[O510 ) Journ‘jalof
R ' EM &
BRIEF DEFINITIVE REPORT

Auto-antibodies to type | IFNs can underlie adverse
reactions to yellow fever live attenuated vaccine
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Yellow fever virus (YFV) live attenuated vaccine can, in rare cases, cause life-threatening disease, typically in patients with no
previous history of severe viral illness. Autosomal recessive (AR) complete IFNAR1 deficiency was reported in one 12-yr-old
patient. Here, we studied seven other previously healthy patients aged 13 to 80 yr with unexplained life-threatening YFV
vaccine-associated disease. One 13-yr-old patient had AR complete IFNAR2 deficiency. Three other patients vaccinated at the
ages of 47, 57, and 64 yr had high titers of circulating auto-Abs against at least 14 of the 17 individual type | IFNs. These
antibodies were recently shown to underlie at least 10% of cases of life-threatening COVID-19 pneumonia. The auto-Abs
were neutralizing in vitro, blocking the protective effect of IFN-a2 against YFV vaccine strains. AR IFNAR1 or IFNAR2
deficiency and neutralizing auto-Abs against type | IFNs thus accounted for more than half the cases of life-threatening YFV
vaccine-associated disease studied here. Previously healthy subjects could be tested for both predispositions before anti-YFV
vaccination.

Introduction

The 17D live attenuated vaccine against yellow fever virus (YFV)  vaccines in current use are derivatives of the 17D strain and

was approved for use in humans by the World Health Organi-
zation in 1945. It has since been used to vaccinate more than 600
million people worldwide, with very high rates of seroconver-
sion following the administration of a single dose, providing
long-term protection (Monath, 2005; Monath et al., 2005).
About half the vaccine recipients develop transient low-level
viremia detectable 4-6 d after inoculation, a timing similar to
that for viremia after WT YFV infection. All live attenuated YFV

produced by amplification in embryonated chicken eggs. Al-
though initially considered to be the world’s safest live virus
vaccine, rare cases of life-threatening disease following vacci-
nation with YFV-17D were subsequently detected from 2001
onward (Chan et al., 2001; Martin et al., 2001; Seligman, 2014;
Vasconcelos et al., 2001). Systemic disease with clinical mani-
festations of organ dysfunction is often reported as yellow fever
vaccine-associated viscerotropic disease (YEL-AVD; Seligman,
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2014), and cases with neurological manifestations are referred
to as yellow fever vaccine-associated neurological disease
(YEL-AND). The prevalences of these conditions are ~0.3 and
~0.8 per 100,000 vaccinees, respectively (Lindsey et al., 2016).
However, prevalence estimates vary, ranging, for YEL-AVD,
from 0-0.01 per 100,000 vaccinees in Africa, to 0.02-0.31 per
100,000 vaccinees in Brazil, and 0.35 per 100,000 vaccinees in
the United States, which is considered to be the most accurate
estimate. The incidence of YEL-AND is estimated at 0.39 per 10°
administered vaccine doses (range, 0.02-1.5; Lecomte et al.,
2020). Mortality rates vary depending on age, but approx-
imatively two thirds of individuals die (Seligman, 2014). The
rate of severe adverse events seems to increase with age, par-
ticularly after the age of 55 yr, and is higher in men (Lindsey
et al., 2016; Seligman, 2014). Women in their prime child-
bearing years and patients with thymoma are also at risk
(Seligman, 2014). Severe adverse reactions have also occurred
in association with various autoimmune diseases, including
systemic lupus erythematosus (SLE), Addison’s disease, perni-
cious anemia, and myasthenia gravis, suggesting an immuno-
logical mechanism (Martins et al, 2014; Seligman, 2014;
Seligman and Casanova, 2016).

We provided an explanation for life-threatening disease fol-
lowing YFV-17D vaccination in 2019, with the discovery of
autosomal recessive (AR), complete IFNARI deficiency in a 14-
yr-old Brazilian girl with no prior history of severe viral illness
who suffered from YEL-AVD (Hernandez et al., 2019). This study
also highlighted the crucial role of type I IFNs in controlling live
attenuated YFV-17D. Four other patients with IFNAR1 defi-
ciency have been reported: a 9-yr-old child from Iran with
measles-mumps-rubella (MMR) live vaccine-associated disease
(Hernandez et al., 2019), a 2-yr-old child from Palestine with
herpes simplex encephalitis (Bastard et al., 2020a), and two
adults, aged 26 and 38 yr, from Saudi Arabia and Turkey, with
life-threatening COVID-19 pneumonia (Zhang et al., 2020b). A
case of YEL-AVD was also reported in a 1-yr-old patient with a
suspected AR deficiency of IRF9, a component of the ISGF3
complex activated by both type I and III IFNs (Bravo Garcia-
Morato et al.,, 2019). Another child, with severe influenza
pneumonia, had proven AR IRF9 deficiency but was not vac-
cinated against yellow fever (Hernandez et al., 2018). Thus,
inborn errors of type I IFN immunity can underlie life-
threatening disease following vaccination against YFV. We
studied seven other unrelated and previously healthy patients,
currently aged 35 to 80 yr, who had suffered from YEL-AVD
(n = 5) and/or YEL-AND (n = 3; Table 1; Lecomte et al., 2020;
Pulendran et al., 2008; Slesak et al., 2017). All had suffered life-
threatening complications following vaccination with YFV-17D.
In this report, we tested the hypothesis that some of these
patients carry deleterious variants of genes of the type I IFN
pathway, including IFNAR2, encoding the second chain of the
type I IFN receptor (Duncan et al., 2015), JAKI and TYK2, en-
coding the two kinases constitutively associated with the re-
ceptors (Eletto et al., 2016; Kreins et al., 2015; Lazear et al., 2019;
Russell-Harde et al., 2000; Wilmes et al., 2015), and STATI,
STAT2, and IRF9, encoding the three components of ISGF-3
(Dupuis et al., 2003; Hambleton et al., 2013; Hernandez et al.,
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2018). We also tested the hypothesis that auto-antibodies (auto-
Abs) against type I IFNs may be causal for disease, as recently
reported in 10% of patients suffering from severe COVID-19
(Bastard et al., 2020b; Zhang et al., 2020a).

