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Prevalent and immunodominant CD8 T cell epitopes
are conserved in SARS-CoV-2 variants
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Highlights
e Among 123 eluted or predicted SARS-CoV-2 HLA-ligands, 29
are CD8 T cell epitopes

e Epitope immunoprevalence in non-vaccinated convalescents
ranges from 3% to 100%

e Epitope immunoprevalence and immunodominance is
strongly correlated

e Mutations in VOC are not driven by T cell escape
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In brief

Meyer et al. identify peptide sequences
from SARS-CoV-2 that are commonly
recognized by CD8 T cells in
convalescents. They demonstrate that
these sequences are conserved in VOC.
Thus, the emergence of VOC is not driven
by escape from T cell immunity.
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SUMMARY

The emergence of SARS-CoV-2 variants of concern (VOC) is driven by mutations that mediate escape from
neutralizing antibodies. There is also evidence that mutations can cause loss of T cell epitopes. However,
studies on viral escape from T cell immunity have been hampered by uncertain estimates of epitope preva-
lence. Here, we map and quantify CD8 T cell responses to SARS-CoV-2-specific minimal epitopes in blood
drawn from April to June 2020 from 83 COVID-19 convalescents. Among 37 HLA ligands eluted from five prev-
alent alleles and an additional 86 predicted binders, we identify 29 epitopes with an immunoprevalence
ranging from 3% to 100% among individuals expressing the relevant HLA allele. Mutations in VOC are re-
ported in 10.3% of the epitopes, while 20.6% of the non-immunogenic peptides are mutated in VOC. The
nine most prevalent epitopes are conserved in VOC. Thus, comprehensive mapping of epitope prevalence

does not provide evidence that mutations in VOC are driven by escape of T cell immunity.

INTRODUCTION

Since the pandemic started, there has been a series of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) waves
throughout the world. Each is driven by a new variant of concern
(VOC,) that is more transmissible than its predecessor. Enhanced
transmission can be secondary to enhanced binding to the
angiotensin-converting enzyme 2 receptor, faster replication,
or more effective cell fusion. Equally, if not more important, are
mutations in binding sites for neutralizing antibodies. Evasion
from neutralizing antibodies is likely to be the main reason why
re-infections occur with increasing frequency.’

A study of patients with multiple sclerosis showed that those
treated with B cell-depleting anti-CD20 antibodies had a high
risk of vaccine breakthrough infections, but that severe disease
was rare.” This suggests that protection against severe disease
is primarily mediated by T cells. A question of key importance is,
therefore, to what extent SARS-CoV-2 also evolves to evade
T cell immunity.’ Several studies have shown that T cells from
vaccinated individuals can recognize spike from Omicron.®*
Yet, there is also evidence that mutations can abolish T cell epi-
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topes,”™ and a recent study found that T cells from individuals
infected with ancestral SARS-CoV-2 failed to recognize the
spike protein from Omicron.®

It seems safe to assume that mutations driven by T cell im-
mune evasion would primarily affect epitopes that are prevalent
and immunodominant.® A wide range of SARS-CoV-2 CD8 T cell
epitopes has been previously reported.’? However, estimates
of prevalence and immunodominance vary greatly between
studies. A likely reason is that the number of donors that were
included per HLA class | allele was low (median, five).>®> The
aim of the present study was to identify immunodominant and
immunoprevalent antigens for CD8 T cells in individuals infected
with ancestral SARS-CoV-2 in 2020. Key aspects of the study
design were (1) inclusion of a large cohort (83 non-vaccinated
convalescents), (2) use of assays with high sensitivity and spec-
ificity, (3) validation of epitopes by mass spectrometry (MS) of
eluted human leukocyte antigen (HLA) ligands, and/or by
demonstration of T cell recognition of endogenously presented
antigen, and (4) an algorithm to calculate the population
coverage of epitopes based on HLA frequency and immunopre-
valence. We identified 29 immunogenic epitopes (9 previously
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not reported in IEDB), with a response prevalence ranging from
3% to 100% among individuals with the relevant HLA-allele.
Three of these (10.3%) have been shown to be mutated in
VOC. Among 97 pHLA combinations that were not found to be
immunogenic, 20 (20.6%) were mutated in VOC. The top nine
most prevalent epitopes were conserved in VOC. Thus, compre-
hensive mapping of epitope prevalence did not provide evidence
that mutations in VOC are driven by escape of T cell immunity.

RESULTS

Identification of a wide repertoire of SARS-CoV-2-
specific HLA ligands by MS

To identify naturally presented epitopes for CD8 T cells, we used
MS to analyze the HLA ligandome of 25 mono-allelic B721.221
cell lines overexpressing the SARS-CoV-2 structural proteins
spike (S, 3 truncated proteins), membrane (M), envelope (E), or
nucleocapsid (N). Collectively, the cell lines covered the most
prevalent HLA class | alleles in the Caucasian study population,
including HLA-A*01:01, HLA-A*02:01, HLA-A"03:01, HLA-
B*07:02, and HLA-B*08:01, with a cumulative phenotypic allele
frequency of 86.9%. Two additional cell lines expressing the
non-structural protein ORF3a and HLA-A*01:01 or HLA-
A*02:01 were analyzed. In total, we identified 37 pHLA combina-
tions (37 peptides) across the selected proteins (Table S1), of
which 33 were not previously validated by MS and thus represent
the largest dataset of eluted HLA ligands. '®** SARS-CoV-2 pep-
tides identified in the discovery approach were further validated
using synthetic peptide analogs. Peptides with a spectral simi-
larity score of 0.8 and above were considered unambiguous
(Figures 1A and 1B, Data S1). Because of limitations in the
sensitivity of MS, we next complemented this list with 85 addi-
tional 9- and 10-mer peptides predicted to bind with high
affinity (NetMHCpan4.1 BA_Rank < 0.2% and NetMHCA4.0
Rank < 0.25%) to the selected HLA alleles as well as one identi-
fied weak binder from literature®® yielding a total of 126 pHLA
combinations (123 peptides) (Figure 1C, Table S1) for experi-
mental identification of epitopes in convalescents.

Highly immunoprevalent and immunodominant SARS-
CoV-2-specific epitopes can be identified following
short-term in vitro expansion

We included a large cohort of HLA-typed non-vaccinated coro-
navirus disease 2019 (COVID-19) convalescents (mild to severe
disease) and healthy controls (Table S2) in Norway, representa-
tive of European Caucasians. Blood was drawn from convales-
cent individuals from April to June 2020, at which time only infec-
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tions with wild-type SARS-CoV-2 were reported (earliest
documented cases with B.1.1.7 in UK reported by the World
Health Organization in September 2020 and in November in
Norway).*® Study subjects were included based on a positive
SARS-CoV-2 PCR test (n = 93) or positive antibody response
alone (n = 3). Among the 93 individuals from whom serum was
available, 73 showed antibody responses to the receptor binding
domain and nucleocapsid protein of SARS-CoV-2 (Figure 2A).
Fourteen pandemic (PCR negative and antibody negative) and
19 pre-pandemic healthy controls were included in this study.
To identify the peptides with the highest immunoprevalence
among the candidates, we initially included 50 of the 84 conva-
lescents expressing at least one of the five selected prevalent
HLA alleles (range, 14-30 convalescents per allele). To evaluate
the pre-existence of responding memory T cells we included
seven to nine pre-pandemic individuals per HLA allele (a total
of 19 different pre-pandemic individuals). It was previously
demonstrated that even dominant T cell epitopes might be lost
when analyzing T cell responses in vitro without previous ampli-
fication, thus dramatically decreasing sensitivity for epitope
detection.?>®" In accordance with this, we expanded memory
responses during a short-term in vitro culture for 7 days, which
is too short to induce confounding naive T cell responses. Cul-
tures were performed in the presence of peptides, before label-
ing with pHLA multimers (Figure 2B). An individual was classified
as responder to a peptide if the multimer population (1) con-
tained at least five clearly double-positive events (each multimer
conjugated to two different fluorochromes), (2) constituted
0.005% or more of the live CD8, and (3) formed a tight cluster,
similar to previously defined parameters.®® Using these strict
criteria, we identified 29 CD8 T cell epitopes (Figure 2C, Tables 1
and S3), which gave a response in a median of 30% of convales-
cents per epitope (range, 3%-100%) (Figure 3). Among pre-
pandemic individuals, we found scattered responses to 10 of
these epitopes (Figures 2D, 3, Table 1), and none to pHLA com-
binations that did not induce a response in convalescents
(Table S3). For six of these, a response was found in only one
pre-pandemic sample (11%), whereas four epitopes induced a
response in 29%-57% of pre-pandemic individuals (2-4 re-
sponses in 7-9 donors) (Table 1 and Figure 3). All 29 immuno-
genic epitopes were specific for SARS-CoV-2. When calculating
the mean homology across the four most frequent human coro-
naviruses (HCoV), the 10 epitopes that induced a response in
pre-pandemic individuals were, however, significantly more ho-
mologous to HCoV than the 19 that did not (44%; interquartile
range [IQR], 26%-63% vs 15%; IQR, 7%-33%; p = 0.02, Wil-
coxon test) (Table 1). Consistent with the presence of memory

