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The hand of molecular mimicry in shaping SARS-CoV-2 evolution and immune
evasion remains to be deciphered. We identify 33 distinct 8-mer/9-mer peptides that are
identical between SARS-CoV-2 and human proteomes, along similar extents of viral
mimicry observed in other viruses. Interestingly, 20 novel peptides have not been
observed in any previous human coronavirus (HCoV) strains. Four of the total mimicked
8-mers/9-mers map onto HLA-B*40:01, HLA-B*40:02, and HLA-B*35:01 binding peptides
from human PAM, ANXA7, PGD, and ALOX5AP proteins. This mimicry of multiple human
proteins by SARS-CoV-2 is made salient by the targeted genes being focally expressed in
arteries, lungs, esophagus, pancreas, and macrophages. Further, HLA-A*03 restricted 8-
mer peptides are shared broadly by human and coronaviridae helicases with primary
expression of the mimicked human proteins in the neurons and immune cells. This study
presents the first comprehensive scan of peptide mimicry by SARS-CoV-2 of the human
proteome and motivates follow-up research into its immunological consequences.

Introduction

Viral infection typically leads to T cell stimulation in the host, and autoimmune response
associated with viral infection has been observed'. SARS-CoV-2, the causative agent of the
ongoing COVID-19 pandemic, has complex manifestations ranging from mild symptoms like loss
of sense of smell (anosmia)? to severe and critical illness®>*. While some molecular factors
governing SARS-CoV-2 infection of lung tissues, such as the ACE2 receptor expressing cells
have been characterized recently®, the mechanistic rationale underlying immune evasion and
multi-system inflammation (Kawasaki-like disease) remains poorly understood®’.

The SARS-CoV-2 genome encodes 14 structural proteins (e.g. Spike protein) and non-
structural proteins (e.g. RNA-dependent RNA polymerase), as depicted in Figure 1a. The non-
structural ORF1ab polyprotein undergoes proteolytic processing to give rise to 15 different
proteins (NSP1, NSP2, PL-PRO, NSP4, 3CL-PRO, NSP6, NSP7, NSP8, NSP9, NSP10, RdRp,
Hel, ExoN, NendoU and 2’-O-MT). The human reference proteome consists of 20,350 proteins,
which when alternatively spliced, result in over 100,000 protein variants (Figure 1b)2.

Here, we investigate the potential for molecular mimicry-mediated escape from immune
surveillance and host antigen recognition in COVID-19, by performing a systematic comparison
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of known MHC-binding peptides from humans and mapping them onto SARS-CoV-2 derived
peptides (see Methods). For this, we compute the longest peptides that are identical between
SARS-CoV-2 reference proteins and human reference proteins, thus creating a map of COVID-
19 host-pathogen molecular mimicry. Based on this resource, we extrapolate the potential for
HLA Class-| restricted, T-cell immune stimulation via synthesizing established experimental
evidence around each of the mimicked peptides.

Methods

Computing the SARS-CoV-2 peptides that mimic MHC Class-l binding peptides on the
human reference proteome

The reference proteome for SARS-CoV-2 consists of 14,221 8-mers and 14,207 9-mers,
that result in 9,827 distinct 8-mers and 9,814 distinct 9-mers (see Table S$1). The 8-mers and 9-
mers are generated by using a sliding window, moving one amino acid at a time, resulting in
overlapping linear peptides. The reference human proteome, on the other hand, consists of
11,211,806 peptides that are 8-mers and 11,191,459 peptides that are 9-mers, resulting in
10,275,893 unique 8-mers and 10,378,753 unique 9-mers. Including alternatively spliced variants,
increases the unique peptide counts to 11,215,743 8-mers and 11,342,401 9-mers.

Thirty one 8-mer peptides and two 9-mer peptides are identical between the reference
proteomes of SARS-CoV-2 and humans, after including alternatively spliced variants (Figure 1b,
Table S2). For comparison, we analyzed the protein sequences from 9434 viral species (taxons)
from NCBI RefSeq (see Methods). On average around 45.57 unique 8mer/9mers per viral taxon
were shared with the human proteome (mean = 45.57, median = 12, S.D. = £135.38). In order to
control for the complexity and constraints of the amino acid sequences, we also analyzed the
distribution of mimicked 8-mers/9-mers normalized by the total number of unique 8-mers/9-mers
present in each viral taxon. On average, a fraction of 0.002 8-mers/9-mers out of all the unique
8-mers/9-mers in the virus are identical between the viral proteome and the human proteome
(mean = 0.002, S.D. =+ 0.011)(Figure 1 - Supplemental Figure 1). The fraction of 33 human-
mimicking 8-mers/9-mers is proximal to the mean. Overall, this suggests that the presence of 33
human-mimicking 8-mers/9-mers in SARS-CoV-2 is not surprising compared to the number of
human-mimicking 8-mers/9-mers present in other viruses.

In SARS-CoV-2, no 10-mer or longer peptides are identical between the pathogen and the
host reference proteins. Of these, 29 peptides (8-mer/9-mer) mimicked by SARS-CoV-2 map onto
nine of 14 SARS-CoV-2 proteins and 29 of 20,350 human proteins. By including alternative
splicing, the 33 8-mers/9-mers mimicked by SARS-CoV-2 map onto 39 of 100,566 protein splicing
variants. That is, 0.16% of human proteins and 0.04% of all splicing variants have 8-mer/9-mer
peptides that are mimicked by the SARS-CoV-2 reference proteome. Given that MHC Class |
alleles typically engage peptides that are 8-12mers®, the analysis that follows was restricted to
mapping host-pathogen mimicry from an immunologic perspective across 8-mer and 9-mer
peptides only.
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Comparative analysis of SARS-CoV-2 peptides mimicking the human proteome with the
reference SARS, MERS and seasonal HCOVs

Of the 33 peptides from SARS-CoV-2 that mimic the human reference proteome, 20
peptides are not found in any previous human-infecting coronavirus (SARS, MERS or seasonal
HCoVs) (Table 1). The UniProt database was used to download the 15 protein reference
sequences for SARS-CoV. The non-redundant set of protein sequences from other coronavirus
strains (HCoV-HKU1:188; HCoV-229E: 246; HCoV-NL63: 330; HCoV-OC43: 910 and MERS:
681) was computed by removing 100% identical sequences, and the remnant sequences were
all included in the comparative analysis with SARS-CoV-2 mimicked peptides. A Venn diagram
depicting the overlap of mimicked peptides and identifying unique SARS-CoV-2 mimicked
peptides was generated (Figure 1c).

Given the zoonotic transmission potential of coronaviruses from other organisms to
humans, we also considered 8-mer/9-mer peptides derived from 13,431 distinct protein
sequences of all non-human coronaviridae from the VIPERdb'’.

Characterizing the SARS-CoV-2-derived 8-mers/9-mers that mimic established human
MHC-binding peptides

The lengths of the human proteins mimicked by SARS-CoV-2 were considered to examine
any potential bias towards the larger human proteins (Figure 1-Supplementary Figure 1). For
instance, human Titin (TTN), despite containing 34,350 amino acids and being of the longest
human proteins, does not have even one peptide mimicked by SARS-CoV-2. The longest and
shortest human proteins that are mimicked by SARS-CoV-2 are MICAL3 (length = 2002 amino
acids) and BRI3 (length = 125 amino acids) respectively.

