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Abstract

Severe-acute-respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of
coronavirus disease 2019 (COVID-19), rapidly became a pandemic and has caused 6.6
million deaths since the outbreak started. Although the development and administration
of vaccines provided a substantial improvement by decreasing both the number of trans-
mission events and disease severity of infected individuals, emerging viral variants still
pose a threat due to their potentially increased transmissibility, immune evasion and vir-
ulence. Therefore, there is an ongoing need to better characterize SARS-CoV-2 patho-
genicity and the underlying mechanisms to develop alternative strategies for prevention
and treatment of COVID-19.

This dissertation is based on two publications investigating interferon (IFN) autoantibod-
ies in patients with autoimmune polyendocrine type | (APS-1) and hospitalized COVID-
19 patients, respectively. Despite the known production of neutralizing IFN autoantibodies
(IFN-AABS) by patients with autoimmune disorders —like APS-1- and well-characterized,
key role of IFNs in immune responses during viral infections, the contribution of IFN-AABs
to disease in viral infections have been rarely addressed. With the emergence of the
COVID-19 pandemic, several studies revealed presence of IFN-AABs in a proportion of
patients with severe COVID-19 and pointed towards a link between IFN-AABs and dis-

ease severity.

Firstly, we conducted a prospective study (1) on a small cohort of patients with APS-1.
We hypothesized that these patients have a disposition to develop severe COVID-19 in
case of a SARS-CoV-2 infection due to pre-existing IFN-AABs. Contrary to our hypothe-
sis, patients within our cohort that reported an infection with SARS-CoV-2, reported mild
disease, showing an incomplete clinical penetrance of IFN-AABs to severe COVID-19.
Secondly, we performed a large scale, cross-sectional, multi-cohort study (2) on hospi-
talized patients with COVID-19. Here, we aimed to identify clinical parameters that co-
present with neutralizing IFN-AABs. We propose a novel clinical algorithm for rapid iden-
tification of neutralizing IFN-AAB-positive patients that can benefit from specific alterna-

tive therapies.



Zusammenfassung

Das schwere akute respiratorische Syndrom Coronavirus 2 (SARS-CoV-2), der Erreger
der Coronavirus-Krankheit 2019 (COVID-19), wurde schnell zu einer Pandemie und hat
seit Beginn des Ausbruchs 6,6 Millionen Todesfélle verursacht. Obwohl die Entwicklung
und Verabreichung von Impfstoffen eine wesentliche Verbesserung gebracht hat, indem
sowohl die Zahl der Ubertragungsereignisse als auch die Schwere der Erkrankung bei
infizierten Personen verringert wurden, stellen neu auftretende Virusvarianten aufgrund
ihrer potenziell erhohten Ubertragbarkeit, Immunflucht und Virulenz immer noch eine Be-
drohung dar. Daher besteht ein anhaltender Bedarf, die Pathogenitat von SARS-CoV-2
und die zugrunde liegenden Mechanismen besser zu charakterisieren, um alternative

Strategien und zur Pravention und Behandlung von COVID-19 zu entwickeln.

Diese Dissertation basiert auf zwei Publikationen, die Interferon (IFN)-Autoantikérper bei
Patienten mit autoimmunem polyendokrinem Typ | (APS-1) bzw. bei hospitalisierten CO-
VID-19-Patienten untersuchen. Trotz der bekannten Produktion von neutralisierenden
IFN-Autoantikérpern (IFN-AABSs) in Patienten mit Autoimmunerkrankungen — wie APS-1
— und einer gut charakterisierten Schlisselrolle von IFNs bei Immunantworten wahrend
Virusinfektionen, wurde der Beitrag von IFN-AABs zur Erkrankung im Kontext von Virus-
infektionen selten untersucht. Mit dem Aufkommen der COVID-19-Pandemie zeigten
mehrere Studien die Prasenz von IFN-AABs bei einigen Patienten mit schwerem COVID-
19 und wiesen auf einen Zusammenhang zwischen IFN-AABs und der Schwere der Er-

krankung hin.

Zunachst fuhrten wir eine prospektive Studie (1) an einer kleinen Kohorte von Patienten
mit APS-1 durch. Wir stellten die Hypothese auf, dass diese Patienten eine Neigung ha-
ben, im Falle einer Infektion mit SARS-CoV-2 aufgrund préa-existierender IFN-AABs eine
schwere COVID-19 Erkrankung zu entwickeln. Entgegen unserer Hypothese berichteten
Patienten in unserer Kohorte, die eine Infektion mit SARS-CoV-2 berichteten, von einer
leichten Erkrankung, die eine unvollstandige klinische Penetranz von IFN-AABs in Bezug
auf schwerem COVID-19 zeigte. Zweitens fuhrten wir eine grol3 angelegte Querschnitts-
studie mit mehreren Kohorten (2) von hospitalisierten Patienten mit COVID-19 durch. Hier
zielten wir darauf ab, klinische Parameter zu identifizieren, die mit neutralisierenden IFN-

AABs assoziieren. Wir schlagen einen neuartigen klinischen Algorithmus zur schnellen



Identifizierung neutralisierender IFN-AAB-positiver Patienten vor, die von spezifischen al-

ternativen Therapien profitieren kdnnen.
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1 Introduction

1.1 SARS-CoV-2 and COVID-19

1.1.1 Emergence and Spread of SARS-CoV-2

Severe-acute-respiratory syndrome coronavirus 2 (SARS-CoV-2), first identified in an
outbreak in Wuhan, China in December 2019 (3), is the causative agent of coronavirus
disease 2019 (COVID-19) and has spread worldwide. As of December 2022, more than
640 million people have been infected with SARS-CoV-2, of which 6.6 million died due to
COVID-19-related diseases since the beginning of the pandemic (4).

Respiratory droplet exposure and droplet transmission from presymptomatic or sympto-
matic persons who are carrying the virus is the primary mode of SARS-CoV-2 transmis-
sion (5). After a transmission event, the initial viral replication occurs in the upper airways
(6). Common symptoms of a mild infection are fever, cough, shortness of breath and
fatigue. Upon a lack of viral clearance by immune responses, infection can spread to the
lower respiratory tract, likely by pharyngeal secretions, where SARS-CoV-2 primarily in-
fects alveolar type Il cells (7), responsible for pulmonary surfactant production. Infection
in the alveoli and the lower respiratory tract can cause functional damage and progression
to severe disease (6). While most of the SARS-CoV-2-exposed patients remain asymp-
tomatic or develop mild to moderate symptoms, some develop severe to critical disease
with progression to pneumonia (8). The symptoms of severe to critical disease include
dyspnea (shortness of breath), hypoxaemia, systemic inflammation and acute respiratory
distress syndrome that can lead to a fatal clinical outcome (9). In order to prevent the high
hospitalization and mortality rate due to COVID-19-related diseases, multiple effective
vaccines were developed through global scientific efforts (10). Vaccination reduced the
frequency of SARS-CoV-2 transmission events (11) and lowered the disease severity of
infected individuals (12). Thus, the hospitalization and mortality rates declined after the
administration of vaccines (13). However, mutations of SARS-CoV-2 resulted in the emer-
gence of new variants such as alpha (B.1.1.7), beta (B.1.351), delta (B.1.617.2) and omi-
cron (B.1.1.529) (14). Although vaccines are highly beneficial to control SARS-CoV-2 in-
fection, emerging variants of SARS-CoV-2, termed variants of concern (VOCs), pose a
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threat because of their potentially enhanced virulence, transmissibility and immune eva-
sion (15-17). Therefore, the need to develop a better understanding of SARS-CoV-2 path-
ogenicity to control the COVID-19 pandemic is ongoing.

1.1.2 SARS-CoV-2 Organization and Replication Cycle

SARS-CoV-2 belongs to betacoronavirus genus of Coronaviridae family and is an envel-
oped virus with a single-stranded, positive-sense RNA of 29.9 kB length (18). The virion
consists of the ssRNA viral genome and the structural proteins: nucleocapsid (N), mem-
brane (M), envelope (E) and spike (S) (19) (Figure 1A). The viral genome encodes for
non-structural, structural and accessory proteins (Figure 1B). SARS-CoV-2 initially tar-
gets ciliated epithelial cells in the sinonasal airway (6, 9, 20, 21) and enters them by
hijacking Angiotensin-converting enzyme 2 (ACE2) receptors using the Spike (S) glyco-
protein for attachment (22, 23). After ACE2 engagement of the S1 subunit of spike, S2’
cleavage site of S2 subunit becomes exposed. The cleavage of S2’ site by transmem-
brane protease serine 2 at the plasma membrane or by cathepsin L in the endosomal
compartment allows the initiation of membrane fusion (23, 24). Following entry of SARS-
CoV-2 into the cell through receptor-mediated membrane fusion or endocytosis, the viral
genome is released into the cytoplasm (25). The polyproteins ppla and pplab are trans-
lated and subsequently cleaved by virus-encoded proteases that leads to the formation
of functional non-structural proteins (Nsps) (25, 26). The host shutoff factor Nspl is one
of the first translated proteins and interferes with the host mRNA translation by degrada-
tion of host mMRNASs (27, 28). Nsp2-16 generate essential enzymes for RNA synthesis and
form the viral replication-transcription complex (RTC) (29, 30). Meanwhile, Nsp3, Nsp4
and Nsp6 generate ER-derived double membrane vesicles (DMVs) (31, 32) that provide
a protected environment for viral replication, shielded from host immune responses. Here,
viral genome replication as well as subgenomic RNA transcription (SJRNAS) take place
(33). After replication, viral RNA exits DMVs through pores created by Nsp3 for its incor-
poration into virions (34). The sgRNAs are translated into structural and accessory pro-
teins. E and M proteins regulate the intracellular trafficking and processing of S (35). The
structural proteins M, E and S are then transferred to ER-Golgi intermediate compartment
(ERGIC) where they assemble together with the viral genome (35). N proteins encapsu-
late the RNA genome and generated viral particles are released from the cell through
exocytosis (36, 37).
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Figure 1. SARS-CoV-2 particle and genomic organization.

A. Schematic representation of SARS-CoV-2. Virion consists of a positive sense single-
stranded RNA genome coated with nucleocapsid (N), enclosed by a lipid membrane of
host cell origin with structural proteins spike (S), membrane (M) and envelope (E) em-
bedded in. B. Genomic organization of SARS-CoV-2. The viral genome of SARS-CoV-2
has a length of about 29.9 kB and consists of ORFl1a and ORF1b encoding for the 16
non-structural proteins, S, E, M, N encoding for the structural proteins, ORF3a/b, ORF6,
ORF7a/b, ORF8, ORF9b/c and ORF10 (38, 39) encoding for the accessory proteins (40).

Created with BioRender.com. (Source: own figure).

1.1.3 Factors Associated with Severe COVID-19

According to COVID-19 disease severity classification by WHO, disease severity classes
are listed as mild, moderate, severe and critical (41). Mild cases without pneumonia or
hypoxia are classified as mild disease and cases requiring hospitalization with non-severe
pneumonia without a requirement of supplemental oxygen as moderate. Patients are
classified to have severe disease if they suffer from severe pneumonia and need supple-
mental oxygen whereas patients that have acute respiratory distress syndrome, sepsis,
septic shock or acute thrombosis are categorized as critically ill. Advanced age, male sex,
and pre-existing comorbidities are among the clinical and demographic risk factors that
contribute to the progression of COVID-19 towards a severe clinical outcome. One of the
major risk factors, age, raises mortality by 7.4% per age year (42). Another major risk
factor, male sex, is overrepresented among patients with critical disease and 60% of
COVID-19 related deaths are reported in men (43). Both higher age and male sex are
associated with weaker innate and adaptive immune responses in the course of viral in-

fections in general (43) that might contribute to a worse clinical outcome in those groups.
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Innate immune cells, such as monocytes, macrophages, and dendritic cells (DCs) are
generally higher in number and more active in females than in males (44). Female cellular
mosaicism due to X chromosome inactivation results in additional physiological diversity
in females that can provide an immune advantage (45). Females display stronger type |
IFN production by plasmacytoid dendritic cells (pDCs) (46), as well as having other im-
munological variations in non-classical monocyte and T cell activation. At baseline, fe-
male COVID-19 patients exhibit a stronger T cell response than male patients, with con-
siderably higher number of activated CD8 T cells compared to male patients. The decline
of T cell response also correlates with age in male but not in female patients. Moreover,
number of pDCs and their ability to produce type | IFN decline with age as well as the
ability of monocyte/macrophages to develop a protective immune response, including ac-
tivation of NK, T, and B cells (47).

1.1.4 Treatment of Patients with Severe COVID-19

Individuals with SARS-CoV-2 infection who are at high risk of developing severe COVID-
19 may be advised to receive treatment with antiviral drugs and monoclonal antibodies in
the early phase of infection. Antiviral therapies are employed to prevent viral replication
at different stages of the viral replication cycle through various mechanisms such as in-
hibiting viral entry, the activity of viral proteases or RNA-dependent RNA-polymerase.
Antivirals used for the treatment of COVID-19 include Paxlovid (protease inhibitor) (48,
49) and Remdesivir (RNA-dependent RNA-polymerase inhibitor) (50, 51). Alternatively,
anti-SARS-CoV-2 monoclonal antibodies targeting the spike protein, such as Bebtelo-
vimab have been shown to provide clinical benefits in treatment of COVID-19 (52, 53).

However, emergence of new variants pose a risk to the efficacy of monoclonal antibodies.

1.2 Type | Interferon

1.2.1 Type | Interferon Signaling

Type | IFN in humans consists of 13 IFN-a genes as well as single genes for IFN-3, IFN-
€, IFN-k, and IFN-w. The heterodimeric receptor complex made up of a single chain of
interferon alpha/beta receptor 1 and 2 (IFNAR1 and IFNAR?2) is shared by all 17 type |

IFNs and is present on almost all nucleated cells (54).
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During numerous types of viral infections, type | IFNs are crucial to mediating immune
responses by induction of IFN-stimulated genes (ISGs) and establishment of an antiviral
state in host cells. They contribute to both innate immunity and cell-intrinsic immunity.
When type | IFNs bind to their corresponding receptors IFNAR1 and IFNAR2 on the cell
surface, individual receptor chains heterodimerize (54, 55). By that, intracellular receptor-
associated tyrosine kinases of Janus kinase (JAK) family are activated. Activation of the
JAKs (JAK1 and TYK?2) lead to the tyrosine phosphorylation of STAT2 (signal transducer
and activator of transcription 2) and STATL1. This gives rise to the formation of a hetero-
trimeric complex of STAT1-STAT2-IRF9 (IFN-regulatory factor 9) that is also called IFN-
stimulated gene factor 3 (ISGF3). By translocation of ISGF3 to the nucleus and its binding
to the IFN-stimulated response elements (ISRESs) that are promoters of ISGs, transcrip-
tion of various ISGs are initiated. Alternatively, type | IFNs can induce the formation of
STAT1 homodimers that directly translocate to the nucleus and bind to GAS (IFN-y-acti-

vated site) elements to initiate ISG transcription (Figure 2).

