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Materials and Methods

Patients

We included in this study 659 patients with life-threatening COVID-19 pneumonia
defined as patients with pneumonia who developed critical disease, whether pulmonary
with mechanical ventilation (CPAP, BIPAP, intubation, hi-flow oxygen), septic shock, or
with any other organ damage requiring admission to the ICU. Patients who developed
Kawasaki-like syndrome were excluded. The age of the patients ranged from 0.1-99
years, with a mean age of 51.8 years (SD 15.9 years), and 25.5% of the patients were
female. As controls, we enrolled 534 individuals infected with SARS-CoV-2 (based on a
positive PCR and/or serological test and/or the 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.

All enrolled subjects provided written informed consent and were collected through
protocols following local ethics recommendations For patients enrolled in the French
COVID cohort (clinicaltrials.gov NCT04262921), ethics approval was obtained from the
CPP IDF VI (ID RCB: 2020-A00256-33). Ethics approval was obtained from the Ethics
Committee of Erasme Hospital (P2020/203). For subjects enrolled in the COV-Contact
study (clinicaltrials.gov NCT04259892), ethics approval was obtained from the CPP IDF
VI (ID RCB: 2020-A00280-39). 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), and the Comitato Etico Provinciale (NP
4000 — Studio CORONAIab). 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. Anonymized samples
were sequenced at the NIAID under non-human subject research conditions; no
additional IRB consent was required at the NIH.

Next-generation sequencing

Genomic DNA was extracted from whole blood. For the 1193 patients and controls
included, the whole exome (N=687) or whole genome (N=506) was sequenced at several
sequencing centers, including the Genomics Core Facility of the Imagine Institute (Paris,
France), the Yale Center for Genome Analysis (USA), the New-York Genome Center
(NY, USA), and the American Genome Center (TAGC, USUHS, Bethesda, USA). For
WES, libraries were generated with the Twist Bioscience kit (Twist Human Core Exome
Kit), the xGen Exome Research Panel from Integrated DNA Technologies (IDT xGen),
the Agilent SureSelect V7 kit or the SeqCap EZ MedExome kit from Roche. Massively
parallel sequencing was performed on a NovaSeg6000 system (Illumina).

For WGS performed on Italian cohort patients (TAGC), genomic DNA samples were
dispensed into the wells of a Covaris 96 microTUBE plate (1,000 ng per well) and
sheared with the Covaris LE220 Focused-ultrasonicator, at settings targeting a peak size
of 410 bp (t:78; Duty:18; PIP:450; 200 cycles). Sequencing libraries were generated from
fragmented DNA with the Illumina TruSeq DNA PCR-Free HT Library Preparation Kit,



with minor modifications for automation (Hamilton STAR Liquid Handling System),
with IDT for lllumina TruSeq DNA UD Index (96 indexes, 96 samples) adapters. Library
size distribution and the absence of free adapters or adapter dimers were assessed by
automated capillary gel electrophoresis (Advanced Analytical Fragment Analyzer).
Library concentration was determined by qPCR with the KAPA gPCR Quantification Kit
(Roche Light Cycler 480 Instrument I1). Sequencing libraries were normalized and
combined as 24-plex pools and quantified as above, before dilution to 2.9 nM and
sequencing on an Illumina NovaSeq 6000 with a S4 Reagent Kit (300 cycles) and
151+8+8+151 cycle run parameters. Primary sequencing data were demultiplexed with
the Hllumina HAS2.2 pipeline and sample-level quality control was performed for base
quality, coverage, duplicates and contamination (FREEMIX < 0.05 by VerifyBamID).

We used the Genome Analysis Software Kit (GATK) (version 3.4-46 or 4) best-practice
pipeline to analyze our WES data (30). We aligned the reads obtained with the human
reference genome (hgl19), using the maximum exact matches algorithm in the Burrows—
Wheeler Aligner (BWA) (31). PCR duplicates were removed with Picard tools
(picard.sourceforge.net). The GATK base quality score recalibrator was applied to
correct sequencing artifacts.

All the variants were manually curated using IGV and confirmed to affect the main
functional protein isoform by checking the protein sequence before inclusion in further
analyzes. The main functional protein isoforms are: TLR3 (NM_003265), UNC93B1
(NM_030930.4), TICAM1 (NM_182919), TRAF3 (NM_145725.2), TBK1
(NM_013254.4), IRF3 (NM_001571), IRF7 (NM_001572.5), IFNAR1 (NM_000629.3),
IFNAR2 (NM_001289125.3), STAT1 (NM_007315.4), STAT2 (NM_005419.4), IRF9
(NM_006084.5). The analysis of IKBKG was customized to differentiate the duplicated
region in IKBKG using a special pipeline previously described (32).

CNV detection
We searched the NGS data for deletions in the 13 genes of interest, using both the
HMZDelFinder (33) and CANOES (34) algorithms.

Statistical analysis

We performed an enrichment analysis on our cohort of 659 patients with life-threatening
COVID-19 pneumonia and 534 SARS-CoV?2 infected controls, focusing on 12 autosomal
IFN-related genes. We considered variants that were pLOF, with a MAF lower than
0.001 (gnomAD v2.1.1) after experimentally demonstrating that all the pLOF variants
seen in the cases were actually LOF. We compared the proportion of individuals carrying
at least one pLOF variant of the 12 autosomal genes in cases and controls by means of
logistic regression with the likelihood ratio test. We accounted for the ethnic
heterogeneity of the cohorts by including the first three principal components of the PCA
in the logistic regression model. PC adjustment is a common and efficient strategy for
accounting for different ancestries of patients and controls in the study of rare variants
(35, 36, 37, 38). We checked that our adjusted burden test was well calibrated, by also
performing an analysis of enrichment in rare (MAF < 0.001) synonymous variants of the
12 genes. PCA was performed with Plink v1.9 software on Whole-Exome and Whole-



Genome Sequencing data and 1000 Genomes (1kG) Project phase 3 public database as
reference, using 27,480 exonic variants with a minor allele frequency > 0.01 and a call
rate > 0.99. The odds ratio was also estimated by logistic regression and adjusted for
ethnic heterogeneity.