Figure 1. Identification of candidate SARS-CoV-2 CD8 T cell epitopes from eluted HLA class | ligands and by prediction

(A) Representative MS/MS fragmentation spectra of eluted and synthetic HLA class | peptide (N;7_g7) identified from mono-allelic B721.221 cells expressing the
SARS-CoV-2 protein and calculation of similarity score using the SpectrumSimilarity function in the R package OrgMassSpecR.

(B) Display of peptides identified by MS in the exploratory approach considered as true identifications based on the calculation of the similarity score between the
exploratory and synthetic peptide (score >0.8; n = 37). Orange bars represent peptides that were found to be true epitopes in subsequent analysis of T cell
responses (data shown in Figures 2, 3 and Table 1). Labels show HLA restriction (A1 = HLA-A*01:01; A2 = HLA-A*02:01; A3 = HLA-A*03:01; B7 = HLA-B*07:02;

B8 = HLA-B*08:01) and peptide name.

(C) Schematic outline of peptide selection. Thirty-seven HLA class I-restricted peptides from SARS-CoV-2 proteins expressed in mono-allelic B721.221 cells
were identified by MS, an additional 85 by prediction (NetMHCpan4.1 [BA-Rank < 0.2%]; NetMHC4.0 [Rank < 0.25%)]), and one from literature, yielding a total of

123 peptides (126 pHLA combinations) (Table S1). UTR, untranslated region.

Cell Reports 42, 111995, January 31, 2023 3
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Figure 2. Identification of immunogenic SARS-CoV-2 CD8 epitopes by screening of convalescents by tetramer staining
(A) Antibody responses to the receptor-binding domain (RBD) located in the spike protein (y axis) and to the nucelocapsid (N) protein (x axis). In contrast with
individuals with a negative SARS-CoV-2 test (pandemic controls; n = 14; red), non-vaccinated convalescent COVID-19 individuals raise antibodies (n = 93; blue)

(legend continued on next page)
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responses cross-reactive to these epitopes in some individuals,
two of the four epitopes evoking a response in the highest
percentage of pre-pandemic individuals have been previously
identified as dominated by memory T cell responses to
HCoV (N1gs-113; SPRWYFYYL and Nps7_sgs; KPRQKRTAT),25:%°
although some controversy exists as to whether T cell reactivity
to the N1os_113; SPRWYFYYL epitope is de novo.*®

Among the epitopes identified in this first cohort, four were
recognized by 100% of the tested convalescsent individuals
(derived from S1 [1], N [1] and O3a [2]), and an additional four
(derived from N, S, and O3a) were recognized by 80% or more
(Figure 3, closed symbols, Table S3). To further improve the con-
fidence of our prevalence estimates, we determined CD8 T cell
responses to 10 epitopes with an estimated immunoprevalence
of more than 50% in a second cohort consisting of 33 convales-
cent donors not included in the first cohort (Figure 3, open sym-
bols, Table S3). For nine epitopes the estimated immunopreva-
lence was very similar, while one epitope was found less
frequently in the second cohort (Fisher’s exact test p < 0.05) (Fig-
ure S2). There were also no clear differences in T cell responses
by severity of COVID-19 (hospitalized versus non-hospitalized)
(Figure S3). Combining all data, nine epitopes showed an immu-
noprevalence of 70% or higher (Table 1). Six of these epitopes
were immunogenic in at least 90% of individuals. Two highly im-
munoprevalent epitopes (>80%) were identified in this study,
with no data previously reported in the Immune Epitope Data-
base (IEDB): S37g-3s87 (HLA-A*03:01; KCYGVSPTKL), a 10-mer
with poor predicted HLA binding that was identified by MS;
and O3asp3_»12 (HLA-A*01:01; LHSYFTSDYY). Another seven
additional epitopes with greater than 70% immunoprevalence
had no data in the IEDB (Tables S3 and 1).

A strong correlation between immunoprevalent and
immunodominant epitopes and between the magnitude
of responses to immunodominant epitopes

Demonstrating the reproducibility of our multimer assay, we
found a strong correlation between the magnitudes of response
in paired samples obtained from the same individual (r = 0.949,
p < 0.001) (Figure 4A). These data also indicate that a single sam-
ple accurately represents the immune status of a given individual.
Immunodominance (size of the multimer positive population in re-
sponding individuals) was strongly correlated with immunopreva-
lence (frequency of responding donors) for the 29 immunogenic
epitopes (Spearman’s rho = 0.798; p < 0.001) (Figure 4B). We
next analyzed the correlation between the magnitude of re-
sponses to the nine mostimmunoprevalent epitopes in individuals
tested for responses to at least two epitopes. Of the 30 epitope
pairs with data from at least 5 individuals, 27 (90%) showed pos-
itive correlations (Spearman’s rho median, 0.55; IQR, 0.30-0.68),
of which 10 were statistically significant (30%; p < 0.05 and a false
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discovery rate of <0.1) (Figures 4C and 4D, S4). All but one epitope
showed a statistically significant correlation with at least one other
epitope (median, 2). This included significant associations be-
tween responses to epitopes derived from the same or different
proteins and restricted by the same or different HLA allele. We
then went on to perform a pooled analysis of normalized data
across the nine most immunoprevalent epitopes from the 82 con-
valescents who were each tested for two or more of the epitopes.
Here, we confirmed a strong association between multimer
response magnitudes across epitopes after adjusting for donor
age and time since SARS-CoV-2 infection,*' representing poten-
tial confounders (Figures 4E and 4F). These data indicate that
HLA- and age-independent individual factors are important deter-
minants of the quality of CD8 T cell responses to SARS-CoV-2.

Identified immunoprevalent epitopes are naturally
presented and recognized by T cells

We next validated that T cells responding to the identified epi-
topes did indeed recognize naturally processed and presented
antigens. To this end, multimer-positive T cells from convales-
cent individuals and one pre-pandemic sample were sorted for
the expansion and generation of T cell lines. The activation of
expanded T cell lines was measured by flow cytometry after
co-culturing them with mono-allelic B721.221 cells transduced,
or not, to endogenously express the relevant SARS-CoV-2 pro-
tein, using peptide-loaded target cells as a positive control. All 13
tested epitopes, derived from different SARS-CoV-2 proteins
and including 7 of the most immunoprevalent epitopes, were
validated (Figure 5A and Table 1). Five T cell lines were also
tested for cytotoxic ability (five peptides), confirming efficient
killing (Figure 5B). For two epitopes, we were unable to success-
fully expand T cell lines from sorted cells. AT cell line recognizing
the 9-mer (O3ayg7.015; FTSDYYQLY) cross-reacted with the cor-
responding 10-mer (O3aspe.215; YFTSDYYQLY), and vice versa
(Figure 5C), an observation made also for additional T cell lines
generated from several convalescent individuals, reactive to
the same two peptides (Figure S5B).

