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Background

The role of type I interferons (IFNs) in the early phase of COVID-19 remains unclear.



Objectives

To evaluate the relationship between IFN-I levels in patients with COVID-19 and clinical presentation, SARS-CoV-2 viral load, and other major pro-inflammatory cytokines.



Methods

This prospective observational study recruited patients hospitalized with COVID-19. The levels of interferon-alpha (IFN-α), interferon-beta (IFN-β), interleukin-6 (IL-6), and C-X-C motif chemokine ligand (CXCL10) within 5 days after symptom onset were measured using an ELISA, in serum from blood collected within 5 days after the onset of symptoms. The SARS-CoV-2 viral load was determined via qPCR using nasal-swab specimens and serum.



Results

The study enrolled 50 patients with COVID-19. IFN-α levels were significantly higher in patients who presented with pneumonia or developed hypoxemic respiratory failure (p < 0.001). Furthermore, IFN-α levels were associated with viral load in nasal-swab specimens and RNAemia (p < 0.05). In contrast, there was no significant association between IFN-β levels and the presence of pneumonia or RNAemia, despite showing a stronger association with nasal-swab viral load (p < 0.001). Correlation analysis showed that the serum levels of IFN-α significantly correlated with those of IFN-β, IL-6, and CXCL10, while the levels of IFN-β did not correlate with those of IL-6 or CXCL10.



Conclusions

Serum IFN-I levels in the early phase of SARS-CoV-2 infection were higher in patients who developed hypoxemic respiratory failure. The association between IFN-α, IL-6, and CXCL10 may reflect the systemic immune response against SARS-CoV-2 invasion into pulmonary circulation, which might be an early predictor of respiratory failure due to COVID-19.
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Introduction

Coronavirus disease (COVID-19) is a potentially fatal respiratory infection caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). Since the first outbreak of COVID-19, this pandemic has negatively affected the capacity of local and regional healthcare systems worldwide, resulting in the temporal exhaustion of in-hospital medical services (2, 3). The necessity of hospitalization due to COVID-19 is largely affected by the presence of respiratory failure, which typically develops several days (at least 3 days) after the onset of the first symptoms (4, 5). Therefore, investigating the initial immune response in the early phase of SARS-CoV-2 infection is important because it may be related to the development of respiratory failure.

Using various integrated approaches (6–9), most studies have compared immune responses between groups of patients with COVID-19 with increasing disease severity. These studies yielded homogenous results; the most severe COVID-19 phenotype was associated with an aggressive inflammatory response with the release of a large amount of pro-inflammatory cytokines, an event known as “cytokine storm”, and described altered cellular immunity, including marked lymphocytopenia and neutrophil-to-lymphocyte ratio (NLR) elevation (10).

Type I interferons (IFNs) have emerged as crucial contributors to the immune response against a SARS-CoV-2 infection (11–13). In humans, the IFN-I family mainly consists of IFN-α and IFN-β (14), which act as inhibitors of viral replication in infected cells and play a defensive role in uninfected cells. The expression of IFN-I is cell-type specific: IFN-α is mainly produced by hematopoietic cells, whereas IFN-β is produced by a broad range of cell types (15). Impairment of IFN-α and increased autoantibodies against IFN-α have been recognized as important contributors to the disease severity in SARS-CoV-2 infection (11–14). In contrast, a recent in vitro study reported that the antiviral activity of IFN-β was superior to that of IFN-α against SARS-CoV-2 (16). Nevertheless, the involvement of each IFN-I in the pathogenesis and outcomes of a SARS-CoV-2 infection, particularly the development of hypoxemic respiratory failure, remains unclear.

In this study, we examined the association between pneumonia, hypoxemic respiratory failure, and immune response in the early phase of COVID-19, focusing on circulating IFN-I levels. Moreover, we assessed the levels of other inflammatory cytokines, including IL-6 and CXCL-10, which are known to be initial immune triggers of the cytokine storm in a SARS-CoV-2 infection (17).

