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 2 

Abstract 22 

  COVID-19 vaccines are being rapidly developed and human trials are underway. 23 

Almost all of these vaccines have been designed to induce antibodies targeting spike 24 

protein of SARS-CoV-2 in expectation of neutralizing activities. However, 25 

non-neutralizing antibodies are at risk of causing antibody-dependent enhancement. 26 

Further, the longevity of SARS-CoV-2-specific antibodies is very short. Therefore, in 27 

addition to antibody-induced vaccines, novel vaccines on the basis of 28 

SARS-CoV-2-specific cytotoxic T lymphocytes (CTLs) should be considered in the 29 

vaccine development. Here, we attempted to identify HLA-A*02:01-restricted CTL 30 

epitopes derived from the non-structural polyprotein 1a of SARS-CoV-2. Eighty-two 31 

peptides were firstly predicted as epitope candidates on bioinformatics. Fifty-four in 82 32 

peptides showed high or medium binding affinities to HLA-A*02:01. HLA-A*02:01 33 

transgenic mice were then immunized with each of the 54 peptides encapsulated into 34 

liposomes. The intracellular cytokine staining assay revealed that 18 out of 54 peptides 35 

were CTL epitopes because of the induction of IFN--producing CD8
+
 T cells. In the 18 36 

peptides, 10 peptides were chosen for the following analyses because of their high 37 

responses. To identify dominant CTL epitopes, mice were immunized with liposomes 38 

containing the mixture of the 10 peptides. Some peptides were shown to be statistically 39 

predominant over the other peptides. Surprisingly, all mice immunized with the liposomal 40 

10 peptide mixture did not show the same reaction pattern to the 10 peptides. There were 41 

three pattern types that varied sequentially, suggesting the existence of an 42 
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immunodominance hierarchy, which may provide us more variations in the epitope 43 

selection for designing CTL-based COVID-19 vaccines. 44 

 45 

Importance 46 

  For the development of vaccines based on SARS-CoV-2-specific cytotoxic T 47 

lymphocytes (CTLs), we attempted to identify HLA-A*02:01-restricted CTL epitopes 48 

derived from the non-structural polyprotein 1a of SARS-CoV-2. Out of 82 peptides 49 

predicted on bioinformatics, 54 peptides showed good binding affinities to 50 

HLA-A*02:01. Using HLA-A*02:01 transgenic mice, 18 in 54 peptides were found to be 51 

CTL epitopes in the intracellular cytokine staining assay. Out of 18 peptides, 10 peptides 52 

were chosen for the following analyses because of their high responses. To identify 53 

dominant epitopes, mice were immunized with liposomes containing the mixture of the 54 

10 peptides. Some peptides were shown to be statistically predominant. Surprisingly, all 55 

immunized mice did not show the same reaction pattern to the 10 peptides. There were 56 

three pattern types that varied sequentially, suggesting the existence of an 57 

immunodominance hierarchy, which may provide us more variations in the epitope 58 

selection for designing CTL-based COVID-19 vaccines. 59 

 60 

 61 
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 4 

Introduction 63 

  In December 2019, the coronavirus disease 2019 (COVID-19) caused by the severe 64 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was firstly identified in Wuhan, 65 

Hubei province, China. Since then, its subsequent spread of global infection has still 66 

continued to gain momentum. As of September 16th, 2020, the COVID-19 pandemic has 67 

infected more than 29.4 million people around the world and caused more than 931,000 68 

deaths. Although the clinical symptom is varied from asymptomatic or mild self-limited 69 

infection to severe life-threating respiratory disease, the mechanism of disease outcome 70 

remains unclear. Many nations are struggling to find appropriate preventive and control 71 

strategies. However, there are no vaccines or antiviral drugs available for the treatment of 72 

this infectious disease. 73 

  There are seven coronaviruses that infect humans. In addition to SARS-CoV-2, 74 

SARS-CoV and middle-east respiratory syndrome coronavirus (MERS-CoV) cause 75 

severe pneumonia, whereas the other four human coronaviruses including HCoV-229E, 76 

