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COVID-19 convalescent samples and
reveal highly conserved epitopes as well
as mutations in SARS-CoV-2 variants that
reduce cellular immune responses. In
particular, two mutations in the Delta and
Delta plus variants are critical in
mediating immune recognition.

¢? CellPress


mailto:jint@ustc.edu.cn
mailto:xutan@tsinghua.edu.cn
https://doi.org/10.1016/j.celrep.2021.109708
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109708&domain=pdf

Cell Reports

¢? CellPress

OPEN ACCESS

Profiling CD8" T cell epitopes of COVID-19
convalescents reveals reduced cellular
immune responses to SARS-CoV-2 variants

Hang Zhang,"-%>¢ Shasha Deng,®¢ Liting Ren,’ Peiyi Zheng,® Xiaowen Hu,* Tengchuan Jin,>*5* and Xu Tan'-27-*
1Beijing Advanced Innovation Center for Structural Biology, Beijing Frontier Research Center for Biological Structure, MOE Key Laboratory of
Bioorganic Phosphorus Chemistry & Chemical Biology, School of Pharmaceutical Sciences, Tsinghua University, Beijing 100084, China

2Tsinghua-Peking Center for Life Sciences, Beijing 100084, China

3Hefei National Laboratory for Physical Sciences at Microscale, CAS Key Laboratory of Innate Immunity and Chronic Disease, School of Basic
Medical Sciences, Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei 230027, China
4Department of Pulmonary and Critical Care Medicine, The First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University

of Science and Technology of China, Hefei, Anhui 230001, China

5CAS Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences, Shanghai 200031, China

8These authors contributed equally
7Lead contact

*Correspondence: jint@ustc.edu.cn (T.J.), xutan@tsinghua.edu.cn (X.T.)

https://doi.org/10.1016/j.celrep.2021.109708

SUMMARY

Cellular immunity is important in determining the disease severity of COVID-19 patients. However, current un-
derstanding of SARS-CoV-2 epitopes mediating cellular immunity is limited. Here we apply T-Scan, a recently
developed method, to identify CD8" T cell epitopes from COVID-19 patients of four major HLA-A alleles. Several
identified epitopes are conserved across human coronaviruses, which might mediate pre-existing cellular im-
munity to SARS-CoV-2. In addition, we identify and validate four epitopes that were mutated in the newly circu-
lating variants, including the Delta variant. The mutations significantly reduce T cell responses to the epitope
peptides in convalescent and vaccinated samples. We further determine the crystal structure of HLA-
A*02:01/HLA-A*24:02 in complex with the epitope KIA_S/NYN_S, respectively, which reveals the importance
of K417 and L452 of the spike protein for binding to HLA. Our data suggest that evading cellular immunity might
contribute to the increased transmissibility and disease severity associated with the new SARS-CoV-2 variants.

INTRODUCTION

The COVID-19 epidemic has caused the infection of over 200
million people and deaths of over 4 million people worldwide
as of August 2021 (https://www.who.int/emergencies/diseases/
novel-coronavirus-2019). Although the global efforts of vaccina-
tion promise to greatly reduce the infection and mortality caused
by SARS-CoV-2, recently emerging variants that are more trans-
missible might be less responsive to currently available vaccines
(Campbell et al., 2021; Collier et al., 2021; Garcia-Beltran et al.,
2021; Gomez et al., 2021; Wang et al., 2021a). Therefore, these
variants present serious challenges to the prevention of infection
and control of the epidemic (Calistri et al., 2021; Challen et al.,
2021). It is imperative to understand the mechanism underlying
the recent explosive transmission of the emerging variants.
Recently, a series of studies have revealed that these variants
are more resistant to previously isolated neutralizing antibodies
or convalescent sera from infection by the canonical SARS-
CoV-2 variant (Cele et al., 2021; Chen et al., 2021; Collier et al.,
2021; Halfmann et al., 2020; Hoffmann et al., 2021; Plante et al.,
2021; Volz et al., 2021; Wang et al., 2021b). These studies
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sounded an alert to the efficacy of currently used vaccines and
antibodies for the variants. However, these findings do not
directly explain why these variants rapidly become dominating
variants in certain countries and spread globally, as most infected
people are first-time infected and unvaccinated. There are also
mixed findings regarding the infectivity of these variants, which
might not be the main reason underlying their transmissibility
(Hou et al., 2020; Neches et al., 2021; Ozono et al., 2021; Plante
et al., 2021; Volz et al., 2021; Yurkovetskiy et al., 2020).

In a number of studies, cellular immunity has been shown to
strongly correlate with disease outcome (Le Bert et al., 2021;
Sattler et al., 2020; Sekine et al., 2020; Tan et al., 2021; Weiskopf
et al., 2020), which indicates the importance of understanding
the difference in cellular immunity for the various variants. Previ-
ous studies have used limited numbers of synthetic peptides to
identify epitopes that activate CD8" T cells from COVID-19 pa-
tients or convalescents (Grifoni et al., 2020; Kared et al., 2021;
Le Bert et al., 2020; Peng et al., 2020; Schulien et al., 2021; Sho-
muradova et al., 2020; Weiskopf et al., 2020). These studies have
revealed a number of CD8" T cell epitopes that are conserved
between SARS-CoV-2 and other human coronaviruses that
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Figure 1. Profiling of CD8" T cell epitopes of COVID-19 convalescent patients through the T-Scan approach
(A) Design of the genome-wide SARS-CoV-2 antigen library and the overview of the T-Scan epitope identification screening. T cells from COVID-19 convalescent

patients recognize target epitopes and activate the T-scan reporter.