The primary outcome of the study was to validate the relationship between SARS-CoV-2 pneumonia, respiratory failure, IFN-α, and IFN-β, and the secondary outcome was to investigate the association between IFN-I and other cytokines.



Materials and Methods


Study Design

This study was conducted as part of the Toyama University COVID-19 cohort study; an investigator-initiated, prospective, single-center study that was primarily designed to investigate the clinical, epidemiological, radiological, and microbiological features of COVID-19. In this study, the patients were diagnosed as COVID-19 positive based on quantitative reverse transcription PCR (RT-qPCR) results. Nasal specimens for RT-qPCR were collected and chest computed tomography (CT) were performed at admission. Serum samples were collected and stored at -80°C after each laboratory examination. The study was approved by the Ethical Review Board of the University of Toyama (R2019167), and written informed consent was obtained from all the patients.

The inclusion criteria were as follows: (1) men or women aged 18 years or older; (2) hospitalized at Toyama University Hospital, Toyama, Japan, between April 2021 and June 2021 (during the endemic period in Toyama that was caused by the SARS-CoV-2 B.1.1.7 lineage); (3) positively diagnosed as having a SARS-CoV-2 infection via qPCR using nasal-swab specimens; and (4) had the first blood sample collected within 5 days after the onset of symptom. Patients who did not have an initial CT evaluation or whose blood samples were unavailable for subsequent experiments, were excluded from the study.



Study Participants and Protocol

Data on the patients’ demographics, comorbidities, clinical presentation, laboratory findings, therapy regimen, and prognosis were collected from their medical charts.

When a newly developed inflammatory lesion was detected by a chest CT that was performed on admission, COVID-19 pneumonia was confirmed by trained pulmonary radiologists, KN and YY. This method for diagnosis of pneumonia is consistent with previous reports (18, 19). The patients with no inflammatory lesions were confirmed negative for COVID-19 pneumonia. The chest CT was performed in the supine position during end-inspiration on a multidetector CT scanner by using a slice thickness of 1.0 mm, a high spatial resolution algorithm (SOMATOM Definition AS+; Siemens Healthineers, Forchheim, Germany), and SOMATOM go.Top (Siemens Healthineers).

Hypoxemia requiring oxygen therapy was defined as an SpO2 of ≤93% at rest/motion under room air. This is a universally accepted criterion for the initiation of oxygen therapy in patients with COVID-19 (20).



Blood Samples

At least 1.0 mL of serum was collected from each patient and divided into three tubes, one of which was used for the cytokine and RNAemia measurements described below. Only serum collected within 5 days after the onset of symptoms was used for the analysis.

In addition, control serum was obtained from healthy immunocompetent volunteers, from Toyama University Hospital. The volunteers were hospital staff who had no known underlying diseases. The blood sampling was conducted under afebrile conditions and the serum was stored and utilized for cytokine measurements. Written informed consent were also obtained from all the volunteers.



Cytokine Measurement

Serum cytokines and chemokines (IFN-α, IFN-β, IL-6, interleukin-10 (IL-10), and CXCL10) were measured using commercially available ELISA assays, according to the manufacturers’ instructions. The levels of IFN-α, IFN-β, IL-6, IL-10, and CXCL10 were measured using the VeriKine-HS Human IFN Alpha All Subtype ELISA Kit (PBL Assay Science, New Jersey, USA), the VeriKine-HS Human IFN Beta Serum ELISA Kit (PBL Assay Science), the AuthentiKine™ Human IL-6 ELISA Kit (Proteintech, Illinois, USA), the AuthentiKine™ Human IL-10 ELISA Kit (Proteintech), and the Human CXCL10/IP-10 ELISA Kit (Proteintech), respectively. Each sample was measured on first thaw. If an analyte signal was below the background signal, it was set to zero, and if the signal was detectable, but below the manufacturer’s lower limit of quantification, it was set to the lower limit of detection.