TLR3 functional test

The TLR3-deficient P2.1 fibrosarcoma cell line was kindly provided by Douglas W.
Leaman. Stably transfected P2.1 cells were established by transfection with pUNO-
TLR3-HA (Invivogen, USA) in the presence of X-tremegene 9, with selection on
blasticidin (10 ug/mL). The cells were stimulated with the TLR3 agonist poly(l:C)
(Amersham) at a concentration of 25 pg/mL. After four hours of stimulation, the cells
were harvested, and their cytokine mMRNA production was analyzed by quantitative RT-
gPCR, as previously described (6).

UNC93B1 expression test

UNC93B1-deficient SV40-Fib was transiently transfected wild-type and mutant pCMV6-
UNC93B1 using X-tremeGENE 9 DNA transfection reagent following manufacturer’s
instruction. 48 hours after transfection, cells were harvested and whole cell lysates were
prepared using RIPA buffer. Protein expression was assessed by western blotting.

TICAML functional test

TRIF-- SV40-Fib have been described elsewhere (9). The cells were transfected with
pEF-BOS-TRIF plasmids (N-terminally tagged with HA), IFN-B-firefly luciferase and
pRL-TK Renilla luciferase reporters, with Lipofectamine 3000 (Invitrogen). Reporter
activity was measured 24 hours after transfection, with the Dual-Luciferase Reporter
Assay System (Promega Corporation), according to the manufacturer’s instructions.
Firefly luciferase activity was normalized against Renilla luciferase activity and
expressed as a fold-change relative to cells transfected with the wild-type construct.

HEK-Blue Nulll-k cells (Invivogen) expressing the NF-xB SEAP reporter were
transfected with pEF-BOS-TRIF plasmids, with Lipofectamine 2000. SEAP activity was
assessed 24 hours after transfection, according to the manufacturer’s instruction.

TRAF3 functional test

TRAF3-deficient HEK293T cells were kindly provided by Dr. Maria Romanelli (39).
They were transiently transfected with pCMV6-TRAF3 wildtype and mutants plasmids,
with Lipofectamine LTX, according to the manufacturer’s instructions, and were
cotransfected with the NF-xB-firefly luciferase reporter plasmid and the pRL-TK-
Renilla luciferase plasmid. Luciferase activity was measured 24 hours after transfection,
with the Dual-Luciferase Reporter Assay System. Firefly luciferase activity was first
normalized against Renilla luciferase activity, and then against empty vector. TRAF3
expression was measured by western blotting (anti-TRAF3 antibody, Abcam, Cambridge,
MA, USA).

TBK1 functional test



HEK293T cells were transfected with pCDNA3-TBK1 plasmids, with Lipofectamine
2000, together with IFN-B-firefly and pRL-TK Renilla luciferase reporter constructs.
Reporter activity was measured 24 hours after transfection, with the Dual-Luciferase
Reporter Assay System. Firefly luciferase activity was normalized against Renilla
luciferase activity and expressed as a fold-change relative to cells transfected with the
empty vector.

IRF3 functional test

IRF3-deficient HEK293T cells were cotransfected with a mixture of the IFN-p-firefly
luciferase reporter plasmid, the pRL-TK-Renilla luciferase plasmid, and the pPCDNAS3-
IRF3 plasmid. Cells were incubated for 24 hours after transfection, and were then either
left untreated or infected with Sendai virus (20 HAU/well) for another 24 hours. Reporter
activity was measured with the Dual-Luciferase Reporter Assay System. Firefly
luciferase activity was normalized against Renilla luciferase activity.

IRF3 ¢.438C>G/p.N146K exon trapping

DNA segments encompassing the IRF3 exon 4 to 6 region (from chr19:50166562 to
chr19:50164806 — GRCh37 reference) were amplified from genomic DNA and inserted
into a pSPL3 vector, between the EcoRI and BamHI sites. Wild-type and mutant (IRF3
€.438C>G, a missense variant located in exon 5 and predicted to activate a cryptic
splicing donor site), plasmids were used to transfect COS-7 cells. After 24 h, total RNA
was extracted and reverse-transcribed. The IRF3 splicing products were amplified with
flanking HIV-TAT sequences from the pSPL3 vector and ligated into the pCR4-TOPO
vector (Invitrogen). Stellar cells (Takara) were transformed with the resulting plasmids.
Colony PCR and sequencing with primers located in the flanking HIV-TAT sequences of
pSPL3 were performed to determine the splicing products produced by the WT and
mutated alleles.

IRF7 functional test

HEK293T cells were cotransfected with a mixture of the IFN-B-firefly luciferase reporter
plasmid, the pRL-TK-Renilla luciferase plasmid, and the pPCDNA3-IRF7 plasmid. Cells
were incubated for 24 hours and were then either left untreated or infected with Sendai
virus (20 HAU/well) for another 24 hours. Reporter activity was measured with the Dual-
Luciferase Reporter Assay System. Firefly luciferase activity was normalized against
Renilla luciferase activity. IRF7 expression levels were measured by western blotting
(anti-IRF7 antibody: Cell Signaling, Danvers, MA,; anti-FLAG antibody: Sigma).

IFNAR1 and IFNAR2 functional test

IFNAR1- or IFNAR2-deficient SV40-Fib were transfected with pCMV6-IFNARL or
IFNAR2 plasmids, with Lipofectamine. Cells were incubated for 36 hours after
transfection, and were then stimulated with IFN-o2 (10,000 1U/mL) or -y (10,000
IU/mL) for 15 minutes before staining. Intracellular staining of phosphorylated STAT1
was performed with an isotype control, according to the manufacturer’s instructions.
Results were analyzed with FlowJo.

STAT1 functional test



STAT1-deficient U3A cells were transfected with pCDNA3-STAT1, ISRE-firefly
luciferase, and pRL-TK-Renilla luciferase reporter constructs, with Lipofectamine 3000
(Invitrogen). The cells were incubated for 24 hours after transfection, and were then
stimulated with IFN-o for an additional 16 hours. Reporter activity was measured with
the Dual-Luciferase Reporter Assay System (Promega Corporation), according to the
manufacturer’s instructions. Firefly luciferase activity was normalized against Renilla
luciferase activity and expressed as a fold-change relative to cells transfected with the
empty vector.