Type | IFN Immunit : Type | IFN Auto-Abs
i 4 Q : A =
Type | IFN ; \ 4
® \
@)
. N\
IFNAR1 ‘ IFNARZ IFNAR1 IFNAR2
= GaKi

STAT1
STATz\,,
STAT2| :
a
m © ’—>Transcription o |—>Transcription i x»Transcription x»Transcription
’ DOODOVOY_GAS  SODOVDON

M ISRE_ )OODODOTU_GAS \DDODON ;| DI ISRE

Figure 2. Type I IFN signaling and its inhibition by type I IFN-AABs.
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Binding of IFN-a or IFN-w to IFNAR receptors activate type | IFN signaling. Through ac-
tivation of JAK-STAT pathway, ISRES initiate the transcription of ISGs. In the presence
of neutralizing type | IFN-AABSs, binding of IFNs to IFNAR receptors is prevented and this
results in a lack of transcriptional activation of ISGs. Created with BioRender.com.

(Source: own figure).

1.2.2 Role of Type | IFN in SARS-CoV-2 Infection

During an infection with SARS-CoV-2, viral RNA is sensed by melanoma differentiation-
associated gene 5 (MDAS) and RNA helicase retinoic acid-inducible gene | (RIG-I) in the
cytosol and activate mitochondrial antiviral signaling protein (MAVS) in respiratory epi-
thelial cells (56). While sensing of viral RNA can occur by TLR3 in the endosomal recep-
tors of respiratory epithelial cells activating IRF3, sensing by TLR7 in the endosomal re-
ceptors of plasmacytoid dendritic cells activates IRF7 via myeloid differentiation primary
response 88 (MyD88). IFN-regulatory factors 3 and 7 (IRF3, IRF7), as well as NF-kB, are
stimulated by the activation of these three pathways, resulting in the production of type |
IFNs. Compared to some other viruses including influenza A viruses (57) and three epi-
demic coronaviruses, induction of type | IFNs by SARS-CoV-2 is weaker (58-61), possibly
giving rise to its increased pathogenicity.

Strikingly, almost half of the viral proteins encoded by SARS-CoV-2 inhibit type | IFN
signaling by targeting different proteins involved in the induction of type | IFNs. For ex-
ample, ORF6 was found to inhibit type | IFN expression and stimulation of ISGs via block-
ing IRF3 and ISG3F nuclear translocation (58, 61-64). Nspl inhibits IFN signaling via
blocking IRF3 phosphorylation and inducing depletion of downstream factors Tyk2 and
STAT2 (65). Furthermore, Nsp6 and Nsp13 suppress IRF3 and TBK1 phosphorylation by
binding TBK1 (61). ORF3a, M, ORF7a, ORF7b interfere with IFN signaling by blocking
STATL1 or STATZ2 phosphorylation (66). In vitro, pre-treatment as well as post-treatment
with type | IFNs substantially attenuated SARS-CoV-2 (67, 68). The high sensitivity of
SARS-CoV-2 to type | IFNs in vitro and the fact that so many SARS-CoV-2 viral proteins
target and disrupt type I IFN signaling further supports the idea that type | IFNs play a
significant role in the anti-SARS-CoV-2 immune response.

While an impaired IFN signaling at the early stages may result in severe or critical COVID-
19, delayed and robust type | IFN responses at the later stages were also reported to
cause severe COVID-19 due to hyperinflammation, underlining the importance of a finely

balanced and timely IFN response during the course of a SARS-CoV-2 infection (69). At
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the early stage of infection, IFN response was high in patients with mild to moderate dis-
ease whereas patients with severe disease had a highly impaired IFN response with a
lack of IFN-B production and low IFN-a production (70). Inborn mutations causing defec-
tive type I IFN signaling (71, 72) and neutralizing type | IFN-AABs (73) were found to
predispose patients to severe COVID-19. Relative to asymptomatic and mild cases, pa-
tients with life-threatening COVID-19 pneumonia had an enrichment in rare genetic vari-
ants in genes including TLR3 (Toll-like receptor 3), TRIF (TIR domain-containing adaptor
inducing IFN-beta), UNC93B, TBK1 (TANK-Binding Kinase 1), IRF3/7 (interferon regula-
tory factor 3 and 7) and IFNAR1/2 which are all regulators of type | and Il IFN signaling
(72, 74). Moreover, X-linked recessive TLR7 deficiency was identified as a genetic risk

factor for COVID-19 pneumonia in men (71).

1.2.3 IFN-AABs in Autoimmune Disorders

Neutralizing AABs against type | IFN are found in patients with autoimmune disorders
such as autoimmune polyendocrine syndrome type-lI (APS-1) (75), also known as auto-
immune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED), and systemic
lupus erythematosus (SLE) (76). APS-1 is an inherited disease caused by mutations in
the AIRE (gene encoding the protein autoimmune regulator) (77-79). Symptoms of APS-
1 include autoimmunity in endocrine and non-endocrine organs, mucocutaneous candid-
iasis, hypoparathyroidism, Addison disease and enamel hypoplasia (80, 81). Almost
every patient with APS-1 produce high titers of autoantibodies against type | IFNs (IFN-a
and IFN-w) from early childhood (75). Some of the patients also produce AABs against
IFN-B and type Il IFNs, although at lower titers. Although type | IFNs are potent antivirals
and key players of innate and cell-intrinsic immunity, type | IFN-AABs were thought to be
largely clinically silent and their contribution to viral diseases were not well studied until
the emergence of COVID-19 (73, 82, 83). In the presence of neutralizing type | IFN-AABS,
neutralization of IFNs blocks IFN signaling and 1ISGs are not activated (Figure 2), leading

to interference with and dampening of the innate and cell-intrinsic immune responses.
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1.3 Current State of the Research in the Field and Importance of this Study

1.3.1 State of the Art

In late 2020, a study involving 987 patients with severe COVID-19 showed that neutraliz-
ing autoantibodies against type | IFN were detected in 10% of patients with life-threaten-
ing COVID-19 pneumonia while they were absent in patients with asymptomatic or mild
SARS-CoV-2 infection (73). Meanwhile, in the general population below the age of 70,
IFN-AABs were found only in 0.17% of individuals. The prevalence of AABs showed an
increase with age, reaching above 4% over the age of 70 (84).

Further studies confirmed the contribution of IFN-AABs to COVID-19 disease severity,
reporting presence of IFN-AABs in 6-17% of COVID-19 patients with severe pneumonia
(73, 85, 86) and in 11-19% COVID-19 patients with critical disease (73, 87, 88). Analysis
of the sera from two patients showed that the AABs were present prior to an infection with
SARS-CoV-2 (73).

Several case reports demonstrated patients with APS-1 developing severe COVID-19
after SARS-CoV-2 infection (73, 82, 83, 89), arguing for an increased susceptibility of
these patients to severe COVID-19. The largest scale study so far has involved 22 pa-
tients with APS-1, of which 15 developed critical COVID-19. Overall, these studies

showed a strong link between the presence of IFN-AABs and COVID-19 disease severity.

1.3.2 Importance

Type | IFN-AABs were long thought to be clinically silent and their role in viral illnesses
was not thoroughly researched until the advent of COVID-19, despite the fact that type |
IFNs are effective antiviral effectors and essential components of innate and cell-intrinsic
immunity. Although several studies reported severe COVID-19 in patients with APS-1 in
preselected cohorts, there have been no prospective studies on patients with APS-1 to
date. Therefore, the link between the presence of IFN-AABs in patients with APS-1 and
progression to severe COVID-19 remains to be elucidated.

Initially, we implemented a prospective study on a small cohort of patients with APS-1.
During the course of our study, some of those patients contracted SARS-CoV-2. Our first
aim was to determine if the IFN-AABs in those patients have neutralizing capacity. Sec-

ondly, we investigated the clinical penetrance of preexisting neutralizing autoantibodies
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against type | IFNs for severe COVID-19. Understanding the effect of IFN-AABs to dis-
ease progression and the clinical penetrance is crucial for choosing suitable, targeted
therapies for patients with APS-1 that contract SARS-CoV-2.

Despite several studies suggesting the contribution of IFN-AABs to severe disease pro-
gression of COVID-19, there are no clinical screenings or determined alternative thera-
pies for these patients, who may greatly benefit from a more tailored diagnosis and treat-
ment protocol.

In the second study, we hypothesized that IFN-AABs can serve as a biomarker for rapid
identification of patients at risk of developing severe COVID-19. Furthermore, using clin-
ical parameters and assays for detection of neutralizing type | IFN-AABs, we aimed to
develop a clinical algorithm for early and rapid identification of patients with IFN-AABs.
Alternative specific treatment strategies for the patients with type | IFN-AABs, that have
a higher likelihood of developing severe COVID-19, might help to decrease the disease

severity and mortality rate of this patient group.
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2 Methods

2.1 Materials

2.1.1 Patient Cohorts

Table 1. Patient Cohorts (Source: own table)

Cohort

APS-1

Cross-sectional Co- Cohort A
hort (CSC)

Cohort B

Cohort C

Therapeutic Plasma Exchange Cohort (TPEC)
= Cohort D

Healthy Cohort

Description

Patients with autoimmune polyendo-
crine syndrome type | described previ-
ously (Meisel et al., 2021)

Patients with a max WHO score 3-8
from the Pa-COVID-19 cohort at Char-
ité Universitaetsmedizin Berlin, Ger-

many

Patients with COVID-19 with a max
WHO score 3-8 from Inselspital Uni-

versitatsspital Bern, Switzerland

Patients with COVID-19 with a max
WHO score 3-8 from Universitatsklin-
ikum Freiburg, Germany

Patients who underwent therapeutic
plasma exchange for treatment of
COVID-19-associated  hyperinflam-
matory syndrome at the Department of
Internal Medicine IV of Heidelberg
University Hospital, Germany (max
WHO score 7-8)

Healthy controls recruited from a study
(Covimmun) on SARS-CoV-2 exposi-

tion in healthcare workers
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2.1.2 Cell lines

Table 2. Cell lines (Source: own table)
Cell line

Calu-3 (HTB-55™)

Vero E6 (CRL-1586™)

2.1.3 Nucleic Acids

Description

cell line derived from human lung epithelial
cells of a patient with lung adenocarci-
noma (obtained from ATCC)

cell line derived from African green mon-
key kidney cells, exhibiting epithelial mor-
phology (obtained from ATCC)

Primers and probe used in SARS-CoV-2 RT-PCR were previously described (Corman et

al. 2020).

Table 3. Primers (Source: own table)

Primers
E Gene F primer

E Gene Probe

E Gene R primer

2.1.4 Proteins

Table 4. Proteins (Source: own table)

Protein
Recombinant Human IFN-w

Roferon®-A (IFN a-2a)

Sequence
ACAGGTACGTTAATAGTTAATAGCGT

FAM-ACAC-
TAGCCATCCTTACTGCGCTTCG-BBQ

ATATTGCAGCAGTACGCACACA

Manufacturer
PeproTech

Roche
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2.1.5 Media

Table 5. Media (Source: own table)

Medium

2xDMEM Medium

DMEM Medium

Freezing Medium

Overlay Medium

2.1.6 Kits

Table 6. Kits (Source: own table)
Kit
MagNa Pure RNA Extraction Kit

Superscript 11l OneStep RT-PCR kit

2.1.7 Reagents

Table 7. Reagents (Source: own table)

Reagent

0.5% Trypsin-EDTA (10x)

Composition

DMEM, high glucose supplemented with
20% fetal bovine serum, 200 U/ml penicil-
lin, 200 mg/ml streptomycin, and 4 mM L-

glutamine

DMEM, high glucose supplemented with
10% fetal bovine serum, 100 U/ml penicil-
lin, 100 mg/ml streptomycin, and 2 mM L-

glutamine

DMEM, high glucose, supplemented with
30% FCS and 10% DMSO, sterile filtered
through a 0.45 um filter

2.4 % Avicel diluted 1:2 in 2x DMEM

Manufacturer
Roche

Invitrogen

Manufacturer

Thermo Fisher Scientific
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Avicel Sigma-Aldrich

Crystal Violet Sigma-Aldrich

DMEM, high glucose Sigma-Aldrich

DMEM, high glucose, powder Biological Industries
DPBS Sigma-Aldrich

Ethanol Roth

Fetal Bovine Serum (FBS) Sigma-Aldrich
Formaldehyde Roth

Gelatine powder VWR

L-Glutamine Thermo Fisher Scientific
Opti-PRO SFM Thermo Fisher Scientific
PCR primers and probe Biomers
Penicillin-Streptomycin Thermo Fisher Scientific

2.1.8 Buffers and Solutions

Table 8. Buffers and Solutions (Source: own table)

Buffers and solutions Composition
Crystal Violet staining solution 0.2% crystal violet, 2% ethanol and 10%
formaldehyde

2.1.9 Consumables

Table 9. Consumables (Source: own table)

Consumable Manufacturer
Cell counting slides Bio-Rad
Cell culture flasks Sarstedt

Cell culture well plates Sarstedt



Methods

17

Combitips Advanced, 10 ml

Dispenser Tips, 12,5ml

Falcons

Filter, 0.45um
Pipette tips
Reaction tubes

Reagent reservoir

RNA extraction plates (MagNa Pure Kit)
RT-PCR plates and seals

Serological pipettes

2.1.10 Equipment

Table 10. Equipment (Source: own table)

Equipment

Bio-Rad TC20™ Automated Cell Counter
Heracell VIOS 160i Incubator

Heraeus Megafuge 1.0 Centrifuge

Incubator

Laminar Flow Hood

LightCycler® 480 Real-Time PCR System
MagNa Pure 96 instrument
Microcentrifuge, Eppendorf 5430
Olympus CK2 Microscope

Primovert Microscope

Scales

Eppendorf
BRAND

Sarstedt

Thermo Scientific
Starlab

Sarstedt

Roth

Roche

4-titude

Sarstedt

Manufacturer
Bio-Rad
Thermo Fisher
Thermo Scientific
Binder GmbH
Thermo Fisher
Roche

Roche
Eppendorf
Olympus
ZEISS

Sartorius
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Thermal Mixer Eppendorf
VACUSAFE Suction Pump Integra Biosciences
Vortex-mixer VWR

2.1.11 Software

Table 11. Softwares (Source: own table)

Software Manufacturer
GraphPad Prism GraphPad
LightCycler® 480 Real-Time PCR System Roche

Microsoft Office Microsoft

2.2 Methods

2.2.1 Cell lines, Interferon Treatment and Viral Infection

2.2.1.1 Culture of Calu-3 and Vero E6 cells

Calu-3 and Vero EB6 cells were cultured in DMEM (Dulbecco's Modified Eagle’s Medium,
Sigma Aldrich), supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100
mg/ml streptomycin, and 2 mM L-glutamine at 37 °C and 5% COz2.

