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ABSTRACT COVID-19 vaccines are being rapidly developed and human trials are
under way. Almost all of these vaccines have been designed to induce antibodies
targeting the spike protein of SARS-CoV-2 in expectation of neutralizing activities.
However, nonneutralizing antibodies are at risk of causing antibody-dependent
enhancement. Further, the longevity of SARS-CoV-2-specific antibodies is very short.
Therefore, in addition to antibody-inducing vaccines, novel vaccines developed on
the basis of SARS-CoV-2-specific cytotoxic T lymphocytes (CTLs) should be consid-
ered. Here, we attempted to identify HLA-A*02:01-restricted CTL epitopes derived
from the nonstructural polyprotein 1a of SARS-CoV-2. Eighty-two peptides were first
predicted as epitope candidates based on bioinformatics. Fifty-four of the 82 pep-
tides showed high or medium binding affinities to HLA-A*02:01. HLA-A*02:01 trans-
genic mice were then immunized with each of the 54 peptides encapsulated into
liposomes. The intracellular cytokine staining assay revealed that 18 out of 54 pep-
tides were active as CTL epitopes because of the induction of gamma interferon
(IFN-g)-producing CD81 T cells. Of the 18 peptides, 10 peptides were chosen for the
following analyses because of their high responses. To identify dominant CTL epi-
topes, mice were immunized with liposomes containing the mixture of the 10 pep-
tides. Some peptides were shown to be statistically predominant over the other pep-
tides. Surprisingly, all mice immunized with the liposomal 10-peptide mixture did
not show the same reaction pattern to the 10 peptides. There were three response
patterns, suggesting the existence of an immunodominance hierarchy following peptide
vaccination, which may provide more variations in the epitope selection for designing
CTL-based COVID-19 vaccines.

IMPORTANCE For the development of vaccines based on SARS-CoV-2-specific cyto-
toxic T lymphocytes (CTLs), we attempted to identify HLA-A*02:01-restricted CTL epi-
topes derived from the nonstructural polyprotein 1a of SARS-CoV-2. Out of 82 pep-
tides predicted by bioinformatics, 54 peptides showed good binding affinities to
HLA-A*02:01. Using HLA-A*02:01 transgenic mice, 18 in 54 peptides were found to
be CTL epitopes in the intracellular cytokine staining assay. Out of 18 peptides, 10
peptides were chosen for the following analyses because of their high responses.
To identify dominant epitopes, mice were immunized with liposomes containing
the mixture of the 10 peptides. Some peptides were shown to be statistically pre-
dominant. Surprisingly, all immunized mice did not show the same reaction pattern
to the 10 peptides. There were three reaction patterns, suggesting the existence of
an immunodominance hierarchy following peptide vaccination, which may provide
us more variations in the epitope selection for designing CTL-based COVID-19
vaccines.
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In December 2019, the coronavirus disease 2019 (COVID-19), caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was first identified in Wuhan,

Hubei province, China. Since then, the subsequent spread of global infection has con-
tinued to gain momentum. As of 16 September 2020, the COVID-19 pandemic has
infected more than 29.4 million people around the world and caused more than
931,000 deaths. Although the clinical symptoms vary from asymptomatic or mild self-
limited infection to severe life-threatening respiratory disease, the mechanism of dis-
ease outcome remains unclear. Many nations are struggling to find appropriate pre-
ventive and control strategies. However, there are as yet no vaccines or antiviral drugs
available for the treatment of this infectious disease.

There are seven coronaviruses that infect humans. In addition to SARS-CoV-2, SARS-
CoV and Middle East respiratory syndrome coronavirus (MERS-CoV) also cause severe
pneumonia, whereas the other four human coronaviruses, HCoV-229E, -NL63, -OC43,
and -HKU1, cause symptoms of the common cold (1). Like other coronaviruses, SARS-
CoV-2 possesses a large single-stranded positive sense RNA genome (2). As shown in
Fig. 1, the 59-terminal two-thirds of the genome are composed of open reading frame
1a (ORF1a) and ORF1b. ORF1a encodes the polyprotein 1a (pp1a) containing nonstruc-
tural proteins (nsp1 to nsp11) (Fig. 1). The remaining one-third of the genome encodes
the structural proteins, including spike (S), envelope (E), membrane (M), and nucleo-
capsid (N), as well as accessory proteins (Fig. 1). Coronaviruses depend on the S protein
for binding to host cells. The host cell receptor for SARS-CoV-2 is the angiotensin-con-
verting enzyme 2 (ACE2), which is also the receptor for SARS-CoV (3, 4).

It was shown that the increased cell numbers of antibody-secreting cells, follicular
helper T cells, activated CD41 T cells, and activated CD81 T cells were observed in a
non-severe COVID-19 patient (5), indicating that robust immune responses can be eli-
cited to the newly emerged SARS-CoV-2. Therefore, the induction of protective immu-
nity against SARS-CoV-2 is considered to help control COVID-19. Vaccines are being
rapidly developed in the world, and human trials are under way for several vaccine
candidates, ranging from traditional vaccines comprising inactivated SARS-CoV-2 prep-
arations (6) to innovative vaccines such as subunit (7), RNA (8), DNA (9), and adenoviral
(10) vaccines. Almost all of these vaccines have been designed to induce antibodies
targeting the S protein because some antibodies specific for the receptor-binding do-
main (RBD) of S protein may have neutralizing activities and can interfere with the
binding between the virus and ACE2 on host cells. In fact, it was reported that a DNA
vaccine encoding the S protein induced neutralizing antibody in rhesus macaques and
protected them from challenge with SARS-CoV-2 (9). However, there are two major
issues concerning this vaccine. One issue is that nonneutralizing and subneutralizing
antibodies to S protein induced by this vaccine are at risk of causing antibody-depend-
ent enhancement (ADE) (11). ADE is the phenomenon by which binding of suboptimal
antibodies to viruses enhances viral entry mediated by Fc receptors into immune cells,
thereby promoting inflammation and tissue injury (12). ADE has been reported in the
evaluation of vaccine candidates directed to S protein for SARS-CoV (13–16). Because
of their similarities, these findings enable us to foresee the high risks of ADE in SARS-
CoV-2 vaccines directed to S protein. It is worth noting that RBD-specific antibodies
with potent neutralizing activity are extremely rare among S-specific antibodies in
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FIG 1 Linear diagrams of the SARS-CoV-2 genome and the protein subunits of ORF1a. The SARS-CoV-2 genome consists of
ORF1a, ORF1b, spike (S), ORF3a, envelope (E), membrane (M), ORF6, ORF7a, ORF7b, ORF8, nucleocapsid (N), and ORF10. The
ORF1a polyprotein is composed of 11 nonstructural proteins, nsp1 to nsp11.
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COVID-19-covalescent individuals (17, 18), suggesting that the development of effec-
tive vaccines might require novel strategies to selectively target the RBD of SARS-CoV-
2. On the other hand, passive immunization of RBD-specific monoclonal antibodies
obtained from convalescent individuals might be safe and effective for the elimination
of SARS-CoV-2 (19–21), but much more expensive to produce for worldwide use than
vaccines (22). A second issue is the short longevity of neutralizing antibodies to SARS-
CoV-2. It was previously reported that the SARS-CoV-specific antibodies are short lived,
persisting for at most about 2 to 3 years (23, 24), unlike SARS-CoV-specific memory T
cells (25). The longevity of SARS-CoV-2-specific antibodies are likely to be even shorter,
as indicated by antibody titers being undetectable or approaching baseline in the
majority of SARS-CoV-2-infected individuals after 2 to 3months post onset of symp-
toms (26). Taken together, these data strongly suggest that it does not seem wise
to rely too heavily on the S-specific-antibody-inducing vaccine to control the
COVID-19 pandemic.

