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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-y (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-o (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 <107!6). They were present in only four of 1,227 (0.33%) healthy individuals (p-
value <107!%), 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-p).

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 [gG auto-Abs against [FN-o (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-y, 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 (/-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—/3). Their
receptors are ubiquitously expressed and trigger the induction of IFN stimulated genes (ISGs)
via phosphorylated STAT1-STAT2-IRF9 trimers (/4). Neutralizing IgG auto-Abs against type
I IFNs can occur in patients treated with IFN-02 or IFN-f3 (/5) and exist in almost all patients
with autoimmune polyendocrinopathy syndrome type I (APS-1) (/6). They are also seen in
women with systemic lupus erythematosus (/7).

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 I[FNs
suffering from severe chickenpox and shingles (79, 20). More recently, auto-Abs against type
I TFNs have been found in a few patients with bi-allelic, hypomorphic RAGI or RAG2 mutations
and viral diseases, including severe chickenpox and viral pneumonias (27). 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 (/8, 23), we hypothesized that neutralizing auto-Abs against type
I IFNs might also underlie life-threatening COVID-19 pneumonia.

Auto-Abs against IFN-a2 and/or IFN-o 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-a2 and/or IFN-o 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-a2 and IFN-o,
whereas 45 were positive only for Abs against IFN-a2, and 41 were positive only for Abs
against [IFN-o.

We also performed ELISA and the results obtained were consistent with those obtained
with Luminex technology (Fig. SIA). We also found that 11 and 14 of 23 patients tested had
low levels of IgM and IgA auto-Abs against IFN-o and IFN-a2, 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-a2 and
IFN-o (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-a2 and IFN-o in vitro

We then tested whether auto-Abs against IFN-02 and IFN-o were neutralizing in vitro.
We incubated PBMCs from healthy controls with 10 ng/mL IFN-a2 or IFN-® in the presence
of plasma from healthy individuals or from patients with auto-Abs. A complete abolition of
STATI1 phosphorylation was observed in 101 patients with auto-Abs against IFN-a2 and/or
IFN-o (Table S1). The antibodies detected were neutralizing against both IFN-a2 and IFN-o
in 52 of these 101 patients (51%), against IFN- a2 only in 36 patients (36%), and against IFN-
o only in 13 patients (13%), at the IFN-a2 and IFN-o concentrations tested (Fig. 1C, D). IgG
depletion from patients with auto-Abs restored normal pSTAT1 induction after IFN-02 and
IFN-o stimulation, whereas the purified IgG fully neutralized this induction (Fig. 1C, Fig.
S1D). Furthermore, these auto-Abs neutralized high amounts of IFN-02 (Fig. S1E) and were
neutralizing at high dilutions (Fig. 1E, SIF). Interestingly, 15 patients with life-threatening
COVID-19 and auto-Abs against IFN-02 and/or IFN-® also had auto-Abs against other
cytokines (IFN-y, GM-CSF, IL-6, IL-10, IL-12p70, IL-22, IL-17A, IL-17F, and/or TNF-§3),
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-a2, IFN-f or IFN-y,
in the presence of plasma from healthy individuals or from patients with auto-Abs. With plasma
from 8 patients with auto-Abs against IFN-02, the induction of ISG CXCL10 was abolished
after IFN-a2 stimulation but maintained after stimulation with IFN-y (Fig. 1F). We then found
that plasma from the five patients with neutralizing auto-Abs tested neutralized the protective
activity of IFN-a2 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<107'%) and in none of the 663 patients with asymptomatic or mild SARS-CoV-2
infection tested (Fisher exact test, p-value<10716).

Auto-Abs against all 13 IFN-a subtypes in patients with auto-Abs to IFN-02

We investigated whether patients with neutralizing auto-Abs against IFN-a2 only or
IFN-02 and IFN-o also had auto-Abs against the other 15 type I IFNs. ELISA showed that all
patients tested (N=22) with auto-Abs against IFN-02 also had auto-Abs against all 13 IFN-a
subtypes (IFN-al, -02, -04, -a5, -06, -a7, -a8, -a10, -al13, -al4, -al6, -al17, and -a21), whereas
only two of the 22 patients tested had auto-Abs against IFN-f3, one had auto-Abs against IFN-
K, and two had auto-Abs against IFN-¢ (Fig. 2A). The auto-Abs against IFN-$ had neutralizing
activity against IFN-B (Fig. 1D). We confirmed that all the patients had auto-Abs against all 13
subtypes of IFN-a, by testing the same samples by LIPS (Fig. 2B). For IFN-f, we also screened
the whole cohort in a multiplex assay. We found that 19/987 (1.9%) patients had auto-Abs
against IFN-fB, and that all of them were in our cohort of severe COVID-19 individuals with
neutralizing auto-Abs against IFN-a and/or IFN-w. Of these patients with auto-Abs against
IFN-B, only two were neutralizing against IFN-f (Fig. 1D, F).

Ten of the 17 genes encoding type I IFNs (IFN-a2, -a5, -06, a8, -al13, -al4, -a21, -B, -
o and -x), 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-a subtypes and IFN-® are more closely
related to each other than to the other three IFNs (IFN-B, IFN-¢ and IFN-x), which are
structurally and phylogenetically more distant (Fig. 2C). Thus, all patients with neutralizing
auto-Abs against IFN-a2 tested (N=22) had auto-Abs against all 13 IFN-a subtypes, and three
of the 22 patients tested (14%) had auto-Abs against 14 or more type I IFNs.

The auto-Abs neutralize IFN-a2 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-a2 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-02 (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-
o 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°). Consistently, in patients with neutralizing auto-Abs
against IFN-02, the baseline levels of type I IFN-dependent transcripts were low while they
were normal for NF-kB-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°%), and much higher than that in male patients within the asymptomatic or
pauci-symptomatic cohort (28%, Fisher exact test p-value<10) (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 [FNs 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 I[FN 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-a subtypes were undetectable during acute disease in the blood of
patients with auto-Abs against IFN-a, 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 IFNARI1 deficiency, are reported in an
accompanying paper (/8). Collectively, these findings suggest that auto-Abs against type I [FNs
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 [ IFNs. With our accompanying description of patients
with inborn errors of type I IFNs and life-threatening COVID-19 (/8), 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 I[FNs 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-a is unlikely to be beneficial. However, treatment with injected or
nebulized IFN-B may have beneficial effects, as auto-Abs against IFN-f3 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 (37).

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, IFNP, 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 rthIFN-a, or rhIFN-® 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-a.

LIPS

Levels of autoantibodies against IFN-o subtypes were measured with luciferase-based
immunoprecipitation assay (LIPS), as previously described (32). IFN-al, I IFN-02, I IFN-04,
IFN-a5, IFN-06, I IFN-a7, IFN-a8, IFN-010, IFN-al14, IFN-al6, IFN-al7 and IFN-a21
sequences were transfected in HEK293 cells and the IFN-a-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 2x10°® 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-IFN® 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 IFNo/m 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-IFNy, -GM-CSF, -IFNA1, -IFNA2, -IFNA3, -IL-6, -IL-10, -IL-
12p70, -1L-22, -IL-17A, -IL-17F, -TNFa, and -TNF[} antibodies was assessed with the assays
outlined in the Table in online supplementary material, as previously reported (27).

