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Abstract

Chronic and debilitating autoimmune sequelae pose a grave concern for the post-COVID-19 pandemic era.
Based on our discovery that the glycosaminoglycan dermatan sulfate (DS) displays peculiar affinity to
apoptotic cells and autoantigens (autoAgs) and that DS-autoAg complexes cooperatively stimulate
autoreactive B1 cell responses, we compiled a database of 751 candidate autoAgs from six human cell
types. At least 657 of these have been found to be affected by SARS-CoV-2 infection based on currently
available multi-omic COVID data, and at least 400 are confirmed targets of autoantibodies in a wide array
of autoimmune diseases and cancer. The autoantigen-ome is significantly associated with various
processes in viral infections, such as translation, protein processing, and vesicle transport. Interestingly,
the coding genes of autoAgs predominantly contain multiple exons with many possible alternative splicing
variants, short transcripts, and short UTR lengths. These observations and the finding that numerous
autoAgs involved in RNA-splicing showed altered expression in viral infections suggest that viruses exploit
alternative splicing to reprogram host cell machinery to ensure viral replication and survival. While each
cell type gives rise to a unique pool of autoAgs, 39 common autoAgs associated with cell stress and
apoptosis were identified from all six cell types, with several being known markers of systemic
autoimmune diseases. In particular, the common autoAg UBA1l that catalyzes the first step in
ubiquitination is encoded by an X-chromosome escape gene. Given its essential function in apoptotic cell
clearance and that X-inactivation escape tends to increase with aging, UBA1 dysfunction can therefore
predispose aging women to autoimmune disorders. In summary, we propose a model of how viral
infections lead to extensive molecular alterations and host cell death, autoimmune responses facilitated
by autoAg-DS complexes, and ultimately autoimmune diseases. Overall, this master autoantigen-ome
provides a molecular guide for investigating the myriad of autoimmune sequalae to COVID-19 and clues
to the rare but reported adverse effects of the currently available COVID vaccines.
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Introduction

Autoimmune disorders are an important feature of the disease manifestations of COVID-19 and long-
COVID syndromes. Based on the insights we gained from numerous COVID-related autoantigens (autoAgs)
and their associated cellular process and pathways [1-5], we propose a model to explain how viral
infections in general and SARS-CoV-2 in particular can lead to a wide array of autoimmune diseases (Figure
1). We illustrate how viral infections lead to extensive molecular alterations in the host cell, host cell death
and tissue injury, autoimmune reactions, and the eventual development of autoimmune diseases.

During infections, opportunistic viruses have to hijack the host cell machinery in order to transcribe and
translate the viral genes, synthesize viral proteins with correct polypeptide folding and post-translational
modifications, and assemble viral particles. At the same time, viruses have to manipulate the host’s
immune defense to avoid elimination. This intricate host-virus symbiosis is accomplished by extensive
alterations of host molecules and reprogramming of host molecular networks. The infected host cells
undergo extreme stress and ultimately die, which releases altered molecules (i.e., potential autoAgs) that
the immune system may recognize as non-self. In response, the host also synthesizes a cascade of
molecules such as dermatan sulfate (DS) to facilitate wound healing and dead cell clearance.

We have discovered previously that DS possesses peculiar affinity for apoptotic cells and their released
autoAgs [6-9]. DS, a major component of the extracellular matrix and connective tissue, is increasingly
expressed during tissue injury and accumulates in wound areas [1, 10]. Because of their affinity, DS and
autoAgs form macromolecular complexes which cooperatively activate autoreactive B1 cells. AutoAg-DS
complexes may activate B1 cells via a dual binding mode, i.e., with autoAg binding to the variable region
of the B1 cell’s autoBCR and DS binding to the heavy chain of the autoBCR. Upon entering B1 cells, DS may
regulate immunoglobulin (Ig) production by engaging the Ig-processing complex in the endoplasmic
reticulum and the transcription factor GTF2l necessary for Ig gene expression [8, 9]. AutoAg-DS affinity
therefore defines a unifying biochemical and immunological property of autoAgs: any self-molecule
possessing DS-affinity has a high propensity to become autoantigenic, and this has led to the identification
of numerous autoAgs [7, 11-13].

To gain a better understanding of autoimmune sequelae due to COVID-19, we present a master
autoantigen atlas of over 750 potential autoAgs identified from six human cell types [1, 2, 4, 5, 7, 11].
These autoAgs show significant correlation with pathways and processes that are crucial in viral infection
and mRNA vaccine action, reveal common autoAgs associated with apoptosis and cell stress which may
serve as markers for systemic autoimmune diseases, and provide a detailed molecular map for
understanding and for investigating diverse autoimmune sequalae of COVID-19 and potential rare side-
effects to viral vector- and mRNA-based vaccines. For the first time, we reveal intriguing features of
autoAgs and their coding genes. Furthermore, we discuss how UBA1 (or UBE1, ubiquitin-like modifier-
activating enzyme 1), an autoAg found overexpressed in SARS-CoV-2 infection, may predispose aging
females to autoimmune disorders.
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Results and Discussion

The master autoantigen-ome

To understand the diversity of autoimmune diseases, we were curious to know how many autoAgs
possibly exist. A total of 751 potential autoAgs were identified (Table 1) when we combined all DS-affinity
autoAgs profiled from six human cell lines, namely, HFL1 fetal lung fibroblasts, HEp2 fibroblasts, A549 lung
epithelial cells, HS-Sultan and Wil2-NS B-lymphoblasts, and Jurkat T-lymphoblasts. Extensive literature
searches confirmed that at least 400 of these proteins (53.3%) have been reported as targets of
autoantibodies in a wide variety of autoimmune diseases and cancer (see autoAg confirmation references
in Table 1). The majority of unconfirmed or putative autoAgs are isoforms of or structurally similar to
reported autoAgs and are yet-to-confirmed autoAgs. For example, 56 ribosomal proteins were identified
by DS-affinity, but only 22 are thus far confirmed autoAgs; but given their structural similarity and shared
epitopes, it is likely that most if not all of the 56 ribosomal proteins are likely true autoAgs awaiting further
confirmation.

The master autoantigen-ome contains clusters of protein families, including 56 ribosomal proteins, 27
proteasome subunits, 19 heterogeneous ribonucleoproteins, 17 splicing factors, 17 ATP-dependent RNA
helicase subunits, 16 eukaryotic translation initiation factors, 16 histones, 16 aminoacyl-tRNA synthases,
12 heat shock proteins, 9 elongation factors, 9 small nuclear ribonucleoproteins, 8 T-complex protein 1
subunits, and 7 14-3-3 proteins. In addition, there are multiple isoforms of numerous proteins, such as
actin, tropomyosin, myosin, collagen, tubulin, and annexin.

The 751 confirmed and putative autoAgs are highly connected and have significantly more interactions
than what would be expected for a random set of proteins of similar size drawn from the genome
(exhibiting 6,936 interactions vs. 3,596 expected with the highest confidence level cutoff; enrichment p
value <1.0e-16) as per protein-protein interaction analysis in STRING [14] (Fig. 2). The 400 confirmed
autoAgs also form a similar, strong interacting network (exhibiting 2,758 interactions vs. 1,269 expected;
enrichment p value <10e-16) (Fig. 3). The tight connections within the autoAg network suggest that these
proteins are biologically connected, and given that they are all identified by DS-affinity, the autoAg protein
networks offer a glimpse of the biological roles and functions of DS that await further investigation.

