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Introduction

Mutations in AIRE (gene encoding the protein autoimmune regu-
lator) cause autoimmune polyendocrine syndrome type 1 (APS-1)
(1-3). AIRE is expressed in thymic epithelium and secondary lym-
phoid organs (4). AIRE regulates promiscuous gene expression of
tissue-specific self-antigens in the thymus, a prerequisite for cen-
tral negative selection of autoreactive T cells. Further, AIRE con-
tributes to the generation of naturally occurring, CD4'CD25*
CD127°"FOXP3" regulatory T cells (5). Patients with APS-1 devel-
op autoimmunity in endocrine and nonendocrine organs, chronic
mucocutaneous candidiasis (CMC), and enamel hypoplasia (6, 7).
Patients with APS-1 produce autoantibodies against the Th17 cyto-
kines, IFN-a and IFN-o (type I IFNs) (8). The role of autoantibodies
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Autoantibodies against IFN-0. and IFN-o (type | IFNs) were recently reported as causative for severe COVID-19 in the
general population. Autoantibodies against IFN-o and IFN-® are present in almost all patients with autoimmune
polyendocrine syndrome type 1 (APS-1) caused by biallelic deleterious or heterozygous dominant mutations in AIRE. We
therefore hypothesized that autoantibodies against type | IFNs also predispose patients with APS-1to severe COVID-19. We
prospectively studied 6 patients with APS-1between April 1, 2020 and April 1, 2021. Biobanked pre-COVID-19 sera of APS-1
subjects were tested for neutralizing autoantibodies against IFN-o and IFN-®. The ability of the patients’ sera to block
recombinant human IFN-a and IFN-® was assessed by assays quantifying phosphorylation of signal transducer and activator
of transcription 1 (STAT1) as well as infection-based IFN-neutralization assays. We describe 4 patients with APS-1and
preexisting high titers of neutralizing autoantibodies against IFN-a and IFN-® who contracted SARS-CoV-2, yet developed
only mild symptoms of COVID-19. None of the patients developed dyspnea, oxygen requirement, or high temperature.

All infected patients with APS-1were females and younger than 26 years of age. Clinical penetrance of neutralizing
autoantibodies against type | IFNs for severe COVID-19 is not complete.

against IL-17 for CMC in patients with APS-1 is well defined (9). In
contrast, a role of autoantibodies against type I IFNs for infectious
diseases has only recently been suspected, as patients with APS-1
developed severe coronavirus disease 2019 (COVID-19) caused
by infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (10-12). However, to date there has been no prospec-
tive follow-up of patients with APS-1 who contracted SARS-CoV-2.
By blocking a cytokine’s biological function, patients with neu-
tralizing anti-cytokine autoantibodies may present with a clinical
phenotype resembling corresponding genetic disorders (13). Auto-
antibodies against type I IFNs were reported in patients with severe
COVID-19 (11), among whom a strong bias toward males (95%) and
patients older than 65 years (>50%) was also noted (11). Autoanti-
bodies against type I IFNs in severe COVID-19 were confirmed in
additional cohorts (14-17). However, to date, only cohorts collected
for severe COVID-19 have been analyzed (11, 15-18). We are not
aware of a prospective follow-up of patients with preexisting auto-
antibodies against type I IFNs. Even if preexisting autoantibodies
against type I IFNs are a strong risk factor for severe COVID-19 in
preselected cohorts, the clinical penetrance of preexisting neutral-
izing autoantibodies against type I IFNs for severe COVID-19 is
unknown on the individual level as well as on the population level.
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Table 1. Basic characteristics and clinical and immunological phenotype of patients with APS-1

Immunological phenotype

Inhibition of STAT1

Clinical phenotype
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Neutralization of the ability
of IFN- to block replication

Neutralization of the ability

Anti-IFN-®
autoantibody titer

Anti-IFN-o.

autoantibody titer
(before/after infection) (before/after infection)

Enamel
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Alin endocrine Al in non-endocrine

Mutations
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Patient Family
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of IFN-a2 to block
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phosphorylation
upon IFN-a2

organs
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in AIRE
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3
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Systemic onset
juvenile idiopathic

