Supplementary Figure 4). In contrast, LPS stimulation significantly augmented the expression of A20, Bcl-3, and IRAK-M in PBE cells (Figure 10). An increase of Bcl-3 was observed at hour 3, which then decreased until hour 24 while the expression of IRAK-M showed a peak at hour 12 (Figure 10). An increase of more than 4-fold expression was detected for A20 between hours 3 and 12, which then decreased at hour 24 (Figure 10).




Figure 9 | Expression of inflammatory cytokines and chemokines in the originally established porcine bronchial epithelial (PBE) cell line in response to the activation of the Toll-like receptor 4 (TLR4) signaling pathway. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2. At day 6, PBE cells were stimulated with the TLR4 agonist LPS (1000 ng/ml) and the expressions of the inflammatory factors TNF-α, IL-6, IL-8, and MCP-1 were evaluated by qPCR at the indicated time points. Results represent data from three independent experiments. Asterisks indicate significant differences between the control and the poly(I:C)-treated PBE cells. * (P < 0.05), ** (P < 0.01).






Figure 10 | Expression of negative regulators of the Toll-like receptor (TLR) signaling pathway in the originally established porcine bronchial epithelial (PBE) cell line in response to the activation of TLR4. PBE cells were seeded at an initial concentration of 1.0 x 104 cells/cm2. At day 6, PBE cells were stimulated with the TLR4 agonist LPS (1000 ng/ml) and the expressions of the TLR negative regulators A20, IRAK-M and Bcl-3 were evaluated by qPCR at the indicated time points. Results represent data from three independent experiments. Asterisks indicate significant differences between the control and the poly(I:C)-treated PBE cells. * (P < 0.05), ** (P < 0.01).








Discussion

The RECs lining the airway mucosa are key actors in host defense because of their capacity to interact with cells of the immune system (7, 17). Epithelial cells of the respiratory mucosa recognize pathogens via PRRs leading to the production of IFNs, cytokines and chemokines that render them and their neighboring cells in an alert state and cooperate to recruit and activate immune cells (18). Then, besides a barrier role, RECs have inherent innate immunity functions and for that reason they are of great interest in the study of immunity to infections. Both, primary RECs cultures and cell lines of human and porcine origins have been successfully used to investigate host-microbe interactions.

The use of primary RECs cultures has some limitations. The comparison of studies using primary cultures of RECs is not easy, because of the differences in the anatomic source of the cells, the use of undifferentiated versus differentiated cells, the culture methods as well as the donor variability (reviewed in (8). In addition, it was shown that primary RECs cultures are often contaminated with fibroblasts and can be passaged a limited number of times before the loss of epithelial integrity and senescence occurs (10), which is frequently accompanied by an altered gene expression (19). These facts significantly limit the number of experiments that can be performed with primary cultures. To avoid these disadvantages, models based on immortalized cell lines were developed, which were proved to be useful in the study of infections and immune responses at a cellular and molecular levels (8). Although there are several cell lines of human origin, there are less examples of porcine RECs lines (10, 20). A porcine lung epithelial cell line designated St. Jude porcine lung cells (SJPL) was established and proposed as a useful in vitro tool to investigate IFV replication (21) and immunity (22). However, it was demonstrated later that the SJPL cell line is not of porcine origin but of monkey origin (23). A porcine cell line designated as newborn pig trachea (NPTr) was developed by serial culture of primary cells (20). The work demonstrated that several types of porcine virus were capable to replicate in this cell line although no detailed studies of the immune responses were performed. Immortalized porcine bronchial epithelial cells (PBECs) were established by Xie et al. (24), by transfecting primary cells with human telomerase reverse transcriptase. Authors demonstrated that immortalized PBECs retained the morphological and functional features of primary RECs as indicated by proliferation and cytokeratin expression assays. The work also reported that this cell line is susceptible to SIV and porcine circovirus (24). Porcine nasal and tracheal respiratory epithelial cells were also immortalized to develop the siNEC and siTEC cell lines, respectively. Both cell lines were capable to form tight junctions and cilia as well as to support IFV replication (10). Similarly, the porcine airway cell line (MK1-OSU) derived from the distal trachea of a 5-week-old piglet has been useful for the evaluation of IFV infection (12). Then, porcine RECs lines have been used to a limited extent and mainly to research in IFV infection. Here, we developed a PBE cell line from the bronchial epithelium of a neonatal pig and demonstrated that these cells are able to grow in laboratory conditions, reach confluence and express tight junction proteins and cilia. Furthermore, we showed that PBE cells express PRRs and respond to both TLR3 and TLR4 signaling pathways activation.

Tight junctions and adherent junctions help to selectively regulate the paracellular diffusion of molecules and form a barrier against invading pathogens in the respiratory epithelium (25). This characteristic is of key importance in REC lines that should be preserved despite immortalization. It was shown that porcine respiratory cell lines like siTEC cells retained the abilities to form tight junctions and to form cilia (10). Similarly, we observed that the new PBE cell line reached confluence, expressed ZO-1, occludin and E-cadherin, and developed cilia. In addition, it was demonstrated that bronchial epithelial cells express functional TLR1-6 and TLR9 (26). Thus, RECs are equipped with PRRs, such as TLRs and NODs, which rapidly sense pathogens and initiate immune responses in the respiratory tract (27). The expression of functional PRRs is also an important characteristic of cell lines aimed to evaluate immunity in the respiratory epithelium. In this regard, it was shown that MK1-OSU cells expressed TLRs-2, -4, -9, RIG-I, and MDA5 (12). TLR-3 was not detected in this cell line and authors proposed that this fact was related to the lack of cross-reactivity of human detection antibodies with swine antigens. The expression of TLR3 mRNA levels was not investigated. In this work, we demonstrated that PBE cells express TLR1-9, NOD1 and NOD2. Furthermore, we showed that TLR3 is one of the most strongly expressed PRRs and we characterized the response of PBE cells to the activation of this signaling pathway by up-regulating antiviral factors as well as inflammatory cytokines and chemokines.

Type I and III IFN induction is a potent mechanism of protection against viral infections. It was reported that primary porcine bronchial epithelial cells responded to synthetic dsRNA stimulation upregulating the expression of IFN-β and IFN-λ (14). Furthermore, porcine RECs pretreated with poly(I:C) and then challenged with IFV had viral titers that were significantly lower than cells infected only with IFV (14). In line with these results, primary cultures of RECs from the trachea and bronchus of pigs have been shown to significantly up-regulate the expression of the antiviral factors Mx1 and ISG15 in response to both poly(I:C) and IFV challenges (11). The work also demonstrated that the inhibition of the JAK/STAT signaling pathway significantly increased the IFV replication. Furthermore, the challenge of porcine RECs with the avian IFV H1N1/06 induced a reduced expression of antiviral factors allowing the virus to replicate efficiently and to cause detrimental effects on cells. Interestingly, the pretreatment of porcine RECs with poly(I:C) diminished IFV replication via the paracrine IFN-β stimulation (11). The expression kinetics studies of IFN-β, IFN-λ1, IFN-λ3 and antiviral factors in PBE cells allow us to speculate that this cell line can be a useful in vitro tool to investigate treatments that help to potentiate antiviral immunity. In this regard, using a porcine intestinal epithelial cell line developed by our group, we demonstrated that beneficial microorganisms with immunomodulatory capacities differentially regulate genes involved in antiviral defenses enhancing the ability of epithelial cells limit rotavirus replication (28–30). PBE cells could be used for the in vitro selection and characterization of beneficial microorganisms with the ability to regulate TLR3-signaling pathway in the respiratory tract allowing an improved epithelial innate antiviral immune response. Research on this topic is ongoing in our laboratories.

