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Autoantibodies against type I IFNs in patients with life-threatening COVID-19  
 
Introduction 
Interindividual clinical variability is immense in humans infected with SARS-CoV-2, ranging 
from silent infection to rapid death. Three risk factors for life-threatening COVID-19 pneumonia 
have been identified (being male, elderly or having other medical conditions), but cannot explain 
why critical disease remains relatively rare in any given epidemiological group (although 
proportions may differ). Given the rising toll of the COVID-19 pandemic, in terms of morbidity 
and mortality, understanding the causes and mechanisms of life-threatening COVID-19 is crucial.  
 
Rationale 
B-cell autoimmune infectious phenocopies of three inborn errors of cytokine immunity exist, in 
which neutralizing auto-Abs against IFN-γ (mycobacterial disease), IL-6 (staphylococcal disease), 
and IL-17A/F (mucocutaneous candidiasis) mimic the clinical phenotypes of germline mutations 
of the genes encoding the corresponding cytokines or receptors. Human inborn errors of type I 
IFNs underlie severe viral respiratory diseases. Neutralizing auto-Abs against type I IFNs, which 
have been found in patients with a few underlying non-infectious conditions, have not been 
unequivocally shown to underlie severe viral infections. While searching for inborn errors of type 
I IFN immunity in patients with life-threatening COVID-19 pneumonia, we also tested the 
hypothesis that neutralizing auto-Abs against type I IFNs may underlie critical COVID-19. We 
searched for auto-Abs against type I IFNs in 987 patients hospitalized for life-threatening COVID-
19 pneumonia, 663 asymptomatic or mildly affected individuals infected with SARS-CoV-2, and 
1,227 healthy controls from whom samples were collected before the COVID-19 pandemic.  
 
Results 
At least 101 of 987 patients (10.2%) with life-threatening COVID-19 pneumonia had neutralizing 
IgG auto-Abs against IFN-ω (13 patients), the 13 types of IFN-a (36), or both (52), at the onset of 
critical disease; a few also had auto-Abs against the other three individual type I IFNs. These auto-
Abs neutralize high concentrations of the corresponding type I IFNs, including their ability to 
block SARS-CoV-2 infection in vitro. Moreover, all the patients tested had low or undetectable 
serum IFN-a levels during acute disease. These auto-Abs were present before infection in the 
patients tested and were absent from 663 individuals with asymptomatic or mild SARS-CoV-2 
infection (p-value <10-16). They were present in only four of 1,227 (0.33%) healthy individuals (p-
value <10-16), before the pandemic. The patients with auto-Abs were 25 to 87 years old (half were 
over 65) and of various ancestries. Strikingly, 95 of the 101 patients with auto-Abs were men 
(94%).   
 
Conclusion 
A B-cell autoimmune phenocopy of inborn errors of type I IFN immunity accounts for life-
threatening COVID-19 pneumonia in at least 2.6% of women and 12.5% of men. In these patients, 
adaptive autoimmunity impairs innate and intrinsic antiviral immunity. These findings provide a 
first explanation for the excess of men among patients with life-threatening COVID-19 and the 
increase in risk with age. They also provide a means of identifying individuals at risk of developing 
life-threatening COVID-19 and ensuring their enrolment in vaccine trials. Finally, they pave the 



way for treatment, including plasmapheresis, plasmablast depletion, and recombinant type I IFNs 
not targeted by the auto-Abs (e.g. IFN-b).  
 
 
Legend to graphical abstract (Fig. 0) 

 
Neutralizing auto-Abs to type I IFNs underlie life-threatening COVID-19 pneumonia. 

We tested the hypothesis that neutralizing auto-Abs against type I IFNs may underlie critical 
COVID-19 by impairing the binding of type I IFNs to their receptor and the activation of the 
downstream responsive pathway. Neutralizing auto-Abs are represented in red and type I IFNs in 
blue. In these patients, adaptive autoimmunity impairs innate and intrinsic antiviral immunity.  
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Abstract 
Interindividual clinical variability in the course of SARS-CoV-2 infection is immense. 

We report that at least 101 of 987 patients with life-threatening COVID-19 pneumonia had 
neutralizing IgG auto-Abs against IFN-ω (13 patients), the 13 types of IFN-a (36), or both (52), 
at the onset of critical disease; a few also had auto-Abs against the other three type I IFNs. The 
auto-Abs neutralize the ability of the corresponding type I IFNs to block SARS-CoV-2 infection 
in vitro. These auto-Abs were not found in 663 individuals with asymptomatic or mild SARS-
CoV-2 infection and were present in only 4 of 1,227 healthy individuals. Patients with auto-
Abs were aged 25 to 87 years and 95 were men. A B cell auto-immune phenocopy of inborn 
errors of type I IFN immunity underlies life-threatening COVID-19 pneumonia in at least 2.6% 
of women and 12.5% of men.  

 
Text 
Introduction 
Mycobacteriosis, staphylococcosis, and candidiasis can be driven by monogenic inborn 

errors of IFN-γ, IL-6, and IL-17A/F, respectively, or by their genetically driven auto-immune 
phenocopies, with the production of neutralizing auto-Abs against these cytokines (1–8). Type 
I IFNs, first described in 1957, are ubiquitously expressed cytokines that contribute to both 
innate immunity (via their secretion by plasmacytoid dendritic cells and other leukocytes) and 
cell-intrinsic immunity (in most if not all cell types) against viral infections (9–13). Their 
receptors are ubiquitously expressed and trigger the induction of IFN stimulated genes (ISGs) 
via phosphorylated STAT1-STAT2-IRF9 trimers (14). Neutralizing IgG auto-Abs against type 
I IFNs can occur in patients treated with IFN-α2 or IFN-b (15) and exist in almost all patients 
with autoimmune polyendocrinopathy syndrome type I (APS-1) (16). They are also seen in 
women with systemic lupus erythematosus (17). 

These patients do not seem to suffer from unusually severe viral infections, although 
human inborn errors of type I IFNs can underlie severe viral diseases, respiratory and otherwise 
(18). In 1984, Ion Gresser described a patient with unexplained auto-Abs against type I IFNs 
suffering from severe chickenpox and shingles (19, 20). More recently, auto-Abs against type 
I IFNs have been found in a few patients with bi-allelic, hypomorphic RAG1 or RAG2 mutations 
and viral diseases, including severe chickenpox and viral pneumonias (21). Our attention was 
drawn to three patients with APS-1, with known pre-existing anti-type I IFN auto-Abs, and life-
threatening COVID-19 pneumonia (22) (detailed case report in Methods). While searching for 
inborn errors of type I IFNs (18, 23), we hypothesized that neutralizing auto-Abs against type 
I IFNs might also underlie life-threatening COVID-19 pneumonia.  

 
Auto-Abs against IFN-α2 and/or IFN-ω in patients with critical COVID-19 
We searched for auto-Abs against type I IFNs in 987 patients hospitalized for life-

threatening COVID-19 pneumonia. We also examined 663 individuals infected with SARS-
CoV-2 presenting asymptomatic or mild disease, and 1,227 healthy controls whose samples 
were collected before the COVID-19 pandemic. Plasma or serum samples were collected from 
patients with critical COVID-19 during the acute phase of disease. Multiplex particle-based 
flow cytometry revealed a high fluorescence intensity (FI; >1,500) for IgG auto-Abs against 
IFN-α2 and/or IFN-ω in 135 patients (13.7%) with life-threatening COVID-19 (Fig. 1, A). We 
found that 49 of these 135 patients were positive for Abs against both IFN-α2 and IFN-ω, 
whereas 45 were positive only for Abs against IFN-α2, and 41 were positive only for Abs 
against IFN-ω. 

We also performed ELISA and the results obtained were consistent with those obtained 
with Luminex technology (Fig. S1A). We also found that 11 and 14 of 23 patients tested had 
low levels of IgM and IgA auto-Abs against IFN-ω and IFN-α2, respectively (Fig. 1B, Fig. 



S1B). Auto-Abs against type I IFNs were detected in two unrelated patients for whom we had 
plasma samples obtained before SARS-CoV-2 infection, indicating that these antibodies were 
present before SARS-CoV-2 infection and were not triggered by this infection. As a control, 
we confirmed that all 25 APS-1 patients tested had high levels of auto-Abs against IFN-α2 and 
IFN-ω (Fig. S1C). Overall, we found that 135 of 987 patients (13.7%) with life-threatening 
COVID-19 pneumonia had IgG auto-Abs against at least one type I IFN.  

 
The auto-Abs neutralize IFN-α2 and IFN-ω in vitro 
We then tested whether auto-Abs against IFN-α2 and IFN-ω were neutralizing in vitro. 

We incubated PBMCs from healthy controls with 10 ng/mL IFN-α2 or IFN-ω in the presence 
of plasma from healthy individuals or from patients with auto-Abs. A complete abolition of 
STAT1 phosphorylation was observed in 101 patients with auto-Abs against IFN-α2 and/or 
IFN-ω (Table S1). The antibodies detected were neutralizing against both IFN-α2 and IFN-ω 
in 52 of these 101 patients (51%), against IFN- α2 only in 36 patients (36%), and against IFN-
ω only in 13 patients (13%), at the IFN-α2 and IFN-ω concentrations tested (Fig. 1C, D). IgG 
depletion from patients with auto-Abs restored normal pSTAT1 induction after IFN-α2 and 
IFN-ω stimulation, whereas the purified IgG fully neutralized this induction (Fig. 1C, Fig. 
S1D). Furthermore, these auto-Abs neutralized high amounts of IFN-α2 (Fig. S1E) and were 
neutralizing at high dilutions (Fig. 1E, S1F). Interestingly, 15 patients with life-threatening 
COVID-19 and auto-Abs against IFN-α2 and/or IFN-ω also had auto-Abs against other 
cytokines (IFN-γ, GM-CSF, IL-6, IL-10, IL-12p70, IL-22, IL-17A, IL-17F, and/or TNF-b), 
only four of which were neutralizing (in two patients) (Fig. S2A-C). Similar proportions were 
observed in the other cohorts (Fig. S2D-L). 

We also analyzed ISG induction after 2 h of stimulation with IFN-α2, IFN-β or IFN-γ, 
in the presence of plasma from healthy individuals or from patients with auto-Abs. With plasma 
from 8 patients with auto-Abs against IFN-α2, the induction of ISG CXCL10 was abolished 
after IFN-α2 stimulation but maintained after stimulation with IFN-g (Fig. 1F). We then found 
that plasma from the five patients with neutralizing auto-Abs tested neutralized the protective 
activity of IFN-α2 in MDBK cells infected with vesicular stomatitis virus (Table S2). Overall, 
we found that 101 of 987 patients (10.2%), including 95 males (93%), with life-threatening 
COVID-19 pneumonia, had neutralizing IgG auto-Abs against at least one type I IFN. By 
contrast, auto-Abs were detected in only four of 1,227 healthy controls (0.33%) (Fisher exact 
test, p-value<10-16) and in none of the 663 patients with asymptomatic or mild SARS-CoV-2 
infection tested (Fisher exact test, p-value<10-16).  
 