Parathyroid,
adrenal cortex,

25yr9mo F

4
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As greater than 95% of patients with APS-1 develop high titers
of neutralizing autoantibodies against type I IFNs (8), APS-1is a
model disease to prospectively study the role of preexisting auto-
antibodies against type I IFNs for severe COVID-19. To date, 3
patients with APS-1 and severe COIVD-19 (10, 12, 19), as well as
severe COVID-19 in 15 of 22 patients in a series of APS-1 patients,
have been described (18). We therefore hypothesized that auto-
antibodies against type I IFNs predispose patients with APS-1 to
severe COVID-19. Here, we report on 6 patients with APS-1 and
high titers of preexisting neutralizing autoantibodies against
IFN-a and IFN-w, of whom 4 contracted SARS-CoV-2, yet devel-
oped mild COVID-19. Our study consists of only patients in regu-
lar follow-up for APS-1 who were not recruited due to COVID-19.

Results and Discussion

Patients with APS-1 develop autoimmunity. Prior to the COVID-19
pandemic, all patients had been followed up at Charité-Universi-
titsmedizin Berlin for more than 70 patient years (Table 1). Patient
1is a 13-year-old girl of European descent who developed hypo-
parathyroidism at 1 year and 4 months of age and adrenal insuf-
ficiency at 4 years of age. Compound heterozygous mutations
in AIRE were diagnosed. She further developed CMC, retinal
degeneration with optical atrophy, and hypergonadotropic hypo-
gonadism. She is treated with hydrocortisone, fludrocortisone,
recombinant parathyroid hormone (rPTH), calcium, magnesium,
and sex hormone substitution. She irregularly takes liposomal
amphotericin B. Patient 2 is a 13-year-old girl of Arabic origin who
presented with hypoparathyroidism at 2 years of age. She experi-
enced an enteroviral meningoencephalitis at 3 years, followed by
autoimmune encephalitis at 7 years of age (20). Upon encephali-
tis, she was treated with plasmapheresis and received mycopheno-
late mofetil for 36 months. Compound heterozygous mutations in
AIRE were diagnosed at 11 years of age. She also developed atro-
phic gastritis, growth hormone deficiency, and hypergonadotropic
hypogonadism. She is treated with rPTH, calcium, vitamin D, and
recombinant human growth hormone. Patient 3 is a 15-year-old
boy of European descent who presented with hypoparathyroidism
at 8 years of age, when adrenal insufficiency was also noticed and
ahomozygous mutation in AIRE was identified. At 10 years of age
he developed alopecia totalis. He is treated with calcium, calcitri-
ol, hydrocortisone, and fludrocortisone. Patient 4 is a 25-year-old
woman of Arabic origin who had been treated for systemic onset
juvenile idiopathic arthritis before being diagnosed with hypo-
parathyroidism at 11 years and adrenal insufficiency at 13 years
of age. The diagnosis of APS-1 became evident at 22 years of age.
APS-1is most likely caused by the same homozygous mutation in
AIRE as in her younger sister (patient 5). Patient 4 is treated with
calcitriol, calcium, hydrocortisone, fludrocortisone, and estradiol
for ovarian insufficiency. Patient 5, the younger sister of patient
4, is a 14-year-old girl. At 2.5 years of age she presented with
unilateral parotitis and adrenal insufficiency at 8 years of age. A
homozygous mutation in AIRE was found at 11 years of age. She
is treated with hydrocortisone and fludrocortisone. Patient 6 is a
22-year-old woman of Turkish origin who developed hypopara-
thyroidism at 4 years of age. Compound heterozygous mutations
in AIRE were diagnosed at 4 years of age. She receives calcitriol.
All patients show enamel hypoplasia.
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Table 2. Serology for SARS-CoV-2 in patients with APS-1