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 IFNy in a
final volume of 100 pL. Quantitative real-time PCR (RT-qPCR) was performed with Applied
Biosystems 7Tagman assays for CXCLI10, and the B-glucuronidase (GUS) housekeeping gene
for normalization. Results are expressed according to the AACt 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 BLOSUMS62 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-IFNa 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-a2 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-02
antibody were serially diluted and incubated with 20 pM recombinant IFN-a2 for 1 h at 37°C
(starting concentration: plasma samples = 1/100 and anti-IFN-02 antibody = 1/,1000). The cell
culture medium was then removed and replaced with the plasma/antibody-IFN-a2 mixture. The
plates were incubated overnight and the plasma/antibody-IFN-a2 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).
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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-a2 and IFN-o 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-a2 and/or IFN-o in patients with life-
threatening COVID-19. (A) Multiplex particle-based assay for auto-Abs against [IFN-02 and
IFN-o 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-o Ig isotypes in 23 patients with life-threatening COVID-19 and auto-Abs to type
1 IFNs. (C) Representative FACS plots depicting IFN-02- or IFN-w-induced pSTATI in
healthy control cells (gated on CD14" monocytes) in the presence of 10% healthy control or
anti-IFN-02/m- auto-Abs-containing patient plasma (top panel) or an IgG-depleted plasma
fraction (bottom panel). (D) Plot of anti-IFN-02 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) ICso curves representing IFN-a2-
and IFN-w-induced pSTATT1 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-a2: ICso= 0.016%, R*= 0.985;
IFN-o: 1Cs50=0.0353%, R?* = 0.926. (F) Neutralizing effect on CXLCI0 induction after
stimulation with IFN-a2, IFN-f3 or IFN-y, of plasma from healthy controls (N=4), patients with
life-threatening COVID-19 and auto-Abs against IFN-02 (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-a subtypes, I[FN-, -
B, -k, and -¢ in patients with life-threatening COVID-19 and auto-Abs against IFN-a2 (N=22),
APS-1 patients (N=2) and healthy controls (N=2). (B) Luciferase-based immunoprecipitation
assay (LIPS) for the 12 different IFN-a subtypes tested in patients with auto-Abs against IFN-
a2 (N=22), and healthy controls (N=2). (C) Neighbor-joining phylogenetic tree of the 17 human
type 1 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 [FN-
o from all IFN-a is 100%.

Figure 3. Enhanced SARS-CoV-2 replication, despite the presence of IFN-a2, in
the presence of plasma from patients with auto-Abs against IFN-a2 and low in vivo levels
of IFN-a. (A) SARS-CoV-2 replication, measured 24h (left panel) and 48h (right panel) after
infection, in Huh7.5 cells treated with IFN-a.2 in the presence of plasma from patients with life-
threatening COVID-19 and neutralizing auto-Abs against IFN-a2 (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 I[FNs 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 [ 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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Barcelona, Spain

107. Pediatric Intensive Care Unit, Hospital Sant Joan de Déu, Barcelona, Spain; Clinical
Immunology Unit, Hospital Sant de Déu-Hospital Clinic de Barcelona, Barcelona, Spain.
Institut de Recerca Sant Joan de Déu, Spain; Universitat de Barcelona (UB), Barcelona, Spain
108. Department of Chest Diseases, Selcuk University, Faculty of Medicine, Konya, Turkey
109. Division of Allergy and Immunology, Balikesir Ataturk City Hospital, Balikesir, Turkey
110. Division of Critical Care Medicine, Selcuk University, Faculty of Medicine, Konya,
Turkey

111. Division of Pediatric Infectious Diseases, Prof. Dr. Cemil Tascioglu City Hospital,
Istanbul, Turkey

112. Departments of Infectious Diseases and Clinical Microbiology, Bakirkoy Dr. Sadi Konuk
Training and Research Hospital, University of Health Sciences, Istanbul, Turkey.

113. Meram Medical Faculty, Necmettin Erbakan University, Konya, Turkey

114. Health Sciences University, Umraniye Education and Research Hospital, Istanbul, Turkey
115. Department of Immunology, 2nd Faculty of Medicine, Charles University and University
Hospital in Motol, Prague, Czech Republic

116. Central Clinical Hospital of the Ministry of Interior and Administration, Warsaw, Poland
117. Oncobiologie Génétique Bioinformatique, PC Bio, CHU Besangon, Besangon, France
118. Paediatric Infectious Disease Unit, Hospital Authority Infectious Disease Center, Princess
Margaret Hospital, Hong Kong (Special Administrative Region), China

119. Aix Marseille Université, Institut de la recherche et du developpent, Fondation
Méditerranée Infection, Marseille, France

120. Department of Paediatrics and Adolescent Medicine, The University of Hong Kong, Hong
Kong, China

121. National Centre for Infectious Diseases, Singapore

122. Hospital Universitario Reina Sofia, Cordoba, Spain

123. Imperial College, London, England

124. Robert-Debré University Hospital, Paris, France

125. Pasteur Institute, Paris, France

126. Endocrinology and diabetes for children, AP-HP, Bicétre Paris-Saclay hospital, Le
Kremlin-Bicétre, France

127. Neurology unit, APHP Pitié-Salpétriere Hospital, Paris, France

128. Intensive care unit, APHP Pitié-Salpétriere Hospital, Paris, France



129. National Centre for Infectious Diseases; Tan Tock Seng Hospital; Yong Loo Lin School
of Medicine; Lee Kong Chian School of Medicine, Singapore

130. Department of Clinical Immunology and Infectious Diseases, National Research Institute
of Tuberculosis and Lung Diseases, Shahid Beheshti University of Medical Sciences, Tehran,
Iran

131. The Clinical Tuberculosis and Epidemiology Research Center, National Research Institute
of Tuberculosis and Lung Diseases (NRITLD), Masih Daneshvari Hospital, Shahid
Beheshti University of Medical Sciences,

132. Hospital Sant Joan de Déu and University of Barcelona, Barcelona, Spain

133. IrsiCaixa AIDS Research Institute, ICREA, UVic-UCC, Research Institute “Germans
Trias 1 Pujol”, Badalona, Spain

134. Internal medicine department, Pitié-Salpétriére Hospital, Paris, France

135. Infectious Diseases, St Vincent’s Hospital, Darlinghurst 2010, NSW Australia; Kirby
Institute, UNSW Sydney, Randwick, NSW, Australia

