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Abstract

Over the past year, numerous studies in the peer reviewed and preprint literature have reported
on the virological, epidemiological and clinical characteristics of the coronavirus, SARS-CoV-2.
To date, 25 studies have investigated and identified SARS-CoV-2-derived T cell epitopes in
humans. Here, we review these recent studies, how they were performed, and their findings. We
review how epitopes identified throughout the SARS-CoV2 proteome reveal significant
correlation between number of epitopes defined and size of the antigen provenance. We also
report additional analysis of SARS-CoV-2 human CD4 and CD8 T-cell epitope data compiled
from these studies, identifying 1400 different reported SARS-CoV-2 epitopes and revealing
discrete immunodominant regions of the virus and epitopes that are more prevalently recognized.
This remarkable breadth of epitope repertoire has implications for vaccine design, cross-
reactivity and for immune escape by SARS-CoV-2 variants.
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Introduction

Over the past year, a considerable amount of information has been produced by the scientific
community on the SARS-CoV-2 virus and its associated disease, COVID-19, with studies in the
peer-reviewed and pre-print literature investigating its different virological, epidemiological and
clinical characteristics. In particular, numerous studies have analyzed the immune response to the
virus, its role in protection and disease, and its importance in the context of vaccine development
and evaluation. Several excellent reviews, some in this special issue, cover these topics
(DiPiazza et al., 2020, Jordan, 2021, Karlsson et al., 2020, Sette and Crotty, 2020b, Sette and
Crotty, 2021, Swadling and Maini, 2020).

Here, we focus on a specific topic - our current knowledge concerning the definition and
recognition of SARS-CoV-2-derived T cell epitopes in humans. While the data related to this
topic was initially sparse, 25 different studies have now been published as of March 15, 2021
(Chen et al., 2021, Ferretti et al., 2020, Gangaev et al., 2020, Habel et al., 2020, Joag et al., 2021,
Kared et al., 2021, Keller et al., 2020, Le Bert et al., 2021, Le Bert et al., 2020a, Le Bert et al.,
2020b, Lee et al., 2020, Mahajan et al., 2020, Mateus et al., 2020, Nelde et al., 2021, Nielsen et
al., 2020, Peng et al., 2020, Poran et al., 2020b, Poran et al., 2020a, Prakash et al., 2020, Rha et
al., 2021, Sahin et al., 2020, Saini et al., 2020, Saini et al., 2021, Schulien et al., 2021, Sekine et
al., 2020, Shomuradova et al., 2020, Snyder et al., 2020, Tarke et al., 2021a), which collectively
report data from 1197 human subjects (870 COVID-19 and 327 unexposed controls), leading to
the identification of over 1400 different CD4 (n=382) and CD8 (n=1052) T cell epitopes. These
studies are listed in Table 1, which also captures whether these studies defined class 1/CD8
epitopes and/or class 11/CD4 epitopes.

The list of papers we have reviewed is, to the best of our knowledge, exhaustive as of
March 15th, 2021. Relevant papers were selected based on the objective curation process
implemented over 20 years ago by the Immune Epitope Database (IEDB; www.iedb.org), based
on the combined use of general broad PubMed queries, combined with automated text classifiers
and manual curation, as described in more detail elsewhere (Fleri et al., 2017, Salimi et al.,
2012). In addition, the results of the IEDB curation were manually inspected by the coauthors to
guard against papers missed by the IEDB curation workflow, but no additional papers were
identified. This review focuses on SARS-CoV-2 epitopes recognized by human T cells, and thus
does not discuss related topics, such as studies identifying T cell epitopes recognized in murine
systems (Hassert et al., 2020, Takagi and Matsui, 2021), studies characterizing SARS-CoV-2
peptides eluted from HLA molecules (Knierman et al., 2020, Parker et al., 2020, Weingarten-
Gabbay et al., 2020), or characterized by HLA binding in the absence of T cell recognition data
(Prachar et al., 2020).

Here, we focus on cataloging and describing SARS-CoV-2 epitopes recognized by
human T cells, from data collected from the 25 studies cited above. In this review, we have
organized the data into a number of sections, initially describing epitope definitions, screening
methodologies and assay readouts. Subsequent sections describe the number of epitopes
identified in the various studies, the antigens recognized and the distribution of epitopes within
them, which lead to the definition of immunodominant regions and immunodominant epitopes.
Additional sections are devoted to discussion of epitope identification in different populations
and cohorts, and the related topics of HLA coverage and immunodominant HLA alleles. We also
highlight how the breadth of the T cell repertoire informs discussions of pre-existing reactivity
and cross-reactivity with common cold corona and other viruses, as well as cross-reactivity with
MERS and SARS-CoV-1, and potential implications for immune escape by SARS-CoV-2



variants. This review is therefore relevant to the molecular definition of the targets of adaptive
human T cell responses to SARS-CoV-2.

Epitope definitions

A detailed review of the available epitope data requires a clear definition of the concepts and
terminology that have been used, to permit different studies that have used different
methodologies to be combined and integrated in a coherent fashion. According to classical
textbook definitions, “A T-cell epitope is a short peptide derived from a protein antigen. It binds
to an MHC molecule and is recognized by a particular T cell” (Murphey, 2012). And, similarly,
“The parts of complex antigens that are specifically recognized by lymphocytes are called
determinants or epitopes” (Abbas, 2007).

T cell epitopes are usually peptides composed of 20 naturally occurring amino acids,
although the recognition of haptens, sugars and post-translationally modified peptides has also
been described (Petersen et al., 2009, Sun et al., 2016). (For more information on post-
translationally modified epitopes, we refer readers to (Petersen et al., 2009).) While many post-
translationally modified epitopes have been described in cancer and in autoimmunity, few have
been described in the case of viral antigens. However, one question of particular interest, also in
the context of SARS-CoV-2, is whether glycosylated sites are differentially recognized, and in
the context of N>D modifications, which are associated with the removal of the polysaccharide
moiety in the course of cellular processing. However thus far, in the case of SARS-CoV-2, no
reports have appeared of post-translationally modified or glycosylated peptides being recognized
by T cell responses.

T cells recognize a bimolecular complex of an epitope bound to a specific class | or class
I MHC molecule (HLA in humans), which is called its restriction element. HLA class |
restricted epitopes are generally 9-10 residues in size, with several also being 8 or 11 residues,
depending on HLA-restriction, while class Il restricted epitopes are typically 13-17 residues,
although shorter and longer peptides have also been described (Peters et al., 2020, Gfeller et al.,
2018, Trolle et al., 2016, Wang et al., 2008a, O'Brien et al., 2008) By the late 1980s, it was
recognized that a given peptide can bind multiple HLA allelic variants, especially if those
variants are structurally or genetically related (McMichael et al., 1988, O'Sullivan et al., 1991).
The HLA variants or types associated with overlapping peptide-binding repertoires are classified
into so called HLA supertypes (Greenbaum et al., 2011, Sidney et al., 2008). Epitopes that bind
multiple HLAs are referred to as promiscuous (Kilgus et al., 1991, Panina-Bordignon et al.,
1989). In general, any given HLA/peptide complex can be recognized by a multitude of different
T cell receptors, which often share a discernible pattern of sequence similarity (Dash et al., 2017,
Glanville et al., 2017).

Viral genomes and proteomes are composed of multiple protein antigens. Each of these
antigens is recognized in a human population to varying degrees (Sidney et al., 2020, Yewdell
and Bennink, 1999). The concept of immunodominance usually refers to how strongly a given
antigen is recognized, either in a given assay, individual or population, while immunoprevalence
refers to how often the antigen is recognized in a given population (Oseroff et al., 2008, Tan et
al.,, 2014, Wang et al., 2008b), although in practice the two terms are frequently used
interchangeably.

The immunodominance of a given antigen within a genome or proteome is influenced by
variables such as levels of transcription and expression, stability, and patterns of expression in
different cell types or anatomical sites. In the context of SARS-CoV-2, Poran et al. point out the



potential of leveraging proteomic data to infer relative viral protein abundance (Poran et al.,
2020b, Poran et al., 2020a). Several other studies have eluted SARS-CoV-2-derived peptides
bound to HLA (Knierman et al., 2020, Parker et al., 2020, Weingarten-Gabbay et al., 2020), but
have not shown that the epitopes are actually recognized by T cell responses. Future studies will
examine the correspondence between eluted ligands and T cell recognition.