In viral infections, CD81 cytotoxic T lymphocytes (CTLs) play an important role for
the clearance of virus, as do neutralizing antibodies. CTLs recognize virus-derived pep-
tides in association with major histocompatibility complex class I (MHC-I) molecules on
the surface of antigen-presenting cells and kill virus-infected target cells. It was
reported that CD41 T cells and CD81 T cells are decreased in proportion to the disease
severity and are exhausted in severe COVID-19 patients (27, 28), suggesting the signifi-
cance of CD81 CTLs in the clearance of SARS-CoV-2. Furthermore, SARS-CoV-specific
memory T cells persisted up to 11 years (25), predicting the long life of SARS-CoV-2-
specific memory T cells. Therefore, in addition to antibody-induced vaccines, novel vac-
cines based on SARS-CoV-2-specific CTLs should also be considered in future vaccine
development for the prevention and disease control of COVID-19.

For the development of CTL-based COVID-19 vaccine, we here attempted to iden-
tify HLA-A*02:01-restricted, dominant CTL epitopes derived from pp1a of SARS-CoV-2.
Pp1a is the largest protein (4,401 amino acids) among SARS-CoV-2 proteins and. there-
fore, it seems highly possible to find dominant epitopes in this protein. Furthermore,
pp1a is produced first in SARS-CoV-2-infected cells, suggesting pp1a-specific CTLs
could kill infected cells before the formation of mature virions. In addition, this protein
is composed of 11 nonstructural regulatory proteins that are highly conserved among
many different coronaviruses (29). To identify CTL epitopes, we used computational
algorithms, HLA-A*02:01 transgenic mice, and peptide-encapsulated liposomes. In a
similar way, we previously identified CTL epitopes of SARS-CoV pp1a (30).

RESULTS
Prediction of HLA-A*02:01-restricted CTL epitopes derived from SARS-CoV-2

pp1a. We first attempted to predict HLA-A*02:01-restricted CTL epitopes derived from
SARS-CoV-2 pp1a using four computer-based programs, SYFPEITHI (31), nHLAPred (32),
ProPred-I (33), and IEDB (34). Scores of SARS-CoV-2 pp1a-derived peptides in the
four programs were assessed by classifying into four ranks (A, excellent; B, very good;
C, good; D, poor) with the following values: (i) SYFPEITHI: A$ 27, 24#B# 26,
20#C# 23, D, 20; (ii) nHLAPred: A = 1, 0.90# B ,1, 0.5#C, 0.90, D ,0.5; (iii)
ProPred-I: A$ 1,000, B$ 500, C$ 100, D = ND (not detected); and (iv) IEDB: A. 0.1,
0.1#B, 0.5, 0.5#C, 1, D$ 1 (Table 1). All 28 peptides with rank A in the
SYFPEITHI program were selected. Of the B- and C-ranked peptides in the SYFPEITHI
program, 54 peptides were chosen because they were ranked from A to C in at least
one of the remaining three programs (Table 1). A total of 82 peptides were synthe-
sized into 9-mer peptides (Table 2). All of these peptides were then evaluated for
their binding affinities to the HLA-A*02:01 molecule using TAP2-deficient RMA-S-
HHD cells. As the half-maximal binding level (BL50) values of the influenza A virus ma-
trix protein 1-derived peptide (FMP58-66) (35) as a high-binding control and the HIV
reverse transcriptase-derived peptide (HIV-pol476-484) (36) as a medium-binding con-
trol were 2.3mM and 80.6mM, respectively, we defined a high binder as having a BL50
value below 10mM, a medium binder as having a BL50 value ranging from 10 to
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100mM, and a low binder as having a BL50 value above 100mM. As shown in Table 2,
20 peptides were high binders, whereas 34 peptides were medium binders, suggesting
that the bioinformatics prediction was mostly successful. In contrast, the remaining 28
peptides displayed low affinities or no binding to HLA-A*02:01 molecules (Table 2). As
shown in Table 3, none of the SYFPEITHI, nHLAPred, or ProPred-I algorithms successfully
predicted the level of the peptide-binding affinity. However, the IEDB program is likely
to have been able to predict it to some extent when we consider the binding affinity lev-
els of A-ranked and D-ranked peptides using this program (Table 3). In the following
experiments, 54 peptides shown to be high or medium binders were chosen to further
investigate their abilities for peptide-specific CTL induction.

Detection of SARS-CoV-2 pp1a-specific CD81 T cell responses in mice immunized
with peptide-encapsulated liposomes. Each of the 54 peptides selected were encap-
sulated into liposomes as described in the Materials and Methods. HLA-A*02:01

TABLE 1 CTL candidate epitopes for the SARS-CoV-2 pp1a predicted by the 4 algorithms