136. Aix-Marseille University, APHM, Marseille, France

137. APHP Cochin Hospital, Paris, France

138. University Hospitals Leuven, Leuven, Belgium

139. Hospices civils de Lyon, Hopital de la Croix-Rousse, Lyon, France

140. Hopital Erasme, Brussels, Belgium

141. Gonesse Hospital, Gonesse, France

142. Vascular Medicine, Georges Pompidou Hospital, Paris, France

143. Division of Pulmonary and Critical Care, University of Miami, Miami, USA

144. Guanarteme Health Care Center, Canarian Health System, Las Palmas de Gran Canaria,
Spain

145. Aix-Marseille Université, Marseille, France

146. CHRU de Lille, Lille, France

147. Department of General Paediatrics, Hopital Bicétre, AP-HP, University of Paris Saclay,
Le Kremlin-Bicétre, France

148. Genomics Division, Instituto Tecnologico y de Energias Renovables (ITER), Santa Cruz
de Tenerife, Spain

149. CHU de La Timone, Marseille, France

150. Centro Hospitalar Universitario de Lisboa Central, Lisbon, Portugal

151. Infectious Diseases Horizontal Technology Centre, A*STAR; Singapore Immunology
Network, A*STAR, Singapore

152. Department of Pediatrics, Complejo Hospitalario Universitario Insular-Materno Infantil,
Canarian Health System, Las Palmas de Gran Canaria, Spain

153. Regional Universitary Hospital of Malaga, Malaga, Spain

154. Department of Immunology, Hospital Marques de Valdecilla, Santander, Spain

155. Division of Immunology, Hospital Universitario Marqués de Valdecilla, University of
Cantabria, IDIVAL, Santander, Cantabria, Spain

156. Faculty of Medicine, Erzurum, Turkey

157. Bilkent University, Ankara, Turkey

158. APHP Hopitaux Universitaires Paris-Sud, Le Kremlin-Bicétre, France

159. Hospices Civils de Lyon, Lyon, France

160. Université de Lille, Inserm U1285, CHU Lille, Paris, France

161. Hopital Robert Debré, Paris, France

162. Departement of General Pediatrics, University Hospital Robert Debré, APHP, Paris,
France

163. University Hospital “Germans Trias i Pujol”, Badalona, Spain

164. Hospices Civils de Lyon, Lyon Sud Hospital, Lyon, France



165. Pediatric Infectious Diseases and Immunodeficiencies Unit, Hospital Universitari Vall
d’Hebron, Vall d'Hebron Research Institute, Vall d’Hebron Barcelona Hospital Campus.,
Barcelona, Spain

166. Hospital Universitario de Gran Canaria Dr Negrin, Canarian Health System, Canary
Islands, Spain

167. Neurometabolic Diseases Laboratory, IDIBELL-Hospital Duran i Reynals, Barcelona,
Spain

168. APHP Hopitaux Universitaires Paris-Sud, Paris, France

169. Virology unit, Université de Paris, Cochin Hospital, APHP, Paris, France

170. Hospital San Pedro, Logrofio, Spain

171. Respiratory medicine, Georges Pompidou Hospital, Paris, France

172. Service de Médecine Intensive Réanimation, Institut de Cardiologie, Hopital Pitié-
Salpétriere, Paris, France

173. CHRU de Nancy, Hopital d'Enfants, Vandoeuvre, France

174. Division of Nephrology, University of Brescia, ASST Spedali Civili di Brescia, Brescia,
Italy

175. Department of Immunology, 2nd Faculty of Medicine, Charles University and Motol
University Hospital, Prague, Czech Republic

176. Clinica Universidad de Navarra, Madrid, Spain

177. Fundaci6 Docéncia i Recerca Mutua Terrassa, Terrassa, Spain

178. Specialized Immunology Laboratory of Dr. Shahrooei, Sina Medical Complex,

179. Hopital Européen Georges Pompidou, Paris, France

180. Department of Pediatrics, Faculty of Medicine, Mansoura University, Mansoura, Egypt
181. Critical Care Unit, Hospital Universitario de Gran Canaria Dr. Negrin, Canarian Health
System, Las Palmas de Gran Canaria, Spain; CIBER de Enfermedades Respiratorias. Instituto
de Salud Carlos III, Madrid, Spain

182. Hospital General Universitario de Valencia, Valencia, Spain

183. CHU de Saint Etienne, CHU de Saint Etienne

184. Gustave Roussy Cancer Campus, Villejuif, France

185. Intensive Care Unit, Avicenne Hospital, APHP, Bobigny, France

186. Laboratory of Immunology and Histocompatibility, Saint-Louis Hospital, Paris
University, Paris, France

187. Department of Internal Diseases and Pediatrics, Primary Immune Deficiency Research
Lab, Centre for Primary Immunodeficiency Ghent, Jeffrey Modell Diagnosis and Research
Centre, Ghent University Hospital, Ghent, Belgium

188. Department of Internal Medicine, Université de Paris, INSERM, U970, PARCC, F-75015,
Paris, France

189. First Division of Anesthesiology and Critical Care Medicine, University of Brescia, ASST
Spedali Civili di Brescia, Brescia, Italy

190. Intensive Care Department, Hospital Universitari MutuaTerrassa, Universitat Barcelona,
Terrassa, Spain

191. Hospices Civils de Lyon, Lyon Sud Hospital, Pierre-Bénite, France and International
Center of Research in Infectiology, Lyon University, INSERM U1111, CNRS UMR 5308,
ENS, UCBL, Lyon, France

192. Infanta Leonor University Hospital, Madrid, Spain

193. Hematology Department, ASST Spedali Civili di Brescia, Brescia, Italy

194. Pneumologie, Université Sorbonne Paris Nord, INSERM U1272, APHP, Hopital
Avicenne, Bonbigny, France

195. Dermatology unit, Laboratoire GAD, INSERM UMR1231 LNC, université de Bourgogne,
Dijon, France



196. Hospital Universitario de Burgos, Burgos, Spain

197. Center of Human Genetics, Hopital Erasme, Université Libre de Bruxelles, Brussels,
Belgium

198. Department of Chest Diseases, Necmettin Erbakan University meram medical faculty
chest diseases department, Konya, Turkey

199. Neurometabolic Diseases IDIBELL and Bellvitge Hospital, Barcelona, Spain

200. Sorbonne Université, Service de Médecine Intensive Réanimation, Hopital Tenon,
Assistance Publique-Hopitaux de Paris, Paris, France

201. CHU Lille, Lille, France

202. Division of Critical Care Medicine, Department of Anesthesiology and Reanimation,
Necmettin Erbakan University, Meram Medical Faculty, Konya, Turkey

203. General Intensive Care Unit, Konya Training and Research Hospital, Konya, Turkey
204. CHU de Nancy, Nancy, France

COVID-STORM Clinicians "
Giuseppe Foti!, Giacomo Bellani !, Giuseppe Citerio!, Ernesto Contro', Alberto Pesci?, Maria
Grazia Valsecchi’, Marina Cazzaniga*

1. Department of Emergency, Anesthesia and Intensive Care, School of Medicine and
Surgery, University of Milano-Bicocca, San Gerardo Hospital, Monza IT

2. Department of Pneumology, School of Medicine and Surgery, University of Milano-
Bicocca, San Gerardo Hospital, Monza IT