The fact that HLA binding is a necessary but not sufficient requisite for T cell recognition
is well established (Assarsson et al., 2007, Kotturi et al., 2007, Yewdell and Bennink, 1999,
Yewdell, 2006), as it does not guarantee that a peptide will be generated by antigen processing,
nor ensure the availability of a repertoire of T cells capable of recognizing the corresponding
epitope/HLA complex (Hataye et al., 2006, Kotturi et al., 2008). In the case of eluted ligands
(Croft et al., 2019, Paul et al., 2020), factors to be considered are whether the assay used to
detect eluted ligands has sensitivity comparable to T cell activation (a few epitope copies have
been shown to be sufficient to activate T cells (Demotz et al., 1990, Sykulev et al., 1996), and the
availability of TCR repertoire, which is also modulated by previous infection history, as
discussed in more detail below.

Immunodominance and immunoprevalence within a given antigen indicates how
frequently and vigorously a particular epitope is recognized given all possible peptide epitopes
contained in the antigen (Sidney et al., 2020, Yewdell and Bennink, 1999).
Immunodominance/prevalence hierarchies within an antigen are influenced by variables, such as
HLA binding capacity, antigen processing, and the repertoire of T Cell Receptor (TCR)
recognizing a given HLA/epitope combination. Finally, the term breadth of responses is defined
on the basis of how many antigens or epitopes are recognized, either at the level of a given
individual or in a population as a whole (Sidney et al., 2020, Yewdell and Bennink, 1999).

A variety of screening methodologies

The process of epitope identification entails testing collections of candidate peptides in an assay
of choice. The peptide collections utilized can span the entire genome or proteome, or focus on
selected antigens of interest. Peptide collections can also correspond to sets of overlapping
peptides (a popular choice is 15-mers overlapping by 10 residues) that span a sequence, or
peptides predicted to bind to one or more different HLA types, as indicated in the third column
of Table 1. In general, and in the case of SARS-CoV-2 in particular, overlapping peptides are
more often used to define class Il restricted epitopes (4 of 9 studies; 44%), partly due to the
lower predictive efficacy of HLA class Il predictions (Peters et al., 2020), relative to class |
epitopes (6/25 studies; 24%), for which predicted binders are often used to probe responses (21
of 25 studies; 85%). While the length of HLA class Il restricted epitopes varies, the use of 15-
mers overlapping by 10 residues ensures that any possible 10-mer is represented in the peptide
set, with the addition of flanking residues at either or both ends. Given that the critical core of
class Il epitopes is 9 residues in size, this ensures that most, if not all, epitopes are identified
without having to rely on bioinformatic predictions.

Another issue of relevance is whether responses are measured directly ex vivo or if an in
vitro culture restimulation step is introduced. A restimulation step is often used to expand low
frequency T cell specificity that would otherwise be difficult to detect. A number of different
methodologies are used to detect or expand T cells, ranging from stimulation with whole
antigens or antigen fragments, to the use of peptide pools or isolated individual peptides.
However, in vitro restimulation is known to substantially alter the phenotypes and/or relative
frequency of responding T cells. The expansion of naive T cells can also occur. In the case of



SARS-CoV-2, studies have shown that when peripheral blood mononuclear cell (PBMCs) are
expanded for 10-14 days before the assessment of SARS-CoV-2 responses, CD4 " T cells
expand to a much greater extent than do CD8" T cells (Habel et al., 2020, Mateus et al., 2020).

To overcome these caveats, it is preferable to assay T cells ex vivo whenever possible. In
the case of SARS-CoV-2 T cell epitopes, 14 studies have used direct ex vivo assays (fourth
column of Table 1), and 12 have utilized in vitro culture (one study utilized both in vitro and ex
vivo approaches). Alternatively, once the epitopes are identified, they can be used to conduct
secondary epitope validation experiments with direct ex vivo modalities, as shown by 2 studies
(Chen et al., 2021, Schulien et al., 2021). Of particular note, Keller et al. showed that SARS-
CoV-2 T cells can be expanded in controlled conditions, and raised the possibility that epitope-
expanded T cells could be used for adoptive therapy (Keller et al., 2020). The principle and
conditions for adoptive therapy have been described and reviewed elsewhere (Riddell and
Greenberg, 1995).

Assay readouts

Regardless of whether T cell responses are detected ex vivo or after in vitro expansion, a variety
of different assay methodologies are available to investigate specific T cell responses. In
selecting an approach, several considerations apply, including ease of implementation,
throughput, and comprehensiveness and functionality. Certain assays, such as enzyme-linked
immunospot (ELISpot), supernatant determination, and whole blood assays are easier to employ
and more amenable to high throughput testing. However, they are associated with less granular
information. For example, the CD4 vs CD8 phenotype (and the expression of other cell markers)
of the responding cells is not readily established by these approaches compared to other methods,
such as Intracellular Cytokine Staining (ICS) or Activation Induced Marker (AIM) assays. The
methodologies utilized by the various studies reviewed here are listed in Table 1, and include
AIM, degranulation, proliferation, ELISA, ELISpot, ICS, cytotoxicity, and multimer-based
assays (for 3, 2, 2, 1, 5, 10, 1 and 13 studies, respectively).

Several studies (Kared et al., 2021, Nielsen et al., 2020, Poran et al., 2020b, Poran et al.,
2020a, Prakash et al., 2020, Rha et al., 2021, Sekine et al., 2020, Shomuradova et al., 2020,
Ferretti et al., 2020, Gangaev et al., 2020, Habel et al., 2020, Sahin et al., 2020, Schulien et al.,
2021, Saini et al., 2020, Saini et al., 2021) performed high-resolution analysis of SARS-CoV-2-
specific CD8" T cells using HLA multimers. However, none of the studies reported similar
multimer analyses for CD4 * T cells, despite the fact that, in general, HLA class Il restricted
SARS-CoV-2-specific T cell responses are more pronounced compared to HLA class | restricted
T cell responses (Grifoni et al., 2020, Nelde et al., 2021). This reflects the relatively higher
availability of HLA class | multimeric reagents, as compared to their HLA class Il counterparts.
Some studies analyzed epitope specific responses not only in blood but also in tissues, such as
tonsil and lung tissue from uninfected donors (Habel et al., 2020). The analysis of tissue-derived
T cells can provide insight into disease, for example by defining the characteristics of tissue
resident memory T cells, which may differ from those circulating in the peripheral blood
(Masopust and Soerens, 2019).

An issue encountered with ELISpot and ICS and related assays is that while they, by
definition, identify T cells capable of a functional response, they only (also by definition) detect
T cells producing a cytokine of choice; therefore, they are “blind” to T cells that produce
different cytokines or that do not produce cytokines in large amounts within the window of time
of the assay (e.g., T follicular helper [Tfh] CD4 T cells generally produce very low amounts of



cytokines). Both AIM (Dan et al., 2016, Locci et al.,, 2013, Reiss et al., 2017) and HLA
tetramer/multimer assays are “agnostic” in this respect, as they detect all cells activated by the
epitope (AIM), or all cells expressing a TCR capable of binding a given epitope/HLA complex
(tetramer/multimer). Accordingly, it is often observed that AIM and tetramer assays have higher
sensitivity because they detect larger numbers of T cells, as compared to ELISpot assays. Sahin
et al. note that a comparison of data from MHC multimers with bulk IFNy" CD8" T cell
responses indicated that a functional T cell assay might underestimate the total cellular immune
response (Sahin et al., 2020). Conversely, T cells captured by tetramers might not be functional
or exhausted, and therefore might overestimate the cellular response that is relevant for immunity
and infection control. However, for SARS-CoV-2, it has been observed that CD8 T cells
identified by HLA-multimers in COVID-19 subjects are functional and not exhausted (Rha et al.,
2021). In conclusion, a variety of epitope screening and assay strategies have been utilized, each
with its own features and potential advantages/disadvantages.

