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Abbreviations

ACE2 - angiotensin-converting enzyme 2

APCs - antigen-presenting cells

C1r - complement C1r subcomponent

C1s - complement C1s subcomponent

C2 - complement C2

CDS - coding DNA sequence

CFB - complement factor B

CFD - complement factor D

COVID-19 - coronavirus disease 2019

DDX3X - DEAD box protein 3, X-chromosomal

DDX58 - DEAD hox protein 58

E - Envelope protein

ECMO - extracorporeal membrane oxygenation

HLA - human leukocyte antigen molecules

IFN - interferons

IFN-I - type | interferon

LIPS - Luciferase Immunoprecipitation System

M - Membrane protein

MERS-CoV - Middle East respiratory syndrome coronavirus
NLuc - nanoluciferase

NP - nucleoprotein

NSP - non-structural protein

NSP13 - non-structural protein 5, helicase

NSP5 - non-structural protein 5, or chymotrypsin-like protease, or 3C-like protease
RBD - receptor-binding domain

S - Spike protein

S1-S1 domain

S2 - S2 domain

SARS-CoV - severe acute respiratory syndrome coronavirus
SARS-CoV-2 - severe acute respiratory syndrome coronavirus 2

SP-1L6 - signal peptide of IL6
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WHO - World Health Organization
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1. Introduction

1.1. COVID-19

A novel RNA virus from the family of Coronaviridae emerged in late 2019 in Wuhan, China
(Disease outbreak news, WHO, 2020). Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) causes the coronavirus disease 2019 (COVID-19) which has quickly taken precedence over all other
public health concerns. Two and a half years after the first outbreak of COVID-19, the pandemic is still
in full swing with over 500 million confirmed cases and over 6 million deaths reported to the World
Health Organization (WHO) up to July 20", 2022 (WHO Coronavirus (COVID-19) Dashboard, WHO,
2022).

Like the other pandemic coronaviruses, severe acute respiratory syndrome coronavirus (SARS-
CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV), SARS-CoV-2 is transmitted
through respiratory droplets and spreads rapidly. However, SARS-CoV-2 has a much higher
transmission rate than SARS-CoV and MERS-CoV because many cases of infection are asymptomatic
or very mild and remain undiagnosed (Abdelrahman et al., 2020). Most of the cases are asymptomatic
or mild with common symptoms like fever, dry cough, fatigue, loss of taste and smell, diarrhea,
headache, and muscle pain. However, some patients develop severe pneumonia with low oxygen levels
(SpO2 <94%), experiencing dyspnoea (shortness of breath) and chest pain. In such severe cases, patients
need oxygen therapy. Oxygen therapy is given in form of supplemental oxygenation or high-flow
oxygenation, depending on the severity of the patient’s condition. Supplemental oxygen is administered
through a nasal cannula or a non-rebreather mask, whereas, for high-flow oxygenation, mechanical
ventilation is needed. In the case of ventilation, positive pressure can be delivered through a mask (non-
invasive ventilation) or a tube (intubation). All patients that require ventilation are hospitalized in the
intensive care unit (ICU). Rarely, patients end up being in a critical state when respiratory failure,
multiple organ failure, and/or sepsis occur. Critical patients need extracorporeal membrane oxygenation
(ECMO) and may need other organ support as well (Clinical Spectrum - COVID-19 Treatment
Guidelines, NIH, 2022, Wiersinga et al., 2020) (Table 1). Lastly, there are the so-called “long COVID”
patients with symptoms persisting for weeks or months after the onset of the infection. Long after being
infected, these patients are usually reporting symptoms of autonomic dysfunction, dyspnoea, and

extreme fatigue, and some may also be experiencing neurocognitive difficulties (Sudre et al., 2021).

In summary, patients show very heterogeneous responses to the virus in severity and duration
of symptoms. Apart from age, sex, and comorbidities like obesity, diabetes, chronic kidney disease,
chronic lung disease, hypertension, immunosuppression, malignancies, and others (Kaeuffer et al.,

2020, Sudre et al., 2021), various immunological features also pose a major risk for a severe disease



outcome. Particularly, inborn errors of immunity and autoantibodies intensively investigated for their
contributions to the pathogenesis of COVID-19 have been associated with disease severity (Bastard et
al., 2020, Hadjadj et al., 2020, Wang et al., 2021,).

Table 1. COVID-19 categorized by disease severity according to NIH (Clinical Spectrum - COVID-
19 Treatment Guidelines, NIH, 2022).

Frequency
COVID-19 . Oxygen
(Stokes et Symptoms Hospitalization
category treatment
al., 2020)
Asymptomatic no symptoms no no
79%

common symptoms:

. fever, cough, sore throat, fatigue,
Mild . no no
headache, diarrhea, loss of taste

and smell, muscle pain

lower respiratory disease during

clinical assessment or imaging,

Moderate yes, normal ward | no
with SpO, >94% (mild pneumonia)
supplemental
lower respiratory disease with yes, normal ward | oxygen or
Severe 21% ]
SpO2 <94% (severe pneumonia) or ICU or high-flow

oxygenation

o respiratory failure, multiple organ
Critical ) ) yes, ICU ECMO
system failure, sepsis




1.2. SARS-CoV-2

SARS-CoV-2 belongs to Coronaviridae, a family of large, enveloped, and single-stranded
RNA viruses. Its genome is a positive-sense RNA with a 5'-cap and a 3'-polyadenylated tail making it
suitable for translation by the host’s translation machinery. At the 5'-end two open reading frames
(ORF), ORF1a and ORF1lab start, encoding two polyproteins, PP1la and PPlab, respectively. These
polyproteins are proteolytically processed into 16 non-structural proteins (NSP1-16) (Nagvi et al.,
2020).

Four types of structural proteins are encoded at the 3'-end: Spike protein (S), Membrane protein
(M), Envelope protein (E), and nucleoprotein (NP). NP binds viral RNA and packs it into a capsid
which is protected within an envelope. The envelope consists of three different structural proteins: S,
M, and E. Proteins M and E build the membrane structure of the envelope while the transmembrane S
protein in form of homotrimers projects from the envelope surface and mediates virus entry into host
cells (Satarker & Nampoothiri, 2020). The projections of S protein on the surface are a distinct feature
of coronaviruses. They are thought to resemble the form of a crown under the electron microscope,
hence their name (lat. corona = crown) (Li, 2016). The S protein monomer has two functional domains:
S1 and S2. The receptor binding domain (RBD) through which S protein interacts with angiotensin-
converting enzyme 2 (ACE2) receptors lies within the S1 domain, while the S2 domain mediates virus-

host membrane fusion (Huang et al., 2020).

Non-structural proteins (NSP) are a group of various enzymes and transcription factors
facilitating viral replication and transcription. The RNA-dependent RNA polymerase (NSP12) with its
cofactors, NSP7 and NSP8, and helicase (NSP13) forms the transcriptional and replicational machinery
of the virus. NSP14 is a 3’-5’ exoribonuclease with proofreading activity ensuring the stability of the
viral genome. The two cysteine proteases, NSP3 (papain-like protease) and NSP5 (chymotrypsin-like
protease, also referred to as 3C-like protease) cleave the polyproteins into non-structural proteins. At
3’-end there are six other ORFs encoding accessory proteins whose roles are yet to be discovered
(Figure 1) (Wang et al., 2020).

After transmission, SARS-CoV-2 binds to the ACE2 receptors on the epithelial cells in the
host’s body. ACE2 receptors are expressed in the colon, kidney, heart, gallbladder, cornea, upper
respiratory tract, and lungs (Li et al., 2020). The virus enters the cells via endocytosis or membrane
fusion. Inside the cell, its RNA is released and translated by the host’s translation machinery. Newly
synthesized non-structural proteins replicate the viral genome. Simultaneously, structural proteins are
synthesized. Ultimately, the RNA is packed into enveloped virions that are released from the cells by
exocytosis. These virions spread through the bloodstream and the neighboring cells causing an infection
(Malone et al., 2022).
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Figure 1. Schematic of SARS-CoV-2 virus. A. Schematic structure of SARS-CoV-2. B. Schematic structure of

Spike protein and binding to ACE2 receptor. C. Schematic SARS-CoV-2 genome. The figure was based on data from NCBI,
GenBank entry NC_045512.2, and created with BioRender using the template “Human Coronavirus Structure”.