2.2.1.2 Treatment of Calu-3 cells with patient serum and IFN

For the IFN neutralization assay, Calu-3 cells were seeded in 96-well plates at a concen-
tration of 6x1075 cells per ml. Cells were pre-incubated with dilutions of patient serum
ranging from 1:100 to 1:100000 in the presence or absence of 200-400 1U/ml IFN-a2a
(Roferon®-A, Roche) or 20-50 ng/ml IFN-w (PeproTech).

2.2.1.3 SARS-CoV-2 infection of Calu-3 cells
For infection of Calu-3 cells, a B.1 lineage SARS-CoV-2 isolate (SARS-CoV-2/hu-
man/DEU/BavPat2-ChVir984-ChVirl017/2020, NCBI GenBank Acc. No. MT270112.1)

propagated in Vero E6 cells was used after verification of sequence integrity by next-
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generation sequencing. One day after the treatment with IFN-a2a/IFN-w and serum, me-
dium was removed and cells were infected with SARS-CoV-2 at MOI 0.01. After one hour
of incubation, virus inoculum was removed, cells were washed with PBS and cultured in
100pl of medium. 24 hours after infection, supernatant was collected for the quantification
of viral RNA and determination of infectious virus titer. Enhanced respiratory personal
protection equipment were used for all SARS-CoV-2 infection experiments under bi-

osafety level-3 (BSL-3) conditions.

2.2.2 Quantification of viral RNA

2.2.2.1 Viral RNA harvest

For the extraction of viral RNA, 50 pl of cell culture supernatant was added into 300 pl of
MagNa Pure external lysis buffer (Roche, Penzberg, Germany). Heat inactivation was
performed by incubation at 70°C for 10 min. MagNa Pure 96 instrument (Roche) was

used for automated pipetting for the extraction of viral RNA.

2.2.2.2 qRT-PCR
Real-time RT-PCR assay was employed to quantify SARS-CoV-2 RNA concentrations.
SARS-CoV-2 E gene was targeted using the primers (Corman et al., 2020):

E_Sarbeco_F: ACAGGTACGTTAATAGTTAATAGCGT,;
E_Sarbeco_P1: FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ;
E_Sarbeco_R: ATATTGCAGCAGTACGCACACA.

Superscript Il OneStep RT-PCR kit (Invitrogen, Darmstadt, Germany) was used for real
time RT-PCR. Reactions were conducted in 12.5 pl volume using 6.25 ul of 2x reaction
buffer, 0.25 pl of 10 uM probe, 0.5 pl of 10 uM forward and reverse primers, 0.5 ul of SSIlI

/ P. Tag enzyme mix, RNase-free water, and 2.5 pl of RNA template. Following reverse
transcription at 55°C for 10 min, initial denaturation was performed at 95°C for 180 s.
Afterwards, cycling and fluorescence signal acquisition was performed for 45 cycles of
95°C for 15 s and 58°C for 30 s. Experiment and data processing was performed using
the LightCycler® 480 Real-Time PCR System (Roche). SARS-CoV-2-specific in vitro-

transcribed RNA standards (Corman et al., 2020) were used for absolute quantification.
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2.2.3 Quantification of viral infectivity

2.2.3.1 Infection of Vero E6 cells with virus-containing supernatant of Calu-3 cells

50 ul of cell culture supernatant was added onto 50 pl of 0.5% gelatin in Opti-Pro™ to
store infectious virus particles prior to infection of Vero E6 cells. Vero E6 cells were
seeded in 24-wells at a density of 3.5x10"5 cells/ml. Infection was performed with serial
dilutions of Calu-3 cell culture supernatants at 37°C for one hour. Virus inoculum was
then removed, cells were washed with PBS and cells were cultured in overlay medium
containing 2.4 % Auvicel diluted 1:2 in 2x DMEM supplemented with 20 % fetal bovine

serum, 200 U/ml penicillin, 200 mg/ml streptomycin, and 4 mM L-glutamine.

2.2.3.2 Staining and counting of plaques

Three days after infection, overlay medium was removed and Vero E6 cells were fixed
with 6% formaldehyde, washed with PBS, followed by staining with 0.2% crystal violet,
2% ethanol and 10% formaldehyde-containing solution. Plagues were counted using the
dilutions where distinct plagues were detectable and plaque forming units per ml (PFU/ml)

were determined.

2.2.4 Statistical Analysis

Statistical analysis was conducted with GraphPad Prism, using Pearson’s correlation

analysis.
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3. Results

In this chapter, | describe the results obtained in both publications (1, 2) with a focus on
the assays conducted by myself, stated in detail in the attached declaration of authorship
contributions. Figures and tables mentioned in this section are referring to the original

publications.

3.1 Mild COVID-19 despite AABs against type | IFNs in autoimmune polyendocrine
syndrome type 1

3.1.1 Type-l IFN AABs in Sera of Patients with APS-1 Abolishes the Type-I IFN Mediated
Inhibition of SARS-CoV-2 Infection

Patients with autoimmune polyendocrine syndrome type | produce AABs against type |
IFNSs, including IFN-a2a and IFN-w. Recent studies had shown that patients with IFN-
AABs are predisposed to severe COVID-19. Here, a cohort of six patients with APS-1
was examined for the presence of neutralizing IFN-AABs in sera. Our cohort consisted of
children and young adults aged between 13 and 25 and was predominantly female (5 out
of 6 patients). Initially, sera were analyzed for IFN-AABs by an ELISA-based assay in
Labor Berlin (1) which confirmed the presence of high quantities of IFN-AABs in every
patient. Afterwards, a SARS-CoV-2 infection based IFN neutralization assay was per-
formed to assess the neutralization activity of the AABs.

Therefore, Calu-3 cells were treated with 1% patient serum in the presence or absence
of 200 1U/ml IFN-a2a, and 5ng/ml IFN-w, respectively, to test the IFN neutralization by
IFN-AABs. After treatment, Calu-3 were infected with SARS-CoV-2 at MOI 0.01 for an
hour and samples were harvested one day later to detect viral RNA in the supernatant
and formation of plaques in Vero E6 cells.

Assessment of viral RNA detected in the supernatant showed an efficient infection of
Calu-3 cells with SARS-CoV-2 in the absence of IFNs or patient serum (Figure 2A, B).
Pre-treatment with IFN-a2a and IFN-w in the absence of patient serum or in the presence
of healthy control serum showed a decrease in the viral RNA quantity detected in the
supernatant, indicating inhibition of viral replication by IFN-a2a and IFN-w. Meanwhile,
cells that were treated with patient serum were efficiently infected by SARS-CoV-2 even

in the presence of IFN-a2a and IFN-w, reaching the same level of viral RNA as cells that
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were infected without any IFN treatment, demonstrating an effective neutralization of IFNs
by the AABs.

Secondly, supernatant of Calu-3 cells were titrated on Vero E6 cells for a further assess-
ment of IFN neutralization. Here, an efficient virus production was observed by the titra-
tion of supernatant produced by the Calu-3 cells in the absence of IFNs or patient serum
(Fig. 2D, E, Sup. Fig. 3A, B). Treatment with IFN-a2a or IFN-w decreased the virus
production in Vero E6 cells by almost 100-fold. In contrast, abundant virus production
occured when Calu-3 cells were treated with patient serum even in the presence of IFN-
a2a and IFN-w, reaching similar levels as the conditions without IFN (Fig. 2D, E), further
confirming the IFN neutralization by IFN AABs in patient sera. Cells that were treated with
patient sera in the absence of IFNs as a control did not display any differences in the viral

RNA levels or plaque formation, as expected (Fig 2C, F).

3.1.2 IFN Neutralization by Type-l IFN AABs is Concentration-Dependent

Next, we tested if the IFN-AABs in higher dilutions of sera still have neutralization capacity
against IFN-a2a and IFN-w to check if IFN neutralization is concentration-dependent.
Calu-3 cells were treated with titrations of patient serum ranging between 1% and 0.001%
in ten-fold dilution steps. Neutralization capacity was observed to be concentration-de-
pendent. Cells treated with higher dilutions of patient serum showed a loss of IFN neu-
tralization, reflected both by the decrease in viral RNA in the supernatant and plaque
formation (Sup. Fig. 2). For most of the patient sera, 1% and 0.1% dilutions maintained
the capacity to neutralize IFN-a2a and IFN-w whereas the ability to neutralize was dimin-
ished or completely lost at 0.01% or 0.001%. The serum from patient 1, which maintained
the ability to neutralize IFN-a2a even at the lowest concentration, 0.001%, was the serum
with the highest concentration of AABs against IFN-a2a, demonstrating a correlation be-

tween the AAB concentration and neutralization capacity.

3.1.3 Patients with APS-1 Developed Mild COVID-19 Despite Neutralizing Type | IFN
AABs

As described in detail in the original publication, four of the six patients in the cohort con-
tracted SARS-CoV-2 during our study. All the patients that reported SARS-CoV-2 infec-
tion were female and their age range was 13-25. Patients reported fever, headache,

cough, fatigue, rhinitis and flu-like symptoms. None of the patients developed dyspnea or
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oxygen requirement and they were not hospitalized. Their symptoms remained mild and
resolved within one-two weeks. Following the required isolation period, serology was per-
formed and all samples were seropositive for SARS-CoV-2 antibodies (Table 2). These
results showed that the presence of neutralizing IFN-AABs does not necessarily cause
progression to severe COVID-19 and hint that there might be additional factors that con-

tribute to COVID-19 severity in patients with neutralizing IFN-AABSs.

3.2 Early and Rapid Identification of COVID-19 Patients with Neutralizing Type | IFN-
AABs

In the second study, a total of 430 sera from four different cohorts of patients infected with
SARS-CoV-2 were analyzed side by side with sera from a healthy cohort (Table 1). Co-
horts A, B, C, (CSC, cross-sectional cohorts) were composed of patients with a maximum
WHO score of 3-8. Cohort D (TPEC, therapeutic plasma exchange cohort) was composed
of patients with a maximum WHO score of 7-8 who underwent therapeutic plasma ex-
change to treat COVID-19-associated hyperinflammation. Samples were first tested for
the presence of IFN-AABs by an ELISA-based assay and for the binding specificity by a
competition assay at Labor Berlin (2). For ELISA, Streptavidin plates were coated with
biotinylated IFN-a2 or IFN-w followed by incubation with serum. Afterwards, the plate was
incubated with a SULFO-TAG labelled human IgG antibody to bind IFN-AABs and light
signal counts (LSC) were measured by electrochemiluminescence detection (2). Alt-
hough these assays are quite sensitive, there might be unspecific binding of autoantibod-
ies in the sera to the Streptavidin plate or against proteins in the blocking agent (90).
Competition assay was performed to confirm binding specificity and rule out false-posi-
tives that might be generated by the ELISA-based assay. For this, patient serum was pre-
incubated with unbiotinylated IFN-a2 or IFN-w before performing ELISA. Samples that
showed a four-fold or more reduction in LSC compared to ELISA without pre-incubation
scored specific. We used the 97.5th percentile of the LSC readout in our cohort of unin-
fected individuals to determine our ELISA cut-off line. All samples containing AABs
against IFN-a2a and IFN-w above the cut-off line in the ELISA and 102 IFN-a-AAB- and
106 IFN-w-AAB ELISA-negative sera were further assessed for IFN neutralization in

SARS-CoV-2 infection-based neutralization assay as described above.
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3.2.1 Neutralizing AABs against Type | IFN are Present in 3.2% and 18.5 % of the Sera

of Patients from Cross-Sectional Cohorts and Cohort D, respectively

Analysis of IFN neutralization by quantification of viral RNA in the supernatant and infec-
tivity of the released viral particles (as described above) revealed that most of the sera
with specific AABs against IFN-a2a and IFN-w neutralized IFN-a and IFN-w (Sup. Fig.
1). In total, 3.2% (13/403) and 2% (8/403) of the sera within the cross-sectional cohort
(CSC) showed presence of neutralizing autoantibodies against IFN-a2a and IFN-w, re-
spectively (Figure 2A, B). Next, sera of cohort D, composed of patients that underwent
TPE, and had a max WHO score of 7-8, were analyzed for the neutralization capacity of
the AABs. Here, 18.5% (5/27) and 11.1% (3/27) of the sera neutralized IFN-a2a and IFN-
w, respectively. The higher percentage of IFN-AAB-positive patients within cohort D com-
pared to CSC was expected since cohort D is composed of patients with a higher max
WHO score and previous reports showed higher rates of IFN-AAB positivity in critically ill
patients. As expected, there were no neutralizing IFN-AABs detected in sera obtained

from the healthy cohort.

3.2.2 Binding Specificity is a Good Indicator of Neutralizing Capacity of the Sera

Within all cohorts, 90% (18/20) and 83% (10/12) of the sera that displayed specific AABs
against IFN-02a and IFN-w, respectively, neutralized the antiviral activity of type | IFNs
in SARS-CoV-2 infection-based IFN neutralization assay that we consider as the gold
standard for the analysis of IFN neutralization (Figure 2C, D). This displays that samples
positive for specificity are highly likely to be IFN neutralizers. All the ELISA-positive sam-
ples that were unspecific were also non-neutralizers in the SARS-CoV-2-based infection
assay. Among all sera tested, there were only two ELISA-negative sera (C024 and C078)
that showed specific binding. They were negative in the standard IFN neutralization assay
while they showed weak neutralization when tested using lower concentrations of IFN-a
(Sup. Fig. 2). Neither of them was able to neutralize even lower concentrations of IFN-
w.

Conversely, we observed two samples that were negative in the IFN-w-AAB ELISA that
surprisingly showed neutralization capacity. Both sera had high titers of specific and neu-
tralizing IFN-a-AAB, that might cross-react with IFN-w. Apart from these few outliers,

overall, these results suggest that the identification of specifically binding by IFN-AABs
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by competition assay predicts IFN neutralization activity in the SARS-CoV-2 infection-

based neutralization assay.