We also detected the up-regulation of RIG-I and MDA5 in PBE cells stimulated with poly(I:C). RIG-I and MDA5 are present in the cytoplasm and detect viral nucleic acids leading to the production of IFNs, cytokines and chemokines (31, 32). RIG-I stimulates IFNs production during IFV infection (14). It was shown that the stimulation of the respiratory cell lines NSBE or NHBE with dsRNA enhance the expression of RIG-I, which contributes to increased amplification of IFN responses (14). It was also demonstrated that IFV infection increase the expressions of MDA5 in both in vivo and in vitro studies (32, 33). Furthermore, the mRNA levels of MDA5 were significantly increased after the challenge of MK1-OSU cells with SIV (34, 35). These results further highlight the potential of PBE cells for conducting detailed antiviral immunological studies. One limitation of our study is the lack of use of a real viral challenge such as IFV to evaluate the response of PBE cells. Studying the ability of PBE cells to allow the replication of respiratory viruses of importance for the porcine host as well as evaluating the immune responses that are triggered by viral infections are important topics for future research.

The production of inflammatory factors in PBE cells was also characterized considering that the respiratory epithelium is sensitive to the inflammatory damage. It was reported that TNF-α can damage the integrity of the epithelial barrier using a porcine tracheal epithelial cell model. TNF-α can disrupt both ZO-1 and occludin and induce the production of IL-6 and IL-8 (36). It was also shown that the activation of TLR3 pathway in the respiratory tract can have both protective and detrimental effects, the later associated with inflammatory-mediated damage. The nasal administration of poly(I:C) to mice induce the production of pro-inflammatory mediators and the recruitment of inflammatory cells in the respiratory tract, which mediate tissue damage and impairment of lung function (37, 38). In vitro studies reported that the treatment of RECs with poly(I:C) stimulate the secretion of multiple inflammatory cytokines and chemokines including TNF-α, IL-6, IL-8, and MCP-1 (39, 40). Similarly, the stimulation of RECs with LPS can trigger the activation of the innate immune response characterized by an improved production of inflammatory factors. It was shown that human alveolar epithelial cells (A549) and bronchial epithelial cells (NHBE) activate the NF-κB inducing the production of the inflammatory cytokines TNF-α, IL-6, and IL-8 (41, 42). In line with these previous studies, we showed here that the stimulation of PBE cells with poly(I:C) or LPS significantly augmented the expression of TNF-α, IL-6, IL-8, and MCP-1.

Interestingly, we also detected variations in the expression of negative regulators of the TLR signaling pathway in PBE cell stimulated with TLR3 or TLR4 agonists, particularly in A20 (encoded by Tnfaip3) and Bcl-3. Research have demonstrated that TLR negative regulators may have a relevant role in the development of inflammatory diseases of the respiratory tract. The chronic exposure to low-doses of LPS protected mice from developing house dust mite-induced asthma. LPS treatment diminished the production of cytokines by RECs that activate dendritic cells and potentiate type 2 immunity. Of note, A20 knockdown in lung epithelium abolished the protective effect of LPS (43). The chronic and exaggerated inflammation in the airways in cystic fibrosis has been also associated to the reduced expression of A20 in the respiratory epithelium (43). Moreover, A20 protein production is induced in the lung from mice and human bronchial epithelial cells upon IFV infection and its overexpression in bronchial epithelial cells results in the protection of host against inflammatory damage (44). Human NCI-H292 airway epithelial cells stimulated with LPS significantly increase their production of IL-8 as well as the level of Tnfaip3 mRNA (45). Furthermore, overexpression of A20 inhibited activation of both NF-kB and the IL-8 promoter. Similarly, tracheobronchial epithelial cells (TBEC) showed a strong production of IL-8 and IP-10 (CXCL10) in response to poly(I:C) treatment, which was accompanied with the upregulation of A20 and IRAK-M (39). As the A20 protein, IRAK-M is involved in immunoregulation of airway inflammation. Although the role of IRAK-M in the respiratory tract immune responses was demonstrated by its influence on macrophages, dendritic cells, and T cells, recent studies highlighted its role in RECs (46). It was demonstrated that the knockdown of IRAK-M in EAS-2B and A549 cells significantly increased their ability to produce IL-6, IL-8, CXCL10, and CXCL11 in response to IL-1β, TNF-α, or IL-33 stimulation. On the other hand, it was shown that the high upregulation of IL-8 expression induced by respiratory syncytial virus (RSV) infection in A549 cells is terminated by Bcl-3 in the late-phase of infection. In contrast to wild-type mice, Bcl-3-deficient mice exhibited significantly increased susceptibility toward the Gram-negative pathogen Klebsiella pneumoniae (47, 48). The loss of Bcl-3 generated a remarkable cytokine imbalance in the lungs, which was characterized by increased production of the neutrophil-attracting chemokines. Taken together, our results suggest that the expression of inflammatory cytokines and chemokines as well as TLR negative regulators in PBE cells is a valuable characteristic of this new cell line that may allow the evaluation of treatments that can regulate TLR-mediated inflammatory injury in the porcine airway.

The applications of the new porcine cell line developed in this work could be extended beyond its use in monolayers, for example it could be used in co-cultures with immune cells. Single cell RNA-seq and computational analysis (7) have started to reveal the complex epithelial–immune crosstalk that occurs in the respiratory tract in health and disease. Bi-directional interactions between RECs and alveolar macrophages help to maintain the homeostatic state of tolerance to innocuous antigens and the appropriate protective responses to pathogens when required (49). Most of these studies have been done in mouse models (50) while few studies investigated epithelial–macrophage crosstalk in humans (51). To the best of our knowledge, no studies have been performed in the porcine host. This new PBE cell line could be used with porcine alveolar macrophages (52) to evaluate their interactions in the context of the response to pathogens or PRRs activation.

A limitation of our work is that it was not possible to compare the immune responses mediated by TLR3 or TLR4 activation of PBE cells with those produced under the same conditions by primary cultures of porcine bronchial epithelial cells. Carrying out these studies would be of great value to propose this new cell line as a highly representative model of the immunological responses that occur in the bronchial epithelium in vivo. Furthermore, it would be of great interest to carry out these comparative studies with primary cultures of bronchial epithelial cells from pigs of different ages to assess whether the PBE cells represent only a limited age group. These are studies that we intend to do in the immediate future.

In conclusion, the PBE cell line developed in this work was characterized in terms of its expression of PRRs and its ability to respond to the activation of the TLR3 and TLR4 signaling pathways, which are key PRRs involved in the defense of the respiratory epithelium against pathogens. PBE cells stimulated with poly(I:C) were able to up-regulate the expression of IFN-β, IFN-λ1 (IL-29), IFN-λ3 (IL-28B), the antiviral factors Mx1, OAS1, and PKR, as well as the viral PRRs RIG-1 and MDA5. In addition, poly(I:C) and LPS treatments increased the expression of the inflammatory cytokines TNF-α, IL-6, IL-8, and MCP-1/CCL2 and differentially modulated the expression of negative regulators of the TLR signaling pathways. The expression kinetics studies of immune factors in PBE cells allow us to speculate that this cell line can be a useful in vitro tool to investigate treatments that help to potentiate antiviral immunity and/or regulate TLR-mediated inflammatory injury in the porcine airway, thereby protecting the host against harmful overresponses.
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Case Report: ASCENIV use in three young children with immune abnormalities and acute respiratory failure secondary to RSV infection
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Respiratory syncytial virus (RSV) is the most common etiology of bronchiolitis in young children. While most children clinically improve with care at home, RSV is the leading cause of hospitalization among infants aged 12 months or less. Common modalities of treatment for children with immune dysregulation include respiratory support and best supportive care, which may include immunoglobulin therapy. All immunoglobulin therapies adhere to Food and Drug Administration (FDA) - established standards for antibodies against measles, polio, and diphtheria, but there are no required standards for problematic respiratory viral pathogens, including RSV and others. ASCENIV is an approved IVIG that is manufactured from blending normal source plasma with plasma from donors that possess high antibody titers against RSV and other respiratory pathogens of concern. ASCENIV was developed, in part, to the unmet need that exists in immunocompromised patients who lack sufficient antibodies against problematic viral pathogens. ASCENIV is not a currently approved treatment for severe RSV and other viral infections. There is a lack of research regarding its potential benefits in the acute treatment period for RSV and in the pediatric population. Therefore, this case series was developed to describe real-world experiences of ASCENIV use in this less well studied clinical scenario. This case series reviews three pediatric patients ≤ 5 years of age with immune dysregulation and who were severely ill with RSV. Despite receiving best supportive care, and standard immunoglobulin therapy for some, the patients’ clinical status continued to decline. All patients received ASCENIV in an intensive care setting. Each patient had ultimately recovered due to the various medical interventions done. This case series demonstrated that ASCENIV (500mg/kg) administration may have contributed to the treatment outcomes of a less well studied age-cohort of patients. In addition, no adverse side effects were observed after ASCENIV administration. Further analysis of the benefits of ASCENIV for the acute and preventative treatment in patients younger than 12 years of age with immune dysregulation should continue to be explored.