The sequence conservation of each mimicked peptide was derived from all the 46,513
sequenced SARS-CoV-2 genomes available in the GISAID database (as on 06/13/2020).

The immune epitope database (IEDB)'' was used to examine the experimentally
established, in-vitro evidence for MHC presentation against human or SARS-CoV antigens. The
peptides of potential immunologic interest were identified from the IEDB database using the
following pair of assays. One of the assays involved purification of specific MHC-class | alleles
and estimating the Ky values of specific peptide-MHC complexes through competitive
radiolabeled peptide binding'?. The other assay uses mass spectrometry proteomic profiling of
the peptide-MHC complexes, where the MHC complexes were purified from the cell lines
specifically engineered to produce mono-allelic MHC class | molecules. The identity of the peptide
sequence bound to the Class-I MHC molecules was elucidated using mass-spectrometry™.

Analysis of RNA expression in cells and tissues

A distribution of RNA expression across all the expressing samples collected from GTEX,
Gene expression omnibus, TCGA and CCLE is created. In this distribution, a high-expression
group is defined as the set of samples associated with the top 5% of expression level. Enrichment
score captures the significance of the token in the high-expression group. The significance is
captured based on Fisher’s test along with Benjamini Hochberg correction. In comparison of gene
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expression across tissue types in GTEX, the specificity of expression is computing using ‘Cohen's
D’, which is an effect size used to indicate the standardised difference between two means.

Analysis of overlapping peptides between the proteome and viral proteomes

We analyzed the protein sequences from 9434 viral species (taxons) from ncbi refseq
(https://ftp.ncbi.nim.nih.gov/refsea/release/viral/). On average around 45.57 unique 8mer/9mers
per viral taxa were detected to be identical to a known human protein (mean = 45.57, median =
12, sd=+135.38). The highest number of identical peptides were detected in ‘Pandoravirus dulcis’
virus with 4423 peptides having an exact identical match to one or more human proteins.

Results

Identifying specific human peptides mimicked by SARS-CoV-2 and with in-vitro evidence
for MHC binding

A set of 20 8-mer/9-mer peptides are mimicked by SARS-CoV-2 and no other human
coronaviruses (see Methods). Of these 20 peptides, four peptides are constituted within
established MHC-binding regions (Table 1 - Panel A). The 4 peptides with specific MHC-binding
potential that are novel to SARS-CoV-2 map onto the following human proteins: Alpha-Amidating
Monooxygenase (PAM), Annexin A7 (ANXA7), Peptidylglycine 6-phosphogluconate
dehydrogenase (PGD), and Centromere protein | (CENPI) (Figure 1d). Analyzing the sequence
conservation of the SARS-CoV-2-exclusive peptides shared with the above 4 human MHC
binding peptides, shows that these SARS-CoV-2 peptides are largely conserved till date (Table
2). The previous human-infecting coronavirus strains (SARS-CoV, MERS, seasonal HCoVs) are
notably bereft of these novel SARS-CoV-2 epitopes. An alternatively spliced variant of the human
arachidonate 5-lipoxygenase activating protein (ALOX5AP - ENSP00000479870.1;
ENST00000617770.4) contains an 8-mer peptide that is mimicked by SARS-CoV-2 as well as
SARS-CoV, but not any of the seasonal HCoVs. This peptide has in-vitro evidence for positive
MHC Class-I binding. Additionally, there are 4 human helicases (MCM8, DNA2, MOV10L1,
ZNFX1), each containing peptides with established evidence of MHC Class-I binding that are also
mimicked by SARS-CoV-2 and by previous human-infecting coronaviridae strains (Table 1 -
Panel B; Figure 1d)(Table 2).

Novel mimicry of human PAM, ANXA7, and PGD by SARS-CoV-2, suggests an enrichment
of mimicked peptides in lung, esophagus, arteries, heart, pancreas, and macrophages

Considering bulk RNA-seq data from over 125,000 human samples with non-zero PAM
expression shows that PAM is highly expressed in pancreatic islets (enrichment score = 276.9
across 6 studies and 552 samples), artery (enrichment score = 244.5 across 3 studies and 343
samples), heart (enrichment score = 243.6 across 19 studies and 442 samples), aorta
(enrichment score = 217.1 across 2 studies and 304 samples), embryonic stem cells (enrichment
score = 146.7 across 2 studies and 352 samples), and fibroblasts (enrichment score = 107.7
across 28 studies and 215 samples) (Figure 2a). Among 54 human tissues from GTEx, PAM is
particularly significant within aortic arteries (n = 432, Cohen's D = 3.1, mean = 348.2 TPM)
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compared to other human tissues. Moderate specificity in gene expression is also noted for the
atrial appendage of the heart (n = 429, Cohen's D = 2.2, mean = 461.3 TPM) (Figure 2b). Further,
immunohistochemistry (IHC) data on 45 human tissues '* shows that the PAM protein is detected
at high levels in heart muscles, epididymis, and the adrenal gland (Figure 2b).

Exploring all available human Single Cell RNA-seq (scRNA-seq) data shows PAM is
expressed in nearly 100% of pancreatic gamma cells, alpha cells, beta cells, delta cells and
epsilon cells as well as between 50-90% of activated/quiescent stellate cells, acinar cells,
endothelial cells, ductal cells of the pancreas (nferX scRNAseq app - Pancreas). It is also
expressed in over 80% of cardiomyocytes, and 40-70% of heart fibroblasts, macrophages,
endothelial cells, and smooth muscle cells (nferX scRNAseq app - Heart), as well as in 26-27%
of lung pleura fibroblasts, stromal cells, and neutrophils (Figure 2¢, nferX scRNAseq app - Lung
Pleura). Moreover, analyzing the scRNA-seq data from severe COVID-19 patient’s lung
bronchoalveolar lavage fluid shows high PAM expression in club cells (Figure 2d, nferX
scRNAseq app - Lung bronchoalveolar lavage fluid), which intriguingly also express the SARS-
CoV-2 receptor ACE2 significantly °. Furthermore, esophagus scRNA-seq analysis shows
esophageal mucosal cells and stromal cells as significant PAM expressors (Figure 2e, nferX
scRNAseq app - Esophagus). Finally, rarer cell types such as pulmonary neuroendocrine cells
and goblet cells of the lungs, and some common cell types like lung serous cells and respiratory
secretory cells also express PAM significantly.

