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SUMMARY
Knowledge of the epitopes of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) targeted by
T cells in recovered (convalescent) individuals is important for understanding T cell immunity against coro-
navirus disease 2019 (COVID-19). This information can aid development and assessment of COVID-19 vac-
cines and inform novel diagnostic technologies. Here, we provide a unified description and meta-analysis of
SARS-CoV-2 T cell epitopes compiled from 18 studies of cohorts of individuals recovered from COVID-19
(852 individuals in total). Our analysis demonstrates the broad diversity of T cell epitopes that have been re-
corded for SARS-CoV-2. A largemajority are seemingly unaffected by current variants of concern.We identify
a set of 20 immunoprevalent epitopes that induced T cell responses in multiple cohorts and in a large fraction
of tested individuals. The landscape of SARS-CoV-2 T cell epitopes we describe can help guide immunolog-
ical studies, including those related to vaccines and diagnostics. A web-based platform has been developed
to help complement these efforts.
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

the causative agent of coronavirus disease 2019 (COVID-19), has

led to a global public health crisis. Development of COVID-19 vac-

cinesanddiagnostic testsareaidedbyanunderstandingof thenat-

ural protective immune responses to SARS-CoV-2. This includes

humoral and cellular immunity, mediated by antibodies and

T cells, respectively. A significant amount of COVID-19 research

has focused on understanding antibody responses,1–3 but studies

informing on the role of T cells have also started to emerge.

Initial results suggest a potential key role of T cells in protecting

against COVID-19.4,5 Studies of individuals recovered from

COVID-19 have detected SARS-CoV-2-specific T cells 9months

after infection,6 showing promising signs for the potential of

T cells to provide lasting immunity. Longevity may be a concern

for antibody responses, which have been reported to decline

within few months after infection.7–9 Observations consistent

with this have also been reported for the most closely related hu-

man CoV, SARS-CoV, for which T cells have been shown to

persist up to 17 years after infection,10 whereas antibody re-

sponses waned after a few years.11

Characterizing SARS-CoV-2 T cell epitopes aswell as their hu-

man leukocyte antigen (HLA) association is important formultiple
Cell R
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reasons. It informs on the expected SARS-CoV-2 natural or vac-

cine-induced T cell responses in a population of specific

ethnicity or a specific geographical region, which is tied to the

composition of HLA alleles prevalent in that population. It can

help with assessing the T cell responses that may be induced

byCOVID-19 vaccines (which currentlymainly focus on the spike

[S] protein12) and provide possible directions for boosting the

T cell response by including specific immunodominant epitopes.

It can guide vaccine assessment studies probing whether a

vaccine induces T cell responses similar to those commonly

generated during natural infection. It can also aid withmonitoring

potential viral escape from T cell responses via genetic muta-

tions and can facilitate development of T cell-based diagnostics

for distinguishing recovered from unexposed individuals. T cell-

based diagnostics may have advantages over serological as-

says, given the uncertainties related to the appearance and

persistence of SARS-CoV-2-specific antibody responses in in-

fected individuals.7–9,13

Here we present a unified account of the current knowledge

(as of April 20, 2021) of SARS-CoV-2 T cell epitopes associated

with individuals recovered from COVID-19. We collate and

analyze data of T cell epitopes that have been identified experi-

mentally in independent studies of blood samples from different

cohorts. These data are compiled from 18 studies (15 published,
eports Medicine 2, 100312, June 15, 2021 ª 2021 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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3 preprints) of T cell responses in a total of 852 individuals recov-

ered from COVID-19 (Table 1). Our analysis highlights the

different characteristics of epitopes reported for SARS-CoV-2

and identifies a specific set of epitopes that appear to induce

T cell responses in multiple cohorts and in a large fraction of

tested individuals. This information regarding SARS-CoV-2

T cell epitopes can provide directions for future immunological

studies. We report a web dashboard we developed to support

these ongoing scientific efforts.

RESULTS AND DISCUSSION

In the 18 studies we considered, the set of recovered individuals

covers a population across four continents and well-distributed

age, gender, disease severity, and blood collection time within

and across studies (Table 1). Half of the studies have character-

ized T cell responses against the whole proteome, whereas the

others have focused on responses mounted against subsets of

SARS-CoV-2 proteins, typically involving the S and nucleo-

capsid [N] proteins. In the majority of cases, the T cell response

was measured in blood samples of individuals against a set of

peptides predicted by bioinformatics tools or earlier bioinformat-

ics-based analyses16,17,32 (reviewed in Sohail et al.46), whereas a

few studies employed overlapping peptide pools spanning the

SARS-CoV-2 proteome. All 18 studies reported optimal epitopes

along with cognate HLA information. Of these, 10 studies (1–10

in Table 1) experimentally determined HLA restrictions of the

reported epitopes by using multimer qualitative binding. Of the

remaining eight studies, one study (11 in Table 1) employed

mono-allelic cell line assays to identify specific HLA-restricted

epitopes, whereas others (12–18 in Table 1) inferred HLA restric-

tions using standard functional assays (such as activation-

induced markers [AIMs] or intracellular cytokine staining [ICS]/

enzyme-linked immunospot [ELISPOT] interferon g [IFN-g]