3. Center of Bioinformatics and Biostatistics, School of Medicine and Surgery, University of
Milano-Bicocca, San Gerardo Hospital, Monza IT

4. Phase I Research Center, School of Medicine and Surgery, University of Milano-Bicocca,
San Gerardo Hospital, Monza IT

Imagine COVID Group™™*

Christine Bole-Feysot!, Stanislas Lyonnet!: 3, Cécile Masson!, Patrick Nitschke!, Aurore
Pouliet!, Yoann Schmitt!, Frederic Tores!, Mohammed Zarhrate'

Y leader of the Imagine COVID group

Tmagine Institute, Université de Paris, INSERM UMR 1163, Paris, France

French COVID Cohort Study Group ™"

Laurent Abel!, Claire Andrejak?, Frangois Angoulvant?, Delphine Bachelet*, Romain Basmaci®,
Sylvie Behilill®, Marine Beluze’, Dehbia Benkerrou®, krishna Bhavsar®, Frangois Bompart®,
Lila Bouadma*, Maude Bouscambert!'®, Mireille Caralp'!, Minerva Cervantes-Gonzalez'?,
Anissa Chair*, Alexandra Coelho'?, Camille Couffignal®, Sandrine Couffin-Cardiergues'#, Eric
D’ortenzio!?, Charlene Da Silveira*, Marie-Pierre Debray?, Dominique Deplanque', Diane
Descamps®, Mathilde Desvallée!®, Alpha Diallo!'’, Alphonsine Diouf!®, Céline Dorival?®,
Frangois Dubos!®, Xavier Duval*, Philippine Eloy*, Vincent VE Enouf!®, Héléne Esperou,
Marina Esposito-Farese*, Manuel Etienne?!, Nadia Ettalhaoui?, Nathalie Gault!, Alexandre
Gaymard'?, Jade Ghosn*, Tristan Gigante??, Isabelle Gorenne*, Jérémie Guedj?’, Alexandre
Hoctin'3, Isabelle Hoffmann?, Salma Jaafoura?’, Ouifiya Kafif*, Florentia Kaguelidou?*, Sabina
Kali*, Antoine Khalil*, Coralie Khan'6, Cédric Laouénan*, Samira Laribi*, Minh Le*, Quentin
Le Hingrat*, Soizic Le Mestre!?, Hervé Le Nagard?, Frangois-Xavier Lescure?, Yves Levy?,
Claire Levy-Marchal®?, Bruno Lina'®, Guillaume Lingas?}, Jean Christophe Lucet*, Denis
Malvy?, Marina Mambert'?, France Mentré*, Noémie Mercier'’, Amina Meziane®, Hugo
Mouquet'®, Jimmy Mullaert!, Nadége Neant?>’, Marion Noret?’, Justine Pages®, Aurélie



Papadopoulos?’, Christelle Paul'’, Nathan Peiffer-Smadja*, Ventzislava Petrov-Sanchez!’,
Gilles Peytavin*, Olivier Picone?®, Oriane Puéchal!?, Manuel Rosa-Calatrava!®, Bénédicte
Rossignol??, Patrick Rossignol?’, Carine Roy* Marion Schneider?, Caroline Semaille'?,
Nassima Si Mohammed®*, Lysa Tagherset, Coralie Tardivon*, Marie-Capucine Tellier*,
Frangois Téoulé®, Olivier Terrier'?, Jean-Frangois Timsit*, Théo Treoux*, Christelle Tual®’,
Sarah Tubiana*, Sylvie van der Werf?!, Noémie Vanel*?, Auréliec Veislinger®®, Benoit
Visseaux®, Aurélie Wiedemann?®, Yazdan Yazdanpanah3*

. Inserm UMR 1163, Paris, France

. CHU Amiens, France

. Hopital Necker, Paris, France

. Hopital Bichat, Paris, France

. Hopital Louis Mourrier, Colombes, France

. Institut Pasteur, Paris, France

. F-CRIN Partners Platform, Paris, France

. Inserm UMR 1136, Paris, France

. Drugs for Neglected Diseases initiative, Geneva, Switzerland
10. Inserm UMR 1111, Lyon, France

11. Inserm Transfert, Paris, France

12. REACTing, Paris, France

13. Inserm UMR 1018, Paris, France

14. Inserm, Pole Recherche Clinique, France

15. Lille Calmette - SMIT, France

16. Inserm UMR 1219, Bordeaux, France

17. ANRS, Paris, France

18. CHU Lille, France

19. Pasteur Institute, Paris, France

20. Inserm sponsor, Paris, France

21. Rouen - SMIT, France

22. F-CRIN INI-CRCT, Paris, France

23. Inserm UMR 1137, Paris, France

24. Hopital Robert Debr¢, Paris, France

25. Inserm UMR 955, Créteil, France

26. Bordeaux - SMIT, France

27. RENARCI, Annecy, France

28. Colombes - Louis Mourier - Gynécologie, France
29. CHU Nancy, France

30. Inserm CIC-1414, Rennes, France

31. Institut Pasteur, UMR 3569 CNRS, Université de Paris, Paris, France
32. Hopital la timone, Marseille, France

33. Université de Paris, IAME, INSERM, AP-HP, University hospital Bichat Claude Bernard,
Virology, F-75018 Paris, France

34, Paris - Bichat — SMIT, France
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The Milieu Intérieur Consortium
Laurent Abel!, Andres Alcover?, Hugues Aschard?, Kalla Astrom?, Philippe Bousso?, Pierre
Bruhns?, Ana Cumano?, Caroline Demangel?, Ludovic Deriano?, James Di Santo?, Frangoise
Dromer?, Gérard Eberl?, Jost Enninga?, Jacques Fellay?, Ivo Gomperts-Boneca?, Milena
Hasan?, Serge Hercberg®, Olivier Lantz®, Hugo Mouquet?, Etienne Patin?, Sandra Pellegrini,
Stanislas Pol’, Antonio Rausell®, Lars Rogge?, Anavaj Sakuntabhai?, Olivier Schwartz?,



Benno Schwikowski?, Spencer Shorte?, Frédéric Tangy?, Antoine Toubert’, Mathilde
Trouvier'?, Marie-Noélle Ungeheuer?, Matthew L. Albert!!:8, Darragh Duffy?$, Lluis
Quintana-Murci*$

¥ co-coordinators of the Milieu Intérieur Consortium

Additional information can be found at: http://www.pasteur.fr/labex/milieu-interieur

. INSERM U1163, University of Paris, Imagine Institute, Paris, France
. Pasteur Institute, Paris, France