The 751-protein master autoantigen-ome is significantly associated with many biological processes and
pathways, most notably translation, RNA processing, RNA splicing, protein folding, vesicle-mediated
transport, chromosome organization, regulation of cell death, and apoptosis (Figs. 2 and 4). The 400
confirmed autoAgs are similarly significantly associated with the same processes and pathways (Fig. 3). In
addition, these proteins are associated with numerous other processes, e.g., mMRNA metabolic process,
peptide metabolic process, establishment of localization in the cell, intracellular transport, interspecies
interaction between organisms, viral process (infection and virulence), symbiotic process, and response
to stress (Figs. 2-4). Hierarchical clustering [15] of the top 50 enriched Gene Ontology Biological Processes
reveals RNA processing, particularly RNA splicing, to be the most noticeable (Fig. 4).
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The COVID-19 autoantigen-ome

To find out how many autoAgs in the autoantigen-ome are potentially affected by SARS-CoV-2 infection,
we looked for them in currently available multi-omic COVID data compiled by Coronascape [16-37].
Remarkably, 657 (87.5%) proteins of the 751-member master autoantigen-ome are found to be affected
in SARS-CoV-2 infection (Table 1 and Supplemental Table 1). Among them, 109 proteins were found up-
regulated only, 176 were found down-regulated only, and 343 were found both up- and down-regulated
at protein and/or RNA levels in virally infected cells or COVID-19 patients (Table 1 and Fig. 6). In addition,
191 potential autoAgs were found in the interactomes of different SARS-CoV-2 viral component proteins,
meaning that they may directly or indirectly interact with the virus.

The 657-member COVID autoantigen-ome is also a highly interacting protein network (Fig. 5). Not
surprisingly, these proteins are significantly associated with processes that are crucial in viral infection,
e.g., RNA processing, mRNA metabolic process, regulation of mRNA stability, translation, peptide
biosynthetic process, protein folding, intracellular transport, vesicle-mediated transport, regulated
exocytosis, symbiont process, and interspecies interaction between organisms, response to stress,
regulation of cell death, and apoptosis (Fig. 5). We also analyzed the 109 up-only and the 176 down-only
protein networks separately. Both networks are significantly associated with translation, RNA processing
and splicing, and the proteasome, which further illustrates that these processes are perturbed by the viral
infection (Fig. 6).

Translation is an essential step in viral replication and mRNA vaccine action. DS-affinity identified 19
eukaryotic translation initiation factors, with 15 thus far being confirmed autoAgs (Table 1). In particular,
8 of the 13 subunits of the human elF3 complex were found in the interactome of the NSP1 protein of
SARS-CoV-2, and all 8 are known autoAgs (Table 1). elF3 is essential for the most forms of cap-dependent
and cap-independent translation initiation and stimulates nearly all steps of translation initiation, as well
as other phases of translation such as recycling. elF3 functions in a number of prominent human
pathogens, e.g., HIV and HCV; and the present finding indicates that elF3 also functions in SARS-CoV-2
infection.

Among the 657 COVID-affected DS-affinity proteins, 369 (56%) are thus far confirmed autoAgs, accounting
for 92% of the 400 confirmed autoAgs of the master autoantigen-ome. This vast number of perturbed
autoAgs demonstrates that COVID-19 could lead to a wide variety of autoimmune diseases. For example,
42 autoAgs are associated with the myelin sheath and many are associated with other components of the
nervous system, as we have described previously, which may help explain a myriad of neurological
symptoms caused by COVID-19 [1]. As another example, 11 autoAgs are related to stress fibers
(contractile actin filament bundles consisting of short actin filaments with alternating polarity) and 25
proteins are associated with myofibrils (contractile elements of skeletal and cardiac muscle), which may
explain various muscular and cardiomuscular sequelae of COVID-19.

Afew autoAgs also interact with multiple viral proteins of SARS-CoV-2, suggesting that they play important
roles in COVID-19 and merit further investigation. For example, ESYT1 and MOV10 interact with 12 viral
proteins, CALU interacts with 11, HSPAS interacts with 9, COPG1 and ARHGAP1 interact with 8, PLD3 and
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MARCKS interact with 7, and IDE interacts with 6 viral proteins (Table 1). PLD3 (a phospholipase)
influences the processing of amyloid-beta precursor protein and is associated with spinocerebellar ataxia
and Alzheimer’s disease. IDE (insulin-degrading enzyme) degrades intracellular insulin and is associated
with diabetes.

AutoAg coding gene characteristics and alternative splicing

To further understand the autoantigen-ome, we mapped the coding genes for 751 proteins of the master
autoantigen-ome, and they are distributed over all chromosomes (Fig. 7). Since these include both
confirmed and putative autoAgs, one may argue that some of the putative autoAgs may not be true and
the gene characteristics may not be meaningful. Therefore, we also mapped the genes for the 400
confirmed autoAgs, and they are similarly distributed over all chromosomes (Fig. 7). For both confirmed
and putative autoAgs, coding gene prevalence is significantly higher on chromosomes 11, 12, 17, and 19,
lower on chromosome 18, and almost absent on chromosome Y (Fig. 7). Various cluster loci are noticeable,
e.g., on chromosomes 1, 11, 12, 17, and 19.

Intriguingly, autoAg coding genes contain significantly larger numbers of exons than expected, with the
majority containing at least 4 exons (Fig. 8). The number of transcript isoforms per coding gene is also
significantly skewed towards higher numbers, and those with 26 isoforms are particularly dominant.
Furthermore, the lengths of coding sequence, transcript, and 3’ and 5’-UTR of autoAg coding genes are
skewed towards shorter sizes relative to the distribution of all coding genes (Fig. 8). We also examined
the coding genes of the 400 confirmed autoAgs, and they show similar dominance in higher number
ofexons and -isoforms, shorter transcripts, and shorter 3’-UTR lengths (Fig. 8).

The predominance of multiple exons and transcript variants suggests a role for RNA processing and
alternative splicing in the origination of autoAgs. For genes with multiple exons, alternative splicing can
yield a range of unique protein isoforms by varying the exon composition. Curiously, numerous
components of the splicing machinery are well-known nuclear autoAgs. In fact, this study identified 120
potential autoAgs associated with RNA processing and 70 potential autoAgs associated with RNA splicing
(Table 1 and Figs. 2-3). The majority of these have been found to be affected by SARS-CoV-2 infection
(Figs. 5-6).

During splicing, a group of snRNPs (small nuclear ribonucleoproteins) bind to the intron of a newly formed
pre-mRNA and splice it to result in a mature mRNA. Ten snRNP autoAgs are identified by DS-affinity, 8 of
which have been found to be affected by SARS-CoV-2 infection (Table 1). During splicing, snRNAs undergo
conformational rearrangements that are catalyzed by the DEAH/DEAD box superfamily of RNA helicases.
11 such helicases are identified by DS-affinity, and 10 have been found to be affected by the viral infection
(Table 1). Serine/arginine-rich splicing factors, such as SRSF1 (also known as alternative splicing factor 1),
are sequence-specific splicing factors involved in pre-mRNA splicing. 9 SRSF proteins are identified by DS-
affinity, with 7 found to be affected by the viral infection. Seven additional splicing factors are identified
by DS-affinity (e.g., poly(U)-binding splicing factor PUF60), with all found to be affected by SARS-CoV-2
infection. Heterogeneous nuclear ribonucleoproteins (hnRNPs) play various roles in gene transcription
and post-transcriptional modification of pre-mRNA, e.g., binding pre-mRNAs to render splice sites more


https://doi.org/10.1101/2021.07.30.454526
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.30.454526; this version posted August 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

or less accessible to the spliceosome and suppressing RNA splicing at a particular exon. 19 hnRNP proteins
are identified by DS-affinity, with 17 found affected by SARS-CoV-2 infection.