Similar to the expression profile of PAM, examining 130,400 human samples with non-
zero ANXA?7 expression shows that ANXA?7 is highly expressed in pancreatic islets (enrichment
score = 286.65; 543 samples; 3 studies) and artery (enrichment score = 161.68; 184 samples; 3
studies) (Figure 3 - SupplementaryFigure1). ANXA7 is significantly expressed in the aortic
artery (n =432, Cohen's D = 2.1, mean = 163.1 TPM) and the tibial artery (n = 663, Cohen's D =
2.6, mean = 176.4 TPM) (Figure 3 - SupplementaryFigure2). Analysis of the scRNA-seq data
on ANXA7 confirms expression in endothelial cells across multiple tissues and organs (nferX
Single Cell app - Uterus), and also indicates expression in lung type-2 pneumocytes (nferX Single
Cell app - Lung), macrophages, oligodendrocytes (Figure 3a). Type-2 pneumocytes are noted to
express the SARS-CoV-2 receptor ACE2 from scRNA-seq °. Analyzing the lung bronchoalveolar
lavage fluid scRNA-seq data from patients with severe COVID-19 outcomes shows macrophages,
lung epithelial cells, T-cells, club cells, proliferating cells, and plasma cells are significant
expressors of ANXA7 (Figure 3b, nferX scRNAseq app - Lung Bronchoalveolar Lavage Fluid).
Additionally from the study of normal lungs, activated dendritic cells and lymphatic vessel cells
are noted to express ANXA7 significantly (Figure 3c, nferX scRNAseq app - Lungs).

Assessment of around 128,000 human samples shows that PGD is highly expressed in
esophagus mucosa (enrichment = 323, n=510, 2 studies), blood (enrichment = 320.5, n=1020,
39 studies), and macrophages (enrichment = 141.6, n=202, 4 studies). (Figure 4 -
SupplementaryFigure1). IHC data on 45 human tissues from the Human Protein Atlas '
confrms that PGD is detected at high levels in the esophagus (Figure 4 -
SupplementaryFigure2), and additionally in the testes, tonsils, bone marrow, gallbladder, spleen
and placenta.
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Unlike the expression profiles of PAM, ANXA7 and PGD, CENPI’'s expression is fairly non-
specific and relatively negligible from available data sets. Mild to moderate expression of CENPI
is seen in precursor B cells and late erythroid cells, but further studies are needed to ascertain
the significance, if any, of CENPI expression, including in the context of COVID-19.

Multi-pronged mimicry of PAM, ANXA7, and PGD by SARS-CoV-2 and its potential for
factoring into the pulmonary-arterial autoinflammation seen in severe COVID-19 patients

Positive HLA-B*40:02 binding has been established for the human PAM peptide
(KEPGSGVPVVL') and the ANXA7 peptide (‘VESGLKTIL’) ">, that contain the distinctive
mimicking SARS-CoV-2 peptides (Table 1). The closely related HLA-B*40:01 allele also binds
this mimicked ANXA7 peptide '". The corresponding mimicking peptides of PAM and ANXA7 are
from the viral RNA-dependent RNA polymerase and NSP2 protein respectively, which are
constituted within the MHC-binding regions (highlighted above in bold text). Additionally, HLA-
B*35:01 has experimental evidence for positive binding of the human PGD peptide mimicked by
the SARS-CoV-2 virus (Table 1).

Given the high expression of ANXA7, PGD and PAM among cells of the respiratory tract,
lungs, arteries, cardiovascular system, and pancreas, as well as in macrophages, their striking
mimicry by SARS-CoV-2 raises the possibility of individuals with HLA-B*40 and HLA-B*35 alleles
being predisposed to potential immune evasion or autoinflammation. Indeed, the potential for
broad vascular/endothelial autoinflammation is consistent with the rarer multi-system
infammatory syndrome (MIS-C) or atypical Kawasaki disease noted in few COVID-19-infected
children 1819,

Alternatively spliced human protein variants analysis for mimicry by SARS-CoV-2
highlights another HLA-B*40:01 restricted protein (ALOX5AP) with autoimmune potential

A splicing variant of ALOX5AP (ENSP00000479870.1; ENST00000617770.4) containing
the 8-mer peptide ‘PEANMDQE’ is one of 4 alternatively spliced human protein variants that are
mimicked by SARS-CoV-2. The other three 8-mer peptides arising from splicing variants do not
have any known class | MHC binding reported in the immune epitope database. However, SARS-
CoV, which is the only other human-infecting coronavirus in addition to SARS-CoV-2 that also
contains PEANMDQE, has been experimentally established to possess the PEANMDQESF
epitope that positively binds to the HLA-B*40:01 allele.

ALOX5AP is known from literature knowledge synthesis to be associated with ischemic
stroke, myocardial infarction, atherosclerosis, cerebral infarction, and coronary artery disease
(Figure 5a). Single cell RNA-seq studies show numerous types of macrophages expressing
ALOX5AP, including in the lungs and brain temporal lobe. Epithelial cells and proliferating cells
of the lungs also express ALOX5AP, as do other types of immune cells such as T-cells,
neutrophils, and dendritic cells (Figure 5b). Taken together with the HLA-B*40:01 restricted
binding of the PAM and ANXA7 peptides mimicked by SARS-CoV-2, the ALOX5AP splicing
variant also mimicked by SARS-CoV-2 suggests the possibility of immune evasion or
autoinflammation in HLA-B*40-constrained COVID-19 patients.
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HLA-A*03-binding peptides are shared between helicases of all known human-infecting
coronaviridae (HCoVs) and the human proteome

There are seven human protein mimicking peptides that are shared between SARS-CoV-
2 and at least one other human infecting coronavirus (Table 1C). These proteins include DNA2,
MCM8, MOV10L1, ZNFX1, which are all helicases. Analysis of single cell RNAseq suggests that
the mimicked human proteins are expressed in neuronal cells and immune cells (Figure 6c). The
HLA-A*03:01 allele has been established from in-vitro experiments to bind SARS-CoV helicase
peptides that mimic an 8-mer peptides from human MOV10L1, DNA2, ZNFX1 and MCM8
helicases (summarized in Table 1) ?°. The HLA-A*31:01 and HLA-A*11:01 alleles, on the other
hand, are known to bind peptides containing the human MOV10L1, DNA2, and ZNFX1 helicase
mimics; whereas the HLA-A*68:01 allele has established in-vitro evidence of binding peptides
containing the human DNA2 and MOV10L1 helicase mimics #'. In some of these individuals
carrying these HLA alleles (Table 1C), a positive T-cell response against their “self’ cells that
express and display the above coronavirus-mimicked peptides seems plausible.

Discussion

The presence of identical peptides between viruses and humans has at least two potential
implications from an immunologic standpoint. On the one hand, upon presentation of the viral
antigens on the surface of infected cells, the virus may evade immune response by masquerading
as a host peptide and the recognition of the shared peptides by host regulatory T cells could
promote a generally immunosuppressive environment. On the other hand, an autoimmune
response can lead to virus-induced autoinflammatory conditions?. Either response requires the
coupling of both the presence of the appropriate HLA allele and positive T-cell response towards
the mimicked peptide epitopes®. It is possible that SARS-CoV-2 leverages one or both of these
molecular mimicry strategies to exploit the host immune system. In a small minority of patients
who happen to have the unfortunate combination of MHC restriction and T-cell receptors as
mentioned above, the specific tissues and cell types harboring the mimicked protein would bear
the brunt of sustained autoimmune damage. The autoimmune lung and vascular damage reported
in severe COVID-19 patient mortality?*?® necessitates hypothesis-free examination of both these
mimicry strategies.