release) and HLA haplotype information for individuals. Although

the latter set of studies involved some predictive element in de-

convolving the HLA allele responsible for the observed response

from the individual’s haplotype, the reported HLA associations

were supported by HLA binding assays or use of accurate pep-

tide-HLA binding prediction methods.

A total of 711 unique T cell epitopes with information of a

cognate HLA allele have been reported in the 18 immunological

studies we considered (see STARMethods for details). Of these,

635 are CD8+ (HLA class I restricted), and 76 are CD4+ (HLA

class II restricted) (Figure 1A). The set of epitopes covers each

protein from the canonical reading frames of SARS-CoV-2

except open reading frame 7b [ORF7b] and ORF10. The largest

numbers of epitopes fall within S andORF1a—themost exposed

protein and the longest SARS-CoV-2 ORF, respectively. These

epitopes broadly cover almost the entire S protein, including

the receptor-binding domain, whereas the majority of epitopes

in ORF1a lie within the non-structural protein [nsp3] (PL2-PROP-

apain-like proteinase) and nsp4 proteins (File S1). These nsp3

and nsp4 proteins participate in assembly of virally induced cyto-

plasmic double-membrane vesicles, which are necessary for

viral replication.47

All identified epitopes have high genetic conservation (>0.9)

among the �860,000 SARS-CoV-2 sequences (as of April 20,
2 Cell Reports Medicine 2, 100312, June 15, 2021
2021), except for 24 epitopes (Figure 1B). Of these, three epi-

topes (612YQDVNCTEV620 in S and 305NVLFSTVFPPTSFGP319

and 309STVFPPTSF317, in ORF1b) have very low conservation

(�0.02) because they encompass mutations (S:D614G and

ORF1b:P314L, underlined) that are now dominant globally,

with the former mutation reported to have increased virus infec-

tivity and transmission.48–50 Two-thirds of the 24 epitopes (16 of

24) with low genetic conservation (<0.9) belong to S. Thesemake

up�8% (16 of 208) of all unique T cell epitopes derived from S—

4-fold higher than the fraction of epitopes with low conservation

derived from all other proteins (�2%, 8 of 503). This can be of in-

terest in the context of T cell responses against current COVID-

19 vaccines that focus largely on the S protein, assuming that the

T cell epitopes targeted in response to vaccination are similar to

those seen in recovered individuals. Although limited data are

currently available about epitope-specific T cell responses

following vaccination, this assumption is partially supported by

a study of eight S-derived epitopes reported to elicit T cell re-

sponses in vaccinated persons,51 of which we observe seven

to be targeted in recovered individuals (File S1). Of the 16 S-

derived T cell epitopes with low genetic conservation (<0.9), all

but one encompass sites harboring mutations that define the

variants of concern (VOCs) (Table S1).52,53 For example, the

epitope 495YGFQPTNGV503 encompasses the N501Y mutation

associated with the three VOCs B.1.1.7, B.1.351, and P.1, and

the epitopes 142GVYYHKNNK150 and 144YYHKNNKSW152

encompass the deletion at Y144 associated with two variants,

B.1.1.7 and B.1.525. The higher genetic variation observed in

S as opposed to other proteins is, at least in part, likely to be

driven by escape from neutralizing antibodies.54 Despite the po-

tential of S-derived epitopes to escape T cells elicited to target

the non-mutated epitopes (by natural infection or vaccination),

responses against the significant majority of S-derived epitopes

we studied are not expected to be affected by VOCs (Figure 1B).

Moreover, at the level of HLA alleles, for each of the 36 HLA al-

leles associated with S-derived epitopes, each of them is asso-

ciated with at least one conserved (>0.9) S-derived epitope (File

S1). Collectively, the observed heterogeneity of T cell responses

against SARS-CoV-2 provides little evidence to suggest that the

observed genetic variation in the S protein may significantly

affect T cell immunity, in line with a recent report.55 Escape

from T cell pressure may become an important evolutionary fac-

tor when strong and diverse selective pressure is imposed by

widespread vaccination, and this requires close monitoring.