The large number of autoAgs of the RNA splicing machinery and their involvement in SARS-CoV-2 infection
provide support to the notion that viral infections exploit alternative splicing. It is logical to speculate that
viruses hijack the splicing machinery to force the host to synthesize virus-beneficial protein isoforms and
thereby reprogram the host cellular protein network so that the virus can survive and replicate. It is also
plausible that protein isoforms from virus-induced alternative splicing are recognizable by our immune
system as unusual and non-self and hence may trigger an (auto)immune response.

Various studies have reported alternative splicing among autoAgs. For example, an informatics analysis of
45 autoAgs showed that alternative splicing occurred in 100% of the transcripts, which was significantly
higher than the ~42% rate observed in a randomly selected set of 9,554 gene transcripts. Furthermore,
80% of the transcripts underwent non-canonical alternative splicing, which was significantly higher than
the <1% rate in randomly selected human gene transcripts [38]. As another example, Ro52/SSA is one of
the autoAg targets strongly associated with the autoimmune responses in mothers whose children have
manifestations of neonatal lupus. The gene for full-length Ro52 spans 10 kb of DNA and contains 7 exons,
and an alternatively spliced transcript encoding a novel autoAg expressed in the fetal and adult heart has
been identified [39]. In a patient with primary Sjorgren syndrome, an alternative mRNA variant of the
nuclear autoAg La/SSB was found to result from a promoter switch and alternative splicing [40].

Common autoAgs associated with cell stress and apoptosis

We have consistently found that DS binds apoptotic cells regardless of cell type [6, 8]. To figure out which
molecules are involved in this affinity, we searched for DS-affinity proteins shared in all 6 human cell lines
of this study and found 39 autoAg candidates (Fig. 9). These include 9 ER chaperone complex proteins, 5
14-3-3 proteins, 3 hnRNPs, and 3 tropomyosin proteins. All are known autoAgs except for ANP32A and
YWHAB (14-3-3 alpha/beta). Given that ANP32A’s paralog ANP32B and 5 other 14-3-3 isoforms are known
autoAgs, it is likely they are also true autoAgs. Remarkably, several classical ANA (antinuclear antibody)
autoAgs that define systemic autoimmune diseases are among the autoAgs found in the DS-affinity
proteomes of all 6 human cell lines, including histone H1 and H4, SSB (lupus La), XRCC5/Ku80,
XRCC6/Ku70, and PCNA. Because these autoAgs are commonly found in apoptotic cells, it is not surprising
that autoimmune responses targeting these autoAgs tend to be systemic; in other words, they all are
potential markers of systemic autoimmune diseases.

Based on GO Biological Process and Reactome Pathway analysis, 22 of the common autoAgs are
associated with cellular responses to stress, 17 are associated with regulation of apoptotic processes, and
8 are markers of apoptosis (Fig. 9). Moreover, these common autoAgs are involved in chromosome
organization (ANP32A, ANP32B, H1-2, H4, KPNB1, NPM1, PCNA, SET, XRCC5, XRCC6), cytoskeleton
organization (ACTN1, CALR, TPM1, TPM3, TPM4, TUBA1C, VIM), and mitochondrial membrane
organization (YWHAB, YWHAE, YWHAG, YWHAQ, YWHAZ). These findings reveal that apoptosis is
accompanied by reorganization of the nucleus, mitochondria, and cytoskeleton.


https://doi.org/10.1101/2021.07.30.454526
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.30.454526; this version posted August 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Furthermore, 37 of the 39 common autoAgs were altered in SARS-CoV-2 infection. Based on GO Biological
Process analysis, 13 of these proteins are involved in viral processing, namely, KPNB1, C1QBP, HSP90AB1,
NPM1, SYNCRIP, SET, SSB, XRCC5, XRCC6, VCP, VIM, YWHAB, and YWHAE. These findings further support
our model of linking viral infection to autoimmunity, with viral infections leading to host cell stress, cell
death, autoimmune reactions, and eventually autoimmune diseases (Fig. 1).

UBA1, X-inactivation escape, and female predilection of autoimmunity

Among the above common autoAgs, UBA1 (or UBE1, ubiquitin-like modifier-activating enzyme 1) plays an
essential role in dead cell clearance. UBA1 catalyzes the first step in ubiquitination — the “kiss of death” —
that marks cellular proteins for degradation. It has long been speculated that dysregulation of apoptotic
pathways and dysfunctional clearance of dead cells are among the main causes of autoimmunity, which
is in line with our findings [6, 8]. Apoptosis also directly contributes to the maintenance of lymphocyte
homeostasis and the deletion of autoreactive cells. Therefore, dysfunction of UBA1 could result in
deficient clearance of apoptotic cells and aberrant autoimmunity.

Recently, UBA1 somatic mutations have been linked to a severe adult-onset autoinflammatory disease
termed VEXAS syndrome [41]. A somatic mutation affecting methionine-41 in UBA1 results in a loss of the
canonical cytoplasmic isoform of UBA1 and in the expression of a novel catalytically impaired isoform.
Additionally, mutant peripheral blood cells show decreased ubiquitination and activated innate immune
pathways.

Strikingly, UBA1 protein expression is found up-regulated at different time points of SARS-CoV-2 infection,
whereas two deubiquitinating enzymes, USP9X and USP5, are down-regulated [33] (Supplemental Table
1). Furthermore, among the 657 proteins of the COVID autoantigen-ome, 178 have been found to be
affected by ubiquitination (Fig. 10). They are most significantly associated with RNA metabolism and
cellular response to stress. In addition, ubiquitination affects proteins involved in signaling by Rho GTPase,
RNA splicing, translation, protein folding, nonsense-mediated decay, DNA damage stress-induced
senescence, and the cytoskeleton. These findings underline the extensive involvement of ubiquitination
in viral infection.

UBAL is coded by the UBA1 gene located on the X chromosome with no homolog on the Y chromosome,
and more importantly, UBA1 can escape X-chromosome inactivation. UBA1 appears to be protected
against chromosome-wide transcriptional silencing by a chromatin boundary flanked by histone H3
modifications and CpG hypomethylation [42]. In human female fibroblasts, UBA1 mRNA is detected from
both the active and inactive X chromosomes, and UBA1 is expressed in a large panel of somatic cell hybrids
retaining inactive X chromosomes [43]. In human endothelial cells from dizygotic twins, UBA1 and a few
other X-chromosome encoded proteins are expressed at higher levels in female cells [44]. UBA1
expression is estimated to be ~ 60% from X-active alleles, 30% biallelic, and 10% from X-inactive alleles
[45].

X-linked genes, particularly escape genes, contribute to sex differences. In women, about 15% of X-linked
genes are bi-allelically expressed, and expression from the inactive X allele varies from a few percent to
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near equal to that of the active allele [46]. X-inactivation and escape may enhance phenotypic differences
between females and males and may also enhance variability within females due to mosaicism from cells
with the X-maternal or X-paternal inactivated and to a variable degree of escape from X-inactivation [46].
Aging, which is associated with telomere shortening, can relax X-inactivation and force global
transcriptome alterations [47], which may lead to gene escape and altered expression of UBA1. Therefore,
dysfunction of UBA1 due to X-inactivation escape may predispose women, particularly aging women, to
increasing dysfunctional regulation of apoptosis and aberrant autoimmunity.