A setincluding the nine most immunoprevalent epitopes
is predicted to induce an immune response in 83.3% of
the European Caucasian population

Population coverage of epitopes depends on (1) the frequency of
relevant HLA alleles in the population, and (2) the probability that
an individual will mount an immune response to at least one
epitope, given their combination of HLA alleles. Based on HLA
allele frequency distribution alone, we estimated that our set of
nine immunoprevalent epitopes could induce an immune
response in 83.7% of the European Caucasian population.*?
However, it has become clear from this study and others that im-
munoprevalence differs widely between immunogenic epitopes.

against RBD and/or nucleocapsid. Dashed black lines represent thresholds used to designate positive tests for each of the antibodies. Responses are displayed
as ratio of MFI values obtained for specific recognition (MFlag) and blank (MFlyjank)-

(B) Schematic outline of multimer staining assay for the identification of CD8 epitopes. Peripheral blood mononuclear cell (PBMC) of pre-pandemic (n = 19) and
COVID-19 convalescent (n = 83) individuals were loaded with peptides (n = 123; 100 ng/mL per peptide), followed by a 7-day expansion. Immunogenic peptides

were identified by combinatorial multimer staining (gating strategy Figure S1).

(C) Representative plots for all immunogenic peptides (n = 29) in convalescent COVID-19 individuals.
(D) Representative plots for immunogenic peptides (n = 10) identified in pre-pandemic controls. Peptides identified by MS are highlighted in orange.
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Table 1. Immunogenic SARS-CoV-2 peptides (n = 29) identified by multimer staining in samples from convalescents and pre-pandemic controls sorted from highest to lowest % O
immunoprevalence in convalescents expressing the relevant HLA allele g %
Peptide Sequence HLAallele  Protein BA _rank (%) Immunoprevalence (95% Cl) MS  Functional ~ Homology HCoV (%) Not in the IEDB (J_>> _%‘
validation oM
convalescents  pre- OC43 NL63 HKU1 229E Cr/n> 0
pandemic o
N1o5-113 SPRWYFYYL B*07:02 nucleocapsid  0.02 100 (89-100) 57 (18-90) X 89 56 89 67
OBagp7-215 FTSDYYQLY A*01:01 ORF3a 0.01 100 (83-100) 0 X X 22
OB8agpe-215 YFTSDYYQLY A*01:01 ORF3a 0.02 100 (83-100) 0 X 0
So9-277 YLQPRTFLL A*02:01 spike 0.02 98 (90-100) 11 (0-48) X X 44 44 44 33
O3ai39-147 LLYDANYFL A*02:01 ORF3a 0.01 91 (79-97) 0 X 0 0 0 0
Nass-374 KTFPPTEPK A*03:01 nucleocapsid  0.05 90 (73-98) 0 X X 33 44 44 0
OB8agp3-212 LHSYFTSDYY A*01:01 ORF3a 0.10 86 (57-98) 0 0 30 0 0
S378-387 KCYGVSPTKL A*03:01 spike 7.90 83 (64-94) 11 (0-498) X X 40 30 0 30
Nos7-265 KPRQKRTAT B*07:02 nucleocapsid  0.05 70 (46-88) 29 (4-71) 67 67 78 56
OB8azz-go ALSKGVHFV A*02:01 ORF3a 0.11 53 (39-67) 0 X X 0 44 0 0
Sgo-97 GVYFASTEK A*03:01 spike 0.05 45 (26-64) 0 X 33 44 33 33
Sge5-874 LTDEMIAQYT A*01:01 spike 0.12 45 (23-68) 0 X 40 30 40 30 X
N77_g7 NSSPDDQIGYY  A*01:01 nucleocapsid  0.07 36 (13-65) 0 X X 0 45 27 27
Nooo_030 LLLDRLNQL A*02:01 nucleocapsid 0.14 33 (17-53) 0 X X 33 33
OB3azs-43 IPIQASLPF B*07:02 ORF3a 0.09 30 (12-54) 0 0 0
Si192-1200  NLNESLIDL A*02:01 spike 1.01 30 (15-49) 44 (14-79) X 56 33 56 56
Sgea-873 LLTDEMIAQY A*01:01 spike 0.01 29 (8-58) 0 40 0 30 30
Neg6_74 FPRGQGVPI B*07:02 nucleocapsid  0.01 25 (9-49) 0 X 67 44 89 44
O3ags-72 TLKKRWQLA B*08:01 ORF3a 0.10 21 (5-51) 0 0 33 0 0 X
N1o0a-112 LSPRWYFYY A*01:01 nucleocapsid  0.08 21 (5-51) 11 (0-48) 89 89 89 67 X
S109-117 TLDSKTQSL A*02:01 spike 1.55 20 (8-39) 11 (0-48) 44 56 44 44
Nass-375 KTFPPTEPKK A*03:01 nucleocapsid  0.06 17 (4-41) 11 (0-498) 40 0
Nooo_030 LLLDRLNQL B*08:01 nucleocapsid  0.19 14 (2-43) 29 (4-71) 33 33 X
Sioo0-1008 ~ RLQSLQTYV A*02:01 spike 0.16 13 (4-31) 0 X 56 44 56 44
S787-795 QIYKTPPIK A*03:01 spike 0.14 11 (1-35) 11 (0-48) X 22 22 22 44
S367-378 VLYNSASFSTFK  A*03:01 spike 0.01 11 (1-35) 0 X 25 0 33 X
OB3agps212 HSYFTSDYY A*01:01 ORF3a 0.06 7 (0-34) 0 X 0 X
Mes_73 FVLAAVYRI A*02:01 membrane 0.11 3(0-17) 0 22 0 0 22
Mso_s9 LIFLWLLWPV A*02:01 membrane 0.39 3 (0-17) 0 60 50 60 60 X

Cl, confidence interval; BA, binding affinity. Functional validation, T cell lines functionally tested; Homology, % sequence identity with human common cold coronaviruses (HCoV); Not in the IEDB,
not previously reported as immunogenic in the IEDB.
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Figure 3. Epitopes induce responses of different magnitudes in COVID-19 convalescents after in vitro stimulation

Magnitude of CD8 T cell responses to the 29 immunogenic SARS-CoV-2-derived epitopes, as determined by multimer staining in non-vaccinated convalescents
and pre-pandemic controls (individual data points with mean). Closed symbols (e), cohort 1 (50 convalescents + 19 pre-pandemic controls); open symbols (o):
cohort 2 (33 convalescents). For each peptide the number of responses identified among the number of individuals tested for each pHLA combination is displayed

above the x axis. Color code: HLA restriction.

Estimates of immunoprevalence for the same epitope may also
differ in-between studies, which can be illustrated by data from
the IEDB (Figure 6). Between-study heterogeneity may be ex-
plained by sampling variation due to low numbers of patients
tested for each epitope in many studies, as well as differences
in methodology.

To quantify the impact of immunoprevalence in the setting of
population immunity, we developed an algorithm to estimate
the population coverage of an epitope set adjusted for immuno-
prevalence. For our top nine epitopes, we estimated an adjusted
population coverage of 83.3% (95% confidence interval [Cl],
82.8%-83.5%) (Figure S6). This is almost identical to the
coverage based solely on HLA allele frequency, since the immu-
noprevalence for these nine epitopes was very high. For compar-
ison, we calculated the adjusted population coverage of 1,000
random sets of 9 immunogenic epitopes from IEDB with varying
immunoprevalence, keeping the distribution identical to that of
the HLA alleles restricting our top epitopes. The results showed
that the average population coverage for a set of nine epitopes
was 46.3% (range, 17.8%-75.5%).

There is no association between immunoprevalence and
mutations

Collectively, mutations listed for VOC (Table S4) affected 23 of
the 126 candidate pHLA combinations tested here (Table S3).
The frequency of mutations was similar among pHLA combina-

tions identified as epitopes 10.3% (3/29; 95% Cl, 0%-20.7%)
and the remaining non-immunogenic pHLA 20.6% (20/97; 95%
Cl, 13.4%-28.9%) (Fisher’s exact test, p = 0.3). Importantly,
the mutations did not affect any of the top nine most prevalent
epitopes (Fisher’'s exact test, p 0.2 vs non-immuno-
genic pHLA).