Our study suggests HLA binding of peptides based on existing literature, but existing
literature is by no means exhaustive for identifying HLA binding"'. There is no known HLA Class-
I mediated positive T-cell response against certain 8-mers documented in the immune epitope
database. For example, GPPGTGKS peptide is shared by the viral helicase and human VPS4A,
VPS4B and SETX. This peptide is also shared with seasonal human coronaviruses (HCoV-OC43;
HCoV-HKU1) and previous SARS strains (SARS-CoV; MERS). Further experiments are required
to assess any potential for autoinflammation.

Although our current study focussed on human infecting coronaviruses, molecular mimicry
is expected to exist beyond human infecting coronaviruses. A stringent BLAST search was also
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performed for all the four immunomodulatory peptides specific to SARS-CoV-2 against all the
sequences of Coronaviridae family in the non-redundant protein database. There were no hits
found outside the orthocoronavirinae family for these peptides. An exact match for peptides -
‘PGSGVPVV’, VTLIGEAV’ and ‘SLKELLQN’ was found only in either the pangolin coronavirus or
the Bat coronavirus RaTG13. An exact match for ‘PGSGVPVV’ was also found in canada goose
coronavirus (YP_009755895.1). The human ANXA7-mimicking peptide ‘ESGLKTIL’ is however
noted only in SARS-CoV-2 sequences, with the closest known evolutionary homologs attributed
to BAT SARS-like coronavirus (ESGLKTIL), the NL63-related bat coronavirus strains, and the
recently sequenced pangolin coronavirus (Figure 3 - Supplementary Figure2).

Our observed multi-pronged human mimicry of SARS-CoV-2, including in peptides that
are notably missing from all previously human-infecting coronavirus strains, may in conclusion,
owe their origins to zoonotic transmission from coronaviruses circulating within pangolins and
bats as natural reservoirs, aided by genetic recombination and purifying selection??®. Our
hypothesis-free computational analysis of all available sequencing data, from genomic
sequencing and single cell transcriptomics across the host-pathogen continuum, sets the stage
for targeted experimental interrogation of immuno-evasive or immuno-stimulatory roles of the
mimicked peptides within zoonotic reservoirs and human subjects alike. Such a holistic data
sciences-enabled “wet lab” platform for characterizing molecular mimicry and its immunologic
implications may help shine a new lens on the relentless evolutionary tinkering that propels the
rise and fall of viral pandemics.

Figure Legends

Figure 1. Molecular mimicry and immunomodulatory potential (a) n-mer peptide
generation. (b) Mimicked peptides between SARS-CoV-2 and human proteomes. (c)
Comparison of human-protein mimicking SARS-CoV-2 peptides with peptides from other human
coronaviruses (d) Immunomodulatory potential of mimicked peptides from SARS-CoV-2.

Figure 2. Multi-omics analysis of human PAM. (a) (left) Universal bulk RNA-seq analysis of
all available human data shows pancreatic islets, heart, artery, aorta and embryonic stem cells
harbor PAM significantly. (right) Single cell RNA-seq (scRNA-seq) confirms high PAM-
expressing cells include multiple pancreatic cells, cardiomyocytes, goblet cells of the lung,
bronchus and intestines, stromal cells of the digestive system, and fibroblasts of multiple organs
including the lung, trachea, bronchus, intestines, and heart. (b) Analysis of tissue-specific
expression pattern of PAM from bulk RNA-seq (GTEx) and triangulation with IHC antibody
staining data (HPA) suggests artery, aorta, and myocytes of the heart muscle as significant
PAM-expressing tissues. (c) Severe COVID-19 patient’s lung bronchoalveolar lavage fluid
shows high PAM expression in club cells, which also express the SARS-CoV-2 receptor ACE2
(nferX scRNAseq app - Lung Broncheoalveolar Lavage Fluid).

Figure 3. Evidence of ANXA7 and ACE2 expression from human single cell RNA-
sequencing data of the lungs. (a) List of high ANXA7-expressing cells across human tissues.
(b) High ANXA7-expressing cells in the lungs include macrophages, proliferating cells, mast
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cells, stromal cells, Type-2 pneumocytes and endothelial cells; (¢) Lung bronchoalveolar lavage
fluid scRNA-seq shows multiple high ANXA7-expressing cells including macrophages, lung
epithelial cells, T-cells, club cells, proliferating cells, and plasma cells (nferX scRNAseq app -
Lung Bronchoalveolar Lavage Fluid); (d) From the lungs, activated dendritic cells and lymphatic
vessel cells are seen to express ANXA7 significantly (nferX scRNAseq app - Lungs).

Figure 4. Evidence of PGD expression from human single cell RNA-sequencing data (a)
Single cell RNA-seq (scRNA-seq) shows expression in cell types of the human lungs (nferX
scRNAseq app - Lungs, nferX scRNAseq app - Lung Pleura, nferX scRNAseq app - Airway
Epithelia), and artery (nferX scRNAseq app - Arteries).

Figure 5. Evidence for ALOX5AP from biomedical knowledge synthesis and single cell
RNA-seq. (a) Knowledge synthesis suggests involvement of ALOX5AP in ischemic stroke,
myocardial infarction, atherosclerosis, cerebral infarction, and coronary artery disease. (b)
scRNA-seq shows significant expression of ALOX5AP in proliferating cells, macrophages, T-
cells, and epithelial cells from the lungs (nferX scRNAseq app - Lung Bronchoalveolar Lavage
Fluid, nferX - Lungs) and macrophages of the brain (nferX scRNAseq app - Brain).

Figure 6. scRNAseq based expression analysis of human helicases containing peptides
mimicked by helicases in SARS-CoV-2 and other human coronaviruses.

Figure 1 - Supplemental figure 1. Mimicked 8-mers/9-mers between human and viral
proteomes (a) Distribution of mimicked 8-mers/9-mers between human and viral proteomes.
(b) Distribution of mimicked 8-mers/9-mers between human and viral proteomes normalized by
the number of unique 8-mers/9-mers.
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Table 1. SARS-CoV-2 peptides mimicking human proteins, with experimental evidence of positive MHC binding
from the immune epitope database. The viral-human mimicked 8-mer/9-mer peptides are highlighted in green

text.

Viral Peptide
(Coronavirus)

Viral Protein (NCBI)

Human Epitope

Human Protein

MHC restriction
(positive response)

Epitope ID
(IEDB)

Pubmed ID
(PMID)

(a)

SARS-CoV-2 mimicry of human peptides with experimental evidence fo

r MHC-binding (unique to SARS-CoV-2)

PGSGVPVV

ORF1ab
polyprotein
(RNA-dependent
RNA polymerase)
(YP_009725307.1

HLA-B*40:02
D or E acid at
peptide position 2
(P2)and M, F, or
aliphatic residues at