Considerations for vaccine design based on Spike-protein via viral vectors or mRNAs

To understand the various rare but reported side effects from the currently available viral vector- and
mRNA-encoded S-protein COVID vaccines, we searched for autoAgs that may interact with the spike
protein of SARS-CoV-2 and found 15 autoAg candidates (Table 2). Of these, CALU, ESYT1, MOV10, and
MARCKS may also interact with many other SARS-CoV-2 proteins as discussed earlier. Curiously, at least 2
of these are associated with blood clotting problems, and 5 are implicated in neurological disorders (Table
2). For example, CALU (calumenin) is a calcium-binding protein and is expressed in high levels in the heart,
placenta, and skeletal muscle. CALU is associated with pharmacodynamics and response to elevated
platelet cytosolic Ca?, platelet degranulation, and Coumarin/Warfarin resistance. Warfarin is an
anticoagulant (blood thinner) drug used to treat blood clots such as deep vein thrombosis and pulmonary
embolism and to prevent stroke in people with heart problems such as atrial fibrillation, valvular heart
disease or in people with artificial heart valves.

Table 2. Diseases associated with potential SARS-CoV-2 spike protein-interacting autoAgs*

CALU Warfarin (anti-coagulants for blot clotting) resistance disease

ESYT1 Stormorken syndrome (mild bleeding tendency due to platelet dysfunction, thrombocytopenia, anemia,
asplenia, etc.)

MOV10 Viral infection, autism spectrum disorder

MARCKS Spinocerebellar ataxia 14, barbiturate dependence
HSPBP1 Autosomal recessive spinocerebellar ataxia 16, Sjogren-Larsson syndrome
PRS27A Machado-Joseph disease (spinocerebellar ataxia type IIl), spherocytosis type 5

EZR Autosomal recessive non-syndromic intellectual disability, neurofibromatosis type Il

HSPAS5 Mucormycosis (fungal infection), Wolfram syndrome 1 (diabetes mellitus)

ARHGAP1 | Noma, Lowe oculocerebrorenal syndrome (affects eyes, central nervous system and kidneys)
MSN X-linked moesin-associated immunodeficiency, verrucous carcinoma

CSPG4 Acral lentiginous melanoma, melanoma

SLC1A5 Hartnup disorder, placental choriocarcinoma

PRKCSH Polycystic liver disease

CAVIN1 Lipodystrophy, congenital generalized lipodystrophy

BASP1 Distal X-linked spinal muscular atrophy, Wilms tumor 1
*Disease associations were obtained from the GeneCards database.

Although largely speculative at present, these potential S-protein-interacting autoAgs may provide partial
explanations for the rare hematological, neurological, and muscular side effects reported for the currently
available COVID vaccines (Table 2). Although it is known that S proteins are synthesized intracellularly
following vaccination with mRNAs or viral vectors, many of the precise molecular steps remain unknown.
In particular, how do these newly synthesized S proteins fold and are they glycosylated differently
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depending on the cell type that rakes up the mRNA or the viral vector? How does the newly synthesized
S protein interact with other host cell components before being processed (or degraded) and presented
to immune cells? For example, could the nascent S proteins interact with CALU or ESYT1 to cause blood
clotting problems, could S protein interaction with HSPAS5 contributes to fungal infection outbreaks as
seen in India? These and many other questions await further investigation. This is of interest because
mRNA and vector-based vaccines make use of a variety of cell types in vivo to produce the immunogen,
whereas recombinant protein-based vaccines introduce the ex vivo prepared immunogen directly to the
immune system.

In addition, this study identified a large number of autoAg candidates that are crucial for vector-based or
mRNA vaccine action, including translation, RNA processing and metabolism, vesicles and vesicle-
mediated transport, and protein processing and transport (Figs. 2-6). For example, the master
autoantigen-ome contains 56 ribosomal proteins, 16 eukaryotic translation initiation factors, 16
aminoacyl-tRNA synthases/ligases, and 6 translation elongation factors, all of which are essential actors
in translating mRNAs into proteins. There are also many autoAgs related to protein folding and post-
translational protein modification, although it is not clear whether the S proteins are folded and post-
translationally modified before being processed and presented to immune cells in the currently used
mRNA or vector vaccines for COVID-19. These potential autoAgs may confer clues to understanding the
observed rare adverse events and should help guide the future development of even safer vaccines.

Conclusion

In this report, we compiled a master autoantigen-ome of 751 potential autoAgs, 657 of which are affected
in SARS-CoV-2 infection, and 400 of which are confirmed autoAgs in a wide variety of autoimmune
diseases and cancer. Our proposed model (Fig. 1) provides a plausible explanation for how a cascade of
molecular changes associated with viral infection leads to cell stress, apoptosis, and subsequent
autoimmune responses. The large number of autoAg candidates associated with SARS-CoV-2 infection
provides a mechanistic rationale for the close monitoring of autoimmune diseases that may follow the
COVID-19 pandemic. In addition, the coding gene characteristics of autoAgs described in this study
provide further insights into the genetic origination of autoAgs. The significance of ubiquitination in
apoptotic cell clearance and protein turnover and the X-linked escape expression of UBA1 might explain,
in part, the predisposition of aging women to autoimmune diseases.

Materials and Methods
DS-affinity autoAg identification
Potential autoAgs were identified by DS-affinity from protein extracts from six human cell lines as

previously described, including HFL1 fetal lung fibroblasts [1], A549 lung epithelial cells [2], HS-Sultan B-
lymphoblasts [4], Wil2-NS B-lymphoblasts [7], Jurkat T-lymphoblasts [5], and HEp-2 fibroblasts [11].
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Autoantigen literature text mining

Each DS-affinity protein was verified as to whether it is a target of autoantibodies by an extensive
literature search on PubMed. Search keywords included the MeSH keyword “autoantibodies”, the protein
name or its gene symbol, or alternative names and symbols. Only proteins for which specific
autoantibodies are reported in PubMed-listed journal articles were considered “confirmed” or “known”
autoAgs in this study.

COVID data comparison

DS-affinity proteins were compared with currently available COVID-19 multi-omic data compiled in the
Coronascape database (as of 05/27/2021) [16-37]. These data have been obtained with proteomics,
phosphoproteomics, interactome and ubiquitome studies, and RNA-seq techniques. Up- and/or down-
regulated proteins or genes were identified by comparing cells infected vs. uninfected by SARS-CoV-2 or
COVID-19 patients vs. healthy controls. Similarity searches were conducted to identify DS-affinity proteins
that are similar to those found up- and/or down-regulated in the viral infection at any omic level.

Protein network analysis

Protein-protein interactions were analyzed with STRING [14]. Interactions include both direct physical
interaction and indirect functional associations, which are derived from genomic context predictions,
high-throughput lab experiments, co-expression, automated text mining, and previous knowledge in
databases. Each interaction is annotated with a confidence score between 0 (lowest) and 1 (highest),
indicating the likelihood of an interaction to be true. Enrichment of pathways and processes were
analyzed with Metascape [16], which utilize various ontological sources such as KEGG Pathway, GO
Biological Process, Reactome Gene Sets, and Canonical Pathways. All genes in the genome were used as
the enrichment background. Terms with a p value <0.01, a minimum count of 3, and an enrichment factor
(ratio between the observed counts and the counts expected by chance) >1.5 were grouped into clusters
based on their membership similarities. The most statistically significant term within a cluster was chosen
to represent the cluster.