Keywords: RSV, ASCENIV, pediatric, immunodeficiency, immune dysregulation, respiratory viral infections, acute respiratory failure, IVIG





Introduction

RSV infects nearly all children by 2 years-of-age (1). Infectivity in the United States has historically peaked between mid-October to early May (2), however, social restrictions in response to the COVID-19 pandemic interrupted the normal respiratory virus circulation. In 2021 and 2022, RSV infections peaked in the summer months (3), indicating highly unpredictable seasonality.

RSV is the most common etiology of bronchiolitis in young children. Methods of testing for RSV include nasopharyngeal aspirate, real time polymerase chain reaction (RT-PCR), direct fluorescence antibody test, viral culture, and rapid antigen test (4). While most children clinically improve with care at home, RSV is the leading cause of hospitalization among infants aged 12 months and less (5). Common modalities of treatment for children with immune dysregulation include respiratory support and best supportive care, which may include immunoglobulin therapy. All immunoglobulin therapies adhere to FDA - established standards for antibodies against measles, polio, and diphtheria, but there are no required standards for problematic respiratory viral pathogens, including RSV and others.





Methods

Chart reviews of three children with severe courses of RSV infections were performed. All patients required mechanical ventilator or high frequency oscillatory ventilation (HFOV) support. The first two patients underwent a primary immune evaluation as there was concern for a new presentation of immune dysregulation. The evaluation included extended immune phenotyping for lymphocyte subsets (T, B, NK and naïve/memory T cells), immunoglobulin panel, pneumococcus titers, diphtheria and pertussis titers, lymphocyte proliferation to mitogens and antigens, and sequencing for 407 primary immunodeficiency genes (Invitae Primary Immunodeficiency Panel). The third patient had recently been diagnosed with specific antibody deficiency and was in the process of beginning immunoglobulin replacement. All three patients had a form of immune dysregulation and received one dose of ASCENIV at 500 mg/kg in the acute care setting.





Case description

Patient demographics, past medical history, primary immune evaluation, genetic testing (if applicable), relevant laboratory values, and clinical courses are provided in Table 1. Figure 1 presents a graphical depiction of patients’ clinical course and timeline.


Table 1 | Clinical course of three pediatric patients who received ASCENIV.






Figure 1 | Figure 1 demonstrates the clinical timeline of three pediatric patients with severe courses of RSV lower respiratory tract infections. The timeline demonstrates the point in which ASCENIV 500 mg/kg was given during each patient’s hospitalization.



Patient 1 was a 12-month-old boy with a pertinent history of three previous hospitalizations for severe respiratory infections, including RSV (Table 1). On the most recent hospital admission, the patient presented with tachypnea and increased work of breathing. He tested positive for RSV on viral RT-PCR. Patient experienced acute respiratory decompensation, was intubated, and admitted to the pediatric intensive care unit (PICU) for acute respiratory failure. The patient received broad-spectrum antibiotics for suspected superimposed bacterial pneumonia but continued to remain ventilator dependent.

Primary immune evaluation (Day 4) results were consistent with hypogammaglobulinemia, with a total IgG of 190 mg/dL. Genetic testing revealed one pathologic heterozygous mutation of p.Cys104Arg in the TNFRSF13B (TACI) gene. This specific mutation has been reported to be associated with autosomal recessive common variable immunodeficiency (CVID) (6). One heterozygous mutation was found to cause an increased risk of CVID and to possibly induce a CVID-like picture in mice models (7). Mutations at p.Cys104Arg have been described as one of the most common genetic mutations found in CVID (8).

Considering the patient’s immune abnormality and minimal clinical improvement with conventional therapy, ASCENIV was explored. On Day 10 of hospitalization, the patient received ASCENIV 500 mg/kg. Over the next several days, his clinical status improved. The patient was subsequently extubated, weaned to room air, and discharged from the hospital. Just prior to discharge, his IgG total was 210 mg/dL. In this patient, no adverse effects were observed after administration of ASCENIV. He has remained on monthly immunoglobulin replacement therapy for hypogammaglobulinemia and is followed closely by a clinical immunologist.

Patient 2 was a 15-month-old boy with history of recurrent viral and RSV infections (Table 1). Upon presentation, he was positive for RSV on viral RT-PCR. The patient was admitted to the PICU for respiratory failure requiring intubation. The patient received high-dose intravenous (IV) steroids, HFOV, nitric oxide, broad-spectrum antibiotics. Respiratory viral panel testing during his hospitalization demonstrated continued RSV, as well as rhinovirus and enterovirus, positivity.

Primary immune evaluation (Day 8) was suspicious for specific antibody deficiency (SAD), although the official diagnosis could not be made due to his inability to receive Pneumovax based on his age. The patient had received all age-appropriate pneumococcal vaccinations, but no pneumococcal titers were evident at initial evaluation. He also demonstrated progressive T-cell lymphopenia, thought to be partially attributable to steroid use since admission. Genetic testing revealed several variants, one including a heterozygous pathological mutation in CARD9 at p.Val13Ile. The mutation is associated with autosomal dominant and recessive immune disease and increased susceptibility to opportunistic fungal infections (2). Considering his low T-cell count and VUS in CARD9, he was started on prophylaxis for pneumocystis jirovecii pneumonia (PJP).

His presentation was concerning for an underlying immune dysregulation disorder because of the clinical context. He did not follow the standard disease course for an RSV infection, which is 5-7 days of respiratory distress followed by improvement afterwards. He was intubated for a prolonged period, which is not typical in standard severe RSV infections. In cases where the RSV course requires intubation, prolonged requirement for respiratory support, and persistent viral positivity, it raises concern for immune dysregulation (9).

The patient’s clinical status improved marginally after 500 mg/kg conventional IVIG was given on Day 18. Three days later, the patient received ASCENIV 500 mg/kg. By Day 28, the patient’s clinical condition improved. Two sequential viral tests, rapid detection and RT-PCR demonstrated clearance of RSV. No adverse effects were observed after administration of ASCENIV in this patient. He was to remain on immunoglobulin replacement therapy until he could be re-evaluated for SAD. Additionally, the patient demonstrated sustained improved T-cell counts outside of the acute care setting. PJP prophylaxis was ultimately discontinued.