S$1-I1gG ELISA S1-IgA ELISA SARS-CoV-2 IgG SeraSpot
Patient Time point relative S1-lgG ratio  S1-1gG result S1-lgAratio  S1-IgA result N RBD S1  Complete spike  Result
to SARS-CoV-2 infection
1 No infection reported 0.1 Neg 0.6 Neg 0 0 0 0 Neg
2 Before 013 Neg 031 Neg 0 0 0 0 Neg
2 After 3.89 Pos 5.6 Pos 0.6 2.6 11 15 Pos
3 No infection reported 0.07 Neg 0.55 Neg 0 0 0 0 Neg
4 Before 0.07 Neg 0.54 Neg 0 0 0 0 Neg
4 After 4.2 Pos 243 Pos 13 27 14 19 Pos
5 Before 0.09 Neg 0.36 Neg 0.1 0 01 0 Neg
5 After 8.24 Pos >12 Pos 31 59 46 51 Pos
6 Before 0.06 Neg 037 Neg 0 0 0 0 Neg
6 After 3.08 Pos 17 Pos 03 2.0 0.6 10 Pos

S1, subunit S1of spike protein; N, nucleocapsid; RBD, S1receptor-binding domain. S1ratios were calculated by dividing the measured optical density of the

specific serum by that of a cutoff control tested in parallel on each ELISA plate.

Infections with SARS-CoV-2 caused mild COVID-19 in 4 patients
with APS-1. Patient 2 presented with vomiting, headache, and
rhinitis. SARS-CoV-2 smear was positive. Three days later, smell
and taste sense were absent. Fatigue, temperatures up to 38.5°C,
slight pain in both knees, as well as headaches for 10 days were
reported. Smell and taste returned 10 days after onset of symp-
toms. Patient 4 presented with up to 39°C, flu-like symptoms, and
cough. SARS-CoV-2 smear was positive. Symptoms resolved after
7 days. Patient 5, living in the same household as patient 4, report-
ed mild rhinitis, cough for 5 days, and normal body temperature.
In patient 6, SARS-CoV-2 was suspected because of a positive test
in the household. The patient reported cough, rhinitis, headaches,
myalgia, a sore throat, normal body temperature, and loss of taste
for 4 days. After 7 days all symptoms resolved apart from fatigue
for 1 more week. As patients developed neither high fever nor dys-
pnea, all were seen by their local physician and adhered to quaran-
tine measures. None of the patients was admitted to the hospital.
When quarantine measures were lifted, serology for SARS-CoV-2
was performed. All patients who reported SARS-CoV-2 infection-
compatible symptoms proved seropositive for antibodies specific
for SARS-CoV-2 (Table 2). In summary, 4 patients with APS-1 con-
tracted SARS-CoV-2 but all presented with mild COVID-19.

Patients with APS-1 have high titers of preexisting neutralizing
autoantibodies against type I IFNs. We assessed preexisting sera of
all APS-1 patients for autoantibodies against [FN-a, [FN-w, IFN-f,
IL-6, IFN-y, and GM-CSF. All were positive for autoantibodies
against IFN-o and IFN-w, none for autoantibodies against IFN-f,
IL-6, IFN-y, or GM-CSF (Figure 1A). Dilution experiments showed
high titers of autoantibodies against IFN-o and IFN-o, as a serum
dilution of up to 1:100,000 was necessary to reach background
levels of healthy, autoantibody-negative controls (Figure 1, B and
C). Titers of autoantibodies against type I IFNs rose slightly in
APS-1 patients upon infection with SARS-CoV-2 (Supplemental
Figure 1; supplemental material available online with this article;
https://doi.org/10.1172/JCI150867DS1). Neutralizing activity of
autoantibodies against IFN-a was assessed by comparing STAT1
phosphorylation in monocytes upon ex vivo stimulation with
recombinant IFN-a2 in whole blood of a healthy control and in
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patients. Although 1 ng/mL IFN-a2 was sufficient to induce max-
imum STAT1 phosphorylation in monocytes in whole blood from
a healthy donor, the phospho-STAT1 signal in samples from APS-1
patients was suppressed even after stimulation with 10 ng/mL
IFN-02. In contrast, IFN-y-induced STAT1 phosphorylation was
similar between patients and the control sample (Figure 1D).