(B-E) T-Scan screen data for ten COVID-19 convalescents (P-01 to P-08, P23, and P24), three with the HLA-A*02:01 genotype, two with the HLA-A*02:07
genotype, three with the HLA-A*11:01 genotype, and two with the HLA-A*24:02 genotype. Each circle represents a 56-amino-acid (aa) peptide tile of the SARS-
CoV-2 open reading frame (ORF). The x axis shows the peptide index of our designed genome-wide SARS-CoV-2 antigen library, with the y axis indicating the fold
enrichment ratio of each peptide in sorted target cells compared with the corresponding unsorted EDC library.

cause the common cold, which provided evidence for pre-exist-
ing immunity in people previously infected by common-cold-
causing coronaviruses. One study used a systematic method
named T-Scan to profile epitopes but identified very few epi-
topes conserved across human coronaviruses (Ferretti et al.,
2020). Also surprisingly, few epitopes in the spike protein of
SARS-CoV-2 were identified in this study compared with other
studies (Ferretti et al., 2020; Le Bert et al., 2020; Shomuradova
et al., 2020). T-Scan utilizes a reporter-cell-based epitope-ex-
pressing library to incubate with human CD8" T cells to identify
epitopes that can activate CD8" T cells in an unbiased fashion
(Kula et al., 2019). The reporter cells (epitope discovery cells;
EDCs) overexpress an HLA subtype and a peptide from the pro-
teome of the pathogens of interest. In addition, the EDCs also
overexpress a modified infrared fluorescence protein (IFP) con-
taining a GzB cleavage sequence with fluorescence appearance
only after being cleaved by GzB. When the EDCs presenting the
cognate epitopes activate CD8" T cells, which secrete GzB into
the cognate EDCs to induce apoptosis, the modified IFP in the
EDCs will be cleaved to activate the fluorescence signal. Flow-
cytometry-based sorting of the IFP-positive EDCs and the
following next-generation sequencing can identify the epitopes
enriched in the sorted EDCs. Because the T-Scan method relies
on the processing of the peptide library expressed in the EDCs,

2 Cell Reports 36, 109708, September 14, 2021

we applied the T-Scan method but with higher coverage of the
proteome of SARS-CoV-2. We identified 70 high-confidence
epitope peptides from four prevalent HLA-A subtypes in Han
Chinese recovered COVID-19 patients. We validated several
novel epitopes that are conserved across human coronaviruses,
further supporting pre-existing cellular immunity. Importantly,
we validated four epitope peptides that are mutated in the
emerging variants of concern (VOCs), such as B.1.1.7 (Alpha
variant), B.1.351 (Beta variant), P.1 (Gamma variant), and
B.1.617.2 (Delta variant). We found evidence that these muta-
tions led to decreased ability of the epitope to bind to the HLA
complex. Our data provide evidence about how recently
emerging SARS-CoV-2 variants evade cellular immunity, which
might contribute to the increased transmissibility and pathoge-
nicity of these variants.

RESULTS

T-Scan profiling reveals conserved CD8* T cell epitopes
within the SARS-CoV-2 proteome

We designed the EDC library to cover the whole SARS-CoV-2
proteome with overlapping 56-amino-acid peptides in steps of
one amino acid per peptide, totaling 9,179 peptides (Figure 1A).
We generated four EDC libraries that express one of four highly
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Figure 2. Validation of the identified CD8* T cell epitopes conserved among human coronaviruses

(A) Alignment of the identified conserved CD8" T cell epitopes among different coronavirus strains.

(B) IFN-v intracellular cytokine staining (ICS) validation of conserved epitopes in COVID-19 convalescents (P-12) of the HLA-A*02:01 genotype, COVID-19
convalescents (P-04) of the HLA-A*02:07 genotype, and a healthy donor (H-03) of the HLA-A*02:07 genotype.

(C) MHC tetramer staining validation of three epitopes that are conserved among human coronaviruses in both COVID-19 convalescents (P-02) and 2 healthy

donors (H-01 and H-02).

prevalent HLA-A subtypes (A*02:01, A*02:07, A*11:01, and
A*24:02, which are expressed in 10.9%, 9.2%, 21.4%, and
14.4% of the Chinese population, respectively; Gonzalez-Gal-
arza et al., 2020). HLA-genotyped CD8* T cells were isolated
from peripheral blood mononuclear cell (PBMC) samples of
SARS-CoV-2 convalescents negative for both nucleic acid and
SARS-CoV-2 antibody tests after infection. These samples (pa-
tients 1-8, 23, and 24) were taken at least 3 months after diag-
nosis (Table S1). The EDC library was incubated with CD8*
T cells with matching HLA-A subtype for 12 h and then the

EDCs were sorted to enrich the IFP-positive population. The
sorted cells were sequenced to quantitate the abundance of
the epitopes expressed in the IFP-positive population. Further
analysis takes advantage of the redundancy of epitopes
embedded in the peptide library because the HLA-A epitope
usually contains 9 or 10 amino acids. For example, most 9-mer
epitopes are represented by 47 peptides in our library. To enrich
high-confidence reoccurring epitopes, we required at least 8
peptides containing the same epitope to be enriched (Log2 >
2) to count as a hit epitope. We identified 70 high-confidence

