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Coronavirus disease 2019 (COVID-19)

SARS-CoV-2
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Rheumatoid arthritis
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« Respiratory illness caused by SARS-CoV-2

« Course of disease varies in symptoms and severity

« Immune system presents as double-edged sword

Viral clearance or excessive inflammation and autoimmunity

« Several immune-mediated disorders have been described
in SARS-CoV-2-infected individuals

« Presence of autoantibodies in COVID-19 patients



Mechanisms for viral-induced autoimmunity

(A) Normal Situation

(B) Molecular Mimicry
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- Molecular mimicry:

Immune responses towards epitopes that are
shared between virus and human proteins

Bystander activation

Autoreactive immune cell activation due to the
release of self antigens



A list of autoimmune diseases and autoantibodies associated with COVID-19

infection.

Auroimmume disease/syndromes
secondary to COVID-19 infection

Circularing auroantibodies reported in
COVID-19 patients

Guillain-Barré syndrome
Miler Fisher Syndrome (MFS)
Antiphospholipid syndrome

Immune thrombocytopaenic purpura
systemic lupus erythematosus (SLE)

Eawasaki disease

Cold agglutinin disease & autocimmune
hemolytic anemia

Neuromyelitis optica

NMDA-receptor encephalitis

Mpyasthenia gravis

Type I diabetes

Large vessel vasculitiz & thrombosis

Psoriaszis

Subacute thyreiditis

Graves' disease

Sarcoidesis

Inflammatory arthritis

Anti-nuclear antibodies (ANA)
Anti-cardiolipin (aCL) antibodies
Anti-f2 glycoprotein 1 (ap2GP1)
antibodies

Anti-MDAS antibodies

Anti RBC antibodies (direct anti
globulin)

LAC —lupus anticoagulant
Antiprothrembin Ighd

Antiphosphatidylserine 1gM/1gG
Antiannexin V IgM,TgG

Anti-GD1b antibodies

Anti-heparin PF4 complex antibody
PANCA AND cANCA

Anti-CCP antibodies

Source: Halpert G. and Shoenfeld Y., Autoimmun Rev., 2020

Autoantibodies associated with COVID-19

Various autoantibodies were found in COVID-19 patients

(Possible) association with life-threatening SARS-CoV-2
infection / poor prognosis for some of the autoantibodies

For others, clinical significance is unclear so far

Potentially there are more autoantibody reactivities
existing which are unknown so far



Screening for epitope-specific antibody responses




Our Platform Technology

High spot density (1,200 peptides/cm?)

Digital printing flexibility: multiple formats
with high scalability

Fast production times

High peptide quality by routine double
coupling

Very low material consumption
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Study outline

Study 1: Screening of COVID-19 patient sera with different disease outcomes against human autoimmune disease-

associated linear epitopes

3,723 Human
autoimmune disease-associated
B-cell epitopes

|

4 - 17/mer peptide library

Naive cohort Mild COVID-19  Severe COVID-19
(COVID-19 negative) (COVID-19 cohort1)  (COVID-19 cohort 2)
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Study outline

Study 2: Investigating antibody responses against epitopes shared between SARS-CoV-2 & human proteins in

infected subjects and pre- and post-COVID-19 vaccination

Naive cohort
(COVID-19 negative)
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90 SARS-CoV-2 peptides with

homologous sequences in human proteins
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Autoantibody signatures in COVID-19 patients

3,723 Human Naive cohort Mild COVID-19  Severe COVID-19 IgG and IgA profiles
autoimmune disease-associated (COVID-19 negative) (COVID-19 cohort 1) (COVID-19 cohort 2)
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Epitope-resolved view of autoantibody responses




Autoantibody signatures in COVID-19 patients




Antigen

Peptide

Epitope signatures in severe COVID-19

Healthy

Mild
COVID-19

Severe
COVID-19

U1 small nuclear ribonucleoprotein 70 kDa
Lupus La protein

Thyroid peroxidase (UniProt:P07202)
Glutamate receptor ionotropic, NMDA 24
U1 small nuclear ribonucleoprotein 70 kDa
Interferon alpha-2