Type I IFN-mediated inhibition of SARS-CoV-2 replication is
abolished by autoantibodies in patients’ plasma in vitro. Neutraliz-
ing activity of autoantibodies against IFN-o and IFN-o was further
assessed by quantifying their ability to nullify the antiviral effect
of exogenous IFN in a SARS-CoV-2 infection model of respiratory
epithelial Calu-3 cells. As expected, treatment of cells with recom-
binant IFN-c2a and IFN-w in the absence of serum or in the pres-
ence of a healthy individual’s serum reduced their susceptibility
to SARS-CoV-2 infection, as assessed by quantification of viral
RNA in culture supernatant (Figure 2, A and B). In contrast, SARS-
CoV-2 efficiently infected Calu-3 cells that were inoculated with
the patients’ sera, even in the presence of fixed doses of IFN-a2a
(Figure 2A) and IFN-o (Figure 2B), respectively. In general, [FN
neutralization was serum concentration dependent. Specifically,
for most sera, virus replication in the presence of a fixed dose of
type I IFN was strongest when Calu-3 cells were incubated with
1% patient sera and weakest when incubated with 0.001% patient
sera (Supplemental Figure 2, A and B). Interestingly, we failed to
out-titrate the serum of patient 1 in the presence of IFN-a2a, indi-
cating high anti-IFN-a2a neutralization capacity, which is in line
with the highest titer of autoantibodies in this serum (Figure 1).
The neutralizing activity of autoantibodies against IFN was fur-
ther confirmed by assessing the infectivity of released virions (Fig-
ure 2, D-F, and Supplemental Figure 3). In the absence of IFNs and
serum, inoculation of cells with SARS-CoV-2 gave rise to abundant
de novo virus production. Addition of exogenous IFNs efficiently
prevented virus production, both in the absence of serum and in
the presence of serum, of an autoantibody-negative individual.
However, incubation of cells with individual patient sera allowed
efficient production of infectious virions even in the presence of
IFN-a2a (Figure 2D) and IFN-o (Figure 2E), confirming efficient
neutralization of antiviral IFNs, mirroring our results obtained by
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Figure 1. Neutralizing auto-Abs against IFN-a2 and IFN- in patients with APS-1. (A) Detection of IgG auto-Abs against IFN-a2, IFN-o, IFN-f, IFN-y, IL-6,
and GM-CSF in sera (1:100 dilution) from patients with APS-1(P1-P6), healthy controls (NEG, n = 17), and patients with known auto-Abs against IFN-y,
IL-6, and GM-CSF (PQS, n =1). Detection of auto-Abs against (B) IFN-a2 and (C) IFN-o in serially diluted patient sera. Dotted lines indicate the maximum
light signal counts (LSC) in the anti-IFN-02 and anti-IFN-o assay in the cohort of healthy controls. (D) FACS histograms depicting STAT1 phosphorylation
(p-STAT1) in whole-blood monocytes from a healthy control and 4 APS-1 patients stimulated with IFN-02 (1 and 10 ng/mL) or IFN-y (10 ng/mL).

real-time reverse transcription PCR (qRT-PCR) (Figure 2, A and
B). IFN neutralization was generally serum concentration depen-
dent, again with the exception of the serum of patient 1in the pres-
ence of IFN-02a (Supplemental Figure 2, C and D). Importantly,
in the absence of IFNs, healthy individuals’ and patients’ sera did
not modulate infection efficiency as compared with the condition
without serum addition (Figure 2, C and F), arguing for a specific
proviral effect exerted by the patients’ sera that manifests itself
specifically in the presence of IFNs. In summary, all patients with
APS-1in our cohort exhibited autoantibodies at titers that are suf-
ficient for functional neutralization of type I IFNs in an IFN-sensi-
tive SARS-CoV-2 infection assay.