3.2.3 Presence of Neutralizing IFN-AABs is Associated with a Worse Clinical Outcome

While patients without neutralizing IFN-AABs developed a median max WHO score of 6
(IQR 4-7), patients with neutralizing IFN-AABs showed a median max WHO score of 8
(IQR 8-8) (Figure 5A). All the patients with neutralizing IFN-AABs presented fever com-
pared to 62.6% of patients without IFN-AABs. The requirement of renal replacement ther-
apy and/or ECMO was observed in a higher proportion of neutralizing IFN-AAB positive
patients versus patients without neutralizing IFN-AABs (renal replacement therapy:
69.2%, 9/13 vs 26.6%, 98/369, ECMO: 46.2%, 6/13 vs 15.6%, 58/372). Furthermore, all
patients with neutralizing IFN-AABs (13/13, 100%) required invasive mechanical ventila-
tion (IMV) within 72 hours after hospital admission whereas 44.5% (166/372) of patients
without neutralizing IFN-AABs (Figure 5B). In comparison to 19.1% (71/372) of patients
without IFN-AABS, 92.3% (12/13) of the patients with neutralizing IFN-AABs died in hos-
pital. The probability of survival 150 days post-symptom onset was significantly higher for
patients without IFN-AABs (81.3%, 300/369) than patients with neutralizing IFN-AABs
(7.7%, 1/13) (Figure 5C). Since this comparison did not account for the differences in
disease severity, the higher disease severity in IFN-AAB positive patients might have
been accountable for the lower probability of survival in these patients. In order to rule
out the possibility that this effect is due to the differences in disease severity of these two
groups, we compared the probability of survival of patients with and without neutralizing
IFN-AABs only for the subgroup of critically ill patients with a max WHO score of 6-8.
Despite similar disease severity, we observed a significantly higher probability of survival
in patients without neutralizing IFN-AABs compared to the patients with neutralizing IFN-
AABs within CSC (Figure 6A). In summary, presence of neutralizing IFN-AABs was as-

sociated with a worse clinical outcome.

3.2.4 Neutralizing Type | IFN-AABs are Present Early Post-Symptom Onset

Next, we analyzed sera collected early post-symptom onset as well as at the peak of the
disease from patients in Cohort A and Cohort D (time points prior to TPE), in order to
assess the temporal dynamics of IFN-AAB levels and their neutralization capacity. All the
patient sera with neutralizing IFN-AABs at the peak of disease already showed presence
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of IFN-AABs and neutralizing capacity early post-symptom onset (Fig 4, Sup. Fig. 6).
Sera that tested negative for IFN-AABs at the peak of disease were also negative early
post-symptom onset. These results are in line with the idea that the IFN-AABs are already
present prior to infection, arguing against the induction of IFN-AABs by the infection.

3.2.5 Decrease of Serum IFN Autoantibody Levels by Therapeutic Plasma Exchange Re-

sulted in a Loss of Neutralization Capacity

Five patients within cohort D (TPEC) that had neutralizing autoantibodies at the peak of
the disease provided the chance to analyze the effect of therapeutic plasma exchange
on the serum level of IFN-AABs. TPEC resulted in a decrease in the IFN-AAB levels and
neutralization capacity in the sera of three (D011, D017 and D018) out of five patients
involved (Figure 6B). Sera of all three patients positive for IFN-a2a autoantibodies
showed a decrease in IFN-a2a autoantibody levels below the cut-off point of ELISA pos-
itivity and lost the ability to neutralize IFN-a. Similarly, for IFN-w, sera of patients D017
and D018, that were positive for IFN-w before TPE, became negative and non-neutraliz-
ing for IFN-w-AAB after TPE. Interestingly, these sera were collected from patients that
underwent repetitive TPE (5-14 times) in contrast to the other two patients (D001 and
D016) that underwent two TPE sessions, suggesting a benefit from repetitive TPE for
sufficient decrease in IFN-AAB levels.

Furthermore, a comparison between IFN-AAB-negative patients that displayed a max
WHO score of 6-8 within the CSC and TPEC (cohort D) groups showed a similar survival
rate (Figure 6A). Meanwhile, patients that were positive for IFN-AAB within the TPEC
cohort showed a higher survival rate compared to those within CSC, who did not receive
TPE (60%, 3 out of 5 patients in TPEC vs 7.7%, 1 out of 13 patients in CSC). The two
groups had similar basic demographic characteristics such as median age, sex distribu-
tion, BMI and comorbidities, indicating the potential of TPE as an alternative treatment for

IFN-AAB positive patients.
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4. Discussion
4.1  Short summary of results

Sera from a cohort of six patients with APS-1 were analyzed for the quantity and the
quality of AABs against type | IFNs (IFN-a2a and IFN-w). As the presence of IFN-AABs
weakens the IFN-mediated immunity and based on several previous reports on patients
with APS-1 suffering from severe COVID-19, we initially hypothesized that patients with
APS-1 are predisposed to severe COVID-19. The patients in our cohort were in a regular
follow-up and not specifically recruited for having contracted COVID-19, however, during
the course of the study, four out of six patients reported SARS-CoV-2 infection. Although
we confirmed the presence of neutralizing autoantibodies against type | IFN, contrary to
our hypothesis, none of the SARS-CoV-2-positive patients required hospitalization. Ra-
ther, they were either asymptomatic or showed mild symptoms that resolved within two
weeks, displaying an incomplete clinical penetrance of neutralizing AABs against type |
IFNs for severe COVID-19.

Since several studies highlighted the contribution of IFN-AABs to severe to critical
COVID-19, we hypothesized that IFN-AABs can be used as biomarkers to identify pa-
tients that are vulnerable to develop life-threatening COVID-19. This large scale, cross-
sectional, multi-cohort study confirmed that IFN-AABs are present in critically ill COVID-
19 patients and associate with lower probability of survival. All the patients with neutral-
izing IFN-AABs had fever and required supplemental oxygen within first 72 hours after
hospital admission. Type | IFN-AABs were likely already present prior to SARS-CoV-2
infection and repetitive TPE showed a trend towards reduction of serum levels of the
AABs. Using our findings, we were able to develop a clinically applicable algorithm for
identification of IFN-AAB-positive patients so that they can be referred to alternative treat-

ments at an early stage of SARS-CoV-2 infection to prevent severe COVID-19.

4.2 Interpretation of the results within current state of research

Our observation of mild COVID-19 in patients with APS-1 despite the presence of neu-
tralizing type | IFN autoantibodies may appear to be in conflict with the previous findings

of individuals with APS-1 who experienced severe COVID-19. However, most of the pa-
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tients with APS-1 in previous studies were pre-selected for severe COVID-19 and there-
fore do not provide a complete view on the likelihood of COVID-19 disease progression
in patients with APS-1. Thus, the prospective nature of our study might be a potential
explanation for our different observation regarding COVID-19 severity of patients with
APS-1.

Despite the high prevalence of severe COVID-19 in patients with APS-1, one study
showed that 7 out of 22 patients with APS-1 developed only mild to moderate COVID-19
(91). Two of those patients who were of ages 8 and 13, that were found to be SARS-CoV-
2 positive during testing for screening purposes, remained asymptomatic. Interestingly,
all four SARS-CoV-2-infected patients in our cohort were of a younger age (13, 14, 22
and 25 years old) and they were all female. While 15 of 22 patients that developed severe
COVID-19 in the aforementioned study also included some young female patients with
severe to critical COVID-19, most patients with AABs against type | IFNs and severe
COVID-19 are male patients (95%) of an age older than 65 (73). Together with previous
studies, our findings point towards a model where additional factors such as age and sex
might co-contribute to severe COVID-19 in patients with IFN-AABs. Younger females
might have additional protective factors that are absent or less frequent in elderly patients
and/or males. Vice versa, older males may exhibit additional risk factors for severe
COVID-19 that are absent or less frequent in the majority of young patients and/or fe-
males. For example, rare X-linked recessive TLR7 deficiency due to deleterious variants
was found in about 1.8% of male patients under the age of 60 that suffered from life-
threatening COVID-19 (71) which might be a co-contributing risk factor for males. On the
other hand, plasmacytoid dendritic cells (pDCs) that are the major type | IFN producing
cells in viral infections including SARS-CoV-2 (92, 93), produce a stronger type | IFN
response in response to TLR7 activation in females than males (94-97), and, thus, might
be an additional protective factor in females. In addition, both the number and function of
pDCs decline with age that might contribute to impaired type | IFN immune response (98,
99) and be an additional risk factor in elderly patients. Furthermore, defects in the path-
ways that induce IFN production contribute to a weakened early IFN production in elderly.
In contrast, children display a stronger local IFN response during a SARS-CoV-2 infection

compared to adults (100).
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In agreement with previous studies that showed presence of neutralizing AABs against
IFN-a and/or IFN-w in 6—-17% of severely (73, 84-86, 88) and 11-19% of critically ill pa-

tients (73, 84, 87, 88) with COVID-19, we detected IFN-AAB prevalences of 3.2%
(13/403) in our cross-sectional patient cohort (median max. WHO score 6) and 18.5%
(5/27) in critically affected patients (median max. WHO-Score 7). Despite being ELISA-
negative for IFN-w, two serum samples (B0O04 and B044) showed neutralizing activity
against IFN-w in the SARS-CoV-2 infection-based neutralization assay (Figure 2, (2)). A
possible explanation for neutralizing activity in the absence of detectable IFN might be a
technical error with the detection of the AABs due to their concealment by the binding of
the cytokine to the plate or cytokine biotinylation. Alternatively, cross-reactivity of IFN-a-
AABs with IFN-w could be a reason of detecting a false neutralizing activity and would be

a possible explanation since both sera displayed high titers of IFN-a-AABs.

Higher disease severity and lower probability of survival in our cohorts reflect earlier find-
ings that IFN-AAB positivity is linked to a worse clinical outcome (73, 83-87, 91, 101). On
the other hand, while previous studies reported a link between the presence of IFN-AABs
and demographical characteristics such as male sex and advanced age, our cohort did
not exhibit such an association. This might be merely due to the small size of our cohort.
However, in our cohorts, the presence of neutralizing IFN-AABs was linked to elevated
levels of soluble and cellular markers of acute-phase reactions, such as CRP, procalci-
tonin, LDH, ferritin, and total neutrophil and leukocyte counts, as well as fever and the
need for supplemental oxygen within 72 hours post hospital admission. Therefore, we
concluded that fever and need for supplemental oxygen might serve as suitable clinical
criteria for detection of IFN-AAB positive patients. In line with previous studies (84, 101),
our detection of neutralizing IFN-AABs early after symptom onset argue for their presence
prior to infection and support our hypothesis that they can be used as clinical biomarkers
for early identification of patients predisposed to severe COVID-19. Combining the infor-
mation we gained from all these results, we developed a clinical algorithm to rapidly iden-
tify IFN-AAB positive patients early after symptom onset so that they can be potentially
directed to specific treatments. Our proposed algorithm involves a screening of hospital-
ized COVID-19 patients by using pre-selection criteria that would decrease the number
of patients needed to screen for detection of one IFN-AAB positive patient by 50%, ac-
cording to the analysis we conducted on our cohort. We propose to apply a pre-selection

based on fever and the need for supplemental oxygen within 72 hours after admission
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that both co-presented with IFN-AAB positivity. Next, we suggest selection of the patients
that score above ELISA cut-off for further screening by competition assay. Patients that
score highly positive, above the LSC (light signal count) value of 35,639, are recom-
mended to be considered positive for neutralizing IFN-AABS, since all the samples ex-
ceeding this value in our study showed neutralizing activity against IFN-a (Figure 2c).
Samples that score positive in ELISA but below the LSC value of 35,639 are suggested
to be screened by competition assay that served as a good indicator of IFN neutralizing
capacity. This clinical algorithm, that requires further assessment and verification by clin-
ical studies, can allow the early identification of IFN-AAB-positive COVID-19 patients that

can be directed to alternative therapies.

4.3 Strengths and weaknesses of the studies, implications for practice and fu-

ture research, open questions and outlook

Up to now, to our best knowledge, our study is the only prospective study on patients with
APS-1, providing an important view by displaying an incomplete clinical penetrance of
IFN-AABSs to severe COVID-19. However, the small size of our cohort makes it difficult to
generalize our findings. Large-scale studies involving prospectively followed patients with
APS-1 are required to estimate the likelihood of patients with autoantibodies developing
severe or critical COVID-19. Similarly, large-scale studies on patients with IFN-AABs can
also reveal a possible association between disease severity and age and sex of patients

with IFN-AAB, that we could not observe in our study involving 430 patients.

ELISA and multiplex particle-based assays result in a small percentage of false-positive
results despite their great sensitivity and high throughput (90, 102), underlying the need
for functional assays to confirm the neutralizing activity. The most commonly employed
functional assays include luciferase-based reporter assays (86, 87), analyses of STAT
phosphorylation by flow cytometric analysis (1, 73, 87), and SARS-CoV-2 infection-based
assays (1, 101). Especially the infection-based assays are time-consuming but they allow
examination of the IFN-AABs capacity to neutralize infection-inhibitory concentrations of
IFN-a and IFN-w. Therefore, the SARS-CoV-2 infection-based assay can be considered
as the gold-standard assay to validate IFN neutralization. In order to ensure the accuracy
of our results, we performed an ELISA to identify AABs with high sensitivity, a competition
assay to validate the specificity of AAB binding and a SARS-CoV-2 infection based assay
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to confirm the functional neutralization. We were able to show that the competition assay

results were consistent with the results of the neutralization assay.

Within the uninfected population, there is a sharp increase in the prevalence of type | IFN-
AABs between the ages 70-85 (84). Type | IFN-AABs are identified in 0.17% of individuals
below the age of 70 and in more than 4% of individuals between the ages of 80 and 85.
The prevalence of AABs decrease to 2.6% after 85 years of age. The increased preva-
lence of type | IFN-AABs in older age groups is in agreement with many previous studies
that reported a higher prevalence of AABs such as rheumatoid factor, antinuclear and
anti-cardiolipin antibodies, antibodies against gastric parietal cells and thyroid epithelial
cells in elderly population (103-105). Although the mechanism of AAB induction in elderly
is not well understood, increased tissue damage and apoptosis due to aging is suggested
to be responsible rather than autoimmunity (106, 107). Undiagnosed diseases appearing
with age, asymptomatic chronic diseases or unrecognized environmental factors such as
intercurrent viral infections might also be inducers of AAB production in elderly (108, 109).
Moreover, changes in properties and proportion of helper/inducer T-cells, decrease in
membrane fluidity of peripheral blood lymphocytes and increase in somatic mutations
have been suggested as other potential reasons of AAB overproduction (108, 110). Yet,
further research is required to understand the exact mechanism of increased type | IFN-

AAB production in elderly.