1.3. Immune response to SARS-CoV-2

Upon first contact with a new pathogen, innate immunity is immediately activated as the first
line of defense. In the early phase of the infection, inflammatory factors are released along with
mannose-binding lectin, chemokines, naturally occurring glycan-binding antibodies, NK and y5-T cells,
the proteins of the complement system, and interferons. They help stimulate antigen-presenting cells
(APCs) such as dendritic cells, macrophages, and epithelial cells. APCs break down the viral antigens
into small peptides that are then presented within human leukocyte antigen molecules (HLA) on the
APCs surface. HLA I activates the cytotoxic T cells that then directly attack the infected cells, whereas
HLA Il activates helper T cells which release cytokines and chemokines to stimulate cytotoxic T cells
and B cells (Boechat et al., 2021). When overstimulated, helper T cells produce excessive amounts of
pro-inflammatory cytokines (IFN-a, IFN-y, IL-1p, IL-6, IL-12, 1L-18, IL-33, TNF-a, TGEp, etc.) and
chemokines (CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10, etc.) which causes a physiological
phenomenon known as the cytokine storm (Hu et al., 2021). High cytokine levels are observed in severe
and critical patients, whose immune system is overstimulated and is chaotically attacking the body,
including healthy tissue, which can result in multiple organ failure, septic shock, and even death
(Shcherbak et al., 2021). SARS-CoV-2 can also bind to the lower parts of the respiratory tract including
the alveoli. In the alveoli, type Il alveolar cells produce the surfactant - a molecule that maintains the
surface tension of the alveoli wall enabling effective gas exchange in the lungs. In severe cases, SARS-
CoV-2 attacks type Il alveolar cells triggering cell apoptosis, subsequently disturbing the pulmonary

homeostasis and causing lung edema, hypoxia, and dyspnoea (Calkovska et al., 2021).

1.3.1. Antibody response against SARS-CoV-2

Adaptive immunity, including B-cell mediated humoral and T-cell mediated immunity, is a key
antiviral defense that helps to eliminate the invading virus in a specific way and develops a long-term
immunologic memory against it. Once stimulated by viral peptides presented on APCs, B cells can
proliferate and differentiate into antibody-producing plasma cells or memory B cells, ultimately
producing large amounts of virus-specific antibodies (Réltgen & Boyd, 2021). During a SARS-CoV-2
infection, antibodies to the structural and non-structural proteins are produced (Jiang et al., 2020, Shrock
et al., 2020). IgM and IgG antibodies are rapidly produced and can already be detected in serum a week
post-symptom onset (Figure 2). 1gG titers are more stable than IgM titers and can be detected in sera
from recovered or vaccinated individuals for months after the infection (Cervia et al., 2022, Secchi et
al., 2020). The gold standard in serological testing for SARS-CoV-2 is the detection of antibodies
specific for highly antigenic structural proteins: S and NP (Liu et al., 2020). Apart from the cytotoxic
lymphocytes (mainly CD8+ T cells), neutralizing antibodies are a major effector of adaptive immunity

that has the potential to neutralize the virus and help cytotoxic lymphocytes to eliminate it. SARS-CoV-
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2 neutralizing antibodies recognize the S protein and bind to the RBD and N-terminal domain of the S1
region or S2 region, thus blocking the binding to the ACE2 receptors on the host’s cells and ultimately
impairing viral entry (Xiaojie et al., 2020). In comparison, the non-structural proteins are less antigenic
and antibodies to these proteins are rare (Jiang et al., 2020, Matyuskina et al., 2022). Having many
highly neutralizing epitopes, the S protein is critical for virus neutralization and constitutes the main
component of most vaccines against SARS-CoV-2 (Martinez-Flores et al., 2021). Therefore, in the thus
vaccinated individuals, only antibodies against S can be detected, whereas in the infected convalescent

individuals both S and NP antibodies can be detected.

Time course of antibody response in COVID-19
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Figure 2. Time course of antibody response in COVID-19. Created in Biorender using a template “Time
Course of COVID-19 Infection and Test Positivity”.



1.4. Cross-reactive SARS-CoV-2 antibodies

SARS-CoV-2 proteins share strong sequence homology with proteins of other human
coronaviruses such as SARS-CoV, MERS, HKU1, OC43, 229E, and NL63, especially between
structural proteins. This results in a three-dimensional structural similarity of epitopes between the
antigens. Therefore, an antibody originally raised against a specific antigen may cross-react and bind to
another structurally similar antigen, such as a protein of another coronavirus (Bates et al., 2020,
Grobben et al., 2021).

Not only can such cross-reactivity occur between proteins of different viruses, but such
phenomenon may also occur between viral and human proteins that share strong structural and/or linear
sequence homology. A pair of unrelated proteins of similar molecular design is called a mimicked pair.
According to the molecular mimicry hypothesis, an infection can offset the response in the host against
its own antigens (autoantigens) that are similar to the pathogen proteins. Such an event leads to the
breakdown of self-tolerance, activation of autoreactive T cells, and production of autoantibodies where
the pathogen-directed immune response is misled towards self-antigens (Maoz-Segal & Andrade,
2015). A large number of autoimmune diseases potentially associated with infections due to molecular
mimicry between the pathogen and human proteins were described (Cuisick et al., 2012): e.g. enteric
viruses and type 1 diabetes (Baum et al., 1995), Enterobacteriaceae and rheumatoid arthritis (Aoki,
1999), and herpesviruses and systemic lupus erythematosus (SLE) (McClain et al., 2005). Noteworthy,
some studies have reported cross-reactivity of the SARS-CoV-2 antibodies, mainly those against NP
and S protein, with proteins that are known autoantigens like the insulin and GAD-65 in type 1 diabetes
(Vojdani et al., 2021), cytokeratin-18 in chronic obstructive pulmonary disease (Kuo et al., 2010,
Matyuskina et al., 2022), and M2 in autoimmune encephalomyelitis (Lebar et al., 1989, Vojdani et al.,
2021). The mechanism of cross-reactivity for the mentioned examples of cross-reactive SARS-CoV-2

antibodies is unknown.

Several research groups have mapped mimicked pairs of SARS-CoV-2 and human proteins
(Lasso etal., 2021, McGill et al., 2022, Squeglia et al., 2020). Lasso et al. annotated 158 human proteins
structurally mimicked by coronaviruses. Among those, the non-structural SARS-COV-2 proteins NSP5
and NSP13 are of interest for this thesis because they are structural mimics of several inflammation-
associated proteins: proteins of the complement system (CFB, CFD, Cls, Cilr, and C2) and DDX
helicases (DDX3X and DDX58) (Table 2) (Lasso et al., 2021). Antibodies targeting proteins of the
complement system and DDX helicases are of particular interest as they have been described in some
autoimmune diseases and carcinomas (Trendelenburg, 2021, Welberry et al., 2020). Furthermore,
McGill et al. mapped 346 structural mimicked pairs using a different strategy. Among them were also
some proteins of the complement system (CFB and C1s) and DDX58 as structural homologs of SARS-
CoV-2 proteins (McGill et al., 2022). Another study has also mapped various DDX helicase proteins as
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structural mimics of the SARS-CoV-2 NSP13 protein (Squeglia et al., 2020). It must be noted that the
mentioned studies used different strategies for mapping structurally similar proteins which resulted in
a discrepancy between the reported pairs: e.g., Lasso et al. found the CFB to be structurally similar to
the NSP5 protein, whereas McGill et al. mapped it as a mimicked pair of the S protein. Furthermore,
Squeglia et al. found structural similarities of NSP13 with 11 different DDX helicase proteins including
the DDX3X, but not with the DDX58. Nonetheless, a part of this thesis will focus on the findings of
Lasso et al. and investigate the prevalence of complement and DDX helicase-specific autoantibodies as
well as the presence of antibodies that bind to their mimicked viral protein pairs, proteins NSP5 and
NSP13.

Table 2. SRAS-CoV-2 structural mimicked protein pairs of complement and DDX helicase proteins

mapped by Lasso et al. (Lasso et al., 2021).

Mimicked viral protein Mimicked human protein
Full-
SARS- .
Homology ) UniProt | length
CoV-2 ) Human protein )
) domain ID protein
protein .
size
DEAD box protein 58 (DDX58) 095786 | 925 aa
NSP13 260-582 aa
DEAD box protein 3, X-chromosomal (DDX3X) | O00571 | 662 aa
Complement C2 (C2) P06681 | 752 aa
Complement C1r subcomponent (C1r) P00736 | 705 aa
1-301 aa
NSP5 Complement C1s subcomponent (C1s) P09871 | 688 aa
(full-length)
Complement factor B (CFB) PO0751 | 764 aa
Complement factor D (CFD) P0O0746 | 253 aa

1.4.1. Complement and DDX helicases as autoantigens

The complement system dynamically surveys the immune system and comprises about 50
proteins and fragments, including serum proteins and receptor proteins. The complement system is
activated by antibodies (classical pathway), pattern recognition receptors such as mannose-binding
lectin and ficolins (the lectin pathway), and by spontaneous hydrolysis of the C3 component (alternative
pathway) that functions as a positive-feedback loop. Activation of complement pathways triggers a
protease cascade by which proteins are cleaved into fragments and then those fragments bind to form

new complexes, forming convertase complexes, and ultimately forming a membrane-attack complex
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(MAC) that can directly lyse the pathogens or infected cells. Some complement proteins also facilitate
phagocytosis via opsonization and some even act as potent cytokines that can enhance the inflammatory
response and attract macrophages and neutrophils (Stoermer & Morrison, 2011). Altogether, these
proteins have an important role in the immune defense against invading pathogens, including viruses.
Therefore, autoantibodies targeting complement proteins could potentially affect the function of these
proteins which could ultimately result in dysregulation of the immune response against the invading
pathogen.