Peptide namea Sequence

Rank by algorithmb

Name Sequence

Rank by algorithmb

1 2 3 4 1 2 3 4
pp1a-84 VMVELVAEL A A C A pp1a-2785 AIFYLITPV B B D C
pp1a-106 VLVPHVGEI A A D B pp1a-3013 SLPGVFCGV B B D B
pp1a-445 GLNDNLLEI A A D A pp1a-3083 LLFLMSFTV B A A C
pp1a-468 KLNEEIAII A B D A pp1a-3115 YLTNDVSFL B B A A
pp1a-600 YITGGVVQL A C D A pp1a-3183 FLLNKEMYL B A A A
pp1a-692 SIIIGGAKL A D D D pp1a-3403 FLNGSCGSV B A D C
pp1a-1161 SLRVCVDTV A B D D pp1a-3710 TLMNVLTLV B A B A
pp1a-1312 MLAKALRKV A A D B pp1a-3753 FLARGIVFM B A C A
pp1a-1433 SLINTLNDL A C D B pp1a-3886 KLWAQCVQL B B B A
pp1a-1675 YLATALLTL A A C A pp1a-3917 VLLSMQGAV B A D D
pp1a-1962 DLNGDVVAI A D D D pp1a-4094 ALWEIQQVV B A B A
pp1a-2230 IIWFLLLSV A B C C pp1a-4283 YLASGGQPI B C D B
pp1a-2235 LLSVCLGSL A A D D pp1a-38 VLSEARQHL C A D B
pp1a-2242 SLIYSTAAL A A D B pp1a-52 GLVEVEKGV C D C B
pp1a-2968 YLEGSVRVV A B D B pp1a-572 GISQYSLRL C A D D
pp1a-3047 IVAGGIVAI A D D B pp1a-589 DLATNNLVV C A D D
pp1a-3344 SMQNCVLKL A B D B pp1a-597 VMAYITGGV C A D D
pp1a-3467 VLAWLYAAV A A D C pp1a-619 TVYEKLKPV C D C B
pp1a-3482 FLNRFTTTL A A C A pp1a-685 FLALCADSI C A D D
pp1a-3583 LLLTILTSL A A C A pp1a-1109 NLAKHCLHV C A D B
pp1a-3587 ILTSLLVLV A A C A pp1a-1114 CLHVVGPNV C A D D
pp1a-3639 FLLPSLATV A A A A pp1a-1148 LLSAGIFGA C A D B
pp1a-3732 SMWALIISV A A B A pp1a-1214 FITESKPSV C A D A
pp1a-3827 GLLPPKNSI A A D B pp1a-1367 ILGTVSWNL C B C B
pp1a-3871 VLLSVLQQL A A C A pp1a-1387 KLMPVCVET C B D B
pp1a-3839 KLNIKLLGV A A B B pp1a-1642 FLGRYMSAL C A C B
pp1a-4032 MLFTMLRKL A B D B pp1a-2168 YMPYFFTLL C A B B
pp1a-4183 ALLSDLQDL A B C A pp1a-2228 NIIIWFLLL C A D D
pp1a-15 QLSLPVLQV B A D B pp1a-2249 ALGVLMSNL C A D D
pp1a-103 TLGVLVPHV B A D B pp1a-2332 ILFTRFFYV C A A A
pp1a-214 TLSEQLDFI B A C B pp1a-2348 QLFFSYFAV C A A C
pp1a-641 FLRDGWEIV B B D B pp1a-2563 QLMCQPILL C A D B
pp1a-702 ALNLGETFV B A C B pp1a-2884 FLPRVFSAV C A B B
pp1a-881 KTLQPVSEL B A D C pp1a-2901 KLIEYTDFA C A C B
pp1a-1143 VLLAPLLSA B A D B pp1a-3122 FLAHIQWMV C A A A
pp1a-2076 ILKPANNSL B A D B pp1a-3128 WMVMFTPLV C A B D
pp1a-2226 LINIIIWFL B C C D pp1a-3475 VINGDRWFL C D C D
pp1a-2270 YLNSTNVTI B A D A pp1a-3662 RIMTWLDMV C A D B
pp1a-2363 WLMWLIINL B A B C pp1a-3798 CLLNRYFRL C A B D
pp1a-2364 LMWLIINLV B A A D pp1a-3807 TLGVYDYLV C A D C
pp1a-2569 ILLLDQALV B B C B pp1a-4266 VLSFCAFAV C A B C
aThe number within each peptide name shows the first amino acid position in the SARS-CoV-2 pp1a.
bAlgorithm number 1, SYFPEITHI; number 2, nHLAPred; number 3, ProPred-I; number 4, IEDB. Scores of predicted peptides in the 4 algorithms were assessed by classifying
into four ranks (A, excellent; B, very good; C, good; D, poor) as follows: SYFPEITHI, A$ 27, 24# B# 26, 20#C# 23, D, 20; nHLAPred, A = 1, 0.90# B,1, 0.5#C, 0.90,
D, 0.5; ProPred-I, A$ 1000, B$ 500, C$ 100, D = ND (not detected); IEDB, A. 0.1, 0.1# B, 0.5, 0.5#C, 1, D$ 1).
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transgenic (HHD) mice (37) were then subcutaneously (s.c.) immunized twice at a 1-
week interval with each of peptide-encapsulated liposomes together with CpG adju-
vant. One week later, spleen cells of immunized mice were prepared, stimulated in vitro
with a relevant peptide for 5 h, and stained for the expression of cell-surface CD8 and
intracellular gamma interferon (IFN-g). As shown in Fig. 2, the intracellular cytokine
staining (ICS) assay showed that significant numbers of IFN-g-producing CD81 T cells
were elicited in mice immunized with 18 liposomal peptides, including pp1a-38, -52,
-84, -103, -445, -597, -641, -1675, -2785, -2884, -3083, -3403, -3467, -3583, -3662, -3710,
-3732, and -3886, revealing that these 18 peptides are HLA-A*02:01-restricted CTL

TABLE 2 Binding affinities of predicted SARS-CoV-2 pp1a peptides to HLA-A*02:01

Peptide namea Sequence BL50b Namea Sequence BL50b

High binders
pp1a-84 VMVELVAEL 6.86 0.3 pp1a-103 TLGVLVPHV 1.36 0.2
pp1a-214 TLSEQLDFI 2.06 0.2 pp1a-445 GLNDNLLEI 6.06 0.2
pp1a-597 VMAYITGGV 9.56 0.9 pp1a-619 TVYEKLKPV 5.66 0.7
pp1a-641 FLRDGWEIV 0.96 0.1 pp1a-1675 YLATALLTL 8.46 0.2
pp1a-2270 YLNSTNVTI 8.96 0.3 pp1a-2569 ILLLDQALV 9.66 1.5
pp1a-2785 AIFYLITPV 5.16 1.6 pp1a-2968 YLEGSVRVV 7.56 0.1
pp1a-3013 SLPGVFCGV 3.16 0.2 pp1a-3115 YLTNDVSFL 4.86 0.3
pp1a-3122 FLAHIQWMV 6.96 0.4 pp1a-3128 WMVMFTPLV 9.86 1.1
pp1a-3587 ILTSLLVLV 8.36 0.9 pp1a-3710 TLMNVLTLV 2.06 0.4
pp1a-3732 SMWALIISV 8.96 0.4 pp1a-4094 ALWEIQQVV 6.46 0.4

Medium binders
pp1a-15 QLSLPVLQV 79.46 4.4 pp1a-38 VLSEARQHL 76.86 6.8
pp1a-52 GLVEVEKGV 14.56 4.9 pp1a-106 VLVPHVGEI 76.06 2.0
pp1a-468 KLNEEIAII 56.26 4.8 pp1a-600 YITGGVVQL 48.56 7.9
pp1a-685 FLALCADSI 10.26 0.5 pp1a-702 ALNLGETFV 40.76 2.8
pp1a-1109 NLAKHCLHV 38.56 8.2 pp1a-1114 CLHVVGPNV 62.96 2.3
pp1a-1161 SLRVCVDTV 85.76 1.9 pp1a-1312 MLAKALRKV 95.26 0.7
pp1a-2168 YMPYFFTLL 99.06 2.4 pp1a-2332 ILFTRFFYV 96.56 14.0
pp1a-2563 QLMCQPILL 11.16 1.8 pp1a-2884 FLPRVFSAV 29.36 6.5
pp1a-3047 IVAGGIVAI 50.56 2.5 pp1a-3083 LLFLMSFTV 39.46 0.9
pp1a-3183 FLLNKEMYL 12.96 6.8 pp1a-3403 FLNGSCGSV 18.76 3.2
pp1a-3467 VLAWLYAAV 45.06 10.8 pp1a-3475 VINGDRWFL 85.06 5.4
pp1a-3482 FLNRFTTTL 79.06 9.6 pp1a-3583 LLLTILTSL 63.86 3.1
pp1a-3639 FLLPSLATV 15.06 4.4 pp1a-3662 RIMTWLDMV 76.56 7.1
pp1a-3753 FLARGIVFM 71.26 12.9 pp1a-3798 CLLNRYFRL 81.66 20.2
pp1a-3807 TLGVYDYLV 61.76 8.7 pp1a-3871 VLLSVLQQL 44.96 6.0
pp1a-3886 KLWAQCVQL 27.26 9.4 pp1a-4183 ALLSDLQDL 42.46 6.1
pp1a-4266 VLSFCAFAV 20.16 6.1 pp1a-4283 YLASGGQPI 39.86 6.2