Patient 3 was a 5-year-old girl with an extensive medical history including SAD with frequent viral infections and pneumonia requiring multiple PICU admissions, cerebellar ataxia, and moderate persistent asthma (Table 1). The patient presented to the hospital with increased work of breathing, decreased activity and poor urine output over the previous two days. Initial evaluation revealed RSV positivity using viral RT-PCR. Considering her prior history of rapid respiratory decline in the setting of respiratory infections and her current increased respiratory effort, the patient was subsequently admitted to the PICU on bilevel positive airway pressure (BiPAP).

She was started on a five-day course of azithromycin along with high-dose IV steroids. Other supportive measures including continuous albuterol, chest high frequency oscillations and a combination of an inhaled steroid and long-acting bronchodilator were also implemented.

On Day 4 of hospitalization, the immunology team was consulted due to her history of SAD. While admitted she received conventional IVIG, but despite this, the patient clinically decompensated requiring intubation and mechanical ventilation. On Day 6, viral RT-PCR testing again showed positivity to RSV; and ASCENIV 500 mg/kg was given. Three days later, repeat RSV rapid detection testing was negative. No adverse effects were observed after administration of ASCENIV in this patient. She was successfully extubated on Day 11 of hospitalization and gradually improved until discharge on Day 20. The patient has remained on IVIG therapy since discharge and has been clinically stable without any further hospitalizations.





Discussion

RSV is the most common etiology of bronchiolitis in young children. While most children clinically improve with care at home, RSV remains the leading cause of hospitalization among infants aged 12 months or less (5). Up to forty percent of children will experience lower respiratory tract infections during the initial RSV infection. Infection with RSV does not provide long-term immunity, with reinfections common throughout a patient’s lifetime (10).

There have been prevention strategies for RSV in high-risk children, including palivizumab. Palivizumab is a monoclonal antibody that provides passive immunoprophylaxis to infants born at less than 32 weeks of gestation and/or in children less than 2 years-of- age with cardiopulmonary disease. It is given as monthly injections during the traditional months of the RSV season. The recent observation of the disruption in RSV seasonality since the COVID-19 pandemic has presented challenges with administration of palivizumab. Some have posed the consideration of giving more than the standard five consecutive doses (11). There are additional monoclonal antibodies being evaluated, but they are still in clinical trials (12). Most recently in May of 2023, Arexvy became the first RSV recombinant vaccine approved by the FDA for adults 60 years and older (13). Currently, there are no approved vaccinations for the pediatric population.

Treatment for RSV disease is mainly supportive. In patients who have an immune dysregulation and a severe course of RSV, ribavirin and standard IVIG have been utilized. Ribavirin is a nucleoside analogue and is the only FDA-approved antiviral medication for the treatment of RSV. There have been concerns, though, about its high cost and effectiveness related to administration difficulties (11, 14). Regarding IVIG, there has historically been an unmet need for more direct neutralizing antibodies within the IVIG products. Therefore, ASCENIV poses a new consideration for possibly optimizing management.

ASCENIV is an approved IVIG that is manufactured from blending normal source plasma with plasma from donors that possess high antibody titers against a range of respiratory viral pathogens of concern. The efficacy and safety of ASCENIV has been documented in a Phase 3 study conducted in 59 patients. Patients were between the ages of 2 to 75 years with primary immunodeficiency disease. Each patient received ASCENIV 300-800 mg/kg every three or four weeks for 12 months. There were zero serious bacterial infections, thus meeting the primary endpoint. It was found in the study that the titer of anti-RSV neutralizing antibody increased by 5.47-fold and by 6.79-fold in subjects who received greater than 500 mg/kg (15).

In an investigation into the presence of antibody titers of ASCENIV versus other immunoglobulin therapies, ASCENIV was compared in aggregate to 10 different lots of commercially available standard polyclonal IVIG products. ASCENIV demonstrated consistently higher titers to nine respiratory pathogens assessed, including RSV, parainfluenza 1,2,3, influenza A and B, coronavirus OC43 and 229E, and human metapneumovirus. The mean titers of all antibodies were 1.5-fold higher in ASCENIV compared with standard IVIG and ranged from 1.4 to 1.9-fold higher depending upon the particular virus (16). Although it has high RSV anti-viral titers, ASCENIV does not currently possess the FDA-approved label for the treatment and prevention of RSV in immunocompromised individuals.

A study published by Falsey et al. (14), reported a series of 15 patients with immunosuppression/dysregulation and severe RSV infection. The patients ranged from 2 months-of-age to 71 years-of-age and received the ASCENIV precursor, RI-001, after failing standard care. Standard care included a variation of corticosteroids, standard IVIG, ribavirin, and/or palivizumab. In the analysis, the pre- and post-infusion neutralizing titers were measured. Each patient had a minimum of 4-fold increase in RSV-neutralizing antibody titers 5-10 days after the infusion. Seventy three percent of patients clinically improved and were discharged from the hospital.

This case series presents similar clinical findings. All three pediatric patients discussed were found had to have, or previous had, known immune abnormalities. Each patient experienced a severe course of RSV, which resulted in intubation and mechanical intubation. The concern for underlying immune dysregulation was validated because each presentation had a prolonged course of illness and failed best supportive care. In a large retrospective analysis at a tertiary care center, 73% of those who were admitted to PICU and required intubation from RSV had an immunodeficiency, hematologic, or oncologic process (17). ASCENIV was explored in each case as a possible adjunct to the current management strategy. Each patient did subsequently recover from the RSV illness and were discharged from the hospital. Although viral load studies were not collected, RSV RT-PCR was obtained on some of the patients and did demonstrate clearance. There was a mice model study done by Boukhvalova et al. (18) that demonstrated viral load reduction after treatment with the second generation product, RI-002 (ASCENIV). The mice were made immunodeficient with repeat exposure to cyclophosphamide, and subsequently infected with RSV. When RI-002 was given, it was observed that viral replication was inhibited, and that pulmonary inflammation and epithelial hyperplasia was minimized compared to the non-treated group.

The primary aim of this case series is two-fold. First is to propose the potential benefit of ASCENIV, in conjunction with best standard care, in the treatment of patients with severe RSV infections and immune dysregulation. It is important to note that true causality of ASCENIV in these patients’ outcomes cannot be determined as that would need to be done in randomized controlled trials. Increasing awareness of this IVIG form may propel interest in future studies that investigate this specific question.

The second aim is to describe the minimal side effects of ASCENIV administration in pediatric patients. While ASCENIV has been approved for use in adults and adolescents (12-17 years of age), the safety and effectiveness of ASCENIV in children has not been well established in clinical trials (19). Compared to other IVIG forms, ASCENIV holds similar risks, including hypersensitivity reactions, aseptic meningitis, hemolysis, transmissible infectious agents, and interactions with medications. The top side effects reported include headache, sinusitis, nausea, and gastroenteritis (19). Each patient in the case series tolerated ASCENIV well and did not have any reported side effects. Falsey et al. (14) reported a similar finding with 53% of their cohort being less than 18 years-of-age.





Conclusion

The severity of RSV bronchiolitis in the three cases described raised concern for contributing primary immune dysregulation. Each patient did demonstrate immune abnormalities and suffered from clinical deterioration despite best standard care. This propelled the medical team to pursue ASCENIV as an additional treatment option. One dose of ASCENIV (500mg/kg) was given during the hospitalization which, in conjunction with the other medical interventions and natural course of the infection, resulted in the patients ultimately making a full recovery. None of the patients suffered from the adverse side effects described on the IVIG label. The potential causality of ASCENIV in the improved clinical outcomes should be explored as conclusions cannot not be reliably drawn from a case series. Future directions may include randomized controlled trials to further investigate the question of ASCENIV being an effective RSV treatment in this less well studied age cohort.
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Patient 1
Male, 12-months-old
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Additional variants of unknown
significance included ARMC4, CD79B,
HPS3, JAK3.