STAT?2 functional test

STAT2 production and phosphorylation: HEK293T cells were transiently transfected
with pCMV6-STAT2-mCherry plasmids, with Lipofectamine 2000. The cells were
incubated for 24 hours after transfection, and were then stimulated with 104 I[U/mL IFN-
o2 (Thermo Fisher Scientific) for 30 minutes . Cell lysates were obtained by extraction in
RIPA buffer. Total STAT2 (sc-514193, epitope 7-26 AA of N-terminus, Santa Cruz
Biotechnology) and p-STAT2 (Y689 AF2890; R&D Systems) levels were determined by
western blotting. HEK293T cells were transiently transfected with pCDNA3-STAT2,
pCMV6-IRF9, ISRE-firefly luciferase, and pRL-TK-Renilla luciferase reporter plasmids.
Reporter activity was measured with the Dual-Luciferase Reporter Assay System
(Promega Corporation), according to the manufacturer’s instructions.

IRF9 functional test

IRF9-deficient SV40-Fib was transiently transfected wild-type and mutant pCMV6-IRF9
using X-tremeGENE 9 DNA transfection reagent following manufacturer’s instruction.
48 hours after transfection, cells were either left untreated or stimulated with 10,000
IU/mL IFN-a2 for 8 hours before total RNA was extracted (Qiagen). mRNA levels of
IRF9, IFIT1, and IF127 were measured with RT-gPCR (Tagman gene expression assay,
Thermofisher) according to manufacturer’s instructions. IRF9 expression level was
measured by western blotting (anti-IRF9 antibody: Santa Cruz Biotechnology).

PHA-T cells
PBMCs purified from whole blood were activated by incubation with
phytohemagglutinin (PHA) (5 png/mL) and kept cycling for at least five days before
experiments.

pDC purification

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient
centrifugation (Ficoll-Paque; GE Healthcare). Plasmacytoid DCs (pDCs) were sorted
magnetically with the Human Plasmacytoid DC Enrichment Kit (Stem Cell), according to
the manufacturer’s instructions.

For the assessment of pDC enrichment, cells were stained with Zombie Violet fixable
viability stain (Biolegend), FITC anti-CD16 (BD, clone NKP15), FITC anti-CD14
(Miltenyi Biotec, clone TUK4), FITC anti-CD19 (Miltenyi Biotec, clone LT19), FITC
anti-CD20 (BD, clone 2H7), FITC anti-CD56 (Biolegend, clone HCD56), FITC anti-CD3
(BD, clone HIT3a), BV650 anti-CD4 (Biolegend, clone OKT4), APC-Vio770 anti-CD2



(Miltenyi Biotec, clone LT2), APC anti-CD5 (BD, clone UCHT2), and BV785 anti-
CD123 (Biolegend, clone 6H6) antibodies. PDCs were gated as Live, Lin- (CD16, CD14,
CD19, CD20, CD56 and CD3), CD2- CD5-, and CD4+ CD123+ cells. Acquisitions were
performed on an LSRFortessa machine (BD Biosciences). Data were analyzed with
FlowJo software (TreeStar).

pDC activation by SARS-CoV-2 and cytokine production

pDCs from an IRF7-- patient and a healthy donor matched for age and sex were cultured
at a density of 3 x 105 and 5 x 10s cells/mL, respectively, for 12 h, in the presence of
medium alone (RPMI 1640 Medium with GlutaMAX, 10% FBS, 1% MEM NEAA, 1%
sodium pyruvate, and 1% penicillin/streptomycin), influenza virus (Charles River,
A/PR/8/34, 2 ng/mL), or the SARS-CoV-2 primary strain 220_95 (GISAID accession ID:
EPI_ISL_469284) at a multiplicity of infection (MOI) of 2. This SARS-CoV-2 virus was
isolated from nasopharyngeal swabs and amplified in Vero cells. After 12 hours of
culture, pDC supernatant was collected for cytokine quantification. Supernatants were
incubated for 2 hours at room temperature with 0.4% (v/v) Triton X-100 before
quantification, to inactivate the infectious particles of SARS-CoV-2. IFN-02 levels were
measured in BD cytometric bead arrays (CBAs), in accordance with the manufacturer’s
protocol, with a 20 pg/mL detection limit. Acquisitions were performed on an
LSRFortessa machine (BD Biosciences), and cytokine concentration was determined
with FCAP Array Software (BD Biosciences). IFN-A1 secretion was measured in an
enzyme-linked immunosorbent assay (ELISA) (R&D Systems, DuoSet DY7246), in
accordance with the manufacturer’s instructions. The optical density (OD) of the
supernatant was defined as its absolute OD value, minus the OD for the blank wells. The
detection limit was 85 pg/mL and all samples were run in duplicate. Optical density was
measured on a CLARIOstar Plus microplate reader (BMG Labtech).

SARS-CoV-2 infection in patient SV40-Fib

Patient SVV40-Fib cells were cultured in DMEM with 10% fetal calf serum. To make
patients-derived fibroblasts permissive to SARS-CoV-2 infection, we delivered human
ACE2 and TMPRSS2 cDNA to cells by lentivirus transduction using a modified
SCRPSY vector (GenBank: KT368137.1). The pSCRPSY_TMPRSS2-2A-NeoR_ACE?2
construct was made by cloning the ACE2 open reading into the multiple cloning region
and by replacing the PAC (puromycin acetyl transferase) 2A (stop-start/skip from
FMDV) TagRFP (red fluorescent protein) cassette with a TMRPSS2-2A-NeoR
(neomycin phosphotransferase 1I; NPT Il) cassette. The pSCRPSY_TMPRSS2-2A-
NeoR_ACE2 plasmid sequence is available upon request. To produce
SCRPSY_TMPRSS2-2A-NeoR_ACE2 Lentivirus, Lenti-XTM cells 293T cells (Takara,
cat. #632180) were seeded in 25 ml Dulbecco’'s Modified Eagle Medium (DMEM, Fisher
Scientific, cat. #11995065) supplemented with 0.1 mM nonessential amino acids (NEAA,
Fisher Scientific, cat. #11140076) and 3% fetal bovine serum (FBS, HyClone
Laboratories, Lot. #AUJ35777) at 6.25 x 10”6 per dish in two poly-L-lysine coated p150
dishes. The following day media was removed and replaced with 20 ml fresh media and
each plate was transfected with 31.3 ug pSCRPSY_TMPRSS2-2A-NeoR_ACE?2 plasmid,
15.6 ug VSV-G plasmid, and 23.4 ug HIV Gag-Pol using LipofectamineTM 2000 (Fisher
Scientific, cat. #11668019) at 2.2 ul per ug DNA ratio supplemented with PLUS™