RT-qPCR

RT-qPCR to detect SARS-CoV-2 was performed as previously described (21, 22). Briefly, RNA was extracted from 140 μL of blood serum or supernatant of nasal-swab specimens by using the QIAamp ViralRNA Mini Kit (QIAGEN, Hilden, Germany) or Nippongene Isospin RNA Virus (Nippongene, Tokyo, Japan), respectively according to the manufacturer’s instructions. The viral loads of SARS-CoV-2 were quantified via RT-qPCR using a N2-gene-specific primer/probe set according to the Japan National Institute of Infectious Diseases protocol (23). The AcroMetrix COVID-19 RNA Control (Thermo Fisher Scientific, California, USA) was used as a positive control. The detection limit was approximately 0.4 copies/μL (2 copies/5 μL). RNAemia was determined when SARS-CoV-2 was detectable in the blood serum specimens.



Statistical Analysis

Background factors were expressed as medians (interquartile range) or numbers (percentage). To evaluate intergroup differences, the Wilcoxon test and Fisher’s exact test were used to compare continuous and nominal variables, respectively. For all pairs of immune parameters and viral loads, Spearman’s Rho correlation coefficients were estimated. The results regarding the association between immune parameters are summarized in a correlation matrix. Statistical significance was set at p < 0.05. The statistical program R (version 4.1.018) and GraphPad Prism version 9.0 (GraphPad Software, California, USA) were used for statistical analyses.




Results


Study Participants

The clinical characteristics, laboratory findings, treatment, and outcomes of the 50 patients included in this study are summarized in Table 1. Age, underlying diseases (none or hypertension), body mass index, and febrile period were significantly different between patients with COVID-19 with and without pneumonia or hypoxemia. No patients with hypoxemic respiratory failure due to COVID-19 required invasive positive pressure ventilation; however, two patients required nasal high-flow oxygen therapy. All patients included in this study survived COVID-19, at least until 30 days after the onset of symptom. None of the patients included in this study had received antiviral medication at the time of blood sampling.


Table 1 | Clinical feature of patients in the study.





IFN-α and IFN-β Level Analysis

In this study, we performed preliminary experiments to assess the levels of each IFN at different time points in six patients who developed pneumonia (Supplementary Table 1). Accordingly, we found that IFN levels significantly decreased 5 days after the initial assessment in five patients. Among them, the levels of IFN-α and IFN-β decreased time-dependently in three patients, even though they developed respiratory failure thereafter. Based on these results, we focused on IFN levels within 5 days of symptom onset, which correspond to the early phase of SARS-CoV-2 infection.

Next, we assessed the levels of each IFN and cytokine. The results of IFN-α and IFN-β level analyses are summarized in Figures 1A, B. The levels of IFN-α were detectable in all patients, but under the lower limit of quantification in three patients. The levels of IFN-β were undetectable in five patients and were below the lower limit of quantification in one patient. In the following analysis, we found that IFN-α levels were significantly higher in patients with pneumonia than in those without pneumonia [130 pg/ml (45-178) vs 51.5 pg/ml (33-85), p < 0.001]. Similarly, IFN-α levels were significantly higher in patients who developed hypoxemia than in those who did not [178 pg/ml [130-236] vs 51.5 pg/ml (23-91), p < 0.001]. In contrast, the levels of IFN-β were not significantly different between patients with and without pneumonia [5.6 pg/ml (2.1-7.5) vs 4.7 pg/ml (3.1-8.2), p = 0.488], but these were significantly higher in patients who developed hypoxemia than in those who did not [7.5 pg/ml (4.5-10) vs 4.5 pg/ml (1.8-6.3), p = 0.008]. The level of C-reactive protein (CRP) and NLR were not significantly different between patients with and without hypoxemia (Figures 1C, D).




Figure 1 | The serum type I Interferon (IFN) levels in patients with COVID-19 and their association with pneumonia and hypoxemic respiratory failure: (A) IFN-α levels, (B) IFN-β levels. (C) CRP levels, and (D) Neutrophils-to-lymphocytes ratio in patients with COVID-19. Each level was measured at the time of admission (within 5 days after the onset of symptoms), without hypoxemic respiratory failure at the time. Data are presented as Tukey boxplots and individual values. Nonparametric Mann-Whitney test was used to compare values between groups: *p < 0.05. **p < 0.001.