Low binders
pp1a-572 GISQYSLRL ND pp1a-589 DLATNNLVV ND
pp1a-692 SIIIGGAKL ND pp1a-881 KTLQPVSEL 161.76 28.3
pp1a-1143 VLLAPLLSA ND pp1a-1148 LLSAGIFGA ND
pp1a-1214 FITESKPSV 122.16 31.7 pp1a-1367 ILGTVSWNL 123.26 11.3
pp1a-1387 KLMPVCVET 174.26 33.5 pp1a-1433 SLINTLNDL 123.46 11.0
pp1a-1642 FLGRYMSAL 124.16 1.9 pp1a-1962 DLNGDVVAI ND
pp1a-2076 ILKPANNSL ND pp1a-2226 LINIIIWFL ND
pp1a-2228 NIIIWFLLL ND pp1a-2230 IIWFLLLSV 176.76 6.3
pp1a-2235 LLSVCLGSL ND pp1a-2242 SLIYSTAAL 134.06 7.6
pp1a-2249 ALGVLMSNL ND pp1a-2348 QLFFSYFAV 146.46 19.7
pp1a-2363 WLMWLIINL 102.76 6.4 pp1a-2364 LMWLIINLV 159.06 42.8
pp1a-2901 KLIEYTDFA 126.06 2.5 pp1a-3344 SMQNCVLKL 104.56 2.2
pp1a-3827 GLLPPKNSI ND pp1a-3839 KLNIKLLGV 213.56 85.7
pp1a-3917 VLLSMQGAV 112.36 7.2 pp1a-4032 MLFTMLRKL 165.86 21.7

aThe number within each peptide name shows the first amino acid position in the SARS-CoV-2 pp1a.
bData of peptide binding assays are shown as BL50, indicating a concentration (mM) of each peptide that yields
the 50% relative binding, as described in the Materials and Methods. Experiments were performed in triplicate
and repeated twice with similar results. Data are given as mean values6 SD. High binders, BL50 , 10mM;
medium binders, 10mM# BL50 , 100mM; low binders, BL50 $ 100mM or ND (not detected).
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epitopes derived from SARS-CoV-2 pp1a. As shown in Table 4, high-binding peptides
did not always elicit IFN-g-producing CD81 T cells (.1% of IFN-g1 cells in CD81 T cells).
However, the proportion of high-binding peptides that induced IFN-g-producing CD81

T cells was higher than that of medium-binding peptides (Table 4). As indicated in
Table 5, multiple epitopes were located in small proteins such as nsp1 (180 amino
acids [aa]) and nsp6 (290 aa), whereas only one epitope was seen in the large nsp3
composed of 1,945 amino acids. On the other hand, the remaining 36 out of 54 pep-
tides in liposomes were not able to stimulate peptide-specific CTLs in mice (data not
shown), demonstrating the necessity to generate data through wet-lab experiments.
Interestingly, four epitopes, including pp1a-103, -2884, -3403, and -3467, are also
located in the amino acid sequence of SARS-CoV pp1a (Table 5), and pp1a-3467 was
previously reported by us in the identification of SARS-CoV-derived CTL epitopes (30).
However, none of the18 epitopes are found in the amino acid sequence of either
MERS-CoV or the four human common cold coronaviruses, HCoV-OC43, HCoV-229E,
HCoV-NL63, and HCoV-HKU1.

Of the 18 positive peptides, 10 peptides, including pp1a-38, -84, -641, -1675, -2884,
-3467, -3583, -3662, -3710, and -3732, were selected for the following analyses because
of the high ratios of IFN-g1 cells in CD81 T cells (Fig. 2).

Identification of dominant CTL epitopes. To confirm that the 10 peptides are
effective epitopes for peptide-specific CTL responses, we examined whether peptide-
specific killing activities were elicited in mice with each of 10 peptides in liposomes.
HHD mice were immunized s.c. twice with each of peptide-encapsulated liposomes
and CpG adjuvant. One week later, equal numbers of peptide-pulsed and -unpulsed
target cells were transferred into immunized mice via intravenous (i.v.) injection, and
peptide-specific lysis was analyzed by flow cytometry. In support of the data seen with
ICS (Fig. 2), peptide-specific killing was observed in mice immunized with any of 10 lip-
osomal peptides (Fig. 3A).

We next attempted to identify dominant CTL epitopes among the 10 CTL epitopes.
The same amounts of the 10 peptide solutions at an equal concentration were mixed
together and encapsulated into liposomes. Seventeen mice were immunized once
with the liposomes containing the mixture of 10 peptides. One week later, spleen
cells were incubated with each of the 10 peptides for 5 h, and the ICS assay was per-
formed. As shown in Fig. 3B and C, pp1a-38 and -84 were statistically predominant
over almost all other peptides in the induction of peptide-specific IFN-g1 CD81 T cells.
Furthermore, pp1a-641 and pp1a-3732 were significantly superior to pp1a-1675/-3583

TABLE 3 Comparison between the peptide binding affinity and the rank of peptides in the 4 algorithms

Algorithm Ranka
No. high binder BL50 <
10mM (%)

No. medium binder 10
mM£BL50 < 50mM (%)

No. medium binder 50mM£
BL50 < 100mM (%)

No. low binder BL50 ‡
100mM (%)

SYFPEITHI A 6/82 (7.3) 5/82 (6.1) 7/82 (8.5) 10/82 (12.2)
B 10/82 (12.2) 6/82 (7.3) 2/82 (2.4) 7/82 (8.5)
C 4/82 (4.9) 6/82 (7.3) 8/82 (9.8) 11/82 13.4)
D 0/82 (0) 0/82 (0) 0/82 (0) 0/82 (0)

nHLAPred A 13/82 (15.9) 12/82 (14.6) 13/82 (15.9) 19/82 (23.2)
B 6/82 (7.3) 2/82 (2.4) 2/82 (2.4) 5/82 (6.1)
C 0/82 (0) 2/82 (2.4) 0/82 (0) 2/82 (2.4)
D 1/82 (1.2) 1/82 (1.2) 2/82 (2.4) 2/82 (2.4)