:227-234) PAM the C terminus. 27920218
(SARS-CoV-2) KEPGSGVPVVL (P19021: 860-867) | (PMID:24366607) 609309
ORF1ab HLA-B*40:01
polyprotein (NSP2) HLA-B*40:02
(YP_009725298.1 D or E acid at
:210-217) peptide position 2
(P2) and M, F, or 31844290
ESGLKTIL aliphatic residues at 31530632
ANXA7 the C terminus. 27841757
(SARS-CoV-2) VESGLKTIL (P20073: 342-350) | (PMID:24366607) 579215
ORF1ab HLA-B*35:01
polyprotein P at position 2 (p2)
(EndoRNAse) and Y at the last
(YP_009725310.1 position (pQ) (and to 31844290
VTLIGEAV :165-172) a lesser extend F, M, 29615400
PGD L,orl) 28228285
(SARS-CoV-2) VPVTLIGEAVF (P52209: 278-285) | (PMID:26758079) 638710
ORF1ab HLA-B*57:01
polyprotein HLA-B*58:01
(3C-like Proteinase) HLA-B*57:03 31844290
SLKELLQN (YP_009725301.1 [A,T,S] at P2; [L,F,W] 30315122
1267-274) CENPI at P9 29437277
(SARS-CoV-2) QSLKELLQNW (Q92674: 496-503) [(PMID: 30410026) 600524 30410026
(b) SARS-CoV-2 mimicry of other human peptides that are known MHC binders (antigen source: SARS-CoV)
ORF1ab
polyprotein HLA-B*40:01
(NSP10) D or E acid at
(YP_009742617.1) peptide position 2
ALOXSAP (P2) and M, F, or
PEANMDQE PEANMDQESF (Splicing Variant) | aliphatic residues at
(SARS-CoV-2 (antigen source: SARS) (ENSP00000479870| the C terminus. 47238 1000425
SARS-CoV) .1: 53-60) (PMID:24366607 (ReflD)
c) Peptides from coronaviruses that broadly mimic human helicases and are known MHC binders (antigen source: SARS-CoV)
ORF1ab HLA-A*03:01
polyprotein common hydrophobic|
(3C-like proteinase) amino acids at P2
YNYEPLTQ (YP_009725301.1 and K or R anchor 31844290
:237-244) residues at the C- 30315122
(SARS-CoV-2; MCMS8 (inferred) terminus 28228285
SARS-CoV) RVYNYEPLTQLK (Q9UJAS: 199-206) | (PMID:7504010,) 624802 26992070
NVAITRAK ORF1ab DNA2 (inferred)
(SARS-CoV-2; polyprotein RFNVAITRAK (P51530: 1000- 1000425
SARS-CoV; (Helicase) (antigen source: SARS) 1007) HLA-A*03:01 53748 (RefID)
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Seasonal HCoV) | (YP_009725308.1 common hydrophobic|
:561-568) amino acids at P2
and K or R anchor
residues at the C-
terminus
(PMID:7504010)
HLA-A*11:01
(P2-Thr;P9-Lys -
PMID:31723204)
HLA-A*68:01
V,I, T,L,YorF at
P2 and K at P9
(PMID: 10449296)
HLA-A*31:01
R at P9 (PMID:
31618895)

ORF1ab HLA-A*03:01

polyprotein HLA-A*11:01
(Helicase) (P2-Thr;P9-Lys -
(YP_009725308.1 PMID:31723204)

: 559-566) HLA-A*68:01
V,I, T,L,YorF at

RFNVAITR P2 and K at P9
(SARS-CoV-2; (PMID: 10449296)

SARS-CoV,; MOV10L1 (inferred) HLA-A*31:01
MERS; RFENVAITRAK (Q9BXT6: 1130- R at P9 (PMID: 53748 1000425
Seasonal HCoV) (antigen source: SARS) 1137) 31618895) (RefID)

ORF1ab
polyprotein HLA-A*11:01
(Helicase) (P2-Thr;P9-Lys -
(YP_009725308.1 PMID:31723204)
: 280-287) HLA-A*03:01
common hydrophobic|
amino acids at P2
and K or R anchor
residues at the C-
terminus
QGPPGTGK (PMID:7504010)
(SARS-CoV-2; HLA-A*31:01
SARS-CoV,; R at P9 (PMID:
MERS; LQGPPGTGK ZNFX1 (inferred) 31618895)
Seasonal HCoV) (antigen source: SARS) (Q9P2E3: 617-624)

1000425
38844 (ReflD)
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Table 2. Amino acid sequence conservation of the SARS-CoV-2 peptides mimicking human proteins. The
PGSGVPVV peptide from the NSP12 protein is present in 46079 out of 46513 SARS-CoV-2 sequences (99.1%
conserved; mimics human PAM protein), the ESGLKTIL peptide from the NSP2 protein is present in 44750 out of 46513
SARS-CoV-2 sequences (96.2% conserved; mimics human ANXA7), the VTLIGEAV peptide from the endoRNAase
protein is present in 43710 of 46513 SARS-CoV-2 sequences (94% conserved; mimics human PGD); and the
SLKELLQN peptide from the 3C-like proteinase is present in 45888 of 46513 SARS-CoV-2 sequences (98.7%
conserved; mimics human CENPI). Furthermore, the PGSGVPVV (NSP12 peptide mimicking PAM), ESGLKTIL (NSP2
peptide mimicking ANXA7), VTLIGEAV (endoRNAase peptide mimicking PGD), and SLKELLQN (3C-like proteinase
mimicking CENPI) were not found in any of the proteins from seasonal coronavirus strains downloaded from ViPRdb
as on 06/15/2020 -- HCoV-229E (756 protein sequences), HCoV-HKU1 (1310 protein sequences), HCoV-NL63 (1462
protein sequences), and HCoV-OC43 (1921 protein sequences). The YNYEPLTQ peptide from the 3C-like proteinase
is present in 45927 out of 46513 SARS-CoV-2 sequences (98.7% conserved; mimics human helicase MCM8 protein),
the NVAITRAK peptide from the viral helicase is present in 45834 out of 46513 SARS-CoV-2 sequences (98.5%
conserved; mimics human helicase DNA2), the RFNVAITR peptide from the viral helicase is present in 45842 of 46513
SARS-CoV-2 sequences (98.6% conserved; mimics human helicase MOV10L1); and the QGPPGTGK peptide from
the viral helicase is present in 46150 of 46513 SARS-CoV-2 sequences (99.2% conserved; mimics human ZNFX1).
Moreover, NVAITRAK; RFNVAITR and QGPPGTGK peptides were found in 158/319 (49.5%), 161/319 (50.5%) and
69/319 (21.6%) strains of HCoV-OC43 in the NSP10 (NTPase/HEL) protein. QGPPGTGK peptide was also found in
39/236 seasonal HCoV-HKU1 strains in the NSP13 protein. YNYEPLTQ peptide was not found in any of the seasonal
human coronavirus strains.