The DDX helicases are a group of cellular RNA helicases that partake in RNA metabolism,
including RNA-RNA and RNA-protein remodeling. During an infection, these helicases are involved
in viral replication, which they can affect positively or negatively. It is believed that in SARS-CoV-2
infection these proteins have a pro-viral role in a way that the virus can hijack the DDX helicases and
use them to facilitate its replication. Dysregulation of these proteins was correlated with oncogenesis,
inflammation, viral replication, and immune response (Squeglia et al, 2020). Although the exact role of
these proteins in viral infections is still unclear, there is enough evidence to suspect that the

autoantibodies targeting DDX helicases could potentially influence the viral infection.

Complement autoantibodies have been associated with some autoimmune diseases such as
systemic lupus erythematosus (Trendelenburg, 2021) and neuromyelitis optica spectrum disorder
(Uzonyi et al., 2021). In SLE patients, the most commonly detected autoantibodies are anti-C3, anti-
C4, anti-C1q, anti-CFP, and anti-CFH, but other less frequent ones such as anti-C1s were also detected
(Pradhan et al., 2021, Trendelenburg, 2021). Unlike the complement autoantibodies, less is known
about the DDX-helicase autoantibodies. A study found DDX3X autoantibodies in sera from
hepatocellular carcinoma patients and suspected them to play a role in carcinogenesis (Welberry et al.,

2020). | found no other reports of DDX helicase autoantibodies.



1.5. Autoantibodies in COVID-19

In some patients, the SARS-CoV-2 infection is suspected to disrupt the self-tolerance of the
immune system, subsequently setting off an autoimmune response through cross-reactivity with the
host’s antigens. COVID-19 resembles autoimmune diseases in its clinical outcomes, as well as in
aspects of the immune response and pathogenic mechanisms (Liu et al., 2021). Autoantibodies, a
hallmark of autoimmunity, were reported in COVID-19 patients (Bastard et al., 2020, Wallukat et al.,
2021, Wang et al., 2021). The hypothesis is that COVID-19 can induce new autoantibodies or increase
the number of existing ones in genetically susceptible patients. These autoantibodies are likely directed
against proteins involved in the immune response (such as complement proteins, cytokines, and
chemokines) or organ-specific antigens, hence, they can directly attack the tissues and organs
expressing the target antigen or indirectly cause damage by forming immunocomplexes with
autoantigens. Furthermore, this theory could also explain the late onset of symptoms and their
persistence in long-COVID patients because it takes weeks for autoantibodies to develop (Khamsi,
2021). Wang et. al performed an extensive study on 194 COVID-19 patients, screening their sera for
antibodies against a wide spectrum of antigens. They found a clear increase in reactive autoantibodies
in patients compared to the uninfected controls, directed mainly against cytokines, chemokines,
complement components, and cell surface proteins. Also, the tests of patients’ sera obtained
longitudinally confirmed both pre-existing and newly induced antibodies (Wang et al., 2021). Bastard
et. al detected autoantibodies against IFNa2 and/or IFN® in 13.7% of the severe COVID-19 patients
during the acute phase. These autoantibodies are known to neutralize their target (its corresponding type
of IFN) thus impairing binding to IFN receptors. Interestingly, the presence of these autoantibodies was
specific to the patients with severe pneumonia, while none were detected in mild/asymptomatic patients.
In this case, the authors speculate these antibodies to precede COVID-19 rather than being induced
during infection; moreover, they presume them to be a key factor in driving the course of illness toward
severe and life-threatening outcomes (Bastard et al., 2020). Therefore, a part of this thesis will focus
on detecting IFN autoantibodies in COVID-19 patients. Deficiency of the type | interferon (IFN-I)
pathway can arise due to inherited mutations in genes that encode proteins of type | IFN pathway, or
due to type | IFN-specific neutralizing autoantibodies. Both result in decreased levels of functional IFN-
I proteins. Interferons (IFN) are a type of cytokines that “interfere” with a viral infection, mainly
inhibiting viral replication in host cells, and helping the body to eliminate the virus. The IFN-I family
consists of 13 IFN-a subtypes, IFN-B, IFN-wo, IFN-k, and IFN-¢. A repressed IFN-I response leads to
uncontrolled viral replication and invasion of host cells enhancing the severity of the disease (McNab
et al.,, 2015). Other autoantibodies such as autoantibodies against G-protein coupled receptors
(predominantly against 2-adrenoreceptor and muscarine M2-receptor) were found in COVID-19
patients. The authors suspect them to play a role in the development of cardiac and neurological

symptoms, which are also observed among COVID-19 patients (Wallukat et al., 2021).
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To date, multiple studies have confirmed the significance of autoantibodies in COVID-19
patients supporting the autoimmunity hypothesis (Bastard et al., 2020, Wallukat et al., 2021, Wang et
al., 2021). Scientists and clinicians have recognized the volume and importance of autoantibodies in
COVID-19 patients and are focusing their efforts on organizing studies that could clarify the
pathological mechanisms involved. The longitudinal follow-up is of great importance in these studies.
It is important to understand whether autoimmunity appears before the onset of the infection, during
the acute phase, or after being infected, and whether it correlates with the severity of the symptoms. In
general, it is of great importance to investigate the prevalence of autoantibodies in COVID-19 to better
understand the contribution of autoimmunity in the pathogenesis of the disease. Autoantibodies as a
hallmark of autoimmunity have the potential to be effectors and/or biomarkers of COVID-19, thus of
great help to clinicians to monitor the disease progression and help them to decide which of the
medications routinely used to treat autoimmune diseases might also be useful in the treatment of
COVID-19.
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2. Objectives

This thesis aims to investigate the prevalence and titer of autoantibodies specific for inflammation-
associated proteins in sera from COVID-19 patients, specifically, autoantibodies specific for IFN-I
(IFNal, TFNa8, IFNal7, and IFNwl), proteins of the complement system (C2, C1r, Cls, CFD, and
CFB) and DEAD-box helicases (DDX3X and DDX58). This thesis will also investigate a potential
association of the detected autoantibodies with the severity of the disease.

The specific technical aims of this thesis were to establish the LIPS assay standard for autoantigens C2,
C1s, C1r, CFD, CFB, DDX3X, and DDX58, and SARS-CoV-2 antigens NSP5 and NSP13.
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3. Materials and methods

3.1. Materials

3.1.1. Serum samples

All procedures performed involving human participants were in accordance with the ethical
standards of the institutional and/or national research committee and with the 1964 Helsinki Declaration
and its later amendments. Informed written consent was obtained from patients and donors included in

the study. Ethical approval was obtained from the Technical University of Dresden, Germany.

For the assessment of autoantibody profiles in COVID-19 patients, sera from COVID-19
patients (N=100) sampled from April 6", 2020 to April 26", 2021 were obtained from BioBank Desden
(BBD), Germany. All COVID-19 patients included in the study were hospitalized at the University
Hospital Carl Gustav Carus in Dresden and were confirmed to be SARS-CoV-2 positive by a real-time
polymerase chain reaction (RT-PCR) test and/or had symptoms suggestive of COVID-19. They were
categorized by the severity of the disease as moderate (N=42) or severe/critical (N=58). The moderate
patients were hospitalized in the normal ward and didn’t receive oxygen therapy. On the other hand,
patients hospitalized in the intensive care unit that received oxygen therapy were categorized as
severe/critical. Of the 58 severe/critical cases, 55 were intubated, while the remaining three cases were
either not ventilated or had non-invasive ventilation. Almost half of them (N=26) also received ECMO
(Figure 3).

As controls, sera from healthy blood donors (N=100) were obtained from the Red Cross,
Dresden, Germany. Although the aim was to have pre-pandemic sera as controls, sera collected in May
2021 were available and obtained. Some of these donors are presumed to have already been infected by
SARS-CoV-2 and/or have been vaccinated at the time of collection. To form a SARS-CoV-2
seronegative control group, the samples were tested for SARS-COV-2 RBD, S2, and NP antibodies by
LIPS assay as previously described (Hippich et al., 2021). In their previous study, Hippich et al. defined
the cutoff values for NP, RBD, and S2 at 13 AU, 0.9 AU, and 3 AU, respectively. The same cutoff
values were adopted in this thesis to determine the respective antibody-positivity of the samples.
Stringent criteria of triple-negativity for all three types of antibodies were applied, i.e. samples that
tested negative for all three types of SARS-CoV-2 antibodies were selected as SARS-CoV-2

seronegative healthy controls for the analysis of autoantibodies and NSP antibodies.

All serum samples were stored at -20 °C.
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COVID-19 cohort data

% ECMO 44.8
% oxygen treatment 96.6
% male 42.9 70.7
% female 57.1 29.3

Age mean 63.4 years

® Moderate Severe/critical

Figure 3. Baseline characteristics of patients infected with COVID-19 (N=100) categorized by the

severity of the disease as moderate (N=42) or severe/critical (N=58). All of the severe/critical patients received
oxygen therapy and 44.8% received extracorporeal membrane oxygenation (ECMO), whereas, patients categorized as

moderate did not receive any oxygen treatment. Age and sex distribution is also shown.
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3.2. Methods

3.2.1. Restriction cloning of recombinant nanoluciferase-tagged antigens

I used restriction cloning to obtain plasmids encoding recombinant nanoluciferase-tagged
antigens for human proteins C1r, C1s, C2, CFB, CFD, DDX3X, DDX58, and SARS-CoV-2 NSP5 and
NSP13.