Reagent (Fisher Scientific, cat. #11514015) at 4.4 ul per pg DNA diluted in 6 ml Opti-
MEM Reduced Serum Medium (Fisher Scientific, cat. #51985034). Six hours post
transfection media was removed, and lentivirus was collected overnight in 30 ml per plate
fresh media. Twenty-four hours later lentivirus-containing media was collected, clarified
by centrifugation at 500 x g for 5 min, filtered through a 0.22 uM filter (Corning, cat.
#431153) and concentrated 50 times in Opti-MEM using Lenti-XTM concentrator
(Takara, cat. #631232) following the manufacturer’s instructions. SCRPSY_TMPRSS2-
2A-NeoR_ACE2 Lentivirus was used on SV40-immortalized fibroblasts. 3.5x105 cells
were resuspended in transduction media (DMEM; 10% FBS; 8 pg/ml polybrene) and
placed in 12-well plates. 10 ul of lentivirus (or 10 pl of Opti-MEM for mock control) was
added to the cells still in suspension and the mixture was centrifuged for one hour at 1000
g at 37 °C. The cells were then cultured for one week with daily media change prior to
SARS-CoV-2 infection.

SARS-CoV-2, strain USA-WA1/2020, was obtained from BEI Resources. Passage 1
virus, used in these studies, was produced by infecting Huh7.5 cells at MOI 0.05 and
placing at 33 °C. Virus was harvested once >70% CPE was observed, about 5 days post
infection. Viral titers were measured on Huh-7.5 cells by standard plaque assay where
400 pl of serial tenfold virus dilutions in Opti-MEM were used to infect 400,000 cells
seeded the previous day in a 6-well plate format. After 60 min adsorption, the virus
inoculum was removed, and cells were overlayed with DMEM containing 10% FCS with
1.2% microcrystalline cellulose (Avicel). Cells were incubated for 5 days at 33 °C,
followed by fixation with 3.5% formaldehyde and crystal violet staining for plaque
enumeration. All SARS-CoV-2 experiments were performed in a biosafety level 3
(BLS3) laboratory.

ACE2/TMPRSS2-transduced cells were seeded at 10,000 cells per well in optical-grade
96-well plates (Corning, cat. #3904) and incubated for three days at 37°C. Cells were pre-
treated with or without 500 U/ml IFN-R (PBL Assay Science, cat. #11415-1) four hours
prior to infection. Media was then discarded and cells infected with SARS-CoV-2 diluted
in Opti-MEM (MOI=0.5 determined on Huh7.5 cells) for one hour at 37 °C in 50 ul of
inoculum. After virus inoculation, cells were washed twice with culture media and
incubated at 37 °C with 200 pl of fresh culture media. After 24 hours of infection, cells
were fixed with 4% formaldehyde for one hour. The plates were thoroughly washed with
70% ethanol and taken out of the BSL3 for staining.

After fixation, cells were washed twice with PBS, permeabilized with a 0.1% triton in
PBS solution for 15 minutes, blocked with 4% FBS in PBS solution for one hour, and
incubated with SARS-CoV-2 and ACE2 primary antibodies (0.5 pg/ml and 1 pg/ml,
respectively) for one hour at room temperature. Primary antibodies: SARS-CoV-2,
human monoclonal anti-Spike-SARS-CoV-2 C121 (40); ACE2, mouse monoclonal
Alexa Fluor 488-conjugated Antibody (R&D systems, cat. # FAB9332G-100UG). Cells
were washed twice with PBS and incubated with 1 pg/ml secondary antibodies and
Hoechst 33342 (Invitrogen, cat. #43570) for thirty minutes at room temperature: Goat
anti-Human 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647
(Invitrogen, cat. # A-21445), Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary



Antibody, Alexa Fluor 488 (Invitrogen, cat. # A-11001). Cells were washed three times
with PBS and imaged. Images were acquired with an ImageXpress Micro XLS
microscope (Molecular Devices) using the 4X objective. The MetaXpress software
(Molecular Devices) produced single cell mean fluorescence intensity (MFI) values.

Data analysis on single cell MFI values was done in the R environment (v4.0.2).
ACE2/TMPRSS2-transduced cells were classified ACE2 positive when the ACE2 log
MFI was superior to the log mean MFI of mock-transduced cells plus 2.5 standard
deviations. We excluded all wells with less than 150 ACE2-positive cells before SARS-
CoV-2 scoring. ACE2-expressing cells were classified SARS-CoV-2 positive when the
fluorescence intensity value was superior to the mean fluorescence intensity of mock-
infected cells plus 4 standard deviations. The median SARS-CoV-2 MFI and percentage
SARS-CoV-2 positive cells were calculated for each well (independent infection).

Single-molecule array (Simoa) IFN-o. digital ELISA

Serum IFN-a concentrations were determined with Simoa technology, with reagents and
procedures obtained from Quanterix Corporation (Quanterix SimoaTM IFNa Reagent
Kit, Lexington, MA, USA). According to the manufacturer’s instructions, the working
dilutions were 1:2 for all sera, in working volumes of 170 uL. In the first step of the
assay, capture beads coated with an anti-cytokine Ab were combined with the serum.
After washing, the biotinylated detector Ab was added to the reaction to bind the
captured cytokine. Following a second wash, streptavidin-p-galactosidase (SBG) was
added to bind the detector Ab, resulting in enzyme labeling of the captured cytokine.
After washing, the beads were resuspended in a resorufin 3-D-galactopyranoside (RGP)
substrate solution and immediately transferred to a Simoa disc array (Quanterix
SimoaTM Disc Kit) for individual capture in the microwells. The B-galactosidase on the
captured cytokine hydrolyzed the RGP substrate, yielding a fluorescent signal, for IFNa
determination. At low cytokine concentrations, the percentage of bead-containing wells
in the array displaying a positive signal is proportional to the amount of cytokine present
in the sample (digital measurement). At higher concentrations, when most of the bead-
containing wells have at least one labeled cytokine molecule, the total fluorescence signal
is proportional to the amount of cytokine present in the sample (analog measurement).
Cytokine concentrations in serum samples were interpolated from standard curves.