The mechanism of IFN-AAB-associated severe COVID-19 outcome still remains to be
clarified. Our study on patients with APS-1 and another study on hypoxemic breakthrough
COVID-19 pneumonia cases show that IFN-AABs do not interfere with antibody produc-
tion elicited by SARS-CoV-2 infection or a SARS-CoV-2 vaccine (1, 111). Following
SARS-CoV-2 infection, IFNAR1-deficient mice showed similar levels of viral replication
but lower levels of immune cell infiltration in the lungs compared to WT mice (112). How-
ever, another study with SARS-CoV-2-infected mice showed an increase in immune cell
infiltration with no effect on viral load when given anti-IFNAR1 monoclonal antibodies
(113). Critically ill patients with IFN-AABs were shown to have a compromised nasal type
I IFN immunity (114). Based on current literature, it is unclear if the lack of intact type |
IFN response leads to increased viral replication and higher viral load or a more efficient
spread of the virus to the lungs despite similar viral load in IFN-AAB-positive patients.

Nevertheless, a two-step model of pathogenesis has been suggested involving an early
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inadequate type | IFN response allowing viral dissemination to the lungs and blood, fol-
lowed by a hyper-inflammatory response through recruitment of immune cells and pro-

duction of excessive amounts of cytokines (115, 116).

Therapeutic options for COVID-19 patients with IFN-AABs comprise the administration of
monoclonal anti-spike antibodies and antiviral drugs that are recommended at the early
stages of infection for patients that have a high risk of developing severe disease. Addi-
tionally, therapeutic plasma exchange (TPE) might serve as an alternative treatment. TPE
was previously reported to decrease circulating IFN-AAB and showed benefits in four
severely ill COVID-19 patients (101) and in a child with APS-1 that had severe COVID-
19 (83). In agreement with those reports, we observed reduced levels of circulating IFN-
AAB and higher probability of survival in patients that underwent TPE in our study. Over-
all, these results suggest that TPE might be a promising treatment for patients with IFN-
AAB. However, we had few patients where serum samples were collected over the course
of TPE sessions. Therefore, we cannot generalize our findings on TPE and large-scale

clinical studies are needed to investigate the potential benefits of TPE.

After the findings on predisposition of patients with type | IFN-AABs to severe COVID-19,
more studies have focused on investigating the disease outcome in type | IFN-AAB-pos-
itive patients during other viral infections. Some recent studies reported that in addition to
SARS-CoV-2, type | IFN-AABs increase the patient susceptibility to severe disease in
influenza A and herpesvirus infections (117). A higher incidence rate and a more severe
clinical course of herpes zoster due to varicella zoster virus (VZV) reactivation was ob-
served in a cohort of 44 patients with APS-1. Another study demonstrated that type | IFN-
AABs were present in about 5% of patients with critical influenza pneumonia and this
prevalence increased to 8% over the age of 70 in male patients (118). Moreover, type |
IFN-AABs were detected in patients who suffered from life-threatening vaccine reactions
after receiving yellow fever live attenuated vaccine (119). Breakthrough cases of critical
COVID-19 are considered to occur due to poor or waning anti-SARS-CoV-2 spike anti-
bodies in vaccinated individuals. A high proportion of vaccine breakthrough hypoxemic
COVID-19 pneumonia cases were reported despite a normal antibody response and IFN-
AABs were found in 20% (10/42) of those cases (111). Together, these studies suggested
that IFN-AAB-positive patients are vulnerable to various viral diseases in addition to
COVID-19.
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In our cohort of 430 patients, we detected IFN-AABs in 13 patients and created our sug-
gested clinical algorithm based on those results. Therefore, this algorithm would need to
be tested in a clinical setting for further assessment and confirmation. The simple pre-
clinical criteria and the chosen assays to rapidly and accurately identify IFN-AAB pres-
ence in the patients make this algorithm easily applicable in the clinical setting. Further-
more, the fact that IFN-AABs can also underlie critical influenza pneumonia (118), life-
threatening yellow fever live vaccine-associated disease (119) and severe herpes zoster
due to VZV reactivation (117) further supports the importance of identifying IFN-AAB pos-
itive patients as early as possible. Studies on early detection of IFN-AABs might not only
benefit patients that are infected with SARS-CoV-2 but also patients with other viral in-

fections who might otherwise suffer from severe disease.
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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-o and IFN-w (type ITENSs) (8). The role of autoantibodies

Authorship note: CM and BA contributed equally to this work. TM and EL contributed
equally to this work. CG and HvB contributed equally to this work.

Conflict of interest: VMC together with Euroimmun GmbH holds a patent regard-

ing SARS-CoV-2 diagnostics via antibody testing (patent application number EP
20158626.0 — 1118/3715847 “A method and reagents for the diagnosis of SARS-CoV-2").
Copyright: © 2021, American Society for Clinical Investigation.

Submitted: April 26, 2021; Accepted: May 25, 2021; Published: July 15, 2021.
Reference information: J Clin Invest. 2021;131(14):e150867.
https://doi.org/10.1172/JCI150867.

Autoantibodies against IFN-a 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-1 to severe COVID-19. We
prospectively studied 6 patients with APS-1 between 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-1 and
preexisting high titers of neutralizing autoantibodies against IFN-o 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-1 were 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

N

Immunological phenotype

Inhibition of STAT1

Clinical phenotype

Basic characteristics

Neutralization of the ability
of IFN- to block replication

Neutralization of the ability

Anti-IFN-@
autoantibody titer
(before/after infection)

Anti—IFN-a
autoantibody titer
(before/after infection)

Alin non-endocrine  Enamel

Al'in endocrine

Mutations

Sex

Age

Patient  Family

of IFN-a2 to block
replication of SARS-CoV-2

phosphorylation

hypoplasia

organs

organs

in AIRE

of SARS-CoV-2

upon IFN-a2

1:1000

1:100,000

Retina

Parathyroid, adrenal

/

.967_979del13
¢.784delC
€.62C>T/

Byr,1lmo F

1

cortex, gonads

1:1000/1:1000

+ 1:1000/1:1000

F Parathyroid,  Gastritis, anti~GABA

13yr, 8 mo

2

¢.1096-1G>A  gonads, pituitary receptor encephalitis

gland
Parathyroid,
adrenal cortex

1:10,000

1:1000

+

Alopecia totalis

€.769C>T
homozygous

15yr,6mo M

3

Not done

1:10,000/1:10,000

+ 1:10,000/1:10,000

Systemic onset
juvenile idiopathic

Parathyroid,
adrenal cortex,

¢.1096-1G>A

25yr,9mo F

4

homozygous

arthritis

gonads
Adrenal cortex

1:1000/1:10,000

1:1000/1:10,000

+

Parotitis

€.1096-1G>A
homozygous

F

14 yr, 2 mo

1:10,000/1:10,000 Not done

1:10,000

Parathyroid Calcification of

€.247A>G/
c.607C>T

22yr,2mo  F

5

basal ganglia

Al, autoimmunity.
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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-1 is 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-
tatsmedizin Berlin for more than 70 patient years (Table 1). Patient
1 is 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-1 is 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.

J Clin Invest. 2021;131(14):e150867 https://doi.org/10.1172/JCI150867
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Table 2. Serology for SARS-CoV-2 in patients with APS-1

S1-1gG ELISA S1-IgA ELISA SARS-CoV-2 IgG SeraSpot
Patient Time point relative S1-lgG ratio  S1-IgG result S1-IgA ratio  S1-IgA result N RBD Sl 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 0.13 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 Neg
4 After 4.2 Pos 243 Pos 13 2.7 14 19 Pos
5 Before 0.09 Neg 0.36 Neg 0.1 0 0.1 0 Neg
5 After 8.24 Pos >12 Pos 31 59 4.6 51 Pos
6 Before 0.06 Neg 0.37 Neg 0 0 0 0 Neg
6 After 3.08 Pos 17 Pos 03 20 0.6 10 Pos

S1, subunit S1 of spike protein; N, nucleocapsid; RBD, S1 receptor-binding domain. S1 ratios 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 IFN-o, IFN-o, IFN-,
IL-6, IFN-y, and GM-CSF. All were positive for autoantibodies
against IFN-o and IFN-o, none for autoantibodies against IFN-p,
IL-6, IFN-y, or GM-CSF (Figure 1A). Dilution experiments showed
high titers of autoantibodies against IFN-a and IFN-w, 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
Q). 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-02 in whole blood of a healthy control and in

J Clin Invest. 2021;131(14):e150867 https://doi.org/10.1172/JCI150867

patients. Although 1 ng/mL IFN-02 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 1 IFN-mediated inhibition of SARS-CoV-2 replication is
abolished by autoantibodies in patients’ plasma in vitro. Neutraliz-
ing activity of autoantibodies against IFN-a 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-a2a 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-02a
(Figure 2A) and IFN-o (Figure 2B), respectively. In general, IFN
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-02a, indi-
cating high anti-IFN-02a 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-o02a (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-B, 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 (POS, n = 1). Detection of auto-Abs against (B) IFN-a2 and (C) IFN- in serially diluted patient sera. Dotted lines indicate the maximum
light signal counts (LSC) in the anti—IFN-a2 and anti—IFN-® 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-0.2 (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 1 in 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-1 in our cohort exhibited autoantibodies at titers that are suf-
ficient for functional neutralization of type I [FNs 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
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Figure 2. Auto-Abs in patients with APS-1 neutralize the ability of type I 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-® (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 plaque assays. (A—C) Viral RNA was extract-
ed from supernatant and SARS-CoV-2 genome equivalents/uL 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. Plaques 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 ITFNSs, 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-o and IFN-m 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-a
and IFN-o 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-o and IFN-o
do not completely block, but only dampen the biological activity
of, IFN-a and IFN-w 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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— Universitatsmedizin 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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Abstract

Purpose Six to 19% of critically ill COVID-19 patients display circulating auto-antibodies against type | interferons
(IFN- AABs). Here, we establish a clinically applicable strategy for early identification of IFN-AAB-positive patients for
potential subsequent clinical interventions.

Methods We analyzed sera of 430 COVID-19 patients from four hospitals for presence of IFN-AABs by ELISA.
Binding specificity and neutralizing activity were evaluated via competition assay and virus-infection-based neutralization
assay. We defined clinical parameters associated with IFN-AAB positivity. In a subgroup of critically ill patients, we
analyzed effects of therapeutic plasma exchange (TPE) on the levels of IFN-AABs, SARS-CoV-2 antibodies and clinical
outcome.

Results The prevalence of neutralizing AABs to IFN-a and IFN-o in COVID-19 patients from all cohorts was 4.2%
(18/430), while being undetectable in an uninfected control cohort. Neutralizing IFN-AABs were detectable exclusively in
critically affected (max. WHO score 6-8), predominantly male (83%) patients (7.6%, 18/237 for IFN-a-AABs and 4.6%,
11/237 for IFN-0-AABs in 237 patients with critical COVID-19). IFN-AABs were present early post-symptom onset and
at the peak of disease. Fever and oxygen requirement at hospital admission co-presented with neutralizing IFN-AAB
positivity. IFN- AABs were associated with lower probability of survival (7.7% versus 80.9% in patients without IFN-
AABs). TPE reduced levels of IFN-AABSs in three of five patients and may increase survival of IFN-AAB-positive patients
compared to those not undergoing TPE.

Conclusion IFN-AABs may serve as early biomarker for the development of severe COVID-19. We propose to
implement routine screening of hospitalized COVID-19 patients for rapid identification of patients with IFN-AABs who
most likely benefit from specific therapies.

Keywords COVID-19 - SARS-CoV-2 - Type | interferon - Autoantibodies

Introduction

Since its first detection in Wuhan, China, in 2019, severe-

Bengisu Akbil, Tim Meyer, Paula Stubbemann and Charlotte acute-respiratory syndrome coronavirus 2 (SARS-CoV-2)
Thibeault and Kurth, von Bernuth, Meisel, Goffinet. These authors has placed an unprecedented burden on health care systems
contributed equally. worldwide. The clinical spectrum of the associated disease,

COVID-19, ranges from asymptomatic infection to severe
disease with hypoxemia, acute respiratory distress syndrome
Extended author information available on the last page of the article (ARDS), multiorgan failure, and death [1]. Approximately
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35% of patients remain asymptomatic, 55% develop upper
respiratory tract infections, whereas 15% develop severe
pneumonia (defined as SpO2 < 90% at room air) and 5%
critical pneumonia (defined as acute respiratory distress
syndrome (ARDS), requiring mechanical ventilation or
extra-corporeal membrane oxygenation (ECMO) [2].

Scores containing clinical and laboratory parameters
support risk stratification and resource allocation in clinical
practice worldwide [3]. Demographic and clinical risk
factors for a severe disease course include advanced age,
male sex, and pre-existing comorbidities [4]. Moreover,
genetic polymorphisms are associated with progression
to severe disease [5]. Cell-intrinsic innate viral sensors
and antiviral cytokines, including type | and type llI
interferons (IFNs), orchestrate the control of SARS-CoV-2
infection [6]. Inherited mutations of genes involved in IFN
induction and signaling and circulating auto-antibodies
(AABs) that neutralize type | IFNs have been found to
predispose infected individuals to severe COVID-19 [7,
8], presumably by contributing to an ineffective immune
response with delayed or abolished type | IFN signaling.
Neutralizing type | IFN-AABs are present in 6-17% of
hospitalized COVID-19 patients with severe pneumonia
[7, 9, 10] and 11-19% in critically ill COVID-19 patients
[7, 11, 12], greatly exceeding estimated prevalences of
around 0.33% [7] in uninfected individuals. Intriguingly,
while neutralizing IFN-AABs in patients with autoimmune
polyendocrine syndrome type 1 (APS-1) can associate with
a severe course of SARS-CoV-2 infection [13-17], their
mere presence does not inevitably lead to severe disease
[18]. A recent global multi-cohort study reports prevalence
of neutralizing IFN-AABSs in 4% of uninfected individuals
over 70 years of age, suggesting that IFN-AABs may pre-
exist in some individuals that develop a critical course of
COVID-19 [19]. Thus, we reasoned that IFN-AABs may
serve as biomarkers that could, in conjunction with other
clinical parameters, help to predict risk for developing
severe COVID-19 and to stratify patients for specific
therapies.