3.2.1.1. Polymerase chain reaction (PCR)

To obtain inserts suitable for restriction cloning, | performed a polymerase chain reaction (PCR)
using a set of 5' and 3' coding DNA sequence (CDS) specific primers with the restriction site used for
cloning. For human constructs C1s, C2, CFB, CFD, DDX3X, and DDX58, | used universal human
cDNA or human cDNA isolated from the liver or peripheral blood mononuclear cells (PBMCs) as a
DNA template in the PCR. For cloning of the SARS-CoV-2 antigens NSP5 and NSP13 aa 206-582, |
used CDS sequences synthesized by Eurofins, Germany. | performed the PCR reaction using the
primers and DNA templates listed in Table 3. For the PCR | mixed approx. 50 ng of the template DNA,
10 pl of 5x PrimeSTAR Buffer (Takara), 4 ul of 10 mM dNTPs (Takara), 1 ul of 10 uM 5’ primer, and
1 ul of 10 uM 3’ primer, 0.5 pl of PrimeSTAR HS DNA Polymerase (Takara), and 32.5 pl of DEPC-
treated H,O (Thermo Scientific) in a final volume of 50 pl. I used a PCR cycling protocol of 30 cycles
of denaturation at 98 °C for 10 s, annealing at the adjusted temperature for 5 s, and elongation at 72 °C
for an adjusted time according to Table 3. The final elongation was at 72 °C for 10 min with storage at
4 °C.

For the cloning of the C1r antigen, the CDS of the full-length C1r already flanked with the
restriction sites was synthesized by Genewiz, i.e. the synthesized sequence was directly used for

restriction digest reaction.
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Table 3. List of primers for restriction cloning of nanoluciferase-tagged antigens and corresponding

DNA templates, annealing temperature (Ta), and elongation time used in the polymerase chain reaction

(PCR). The restriction site within the primer sequence is in red. F — forward primer or 5° primer, R — reverse primer or 3’

primer, PBMC - peripheral blood mononuclear cells.

Primer | F/ . o Elongation
Primer sequence (5" - 3) Ta . DNA template
name R time
NSP5_F F | GGCGGGATCCATGAGTGGTTTTAGAAAAAT
45 °C 1 min syntesised
NSPS R R GATCAACGCGGCCGCTAATAATAATTGGAAAGTAA
- CACCTGAGC
NSP13_F F | GGCGTGGATCCATGGAGTTTTCTAGCAATGTTGC
50 °C 1min synthesized
GATCAACGCGGCCGCTAATAATAAATAAAGGTCTC
NSP13_R R
TATCAGACA
C2_F F | GGCAGGATCCATGGGCCCACTGATGGTTCTT )
. Universal
51°C 3 min
o R R TCGCCAGCGGCCGCTAATAATAACTAGAGGGGTAA cDNA
- AAAATTCAG
Cls_F F | GGTACTCGAGATGTGGTGCATTGTCCTGTTT
58 °C 3 min liver cDNA
Cis R R TCGCCAGCGGCCGCTAATAATAATTAGTCCTCACG
s
- GGGGGTGCT
CFB_F F | GGTATCTAGAATGGGGAGCAATCTCAGC
51°C 3 min liver cDNA
CFB R R TCGCCAGCGGCCGCTAATAATAATTATAGAAAACC
- CAAATCCTC
CFD_F F | GGTAGATATCATGCACAGCTGGGAGCGCCTG
62 °C 1 min PBMC cDNA
CED R R GGTATCTAGATAATAATAACTAGGCCAGGACGCTG
- TCGAT
DDX3X_F | F | GGTAGGATCCATGAGTCATGTGGCAGTGGAA
58 °C 3 min universal cONA
TCGCCAGCGGCCGCTAATAATAATCAGTTACCCCA
DDX3X_R | R
CCAGTCAAC
DDX58 F | F | GGTACTCGAGATGACCACCGAGCAGCGACGC
58 °C 3 min universal cDNA
TCGCCAGCGGCCGCTAATAATCATTTGGACATTTCT
DDX58 R | R
GCTGG
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I analyzed the quantity and size of the amplified PCR fragments on 1% agarose gel. | prepared
the gel in TBE buffer (0.13 M Tris, 45 mM boric acid, 2.5 mM EDTA, pH 7.6) and added EtBr for
visualization of the DNA. | always performed the electrophoresis in TBE buffer at 100 V for a
maximum of 1 hour. | visualized the samples under a UV lamp. If more than one band was seen on the
gel, I ran the remaining volume of the PCR reaction on a 1% agarose gel and visualized it under a UV
lamp to excise the band of the correct size from the gel. I purified the excised DNA by using the
QIAquick® Gel Extraction Kit (Qiagen). Otherwise, if only one band was seen on the gel, I directly
purified the PCR reaction by using the QIAquick® PCR Purification Kit (Qiagen). Finally, I visualized
the purified fragments on 1% agarose gel to estimate their quantity by comparing the bands of the
samples to bands of the GeneRuler 1 kb DNA Ladder (Thermo Scientific).

3.2.1.2. Restriction digest
I used a commercially available mammalian expression vector pCMV6-AC-IRES-GFP
(Origene, MD, USA) as backbone in cloning of the NLuc-tagged antigens (Figure 4). The signal peptide

IL-6 (SP-IL6) for enhanced protein secretion and the Nanoluciferase reporter (NLuc) (Promega) for
detection during the luciferase assay (LIPS) were inserted.
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CMV enhancer

XhoI (1612)

Eco32I (1620)
— BamHI (1624)
Xbal (1636)
NotI (1643)

pCMV6_AC_SP_IL6_NLuc_MCS_IRES_GFP_Puro
7546 bp

SV40 promoter

4000

Figure 4. Vector map of the plasmid pCMV6-AC-IRES-GFP-Puro (Origene, MD, USA) used as the

backbone in cloning. Under the control of the CMV promotor (pCMV) is the open reading frame (ORF) that includes the

coding DNA sequences (CDS) encoding the signal peptide of IL6 (SP-IL6), nanoluciferase (Nluc) followed by the multiple
cloning site (MCS) that is used to insert the genes of interest. The GFP is encoded after the internal ribosomal binding site
(IRES2) on the plasmid which allows for it to be transcribed independently from the inserted gene of interest. The vector

contains the ampicillin and puromycin resistance gene (ampR, puroR) as selective markers.

I used a pair of restriction enzymes to digest the purified PCR fragments and the C1r CDS
synthesized DNA (Table 4). | used the same pair of enzymes to digest the target vector as well. To
ensure optimal activity of the restriction enzyme, | digested the fragment and vector DNA with each
restriction enzyme of the pair separately as described in the following. | mixed approximately 1 ug of
fragment or vector DNA with 2 pl of the restriction enzyme, 4 pl of the 10x buffer, and distilled water
up to a final volume of 40 ul. The reaction was incubated for two hours at 37 °C. To prepare the DNA
for the second digest reaction, | precipitated the DNA. | added 60 ul of distilled water and 70 ul of
isopropanol to the reaction and the samples were centrifuged for 6 min at 13000 rpm. | discarded the

supernatant, added 100 pl of 70% ethanol, and centrifuged it for 5 min at 13000 rpm. To dry the pellet,
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I placed the samples into an Eppendorf VVacufuge Plus vacuum concentrator (Eppendorf) for 20 min at
45 °C. | resuspended the DNA in 2 pl of the second restriction enzyme, 4 ul of the enzyme's
corresponding buffer, and distilled water up to a final volume of 40 pul. The reaction was incubated for
two hours at 37 °C. Finally, | purified the insert DNA using the QIAquick® PCR Purification Kit
(Qiagen). | ran the vector digest reaction on a 1% agarose gel and visualized it under a UV lamp. |
excised the band corresponding to the size of the vector backbone from the gel and purified it using the
QIAquick® Gel Extraction Kit (Qiagen). | ran the purified insert and backbone DNA on a 1% agarose
gel to determine the approximate quantity of the DNA.

Table 4. The list of restriction enzymes and buffers used in the digest reaction.