Gene characteristic analysis

Gene characteristics were analyzed with ShinyGO [15]. ShinyGO is based on a large annotation database
derived from Ensembl and STRING-db. The characteristics of the genes for the groups of autoAgs in this
study were compared with the rest in the genome. Chi-squared and Student’s t-tests were run to see if
the autoAg genes had special characteristics when compared with all other genes in the human genome.
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Table 1. Autoantigens identified by DS-affinity and their alterations in SARS-CoV-2 infection

Cell line SARS-Cov-2 DS
P Gene Protein infection affinity Ref.
HFL1 S:‘in wil2 A549 Jurkat HEp-2 u d interact. h| |OW
5 A2M Alpha-2-macroglobulin + + d + [1]
6 AARS Alanine-tRNA ligase, AARS1 + + u d + [2]
15  ACLY ATP-citrate synthase + + u d + [3]
4 ACTA1 Actin, alpha skeletal muscle + u d + [4]
10 ACTA2 Actin, aortic smooth muscle + + + + u d + + [5]
8 ACTB Actin, cytoplasmic 1 + + + + u d + + [6]
7 ACTBL2 Beta-actin-like protein + + + + u d + + [6]
2 ACTBL3 Putative beta-actin-like protein 3, kappa + + u +
actin, POTEKP
6 ACTC1 Actin, alpha cardiac muscle + u d + + [7]
4 ACTG1 Actin, cytoplasmic 2 + + u d + + [8]
28 | ACTN1 Alpha-actinin-1 + + + + + + u d + [9]
22  ACTN4 Alpha-actinin-4 + + + + + u d + [5]
2 ACTR2 Actin-related protein 2 + u d + [10]
2 ACTRS3 Actin-related protein 3 + u + [11]
2 ADSS2 Adenylosuccinate synthetase isozyme 2, + u +
ADSS
3 AFP Alpha-fetoprotein + + + d + [12]
2 AGRN Agrin + u Nsp6 @ + [13]
Nspl3
Orf8
Orf10
15 = AHCY Adenosylhomocysteinase, SAHH + + d + [14]
5 AHNAK Neuroblast differentiation-associated + u d + [15]
protein
4 AHSA1 Activator of 90 kDa heat shock protein + d +
ATPase homolog 1
2 AHSG Alpha-2-HS-glycoprotein, FETUA + d + [16]
5 AKR1B1 Aldo-keto reductase family 1 member B1 + u d Orf3 + [17]
10 ALB Albumin + + u d + + [18]
5 ALDH18A1  Delta-1-pyrroline-5-carboxylate synthetase + + d +
23 | ALDH1A1l Retinal dehydrogenase 1 + u d + [19]
5 ALDH2 Aldehyde dehydrogenase, mitochondrial + u d E + [20]
Nsp5
Nspl2
Nspl6
5 ALDH3A1 Aldehyde dehydrogenase 3, ALDH3 + u d +
9 ALDOA Fructose-bisphosphate aldolase A + + u d + [21]
4 ALDOC Fructose-bisphosphate aldolase C + u d + [22]
3 ALPP Alkaline phosphatase, placental type + + [23]
precursor
10 = ANP32A Acidic leucine-rich nuclear phosphoprotein | + + + + + + u | d + +
32 member A
13 = ANP32B ANP 32 family member B + + + + + + d N + + [24]
3 ANP32C ANP 32 family member C, PP32R1 + + + + +
4 ANP32E ANP 32 family member E + + + u d Orf9c  + +
4 ANXA2 Annexin A2 + + u d + + [25]
13 = ANXA2P2 Putative annexin A2-like protein, ANX2L2, + + u d + [26]
LPC2B
10 = ANXA3 Annexin A3 + u d + [25]
5 ANXA4 Annexin IV + u d + [27]
15  ANXA5 Annexin A5 + + + u d Orf3 + [28]
33  ANXA6 Annexin VI + + + + + u d + [29]
2 AP1B1 AP-1 complex subunit beta-1 + +
8 AP3B1 AP-3 complex subunit beta-1 + + u E +
2 AP3B2 AP-3 complex subunit beta-2 + + + [30]
8 AP3D1 AP-3 complex subunit delta-1 + + u d +
4 APEH Acylamino-acid-releasing enzyme + +
4 APEX1 DNA-(apurinic or apyrimidinic site) lyase + + u d + [31]
2 API5 Apoptosis inhibitor 5 + + d +
3 APOA1 Apolipoprotein A-I + d + [32]
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ARF1
ARHGAP1

ARHGDIA
ARHGDIB
ARPC2
ASMTL

ASNS

ASPH
ATIC

ATP2A2
ATP5F1B

ATXN10

BASP1

BCAT1

BCCIP
BGN
BRIX1

BSG
BTF3
BZwW1

BZW2

C1QBP
CALD1
CALM1
CALM2
CALM3
CALR

CALU

CAND1
CANX

CAP1
CAPN1
CAPN2
CAPNS1
CAPRIN1
CAPZAl
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Apolipoprotein D
ADP-ribosylation factor
Rho-GTPase-activating protein 1

Rho GDP-dissociation inhibitor 1

Rho GDP-dissociation inhibitor 2
Actin-related protein 2/3 complex subunit 2
N-Acetylserotonin O-methyltransferase-
like protein

Glutamine-dependent asparagine
synthetase

Aspartyl/asparaginyl beta-hydroxylase
Bifunctional purine biosynthesis protein,
PURH

Sarcoplasmic/ER calcium ATPase 2

ATP synthase subunit beta, mitochondrial,
ATP5B

Ataxin-10, Spinocerebellar ataxia type 10
protein

Brain acid soluble protein 1 (Neuronal
axonal membrane protein NAP22)

Branched chain amino acid
aminotransferase

BRCA2 and CDKN1A-interacting protein
Biglycan

Ribosome biogenesis protein BRX1
homolog

Basigin, CD147

Transcription factor BTF3, NACB
Basic leucine zipper and W2 domain-
containing protein 1

Basic leucine zipper and W2 domain-
containing protein 2

Complement C1g-binding protein
Caldesmon

Calmodulin-1

Calmodulin-2

Calmodulin-3

Calreticulin

Calumenin

Cullin-associated NEDD8-dissociated
protein 1
Calnexin

Adenylyl cyclase-associated protein 1
Calpain-1 catalytic subunit

Calpain-2 catalytic subunit

Calpain small subunit 1

Caprin-1

F-actin-capping protein subunit alpha-1
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Nsp6
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Orf3a
Orf3b
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Orf7a
Orf7b
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Nsp4
Orf8
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CAPZB
CAVIN1

CBX1
CBX3
CCDC6
CCT2

CCT3

CCT4
CCT5

CCT6A

CCT7
CCT8

CD248
CDC37
CDK11A
CEBPZ
CFL1
CKAP4

CKB
CLIC1
CLIC4
CLTC
CLTCL1
CLUH

CMPK1
CNDP2

CNPY2
COL12A1
COL1A1
COL1A2
COL2A1
COL3A1
COL5A1
COL6A1
COL6A2
COL6A3
COPA
COPB1
CcoPB2
COPD

COPG1

COPZ1
CORO1A
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F-actin-capping protein subunit beta
Caveolae-associated protein 1, PTRF