SARS-CoV-2 | gaRs-Cov2
Mimicked SARS MERS | HCOV-229E | HCoV-NL63 | HCoV-OC43 | HCoV-HKU1
i (GISAID)
pitopes
46079/46513
PGSGVPVV |[ORF1abNS12|  0/659 0572 01293 0/478 01319 01236
: 99.06%]
44750/46513
ESGLKTIL [[ORF1abiNS2;|  0/659 0572 01293 0/478 01319 01236
96.21%]
43710/46513
VTLIGEAV |[ORF1ab/NS15|  0/659 0572 01293 0/478 01319 01236
93.97]
45888/46513
SLKELLQN |[ORF1abNS5;| — 0/659 0572 01293 0/478 01319 01236
98.66%]
45927/46513
YNYEPLTQ |[ORF1ab/NS5;|  0/659 0572 01293 0/478 01319 01236
98.74%]
45834/46513 | 196/659 16/293 37/478 661319 | 020 NsP1:
NVAITRAK  |[ORF1ab/NS13| [nsp13-pptab; | 0572 [[ORF1abINSP1[[ORF1ablNSP1| [NTPase/HEL; |*¥250 IOT1%
; 98.54%] 29.74%] 3,546%] | 3;7.74%] 20.68%] 2%
45842/46513 | 196/659 329/572 16/293 28/478 69318 | 020 NsP1:
RFNVAITR  |[ORF1ab/NS13| [nsp13-pp1abs; | [nsp13-pp1ab; [[ORF1abINSP1[[ORF1abiNSP1 [NTPase/HEL; |*¥250 0T 1%
: 98.55%] 29.74%] 57.51%] 3,5.46%] | 3585%] | 21.63%] 2%
4615046513 | 177/659 335/572 69318 | 020 NsP1:
QGPPGTGK |[ORF1ab/NS13| [nsp13-ppiab; | [nsp13-pplab; |  0/293 0478 | INTPaselHEL; |*70 DO
: 99.22%] 26.85%] 58.56%] 21.63] 52%
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Figure 3 - Supplementary Figure1. Single cell expression of ANXA7
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non-structural polyprotein 1ab [Bat SARS-like coronavirus] 244 704 100% 0.76 87.50% AVP78041.1
orflab polyprotein [Pangolin coronavirus] 227 675 100% 3.1 87.50% QIG55944.1
orf1ab polyprotein [Bat coronavirus RaTG13] 223 369 100% 4.4 87.50% QHR63299.1
ORF1ab protein [NL63-related bat coronavirus] 19.7 632 87% 37 8571% YP_009328933.1
ORF1a protein [NL63-related bat coronavirus] 19.7 503 87% 37 85.71% YP_009328934.1
orflab polyprotein [Pangolin coronavirus] 19.3 60.7 100% 52 75.00% QIA48613.1
orflab polyprotein [Pangolin coronavirus] 19.3 60.7 100% 52 75.00% QIA48631.1
ORF1ab polyprotein [Pangolin coronavirus] 193 762 100% 52 75.00% QIQ54047.1
orf1ab polyprotein [Pangolin coronavirus] 19.3 60.7 100% 52 75.00% QlIA48622.1
orflab polyprotein [Pangolin coronavirus] 19.3 60.7 100% 52 75.00% QlA48640.1
ORF1a polyprotein [Pangolin coronavirus] 19.3 477 100% 52 75.00% QIQ54046.1
orflab [Betacoronavirus Erinaceus/VMC/DEU/2012] 185 331 75% 107 100.00% AGT28265.1
orflab [Hedgehog coronavirus 1] 185 331 75% 107 100.00% QCC20711.1
orf1ab [Betacoronavirus Erinaceus/VMC/DEU/2012] 185 33.1 75% 107 100.00% YP_009513008.1
ORF1ab protein [Severe acute respiratory syndrome-related coronavirus] 185 88.2 100% 107 100.00% APO40578.1
orf1ab polyprotein [Hipposideros pomona bat coronavirus CHB25] 185 494 75% 107 100.00% QHA24723.1
replicase p1AB [SARS coronavirus civet010] 18.0 31.0 75% 153 100.00% AAU04648.1
non-structural polyprotein 1ab [Bat SARS-like coronavirus] 180 310 75% 153 100.00% AT098143.1
orflab polyprotein [Bat coronavirus] 180 310 75% 153 100.00% ARI44798.1
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Figure 3 - Supplementary Figure2. Human ANXA7 mimicking peptide ESGLKTIL is only
present in SARS-CoV-2, with the closest known evolutionary homologs being from BAT SARS-
like coronavirus (ESGLKTIL), pangolin coronavirus, and the NL63-related bat coronavirus
strains.
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Table S1. Reference SARS-CoV-2 proteome from UniProt

SARS-CoV-2 Protein Name SARS-CoV-2 Gene Symbol UniProt ID (Length)
R1AB_SARS2 Replicase polyprotein 1ab rep PODTD1
(7096)
SPIKE_SARS2 Spike glycoprotein S PODTC2
(1273)
R1A_SARS2 Replicase polyprotein rep PODTC1
(4405)
NS7A_SARS?2 Protein 7a 7a PODTC7
(121)
AP3A_SARS?2 Protein 3a 3a PODTC3
(275)
VME1_SARS2 Membrane protein 3 PODTC5
(222)
NCAP_SARS2 Nucleoprotein N PODTC9
(419)
ORF9B_SARS?2 Protein 9b 3 PODTD2
(97)
VEMP_SARS2 Envelope small membrane E PODTC4
protein (75)
NS6_SARS2 Non-structural protein 6 6 PODTC6
(61)
NS8_SARS2 Non-structural protein 8 8 PODTCS8
(121)
NS7B_SARS2 Protein non-structural 7b 7b PODTDS8
(43)
Y14_SARS2 Uncharacterized protein 14 ORF14 PODTD3
(73)
AOAB63DJA2_SARS2 ORF10 ORF10 AOAB63DJA2
(38)
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Table S2: All 33 peptides that are shared between SARS-CoV-2 and the human proteome

Peptide Viral Protein Accession | Start | End | Human |Description Uniprot | Start | End
No. Protein ID
AKKNNLPF = R1AB_SARS2 Replicase = PODTD1 2732 | 2739 LPGAT1 Lysophosphatidylglycerol Q92604 198 205
polyprotein 1ab Acyltransferase 1
DEDDSEPV SPIKE_SARS2 PODTC2 1256 | 1263 MYO16 Myosin XVI Q9Y6X6 1403 = 1410
DEDEEEGD R1AB_SARS2 Replicase = PODTD1 927 | 934 GMCL1 Germ Cell-Less 1, Q961K5 68 75
polyprotein 1ab Spermatogenesis Associated
DIQLLKSA = R1AB_SARS2 Replicase = PODTD1 1126 1133 EML1 EMAP Like 1 000423 50 57
polyprotein 1ab
DTSLSGFK = R1AB_SARS2 Replicase = PODTD1 3670 3677 SLC12A7 Solute Carrier Family 12 Q9Y666 = 994 1001
polyprotein 1ab Member 7
ELPDEFVV | ORF9B_SARS2 Protein PODTD2 85 92 MROH2B Maestro Heat Like Repeat Q72745 102 109
9b Family Member 2B
ESGLKTIL | R1AB_SARS2 Replicase = PODTD1 389 | 396 ANXA7 Annexin A7 P20073 = 403 410
polyprotein 1ab
EVEKGVLP R1AB_SARS2 Replicase = PODTD1 54 61 NDST1 | N-Deacetylase And N- P52848 @ 213 220
polyprotein 1ab Sulfotransferase 1
GPPGTGKS | R1AB_SARS2 Replicase = PODTD1 5605 5612 SETX  Senataxin Q72333 1962 1969
polyprotein 1ab
VPS4A |Vacuolar Protein Sorting 4 Q9UN37 166 173
Homolog A
VPS4B | Vacuolar Protein Sorting 4 075351 173 180
Homolog B
KDKKKKAD NCAP_SARS2 PODTC9 369 | 376 MICAL3 Microtubule Associated Q7RTP6 1748 1755
Nucleoprotein Monooxygenase, Calponin And
LIM Domain Containing 3
KKDKKKKA NCAP_SARS2 PODTC9 368 | 375 MICAL3 Microtubule Associated Q7RTP6 1747 1754
Nucleoprotein Monooxygenase, Calponin And
LIM Domain Containing 3
KKDKKKKAD NCAP_SARS2 PODTC9 368 | 376 MICAL3 Microtubule Associated Q7RTP6 1747 1755
Nucleoprotein Monooxygenase, Calponin And
LIM Domain Containing 3
LALITLAT NS7A_SARS2 Protein 7a PODTC7 6 13 HTR1B  5-Hydroxytryptamine Receptor = P28222 55 62
1B
LVDPQIQL = ORF9B_SARS2 Protein PODTD2 13 20 @ VARS2 Valyl-TRNA Synthetase 2, Q5ST30 988 995
9b Mitochondrial
NVAITRAK = R1AB_SARS2 Replicase = PODTD1 5885 5892 DNA2 DNA Replication P51530 1000 1007
polyprotein 1ab Helicase/Nuclease 2
PDEDEEEG R1AB_SARS2 Replicase = PODTD1 926 | 933 CC2D1A Coiled-Coil And C2 Domain Q6PINO 83 90
polyprotein 1ab Containing 1A
PGSGVPVV R1AB_SARS2 Replicase = PODTD1 4618 4625 PAM Peptidylglycine Alpha- P19021 = 859 866
polyprotein 1ab Amidating Monooxygenase
QGPPGTGK | R1AB_SARS2 Replicase | PODTD1 5604 5611 HELZ2 Helicase With Zinc Finger 2 QI9BYK8 2172 2179
polyprotein 1ab
UPF1 |UPF1 RNA Helicase And Q92900 501 508