Specific therapies may comprise the administration of
recombinant IFN-B or therapeutic plasma exchange (TPE).
However, the clinical benefit of TPE and other approaches
remains to be defined and requires studies involving large
numbers of patients. With IFN-AABs present in up to 18%
of deceased COVID-19 patients [19] and given the limited
therapeutic options for severely affected COVID-19 patients,
testing specific therapeutic approaches is of high urgency,
yet clinically implementable strategies for rapid and early
identification of IFN-AAB-positive patients upfront are
missing.

Methods
Study Cohorts and Data Collection

Patients were recruited and data and sample collection was
performed within one of four prospective observational stud-
ies conducted at Charité—Universitatsmedizin Berlin, Ger-
many (Cohort A, [20]), Inselspital Universitatsspital Bern,
Switzerland (Cohort B), Universitatsklinikum Freiburg,
Germany (Cohort C), and Universitatsklinikum Heidel-
berg, Germany (Cohort D). For this analysis, all patients
with a maximum WHO score of 3-8 (see supplementary
methods) were included from Cohorts A-C (henceforth
summarized as cross-sectional cohorts, CSC). For cohort D
(therapeutic plasma exchange cohort, TPEC), only patients
who underwent therapeutic plasma exchange for treatment of
COVID-19-associated hyperinflammatory syndrome at the
Department of Internal Medicine IV of Heidelberg Univer-
sity Hospital, Germany ([21] and supplementary methods),
were retrospectively selected. All TPE procedures were per-
formed in accordance with the German Medical Devices Act
(“Medizinproduktegesetz”). Healthy controls were recruited
from a study on SARS-CoV-2 exposition in health care
workers (HC cohort). Samples from APS-1 patients were
obtained from a published study [18] and published values
are shown here for reference. All studies were conducted
according to the Declaration of Helsinki and Good Clinical
Practice principles.

Detection of IFN-AABs by Reverse ELISA

IFN-AABs were detected using an electrochemilumines-
cence immunoassay (ECLIA)-platform (MSD, Rockville,
USA), as described recently [18]. Briefly, MSD GOLD
96-well small spot streptavidin SECTOR Plates (MSD)
were washed with wash buffer (MSD) and blocked with
150 pl blocking buffer (Thermo Fisher, Waltham, USA) per
well at 4 °C overnight. All further incubations were per-
formed for 60 min at room temperature. After blocking,
plates were incubated with IFN-a2 (Merck Sharp & Dohme,
Kenilworth, USA) or IFN-w (Peprotech, Rocky Hill, USA)
linked to biotin (Thermo Scientific, Waltham, USA). Next,
plates were incubated with patients’ sera following dilution
at 1:100 in blocking buffer. Cytokine AABs were detected
using a monoclonal mouse antibody to human 1gG (D20JL-
6, MSD). After incubation and washing, 150 pl of read
buffer (ReadBufferT (4x), MSD) was added, incubated for
10 min at room temperature, and plates were analyzed using
the MESO QuickPlex SQ 120 analyzer (MSD). Data are
shown as light signal counts (LSC).
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Competition Assays

All sera whose IFN-a2-AABs and/or IFN-w-AABs levels
exceeded the 97.5th percentile of AAB levels of the analyzed
health-care workers’ sera and samples that scored close to,
but below this cut-off were assessed by competition assay
using unbiotinylated IFN-a2 or IFN-w. The sera of interest
were diluted 1:100 with blocking buffer and incubated over-
night at 4 °C with 2.5 mg/ml, 0.025 mg/ml, and 0.00025 mg/
ml unbiotinylated IFN-a2 or IFN-w. After incubation,
reverse ELISA was performed, as described above. IFN-
AAB:s in a given serum scored specific when preincubation
with the highest concentration of IFN-02 or IFN-w resulted
in an at least four-fold reduction of LSC in comparison to
analysis of the identical serum without IFN-a2 or IFN-w
pre-incubation.

Virus Infection-Based Neutralization Assays

Calu-3 cells were pre-incubated with 1% human serum
in the presence or absence of 200-400 IU/ml IFN-a2a
(Roferon®-A, Roche) or 20-50 ng/ml IFN-w (PeproTech).
After 24 h, IFN and serum were removed and cells were
infected with SARS-CoV-2 at a multiplicity of infection

0.01. Virus inoculum was removed after 1 h, cells were
washed with PBS, and 100 pl medium was added per well.
Twenty-four hours post-infection, cell culture supernatant
was collected for viral RNA quantification by RT-PCR and
infectious titer determination by plaque assay.

Cytokine and Chemokine Measurements

Cytokines and chemokines from a subset of patients from
cohort A were analyzed using Quanterix’ single molecule
array technology or multiplex ECLIA.

Results

We analyzed 430 serum samples collected within four
independent observational clinical studies on COVID-19
for IFN-AAB positivity (Table 1), comprising 237 patients
with critical COVID-19 (max. WHO score 6-8). Median
age of patients in the CSC (cohorts A-C, 403 patients) was
61 years (IQR 52-71) and 72.2% (291/403) were male.
Median Charlson Comorbidity Index (CCI) was 3 (IQR 1—
4). Twenty-seven patients with critical disease course
(median max. WHO score 7 (IQR 7-8)) who underwent TPE
as compassionate use were selected retrospectively from
center D (TPEC). Median age of patients in the TPEC was
65 years (IQR 56-72), 74.1% (20/27) were male, and median
CClI was 4 (IQR 3-5). All patients from the TPEC required
invasive mechanical ventilation (IMV), 77.8% (21/27) renal

replacement therapy, one patient was treated with ECMO,
and 13 out of 27 (48.2%) patients died despite maximum
care. Six hundred sixty-seven serum samples from a healthy
cohort (HC) consisting of health-care workers (Table S1)
were screened for the presence of neutralizing IFN-AABsS
to set the cut-off for IFN-AAB positivity.

Prevalence of AABs Against IFN-a2 and
IFN-w in Patients with COVID-19

We first aimed to establish a sensitive screening assay for
type | IFN-AABs. To this end, we first screened samples
of our HC for prevalence of AABs against IFN-a and/or
IFN-w by ELISA. Samples were considered positive when
the respective LSC value exceeded the 97.5th percentile of
AAB levels of the analyzed sera from the HC (cut-off for
IFN-a=1980 LSC, IFN-w = 1961 LSC). We then screened
sera obtained at the peak of the disease (i.e., during the hos-
pitalization period with highest individual WHO score) from
patients of cohorts A-C (CSC) and cohort D (TPEC). The
proportion of ELISA-positive patients in the CSC was 5.0%
(20/403) for IFN-a AABs and 4.2% (17/403) for IFN-w
AABs. It was significantly higher in cohort D (TPEC)
(IFN-a AABs 18.5%, 5/27, p=0.0035 and IFN-w AABs
14.8%, 4/27, p = 0.0132), as expected (Fig. 1a, Fig. S1,
Table S2). Some sera displayed values approaching or equal-
ing those detected in sera from patients with autoimmune
polyendocrine syndrome type 1 (APS-1), a genetic disease
involving the generation of high titer neutralizing type I IFN-
AAB:s (Fig. 1a, [18]).

Nonspecific binding is a common phenomenon in
immunoassays for the detection of AABs, and high levels
of inflammatory parameters such as C-reactive protein
(CRP) correlate with non-specific binding of (auto-)
antibodies [22]. Therefore, we probed the specificity of
all samples exceeding the 97.5th percentile of the HC sera
in the IFN-AAB ELISAs and 117 and 118 samples that
scored below this cut-off, respectively, from all five cohorts
in a competition assay (Fig. 1b, Table S2). As expected,
sera that scored below the 97.5th percentile of the ELISA
had a low chance of scoring positive in the competition
assay (2/117 for IFN-a: C024, C078; 2/118 for IFN-w:
C024, B044). A substantial part, but not all, ELISA-
positive samples of the five cohorts scored positive in the
competition assay (18/34 alpha; 10/34 omega), indicating
specific binding of IFN in those. Overall, we established a
prevalence of specific IFN-a-AAB of 3.7% (15/403) and
of specific IFN-w-AAB of 2% (8/403) in the CSC (Fig. 1a,
b). Cohort D (TPEC) showed 18.5% of sera specifically
binding IFN-a (5/27) and 14.8% for IFN-w (4/27) or both
(14.8%, 4/27) (Fig. 1a, b). Importantly, none of the tested
sera from the HC displayed antibodies that specifically
bound IFN-a or IFN-w.



Table 1 Baseline patient characteristics

Individual cohorts

All patients of cross-sectional cohort

Center A, Berlin Center B, Bern Center C, Center D, Heidelberg IFN-AAB IFN-AAB Non- p-value
cohort cohort Freiburg cohort cohort (TPEC) Neutralizing neutralizing
Number of patients 266 50 87 27 13 390 /
IFN-AAB 2.6 (7/266) 6.0 (3/50) 5 (3/87) 18.5 (5/27) 100 (13/13) / /
Neutralizing IFN-alpha 2.6 (7/266) 6.0 (3/50) 3.5 (3/87) 18.5 (5/27) 100 (13/13)
Neutralizing IFN-omega 1.1 (3/266) 6.0 (3/50) 2.3 (2/87) 11.1 (3/27) 61.5 (8/13)
Age (Median, IQR, availablen) 61 (50-71), 266 67.3 (56.8-745),50 59 (53-67), 87 65 (56-72), 27 69.4 (52.5-75.6), 13  61.0 (52-70.2),390  0.19
Sex Male:
Female 27.8 (74/266) 18.0 (9/50) 33.3(29/87) 25.9 (7/27) 15.4 (2/13) 28.2 (110/390) 0.31
Male 72.2 (193/266) 82.0 (41/50) 66.7 (58/87) 74.1 (20/27) 84.6 (11/13) 71.8 (280/390) OR=2.16 (0.47-9.91)
BMI (kg/m?, Median, IQR, 28.4 (24,9-32,5),245 27 (26-31), 47 27.7 (25.2-32.2), 56  31.5 (25.8-40.1), 27 27.4 (25.5-29.5),10 28(24.9-32.4),338 0.73
available n)
Comorbidities
CCI (Median, IQR, avai- 2 (1-3.75), 265 4 (2-6.5), 33 3(2-5),83 4 (3-5),27 3(1.5-4),13 3(1-4), 367 0.54
lable n)
Chronic heart disease (%) 58.9 (155/263) 30.3 (10/33) 23.0 (20/87) 77.8 (21/27) 46.2 (6/13) 48.4 (179/370) 0.74, OR=0.83
(0.27-2.53)
Chronic pulmonary disease 18.5 (47/254) 27.3 (9/33) 10.4 (9/87) 3.7 (1/27) 23.1(3/13) 17.2 (62/361) 0.58, OR=1.45
(%) (0.39-5.41)
Diabetes (%) 26.7 (70/262) 42.4 (14/33) 26.4 (23/87) 44.4 (12/27) 23.1 (3/13) 28.2 (104/369) 0.54, OR=0.70
(0.19-2.58)
Obesity (%) 39.2 (96/245) 31.9 (15/47) 28.6 (16/56) 55.6 (15/27) 20.0 (2/10) 37.0 (125/338) 0.27, OR =043
(0.08-2.04)
Autoimmune disease (%) 2.8 (7/251) 2.0 (1/50) 5.7 (5/87) 3.7 (1/27) 0 (0/13) 3.5 (13/375) 0.72
Symptoms: Fever 57.0 (151/265) 80.0 (40/50) 77.5 (55/71) 85.2 (23/27) 100 (12/12) 62.6 (234/374) 0.0079
Days between symptom 6 (2-9), 233 4(2-8), 50 6 (3-9), 66 6 (3-8), 27 4(3-8),11 5(2-9), 338 0.81
onset and admission
(median, IQR, available n)
Need for supplementary 78.4 (189/241) 74.0 (37/50) 72 (36/50) 100 (12/12) 100 (12/12) 76.0 (250/329) 0.0528
oxygen within first 72 h
after admission
IMV 46.2 (117/253) 60,0 (30/50) 39,0 (32/82) 100 (27/27) 100 (13/13) 44.5 (166/372) 0.0001
Length of ventilation in
da)gs (median, IOR, avail- 32,5 (18,25-56,5), 116 10,5 (5-18,5), 30 16 (6-21), 23 24 (14-37), 27 20 (10.75-29.25), 12 24 (11-475), 157 0.40
able n)
Length of hospital stay in 20 (10-44), 262 135 (5-23,25),50 16 (7-33), 85 41 (24-63), 27 25 (16-47), 13 17 (9-37,8), 384 0.045

days (median, IQR, avail-
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a1y

ABojounwiwi [eaiuld Jo reuinogr



Tablel (Continued)

Individual cohorts

Al patients of cross-sectional cohort

Center A, Berlin Center B, Bern CenterC, CenterD, Heidelberg  IFN-AAB IFN-AAB Non- p-value
cohort cohort Freiburg cohort cohort(TPEC) Neutralizing neutralizing
Medication/treatment
Dexamethasone 46.9(123/262) 48.0(24/50) 21.0(17/87) 74,1(20/27) 46.2 (6/13) 41.6 (158/380) 0.74
Remdesivir 9,2 (16/174) 0(0/50) 12.6(11/87) 29.6(8/27) 0(0/13) 9.0(27/300) 0.52
Renal replacement therapy 29.3(74/253) 26.0(13/50) 25.3(20/79) 77.8(21/27) 69.2(9/13) 26.6(98/369) 0.0008
ECMO 17.4 (44/253) 0(0/50) 24.4(20/82) 3.7(1/27) 46.2 (6/13) 15.6 (58/372) 0.0036
Plasmapheresis 0(0/266) 0(0/50) 0(0/87) 100(27/27) 0(0/13) 0(0/390) /
max. WHO score (Median, 5(4-7), 266 7 (4-8),50 6 (4-8),83 7(7-8), 27 8(8-8),13 6 (4-7), 386 0.0001
IQR, available n)
Outcome
Discharged or transferred 81.0(205/253) 72.0(36/50) 72.0(59/82) 51.8(14/27) 7.7(1/13) 80.4(299/372)
Deceased 19.0(48/253) 28.0(14/50) 25.6(21/82) 48.2(13/27) 92.3(12/13) 19.1(71/372) 0.0001
Unknown / / 2.4(2/82) / / 0.5(2/372)