Mass cytometry

Mass cytometry was performed with the Maxpar Direct Immune Profiling Assay
(Fluidigm) according to the supplier’s instructions, with freezing at -80°C after the
overnight dead-cell staining step, and acquisition on a Helios machine (Fluidigm). After
manually excluding dead cells, doublets, and granulocytes, the remaining cells from the
two IRF7 patients and 14 controls studied across five batches of experiments were
identified through batch-corrected unsupervised clustering (41). We randomly selected
50,000 cells per individual to generate uniform manifold approximation and projection
(UMAP) plots.

Influenza virus protein
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Influenza virus protein microarrays (IVPM) were produced by spotting recombinant
influenza virus hemagglutinins (HAs) onto epoxysilane-coated glass slides (Schott,
Mainz, Germany), as previously described (42). Each microarray slide contained 24
identical arrays, consisting of 13 HAs diluted in 0.1% milk in PBS, printed in triplicate,
at a volume of 30 nL per spot, at a concentration of 100 pg/mL. Three different array
designs were included in this study. IVPMs were vacuum-packed and stored at -80°C
until use. Before use, IVPM slides were warmed to room temperature. They were then
incubated in a chamber maintained at 95-98% relative humidity for 2 hours, to bind
proteins to the slide and inactivate epoxysilane residues not in contact with recombinant
HAs. The IVPM slides were then inserted into 96-well microarray gaskets (Arrayit,
Sunnyvale, CA, USA), dividing each slide into 24 separate arrays. These arrays were
blocked by incubation with 220 pL 3% milk in PBS supplemented with 0.1% Tween 20
(PBS-T) for 2 hours. The blocking solution was then removed from the arrays, and serum
samples diluted 1:100 in 1% milk in PBS-T were incubated with the arrays at a volume of
100 pL and diluted 1:10 across three arrays. IVPM arrays were washed three times with
220 pL PBS-T, and then 50 pL of Cy5-labeled anti-human IgG secondary antibody
diluted 1:3000 in 1% milk in PBS-T was added to each array and the array was incubated
for one hour. The secondary antibody solution was removed, each array was washed
three times with PBS-T and the slides were removed from their gaskets for rinsing with
PBS-T and deionized water. They were then dried with an air compressor. Arrays were
imaged with a Vidia microarray scanner (Indevr, Boulder, CO, USA), using an exposure
time of 1000 ms. The area under the curve was calculated from the median spot
fluorescence, taking the total peak area with a minimum threshold of 0.04.

Supplementary figures and tables

Fig. S1. Impact of TLR3, UNC93B1, and TICAML1 variants on expression and
function. (A) TLR3 protein levels in P2.1 cells stably transfected with wild-type or
mutant forms of TLR3, measured by western blotting. (B) UNC93B1-deficient SV40-Fib
were transiently transfected with wild-type or mutant UNC93B1. Protein levels were
measured by western blotting, 48 hours post transfection. (C) HEK-Blue-Null1-k (NF-
kappaB/SEAP) cells were transiently transfected with wild-type or mutant TICAM1.
SEAP levels were measured 24 hours after transfection. (D) TICAM1/TRIF proteins
levels in TICAM1-deficient SV40-Fib transiently transfected with wild-type or mutant
TICAM1, as measured by western blotting. NT: non-transfected; EV: empty vector, WT:
wild-type. Variants in red were identified in COVID-19 patients. Variants in blue are
known deleterious variants, which served as negative controls. Horizontal dash lines
indicate cutout. Mean and standard deviation (SD) were shown in column and horizontal
bars when appropriate. Three technical repeats were performed.

Fig. S2. Impact of TRAF3 and TBK1 variants on expression and function. (A)
Levels of TRAF3 protein in TRAF3-deficient HEK293T cells transiently transfected with
DDK-tagged wild-type or mutant TRAF3, as determined by western blotting. Separate
blots were probed with anti-DDK and anti-TRAF3 antibodies. (B) TRAF3-deficient
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HEK293T cells were transiently transfected with wildtype or mutant TRAF3, together
with an NF-«xB luciferase reporter and a constitutively expressed reporter. Normalized
luciferase activity was measured 24 hours after transfection. (C) TBK1 was
overexpressed in HEK293T cells. Total and phosphorylated TBK1, and total and
phosphorylated IRF3 levels were measured by western blotting. NT: non-transfected;
EV: empty vector, WT: wild-type. Variants in red were identified in COVID-19 patients.
Variants in blue are known deleterious variants, which served as negative controls.
Horizontal dash lines indicate cutout. Mean and standard deviation (SD) were shown in
column and horizontal bars when appropriate. Three technical repeats were performed.

Fig. S3. Impact of IRF3 variants on expression and function. (A) IRF3-deficient
HEK293T cells were transiently transfected with various amounts of plasmids encoding
FLAG-tagged wildtype and mutant IRF3, and protein levels were measured by western
blotting. (B) Exon trapping of the IRF3 variant (c.438C>G). E.V: exon 5.

Fig. S4. Impact of IRF7 variants on expression. HEK293T cells were transiently
transfected with FLAG-tagged wild-type and mutant IRF7, and protein levels were
measured by western blotting. EV: empty vector, WT: wild-type. Variants in red were
identified in COVID-19 patients. Variants in blue are known deleterious variants, which
served as negative controls. Vertical dash lines indicate gel cutout.

Fig. S5. Impact of IFNAR1 and IFNAR2 variants on expression. HEK293T cells
were transiently transfected with wild-type and mutant IFNAR1 (A) or IFNAR2 (B) for
36 hours. Cell surface expression of IFNAR1 and IFNAR2 were measured by FACS
staining and accessed by mean fluorescence intensity (MFI). Variants in red were
identified in COVID-19 patients. Variants in blue are known deleterious variants, which
served as negative controls.