 Auto-Abs against all 13 IFN-α subtypes in patients with auto-Abs to IFN-α2 

We investigated whether patients with neutralizing auto-Abs against IFN-α2 only or 
IFN-α2 and IFN-ω also had auto-Abs against the other 15 type I IFNs. ELISA showed that all 
patients tested (N=22) with auto-Abs against IFN-α2 also had auto-Abs against all 13 IFN-α 
subtypes (IFN-α1, -α2, -α4, -α5, -α6, -α7, -α8, -α10, -α13, -α14, -α16, -α17, and -α21), whereas 
only two of the 22 patients tested had auto-Abs against IFN-β, one had auto-Abs against IFN-
κ, and two had auto-Abs against IFN-ε (Fig. 2A). The auto-Abs against IFN-β had neutralizing 
activity against IFN-β (Fig. 1D). We confirmed that all the patients had auto-Abs against all 13 
subtypes of IFN-α, by testing the same samples by LIPS (Fig. 2B). For IFN-β, we also screened 
the whole cohort in a multiplex assay. We found that 19/987 (1.9%) patients had auto-Abs 
against IFN-β, and that all of them were in our cohort of severe COVID-19 individuals with 
neutralizing auto-Abs against IFN-α and/or IFN-ω. Of these patients with auto-Abs against 
IFN-β, only two were neutralizing against IFN-β (Fig. 1D, F). 

Ten of the 17 genes encoding type I IFNs (IFN-α2, -α5, -α6, α8, -α13, -α14, -α21, -β, -
ω and -κ), have undergone strong negative selection, suggesting that they play an essential role 



in the general population, whereas the other seven IFN loci in the human genome often carry 
loss-of-function alleles (24). Moreover, the 13 IFN-α subtypes and IFN-ω are more closely 
related to each other than to the other three IFNs (IFN-β, IFN-ε and IFN-κ), which are 
structurally and phylogenetically more distant (Fig. 2C). Thus, all patients with neutralizing 
auto-Abs against IFN-α2 tested (N=22) had auto-Abs against all 13 IFN-α subtypes, and three 
of the 22 patients tested (14%) had auto-Abs against 14 or more type I IFNs.  

 
The auto-Abs neutralize IFN-α2 against SARS-CoV-2 in vitro and IFN-a in vivo 
Plasma from eight patients with neutralizing auto-Abs against type I IFN also 

neutralized the ability of IFN-α2 to block the infection of Huh7.5 cells with SARS-CoV-2 (Fig. 
3A). Plasma from two healthy controls or from seven SARS-CoV-2-infected patients without 
auto-Abs did not block the protective action of IFN-α2 (Fig. 3A, Fig. S3A). These data provide 
compelling evidence that the patients’ blood carried sufficiently large amounts of auto-Abs to 
neutralize the corresponding type I IFNs and block their antiviral activity in vitro, including 
that against SARS-CoV-2. 

We also found that all 41 patients with neutralizing auto-Abs against the 13 types of 
IFN-a tested had low (one patient) or undetectable (40 patients) levels of the 13 types of IFN-
a in their plasma during the course of the disease (Fig. 3B) (25, 26). Type IFNs may be 
degraded and/or bound to the corresponding circulating auto-Abs. The presence of circulating 
neutralizing auto-Abs against IFN-a is, therefore, strongly associated with low serum IFN-a 
levels (Fisher exact test, p-value<10-6). Consistently, in patients with neutralizing auto-Abs 
against IFN-a2, the baseline levels of type I IFN-dependent transcripts were low while they 
were normal for NF-κB-dependent transcripts (Fig. 3C, Fig. S3B). Overall, our findings 
indicate that the auto-Abs against type I IFNs present in patients with life-threatening COVID-
19 were neutralizing in vitro and in vivo.  

 
Strong excess of men in patients with auto-Abs against type I IFNs 
There was a strong excess of male patients (95 of 101, 94%) with critical COVID-19 

pneumonia and neutralizing auto-Abs against type I IFNs. This proportion of males was higher 
than that observed in patients with critical COVID-19 without auto-Abs (75%; Fisher exact test 
p-value=2.5 x 10-6), and much higher than that in male patients within the asymptomatic or 
pauci-symptomatic cohort (28%, Fisher exact test p-value<10-6) (Table 1, Fig. 4A, Fig. S4A). 
Further evidence for X-linkage was provided by the observation that one of the seven women 
with auto-Abs and life-threatening COVID-19 had X-linked incontinentia pigmenti (IP), in 
which cells activate only one single X chromosome (cells having activated the X chromosome 
bearing the null mutation in NEMO dying in the course of development) (27). The prevalence 
of auto-Abs against type I IFNs in the general population was estimated at 0.33% (0.015-0.67%) 
in a sample of 1,227 healthy individuals, a value much lower than that in patients with life-
threatening COVID-19 pneumonia, by a factor of at least 15. 

The patients with auto-Abs were also slightly older than the rest of our cohort (49.5% 
of patients positive for auto-Abs were over 65 years of age versus 38% for the rest of the cohort, 
p=0.024), suggesting that the frequency of circulating anti-type I IFNs auto-Abs increases with 
age (Table 1, Fig. 4B). However, auto-Abs were found in patients aged from 25 to 87 years 
(Fig. S4B). PCA was performed on 49: 34 European, 5 North Africans, 1 sub-Saharan African, 
2 patients from the Middle East, 2 South Asians, 1 East Asian, and 1 South American (Fig. 4C). 
Large-scale studies will be required to determine the frequency of such auto-Abs in humans of 
different sexes, ages, and ancestries. Finally, the presence of auto-Abs was associated with a 
poor outcome, with death occurring in 37 of the 101 patients (36.6%) (Table S1).  

 
Neutralizing auto-Abs to type I IFNs are causative of critical COVID-19 



There are multiple lines of evidence to suggest that the neutralizing auto-Abs against 
type I IFNs observed in these 101 patients preceded infection with SARS-CoV-2 and accounted 
for the severity of disease. First, the two patients for whom testing was performed before 
COVID-19 were found to have auto-Abs before infection. Second, three patients with APS-1 
known to have neutralizing auto-Abs against type I IFN immunity before infection also had 
life-threatening COVID-19 (22) (supplementary methods). Third, we screened a series of 32 
women with IP and found that a fourth of them had auto-Abs against type I IFNs, including one 
who developed critical COVID-19 (Fig. S1C). Fourth, there is a marked bias in favor of men, 
suggesting that the production of auto-Abs against type I IFNs, whether driven by germ line or 
somatic genome, may be X-linked and therefore pre-existing to infection. 

Moreover, IFN-α subtypes were undetectable during acute disease in the blood of 
patients with auto-Abs against IFN-α, suggesting a pre-existing or concomitant biological 
impact in vivo. It is also unlikely that patients could break self-tolerance and mount high titers 
of neutralizing IgG auto-Abs against type I IFN within only one, or even two weeks of infection. 
Finally, inborn errors of type I IFNs underlying life-threatening COVID-19 in other previously 
healthy adults, including autosomal recessive IFNAR1 deficiency, are reported in an 
accompanying paper (18). Collectively, these findings suggest that auto-Abs against type I IFNs 
are a cause, and not a consequence of severe SARS-Cov-2 infection, although their titers and 
affinity may be enhanced by the SARS-CoV-2-driven induction of type I IFNs. They also 
provide an explanation for the major sex bias seen in patients with life-threatening COVID-19, 
and perhaps also the increase in risk with age. 

 
Conclusion 
We report here that at least 10% of patients with life-threatening COVID-19 pneumonia 

have neutralizing auto-Abs against type I IFNs. With our accompanying description of patients 
with inborn errors of type I IFNs and life-threatening COVID-19 (18), this study highlights the 
crucial role of type I IFNs in protective immunity against SARS-CoV-2. These auto-Abs 
against type I IFNs were clinically silent until the patients were infected with SARS-CoV-2, 
which is a poor inducer of type I IFNs (28), suggesting that the small amounts of IFNs induced 
by the virus are important for protection against severe disease. The neutralizing auto-Abs 
against type I IFNs, like inborn errors of type I IFN production, tip the balance in favor of the 
virus, resulting in devastating disease, with insufficient, and even perhaps deleterious, innate 
and adaptive immune responses. 

Our findings have direct clinical implications. First, SARS-CoV-2-infected patients can 
be screened to identify individuals with auto-Abs at risk of developing life-threatening 
pneumonia. Such patients recovering from life-threatening COVID-19 should also be excluded 
from donating convalescent plasma for ongoing clinical trial, or at least tested before their 
plasma donations are accepted (29). Second, this unexpected finding paves the way for 
therapeutic intervention, including plasmapheresis, monoclonal Abs depleting plasmablasts, 
and the specific inhibition of type I IFN-reactive B cells (30). Finally, in this patient group, 
early treatment with IFN-α is unlikely to be beneficial. However, treatment with injected or 
nebulized IFN-β may have beneficial effects, as auto-Abs against IFN-β appear to be rare in 
patients with auto-Abs against type I IFNs.  
 
Methods  
Subjects and samples 
We enrolled 987 patients with proven life-threatening (critical) COVID-19, 663 asymptomatic 
or pauci-symptomatic individuals with proven COVID-19, and 1127 healthy controls in this 
study. All subjects were recruited following protocols approved by local Institutional Review 



Boards (IRBs). All protocols followed local ethics recommendations and informed consent was 
obtained when required.  
 
COVID-19 disease severity was assessed in accordance with the Diagnosis and Treatment 
Protocol for Novel Coronavirus Pneumonia. “Life-threatening COVID-19 pneumonia” is 
pneumonia in patients with critical disease, whether pulmonary, with mechanical ventilation 
(CPAP, BIPAP, intubation, high-flow oxygen), septic shock, or damage to any other organ 
requiring admission in the ICU. The individuals with asymptomatic or mild SARS-CoV-2 
infection we individuals infected with SARS-CoV-2 who remained asymptomatic or developed 
mild, self-healing, ambulatory disease with no evidence of pneumonia. The healthy controls 
were individuals who had not been exposed to SARS-CoV-2.  
 
Plasma and serum samples from the patients and controls were frozen at -20°C immediately 
after collection. The fluid-phase luciferase immunoprecipitation systems (LIPS) assay was used 
to determine the levels of antibodies against the SARS-CoV-2 nucleoprotein and spike protein, 
as previously described (31).  
 
Detection of anti-cytokine autoantibodies 
Multiplex particle-based assay 
Serum/plasma samples were screened for autoantibodies against 18 targets in a multiplex 
particle-based assay, in which magnetic beads with differential fluorescence were covalently 
coupled to recombinant human proteins. Patients with a fluorescence intensity (FI) of > 1500 
for IFN-a2, IFNb, or > 1000 IFNw were tested for blocking activity; as were patients positive 
for another cytokine.  
 
ELISA 
Enzyme-linked immunosorbent assays (ELISA) was performed as previously described (5). In 
brief, ELISA plates were coated with rhIFN-α, or rhIFN-ω and incubated with 1:50 dilutions 
of plasma samples from the patients or controls. A similar protocol was used when testing for 
12 subtypes of IFN-α. 
 
LIPS 
Levels of autoantibodies against IFN-α subtypes were measured with luciferase-based 
immunoprecipitation assay (LIPS), as previously described (32). IFN-α1, I IFN-α2, I IFN-α4, 
IFN-α5, IFN-α6, I IFN-α7, IFN-α8, IFN-α10, IFN-α14, IFN-α16, IFN-α17 and IFN-α21 
sequences were transfected in HEK293 cells and the IFN-α-luciferase fusion proteins were 
collected in the tissue culture supernatant. For autoantibody screening, serum samples were 
incubated with Protein G agarose beads and we then added 2x106 luminescence units (LU) of  
antigen and incubated. Luminescence intensity was measured. The results are expressed in 
arbitrary units (AU), as a fold-difference relative to the mean of the negative control samples.  
 