Cell Reports 36, 109708, September 14, 2021 3
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epitopes based on this threshold and the NetMHC 4.0 server
prediction scores (strong binding scores based on the server),
of which 20 have been identified in previous studies (Table S2).
As shown in Figures 1B-1E, our T-Scan screening strongly en-
riched peptides in open reading frame 1a (ORF1a), ORF1b,
and S. Among these 70 epitopes, we identified several that are
conserved among the human coronaviruses (Figure 2A). We vali-
dated seven epitopes using synthetic peptides and showed that
these peptides can activate CD8" T cells from convalescent and
several healthy donors based on an interferon y (IFN-v) intracel-
lular cytokine staining (ICS) assay (Figures 2B and S1; Table S3)
(Schulien et al., 2021). We also generated the major histocom-
patibility complex (MHC) tetramer complex for three of the
HLA-A*02:01 restricted epitopes and showed that they could
stain not only a subpopulation of the CD8" T cells from a patient
but one of two healthy donors tested (Figure 2C). Healthy donor
H-01’s CD8* T cells showed staining to all three MHC tetramers
whereas those of healthy donor H-02 did not show staining. The
results of these peptides, together with previously reported re-
sults (Braun et al., 2020; Grifoni et al., 2020; Habel et al., 2020;
Le Bert et al., 2020; Mateus et al., 2020; Schulien et al., 2021;
Tarke et al., 2021; Weiskopf et al., 2020), support the possibility
of pre-existing cellular immunity in people not previously infected
by SARS-CoV-2, which might contribute to different disease
severity among people.

Validation of mutations in SARS-CoV-2 variants leading
to reduced CD8* T cell responses in convalescent and
vaccinated samples

Given the growing prevalence and concern of the SARS-CoV-2
variants, we focused on four epitopes identified in the profiling
that are mutated in the B.1.1.7, B.1.351, P.1, or B.1.617.2 vari-
ants (Figure 3A). We first validated that these four epitopes can
activate CD8" T cells in a majority of the SARS-CoV-2-vacci-
nated samples with matching HLA-A alleles based on IFN-y
staining (Figure S2) (CoronaVac; World Health Organization,
2021). Importantly, the variant-associated mutations in the four
epitopes led to a significantly decreased activation of T cells
from at least two convalescents (Figure 3B). Among them, [IW-
ORF1a is predicted to bind both the HLA-A*02:01 and HLA-
A*02:07 alleles, which was confirmed in two patient samples of
each HLA-A allele (Figure 3C). Next, we generated recombinant
tetramer complexes loaded with the cognate peptides of KIA_S
and GVY_S. We show that KIA_S-MHC tetramers could stain a
sub-population of patients with matching HLA-A alleles (Figure
3D), which was further validated by IFN-vy staining assay (Figure
3E). Importantly, the percentages of positive IFN-y staining
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correlate with the percentages of tetramer staining (Figure 3F),
supporting that these peptides are bona fide CD8" T cell epi-
topes. To test whether the variant-associated mutations escape
the recognition of induced CD8" T cells by vaccination, we
tested T cell samples from 33 vaccinated individuals 2-3 weeks
post first-time immunization with the SARS-CoV-2 vaccine (Co-
ronaVac) (World Health Organization, 2021), and found that the
four epitope peptides activated T cells from a majority of the in-
dividuals in an HLA-subtype-specific manner (Figure 4; Table
S4). Again, the variant-associated mutations in the four epitopes
all led to a significantly decreased activation of T cells. These
data suggest that SARS-CoV-2 variants evolved mutations that
can evade T cell responses mediated by major HLA alleles.

Mechanism of immune evasion by mutations at K417,
L452, and Y144 of the spike protein

To understand the molecular basis of the effect of the mutations
on the epitope, we determined the crystal structure of HLA-
A*02:01 in complex with the peptide epitope KIA_S at 2.8-Ares-
olution (Table S5). The structure revealed a strong binding
between the two molecules. Analysis using the PDBePISA server
(Krissinel, 2010; Krissinel and Henrick, 2007) counted 14
hydrogen bonds, 3 salt bridges, and 1 Pi-cation interaction be-
tween HLA and KIA_S (Figure 5A). At least 13 residues of HLA
and 7 residues (all except for Y5 and Y7) of KIA_S are involved
in the interactions. Importantly, the positively charged side-chain
amino group of the N-terminal lysine (K1) of the KIA_S epitope
adopts a Pi-cation interaction with the indole ring of W167 of
HLA-A*02:01 (Figure 5B). The highly ordered electron density
map of the closely positioned K1 of KIA_S and W167 of HLA sug-
gests a strong interaction between the two (Figure 5B). Muta-
tions of K1 to a chargeless asparagine (as in the B.1.351) or thre-
onine (as in the P.1 variant) are expected to abolish this Pi-cation
interaction at this position, consistent with the decreased bind-
ing scores predicted by the NetMHC 4.0 server (Figure 5C).
We also determined the crystal structure of HLA-A*24:02 in com-
plex with the peptide epitope NYN_S at 2.9-A resolution (Figures
5D and 5E; Table S5). The structure illustrates a tight interaction
between the two molecules that is supported by 18 hydrogen
bonds and one salt bridge as calculated by the PDBePISA
server. The hydrophobic side chain of L452 is buried in a pocket
on the surface of HLA-A*24:02 (Figure 5E). Mutation of this
leucine residue to a positively charged arginine as in the
B.1.617.2 variant would disrupt this hydrophobic interaction
and weaken the binding with HLA-A*24:02. For GVY_S, we per-
formed structure-based docking simulations (Lee et al., 2015)
using previously reported structural information of HLA (PDB:

Figure 3. Validation of the identified CD8* T cell epitopes containing mutation sites in recent circulating SARS-CoV-2 variants

(A) Representative mutation sites of four globally circulating SARS-CoV-2 variants.