Chromobox protein homolog 1
Chromobox protein homolog 3
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Proto-oncogene c-Crk

Cartilage-associated protein, P3H5
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Tyrosine-protein kinase CSK
Casein kinase 2, alpha 1
Chondroitin sulfate proteoglycan 4

High mobility group box 1 pseudogene 1,
HMGB1P1, HMGB1L1

RNA polymerase-associated protein CTR9
homolog

Cathepsin B, APP secretase

Cathepsin D

Protein CutA

28S ribosomal protein S29, mitochondrial,
MRPS29

Aspartate-tRNA ligase, DARS1

Drebrin 1

DDB1- and CUL4-associated factor 1,
VPRBP

Deoxycytidine kinase

Decorin

Dynactin subunit 1, 150 KDa Dynein-
associated protein

Dynactin subunit 2

dCTP pyrophosphatase 1

DNA damage-binding protein 1
ATP-dependent RNA helicase DDX17
ATP-dependent RNA helicase DDX18
Nucleolar RNA helicase 2
ATP-dependent RNA helicase DDX27
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Spliceosome RNA helicase BAT1
ATP-dependent RNA helicase, p68
ATP-dependent RNA helicase A, DHX9
Protein DEK

Pre-mRNA-splicing factor ATP-dependent
RNA helicase
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Second mitochondria-derived activator of
caspase

H/ACA ribonucleoprotein complex subunit
B

Dihydrolipoyl dehydrogenase,
mitochondrial
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succinyltransferase component of 2-
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DnaJ (Hsp40) homolog subfamily B
member 11

DnaJ homolog subfamily C member 8
2'-deoxynucleoside 5'-phosphate N-
hydrolase 1

Dipeptidyl-peptidase 3
Dihydropyrimidinase-related protein
Developmentally-regulated GTP-binding
protein

Deoxyuridine 5'-triphosphate
nucleotidohydrolase, mitochondrial
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Histone H2A.V, H2AZ2

Core histone macro-H2A.1, MACROH2A1
Cor2 histone macro-H2A.2, MACROH2A2
Trifunctional enzyme subunit alpha,
mitochondrial

Histidyl-tRNA synthetase, cytoplasmic
Hepatoma-derived growth factor, HMG1L2
Vigilin, High density lipoprotein binding
protein

HEAT repeat-containing protein 1
Heme-binding protein 2
Beta-hexosaminidase subunit beta
Histone H1.5, H1F5, H1-5

Histone H1.2, H1F2, H1-2

Histone H2A type 1-A, H2AFR, H2AC1

Histone H2A type 1-B/E, H2AFM, H2AC4
Histone H2B type 1-A, H2BC1

Histone H2B type 1-B, H2BFF, H2BC3
Histone H2B type 1-L, H2BFC, H2BC13
Histone H2B type 2-E, H2BC21

Histone H3.2, H3C15

Histone H3.1t, H3FT, H3-4

Histone H4, HAC1

High mobility group protein 1
Hydroxymethylglutaryl-CoA synthase,
cytoplasmic

Non-histone chromosomal protein HMG14
Heterogeneous nuclear ribonucleoprotein
Al

hnRNP A2/B1

hnRNP A3
hnRNP A/B
hnRNP C1/C2
hnRNP C-like 1

hnRNP D, AUF1
hnRNP D-like

hnRNP F

hnRNP H1

hnRNP H3

hnRNP K

hnRNP M

hnRNP Q, SYNCRIP
hnRNP R

hnRNP U (scaffold attachment factor A)
hnRNP U-like protein 1

hnRNP U-like protein 2

Hypoxanthine-guanine
phosphoribosyltransferase

Putative heat shock 70 kDa protein,
HSPA7

Heat shock protein 90-alpha

Heat shock protein 90-alpha A2
Heat shock protein HSP 90-beta
Endoplasmin, GRP94
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Heat shock 70 kDa protein 1A

Heat shock 70 kDa protein 1-like, HSP70T
Heat shock 70 kda protein 2

Heat shock 70 kDa protein 4

Endoplasmic reticulum chaperone BiP,
GRP78

Heat shock cognate 71 kDa protein

Stress-70 protein, mitochondrial (GRP75)
Heat shock protein beta-1
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60 kDa heat shock protein, mitochondrial
Basement membrane heparan sulfate
proteoglycan

Heat shock protein 105 kDa

HIV Tat-specific factor 1

Hypoxia up-regulated protein
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Interleukin enhancer-binding factor 3
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Ras GTPase-activating-like protein
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39S ribosomal protein L45, mitochondrial
39S ribosomal protein L49, mitochondrial
28S ribosomal protein S22, mitochondrial
28S ribosomal protein S23, mitochondrial
28S ribosomal protein S27, mitochondrial
28S ribosomal protein S28, mitochondrial,
MRPS35

28S ribosomal protein S30, mitochondrial
28S ribosomal protein S34, mitochondrial
28S ribosomal protein S9, mitochondrial
Moesin

Major vault protein
Matrix-remodeling-associated protein 5
Myb-binding protein 1A

UPF0160 protein MYG1, mitochondrial,
C120rf10

Myosin-10

Myosin-9

Myosin light chain 6

Myosin light chain kinase, smooth muscle
Unconventional myosin-Ic, MYO1E
Marginal zone B- and B1-cell-specifc
protein (Proapoptotic caspase adapter
protein, plasma cell-induced resident
protein)

N-alpha-acetyltransferase 15, NatA
auxiliary subunit (NMDA receptor-
regulated protein, NARG1)
N-alpha-acetyltransferase 25, NatB
auxiliary subunit (TPR repeat-containing
protein C120rf30)

Nascent polypeptide associated complex
subunit alpha

Nucleosome assembly protein 1-like 1
Nucleosome assembly protein 1-like 4
Asparagine-tRNA ligase, cytoplasmic,
NARS1

Nuclear autoantigenic sperm protein
Nucleolin

Nestin

Sialidase-1

Nexilin F-actin binding protein

HIRA interacting protein 5

Nucleoside diphosphate kinase A, RMRP
Nucleoside diphosphate kinase 2, NM23
Glycylpeptide N-tetradecanoyltransferase
1

Glycylpeptide N-tetradecanoyltransferase
2

Nucleolar complex protein 2 homolog
Nucleolar phosphoprotein p130 (nucleolar
and coiled-body phosphoprotein 1)
Probable 28S rRNA (cytosine(4447)-C(5)-
methyltransferase

Puromycin-sensitive aminopeptidase,
metalloproteinase MP100

Nucleophosmin (nucleolar phosphoprotein,
numatrin)

Neuronal cell adhesion molecule

NSFL1 cofactor p47

Nuclear distribution C, Dynein complex
regulator

Cleavage and polyadenylation specificity
factor 5
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Nuclear mitotic apparatus protein 1
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proteoglycan
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ER protein SC65, nucleolar autoantigen
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RNA polymerase ll-associated factor 1
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Procollagen-lysine, 2-oxoglutarate 5-
dioxygenase 1

Multifunctional procollagen lysine
hydroxylase and glycosyltransferase LH3
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Mitochondrial-processing peptidase
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Ribonucleases P/MRP protein subunit
POP1