-NL63, -OC43 and -HKU1 cause common cold (1). Like other coronaviruses, 77 

SARS-CoV-2 possesses a large single-stranded positive sense RNA genome (2). As 78 

shown in Fig. 1, the 5’-terminal two-thirds of the genome are composed of ORF1a and 79 

ORF1b. ORF1a encodes the polyprotein 1a (pp1a) containing non-structural proteins 80 

(nsp1-11) (Fig. 1). The remaining one-third of the genome encodes the structural proteins 81 

involving spike (S), envelope (E), membrane (M), and nucleocapsid (N) as well as 82 

accessory proteins (Fig. 1). Coronaviruses depend on S protein for binding to host cells. 83 
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The host cell receptor for SARS-CoV-2 is the angiotensin-converting enzyme 2 (ACE2) 84 

which is also the receptor for SARS-CoV (3, 4). 85 

  It was shown that the increased cell numbers of antibody-secreting cells, follicular 86 

helper T cells, activated CD4
+
 T cells and CD8

+
 T cells were observed in a non-severe 87 

COVID-19 patient (5), indicating that robust immune responses can be elicited to the 88 

newly emerged, SARS-CoV-2. Therefore, the induction of protective immunity against 89 

SARS-CoV-2 is considered to help control COVID-19. Vaccines are being rapidly 90 

developed in the world, and human trials are underway for several vaccine candidates, 91 

ranging from traditional vaccines comprised of inactivated SARS-CoV-2 preparations (6) 92 

to innovative vaccines such as subunit (7), RNA (8), DNA (9), and adenoviral (10) 93 

vaccines. Almost all of these vaccines have been designed to induce antibodies targeting 94 

S protein because some antibodies specific for the receptor binding domain (RBD) of S 95 

protein may have neutralizing activities and can interfere with the binding between ACE2 96 

on host cells and virus. In fact, it was reported that DNA vaccine encoding S protein 97 

induced neutralizing antibody in rhesus macaques and protected them from the challenge 98 

with SARS-CoV-2 (9). However, there are two major issues concerning this vaccine. One 99 

issue is that non-neutralizing and sub-neutralizing antibodies to S protein induced by this 100 

vaccine are at risk of causing antibody-dependent enhancement (ADE) (11). ADE is the 101 

phenomenon in which binding of suboptimal antibodies to viruses enhances viral entry 102 

mediated by Fc receptors into immune cells, and promotes inflammatory and tissue injury 103 

(12). ADE has been reported in the evaluation of vaccine candidates directed to S protein 104 
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for SARS-CoV (13-16). Because of their similarities, these findings enable us to foresee 105 

the high risks of ADE in SARS-CoV-2 vaccines directed to S protein. It is worth noting 106 

that RBD-specific antibodies with potent neutralizing activity are extremely rare among 107 

S-specific antibodies in COVID-19-covalescent individuals (17, 18), suggesting that the 108 

development of effective vaccines might requires novel strategies to selectively target 109 

RBD of SARS-CoV-2. On the other hand, Passive immunization of RBD-specific 110 

monoclonal antibodies obtained from convalescent individuals might be safe and 111 

effective for the elimination of SARS-CoV-2 (19-21), but much more expensive to 112 

produce for worldwide use than vaccines (22). The other issue is the short longevity of 113 

neutralizing antibodies to SARS-CoV-2. It was previously reported that the 114 

SARS-CoV-specific antibodies are short-lived for at most about 2-3 years (23, 24) in 115 

comparison with SARS-CoV-specific memory T cells (25). The longevity of 116 

SARS-CoV-2-specific antibodies are likely to be even shorter, as indicated by antibody 117 

titers being undetectable or approaching baseline in the majority of 118 

SARS-CoV-2-infected individuals after 2-3 months post onset of symptoms (26). Taken 119 

together, these data strongly suggest that it does not seem right to rely too much on just 120 

the S-specific antibody-induced vaccine to control the COVID-19 pandemic. 121 

  In the viral infection, CD8
+
 cytotoxic T lymphocytes (CTLs) play an important role for 122 

the clearance of virus as well as neutralizing antibodies. CTLs recognize virus-derived 123 

peptides in association with major histocompatibility complex class I (MHC-I) molecules 124 

on the surface of antigen presenting cells and kill virus-infected target cells. It was 125 
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reported that CD4
+
 T cells and CD8