Tachypnea, increased work of
breathing, positive for RSV

*  Acute respiratory decompensation,
intubation

*  Admitted to the PICU
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Patient 2
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and progressive T-cell lymphopenia

Out of range results, absolute lymphocytes (cells/
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Hospital/PICU Day 8

*  Total lymphocytes: 1073 cells/uL
Hospital/PICU Day 17
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Hospital/PICU Day 28
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RSV: positive on Days 0 and 19; negative on Days

8,28, and 34

Rhino/enterovirus: positive on Days 0, 8, and 19;

negative on Day 34.
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*  Hypoxia, increased work of breathing and
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ventilator associated pneumonia secondary to
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* High-dose IV steroids

* HFOV, nitric oxide
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* 500 mg/kg conventional IVIG

ASCENIV 500 mg/kg
Day 21
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Discharged on Day 55
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Acute respiratory decompensation, intubation

Patient 3

Female, 5-years-old

Cerebellar ataxia (genetic form), global
developmental delay, SAD

Multiple upper RTIs, two PICU
admissions for viral pneumonia
Moderate persistent asthma

The patient is fully immunized for age
On initial immune evaluation, 0/23
pneumococcal serotypes. After
vaccination, had 14/23 serotypes.
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11/2018, heterozygous for the De Novo
p-Q306R VUS in the POU4F1 gene.

*  Respiratory distress, positive for RSV
% Required BiPAP

*  Admitted to the PICU

* Persistent respiratory failure requiring
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* RSV positivity persisted

* 600 mg/kg of conventional IVIG

ASCENIV 500 mg/kg
Day 6

Respiratory status improved; was
extubated

RSV Rapid detection became negative.
Discharged on Day 20

Has remained on monthly Ig therapy

MRSA, methicillin resistant staphylococcus aureus; VUS, variant(s) of unknown significance; SAD, specific antibody deficiency, Ig therapy, immunoglobulin replacement therapy
Reference ranges: 10-12 months: IgG 594 mg/dL (294-1069), 13-23 months: 1gG 679 mg/dL (345-1213), 4-5 years old: IgG mg/dL 780 (463-1236) based off Harriet Lane Values, 22 edition, page
379. Total lymphocytes: 2.8-12.3 cells/piL.
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Sex

Age

Body Mass Index
Diabetes

COPD

Asthma

Interstitial lung disease

Odds ratio

0.67
1.62
1.02
1.06
1.22
3.20
111
245

95% ClI

0.52-0.86
1.26-1.84
1.01-1.08
1.04-1.08
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Cl, confidence interval: COPD, chronic obstructive pulmonary disease.
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Flu Seas A/B Case Ratio % IAV cases % IBV Cases
2000-2001 5337/4625 54 46.0
2001-2002 13706/1965 87.5 125
2002-2003 6180/4768 564 436
2003-2004 24400/249 99 1.0
2004-2005 17750/5799 754 246
2005-2006 14355/3642 79.7 203
2006-2007 18817/4936 79.2 208
2007-2008 28263/11564 71 290
2008-2009 18175/9507 66 340
2009-2010 155591/2273 99 1.0
2010-2011 40282/13994 74 260
2011-2012 19285/3132 86 140
20122013 51675/21455 71 29.0
2013-2014 46727/6743 874 126
2014-2015 104,822/20,640 835 165
2015-2016 62982/28477 68.9 311
2016-2017 116590/45361 72 280
2017-2018 189716/88187 683 317
2018-2019 208153/11189 949 5.1

2019-2020 27617/19357 58.8 412






OPS/images/fimmu.2023.1169968/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1169968/fimmu-14-1169968-g001.jpg
Response to Virus

Leukocyte Activation

Inflammatory Response

NOD-like Receptor Signaling Pathway
Regulation of Interleukin-1 Beta Production
NF-kappa B Signaling Pathway

Type | Interferon Signaling Pathway
Inflammasome Complex

0 10 20 30 40
-log10(Pvalue)

REACTOME PYROPTOSIS

FDR q<0.05
NES=1.85

S—Zer0 cross at 15051,

4
'HC' (negatively conelated)
0 5000 10,000 15000 20000 25000 30,000
Rank in Ordered Dataset

|— Enrichment profile — Hits Ranking metric scores

Ranked list metric (Signal2Noise)
HoL e

o
m
MYDS8
NFKBI

—

-

[

-:- -0.5
T

P

3

S

©

>

e d
o

-

o

o

-

0.5

log2(Fold Change)






OPS/images/fimmu.2023.1169968/fimmu-14-1169968-g002.jpg
521005
LOUH

Ha'l
1SV
v
awy
‘ovd
f0ored
usd
du0sy

1od

29M
SdSVD

PdSVD

CASP5

CASP4

[11]
o
o o o o
] < s
|oA8] YNYW g-dsed aAle|ay
[11]
o

©
19A3] YNY

< o~ o
w p-dses aAne|ey

BALF

BALF

o o o (<] °
© © < ~

19A3] YNYW g-dses aApe|ay

© ~ - o

|9A8] YNYW p~dsed aAje|ey

R’=0.6742
P<0.0001

(VBw)dyo!

R’=0.5248
P=0.0007

R’=0.6792
P<0.0001

o o o
2 S S
4 3

S
(VBw)dyos

R?=0.6562
P<0.0001

300
200

3
2
S

s
2
y

casp-5 mRNA level casp-1 mRNA level IL-18 mRNA level

casp-4 mRNA level

R?=0.4372

P=0.0011

500
400
300

R?=0.3332
P=0.0077

500

R?=0.5101
P=0.0003

500

R’=0.4244

P:

=0.0014

500

casp-5 mRNA level casp-1 mRNA level IL-18 mRNA level

casp-4 mRNA level

(O]

L © w ©o w o
N & - -

|oA8] YNYW g-dsed aApe|ay

© < ~ o
|aA8] YNYW p~dsed aApe|ay

4-6






OPS/images/fmed-10-1330265/crossmark.jpg
(®) Check for updates





OPS/images/fimmu.2023.1117102/fimmu-14-1117102-g005.jpg
IFIN-A3 (1L-238B)

IFIN-A1 (1L-29)

IFIN-p

0000000
© Wi <F " N

uorssa.adxa p[oj pazipeaLioyn

x K

O (V2 -t o (9] — o

uorssa.idxa ppoj pazipeurion

o o o o o o
la) o g o al
o o — —

uorssa.xdxa p[oj pazieurion

3h 6h 12h  24h

Oh

24h

12h

3h

Oh

3h 6h 12h  24h

Oh

PKR

OAS1

Mx1

O~ O VN **T " NN —~ O

uorssaidxa ppoj pazipeurion

»*
»*
*
*
o O O O ©O O O o
o O O O O O O
.~ O v s v A1 —

uorssa.udxa ppoy pazipeurion

o o o o o
0 5 0 .)
2 1 1

uorssaidxa ploj pazieurion

3h

Oh

3h

Oh

3h

Oh

@ Polyd:0O)

@ CONTROL





OPS/images/fimmu.2023.1117102/fimmu-14-1117102-g001.jpg
Cell density (10* cells/cm?)

Days of culture

@ Initial concentration: 1.0 x 10 cells/cm?
@ Initial concentration: 0.5 x 10¢ cells/cm?