Insert fragment | Restriction Restriction
BamHI-Lsp11091 Buffer (10X) Buffer O (10x)
NspS BamHlI L Notl L
(Thermo Scientific) (Thermo Scientific)
BamHI-Lsp11091 Buffer (10X) Buffer O (10x)
Nsp13 aa 206-582 BamHlI o Notl o
(Thermo Scientific) (Thermo Scientific)
BamHI-Lsp11091 Buffer (10X) Buffer O (10x)
C2 BamHI o Notl o
(Thermo Scientific) (Thermo Scientific)
Buffer R (10x) Buffer O (10x)
Cir Eco32| o Notl o
(Thermo Scientific) (Thermo Scientific)
Buffer R (10x) Buffer O (10x)
Cls Xhol o Notl o
(Thermo Scientific) (Thermo Scientific)
Buffer Tango (10x) Buffer O (10x)
CFB Xbal Notl
(Thermo Scientific) (Thermo Scientific)
Buffer R (10x) Buffer Tango (10x)
CFD Eco321 Xbal
(Thermo Scientific) (Thermo Scientific)
BamHI-Lsp11091 Buffer (10X) Buffer O (10x)
DDX3X BamHI S Notl o
(Thermo Scientific) (Thermo Scientific)
Buffer R (10x) Buffer O (10x)
DDX58 Xhol o Notl o
(Thermo Scientific) (Thermo Scientific)

3.2.1.3. Ligation and transformation

| ligated the digested inserts and vectors using the T4 DNA ligase (Promega). | set up the
ligation reaction using 100 ng of purified vector DNA, 50 ng of purified insert DNA, 1 pl of 10x buffer,
and distilled water up to a final volume of 10 pl. The reaction was incubated overnight (max. 18 h) at

16 °C. | transformed chemically competent E. coli JM109 cells by adding 5 pl of the ligation reaction
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to 50 pl of the cell suspension. The cells were first incubated on ice for 20 min, heat-shocked for 45 sec
at 42 °C, and placed on ice for an additional 5 min. Afterward, | added 900 pl of cold SOC medium
(B9020S, NewEngland BiolLabs) to the cells. The samples were incubated at 37 °C for one hour with
shaking at 900 rpm. Finally, | plated the cells on LB agar plates containing ampicillin (100 pg/mL) and
incubated them overnight at 37 °C.

3.2.1.4. Preparation of plasmid DNA

The following day, | picked single colonies and cultured them in 1 ml of LB-Amp medium
overnight at 37 °C with shaking at 900 rpm. The next day, | isolated the plasmid DNA by mini
preparation using the QIAprep® Spin Miniprep Kit (Qiagen). | measured the concentration of the
isolated DNA using the NanoPhotometer Implen (Implen, Germany). To confirm the presence of the
insert in the plasmid, | digested the isolated DNA with a restriction enzyme that has at least one
restriction site within the insert and at least one restriction site within the plasmid backbone (Table 5).
I used 500 ng of plasmid DNA and mixed it with 1 pl of the restriction enzyme, 1 pl of the enzyme's
10x buffer, and filled up distilled water to a final volume of 10 pl. The reaction was incubated for one
hour at 37 °C. I ran 5 pl of the restriction reaction on 1% agarose gel and visualized it under a UV lamp.
If the correct number and size of the bands were seen, the plasmid DNA was sequenced at Eurofins,
Germany using the Sanger method for final confirmation. | analyzed the sequencing results using CLC
Main Workbench 8.1 Software. Finally, cultures with correct plasmids were grown in 100 ml LB-Amp
overnight at 37 °C with shaking at 600 rpm. The following day, | isolated the DNA of the correct
plasmids again and purified it using the EndoFree® Plasmid Maxi Kit (Qiagen) to obtain endotoxin-

free plasmid DNA ready for transfection.
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Table 5. List of enzymes and buffers used for a control digest of the plasmids obtained by mini
preparation.

Insert fragment Rgztzr)i/%t]ié)n Buffer
Nsp5 Ndel Buffer O(10X) (Thermo Scientific)
Nsp13 aa 206-582 HindlII Buffer R (10X)  (Thermo Scientific)
C2 Ndel Buffer O(10X) (Thermo Scientific)
Clr Sacl Buffer Sacl (10x) (Thermo Scientific)
Cls Pvull Buffer G (10x) (Thermo Scientific)
CFB Xhol Buffer R (10X)  (Thermo Scientific)
CFD Xhol Buffer R (10X)  (Thermo Scientific)
DDX3X Ndel Buffer O (10X)  (Thermo Scientific)
DDX58 Pvull Buffer G (10x) (Thermo Scientific)

3.2.2. Exspression of recombinant antigens

I expressed recombinant NLuc-tagged (Promega) antigens in transiently transfected human

HEK?293 cells. | always performed the transfection as described in the following.

On Day 1, | seeded 600,000 cells per well onto a treated 6-well plate (Thermo Scientific). |
cultured the cells in DMEM low glucose (Lonza) with 10% heat-inactivated FBS low IgG (Thermo
Scientific), 1% L-Glutamine, and 1% Pen/Strep and incubated overnight at 37 °C.

On Day 2, after 24 hours, | transfected the cells using 2 ug of plasmid DNA. For the transfection
reaction, | used 20 pl of Polyethylenimine (25KD, 10uM=250ug/ml) per 2 pg of DNA dissolved in 100
pl serum-free medium (Lonza). After the transfection reaction was incubated at RT for 10 min, | added

it to the cells.

On Day 3, | checked the expression of the recombinant proteins via the detection of the EGFP
signal. The GFP is encoded after the internal ribosomal binding site on the plasmid which allows for it

to be transcribed independently from the tagged antigen.

On Day 4, 48 hours after the transfection, | harvested the proteins from the supernatant and
upon cell lysis with 20% Triton X-100. | collected the culture supernatant and centrifuged it for 10 min
at 300 g to remove cells from the supernatant. | filtered the supernatant through a 0,22 um syringe filter
(Sarstedt). Once the supernatant was collected, | added 400 pl of trypsin per well to detach the cells.
The cells were incubated for 30 sec. | added 1 ml of culture medium to stop the reaction and collected

the cells. | added 1.5 ml of culture media to the plate to collect any remaining cells and pooled it into
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the tube with the collected cells. The cells were centrifuged at 300 g for 10 min at RT. | discarded the
supernatant and resuspended the cell pellet in 1 ml PBS per tube. The resuspended cells were again
centrifuged at 300 g for 10 min at RT. I again discarded the supernatant and resuspended the cell pellet
in 100 pl of lysis buffer (20 ul of 1M Tris buffer, pH8, 35 pl of 4M NaCl, 2 ul of 500 mM EDTA, 50
pl of Triton X-100, 10 pl of phosphatase inhibitor, 10 ul of protease inhibitor and water up to a final
volume of 1 ml). The samples were incubated for 30 min on ice. Finally, the samples were centrifuged
at 13,000 rpm for 30 min at 4 °C and | collected the supernatant containing the lysate proteins into a

new precooled tube.

For the quantification of the expressed NLuc-protein in the supernatant and lysate, | measured
the NLuc activity in 1ul-duplicates mixed with 25 pl of TBST (20 mM Tris buffer, 150 mM NacCl,
0.5% Tween 20, pH 8) in white flat-bottom 96-well microplates (Perkin Elmer, Waltham, MA USA).
Into each well 25 pl of 1x TBST, | added 1 pl of the supernatant sample or lysate sample, and 40 ul of
NanoGlo substrate (Promega) and incubated it for a few seconds protected from light on a rotary shaker
at 600 rpm. | measured the activity with GloMax® Navigator (Promega) using the standard
CellTiterGlo protocol (Promega). The proteins collected in lysate and supernatant were stored at -80
°C.

3.2.3. Luciferase Immunoprecipitation System (LIPS) assay

The luciferase immunoprecipitation system (LIPS) assay is an immunoassay used for the
detection of antigen-specific (auto)antibodies. In principle, the antigen is fused to a luciferase reporter
that emits luminescence which is measured to quantify the amount of antigen-specific antibodies in
serum. In this thesis, the antigens were fused to a small nanoluciferase (NLuc) that emits bright
bioluminescence. The NLuc-antigen fusion protein is incubated with sera from COVID-19 patients and
sera from healthy donors as a control. During the incubation, the NLuc-antigen is recognized and bound
by antigen-specific antibodies. Afterward, Sepharose A is added to capture the antibodies by binding
the Fc region of the IgG antibodies. The sepharose beads bind all antibodies in the serum, i.e. both the
free antibodies and the antibody-antigen complexes. The unbound antigen is removed by several
washing steps. Finally, the relative amount of antibody bound to the NLuc-antigen is quantified by
measuring the luminescence emitted by nanoluciferase after adding the NLuc substrate fumarazin
(Figure 5) (Burbelo et al., 2009).
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Figure 5. Overview of the LIPS assay. The antigen fused to nanolucifarse (NLuc) protein is added to the serum (1).

During the incubation, the NLuc-antigen is recognized and bound by antigen-specific antibodies. After 2 hours at RT,
sepharose A is added (2) to capture the antibodies by binding the Fc region of the 1gG antibodies. The sepharose beads bind
all antibodies in the serum, i.e. both the free antibodies and the antibody-antigen complexes. The unbound antigen is removed
by several washing steps (3). Finally, the relative amount of antibody bound to the NLuc-antigen is quantified by measuring

the luminescence emitted by nanoluciferase after adding the NLuc substrate fumarazin (4). Created in Biorender.