T-cell receptor

DNA topoisomerase 1

Heat shock protein HSP 90-beta

Tubulin beta-4A chain (UniProt:P04350)
Myelin-oligodendrocyte glycoprotein (UniProt:Q16653)
DNA topoisomerase 1

Other Homo sapiens (human) protein
Thyroid peroxidase (UniProt:P07202)
Exosome component 10

Spectrin alpha chain, non-erythrocytic 1
E3 ubiquitin-protein ligase TRIM21

Sulfite oxidase, mitochondrial

Thyroid peroxidase (UniProt:P07202)

605 acidic ribosomal protein PO (UniProt:P05388)
U1 small nuclear ribonucleoprotein 70 kDa

Small nuclear ribonucleoprotein Sm D1

U1 small nuclear ribonucleoprotein 70 kDa
Beta-2 adrenergic receptor

Immunoglobulin

DNA-directed RMA polymerase 1l subunit RPC1
E3 ubiquitin-protein ligase TRIM21

Secretory phospholipase A2 receptor

Exosome component 10

Early growth response protein 1

605 acidic ribosomal protein P2 (UniProt:P03387)
DNA topoisomerase 1

Other Homo sapiens (human) protein
Glutamate receptor ionotropic, NMDA 24
Myeloperoxidase (UniProt:P05164)
Myeloperoxidase (UniProt:P05164)

Pyruvate kinase PKM

Transmembrane and coiled-coil domain-containing prot4
Fibrinogen beta chain

Thyrotropin receptor

605 acidic ribosomal protein P2 (UniProt:P03387)
Thyrotropin receptor

DMNA topoisomerase 1

Myelin-oligodendrocyte glycoprotein (UniProt:Q16653)
DMNA topoisomerase 1

Tumor necrosis factor ligand superfamily member 6
Myeloperoxidase (UniProt:P05164)

Thyroid peroxidase (UniProt:P07202)

Major centromere autoantigen B

Myelin basic protein (UniProt:P02686)
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Antibody responses against shared epitopes

Naive cohort Mild COVID-19 Severe COVID-19
(COVID-19 negative)  (COVID-19 cohort 1) (COVID-19 cohort 2)
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Proteome-wide anti-SARS-CoV-2 antibody responses

Naive cohort Mild COVID-19  Severe COVID-19
(COVID-19 negative) (COVID-19 cohort1)  (COVID-19 cohort 2)
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ORF10 Protein
Mucleocapsid Phogphoprotein
Mucleocapsid Phogphoprotein
Mucleocapsid Phogphoprotein
Mucleocapsid Phogphoprotein
ORFE Proten

ORF7a Protein

ORFG Proten
Membrane Ghycopratein
Membrane Ghycoprotein
Envelope Protein
ORF3a Protein
ORF3a Pratein
ORF3a Protein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycopraotein
Surface Glycoprotein
Surface Glycoprotein
Surface Glycoprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Polypratein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polypratein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polypratein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Palyprotein
Orflab Polyprotein
Orflab Palyprotein
Orflab Palyprotein
ORFlab Polyprotein

—SARS-CoV-2 infected #728  ——SARS-CoV-2 infected #731 ——S5ARS-CoV-2 infected #727

SARS-CoV-2 infected #730

Median SARS-CoV-2 naive, IgG



Antibody responses against shared epitopes

Naive cohort Mild COVID-19  Severe COVID-19
(COVID-19 negative) (COVID-19 cohort1)  (COVID-19 cohort 2)
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Antibody responses against shared epitopes

lgG reactivity to epitopes shared between SARS-CoV-2 & human proteins in SARS-CoV-2-infected individuals