Number of epitopes identified in the different studies

The sixth column of Table 1 lists the total number of characterized canonical CD4 and CD8
epitopes identified in each study, which ranged from 1 to 734 (median of 12). It is not possible to
estimate the total number of unique identified epitopes by simply adding these numbers together
because the same epitope might have been identified independently in multiple studies (as
addressed below in the immunodominance section). This is especially the case for CD4 epitope
studies that have utilized overlapping peptides; essentially, the same epitope might have been
identified by two largely overlapping peptides.

As such, to assess CD4 epitope redundancy, we refined the data further by taking
advantage of the clustering tool provided by the IEDB (Dhanda et al., 2018a), which
automatically removes duplications and largely overlapping entries; we also performed
additional manual curation. This clustering tool is an algorithm that generates clusters from a set
of input epitopes based on representative or consensus sequences. It allows users to cluster
peptide sequences on the basis of a specified level of identity by selecting among three different
method options. For our purposes, we utilized the default “cluster-break” settings, which
generate clusters where all component epitopes share at minimum a specified level of homology
(70% in our case), and no epitope is present in more than one cluster. Because of the closed ends
of the class I MHC binding groove, and hence the incapacity of class | binding peptides to
assume alternate frames, overlapping CD8 epitopes are considered unique epitopes by default.

For our analyses, we only considered epitopes of 8-14 residues for HLA class I, and
epitopes of 12-25 residues for class Il. We used these parameters as they reflect the canonical
sizes for class | and class Il ligands and because of reports that overly short or long ligands can
often represent “false positives” rather than being derived from peptides truly bound to MHC
(Paul et al., 2018). We have not considered instances where the CD4/CD8 (class Il/class |
restriction) phenotype of responding T cells was not resolved or could not be reasonably
inferred. These selection criteria did not lead to the exclusion of any studies, but rather to that of
a few ambiguous epitopes identified, accounting for a total of 81 unique sequences omitted from
this analysis. Accordingly, we determined that the studies listed in Table 1 encompass 1434
unique epitopes, which include 1052 different class | and 382 different class 1l non-redundant
epitopes (versus 416 when redundant epitopes were included).

Regarding limitations of the approach, in our review we have not considered data
regarding HLA peptide binding (Prachar et al., 2020), or ligands eluted from HLA (Knierman et



al., 2020, Parker et al., 2020, Weingarten-Gabbay et al., 2020), in absence of T cell recognition
data. As more of this type of data is generated and reaches a critical mass, it will undoubtedly be
of interest to correlate these data with T cell epitope recognition data. Our analyses have also not
included epitopes defined in animal models. To date, few studies have described murine
epitopes, and no data is available regarding the epitopes recognized by other species used in
model systems, such as Syrian hamsters or non-human primates (NHPs), even though some data
has been reported suggesting that CD4 epitopes recognized in humans can be cross-recognized in
NHPs (Shaan Lakshmanappa et al., 2021). Further experiments are required to enable the study
of epitope specific responses in SARS-CoV-2 animal studies. Finally, some of the information
contained in this review is derived from preprint manuscripts that had not been formally peer-
reviewed at the time of analysis. The potential for variation in content between preprint and final
versions of various studies is recognized by the curation process instituted by the IEDB team (of
which BP, AS and RV are part), where each study originally curated at the preprint stage is re-
curated when the study appears in the final published version.

Antigenic targets and epitope distribution
Ten of the 25 epitope identification studies (Ferretti et al., 2020, Gangaev et al., 2020, Kared et
al., 2021, Mateus et al., 2020, Nelde et al., 2021, Saini et al., 2020, Saini et al., 2021, Schulien et
al., 2021, Snyder et al., 2020, Tarke et al., 20214, Prakash et al., 2020) screened peptides derived
from the entire SARS-CoV-2 proteome (seventh column of Table 1). The main antigenic targets
of CD4 and CD8 SARS-CoV-2 T cell responses have been defined by several studies by
utilizing overlapping peptides, rather than by resolving the actual epitopes (Grifoni et al., 2020,
Tarke et al., 2021a), and are reviewed elsewhere (Altmann and Boyton, 2020, DiPiazza et al.,
2020). These studies determined that structural proteins (S, M and N) are dominant targets of T
cell responses, with ORF3, ORF8, and nsp3, 4, 6, 7, 12 and 13 (ORF1ab) also being frequently
targeted. Other studies focused on specific subsets of SARS-CoV-2 antigens, as detailed in the
seventh column of Table 1.

The various studies differ widely in the depth of screening, number of antigens tested,
HLA alleles targeted, and number of peptides screened. For example, Peng et al. (Peng et al.,
2020) screened the whole proteome, with the exception of ORF1lab, using 423 peptides assayed
in 42 infected and 16 non-exposed subjects, and reported broad CD4 and CD8 responses.
Conversely, Schulien et al. (Schulien et al., 2021) tested only 5 peptides predicted to bind to each
of ten different HLASs. Tarke et al. (Tarke et al., 2021a) used PBMC from 99 donors and probed
for CD4 responses using 1,925 peptides that spanned the entire SARS-CoV-2 proteome. To
probe for CD8 responses, they tested an additional 5,600 peptides predicted to bind to one or
more of 28 prominent HLA class | alleles. Snyder et al. (Snyder et al., 2020) screened 545
peptides distributed over the SARS-CoV-2 proteome for 26 class | alleles, testing about 20
peptides/allele. Nelde et al. (Nelde et al., 2021) screened a large number of donors (220 in total)
with peptides spanning the breadth of antigens (i.e., the whole SARS-CoV-2 proteome) predicted
to bind six HLA class | alleles or various HLA-DR class Il. Le Bert (Le Bert et al., 2020b)
focused on peptides derived from N, nsp7 and nspl3, while Ferretti (Ferretti et al., 2020)
screened predicted peptides from the entire proteome for 6 HLA alleles in 5 to 9 donors per
HLA.

The epitope distribution along the SARS-CoV-2 proteome is analyzed in more detail in
Fig la-b, where the number of epitopes identified in each antigen is shown for CD4 and CD8
epitopes, respectively. Fig 1c-d shows the correlation between the number of epitopes and the



total number of residues (size) of each antigen. A significant correlation exists between antigen
size and the number of epitopes identified for both CD4 (p=0.0015 and r*2 =0.36) and CD8
epitopes (p<0.0001 and r*2 =0.76). Certain antigens (N, M, S and E) were studied in more detail
(more studies focused on those antigen targets instead of considering the entire SARS-CoV-2
proteome) (Fig 1e-f). This is a significant factor, in addition to antigen length, in influencing the
number of epitopes identified. Additionally, we recognized early on that the immunodominance
pattern of the CD4 and CD8 T cell response to SARS-CoV-2 largely tracks with the expression
level of each of the 25 viral proteins (Grifoni et al., 2020). S, M, and N sgRNAs are highly
expressed by SARS-CoV-2 infected cells, and those three proteins are the most
immunodominant targets of human CD4 and CD8 T cell responses to SARS-CoV-2 (Grifoni et
al., 2020).

In conclusion, T cell responses are multi-antigenic, with the structural antigens being
broadly recognized, but with other proteins, such as nsp3, nsp4, nspl2 and ORF3a, also being
vigorously recognized. This difference is not unexpected, since structural proteins are present in
high concentrations in the virus and are accessible to the exogenous processing pathway and to
HLA class Il molecules. Non-structural proteins, which are produced in infected cells, also have
access to the endogenous processing pathway and to HLA class | molecules.

Immunome Browser analysis identifies patterns of immunodominance

We also assessed whether discrete immunodominant regions would become apparent when we
took a global view of the reported epitope data. We utilized the Immunome Browser tool (Vita et
al., 2019, Dhanda et al., 2018b), developed and hosted by the IEDB (www.iedb.org). This tool
allows patterns of immunodominance to be visualized across the entire SARS-CoV-2 proteome
by plotting the 95% confidence interval (Cl) of the Response Frequency (RF) for each residue,
which is defined as the number of individuals and assays reporting positive responses to a
peptide encompassing the particular residue. The lower bound RF values, using an average
across a sliding 10-residue window, are plotted for human CD4 and CD8 epitopes in Fig 2 for
the antigens S, M, N, nsp3 and nspl2. These antigens were chosen as their epitopes were
described in sufficient number to allow us to delineate discrete immunodominant regions.