(B) PBMCs from HLA-A*02:01 (KIA), HLA-A*02:07 (GVY), HLA-A*11:01 (GVY), or HLA*24:02 (NYN) -positive SARS-CoV-2 convalescents were expanded with the
corresponding epitopes, and the frequency of IFN-y-producing cells was measured by ICS.

(C) ICS validation of the IIW epitope in COVID-19 convalescents (P-11 and P-12) with the HLA-A*02:01 genotype and HLA-A*02:07 genotype (P-04 and P-20).
(D and E) Validation of the KIA epitope in 5 COVID-19 convalescents (P-01 and P-09 to P-12) with the HLA-A*02:01 genotype by both MHC tetramer staining and

IFN-vy intracellular staining.

(F) The percentages of the ICS assay correlate positively with the percentages of the MHC tetramer staining assay. The correlation coefficient r was calculated

using the Pearson correlation.
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Figure 4. Mutations of SARS-CoV-2 vari-

KIA nw GVY NYN
*x *% * * ants decrease responses by CD8" T cells
4- 2.0 4- 2.5+ from vaccinated donors
PBMCs were isolated from HLA-A*02:01-, HLA-
— — — _2.04 A*02:07-, HLA*11:01-, or HLA*24:02-positive do-
8 3 \o 8 1.5 8 3 °n° \ nors who were vaccinated against SARS-CoV-2
(&) O (&) (&) 1.5- 2~3 weeks post the first immunization (Corona-
52_ é 1.0- éz_ c,‘\"’ Vac), and the frequency of IFN-y-producing cells
> > > > was measured by ICS, which reveals significantly
zI zI zI \ Z' 1.0 decreased responses of CD8" cells after restim-
L 1 L 0.5- L 1 L ulation with mutant peptides compared to the
\ 0.5 corresponding wild-type peptides. Significance is
\ g ° indicated as *p < 0.05, *p < 0.01, tested by the
0 T T 0.0 T T 0 r r 0.0 S — Wilcoxon matched-pairs signed-rank test.
wt mut wt mut wt mut wt mut

3mgo), which suggests weakened interaction between GVY_S
and the HLA protein due to the deletion of Y144 in the B.1.1.7
variant (Figure S3). Moreover, we found that the mutations of
KIA_S in the B.1.351 and P.1 variants (K417N/T) prevented the
peptide from being loaded onto the recombinant HLA-A*02:01
molecules (Figure 5F), which is consistent with the predicted
weaker binding scores of the mutant peptide compared to the
canonical sequence (Figure 5C). Likewise, mutation of the
GVY_S peptide in the B.1.1.7 variant hampered the formation
of the tetramer complex, also consistent with the predicted
scores (Figures 5C and 5G). Notably, mutations in both KIA_S
and GVY_S are in the predicted anchoring sites of the epitopes,
which are critical for epitope binding by the HLA protein (Old-
stone, 1997). The L452R mutation did not prevent the formation
of a complex with HLA-A*24:02 (Figure 5H), but the binding is
likely formed through a different conformation of the epitope
peptide with either reduced binding affinity or suboptimal recog-
nition by the T cell receptor (TCR). Above all, we identified CD8"*
T cell epitopes that were mutated in three SARS-CoV-2 variants,
suggesting the evasion of cellular immunity by these variants.

DISCUSSION

How emerging variant viruses rapidly become dominant is a
burning question for understanding the dynamics of the
epidemic and is critical for vaccine and therapy development
(Challen et al., 2021; Davies et al., 2021b; Duffy et al., 2008; Sette
and Crotty, 2021). Mounting evidence suggests these variants
are resistant to currently available neutralizing antibodies gener-
ated against the original variant (Collier et al., 2021; Garcia-Bel-
tran et al., 2021; Halfmann et al., 2020; Shen et al., 2021; Supasa
et al., 2021; Wang et al., 2021a). However, these data cannot
explain the highly increased transmissibility of the variants in
mostly previously uninfected and unimmunized people. Further-
more, humoral immunity is not the only mechanism of host anti-
viral responses. Cellular immunity provides important host pro-
tection for reinfection (Kared et al., 2021; Nelde et al., 2021;
Rha et al., 2021; Schulien et al., 2021). To date, mixed results
have been reported regarding the infectivity of these variants
(Davies et al., 2021a; Hou et al., 2020; Ozono et al., 2021; Volz
et al., 2021; Yurkovetskiy et al., 2020; Zhou et al., 2021). A recent
study has revealed that cellular immunity can be detected as
early as 2-3 days from symptom onset and the strength of this
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early cellular immunity is strongly associated with mild disease
and accelerated viral clearance (Le Bert et al., 2021; Tan et al.,
2021). Another study has reported that mutations in the T cell
epitopes of SARS-CoV-2 can help evade CD8 T cell response
(Agerer et al., 2021). Because the binding of CD8* T cell epitopes
to the HLA molecule requires the highly specific amino acid
sequence of the epitope, evading cellular immunity provides an
efficient way for the virus to gain advantages in replication and
transmission. Here we provide evidence that evading cellular im-
munity might be a common characteristic of these dominating
variants. We found four epitopes, three in the S protein and
one in the nsp2 protein of ORF1a, to be mutated in the variants
B.1.1.7, B.1.351, P.1, and B.1.617.2. Mutations in the KIA_S
epitope occurred in more than one of the four variants. A previ-
ous study (Shomuradova et al., 2020) reported CD8* T cell reac-
tivity to the KIA_S epitope in convalescent COVID-19 patients by
MHC tetramer staining. This study examined the epitope speci-
ficity of the T cell immune response based on NetMHC 4.0 pre-
diction results (Andreatta and Nielsen, 2016), and mainly
reported two epitopes, YLQ_S and RLQ_S, that elicited CD8*
T cell responses in most of the HLA-A*02:01 convalescents
tested. KIA_S is in the list of verified epitopes that elicited
CD8"* T cell response in 6/17 convalescents. Besides KIA_S,
YLQ_S is also a hit in our T-Scan screening (Table S2), which at-
tests to the robustness of our screening. Analysis using recom-
binant HLA protein and structure analysis using X-ray crystallog-
raphy and computational modeling all suggested a weakened
interaction of the mutant peptides to HLA compared to the orig-
inal epitopes KIA_S, NYN_S, and GVY_S. The K417N mutation of
KIA_S is a particularly widespread mutation that cannot be ex-
plained by increasing infectivity or evading antibody neutraliza-
tion (Greaney et al., 2021; Plante et al.,, 2021; Wang et al.,
2021b). Our data support that this mutation might provide the
advantage of evasion of cellular immunity. The L452R mutation
has recently been reported to contribute to evasion from HLA-
A24-mediated cellular immunity (Motozono et al., 2021), consis-
tent with our findings. This mutation can also lead to increased
viral infectivity, providing multiple benefits to the variants. Impor-
tantly, several VOCs harbor more than one mutation in the
identified epitopes, providing a combinatorial effect to promote
immune evasion covering multiple major HLA subtypes. In addi-
tion, our profiling has identified several epitopes that are highly
conserved among human coronaviruses, particularly in ORF1a
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Figure 5. X-ray crystal structure of HLA-
A*02:01 in complex with the KIA peptide
and HLA-A*24:02 in complex with the NYN
peptide