3.2.3.1. LIPS protocol

| added 25ul of the NLuc-tagged antigen in TBST containing 4mio LU (acceptance range
3.5x10"6 LU to 4.5x1076 LU) to 1l of the respective standard or serum sample into a 96-deep-well
plate (Beckman-Coyplter). After incubation for two hours at RT, | added 50 pl of rProtein A Sepharose™
Fast Flow slurry (Cat. GE17-1279-03, ThermoFisher Sci.) previously glycine-blocked and the reaction
was incubated at 4 °C with shaking at 750 rpm. Afterward, | washed the unbound antigen five times
with cold TBST, using the BioTeK ELx405 washer. In each washing step, | added 600 pl of TBST per
well. I centrifuged the plates at 500 g for 3 min at 4 °C and aspired the TBST to leave approx. 100 pl
per well. Then, I manually transferred the Sepharose in approx. 100 pl TBST to a 96well Optiplate
(PerkinElmer). | prepared the luciferase reagent by mixing 1 volume of Nano-Glo Luciferase Assay
Substrate with 50 volumes of Nano-Glo Luciferase Assay Buffer (Cat. N112A & N113A, Promega)
and 50 volumes of TBST. Finally, | added 40 ul of the luciferase reagent per well. | measured the light
emission with the GloMax® Navigator (Promega) using the CellTiterGlo protocol (Promega). Each
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sample was tested at least in duplicate. Measured light units (LU) were converted to AU using either a

positive serum as an index or a serial dilution of antibody-positive serum.

3.2.4. Statistical analysis

The calibration curves and AU calculations were made using Excel 365 (Microsoft). The cutoff
was set at 5 standard deviations (SD) above the mean of AU of the control group. The difference in
antibody titers between groups was analyzed using a Kruskal-Wallis test, with p<0.05, followed by
Dunn’s multiple comparison test, with a<0.05. Antibody-positivity was analyzed between groups using
Fisher’s exact test. All data statistics were performed using GraphPad Prism v.9.2.0 Software.

The antibody titers are shown as dots (individual values) and the median is shown as a line.

Only significant comparisons between groups are shown.
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4. Results

4.1. Production of nanoluciferase-tagged antigens

Recombinant plasmids pCMV6-SP-IL6-NLuc-antigen-IRES-GFP were made (Table 6, schematic
of the cloned inserts is shown in Supplement 1), confirmed by Sanger sequencing, and transfected into
human HEK?293 cells. All NLuc-tagged antigens were successfully secreted into the culture supernatant
and harvested from the cell lysate. All antigens had sufficient luciferase activity to continue with the
LIPS assay (Table 7).

Table 6. List of cloned plasmids and concentrations of plasmid DNA obtained by maxi preparation

using the EndoFree® Plasmid Maxi Kit (Qiagen). The plasmid DNA is endotoxin-free and ready for transfection.

Plasmid name DNA concentration
[ng/ul]
pCMV6_SP-1L6_NLuc_NSP5_IRES-GFP-Puro(END) 566
pCMV6_SP-IL6_NLuc_NSP13 206-582_IRES-GFP-Puro(END) 664
pCMV6_SP-IL6_NLuc_C2_IRES-GFP-Puro(END) 1098
pCMV6_SP-IL6_NLuc_Clr IRES-GFP-Puro(END) 578
pCMV6_SP-IL6_NLuc_C1s_IRES-GFP-Puro(END) 551
pCMV6_SP-IL6_NLuc_CFB_IRES-GFP-Puro(END) 917
pCMV6_SP-IL6_NLuc_CFD_IRES-GFP-Puro(END) 373
pCMV6_SP-IL6_NLuc_DDX3X_IRES-GFP-Puro(END) 659
pCMV6_SP-1L6_NLuc_DDX58 IRES-GFP-Puro(END) 426
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Table 7. NLuc activity of antigens harvested in cell lysate and culture supernatant.

] NLuc activity of the antigen [LU/ul]
SP-1L6-NLuc-Antigen
Cell lysate Supernatant
NSP5 688100000 2502000
NSP13 aa 206-582 421200000 6230000
C2 171350000 240150
Clr 35005000 1004150
Cls 62975000 299250
CFB 461600000 7855000
CFD 235900000 4305000
DDX3X 786550000 31440000
DDX58 329650000 917650
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4.2. Establishment of standards for the LIPS assay

First, a standard to allow quantification of the antibodies was established. The antigens were tested
in a LIPS assay using a serial dilution of a commercially available antigen-specific antibody and/or anti-
NLuc antibody (Promega). All dilutions were made in healthy SARS-CoV-2 negative serum. The
standard was tested with antigens harvested from the supernatant and the cell lysate. First, a dilution
series of 1:100, 1:250, 1:500, 1:1,000, 1:2,000, 1:5,000, and 1:10,000 was tested. If necessary, higher
and/or lower dilutions were tested until an optimal dilution range was reached. The log, AU (y-axis)
assigned to the antibody dilutions were plotted against the LU (x-axis) (Figure 6). An optimal dilution
series and source of antigen (cell lysate or culture supernatant) were selected based on the R? values
and curve fit of the constructed calibration curve. A summary of established standards for the
precipitation of the newly produced SP-IL6-NLuc-antigens is given in Table 8.

Calibration curve

8- y = 1.61In(x) - 13.148
R2 = 0.9959

log, designated AU

T T T T 1
0 50000 100000 150000 200000 250000

A mean LU (meangaypLe - meanyc)

Figure 6. Representative example of a calibration curve used in the LIPS assay. Log: arbitrary units (AU)

designated to the standard calibrators (y-axis) are plotted against the delta mean LU (x-axis). The red broken line represents a
calibration curve obtained by nonlinear regression, R?=0.9959. The equation of the calibration curve y = 1.61In(x) — 13.148 is
used to convert LU (x) to AU (y).
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Table 8. A summary of the established standards for the NLuc-tagged antigens used in the LIPS

assay.
Antibody used Catalog Final dilution
SP-1L6-NLuc- Source of
] ] for the number, range of the
antigen antigen )
standard company antibody
) N700A,
NSP5 supernatant anti-NLuc 1:50 - 1:10,000
Promega
NSP13 ) N700A,
supernatant anti-NLuc 1:100 - 1:10,000
aa 206-582 Promega
) RPA862HuU01,
C2 cell lysate anti-C2 1:2 - 1:500
Cloud-Clone
) N700A,
Cilr supernatant anti-NLuc 1:50 - 1:1,000
Promega
) MABG674Hu22,
Cls cell lysate anti-C1ls 1:2 - 1:5,000
Cloud-Clone
) PAC011Hu01,
CFB cell lysate anti-CFB 1:10 - 1:10,000
Cloud-Clone
) MABB833Hu22,
CFD supernatant anti-CFD 1:10 - 1:10,000
Cloud-Clone
STJ112138-50,
DDX3X supernatant anti-DDX3X St John's 1:2-1:100
Laboratory
) MAB532Hu22,
DDX58 supernatant anti-DDX58 1:5-1:10,000
Cloud-Clone

The standard for measuring NP, RBD, and S2 antibodies as well as for IFN autoantibodies (IFNal,
IFNa8, IFNal7, and IFNwl1) was already established in the Bonifacio laboratory. Results for NP
antibodies were converted to AU using a reference antibody positive index serum and a negative control
serum (both provided by Helmholtz Zentrum in Munich) according to the formula: (LU test serum—LU
Negative Control serum)/(LU Positive index serum—LU Negative Control serum). For RBD and S2,
positive serum diluted in SARS-CoV-2 negative healthy serum was used as standard (provided by
Helmholtz Zentrum in Munich). For IFNal, IFNa8, IFNal7, and IFNw! a serial dilution of antigen-
specific antibodies in healthy human sera was used. AU for RBD and S2 antibodies and IFN

autoantibodies was calculated using a calibration curve as already described for the newly established

standards.
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4.3. Detection of SARS-CoV-2 RBD, S2, and NP antibodies

As presumed, among the 100 healthy blood donors from May 2021, SARS-CoV-2 positive sera
were detected: 11 (11%) NP+, 53 (53%) RBD+, 55 (55%) S2+ (Figure 7). Samples from 41 donors
were negative for all three types of antibodies. These 41 donors were selected as a SARS-CoV-2

seronegative healthy control group that was used for the analysis of autoantibodies and NSP antibodies.