In the case of the spike protein, several immunodominant regions were observed for CD4
(residues 154-254, 296-370 and 682-925; Fig 2a), compared to a more homogenous distribution
for CD8 (Fig 2b). For the other structural proteins, namely the membrane and nucleocapsid,
similar immunodominant regions for CD4 (Fig 2c) and CD8 (Fig 2d) were noted, with the 7-101
and 131-213 residue range being more prominent for the membrane protein, and the 31-173 and
201-371 range for the nucleocapsid. More marked differences in CD4 and CD8
immunodominant regions, and in overall response frequency, are observed in the cases of nsp3
(Fig 2e) and nsp12 (Fig 2f). For both these proteins, defined immunodominant regions for CD4
(789-843, 1118-1158 and 1873-1903 for nsp3, and 863-903 for nspl12) were evident, versus more
homogenous patterns of CD8 recognition, similar to that noted for the spike protein (Fig 2b). In
conclusion, CD4 * T cells, in general, recognize more defined immunodominant regions than do
their corresponding CD8" counterpart.

Epitope identification in different populations and cohorts

As a whole, the different studies considered here have reported epitope identification results
from a total of 1197 donors (median=34, range 2 to 220; see the eighth and ninth columns of
Table 1). Of those, 870 donors were SARS-CoV-2 infected, and 327 unexposed.



It should be noted that these figures reflect the maximum number of donors utilized in each
epitope identification and characterization study, as some assays and some epitopes have been
tested in a different number of donors. For example, in some cases 20 donors were tested in
ELISpot, but only 10 were evaluated using MHC multimers. Similarly, in several instances,
because of the need to match peptide candidates to specific predicted HLA alleles (e.g., HLA-
A*02:01 candidate epitopes may only have been tested in HLA-A*02:01-positive donors), the
actual number of donors in which each peptide was tested might be significantly lower in
comparison to other peptides.

Several studies have analyzed differences between the infected and unexposed cohorts,
and also in the context of potential cross-reactivity of SARS-CoV-2 epitopes with homologous
sequences from common cold coronaviruses or other viruses, as discussed in more detail below.
Also, as noted elsewhere (Sette and Crotty, 2021), considerable heterogeneity exists in SARS-
CoV-2 infection and immune responses, as a function of different variables such as age, gender,
disease severity, ethnicity, co-morbidities and time since symptom onset. As yet, the epitope
identification studies do not answer the question as to whether differences in the types of
epitopes recognized exist as a function of these variables. However, the epitopes defined in these
studies, together with data generated from peptide pools, will undoubtedly be key to probing
these variables and their role in the differences observed in terms of SARS-CoV-2 specific
immune responses by evaluating the overall pattern of reactivity instead of focusing on few
antigens or epitope candidates.

One issue to consider in future studies, and touched on further below, is to ensure that
different ethnicities are adequately represented in SARS-CoV-2 studies. Thus far, most studies
have been performed in donor cohorts that mostly consist of Caucasians, and in which other
ethnic groups are relatively under-represented.

HLA coverage and epitope identification results

It is well appreciated that HLA molecules are associated with an outstanding degree of diversity.
Class I molecules are encoded by 3 main HLA loci (A, B and C), and class Il molecules are
encoded by four main loci (DRB1, DRB3/4/5, DP and DQ). Each locus is highly polymorphic,
and because of heterozygosity, each individual might express close to 14 different HLA
molecules and a minimum of 7 (if homozygous at all loci). Not only are the various HLA loci
highly polymorphic, but the frequencies of their respective alleles vary, sometimes dramatically,
across different ethnicities (Gonzalez-Galarza et al., 2020, Robinson et al., 2020). Establishing
the extent to which epitope identification studies adequately cover the worldwide population is
both a key and non-trivial issue (Greenbaum et al., 2011, McKinney et al., 2013, Sette and
Sidney, 1999).

To meaningfully discuss population coverage of HLA allelic variants in the context of
epitope identification efforts, we need to define what is meant by population coverage. The total
phenotypic coverage provided by a set of HLA alleles represents the fraction of individuals that
express at least one of a given set of alleles, while genotypic coverage corresponds to the fraction
of genes at a specific locus the set of allelic variants covers. By way of example, an analysis
targeting the HLA-A*01:01, B*07:02 and DRB1*01:01 molecules will give a phenotypic
coverage (probability that an individual in the average worldwide population will express at least
one of these alleles) of approximately 35%. However, these three allelic variants represent only
about 5-10% of the gene variants at each of these three different HLA loci. This is important
because in an individual that is “covered,” in the sense of expressing one HLA, the bulk of the T



cell response will likely be directed to the other (up to thirteen) class | and class Il alleles,
leading to a gross misrepresentation of the total response magnitude and target specificity.

In previous studies, we have devoted significant efforts to analyzing the number of
different HLA alleles associated with good genotypic and phenotypic coverage, and found that
~25 different HLA class Il and ~25 different HLA class | alleles are required to cover 90% or
more individuals in an idealized population (43, 61, 62). In the case of SARS-CoV-2 epitope
identification studies, HLA restricted epitopes have been identified for 30 HLA class | and for 45
HLA class Il alleles (Fig 3 a-b), including, in both cases, the vast majority of the most common
specificities in the general worldwide population (Gonzalez-Galarza et al., 2020, Weiskopf et al.,
2013, Greenbaum et al., 2011).

The median number of epitopes per allele is 35 (range 1 to 219) for class I, and 12 for
class Il (range 1 to 82). In the case of class I, as might be expected, most restrictions have been
identified in the contexts of A*02:01, A*24:02, A*01:01 and B*07:02, as these are the most
common class | alleles worldwide. Similarly, most class Il restrictions are for DRB1*07:01 and
DRB1*15:01, the most common DRBL1 specificities worldwide. In both cases, the number of
restrictions generally corresponds to overall allele frequency in the respective cohorts. This data
exemplifies how the number of epitopes associated with a particular allelic specificity may not
necessarily reflect immunodominance, but rather bias due to the availability of corresponding
donor samples. Thus, the limited number of epitopes identified for several alleles is because they
are rarer and therefore reflective of investigational bias. Additional studies are required to
provide fully unbiased investigations of SARS-CoV-2 on a global scale. The number of allelic
restrictions identified by the different studies is summarized in the tenth and eleventh columns of
Table 1.

Overall, the 25 different studies mapped or inferred 1191 class | restrictions, including
1019 unique epitope/allele combinations (Supplemental Table 1), with individual studies
defining between 1 and 523 (median 8). For class Il, 783 restrictions were mapped or inferred,
with 760 representing unique epitope/allele combinations (Supplemental Table 1). Only 9
studies investigated CD4 responses, with just 3 identifying class Il restrictions (see Table 1).
Thus, the number of experimentally defined HLA restrictions are fewer for class Il, relative to
class |, consistent with the fact that class | restrictions are more easily inferred or determined,
and that multimers/tetramers (which implicitly assign restriction) are more broadly available for
HLA class | than for HLA class II.

Immunodominance at the level of specific epitopes and alleles

Different studies report numerous peptides as being immunodominant, although each study also
used different subjective definitions of immunodominance. While some peptides are repeatedly
and independently identified, differences among these studies all contribute to the differences in
their outcomes. These include differences in screening procedures, in HLA alleles considered, in
the antigens targeted, the sampling of small numbers of individuals, and in how
“immunodominance” was defined. For example, Peng et al. (Peng et al., 2020) reports several
immunodominant peptides that they defined as being recognized by 6 or more of the up to 16
subjects screened. Tarke et al. (Tarke et al., 2021a) also highlight some epitopes as being more
dominant, with 49 class Il epitopes being recognized in 3 or more donors from an average of 10
donors tested, and 41 class | epitopes recognized in 50% or more of the HLA matched donors
tested. The same study also found that the response is broad and multi-specific, with ~8-9
different antigens required to cover about 80% of the total CD4 and CD8 response (Tarke et al.,
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2021a). Nielsen et al. also concluded that the response is broad, since the top three immunogenic
epitopes derived from separate SARS CoV-2 proteins (Nielsen et al., 2020). Keller et al. reported
immunodominant epitopes defined as epitopes being recognized in multiple donors from M, N
and S (Keller et al., 2020).