Mild COVID-19 despite high titers of neutralizing autoantibod-
ies against type I IFNs in 4 patients with APS-1. Here, we describe
4 patients with APS-1 and high titers of preexisting, neutralizing
autoantibodies against type I IFNs who experienced only mild
COVID-19. Our observation may seem difficult to reconcile with
reports of 3 patients with APS-1 who developed severe COVID-19
(10, 12, 19). Further, autoantibodies against type I IFNs were
described as a risk factor for severe COVID-19 in at least 10% of
patients with severe COVID-19 (11). Recently, a study described
severe COVID-19 in 15 of 22 patients in a cross-sectional case series
of patients with APS-1; however, 7 patients of the same cohort of 22
developed mild to moderate COVID-19, of whom 3 were not even

J Clin Invest. 2021;131(14):e150867 https://doi.org/10.1172/)C1150867
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Figure 2. Auto-Abs in patients with APS-1 neutralize the ability of type | IFNs to inhibit SARS-CoV-2 infection. Calu-3 cells were mock treated (no serum)
or pretreated with indicated concentrations of human serum in the presence or absence of 200 IU/mL IFN-a2a (A and D) or 5 ng/mL IFN-o (B and E) for 16
hours before infection. IFN and serum were removed, and cells were infected with SARS-CoV-2 at an MOI of 0.01 for 1 hour, washed, and fresh medium was
applied to the cells. Twenty-four hours after infection, supernatant was harvested for viral RNA extraction and plague assays. (A-C) Viral RNA was extract-
ed from supernatant and SARS-CoV-2 genome equivalents/pL were quantified by gRT-PCR using primers targeting the E gene region. (D-F) Supernatants
were titrated on Vero E6 cells and incubated for plaque formation for 3 days. Plagues were counted and PFU/mL was determined. Data were generated in 2
independent assays. Values obtained in the absence of serum and IFN were set to 100%.

hospitalized (18). SARS-CoV-2 is sensitive to the antiviral properties
of type IIFNs, as has been shown extensively in vitro, ex vivo, and in
vivo (21). Therefore, it appears intuitive that interference with these
cytokines results in a worsened outcome of SARS-CoV-2 infection.
Strikingly, all individuals with high titers of preexisting and neutral-
izing autoantibodies against type I IFNs yet mild COVID-19 in our
study were young females (13, 14, 22, and 25 years of age), whereas
a pronounced excess of males older than 65 years was noted among
most patients with autoantibodies against type I IFNs and severe
COVID-19 (11). We were not able to verify to what extent autoan-
tibodies against IFN-a and IFN-w block the respective IFNs in our
patients in vivo. So, our surprising observation of mild COVID-19
despite high titers of neutralizing autoantibodies against both IFN-o
and IFN-w in young females may be explained by the assumption
that these autoantibodies do not fully neutralize either type I IFN
in vivo. Consequently, if autoantibodies against IFN-a and IFN-o
do not completely block, but only dampen the biological activity
of, IFN-o and IFN-o in vivo, older males may exhibit additional risk
factors for severe COVID-19 that are yet absent or less frequent/
less present in most young patients and/or females.

Rescue treatment in patients with APS-1 only in severe COVID-19.
In conclusion, even if preexisting autoantibodies against type I
IFNs increase the risk for severe COVID-19, penetrance for severe
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COVID-19 is not complete. Importantly, and in contrast to previ-
ous studies (10, 12, 18, 19), our report is the first to our knowledge
based on a prospective follow-up of patients with preexisting auto-
antibodies against type I IFNs. Large prospective studies may help
to estimate the true risk of patients with preexisting autoantibod-
ies against type I IFNs, such as in patients with APS-1 for severe
COVID-19. As clinical penetrance for severe COVID-19 in the pres-
ence of preexisting autoantibodies against type I IFNs is unclear at
the population and individual level, we do not advise admitting all
patients with APS-1 who contracted SARS-CoV-2 to the hospital
for upfront therapies (e.g., monoclonal antibodies, IFN-f, plasma-
pheresis). Nevertheless, we strongly advise informing all patients
with autoantibodies against type I IFNs about their increased risk
for severe COVID-19. As severe COVID-19 has been described also
in young and in female patients with APS-1, all patients with APS-1
who contracted SARS-CoV-2 must be followed up closely.

Methods
A complete description of the materials and methods can be found in
the supplemental material.

Study approval. All procedures performed in studies involving
human participants were in accordance with the ethical standards
of the institutional and/or national research committee (Charité
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— Universititsmedizin Berlin, Germany, EA2/132/11) and with
the 1964 Helsinki declaration and its later amendments or com-
parable ethical standards. Written informed consent was obtained
from all individual participants included in the study.
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