Association Between Serum IFN-I Levels and SARS-CoV-2 Viral Load in the Blood/Nasal Swab

To examine the association between the microbiological findings and IFN-I levels, we assessed the viral load in nasal-swab specimens and serum. The levels of IFN-α and IFN-β were significantly associated with SARS-CoV-2 viral load in nasal-swab specimens (r = 0.327; p = 0.327 for IFN-α, and r = 0.452; p = 0.001 for IFN-β; Figures 2A, B). Notably, a stronger association was observed with IFN-β than with IFN-α. However, only IFN-α levels were significantly higher in patients with RNAemia than in those without RNAemia (Figures 2C, D). The presence of RNAemia was determined by a relatively low viral load [10.4 (4.9-30.0) copies/μL], and the qPCR results were below the detection limit in 35 patients (70% of the study participants). Thus, we analyzed the association between RNAemia and IFN-I levels by the presence of RNAemia.




Figure 2 | Correlations between serum type I Interferon (IFN-I) levels and SARS-CoV-2 viral load in nasal swab specimens from patients with COVID-19: (A) IFN-α levels and (B) IFN-β levels. Spearman correlation test was used, and Spearman correlation coefficient is shown. Corresponding logarithmic trendlines are shown. Serum IFN-I levels in patients with COVID-19 and the association with RNAemia, (C) IFN-α levels, (D) IFN-β levels. Each level was measured at the time of admission (within 5 days after the onset of symptoms). Data are presented as Tukey boxplots and individual values. Nonparametric Mann-Whitney test was used to compare values between groups: *p < 0.05.





Immunoinflammatory Biomarker Level Analysis

The levels of CXCL10 and IL-6 were significantly higher in patients with pneumonia and hypoxemia. In contrast, the levels of IL-10 were not significantly different between patients with and without pneumonia or hypoxemia (Figure 3). Further analysis revealed that the levels of CXCL10, IL-6, and IL-10 were not associated with the viral load in nasal-swab specimens (Figures 4A–C). Moreover, these cytokine levels were not associated with the presence of RNAemia, except for CXCL10 levels (Figures 4D–F).




Figure 3 | Serum cytokine and chemokine levels in patients with COVID-19 and the associations with pneumonia and hypoxemic respiratory failure: (A) CXCL10 levels, (B) IL-6 levels, and (C) IL-10 levels. Each level was measured at the time of admission (within 5 days after the onset of symptoms), without hypoxemic respiratory failure. One value was excluded from the analyses of IL-6 and IL-10 as an outlier (IL-6 with 476 pg/mL, and IL-10 with 1640 pg/mL). Data are presented as Tukey boxplots and individual values. Nonparametric Mann-Whitney test was used to compare values between groups: *p < 0.05. **p < 0.001.






Figure 4 | The association observed between serum cytokine levels and SARS-CoV-2 viral load in nasal swab specimens from patients with COVID-19 at admission (within 5 days after the onset of symptoms): (A) CXCL10 levels, (B) IL-6 levels, and (C) IL-10 levels. Spearman correlation test was used, and Spearman correlation coefficient is shown. Corresponding logarithmic trendlines are shown. The association between serum cytokine levels in patients with COVID-19 and RNAemia: (D) CXCL10 levels, (E) IL-6 levels, and (F) IL-10 levels. One value was excluded from the analyses of IL-6 and IL-10 as an outlier (IL-6 with 476 pg/mL, and IL-10 with 1640 pg/mL). Data are presented as Tukey boxplots and individual values. Nonparametric Mann-Whitney test was used to compare values between groups: *p < 0.05.