Some specific epitopes are highlighted as being immunodominant in multiple studies. For
example, in the context of the HLA-A*02:01 class | molecule, which is the most studied for CD8
SARS-CoV-2 responses, the S 269-277 epitope (sequence YLQPRTFLL) is detected in 81% of
HLA-A2+ individuals in the Nielsen study (Nielsen et al., 2020). The same A2 dominant epitope
is also reported by Shomuradova et al., who tested 13 A2 peptides in total, and also identified a
less strongly recognized epitope (Shomuradova et al., 2020). In the Habel et al. study, of the 14
peptides screened, S 269-277 generated the strongest IFN-y* response, with S 976-984 and
ORF1lab 3183-3191 less prominently recognized (Habel et al., 2020). Ferretti et al. identified 3
epitopes recognized in 3 or more subjects (67% of the subjects tested), including S 269-277
(Ferretti et al., 2020). The study by Sahin et al. reports S 269-277 as the most dominant epitope,
and also identifies epitopes strongly recognized in the context of HLA-A*24:02 and HLA-
B*35:01 (Sahin et al., 2020). Rha et al. detected S 269-277 responses in 37 of 112 (33%)
patients, while S 1220-1228 was detected in only 2 of 40 (5%) patients (Rha et al., 2021),
although other studies have observed higher response rates for this latter epitope. Overall, the S
269-277 epitope was found to be positive in 11 independent studies.

Another example of an immunodominant epitope is provided by the HLA-A*01:01
restricted nsp3 819-828 epitope (sequence TTDPSFLGRY). This epitope was reported by Nelde
et al. as being positive in 83% of the donors tested (Nelde et al., 2021). This study also identified
a large number of additional dominant CD4 and CD8 restricted epitopes. The same Al restricted
epitope was also reported by Saini et al., who tested over 3,000 peptides for 10 alleles (Saini et
al., 2020, Saini et al., 2021), and found 214 peptides that were recognized in 16 out of the 18
samples analyzed. Two additional HLA-A*01:01 epitopes that overlap with TTDPSFLGRY
(nsp3 818-828, sequence HTTDPSFLGRY, and nsp3 819-829, sequence TTDPSFLGRYM)
were also identified as particularly dominant. The study by Gangaev et al. screened 50 epitopes
for 10 alleles using tetramers (500 total) in 18 donors and identified nine epitopes in total,
including the immunodominant nsp3 epitope restricted by HLA-A*01:01 (Gangaev et al., 2020).

Global analysis of immunodominant epitopes
We further assessed published epitope data to determine whether particular HLA alleles and
epitopes are dominantly recognized. In the case of HLA class Il, because of the technical issues
discussed above, dominant alleles are less readily assigned as restriction elements. In the case of
HLA class |, certain alleles, such as HLA-A*01:01, B*07:02, B*08:01 and B*44:01 were
associated with dominant responses (Tarke et al., 2021a). Other alleles, such as HLA A*02:01,
were associated with numerous epitopes, but with responses of lower magnitude on average, and
alleles such as A*30:01 and A*32:01 were associated with weak and infrequent responses. This
HLA-allele-specific variation in response frequency/magnitude has been observed previously in
the contexts of HIV and Dengue virus, where responses mediated by particular HLA allelic
variants were associated with protection or susceptibility to disease (Goulder and Walker, 2012,
Weiskopf et al., 2013). Whether HLA types play a role in influencing disease severity in the
context of SARS-CoV-2 will have to be established as larger data sets become available.

For the present purposes, we have defined the most dominant CD4 and CD8 epitopes as
those recognized in 3 or more donors/studies, consistent with the definitions utilized by Mateus
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et al. and Tarke et al. (Mateus et al., 2020, Tarke et al., 2021a). We utilized this threshold based
on previous experience in this matter. By selecting epitopes that have been recognized in
multiple different experiments in separate donors allow, we can narrow the number of epitopes
and focus on more dominant/prevalent responses, while still preserving the goal of representing
epitopes presented by a wide variety of HLA alleles. That is because less common HLA are
found, by definition, in fewer individuals, and the studies considered involved a median of 34
donors. Therefore, raising the “bar” further would restrict “immunodominant epitopes” to just
those restricted by alleles that are very common in Caucasians.

The immunodominant epitopes identified in this way are highlighted in Supplemental
Table 1, totaling 399 epitopes (110 CD4 epitopes, and 289 CD8 epitopes). It is important to note
that no epitope was not recognized in 100% of the cases/donors it was tested in, as has been
observed in other viral systems (eg. HBV, HIV, Poxviruses, Flu). This is relevant because it
argues against the use of single epitope tetramers to measure responses because of the likelihood
of false negative results. Instead, the results argue for the use of peptide pools or multiplexing
strategies (Kared et al., 2021, Nelde et al., 2021, Sekine et al., 2020, Shomuradova et al., 2020)
to ensure the broad coverage of responses.

Another important consideration, as noted above, is the influence of investigational bias.
It is apparent that epitopes from the spike protein, and those restricted by the most common HLA
alleles, are overrepresented, which is likely a reflection that the spike antigen and those particular
HLA alleles are more frequently studied (Figure 1 e, f).

Breadth of the T cell repertoire

As summarized above in Fig 1, a total of 1434 unique, non-redundant, CD4 and CD8 epitopes
have been defined, with the top 10 antigens accounting for 86% of the total. In these 10 most
dominant antigens, a median of 87 epitopes (range of 33 to 396) is recognized. The data
presented above demonstrates that T cell responses are multi-antigenic, with structural antigens
being broadly recognized, but with other proteins such as nsp3, nsp12, ORF3a and ORF8 also
being vigorously recognized. Furthermore, data from Tarke et al. show that each individual is
conservatively estimated to recognize on average 19 different CD4 and 17 different CD8
epitopes (Tarke et al., 2021a). Although individuals in our experience target multiple epitopes,
the efficacy of the responses and number of epitopes targeted may vary substantially, dependent
on HLA, the severity of disease and other factors.

This breadth of response is apparently at variance with other reports describing only a
limited number of epitopes for SARS-COV-2 (Chen et al., 2021, Le Bert et al., 2020b, Lee et al.,
2020, Nielsen et al., 2020, Rha et al., 2021, Sekine et al., 2020, Kared et al., 2021, Sahin et al.,
2020). In some cases, in vitro expansion with artificial antigens has been utilized, and/or a
limited number of subjects, cells, and/or epitope candidates were screened. Furthermore, several
of the reported narrow repertoire epitopes differ among the different studies, consistent with a
stochastic selection effect. Overall, the data curated in the IEDB as of March 15, 2021, reveals
that over 1400 different SARS-CoV-2-derived peptide sequences are reported as being
recognized by human T cell responses, and which consist of 382 CD4 and 1052 CD8 epitopes
based on the metanalysis performed in the current review.

Pre-existing reactivity and cross-reactivity with common cold corona and other viruses

Several studies have detected responses to SARS-CoV-2 sequences in unexposed controls (Sette
and Crotty, 2020b, Sette and Crotty, 2021). In some cases, these responses might correspond to
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infections associated with a lack of antibodies or to a transient antibody response (Sekine et al.,
2020, Nelde et al., 2021). However, in other cases, these responses appear to be linked to pre-
existing memory responses, which, in some instances, have been mapped to the cross-reactive
recognition of the SARS-CoV-2 sequences by T cells induced by endemic “common cold”
coronaviruses (17) and potentially other viral species (Bacher et al., 2020, Le Bert et al., 2020b).
This phenomenon has received considerable attention because of its potential to influence
disease severity, vaccination outcomes, and because of its potential implications for herd
immunity (Bacher et al., 2020, Sette and Crotty, 2020b, Sette and Crotty, 2021, Lipsitch et al.,
2020, Sagar et al., 2021a).