DISCUSSION

Previous studies on the prevalence of CD8 T cell epitopes in
SARS-CoV-2 have included few individuals per HLA-allele
(median, 5)°° and meta-analysis is difficult because of variations
in methodology. For this study, we obtained peripheral blood
samples from 83 non-vaccinated COVID-19 convalescents
from April to June 2020. The high included number of individuals
expressing one or more of the five most common HLA alleles in
European Caucasians is a strength of the study (average, 19;
range, 14-30) (Table S3). We tested reactivity to a large set of
126 pHLA combinations, using highly sensitive methods that
detected responses with very high reproducibility (Figure 4A)
(r = 0.95). Twenty-nine epitopes were identified, and the top six
and top nine were recognized by T cells from 90% and 70% or
more of individuals with the restricting HLA-type, respectively.
Endogenous processing and presentation were confirmed by
T cell activation and target cell killing for all tested epitopes,
and pre-pandemic control donors responded only to epitopes

Cell Reports 42, 111995, January 31, 2023 7




¢? CellP’ress Cell Reports

OPEN ACCESS

A K 10
2 o 1.00 A ...o . .
o r=0.949 L y @ %
i , <]
S 4l p <0.001 i g %751 .
£ ©
3 ; ] 0504 o rho = 0.798
£ g *e 1 <0.001
@ < ]
5 0.1 2 o 0%
% £ 0254 T % o
B £
© e . .
S neg 000-L9® : 1 :
R K ... * | | 0.01 0.1 1 10
@ neg 01 ! 10 Immunodominance
First sample (multimer* CD8 %) (Multimer+ CD8 T cells (mean %))
7215
C A 03220 E Normalized response rank (Z-score)
2 271r=0.48 p<0.001 n=82
A1 O3azs212 029 [N 02020% 2 . - . | o
A1 03206215 0-24 . M 033205.2«5 1
vy f
A2 O3aise.1s7 033 0.8 057 N2 033 E .
A2 Sp69.277 0.18 0.8 061 A2 57.69’7'71 §
-1
A3 Nggozra 09 -0.2 0.8 N Nago?™
0.77 -0.54 0.77 0.48 0.55 0.43 7269 -1 0 1
BT Nzst.ze 81 Moo Multimer 1
B7 N1057113 -0.09 -0.74 0.14 0.29 0.55 B,{ N\05’“3 F
E i
A3 Suese 02 06 05 0.45 2 oo
c
| — T 2
-0.74 -0.19 035 09 3
D 504 |
rho=0.87 p=0.005 n=8 rho=0.63 p=0.005 n=18 ES
! . ! . 58
g e Ed
% g : E 0.2+
15 ‘. © . ’ €
Z o041 . 80,1 . §
N~ . =
4} ! . 2 PR £ 0] e +
9]
g Days from Donor  Multimer
07 T T 0 . - pos COVID- age response rank
0 0.1 1 0 0.1 1 10 19 to sample to another
A3 Sazs-387 B7 Nios-113 draw epitope
rho=0.67 p=0.023 n=11 rho=0.82 p=0.002 n=11 rho=0.77 p=0.006 n=11 rho=0.82 p=0.002 n=11
! ! 1 1 . ;
© I5e] %) . %) .
0.1 . 0.1 » 0.1 . 0.1 .
8 . 2 P 2 T . 2 L =
N . < . . .
< . 1 . .
o1 — ! oL h— 01 T T 0 T T
0.1 1 0 0.1 1 0 0.1 1 0.1 1
A3 N366»374 A3 8378-367 A3 N366-374 A3 8378-387
rho=0.57 p=0.032 n=14 rho=0.75 p<0.001 n=53 rho=0.43 p=0.02 n=29 rho=0.68 p<0.001 n=20
1 R 1 . ¢ * 4 - 1 .
S et s Da N S 8
(‘g . -, (‘é_’ . ‘..'. L § T L . 5 .
8" Bo- AR Zo1 M. Zoa R
> . S :.-...' b . . o . .
0 . . 0 e w e 0 : . 0 o e e
0 0.1 1 0 0.1 1 0 0.1 1 0 01 1 10
A1 033206-215 A2 S269-277 A3 3378»387 B7 N105-113

(legend on next page)

8 Cell Reports 42, 111995, January 31, 2023



Cell Reports

showing homology with HCoV, confirming specificity. Thus, we
provide strong evidence that the T cell response against
SARS-CoV-2 is convergent.

An important aspect of the study is that we could compare the
frequency of mutations in immunogenic versus non-immuno-
genic pHLA combinations. This was possible because of the pre-
cise data on immuno-prevalence. The analysis showed that the
nine most prevalent epitopes in ancestral SARS-CoV-2 are
conserved in VOC, including Omicron BA.1, BA.2. BA.4, and
BA.5 (Tables S3 and S4). Moreover, when considering all the
126 pHLA combinations that were studied here, consistent mu-
tations in VOC have been reported for 10.3% of those identified
as immunogenic in our study, compared with 20.6% of those
that were not found to be immunogenic. Thus, there was no as-
sociation between mutations and epitope prevalence. These re-
sults are difficult to reconcile with the view that variants evolve to
escape T cell immunity.”’

Our results raise questions about the notion that infection with
ancestral SARS-CoV-2 leaves an imprint on the immune system,
hampering immune responses to subsequent infection with
Omicron variants.® That conclusion was drawn on the basis of
results showing a lack of T cell memory responses to the spike
protein in individuals who were first infected with ancestral
SARS-CoV-2 and later with Omicron. However, since the most
prevalent epitopes in spike from ancestral SARS-CoV-2 are
conserved in Omicron, it is difficult to see how an imprint would
interfere with memory responses. These epitopes are also the
most prevalent after vaccination.®" Our results are, however, in
agreement with studies showing that previous infection or hybrid
immunity, that is, previous immunity combined with vaccination,
provides better protection against infections than does vaccina-
tion alone.®?

An important observation was that there seems to be a strong
correlation between immunodominance and immunopreva-
lence. Moreover, we found that individuals with a strong
response to one immunoprevalent epitope generally had potent
responses to other epitopes presented on different HLA alleles,
including epitopes derived from different SARS-CoV-2 proteins.
These associations span both de novo responses to unique

¢ CellP’ress

SARS-CoV-2 epitopes and those likely caused by boosting of
a memory pool resulting from prior HCoV exposure, including
the B*07:02-restricted epitopes Nigs_113 (SPRWYFYYL) and
Nos7_oss (KPRQKRTAT).?®° Moreover, this suggests that the
previously demonstrated association between a strong
response to SPRWYFYYL with milder COVID-19°° might be
related to overall strong responses to multiple epitopes, rather
than an essential role for this epitope in individuals expressing
B*07:02. Multivariate linear regression analysis confirmed a
strong association between multimer response ranks of each
donor to different epitopes also after adjusting for potential con-
founders, including age and time between sampling and infec-
tion. Collectively, these results suggest that the magnitude of
T cell responses to SARS-CoV-2 are determined by factors
that are independent of HLA type, consistent with genome-
wide association studies (GWAS) studies that have demon-
strated a lack of association between HLA type and COVID-19
disease severity.**

Ultimately, T cell responses depend on the efficacy with which
antigen-presenting cells expressing a particular peptide-major
histocompatibility complex (MHC) complex can stimulate
T cells, the size of the T cell receptor repertoire that can recog-
nize the complex, and the overall “fitness” of the T cells. It is un-
likely that there are substantial variations in the overall diversity
of TCR repertoires among individuals independent of HLA type
and age.**°° However, GWAS studies have identified XCR1, ex-
pressed on dendritic cells and important for cross-presentation,
and CCR9 and CXCR6, chemokine receptors on T cells, as
genes associated with COVID-19 disease severity.>® In support
of a potential role for differences in the ability to prime and boost
T cell responses, previous studies have demonstrated
that impaired innate immunity is associated with a lack of
COVID-19 disease control’”*® and highlighted the importance
of type | interferon responses.”®®° Taken together, this might
suggest that the likelihood of responding to SARS-CoV-2-spe-
cific epitopes is primarily linked to the prime/boost capabilities
of the innate immune system and/or T cell “fitness” of a given in-
dividual, independent of HLA type and T cell repertoires respon-
sive to particular epitopes.