ProPred-I A 2/82 (2.4) 3/82 (3.7) 1/82 (1.2) 2/82 (2.4)
B 4/82 (4.9) 3/82 (3.7) 2/82 (2.4) 2/82 (2.4)
C 6/82 (7.3) 4/82 (4.9) 4/82 (4.9) 5/82 (6.1)
D 8/82 (9.8) 7/82 (8.5) 10/82 (12.2) 19/82 (23.2)

IEDB A 10/82 (12.2) 6/82 (7.3) 5/82 (6.1) 1/82 (1.2)
B 7/82 (8.5) 6/82 (7.3) 7/82 (8.5) 13/82 (15.9)
C 1/82 (1.2) 4/82 (4.9) 1/82 (1.2) 4/82 (4.9)
D 2/82 (2.4) 2/82 (2.4) 4/82 (4.9) 10/82 (12.2)

aPeptides were classified into four ranks (A, excellent; B, very good; C, good; D, poor) in each of the four algorithms (SYFPEITHI, nHLAPred, ProPred-I, and IEDB).
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and pp1a-1675/-3583/-3662 in the stimulation of IFN-g-producing CD81 T cells, respec-
tively (Fig. 3B). One month after vaccination, the same experiments were performed
and similar results were obtained (data not shown), suggesting that CD81 T cells rec-
ognizing the different epitopes establish memory to a similar extent.

We also examined the peptide-specific induction of CD107a1 CD81 T cells and
CD691 CD81 T cells. CD107a and CD69 are markers of degranulation and early activa-
tion on CD81 T lymphocytes, respectively. Nine mice were immunized once with the
liposomes encapsulating the mixture of the 10 peptides. After 1 week, spleen cells
were stimulated with each peptide and stained for their expression of CD107a or CD69
of CD81 T cells. At first glance, the graphs of CD107a (Fig. 4A) and CD69 (Fig. 4B)
expression were similar to that of IFN-g expression of CD81 T cells (Fig. 3C). As shown
in Fig. 4A and C, both pp1a-38 and pp1a-84 were superior to almost all other peptides

TABLE 4 Correlation between the peptide binding affinity and the peptide immunogenicity

ICSa
High binder peptides
(BL50 < 10mM) (%)

Medium binder peptides
10mM £ BL50 < 50mM (%)

Medium binder peptides
50mM £ BL50 < 100mM (%)

10%# 3 (15.0) 1 (5.9) 1 (5.9)
1–10% 6 (30.0) 5 (29.4) 2 (11.8)
1%. 11 (55.0) 11 (64.7) 14 (82.4)

Total No. 20 17 17
aICS, intracellular cytokine staining indicates the % of intracellular IFN-g1 cells in CD81 T cells.
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FIG 2 Intracellular IFN-g staining of CD81 T cells specific for peptides derived from SARS-CoV-2 pp1a. HHD mice were
immunized twice with each of the predicted peptides of SARS-CoV-2 pp1a in liposomes together with CpG. After 1
week, spleen cells were prepared and stimulated with (1) or without (2) a relevant peptide for 5 h. Cells were then
stained for their surface expression of CD8 (x axis) and their intracellular expression of IFN-g (y axis). The numbers
shown indicate the percentages of intracellular IFN-g1 cells within CD81 T cells. The data shown are representative of
three independent experiments. Three to five mice per group were used in each experiment, and the spleen cells of
the mice per group were pooled.
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for the CD107a expression of CD81 T cells. Moreover, pp1a-641 and pp1a-3732 elicited
CD107a-positive T cells better than pp1a-1675/-2884/-3467 and pp1a-1675/-2884/-
3467/-3583, respectively. In the case of CD69 expression (Fig. 4B and D), pp1a-38 and
pp1a-3732 were more dominant than pp1a-1675/-2884/-3467/-3583 and pp1a-1675/
-2884/-3467/-3583/-3662, respectively. Further, pp1a-84 was superior to pp1a-1675/
-2884.

Taken together, the 10 peptides differed significantly in their ability to induce SARS-
CoV-2 pp1a-specific CTLs when mice were immunized with the mixture of 10 peptides
in liposomes. Thus, some peptides were found to be dominant CTL epitopes despite
that each peptide alone had the capability to efficiently activate peptide-specific CTL
(Fig. 2, Fig. 3A).

Existence of an immunodominance hierarchy. The data in Fig. 5 indicate reactiv-
ity to the 10 peptides in each of 15 mice immunized with the mixture of the 10 pep-
tides in liposomes. Each graph represents reactivity of an individual mouse (Fig. 5).
Unexpectedly, all mice did not show the same reaction pattern against the 10 pep-
tides. It appears there were roughly three types of reaction patterns to the 10 peptides.
Type A is the group of mice in which pp1a-38, -84, -641-specific IFN-g1 CD81 T cells
were predominantly elicited, whereas the remaining 7 peptides were not able to acti-
vate peptide-specific IFN-g1 CD81 T cells. In the case of type B, pp1a-3732 stimulated
peptide-specific IFN-g1 CD81 T cells as well as pp1a-38, and -84. In addition to these
three peptides, several other peptides also induced IFN-g1 CD81 T cells in type C mice.
These data suggest there seems to be three patterns of immunodominance hierarchy
in CD81 T cell responses following peptide vaccination. The immunodominance hierar-
chy may provide us more variations for designing CTL-based COVID-19 vaccines.

DISCUSSION

After the epidemics of SARS and MERS, scientists have not yet succeeded in devel-
oping preventive or therapeutic vaccines available to avoid reemergence of them. In
the SARS and MERS vaccine development, the full-length S protein or its S1 subunit
have frequently been used as an antigen to produce anti-RBD neutralizing antibodies.
However, these vaccine candidates provided partial protection against virus challenge
in animal models, accompanied by safety concerns such as ADE (1). Furthermore,

TABLE 5 Comparison of amino acid sequences of SARS-CoV-2 pp1a CTL epitopes with the
amino acid sequence of SARS-CoV

SARS-CoV-2 SARS-CoV

Peptide name Start–End Sequence Protein Sequence Identity (%)
pp1a-38 38–46 VLSEARQHL nsp1 ALSEAREHL 89
pp1a-52 52–60 GLVEVEKGV nsp1 GLVELEKGV 89
pp1a-84 84–92 VMVELVAEL nsp1 KVVELVAEM 67
pp1a-103 103–11 TLGVLVPHV nsp1 TLGVLVPHV 100
pp1a-445 445–53 GLNDNLLEI nsp2 TLNEDLLEI 67
pp1a-597 597–605 VMAYITGGV nsp2 IMAYVTGGL 67
pp1a-641 641–9 FLRDGWEIV nsp2 FLKDAWEIL 67
pp1a-1675 1675–83 YLATALLTL nsp3
pp1a-2785 2785–93 AIFYLITPV nsp4
pp1a-2884 2884–92 FLPRVFSAV nsp4 FLPRVFSAV 100
pp1a-3083 3083–91 LLFLMSFTV nsp4 LLFLMSFTI 89
pp1a-3403 3403–11 FLNGSCGSV nsp5 FLNGSCGSV 100
pp1a-3467 3467–75 VLAWLYAAV nsp5 VLAWLYAAV 100
pp1a-3583 3583–91 LLLTILTSL nsp6
pp1a-3662 3662–70 RIMTWLDMV nsp6 RIMTWLELA 67
pp1a-3710 3710–8 TLMNVLTLV nsp6 TLMNVITLV 89
pp1a-3732 3732–40 SMWALIISV nsp6 SMWALVISV 89
pp1a-3886 3886–94 KLWAQCVQL nsp7
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antibody responses to coronaviruses rapidly wane following infection or immunization
(23, 24, 26). Considering the above, it should be necessary to consider CTL-based vac-
cines against SARS-CoV-2 to provide robust, long-lived T cell memory, although neu-
tralizing antibody responses are a primary vaccine target.