+
 T cells are decreased in proportion to the disease 126 

severity and are exhausted in severe COVID-19 patients (27, 28), suggesting the 127 

significance of CD8
+
 CTLs in the clearance of SARS-CoV-2. Furthermore, 128 

SARS-CoV-specific memory T cells persisted up to 11 years (25), predicting the long life 129 

of SARS-CoV-2-specific memory T cells. Therefore, in addition to antibody-induced 130 

vaccines, novel vaccines based on SARS-CoV-2-specific CTLs should also be considered 131 

in the future vaccine development for the prevention and disease control of COVID-19. 132 

  For the development of CTL-based COVID-19 vaccine, we here attempted to identify 133 

HLA-A*02:01-restricted, dominant CTL epitopes derived from pp1a of SARS-CoV-2.  134 

Pp1a is a largest protein composed of 4,401 amino acids among SARS-CoV-2 proteins, 135 

and therefore, it seems highly possible to find dominant epitopes in this protein. 136 

Furthermore, pp1a is produced first in SARS-CoV-2-infected cells, suggesting 137 

pp1a-specific CTLs could kill infected cells before the formation of mature virions. In 138 

addition, this protein is composed of 11 non-structural regulatory proteins that are highly 139 

conserved among many different coronaviruses (29). To identify CTL epitopes, we used 140 

computational algorithms, HLA-A*02:01 transgenic mice and the peptide-encapsulated 141 

liposomes. In a similar way, we previously identified CTL epitopes of SARS-CoV pp1a 142 

(30).  143 

  144 
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Results 145 

Prediction of HLA-A*02:01-restricted CTL epitopes derived from SARS-CoV-2 146 

pp1a.  147 

  We firstly attempted to predict HLA-A*02:01-restricted CTL epitopes derived from 148 

SARS-CoV-2 pp1a using four computer-based programs, SYFPEITHI (31), nHLAPred 149 

(32), ProPred-I (33), and IEDB (34). Eighty-two epitopes with high scores for all four 150 

programs were selected and synthesized into 9-mer peptides (Table 1). These peptides 151 

were then evaluated for their binding affinities to HLA-A*02:01 molecule using 152 

TAP2-deficient RMA-S-HHD cells. As the half-maximal binding level (BL50) values of 153 

the influenza A virus matrix protein 1-derived peptide, FMP58-66 (35) as a high binder 154 

control and the HIV reverse transcriptase-derived peptide, HIV-pol476-484 (36) as a 155 

medium binder control were 2.3 M and 80.6 M, respectively, we defined a high binder 156 

with a BL50 value below 10 M, a medium binder with a BL50 value ranging from 10 to 157 

100 M, and a low binder with a BL50 value above 100 M. As shown in Table 1, 20 158 

peptides were high binders, whereas 34 peptides were medium binders, suggesting that 159 

the bioinformatics prediction was mostly successful. In contrast, the remaining 28 160 

peptides displayed low affinities or no binding to HLA-A*02:01 molecules (Table 1). In 161 

the following experiments, 54 peptides involving high binders and medium binders were 162 

chosen to further investigate their abilities of peptide-specific CTL induction. 163 

 164 
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Detection of SARS-CoV-2 pp1a-specific CD8
+
 T cell responses in mice immunized 165 

with peptide-encapsulated liposomes. 166 

  Each of 54 peptides selected were encapsulated into liposomes as described in the 167 

materials and methods. HLA-A*02:01 transgenic (HHD) mice (37) were then 168 

subcutaneously (s.c.) immunized twice at a one-week interval with each of 169 

peptide-encapsulated liposomes together with CpG adjuvant. One week later, spleen cells 170 

of immunized mice were prepared, stimulated in vitro with a relevant peptide for 5 hours, 171 

and stained for their expression of cell-surface CD8 and intracellular interferon-gamma 172 