Fig. S6. Impact of STAT1 variants on expression and function. (A) STATL1 protein
levels in STAT1-deficient U3A cells transiently transfected with wild-type or mutant
STAT1 and stimulated with IFN-a2. (B) U3A cells were transiently transfected with
wildtype or mutant STAT1, together with an ISRE-luciferase reporter and a constitutively
expressed reporter. Cells were either left untreated or were stimulated with IFN-a.2 for 16
hours, and normalized luciferase activity was then measured.

Fig. S7. Impact of STAT2 variants on expression and function. (A) STAT2 protein
levels in 293T cells transiently transfected with wild-type or mutant STAT2 and either left
untreated or stimulated with IFN-o2. Total STAT2 and p-STAT2 protein levels were
measured by western blotting. (B) 293T cells were transiently transfected with wild-type
or mutant STAT1, wild-type or mutant (deletion of exon 7) IRF9, ISRE luciferase
reporter, and a constitutively expressed reporter. 24 hours after transfection, normalized
luciferase activity was measured. WT: wild-type. Variants in blue are known deleterious
variants, which served as negative controls.

Fig. S8. Impact of IRF9 variants on expression and function. (A) IRF9 protein levels
in IRF9-deficient SV40-Fib cells transiently transfected with wild-type or mutant IRF9,
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as measured by western blotting. (B) IRF9-deficient SV40-Fib cells transiently
transfected with wild-type or mutant IRF9. 48 hours after transfection, cells were then
either left untreated or stimulated with IFN-a.2 for 8 hours. Normalized IRF9, IFIT1, and
IFI27 transcript levels were determined by RT-gPCR. NT: non-transfected; EV: empty
vector, WT: wild-type. Variants in red were identified in COVID-19 patients. Variants in
blue are known deleterious variants, which served as negative controls.

Fig. S9. Peripheral pDC in patients with IRF7 deficiency. (A) Purity of pDCs isolated
from a healthy donor (C) and a patient with AR IRF7 deficiency, as evaluated by FACS,
after staining. (B) Mass cytometry on whole blood from a patient with AR IRF7
deficiency, a patient with AD IRF7 deficiency, and healthy donors (C1-3). Uniform
Manifold Approximation and Projection (UMAP) were plotted in 2-dimention figure.
Experiments #1 and #2 were performed on different days.

Fig. S10. 1AV exposure in a patient with AR IRF7 deficiency. (A) Influenza virus
protein microarrays (IVPM) in the plasma of the patient and controls. Frozen Belgian
controls: C1-10 are sex and age matched healthy donors living in the same region of
Belgium as the patient. (B) 1AV strains corresponding to the viral protein identified in
(A).

Fig. S11. Virscan analysis of a patient with an AR IRF7 deficiency. Plasma samples
from the patient, family members, and controls (C1-20) were subjected to Virscan
analysis. Common species scores are shown. Plasma from heterozygous carriers (father,
mother, and brother) and wild-type sister were tested in the same experiment. 1gG
depleted plasma, IVIG, and travel controls severed as technical controls.

Table S1. Variants of the 12 autosomal loci identified in patients with life-
threatening COVID-19. Variants with a MAF<0.001 are listed. pLOF: predicted loss-
of-function; LOF: loss-of-function; HYPO: severely hypomorphic; LOE: loss-of-
expression.

Table S2. Variants identified in the 417 known IEIl-causing genes in patients with
defects of the type | IFN pathway.
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Fig. S2. Impact of TRAF3 and TBK1 variants on expression and function.
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Fig. S3. Impact of IRF3 variants on expression and function.
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Fig. S4. Impact of IRF7 variants on expression.
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Fig. S5. Impact of IFNAR1 and IFNAR2 variants on expression.
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Fig. S6. Impact of STAT1 variants on expression and function.
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Fig. S7. Impact of STAT2 variants on expression and function.
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IRF9

Fig. S8. Impact of IRF9 variants on expression and function.
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Fig. S9. Peripheral pDC in patients with IRF7 deficiency.
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Fig. S10. IAV exposure in a patient with AR IRF7 deficiency.
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Fig. S11. Virscan analysis of a patient with an AR IRF7 deficiency.
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Table S1. Variants of the 12 autosomal loci identified in patients with life-threatening COVID-19.