OPS/images/fimmu.2023.1117102/fimmu-14-1117102-g002.jpg





OPS/images/fimmu.2023.1117102/fimmu-14-1117102-g003.jpg
Control DAPI Cytokeratin

Antibody control E-cadherin






OPS/images/fimmu.2023.1117102/fimmu-14-1117102-g004.jpg
Copy number (per 25 ng of cDNA)

1000

100

| I
TLR1 TLR2 TLR3 TLRS TLR6 TLR7 TLR8 TLR9 NODI1 NOD2
TLR3 TLR4 TLR7

20 um





OPS/images/fmed-10-1176427/fmed-10-1176427-g004.jpg
A

Statin inhibition of cholesterol
producti

Nuclear receptors meta-pathway
Nuclear receptors meta-pathway I
Network map of SARS-CoV-2
signaling pathway
NRF2 pathway

Glutathione metabolism m

< é?@“&”&«“é"k"-\?“"‘”«"?e

o & A § PP

$ FLLLECEESFS 6@3‘"
& %

Pathogenesis of SA?QS—C

meduated by nspwf%g‘g\%eg .

Statin inhibition ofchoiesterol .... .
H |
[ fold change
miRNA targets in Ect.hgnaurr\'g "a"“”al . = . . .

ution (Stage 4 of 4)

3

Mammary gland development palgtway . . 2
1

l.lp!d pamdes composition 0

B
Familial hyperiipidemiatype 5 ] i
Familial hyperlipidemia type 4 . . - 2
Familial hyperiipidemiatype 1 |

Complement system .ﬁ . .





OPS/images/fmed-10-1176427/fmed-10-1176427-g005.jpg
pg/mL

pg/mL

1500+

2000+
TNFa IL-8
1500- .
1000+ v ¢
-E’ 1000+ ’
| 2% e
S . A T .
............ A e, 500" .
0 T T T i 0 T T T .
0 1 6 10 0 1 6 10
days days
1500+ 15000+
MIP-1 MCP-1
1oooﬂ 10000~ ¢
-
E
.,_.... . g M
500+ N o N i e
A/A | ‘//-/A\ ............. A
N A . 0N : S
v | T | | Eam— v T T I v
0 1 6 10 0 1 6 10
days days

- - Ruxo
—— control





OPS/images/fmed-10-1176427/fmed-10-1176427-t001.jpg
No./Median

Percentage (%) or range

Total 11

Ruxolitinib

Yes 8 66.7%
No 3 33.3%

Basic demographics

All patients n (%)
median (range)

Ruxo patients n (%)
median (range)

Control patients n (%)
median (range)

Female 4 (36.4%) 3/8 (37.5%) 1/3 (33%)
Male 7 (63.6%) 5/8 (62.5%) 2/3 (67%)
Age 65 (23-82) 61 (23-82) 70 (23-73)
BMI 27.7 (25.4-51) 29 (25.5-51) 27.7 (26.1-3.4)

Comorbidities

All patients n (%)

Ruxo patients n (%)

Control patients n (%)

Hypertension 8/11 (72.7%) 6/8 (75%) 2/3 (67%)
Obesity 6/11 (54.5%) 5/8 (62.5%) 1/3 (33%)
Cardiovascular (other than 4/11 (36.4%) 2/8 (25%) 2/3 (67%)
Hypertension)

GIT diseases 4/11 (36.4%) 3/8 (37.5%) 1/3 (33%)
Diabetes 3/11 (27.3%) 2/8 (25%) 1/3 (33%)
Hyperlipidemia/Hyperlipoproteinemia 2/11 (18.2%) 1/8 (12.5%) 1/3 (33%)
CKD 2/11 (18.2%) 0/8 (0%) 2/3 (67%)
Malignancy 2/11 (18.2%) 1/8 (12.5%) 1/3 (33%)
Neurologic/Neuromuscular 1/11 (9.1%) 0/8 (0%) 1/3 (33%)
Thyroid 1/11 (9:1%) 1/8 (12.5%) 0/3 (0%)

Previous medication

All patients n (%)

Ruxo patients n (%)

Control patients n (%)

(range)

Betablockers 5/11 (45.5%) 4/8 (50%) 1/3 (33%)
PPIs 4/11 (36.4%) 2/8 (25%) 2/3 (67%)
ACE-inhibitors 3/11 (27.3%) 1/8 (12.5%) 2/3 (67%)
Antidiabetic medication 3/11 (27.3%) 2/8 (25%) 1/3 (33%)
Calcium antagonists 3/11 (27.3%) 2/8 (25%) 1/3 (33%)
Platelet aggregator inhibitors 3/11 (27.3%) 2/8 (25%) 1/3 (33%)
Statins 3/11 (27.3%) 1/8 (12.5%) 2/3 (67%)
Antineoplastic agents 2/11 (18.2%) 1/8 (12.5%) 1/3 (33%)
Immunosuppressive drugs 2/11 (18.2%) 0/8 (0%) 2/3 (67%)
(particularly corticosteroids, CNIs,

rituximab)

Diuretics 1/11 (9.1%) 1/8 (12.5%) 0/3 (0%)

NSAIDs and other analgesic drugs 1/11 (9.1%) 0/8 (0%) 1/3 (33%)
Psychoactive drugs 1/11 (9.1%) 1/8 (12.5%) 0/3 (0%)

Thyroid medications 1/11 (9.1%) 1/8 (12.5%) 0/3 (0%)

Qutcome

Days of hospitalization — median 29 (21-67) 28.5(21-65) 40 (23-67)

Alive at day 28 10/11 (91%) 7/8 (87.5%) 3/3 (100%)
Discharged 7111 (63.6%) 5/8 (62.5%) 2/3 (67%)
Deceased 4/11 (36.4%) 3/8 (37.5%) 1/3 (33%)

ACE, angiotensin-converting enzyme; BMI, body mass index; CKD, chronic kidney disease; CNI, calcineurin inhibitors; GIT, gastro-intestinal tract; NSAIDs, non-steroidal anti-inflammatory

drugs; PPIs, proton-pump inhibitors.
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Identification

Records identified: (n = 5.733)
PubMed/MEDLINE (n = 832)

EMBASE (n = 1.600)
Scopus (n = 1.345)
Web of Science (n = 1.019)

Cochrane Library (n = 12)

Records screened by
title/abstract
(n=2483)

Records screened by full-text
(n=83)

Reports assessed for eligibility
(n=44)

Reports assessed for eligibility
(n=45)

Studies included in the
quantitative synthesis
(n=28)

Records removed before
screening:
Duplicate records removed
(n =3.250)

Records excluded by title and
abstract screening
(n=2400)

Records excluded by full-text
screening (n = 46)
. Wrong Language

Wrong type of study
Other comparator than Placebo or
Standard of Care
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No Vitamin D intervention
Vitamin D intervention for other
reason than COVID-19
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Vitamin D Control

Study Deaths Total Deaths Total Odds Ratio OR 95%-Cl Weight
Castillo et al. 2020 0 50 2 0.10 [0.00; 2.10] 6.8%
Elamir et al. 2021 0 25 3 0.13 [0.01; 258] 7.0%
Lakkireddy et al. 2021 2 44 5 0.36 [0.07; 1.98] 19.2%
Murai et al. 2021 9 119 6 153 [0.53; 4.43] 37.4%
Rastogi et al. 2020 0 16 0 0.0%
Sabico et al. 2021 1 36 0 2.83 [0.11;71.94] 6.2%
Sanchez-Zuno et al. 2021 0 22 0 0.0%
Soliman at al. 2021 7 40 3 0.92 [0.21; 4.11] 23.4%
Random effects model 352 0.74 [0.32; 1.71] 100.0%

Heterogeneity: /° = 18%, T° = 0.1843, p = 0.30
Test for overall effect: z =-0.70 (p = 0.48) 0.01 0.1 1 10 100
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Study type Respiratory virus Sensitivity % Specificity %~ AUC  Threshold  References
strain
Observational prospective Influenza A TMFI 95 100 098 534
RSV
Rhinovirus

Observational retrospective Parainfluenza MEF 8571 100 097 158 (14)

na. SARS-CoV-2 TMFI 91.7 89.8 0.92 @)

na. SARS-CoV-2 tMFI o7 80 0.95 (16)

na. SARS-CoV-2 tMFI o7 92 0.925 (19)