NADPH--cytochrome P450 reductase

Inorganic pyrophosphatase
Amidophosphoribosyltransferase
Peptidyl-prolyl cis-trans isomerase
Protein phosphatase 1G (PPM1C)
Protein phosphatase 1 regulatory subunit
7 (subunit 22)

Serine/threonine-protein phosphatase 2A
65 kDa regulatory subunit A alpha isoform
Peroxiredoxin-1

Thioredoxin-dependent peroxide
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regulatory alpha
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Proteasome subunit beta type-9

26s Proteasome regulatory subunit 4
26S protease regulatory subunit 6A

26S proteasome non-ATPase regulatory
subunit 1

Proteasome 26S non-ATPase regulatory
subunit 11

26S proteasome non-ATPase regulatory
subunit 12

Proteasome 26S non-ATPase subunit 13
26S proteasome non-ATPase regulatory
subunit 14

26S proteasome non-ATPase regulatory
subunit 3

26S proteasome non-ATPase regulatory
subunit 6

26S proteasome non-ATPase regulatory
subunit 7

Proteasome activator complex subunit 1
Proteasome activator complex subunit 2
Proteasome activator complex subunit 3
Phosphoserine phosphatase
Polypyrimidine tract-binding protein,
hnRNP |

Polypyrimidine tract-binding protein, ROD1
Pentatricopeptide repeat-containing
protein 3, mitochondrial, MRPS39
Prostaglandin E synthase 3 (telomerase-
binding protein p23) (hsp90 co-
chaperone) (progesterone rec)
Prothymosin alpha

Tyrosine-protein phosphatase non-
receptor type 6

Poly(U)-binding-splicing factor PUF60
Pumilio homolog 1

Transcriptional activator protein Pur-alpha
tRNA pseudouridine synthase A
Pregnancy zone protein, alpha-2-
macroglobulin like

Bifunctional glutamate/proline-tRNA ligase,
EPRS, EPRS1

Ras-related protein Rab-1A

Ras-related protein Rab-7a

UV excision repair protein RAD23
homolog A
UV excision repair protein RAD23
homolog B

RNA binding protein, autoantigen p542
Ran-specific GTPase-activating protein
Ran-binding protein 6

Ran GTPase-activating protein 1
Arginyl-tRNA synthetase, cytoplasmic,
RARS1

Chromosome assembly factor 1 subunit C
Histone-binding protein rbbp7

Putative RNA-binding protein 3
RNA-binding protein 8A

RNA-binding motif protein X-linked-like-2
Reticulocalbin-3

Radixin
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RecQ-mediated genome instability protein
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Arginine aminopeptidase, APB
RNA-binding protein with serine-rich
domain 1

E3 ubiquitin-protein ligase TRIM21
(RO/SS-A), TRIM21

60 kDa SS-A/Ro ribonucleoprotein
Replication protein A 14 kda subunit
Ribosome production factor 2 homolog,
BXDC1

60S ribosomal protein L10a

60S ribosomal protein L11

60S ribosomal protein L12

60S ribosomal protein L15

60S ribosomal protein L18

60S ribosomal protein L22
Ribosomal protein L23a

60S ribosomal protein L26-like 1,
RPL26P1

60s ribosomal protein L3 (hiv-1 tar rna-
binding protein b)

60S ribosomal protein L31

60S ribosomal protein L35a

60S ribosomal protein L4

60S ribosomal protein L5

60S ribosomal protein L6

60S ribosomal protein L7, RPL7P32
60S ribosomal protein L7A

60S ribosomal protein L8

60S acidic ribosomal protein PO
60S acidic ribosomal protein P1
60S acidic ribosomal protein P2
40s ribosomal protein S15a

40S ribosomal protein S18

40S ribosomal protein S19

40S ribosomal protein S2

40S ribosomal protein S25
Ubiquitin-40S ribosomal protein S27a,
UBAS80, UBCEP1

40S ribosomal protein S3

40S ribosomal protein S3a

40S ribosomal protein S4, X isoform
40S ribosomal protein S6

40S ribosomal protein S7

40S ribosomal protein S8

40S ribosomal protein S9

40S ribosomal protein SA
Ribosome-binding protein 1
RRP12-like protein

U3 small nucleolar RNA-interacting protein

2
Ribosome biogenesis regulatory protein
homolog

Ribosomal L1 domain-containing protein 1

RuvB-like 1, tata box-binding protein-
interacting protein

RuvB-like 2

Serine-tRNA ligase, cytoplasmic, SARS1
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SLC1A5
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SMS
SND1
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SNRNP70
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SNRPD1
SNRPD2
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SOD1
SPTAN1

SPTBN1
SRM
SRP14

SRP68

SRP72
SRP9
SRRT
SRSF1
SRSF11
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Selenide, water dikinase

Septin-11

Septin-2, NEDDS5, DIFF6

Septin-7

Leukocyte elastase inhibitor

Serpin B6, peptidase inhibitor 6

Serpin B9

Antithrombin-1I|

Plasminogen activator inhibitor 1

Serpin H1, HSP47

SET nuclear proto-oncogene (Inhibitor of
granzyme A-activated DNase, HLA-DR-
associated protein Il)

Splicing factor 3 subunit 1 (spliceosome-
associated protein 114) (sap 114)
(sf3a120)

Splicing factor 3B subunit 1

Splicing factor 3B subunit 3, SAP130
14-3-3 protein sigma, Stratifin

Splicing factor, proline- and glutamine-rich
Small glutamine-rich tetratricopeptide
repeat-containing protein alpha

SH3 domain-binding glutamic acid-rich-like
protein 3

Serine hydroxymethyltransferase, cytosolic
Serine hydroxymethyltransferase,
mitochondrial

S-phase kinase-associated protein 1
Neutral amino acid transporter B, Simian
type D retrovirus receptor, Baboon M7
virus receptor

HepG2 glucose transporter, GLUT1

4F2 cell-surface antigen heavy chain,
CD98

SRA stem-loop-interacting RNA-binding
protein, mitochondrial

Spermine synthase

Staphylococcal nuclease domain-
containing protein 1

U5 small nuclear ribonucleoprotein 200
kDa helicase

U1 small nuclear ribonucleoprotein 70 kDa
U1 small nuclear ribonucleoprotein A

U2 small nuclear ribonucleoprotein A’
SnRNP-associated proteins B and B’
Small nuclear ribonucleoprotein Sm D1
Small nuclear ribonucleoprotein Sm D2
Small nuclear ribonucleoprotein Sm D3
Small nuclear ribonucleoprotein E

Small nuclear ribonucleoprotein G,
PBSCG

Superoxide dismutase [Cu-Zn]

Spectrin alpha chain, brain (spectrin, non-
erythroid alpha chain)

Spectrin beta chain, brain

Spermidine synthase

Signal recognition particle 14 kDa protein

Signal recognition particle 68 kda protein

Signal recognition particle 72 kDa protein
Signal recognition particle 9 kda protein
Arsenite-resistance protein 2
Serine/argine-rich splicing factor 1
Arginine/serine-rich splicing factor 11,
SRSF11
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TSN
TTLL12
TTLL3
TUBA1C
TUBA3C
TUBA4A
TUBB
TUBB1
TUBB4A
TUBB4B
TXN
TXNDC17
TXNDC5
TXNL1