Functional evaluation of anti-cytokine autoantibodies 
The blocking activity of anti-IFNa and anti-IFNw autoantibodies was determined by assessing 
STAT1 phosphorylation in healthy control cells following stimulation with the appropriate 
cytokines in the presence of 10% healthy control or patient serum/plasma.  
 
We demonstrated that the IFNa/w blocking activity observed was due to autoantibodies and 
not another plasma factor, by depleting IgG from the plasma with a protein G column Without 
eluting the IgG, the flow-through fraction (IgG-depleted) was then collected and compared to 
total plasma in the phospho-STAT1 assay. 



 
The blocking activity of anti-IFNg, -GM-CSF, -IFNl1, -IFNl2, -IFNl3, -IL-6, -IL-10, -IL-
12p70, -IL-22, -IL-17A, -IL-17F, -TNFa, and -TNFb antibodies was assessed with the assays 
outlined in the Table in online supplementary material, as previously reported (21). 
 
For the neutralization of ISG induction, peripheral blood mononuclear cells (PBMCs) were left 
unstimulated or were stimulated for two hours with 10 ng/mL IFNa or 10 ng/mL IFNg in a 
final volume of 100 µL. Quantitative real-time PCR (RT-qPCR) was performed with Applied 
Biosystems Taqman assays for CXCL10, and the β-glucuronidase (GUS) housekeeping gene 
for normalization. Results are expressed according to the ΔΔCt method, as described by the 
manufacturer’s kit. 

 
Phylogenetic reconstruction 
Protein sequences were aligned with the online version of MAFFT v7.471 software (33), using 
the L-INS-i strategy (34) and the BLOSUM62 scoring matrix for amino-acid substitutions. 
Phylogenetic tree reconstruction was performed by the neighbor-joining method (35), with the 
substitution model (36). Low-confidence branches (<50%) are likely to be due to gene 
conversion events between IFNA genes, as previously reported (24, 37). The tree was then 
visualized (38). Very similar results were obtained with the corresponding DNA sequences (37, 
39). 
 
Statistical analysis 
Comparison of proportions were performed using a Fisher exact test, as implemented in R 
(www.cran-r.org).  
 
PCA was performed with Plink v1.9 software on whole-exome and whole-genome sequencing 
data with the 1000 Genomes (1kG) Project phase 3 public database as a reference.  
 
Simoa 
Serum-IFNα concentrations were determined with Simoa technology, as previously described 
(40, 41), with reagents and procedures obtained from Quanterix Corporation.  
 
VSV assay 
The seroneutralization assay was performed as previously described (42). In brief, the 
incubation of IFN-α2 with Madin–Darby bovine kidney (MDBK) cells protects the cultured 
cells against the cytopathic effect of vesicular stomatitis virus (VSV). The titer of anti IFN alpha 
antibodies was defined as the last dilution causing 50% cell death. 
 
SARS-CoV-2 experiment 
SARS-CoV-2 strain USA-WA1/2020 was obtained from BEI Resources and amplified in Huh-
7.5 hepatoma cells at 33°C. Viral titers were measured on Huh-7.5 cells in a standard plaque 
assay. Huh-7.5 cells (H. sapiens) were cultured. Plasma samples or a commercial anti-IFN-α2 
antibody were serially diluted and incubated with 20 pM recombinant IFN-α2 for 1 h at 37°C 
(starting concentration: plasma samples = 1/100 and anti-IFN-α2 antibody = 1/,1000). The cell 
culture medium was then removed and replaced with the plasma/antibody-IFN-α2 mixture. The 
plates were incubated overnight and the plasma/antibody-IFN-α2 mixture was removed by 
aspiration. The cells were washed once with PBS to remove potential anti-SARS-CoV-2-
neutralizing antibodies and fresh medium was then added. Cells were then infected with SARS-
CoV-2 by directly adding the virus to the wells. Cells infected at a high MOI were incubated at 
37°C for 24 h, whereas cells infected at a low MOI were incubated at 33°C for 48 h. The cells 



were fixed with 7% formaldehyde, stained for SARS-CoV-2 with an anti-N antibody, imaged 
and analyzed as previously described (43). 
 
Nanostring 
For the NanoString assay, total RNA was extracted from whole blood samples collected in 
PaxGene tubes. The expression of selected genes was determined by NanoString methods and 
a 28-gene type I IFN score was calculated (44).  
 

References 
 

1.  J.-L. Casanova, L. Abel, The human genetic determinism of life-threatening infectious 
diseases: genetic heterogeneity and physiological homogeneity? Hum. Genet. 139, 681–694 
(2020). 
2.  R. Döffinger, M. R. Helbert, G. Barcenas-Morales, K. Yang, S. Dupuis, L. Ceron-
Gutierrez, C. Espitia-Pinzon, N. Barnes, G. Bothamley, J.-L. Casanova, H. J. Longhurst, D. S. 
Kumararatne, Autoantibodies to interferon-gamma in a patient with selective susceptibility to 
mycobacterial infection and organ-specific autoimmunity. Clin. Infect. Dis. 38, e10-14 
(2004). 
3.  C. Höflich, R. Sabat, S. Rosseau, B. Temmesfeld, H. Slevogt, W.-D. Döcke, G. Grütz, 
C. Meisel, E. Halle, U. B. Göbel, H.-D. Volk, N. Suttorp, Naturally occurring anti-IFN-
gamma autoantibody and severe infections with Mycobacterium cheloneae and Burkholderia 
cocovenenans. Blood. 103, 673–675 (2004). 
4.  B. Kampmann, C. Hemingway, A. Stephens, R. Davidson, A. Goodsall, S. Anderson, 
M. Nicol, E. Schölvinck, D. Relman, S. Waddell, P. Langford, B. Sheehan, L. Semple, K. A. 
Wilkinson, R. J. Wilkinson, S. Ress, M. Hibberd, M. Levin, Acquired predisposition to 
mycobacterial disease due to autoantibodies to IFN-gamma. J. Clin. Invest. 115, 2480–2488 
(2005). 
5.  A. Puel, C. Picard, M. Lorrot, C. Pons, M. Chrabieh, L. Lorenzo, M. Mamani-
Matsuda, E. Jouanguy, D. Gendrel, J.-L. Casanova, Recurrent staphylococcal cellulitis and 
subcutaneous abscesses in a child with autoantibodies against IL-6. J. Immunol. 180, 647–654 
(2008). 
6.  A. Puel, R. Döffinger, A. Natividad, M. Chrabieh, G. Barcenas-Morales, C. Picard, A. 
Cobat, M. Ouachée-Chardin, A. Toulon, J. Bustamante, S. Al-Muhsen, M. Al-Owain, P. D. 
Arkwright, C. Costigan, V. McConnell, A. J. Cant, M. Abinun, M. Polak, P.-F. Bougnères, D. 
Kumararatne, L. Marodi, A. Nahum, C. Roifman, S. Blanche, A. Fischer, C. Bodemer, L. 
Abel, D. Lilic, J.-L. Casanova, Autoantibodies against IL-17A, IL-17F, and IL-22 in patients 
with chronic mucocutaneous candidiasis and autoimmune polyendocrine syndrome type I. J. 
Exp. Med. 207, 291–297 (2010). 
7.  K. Kisand, A. S. Bøe Wolff, K. T. Podkrajsek, L. Tserel, M. Link, K. V. Kisand, E. 
Ersvaer, J. Perheentupa, M. M. Erichsen, N. Bratanic, A. Meloni, F. Cetani, R. Perniola, B. 
Ergun-Longmire, N. Maclaren, K. J. E. Krohn, M. Pura, B. Schalke, P. Ströbel, M. I. Leite, T. 
Battelino, E. S. Husebye, P. Peterson, N. Willcox, A. Meager, Chronic mucocutaneous 
candidiasis in APECED or thymoma patients correlates with autoimmunity to Th17-
associated cytokines. J. Exp. Med. 207, 299–308 (2010). 
8.  C.-L. Ku, C.-Y. Chi, H. von Bernuth, R. Doffinger, Autoantibodies against cytokines: 
phenocopies of primary immunodeficiencies? Hum. Genet. 139, 783–794 (2020). 
9.  A. Isaacs, J. Lindenmann, Virus interference. I. The interferon. Proc. R. Soc. Lond., B, 
Biol. Sci. 147, 258–267 (1957). 
10.  A. Isaacs, J. Lindenmann, R. C. Valentine, Virus interference. II. Some properties of 
interferon. Proc. R. Soc. Lond., B, Biol. Sci. 147, 268–273 (1957). 