1gG Raw Fluorescence Intensity

200 1000 25000
- .
SARS-CoV-2 Mild Severe SARS-CoV-2 Mild Severe
Protein  Peptides naive COVID-19 COVID-19 Protein  Peptides naive COVID-19 COVID-19
Spike LNEVEKGG ORF3b LGSPLSLGG
Spike GLTGTGGG [ ORF7b AFLLFLVLIMLIIF
Spike RASANLAGG ORF7b LIIFWFSL
Spike QALNTLGG ORF1b AVLQSGFRK
Spike GLTVLPPLLT ORF1b LOLGFSTG
Spike ASANLAAT ORF1b LVLSVNGG
Spike GVTQNVGG ORF1b MCGGSLGG
Spike TSCCSCLGG ORFla/b EIPKEEGG
Spike LLLOYGSGG [ ORFla/b TILGSAGG |
Spike VKQLSSNFGA ORFla/b LPYPDPGG
Spike  LODVVNQNAQALNTL ORFla/b GTVYEKGG
Spike SCCSCLGG ORFla/b EEKFKEGG
Spike ESLIDLGG ORFla/b LLAPLLGG
Spike SSTASALGG ORFla/b VLSDREGG
Spike KLNDLCFGG ORFla/b DFSRVSGG
Spike FLPFFSNGG || ORFla/b DDFVEIGG
Spike EIDRLNEGG ORFla/b LKELLONGG
Spike IGAGICAGG ORFla/b LVAELEGGG | |
Spike LDKYFKNGG ORFla/b AIILASFSA
Spike VSGTNGTGG ORFla/b ALLADKGG
Spike FKNLREFGG ORFla/b PGSGVPVV
Spike LPPLLTDGG ORFla/b ESGLKTIL
Spike DKVFRSSGG ORFla LRANSAGG
Spike LVKQLSSGG ORFla ATVVIGGG
Spike VTLADAGGG I ] ORFla LLSAGIFGA
Spike RRARSVAS ORFla QQLIRAAEI
Spike SPRRARSGG Nucleocapsid GSQASSGGE
Spike KVEAEVQGG ] Nucleocapsid SAAEASGG
Spike TRFQTLLGG MNucleocapsid KDKKKKGG
Spike VYSTGSNGG MNucleocapsid AEG5RGG50A
Spike GLTVLPPGG Nucleocapsid ALALLLLD [ |
Spike SLLIVNNGG MNucleocapsid ALNTPKGG
Spike DEDDSEPYV I Nucleocapsid APSASAFF
Spike MNASVVNIGG MNucleocapsid AQFAPSASA
Spike LIRAAEIGG MNucleocapsid ATEGALNTPK
Spike TGRLOSLGG Nucleocapsid LLLIDRLN
Spike DEVRQIAGG Nucleocapsid LQLPOGGG [ |
NSP3 KTVLKGGG Nucleacapsid GMEVTPSGTWL
NSP3 TPEEHGGG Nucleocapsid QASSRSSSR
NSP3 RETMSGGG Nucleocapsid FPPTEPGG
NSP12 PFVVSGGG Membrane protein TSRTLSYYK
ORF3a GLEAPGGG Membrane protein LWPVTLAGG [ |
Membrane protein ICLLOGGG [ | Membrane protein SFNPETGG