Results and discussion

A rare homozygous essential splice variant of IFNAR2 in

one patient

In addition to the patient with proven AR IFNARI1 deficiency
(Hernandez et al., 2019), we studied seven patients who had
experienced life-threatening disease following vaccination with
the YFV-17D vaccine (Table 1). We performed whole-exome se-
quencing in all patients. Principal component analysis con-
firmed that the patients were of different ancestries (Fig. S1 A).
We hypothesized that the patients developed YEL-AVD and/or
YEL-AND because of monogenic inborn errors of immunity
(IEIs) compromising the cellular response to type I IFNs (IFNAR,
IFNAR2, STATI, STAT2, and IRF9 genes; Bastard et al., 2020a;
Duncan et al., 2015; Dupuis et al., 2003; Hambleton et al., 2013;
Hernandez et al., 2019; Hernandez et al., 2018). We also con-
sidered possible defects of JAKI and TYK2, although both encode
proteins that are much more pleiotropic than the components of
the ISGF3 complex (Eletto et al., 2016; Kreins et al., 2015). We
tested this hypothesis by searching for homozygous single-
nucleotide variants or large deletions (copy number variants).
We filtered out common variants (minor allele frequency
[MAF] > 0.01) and variants predicted to be benign (combined
annotation-dependent depletion score below the mutation sig-
nificance cutoff within the 99% confidence interval; Itan et al.,
2016; Kircher et al., 2014; Fig. S1 B). We also analyzed all genes
underlying known IEIs (Bousfiha et al., 2020; Notarangelo et al.,
2020; Tangye et al., 2020). We found that one patient (P1) car-
ried a homozygous essential splicing variant of IFNAR2
(c.840+1G>T). P1is a 35-yr-old woman from Brazil who suffered
from YEL-AVD at the age of 13 yr. She had no previous history of
severe viral infections. 3 d after vaccination with YFV-17D, P1
presented with fever and digestive symptoms. She was admitted
to the hospital 4 d later for epistaxis, hepatitis, and hypotension.
She recovered with supportive care. Her sister died from YEL-
AVD at the age of 19 yr, but no samples were available for this
study (Fig. 1 A). There were no rare variants in the other six
candidate genes or in known IEI genes. The patient’s homozy-
gosity rate was 0.88%, and there were only seven other homo-
zygous rare nonsynonymous variants in her exome, none of
which was connected to antiviral immunity (Fig. S1 C). The IF-
NAR2 variant was confirmed by Sanger sequencing and was
found to be present in the heterozygous state in both of P1’s
parents and in several other members of her family (Fig. 1 B).
This variant was present in the gnomAD v3.1 public database but
was extremely rare (MAF = 1.3 x 1075) and found only in the
heterozygous state (Fig. S1 D). Given the crucial role of human
IFNAR? in the type I IFN pathway (Duncan et al., 2015) and the
previously described IFNARI1-deficient patient with YEL-AVD
(Hernandez et al., 2019), we hypothesized that the homozygous
essential splice site variant of IFNAR2 might underlie the path-
ogenesis of the adverse reaction to YFV-17D in P1.
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Figure 1. Homozygous loss-of-function variant of IFNAR2 in a patient with YEL-AVD. (A) Family pedigree showing the segregation of the IFNAR2 MT
allele. The proband is indicated by an arrow. E?, unknown IFNAR2 genotype. (B) Sanger sequencing results for IFNAR2 for the patient, her parents, and healthy
control leukocyte gDNA. (C) Exon trapping results demonstrating complete aberrant splicing in MT IFNAR2-transfected COS-7 cells. At least 100 transcripts
were sequenced for the patient and the control. (D) Schematic diagram of the full-length cDNA of the WT or MT IFNAR2. The exons are numbered by roman
numerals (I-1X). The 5’ and 3’ untranslated region is shown in light gray, and the coding sequences of the exons are shown in dark gray. (E) Schematic diagram
of the WT IFNAR2 proteins, with the three known isoforms. The transmembrane domain is denoted “TM.” EC, extracellular domain; IC, intracellular domain.
The mutation reported here is indicated in red, and the previously reported mutation is indicated in violet. (F) Schematic diagram of the MT IFNAR2 proteins,
with the impact on the three known isoforms. The shaded blue area shows the three amino acids resulting from the frameshift. (G) IFNAR2 mRNA levels,
determined by RT-qPCR in HEK293T cells transiently transfected with WT or MT IFNAR2 cDNA constructs; B glucuronidase (GUS) was used as an expression
control. EV, empty vector; NT, nontransfected; p.E104fs110*, variant from the previously published IFNAR2~/~ patient. Error bars represent standard deviation.
(H) Western blot of IFNAR2 in HEK293T cells transiently transfected with IFNAR2 isoform ¢ cDNA constructs. An Ab recognizing the V5 tag at the C-terminal
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end of the IFNAR2 protein was used. GAPDH was used as a loading control. A representative blot from two independent experiments is shown. (I) Graphical
representation of extracellular FACS staining and the mean fluorescence intensity (MFI) of IFNAR2 in HEK293T cells transiently transfected with IFNAR2 cDNA
constructs, using an Ab that recognizes the N-terminus of the protein. Cells were not permeabilized. Results representative of three independent experiments
are shown. Error bars represent standard deviation. (J) Luciferase activity after IFN-a2 stimulation in IFNAR2~/~ HEK293T cells generated with CRISPR/Cas-9
technology, and transiently transfected with WT or MT IFNAR2 cDNA constructs. Results shown are from three cell lines generated with three independent
CRISPR guide RNAs. The bars represent the means and SEM of the results obtained with three cell lines generated with three different CRISPR guide RNAs.
Each dot corresponds to the result obtained with one of these three cell lines. Ctrl, control; ISRE, interferon stimulation response element; RLU, relative

light units.