11.  I. Gresser, Wherefore interferon? J. Leukoc. Biol. 61, 567–574 (1997). 
12.  H.-H. Hoffmann, W. M. Schneider, C. M. Rice, Interferons and viruses: an 
evolutionary arms race of molecular interactions. Trends Immunol. 36, 124–138 (2015). 
13.  N. A. de Weerd, J. P. Vivian, S. S. Lim, S. U.-S. Huang, P. J. Hertzog, Structural 
integrity with functional plasticity: what type I IFN receptor polymorphisms reveal. Journal 
of Leukocyte Biology. 108, 909–924 (2020). 
14.  J. E. Darnell, STATs and gene regulation. Science. 277, 1630–1635 (1997). 
15.  A. Vallbracht, J. Treuner, B. Flehmig, K. E. Joester, D. Niethammer, Interferon-
neutralizing antibodies in a patient treated with human fibroblast interferon. Nature. 289, 
496–497 (1981). 
16.  A. Meager, K. Visvalingam, P. Peterson, K. Möll, A. Murumägi, K. Krohn, P. Eskelin, 
J. Perheentupa, E. Husebye, Y. Kadota, N. Willcox, Anti-Interferon Autoantibodies in 
Autoimmune Polyendocrinopathy Syndrome Type 1. PLoS Med. 3 (2006), 
doi:10.1371/journal.pmed.0030289. 
17.  S. Panem, I. J. Check, D. Henriksen, J. Vilcek, Antibodies to alpha-interferon in a 
patient with systemic lupus erythematosus. J. Immunol. 129, 1–3 (1982). 
18.  Q. Zhang, Inborn errors of type I IFN immunity in patients with life-threatening 
COVID-19. Science. 
19.  B. Pozzetto, K. E. Mogensen, M. G. Tovey, I. Gresser, Characteristics of 
autoantibodies to human interferon in a patient with varicella-zoster disease. J. Infect. Dis. 
150, 707–713 (1984). 
20.  J.-L. Casanova, Ion Gresser. Journal of Interferon & Cytokine Research. 39, 317–320 
(2019). 
21.  J. E. Walter, L. B. Rosen, K. Csomos, J. M. Rosenberg, D. Mathew, M. Keszei, B. 
Ujhazi, K. Chen, Y. N. Lee, I. Tirosh, K. Dobbs, W. Al-Herz, M. J. Cowan, J. Puck, J. J. 
Bleesing, M. S. Grimley, H. Malech, S. S. De Ravin, A. R. Gennery, R. S. Abraham, A. Y. 
Joshi, T. G. Boyce, M. J. Butte, K. C. Nadeau, I. Balboni, K. E. Sullivan, J. Akhter, M. Adeli, 
R. A. El-Feky, D. H. El-Ghoneimy, G. Dbaibo, R. Wakim, C. Azzari, P. Palma, C. Cancrini, 
K. Capuder, A. Condino-Neto, B. T. Costa-Carvalho, J. B. Oliveira, C. Roifman, D. 
Buchbinder, A. Kumanovics, J. L. Franco, T. Niehues, C. Schuetz, T. Kuijpers, C. Yee, J. 
Chou, M. J. Masaad, R. Geha, G. Uzel, R. Gelman, S. M. Holland, M. Recher, P. J. Utz, S. K. 
Browne, L. D. Notarangelo, Broad-spectrum antibodies against self-antigens and cytokines in 
RAG deficiency. J. Clin. Invest. 125, 4135–4148 (2015). 
22.  G. Beccuti, L. Ghizzoni, V. Cambria, V. Codullo, P. Sacchi, E. Lovati, S. Mongodi, G. 
A. Iotti, F. Mojoli, A COVID-19 pneumonia case report of autoimmune polyendocrine 
syndrome type 1 in Lombardy, Italy: letter to the editor. J. Endocrinol. Invest. (2020), 
doi:10.1007/s40618-020-01323-4. 
23.  J.-L. Casanova, H. C. Su, COVID Human Genetic Effort, A Global Effort to Define 
the Human Genetics of Protective Immunity to SARS-CoV-2 Infection. Cell. 181, 1194–1199 
(2020). 
24.  J. Manry, G. Laval, E. Patin, S. Fornarino, Y. Itan, M. Fumagalli, M. Sironi, M. Tichit, 
C. Bouchier, J.-L. Casanova, L. B. Barreiro, L. Quintana-Murci, Evolutionary genetic 
dissection of human interferons. J. Exp. Med. 208, 2747–2759 (2011). 
25.  S. Trouillet-Assant, S. Viel, A. Gaymard, S. Pons, J.-C. Richard, M. Perret, M. 
Villard, K. Brengel-Pesce, B. Lina, M. Mezidi, L. Bitker, A. Belot, COVID HCL Study 
group, Type I IFN immunoprofiling in COVID-19 patients. J. Allergy Clin. Immunol. (2020), 
doi:10.1016/j.jaci.2020.04.029. 
26.  J. Hadjadj, N. Yatim, L. Barnabei, A. Corneau, J. Boussier, N. Smith, H. Péré, B. 
Charbit, V. Bondet, C. Chenevier-Gobeaux, P. Breillat, N. Carlier, R. Gauzit, C. Morbieu, F. 
Pène, N. Marin, N. Roche, T.-A. Szwebel, S. H. Merkling, J.-M. Treluyer, D. Veyer, L. 



Mouthon, C. Blanc, P.-L. Tharaux, F. Rozenberg, A. Fischer, D. Duffy, F. Rieux-Laucat, S. 
Kernéis, B. Terrier, Impaired type I interferon activity and inflammatory responses in severe 
COVID-19 patients. Science (2020), doi:10.1126/science.abc6027. 
27.  A. Harris, J. Collins, D. Vetrie, C. Cole, M. Bobrow, X inactivation as a mechanism of 
selection against lethal alleles: further investigation of incontinentia pigmenti and X linked 
lymphoproliferative disease. J. Med. Genet. 29, 608–614 (1992). 
28.  D. Blanco-Melo, B. E. Nilsson-Payant, W.-C. Liu, S. Uhl, D. Hoagland, R. Møller, T. 
X. Jordan, K. Oishi, M. Panis, D. Sachs, T. T. Wang, R. E. Schwartz, J. K. Lim, R. A. 
Albrecht, B. R. tenOever, Imbalanced Host Response to SARS-CoV-2 Drives Development 
of COVID-19. Cell. 181, 1036-1045.e9 (2020). 
29.  S. L. Klein, A. Pekosz, H.-S. Park, R. L. Ursin, J. R. Shapiro, S. E. Benner, K. 
Littlefield, S. Kumar, H. M. Naik, M. Betenbaugh, R. Shrestha, A. A. Wu, R. M. Hughes, I. 
Burgess, P. Caturegli, O. Laeyendecker, T. C. Quinn, D. J. Sullivan, S. Shoham, A. D. Redd, 
E. M. Bloch, A. Casadevall, A. A. R. Tobian, Sex, age, and hospitalization drive antibody 
responses in a COVID-19 convalescent plasma donor population. J. Clin. Invest. (2020), 
doi:10.1172/JCI142004. 
30.  T. T. Wang, J. V. Ravetch, Functional diversification of IgGs through Fc 
glycosylation. J. Clin. Invest. 129, 3492–3498 (2019). 
31.  P. D. Burbelo, F. X. Riedo, C. Morishima, S. Rawlings, D. Smith, S. Das, J. R. Strich, 
D. S. Chertow, R. T. Davey, J. I. Cohen, Sensitivity in Detection of Antibodies to 
Nucleocapsid and Spike Proteins of Severe Acute Respiratory Syndrome Coronavirus 2 in 
Patients With Coronavirus Disease 2019. J. Infect. Dis. 222, 206–213 (2020). 
32.  S. Meyer, M. Woodward, C. Hertel, P. Vlaicu, Y. Haque, J. Kärner, A. Macagno, S. C. 
Onuoha, D. Fishman, H. Peterson, K. Metsküla, R. Uibo, K. Jäntti, K. Hokynar, A. S. B. 
Wolff, APECED patient collaborative, K. Krohn, A. Ranki, P. Peterson, K. Kisand, A. 
Hayday, AIRE-Deficient Patients Harbor Unique High-Affinity Disease-Ameliorating 
Autoantibodies. Cell. 166, 582–595 (2016). 
33.  K. Katoh, J. Rozewicki, K. D. Yamada, MAFFT online service: multiple sequence 
alignment, interactive sequence choice and visualization. Brief. Bioinformatics. 20, 1160–
1166 (2019). 
34.  K. Katoh, K. Kuma, H. Toh, T. Miyata, MAFFT version 5: improvement in accuracy 
of multiple sequence alignment. Nucleic Acids Res. 33, 511–518 (2005). 
35.  N. Saitou, M. Nei, The neighbor-joining method: a new method for reconstructing 
phylogenetic trees. Mol. Biol. Evol. 4, 406–425 (1987). 
36.  D. T. Jones, W. R. Taylor, J. M. Thornton, The rapid generation of mutation data 
matrices from protein sequences. Comput. Appl. Biosci. 8, 275–282 (1992). 
37.  C. H. Woelk, S. D. W. Frost, D. D. Richman, P. E. Higley, S. L. Kosakovsky Pond, 
Evolution of the interferon alpha gene family in eutherian mammals. Gene. 397, 38–50 
(2007). 
38.  M. V. Han, C. M. Zmasek, phyloXML: XML for evolutionary biology and 
comparative genomics. BMC Bioinformatics. 10, 356 (2009). 
39.  S. Pestka, C. D. Krause, M. R. Walter, Interferons, interferon-like cytokines, and their 
receptors. Immunol. Rev. 202, 8–32 (2004). 
40.  D. M. Rissin, C. W. Kan, T. G. Campbell, S. C. Howes, D. R. Fournier, L. Song, T. 
Piech, P. P. Patel, L. Chang, A. J. Rivnak, E. P. Ferrell, J. D. Randall, G. K. Provuncher, D. 
R. Walt, D. C. Duffy, Single-molecule enzyme-linked immunosorbent assay detects serum 
proteins at subfemtomolar concentrations. Nat. Biotechnol. 28, 595–599 (2010). 
41.  A. Mathian, S. Mouries-Martin, K. Dorgham, H. Devilliers, L. Barnabei, E. Ben 
Salah, F. Cohen-Aubart, L. Garrido Castillo, J. Haroche, M. Hie, M. Pineton de Chambrun, 
M. Miyara, D. Sterlin, M. Pha, D. Lê Thi Huong, F. Rieux-Laucat, F. Rozenberg, G. 



Gorochov, Z. Amoura, Monitoring Disease Activity in Systemic Lupus Erythematosus With 
Single-Molecule Array Digital Enzyme-Linked Immunosorbent Assay Quantification of 
Serum Interferon-α. Arthritis & Rheumatology (Hoboken, N.J.). 71, 756–765 (2019). 
42.  P. Lebon, G. Ponsot, J. Aicardi, F. Goutières, M. Arthuis, Early intrathecal synthesis 
of interferon in herpes encephalitis. Biomedicine. 31, 267–271 (1979). 
43.  D. F. Robbiani, C. Gaebler, F. Muecksch, J. C. C. Lorenzi, Z. Wang, A. Cho, M. 
Agudelo, C. O. Barnes, A. Gazumyan, S. Finkin, T. Hägglöf, T. Y. Oliveira, C. Viant, A. 
Hurley, H.-H. Hoffmann, K. G. Millard, R. G. Kost, M. Cipolla, K. Gordon, F. Bianchini, S. 
T. Chen, V. Ramos, R. Patel, J. Dizon, I. Shimeliovich, P. Mendoza, H. Hartweger, L. 
Nogueira, M. Pack, J. Horowitz, F. Schmidt, Y. Weisblum, E. Michailidis, A. W. Ashbrook, 
E. Waltari, J. E. Pak, K. E. Huey-Tubman, N. Koranda, P. R. Hoffman, A. P. West, C. M. 
Rice, T. Hatziioannou, P. J. Bjorkman, P. D. Bieniasz, M. Caskey, M. C. Nussenzweig, 
Convergent antibody responses to SARS-CoV-2 in convalescent individuals. Nature. 584, 
437–442 (2020). 
44.  H. Kim, A. A. de Jesus, S. R. Brooks, Y. Liu, Y. Huang, R. VanTries, G. A. 
Montealegre Sanchez, Y. Rotman, M. Gadina, R. Goldbach-Mansky, Development of a 
Validated Interferon Score Using NanoString Technology. J. Interferon Cytokine Res. 38, 
171–185 (2018). 
45.  J. P. Ferreira, N. Girerd, E. Bozec, L. Mercklé, A. Pizard, S. Bouali, E. Eby, C. Leroy, 
J.-L. Machu, J.-M. Boivin, Z. Lamiral, P. Rossignol, F. Zannad, Cohort Profile: Rationale and 
design of the fourth visit of the STANISLAS cohort: a familial longitudinal population-based 
cohort from the Nancy region of France. Int J Epidemiol. 47, 395–395j (2018). 
 