The overall set of reported epitopes was associated with 52

HLA class I and II alleles (Figure 1C). Most HLA alleles are asso-

ciated with multiple epitopes, with each of 21 alleles having an

association with 14 epitopes or more. The same epitope may

be presented by multiple HLA alleles, as evidenced by studies

of the related SARS-CoV56 as well as other viruses.57 However,

for the majority of SARS-CoV-2 epitopes, only a single associ-

ated HLA allele has been reported so far (Figure 1D). This

appears in part to be due to the limited number of recovered

COVID-19 individuals who have been studied (Table 1). The

limited number of associated HLA alleles translates to a median

global population coverage estimate per epitope of only 12%

(Figure 1E). Thus, investigation of additional HLA alleles associ-

ated with the identified SARS-CoV-2 epitopes is required to



Table 1. Summary of immunological studies reporting SARS-CoV-2 T cell epitopes targeted in individuals recovered from COVID-19 (as of April 20, 2021)

No. Studya
Geography

(Country)

Total

Individuals

Gender

(Female/

Male)

Median

Age

(Range)

Disease

Severityb

(Asymptomatic

or Mild)

Disease

Severityb

(Moderate

or Severe)

Blood

Collection

Time (Days)c

Initial

Peptide

Selection

Procedured Proteins

Total

Peptides

Tested

T cell

Assay

Total

Distinct

Epitopes

Identified

1 Saini et al.14 Denmark 18 6/12 43.5 (29–82) 7 11 As close as

possible to the

first positive test

NetMHCpan-4.1 all 2,204 multimer

qualitative

binding

122

2 Kared et al.15 Baltimore/

Washington,

USA

30 12/18 42.5 (19–77) N/A N/A 27–62 after

symptom

resolution

Grifoni et al.;16

Prachar et al.17
all 408 multimer

qualitative

binding

46

3 Schulien et al.18 Germany 26 14/12 32.5 (24–56) 26 0 24 (14–70)

after symptom

onset

ANN-4.0,

SARS-CoV

epitopes16

S, N, M,

ORF1ab,

ORF3a

66 multimer

qualitative

binding

37

4 Poran et al.19 N/A 3 N/A N/A N/A N/A N/A HLAthena all 23 multimer

qualitative

binding

11

5 Shomuradova

et al.20
Moscow,

Russia

31 16/15 35 (17–59) 21 10 33 (17–49) after

positive test/after

disease onset

NetMHCpan-4.0

and identity with

SARS-CoV > 60%

S 13 multimer

qualitative

binding

10

6 Nielsen et al.21 Denmark 203 92/111 47 (21–79) 17 186 44 (14–129) after

symptom onset

N/A S, N, M 9 multimer

qualitative

binding

9

7 Chour et al.22 USA 2 0/2 50 (30–70) 0 2 6.5 (2–13) post

symptom onset

NetMHC-4.0 S 96 multimer

qualitative

binding

6

8 Sekine et al.23 Sweden 66 14/41 51 40 26 53.5 (IQR:

45.5–61) after

symptom onset

NetMHCpan-4.1 all 13 multimer

qualitative

binding

4

9 Nguyen et al.24 Melbourne,

Australia

7 1/6 32 (19–74) 6 1 90 (5–145) after

disease onset

overlapping

peptide pools

and 5 N-specific

immunogenic

peptides25,18,26,27

S, N, M N/A ICS IFN-g

release;

multimer

qualitative

binding

3

10 Rha et al.28 South Korea 37 18/19 46 (21–83) 23 14 46 (19–125)

after symptom

onset

N/A S, N, M 8 multimer

qualitative

binding

2

11 Ferretti et al.26 New Jersey/

Louisiana,

USA

78 55/23 19.5 (0–80) 55 23 49 (11–111)

post diagnosis

identification

of 20-mer peptides

by TScan screen29

followed by

NetMHC-4.0

all ~240 Single-allele

ELISA IFN-g;

multimer

qualitative

bindinge

28

(Continued on next page)

C
e
llR

e
p
o
rts

M
e
d
ic
in
e
2
,
1
0
0
3
1
2
,
J
u
n
e
1
5
,
2
0
2
1

3

R
e
p
o
rt

ll
O
P
E
N

A
C
C
E
S
S



Table 1. Continued

No. Studya
Geography

(Country)

Total

Individuals

Gender

(Female/

Male)

Median

Age

(Range)

Disease

Severityb

(Asymptomatic

or Mild)

Disease

Severityb

(Moderate

or Severe)