(IFN-. As shown in Fig. 2, the intracellular cytokine staining (ICS) assay showed that 173 

significant numbers of IFN--producing CD8+ T cells were elicited in mice immunized 174 

with 18 liposomal peptides including pp1a-38, -52, -84, -103, -445, -597, -641, -1675, 175 

-2785, -2884, -3083, -3403, -3467, -3583, -3662, -3710, -3732, and -3886, revealing that 176 

these 18 peptides are HLA-A*02:01-restricted CTL epitopes derived from SARS-CoV-2 177 

pp1a. As indicated in Table 2, multiple epitopes are located in small proteins such as nsp1 178 

(180 aa) and nsp6 (290 aa), whereas only one epitope is seen in the large nsp3 composed 179 

of 1945 amino acids. On the other hand, the remaining 36 peptides out of 54 peptides in 180 

liposomes were not able to stimulate peptide-specific CTLs in mice (data not shown), 181 

demonstrating the necessity to generate data through wet-lab experiments. Interestingly, 182 

four epitopes including pp1a-103, -2884, -3403, and -3467 are located in the amino acid 183 

sequence of SARS-CoV pp1a as well (Table 2). pp1a-3467 was previously reported by us 184 

in the identification of SARS-CoV-derived CTL epitopes (30). However, any of 18 185 
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epitopes are not found in the amino acid sequence of either MERS-CoV or the four 186 

common cold human coronaviruses involving HCoV-OC43, HCoV-229E, HCoV-NL63, 187 

and HCoV-HKU1. 188 

  In the 18 positive peptides, 10 peptides including pp1a-38, -84, -641, -1675, -2884, 189 

-3467, -3583, -3662, -3710, and -3732 were selected for the following analyses because 190 

of the high ratios of IFN-
+
 cells in CD8

+
 T cells (Fig. 2).  191 

 192 

Identification of dominant CTL epitopes.  193 

  To confirm that the 10 peptides are effective epitopes for peptide-specific CTL 194 

responses, we examined whether peptide-specific killing activities were elicited in mice 195 

with each of 10 peptides in liposomes. HHD mice were immunized s.c. twice with each 196 

of peptide-encapsulated liposomes and CpG adjuvant. One week later, equal numbers of 197 

peptide-pulsed and -unpulsed target cells were transferred into immunized mice via i.v. 198 

injection, and peptide-specific lysis was analyzed by flow cytometry. In support of the 199 

data of ICS (Fig. 2), peptide-specific killing was observed in mice immunized with any of 200 

10 liposomal peptides (Fig. 3A).  201 

  We next attempted to identify dominant CTL epitopes among the 10 CTL epitopes. 202 

The same amounts of the 10 peptide solutions at an equal concentration were mixed 203 

together and encapsulated into liposomes. Seventeen mice were immunized once with the 204 

liposomes containing the mixture of 10 peptides. One week later, spleen cells were 205 

incubated with each of the 10 peptides for 5 hours, and the ICS assay was performed. As 206 
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shown in Fig. 3B & C, pp1a-38 and -84 were statistically predominant over almost all 207 

other peptides in the induction of peptide-specific IFN-
+
 CD8

+
 T cells. Furthermore, 208 

pp1a-641 and pp1a-3732 were significantly superior to pp1a-1675/-3583 and 209 

pp1a-1675/-3583/-3662 in the stimulation of IFN--producing CD8
+
 T cells, respectively 210 

(Fig. 3B).  211 

  We also examined the peptide-specific induction of CD107a
+
 CD8

+
 T cells and CD69

+
 212 

CD8
+
 T cells. CD107a and CD69 are markers of degranulation and early activation on 213 

CD8
+
 T lymphocytes, respectively. Nine mice were immunized once with the liposomes 214 

encapsulating the mixture of the 10 peptides. After one week, spleen cells were 215 

stimulated with each peptide, and stained for their expression of CD107a or CD69 of 216 