Figure 4. CD8 T cell response magnitudes to immunoprevalent SARS-CoV-2-specific epitopes are coordinated and age- and HLA-in-
dependent

(A) Multimer responses in paired samples from a single individual (Pearson correlation, r = 0.949; p < 0.001). Each point represents a pair from one individual
(7 convalescents; on average 56 days [range, 38-81 days] between sampling).

(B) Correlation between the mean size of multimer positive populations across convalescent individuals with a response (i.e., inmunodominance) and the
proportion of convalescent individuals who showed an immune response (i.e., immunoprevalence) for each epitope where a specific CD8 T cell response was
found by multimer staining (Spearman correlation; rho = 0.798, p < 0.001).

(C) Correlation between the magnitude of responses to the nine most immunoprevalent epitopes (Spearman’s rank correlation). Each field displays the estimated
correlation coefficient between a pair of epitopes. Statistically significant correlations (p < 0.05) with background color proportional to the strength of correlation
(blue = positive; red = negative). Note that sample size varies between comparisons depending on the number of donors with a given HLA allele combination.
(D) Epitope pairs where multimer response magnitudes show a statistically significant correlation (Spearman’s rank correlation, p < 0.05). Each dot represents
paired multimer response measurements in the same convalescent individual. First row, peptides binding to same allele; second row, peptides binding to A*02:01
vs A*03:01; third row, B*07:02 vs A*02:01 or A*03:01. Plots for all other correlations are shown in Figure S4.

(E) Example plot showing the linear correlation between the transformed multimer response ranks of randomly selected pairs of epitopes from the same
convalescent individual. Each dot represents a paired measurement from one donor. Linear regression line in blue surrounded by shaded 95% confidence
interval.

(F) Multivariate linear regression analysis showing strong association between multimer response ranks of each convalescent individual to different epitopes after
adjusting for potential confounders. The analysis was repeated 1,000 times with randomly drawn paired multimer measurements from each convalescent in-
dividual (without replacement). Boxplots show the median with IQR and whiskers extend to 1.5 * IQR; outliers are plotted individually.
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Figure 6. Immunoprevalence data for epitopes with a reported prevalence of more than 50%
Immunoprevalence data with exact binomial 95% confidence intervals from individual studies for every epitope reported in 50% or more of individuals in our study

or the IEDB,210:12,13,16,18-26,31,34,40,43-50

among epitopes tested in our study (orange, our data; gray, other studies). Binomial tests were performed to assess

whether the immunoprevalence in each study was significantly higher than 0.5 and 0.7, respectively (p < 0.05 for immunoprevalence >50%; +p < 0.05 for

immunoprevalence >70%).

It has become clear from our study and others that the immu-
nogenicity of SARS-CoV-2 epitopes is not binary. Indeed, the
median immunoprevalence for the 29 identified epitopes was
only 30%. Our recent study applying the same methods to
assess CD8 T cell responses to spike epitopes after SARS-
CoV-2 vaccination yielded similar results.”' These data indicate
that population coverage for CD8 T cell vaccines may be overes-
timated when based solely on the population frequencies of re-
stricting HLA alleles, without adjusting for immunoprevalence,
which is the current standard approach.>**%®" Here, we devel-
oped an algorithm that projects total CD8 T cell response
coverage for a given set of epitopes in a population with known
a HLA distribution, when immunoprevalence for the epitopes has
been determined. The algorithm estimates that 83% of Cauca-
sians will respond to at least one of a set of nine epitopes among
the 29 SARS-CoV-2-specific epitopes identified here. The actual
population coverage for a given epitope set may, however, be
somewhat lower than predicted because of individual differ-
ences in the ability to mount an efficient T cell response, as dis-
cussed above.

Our study allows us to compare the immunogenicity of a large
set of eluted SARS-CoV-2-derived HLA ligands with peptides
identified based on high predicted HLA-binding affinity. Only

two previous studies investigated the immunogenicity of eluted
HLA ligands, in three to seven convalescents.'®** When consid-
ering 9- and 10-mer peptides, we found no difference in the per-
centage of peptides confirmed to be immunogenic (34% for
eluted ligands vs 28% for predicted peptides; Fisher’s exact
test, p = 0.5). However, 15 peptides identified by MS also had
high predicted HLA-binding affinity, of which 10 were immuno-
genic (67%). Combining MS and HLA-binding prediction could,
therefore, provide an efficient strategy to identify peptides with
a very high likelihood of being immunogenic.

Enhanced viral transmission and escape from neutralizing an-
tibodies drive mutations leading to SARS-CoV-2 VOC, but it has
not been clear to what degree, if any, SARS-CoV-2 escape from
T cell immunity also plays a role." The data presented here sug-
gest that escape from T cell immunity is not a main driver of
SARS-CoV-2 VOC. Hence, vaccines that induce broad T cell re-
sponses may boost long-lasting immunity; protection from cur-
rent vaccines against SARS-CoV-2 is waning.>"® From a
manufacturing standpoint, and to deliver the highest possible
dose of the most immunogenic antigens, it is rational to limit the
number of epitopes to those inducing the strongest immune re-
sponses in the greatest proportion of individuals in a population.
Our study shows that the CD8 T cell response to SARS-CoV-2 is

Figure 5. Functional validation of CD8 epitopes

(A and B) Functional validation of immunogenic peptides by co-culture of multimer positive T cell lines derived from 11 convalescents and 1 pre-pandemic
individual (indicated by COVID-19 status as + or —, respectively) for 20 h with mono-allelic B721.221 cells transduced to express the relevant protein (endogenous
antigen [AG]), or not (without AG), or loaded with 100 nM peptide as a positive control (mean of technical duplicates or triplicates).

(A) Activation of T cells was determined as the percent of CD137" cells among live CD8. The percent response is normalized to the percent multimer* of live CD8
T cells in each T cell line. Representative flow plots are shown for the MS identified peptide Sz7g_3g7-

(B) Target cell kiling mediated by multimer* T cell lines. Values are normalized to matching mock control and displayed as percent remaining viable cells.
Representative flow plots for the MS identified peptide Sa7g 37 sShow CD20* B721.221 target cells and CD8* multimer positive T cell line (CL) (numbers represent
absolute counts).

(C) Cross-recognition of T cell lines sorted from one convalescent for reactivity to ORF3a-derived peptides O3asp7-215 (FTSDYYQLY; 9-mer) or O3azps_215
(YFTSDYYQLY; 10-mer) to the other peptide. CL22 (sorted for reactivity to O3a,ps-215) and CL23 (sorted for reactivity to O3ax7-215) recognize the 9- and 10-mer
equally well (mean of technical duplicates). (Left) Activation marker expression (CD137) after 20 h co-culture with peptide-loaded (100 nM) mono-allelic B721.221
cells. (Right) Flow plots 1 and 2: dual-color multimer staining of CL22 and CL23 with multimers complexed with relevant peptide. Flow plot 3: multimer staining of
CL23 with multimers complexed with 9-mer (x axis) and 10-mer (y axis).
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convergent and demonstrates the importance of considering im-
munoprevalence for design of efficacious vaccines.

Limitations of the study

Our study was limited by the selection of only five HLA class | al-
leles that are prevalent in the Caucasian study population and
the selection of a set of viral proteins and peptides biased by
the methods used for selection (i.e., MHC binding prediction
and MS immunopeptidomics). In addition, our immunopeptido-
mics approach was based on the overexpression of viral pro-
teins and, thus, might differ in terms of antigen processing and
presentation compared with naturally infected cells. Viral infec-
tion can interfere with cellular pathways, such as interferon
signaling and ubiquitination pathways, that in turn can influence
antigen presentation and can also lead to attenuated protein
translation and a decreased viability that negatively affect the
sensitivity of MS detection of HLA ligands.'®** Thus, more
studies are needed to further investigate the effects of SARS-
CoV-2 infection on the immunopeptidome. It should also be
noted that the T cell responses reported in this study were de-
tected after a 7-day in vitro expansion rather than direct ex vivo
analysis, which could possibly skew the data. However, it was
previously shown that even dominant T cell responses might
be missed without prior in vitro expansion,”>*’ and it is unlikely
that the relative dominance of epitopes reproducibly would be
skewed in different individuals. Finally, it is not clear to what
extent immunoprevalence for an epitope presented by a given
HLA allele can be generalized between populations, and addi-
tional large studies are needed to assess immunoprevalence
for epitopes restricted by HLA alleles frequent in other popula-
tions than the one investigated here. Meta-analyses would be
advantageous to answer these questions, but are currently
limited by the heterogeneity of individual study designs,
including differences in the sensitivity and specificity of methods
used to quantify epitope-specific immune responses.
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Clustal Omega.