In the current study, we aimed to find HLA-A*02:01-resctricted CTL dominant epi-
topes derived from SARS-CoV-2. Dominant epitopes induce a strong immune response
to eliminate a certain pathogen quickly and effectively, and also contribute to the
memory T cell pool. We focused on pp1a of SARS-CoV-2 to find CTL epitopes because
pp1a is the largest and best-conserved polyprotein among the constituent proteins.
Further, pp1a is produced earlier than structural proteins, suggesting that pp1a-spe-
cific CTLs can eliminate infected cells before the formation of mature virions. To predict
CTL epitopes, we utilized bioinformatics to select 82 peptides with high scores in four
kinds of computer-based programs (Table 2). The value of each peptide in the four pro-
grams was assessed by classifying into four ranks. However, evaluations of each pep-
tide did not always match in the four algorithms (Table 1), suggesting that multiple
programs are needed for predicting epitopes. In the evaluation of peptide binding, 54
peptides showed high or medium binding affinities to HLA-A*02:01 molecules,
whereas the remaining 28 peptides displayed low binding affinities or no binding
(Table 2). Compared with the other three programs, the IEDB program seems to be
most useful for the selection of peptides with high binding affinity (Table 3). Out of the
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FIG 3 Killing activities and IFN-g1 CD81 T cell induction by the 10 most active peptides. (A) In vivo killing
activities specific for the 10 peptides. HHD mice were immunized twice with either one of the 10 liposomal
peptides (pp1a-38, -84, -641, -1675, -2884, -3467, -3583, -3662, 3710, or -3732) or else liposomes alone,
together with CpG. One week later, in vivo peptide-specific killing activities were measured. Three to five mice
per group were used, and the data of % specific lysis are shown as the mean 6 standard deviation (SD). (B
and C) Comparison of the 10 peptides in the induction of IFN-g1 CD81 T cells. Seventeen HHD mice were
immunized once with the mixture of 10 peptides (pp1a-38, -84, -641, -1675, -2884, -3467, -3583, -3662, -3710,
and -3732) in liposomes with CpG. After 1 week, spleen cells were stimulated with or without each of the 10
peptides, and intracellular IFN-g in CD81 T cells was stained. (C) The y axis indicates the relative percentages of
IFN-g1 cells in CD81 T cells, which were calculated by subtracting the % of IFN-g1 cells in CD81 T cells without
a peptide from the % of IFN-g1 cells in CD81 T cells with a relevant peptide. Each blue circle represents an
individual mouse. Data are shown as the mean (horizontal bars) 6 SD. (B) Statistical comparisons of the
relative % values of IFN-g1 CD81 T cells among the 10 peptides in Fig. 3C were made by one-way ANOVA
followed by post hoc tests: *, P, 0.05; **, P, 0.01; ***, P, 0.001; ns, not significant.
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54 peptides, only 18 peptides were found to be CTL epitopes. Hence, we have to keep
in mind that currently available algorithms have a limited ability to accurately predict
CTL epitopes, although the bioinformatics approach is useful for quickly predicting a
number of epitopes in a large protein (38, 39).

Among the 18 epitopes that we have identified in the current study, 4 epitopes,
including pp1a-103, -2884, -3403, and -3467 are present in the amino acid sequence of
SARS-CoV pp1a (100% identity) (Table 5). Therefore, CTLs induced by these four epi-
topes could work fine for the clearance of SARS-CoV as well as SARS-CoV-2. In support
of these data, Le Bert et al. reported that long-lasting memory T cells in SARS-recov-
ered individuals cross-reacted to the N protein of SARS-CoV-2 (40). Recently, several
studies found that SARS-CoV-2-reactive CD41 and CD81 T cells were detected in a sub-
stantial proportion of healthy donors who have never been infected with SARS-CoV-2
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FIG 4 Comparison of the 10 peptides in the induction of CD107a1 CD81 T cells (A) and CD691 CD81

T cells (B). Nine HHD mice were immunized once with the mixture of 10 peptides (pp1a-38, -84, -641,
-1675, -2884, -3467, -3583, -3662, -3710, and -3732) in liposomes with CpG. After 1 week, spleen cells
were stimulated with or without each of the 10 peptides, and the expression of CD107a (A) or CD69
(B) on CD81 T cells was analyzed. Data indicate the relative percentages of CD107a1 (A) and CD691

(B) cells in CD81 T cells, which were obtained by subtracting the % of CD107a1 and CD691 cells in
CD81 T cells without a peptide from the % of CD107a1 and CD691 cells in CD81 T cells with a
peptide, respectively. Each red (A) or green (B) circle represents an individual mouse. Data are shown
as the mean (horizontal bars) 6 SD. (C and D) Statistical analyses of the data among the 10 peptides
in A and B were performed by one-way ANOVA followed by post hoc tests for CD107a (C) and CD69
(D) data: *, P, 0.05; **, P, 0.01; ***, P, 0.001; ns, not significant.
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FIG 5 Three types of reactivity in mice immunized with the mixture of 10 peptides. Fifteen mice were immunized once with the mixture of
10 peptides, including pp1a-38, -84, -641, -1675, -2884, -3467, -3583, -3662, -3710, and -3732, in liposomes with CpG. After 1 week, spleen
cells were stimulated with or without each of the 10 peptides, and intracellular IFN-g in CD81 T cells was stained. Based on the reactivity

(Continued on next page)
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or SARS-CoV (40–44). It is most likely that these individuals were previously infected
with one of the four human coronaviruses (HCoV-229E, -NL63, -OC43, and -HKU1) that
cause seasonal common cold. Nelde et al. demonstrated that the amino acid sequen-
ces of several SARS-CoV-2 T cell epitopes recognized by unexposed individuals are sim-
ilar to some amino acid sequences in the four seasonal common cold human coronavi-
ruses, with identities ranging from 10% to 89% (not 100% identity) (44). However, no
one has shown evidence that people with this cross-reactivity are less susceptible to
COVID-19. It may also be possible to assume that preexisting T cell immunity might be
detrimental through mechanisms such as original antigenic sin or ADE (45). In the cur-
rent data, none of the 18 epitopes was found in the amino acid sequences of the four
human common cold coronaviruses, suggesting that effective common CTL epitopes
derived from pp1a, if any, might be very few.