ATPase
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ZNFX1  Zinc Finger NFX1-Type Q9P2E3 617 624
Containing 1

RFNVAITR = R1AB_SARS2 Replicase = PODTD1 5883 5890 MOV10L1 Mov10 Like RISC Complex Q9BXT6 | 1130 1137
polyprotein 1ab RNA Helicase 1

RRARSVAS SPIKE_SARS2 Spike PODTC2 681 | 688 SCNN1A Sodium Channel Epithelial 1 P37088 @ 200 207

glycoprotein Subunit Alpha

RRSFYVYA R1AB_SARS2 Replicase = PODTD1 2430 2437 TPRA1 Transmembrane Protein Q86W33 224 231
polyprotein 1ab Adipocyte Associated 1

RYPANSIV | R1AB_SARS2 Replicase = PODTD1 6315 6322 BRI3  Brain Protein I3 095415 65 72
polyprotein 1ab

SLKELLQN ' R1AB_SARS2 Replicase = PODTD1 3529 3536 CENPI Centromere Protein | Q92674 495 502
polyprotein 1ab

SRSSSRSR NCAP_SARS2 PODTC9 183 190 CCNL2 CyclinL2 Q96S94 = 462 469

Nucleoprotein

CLASRP CLK4 Associating Q8N2M8 395 402
Serine/Arginine Rich Protein

LUC7L2 LUCTY Like 2, Pre-MRNA Q9Y383 | 304 @ 3011
Splicing Factor
SSRSSSRS NCAP_SARS2 PODTC9 182 | 189 CLASRP CLK4 Associating Q8N2M8 390 397
Nucleoprotein Serine/Arginine Rich Protein
LUC7L2 LUCTY Like 2, Pre-MRNA Q9Y383 304 311
Splicing Factor
SSRSSSRS NCAP_SARS2 PODTC9 182 | 190 CLASRP CLK4 Associating Q8N2M8 394 402
R Nucleoprotein Serine/Arginine Rich Protein
PGD Phosphogluconate P52209 @ 277 284
Dehydrogenase
VNSVLLFL @ VEMP_SARS2 Envelope | PODTC4 13 20 RANBP6 RAN Binding Protein 6 060518 = 408 415
small membrane protein
VTLIGEAV  R1AB_SARS2 Replicase = P0ODTD1 6616 6623 PGD Phosphogluconate P52209 @ 277 284
polyprotein 1ab Dehydrogenase
YNYEPLTQ R1AB_SARS2 Replicase = P0ODTD1 3499 3506 MCM8 Minichromosome Maintenance # Q9UJA3 198 205
polyprotein 1ab 8 Homologous Recombination
Repair Factor
EVLLAPLL PODTD1 1148  ARL6IP4 ADP Ribosylation Factor Like  ENSPO0 175 182
R1AB_SARS2 Replicase GTPase 6 Interacting Protein 4 1 0004389
polyprotein 1ab 1141 69.1
PEANMDQE R1AB_SARS2 Replicase = PODTD1 4311 | 4318 ALOX5AP Arachidonate 5-Lipoxygenase  ENSP00 = 53 60
polyprotein 1ab Activating Protein 0004798
70.1
GGSCVLSG R1AB_SARS2 Replicase = P0ODTD1 1099 1106 SNX27  Sorting Nexin 27 ENSPOO 111 118
polyprotein 1ab 0004967
75.1
REETGLLM PODTD1 723 730 ESRRG Estrogen Related Receptor ENSP00O 723 730
R1AB_SARS2 Replicase Gamma 0004663
polyprotein 1ab 43.1
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Table S3. Distinctive peptides from SARS-CoV-2, not present in previously sequenced
human coronavirus strains, that do mimic human proteins. There is no compelling positive
T-cell immune response against either the human or viral proteins to warrant further discussion
in the current study, but these will be the topic of follow-up experimental studies into SARS-CoV-

2-based immunologic modulation in humans.

SARS-CoV-2 Peptide

SARS-CoV-2 protein

Mimicked Human Protein

(SARS-CoV-2)

: 109-116; PODTD1: 927-934)

AKKNNLPE (SARS- NSP3 (YP_009725299.1 LPGAT1
CoV-2) :1914-1921; PODTD1:2732-2739) (Q92604:198-205)
DEDEEEGD NSP3 (YP_009725299.1 GMCL1

(Q96IK5: 68-75)

DIQLLKSA
(SARS-CoV-2)

NSP3 (YP_009725299.1
: 50-57; PODTD1:1126-1133)

EML1
(000423: 50-57)

DTSLSGFK
(SARS-CoV-2)

NSP6 (YP_009725302.1
:101-108; PODTD1: 3670-3677)

SLC12A7
(Q9Y666:994-1001)

EVEKGVLP
(SARS-CoV-2)

Leader protein (YP_009725297 .1
:54-61; PODTD1:54-61)

NDST1 (P52848:213-220)

KKDKKKKAD
(SARS-CoV-2)

Nucleocapsid phosphoprotein
(YP_009724397.2
: 368-37; PODTC9:368-376)

MICAL3
(Q7RTPS: 368-376)

LALITLAT
(SARS-CoV-2)

ORF7a protein (YP_009724395.1
:6-13; PODTC7:6-13)

HTR1B
(P28222: 55-62)

PDEDEEEG (SARS-

NSP3 (YP_009725299.1

(SARS-CoV-2)