. Lund University, Lund, Sweden

. EPFL, Lausanne, Switzerland

. Université Paris 13, Paris, France

. Curie Institute, Paris, France

. Cochin Hospital, Paris, France

. INSERM UMR 1163 — Institut Imagine
. Hopital Saint-Louis, Paris, France

10. Université Paris 13, Paris, France

11. In Sitro
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CoV-Contact Cohort™ "

Loubna Alavoine!, Karine KA Amat?, Sylvie Behillil®, Julia Bielicki*, Patricia Bruijning>,
Charles Burdet®, Eric Caumes’, Charlotte Charpentier®, Bruno Coignard®, Yolande Costa',
Sandrine Couffin-Cardiérgues'?, Florence Damond!!, Aline Dechanet'?, Christelle Delmas!®,
Diane Descamps!'?, Xavier Duval!, Jean-Luc Ecobichon!, Vincent Enouf?, Héléne Espérou'?,
Wabhiba Frezouls!, Nadhira Houhou'?, Emila Ilic-Habensus', Ouifiya Kafif!2, John Kikoine'?,
Quentin Le Hingrat!3, David Lebeaux'*, Anne Leclercq', Jonathan Lehacaut!, Sophie Letrou',
Bruno Lina!®, Jean-Christophe Lucet®, Denis Malvy'®, Pauline Manchon'2, Milica Mandic!,
Mohamed Meghadecha!’, Justina Motiejunaite'®, Mariama Nouroudine!, Valentine Piquard!?,
Andreea Postolache'?, Caroline Quintin!, Jade Rexach!, Layidé Roufai!, Zaven Terzian'?,
Michael Thy?°, Sarah Tubiana', Sylvie Van der Werf, Valérie Vignali', Benoit Visseaux?®,
Yazdan Yazdanpanah®

1. Centre d'Investigation Clinique, Inserm CIC 1425, Hopital Bichat Claude Bernard, APHP,
Paris, France

2. IMEA Fondation Léon M'Ba, Paris, France

3. Institut Pasteur, Paris, France

4. University of Basel Children’s Hospital, Switzerland

5. Julius Center for Health Sciences and Primary Care, Utrecht

6. Centre d'Investigation Clinique, Inserm CIC 1425, Université de Paris, IAME, INSERM, F-
75018 Paris, France; AP-HP, Hopital Bichat, Centre d'Investigation Clinique, Inserm CIC 1425,
F-75018 Paris, France; AP-HP, Hopital Bichat, Département d'Epidémiologie, Biostatistique et
Recherche, F-75018 Paris, France

7. Hopital Piti¢ Salpétriere, APHP, Paris

8. IAME Inserm UMR 1138, Hopital Bichat Claude Bernard, APHP, Paris, France

9. Santé Publique France, Saint Maurice, France

10. Pole Recherche Clinique, Inserm, Paris France

11. TAME Inserm UMR 1139, Hopital Bichat Claude Bernard, APHP, Paris, France

12. Hopital Bichat Claude Bernard, APHP, Paris, France

13. TAME Inserm UMR 1140, Hopital Bichat Claude Bernard, APHP, Paris, France

14. APHP, Paris, France



15. Virpath Laboratory, International Center of Research in Infectiology, Lyon University,
INSERM U1111, CNRS UMR 5308, ENS, UCBL, Lyon, France

16. Service des Maladies Infectieuses et Tropicales; Groupe Pellegrin-Place Amélie-Raba-
Léon, Bordeaux, France

17. Hopital Hotel Dieu, APHP, Paris, France

18. ervice des explorations fonctionnelles, Hopital Bichat- Claude Bernard, APHP, Paris,
France

19. Péle Recherche Clinique, Inserm, Paris France

20. Center for Clinical Investigation, Assistance Publique-Hopitaux de Paris, Bichat-Claude
Bernard University Hospital

Amsterdam UMC Covid-19 Biobank™ """

Michiel van Agtmael', Anne Geke Algera?, Frank van Baarle?, Diane Bax®, Martijn Beudel?,
Harm Jan Bogaard®, Marije Bomers!, Lieuwe Bos?, Michela Botta?, Justin de Brabander®,
Godelieve Bree®, Matthijs C. Brouwer?, Sanne de Bruin?, Marianna Bugiani’, Esther Bulle?, O.
Chouchane!, Alex Cloherty?, Paul Elbers?, Lucas Fleuren?, Suzanne Geerlings', Bart Geerts?,
Theo Geijtenbeek’, Armand Girbes?, Bram Goorhuis!, Martin P. Grobusch!, Florianne
Hafkamp®, Laura Hagens?, Jorg Hamann!®, Vanessa Harris!, Robert Hemke!!, Sabine M.
Hermans', Leo Heunks?, Markus Hollmann®, Janneke Horn?, Joppe W. Hovius!, Menno de
Jong'?, Rutger Koning?*, Mourik van Mourik?, Jeaninne Nellen!, Frederique Paulus?, Edgar
Peters', Tom van der Poll!, Bennedikt Preckel®, Jan M. Prins!, Jorinde Raasveld?, Tom
Reijnders!, Michiel Schinkel', Marcus Schultz?, Alex Schuurman'?, Kim Sigaloff', Marry
Smit?, Cornelis S. Stijnis', Willemke Stilma?, Charlotte Teunissen'4, Patrick Thoral?, Anissa
Tsonas?, Marc van der Valk!, Denise Veelo®, Alexander P.J. Vlaar!3, Heder de Vries?, Michéle
van Vugt!', W. Joost Wiersinga!, Dorien Wouters'®, A. H (Koos) Zwinderman'’, Diederik van
de Beek!33 1

¥ leader of the AMC consortium

. Department of Infectious Diseases, Amsterdam UMC, The Netherlands

. Department of Intensive Care, Amsterdam UMC, The Netherlands

. Experimental Immunology, Amsterdam UMC, The Netherlands

. Department of Neurology, Amsterdam UMC, The Netherlands

. Department of Pulmonology, Amsterdam UMC, The Netherlands

. Department of Infectious Diseases, Amsterdam UMC, The Netherlands

. Department of Pathology, Amsterdam UMC, The Netherlands

. Department of Anesthesiology, Amsterdam UMC, The Netherlands

. Department of Experimental Immunology, Amsterdam UMC, The Netherlands

10. Amsterdam UMC, THE NETHERLANDS Biobank Core Facility, Amsterdam UMC, The
Netherlands

11. Department of Radiology, Amsterdam UMC, The Netherlands

12. Department of Medical Microbiology, Amsterdam UMC, The Netherlands

13. Department of Internal Medicine, Amsterdam UMC, The Netherlands

14. Neurochemical Laboratory, Amsterdam UMC, The Netherlands

15. Deparment of Intensive Care, Amsterdam UMC, The Netherlands

16. Department of Clinical Chemistry, Amsterdam UMC, The Netherlands

17. Department of Clinical Epidemiology, Biostatistics and Bioinformatics, Amsterdam UMC,
The Netherlands

18. Department of Neurology, Amsterdam UMC, The Netherlands
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COVID Human Genetic Effort**********