AR complete IFNAR2 deficiency

The IFNAR2 variant was predicted in silico to alter splicing and
to lead to the loss of exon 8 (Fig. S1 E). We thus performed exon
trapping on the patient’s genomic DNA (gDNA) to test the im-
pact of the variant. As predicted, a complete loss of exon 8 was
observed in analyses of mRNA from the patient but not in
analyses of mRNA from a healthy control (Fig. 1, C and D; and
Fig. S1 F). We also performed mutagenesis on gDNA to restore
the patient’s variant to the WT form, which restored normal
splicing (Fig. S1 G). Human IFNAR2 is a ubiquitously expressed
transmembrane protein that constitutively binds JAK1 (Russell-
Harde et al., 2000; Wilmes et al., 2015). The loss of exon 8 is
predicted to lead to a frameshift and a premature stop codon
(p.Ser238Phefs*3; Fig. 1, E and F). We first studied the expression
of the mutant (MT) IFNAR2 by plasmid-mediated over-
expression in HEK293T cells. Following the transient transfec-
tion of cells with plasmids containing the WT or MT IFNAR2
cDNA (isoform c), similar levels of IFNAR2 mRNA were detected
for the WT, MT, and previously published variant (p.E104fs110%)
when using a probe spanning exons 1 and 2 (Fig. 1 G). Western
blot analysis of these cell extracts with a C-terminal tag showed
the protein to be absent, consistent with the loss of exon 8
leading to a frameshift without translation reinitiation (Fig. 1 H).
We then performed flow cytometry to analyze the cell surface
expression of WT and MT IFNAR?2 in transfected HEK293T cells.
The MT protein was not detected on the cell surface (Fig. 11).
Finally, we used the WT or MT IFNAR2 cDNA to transfect IF-
NAR2 KO HEK293T cells, which we created by CRISPR/Cas9-
mediated gene editing. Upon stimulation with IFN-a2 and
transfection with a reporter gene, the cells expressing WT IF-
NAR?2 displayed luciferase activity, unlike those expressing MT
IFNAR?. (Fig. 1]). We did not test the response of the patient’s
cells to type I IFNs, but previous reports have indicated that the
fibroblasts from patients with IFNAR2 deficiency are unre-
sponsive to IFN-a2 and IFN-B (Bastard et al., 2020a; Duncan
et al., 2015). P1 had AR complete IFNAR?2 deficiency. Together
with our previous report of a patient with AR IFNAR1 deficiency
underlying YEL-AVD (Hernandez et al., 2019), these findings
show that two of the eight patients in our cohort with severe
adverse reactions to YFV-17D vaccination had an AR complete
deficiency of one of the chains of the type I IFN receptor. They
were surprisingly healthy before vaccination with YFV-17D at 12
and 13 yr of age.

Auto-Abs against IFN-a2 and IFN-w in three unrelated patients

No nonsynonymous variants of IFNARI, IFNAR2, or the five
genes controlling the type I IFN response pathway (JAKI, TYK2,
STATI, STAT2, and IRF9; Bastard et al., 2020a; Dupuis et al., 2003;
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Eletto et al., 2016; Gothe et al., 2020; Hambleton et al., 2013;
Hernandez et al., 2018; Kreins et al., 2015; Watford and O’Shea,
2006) were found in the other six patients. We then hypothe-
sized that these patients might have an autoimmune phenocopy
of inborn errors of type I IFN immunity, as recently shown in
patients with life-threatening COVID-19 pneumonia (Bastard
et al., 2020b; Ku et al., 2020; Zhang et al., 2020a; Zhang et al.,
2020b). We therefore searched for IgG auto-Abs against IFN-
a2 and IFN-w by ELISA and with a Luminex assay. We found
high titers in three (P2, P3, and P4) of the six patients tested
(Fig. 2 A and Fig. S2 A). P2 is a 62-yr-old man originating from
and living in Germany, with no prior history of severe viral
infections. At the age of 57 yr, 5 d after YFV-17D vaccination,
before traveling to Zanzibar, he developed neurological symp-
toms consistent with YEL-AND, and his liver enzyme levels in-
creased (Slesak et al., 2017). He was also hospitalized 2 yr later,
at the age of 59 yr, for influenza B infection with bilateral in-
terstitial pneumonia. The blood sample positive for auto-Abs
against type I IFNs was taken 6 mo after YFV-17D disease. P3
is a 50-yr-old Brazilian woman with no history of severe viral
infections. She presented with YEL-AVD following YFV-17D
vaccination at the age of 47 yr. 3 d after vaccination, she reported
fever, headache, and myalgia, which rapidly worsened. She was
subsequently admitted to the hospital with shock, acute renal
and hepatic insufficiency, and thrombopenia. She was hospi-
talized in the intensive care unit for 2 mo. Of note, she reported a
history of 3 mo of polyarthralgia before hospitalization, and a
history of miscarriage and preterm birth for her two pregnan-
cies. She was diagnosed with SLE during her hospital stay. Not
coincidentally, women with SLE have been reported to be both
at risk of adverse reactions to YFV-17D vaccination (Seligman,
2014) and prone to producing auto-Abs against type I IFN (Gupta
et al., 2016; Howe and Leung, 2019; Mathian et al., 2019; Panem
etal., 1982). The blood sample positive for auto-Abs against type
I IFNs was taken when the patient was 49 yr old, 2 yr after YFV-
17D disease. P4 is an 80-yr-old man originating from and living
in the United States, with no prior history of severe viral in-
fections. At the age of 64 yr, 2 d after YFV-17D vaccination, he
developed fever and digestive symptoms. His condition quickly
deteriorated, and he was hospitalized 2 d later for hypotension,
skin rash, high fever, renal insufficiency, cytolysis, and throm-
bopenia (Pulendran et al., 2008). The blood sample positive for
auto-Abs was taken 16 d after the onset of YFV-17D disease. In-
terestingly, all patients tested (including P2 and P3) had been
exposed to several common viruses (Fig. S2 B), and P2 and P3
were positive for anti-nuclear auto-Abs (Table S1). Three of the
eight patients with adverse reactions to YFV vaccination studied
therefore had high titers of auto-Abs to type I IFNs.
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Figure 2. Neutralizing auto-Abs against IFN-a2 and IFN-w in three patients with adverse reactions to yellow fever vaccine. (A) ELISA assay for auto-
Abs against IFN-a2 and IFN-w in three patients with life-threatening adverse reactions to yellow fever vaccine and healthy controls (n = 200).
(B) Representative flow cytometry plots for IFN-a2- or IFN-w-induced pSTATL in healthy control cells (gated on CD14* monocytes) in the presence
of 10% healthy control plasma or anti-IFN-a2, or anti-IFN-w auto-Ab-containing plasma from patients. Max, maximum; pos, positive; NS, not
stimulated. (C) Neutralization effect on CXCL10 induction relative to GUS after the stimulation of healthy control PBMCs with IFN-a2, IFN-w, or
IFN-y, in the presence of plasma from either healthy controls (n = 2), two patients with adverse reactions to yellow fever vaccine and auto-Abs (P2
and P3), or one APS-1 patient. (D) Auto-Abs against the different type | IFN subtypes. ELISA for auto-Abs against the 13 different IFN-a subtypes,
IFN-w, IFN-B, IFN-k, and IFN-£ in the three patients with adverse reactions to yellow fever vaccine and auto-Abs against IFN-a2, APS-1 patients (n = 2), and