CD8
+
 T cells. At first glance, the graphs of CD107a (Fig. 4A) and CD69 (Fig. 4B) 217 

expression were similar to that of IFN- expression of CD8
+
 T cells (Fig. 3C). As shown 218 

in Figs. 4A & 4C, both pp1a-38 and pp1a-84 were superior to almost all other peptides 219 

for the CD107a expression of CD8
+
 T cells. Moreover, pp1a-641 and pp1a-3732 elicited 220 

CD107a-positive T cells better than pp1a-1675/-2884/-3467 and 221 

pp1a-1675/-2884/-3467/-3583, respectively. In the case of CD69 expression (Figs. 4B & 222 

4D), pp1a-38 and pp1a-3732 were more dominant than pp1a-1675/-2884/-3467/-3583 and 223 

pp1a-1675/-2884/-3467/-3583/-3662, respectively. Further, pp1a-84 was superior to 224 

pp1a-1675/-2884.  225 

  Taken together, 10 peptides differed significantly in their ability to induce 226 

SARS-CoV-2 pp1a-specific CTLs when mice were immunized with the mixture of 10 227 
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peptides in liposomes. Thus, some peptides were found to be dominant CTL epitopes 228 

although each peptide alone of the 10 peptides has the capability to efficiently activate 229 

peptide-specific CTL (Figs. 2 & 3A). 230 

 231 

Existence of an immunodominance hierarchy. 232 

  The data in Fig. 5 indicate reactivity to the 10 peptides in each of 15 mice immunized 233 

with the mixture of the 10 peptides in liposomes. Each graph represents reactivity of an 234 

individual mouse (Fig. 5). Unexpectedly, all mice did not show the same reaction pattern 235 

against the 10 peptides. It looks like there were roughly three types that varied 236 

sequentially in terms of the reaction pattern to the 10 peptides. Type A is a group of mice 237 

in which pp1a-38, -84, -641-specific IFN-
+
 CD8

+
 T cells were predominantly elicited, 238 

whereas the remaining 7 peptides were not able to activate peptide-specific IFN-
+
 CD8

+
 239 

T cells. In the case of type B, pp1a-3732 stimulated peptide-specific IFN-
+
 CD8

+
 T cells 240 

as well as pp1a-38, and -84. In addition to these three peptides, several other peptides also 241 

induced IFN-
+
 CD8

+
 T cells in Type C. These data suggest that there seems to be an 242 

immunodominance hierarchy composed of three stages in CD8
+
 T cell responses to the 10 243 

peptides. The immunodominance hierarchy may provide us more variations for designing 244 

CTL-based COVID-19 vaccines. 245 

  246 
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Discussion 247 

  After the epidemics of SARS and MERS, scientists have not succeeded yet in 248 

developing preventive or therapeutic vaccines available for re-emergence of them. In the 249 

SARS and MERS vaccine development, the full-length S protein or its S1 subunit have 250 

frequently been used as an antigen to produce anti-RBD neutralizing antibodies. 251 

However, these vaccine candidates provided partial protection against virus challenge in 252 

animal models accompanied by safety concerns such as ADE (1). Furthermore, antibody 253 

responses to coronaviruses rapidly wane following infection or immunization (23, 24, 254 

26). Considering the above, it should be necessary to consider CTL-based vaccine against 255 

SARS-CoV-2 to provide robust long-lived T cell memory although neutralizing antibody 256 

responses are a primary vaccine target.  257 

  In the current study, we aimed to find HLA-A*02:01-resctricted CTL dominant 258 

epitopes derived from SARS-CoV-2. Dominant epitopes induce strong immune response 259 

to eliminate a certain pathogen fast and effectively, and also contribute to make the 260 

memory T cell pool. We focused on pp1a of SARS-CoV-2 to find out CTL epitopes 261 

because pp1a is a largest and conserved polyprotein among the constituent proteins. 262 

Further, pp1a is produced earlier than structural proteins, suggesting that pp1a-specific 263 