Here, we focused on CTL epitopes restricted by HLA-A*02:01, which is the most
common HLA class I allele in the world, and used highly reactive HLA-A*02:01 trans-
genic mice, termed HHD mice (37). Although we can use lymphocytes of SARS-CoV-2-
infected individuals to identify CTL epitopes, there are two main advantages to using
HHD mice. First, a large amount of blood of patients is required for examining many
candidates of CTL epitopes, but any number of mice can be prepared for this purpose.
Second, when using patients’ lymphocytes, we are only testing whether the peptide
candidates are recognized by memory CTLs. When using naive mice, however, we can
find whether the epitope candidates are able to prime peptide-specific CTLs, which
may be a better criterion to judge them as vaccine antigens. It is supposed that the ef-
ficient epitope for CTL recognition is not always efficient for CTL priming. Using HLA-
A*02:01 transgenic mice, we have identified 18 CTL candidate epitopes derived from
SARS-CoV-2 pp1a (Table 5). However, we should take into account that the immuno-
genic variation in HLA class I transgenic mice may not be identical to that in humans
because the antigen processing and presentation differ between them. In addition,
there is no data showing that a viral infection in a mouse model induces T cells target-
ing these epitopes because liposomal peptides were used as an immunogen.
Therefore, there is no validation that the candidate epitopes identified here are
actually presented during live infection of human cells or that T cells from COVID-19
patients recognize these epitopes. Recently, four epitopes with the same amino acid
sequences as pp1a-641, -3403, -3467, and -3886 (Table 5) have been submitted
to the Virus Pathogen Database and Analysis Resource (ViPR) by the Adaptive
Biotechnologies Corporation (ImmuneCODE-Release001.1). Because these epitopes
were tested in an ELISPOT-like assay using human CD81 T cells and lymphocytes of
COVID-19 patients, these four epitopes should be real CTL epitopes that are presented
by human cells and recognized by human CD81 T cells during the infection with SARS-
CoV-2. In other words, the remaining 14 epitopes in Table 5 represent new candidate
epitopes that have not been previously identified.

In previous studies, we used peptide-linked liposomes as an immunogen (30). The
surface-linked liposomal peptides were effective for peptide-specific CTL induction in
mice. However, attaching peptides to the surface of liposomes followed by purifying
them through the column is a fairly complicated process and time consuming. In the
current study, peptide-encapsulated liposomes were used as an immunogen. In con-
trast to the peptide-linked liposomes, the peptide-encapsulated liposomes are pre-
pared by just mixing liposomes and the peptide. In addition, the peptide-encapsulated
liposomes are able to prime peptide-specific CTLs in mice as efficiently as the peptide-
linked liposomes. Liposome itself, consisting of lipid bilayers, is a very safe material for

FIG 5 Legend (Continued)
pattern to the 10 peptides, 15 mice were divided into three types, A, B, and C. Each graph represents reactivity of an individual mouse. The
y axis indicates the relative percentage of IFN-g1 cells in CD81 T cells, which was calculated by subtracting the % of IFN-g1 cells in CD81 T
cells without a peptide from the % of IFN-g1 cells in CD81 T cells with a relevant peptide. Statistical analyses of the relative % values to 10
peptides in each type were performed by one-way ANOVA followed by post hoc tests: *, P, 0.05; **, P, 0.01; ***, P, 0.001; ns, not
significant.
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humans. Therefore, the peptide-encapsulated liposomes are considered to be promis-
ing as a CTL-based vaccine candidate.

Understanding the mechanism of immunodominance is obviously important for
the development of effective vaccines. When mice were immunized with liposomes
containing the mixture of 10 peptides, it was found that some peptides induced pep-
tide-specific CTLs stronger than other peptides (Fig. 3, Fig. 4). In this case, these pep-
tides were not subjected to proteolysis, or editing by chaperones such as Tapasin in
antigen-presenting cells, allowing for true selection, and, therefore, it should be noted
that the current data do not show the true immunodominance. As shown in Fig. 3 and
Fig. 4, pp1a-38 and -84 are considered to be relatively dominant in comparison with
other peptides. In general, dominant epitope-specific CTLs are activated sooner and
proliferate faster than subdominant epitope-specific CTLs. This immunodominance
may be associated with the affinity of peptide to MHC-I molecules and the affinity of T-
cell receptor (TCR) to the peptide-MHC-I complex. Table 4 may provide evidence that
the peptide-binding affinity to MHC-I is related to the immunodominance of CTL epi-
topes. As shown in Table 2, the peptide affinity of pp1a-84 to HLA-A*02:01 is very high
(BL50 = 6.8mM), while pp1a-38 is a medium binder (BL50 = 76.8mM). Interestingly, the
peptide affinity of pp1a-38 is lowest among the 10 peptides selected (Table 2). These
data suggest that the affinity of TCR to the peptide-MHC-I complex is critical for CTL
immunodominance. In the selection of antigenic epitopes for the CTL-based vaccine
against SARS-CoV-2, dominant epitopes such as pp1a-38 and -84 should be chosen
because they produce strong CTL response to eliminate virus-infected cells effectively.
However, the immunological pressure exerted by dominant epitopes may allow the
epitope sequences of SARS-CoV-2 to be mutated and, therefore, a vaccine containing
multiple antigenic epitopes should be recommended for a successful COVID-19 vaccine.

It was surprising that all of the genetically identical mice did not show the same re-
active pattern when they were immunized with liposomes containing the mixture of
10 peptides (Fig. 5). There were roughly three patterns in CD81 T cell responses follow-
ing peptide vaccination with the 10 peptides (Fig. 5). The differences among the three
types might be explained by the timing of CTL expansion. In the type A, dominant pep-
tides pp1a-38, -84, and -641 presumably activated T cells more efficiently than the
other peptides and, hence, dominant peptide-specific CTLs proliferated faster and cur-
tailed the expansion of CTLs specific for the other peptides. In the type B, it is likely
that the expansion of dominant CTLs specific for pp1a-38 and -84 was delayed for
some reason compared to that in type A, and thereby subdominant CTLs specific for
pp1a-3732 could afford to expand. It is also thought that even nondominant CTLs pro-
liferated because the expansion of both dominant CTLs and subdominant CTLs in the
type C was later than that in the type B. Although it is difficult to explain what caused
differences in the timing of CTL expansion among the three reaction types, it should
be important to find out what causes these differences for the development of CTL-
based peptide vaccines.

In summary, we have identified 18 kinds of HLA-A*02:01-restricted CTL epitopes
derived from pp1a of SARS-CoV-2 using computational algorithms, HLA-A*02:01 trans-
genic mice, and peptide-encapsulated liposomes. Out of 18 epitopes, we have also
found some dominant CTL epitopes such as pp1a-38 and -84. In the process of finding
dominant epitopes, we showed the existence of an immunodominance hierarchy in
CD81 T cell responses to these epitopes. These data may provide important informa-
tion for further studies of T cell immunity in COVID-19 and the development of preven-
tive and/or therapeutic CTL-based vaccines against SARS-CoV-2.