Blood

Collection

Time (Days)c

Initial

Peptide

Selection

Procedured Proteins

Total

Peptides

Tested

T cell

Assay

Total

Distinct

Epitopes

Identified

12 Nelde et al.30 Germany 116 55/61 44 (18–75) 36 80 37.7 (19–52)

after positive

test

SYFPEITHI-1.0,

NetMHCpan-4.0

all 120 ICS IFN-g

release;

ELISPOT

IFN-g release

47

13 Hu et al.31 Chongqing,

China

37 16/21 47 (20–67) 34 3 N/A NetMHCpan-4.0,

SARS-CoV

epitopes32,16

S, N 78 ELISPOT

IFN-g release

15

14 Habel et al.25 Melbourne,

Australia

18 10/8 54 (22–76) 11 7 47 (36–102) after

disease onset

NetCTLpan,

NetMHCpan

S, N, M,

ORF1ab

14 ICS IFN-g

release

14

15 Lineburg et al.33 Queensland,

Australia

37 23/14 51 (20–75) 7 5 62 (46–124) after

positive test

overlapping peptide

pools followed by

peptide matrix analysis

all N/A ICS IFN-g

release

4

16 Lee et al.34 New South

Wales,

Australia

2 N/A N/A 0 2 30–60 after

symptom

resolution

Network analysis35

followed by

NetMHCpan-4.1

and NetMHCIIpan-4.0

S, N 2 ICS IFN-g

release

2

17 Tarke et al.36 San Diego,

USA

99 58/41 41 (19–91) 90 9 67 (3–184) after

symptom onset

NetMHCpan-4.0 all 7,525 AIM

assay37
803

18 Peng et al.27 UK 42 16/26 57 (20–95) 28 14 42 (30–62) after

symptom onset

15- to 18-mer

peptides

overlapping by

10 residues,

SARS-CoV

epitopes32

all except

ORF1

450 ELISPOT

IFN-g release

46f

aStudies reporting precise epitopes along with the cognate HLA information.
bDefinition of disease severity varies among studies.
cIQR, interquartile range.
dNetCTLpan,38 NetMHC-4.0,39 NetMHCpan,40 NetMHCpan-4.0,41 NetMHCpan-4.1,42 SYFPEITHI-1.0,43 ANN-4.0,44 and HLAthena.45

eSix (of 28) epitopes were identified using multimer qualitative binding.
fOnly two (of 46) epitopes that were reported as precise epitopes with the cognate HLA information were considered.
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Figure 1. Features of SARS-CoV-2-specific T cell epitopes reported to elicit an immune response in blood samples of individuals recovered

from COVID-19

(A) The number of epitopes (n = 711) according to HLA class restriction. S, spike; E, envelope; M, membrane; N, nucleocapsid.

(B) The conservation of each epitope among the global SARS-CoV-2 genetic sequences (as of April 20, 2021). Further details of the S-derived epitopes (n = 16)

with low genetic conservation (<0.9) and their association with current VOCs are provided in Table S1.

(C) Diversity of HLA associations reported for SARS-CoV-2 epitopes. The number of epitopes associated with a particular HLA allele is shown in brackets.

(D) The number of HLA alleles associated with each epitope.

(E) Estimate of the global population coverage of each epitope (STAR Methods). The median is shown as a black circle and the median absolute deviation as an

error bar.
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providing a more accurate indication of their individual popula-

tion coverage. An expanded list of likely HLA associations may

be predicted for some of the reported epitopes by using prior

knowledge of genetically matched experimentally determined

T cell epitopes of SARS-CoV and their associated HLA alleles

(for details, see File S1 and Figure S1). These predictions,

when confirmed, would provide an increase in the median pop-

ulation coverage of the selected SARS-CoV-2 epitopes from

16.8% to 40%,with a few epitopes having around 60%coverage

(Figure S1).

Quantifying the immunodominance of each reported epitope-

HLA pair using the standard response frequency (RF) metric58–60

(STARMethods) revealed that 179 of the reported (812) epitope-

HLA pairs had an RF score exceeding 0.5, indicating that they

induced T cell responses in over half of the subjects tested

across studies (Figure 2A). Confidence in the estimated RF

values varies with the number of tested subjects, with higher

confidence being attributed to epitope-HLA pairs with larger

numbers of tested subjects (STAR Methods). The majority (159
of 179) of epitope-HLA pairs with an RF exceeding 0.5 had

been reported in a single study only. Among these, pairs with

high confidence appear promising, but responses against

them should be investigated in different cohorts to further

confirm their immunodominance. Responses against the re-

maining (20 of 179) epitope-HLA pairs were registered in more

than one study, and although per-study variation was observed

in the results (Figure S2), these pairs appear to be immunopreva-

lent.61 This is because responses against each epitope-HLA pair

were recorded for more than half of the tested recovered individ-

uals collectively across multiple studies despite differences in

characteristics of the donor cohorts (age, gender, geographical

location, and disease severity), blood collection time, and meth-

odology used to determine the epitopes (initial peptide selection

procedure and T cell assay) (Table 1).