Mol. Syst. Biol. 7:539

PMID: 21988835
https://doi.org/10.1038/msb.2011.75

Immune epitope database (IEDB) Vita R et al. The Immune Epitope Database  https://www.iedb.org/; RRID:SCR_006604
(IEDB): 2018 update. Nucleic Acids Res.
2018 Oct 24. https://doi.org/10.1093/nar/
gky1006. PMID: 30357391; PMCID:
PMC6324067

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Johanna
Olweus (johanna.olweus@medisin.uio.no).

Materials availability
Materials that were specifically generated for this paper were mentioned in the key resources table and will be provided upon reason-
able request to the lead contact.

Data and code availability

Data supporting findings of this study are available within the article and its supplementary information files. The mass spectrometry
data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD028862. All original code has been deposited at GitHub (https://doi.org/10.5281/zenodo.7447391) publicly available as of the
date of publication and is available in this paper’s supplemental information (Data S2). DOls are listed in the key resources table.
Other analysis code and additional raw data required to reanalyze the data reported in this paper are available from the lead contact
upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study approval

The project (REK# 124170) was approved by the Regional Research Ethics Committee according to the Declaration of Helsinki.
Eligible participants provided informed consent by signing an online electronic consent form. Blood collection of all individuals
was performed by the Oslo Blood Bank.

Subject details
Anonymous healthy pre-pandemic control donors: Buffy-coats sampled before the pandemic (n = 19) were obtained between 2015
and 2018 and PBMC isolated using a standard Ficoll isolation protocol.

Anonymous healthy pandemic control donors, and non-vaccinated convalescent COVID-19 donors (45 female, 38 male; median
age 45 [IQR 35.5-57.5]): Samples were prospectively collected between April and June 2020 during the initial outbreak as part of a
large biobanking effort in Norway. We performed no formal sample size calculations and individuals were consecutively enrolled.
Blood from healthy pandemic controls with a SARS-CoV-2 negative PCR test (n = 14), or from 96 convalescent individuals (22 hos-
pitalized; 93 PCR positive, 3 antibody positive) with mild to severe symptoms and at least 14 days without symptoms, was collected
in ACD, CPTA or CPT tubes and processed following the manufacturer’s instructions. After initial centrifugation, serum samples were
taken and stored at 4°C.

Processed PBMC were frozen in 60% FBS/30% RPMI/10% DMSO and stored in liquid nitrogen.
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Cell lines

EBV-transformed HLA-1 null cell line (IHWO00001) was purchased from the FRED HUTCH Research Cell bank. The cell line was
cultured in RPMI 1640 containing 15% fetal bovine serum (FBS), 1x penicillin-streptomycin (P/S), and 5 mM sodium pyruvate.
The cell lines were regularly tested and found negative for mycoplasma contamination.

METHOD DETAILS

HLA typing

DNA was isolated from 1 x 10° PBMC using the DNeasy Blood & Tissue Kit (Qiagen, Cat No 69506), following the manufacturer’s
instructions. HLA typing was performed by NGS sequencing using NGSgo®-AmpX HLA GeneSuite (NGSgo®-AmpX HLA-A, B,
C, DRB1, DQB1 & NGSgo®-AmpX HLA-DPA1, DPB1, DQA1, DRB3/4/5 kits) for sample library preparations and ran on a Miseq
sequencer (lllumina), following the manufacturer’s instructions.

Plasma antibody titer determination

A multiplexed bead-based flow cytometric assay, referred to as microsphere affinity proteomics (MAP), was adapted for detection of
SARS-CoV-2 antibodies.”? Amine-functionalized polymer beads were color-coded with fluorescent dyes as described earlier, and
reacted successively with amine-reactive biotin (sulfo-NHS-LC-biotin, Proteochem, USA) and neutravidin (Thermo Fisher). A DNA
construct encoding the receptor-binding domain of spike-1 protein (RBD) from SARS-CoV-2 was provided by Florian Krammer,
and the protocol described by Amanat and colleagues’® was used to produce recombinant protein in Expi293F cells. Bacterially ex-
pressed full-length nucleocapsid from SARS-CoV-2 was purchased from Prospec Bio (www.prospecbio.com). Viral proteins solu-
bilized in PBS were biotinylated chemically using a 4:1 M ratio of sulfo-NHS-LC-biotin to protein. Free biotin was removed with
G50 sephadex spin columns. Biotinylated proteins were bound to neutravidin-coupled microspheres with fluorescent barcodes.
Beads with Neutravidin only were used as reference for background binding. The bead multiplex was incubated for 1 h with serum
diluted 1:1000 in PBS supplemented with Neutravidin (10 pg/mL), d-Biotin (10 ng/mL), BSA (1%) and sodium azide (0.1%). The beads
were washed twice in PBS with 1% Tween 20 (PBT), labeled with PE-conjugated goat-anti-human IgG-Fc (Jackson
ImmunoResearch) for 20 min, washed again and analyzed by flow cytometry (Attune Next, Thermo Fisher). Specific binding was
measured as the ratio of R-Phycoerythrin fluorescence intensity of antigen-coupled beads and neutravidin-only beads. Samples
containing antibodies both to nucleocapsid and RBD were considered to be positive. Reference panels containing samples from
287 individuals with PCR-confirmed SARS-CoV-2 infection and 1343 pre-pandemic samples were used to set the cutoff. A cutoff
of five and ten for RBD and nucleocapsid respectively, yielded a specificity of 100%. The sensitivity was 84%."*

HLA mono-allelic B721.221 cells

HLA class I-deficient B721.221 cells were retrovirally transduced to express single HLA alleles (HLA-A*03:01, HLA-A*01:01, HLA-
A*02:01, HLA-B*07:02, HLA-B*08:01; Gene Bank HG794390, HG794373, HG794376, HG794392, and HG794374, respectively).
Cells were retrovirally transduced using a previously published protocol.”® After staining with PE anti-human HLA-A,B,C (clone
W6/32; 1:30; Biolegend), stable HLA expressing cell lines were sorted using the Sony SH800 cell sorter.

The HLA mono-allelic B721.221 cells were then retrovirally transduced with plasmids coding for SARS-CoV-2 proteins (spike 1 (aa
1-541), spike 2 (aa 490-975), spike 3 (aa 888-1273), spike, nucleocapsid, membrane-T2A-envelope, and ORF3a; GenBank:
MN908947.3) under the control of a tetracycline-inducible promoter (Retro-X™ Tet-One™ Inducible Expression System, Takara
Bio) with a puromycin selection marker. Transduced cells were selected by culturing the cells in the presence of 2 ng/mL puromycin
(replenished every 48 h) (Gibco) for 7-14 days, followed by further expansion in medium containing 0.5 ng/mL puromycin.

Mass spectrometry
HLA mono-allelic B721.221 cells transduced with SARS-CoV-2 proteins were expanded to 100 x 10° cells and expression of the
target proteins was induced by culturing the cells in the presence of doxycycline (1 pg/mL; replenished every 24 h) for 48 h. The cells
were then lysed in 1 mL of lysis buffer (PBS containing 1% lauryl maltoside, 1 mM EDTA, 1 mM PMSF and 1:200 Sigma protease
inhibitor) for 1 h on ice. HLA peptide complexes were purified by immunoprecipitation.”® Briefly, the HLA peptide complexes were
captured on to beads coated with pan HLA class | antibody, and the beads were then washed with 3mL each of 0.1 M Tris-HCI/
150 mM NacCl, 0.1 M Tris-HCI/400 mM NaCl, again with 0.1 M Tris-HCI/150 mM NaCl, and finally 0.1 M Tris-HCI. All peptide elutions
were desalted with Discovery DSC-18 SPE column, vacuum concentrated and dissolved in 25 pL of 3% acetonitrile containing
0.1% FA.