Gene d sition (GRCh37) Reference Altered Genotype Zygocity Predicted LOF Function Number of patients
TLR3 2 187003591 C G p.Arg251Gly het hypermorphic 1
TLR3 4 187005920 A G p.Met870Val het LOF 1
TLR3 4 187005034 T c p.Phe732Leu het neutral 1
TLR3 4 187004500 c T p.Prossaser het LOF 1
TLR3 4 186998173 T c p.Ser134pro het neutral 1
TLR3 4 187003852 AT A p.Ser339fs het PLOF LOF 1
TLR3 4 187005146 G A p.Trp769* het PLOF LOF 1
UNC93B1 11 67763289 C T p-Ala385Thr het neutral 1
UNC9381 11 67763138 T c p.Tyrd35Cys het neutral 1
UNC9381 11 67763307 c T p.Val379Met het neutral 1
UNC9381 11 67764078 c T p.Ala361Thr het neutral 1
UNC9381 11 67770598 c A p.Gluge* het PLOF LOE 1
UNC9381 1 67759034 c T p.Gly592Arg het neutral 2
UNC9381 11 67767052 G A p.Serl6dleu het neutral 1
UNC9381 11 67763238 c G p.valdo2ieu het neutral 1
UNC93B1 11 67759150 c T p.Gly553Asp het neutral 1
TICAMI 19 4817486 C G p.Val302Leu het neutral 1
TICAM1 19 4818059 c T p.Alal11Thr het neutral 1
TICAM1 19 4818178 c T pArg71GIn het neutral 3
TICAM1 19 4816721 c T p.AspS57Asn het neutral 1
TICAM1 19 4817216 c A p.GIn392Lys het LOF 1
TICAM1 19 4816285 T c p.GIn702Arg het neutral 1
TICAM1 19 4816598 c A p.Gly598Trp het neutral 1
TICAM1 19 4817233 A G p.Leu3g6Pro het neutral 1
TICAM1 19 4816607 T A p.Met595Leu het neutral 1
TICAM1 19 4816996 c T p.Ser465Asn het neutral 1
TICAM1 19 4818211 G c p.Ser60Cys het LOF 1
TICAM1 19 4817920 G A p.Thr157Met het neutral 1
TICAM1 19 4817260 G A pThr377lle het neutral 1
TICAM1 19 4818379 G A p.Thralle het LOF 1
TICAM1 19 4818152 c T p.ValgoMet het neutral 1
TRAF3 14 103342855 C T p.Ala188Val het neutral 1
TRAF3 14 103371648 G A p.Ala412Thr het neutral 1
TRAF3 14 103369593 G A pArg321Gin het neutral 1
TRAF3 14 103357733 G c p.Trp266Cys het neutral 1
TRAF3 14 103355963 G A p.Val240lle het neutral 1
TRAF3 14 103369730 G A p.Val367Met het neutral 1
TBK1 12 64878253 A G p.Asn388Ser het neutral 1
TBK1 12 64889344 G A p.Alas35Thr het neutral 1
BK1 12 64875731 c T p.Arg308* het PLOF LOF 1
BK1 12 64891037 G c p.Glu653GIn het neutral 1
BK1 12 64879235 T c p.lle397Thr het neutral 2
TBK1 12 64889307 c G p.le522Met het neutral 1
TBK1 12 64889263 c A p.Leus08lle het neutral 1
TBK1 12 64849721 T c p.Phe2dser het LOF 1
TBK1 12 64891443 c T p.Pro659Ser het neutral 1
TBK1 12 64860776 G c pvalis2leu het neutral 1
TBK1 12 64878241 G A p.Arg384Gin het neutral 1
IRF3 19 50165507 C T pArg227Gln het neutral 1
IRF3 19 50164059 c T p.Gly337Arg het hypermorphic 1
IRF3 19 50165845 G c p.Asn146Llys het HYPO § 1
IRF3 19 50167946 ATCC A p.Gludgdel het HYPO 1
IRF3 19 50162988 G c p.Leudo1val het neutral 1
IRF7 11 615095 A C pArgTfs het PLOF LOF 1
IRF7 11 613100 c T p.Alad19Thr het neutral 1
IRF7 11 614799 c T pArg131Gin het neutral # 4
IRF7 11 613337 c T p.Arg369GIn het HYPO 1
IRF7 11 613087 c G p.Arga23Pro het neutral 1
IRF7 11 615170 c T p.Arg37His het neutral 1
IRF7 11 614842 c T p.Asp117Asn het HYPO 1
IRF7 11 614300 G A p.GIn18s* het PLOF LOF 1
IRF7 11 614532 c G p.Gly133Arg het neutral 1
IRF7 11 614212 c T p.Gly214Glu het neutral 1
IRF7 11 613978 c T p.Gly247Arg het neutral # 4
IRF7 11 613332 T c p.Met371Val het LOF 1
IRF7 11 614907 A G p.PhedsSer het LOF 1
IRF7 11 613966 CGGGCTGGGGCCCG c p.Pro246fs het PLOF HYPO 1
IRF7 11 613353 G GC p.Pro364fs hom PLOF HYPO 1
IRF7 11 613957 T c p.Thr254Ala het neutral 1
IFNART 21 34697431 C T p.Ala2aval het neutral 2
IFNARL 21 34725190 G A p.Ala424Thr het neutral 1
IFNARL 21 34713367 A G p.Asnggser het neutral 1
IFNARL 21 34713344 G c p.GIngOHis het neutral 1
IFNAR1 21 34725076 G A p.Glu3gslys het neutral 1
IFNARL 21 34727724 G A p.GluS15Lys het neutral 1
IFNARL 21 34715704 c G p.le169Met het neutral 1
IFNARL 21 34715856 A G p.lle183val het neutral 1
IFNARL 21 34721704 TTCC T p.Pro33sdel het LOF 1
IFNARL 21 34713351 A G p.Thr83Ala het neutral 1
IFNARL 21 34713323 G c p.Tp73Cys hom LOF 1
IFNARL 21 34725184 A c p.Serd22Arg hom LOF 1
IFNAR1 21 34721524 c T p.Arg306Cys het N.T. 1
IFNARL 21 34721527 G A p.Val307lle het N.T. 1
IFNARL 21 34707922 G A p.Gly57Arg het neutral 1
IFNAR2 21 34621033 G GTCT p.Glu138_Phe139insSer het N.T. 1
IFNAR2 21 34621032 A T p.Glu13sval het neutral 1
IFNAR2 21 34621038 AGATTGTTGGTTTT A p.Gluldofs het PLOF LOF 1
IFNAR2 21 34617267 G c p.Glu37GIn het neutral 2
IFNAR2 21 34635105 A G p.His283Arg het neutral 1
IFNAR2 21 34625016 T c p.lle197Thr het neutral 1
IFNAR2 21 34617375 A G p.Met73val het neutral 1
IFNAR2 21 34635141 c T p.Pro295Leu het neutral 1
IFNAR2 21 34635293 c T p.Pro3dsser het neutral 1
IFNAR2 21 34635341 c T p.Pro362ser het neutral 1
IFNAR2 21 34635411 c T p.Pro3gsleu het neutral 1
IFNAR2 21 34625069 A G p.Ser215Gly het neutral 1
IFNAR2 21 34635228 G A p.Ser324Asn het neutral 2
IFNAR2 21 34635606 c T p.SerdsOleu het neutral 1
IFNAR2 21 34635210 A G p.Tyr318Cys het neutral 1
STAT1 2 191843670 C A p.Serd85Thr het neutral 1
STAT1 2 191845387 c T p.Alas31Thr het N.T. 1
STATL 2 191859938 T c p.lle265Val het N.T. 1
STATL 2 191847238 A T p.GInS95His het neutral 1
STAT2 12 56749227 C G p.Glul57Asp het neutral 1
STAT2 12 56749951 G T p.GIngaLys het neutral 1
STAT2 12 56742818 G A p.Progoleu het neutral 1
STAT2 12 56737258 G c p.Ala824Gly het neutral 1
STAT2 12 56740704 c T p.Arg587His het neutral 1
STAT2 12 56743042 c T p.AspddgAsn het neutral 1
STAT2 12 56748338 G T p.Leu232Met het neutral 1
STAT2 12 56737650 A c p.Leu791Trp het neutral 1
STAT2 12 56742818 G T p.Pro48oHis het neutral 1
STAT2 12 56737831 G A p.Pro731Ser het neutral 1
STAT2 12 56750247 c A p.Val37Phe het neutral 1
IRF9 14 24633320 A G p.Glu209Gly het neutral 1
IRF9 14 24633301 G A p.Gly203Arg het neutral 1
IRF9 14 24632680 c T p.Thris3lle het neutral 1
IRF9 14 24633861 G A p.Val230Met het neutral 1