Expectedly, almost all sera from patients were positive for NP, RBD, and S2 antibodies: 38 (90.5%)
NP+, 35 (83.3%) RBD+, 37 (88.1%) S2+ from the 42 moderate patients and 57 (98.3%) NP+, 58
(100%) RBD+, 57 (98.3%) S2+ from the 58 severe/critical patients. 35 (83.3%) of the moderate and 57
(98.3%) of the severe patients were positive for all three types of antibodies. Severe/critical patients
had significantly higher RBD and S2 antibody titers compared to the moderate ones (RBD p<0.0001,
S2 p=0.0038), whereas no significant difference was observed for the NP antibody titers (p=0.1607).
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Figure 7. SARS-COV-2 NP (A), RBD (B), and S2 (C) antibody titers in 42 moderate COVID-19

patients, 58 severe/critical COVID-19 patients, and 100 healthy blood donors sampled in May 2021.
The broken lines show cutoffs at 13 AU, 0.9 AU, and 3 AU for NP, RBD, and S2, respectively. The thin-lined open circles
represent the group of healthy blood donors, the thick-lined open circles the patients with moderate COVID-19, and the full
circles the patients with severe/critical COVID-19. Each point is an individual and the horizontal bar indicates the median.
The antibody titers were compared between groups by the Kruskal-Wallis test followed by Dunn’s multiple comparison test,

with 0<0.05. Only statistically significant comparisons are shown.
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4.4. Autoantibodies specific for inflammation-associated proteins

Autoantibodies are hypothesized to play a role in the pathogenesis of COVID-19 and are
associated with disease severity. The main objective was to detect various autoantibodies specific for
inflammation-associated proteins in sera from SARS-COV-2 positive patients and investigate a
potential association of the autoantibodies with the disease severity by comparing the number of
autoantibody-positive individuals between groups of moderate and severe/critical COVID-19 patients.
Samples of 41 SARS-CoV-2 seronegative healthy blood donors were tested as controls for the analysis
of autoantibodies. The cutoff was set at 5 standard deviations (SD) above the mean of AU of the control
group. At least one type of autoantibody was detected in 51% of the COVID-19 patients and 12.2% of
the controls (Figure 8).
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Figure 8. Heatmap of SARS-CoV-2 antibodies and autoantibodies among 42 moderate COVID-19
patients, 58 severe/critical COVID-19 patients, and 41 healthy SARS-CoV-2 seronegative blood donors

sampled in May 2021. The (auto)antibody-positive samples were arbitrarily categorized as low (<10 AU), intermediate
(between 10 and 100 AU), and high (=100 AU). Each column represents a certain (auto)antibody and one row represents one

patient.
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4.4.1. IFN autoantibodies

The sera were tested in a panel of LIPS assays for four types of IFN autoantibodies (IFNal,
IFNa8, IFNal7, and IFNw1). None of the IFNal, IFNa8, and IFNw1 autoantibodies were detected in
the control group, while one control serum was positive for IFNa17 with a very low autoantibody titer
of 0.24 AU (Figure 9). In contrast, all four types of autoantibodies were detected in sera from patients.
Overall, 22% of COVID-19 patients were positive for at least one type of IFN autoantibody. In contrast,
only 2.4% of the healthy controls had IFN autoantibodies, hence, there is a higher prevalence of IFN
autoantibodies in hospitalized COVID-19 patients compared to the healthy SRAS-CoV-2 seronegative
individuals. However, no significant difference was found between groups of moderate and
severe/critical patients (Table 9). At least one type of IFN autoantibody was detected in 16.7% of
moderate patients and 25.9% of severe/critical patients (p=0.3329). Almost a third of the 22 IFN
autoantibody-positive samples were positive for more than one type of IFN autoantibody: seven of the
22 positive patients were positive for [FNal and [FNa8 antibodies, and four of the seven anti-IFNal+
anti-IFNa8+ were also positive for [IFNal7 autoantibodies. Only one patient had all four types of IFN
autoantibodies. Surprisingly, this patient had moderate COVID-19. The IFNw1 autoantibodies were
detected only in two patients, the one that was positive for all four autoantibodies and one severe patient.
IFN autoantibodies were found in 9 female and 13 male patients, aged from 44 to 82 years. There was

no relationship between the sex or age of the patients.
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AU

Figure 9. Titers of IFN autoantibodies specific for IFNal (A), IFNw1 (B), IFNa8 (C), and IFNa17 (D)
in 42 moderate COVID-19 patients, 58 severe/critical COVID-19 patients and 41 SARS-CoV-2

seronegative healthy blood donors sampled in May 2021. The broken lines show cutoffs for antigens IFNal,
IFNwl, IFNa8, and IFNa17 at 4.95 AU, 2.88 AU, 1.60 AU, and 0.19 AU, respectively. The thin-lined open circles represent
the group of healthy blood donors, the thick-lined open circles represent the patients with moderate COVID-19 and the full
circles represent the patients with severe/critical COVID-19. Each point is an individual and the horizontal bar indicates the

median. The antibody titers were compared between groups by the Kruskal-Wallis test followed by Dunn’s multiple
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comparison test, with a<0.05. Only statistically significant comparisons are shown.



Table 9. Distribution of IFN autoantibodies in COVID-19 patients. P-values were calculated using Fisher’s

exact test with a two-tailed p-value <0.05.

Factor Category IFN autoantibody-positive* p-value
Moderate (N=42) 7 (16.7%)
Disease severity _ 0.3329
Severe/critical (N=58) 15 (25.9%)
Female (N=41) 9 (22.0%)
Sex >0.9999
Male (N=59) 13 (22.0%)
>65 (N=50) 10 (20.0%)
Age 0.8097
<65 (N=50) 12 (24%)

*Positive for at least one of the four tested IFN autoantibodies.

4.4.2. Complement and DDX autoantibodies

The sera were also tested in a panel of LIPS assays for autoantibodies specific for complement
proteins C2, C1r, Cls, CFB, CFD, and DDX helicases DDX3X and DDX58 (Figure 10). The DDX58,
C1s, and C1r autoantibodies were detected in a few positive samples with antibody titers up to a
maximum of 0.92 AU, 0.15 AU, and 0.34 AU, respectively. All patients were negative for DDX3X
autoantibodies. The CFB and CFD autoantibodies were also rare and in very low titers, however, one
outlier for each was detected with an antibody titer of 8.80 AU and 3.35 AU, respectively. Nonetheless,
these samples were also considered low positive (<10 AU). The C2 autoantibodies were detected in
31% of the COVID-19 patients in contrast to the 9.8% of the controls. Moreover, the severe patients
had significantly higher C2 autoantibody titers compared to the moderate ones (p=0.0002). However,
like for the rest of the complement and DDX helicase autoantibodies, the C2 antibody titers were low,
with a maximum antibody titer of 2.58 AU detected. In summary, the complement and DDX helicase-
specific autoantibodies were rare and/or had very low titers (<10 AU). Therefore, they were not further

analyzed.
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Figure 10. (Description on next page)
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Figure 10. Titers of complement and DDX helicase autoantibodies specific for DDX58 (A), DDX3X
(B), C2 (C), Cis (D), CFB (E), Cir (F), and CFD (G) in 42 moderate COVID-19 patients, 58

severe/critical COVID-19 patients, and 41 SARS-CoV-2 seronegative healthy blood donors. The broken
lines show cutoffs for antigens DDX58, DDX3X, C2, C1s, CFB, C1r, and CFD at 0.18 AU, 5.14 AU, 0.40 AU, 0.13 AU, 3.63
AU, 0.16 AU, and 0.29 AU, respectively. The thin-lined open circles represent the group of healthy blood donors, the thick-
lined open circles represent the patients with moderate COVID-19 and the full circles represent the patients with severe/critical
COVID-19. Each point is an individual and the horizontal bar indicates the median. The antibody titers were compared between
groups by the Kruskal-Wallis test followed by Dunn’s multiple comparison test, with 0<0.05. Only statistically significant

comparisons are shown.
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4.5, Detection of SARS-CoV-2 NSP antibodies

To assess structural mimicry between complement proteins or DDX helicases and SARS COV?2
proteins, in this study the NSP5 and NSP13 antigens were tested. All of the 41 healthy SARS-CoV-2
seronegative blood donors were negative for NSP antibodies implying a 100% specificity of the assay
with the calculated cutoff values (Figure 11). However, almost all of the patients' sera were negative as
well, except for one positive anti-NSP5 anti-NSP13 and four positive anti-NSP13 samples (Figure 8).
Overall, the titer of the detected NSP5 and NSP13 antibodies was very low ranging from 0 AU to 1.82
AU and 0 AU to 3.51 AU for NSP5 and NSP13, respectively. Noteworthy, the five anti-NSP13 positive
samples were also positive for the other SARS-CoV-2 antibodies but none of the DXX helicase
autoantibodies (Figure 8). The one anti-NSP5 positive sample had low anti-C2 autoantibody titers but
none of the remaining complement antibody-positive samples were positive for anti-NSP5. Since only
one sample had antibodies against both proteins of the mimicked pair, no correlation analysis of the
mimicked pair-specific antibodies could be done. Overall, the NSP antibodies were scarce in sera from
COVID-19 patients and at very low titers.
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Figure 11. SARS-COV-2 NSP5 (A) and NSP13 (B) antibody titers in 42 moderate COVID-19 patients,
58 severe/critical COVID-19 patients, and 41 healthy SARS-CoV-2 seronegative blood donors sampled

in May 2021. The broken lines show cutoffs at 1.00 AU and 0.24 AU for NSP5 and NSP13 respectively. The thin-lined

open circles represent the group of healthy blood donors, the thick-lined open circles the patients with moderate COVID-19,
and the full circles the patients with severe/critical COVID-19. Each point is an individual and the horizontal bar indicates the
median. The antibody titers were compared between groups by the Kruskal-Wallis test followed by Dunn’s multiple

comparison test, with a<0.05. Only statistically significant comparisons are shown.
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5. Discussion

This thesis aimed to investigate the prevalence of autoantibodies specific for various
inflammation-associated proteins in COVID-19 patients. Indeed, complement, DDX helicase and IFN
autoantibodies were detected in the majority of the patients (51%). The rest of the patients (49%) were
negative for all of the tested autoantibodies. A higher prevalence of autoantibodies was observed in
COVID-19 patients in contrast to the SARS-CoV-2 seronegative controls (12.2%). However, only 8%
of the patients had high or intermediate IFN autoantibody titers, whereas, the rest of the autoantibody-
positive samples (43%) had very low autoantibody titers. Furthermore, as autoantibodies have been
widely hypothesized of posing a risk for a more severe disease outcome, the association between IFN
autoantibodies and disease severity was investigated. In addition, as IFN autoantibodies were reported
to be more frequent in older men (Bastard et al., 2020), the effect of sex and age was also considered.
Results showed no association of IFN autoantibodies with age, sex, or disease severity contrary to the
previous reports. Furthermore, the sera were tested for SARS-CoV-2 NSP5 and NPS13 antibodies
because their specific targets were mapped as mimicked pairs of the tested complement and DDX
helicase antigens (Lasso et al., 2021). Similarly to most of the tested complement and DDX helicase
autoantibodies, the NSP5 and NSP13 antibodies were rare (in only 5% of the patients) and in very low

titers.