The peptide solution (5 puL) was analyzed using an Ultimate 3000 nano-UHPLC system (Dionex, Sunnyvale, CA, USA) connected to
a Q Exactive mass spectrometer (ThermoElectron, Bremen, Germany) equipped with a nano electrospray ion source as described
previously.”® A flow rate of 300 nL/min was employed with a solvent gradient of 3-35% B in 53 min, to 50% B in 3 min and then to 80%
B in 1 min. The samples were also analyzed using a longer solvent gradient of 3-35% B in 100 min, to 50% B in 13 min and then to
80% B in 2 min. Solvent A was 0.1% formic acid and solvent B was 0.1% formic acid/90% acetonitrile. The mass spectrometer was
operated in the data-dependent mode to automatically switch between MS and MS/MS acquisition. The method used allowed
sequential isolation of up to the twelve most intense ions, depending on signal intensity (intensity threshold 1e5), for fragmentation
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using higher-energy collision induced dissociation (HCD) at a resolution R = 17,500 with NCE 27. The raw data were then analyzed
with PEAKS software (Bioinformatics Solutions Inc). The tandem mass spectra were matched against the Uniport homo sapiens
database appended with the SARS-CoV-2 proteins. Precursor mass tolerance was set to 10 ppm, methione oxidation was consid-
ered as variable modification, enzyme specificity was set to none and a product ion tolerance of 0.05 Da was used. The mass spec-
trometry data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD028862. SARS-CoV-2 peptides identified from the discovery approach were further validated using synthetic peptide analogs.
MS/MS fragmentation spectra of synthetic and eluted HLA class | peptides were compared against each other and similarity scores
were computed using the Spectrum Similarity function in the R package OrgMassSpecR. As further described in the package
vignette, scores were calculated using the following formula:

u-v

Jua v

where - is the dot product and u and v are the aligned intensity vectors of the two spectra. Peptides with similarity score of 0.8 and
above were considered as true identifications.

cosq =

Synthetic peptides

Peptide selection was based on a) peptides identified by Mass-spectrometry and b) 9- and 10-mers predicted to display the highest
binding affinity to the MHC according to NetMHCpan4.1 (BA_Rank <0.2%) and/or NetMHC4.0 (Rank <0.25%) (Table S3). One addi-
tional peptide was included based on early published reports.*® HLA-A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-B*07:02, and HLA-
B*08:01 were included to cover the most prevalent HLA alleles in the Caucasian population. In total, 123 peptides derived from spike,
nucleocapsid, envelope, membrane, and ORF3a were successfully synthesized at Genscript (purity >70%) and dissolved in DMSO.

Combinatorial multimer staining

Monomer and multimer production

Soluble biotinylated Class-I MHC monomers containing a UV-cleavable peptide in their binding groove were produced in-house ac-
cording to published protocols””:"® and stored at —80°C. The UV-dependent peptide exchange (25 pg/mL UV-monomer and
50 pg/mL peptide diluted in PBS) was performed at a wavelength of 366 nm for 1 h at 4°C. 24 h after UV-exchange, the following
streptavidin-tagged fluorochromes were added at optimized ratios to the pMonomer solution: SA-PE (Invitrogen), SA-APC (Invitro-
gen), SA-BV421 (Biolegend), SA-BV605 (Biolegend), SA-PE-Cy7 (Biolegend), SA-PE-CF594 (BD Biosciences), SA-PE-Cy5 (BD Bio-
sciences), SA-APC-R700 (BD Biosciences), SA-BB790-P (BD Biosciences; prototype kindly provided by Bob Balderas). To block
unoccupied binding sites, D-biotin (20 uM; Avidity) was added 24 h after multimerization. Plates were stored in the dark at 4°C until
use.

Multimer staining assay

Among the 96 convalescent individuals included in the functional T cell response analysis, 11 did not express the prevalent HLA al-
leles included in the multimer staining assays, and for two no HLA typing data were available. Thus, PBMC from 83 COVID-19 con-
valescents (Cohort 1 + 2) and 19 healthy pre-pandemic individuals were included. For 7 convalescent individuals two sampling time
points were included (on average 56 [38-81] days between sampling). On Day 0 PBMC were thawed and resuspended at 1 x 10°
¢/mL in IMDM with L-Glutamine and HEPES (Life Technologies) and loaded for 2 h at 37°C with the peptide master mix containing
all 123 pre-selected peptides (each at 100 ng/mL). Cells were washed and plated out at 7.5 x 10° c/well (in 200 pL) in IMDM with L-
Glutamine and HEPES +5% human serum (HS, Trina Bioreactives AG) +1x P/S in a polypropylene coated 96-well U-bottom plate. On
Day 3, half-medium exchange was performed and 10 IU/mL IL-2 (R&D Systems) added. On Day 5, medium was completely replen-
ished. On Day 7, cells from each individual were pooled, washed and 2-3 x 10° PBMC were resuspended in 50 uL PBS and stained
with separate mixes of multimers complexed with 13-29 distinctive peptides, with each multimer conjugated to dual fluorochrome
combinations. 1 pulL/sample of PE-Cy7/PE-CF594/PE-Cy5/APC-R700 and 2 plL/sample for BV421/BV605/APC/PE/BB790-tagged
multimers were added. The sample was incubated for 10 min at room temperature in the dark. Thereafter the following antibodies
and LD-NIR (1:1000, ThermoScientific) were added for 30 min at 4°C: FITC anti-human CD8a (clone RPA-T8; 1:100), BV785 anti-hu-
man CD19 (clone HIB19; 1:100), BV785 anti-human CD56 (clone 5.1H11; 1:100), BV785 anti-human CD14 (clone M5E2; 1:100),
BV785 anti-human CD4 (clone RPA-T4; 1:100) (all from Biolegend). Samples were washed with flow buffer before acquisition on
the BD Symphony A5. The gating strategy is outlined in Figure S1. The sample was included in the analysis if at least 4000 live
CD8 cells were acquired. An individual was classified as responder to a peptide if the multimer population had 1) at least 5 clearly
double-positive events (each multimer conjugated to two different fluorochromes), 2) constituted >0.005% of the live CD8, and
3) formed a tight cluster.

Sorting of peptide-specific T cells as cell lines

PBMC were stimulated and stained with multimers and antibodies as described above (section “Multimer staining assay”). Multimer
positive cells were sorted onto irradiated feeders (PBMC from 3 donors at equal ratios; 300 kV 10 mA 7 min in X-Vivo-20 (BioNordika)
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supplemented with 1x P/S, 5% HS, 1 ng/mL PHA (Remel), 875 U/mL IL-2 and 2 ng/mL IL-15 (Peprotech)) as bulk T cells on a FACS
Aria Il cell sorter (BD Biosciences), followed by expansion in X-Vivo-20 supplemented with 1x P/S, 5% HS, 437.5 U/mL IL-2 and 1 ng/
mL IL-15 for generation of T cell lines.

Functional analysis of SARS-CoV-2-specific T cell lines

SARS-CoV-2-specific T cell lines (confirmed by multimer staining to recognize peptide of interest) were combined with mono-allelic
B721.221 cells loaded or not with peptide (2 h; 100 ng/mL), or retrovirally transduced to express the relevant SARS-CoV-2 antigen
(see section “HLA mono-allelic B721.221 cells”) (pre-treated with doxycycline for 48 h to express the antigen) for 20 h (technical
duplicate or triplicate, depending on available cell numbers; effector to target ratio (E:T) = 1:1) in X-Vivo-20 + 1x P/S + 5% HS +
1 ng/mL doxycycline. Harvested cells were incubated with Human Fc Receptor binding inhibitor (AH Diagnostics) for 10 min at
room temperature. Subsequently, surface staining was performed by adding the following antibodies: PE anti-human-CD8 a (clone
RPA-T8; 1:200; Biolegend), FITC anti-human CD20 (clone 2H7; 1:200; Biolegend), Alexa Fluor 647 anti-human CD137 (clone 4B4-1;
1:100; Thermo Fisher Scientific), together with LD-NIR. After staining the samples for 20 min at 4°C, cells were washed twice with flow
buffer and acquired on the LSR Il Yellow laser (BD Biosciences). Killing of target cells was quantified by adding CountBright™ Ab-
solute Counting Beads (Invitrogen) following the manufacturer’s instructions before acquisition of sample. A fixed number of beads
was acquired for each well. The number of acquired target cells was normalized to the matching mock control (w/o AG) and displayed
as % remaining viable cells. The gating strategy is outlined in Figure S5A.