§ c.438C>G leads to both p.Asn146Lys (hypomorphic) and a cryptic splicing site (p.G145_E200del, hypomorphic) (Fig $3).
# known neutral variants (reference #7)

het: heterozygous

hom: homozygous

LOF: loss-of-function

LOE: loss-of-expression

HYPO: severely hypomorphic

N.T. Not tested



2. Voriants denifed i the 17 known IEcausing genes i patents with defects o the type | FN pathway.

AD IFNARL (5 Pro33sdel) . 126239977 15376751408 i 3 missense FATa ENSTO0000394329 pMetcotArg et o 521605 1208 o HGH 215 750 an
AD IFNARL (5 Pro33sdel) . 126398365 i Iy missense FATa ENSTO0000394329 plles11sasn het o 4 o HH 235 62
AD FNARL (5 ros3sdel) 16 sumsiee  r7se9nee07 3 Iy missense 2 ENSTOo00039376. pYali0sle het 318605 o205 1790 231 HGH 525 667 A0GoF
L83 (pProssaser) 2 163108785 < i missense It ENsTon0o0263642 pASTH et [) ) 1933 HGH Ba B8 ADGOForAR
BDIRE3 (p Asnidslys) 5 S06e2s1 15201358587 < Y 15 BAG  EnsToooonzs7res. pProsoiLey et 223604 207608 2 HGH 25¢ 527 X
2D 1RF7 (5 Arg36361n) 2 926729 176788910 Iy acer indelinframe_ KMT2D _ ENSTO0000301067. pGn391%6n het sa2e08 158604 o HGH 6 75 0
AR IFNAR] (Serd22Arg) fil ase3130 . b s KMI2D  ENSTO0000301067 PSR et o o o HH 676 g 0
AR IFNAR] (Serd22Are) 2 ase3a330 Y 3 missense  KMT2D  ENSTOD000301067 pPhe2uaSer et o o o HH 67 2 0
AR IFNAR] (Serd22Arg) 2 109381586 Iy < missense  RANBP2  ENSTOOOOD2E3195 pInis3tero et o o oot HGH 61 0
ARIRET (pPro3edts) 2 109371505 x c misense  RANBR2  ENSTOOOO02E3195 P3P et o ° o001 HaH 6 1992
ADIRE? (pGintss') B s 1229029703 G ” missense ) EnsTono00425368 pAspéoAsn et o 162605 o HH a8 0 ADor R
ADIRE7 (pGintss) 2 1093831 rs7asaeo o a missense  RANBR2  ENSTOOOO02E3195 parg2a7Lys et o 10005 001 HaH 61 2579
£ (p 173 7 ourex0sl  rarssst < s mss SAMDIL  ENSTONO00318238 pAlatizpo et o 7.98€.05 231 HH sis a3 AD(GOF)
ARIRE? (pMet371Val/p Asp11TAsn) 2 B3 5106895278 < T missense  TNFRSFIA ENSTOON0016274 pVali2atret et 000E+00 22708 00 HH 2n 1
2D IRE7 (p i3 520479 13201253322 3 i PSTPIPL ENSTO0000558012 pA et 57560 sese0 1354 HGH sa sa 0
2D UNCS381(5.G1uo6*) 2 15627225 rs1asanisos G Iy missense EnsTonoo0z81513 pHsLTORTy et 637E05 235600 2 HGH 57 a0 an
2D UNCS381(5.Gluoe*) 2 15679457 Y c NBAS  EnsTonooozs1sta PTGy et o o 2n HH 97 a0 m
D UNCS381 (5 Gluoe*) [ 2828585 Iy s missense SR ENSTOO000503393 pTy2100 et o o 25 HH pi5] 836 0
2D UNCS381(p.Gluse*) s 100533120 A < missense  UpSi3e  ENSTOOOOO3sasé4 pAsnisTiHs et o o o HH 156 6 "
2D UNCS381(p Glue*) s 100711889 c o indelframeshift  VPsida  ENsTODOOO3Sasad pasn20s7ts et o o o HH 156 a8 n
ADTBKL (pPhe2sser) 7 e 7nsosi (1 A misser SAMDIL ENSTONO00318238 i et o 30005 231 HH Pt a8 AD(GOF)
ADTBKI (pPhedéser) s 837 ridssadsn s Iy missense 00 EnsToonssas et 733608 732600 o HH 1820 on an
ADTBKA (pPhedsser) s 5 rs1s8si08 (] < bocrs EnsToonsssss et 701608 704e.08 34 o HH 1829 29 a
ADTLR3 (pSer3asts) 1 7S5 rs199535288 3 i missense 2] ENSTo0000245907 het ) 121605 o1 o HeH s as Ao R
ADTBKI (5 Aga08°) 16 333407 sersaTty i < MEFV_ ENSTOO000219596. rom 191608 a2 001 o HGH b2 810 ADor R
ADTLRS (p.Tp765°) 1 Ba7ns  rTs0arsiss Y s missense IRF2BP2  ENSTOO00D366505 et o 5 1928 2n HeH as a0
ADTLRS (pTip765°) B 13202 215 s A misserse  TNFAIPS  ENSTO0000237285 et 320605 74105 3 2n HGH 65t a6 0108
D TLR3 o Tp769°) s ursin ymassrer < a missense oy pAaistatsp het 3 50306 3 oo HH i o
5 sutcsomal domin

AR:autosomal recesive
GOF: gan-otfuncton
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