(A and B) Overview of the structure showing the
interactions between HLA-A*02:01 and the KIA
epitope (A) and an electron density map (2Fo — Fc
map contoured at 1 o) showing the electron
density of the KIA_S epitope and W167 of HLA-
A*02:01 (B).

(C) Summary of 4 identified epitopes from T-Scan

Original epitope Mutant epitope Mutation site Variant Location  HLA genotype % Rank Binding strength  Affinity (nM) proflllng that contain the mutation site in recent
KIADYNYKL __ TIADYNYKL K417T _ PA s A02:01 050 —1.00 _ Strong — Weak __36.12 — 93.90 circulating SARS-CoV-2 variants. % rank and the
KIADYNYKL NIADYNYKL K417N B.1.351 S A*02:01 0.50 = 1.40 Strong = Weak 36.12 = 146.42 . . ..

GVYYHKNNK ___ GVYHKNNK Y144- BA1.7 s A11:01 0.40 = 500 Strong — None _ 52.75 — 3360.28 binding strength, as well as the affinity parameter,
IIWFLLLSV. TIWFLLLSV 12230T B.1.1.7 ORF1a A*02:01 0.25 = 0.40 Strong = Strong 19.01 = 26.03 were redicted b NetMHC 4 0
NYNYLYRLF NYNYRYRLF L452R B.1.617.2 S A*24:02 0.04 = 0.06 Strong = Strong 28.87 = 32.78 p y -
(D and E) Overview of the structure of HLA-
D A*24:02 and the NYN epitope (D) and the corre-
sponding electron density map (E).
(F-H) Size-exclusion chromatography results of
the purification of the A*02:01-B2m_peptide
complex (F), A*11:01-B2m_peptide complex (G),
and A*24:02-B2m_NYN complex (H) by incu-
bating the B2 m and o chain with KIA/GVY/NYN
peptides or the corresponding mutant peptides.
F  _ incubated with KIA peptide G _ incubated with GVY peptide H | cubated with NYN peptide .
— Incubated with mut_KIA peptide — Incubated with mut_GVY peptide _ Incubated with mut_NYN peptide CompleXIty. However, the four HLA sub-
200 50 1500 50 200 types we studied are four of the most

A*11:01-B2m_GVY complex

frequent HLA subtypes. In addition, the
multiple mutations we identified are
within the same VOCs, providing a
combinatorial effect. Importantly, previ-

3 3 A*24:02-B2m_NYN complex
= A*02:01-82m_KIA complex g2 5 g _ 1
S150 40 & 2 4002 2 150
g = E1000 2 3
= 30 > 30 =2
§100 £ < & 5100
] g <
; o 20 3 z s 20 ER
* 102 © 10Z & 50
0 0 0 o
— F—r—tT—T— T "
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120

Elution Volume (mL) Elution Volume (mL)

and ORF1b. These epitopes can support pre-existing immunity
in people, partially explaining the differential disease severity
among the population. Importantly, vaccines incorporating these
epitope sequences might therefore elicit broad antiviral cellular
responses.

Limitations of study

In this study, we demonstrated reduced CD8" T cell responses to
synthetic peptides containing canonical or variant sequences us-
ing an ICS assay, which is a well-established surrogate assay
commonly used by most studies on this subject (Motozono
et al., 2021). Ideally, cells infected by bona fide canonical or
variant viruses are to be used to test the T cell responses. Howev-
er, we are limited by the access to bona fide variant viruses as well
as access to a facility of sufficient biosafety containment. Never-
theless, our studies used a combination of biochemical, cellular,
and structural data to provide strong evidence of reduced cellular
responses of specific HLA-A subtypes to the epitope peptides
containing the identified mutations in the variant viruses. Another
potential limitation is that our experiments only measure a defined
response of a particular HLA molecule to a short peptide of the vi-
rus. In real infections of humans, there are six alleles of HLA and
hundreds of virus peptides involved, giving a much higher

ous studies of HIV mutations have
demonstrated many examples of T cell
epitope mutations associated with spe-
cific HLA subtypes being the driving force
of HIV evolution dynamics at an individual or population level (Al-
lenetal., 2005; Kawashima et al., 2009; Moore et al., 2002). These
studies attest to the possibility of mutations in immunodominant
epitopes leading to escape from cellular immune response.