In preliminary experiments, we assessed the levels of tumor necrosis factor (TNF-α), interleukin-17 (IL-17), vascular endothelial growth factor (VEGF), and angiotensin-converting enzyme 2 (ACE-2) by using commercially available ELISA assays, according to the manufacturers’ instructions (Supplementary Table 1): TNF-α, IL-17, and VEGF (Chondrex, Washington, USA) and ACE-2 (Abcam, Cambridge, UK). However, the analyte signals of TNF-α, IL-17, and ACE-2 were below the background signals in all patients, and those of VEGF were undetectable in 31 patients (62% of all patients). From these results, we determined that the levels of TNF-α, IL-17, VEGF, and ACE-2 were substantially low in the early phase of SARS-CoV-2 infection; therefore, we excluded these biomarkers from further analysis.

To determine the baseline levels of IFN-I and cytokines, we assessed the inflammatory biomarker levels of IFN-α, IFN-β, IL-6, CXCL10, and IL-10 in healthy volunteers (Supplementary Table 2). Amongst, the levels of all biomarkers in healthy volunteers were significantly lower than those in patients with SARS-CoV-2 infection, in particular with IFN-α and IFN-β.



Correlations Among Immunoinflammatory Biomarker Levels

Among the tested immunoinflammatory biomarkers, IFN-β (r = 0.51; p < 0.001), CXCL-10 (r = 0.45; p = 0.001), and IL-6 levels (r = 0.44; p = 0.001) were significantly associated with serum IFN-α levels (Figure 5). Among the tested inflammatory cytokines, IL-6 levels were strongly associated with CXCL10 (r = 0.58; p < 0.001) and CRP levels (r = 0.61; p < 0.001). However, no significant association was observed between each leukocyte level and the tested immunoinflammatory biomarker levels, except for IL-10 and neutrophil levels (r = 0.31; p = 0.028).




Figure 5 | Correlation matrix of immune parameters in patients with COVID-19 at admission (within 5 days after the onset of symptoms). (A) Results are presented as a correlation matrix. Spearman correlation coefficients are plotted. Cells were colored according to the strength and trend of correlations (shades of red = positive correlations; shades of blue = negative correlations). *p < 0.05. **p < 0.001. Significant correlations between serum IFN-α levels and IFN/cytokines; (B) IFN-β levels, (C) CXCL10 levels, and (D) IL-6 levels. Spearman correlation test was used, and Spearman correlation coefficient is shown. Corresponding logarithmic trendlines are shown.






Discussion

In this study, we demonstrated that the level of serum IFN-α in the early phase of SARS-CoV-2 infection was strongly associated with the presence of pneumonia and the development of hypoxemic respiratory failure. In addition, there was an association between IFN-α levels, the viral load in nasal-swab specimens, and the presence of RNAemia. In contrast, IFN-β levels were not associated with the presence of pneumonia or RNAemia, despite the stronger association observed with nasal-swab viral load. The serum levels of inflammatory cytokines, IL-6 and CXCL10, were significantly associated with pneumonia and hypoxemia, but not with the viral load in nasal-swab specimens. Correlation analysis showed that IFN-α significantly correlated with IFN-β, IL-6, and CXCL10 levels, while IFN-β did not correlate with IL-6 or CXCL10 levels. To our knowledge, this is the first clinical study to reveal the differential expression of IFN-α and IFN-β in the early phase of SARS-CoV-2 infection.

Previous studies suggested that an impaired IFN-I response could be a hallmark of severe COVID-19 (9, 11). However, a recent meta-analysis by Silva et al. (24), which included 15 studies examining the plasma protein levels of IFN-I (α and β), could not confirm a significant association between plasma IFN- I levels and COVID-19 disease severity. In the included studies, IFN-α was measured over 7 days after the onset of symptoms (25–32), and IFN-α levels at the early phase of SARS-CoV-2 infection (within 5 days after the onset of symptoms) were assessed only in one study (30). Galani et al. assessed the IFN-α levels in 32 patients within 5 days after onset using an ELISA kit (Abcam) and found that there was no elevation in the levels of IFN-α in the early phase of SARS-CoV-2 infection. Venet et al. evaluated serum IFN-α levels using a single molecular array in 64 critically ill patients with COVID-19 at a relatively early phase of SARS-CoV-2 infection (serum collected on admission) and compared the IFN-α levels between survivors and non-survivors (33). Although no difference was found between the cohorts, IFN-α levels were the highest in the earlier phase of SARS-CoV-2 infection and decreased time-dependently until 7 days after the initial assessment. To date, the serum levels of IFN-α during the early phase of SARS-CoV-2 infection and their association with disease progression remain unclear. Similarly, the serum levels of IFN-β during the early phase of SARS-CoV-2 infection also remain unclear because the detection of IFN-β was more difficult than that of IFN-α in the previous studies (25, 34).