Spike SSSGWTAGG Membrane protein LVIGFLFL



Antibody responses against shared epitopes

lgG Raw Fluorescence Intensity
200 1000 25000

SARS-CoV-2 Peptide  SARS-CoV-2 Mild Severe Human protein with
protein sequence naive COVID-19 COVID-19 homologous sequence
Spike KLNDLCFGG Interleukin 7
Spike EIDRLMEGG Protein SET, Protein SETSIP
Spike DEDDSEPRV s e Unconventional myosin-XVI
Spike VTLADAGGG [ Mon-receptor tyrosine-protein kinase TMK1
Spike FEKNLREFGG |sovaleryl-CoA dehydrogenase, mitochondrial
Spike VY STGSNGG Meural cell adhesion molecule L1-like protein
ORFTb LIFWFSL Olfactory receptor 704, 52M5
ORF1b LVLSWVNGG Endoglin
ORF1a/b LPYPDPGG Heat shock 70 kDa protein 13
ORF1a/b EEKFKEGG e Heat shock 70 kDa protein 13
ORF1a/b DOFVEIGG Alpha-crystallin A chain
CORF1a/b AlILASFSA Olfactory receptor 2811, 211
ORF1a LLSAGIFGA Mesprin 1
Mucleocapsid KDKKKKGGE HSP30AB1, HSP30AB2P
Mucleocapsid ALALLLLD Ephrin-B3



Antibody responses against shared epitopes

lgG Raw Fluorescence Intensity
200 1000 25000

SARS-CoV-2 Peptide  SARS-CoV-2 Mild Severe Human protein with
protein sequence naive COVID-19 COVID-19 homologous sequence
Spike KLNDLCFGG Interleukin 7
Spike EIDRLMEGG Protein SET, Protein SETSIP
Spike DEDDSEPRV s e Unconventional myosin-XVI
Spike VTLADAGGG [ Mon-receptor tyrosine-protein kinase TMK1
Spike FEKNLREFGG |sovaleryl-CoA dehydrogenase, mitochondrial
Spike VYSTGSNGG [ Meural cell adhesion molecule L1-like protein
ORF7b Olfactory receptor 7D4, 52N5
ORF1b VLSV Endoglin
ORF1a/b LPYPDPGG Heat shock 70 kDa protein 13
ORF1a/b EEKFKEGG e e Heat shock 70 kDa protein 13
ORF1a/b DDEVEIGG Alpha-crystallin A chain
CORF1a/b Olfactory receptor 2811, 211
ORF1a LLSAGIFGA Mesprin 1
Mucleocapsid KDKKKKGGE HSP30AB1, HSP30AB2P
Mucleocapsid ALALLLLD Ephrin-B3



Antibody responses against shared epitopes

lgG Raw Fluorescence Intensity
200 1000 25000

SARS-CoV-2 Peptide  SARS-CoV-2 Mild Severe Human protein with
protein sequence naive COVID-19 COVID-19 homologous sequence
Spike KLNDLCFGG Interleukin 7
Spike EIDRLMNEGG Protein SET, Protein SETSIP
Spike s e Unconventional myosin-XVI
Spike VTLADAGGG [ P Mon-receptor tyrosine-protein kinase TNK1
Spike FEKNLREFGG |sovaleryl-CoA dehydrogenase, mitochondrial
Spike VYSTGSNGG [ Meural cell adhesion molecule L1-like protein
ORFTb LIFWFSL Olfactory receptor 704, 52M5
ORF1b LVLSVNGG Endoglin
ORF1a/b LPYPDPGG Heat shock 70 kDa protein 13
ORF1a/b EEKFKEGG e e Heat shock 70 kDa protein 13
ORF1a/b DOFVEIGG Alpha-crystallin A chain
CORF1a/b AlILASFSA Olfactory receptor 2811, 211
ORF1a LLSAGIFGA Mesprin 1
Mucleocapsid KDKKKKGG HSP90AB1, HSPI0AB2P
Mucleacapsid ALALLLLD ] Ephrin-B3
DEDDSEPV:

= conserved B cell epitope in SARS-CoV and SARS-CoV-2 Spikes
= alsofoundin a T cell epitope of SARS-CoV-2 Spike
= bind to various HLA's including those associated with autoimmune disease

(Fath MK et al., 2021)



Vaccination-induced antibody responses

Pre-vaccinated

PEPperCHIP® Pan-Corona
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Vaccination-induced antibody responses

Pre-vaccinated vs. Post-vaccinated

n=6 n=6
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Antibody responses against shared epitopes