The above lsted virus strains are referring to respiratory virus strains identified in the trials and are not comprehensive of the overall identified pathogens. rMFL lymphocyte/monocyte
KRG ko T corves Bal Rakaantas . dud awilabla.
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Vitamin D Control
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Elamir et al. 2021 25 5.50 3.9000 25 9.24 9.4000 -3.74 [7.73;0.25] 0.6%
Lakkireddy et al. 2021 44 13.00 5.0000 43 14.00 5.0000 -1.00 [-3.10;1.10] 2.3%
Murai etal. 2021 119 7.00 1.1721 118 7.20 1.5646 .20 [-0.55;0.15) 82.8%
Sabico et al. 2021 36 6.11 0.7082 [-1.29;0.41] 14.2%

Random effects model 224
Heterogeneity: /° = 18%, T° < 0.0001, p = 0.30
Test for overall effect: z =-1.69 (p = 0.09)

Vitamin D
Study Events Total
Castillo etal. 2020 1 50
Elamir etal. 2021 5 25
Lakkireddy et al. 2021 4 44
Murai et al. 2021 19 119
Sabico et al. 2021 2 36
Random effects model 274

Heterogeneity: /* = 60%, T° = 0.8237, p = 0.04
Test for overall effect: z =-1.73 (p = 0.08)

Vitamin D
Study Events Total
Elamir etal. 2021 0 25
Murai etal. 2021 9 119
Soliman atal. 2021 14 40
Random effects model 184

Heterogeneity: /> = 0%, T°=0, p = 0.71
Test for overall effect: .90 (p = 0.06)

33 6.55 2.4010 - -0.44

219

-0.28 [-0.60;0.04] 100.0%

6 -4 2 0 2 4 6

Control
Events Total Odds Ratio 95%-Cl Weight
13 26 [0.00;0.17]) 13.5%
8 25 [0.15;1.93] 21.5%
5 43 [0.19;3.04] 20.4%
25 118 [0.37;1.37) 28.8%
3 33 [0.09;3.76] 15.7%
245 0.41 [0.15;1.12] 100.0%
001 01 1 10 100
Control
Events Total Odds Ratio 95%-Cl Weight
2 25 [0.01;4.04] 4.8%
17 118 [0.21;1.14] 62.7%
7 16 [0.21;2.26] 32.5%

159 0.52 [0.27;1.02] 100.0%

001 01 1 10 100
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Castillo
et al., 2020
(Spain)

Elamir
et al., 2021
(Israel)

Lakkireddy
et al., 2021
(India)

Murai
et al,, 2021
(Brazil)

Rastogi
et al., 2020
(India)

Sabico
et al., 2021
(Saudi
Arabia)

Sanchez-
Zuno et al.,
2021
(Mexico)

Soliman
etal, 2021
(Egypt)

Trial
design

RCT

Open label
Single
center

RCT
Open label
Multicenter

RCT
Open label
Single
center

RCT
Double-
blind
Multicenter

RCT
Double-
blind
Single
center

RCT
Open label
Multicenter

RCT
Open label
Multicenter

RCT
Double-
blind
Single
center

Participants Vitamin Groups Vitamin D treat- Timing of
D defi- ment follow-up
ciency

Intervention Control

Inpatients >18 ~ No Calcifediol Standard of care Loading dose of 532 pg, Until ICU

years N =50 N=26 followed by 266 pg on  admission,

Total N = 76 Female: 23 Female: 8 days 3, 7, 14, 21, and discharge, or

Female: 31 Mean age: 53.14 years Mean age: 52.77 28 death

Mean age: 53 years

years

Inpatients >18  No Calcitriol Standard of care Daily dose of 0.5 ug for  Until day 14

years N=25 N=25 14 days or until or discharge

Total N = 50 Female: 13 Female: 12 discharge

Female: 25 Mean age: 69 years Mean age: 64 years

Mean age: NR

Inpatients >18  Yes, defined ~ Cholecalciferol Standard of care Daily dose of 1,500 pg ~ Until day 21

years as <30 ng/ml N =44 N=43 for 8 or 10 days

Total \N = 87 Female: 7 Female: 15

Female: 22 Mean age: 47 years Mean age: 44 years

Mean age: 45 Mean vitamin D Mean vitamin D

years level: 16 ng/ml level: 17 ng/ml

(baseline); 89 ng/ml  (baseline); 16 ng/ml
(follow-up) (follow-up)

Inpatients >18  Subgroup, Cholecalciferol Placebo Single dose of 5,000 pg  Until

years definedas N =119 N=118 discharge

Total N =237 <20 ng/ml Female: 49 Female: 55

Female: 104 Mean age: 56.5 years ~ Mean age: 56 years

Mean age: 56.2 Mean vitamin D Mean vitamin D

years level: 21 ng/ml level: 20 ng/ml

(baseline); 44 ng/ml (baseline); 19 ng/ml
(follow-up) (follow-up)

Inpatients >18  Yes, defined  Cholecalciferol Placebo Daily dose of 1,500 ug ~ Until day 21

years as <20 ng/ml N =16 N=24 for 7 or 14 days

Total N = 40 Female: 10 Female: 10

Female: 20 Median age: 50 years ~Median age: 47.5

Median age: Median vitamin D years

NR level: 8 ng/ml Median vitamin D

(baseline); 51 ng/ml level: 9 ng/ml
(follow-up) (baseline); 15 ng/ml
(follow-up)

In- and No Cholecalciferol Standard of care, Daily dose of 125 pg Until

outpatients N =36 including 25 ug for 14 days discharge

from 20 to 75 Female: 15 cholecalciferol

years Mean age: 46.3 years N =33

Total N = 69 Mean vitamin D Female: 20

Female: 35 level: 21 ng/ml Mean age: 53.5 years

Mean age: 49.8 (baseline); 25 ng/ml Mean vitamin D

years (follow-up) level: 25 ng/ml

(baseline); 23 ng/ml
(follow-up)

Outpatients No Cholecalciferol Standard of care Daily dose of 250 ug Until day 14

>18 years N=22 N=20 for 14 days

Total N = 42 Female: 7 Female: 6

Female: 22 Median age: 44 years ~ Median age: 43 years

Median age: 43 Median vitamin D Median vitamin D

years level: 20 ng/ml level: 23 ng/ml

(baseline); 28 ng/ml (baseline)
(follow-up)

Inpatients >60  Yes, defined ~ Cholecalciferol Placebo Single dose of 5,000 g~ Until day 42

years with DM as <20 ng/ml N = 40 N=16

I Female: 16 Female: 6

Total N = 56 Mean age: 71.3 years  Mean age: 70.19

Female: 22 Mean vitamin D years

Mean age: level: 10 ng/ml Mean vitamin D

70.91 years (baseline); 20 ng/ml  level: 21 ng/ml

(follow-up)

(baseline); 21 ng/ml
(follow-up)

DM, diabetes mellitus; N, number of participants; NR, not reported; RCT, randomized controlled trial.

Outcomes
(relevant for
this meta-
analysis)

Mortality
Need for ICU
admission

Mortality
Length of
hospitalization
Need for ICU
admission
Need for
mechanical
ventilation

Mortality
Length of
hospitalization
Need for ICU
admission

Mortality
Length of
hospitalization
Need for ICU
admission
Need for
mechanical
ventilation

Mortality

Mortality
Length of
hospitalization
Need for ICU
admission

Mortality

Mortality
Need for
mechanical
ventilation
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Immunosuppressive therapy

mTOR inhibitors

Other types of immunosuppressive therapies

*Moderate/severe vs. asymptomatic/mild P

.041.