Laurent Abel', Alessandro Aiuti’?, Saleh Al Muhsen’, Fahd Al-Mulla*, Mark S. Anderson’,
Andrés Augusto Arias®, Hagit Baris Feldman’, Dusan Bogunovic®, Alexandre Bolze’,
Anastasiia Bondarenko!?, Aziz Bousfiha!!, Petter Brodin'?, Yenan Bryceson'’, Carlos D.
Bustamante'4, Manish Butte!®, Giorgio Casari', Samya Chakravorty'’, John Christodoulou'®,
Elizabeth Cirulli®, Antonio Condino Neto!®, Megan A. Cooper?’, Clifton L. Dalgard?!, Carlos
Flores’’, Rebeca Perez de Diego’®, Joseph L. DeRisi??, Murkesh Desai?}, Beth A. Drolet*,
Sara Espinosa®, Jacques Fellay?®, Jose Luis Franco?’, Peter K. Gregersen®®, Filomeen
Haerynck?®, David Hagin®®, Rabih Halwani’!, Jim Heath??, Sarah E. Henrickson®3, Elena
Hsieh*, Kohsuke Imai*®, Yuval Itan®, Timokratis Karamitros®®, Kai Kisand®’, Cheng-Lung
Ku?®, Yu-Lung Lau*’, Yun Ling*’, Carrie L. Lucas*', Tom Maniatis*?, Davoud Mansouri*,
Laszlo Marodi*, Isabelle Meyts*, Joshua Milner*®, Kristina Mironska*’, Trine Mogensen*®,
Tomohiro Morio*, Lisa P. Ng*, Luigi D. Notarangelo®!, Giuseppe Novelli®?, Cliona
O'Farrelly??, Satoshi Okada®*, Tayfun Ozcelik®>, Anna M. Planas>®, Carolina Prando®’, Aurora
Pujol Onofre®®, Lluis Quintana-Murci®®, Alessandra Renieri®®, Carlos Rodriguez-Gallego®!,
Vanessa Sancho-Shimizu®?, Vijay Sankaran®, Kelly Schiabor Barrett’, Mohammed
Shahrooei®, Andrew Snow®, Pere Soler-Palacin®, Andras N. Spaan®’, Stuart Tangye®®, Stuart
Turvey®®, Furkan Uddin’’, Mohammed J. Uddin”’, Diederik van de Beek’!, Sara E. Vazquez’?,
Donald C. Vinh"3, Horst von Bernuth’, Nicole Washington®, Pawel Zawadzki’>, Helen C. Su’"
3, Jean-Laurent Casanova’®$

% leaders of the COVID Human Genetic Effort

1. INSERM U1163, University of Paris, Imagine Institute, Paris, France

2. San Raffaele Telethon Institute for Gene Therapy, IRCCS Ospedale San Raffaele, Milan,
Italy

3. King Saud University, Riyadh, Saudi Arabia

4. Kuwait University, Kuwait City, Kuwait

5. University of California, San Francisco, San Francisco, CA, USA

6. Universidad de Antioquia, Group of Primary Immunodeficiencies, Antioquia, Colombia

7. The Genetics Institute, Tel Aviv Sourasky Medical Center and Sackler Faculty of Medicine,
Tel Aviv University, Tel Aviv, Israel

8. Icahn School of Medicine at Mount Sinai, New York, NY, USA

9. Helix, San Mateo, CA, USA

10. Shupyk National Medical Academy for Postgraduate Education, Kiev, Ukraine

11. Averroes University Hospital. LICIA Laboratoire d'immunologie clinique, d'inflammation
et d'allergie, Hassann Ii University., Casablanca, Morocco

12. Karolinska Institute, Stockholm, Sweden

13. Karolinska Institutet, Stockholm, Sweden

14. Stanford University, Stanford, CA, USA

15. University of California, Los Angeles, CA, USA

16. Medical Genetics, IRCCS Ospedale San Raffaele, Milan, Italy

17. Emory, Atlanta, GA, USA

18. Murdoch Children's Research Institute, Victoria, Australia

19. University of Sdo Paulo, Sao Paulo, Brazil

20. Washington University School of Medicine, St. Louis, MO, USA

21. The American Genome Center; Uniformed Services University of the Health Sciences,
Bethesda, MD, USA

22. University of California San Francisco; Chan Zuckerberg Biohub, San Francisco, CA,
United States

23. Bai Jerbai Wadia Hospital for Children, Mumbeai, India

24. School of Medicine and Public Health, University of Wisconsin, Madison, WI, USA



25. Instituto Nacional de Pediatria (National Institute of Pediatrics), Mexico City, Mexico

26. Swiss Federal Institute of Technology Lausanne, Lausanne, Switzerland

27. University of Antioquia, Medellin, Colombia

28. Feinstein Institute for Medical Research, Northwell Health USA, Manhasset, NY, USA
29. Centre for Primary Immunodeficiency Ghent (CPIG), PID research lab, Jeffrey Modell
Diagnosis and Research Centre, Ghent University Hospital, Edegem, Belgium

30. The Genetics Institute Tel Aviv Sourasky Medical Center, Tel Aviv, Israel

31. Sharjah Institute of Medical Research, College of Medicine, University of Sharjah, Sharjah,
UAE

32. Institute for Systems Biology, Seattle, WA, USA

33. Children's Hospital of Philadelphia, Philadelphia, PA, USA

34. Anschutz Medical Campus, Aurora, CO, USA

35. Riken, Tokyo, Japan

36. Hellenic Pasteur Institute, Athens, Greece

37. University of Tartu, Tartu, Estonia

38. Chang Gung University, Taoyuan County, Taiwan

39. The University of Hong Kong, Hong Kong, China

40. Shanghai Public Health Clinical Center, Fudan University, Shanghai, China

41. Yale School of Medicine, New Haven, CT, USA

42. New York Genome Center, New York, NY, USA

43. Shahid Beheshti University of Medical Sciences, Tehran, Iran

44. Semmelweis University Budapest, Budapest, Hungary

45. University Hospital Leuven, Leuven, Belgium

46. Columbia University Medical Center, New York, NY, USA

47. University Clinic for Children's Diseases, Skopje, North Macedonia

48. Aarhus University, Aarhus, Denmark

49. Tokyo Medical & Dental University Hospital, Tokyo, Japan

50. Singapore Immunology Network, Singapore

51. National Institute of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, MD, USA

52. Bambino Gesu Children's Hospital, Rome, Italy

53. Trinity College, Dublin, Ireland

54. Hiroshima University, Hiroshima, Japan

55. Bilkent University, Ankara, Turkey

56. IIBB-CSIC, IDIBAPS, Barcelona, Spain

57. Faculdades Pequeno Principe e Instituto de Pesquisa Pelé Pequeno Principe, Curitiba, Brazil
58. IDIBELL- Hospital Duran I Reynals, Barcelona, Spain

59. Institut Pasteur (CNRS UMR2000) and Collége de France, Paris, France
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Figure 3
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Table 1:

Life-threatening =N total | N auto-Abs positive OR [95% CI] p-value*
COVID-19 (%)
Sex
Female 226 6 (2.7%) 1
Male 761 95 (12.5%) 5.22[2.27-14.80] 2.510°
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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Supplementary materials and 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). 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 18" 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-
[-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
Meéditerranée and the Commission nationale de l'informatique et des libertés (CNIL) on April
11, 2018. Patients recruited in the Hopital 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 (37). 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 979dell3 (p.L323SfsX51) and
c.190 226del37 (p.S64TfsX71)] who 1is enrolled under NIH IRB-approved protocol
NCTO01386437. 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-a (mean fluorescence intensity [MFI] 8,042), IFN-f (MFI 5,606), and
IFN-o (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-a (MFI 11928) and IFN-o (MFI 6789), but not to IFN-£ (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 pg/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 pg/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-a.2, IFNp, or
> 1000 IFN® 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 ug/mL rhIFN-a, and rhIFN-o (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 ug/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-a,
except that the plates were coated with cytokines from PBL Assay Science (catalog #11002-1).