All of the 20 identified immunoprevalent epitopes have high ge-

netic conservation (>0.9) (Figure 2B), and none of them encom-

pass mutations associated with the current VOCs. Interestingly,

35% of the immunoprevalent epitope-HLA pairs (n = 20) had an
Cell Reports Medicine 2, 100312, June 15, 2021 5
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identical match to experimentally determined SARS-CoV

epitope-HLA pairs (Figure 2B). This fraction of matched

epitope-HLA pairs is over three times higher than that (11%) in

the complete set of SARS-CoV-2 epitope-HLA pairs (p < 10�3,

Fisher’s exact test), suggesting thatmany of the immunoprevalent

T cell epitopes of SARS-CoV-2 are also cross-reactive to

SARS-CoV. Of the 20 identified immunoprevalent epitope-HLA

pairs, six each belonged to N and ORF1a, four to S, three

to ORF3a, and one to the membrane [M] protein (Figure 2B).

This indicates that �80% of the immunoprevalent epitopes lie

in proteins other than S, suggesting that vaccine candidates

targeting these proteins may have benefits in terms of T cell

immunity. Of the identified immunoprevalent epitopes, five

epitopes (HLA-A*02:01-restricted 269YLQPRTFLL277 in S, HLA-

B*07:02-restricted 105SPRWYFYYL113 in N, HLA-A*01:01-

restricted 207FTSDYYQLY215 in ORF3a and 1637TTDPSFL

GRY1646 in ORF1a, and HLA-A*24:02-restricted 1208QYIKWP-

WYI1216 in S) appeared to be highly immunoprevalent, eliciting

T cell responses in more than �60% of the tested individuals

recovered from COVID-19 in four immunological studies or

more. Collectively, around 71% of the global population is esti-

mated to carry the associated HLA alleles and, hence, may

generate a T cell response against at least one of these five epi-

topes. Two of these highly immunoprevalent epitopes

(105SPRWYFYYL113 in N and 269YLQPRTFLL277 in S) are attract-

ing considerable attention, and detailed analyses of T cell re-

sponses against them have been reported.24,25,33

The SARS-CoV-2 T cell epitope data we compiled and report

here were integrated into a web-based dashboard (Figure 3).62

This dashboard provides exportable data tables listing the

SARS-CoV-2 epitopes and graphic displays to summarize

different characteristics of the epitopes, including aggregate in-

formation as well as specific details of the individual epitopes.

We plan to update the dashboard with new experimental infor-

mation as it becomes available, with the goal of aiding further

research to understand T cell responses against SARS-CoV-2

and guide studies related to COVID-19 vaccines and diagnos-

tics. Although we focused the current study on SARS-CoV-2-

specific T cell responses recorded in recovered individuals,

knowledge of T cell epitopes targeted in animal studies63,64 is

also informative. These may inform potential immune targets in

COVID-19-infected individuals and can help guide further immu-

nological experiments that seek to probe T cell responses that

arise because of natural infection or those elicited by vaccina-

tion. The SARS-CoV-2 epitopes reported to be targeted in ani-

mal models were also incorporated into the web dashboard.

Overall, the data we described, based on recent experimental

studies, demonstrates an impressive and diverse list of SARS-

CoV-2 T cell epitopes targeted by individuals recovered from

COVID-19. Subsets of these epitopes exhibit desirable proper-
Figure 2. Identification of immunoprevalent SARS-CoV-2 T cell epitop

(A) Response frequency (RF) of unique epitope-HLA pairs versus the number of im

circle represents the confidence in the respective RF value (STAR Methods). T

reported in more than one study) are shown with a shaded background, and five

reported in at least four studies) are labeled.

(B) Details of the identified 20 immunoprevalent epitope-HLA pairs (ordered ac

determined experimentally for SARS-CoV are marked (#).
ties, including high genetic conservation and high RF across

multiple cohorts, and they appear to have the potential to collec-

tively induce a T cell response in a large fraction of the popula-

tion. Current knowledge of the landscape of T cell epitopes for

SARS-CoV-2 is still evolving, and further studies of different co-

horts of recovered individuals, encompassing a broad diversity

of HLA profiles, are required to provide a more comprehensive

understanding. Moreover, further systematic studies are

required to ascertain possible correlates between the responses

against T cell epitopes and disease protection. Knowledge of

SARS-CoV-2 T cell epitopes could play an important role in

contributing to the fight against COVID-19 by guiding diverse ap-

plications and novel technologies, including development,

assessment, and monitoring of vaccines and development of

improved diagnostic assays.