66(17.7%)

305 (82.3%)

No SARS-CoV-2 infection

55 (83%)
260 (85%)

SARS-CoV-2 infection

Asymptomatic covID-19
Mild Moderate/Severe*
4(6%) 6(9%) 1(2%)
22 (7%) 9 (3%) 14 (5%)





OPS/images/fimmu.2022.937667/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.937667/fimmu-13-937667-g001.jpg
A B G
Patient Ctrl+
- -
T

'
-
« ‘,""

1:275am? | 458 £3.3 medun 4

-
— 4
o@D -
-’






OPS/images/fimmu.2022.937667/table1.jpg
Reference Patient’s Past medical Medications SARS-CoV-2  Therapy Clinical Autoimmunity  Therapy Outcome

characteristics: history information for manifestations and diagnosis for DM
sex, age, race (time and COVID-19 of DM
severity)
Shahidi Dadras, F, 58 Diabetes Losartan 45 days before  Home Constitutional Seronegative PDN 60 Improved
2021, Clin Case  Asian mellitus Aspirin Flu-like supportive  symptoms DM-SLE mg/d
Rep. (21) Hypothyroidism Metformin care Skin overlap MTX 15
Coronary artery  Levothyroxine manifestations mg/wk
disease Doxepin Fever HCQ 400
Muscle mg/d
weakness
Pneumonia
Cardiomyopathy
Liquidano-Perez, F, 4 Negative N.A. Concomitant NA. Muscle ANA 1:320 IVIG 1 g/Kg Respiratory
2021, Pediatr Latino Asymptomatic weakness Anti-RNP/Sm MPN 0.7 deterioration
Neurol. (26) Skin Anti-Scl70 mg/Kg/d, requiring
manifestations Anti-Sm then pulses mechanical
Dyspnea Juvenile DM HCQ ventilation.
(myogenic)? MTX Gradual
Esophageal CsA improvement
dysmotility
Rodero, 2022, J F, 15 Negative N.A. Two weeks No Constitutional Seronegative MG Remission
Clin Immunol (22) Unknown before symptoms Juvenile DM Steroid
Unknown Arthritis TOFA 5 mg
Muscle bid
weakness
Skin
manifestations
and
telangiectasias
Rodero, 2022, J F, 12 DM, diagnosed N.A. Two weeks No 8 years before:  Seronegative First Remission
Clin Immunol (22) Unknown eight years before Muscle Juvenile DM episode:
before Asymptomatic weakness Steroids
Skin MTX
manifestations Relapse:
Relapse: VIG
Skin Steroids
manifestations
Keshtkarjahromi, F, 65 Psoriasis Amlodipine Two months NA. Constitutional ANA PDN 60 Died due to
2021, BMC Caucasian Hypertension Atorvastatin  before symptoms Anti-MDAS mg/d MAS
Rheumatol (23) Hyperlipidemia  Buspirone Unknown Muscle Anti-Ro52 For MAS:
Pantoprazole weakness DM MPN
Skin boluses,
manifestations IVIG and
Dyspnea mechanical
Arthralgia ventilation
MAS
Gokhale, 2020, J M, 64 N.A. N.A. Concomitant IV antibiotic Muscle ANA 1:320 IVIG 2 g/Kg  Improved
Assoc Physicians Asian Pneumonia HCQ weakness homogeneous ~ PDN 1 mg/
India (20) Ivermectin ~ Skin DM Kg/d
manifestations MMF 1.5 gid
Fever
Gokhale, 2020, J F, 50 N.A. N.A. Concomitant N.A. Muscle Anti-MDAS MPN Died due to
Assoc Physicians ~ Asian Pneumonia weakness Anti-SAE-1 CYC1g COVID-19
India (20) Skin DM MTX 16
manifestations mg/wk
OP (COVID-19)?
Fever
Gokhale, 2020, J M, 50 DM, diagnosed PDN 5 mg Convalescent  N.A. 8 years before:  Anti-Mi-2 MTX Improved
Assoc Physicians ~ Asian eight years qd (positive IgM Skin Anti-PM/Scl PDN
India (20) before AZA 50 mg and IgG manifestations DM MG
bid antibodies Muscle
towards SARS- weakness
CoV-2 but Relapse:
negative swab) Muscle
Pneumonia weakness
Skin
manifestations
Pneumonia
(COVID-19)?
Borges, 2021, F, 36 N.A. N.A. Two weeks N.A. Skin ANA 1:640, fine  MPN Improved
Rheumatology Latino before manifestations  speckled
(Oxford) (25) Flu-like Muscle Anti-Mi-2
weakness DM
Raynaud’s
phenomenon
Okada, 2021, F, 64 N.A. N.A. One month No Skin Anti-NXP2 MPN 1g, Improved
Rheumatology ~ Asian before manifestations DM then oral
(Oxford) (27) Fever Muscle PDN 60
weakness mg/d
AZA 50
mg/d
Ho, 2021, JAAD M, 58 Negative No Concomitant Supportive  Constitutional Negative MPN Improved
Case Rep. (24) Hispanic Flu-like care symptoms serology pulses
Muscle Biopsy-proven  Oral PDN
weakness DM MTX 10
Pneumonitis mg/wk
Skin
manifestations
Pulmonary
embolism

ANA, antinuclear antibodies; AZA, azathioprine; bid, two times per day; CsA, cyclosporin A; CYC, cyclophosphamide; d, day; DM, dermatomyositis; F, female; HCQ, hydroxychloroquine;
IV, intravenous; IVIG, intravenous immunoglobulins; MAS, macrophage activation syndrome; MMF, mofetil mycophenolate; MPN, methyiprednisolone; MTX, methotrexate; N.A., not
applicable or unknown; OP, organizing pneumonia; PDN, prednisolone; qd, once per day; SLE, systemic lupus erythematosus; TOFA, tofacitinib; wk, week.
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Immunosuppressive therapy

Tacrolimus + mycophenolate + methylpredinisolone
Tacrolimus + mycophenolate + predhisone

Tacrolimus + everolimus + methylprecinisolone

Tacrolimus + everolimus + prednisone

Tacrolimus + sirolimus + methylpredinisolone

Tacrolimus + everolimus + mycophenolate + methylprednisolone
Tacrolimus + everolimus

Tacrolimus + sirolimus

Cyclosporine + everolimus + methylprednisolone

Oyclosporine + sirolimus -+ methylpredhisolone

Cyclosporine + everolimus + mycophenolate

Cyclosporine + everolimus + prednisone

Cyclosporine + everolimus

cyclosporine + sirolimus
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Immunosuppressive therapy

No SARS-CoV-2 infection SARS-CoV-2 infection
Asymptomatic coviD-19
Mild Moderate/Severe
Single 9(2%) 9(2.4%) 0 0 0
Double 142 (38%) 112 (30%) 11(3%) 123.2%) 7(1.8%)

Triple 220 (60%) 194 (52.6%) 15 (4%) 3(0.8%) 8(2.2%)
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Immunosuppressive therapy

Double
Triple

30 (53.6%)
26 (46.4%)

Asymptomatic
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SARS-CoV-2 infection
COVID-19
Mild

12 (21.4%)
3(5.3%)

Moderate/Severe

7 (12.5%)
8(14.49%)
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Immunosuppressive therapy

No SARS-CoV-2 infection SARS-CoV-2 infection
Asymptomatic coviD-19
Mild Moderate/Severe

Tacrolimus 247 212 19 9 7
Cyclosporine % 73 4 8
Mycophenolate 209 181 16 3 9
Azathioprine 4 3 0 1
Everolimus 48 40 3 5 0
Sirolimus. 18 15 1 1 1
Methylprednisolone 182 165 11 9 7
Predhisone 136 120 9 2 5
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