 

Acknowledgments 
We thank the patients, their families, and healthy donors for placing their trust in us. We 

warmly thank the “French Incontinentia pigmenti” association for their help and support. We 
warmly thank Y. Nemirovskaya, D. Papandrea, M. Woollet, D. Liu, C. Rivalain and C. Patissier 
for administrative assistance; D. Kapogiannis (National Institute on Aging) for providing 
healthy donor samples and S. Xirasager, J. Barnett, X. Cheng, S. Weber, J. Danielson, B. 
Garabedian, and H. Matthews for their assistance in this study.  We also thank R. Apps, B. 
Ryan, Y. Belkaid of the CHI for their assistance. We thank the CRB-Institut Jérôme Lejeune, 
CRB-BioJeL, Paris, France, for their assistance. We thank M.C. García Guerrero, I. Erkizia, E. 
Grau, M. Massanella from irsiCaixa AIDS Research Institute, Badalona, Spain and J. Guitart 
from the department of Clinical Genetics, University Hospital “Germans Trias i Pujol”, 
Badalona, Spain for providing samples; as well as J. Dalmau from irsiCaixa for assistance. 
Funding: The Laboratory of Human Genetics of Infectious Diseases is supported by the 
Howard Hughes Medical Institute, the Rockefeller University, the St. Giles Foundation, the 
National Institutes of Health (NIH) (R01AI088364), the National Center for Advancing 
Translational Sciences (NCATS),  NIH Clinical and Translational Science Award (CTSA) 
program (UL1 TR001866), a Fast Grant from Emergent Ventures, Mercatus Center at George 
Mason University, the Yale Center for Mendelian Genomics and the GSP Coordinating Center 
funded by the National Human Genome Research Institute (NHGRI) (UM1HG006504 and 
U24HG008956), the French National Research Agency (ANR) under the “Investments for the 
Future” program (ANR-10-IAHU-01), the Integrative Biology of Emerging Infectious 
Diseases Laboratory of Excellence (ANR-10-LABX-62-IBEID), the French Foundation for 
Medical Research (FRM) (EQU201903007798), the FRM and ANR GENCOVID project, 
ANRS-COV05, the Square Foundation, Grandir - Fonds de solidarité pour l’enfance, the 
SCOR Corporate Foundation for Science, Institut Institut National de la Santé et de la 
Recherche Médicale (INSERM) and the University of Paris. Samples from San Raffaele 



Hospital were obtained within the Covid-BioB project and healthcare personnel of San Raffaele 
Hospital, San Raffaele Telethon Institute for Gene Therapy (SR-TIGET) clinical lab and 
clinical research Unit. COVID-19 San Raffaele Hospital was funded by a Research grant and 
Fondazione Telethon. The French COVID Cohort study group was sponsored by Inserm and 
supported by the REACTing consortium and by a grant from the French Ministry of Health 
(PHRC 20-0424). The Cov-Contact Cohort was supported by the REACTing consortium, the 
French Ministry of Health, and the European Commission (RECOVER WP 6). The “Milieu 
Intérieur” cohort was supported by was supported by the French Government’s Investissement 
d’Avenir Program, Laboratoire d’Excellence “Milieu Intérieur” Grant (ANR-10-LABX-69-01) 
(PI: L Quintana-Murci & D Duffy). The Simoa experiment was supported by the PHRC-20-
0375 COVID-19 grant “DIGITAL COVID” (PI: G Gorochov). CB was supported by Instituto 
de Salud Carlos III (COV20_01333 and COV20_01334), Spanish Ministry of Science and 
Innovation (RTC-2017-6471-1; AEI/FEDER, UE), and Cabildo Insular de Tenerife 
(CGIEU0000219140 and “Apuestas científicas del ITER para colaborar en la lucha contra la 
COVID-19”). SA and AB were supported by ANR-20-COVI-0064 (PI: A Belot). This work is 
supported by the French Ministry of Health “Programme Hospitalier de Recherche Clinique 
Inter regional 2013”, by the Contrat de Plan Etat-Lorraine and FEDER Lorraine, and a public 
grant overseen by the French National Research Agency (ANR) as part of the second 
“Investissements d’Avenir” program FIGHT-HF (reference: ANR-15-RHU-0004) and by the 
French PIA project “Lorraine Université d’Excellence”, reference ANR-15-IDEX-04-LUE 
(45) and biobanking is performed by the Biological Resource Center Lorrain BB-0033-00035. 
This study was supported by the Fonds IMMUNOV, for Innovation in Immunopathology and 
by a grant from the Agence National de la Recherche (ANR-flash Covid19 “AIROCovid” to 
FRL), and by the FAST Foundation (French Friends of Sheba Tel Hashomer Hospital). Work 
in the Laboratory of Virology and Infectious Disease was supported by NIH grants 
P01AI138398-S1, 2U19AI111825, and R01AI091707-10S1, a George Mason University Fast 
Grant, and the G. Harold and Leila Y. Mathers Charitable Foundation. The Amsterdam UMC 
Covid-19 Biobank was supported by grants of the Amsterdam Corona Research Fund, Dr. C.J. 
Vaillant Fund, and Netherlands Organization for Health Research and Development (ZonMw; 
NWO-Vici-Grant [grant number 918·19·627 to DvdB]. This work was also supported by the 
Division of Intramural Research of the National Institute of Dental Craniofacial Research 
and National Institute of Allergy and Infectious Diseases, National Institutes of Health, and by 
Regione Lombardia, Italy (project “Risposta immune in pazienti con COVID-19 e 
comorbidita”). The opinions and assertions expressed herein are those of the author(s) and do 
not necessarily reflect the official policy or position of the Uniformed Services University or 
the Department of Defense. JH holds an Institut Imagine MD-PhD fellowship from the 
Fondation Bettencourt Schueller. JR is supported by the Inserm PhD program (“poste d’accueil 
Inserm”). PB was supported by the French Foundation for Medical Research (FRM, 
EA20170638020) and the MD-PhD program of the Imagine Institute (with the support of the 
Fondation Bettencourt-Schueller). We thank the Association “Turner et vous” for their help and 
support. Author contributions: PB, LBR, QZ, EM, HHH, YZ, KD, QP, JR, VB, JM, ES, LH, 
PP, LL, LB, SA, KD, AADJ, AB, LP, DD, ESH, JST, RGM, KK, AP, SHZ, SMH, GG, EJ, 
CMR, LDN, HCS, JLC performed provided supervision of experiments, generated and 
analyzed data, and contributed to the manuscript by providing figures and tables. JLP, GK, BB, 
YS, RY, AB, KB, RL, MM, AC, LA, performed computational analysis of data. PB, AK, EC, 
YTL, ANS, OMD, MSA, AA, GC, VL, FC, MV, DMS, JH, BT, DD, LQM, DVB, LR, DCV, 
SGT, FH, DD, TM, PB, MCN, SBD, CRG, GV, AJO, JG, PDB, JC, AB, LRB, MDA, PB, PR, 
FRL, FF, MVU, LI, AS, SP, EQR, CR, RC, DM, AL, GLM, XD, JG, MSL, GG, evaluated and 
recruited patients to COVID and/or control cohorts of patients. PB, QZ, AC, EJ, LA and JLC 
wrote the manuscript. JLC. supervised the project. All authors edited the manuscript. 



Competing interests: The authors declare no competing financial interest. Data and 
availability: All data are available in the manuscript or in the supplementary material.  
 

Table footnote and legends to figures 
 
Table 1. Sex and age distribution of patients with critical COVID-19 with and 

without autoAbs. Age and sex of the patients and controls, and information about auto-Abs 
against IFN-α2 and IFN-ω by age and sex. OR: odds ratio. * p-value were derived from 
Fisher’s exact test, as implemented in R (www.cran-r.org) 
 

Figure 1. Neutralizing auto-Abs against IFN-α2 and/or IFN-ω in patients with life-
threatening COVID-19. (A) Multiplex particle-based assay for auto-Abs against IFN-α2 and 
IFN-ω in patients with life-threatening COVID-19 (N=782), or asymptomatic or mild SARS-
CoV-2 infection (N=443), and in healthy controls not infected with SARS-CoV2 (N=1160). 
(B) Anti-IFN-ω Ig isotypes in 23 patients with life-threatening COVID-19 and auto-Abs to type 
1 IFNs. (C) Representative FACS plots depicting IFN-α2- or IFN-ω-induced pSTAT1 in 
healthy control cells (gated on CD14+ monocytes) in the presence of 10% healthy control or 
anti-IFN-α2/ω- auto-Abs-containing patient plasma (top panel) or an IgG-depleted plasma 
fraction (bottom panel). (D) Plot of anti-IFN-α2 auto-Ab levels against their neutralization 
capacity. The stimulation index (stimulated/unstimulated conditions) for the plasma from each 
was normalized against that of healthy control plasma from the same experiment. Spearman’s 
rank correlation coefficient = -0.6805, p-value <0.0001. (E) IC50 curves representing IFN-α2- 
and IFN-ω-induced pSTAT1 levels in healthy donor cells in the presence of serial dilutions of 
patient plasma. The stimulation index (stimulated/unstimulated conditions) for patient plasma 
was normalized against that of 10% healthy control plasma. IFN-α2: IC50= 0.016%, R²= 0.985; 
IFN-ω: IC50=0.0353%, R² = 0.926. (F) Neutralizing effect on CXLC10 induction after 
stimulation with IFN-α2, IFN-β or IFN-γ, of plasma from healthy controls (N=4), patients with 
life-threatening COVID-19 and auto-Abs against IFN-α2 (N=8) and APS-1 patients (N=2).  

 
Figure 2. Auto-Abs against the different type I IFN subtypes. (A) Enzyme-linked 

immunosorbent assay (ELISA) for auto-Abs against the 13 different IFN-α subtypes, IFN-w, -
b, -k, and -e  in patients with life-threatening COVID-19 and auto-Abs against IFN-α2 (N=22), 
APS-1 patients (N=2) and healthy controls (N=2). (B) Luciferase-based immunoprecipitation 
assay (LIPS) for the 12 different IFN-α subtypes tested in patients with auto-Abs against IFN-
α2 (N=22), and healthy controls (N=2). (C) Neighbor-joining phylogenetic tree of the 17 human 
type I IFN proteins. Horizontal branches are drawn to scale (bottom left, number of 
substitutions per site). Thinner, intermediate and thicker internal branches have bootstrap 
support <50%, ≥50 and >80%, respectively. The bootstrap value for the branch separating IFN-
ω from all IFN-α is 100%. 
 

Figure 3. Enhanced SARS-CoV-2 replication, despite the presence of IFN-α2, in 
the presence of plasma from patients with auto-Abs against IFN-α2 and low in vivo levels 
of IFN-α. (A) SARS-CoV-2 replication, measured 24h (left panel) and 48h (right panel) after 
infection, in Huh7.5 cells treated with IFN-a2 in the presence of plasma from patients with life-
threatening COVID-19 and neutralizing auto-Abs against IFN-α2 (N=8); a commercial anti-
IFN-a2 antibody; or control plasma (N=2). (B) IFN-a levels in the plasma or serum of patients 
with neutralizing Auto-Abs (N=41), healthy controls (N=5), COVID-19 patients without auto-
Abs (N=21) and patients with life-threatening COVID-19 and loss-of-function (LOF) variants 
(N=10) as assessed by Simoa ELISA. (C) z-scores for type I IFN gene responses in whole blood 



of COVID-19 patients with (N=8) or without neutralizing Auto-Abs (N=51), or healthy 
uninfected controls (N=22). The median ± interquartile range is shown.  
 