LIPS

Levels of autoantibodies against IFN-o subtypes were measured with luciferase-based
immunoprecipitation assay (LIPS), as previously described (32). IFNA1, IFNA2, IFNAA4,
IFNAS, IFNA6, IFNA7, IFNAS, 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 2x10°
luminescence units (LU) of IFNAT1, IFNA2, IFNAS and IFNAZ21 in a single IP reaction mixture
(pool 1), and IFNA4, IFNAS, 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 2x10° 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-IFN® 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 IFNo/m 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-STATT assay.

The blocking activity of anti-IFNy, -GM-CSF, -IFNA1, -IFNA2, -IFNA3, -IL-6, -IL-10, -IL-
12p70, -1L-22, -IL-17A, -IL-17F, -TNFa, and -TNFf} 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% CO,. We added 0.75 x 10° PBMCs in 40 pL of X-VIVO20 medium to each well of a 96-



well U-bottomed plate with 10 pL 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
IFNoa or 10 ng/mL IFNy in a final volume of 100 pL. 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 7agman assays for CXCL0, and the B-glucuronidase
(GUS) housekeeping gene for normalization. Results are expressed according to the AACt
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 BLOSUMS62 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 I[FNs 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-IFNa concentrations were determined with Simoa technology, as previously described
(40, 41), with reagents and procedures obtained from Quanterix Corporation (Quanterix
Simoa™ IFNo 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-02 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% COas. 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 5x10°3 cells/well. The next day, plasma samples or a commercial anti-IFN-
a2 antibody (catalog number 21100-1; R&D systems) were serially diluted (3-fold) and
incubated with 20 pM recombinant IFN-a2 (catalog number 11101-2; R&D systems) for 1 h at
37°C (starting concentration: plasma samples = 1/100 and anti-IFN-a2 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-a2 mixture. Each sample was tested
once, in triplicate. The plates were incubated overnight and the plasma/antibody-IFN-a2
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-02, IFN-® 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-a2 and IFN-o 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-02 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-02 (left panel) or IFN-o in healthy individuals
(N=1160), patients with Incontinentia Pigmenti (N=32) and in APS-1 patients (N=25). (D)
Representative FACS plots depicting IFN-a2- or IFN-w-induced pSTATI 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-a2- and IFN-w. (E) Representative
FACS plots showing blocking activity against IFN-a2-induced pSTAT1 in healthy donor cells
in the presence of 10% plasma from a patient with auto-Abs against IFN-02, with increasing
doses of recombinant IFN-a2. (F) Representative FACS plots showing the blocking activity
against IFN-a2- and IFN-w-induced pSTAT]1 in healthy donor cells in the presence of various
dilutions of plasma from a patient with auto-Abs against IFN-a2 and IFN-o and 10ng/mL
recombinant IFN-a2 or IFN-w.

Fig. S2. Representative neutralization for IFN-02 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-02, IFN-o, [FN-¢, IFN-B , IFN-y, IL-17A, TNF-a, GM-CSF, IL-12,
IL-6, IL-22, TNF-B, IL-10, IL-17F, IL-10, IL-15, IFN-A1, IFN-A2 and IFN-A3 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-a2, IFN-o, IFN-¢, IFN-3
, IFN-y, IL-17A, TNF-a, GM-CSF, IL-12, IL-6, IL-22, TNF-B, IL-1a, IL-17F, IL-10, IL-15,
IFN-A1, IFN-A2 and IFN-A3 in individuals with asymptomatic or mild SARS-CoV-2 infection
(N=385), and (E) Multiplex particle-based assay for auto-Abs against IFN-a2, I[FN-o, IFN-¢,
IFN-B, IFN-y, IL-17A, TNF-0, GM-CSF, IL-12, IL-6, IL-22, TNF-, IL-1a, IL-17F, IL-10, IL-
15, IFN-A1, IFN-A2 and IFN-A3 in healthy control subjects (N=237). (F) Representative FACS
plots depicting IFN-y-induced pSTATI levels in healthy donor cells (gated on CDI14*
monocytes) in the presence of healthy control plasma, anti-IFN-y* patient plasma, or positive
control plasma. (G) Representative FACS plots depicting GM-CSF-induced pSTATS 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 pSTATS3 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 pSTATS3 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 TNFf-induced rat Thy1 expression
in Jurkat 3T8 cells in the presence of healthy control plasma, anti-TNFa" or anti-TNF* patient
plasma, or commercial neutralizing monoclonal antibodies. (L) Representative FACS plots



depicting IFN-A1-, IFN-A2-, or IFN-A3-induced pSTAT]1 levels in A549 cells in the presence
of healthy control plasma, anti-FN-A17, anti-IFN-A2%, or anti-IFN-A3" patient plasma, or
commercial neutralizing monoclonal antibodies.

Fig. S3. Enhanced SARS-CoV-2 replication, despite the presence of IFN-a2, in the
presence of plasma from patients with auto-Abs against IFN-a2 and low in vivo levels of
IFN-a. (A, B) SARS-CoV-2 replication in Huh7.5 cells treated with [FN-a in the presence of
plasma from patients with life-threatening COVID-19 but without auto-Abs against IFN-02
(N=T), at 48h (left panel) or 24h (right panel) after infection. (B) z-scores for NF-kB 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-02 and/or IFN-®w. CVID: Common
variable immunodeficiency; HTN: Hypertension; COPD: Chronic obstructive pulmonary
disease; T2D: Type Il 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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Table S1.