Elution Volume (mL)
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

CD3 antibody (OKT3) Thermo Fisher Scientific Cat#306720
BV510 anti-human CD3 BioLengend Cat#300448
PE anti-human IFN-y BioLengend Cat#502509
FITC anti-human CD8 BD Biosciences Cat#557085
Alexa 647 anti-human CD8 BD Biosciences Cat#557708
Zombie NIR™ Fixable Viability Kit BioLengend Cat#423105
Bacterial and virus strains

StbI3 Chemically Competent Cell Zomanbio Cat#2C108-1
Endura ElectroCompetent Cells (DUOS) Lucigen Cat#60242-1-LU

Chemicals, peptides, and recombinant proteins

Interleukin-2, human (hIL-2) Sigma (Millipore) Cat#11147528001
Synthesized peptides GenScript N/A

MHC tetramer This paper N/A

Critical commercial assays

GeneJET Genomic DNA Purification Kit Thermo Fisher Scientific Cat#K0722

Deposited data

Crystallography data_HLA-A*02:01-KIA-S
Crystallography data_HLA-A*24:02-NYN-S

https://www.rcsb.org

https://www.rcsb.org

PDB code: 7EU2
PDB code: 7F4W

Experimental models: Cell lines

HEK293T cells ATCC Cat#CRL-3216
HEK293T HLA-A*02:01 Epitope Discovery This paper N/A
Cells (IFPGzB, ICARCR, HLA-A*02:01)
HEK293T HLA- A*02:07 Epitope Discovery This paper N/A
Cells (IFPGzB, ICARCR, HLA-A*02:07)
HEK293T HLA- A*11:01 Epitope Discovery This paper N/A
Cells (IFPGzB, ICARCR, HLA-A*11:01)
HEK293T HLA- A*24:02 Epitope Discovery This paper N/A
Cells (IFPGzB, ICARCR, HLA-A*24:02)
Experimental models: Primary cell cultures
PBMC PBMC were isolated from human donors. N/A
The donor characteristics including age and
gender are summarized in Tables S1, S3,
and S4 PBMC collection was approved by
the biomedical ethical committee of USTC.
Oligonucleotides
Sequences listed in Table S6 N/A N/A
Recombinant DNA
SARS-CoV-2 peptidome library This paper N/A
pHAGE_EF1a_ICADCR_bsd (Kula et al., 2019) N/A
pHAGE_EF1a_IFPGzB_hyg (Kula et al., 2019) N/A
pHAGE_CMV_NFlageHA_DEST _ (Kula et al., 2019) N/A
IRES_puro
pHAGE_EF1a_HLA_A*02:01 Gift from Prof. Xin Lin’s lab, Tsinghua N/A

University

(Continued on next page)

Cell Reports 36, 109708, September 14, 2021 el


https://www.rcsb.org
https://www.rcsb.org

¢? CellP’ress Cell Reports

OPEN ACCESS

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
pHAGE_EF1a_HLA_A*02:07 Gift from Prof. Xin Lin’s lab, Tsinghua N/A
University
pHAGE_EF1a_HLA_A*11:01 Gift from Prof. Xin Lin’s lab, Tsinghua N/A
University
pHAGE_EF1a_HLA_A*24:02 Gift from Prof. Xin Lin’s lab, Tsinghua N/A
University
Software and algorithms
Bowtie (Mun et al., 2021) http://bowtie-bio.sourceforge.net/index.
shtml
Cutadapt (Kechin et al., 2017) https://cutadapt.readthedocs.io/en/stable/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xu Tan
(xutan@tsinghua.edu.cn).

Materials availability
All unique/stable reagents generated in this study are indicated in the Key resources table and will be made available on request but
may require a payment and/or a completed Materials Transfer Agreement if there is potential for commercial application.

Data and code availability
We have deposited the diffraction data as well as PDB of the crystallography data to the RCSB PDB: 7KEU, 7F4W.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK293T cells were cultured in DMEM (GIBCO, Cat # C11995500BT) with 10% (v/v) FBS, 100 units/mL penicillin (GIBCO, Cat #
15070063), and 0.1 mg/mL streptomycin (GIBCO, Cat # 15070063) at 37°C in 5% CO.. The cells were authenticated by microscopic
morphology examination and growth curve analysis and regularly checked by PCR tests to ensure to be free of mycoplasma.

Primary cell cultures
PBMC were isolated from human donors, including SARS-CoV-2 convalescents donors, healthy donors, as well as SARS-CoV-2
vaccinated donors, and the characteristics of PBMC donors are summarized in Tables S1, S3, and S4, respectively. Protocol of
PBMC collection was approved by the biomedical ethical committee of USTC.

Isolated PBMC were cultured in RPMI (GIBCO, C11875500BT) with 10% (v/v) FBS, 100 units/mL penicillin, 0.1 mg/mL strepto-
mycin, and 60U/ml IL-2 (Sigma, Cat # 11147528001) at 37°C in 5% CO..

E. coli cultures
All the E.coli strains used in this paper are cultured in 37°C with the shaking speed of 220rpm. The resistant gene of each plasmid is
labeled in the end of the corresponding plasmid name which can be found in the Key resources table.