Figure 4. Demographic and ethnic information about the patients and controls. (A) 
Gender distribution in patients with life-threatening COVID-19 and auto-Abs to type I IFNs, 
patients with life-threatening COVID-19 and without auto-Abs to type I IFNs and individuals 
with asymptomatic or mild SARS-CoV-2. (B) Age distribution in patients with life-threatening 
COVID-19 and auto-Abs to type I IFNs, patients with life-threatening COVID-19 and without 
auto-Abs to type I IFNs and individuals with asymptomatic or mild SARS-CoV-2. (C) Principal 
component analysis (PCA) on 49 patients with life-threatening COVID-19 and auto-Abs 
against type 1 IFNs.  
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Table 1:  
 

Life-threatening 
COVID-19 

N total N auto-Abs positive 
(%) 

OR [95% CI] p-value* 

Sex 
     

 
Female 226 6 (2.7%) 1 

 
 

Male 761 95 (12.5%) 5.22 [2.27-14.80] 2.5 10-6       

Age 
     

 
<65 years 602 51 (8.5%) 1 

 
 

≥65 years 385 50 (13.0%) 1.61 [1.04 - 2.49] 0.024 
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study. All subjects were recruited following protocols approved by local Institutional Review 
Boards (IRBs). For patients enrolled in the Italian cohort, ethical approval was obtained from 
the University of Milano-Bicocca School of Medicine, San Gerardo Hospital, Monza – Ethics 
Committee of the National Institute of Infectious Diseases Lazzaro Spallanzani (84/2020) 
(Italy), the IRB of Fondazione IRCCS Policlinico San Matteo, Pavia (Italy), and the Comitato 
Etico Provinciale (NP 4000 – Studio CORONAlab). STORM-Health care workers were 
enrolled in the STudio OsseRvazionale sullo screening dei lavoratori ospedalieri per COVID-
19 (STORM-HCW) study and approved by the local IRB on June 18th 2020. For the COV-
Contact study, ethics approval was obtained from the CPP IDF VI (ID RCB: 2020-A00280-
39). For patients were enrolled in the French COVID cohort (clinicaltrials.gov NCT04262921), 
ethics approval was obtained from the CPP IDF VI (ID RCB: 2020-A00256-33). Some contact 
subjects were enrolled in the Cov-Contact cohort (clinicaltrials.gov NCT04259892). 
Anonymized samples were studied at the NIAID under non-human subject research conditions; 
no additional IRB consent was required at the NIH. APS-1 patients gave consent under IRB 11-
I-0187 (clinicaltrials.gov NCT01386437). Protocols in San Raffaele were approved by San 
Raffaele Hospital Ethical Committee. The Milieur Intérieur Cohort was approved by the Comité 
de Protection des Personnes – Ouest 6 (Committee for the protection of persons) on June 13th, 
2012 and by French Agence nationale de sécurité du médicament (ANSM) on June 22nd, 2012. 
The study is sponsored by Institut Pasteur (Pasteur ID-RCB Number: 2012-A00238-35) and 
was conducted as a single center interventional study without an investigational product. The 
original protocol was registered under ClinicalTrials.gov (study# NCT01699893). The samples 
and data used in this study were formally established as the Milieu Intérieur biocollection 
(NCT03905993), with approvals by the Comité de Protection des Personnes – Sud 
Méditerranée and the Commission nationale de l'informatique et des libertés (CNIL) on April 
11, 2018. Patients recruited in the Hôpital Européen Georges Pompidou were below the 
SARCODO study (approval number: CPP 2020-04-048 / 2020-A01048-31). For patients were 
enrolled in the Amsterdam UMC Covid-19 cohort, patients were prospectively enrolled in the 
Amsterdam UMC. Ethics approval was obtained from the Amsterdam UMC 
Biobankcommittee (202_065#A202029). All protocols followed local ethics recommendations 
and informed consent was obtained when required.  
 
COVID-19 disease severity for each patient was assessed in accordance with the Diagnosis and 
Treatment Protocol for Novel Coronavirus Pneumonia (trial version 7), released by the National 
Health Commission & State Administration of Traditional Chinese Medicine on March 3, 2020. 
“Life-threatening COVID-19 pneumonia” is pneumonia developing in patients with critical 
disease, whether pulmonary, with mechanical ventilation (CPAP, BIPAP, intubation, high-flow 
oxygen), septic shock, or damage to any other organ requiring admission in the ICU. As 
controls, we enrolled individuals infected with SARS-CoV-2 (based on a positive PCR and/or 
serology test and/or presence of typical symptoms such as anosmia/ageusia after exposure to a 
confirmed COVID-19 case) who remained asymptomatic or developed mild, self-healing, 
ambulatory disease with no evidence of pneumonia. The healthy controls were individuals who 
had not been exposed to SARS-CoV-2.  
 



 

Plasma and serum samples from the patients and controls were frozen at -20°C immediately 
after collection. For Italian patients, samples were collected for measurements at a median 10 
days (range 1-40 days) after hospital admission, based upon available data. The fluid-phase 
luciferase immunoprecipitation systems (LIPS) assay, based on luciferase fusion proteins, was 
used to determine the levels of antibodies against the SARS-CoV-2 nucleoprotein and spike 
protein, as previously described (31). Internal positive controls from previously described 
seropositive serum samples were used for standardization and for determining 
seropositive/seronegative status.  
 
APS-1 patient 1 is a 48 year old Caucasian woman of Danish ancestry with APS-1/APECED 
caused by compound heterozygous deletions in AIRE [c.967_979del13 (p.L323SfsX51) and 
c.190_226del37 (p.S64TfsX71)] who is enrolled under NIH IRB-approved protocol 
NCT01386437. The patient’s APS-1 manifestations include chronic mucocutaneous 
candidiasis, hypoparathyroidism, adrenal insufficiency, hypothyroidism, primary ovarian 
failure and Sjogren’s syndrome. Prior to COVID-19 infection, the patient had tested positive 
for autoantibodies to IFN-α (mean fluorescence intensity [MFI] 8,042), IFN-β (MFI 5,606), and 
IFN-ω (MFI 12,242). The patient presented to the hospital with fever, cough and shortness of 
breath and tested positive for COVID-19 via nucleic acid amplification. She was initially 
treated with stress dose steroids and hydroxychloroquine. Her respiratory status deteriorated 
rapidly after admission and required intubation and mechanical ventilation for a total of 9 days. 
She was treated with corticosteroids and made a full recovery. APS-1 patient 2 is a 34 year old 
Caucasian woman of Scottish ancestry with APS-1/APECED caused by homozygous 13-bp 
deletions in AIRE (c.967_979del13; p.L323SfsX51) who is enrolled under NIH IRB-approved 
protocol NCT01386437. The patient’s APS-1/APECED manifestations include chronic 
mucocutaneous candidiasis, hypoparathyroidism, adrenal insufficiency, Sjogren’s syndrome, 
intestinal malabsorption, alopecia, enamel hypoplasia, primary ovarian failure and B12 
deficiency. Prior to COVID-19 infection, the patient had tested positive for autoantibodies to 
IFN-α (MFI 11928) and IFN-ω (MFI 6789), but not to IFN-β (MFI 27). The patient presented 
to the hospital with fever, vomiting, diarrhea, lethargy and shortness of breath and tested 
positive for COVID-19 via nucleic acid amplification. She was treated with stress dose steroids. 
She developed respiratory distress requiring intubation and mechanical ventilation for a total of 
5 days. She made a full recovery. 
 
Detection of anti-cytokine autoantibodies 
Multiplex particle-based assay 
Serum/plasma samples were screened for autoantibodies against 18 targets in a multiplex 
particle-based assay, in which magnetic beads with differential fluorescence were covalently 
coupled to recombinant human proteins (2.5 µg/reaction). Beads were combined and incubated 
with 1:100 diluted serum/plasma samples for 30 minutes. Each sample was tested once. They 
were then washed and incubated with PE-labeled goat anti-human IgG (1 µg/mL) for an 
additional 30 minutes. Beads were then washed again and run on a BioPlex X200 instrument 
in a multiplex assay. Patients with a fluorescence intensity (FI) of > 1500 for IFN-a2, IFNb, or 
> 1000 IFNw were tested for blocking activity; as were patients positive for another cytokine.  
 
ELISA 
Enzyme-linked immunosorbent assays (ELISA) was performed as previously described (Puel 
et al., 2008). In brief, 96-well ELISA plates (MaxiSorp; Thermo Fisher Scientific) were coated 
by incubation overnight at 4°C with 2 μg/mL rhIFN-α, and rhIFN-ω (R&D Systems). Plates 
were then washed (PBS/0.005% Tween), blocked by incubation with the same buffer 
supplemented with 5% nonfat milk powder, washed, and incubated with 1:50 dilutions of 



 

plasma samples from the patients or controls for 2 h at room temperature (or with specific mAbs 
as positive controls). Each sample was tested once. Plates were thoroughly washed. Horseradish 
peroxidase (HRP)–conjugated Fc-specific IgG fractions from polyclonal goat antiserum against 
human IgG or IgA (Nordic Immunological Laboratories) were added to a final concentration 
of 2 μg/mL. Plates were incubated for 1 h at room temperature and washed. Substrate was added 
and OD was measured. A similar protocol was used when testing for 12 subtypes of IFN-α, 
except that the plates were coated with cytokines from PBL Assay Science (catalog #11002-1).  
 
LIPS 
Levels of autoantibodies against IFN-α subtypes were measured with luciferase-based 
immunoprecipitation assay (LIPS), as previously described (32). IFNA1, IFNA2, IFNA4, 
IFNA5, IFNA6, IFNA7, IFNA8, IFNA10, IFNA14, IFNA16, IFNA17 and IFNA21 sequences 
were inserted into a modified pPK-CMV-F4 fusion vector (PromoCell GmbH, Germany), in 
which the firefly luciferase replaced the NanoLuc luciferase (Promega, USA). The resulting 
constructs were used to transfect HEK293 cells and the IFNA-luciferase fusion proteins were 
collected in the tissue culture supernatant. For autoantibody screening, we combined 2x106 
luminescence units (LU) of IFNA1, IFNA2, IFNA8 and IFNA21 in a single IP reaction mixture 
(pool 1), and IFNA4, IFNA5, IFNA6 and IFNA7 in another IP reaction mixture (pool 2). Serum 
samples were incubated with Protein G agarose beads (Exalpha Biologicals, USA) at room 
temperature for 1 h in a 96-well microfilter plate (Merck Millipore, Germany), and we then 
added 2x106 luminescence units (LU) of  antigen and incubated for another hour. Each sample 
was tested once. The plate was washed with a vacuum system and Nano-Glo® Luciferase Assay 
Reagent (Promega, USA) was added. Luminescence intensity was measured with a VICTOR 
X Multilabel Plate Reader (PerkinElmer Life Sciences, USA). The results are expressed in 
arbitrary units (AU), as a fold-difference relative to the mean of the negative control samples.  
 
Functional evaluation of anti-cytokine autoantibodies 
The blocking activity of anti-IFNa and anti-IFNw autoantibodies was determined by assessing 
STAT1 phosphorylation in healthy control cells following stimulation with the appropriate 
cytokines in the presence of 10% healthy control or patient serum/plasma. Surface-stained 
healthy control PBMCs (350,000/reaction) were cultured in serum-free RPMI medium with 
10% healthy control or patient serum/plasma and were either left unstimulated or stimulated 
with IFNa or IFNw (10 ng/mL) for 15 minutes at 37°C. Each sample was tested once. Cells 
were fixed, permeabilized, and stained for intranuclear phopsho-STAT1 (Y701). Cells were 
acquired on a BD LSRFortessa cytometer with gating on CD14+ monocytes and analyzed with 
FlowJo software.  
 