Data are shown in % (N/n) unless otherwise indicated. IMV invasive mechanical ventilation, IQR interquartile range, CCI Charlson’s comorbidity index. Patients with DNI/DNR were excluded

for IMV, RRT, ECMO, and Outcome (N =13 Center A, N=0 Center B, N=5 Center C, and N =0 Center D)
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Fig. 1 Prevalence of AABs against IFN-a2 and IFN-® in patients
with COVID-19. a ECLIA-based assay for detection of 1gG AABs
against IFN-02 and IFN-o in sera from hospitalized patients with
COVID-19 from four different university hospital cohorts (Center
A, n=266; Center B, n=50; Center C, n=87; Center D, n=27), in
patients with APS-1 (n = 6), and healthy health care workers (HC)
without documented SARS-CoV-2 infection (n = 667). Dotted lines
indicate the 97.5th percentile of the ECLIA assay LSC in sera from
the HC cohort. Dots indicate samples containing AABs scoring spe-
cific (red) or unspecific (blue) for IFN-a2 and IFN-® binding in the
competition assay (see b), respectively. Samples depicted as black
dots were not tested in the competition assay. The prevalence of sera

with specifically binding type | IFN-AABs in each cohort is given
in percent. b Specificity of the ECLIA assay signal for IFN-a2- and
IFN-o-AABs was tested in an competition assay by preincubation of
sera with increasing concentrations of unlabeled IFN-a2 and IFN-®
protein (0-2.5 pg/ml) before analysis. Samples showing a decrease
in assay signal by at least 75% in the presence of the highest com-
petitor concentration were defined as specific for type | IFN antibody
reactivity and are indicated with red lines (IFN-a2 n=20, IFN-o
n =12). Samples showing no decrease in the presence of excess unla-
beled type | IFN protein were regarded as unspecific for type | IFN
antibody reactivity and are indicated with blue lines (IFN-a2 n = 62,
IFN-® n=39)
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IFN- AABs Neutralize Exogenous IFN in
a Virus Infection- Based Assay
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We next analyzed whether the presence of detectable and
specifically IFN-binding AABs corresponded to a func-
tional neutralization of IFN during infection. To this end,
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Fig. 2 IFN-AABs neutralize exogenous IFN in a virus infection-
based assay. a, b Selected sera were analyzed for IFN neutraliza-
tion activity in a SARS-CoV-2 infection-based assay. The ability of
individual sera to neutralize exogenous IFN-02 (a) and IFN-o (b) is
shown by the rescue of susceptibility to infection as judged by quanti-
fication of viral RNA (x-axis) and infectivity (y-axis) in the superna-
tant. The infection condition in the absence of serum and IFN is set
to 1. ¢, d The LSC value for individual sera, grouped into non-neu-
tralizing and neutralizing sera, for the four COVID-19 cohorts. Dots

indicate sera containing AABs scoring specific (red) or unspecific
(blue) for IFN-02 and IFN-o binding in the competition assay (see
b), respectively. Black dots indicate samples that scored below the
threshold of the ELISA. Black dotted lines indicate the 97.5th per-
centile of the ECLIA assay LSC in sera from the healthy health care
workers (HC) cohort (see Fig. 1). Neutralization ability of IFN-a and
IFN-® can be predicted at 100% for sera displaying LSCs above the
respective red dotted lines (IFN-a: 35,639; IFN-w: 12,603)
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we applied a previously established assay of IFN-based inhi-
bition of SARS-CoV-2 infection of the immortalized lung
cell line Calu-3 [18], which we consider the gold standard
for analysis of IFN neutralization. We tested the extent to
which sera neutralize the antiviral activity of type | IFNSs,
resulting in efficient infection despite presence of IFNs. We
tested all ELISA-positive sera as well as 102 IFN-a-AAB-
and 106 IFN-w-AAB ELISA-negative sera as a reference.
3.2% (13/403) and 2% (8/403) of the sera of the CSC specifi-
cally neutralized exogenous IFN-a and IFN-o, respectively,
as judged by PCR-based quantification of SARS-CoV-2
genomic RNA in the supernatant and plaque assays that
quantify infectivity of virus progeny (Fig. 2a, b, Fig. S1,
Table S2). In cohort D (TPEC), 18.5% (5/27) and 11.1%
(3/27) sera neutralized IFN-a and IFN-o activity, respec-
tively (Fig. 2a, b, Fig. S1).

Strikingly, among all competition assay-positive sam-
ples of the four COVID-19 cohorts, 90% (18/20) and 83%
(10/12) sera displayed IFN-a and IFN-®-neutralizing
activity, respectively, indicating that a positive result in
the competition assay associates with neutralization activ-
ity with a high likelihood (Fig. 1c, d). Examples for sera
potentially containing low quantities of binding-competent,
but non-neutralizing sera were derived from patients C078
(IFN-0) and C024 (IFN-w). Conversely, a negative result
in the competition assay was predictive of absence of neu-
tralization ability. Specifically, among ELISA-positive,
but competition assay-negative sera, 0 (0%) of 23 and 0
(0%) of 29 sera were able to neutralize IFN-a and IFN-
o, respectively. Among 102 IFN-a-AAB-ELISA-negative
sera, we observed two sera (C024 and C078) which scored
negative in our standard IFN neutralization assay but that
may weakly neutralize lower amounts of IFN-a (Fig. S2).
Interestingly, we identified two samples that neutralized
IFN-w despite scoring negative in the IFN-o-AAB ELISA
(i.e., having LSC counts below the 97.5th percentile cut-
off, BO04 and B044) (Fig. 2b, d). The pronounced ability
of these exact two sera to neutralize IFN-a (Fig. 2a, ¢) was
the reason why we included them in the IFN-w test, and
suggests a potential cross-reactivity of IFN-a-AAB with
IFN-o.

Merging results from all three assays (Fig. 2c, d) revealed
that an LSC value in the screening ELISA of > 35.639 (IFN-
a) and > 12.603 (IFN-®) predicted specific binding in the
competition assay and neutralization ability in the functional
assay. Finally, the prevalence of ten individual antiphospho-
lipid-ABs did not differ between patients with and without
neutralizing IFN-AABs from cohort A (Fig. S3), suggesting
that the presence of AABs is not generally increased in IFN-
AAB-positive patients.

Laboratory Parameters of COVID-19
Patients Displaying Type | IFN-AABs

We next aimed to characterize the clinical phenotype of IFN-
neutralizing AAB-positive COVID-19 patients in the CSC
at hospital admission and to identify discriminatory mark-
ers that may serve as pre-selection criteria for their early
identification and stratification. Interestingly, there were no
statistically significant differences regarding clinical base-
line characteristics, including demographic criteria and pre-
existing comorbidities between patients with and without
IFN-neutralizing AABs in the CSC using univariate analy-
ses (Table 1). Yet, of all patients with available symptom
records (cohorts A and C), the proportion of patients who
reported fever and required supplemental oxygen therapy
within 72 h from admission was higher in patients with
neutralizing IFN-AABs than in those without (fever: 100%,
12/12 versus 62.6% (234/374), p = 0.0079 and oxygen: 100%
(12/12) versus 76.0% (250/329), p = 0.0528).

Furthermore, patients with IFN-AABs for which respec-
tive data were available displayed higher median values of
C-reactive protein (CRP), procalcitonin, lactate dehydroge-
nase (LDH), ferritin, total leukocyte and neutrophil count,
and neutrophil-to-lymphocyte ratio within the first 3 days of
hospital admission compared to patients without IFN-AABs
(Fig. 3, Fig. S4). In addition, patients with neutralizing IFN-
AABs showed low levels of CD169/Siglec-1 expression
on monocytes, a well-known type | IFN-response marker
(Fig. S5). Interestingly, there was a tendency toward a nega-
tive correlation between CRP levels and CD169/Siglec-1
within 72 h from hospital admission.

In IFN-AAB-Positive Patients, High
Quantities of Neutralizing IFN-a2-AABs
Were Present Both Soon Post-symptom
Onset and at the Peak

of Disease

Next, we evaluated the temporal dynamics of IFN-AAB
levels in sera from COVID-19 patients soon after symptom
onset as compared to the peak of the disease. Available sam-
ples obtained in cohort A and in cohort D (TPEC) prior
to TPE were analyzed (Fig. 4, Fig. S6). In all patient sera
with detectable neutralizing IFN-AABs at the peak of the
disease, early sera corresponding to ten (min. 4 to max. 20)
days post-symptom onset contained abundant and neutraliz-
ing (Fig. 4, Fig. S5) IFN-AABS, suggesting that IFN-AABs
either existed prior to the infection or were generated very
early post-symptom onset. In contrast, sera collected early
post symptom onset from patients that were IFN-AAB-neg-
ative at the peak of disease were negative, arguing against a
transient induction of IFN-AABS.
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Fig. 3 Laboratory parameters of COVID-19 patients displaying
type | IFN-AABs. Values of C-reactive protein (CRP), procalcitonin,
fer- ritin, lactate dehydrogenase (LDH), absolute leukocyte and
neutrophil count, and neutrophil-to-lymphocyte ratio (NLR) of
patients with

Cytokine and Humoral Responses to SARS-CoV-
2 Infection in IFN-AAB-Positive Patients

We next aimed to identify potential quantitative and/
or qualitative differences in cytokine responses, viral
load, and seroconversion kinetics in IFN-AAB-positive
as opposed to IFN-AAB-negative patients. We analyzed
serum cytokine levels in a subset of critical patients (WHO
max. 6-8) from cohort A. Patients with neutralizing IFN-
AABs demonstrated significantly higher levels of IFN-y,
and IFN-y-induced protein 10 (IP-10) 1 to 2 weeks post-
symptom onset while monocyte chemoattractant protein-1
(MCP-1) and TNF-a concentrations were similar compared
to sera from patients without neutralizing IFN-AABs
(Fig. S7). However, levels equalized among the two groups
at 3 to 4 weeks post-symptom onset. As expected, patients
with IFN-AABs had undetectable serum IFN-a levels. Of
note, by comparing upper-respiratory tract swabs and sera
from patients with and without IFN-AABs from all infected
cohorts, we failed to identify detectable differences in viral
load level or decay over time (Fig. S8a) and we found no
evidence for a difference in duration until seroconversion
post-symptom onset (Fig. S8b). In conclusion, some
cytokine responses were aberrantly elevated in patients
with IFN-AABs within the first 2 weeks post-symptom
onset. However, they normalized at weeks 3 and 4, and
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(N=5-6) and without neutralizing IFN-AABs (N =200-265) from
the cross-sectional cohort (CSC, all WHO scores). For each patient,
the first available parameter within 72 h of hospital admission is
shown. Statistical testing was performed with Mann—-Whitney U test

viral RNA production and time to seroconversion remained
indistinguishable from patients without IFN-AABs.

Clinical Outcome of COVID-19
Patients with Neutralizing IFN-AABs

Neutralizing IFN-AAB-positive patients developed sig-
nificantly higher max. WHO scores than patients without
neutralizing IFN-AABs (median max. WHO score 8 (IQR
8-8) vs 6 (IQR 4-7), respectively; p < 0.0001, Fig. 5a). All
patients with neutralizing IFN-AABs in the CSC required
IMV (13/13, 100%), compared to 44.5% (166/372) in
patients without IFN-AABs (p < 0.0001, Fig. 5b). Similarly,
the proportion of neutralizing IFN-AAB-positive patients
requiring renal replacement therapy and/or ECMO was
markedly higher than in those without IFN-AABs (renal
replacement therapy: 69.2%, 9/13 versus 26.6%, 98/369,
p =0.0008, ECMO: 46.2%, 6/13 versus 15.6%, 58/372,
p = 0.0036, Table 1). Twelve out of thirteen neutralizing
IFN-AAB-positive patients (92.3%) died in hospital com-
pared to 19.1% (71/372) of patients without IFN-AABs
(p < 0.0001) in the CSC (Table 1). Median survival of
patients with neutralizing IFN-AABs was 28 days (IQR
22-65 days). Irrespective of the disease severity, the proba-
bility of surviving to 150 days post-symptom onset is 81.3%
(300/369) for the patients from the non-neutralizing group,
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Fig. 4 In IFN-AAB-positive patients, high quantities of neutralizing
IFN-a2-AABs were present both soon post-symptom onset and at
the peak of disease. a Time course of antibody quantities in patient
sera that scored IFN-AAB-positive at the peak of disease (N =8, red
lines). Additionally, time course of antibody quantities in patient
sera that scored IFN-AAB-negative of the peak of disease is plotted
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Fig. 5 Clinical outcome of COVID-19 patients with neutralizing
IFN- AABs. a Median max. WHO score in hospital. Statistical testing
was performed using the Mann-Whitney U test. b Proportion of
patients requiring invasive mechanical ventilation (IMV) after
hospital admis- sion. Statistical testing was performed using the
chi-square test. ¢

(N =15, black lines). The dotted line indicates the 97.5th percentile
of the ECLIA assay LSC in sera from the HC cohort (see Fig. 1). b,
¢ The ability of the sera to neutralize exogenous IFN-02 is shown by
the rescue of susceptibility to infection as judged by quantification
of viral RNA (b) and infectivity (c) in the supernatant. The infection
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until discharge (up to 150 days), death or transferral (p < 0.0001).
Statistical testing was performed using a log-rank test. Neutralizing
(N=13), non-neutralizing (panels a and b: N=372, panel ¢c: N=369)
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as opposed to 7.7% (1/13) for the patients of the neutralizing
IFN-AAB-positive group (Fig. 5¢). Conclusively, IFN-AAB
positivity was associated with severe disease trajectories of
COVID-19 and a worse clinical outcome in our cohorts.

Inter-individual Effect of Therapeutic Plasma
Exchange on IFN-AABs and SARS-CoV-2
Antibodies

Cohort D (TPEC) allowed us to compare trajectories of
IFN-AAB-positive patients undergoing TPE to those not
undergoing TPE. Criteria for initiation of TPE were pres-
ence of ARDS requiring IMV and/or vasopressor-depend-
ent circulatory shock, clinical and laboratory features of
a COVID-19-associated immunopathology with elevated
D-dimers and ferritin levels, and persistent and refractory
fever > 38.5 °C without conclusive pathogenic evidence
and despite anti-infectious treatment. TPE was initiated
without prior screening for IFN-AABs within a median
of 6 days (IQR 1-10) after hospital admission and the
median number of TPE sessions per patient was 3 (IQR 2—
5). TPE was performed using a continuous-flow cen-
trifugation blood cell separator. Plasma with enclosed
cytokines and immunoglobulins are separated from blood
cells by gravity due to different densities of the respective
blood components [21].