METHOD DETAILS

Isolation of peripheral blood mononuclear cells

The EDTA anticoagulant tubes were used to collect blood from recovered patients and normal people. All patients and healthy donors
provided informed consents. Ficoll layering solution with a density of 1.077 was prepared using Ficoll 400 and Sodium diatrizoate to
separate Peripheral Blood Mononuclear Cells (PBMCs). Gently add 3ml of whole blood to an equal volume of Ficoll layering solution
in a 15ml conical tube at room temperature. Centrifuge at 400 g for 30 minutes at room temperature. During this step, the granulo-
cytes, platelets and RBCs pellet to the bottom of the tube and the PBMCs float over the Ficoll layering solution. Carefully aspirate the
cloudy-looking phase containing the PBMCs from the Ficoll-plasma interface. After washing the PBMCs with DMEM medium at
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500 g at 4°C twice, 10 pl of cells were taken out and counted under a microscope. Finally, resuspend the cells with serum-free cell
cryopreservation solution (Cat # C40100) and store in a —80°C refrigerator.

For expansion, 1 million PBMCs were seeded per well of a 24-well plate and stimulated with Dynabeads Human T-Activator CD3/
CD28 (Thermo Fisher Scientific, Cat # 11161D) according to manufacturer’s instructions.

CD8" memory T cells were isolated from the PMBC cells using the CD8* memory T cell isolation kit (Milenyi, Cat # 130-094-412)
following the manufacturer’s instructions. For expansion, CD8* memory T cells were cultured in RPMI-10% (v/v) FBS, 100 units/mL
penicillin, 0.1 mg/mL streptomycin, 60U/ml IL-2 (Sigma, Cat # 11147528001), and 0.1 ug/ml anti-CD3 antibody (OKT3, Thermo Fisher
Scientific, Cat # 306720).

Lentiviral production

Lentivirus was produced by transfecting HEK293T cells (ATCC, Cat # CRL-3216). For a 6-well cell plate, 1.5 ug lentiviral transfer vec-
tor, 1.5 ng pAX2 plasmid and 1 pg pMD2.G plasmid was co-transfected into HEK293T cells each well in a 6-well cell plate using the
Neofect™ DNA transfection reagent (Cat # TF201201). Lentiviral supernatants were collected at 48h post-transfection and filtered
through a 0.30 um filter. For the cell line establishment, lentiviral supernatant was added to cells in the presence of 8 ng/ml polybrene.

SARS-CoV-2 library design and generation
To generate a complete set of potential SARS-CoV-2 antigens, we tiled across each ORF in 56 amino acids fragments with 55 amino
acids overlap between adjacent tiles for a total of 9179 protein fragments. Fragment tiles were reverse translated using non-rare hu-
man codons. Each fragment was encoded by one nucleic acid sequence.

The oligo library was synthesized with the following adaptors according to the method of the previous published paper (Kula et al.,
2019):

5 adaptor: 5 TGAATTCTGAGCTCG,
3’ adaptor: 5 TCGGGTGCTCGAGCT.

The library was amplified with the following primers, containing overhangs encoding the BP recombination sites:

CMV_BP F: 5 ggggacaagtttgtacaaaaaagcaggctcaGGAATTCTGAGCTCG
CMV_BP R: 5’ ggggaccactttgtacaagaaagctgggtcagctagttaAGCTCGAGCACCCGA

The amplified library was cloned into the pDONR221 vector using BP clonase (Thermo Fisher, Cat # 11789100) and then trans-
fected into the pHAGE_CMV_NFlagHA_DEST_IRES_puro lentiviral vector using Gateway cloning (Thermo Fisher, Cat #
11791100). 150x library representation was maintained during all cloning steps. Plasmids were transfected to Endura ElectroCom-
petent Cells (Lucigen, Cat # 60242-1-LU) following the manuals.

The library was packaged into lentivirus and transduced at a representation of 1000 and MOI of 0.5 into HEK293T cells stably ex-
pressing pHAGE_EF1a_ICAD®R, pHAGE_EF1a_ IFPS?B, and pHAGE_EF1aHLA vector (HLA-A*02:01, HLA-A*02:07, HLA-A*11:01
and HLA-A*24:02 were overexpressed in HEK293T cells respectively). The cells were selected with 1 ng/ml puromycin for 3 days
beginning 48h post-transduction. PHAGE_EF1a_ICAD®" plasmid and pHAGE_EF1a_ IFP®%8 plasmid were kindly offered by Prof.
Stephen J. Elledge’s lab (Harvard University). pHAGE_EF1a_HLA vectors (HLA-A*02:01, HLA-A*02:07, HLA-A*11:01 and HLA-
A*24:02) were kindly offered by Prof. Xin Lin’s lab (Tsinghua University). All the plasmids were transfected into Stbl3 Chemically
Competent Cell for expansion (Zomanbio, Cat # ZC108-1).

SARS-CoV-2 T-Scan screen

For each HLA genotype, 20 million HEK293T cells (2100x library representation) expressing the SARS-CoV-2 library were co-cultured
with 4 million HLA genotype-matched memory CD8* T cells of convalescent COVID-19 patients or healthy people for 12h, after which
IFPSZB_positive target cells were sorted by flow cytometry (BD, Influx). The genomic DNA of collected target cells were extracted by
GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific, and Cat # K0722) for the preparation of deep-sequencing samples
following the manuals (Novogene company). The sequencing data were analyzed by Bowtie (Mun et al., 2021) and Cutadapt (Kechin
et al,, 2017).