We demonstrated that the IFNa/w blocking activity observed was due to autoantibodies and 
not another plasma factor, by depleting IgG from the plasma with a protein G column (GE 
Healthcare). Total plasma was loaded onto the column. Each sample was tested once. Without 
eluting the IgG, the flow-through fraction (IgG-depleted) was then collected and compared to 
total plasma in the phospho-STAT1 assay. 
 
The blocking activity of anti-IFNg, -GM-CSF, -IFNl1, -IFNl2, -IFNl3, -IL-6, -IL-10, -IL-
12p70, -IL-22, -IL-17A, -IL-17F, -TNFa, and -TNFb antibodies was assessed with the assays 
outlined in Table S3, as previously reported (21). 
 
For the neutralization of ISG induction, peripheral blood mononuclear cells (PBMCs) were 
thawed and incubated overnight in X-VIVO20 (Lonza) at 37°C under an atmosphere containing 
5% CO2. We added 0.75 x 106 PBMCs in 40 µL of X-VIVO20 medium to each well of a 96-



 

well U-bottomed plate with 10 µL of the indicated plasma, and the contents of each well were 
mixed. PBMCs were then left unstimulated or were stimulated for two hours with 10 ng/mL 
IFNa or 10 ng/mL IFNg in a final volume of 100 µL. Each sample was tested twice. We 
extracted mRNA from the cells with a kit, according to manufacturer’s instructions (Zymo 
Research). We used 250 ng of each mRNA preparation for reverse transcription with oligo-DT 
primers and Superscript II (Thermo Fisher Scientific). Quantitative real-time PCR (RT-qPCR) 
was performed with Applied Biosystems Taqman assays for CXCL10, and the β-glucuronidase 
(GUS) housekeeping gene for normalization. Results are expressed according to the ΔΔCt 
method, as described by the manufacturer’s kit. 

 
Phylogenetic reconstruction 
Protein sequences were aligned with the online version of MAFFT v7.471 software (33), using 
the L-INS-i strategy (34) and the BLOSUM62 scoring matrix for amino-acid substitutions. 
Phylogenetic tree reconstruction was performed by the neighbor-joining method (35), with the 
substitution model of Jones, Taylor and Thornton (36). One thousand bootstrap samples were 
generated under the same model. Low-confidence branches (<50%) are likely to be due to gene 
conversion events between IFNA genes, as previously reported (24, 37). Archaeopterix version 
0.9928 beta was used for tree visualization (38). We built the phylogenetic tree from protein 
sequences, so as to group together the type I IFNs most similar in terms of protein sequences, 
which would be more likely to be recognized by similar auto-Abs. Very similar results were 
obtained with the corresponding DNA sequences, or those used by Pestka et al. and Woelk et 
al. (37, 39). 
 
Statistical analysis 
Comparison of proportions were performed using a Fisher exact test, as implemented in R 
(www.cran-r.org).  
 
PCA was performed with Plink v1.9 software on whole-exome and whole-genome sequencing 
data with the 1000 Genomes (1kG) Project phase 3 public database as a reference, using 27,473 
exonic variants with a minor allele frequency > 0.01 and a call rate > 0.99. 

 
Simoa 
Serum-IFNα concentrations were determined with Simoa technology, as previously described 
(40, 41), with reagents and procedures obtained from Quanterix Corporation (Quanterix 
SimoaTM IFNα Reagent Kit, Lexington, MA, USA), in accordance with the manufacturer’s 
instructions. Each sample was tested once, in duplicate. The dynamic range of the assay was 0 
to 54.6 pg/mL, with a lower limit of detection of 16 fg/mL and a lower limit of quantification 
of 64 fg/mL.  
 
VSV assay 
The seroneutralization assay was performed as previously described (42). In brief, the 
incubation of IFN-α2 with Madin–Darby bovine kidney cells protects the cultured cells against 
the cytopathic effect of vesicular stomatitis virus (VSV). Serial two-fold dilutions of patient 
serum were added in the incubation medium before viral challenge. Each sample was tested 
once. The titer of anti IFN alpha antibodies was defined as the last dilution causing 50% cell 
death.  
 
SARS-CoV-2 experiment 
SARS-CoV-2 strain USA-WA1/2020 was obtained from BEI Resources and amplified in Huh-
7.5 hepatoma cells at 33°C. Viral titers were measured on Huh-7.5 cells in a standard plaque 



 

assay. Huh-7.5 cells (H. sapiens) were cultured in DMEM supplemented with 1% nonessential 
amino acids (NEAA) and 10% fetal bovine serum (FBS) at 37°C, under an atmosphere 
containing 5% CO2. Cells were checked and tested negative for mycoplasma contamination. 
SARS-CoV-2 experiments were performed as follows. Huh-7.5 cells were used to seed 96-well 
plates at a density of 5x103 cells/well. The next day, plasma samples or a commercial anti-IFN-
α2 antibody (catalog number 21100-1; R&D systems) were serially diluted (3-fold) and 
incubated with 20 pM recombinant IFN-α2 (catalog number 11101-2; R&D systems) for 1 h at 
37°C (starting concentration: plasma samples = 1/100 and anti-IFN-α2 antibody = 1/,1000). 
Following this incubation period, the cell culture medium in the 96-well plates was removed 
by aspiration and replaced with the plasma/antibody-IFN-α2 mixture. Each sample was tested 
once, in triplicate. The plates were incubated overnight and the plasma/antibody-IFN-α2 
mixture was removed by aspiration. The cells were washed once with PBS to remove potential 
anti-SARS-CoV-2-neutralizing antibodies and fresh medium was then added. Cells were then 
infected with SARS-CoV-2 by directly adding the virus to the wells at two different MOIs: 500 
PFU and 5,000 PFU. Cells infected at a high MOI were incubated at 37°C for 24 h, whereas 
cells infected at a low MOI were incubated at 33°C for 48 h. The cells were fixed with 7% 
formaldehyde, stained for SARS-CoV-2 with an anti-N antibody (catalog no. GTX135357; 
GeneTex), imaged and analyzed as previously described (43).  
 
Nanostring 
For the NanoString assay, total RNA was extracted from whole blood samples collected in 
PaxGene tubes (Qiagen, Germantown, MD). The expression of selected genes was determined 
by NanoString methods (NanoString Technologies, Seattle, WA) and a 28-gene type I IFN 
score was calculated (44). Briefly, the 28-gene type I IFN score is the sum of the z-scores of 28 
IFN response genes (IRGs) and the 11-gene NF-kB score is the sum of the z-scores of 11 NF-
kB targets. The individual gene z-scores were calculated from the mean and standard deviation 
of the NanoString counts for 22 healthy controls. Nonparametric two-tailed Mann-Whitney 
tests were used for group comparisons and p-values below 0.05 were considered statistically 
significant. Statistical analyses were performed with GraphPad Prism version 8.00 for Mac OS. 
  



 

Supplementary figures and tables 
 
Fig. S1. Auto-Abs against IFN-α2, IFN-ω and other cytokines in patients with life-

threatening mild or asymptomatic disease and healthy controls. (A) Enzyme-linked 
immunosorbent assay (ELISA) for auto-Abs against IFN-α2 and IFN-ω in patients with life-
threatening COVID-19 (N=205), or asymptomatic or mild SARS-CoV-2 infection (N=120), 
and in healthy controls not infected with SARS-CoV2 (N=67). (B) Anti-IFN-α2 Ig isotypes in 
23 patients with life-threatening COVID-19 and auto-Abs to type 1 IFNs. (C) Multiplex 
particle-based assay for auto-Abs against IFN-α2 (left panel) or IFN-ω in healthy individuals 
(N=1160), patients with Incontinentia Pigmenti (N=32) and in APS-1 patients (N=25). (D) 
Representative FACS plots depicting IFN-α2- or IFN-ω-induced pSTAT1 in healthy control 
cells (gated on CD14+ monocytes) in the presence of IgGs purified from the beads used to 
deplete the plasma of a patient with auto-Abs against IFN-α2- and IFN-ω. (E) Representative 
FACS plots showing blocking activity against IFN-α2-induced pSTAT1 in healthy donor cells 
in the presence of 10% plasma from a patient with auto-Abs against IFN-α2, with increasing 
doses of recombinant IFN-α2. (F) Representative FACS plots showing the blocking activity 
against IFN-α2- and IFN-ω-induced pSTAT1 in healthy donor cells in the presence of various 
dilutions of plasma from a patient with auto-Abs against IFN-α2 and IFN-ω and 10ng/mL 
recombinant IFN-α2 or IFN-ω.  

 
Fig. S2. Representative neutralization for IFN-α2 and the other cytokines. In Fig. 

S2, “COVID-19” refers to “life-threatening COVID-19”. (A) Multiplex particle-based assay 
for auto-Abs against IFN-α2, IFN-ω, IFN-ε, IFN-β , IFN-γ, IL-17A, TNF-α, GM-CSF, IL-12, 
IL-6, IL-22, TNF-β, IL-1α, IL-17F, IL-10, IL-15, IFN-λ1, IFN-λ2 and IFN-λ3 in patients with 
life-threatening COVID-19 (N=690). (B) Representative FACS plots depicting IL-12p70-
induced pSTAT4 levels in activated healthy donor cells (gated on CD4+ lymphocytes) in the 
presence of healthy control plasma, anti-IL-12p70+ patient plasma (N=2), or positive control 
plasma. (C) Representative FACS plots depicting IL-22-induced pSTAT3 levels in A549 cells 
in the presence of healthy control plasma, anti-IL-22+ patient plasma (N=2), or positive control 
plasma. (D) Multiplex particle-based assay for auto-Abs against IFN-α2, IFN-ω, IFN-ε, IFN-β 
, IFN-γ, IL-17A, TNF-α, GM-CSF, IL-12, IL-6, IL-22, TNF-β, IL-1α, IL-17F, IL-10, IL-15, 
IFN-λ1, IFN-λ2 and IFN-λ3 in individuals with asymptomatic or mild SARS-CoV-2 infection 
(N=385), and (E) Multiplex particle-based assay for auto-Abs against IFN-α2, IFN-ω, IFN-ε, 
IFN-β , IFN-γ, IL-17A, TNF-α, GM-CSF, IL-12, IL-6, IL-22, TNF-β, IL-1α, IL-17F, IL-10, IL-
15, IFN-λ1, IFN-λ2 and IFN-λ3 in healthy control subjects (N=237). (F) Representative FACS 
plots depicting IFN-γ-induced pSTAT1 levels in healthy donor cells (gated on CD14+ 
monocytes) in the presence of healthy control plasma, anti-IFN-γ+ patient plasma, or positive 
control plasma. (G) Representative FACS plots depicting GM-CSF-induced pSTAT5 levels in 
healthy donor cells (gated on CD14+ monocytes) in the presence of healthy control plasma, 
anti-GM-CSF+ patient plasma, or positive control plasma. (H) Representative FACS plots 
depicting IL-6-induced pSTAT3 levels in healthy donor cells (gated on CD14+ monocytes) in 
the presence of healthy control plasma, anti-IL-6+ patient plasma samples (N=4), or a 
commercial neutralizing monoclonal antibody. (I) Representative FACS plots depicting IL-10-
induced pSTAT3 levels in healthy donor cells (gated on CD14+ monocytes) in the presence of 
healthy control plasma, anti-IL-10+ patient plasma, or a commercial neutralizing monoclonal 
antibody. (J) Fold-change in IL-17A- or IL-17F-induced IL-6 production in HFF1 cells in the 
presence of heathy control plasma, anti-IL-17A+ or IL-17F+ patient plasma, or positive control 
plasma. (K) Representative FACS plots depicting TNFa- or TNFb-induced rat Thy1 expression 
in Jurkat 3T8 cells in the presence of healthy control plasma, anti-TNFa+ or anti-TNFb+ patient 
plasma, or commercial neutralizing monoclonal antibodies. (L) Representative FACS plots 



 

depicting IFN-λ1-, IFN-λ2-, or IFN-λ3-induced pSTAT1 levels in A549 cells in the presence 
of healthy control plasma, anti-FN-λ1+, anti-IFN-λ2+, or anti-IFN-λ3+ patient plasma, or 
commercial neutralizing monoclonal antibodies. 
 