First, all samples were tested for SARS-CoV-2 RBD, S2, and NP antibodies. A SARS-CoV-2
seronegative control group was formed from 41 donors negative for all three of the tested antibodies.
Expectedly, almost all of the COVID-19 patients were positive for the SARS-CoV-2 NP and S
antibodies, with an exception of a few negative patients. These patients were likely sampled early post-
symptom onset, therefore, it might have been too early to detect the SARS-CoV-2 antibodies. In
accordance with previous reports (Hansen et al., 2021), higher titers were detected in severe/critical

patients compared to moderate ones, especially for S protein.

Previous studies have reported an association between IFN autoantibodies and disease severity.
In these studies, IFN autoantibodies were specific for groups of patients with severe and life-threatening
COVID-19 in contrast to the asymptomatic, mild, and moderate patients (Bastard et al., 2020, Wang et
al., 2021). The results of this thesis are somewhat in accordance with their findings as a higher
prevalence of IFN autoantibodies was found in patients in comparison to the “unexposed” healthy
donors, but no difference was observed between the moderate and severe/critical patients. Nonetheless,
it needs to be emphasized that in the previous studies patients with moderate COVID-19 were either
not included (Bastard et al., 2020) or were categorized by different criteria from the ones in this thesis
(Wang et al., 2021). The moderate patients in this thesis have symptoms of mild pneumonia and may
have received antibiotics, corticosteroids, or antiviral drugs approved for the treatment of COVID-19

such as remdesivir and paxlovid (Clinical Spectrum - COVID-19 Treatment Guidelines, 2022), but no
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oxygen therapy. Importantly, these patients are at high risk of progressing to severe COVID-19. Overall,
this thesis shows that the IFN autoantibodies are present not only in life-threatening but also in moderate
“potentially severe” patients without any significant difference in prevalence between the two groups.
Thus, the results are suggestive of IFN autoantibodies being a potential biomarker of not only the severe
and life-threatening COVID-19, as already reported, but also for moderate patients, i.e. “potentially
severe” ones. Worth mentioning that there is a need for a uniform categorization of COVID-19 for

better comparison of the reported findings between studies.

In contrast, less is known about the other measured autoantibodies in COVID-19 patients. In
their high-throughput autoantibody screening, among others (cytokines, chemokines, and cell-surface
proteins), Wang et al. also found complement autoantibodies (C1gB, C6, and C7) (Wang et al., 2021).
Notably, none were detected in the severe patients, and only a few were detected in the moderate
patients. Similarly, this thesis also showed a low prevalence of the complement (except anti-C2) and
DDX helicase autoantibodies in COVID-19; moreover, the measured titers of these autoantibodies were
very low. Interestingly, a high prevalence of low-titer C2 autoantibodies was observed in COVID-19
patients, particularly in the severe/critical ones. Considering that autoantibodies can take a long time to
develop, the C2 autoantibodies are interesting as there is a possibility that these low-titer autoantibodies
could be newly induced by the viral infection. To clarify this presumption, testing follow-up samples is
necessary. However, since only low-titer complement and DDX helicase autoantibodies were detected,
there is a risk that false positives were detected. Therefore, the sensitivity of the assay should be tested
by measuring the autoantibodies in previously described sera. On the other hand, the positive samples
could be tested by other immunoassays to confirm the presence of the detected autoantibody. In contrast
to the IFN autoantibodies, these autoantibodies cannot be considered as predictive or diagnostic markers
of COVID-109.

In general, unlike the abundant reports of NP and S antibodies in COVID-19 patients, reports
of NSP5 and NSP13 antibodies are scarce. In theory, the non-structural proteins should only be exposed
to the immune system in infected cells and not virions. Thus, the non-structural proteins are expected
to be less potent in triggering an antibody response in contrast to the more abundant and immunogenic
structural proteins. In a comprehensive study of the IgG and IgM epitope landscape of the SARS-CoV-
2 proteins epitope profiles of NSP proteins were described. Interestingly, they found the NSPs to have
more IgM- epitopes than tlgG epitopes, in contrast to the NP and Spike proteins, which have more 1gG-
epitopes than IgM epitopes. It should be noted that the majority of the IgG epitopes of NSP13 are
present in the zinc-binding domain (aa 1-100) (Cheng et al., 2021). The NSP13 (aa 206-582) antigen
used in this study is missing the zinc-binding domain, and thus may not be the best antigen for the
detection of NSP13 IgG antibodies. A study reported that 10.5% of COVID-19 patients had NSP5
antibodies (Hacim et al., 2021) which is approximately 10 times more than what was detected in our

case. Considering that only the anti-NLuc antibody was used for the establishment of standards in LIPS
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assays for NSP antibodies and the antigen-specific antibody was not tested, there is a possibility that
the antigen is not folding correctly and cannot be recognized by the specific antibodies. However, based
on previous evidence it is more likely that these proteins have very low antigenicity, thus, antibodies
specific for them are rare. To exclude any cross-reactivity between the mimicked proteins, testing for

autoreactive T cells should also be considered.

This study has several limitations. The number of subjects is relatively small and no
longitudinal samples were tested. Ideally, samples of more diverse disease severity would be tested
including a large set of asymptomatic, mild, moderate, severe, and critical cases to better clarify the
severity of the risk these autoantibodies pose in COVID-19. Since it is still unclear whether these
autoantibodies pre-exist or are induced by the SARS-CoV-2 infection, testing of follow-up samples is
necessary. Without knowing whether the titer of these antibodies rises with time post-infection, it is
difficult to determine whether the low-titer autoantibody-positive samples are truly positive. This is
especially important in the testing of the post-infection-induced autoantibodies hypothesized to arise
due to molecular mimicry. Furthermore, the effect of other viral infections should also be considered as
studies have reported a comparable prevalence of autoantibodies not only in COVID-19 but also in
other infectious diseases (Feng et al., 2022). Apart from sex and age, more metadata should be
considered for the analysis. It is important to check for comorbidities such as autoimmune or malignant
conditions, as well as to determine the therapies other than oxygenation the patients received when they
were hospitalized. Also, the time interval between symptom onset and sampling should be considered.
Subsequently, the positive patients should be tested for neutralizing autoantibodies to better understand
the role of these autoantibodies in the pathogenesis of COVID-19. Lastly, the panel of antigens used in
LIPS assay should be expanded by including other known targets of autoimmunity which would give a

broader image of the general prevalence of autoantibodies in COVID-19 patients.
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6. Conclusion

In conclusion, results are suggestive of IFN autoantibodies being a potential prognostic marker
of not only the severe and life-threatening COVID-19 as already reported but also for moderate patients,
i.e. the “potentially severe” ones. Overall, low titers of complement and DDX helicase autoantibodies
were detected, hence, the presence of these autoantibodies cannot be considered a relevant prognostic
or diagnostic marker of the disease. Similarly, the NSP proteins seem to have low antigenicity, and
antibodies specific for them are scarce in comparison to the highly prevalent S and NP antibodies in
serum from COVID-19 patients. Nonetheless, the findings imply autoantibodies to be more prevalent
in serum from hospitalized COVID-19 patients making a rational presumption of autoantibodies to be
an important factor in COVID-19. Altogether, results implicate autoantibodies should be further

investigated for their role in the pathogenesis of COVID-19.
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9. Supplement

SP-IL6

SP-IL6

SP-IL6 NSP13 aa 206-582

SP-IL6 NLuc NSP5

Supplement 1. Shematic of the cloned coding DNA sequences of the antigens of interest fused to the
signal peptide IL6 (SP-IL6) and nanoluciferase (NLuc): DDX helicase proteins DDX3X and DDX58
(in green), proteins of the complement system C2, C1r, Cls, CFB, and CFD (in yellow), and SARS-
CoV-2 non-structural proteins NSP5 and NSP13 (in grey). The size of the SP-1L6, NLuc, and antigens is not

represented in true ratio. Created in PowerPoint.
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