T cell expansion

PBMCs were thawed and pulsed with peptides (1 pg/ml) and cultured in RPMI-1640 (Cat # R0883) with 10% FBS, 10 mM HEPES
(Sigma), 2 mM GlutaMAX (GIBCO), 50 IU/ml Pen-Strep (Sigma) and 50 IU IL-2 (Sigma, Cat # 11147528001) at a cell density of 1 million
cells per ml. PBMCs were cultured for 10-12 days adding 100 IU IL-2 (Sigma, Cat # 11147528001) on day 5.

Intra-cytoplasmic cytokine staining (ICS)

About 0.2-1 million PBMCs were seeded per well in the 96-well cell plate with U-bottom. Add the candidate peptide (2 ung/ml) to the
PBMCs and stimulate for 5h at 37°C in the presence of brefeldin A (BD, GlogiPlug, Cat # 555029; 0.5 pl/ml) and monensin (BD,
GolgiStop, Cat # 554724; 0.325 pl/ml). Wash the cells by adding 150 uL PBS, centrifuge at 1000 g, 5 min, discard the supernatant
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and stain cells with Zombie NIRTM Fixable Viability Kit (BioLegend, Cat # 423105) and antibodies of anti-CD3 (BioLegend, Brilliant Violet
510, Cat #306720), anti-CD8 (BD PharMingen, Alexa Fluor 647, Cat # 557708) for 30min at 4°C. Then wash the cells with PBS twice, and
add 100ul BD fixation/permeabilization solution (BD Cytofix/Cytoperm, Cat # 554714) per well for 20min at 4°C. Then wash the cells with
1x permeabilization buffer (BD Cytofix/Cytoperm, Cat # 554714), and stain cells with anti-IFN-y (BioLegend, PE, Cat # 502509) for
15min at room temperature. Wash the cells with 1x permeabilization buffer twice and resuspend cells with PBS before analyzing by
flow cytometry (BD LSRFortessa SORP). All the peptides were synthesized by the company of GenScript.

Preparation of pHLA tetramers

The sequence encoding biotin avidity protein (BAP: GLNDIFEAQKIEWH) was linked to the C terminus of the extracellular segment
(residues 25-300) of class | HLA-A* o chain through a GS linker by PCR. The amplified PCR product was cloned into v1 vector under
the control of T7 promoter with Sall and Not | restriction sites. The o chain was expressed in E. coli in the form of inclusion bodies, and
the denatured o protein dissolved in 8 M urea was further purified by 6 x His using nickel affinity chromatography. At the same time,
the recombinant protein B2 m-MBP (maltose binding protein) was expressed in E. coli, and the soluble 2 m protein was obtained by
further digestion with TEV enzyme and further purification. For refolding, 3 mg of f2 m was added to 200 mL of cold refolding buffer
(5 mM reduced L-Glutathione, 5 mM oxidized L-Glutathione, 2 mM EDTA, 5% glycerol, 1% sodium azide, 0.4 M | -Arginine HCI, 0.1 M
Tris-HCI, pH 8.0), and stir at 4°C for 2 h. Next, the mixture of 2 mg of peptide and 12 mg of & chain was dropped to the refolding buffer,
and incubated at 4°C for 72 h. The refolded protein mixture was concentrated to a volume of 5 mL with a concentrator (membrane
cutoff, 30 kDa), then purified by 120 mL of Superdex™ 200 16/600 column (Cytiva HiLoad). The pHLA monomer part was eluted at
approximately 80 mL of the 120 mL gel filtration. Biotinylated pHLA complex was obtained using BirA biotin kit (BirA-500, Avidity) and
further purified by 24 mL of Superdex 200 10/30 column (GE Healthcare). Then biotinylated pHLA complex was coupled to APC-con-
jugated streptavidin to form a tetramer, which was used to stain PBMCs of COVID-19 patients.

MHC tetramer staining assay

Bulk PBMCs or isolated memory CD8* T cells were thawed, washed with warm RPMI-10%FBS media, and plated in U-bottom
96-well plates at 1 million cells/well. Cells were pelleted and resuspended with PBS with 1% FBS, as well as the corresponding
tetramer at a final concentration of 10 pg per ml and incubated at 37°C for 15 min prior to adding the FITC-conjugated anti-human
CD8 antibody (BD, Cat # 557085) and Zombie NIRTM Fixable Viability Kit (BioLegend, Cat # 423105), and incubating for an additional
15 min at room temperature. The stained cells were pelleted and washed three times before analyzed by flow cytometry (BD LSRFor-
tessa SORP).

Molecular docking simulation of peptide-HLA-A2 complex

Molecular docking simulations of HLA-A2 were carried out with GalaxyPepdock for binding pattern evaluation. The available struc-
ture of HLAs: 0201 (PDB ID: 3mgo) and 1101(PDB ID: 1x7q) was downloaded from the RSCB PDB server (https://www.rcsb.org/) for
modeling. GalaxyPepdock is a template-based docking program for peptides and proteins, which can generate 10 models to eval-
uate the results of the docking (Lee et al., 2015). The top model with the highest interaction similarity score was selected for next
steps. The selected models were visualized by using Pymol 2.4 software. Autodock Vina 1.1 (Trott and Olson, 2010). was used
for re-evaluation of binding affinity.

QUANTIFICATION AND STATISTICAL ANALYSIS
The data were analyzed using linear-regression analysis in Figure 3F (n = 7); Wilcoxon matched-pairs signed rank test in Figure 4 (For

the test of KIA, IIW, GVY, NYN, n=9, 9, 10, 6 respectively). In all figures, significance is indicated as *p < 0.05, **p < 0.01, **p < 0.001,
and the statistical data were presented as mean value. All statistical analyses were performed using GraphPad PRISM 8 software.
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