MATERIALS ANDMETHODS
Prediction of CTL epitopes. Four computer-based programs, including SYFPEITHI (31), nHLAPred

(32), ProPred-I (33), and IEDB (34) were used to predict HLA-A*02:01-restricted CTL epitopes derived
from pp1a of SARS-CoV-2 (GenBank accession numbers LC528232.1 and LC528233.1). As shown in
Table 1, 82 peptides with superior scores were selected and were synthesized by Eurofins Genomics
(Tokyo, Japan). Two control peptides, FMP58-66 (sequence: GILFGVFTL) (35) and HIV-pol476-484 (sequence:
ILKEPVHGV) (36), were synthesized as well.
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Mice. We used the HLA-A*02:01 transgenic and H-2Db2/2 b2m2/2 double knockout mice (37) that
express transgenic HLA-A*02:01 monochains, designated HHD, in which human b2m is covalently linked
to a chimeric heavy chain composed of HLA-A*02:01 (a1 and a2 domains) and H-2Db (a3, transmem-
brane, and cytoplasmic domains). Six- to ten-week-old mice were used for all experiments. Mice were
housed in appropriate animal care facilities at Saitama Medical University and were handled according
to the international guidelines for experiments with animals. This study was approved by the Animal
Research Committee of Saitama Medical University.

Cell lines. RMA-S-HHD is a TAP2-deficient mouse lymphoma cell line, RMA-S (H-2b), transfected with
the HHD gene (37). RMA-S-HHD was cultured in RPMI 1640 medium (Nacalai Tesque Inc., Kyoto, Japan)
with 10% fetal calf serum (FCS) (Biowest, Nuaille, France) and 500mg/ml G418 (Nacalai Tesque Inc.).

Peptide binding assay. Binding of peptides to the HLA-A*02:01 molecule was measured using
RMA-S-HHD cells, as previously described (46). Briefly, RMA-S-HHD cells were precultured overnight at
26°C in a CO2 incubator and then pulsed with each peptide at various concentrations ranging from
0.01mM to 100mM for 1 h at 26°C. After 3 h of incubation at 37°C, peptide-pulsed cells were stained
with anti-HLA-A2 monoclonal antibody, BB7.2 (47), followed by fluorescein isothiocyanate (FITC)-labeled
goat anti-mouse IgG antibody (Sigma-Aldrich, St. Louis, MO). Mean fluorescence intensity (MFI) of HLA-
A2 expression on the surface of RMA-S-HHD cells was measured by flow cytometry (FACSCanto II, BD
Biosciences, Franklin Lakes, NJ), and standardized as the percent cell surface expression by the following
formula: % relative binding = ({[MFI of cells pulsed with each peptide] 2 [MFI of cells incubated at 37°C
without a peptide]}/{[MFI of cells incubated at 26°C without a peptide] 2 [MFI of cells incubated at 37°C
without a peptide]})� 100. The concentration of each peptide that yields the 50% relative binding was cal-
culated as the half-maximal binding level (BL50). FMP58-66 and HIV-pol476-484 were used as control peptides.

Peptide-encapsulated liposomes. Peptide-encapsulated liposomes were prepared using Lipocapsulater
FD-U PL (Hygieia BioScience, Osaka, Japan) according to the manufacturer’s instructions with a slight modi-
fication. In brief, each of 54 synthetic peptides was dissolved in dimethyl sulfoxide (DMSO) at a final con-
centration of 10mM. For the first screening, the same amounts of 4 to 5 kinds of 10mM peptides were
mixed to make a total 100ml, which was then diluted with 1.9ml of H2O. For the second screening, 20ml
of each peptide at 10mM was diluted to 2ml with H2O. For the identification of dominant epitopes among
the 10 peptides selected, 20ml of each of the 10 peptide solutions at a concentration of 10mM was mixed
together, and the total volume was increased to 2ml by adding 1.8ml of H2O. The peptide solution was
added into a vial of Lipocapsulater containing 10mg of dried liposomes and incubated for 15min at room
temperature. The resultant solution contained peptide-encapsulated liposomes.

Immunizations.Mice were immunized s.c. once or twice at a 1-week interval with peptide-encapsu-
lated liposomes (100ml/mouse) together with CpG-ODN (5002: 59-TCCATGACGTTCTTGATGTT-39; Hokkaido
System Science, Sapporo, Japan) (5mg/mouse) in the footpad.

Intracellular cytokine staining. Intracellular cytokine staining (ICS) was performed as previously
described (30). In brief, after 1 wk or 1month following immunization, spleen cells were incubated with
50 mM of each peptide for 5 h at 37°C in the presence of brefeldin A (GolgiPlug, BD Biosciences) and
were stained with FITC-conjugated anti-mouse CD8 monoclonal antibody (MAb) (BioLegend, San Diego,
CA). Cells were then fixed, permeabilized, and stained with phycoerythrin (PE)-conjugated rat anti-
mouse IFN-g MAb (BD Biosciences). After washing the cells, flow cytometric analyses were performed
using flow cytometry (FACSCanto II, BD Biosciences).

Detection of CD107a and CD69 molecules on CD81 T cells. For the detection of CD107a, spleen
cells of immunized mice were incubated with 50 mM of each peptide for 6 h at 37°C in the presence of
monensin (GolgiStop, BD Biosciences) and 0.8mg of FITC-conjugated anti-mouse CD107a MAb
(BioLegend). Cells were then stained with PE-Cy5-conjugated anti-mouse CD8 MAb (BioLegend). For ex-
amination of the CD69 marker, spleen cells of immunized mice were stimulated with 50mM of each pep-
tide for 4 h at 37°C. Cells were then stained with PE-conjugated anti-mouse CD69 MAb (BioLegend) and
FITC-conjugated anti-mouse CD8 MAb. Stained cells were analyzed by flow cytometry (FACSCanto II, BD
Biosciences).

In vivo CTL assay. The in vivo CTL assay was carried out as previously described (46). In brief, spleen
cells from naive HHD mice were equally split into two populations. One population was pulsed with 50
mM of a relevant peptide and labeled with a high concentration (2.5mM) of carboxyfluorescein diacetate
succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR). The other population was unpulsed and la-
beled with a lower concentration (0.25mM) of CFSE. An equal number (1� 107) of cells from each popu-
lation was mixed together and adoptively transferred i.v. into mice that had been immunized once with
a liposomal peptide. Sixteen hours later, spleen cells were prepared and analyzed by flow cytometry. To
calculate specific lysis, the following formula was used: % specific lysis = (1 2 {[number of CFSElow cells
in normal mice]/[number of CFSEhigh cells in normal mice]}/{[number of CFSElow cells in immunized
mice]/[number of CFSEhigh cells in immunized mice]}) � 100.

Statistical analyses. One-way ANOVA followed by post hoc tests were performed for statistical anal-
yses among multiple groups using GraphPad Prism 5 software (GraphPad software, San Diego, CA). A
value of P, 0.05 was considered statistically significant.
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