healthy controls (n = 2).

The auto-Abs are neutralizing and recognize most of the 17
subtypes of type | IFN

We then investigated whether these auto-Abs were neutralizing
in vitro (i.e., if they could block the activity of recombinant type
I IFNs in an experimental assay). We incubated peripheral blood
mononuclear cells (PBMCs) derived from a healthy control in-
dividual with 10% plasma from a healthy control or from the
three patients, and stimulated the cells with IFN-a2 or IFN-w.
We found that the presence of plasma from the three patients
completely abolished type I IFN signaling, as shown by analyses
of pSTATI induction following treatment with IFN-a2 or IFN-w
(Fig. 2 B and Fig. S2 C). For P2 and P3, we also analyzed the
induction of IFN-stimulated genes after 2 h of stimulation with
IFN-02 or IFN-w, using type II IFN (IFN-y) as a control. The
incubation of cells with plasma from either patient led to the
abolition of IFN-stimulated gene induction in response to either
of the individual type I IFNs tested, but not in response to type II
IFN. By contrast, induction in response to both type I and II IFNs

Bastard et al.
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remained normal in the presence of plasma from healthy control
individuals (Fig. 2 C). We tested the three patients for auto-Abs
against the other 15 individual type I IFNs by performing ELISA
with recombinant proteins for the 17 individual type I IFNs. We
found that P2, P3, and P4 had auto-Abs recognizing at least 14
subtypes (Fig. 2 D), a finding similar to that for most of the
patients with life-threatening COVID-19 carrying auto-Abs
against type I IFNs and autoimmune polyendocrine syndrome
type 1 (APS-1; Bastard et al., 2020b), although two patients (P2
and P3) also had neutralizing auto-Abs against IFN-B (Fig. S2 C).
The plasma samples from P2, P3, and P4 did not recognize IFN-«
or IFN-g, at least in the experimental conditions tested. These
two type I IFNs were not, however, sufficient to protect the
patients from YFV-17D infection. Overall, we found that three
patients presenting severe adverse reactions to YFV-17D vacci-
nation had high titers of neutralizing auto-Abs against type I
IFNs and that these auto-Abs recognized most of the 17 indi-
vidual type I IFN subtypes.
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Figure 3. Enhanced YFV replication, despite the presence of IFN-a2, in the presence of plasma from patients with auto-Abs against IFN-a2. YFV-17D
replication, assessed 72 h after infection, in Huh-7.5 cells treated with IFN-a2 in the presence of plasma from either patients with life-threatening adverse
reactions to YFV and neutralizing auto-Abs against IFN-a2 (n = 2, P2 and P3), or a commercial anti-IFN-a2 Ab, or plasma from patients with adverse events
following YFV vaccination but without auto-Abs against type | IFNs (n = 2). Error bars represent SEM. neg, negative; pos, positive.

The auto-Abs neutralize IFN-a2-mediated protection against
YFV-17D in vitro

Finally, we investigated whether these auto-Abs blocking type I
IFN in biochemical assays were also able to block type I IFN-
mediated protection against YFV-17D infection in cells in vitro.
Plasma from P2 and P3, who had auto-Abs against type I IFNs,
clearly blocked the ability of IFN-a2 to protect Huh-7.5 cells
from infection with YFV-17D (Fig. 3). By contrast, plasma from
two healthy donors without auto-Abs or from two other patients
with severe YFV infection but without auto-Abs did not block
the protective effect of IFN-a2 (Fig. 3). Furthermore, plasma
from eight previously reported patients with life-threatening
COVID-19 and auto-Abs against IFN-a2 also blocked the pro-
tective effect of IFN-a2 against YFV-17D (Fig. S3), in addition to
that against SARS-CoV-2 (Bastard et al., 2020b). Interestingly,
the three patients reported here belong to two groups known to
be at higher risk of displaying auto-Abs against type I IFNs: P2
and P4 are men over the age of 55 yr (Bastard et al., 2020b;
Seligman, 2014), and P3 is a 47-yr-old woman with SLE (Panem
et al., 1982). Finally, we found that the prevalence of auto-Abs
against type I IFNs in our cohort of patients with severe adverse
events following YFV-17D vaccination and without known IEI
was significantly higher than the estimated prevalence in the
general population (Bastard et al., 2020b; 37.5% vs. 0.3%; Fish-
er’s exact test, P = 6.2 x 107%). It is also probably not coincidental
that the two patients with inherited IFNAR1 and IFNAR2 defi-
ciency were younger, at 12 and 13 yr, and did not display auto-
Abs against type I IFNs. This suggests that the two mechanisms
disrupting type I IFN immunity and resulting in YFV-17D disease
are related but independent. This finding is reminiscent of our
recent reports of inborn errors of type I IFNs and auto-Abs
against type I IFNs in nonoverlapping groups of patients with
life-threatening COVID-19 pneumonia (Bastard et al., 2020b;
Zhang et al., 2020a; Zhang et al., 2020b). Overall, these findings
strongly suggest that the three patients reported here suffered
adverse reactions to YFV-17D because of preexisting neutralizing
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auto-Abs against type I IFNs, which targeted most of the indi-
vidual subtypes of type I IFN, blocking their protective effect
against YFV-17D.