LIMITATIONS OF THE STUDY

There are multiple limitations of our study. Our analysis is unable

to make associations between epitope-specific T cell responses

and levels of disease severity, nor can it capture differences be-

tween T cell responses according to age or gender. The majority

of the immunological studies we investigate do not report

epitope-specific T cell responses at this level of detail, and,

hence, such an analysis could not be performed. In terms of

the HLA associations of the reported SARS-CoV-2 epitopes,

our study predicted additional associations based on homology

with experimental T cell epitopes of SARS-CoV and their associ-

ated HLA alleles (File S1). These additional HLA associations,

although promising, still need to be confirmed for SARS-CoV-2

by further immunological studies. Moreover, our analysis mainly

involved CD8+ T cell epitopes. This was due to the limited num-

ber of CD4+ T cell epitopes that have been reported so far with a

unique HLA allele association. Further experimental studies are

needed to precisely identify CD4+ T cell epitopes with distinct

HLA alleles. This would help to determine potential immunopre-

valent CD4+ epitopes in the global population, similar to those

reported for CD8+ T cells in this work, and would contribute to

providing a more comprehensive understanding of the relation-

ship between T cell responses and convalescence for COVID-

19.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
es

munolo

he 20 im

highly

cording
B Lead contact
gical studies reporting a T cell response against them. The size of each
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Figure 3. Snapshot of the web dashboard developed for reporting and analyzing SARS-CoV-2 T cell epitope data (as of April 20, 2021)

The web dashboard62 provides aggregated information regarding the T cell epitopes and their HLA associations. Exportable data tables are provided to aid

further research.
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T cell epitopes from convalescent

COVID-19 patients

Chour et al.22 Figure 3

T cell epitopes from convalescent

COVID-19 patients

Shomuradova et al.20 Table 1

T cell epitopes from convalescent

COVID-19 patients

Nelde et al.30 Extended Data Tables 2 and 3

T cell epitopes from convalescent

COVID-19 patients

Poran et al.19 Figure 3

T cell epitopes from convalescent

COVID-19 patients

Ferretti et al.26 Table 1

T cell epitopes from convalescent

COVID-19 patients

Peng et al.27 Tables 1 and 2

T cell epitopes from convalescent

COVID-19 patients

Kared et al.15 Figure S2

T cell epitopes from convalescent

COVID-19 patients

Schulien et al.18 Table S1

T cell epitopes from convalescent

COVID-19 patients

Habel et al.25 Figure 2B

T cell epitopes from convalescent

COVID-19 patients

Hu et al.31 Table 1

T cell epitopes from convalescent

COVID-19 patients

Nielsen et al.21 Figure 5B

T cell epitopes from convalescent

COVID-19 patients

Tarke et al.36 Tables S3 and S5

T cell epitopes from convalescent

COVID-19 patients

Sekine et al.23 Table S2

T cell epitopes from convalescent

COVID-19 patients

Saini et al.14 Table S5

T cell epitopes from convalescent

COVID-19 patients

Lee et al.34 Figure 13

T cell epitopes from convalescent

COVID-19 patients

Rha et al.28 Figure 1C

T cell epitopes from convalescent

COVID-19 patients

Lineburg et al.33 Table S3

T cell epitopes from convalescent

COVID-19 patients

Nguyen et al.24 Figure 3C

Response frequencies of SARS-

CoV-2 T cell epitopes

This paper File S1; Mendeley data: https://dx.doi.org/

10.17632/fwn3kbbh6y.1

Genetic conservation of SARS-CoV-2 T

cell epitopes among SARS-CoV-2

sequences (as of 20 April 2021)

This paper File S1; Mendeley data: https://dx.doi.org/

10.17632/fwn3kbbh6y.1

Total subjects tested for each SARS-

CoV-2 T cell epitope across studies

This paper File S1; Mendeley data: https://dx.doi.org/

10.17632/fwn3kbbh6y.1

Total subjects responded to each SARS-

CoV-2 T cell epitope across studies

This paper File S1; Mendeley data: https://dx.doi.org/

10.17632/fwn3kbbh6y.1

Additional HLA alleles predicted for

SARS-CoV-2 T cell epitopes

This paper File S1; Mendeley data: https://dx.doi.org/

10.17632/fwn3kbbh6y.1
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SARS-CoV-2 genome sequence data

for conservation analysis

GISAID (https://www.gisaid.org) All full genome and high coverage

sequences available as of 20 April 2021

SARS-CoV-2 reference genome for

aligning the sequences

https://www.ncbi.nlm.

nih.gov/nuccore/NC_045512.2

GenBank: NC_045512.2

SARS-CoV T cell epitope data IEDB; https://www.iedb.org/ IEDB was queried for epitopes with

positive MHC binding and positive T cell

assays using ‘‘Severe acute respiratory

syndrome-related coronavirus’’ as

‘‘Organism’’ on 21 February 2020.