In this study, we measured IFN-I and cytokine levels within 5 days after the onset of symptoms of a SARS-CoV-2 infection. Notably, our study detected relatively higher levels of IFN-α and IFN-β than those detected in previous studies. As shown by preliminary experiments (Supplementary Table 1), the elevation of IFN-I levels in the early phase of infection and their subsequent decrease were observed regardless of disease progression. These results indicate that the temporal elevation of IFN-I levels in the early phase of infection might reflect the initial immune response against SARS-CoV-2, which might appear in a large population of patients with COVID-19. Considering the scarce evidence on IFN-I levels during the early phase of SARS-CoV-2 infection, we believe that our results could extract the crucial timing when IFN-I strongly responds to SARS-CoV-2 infection.

Furthermore, the discrepancy between IFN-α and IFN-β levels during early phase of infection is noteworthy. Our study revealed that IFN-α levels are strongly associated with the presence of pneumonia, RNAemia, and the development of hypoxemic respiratory failure. In contrast, the association between IFN-β and pneumonia or RNAemia was not significant. Serum SARS-CoV-2 RNA viral load, recently termed as RNAemia, reflects the spread of SARS-CoV-2 into circulation, which has been reported as a potential predictor of unfavorable clinical outcomes in patients with COVID-19 (35–37). RNAemia, detected by qPCR, is observed in 1.5% to 50% of patients with a mild-to-severe COVID-19. These results support our findings (RNAemia was detected in 30% of patients with COVID-19). Based on this, we speculate that the discrepancies between IFN-α and IFN-β levels during early phase of infection might be derived from the infected cell types that produce IFN-I (15). Since IFN-α is produced mainly by circulating hematopoietic cells, the elevated IFN-α levels in early phase infection might reflect a systemic immune response against the spread of SARS-CoV-2 into the blood or pulmonary circulation, rather than the local immune response in the nasopharyngeal mucosa. In contrast, the elevated IFN-β levels might reflect the latter immune response, and thus, strongly correlate with the viral load in the nasopharynx. This may explain why there was an association between the levels of IL-6 and CXCL10 with IFN-α levels, but not with those of IFN-β.

Recent evidence suggests that IL-6 and CXCL10 act as trigger signals of the cytokine storm in COVID-19 (17). A possible mechanism could involve SARS-CoV-2 invasion into the respiratory tract, which in turn stimulates lung epithelial cells to produce cytokines, including IL-6. Thereafter, the secreted IL-6 stimulates several chemokines, including CXCL10, which recruit macrophages from vessels into the interstitium. This creates a cycle involving the overproduction of IL-6 by lung-resident cells as well as by the macrophages recruited by CXCL10. In our study, the blood levels of IL-6 and CXCL10 in the early phase of SARS-CoV-2 infection were significantly associated, and this was compatible with the interactive trigger signals of the cytokine storm. Moreover, IL-6 and CXCL10 levels were significantly associated with the presence of pneumonia and the development of respiratory failure, thereby supporting the hypothesis that the elevation of these inflammatory biomarkers is possibly dominant in the pulmonary circulation. The smaller association between the biomarkers and the viral load in the nasopharynx also supports this notion. Based on these findings, we suggest that significant associations between IFN-α, IL-6, and CXCL10 levels may reflect the systemic immune response, mainly due to the spread of SARS-CoV-2 into pulmonary circulation. A diagram of the proposed mechanism regarding the observed relationship between IFN-I, CXCL10 and IL-6 is shown in Figure 6.