Impaired type I IFN immunity underlies yellow fever vaccine
adverse events

Two members of our cohort of eight patients with YEL-AVD or
YEL-AND have AR IFNARI or IFNAR2 deficiency, and another
three have neutralizing auto-Abs against type I IFNs. These re-
sults suggest that at least half the patients with severe adverse
reactions to YFV-17D have inadequate type I IFN immunity. This
may be the case for the 78 reported patients with YEL-AVD or
YEL-AND, including our five patients (Martins et al., 2014;
Hernandez et al., 2019; Lindsey et al., 2016; Seligman, 2014;
Seligman and Casanova, 2016; Slesak et al., 2017). These findings
unambiguously place human type I IFNs at the core of protective
immunity to YFV-17D. They have important clinical implications.
First, patients with known inborn errors of, or auto-Abs
against, type I IFN should not be vaccinated with YFV-17D.
Second, patients with adverse reactions to YFV-17D should be
tested for inborn errors of type I IFN immunity and for the
presence of auto-Abs against type I IFNs. Third, both types of
patients may benefit from treatment with recombinant IFN-f8
in the course of YFV-17D disease, provided that they do not have
auto-Abs against IFN-B (such Abs were present in two of the
three patients reported here but were absent from 99 of 101
patients from a previous report on severe COVID-19; Bastard
et al., 2020b). Fourth, patients with autoimmune manifes-
tations, including SLE and thymoma in particular, should be
screened for auto-Abs against type I IFNs before vaccination
with YFV-17D, as, perhaps, should men over the age of 55 yr.
Younger patients may nevertheless also be at risk of adverse
reactions to YFV-17D vaccination due to preexisting auto-Abs
against type I IFNs, as suggested by the case of an 8-yr-old
patient homozygous for a hypomorphic RAGI mutation who
had defective adaptive immunity, multiple severe infectious
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diseases, auto-Abs against type I IFNs, and encephalitis after
YFV-17D vaccination (Walter et al., 2015; Table SI,
JCI80477sdtl). Moreover, the youngest patient with life-
threatening COVID-19 pneumonia and auto-Abs against type I
IFNs reported to date was 25 yr old (Bastard et al., 2020b),
younger than the two patients with inherited IFNAR1 defi-
ciency and critical COVID-19, aged 26 and 38 yr (Zhang et al.,
2020b). Although difficult in some regions, screening for both
inborn errors of type I IFN immunity and auto-Abs against type
I IFNs could, therefore, be considered for patients of all ages
before vaccination with YFV-17D. Moreover, patients with
auto-Abs against type I IFNs are likely to be at risk of devel-
oping an adverse event if vaccinated with the newly developed
vaccine against SARS-CoV-2 that uses the YFV live attenuated
vaccine as a carrier (Sanchez-Felipe et al., 2020).

Pre-existing auto-Abs against type | IFNs can underlie
different viral diseases

Our findings also have implications for the pathogenic role of
auto-Abs against type I IFNs. Our previous study on life-
threatening COVID-19 suggested that the auto-Abs against type
I IFNs were causal of disease, rather than triggered by SARS-
CoV-2 (Bastard et al., 2020b). Indeed, they were already present
in blood samples from 2 of the 101 patients, 95 of whom were
men, collected before the onset of COVID-19. Moreover, they
were detected early in the course of SARS-CoV-2 infection in the
other patients, making it highly unlikely that these auto-Abs of
the IgG type with a high affinity for type I IFNs were triggered
by infection. Finally, these Abs are common in patients with two
genetic diseases underlying severe COVID-19: APS-1 (Meager
et al., 2006) and incontinentia pigmenti (Bastard et al., 2020b).
The three patients with auto-Abs reported here add weight to
this conclusion. Indeed, they developed YFV-17D disease within
5 d of vaccination. We did not test their blood for the presence
of auto-Abs before vaccination, or even during YFV-17D dis-
ease, but the presence of these Abs 6 mo (P2), 2 yr (P3), and 16 d
(P4) later provides compelling evidence for an association with
disease (Fisher’s exact test, P = 6.2 x 107¢), even without taking
into account a previously reported patient whose YFV-17D
disease may have been triggered by her many profound deficits
of adaptive immunity other than auto-Abs against type I IFNs
(Walter et al., 2015). Assuming that the three patients had auto-
Abs at the time of hospital admission for YFV-17D disease, it
would have been almost impossible for them to mount a neu-
tralizing IgG response against a self-antigen so quickly. Fur-
thermore, one of the patients (P3) was diagnosed with SLE
during hospitalization, and her SLE symptoms began 3 mo
before admission, consistent with the occurrence of such auto-
Abs, as reported in ~5-10% of patients with SLE (Gupta et al.,
2016; Mathian et al., 2019; Panem et al., 1982). The sex of the
patient and age at the time of vaccination are similar to those in
the other three known cases of SLE with YFV-17D disease
(Seligman, 2014). Auto-Abs against type I IFNs can therefore
underlie severe COVID-19 or YFV-17D disease. Intriguingly,
children with APS-1 and auto-Abs to type I IFNs have been
vaccinated with MMR without any reported adverse reaction,
despite the occurrence of MMR disease in several patients with
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inherited IFNARI or IFNAR?2 deficiency (Bastard et al., 2020a;
Duncan et al., 2015; Gothe et al., 2020; Hernandez et al., 2019).
This may be due to the activity of IFN-B, IFN-«, or IFN-¢ in APS-
1 patients, whose auto-Abs typically neutralize the 13 individual
IFN-02 and IFN-w (Bastard et al., 2020b; Meager et al., 2006). It
is nevertheless tempting to speculate that other severe, un-
explained viral illnesses, such as shingles and influenza,
particularly but not exclusively, in patients with autoimmune
conditions or in elderly men, may be caused by auto-Abs
against type I IFNs.