Number

w

R 3 SN N A

10
11

12

13

14

15

16

17
18
19
20
21

22

Age
65
82
72

75
61
69
41
85

87

59
71

67,1

61

70

56

73

83
76
61
68
74

58

Gender

EEEEE & £

<

<

<

SEEXE & £

<

Ethnic
origin

NA
NA

NA

NA
NA
NA
NA
NA

NA

NA
NA

NA

NA

NA

NA

NA

NA
NA
EUR
EUR
EUR

EUR

Comorbidities

NA
NA

Chronic renal disease

NA
HTN
COPD
HTN
Cardiomyopathy

Waldenstrom's
macroglobulinemia,
Chronic renal disease

Hypothyroidism,
seminoma

HTN

Autoimmune disease

Chronic cardiac,
pulmonary and
neurological diseases

None

Hepatopathy, T2D

HTN, Pulmonary
hypertension

NA
NA
HTN
None
COPD

T2D, HTN, Obesity,
Dyslipidemia

Neutralizing Neutralizing Outcome

IFN-alpha IFN-omega
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes No
Yes Yes
Yes No
Yes Yes
Yes Yes

Deceased
Deceased

Deceased

Deceased
Alive
Deceased
Alive
Deceased

Deceased

Alive
Deceased

Deceased

Deceased

Alive

Deceased

Deceased

NA
NA
Alive
Alive
Alive

Alive



23

24

25

26
27

28

29
30
31
32
33
34

35

36

37
38
39

40

41
42
43
44
45
46
47

53

41

68

74
69

37

69
60
73
56
64
69

64

67

66
54
79

71

67
73
68
61
62
63
70

<

=< £ =

S22 R

<

=2 =

o9

ST EE

EUR

EUR

EUR

EUR
EUR

N AFR

EUR
EUR
EUR
EUR
EUR
EUR

EUR

EUR

EUR
AMR
EUR

EUR

EUR
EUR
EUR
EUR
EUR
EUR
EUR

s/p thyroid cancer,
hypothyroidsm

CVID
HTN, T2D,
cardiomyopathy
None
HTN

Renal transplant,
Chronic renal failure,
HBYV related liver
disease,
Cardiomyopathy,
Thalassemia major

HTN
Psoriatic arthritis
T2D, Obesity
HIV
HTN, T2D
Psoriasis

HTN, HBYV related
liver disease,
Hypercholesterolemia

Lymphoma, resolved
TB infection, HTN

None
None
T2D, HTN

Autoimmune disease,
HTN

T2D, HTN
T2D, HTN
None
None
HTN, obesity
HTN
T2D

Yes

Yes

Yes

Yes
Yes

Yes

Yes
Yes
Yes
No
Yes
Yes

Yes

Yes

Yes
Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

Yes
Yes

No

Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes
Yes

Yes

Yes
Yes
Yes
Yes
Yes
No
Yes

Alive

Alive
Deceased

Deceased
Alive

Alive

Alive
Alive
Alive
Alive
Deceased
Deceased

Alive

Alive

Alive
Alive
Deceased

Deceased

Alive
Alive
Alive
Alive
Alive
Alive
Alive



48
49
50
51
52

53

54

55
56

57

58
59
60

61

62

63

64

65
66
67
68

69
70
71
72

73

74

75
76
77

76
67
48
52
59

59

80

59
54

70

65
68
58

71

70

45

32

36
25
45
46

44
33
25
25

75

70

70
40
58

< £ X=X

S22 & £

< £

o9

< £ £ £ £

<

< £

NA
NA
NA
N AFR
NA

NA

NA

NA
NA

NA

NA
NA
NA

NA

NA

Middle
East

EUR

AFR

AFR

EUR
N AFR

South
Asian

EAS

South
Asian
AFR

NA

EUR

EUR
AFR
EUR

T2D
T2D, COPD, HTN
None
Lymphoma
HTN

Autoimmune disease,
obesity

T2D, HTN, peripheral

vascular disease

Obesity
Obesity

Chronic renal
insufficiency

None
COPD
HTN
Cardiomyopathy,
HTN

T2D, HTN, obesity

None
Incontinentia
Pigmenti
NA
NA
None
None

NA
None
Obesity
Obesity

Obesity, neoplasia

Obesity,
cardiomyopathy
Obesity, HTN
Obesity, HTN
Obesity, HTN

Yes
Yes
No
Yes
No

Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes

No

Yes

No
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes

Yes

Yes

Yes

No
No
Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes
Yes

Yes
Yes
No
Yes
Yes

Yes

Yes

Yes
Yes
Yes

Alive
Alive
Deceased
Alive
Alive

Alive

Deceased

Alive
Alive

Alive

Alive
Deceased
Alive

Alive

Deceased

Alive

Alive

Alive
Alive
Alive
Alive

Alive
Alive
Alive
Alive

Deceased

Alive

Deceased
Alive
Alive



78

79

80

81

82

83
84
85
86
87

88
89

920

91
92
93

94

95
96
97

98

929

100

101

63

65

54

74

48

35
55
58
71
85

47
44

52

83
69
60

57

55
64
76

80

70

84

31

<

< £ £ £ EEE £ B £ £ £ gL K&

N AFR

N AFR

EUR

NA

NA

NA
NA
NA
NA

NA

Middle
East
NA

NA

EUR
NA
NA

NA

NA
NA
NA

NA
NA
NA

NA

Obesity, HTN, T2D,
COPD

Obesity, HTN, T2D,
renal disease

Obesity

HTN, coronary artery
disease

Chronic renal
insufficiency,
hypothyroidism,
HTN, epilepsy
Obesity
None
HTN
Obesity, HTN
HTN

NA

NA

Obesity, HTN, T2D
psoriasis

NA
NA
QGastritis

Renal transplant,
HBYV infection

None
None
HTN

T2D, HTN, Obesity

None

HTN, lung cancer,
psoriasis, T2D

None

Yes

Yes

Yes

Yes

Yes

No
No
Yes
Yes
Yes

Yes

Yes

Yes
Yes

No

Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes

No

No

Yes

Yes
Yes

Yes
Yes

Yes

Yes

Yes
Yes
Yes

Yes

Yes
Yes
Yes

No

No

Yes

Deceased

Alive

Deceased

Alive

Alive

Deceased
Deceased
Deceased
Alive
Deceased

Alive
NA

Deceased

Deceased
Deceased
NA

Deceased

Alive
Alive
Alive

Deceased
Alive
Deceased

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

Signaling

(concentration) Incubation time target Cell type Method
FACS, surface
IFNy . pSTATI . ’
(400 U/mL) 15 min (Y701) CD14" monocytes anFl ‘IC
staining
FACS, surface
GM-CSF 30 min pSTATS CD14" monocytes and IC
(10 ng/mL) (Y694) ..
staining
FACS, surface
IL-6 . pSTAT3 N ’
(10 ng/mL) 20 min (Y705) CD14" monocytes anFl ‘IC
staining
FACS, surface
IL-10 20 min pSTATS3 CD14" monocytes and IC
(10 ng/mL) (Y705) .
staining
IL-12p70 s i pSTAT4 | Activated CD4* FACShsféface
(10 ng/mL) (Y693) lymphocytes anc
staining
Cytokine
IL-17A, IL-17F 18 h (IL-17A) :
(100 ng/mL) 36 h (IL-17F) IL-6 HFF-1 cells detection
assay
IL-22 . pSTAT3 FACS, IC
(100 ng/mL) 30 min (Y705) A349 cells staining
TNFa, TNFf3 . FACS, surface
(10 ng/mL) Overnight Rat Thy1 Jurkat 3T8 cells staining
[FNAL, IFNA2
’ ’ . pSTATI1 FACS, IC
IFNA3 45 min (Y701) A549 cells staining

(50 ng/mL)