Software and algorithms

SARS-CoV-2 T cell epitope web-dashboard This paper https://www.mckayspcb.com/

SARS2TcellEpitopes/

MAFFT Katoh and Standley65 https://mafft.cbrc.jp/alignment/software/

Estimated population coverage of SARS-

CoV-2 T cell epitopes based on

associated HLA alleles

IEDB Analysis Resource -

Population coverage tool

http://tools.iedb.org/population/download/
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Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact Matthew R. McKay

(m.mckay@ust.hk).

Materials availability
This study did not generate new materials.

Data and code availability
Compiled data of the SARS-CoV-2 T cell epitopes is available to download from the web dashboard, https://www.mckayspcb.com/

SARS2TcellEpitopes/. File S1 has been deposited to Mendeley Data: http://dx.doi.org/10.17632/fwn3kbbh6y.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We compiled data from 20 immunological studies that reported SARS-CoV-2 epitopes targeted by T cells in individuals recovered

from COVID-19. Two studies7,10 reported responses against synthetic peptide pool libraries using functional or molecular assays,

and identified long immunogenic peptides. As complete information of epitopes was not available in these studies, we focused

on the remaining 18 studies that provided precise epitopes along with their HLA restriction (Table 1). All statistics related to the pa-

tients that participated in each of these 18 studies (age, gender, geographical location, disease severity, blood collection time) are

summarized in Table 1. Across the considered 18 studies, the total number of recovered COVID-19 individuals was 852. A total of

1,209 epitopes were obtained from these immunological studies (Table 1). Removing the epitopes with no HLA allele information

and those for which the number of tested and responded patients was not reported at a distinct epitope-HLA level resulted in a total

of 711 unique epitopes (812 unique epitope-HLA pairs; listed in File S1).

METHOD DETAILS

Sequence data, epitope conservation and coverage
SARS-CoV-2 genomic sequences were obtained from the GISAID database (https://www.gisaid.org/) on 20 April 2021. We down-

loaded only the complete (full-genome) sequences derived from human hosts with high coverage using the options provided on the

GISAID database. All of the 859,233 downloaded sequences were aligned to the SARS-CoV-2 reference genome (GenBank:

NC_045512.2) using MAFFT.65 The genomic MSA was translated using an in-house code to obtain the protein MSAs. The positions

of the open reading frames provided with the reference sequence were used to identify the respective protein regions of the full

genome.

The conservation of each SARS-CoV-2 T cell epitope was calculated as the fraction of SARS-CoV-2 sequences that encompassed

the precise epitope sequence. The coverage of SARS-CoV-2 T cell epitopes at any position of a protein was calculated by counting

the number of epitopes that included that position.
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Response frequency (RF)
RF score58 was used to quantify the immunodominance of the SARS-CoV-2 epitopes reported to be recognized by T cells in recov-

ered COVID-19 individuals. The RF score of an epitope is defined as follows:

RF =

PS
i = 1ri

PS
i = 1ti

where ri is the number of subjects responding to the epitope in study i, ti is the number of subjects tested for a response against the

epitope in study i, and S is the total number of studies. An RF score calculated using a large number of tested subjects would bemore

reliable than one calculated using relatively few subjects. To account for this, we computed the 95% confidence interval for the RF

score of each epitope using the binomial cumulative distribution function58. In Figure 2, we defined the confidence in RF value of an

epitope as the inverse of the length of the corresponding 95% confidence interval. That is, values of RF with a smaller 95% confi-

dence interval have higher confidence, and vice versa.

Estimating global population coverage of epitopes
The global population coverage of an epitope refers to the percentage of individuals in the world population that is expected tomount

a T cell response against that epitope. The population coverage of a T cell epitope was calculated based on the HLA alleles asso-

ciated with it using the tool downloaded from the IEDB Analysis Resource (http://tools.iedb.org/population/download/). This tool

employs global HLA allele frequency data obtained from the Allele Frequency Net Database (http://www.allelefrequencies.net/) to

estimate the population coverage.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using MATLAB (R2019b) and the R language (version 3.6) using the RStudio server (version 1.3).