Epitopes recognized in non-exposed individuals have been defined in 12 studies. In some
cases, these SARS-CoV-2 epitopes had significant homology to common cold coronavirus
sequences, with cross-reactivity demonstrated at the molecular level in several instances (Mateus
et al., 2020). Other studies, as discussed in more detail below, have examined whether SARS-
CoV-2 specific T cells might cross-react with other more closely related viruses, such as SARS-
CoV-1 and the Middle East Respiratory Syndrome virus (MERS) (see also below). This issue is
of relevance in the context of developing vaccines that can elicit T cell responses that broadly
recognize coronaviruses of pandemic potential.

The topic of pre-existing immune responses and cross-reactivity with common cold
coronaviruses was addressed by several studies that reported a range of findings. Schulien et al.
detected cross-reactive T cells in longitudinal samples pre-and-post SARS-CoV-2 infection, and
reported that these cells were expanded post in vitro restimulation (Schulien et al., 2021). Sekine
et al. also detected widespread reactivity in non-exposed individuals using peptide pools (Sekine
et al., 2020). Shomuradova et al. detected pre-existing T cell reactivity in unexposed donors
using HLA-A2 tetramers, but at much lower levels compared to those seen in exposed
individuals (Shomuradova et al., 2020). Nelde et al. tested the reactivity of non-exposed donors
to epitopes identified in exposed individuals, and detected reactivity, albeit at lower levels, for
several epitopes (Nelde et al., 2021). Keller et al. detected T cells with minimal cross reactivity
with two homologous nucleocapsid peptides from NL63 and OC43 (Keller et al., 2020). Ferretti
detected reactivity to OC43 and HKU1 sequences for 2 of 29 dominant epitopes, and no
reactivity for NL63 and 229E (Ferretti et al., 2020). Rha et al. reported that the SARS-CoV-2 S
269-277 and S 1220-1228 epitopes had low homology to OC43, HKUL1, 229E, and NL63, and
that MHC class | multimer+ cells were not detected in unexposed subjects (Rha et al., 2021).
Prakash identified 24 epitopes, and of those, 11 recalled memory CD8+ T cells from unexposed
healthy individuals (Prakash et al., 2020).

A potential explanation for the differences observed in the degree of cross-reactivity of
epitope repertoires detected in infected and unexposed subjects is provided by the studies of
Mateus et al. (Mateus et al., 2020) and Tarke et al (Tarke et al., 2021a). These studies
demonstrated that, overall, 50% of the epitopes defined in unexposed donors were also
recognized in SARS-CoV-2-infected subjects (Mateus et al., 2020, Tarke et al., 2021a), but also
that the viral infection created a new repertoire of epitopes recognized only in infected subjects.
Conversely, over 80% of the epitopes defined in SARS-CoV-2-infected subjects were not
recognized in unexposed donors. This suggests that a pre-existing repertoire of cross-reactive T
cells is present in unexposed donors, but that the SARS-CoV-2 infection generates a largely
novel repertoire of T cells, in addition to the pre-existing one. Consistent with this view, the
antigens dominantly recognized in exposed donors tend to only partially overlap with those
dominant in non-exposed donors (Le Bert et al., 2020b).
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The issue of how preexisting memory reactivity might influence immunity has been
debated, and a firm conclusion has not been reached as yet (Lipsitch et al., 2020, Sette and
Crotty, 20203, Sette and Crotty, 2020b). While it is not expected that preexisting T cell reactivity
might protect against infection, it is possible that preexisting SARS-CoV-2 cross-reactive T cells
might modulate disease severity, as reported by a recent study (Sagar et al., 2021b), or might
even modulate vaccine responsiveness, allowing for a faster or more vigorous response.

The study of protective versus detrimental T cell responses is important for determining
the optimal T cell engagement strategies for vaccines. In addition to understanding the
relationship between pre-existing immunity to human coronaviruses and host defense against
SARS-CoV-2, it is relevant to also consider the contribution of COVID-19 vaccine-boosted
cross-reactive immune responses to vaccine-induced protective immunity.

Cross-reactivity with MERS and SARS-CoV-1

As mentioned above, several studies have addressed whether SARS-CoV-2 T cells might cross-
react with more closely related viruses such as SARS-CoV-1 and MERS, an issue that is
important for the development of vaccines that can elicit T cell responses to coronaviruses of
pandemic potential.

As might be expected on the basis of the higher degree of sequence homology, cross-
reactivity between SARS-CoV-2 responses and SARS-CoV-1 and MERS was more frequently
detected, as compared to common cold coronaviruses. More specifically, Le Bert et al. analyzed
a cohort of 23 patients who recovered from SARS-1, and found long lasting memory T cells 17
years after the SARS-1 outbreak of 2003 (Le Bert et al., 2020b). Habel et al. reported that T cells
recognizing selected A2/SARS-CoV-2 CD8+ T cell epitopes can cross-react with SARS-CoV-1
and MERS, while they did not share homology with the common cold coronaviruses (Habel et
al., 2020). Rha et al. reported that the S 269-277 epitope was specific to SARS-CoV-2, whereas
the S 1220-1228 epitope was conserved in SARS-CoV-1 (Rha et al., 2021). In the study of
Gangaev, of the 9 CD8 T cell epitopes they identified, 5 were unique for SARS-CoV-2 and 4
were shared between SARS-CoV-2 and SARS-CoV-1 (Gangaev et al., 2020). Prakash et al. also
studied conserved pan-species epitope sequences for all coronaviruses, including those
responsible for zoonotic infections (Prakash et al., 2020).

Potential for immune escape by SARS-CoV-2 variants
Another topic of relevance is the effect of naturally occurring mutations on epitope recognition.
SARS-CoV-2 does mutate, and a key question, particularly for vaccine programs, is whether it
will mutate to escape T cell responses. The large breadth of T cell epitopes recognized, and the
fact that each individual tends to recognize their own unique sets of epitopes, depending on their
HLA polymorphisms, has profound implications in terms of immune escape. A recent study
showed that SARS-CoV-2 mutations predicted to have a negative impact on epitope binding to
HLA were indeed associated with reduced T cell activity (Agerer et al., 2021). Other analyses of
mutations associated with several variants of concern (VOCs) suggest that the vast majority of
defined epitopes are conserved in SARS-CoV-2 variants (Tarke et al., 2021b, Redd et al., 2021).
The topic of potential immune escape by variants has been elevated by the observation
that several recent SARS-CoV-2 VOCs have accumulated unusually large numbers of mutations
and exhibit significant evidence of escape from neutralizing antibodies (Tegally et al., 2021,
Wang et al., 2021, Thomson et al., 2021). This evolution appears to be due to the virus’ extended
replication in immunocompromised individuals, at least in some cases (Avanzato et al., 2020).
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Given that immunity against COVID-19 consists of both antibody and T cell responses, there has
been concern as to whether these variants escape T cell immunity.

The study of sequence variation and epitope recognition is of particular importance in the
context of several well described VOCs. Two independent studies (Tarke et al., 2021b, Redd et
al., 2021) have shown that most of the epitopes defined by Tarke et al. (Tarke et al., 2021a) or
Kared et al. (Kared et al., 2021) are conserved within VOCs. Consistent with these observations,
it has been shown that the antigens containing the sequence variations pertaining to the B.1.1.7,
B.1.351, P.1, and CAL.20C variants are cross-recognized by individual previously infected with
the SARS-CoV-2 ancestral strain or that received COVID-19 vaccination. While the frequency
of response across the different variants is kept, a decrease in magnitude of 30% or less is
observed in terms of T cell reactivity for specific VOCs/assay combinations, therefore
suggesting an overall negligible impact of the VOCs in in the context of the T cell responses, in
the groups of vaccinated and convalescent donors tested thus far (Tarke et al., 2021b, Redd et al.,
2021). Because of the high number of different epitopes reported, as noted above, and because of
the large breadth of epitopes recognized in any given individual (estimated to be an average of
19 class Il and 17 class | epitopes per person, genome-wide, and 9 if only the spike protein is
considered), as suggested by one study (Tarke et al., 2021a), it appears unlikely that the new
variants will escape T cell recognition, at either the population or individual level.