CTLs can eliminate infected cells before the formation of mature virions. To predict CTL 264 

epitopes, we utilized bioinformatics to select 82 peptides with high scores in four kinds of 265 

computer-based programs (Table 1). In the evaluation of peptide binding, 54 peptides 266 

showed high or medium binding affinities to HLA-A*02:01 molecules, whereas the 267 
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remaining 28 peptides displayed low binding affinities or no binding (Table 1). Out of 268 

them, only eighteen peptides were found to be CTL epitopes. Hence, we have to keep in 269 

mind that currently available algorithms have a limited ability to accurately predict CTL 270 

epitopes although the bioinformatics approach is very useful to quickly predict a number 271 

of epitopes in a large protein (38, 39). 272 

  Among 18 epitopes which we have identified in the current study, 4 epitopes including 273 

pp1a-103, -2884, -3403, and -3467 are present in the amino acid sequence of SARS-CoV 274 

pp1a (100% identity) (Table 2). Therefore, CTLs induced by these four epitopes could 275 

work fine for the clearance of SARS-CoV as well. In support of this data, Le Bert et al., 276 

reported that long lasting memory T cells in SARS-recovered individuals cross-reacted to 277 

N protein of SARS-CoV-2 (40). Recently, several studies found that 278 

SARS-CoV-2-reactive CD4
+
 and CD8

+
 T cells were detected in a substantial proportion 279 

of healthy donors who have never infected with SARS-CoV-2 or SARS-CoV (40-44). It 280 

is most likely that these individuals were previously infected with one of the four human 281 

coronaviruses (HCoV-229E, -NL63, -OC43 and -HKU1) that cause seasonal common 282 

cold. Nelde et al. demonstrated evidence that the amino acid sequences of several 283 

SARS-CoV-2 T cell epitopes recognized by unexposed individuals are similar to some 284 

amino acid sequences in the four seasonal common cold human coronaviruses with 285 

identities ranging from 10% to 89% (not 100% identity) (44). However, anyone has not 286 

shown evidence that people with this cross-reactivity are less susceptible to COVID-19. 287 

It may be also possible to assume that pre-existing T cell immunity might be detrimental 288 
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through mechanisms such as original antigenic sin or ADE (45). In the current data, any 289 

of the 18 epitopes was not found in the amino acid sequences of the four human 290 

coronaviruses, suggesting that effective common CTL epitopes derived from pp1a, if any, 291 

might be very few. 292 

  Here, we focused on CTL epitopes restricted by HLA-A*02:01 which is the most 293 

common HLA class I allele in the world, and used highly reactive HLA-A*02:01 294 

transgenic mice, termed HHD mice (37). Although we can use lymphocytes of 295 

SARS-CoV-2-infected individuals to identify CTL epitopes, there are mainly two 296 

advantages to using HHD mice. First, a large amount of blood of patients is required for 297 

examine many candidates of CTL epitopes, but any number of mice can be prepared for 298 

this purpose. Second, when using patients’ lymphocytes, we are only testing whether the 299 

peptide candidates are recognized by memory CTLs. When using naïve mice, however, 300 

we can find whether the epitope candidates are able to prime peptide-specific CTLs, 301 

which may be a better criterion to judge them as vaccine antigens. It is supposed that the 302 

efficient epitope for CTL recognition is not always efficient for CTL priming. However, 303 

we should take into account that the immunogenic variation in HLA class I transgenic 304 

mice may not be identical to that in humans because the antigen processing and 305 

presentation differ between them. 306 

  In the previous studies, we used peptide-linked liposomes as an immunogen (30). The 307 

surface-linked liposomal peptides were effective for peptide-specific CTL induction in 308 

mice. However, attaching peptides to the surface of liposomes followed by purifying 309 
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them through the column is a fairly complicated process and time-consuming. In the 310 

current study, peptide-encapsulated liposomes were used as an immunogen. In contrast to 311 

the peptide-linked liposomes, the peptide-encapsulated liposomes are prepared by just 312 

mixing liposomes and the peptide. In addition, the peptide-encapsulated liposomes are 313 

able to prime peptide-specific CTLs in mice as efficiently as the peptide-linked 314 

liposomes. Liposome itself consisting of lipid bilayers is a very safe material for humans. 315 

Therefore, the peptide-encapsulated liposomes are considered to be promising as a 316 