Focusing on severely ill patients (WHO group 6-8),
survival of IFN-AAB-negative patients in the CSC cohorts
and TPEC was similar (p = 0.34). Importantly, the propor-
tion of neutralizing IFN-AAB-positive patients from the
TPEC that survived in hospital was higher than of those
patients from the CSC who did not undergo TPE (60%,
3/5 patients from the TPEC survived versus 7.7%, 1/13
patients from the CSC, p = 0.0412) (Fig. 6a), despite simi-
lar disease severity. The two groups (IFN-AAB-positive,
CSCwith N=13vs. TPEC, N =5) displayed no differences
regarding basic demographic characteristics and share
similar median age, sex distribution, BMI, and comorbidi-
ties (not significant, Table S3). The five patients from the
TPEC showed a longer median length of ventilation and a
longer median stay in hospital compared to the 13 patients
in the CSC. In both groups, patients were treated with dexa-
methasone but only the IFN-AAB-positive TPEC patients
partly received remdesivir (3/5 patients, 60.0% vs. 0/13,
0%, p =0.0044). No ECMO treatment was used in the IFN-
AAB-positive TPEC patients. Regarding both groups, the
four survivors in both groups (one in the CSC vs. three in
the TPEC) showed no distinct demographic characteristics,
comorbidities, or treatments in hospital (except TPE for the
TPEC). They were older than 50 years and predominantly
male (3/4, 75%). One had a BMI above 40 kg/m? and CClI
ranged from 1-3. Three out of 4 patients (75%) received
renal replacement therapy and none of the patients was

undergoing ECMO. Three out of 4 patients (75%) received
dexamethasone and two patients (2/4, 50%) remdesivir.

Longitudinal analysis of sera revealed that three (D011,
D017, D018) out of five patients responded to TPE with
decreasing IFN-AAB levels below the cut-off and to a
level that coincided with absence of neutralizing activity.
In addition, a sustained reduction of IFN-AAB quantities
was achieved only by repetitive TPE (Fig. 5b, Fig. S9). In
contrast to IFN-AABs, quantities of SARS-CoV-2 Spike
1gG and IgA were less, if at all, affected by TPE (note the
logarithmic scale for IFN-AABs versus the linear scale for
SARS-CoV-2-1gG/IgA). Overall, our findings in a limited
number of patients suggest that TPE could positively affect
the survival of critically ill IFN-AAB-positive patients. This
needs to be corroborated in future, adequately powered clini-
cal investigations. Potentially, a sustained and significant
reduction of peripheral IFN-AAB levels must be achieved
to prevent death.

Discussion

IFN-AABs strongly associate with adverse clinical outcome
of SARS-CoV-2 infection [7, 9-11, 13, 17, 23].

In several studies, detection and quantification of IFN-
AABs in sera from COVID-19 patients relies on ELISA
and multiplex particle-based assay. While these assays are
amenable to high-throughput and are highly sensitive, they
result in a small proportion of false-positive results [22,
24], highlighting the ongoing need to reanalyze positive-
tested patient material in functional assays demonstrat-
ing the neutralization activity. However, such assays are
sophisticated and time-consuming. They include lucif-
erase-based interferon-stimulated response element (ISRE)
promoter reporter assays [10, 11], flow cytometry-based
analyses of STAT phosphorylation [7, 11, 18], and virus
infection-based assays [18, 23]. The latter allows probing
the activity of the IFN-AABs in the context of infection-
inhibitory concentrations of IFN-o and IFN-o. Here, we
applied and cross-validated previously established assays
comprising an ELISA for sensitive identification, a spec-
ificity-validating competition assay, and a functional neu-
tralization assay [18] using a large collection of serum
samples obtained from three cross-sectional cohorts.

Surprisingly, sera from two patients were found to neu-
tralize exogenous IFN-w despite negative ELISA results.
Presence of neutralization activity in the absence of detect-
able IFN-AABs has been reported [19]. Explanations for
this phenomenon could include technical aspects of the
detection method, including the possibility that IFN-AABs
may be concealed by the binding of the cytokine to the
plate or biotinylation of the cytokine [25].
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<Fig. 6 Inter-individual effect of therapeutic plasma exchange on

IFN-AABs and SARS-CoV-2 antibodies. a Probability of survival
of neutralizing IFN-AAB-positive and -negative patients with criti-
cal COVID-19 (max. WHO score 6-8) with and without plasma
exchange (CSC and TPEC) from symptom onset until discharge,
death or transferral (p = 0.04, neutralizing CSC versus neutralizing
TPEC; p < 0.0001, neutralizing CSC versus non-neutralizing CSC).
Statistical testing was performed using a log-rank test. Neutralizing
CSC (N =13), non-neutralizing CSC (N =184), neutralizing TEPC
(N =5), and non-neutralizing TPEC (N = 22). b Antibody profile in
serum from individual COVID-19 patients of the TPEC subjected to
plasma exchange. The quantity of IFN-a2- and IFN-w-AABs, SARS-
CoV-2-1gG and -IgA, and the IFN-02 and IFN-o neutralization sta-
tus are given for various time points. The patient identifier is given
in red. Viral load profiles were only available for patients D011 and
D018 and are shown in Supplementary Fig. 7

Here, we calibrated our ELISA cut-off based on the
97.5th percentile in a cohort of uninfected individuals.
Although this strategy may be inexact, the absence of
prevalence IFN-AABs in a cohort of younger and pre-
dominantly female healthcare workers supports an age-
dependent increase of IFN-AAB prevalence in uninfected
individuals [19]. Furthermore, the prevalence of 3.2%
(13/403) of patients with neutralizing AABs against
IFN-o and/or IFN-o in our cross-sectional patient cohort
(median max. WHO score 6) and 18.5% (5/27) in criti-
cally affected patients (median max. WHO-Score 7) is
in line with reported prevalences of 6-17% in severely
[7, 9, 10, 12, 19] and 11-19% in critically ill [7, 11, 12,
19] individuals with COVID-19. Moreover, IFN-AAB
positivity is associated with a worse clinical outcome and
a decreased survival probability of hospitalized patients
in our cohorts, confirming previous reports [7, 9-11, 13,
17, 19, 23]. Interestingly, a single study to date [26] sug-
gested that survival was not adversely affected by the pres-
ence of type | IFN-AABs, while confirming the widely
accepted association with an increased risk of admission
to the intensive care unit.

We failed to identify a clear association of IFN-AABs
with previously described demographic parameters in our
cross-sectional cohort, including male sex or advanced age
[7, 13], probably due to the relatively limited sample size
of our cohorts. However, the presence of neutralizing IFN-
AABs was associated with fever and need for supplementary
oxygen within 72 h post hospital admission, as well as with
elevated soluble and cellular markers of acute-phase reaction
including elevated levels of CRP, procalcitonin, LDH and
ferritin, and elevated total neutrophil and leukocyte counts
within the first 3 days of admission in our CSC. Higher CRP
values constitute a biomarker for a severe disease course, are
included in a widely-used clinical risk score for mortality of
COVID-19 [3], and associate with neutralizing IFN-AABs
along with lower lymphocyte counts in severely affected
patients [10]. As hospital admission and thus clinical

deterioration occurred at a median of 5 days post-symptom
onset in the CSC, fever and need for supplemental oxygen
therapy up to 72 h post hospital admission may serve as suit-
able and simple clinical criteria to identify patients at risk
for a severe disease course.

Our ability to detect IFN-AABs as early as 4 days post-
symptom onset in sera from most patients that present with
IFN-AABs at the peak of their disease suggest that they
were present prior to the infection, or alternatively, but less
likely, were induced very early post infection. Our data are
in agreement with recently demonstrated presence of IFN-
AAB:s at the day of hospital admission [23] and in 4% of
uninfected individuals > 70 years old [19], underlining the
idea that they can serve as biomarkers for predisposition for
a severe course of SARS-CoV-2 infection. Future studies are
required to elucidate the biological mechanisms that lead to
elicitation of IFN-AABsS in an age-dependent manner.

Given that IFN-AABs are risk factors for a worse clini-
cal outcome in hospitalized patients with COVID-19, future
rapid identification of IFN-AAB-positive patients after hos-
pital admission seems key for the potential implementation
and success of specific interventions such as antivirals and/
or monoclonal antibodies and/or TPE. Mass screening of
all hospitalized COVID-19 patients may be the ideal goal.
However, in the context of limited resources, combination
of clinical parameters and targeted diagnostic testing may
serve to facilitate early, sensitive, and specific identifica-
tion of IFN-AAB-positive patients. In the CSC cohort, the
patient number needed to screen (NNS) without preselection
in order to identify one patient with neutralizing IFN-AAB
was 31.0 (403/13). We hypothesized that applying clinical
pre-selection criteria which co-present with the neutralizing
IFN-AAB positivity diminishes the NNS. Due to the limited
number of IFN-AAB-positive patients (13), multiple test-
ing correction was not feasible. Using univariate analyses,
we established that temperature (> 38.5 °C or self-reported
fever) before or upon hospital admission and the need for
supplemental oxygen within the first 72 h after admission
correlated best with presence of IFN-AAB positivity in
the screening assay in all hospitalized COVID-19 patients
(fever: p = 0.0079; supplemental oxygen p = 0.0528). In
order to prevent early exclusion of IFN-AAB-positive
patients by mere pre-selection on statistically significant
parameters, we included fever and the need for supple-
mental oxygen which nominally associated with IFN-AAB
positivity. Importantly for clinical implementation, both
parameters are easily measurable and clinically reasonable
and reduce the NNS to 15.6 (172/11). Selection of patients
exceeding the cut-off for ELISA positivity (in our cohort
97.5th percentile of the HC) for further testing by competi-
tion assay would adjust the NNS in the competition assay to
1.4 (15/11). Therefore, in order to increase sensitivity, we
propose to consider the need for supplemental oxygen within
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Fig. 7 Proposed diagnostic algorithm for rapid identification of
neutral- izing IFN-AAB-positive patients. The number needed to
screen (NNS) is based on results from the cross-sectional cohort
(CSC). ELISA for IFN-AAB detection was considered to be positive
if it exceeded the

97.5th percentile of the healthy control cohort. (1) NNS of all hospi-
talized COVID-19 patients without preselection was 31.0 (403 patients
in total, 13 patients with neutralizing IFN-AABS). (2) Prescreening of
patients using the clinical criteria of fever at admission and need for
supplemental oxygen within the first 72 h after hospitalization dimin-

72 h after admission and fever as pre-selection criteria for
patients that undergo ELISA screening (Fig. 7).

Sera from all patients exceeding the LSC value of 35,639
(13/13) in the screening ELISA assay demonstrated neutral-
izing activity against IFN-a (Fig. 2c). We therefore propose
to conduct the IFN neutralization assay only in case of an
LSC value lower than 35,639, whereas patients with sera
exceeding this value can be considered positive for neu-
tralizing IFN-AABs without further testing (Fig. 7). Taken
together, we identified clinical parameters that co-present
with IFN-AAB positivity at hospital admission, which may
serve as preselection in a yet-to-be-verified diagnostic algo-
rithm. Due to the low number of IFN-AAB-positive patients
in our study, the usefulness of these parameters and their
statistical robustness require assessment and verification in
prospective clinical studies.

Treatment with antiviral compounds and monoclonal
antibodies is recommended in the early phase of SARS-
CoV-2 infection for patients at high risk for progression to
severe disease and may therefore also serve as therapeutic
options for IFN-AAB-positive COVID-19 patients in addi-
tion to removal of autoantibodies by TPE and substitution
of type I IFN by IFN-B administration. TPE in the context of
COVID-19 has been analyzed in individual case reports and
case—control studies, including IFN-AAB-positive and nega-
tive patients [17, 21, 23, 27] and might efficiently remove

ished the NNS in the IFN-AAB ELISA (3) by half, to 15.6 (172/11).
For patients identified as positive in the screening ELISA, the NNS in
the competition assay to confirm the presence of IFN-specific AABs is
reduced to 1.4 (15/11) (4). For patients with high-titer IFN-AABs (light
signal count > 35.639), the competition assay can be omitted. Patients
highly positive in the IFN-AAB ELISA and those with specific results
in the competition assay may be included in clinical studies that aim
testing specific therapies, including therapeutic plasma exchange (5).
Figure created with BioRender.com

soluble circulating FcyReceptor-activating immune com-
plexes [28]. TPE effectively decreased circulating IFN-AAB,
but not SARS-CoV-2 antibody concentrations in four IFN-
AAB-positive, severely ill patients [23] and in a child with
APS-1 suffering from severe COVID-19 [17]. In our study,
TPE was offered to patients in one center. Here, it reduced
circulating IFN-AABs with patient-specific efficiency and
appeared to increase the chances of in-hospital survival.
Although clinical characteristics in both groups were similar,
we cannot rule out confounding factors due to different clini-
cal settings between centers contributing to different survival
rates, such as the differences regarding administration of
remdesivir described above. However, our data underline the
rationale to initiate large-scale, adequately powered clinical
trials in order to corroborate the potential benefit of TPE in
a general cohort of adult, critically ill COVID-19 patients.
Interestingly, SARS-CoV-2-1gG and IgA quantities were less
affected by TPE for unknown reasons, which may include
their rapid replenishment by highly abundant plasmablasts
or an extravascular-to-intravascular rebound since immuno-
globulins have a substantial extravascular distribution.
Given the low prevalence of detectable IFN-B-AABs (up
to 1.3% in patients with critical COVID-19 [19]), IFN-B
administration may substitute for neutralized IFN-a and
-o. While IFN-B therapy failed to result in a detectable
clinical benefit in the SOLIDARITY trial [29], specifically
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IFN-AAB-positive patients may benefit from IFN-p therapy,
a patient group that might have been under-represented in
this study. Furthermore, the benefit of IFN-B administered
by different routes should be systematically explored in this
patient group.

Conclusions

Rapid and early identification of COVID-19 patients with
circulating IFN-AABs at hospital admission is key to pro-
vide them with yet-to-be-established specific therapies
before they clinically deteriorate. A high-throughput-ame-
nable assay pipeline, composed of an ELISA-based assay
for IFN-AABs in serum and a consecutive ELISA-based
validation assay, can substitute methodologically complex
gold-standard assays that quantify functional neutralization
of IFNs. Future, large-scale prospective observational stud-
ies are required to verify if this pipeline may be stratified
to a preselected group of patients based on clinical param-
eters that appeared to associate with IFN-AAB positivity,
including presentation with fever and need for supplemental
oxygen therapy within 72 h after admission. Identification
of at-risk patients will enable clinicians to directly allocate
them to larger clinical trials which are urgently required to
determine clinical effectiveness of targeted therapies in this
particularly vulnerable patient group.
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