Peptide sequence alignment with human common cold coronaviruses (HCoV)

Homology calculations were performed by aligning the sequence of SARS-CoV-2 epitopes with the corresponding protein
sequences of HCoV using the ClustalOmega tool”" with default parameters (sequence IDs: OC43 = P36334, P33469, Q01455;
NL63 = Q6Q1S2, Q6Q1R8, Q6Q1R9, Q6Q1S1; HKU1 = Q0ZME7, Q0ZME3, Q0ZME4; 229E = P15423, P15130, P15422). Percent
homology was calculated by the number of matching amino acid residues.

Immune Epitope Database analysis

We performed an extensive search for previously published data on T cell responses to SARS-CoV-2 epitopes in the Immune Epitope
Database (IEDB) (http://www.iedb.org) (data cut-off date fifth of May 2022). We used the following search criteria in the IEDB search
engine.

Epitope: Linear peptide

Assay: T cell

Outcome: positive and negative
Organism: SARS-CoV-2

MHC restriction: class 1

Host: Human

Disease: Any

IEDB entries were removed from further analysis if immunogenicity data could not be mapped unambiguously to a single peptide
and HLA allele, and if there was missing data regarding the number of donors tested or the number of donors with an immune
response. Furthermore, we included only entries where disease state was specified as COVID-19 and disease stage as “post” or
“active/recent onset”. We generated summary statistics for each peptide, HLA allele and study. If a given peptide/HLA combination
was tested by more than one assay in a single study, we moved forward with the highest number of donors tested and the highest
number of donors with an immune response. When evaluating the impact of immunoprevalence on estimated population coverage in
random sets of epitopes from the IEDB, we included only epitopes with data from >20 individuals and/or >1 study.

Estimating population coverage adjusted for immunoprevalence

Suppose a vaccine is made using the epitope set Ex = {e1,e...ex}. Every individual has H different loci, and two alleles at each
locus. An epitope may be independently presented on one or more of these alleles, at any given locus, and we assume that one
response-generating hit (hit = allele-epitope match) is sufficient for the vaccine to generate protection. We further assume that
epitope-specific immune responses are independent events. Given this, we can calculate the probability of response P(R) from
at least one locus as:

P(R) =1 — (1 =P(R1))-(1 = P(Rz))--(1 — P(Rn))
where P(Rp) is the probability of response to an epitope presented on locus h. We can also write it as:

H

P(R) =1 - J[(1 - P(Rn)

h=1

Cell Reports 42, 111995, January 31, 2023 21



http://www.iedb.org

¢ CelPress Cell Reports

To calculate P(Rjy,), we need to know the relative population frequencies of every possible allele combination for that locus, as well
as the probability that each allele combination generates an immune response to at least one epitope. HLA allele frequencies were
obtained from the Allele Frequency database’® and scaled to 1 for each locus. If we let M}, denote one of all the J;, possible allele
combinations occurring in the population for locus h, and let F(M;, ) denote the population percentage with this combination, then
since allele combinations are mutually exclusive events, we can write the probability of response with a given locus as:

P(Ry) = : (FM;)-P(Ro|m, Ec, ) )

where P(R M,-h,Eclh) is the probability of an immune response from at least one epitope-allele pair, given the allele combination M,
and its set of compatible epitopes Ec,h, where chh is a subset of Ek.

To estimate the probability that a presented epitope results in a response, we used immunoprevalence data from convalescent
individuals. If we let 7(a, e«) be the immunoprevalence for a given allele-epitope pair, we can write the probability that an individual
with the allele combination M, generates an immune response to the epitope e at locus h as:

1— (1 = 7(a1,ex))*(1 — 7(az,ex)) if heterozygous

P(RnW/mek) = { 7(ay,ex) if homozygous

where a4 and a, are the first and second alleles found at locus h, respectively. Note that if an individual is heterozygous, and both
alleles can present the epitope, both alleles have an independent chance of generating a response. If an allele does not bind with
ek, then r(a,ex) = 0.

Since each allele combination M, can have multiple compatible epitopes in Ex, every allele combination can get multiple attempts
at generating a response, where the number of attempts is C;, . We can then write the probability that an individual with the allele com-
bination M;, generates a response from at least one of the epitopes in E¢, as:

:
P e) -1 - T (1 ()

h ~

This is assuming that C;, > 1. If there are no compatible epitopes (C;, = 0), then P(R|\M;,,E¢, ) = 0. Once all the weights have
been calculated for all the loci, we can substitute this into the first equation to get a point estimate for the predicted population
coverage, given a vector of alleles, their population frequencies, an epitope set, and their associated immunoprevalences for different
alleles.

To compute a confidence interval for the predicted coverage, we use parametric bootstrapping to resample new immunopreva-
lence values for each epitope-allele pair. If we assume that the number of patients with a compatible allele who generate a response

to an immunogenic epitope is binomially distributed, we can model the distribution of 7(a, ex) with the beta distribution:
7(a,ex) ~ Beta(a,f)

where («) and (8 — 1) are the numbers of responders and non-responders, respectively, from which immunoprevalence was calcu-
lated for that allele-epitope combination. Because the beta distribution is not defined when 7(a,ex) = 1, we added 1 to the number of
non-responders for every epitope. By repeatedly resampling new immunoprevalences from a beta distribution with shape parame-
ters determined by the immunoprevalence data, this will generate a distribution of population coverages. The 95% confidence inter-
val is then given by the 2.5 and 97 fifth percentiles of this distribution.

Pooled analysis of epitope-specific multimer response magnitudes

We first ranked the responses to each of the 9 most prevalent epitopes in descending order of magnitude, with draws given the same
rank. Since the number of donors tested for each epitope was different, we also performed Z score normalization of the ranks to bring
them all on the same scale. We moved forward with pooled analysis including all donors tested for at least two of the 9 prevalent
epitopes. Since the number of epitopes tested in each donor was often greater than two, we randomly selected two epitopes for
analysis and repeated the procedure 1000 times to account for sampling variation. For each of the 1000 datasets, we performed
linear regression analysis with the formula: random_1 ~ random_2 + age + days. Here, “random_1" and “random_2" represented
the normalized multimer response ranks, “age” represented the donor age at the time of sample acquisition and “days” represented
the number of days passed between COVID-19 diagnosis and sample acquisition.

QUANTIFICATION AND STATISTICAL ANALYSIS
Flow cytometry data acquired on different BD Biosciences instruments were analyzed in FlowJoV10.6.2 (TreeStar). Statistical anal-
ysis was performed in R version 4.0.4 and GraphPad Prism version 8.3.0. The use of statistical tests including p value thresholds and

adjustment for multiple testing is specified in the text and figure legends. In general, we used Fisher’s exact test for contingency ta-
bles and Wilcoxon rank-sum test for non-parametric continuous variables. For correlation analysis we used the Pearson method
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whenever its assumptions were met, otherwise we used Spearman rank correlation. We reasoned that the proportion of donors
showing an immune response to a particular epitope could be modeled by the binomial distribution, allowing us to estimate binomial
95% confidence intervals for immunoprevalence. Moreover, we used binomial tests for the hypothesis that the true immunopreva-
lence of each epitope is higher than given thresholds (i.e., 50% and 70%). Bootstrapping was applied to generate percentile-based
95% confidence intervals for the percentage of pHLA containing mutations in VOC. Adjustment for multiple comparisons was done
using the Benjamini-Hochberg method when specified in text or figure legends.
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