Materials and methods

Patients and study approval

All cases of YEL-AVD and YEL-AND satisfied the Brighton Col-
laboration criteria (Gershman et al., 2012). The Brazilian pa-
tients were recruited by a collaboration with BioManguinhos/
Fiocruz, as indicated in the acknowledgments. Additional
patients were found from listings on ProMED (https://
promedmail.org) and PubMed (https://pubmed.nchi.nlm.nih.
gov/). Written informed consent was obtained from patients
in the country in which they were followed, in accordance with
local regulations, and the study was approved by the institu-
tional review boards of The Rockefeller University and Institut
National de la Santé et de la Recherche Médicale. Experiments
were conducted in the United States and France, in accordance
with local regulations and with the approval of the institutional
review boards of The Rockefeller University and Institut Na-
tional de la Santé et de la Recherche Médicale, respectively.

Whole-exome sequencing

Exome capture was performed with the SureSelect Human All
Exon 50 Mb kit (Agilent Technologies). Paired-end sequencing
was performed on a HiSeq 2000 (Illumina) generating 100-base
reads. We aligned the sequences with the GRCh37 reference
build of the human genome with the Burrows-Wheeler trans-
form (Li and Durbin, 2009). Downstream processing and variant
calling were performed with the Genome Analysis Toolkit,
SAMtools, and Picard (Li et al., 2009; McKenna et al., 2010).
Substitution and InDel calls were made with the GATK Unified
Genotyper. All variants were annotated with an annotation
software system developed in house (Adzhubei et al., 2010;
Kircher et al., 2014; Ng and Henikoff, 2001). The patients
reported here did not consent to the deposition of their
genomic data.

Statistical analysis

Comparisons of proportions were performed using a Fisher’s
exact test, as implemented in R (https://cran.r-project.org/).
Principal component analysis was performed with Plink v1.9
software on whole-exome and whole-genome sequencing data
with the 1000 Genomes Project phase 3 public database as a
reference.

Cells
PBMCs were isolated by Ficoll-Paque density gradient (GE Life
Science) centrifugation. Primary fibroblasts, SV40-immortalized
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dermal fibroblasts, HEK293T kidney epithelial cells (Homo sapi-
ens), VeroE6 kidney epithelial cells (Chlorocebus sabaeus), and
Huh-7.5 hepatoma cells (H. sapiens) were maintained in DMEM
(Thermo Fisher Scientific) supplemented with 10% FBS at 37°C
under an atmosphere containing 5% CO,. EBV-B cells were main-
tained in Roswell Park Memorial Institute medium (Thermo Fisher
Scientific) supplemented with 10% FBS. All cells tested negative for
mycoplasma contamination.

Exon trapping

DNA segments encompassing the IFNAR2 exon 8 region were
amplified from genomic DNA and inserted into the pSPL3 vec-
tor, between the EcoRI and BamHI sites. WT, MT (IFNAR2
c.840+1G>T), or mutagenesis rescue plasmids were used to
transfect COS-7 cells. After 24 h, total RNA was extracted and
reverse-transcribed. The IFNAR2 splicing products were ampli-
fied 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 binding to the flanking HIV-
TAT sequences of pSPL3 were performed to determine the
splicing products produced by the WT and mutated alleles.

Plasmids

A plasmid containing the cDNA of IFNAR2 was used (generously
provided by Sandra Pellegrini, Pasteur Institute, Paris, France),
and site-directed mutagenesis was performed to obtain the in-
dicated MT constructs.

IFNAR2 overexpression by plasmid transfection and the
generation of stably reconstituted cell lines

The IFNAR2 plasmid was used to transfect HEK293T cells by
incubation for 48 h in the presence of X-tremeGene 9 trans-
fection reagent (Sigma-Aldrich). We used 1 pg of plasmid to
transfect 0.5 x 106 cells.

Western blotting

HEK293T cells were transfected for 36 h with WT or MT IFNAR2.
Cells were lysed in NP-40 lysis buffer (280 mM NaCl, 50 mM
Tris, pH 8, 0.2 mM EDTA, 2 mM EGTA, 10% glycerol, and 0.5%
NP-40) supplemented with 1 mM dithiothreitol, PhosSTOP
(Roche), and complete protease inhibitor cocktail (Roche). The
protein lysate was subjected to SDS-PAGE, and the bands ob-
tained were transferred to a nitrocellulose membrane. For de-
tection of the protein overproduced following transfection, we
used an HRP-conjugated anti-V5 Ab purchased from commercial
suppliers. An anti-GAPDH (Santa Cruz) Ab was used as a loading
control. The membrane was incubated overnight at 4°C with the
primary Abs. SuperSignal West Pico chemiluminescent substrate
(Thermo Fisher Scientific) was used to visualize HRP activity
after incubation with secondary Abs, and this signal was de-
tected with an Amersham Imager 600 (GE Life Sciences).

Flow cytometry

The cell surface expression of IFNAR2 was assessed with a PE-
conjugated mouse anti-IFNAR2 (21385-3PBL; Assay Science) Ab.
Cells were stained and then washed twice with PBS and analyzed
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by flow cytometry. Data were acquired on a Gallios flow
cytometer.