Figure 6 | The landscape of IFN-I and predominant cytokines (CXCL10, IL-6) during the early phase of a SARS-CoV-2 infection. A SARS-CoV-2 infection in the nasopharynx induces IFN-β expression rather than IFN-α. IFN-α, IL-6, and CXCL10 expression is induced when the infection reaches the lungs, rather than IFN-β; and the expression of IFN-α and CXCL10 is induced by the presence of SARS-CoV-2 infection in circulation. An increase of IL-6 and CXCL10 in pulmonary circulation subsequently trigger a cytokine storm.



The correlation matrix of immune showed that IL-10 was associated with neutrophils, but not with IFN-I. There was no significant association between the amount of circulating leukocyte and IFN-I, IL-6 or CXCL10. These results were not consistent with a previous study which reported an inverse association between lymphocytopenia, IL-10 and IFN-α levels in 54 patients with COVID-19, which included 16 fatal cases (34). IL-10 is an anti-inflammatory cytokine that has pleiotropic roles and that can limit innate immune responses by inhibiting IFN-I (38). Since our study did not include data from fatal cases, the inverse effect of IL-10 on IFN-I could be underestimated. We hypothesize that, at least in the early phase of SARS-CoV-2 infection, IL-10 and circulating leukocytes are not strongly associated with IFN-I.

Aside from IFN-I, type III interferons (IFN-III) have recently received considerable attention as the predominant antiviral cytokines present at the mucosal barriers in the upper respiratory tract of SARS-CoV-2 infected patients (39, 40). Sposito et al. analyzed the pattern and level of expression of IFN-I (α and β), IFN-III (λ1, λ2, λ3) and the transcriptional programs associated with the IFN landscape in the upper or lower respiratory tract of patients with varied severity of COVID-19. They found that high levels of IFN-III, and to a lesser extent IFN-I, characterize the upper airways of patients with high viral burden but reduced disease risk or severity. In contrast, IFN-I were overrepresented in the lower airways of patients with severe COVID-19. These interferons are linked to gene pathways associated with increased apoptosis and decreased proliferation (39). Similarly, Gilbert et al. investigated the mRNA levels of IFN-I and IFN-III in nasopharyngeal swabs from 147 patients with COVID-19, and found that a SARS-CoV-2 infection induced the selective upregulation of IFN-λ1 expression in pediatric patients (≤15 years), whereas the mRNA expression levels of IFN-α, IFN-β, and IFN-λ2/3 was unaffected. Conversely, the infection triggered an upregulation of IFN-α, IFN-β, and IFN-λ2/3 in adults (15-65 years) and the elderly (≥65 years), but there was no modulation of IFN-λ1 expression (40). In these studies, it is not clear at what stage during the SARS-CoV-2 infection the blood samples were taken; therefore, circulating levels of IFN-IIIand its relationship with IFN-I in the early phase of SARS-CoV-2 infection are unclear. Concerning the local immune response, our study demonstrated that IFN-β in the early phase is possibly dominant in the nasopharyngeal mucosa rather than systemic immune response, which is similar to what is observed for IFN-III. However, the exact role and effect of the increased IFN-I levels that are observed during the early phase of SARS-CoV-2 infection are still largely unknown. Further studies are required to examine the interaction of IFN-I with proinflammatory cytokines and IFN-III in the early phase of SARS-CoV-2 infection.