Pre-vaccinated vs. Post-vaccinated

n=6 n=6
o

Vaccination
pre post

* PEPperCHIP® Custom
Peptide Microarray

90 SARS-CoV-2 peptides with
homologous sequences in human proteins
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5-14mer peptides E— il ! i
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Lucchese et al., 2020; Gamazza et al., 2020;
Kanduc et al., 2020; Ehrenfeld et al., 2020




Antibody responses against shared epitopes

lgG reactivity to epitopes shared between SARS-CoV-2 Spike & human proteins in COVID-19-vaccinated individuals

Peptides

GLTGTGGG
RASANLAGG
QALNTLGG
GLTVLPPLLT
ASANLAAT
GVTANVGG
TSCCSCLGG
LLLQYGSGSE
VEKQLSSNFGA
LODVVNOMNAQALNTL
SCCSCLGG
ESLIDLGG
SSTASALGG
KLNDLCFGG
FLPFFSNGG
IGAGICAGG
EIDRLNEGG
LDKYFKNGG
WSGTNGTGG
FKNLREFGG
LPPLLTDGG
DKVFRS5GG
LWKQLSSGG
VTLADAGGG
RRARSVAS
SPRRARSGG
KVEAEVQGG
TRFATLLGG
WYSTGENGG
GLTVLPPGG
SLLIVNNGG
DEDDSEPV
MNASVVNIGG
LIRAAEIGG
TGRLASLGG
DEVRQIAGG
S555GWTAGG
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pre post pre post pre post pre post pre post pre post

lgG Raw Fluorescence Intensity
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Antibody responses against shared epitopes

lgG reactivity to epitopes shared between SARS-CoV-2 Spike & human proteins

Vaccination Infection

VA1 V2 V3 V4 V5 V6 SARS-CoV-2 Mild Severe
Peptides pre post pre post pre post pre post pre post pre post naive COVID-19 COVID-19

GLTGTGGG [ ]
RASANLAGG
QALNTLGG
GLTVLPPLLT
ASANLAAT
GVTQNVGG
TSCCSCLGG

LLLQYGSGG ]
VKQLSSNFGA
LODVVYNQNAQALNTL
SCCSCLGG
ESLIDLGG

SSTASALGG
KLNDLCFGG
FLPFFSNGG | |
IGAGICAGG
EIDRLNEGG
LDKYFKNGG
VSGTNGTGG
FKNLREFGG
LPPLLTDGG
DKVFRSSGG
LVKQLSSGG
VTLADAGGG I |
RRARSVAS
SPRRARSGG
KVEAEVQGG E— I -
TRFQTLLGG
VYSTGSNGG
GLTVLPPGG
SLLIVNNGG
DEDDSEPV I
NASVVNIGG
LIRAAEIGG
TGRLOSLGG
DEVRQIAGG
S5SGWTAGG

lgG Raw Fluorescence Intensity
200 1000 =5000

> More frequent cross-reactivity in infected than in vaccinated subjects



Conclusions

Epitope-specific autoantibody screening in COVID-19 patients with different disease outcomes revealed:

Heterogeneous epitope reactivity patterns between study groups with far stronger autoantibody responses in severely
ill subjects

Severe COVID-19: numerous IgG and/or IgA-specific autoantibody reactivities

Several epitopes can be assigned to nuclear autoantigens, others may be summarized as tissue-associated
autoantigens

Studies with larger cohorts are needed to confirm identified epitopes (and clinical relevance)

Antibody responses recognizing linear epitopes shared between SARS-CoV-2 & human proteins revealed:

SARS-CoV-2 infected subjects: few antibody responses to the selected 6-14mer peptides shared between SARS-CoV-2
and human proteins were detected

No antibody responses against most of the selected 6-14mer peptides shared between SARS-CoV-2 Spike and human
proteins detected after COVID-19 vaccination

Infection versus vaccination: cross-reactive antibodies against peptides shared between SARS-CoV-2 Spike and human
proteins were detected more frequently after infection

Whether or not antibodies recognizing DEDDSEPV have a clinical relevance remains to be determined
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