Generation of IFNAR2-deficient HEK293T cells
IFNAR2-deficient HEK293T cells were generated with the
CRISPR/Cas9 system. Guide RNAs were designed with the
Benchling design tool and inserted into lentiCRISPR v2, which
was a gift from Feng Zhang (Broad Institute, Cambridge, MA;
plasmid 52961; Addgene). The three guide RNAs were designed
to bind and cut at different places in the IFNAR2 gene, one in
exon 3 (forward: 5'-CACCGCATATGAAATACCAAACACG-3';
reverse: 5'-AAACCGTGTTTGGTATTTCATATGC-3'), one in exon
4 (forward: 5'-CACCGCATTGCTGTATACAATCATG-3'; reverse:
5'-AAACCATGATTGTATACAGCAATGC-3'), and one in exon 5
(forward: 5'-CACCGTGAGTGGAGAAGCACACACG-3'; reverse:
5'-AAACCGTGTGTGCTTCTCCACTCAC-3'). Using X-tremeGENE
9 DNA Transfection Reagent (Roche), we transiently transfected
WT HEK293T cells with the resulting plasmids and cultured
them for 7 d before sorting IFNAR2-deficient cells by flow cy-
tometry after staining with an Ab against IFNAR2 (REA124;
Miltenyi Biotec). The three resulting cell lines were subsequently
tested to check for a lack of IFNAR2 expression at the cell surface
and were used in the luciferase assays.

Luciferase reporter assays

IFNAR2~/- HEK293T cells generated by the CRISPR/Cas9 system
were transfected with the indicated expression plasmids, firefly
luciferase plasmids under the control of WT or MT IFNAR2, or
human ISRE promoters in the pGL4.45 backbone, and a consti-
tutively expressing Renilla luciferase plasmid for normalization
(pRL-SV40). Cells were transfected in the presence of the
X-tremeGene 9 transfection reagent (Sigma-Aldrich) for 36 h.
Luciferase levels were measured with the Dual-Glo reagent,
according to the manufacturer’s protocol (Promega). Firefly lu-
ciferase values were normalized against Renilla luciferase val-
ues, and fold induction is shown relative to controls transfected
with empty plasmids.

Quantitative RT-PCR (RT-qPCR)

RNA was isolated from PBMCs or from plasmid-transfected or
untransfected HEK293T cells with a kit according to the man-
ufacturer’s protocol (Zymo Research), and treated with DNase
(Zymo Research). RT was performed with random hexamers
and the Superscript III reverse-strand synthesis kit according to
the manufacturer’s instructions (Thermo Fisher Scientific). RT-
qPCR was performed with Applied Biosystems Tagman assays
for IFNAR2 and the B glucuronidase housekeeping gene for
normalization. Results are expressed according to the AACt
method, as described by the kit manufacturer.

Detection of anti-cytokine auto-Abs in a multiplex particle-
based assay

Serum/plasma samples were screened for auto-Abs against IFN-
02 and IFN-w targets in a multiplex particle-based assay, in
which magnetic beads with differential fluorescence were co-
valently coupled to recombinant human proteins (2.5 pg/reac-
tion). Beads were combined and incubated with 1:100 diluted
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serum/plasma samples for 30 min. Each sample was tested once.
The beads were then washed and incubated with PE-labeled goat
anti-human IgG (1 pg/ml) for 30 min. They were washed again
and used in a multiplex assay run on a BioPlex X200 instrument.
Patients with a fluorescence intensity >1,500 for IFN-a2 or IFN-3
or >1,000 for IFN-w were tested for blocking activity.

ELISAs for anti-cytokine auto-Abs

ELISA was performed as previously described (Bastard et al.,
2020b). In brief, 96-well ELISA plates (MaxiSorp; Thermo
Fisher Scientific) were coated by incubation overnight at 4°C
with 2 pg/ml rhIFN-o and rhIFN-w (R&D Systems). Plates were
then washed (PBS/0.005% Tween), blocked by incubation with
5% nonfat milk powder in the same buffer, washed again, and
incubated with 1:50 dilutions of plasma 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. HRP-conjugated Fc-specific (Fc, fragment
crystallizable region) IgG fractions from polyclonal goat antise-
rum against human IgG or IgA (Nordic Immunological Labora-
tories) were added to a final concentration of 2 ug/ml. Plates
were incubated for 1 h at room temperature and washed. Sub-
strate was added, and the OD was measured. A similar protocol
was used to test for Abs against 12 subtypes of IFN-a, except that
the plates were coated with cytokines from PBL Assay Science
(11002-1).

Clinical screening for other auto-Abs

The assay for antinuclear Ab (ANA) was performed using an
indirect immunofluorescence on Hep-2 cells (Novalite 704320;
Inova Diagnostics, distributed by Werfen). Dilutions of 1:80
were performed with PBS for the screening test. In brief, 30 ul of
each diluted serum was incubated in one well with fixed Hep-
2 cells. After the cells were incubated and washed, they were
incubated with DAPI-IgG-conjugated Abs. The results were
analyzed using a Nikon Eclipse fluorescence microscope with a
magnification 400x. Extractable nuclear antigen Abs were de-
tected by ELISA (RNP, Sm, SSA/Ro, SSB/la, Scl70, and JO-1)
using the ANA 8 Screen Kit (Euroimmun). Immunoblotting was
performed for a larger extractable nuclear antigen panel detec-
tion (RNP, Sm, SSA/Ro, SSA/Ro 52 kD, SSB/la, Scl70, JO-1,
centrome B, PCNA, nucleosome, histones, ribosomes P, type
2 mitochondria, and DFS 70) using the ANA Profil 3 Dot (Eu-
roimmun). Anti-native DNA detection was performed by indi-
rect immunofluorescence on the flagellate organism Crithidia
luciliae using the KIT Theradiag and ELISA for Ab quantification
using the anti-double-stranded DNA IgG KIT on ETI-MAX 3000
Equipment from Diasorin.