In light of the data that indicate that T cell escape is not occurring (Tarke et al., 2021b), it
is also relevant to consider the immunological and virological features that make T cell escape
by SARS-CoV-2 unlikely. First, as noted, the broader the T cell response, in terms of epitopes,
the less likely viral escape becomes because any individual epitope that can escape through viral
mutation would represent a small fraction of the overall immunity, and thus represent a small
selective pressure. Given that SARS-CoV-2 is a large RNA virus, the breadth of the CD4 and
CD8 T cell responses is not surprising per se.

Second, there are few examples in the literature of T cell epitope escape in humans for a
virus that causes acute infections. In contrast, viruses that cause chronic viral infections, such as
HIV and HCV, are well known to escape T cell epitope recognition. This is due to a fundamental
difference in selective pressure. Within a single person, there is strong selective pressure for a
chronic viral infection to escape T cell responses over time. In contrast, in a population of
people, the diversity of HLA alleles presents a fundamental challenge for viral escape. This
phenomenon is a basic premise in the evolutionary value of human HLA diversity. The escape of
one or more T cell epitopes in one individual is unlikely to give the virus a selection advantage in
the next host; indeed, escape mutations are more likely to be disadvantageous because the
original viral protein sequence was selected for functionality. However, in the influenza virus
context (Rimmelzwaan et al., 2005), multiple compensatory co-mutations in the nucleoprotein
have been observed to restore viral fitness. It remains possible that SARS-CoV-2 cytotoxic T-
lymphocyte escape mutants might survive by a similar mechanism. The potential selection of
viral T cell escape variants will depend on how well the spread of SARS-CoV-2 is controlled
and, although selection for T cell escape variants may be highly restricted (owing to the factors
discussed above), it cannot be ruled out at this time.

Third, a cornerstone feature of SARS-CoV-2 is the rapidity of replication and
transmission within the human upper respiratory tract. Approximately half of SARS-CoV-2
transmissions occur in the pre-symptomatic phase of infection, before a T cell response has been
mounted (in a previously unexposed or unvaccinated individual). The kinetics of SARS-CoV-2
replication and transmission are inconsistent with T cell pressure being a major component of
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intra-host selection in most individuals nor an evolutionarily relevant pressure, even though viral
escape mutations may arise quickly, in acute infection, during the viremic phase. Combined,
these virological, immunological, and epidemiological factors make it unlikely that SARS-CoV-
2 will escape human T cell responses at the population level. Nevertheless, it is still possible that
escape from T cell epitope recognition could occur in immunocompromised patients, some of
whom have high levels of viral replication for >120 days; therefore, it could be speculate that
SARS-CoV-2 could/can undergo extensive mutation in such individuals during this time.

As mentioned above, it is important to evaluate SARS-CoV-2 epitope recognition in
convalescents over time. Indeed, Bilich et al. (Bilich et al., 2021) published a recent study (which
just missed the analysis time-point of March 15, 2021) in which they evaluated the T cell
recognition of specific SARS-CoV-2 epitopes in a six-month follow-up of 51 convalescent
individuals after mild or moderate SARS-CoV-2 infection. They detected epitopes capable of
mediating long-term T cell responses, while responses to other T cell epitopes got lost over time.

Studies addressing TCR repertoires

Several studies have also investigated TCR repertoires and attempted to establish a link between
epitope recognition and particular TCR sequences. More specifically, a seminal study by
Gittelman et al. (Gittelman et al., 2021) obtained TCR sequence information from the entire
municipality of Vo’ (Italy) during the initial surge of SARS-CoV-2 infections, and detected
notable correlations with disease severity and other characteristics. Snyder et al. (Snyder et al.,
2020) expanded these findings by inferring several epitopes that may be able to be recognized by
specific TCRs. They also built a classifier to diagnose infection based solely on TCR sequencing
from blood samples. Along the same lines, Shomuradova et al. (Shomuradova et al., 2020)
observed specific TCR motifs in the subjects they analyzed, in some cases shared across multiple
donors, and Ferretti et al. (Ferretti et al., 2020) sorted epitope-specific T cells and used single cell
sequencing to define paired TCR o and TCR B chains expressed by these T cells. Gangaev et al.
have also reported TCR sequences that recognize a defined SARS-CoV-2 epitope (Gangaev et
al., 2020).

In conclusion, given the large number of different epitopes recognized in the context of a
myriad of different HLA types, it will be necessary to compile an extensive catalog of TCR
sequences to completely capture the TCR repertoire associated with SARS-CoV-2 responses in
humans. Early reports indicate that the study of TCR repertoires might lead to interesting
diagnostic applications, and could yield additional insights into the pathogenesis of SARS-CoV-
2, particularly given the recent Emergency Use Authorization of a TCR-based diagnostic
developed by Adaptive Biotech (see: https://www.fda.gov/media/146478/download).

Conclusions

Here we reviewed 25 different studies describing the identification of over 1400 different
unique epitopes (382 for CD4 and 1052 for CD8) SARS-CoV-2 epitopes recognized by human T
cells. herein annotated in terms of available metadata. This review highlights several key
findings and also raise outstanding questions for future SARS-COV-2 research to address.

First, the epitope data described here derives in aggregate, from studies with 1197 human
subjects (870 COVID-19 and 327 unexposed controls). These cohorts represent considerable
heterogeneity as a function of age, gender, disease severity (with severe disease less represented)
and time since symptoms onset. However, different ethnicities were not broadly represented and
this will be an important knowledge gap to be addressed in future investigations.
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Second, and related to the above issue, HLA restricted epitopes were identified for 30
class I and 45 class 1l molecules, which provides good coverage of a number of different loci and
alleles. However, while the median number of epitopes per allele is 15, it ranged from 1 to 219,
with a large bias toward the HLA alleles that are more frequently encountered in the general
population.

Third, we note that while twenty studies defined class 1/CD8 epitopes, only 9 defined
class 11/CD4 epitopes. Also given the prominent role of CD4 responses in immune responses to
SARS CoV?2 in the context of natural infection and vaccination, this observation suggests that a
more balanced study of both CD4 and CD8 epitopes remains an outstanding issue for future
research.

Fourth, in terms of the antigens targeted by epitope identification studies, ten studies
screened peptides derived from the entire proteome but fifteen studies concentrated on specific
subsets of antigens, mostly based on the fact that the main SARS-CoV-2 T cell antigenic targets
have been independently defined utilizing pools of overlapping peptides. Structural proteins (S,
M and N) are dominant targets of T cell responses, but ORF3, ORF8, nsp3, nsp4 and nspl2 are
also frequently targeted. Within the main antigens, immunodominant regions are typically
pronounced in the case of CD4 recognition, but less so in the case of CD8 responses, which are
more evenly distributed across the dominant antigens. The precise identification of
immunodominant antigens and regions is also of interest also for its potential in the context of
the identification of immunogenic regions of the SARS CoV2 proteome, conserved in different
coronavirus species of pandemic potential.

Finally, the fact that already more than 1400 epitopes have been identified, also
considering that many HLA alleles and regions of the SARS CoV2 proteome are relatively less
studied, highlights that a large breadth of epitopes are recognized in human populations, making
it unlikely that SARS CoV2 variants might escape T cell recognition at the population level.
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Figure 1. Distribution of CD4 and CD8 epitopes by SARS-CoV-2 antigen

The fraction of known CD4 and CD8 epitopes derived from recognized SARS-CoV-2 antigens is
shown in panels (a) and (b), respectively. The number of epitopes derived from each antigen as a
function of antigen size is plotted in panels (c) and (d) for CD4" (light blue) and CD8"(red) T
cells, respectively; p values were calculated using a simple linear regression. Panels (e) and (f)
show the number of studies that probed responses to each antigen. All the source data used in
these analyses were derived from the papers cited within Table 1 and Table S1.