To our knowledge, this is the first study to demonstrate that elevated levels of circulating IFN-I, like those of IL-6 and CXCL10, predict the further development of hypoxemic respiratory failure. Since the anti-viral treatment included in this study was initiated after blood sampling, we believe that the predictive value of IFN-I and cytokines accurately reflect the risk of hypoxemia in the early phase of SARS-CoV-2 infection. The initial elevation of serum IFN-α levels is possibly affected by SARS-CoV-2 systemic invasion, predominantly in the pulmonary circulation. Thus, the detection of IFN-α levels in the early phase of SARS-CoV-2 infection might help identify high-risk patients with respiratory failure who require urgent hospitalization. To date, elevated serum levels of CXCL-10 and IL-6 have been consistently reported in patients with COVID-19, as these are associated with an increased disease severity and risk of mortality (41, 42). We suggest that the establishment of a novel approach focusing on IFN-α and corresponding cytokines in the early phase of SARS-CoV-2 infection would contribute to the early detection of patients with COVID-19 at a high risk of respiratory failure.

The present study has several limitations. First, the single-center observational study design with a relatively small sample size may have result in selection bias. Second, we assessed IFN-I and cytokine levels in serum samples which were not stored at -80°C immediately after drawing (serum was first stored in 4°C, and then transferred to a -80°C freezer). Third, we only examined a single timepoint. Since IFN-I is rapidly and transiently induced by antiviral molecules, the association between serum IFN-I levels and the prognosis of COVID-19 should be further investigated to confirm time-dependent changes. During this study period, patients with mild-to-moderate disease could only stay in hospital for a relatively short term (2-7 days) because of the temporal exhaustion of in-hospital medical services in the region. Thus, the longitudinal assessment of IFN-I activity was difficult in most of the patients. Moreover, IFN-I and cytokine levels in the later phase of SARS-CoV-2 infection would be largely affected by several factors including a variety of treatments and secondary bacterial infection. Future studies are necessary to investigate long-term changes in IFN-I levels, which may minimize those bias. However, this study could include various unvaccinated patients in the same endemic period, which would minimize the bias due to vaccine- or strain-dependent SARS-CoV-2 virulence. Considering the consistent correlation between IFN-I and the major cytokines, we believe that these limitations have not significantly affected the study outcomes.

In conclusion, this study demonstrated that serum IFN-I levels in the early phase of SARS-CoV-2 infection were higher in patients who developed hypoxemic respiratory failure. Analysis of the associations between IFN-I, major inflammatory cytokines, and SARS-CoV-2 viral load revealed that the early elevation of serum IFN-α levels may be affected by SARS-CoV-2 systemic invasion, which could be a predictor of disease progression, including respiratory failure. These findings would encourage further research into the specific role of IFN-I in the early phase of SARS-CoV-2 infection.
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OEBPS/Images/table1.jpg
Total (n=50) Pneumonia Developed hypoxemia required oxygen therapy

Positive negative Positive Negative

(n=35) (n=15) (n=17) (n=33)
Age, years 50.0 [34-57] 51 [40-66]" 33 [23-50] 58 [53-69] ' 39 [26-51]
Sex; male/female 33/17 26/9 7/8 14/3 19/14
Underlying disease
None 26 (52) 14 (40)" 12 (80) 591 21 (64)
Hypertension 12 (24) 12 (34)* 0(0) 87t 4(12)
Diabetes melitus 5(10) 5 (14) 0(0) 441 13
Respiratory disease 2 (4) 1) 1(7) 000 2(6)
Body mass index 23.0 [21-26] 24.0 [22-26] * 21.0 [20-23] 247 [22-27) 22.5 [21-25]
Febrile period (days) 45 [2-6] 5 [3-6] ** 2 [2-4] 6[6-7] 1 3[2-5]
Treatment
Remdesivir 18 (36) 18 (61) 0(0) 17 (100) 1)
Dexamethasone 19 (38) 19 (54) 0(0) 17 (100) 2(6)
Heparin 19 (38) 19 (54) 0(0) 17 (100) 2 (6)
Nasal High Flow 2(4) 26 0(0) 2(12) 0(0)
30 days-mortality 0(0) 0(0) 0(0) 000 000

Continuous variables are reported as median [interquartile range (IQR) 25-75]. Categorical variables are reported as number (percentages). *; p<0.05, **; p<0.001 vs patients without
pneumonia. 1: p<0.05, 11 p<0.001 vs patients without developing hypoxemia.