: 390-397; PODTD1:6315-6322)

CoV-2) :108-115; PODTD1:926-933) CC2D1A (Q6P1N0:83-90)
RRARSVAS Surface glycoprotein (YP_009724390.1 SCNN1A
(SARS-CoV-2) :681-688; PODTC2:681-688) (P37088: 200-207)
NSP3
RRSFYVYA (YP_009725299.1 TPRA1
(SARS-CoV-2) :1612-1619; PODTD1:2430-2437) (Q86W33:224-231)
RYPANSIV 3-to-5' exonuclease (YP_009725309.1 BRI3

(095415: 65-72)
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Table S4. Reference SARS-CoV proteome from UniProt

SARS-CoV Protein Name SARS-CoV Gene Symbol UniProt ID
R1AB_CVHSA rep POC6X7
Replicase polyprotein 1ab (7073)
SPIKE_CVHSA S P59594
Spike glycoprotein (1255)
R1A_CVHSA rep POC6U8
Replicase polyprotein (4382)
NS7A_CVHSA 7a P59635
Protein 7a (122)
AP3A_CVHSA 3a P59632
Protein 3a (274)
VME1_CVHSA 3 P59596
Membrane protein (221)
NCAP_CVHSA N P59595
Nucleoprotein (422)
NS3B_CVHSA 3b P59633
Non-structural protein 3b (154)
ORF9B_CVHSA 3 P59636
Protein 9b (98)
VEMP_CVHSA E P59637
Envelope small membrane protein (76)
NS6_CVHSA 6 P59634
Non-structural protein 6 (63)
NS8B_CVHSA 8b Q80H93
Non-structural protein 8b (84)
NS8A_CVHSA 8a Q7TFAO
Non-structural protein 8 (39)
NS7B_CVHSA 7b Q7TFA1
Protein non-structural 7b (44)
Y14_CVHSA ORF14 Q7TLCY
Uncharacterized protein 14 (70)

28


https://doi.org/10.1101/2020.06.19.161620
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.19.161620; this version posted August 5, 2020. 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-NC-ND 4.0 International license.

Table S5. Seasonal human coronavirus (HCoV) peptide mimicry of human proteins with
experimental evidence of positive T-cell assays with specific MHC restriction. The MHC-
TCR-peptide assays conducted include: (Assay 2.1) Cellular MHC/mass spectrometry, ligand
presentation {ref}, (Assay 2.2)

Viral Protein

MHC restriction

(HCoV strain: (Assay - Epitope ID Pubmed ID
Viral Peptide Uniprot) Human Epitope Human Protein | T-cell stimulation) (IEDB) (PMID)
Nsp13 (HCoV- GPPGTGKSYLAKAVATEAN SKD1 21654843
HKU1 - (167-185)
YP_459942.1
:280-287) ;
HLA-DRA*01:01
NSP&%&@?W' HLA-DRB1*08:01
GPPGTGKS YP_009555254.1:2 (Assay 2.1 -
(HKU1;0C43) 80-287) Positive) 433968
Nsp6 GRIVTLISF MCL-1 31844290
(YP_460019.1: (262-270) 31154438
142-149) 29632046
29393594
- 28188227
HLA-B"27:05 28063628
HLA-B"27:09 27920218
HLA-B*27:04 26811146
HLA-B*27:01 27846572
HLA-B*27:02 26992070
HLA-B*27:06 26929215
HLA-B*27:07 25469497
HLA-B*27:08 26154972
i ’ 25418920
GRIVTLIS (Assay 2.1 - 25645385
(HKU1) Positive) 241225 20112406
Replicase SLLRTSIMSK CCT8
polyprotine 1ab (162-171) HLA class | 26992070
(HCoV-NL63 cellular MHC/mass
YP_003766.2 spectrometry
SLLRTSIM :1920-1927) ligand presentation
(NL63) Positive 625570
Spike glycoprotein STCNSKLTLK LIM
(YP_009555241.1: (HOY592:112- HLA class | 30429286
254-261) 121) mass spectrometry
TCNSKLTL ligand presentation
(0C43) Positive 884003
Replicase HLPFAMMGSTEEVKIGNK SEPTIN11
polyprotine 1ab (Q9NVA2:241- 29393594
VNGSTEEVK | (NP_073549.1: 258)
(229E) 524-532) HLA-B*27:05 799404

29



https://doi.org/10.1101/2020.06.19.161620
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.19.161620; this version posted August 5, 2020. 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-NC-ND 4.0 International license.

Table S6. SARS-CoV peptide mimicry of human proteins with experimental evidence of
positive T-cell assays with specific MHC restriction. The MHC-TCR-peptide assays
conducted include: (Assay 2.1) Cellular MHC/mass spectrometry, ligand presentation {ref},
(Assay 2.2)

Viral Protein

MHC restriction

(SARS-CoV: (Assay - Epitope ID Pubmed ID
Viral Peptide Uniprot) Human Epitope Human Protein | T-cell stimulation) (IEDB) (PMID)
GPPGTGKS Nsp13 GPPGTGKSYLAKAVATEAN VPS4A 21654843
(SARS-CoV; (NP_828870.1 (QOUN37 HLA-DRA*01:01
MERS; HCoV- 1281-288) 1167-185) HLA-DRB1*08:01
0OC43; HCoV- (Assay 2.1 -
HKU1) Positive) 433968
Nsp5 RVENYERETQL K MCMS8
(NP_828863.1 (Q9UJAS: 197- HLA-A*03:01 31844290
:236-243) 208) 30315122
— celIuIar:\/IHC/tmass 28228285
~ Spectromelry 26992070
(SARS-CoV; ligand presentation
SARS-CoV-2) Positive 624802
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Table S7. MERS peptide mimicry of human proteins with experimental evidence of positive
T-cell assays with specific MHC restriction. The MHC-TCR-peptide assays conducted include:
(Assay 2.1) Cellular MHC/mass spectrometry, ligand presentation {ref}, (Assay 2.2)

Viral Protein

MHC restriction

(MERS-CoV: (Assay - Epitope ID Pubmed ID
Viral Peptide Uniprot) Human Epitope Human Protein | T-cell stimulation) (IEDB) (PMID)
Nsp2 LENFYPLEGGRVLLDGKPISA ABCB9
(YP_009047214.1 D (Q9NP78:552- 31844290
:12-19) 574)
HLA-A*30:02
(mass spectrometry
DGKPISAY ligand presentation
(MERS-CoV) Positive) 1028898
Nsp13 GPPGTGKSYLAKAVATEAN VPS4A 21654843
(YP_009047224.1: (Q9UN37:167-
GPPGTGKS 281-288) 185)
(SARS-CoV-2;
SARS-CoV; HLA-DRA*01:01
MERS-CoV; HLA-DRB1*08:01
HCoV-0C43; (Assay 2.1 -
HCoV-HKU1) Positive) 433968
Spike glycoprotein GLLGSIAGV CLCF1
(YP_009047204.1: (Q9UBD9: 142- 31222486
950:957) 150)
HLA-Class | cellular 31154438
MHC/mass
spectrometry
ligand presentation
LLGSIAGV Positive 923359
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