Fig. S3. Enhanced SARS-CoV-2 replication, despite the presence of IFN-α2, in the 
presence of plasma from patients with auto-Abs against IFN-α2 and low in vivo levels of 
IFN-α. (A, B) SARS-CoV-2 replication in Huh7.5 cells treated with IFN-a in the presence of 
plasma from patients with life-threatening COVID-19 but without auto-Abs against IFN-α2 
(N=7), at 48h (left panel) or 24h (right panel) after infection. (B) z-scores for NF-κB genes in 
the plasma of COVID-19 patients with or without neutralizing Auto-Abs, or healthy uninfected 
controls. The median ± interquartile range is shown. Mann-Whitney test was performed.  

 
Fig. S4. Demographic and ethnic information about the patients and controls. (A) 

Gender distribution in the different cohorts of patients with life-threatening COVID-19, 
individuals with asymptomatic or mild SARS-CoV-2 infection and healthy control subjects. F: 
Female. M: Male. (B) Age distribution in the different cohorts of patients with life-threatening 
COVID-19, individuals with asymptomatic or mild SARS-CoV-2 infection and healthy control 
subjects.  

 
Table S1. Clinical, epidemiological characteristics and outcome of the 101 patients 

with life-threatening COVID-19 infection and auto-Abs against type I IFNs, and their 
corresponding neutralizing auto-Abs against IFN-α2 and/or IFN-ω. CVID: Common 
variable immunodeficiency; HTN: Hypertension; COPD: Chronic obstructive pulmonary 
disease; T2D: Type II diabetes mellitus; HBV: Hepatitis B virus; Obese: Body-mass index >30; 
EUR: European; AFR: African, N AFR: North African; EAS: East Asian; NA: Not available.  
 

Table S2. Neutralizing capacity against VSV (Vesicular Stomatitis virus) of plasma 
from patients without (N=5) or with (N=5) auto-Abs. 
 
 Table S3. Assays used for testing the blocking activities of the different cytokines.  
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Supplementary Figure 4
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Table S1.  

Number Age Gender Ethnic 
origin Comorbidities Neutralizing 

IFN-alpha 
Neutralizing 
IFN-omega Outcome 

1 65 M NA NA Yes No Deceased 
2 82 M NA NA Yes No Deceased 

3 72 M NA Chronic renal disease Yes No Deceased 

4 75 M NA NA Yes No Deceased 
5 61 M NA HTN Yes No Alive 
6 69 M NA COPD Yes No Deceased 
7 41 M NA HTN Yes No Alive 
8 85 M NA Cardiomyopathy Yes No Deceased 

9 87 M NA 
Waldenström's 

macroglobulinemia, 
Chronic renal disease 

Yes No Deceased 

10 59 M NA Hypothyroidism, 
seminoma Yes No Alive 

11 77 M NA HTN  Yes No Deceased 

12 67,1 M NA Autoimmune disease Yes No Deceased 

13 61 M NA 
Chronic cardiac, 
pulmonary and 

neurological diseases 
Yes No Deceased 

14 70 M NA None Yes No Alive 

15 56 M NA Hepatopathy, T2D Yes No Deceased 

16 73 M NA HTN, Pulmonary 
hypertension Yes No Deceased 

17 83 M NA NA Yes No NA 
18 76 M NA NA Yes No NA 
19 61 M EUR HTN Yes Yes Alive 
20 68 M EUR None Yes No Alive 
21 74 M EUR COPD Yes Yes Alive 

22 58 M EUR T2D, HTN, Obesity, 
Dyslipidemia Yes Yes Alive 



23 53 M EUR s/p thyroid cancer, 
hypothyroidsm Yes Yes Alive 

24 41 M EUR CVID Yes Yes Alive 

25 68 M EUR HTN, T2D, 
cardiomyopathy Yes Yes Deceased 

26 74 M EUR None Yes Yes Deceased 
27 69 M EUR HTN Yes Yes Alive 

28 37 M N AFR 

Renal transplant, 
Chronic renal failure, 

HBV related liver 
disease, 

Cardiomyopathy, 
Thalassemia major 

Yes No Alive 

29 69 M EUR HTN Yes No Alive 
30 60 M EUR Psoriatic arthritis Yes Yes Alive 
31 73 M EUR T2D, Obesity Yes Yes Alive 
32 56 M EUR HIV No Yes Alive 
33 64 M EUR HTN, T2D Yes Yes Deceased 
34 69 M EUR Psoriasis Yes Yes Deceased 

35 64 M EUR 
HTN, HBV related 

liver disease, 
Hypercholesterolemia 

Yes Yes Alive 

36 67 M EUR Lymphoma, resolved 
TB infection, HTN Yes Yes Alive 

37 66 M EUR None Yes Yes Alive 
38 54 M AMR None Yes Yes Alive 
39 79 M EUR T2D, HTN Yes No Deceased 

40 71 F EUR Autoimmune disease, 
HTN Yes Yes Deceased 

41 67 M EUR T2D, HTN Yes Yes Alive 
42 73 M EUR T2D, HTN Yes Yes Alive 
43 68 M EUR None Yes Yes Alive 
44 61 F EUR None Yes Yes Alive 
45 62 M EUR HTN, obesity Yes Yes Alive 
46 63 M EUR HTN Yes No Alive 
47 70 M EUR T2D Yes Yes Alive 



48 76 M NA T2D Yes No Alive 
49 67 F NA T2D, COPD, HTN Yes No Alive 
50 48 M NA None No Yes Deceased 
51 52 M N AFR Lymphoma Yes Yes Alive 
52 59 M NA HTN No Yes Alive 

53 59 M NA Autoimmune disease, 
obesity Yes No Alive 

54 80 M NA T2D, HTN, peripheral 
vascular disease Yes Yes Deceased 

55 59 M NA Obesity Yes Yes Alive 
56 54 M NA Obesity No Yes Alive 

57 70 M NA Chronic renal 
insufficiency Yes Yes Alive 

58 65 M NA None Yes Yes Alive 
59 68 M NA COPD Yes Yes Deceased 
60 58 M NA HTN No Yes Alive 

61 71 F NA Cardiomyopathy, 
HTN Yes Yes Alive 

62 70 M NA T2D, HTN, obesity Yes Yes Deceased 

63 45 M Middle 
East None No Yes Alive 

64 32 F EUR Incontinentia 
Pigmenti Yes Yes Alive 

65 36 M AFR NA No Yes Alive 
66 25 M AFR NA Yes Yes Alive 
67 45 M EUR None Yes No Alive 
68 46 M N AFR None Yes Yes Alive 

69 44 M South 
Asian NA Yes Yes Alive 

70 33 M EAS None Yes No Alive 

71 25 M South 
Asian Obesity Yes Yes Alive 

72 25 M AFR Obesity Yes Yes Alive 

73 75 M NA Obesity, neoplasia Yes Yes Deceased 

74 70 M EUR Obesity, 
cardiomyopathy Yes Yes Alive 

75 70 F EUR Obesity, HTN Yes Yes Deceased 
76 40 M AFR Obesity, HTN No Yes Alive 
77 58 M EUR Obesity, HTN Yes Yes Alive 



78 63 M N AFR Obesity, HTN, T2D, 
COPD Yes Yes Deceased 

79 65 M N AFR Obesity, HTN, T2D, 
renal disease Yes No Alive 

80 54 M EUR Obesity Yes No Deceased 

81 74 M NA HTN, coronary artery 
disease Yes No Alive 

82 48 M NA 

Chronic renal 
insufficiency, 

hypothyroidism, 
HTN, epilepsy 

Yes Yes Alive 

83 35 M NA Obesity No Yes Deceased 
84 55 M NA None No Yes Deceased 
85 58 M NA HTN Yes No Deceased 
86 77 M NA Obesity, HTN Yes Yes Alive 
87 85 M NA HTN Yes Yes Deceased 

88 47 M Middle 
East NA Yes No Alive 

89 44 M NA NA No Yes NA 

90 52 M NA Obesity, HTN, T2D 
psoriasis Yes Yes Deceased 

91 83 M EUR NA Yes Yes Deceased 
92 69 M NA NA Yes Yes Deceased 
93 60 M NA Gastritis No Yes NA 

94 57 M NA Renal transplant, 
HBV infection No Yes Deceased 

95 55 M NA None Yes Yes Alive 
96 64 M NA None Yes Yes Alive 
97 76 M NA HTN Yes Yes Alive 

98 80 M NA T2D, HTN, Obesity Yes No Deceased 

99 70 M NA None Yes No Alive 

100 84 M NA HTN, lung cancer, 
psoriasis, T2D Yes No Deceased 

101 31 M NA None Yes Yes Deceased 
 

 
  



Table S2.   
 

Auto-Abs Neutralizing dilution 
Negative <4 
Negative <4 
Negative <4 
Negative <4 
Negative <4 
Positive >256 
Positive 96 
Positive >256 
Positive >256 
Positive >256 

 
 
  



Table S3. 
 

Cytokine 
(concentration) Incubation time Signaling 

target Cell type Method 

IFNg 
(400 U/mL) 15 min pSTAT1 

(Y701) CD14+ monocytes 
FACS, surface 

and IC 
staining 

GM-CSF 
(10 ng/mL) 30 min pSTAT5 

(Y694) CD14+ monocytes 
FACS, surface 

and IC 
staining 

IL-6 
(10 ng/mL) 20 min pSTAT3 

(Y705) CD14+ monocytes 
FACS, surface 

and IC 
staining 

IL-10 
(10 ng/mL) 20 min pSTAT3 

(Y705) CD14+ monocytes 
FACS, surface 

and IC 
staining 

IL-12p70 
(10 ng/mL) 15 min pSTAT4 

(Y693) 
Activated CD4+ 

lymphocytes 

FACS, surface 
and IC 
staining 

IL-17A, IL-17F 
(100 ng/mL) 

18 h (IL-17A) 
36 h (IL-17F) IL-6 HFF-1 cells 

Cytokine 
detection 

assay 

IL-22 
(100 ng/mL) 30 min pSTAT3 

(Y705) A549 cells FACS, IC 
staining 

TNFa, TNFb 
(10 ng/mL) Overnight Rat Thy1 Jurkat 3T8 cells FACS, surface 

staining 

IFNl1, IFNl2, 
IFNl3 

(50 ng/mL) 
45 min pSTAT1 

(Y701) A549 cells FACS, IC 
staining 

 