Functional evaluation of anti-cytokine auto-Abs

The blocking activity of anti-IFN-a and anti-IFN-w auto-Abs
was determined by assessing STAT1 phosphorylation in
healthy control cells following stimulation with the appropriate
cytokines in the presence of 10% serum/plasma from a healthy
control or a patient. Surface-stained healthy control PBMCs
(350,000/reaction) were cultured in serum-free Roswell Park
Memorial Institute medium supplemented with 10% healthy
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control or patient serum/plasma and were either left un-
stimulated or stimulated with IFN-a or IFN-w (10 ng/ml) for
15 min at 37°C. Each sample was tested once. Cells were fixed,
permeabilized, and stained for intranuclear phospho-STAT1
(Y701). Cells were acquired on a BD LSRFortessa cytometer with
gating on CD14* monocytes and analyzed with FlowJo software.

YFV-17D experiment

The generation of virus stocks for the YFV-17D reporter virus
expressing the Venus fluorescent protein (YFV-Venus; derived
from YF17D-5'C25Venus2AUbi) has been described elsewhere
(Yi et al., 2011). Virus stock titers were determined by standard
plaque assays on Huh-7.5 cells. YFV-Venus experiments were
performed as follows: Huh-7.5 cells were used to seed 96-well
plates at a density of 5 x 103 cells/well, with triplicate wells for
each sample. The following day, serial threefold dilutions of
plasma samples or a commercial anti-IFN-a2 Ab (21100-1; R&D
Systems) were incubated with 20 pM recombinant IFN-
a2 (11101-2; R&D Systems) for 1 h at 37°C (starting dilution:
plasma samples = 1/100 and anti-IFN-02 Ab = 1/1,000). Fol-
lowing this incubation period, the cell culture medium was re-
moved from the wells of the 96-well plate by aspiration and
replaced with the plasma/Ab-IFN-a2 mixture. The plates were
incubated overnight, the plasma/Ab-IFN-a2 mixture was re-
moved, and the plates were washed with PBS to remove any
anti-YFV-neutralizing Abs present. Fresh medium was then
added to the wells. Cells were then infected with YFV-Venus ata
multiplicity of infection of 0.05 PFU/cell, by directly dispensing
the inoculum in the wells. After 3 d, the cells were fixed in
formaldehyde, stained with DAPI, and imaged and analyzed as
previously described (Bastard et al., 2020b).

Online supplemental material

Fig. S1 provides additional data on the homozygous loss-of-
function variant of IFNAR2 in a patient with YEL-AVD. Fig. S2
provides additional data on the neutralizing auto-Abs against
IFN-a2 and IFN-w in three patients with adverse reactions to
yellow fever vaccine. Fig. S3 shows enhanced YFV replication,
despite the presence of IFN-a2, in the presence of plasma from
patients with life-threatening COVID-19 and auto-Abs against
IFN-a2. Table S1 contains data on auto-Abs against other targets,
used in clinical practice in two patients positive for auto-Abs
against type I IFNs (P2 and P3).
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Figure S1.  Homozygous loss-of-function variant of IFNAR2 in a patient with YEL-AVD. (A) Principal component analysis (PCA) on the eight patients with
life-threatening adverse reactions to YFV, including the patients with IFNAR1 and IFNAR2 deficiency, and those with auto-Abs against type | IFNs. (B) Filtering
criteria used for the single-nucleotide variant analysis of whole-exome sequencing results for P1. (C) Single-nucleotide variants presented by the patient (P1)
and meeting the filtering criteria, with the name, known function, and expression pattern of the gene. AAChange, amino acid change; Zygo, zygosity; Hom,
homozygote; Dup, duplication. (D) Population genetics of homozygous coding missense IFNAR2 variants present in gnomAD. No predicted loss-of-function
variants are reported in gnomAD at the homozygous state. The patient’s variant is shown in red, whereas the variants present in gnomAD are shown in black.
CADD, combined annotation-dependent depletion; GDI, gene damage index; MSC, mutation significance cutoff. (E) Whole-exome sequencing results for the
IFNAR2 gene in P1, as shown in ALAMUT, at the end of exon 8. The predicted splicing effect of the variant is indicated with a red square. (F) Sequencing results
demonstrating complete aberrant splicing of IFNAR2 in the patient (MT) relative to the control (WT). (G) Sequencing results demonstrating normal splicing of
IFNAR2 in the patient (MT) when the gDNA variant is restored to the WT form (rescue). pos, positive.
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Figure S2. Neutralizing auto-Abs against IFN-a2 and IFN-w in three patients with adverse reactions to yellow fever vaccine. (A) Multiplex particle-
based assay for auto-Abs against IFN-a2 and IFN-w in two patients with life-threatening adverse reactions to yellow fever vaccine and healthy controls (n =
250; previously used in Bastard et al, 2020b). (B) Serological data for IgG Abs against various viruses, for P1, P2, and P3. The threshold value for each viral
serological test is indicated. N, negative; NA, not available. In serological tests for EBV, we measured anti-VCA (viral capsid antigen) Ab levels. HSV-1, herpes
simplex virus 1; VZV, varicella zoster virus; CMV, cytomegalovirus; IAV, influenza A virus; IBV, Influenza B virus; RSV, respiratory syncytial virus. (€) Normalized
pSTAT1 index based on fluorescence-activated cell sorting for IFN-a2-, IFN-B-, or IFN-w-induced pSTAT1 in healthy control cells in the presence of 10%
healthy control plasma, or anti-IFN-a2, anti-IFN-, or anti-IFN-w auto-Ab-containing plasma from YFV patients.
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Figure S3. Enhanced YFV replication, despite the presence of IFN-a2, in the presence of plasma from patients with life-threatening COVID-19 and
auto-Abs against IFN-a2. (A) YFV-17D replication, assessed 72 h after infection, in Huh-7.5 cells treated with IFN-a2, and in the presence of either plasma
from patients with life-threatening COVID-19 and neutralizing auto-Abs against IFN-a2 (n = 8), or a commercial anti-IFN-a2 Ab, or plasma from healthy
controls (n = 2). Error bars represent SEM.

Table S1, which is provided online, shows auto-Abs against other targets, used in clinical practice in two patients positive for
auto-Abs to type I IFNs (P2 and P3).
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