Figure 2. Identification of immunodominant antigenic regions

The IEDB’s Immunome Browser tool was utilized to identify potential antigenic regions across
the entire SARS-CoV-2 proteome. After searching for SARS-CoV-2-derived CD4" (light blue)
and CD8"(red) T cellepitopes, individual antigens were selected for further evaluation. From the
antigen specific Immunome Browser link, data was downloaded as an Excel file to obtain
position-specific lower bound response frequency scores (RF), defined as the number of
individuals and assays reporting positive responses to a peptide including that particular residue.
For visualization, RF scores for each residue were recalculated to represent a sliding 10-residue
window. Position-specific RF values for CD4 (light blue) and CD8 (red) epitopes are shown for
the most dominant viral antigens: spike (a and b); M and N (c and d); nsp3 and nsp12 (e and f).
The Receptor Binding Domain region of the spike protein, is indicated in yellow in panels a and
b, because it is critically recognized by neutralizing antibodies and implicated in viral cell entry.

Figure 3. Defined HLA class I and class Il restrictions

HLA restricted epitopes have been identified for 30 class I (red, a) and 45 class Il (light blue, b)
molecules. The charts shows the number of restricted epitopes associated with each allele (alleles
shown on the horizontal axis).

Table legends

Table 1

The 25 different studies to date (2/28/2021) that have identified SARS-CoV-2 derived CD4 and
CD8 epitopes are listed; in cases where the pre-print version analyzed has subsequently been
published in the peer-reviewed literature, we have indicated both citations. Studies that, to date,
are only available on pre-print servers are highlighted by italicized font. Respective columns
summarize the scope and approach of each study, whether CD4 and/or CD8 epitopes were
assayed, if predicted and/or overlapping peptide sets were used, and the types of T cell assay
approaches utilized. Also tabulated are the number of unique epitopes identified and the specific
antigens that were targeted for study. Additional columns show the number of COVID-19
positive and/or unexposed donors screened, and the number of unique HLA class | and class 11
restricting alleles identified. In vitro expansion refers to any assay that involved a period of in
vitro culture before harvesting and assaying for T cell activity. An asterisk (*) highlights a study
that also measured epitope specific responses in tissues. NI indicates not investigated.

Supplemental Table 1
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Listing of CD4 and CD8 epitopes reported, to date (2/28/2021), in the peer-reviewed and pre-
print literature. The table is sorted by CD4 and then CD8 epitopes, and then by antigen and
starting position. The listing includes CD4 epitopes of 12-25 residues. Individual epitopes have
been assigned to unique clusters when they are nested within, or largely overlap (>70%
homology) with other epitopes. CD8 epitopes include all epitopes of 8-14 residues. Reported
epitopes without minimally defined class | or class Il restriction are not included. Respective
columns tabulate for each epitope the number of subjects tested and the number that had positive
responses, as tabulated by the IEDB’s Immunome Browser. The number of studies describing
each epitope is also tabulated, as well as the specific references; the number of references shown
may exceed the number of studies tallied, as some studies are cited for both pre-print and final
peer-reviewed versions. Epitopes that have been found to elicit positive responses in three or
more donors are designated as dominant, and are highlighted accordingly. HLA class | and I
restricting alleles, as reported in various studies, are also compiled for each epitope when known.

19



Table 1: Summary of results of epitope identification studies

# of different

# of donors restricting HLA
Reference Restriction Screening Readout Assay Readout # of Antigens molecules
strategy type epitopes  screened MHC
COVID- MHC
unexposed class
19 class | T
Chen, J Cell class 1/CD8 predicted in vitro Proliferation, ICS 1 S 3 1 NI
Mol Med, expansion (ex
2021 (Chen et Vivo
al., 2021) verification)
Ferretti, class 1/CD8 predicted ex vivo ELISA, 28 entire 78 6 NI
Immunity, cytotoxicity, proteome
2020 (Ferretti multimer staining
et al., 2020)
Gangaev, class 1/CD8 predicted ex vivo multimer staining 9 entire 18 4 4 NI
Research proteome
Square, 2021
(Gangaev et
al., 2020)
Habel, PNAS, | class I/CD8 overlapping in vitro ICS, multimer 14 S,N, M, 18 12 1 NI
2020* (Habel expansion, ex staining ORFlab
et al., 2020) Vivo
Joag, J class I/CD8 predicted in vitro ICS 1 N 10 1 NI
Immunol, 2021 expansion
(Joag et al.,
2021)
Kared, J Clin | class I/CD8 overlapping ex vivo multimer staining 45 entire 30 6 NI
Invest, 2021 proteome
(Kared et al.,
2021)
Keller, Blood, both predicted in vitro ELISpot 12 S, M, N, 11 NI 12
2020 (Keller et expansion E
al., 2020)
Le Bert, both predicted in vitro ICS 3 M, N, S 3 NI NI
bioRXiv, 2020 expansion
(Le Bertetal.,
2021, Le Bert
et al., 2020a)
Le Bert, both overlapping in vitro ICS 9 N, nsp7, 36 37 NI NI
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Nature, 2020 expansion nspl3
(Le Bertetal.,
2020b)
Lee, J Virol, class 1/CD8 predicted in vitro degranulation, 2 N 2 1 NI
2020 (Lee et expansion ICS
al., 2020)
Mahajan, both predicted in vitro ICS, AIM 10 S 17 NI NI
bioRXiv, 2020 expansion
(Mahajan et
al., 2020)
Mateus, both overlapping and in vitro ELISpot 138 entire 40 NI 30
Science, 2020 predicted expansion proteome
(Mateus et al.,
2020)
Nelde, Nat. both predicted in vitro ELISpot, ICS 49 entire 116 104 9 NI
Immunol, 2021 expansion proteome
(Nelde et al.,
2021)
Nielsen, class I/CD8 predicted ex vivo multimer staining 9 M, N, S 106 1 NI
bioRXiv, 2020
(Nielsen et al.,
2020)
Peng, Nat. both overlapping ex vivo ELISpot, 16 S, N, M, 42 16 6 NI
Immunol, 2020 multimer staining E,
(Peng et al., ORF3a,
2020) ORF®,
ORFT7a,
ORF8
Poran, class I/CD8 predicted in vitro multimer staining 11 S, N, M, 3 1 NI
bioRXiv, 2020 expansion E,
(Poran et al., ORF1lab
2020b, Poran
et al., 2020a)
Prakash, both predicted ex vivo ELISpot 27 entire 63 10 1 NI
bioRXiv, 2020 proteome
(Prakash et al.,
2020)
Rha, class 1/CD8 predicted ex vivo proliferation, 2 S, M,N 116 1 NI
Immunity, ICS, multimer
2021 (Rha et staining
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al., 2021)

Sahin, class 1/CD8 predicted ex vivo multimer staining 8 S 3 3 NI
medRXiv, 2020
(Sahinetal.,
2020)
Saini, class 1/CD8 predicted ex vivo multimer staining 409 entire 18 38 10 NI
bioRXiv, 2020 proteome
(Saini et al.,
2020, Saini et
al., 2021)
Schulien, Nat. | class I/CD8 predicted in vitro degranulation, 40 entire 26 8 9 NI
Med, 2021 expansion (ex ICS, multimer proteome
(Schulien et vivo staining
al., 2021) verification)
Sekine, Cell, class I/CD8 predicted ex vivo multimer staining 2 Orf3a, 11 18 2 NI
2020 (Sekine ORF®6,
et al., 2020) M, N, E,
S
Shomuradova, | class I/CD8 predicted ex vivo multimer staining 12 S 17 17 1 NI
Immunity,
2020
(Shomuradova
et al., 2020)
Snyder, class 1/CD8 predicted ex vivo AIM 235 entire 47 NI NI
medRXiv, 2020 proteome
(Snyder et al.,
2020)
Tarke, Cell both overlapping ex vivo AIM 734 entire 99 26 35
Rep Med, 2021 (CD4), proteome
(Tarke et al., predicted (CD8)
2021a)
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In this review, Grifoni et al. present a comparative and unified discussion of the latest research
investigating SARS-CoV-2 derived human CD4 and CD8 T cell epitopes and host immune response. It
further provides information that can impact vaccine design, cross-reactivity and immune escape
monitoring for SARS-CoV-2 variants.