TXNRD1
U2AF2

UBA1
UBA2

UBAG
UBE2K
UBLE1A

UBTF

UCHL1

UGDH
UGGT1

UPF1
USP5

USP7

USP9X

VARS1
VASN
VAT1

VCL
VCP

VIM
VPS35
WARS

WDR18
XPNPEP1
XPO1

XPO2
XPOT
XRCC5
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Translin

Tubulin-tyrosine ligase-like protein 12
Tubulin monoglycylase TTLL3

Tubulin alpha-1C, tubulin alpha-6
Tubulin alpha-3C chain, TUBA2

Tubulin alpha-4A chain, TUBA1

Tubulin beta chain, TUBB5

Tubulin beta-1 chain

Tubulin beta-4A chain, TUBB4, TUBB5
Tubulin beta-4B chain, TUBB2C
Thioredoxin

Thioredoxin domain-containing protein 17
Thioredoxin domain-containing protein 5
Thioredoxin-like protein 1 (32 kda
thioredoxin-related protein)

Thioredoxin reductase 1, cytoplasmic
Splicing factor U2AF 65 kDa subunit

Ubiquitin-like modifier-activating enzyme 1
Ubiquitin-like 1-activating enzyme elb
(sumo-1-activating enzyme subunit 2)
(anthracycline-associated resistance arx)
Ubiquitin-like modifier-activating enzyme 6
Ubiquitin-conjugating enzyme E2 K
Ubiquitin-like 1-activating enzyme ela
(SUMO-1-activating enzyme subunit 1),
SAE1l

Nucleolar transcription factor 1,
autoantigen NOR-90

Ubiquitin carboxyl-terminal hydrolase
isozyme L1

UDP-glucose 6-dehydrogenase
UDP-glucose:glycoprotein
glucosyltransferase 1, UGCGL1
Regulator of nonsense transcripts 1
Ubiquitin carboxyl-terminal hydrolase 5
(ubiquitin thioesterase 5) (ubiquitin-
specific-processing protease 5)
(deubiquitinating enzyme 5) (isopeptidase
L)

Ubiquitin carboxyl-terminal hydrolase
(Herpes virus associated)

Ubiquitin specific protease 9, X
chromosome

Valine-tRNA ligase

Vasorin

Synaptic vesicle membrane protein VAT-1
homolog

Vinculin

Transitional endoplasmic reticulum
ATPase (Valosin-containing protein) (ER)
Vimentin

Vacuolar protein sorting 35
Tryptophanyl-tRNA synthetase,
cytoplasmic

WD repeat-containing protein 18
Xaa-Pro aminopeptidase 1

Exportin-1

Exportin-2, CAS, CSE1L

Exportin-T (trna exportin) (exportin(trna))
ATP-dependent DNA helicase 2 subunit 2,
Ku80
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Nsp7

Nsp7
Orf3

Orf3a
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Orf7b

Orf3b
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Orf7a
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30 | XRCC6 ATP-dependent DNA helicase 2 subunit 1, | + + + + + + u d + + [300]
Ku70

6 YARS Tyrosine-tRNA ligase, cytoplasmic, + u d + [301]
YARS1

3 YBX1 Y-box-binding protein 1 + + u d + [302]

6 YBX3 Y-box-binding protein 3 + + + + u d + [303]

12 = YWHAB 14-3-3 protein beta/alpha + + + + + + u | d +

15 | YWHAE 14-3-3 protein epsilon + + + + + + u d + [254]

6 YWHAG 14-3-3 protein gamma + + + + + + u | d + [254]

5 YWHAH 14-3-3 protein eta + + + + + d + [304]

7 YWHAQ 14-3-3 protein theta + + + + + + u d + [243]

7 YWHAZ 14-3-3 protein zeta/delta + + + + + + u | d + [305]

2 ZPR1 Zinc finger protein ZPR1 + u d + [306]

Columns from left to right: P (the largest number of peptides identified for a protein by mass spectrometry for all cell lines), gene symbol, protein
name, cell lines (HFL1 fetal lung fibroblast, HS-Sultan B lymphoblast, Wil2-NS B-lymphoblast, A549 lung epithelial cell, Jurkat T-lymphoblast, HEp-2
fibroblast), SARS-Cov-2 infection (up-regulated, down-regulated, interactome of specific viral protein), dermatan sulfate (DS) affinity (high affinity:
eluted from DS-affinity resins with 1.0 M NaCl; low affinity: eluted with 0.4-0.6 M NaCl), Ref. (representive paper reporting autoantibodies specific for
the autoAg protein). Highlighted in red: common (shared) autoAgs found in all 6 cell lines.
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Fig. 1. A model on how viral infections lead to autoimmune diseases. Viral infections induce
extensive host molecular changes, cell death, and tissue damage. AutoAgs shed from apototic
cells form affinity complexes with DS that is overexpressed in the wound area. Cooperative
binding of DS-autoAg complexes to autoBCRs activate autoreactive B1 cells. Once internalized
via autoBCR, DS engages Ig-processing complexes in the ER and GTF2I in the nucleus to
facilitate Ig production. Activated B1 cells secrete autoantibodies and may also present autoAgs
to autoreactive T cells, which then leads to autoimmune diseases.
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Fig. 2. The master autoAg-ome of 751 DS-affinity proteins identified from 6 cell types forms a highly
interacting connected network. Lines represent protein-protein interactions with the highest confidence
cutoff. Colored proteins are associated with translation (104 proteins, red), RNA processing (120 proteins,
pink), protein folding (53 proteins, blue), vesicle-mediated transport (141 proteins, green), chromosome
organization (76 proteins, yellow), regulation of cell death (110 proteins, dark purple), and apoptosis (46
proteins, brown).
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Fig. 3. Protein interaction network of the 400 confirmed autoAgs. Lines represent protein-protein
interactions with highest confidence. Colored proteins are associated with translation (57
proteins, red), RNA processing (65 proteins, pink), vesicle-mediated transport (89 proteins,
green), response to stress (125 proteins, blue), regulation of cell death (74 proteins, amber), and
apoptosis (28 proteins, brown).
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Fig. 5. The COVID autoantigen-ome of 657 autoAg candidates. Lines represent protein-protein
interactions with highest confident level. Colored proteins are associated with translation (87 proteins,
red), RNA processing (103 proteins, blue), protein folding (51 proteins, pink), symbiont process (78
proteins, yellow), vesicle-mediated transport (125 proteins, green), and response to stress (161 proteins,
brown).
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Fig. 7. Distribution of autoAg coding genes by chromosomes. Left:
putative autoAgs. Right: 400 confirmed autoAgs only.
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Fig. 8. Characteristics of the autoAg coding genes compared with the rest in the genome.
Differences are evaluated with Chi-squred and Student’s t-tests. (A) 751 confirmed and putative

autoAgs. (B) 400 confirmed autoAgs.
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Fig. 9. Common autoAgs identified from all six cell types examined in this study. Colored are
proteins associated with viral infection (13 proteins, red), regulation of apoptotic process (17
proteins, amber), response to stress (22 proteins, blue), and apoptosis (8 proteins, brown).
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Fig. 10. Top: Potential autoAgs affected by ubiquitination in SARS-Cov-2 infection (lines represent
protein-protein interactions with the highest confidence). Colored are proteins associated with
translation (32 proteins, red), RNA splicing (25 proteins, pink), regulation of cell death (40 proteins,
dark purple), chromosome organization (26 proteins, yellow), response to stress (50 proteins,
green), cytoskeleton (45 proteins, aqua), and apoptosis (11 proteins, blue). Bottom: Top 20
enriched processes and pathways associated with the ubiquitinated autoAgs .
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