Theweb-based platformwas developed using the open source RShiny (version 1.5) development framework. Fisher’s exact test was

used to compute the statistical significance associated with enrichment of SARS-CoV epitopes among immunoprevalent SARS-

CoV-2 epitopes. The 95% confidence interval for the RF score of each epitope in Figure 2 was determined using the binomial cumu-

lative distribution function.58
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Figure S1. Estimated global population coverage of SARS-CoV-2 epitopes after augmenting HLA alleles associated with 

genetically-matched SARS-CoV epitopes. Related to Figure 1E. For 90 of the 711 experimentally-determined SARS-CoV-2 T cell 

epitopes, both epitope sequence and associated HLA alleles matched exactly with those of experimentally-determined SARS-CoV 

epitopes. This suggests that an epitope-HLA pair associated with a T cell response for one virus is likely to be associated with a 

response for the other1,2, and hence any additional HLA associations known for SARS-CoV epitopes3,4 could augment the limited 

information available for SARS-CoV-2. Based on this rationale, additional HLA alleles from SARS-CoV data were identified for 77 

of the 90 genetically-matched SARS-CoV-2 epitopes. For these 77 epitopes, the median population coverage significantly increased 

from 16.8% to 40.3% after augmenting HLA alleles from SARS-CoV data. Specific SARS-CoV-2 epitopes, such as 66FPRGQGVPI74 

in N and 171ATSRTLSYY179 in M, were estimated to cover a high percentage of global population (~60%) after data augmentation 

(Supplementary File S1). 

 



 
Figure S2. Response frequencies (RF) of immunoprevalent epitope-HLA pairs per individual study. Related to Figure 2. For 

the 20 immunoprevalent epitope-HLA pairs (having RF > 0.5 and reported in more than one study) (Figure 2B), the RF computed per 

study is represented by circles. The size of these points indicates the total number of subjects that were tested for the specific epitope-

HLA pair in a study. Note that each epitope-HLA pair in this set has RF > 0.5 in most of the immunological studies that reported a 

response against it. 



Table S1. List of S-derived epitopes with conservation less than 0.9 and their association with SARS-CoV-2 variants of concern 
(VOC). Related to Figure 1B. 
 
 

No. Epitope HLA Start Stop Conservation# Mutation$ VOC$ 

1 AYSNNSIAIPTNFTI HLA-DQB1*03:01 706 720 0.660 T716I B.1.1.7 

2 GVYYHKNNK HLA-A*03:01 142 150 0.649 Y144- B.1.1.7, B.1.525 

3 HVSGTNGTK HLA-A*68:01 69 77 0.634 
H69- 

B.1.1.7, B.1.525 
V70- 

4 IAIPTNFTI HLA-B*51:01,  
HLA-B*53:01 712 720 0.661 T716I B.1.1.7 

5 IPTNFTISV HLA-B*07:02,  
HLA-B*51:01 714 722 0.661 T716I B.1.1.7  

6 LPQGFSAL HLA-B*08:01, 
HLA-B*07:02 216 223 0.851 A222V B.1.177  

(lineage but not currently a VOC) 
7 NLVRDLPQGFSALEP HLA-DRB1*03:01 211 225 0.841 D215G B.1.351 

8 NSIAIPTNF HLA-B*57:01 710 718 0.661 T716I B.1.1.7 

9 QTNSPRRAR HLA-A*31:01 677 685 0.621 
Q677H B.1.525 
P681H/ 
P681R B.1.1.7 / B.1.617.1, B.1.617.2  

10 SPRRARSV HLA-B*08:01 680 687 0.639 P681H/ 
P681R B.1.1.7 / B.1.617.1, B.1.617.2  

11 SPRRARSVA HLA-B*07:02 680 688 0.636 P681H/ 
P681R B.1.1.7 / B.1.617.1, B.1.617.2  

12 SVLNDILSR HLA-A*68:01 975 983 0.664 S982A B.1.1.7 

13 VLNDILSRL HLA-A*02:01 976 984 0.664 S982A B.1.1.7 

14 YGFQPTNGV HLA-B*51:01 495 503 0.643 N501Y B.1.1.7, B.1.351, P.1 

15 YQDVNCTEV HLA-A*02:06 612 620 0.023 D614G B.1.1.7, B.1.351, P.1, P.2, 
B.1.427, B.1.525, B.1.526 

16 YYHKNNKSW HLA-A*24:02 144 152 0.636 
Y144- B.1.1.7, B.1.525 

W152C B.1.427 
# Computed based on 859,233 genomes. 
$ Information of VOC and their associated mutations was obtained from https://covariants.org/shared-mutations (accessed on 11 May 2021).  
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