CTL-based vaccine candidate.  317 

  Understanding the mechanism of immunodominance is obviously important for the 318 

development of effective vaccines. When mice were immunized with liposomes 319 

containing the mixture of 10 peptides, it was found that some peptides induced 320 

peptide-specific CTLs stronger than other peptides (Figs. 3 & 4). As shown in Figs. 3 & 321 

4, pp1a-38 and -84 are considered to be relatively dominant in comparison with other 322 

peptides. In general, dominant epitope-specific CTLs are activated sooner and proliferate 323 

faster than subdominant epitope-specific CTLs. This immunodominance may be 324 

associated with the affinity of peptide to MHC-I molecules and the affinity of T-cell 325 

receptor (TCR) to the peptide-MHC-I complex. As shown in Table I, the peptide affinity 326 

of pp1a-84 to HLA-A*02:01 is very high (BL50 = 6.8 M), while pp1a-38 is a medium 327 

binder (BL50 = 76.8 M). Interestingly, the peptide affinity of pp1a-38 is lowest among 328 

the 10 peptides selected (Table I). These data suggest that the affinity of TCR to the 329 

peptide-MHC-I complex is critical for CTL immunodominance. In the selection of 330 
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antigenic epitopes for the CTL-based vaccine against SARS-CoV-2, dominant epitopes 331 

such as pp1a-38 and -84 should be chosen because they produce strong CTL response to 332 

eliminate virus-infected cells effectively. However, the immunological pressure exerted 333 

by dominant epitopes may allow the epitope sequences of SARS-CoV-2 to be mutated, 334 

and therefore, a vaccine containing multiple antigenic epitopes should be recommended 335 

for a successful COVID-19 vaccine. 336 

  It was surprising that all of the genetically identical mice did not show the same 337 

reactive pattern against the 10 peptides when they were immunized with liposomes 338 

containing the mixture of 10 peptides (Fig. 5). There were roughly three pattern types, 339 

A-C, that varied sequentially, suggesting the existence of an immunodominance 340 

hierarchy composed of three stages in CD8
+
 T cell responses to the 10 peptides (Fig. 5). 341 

The differences among the three types might be explained by the timing of CTL 342 

expansion. In the type A, dominant peptides, pp1a-38, -84, and -641 presumably 343 

activated T cells more efficiently than the other peptides, and hence, dominant 344 

peptide-specific CTLs proliferate faster and curtail the expansion of CTLs specific for the 345 

other peptides. In the type B, it is considered that the expansion of dominant CTLs 346 

specific for pp1a-38, and -84 was delayed for some reason compared to that in type A, 347 

and thereby subdominant CTLs specific for pp1a-3732 could afford to expand. It is also 348 

thought that even non-dominant CTLs proliferated because the expansion of both 349 

dominant CTLs and subdominant CTLs in the type C was later than that in the type B. 350 

Although it is difficult to explain what caused difference in the timing of CTL expansion 351 
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among three reaction types, it should be important to find out what it is for the 352 

development of CTL-based peptide vaccine. 353 

  In summary, we have identified 18 kinds of HLA-A*02:01-restricted CTL epitopes 354 

derived from pp1a of SARS-CoV-2 using computational algorithms, HLA-A*02:01 355 

transgenic mice and the peptide-encapsulated liposomes. Out of 18 epitopes, we have 356 

also found some dominant CTL epitopes such as pp1a-38 and -84. In the process of 357 

finding dominant epitopes, we showed the existence of an immunodominance hierarchy 358 

in CD8
+
 T cell responses to these epitopes. The immunodominance hierarchy composed 359 

of multiple stages may offer us more variations in the epitope selection for designing 360 

CTL-based COVID-19 vaccines. These data may provide important information for 361 

further studies of T cell immunity in COVID-19 and the development of preventive 362 

and/or therapeutic CTL-based vaccines against SARS-CoV-2. 363 

 364 

365 
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Materials and Methods 366 

Prediction of CTL epitopes. 367 

  Four computer-based programs including SYFPEITHI (31), nHLAPred (32), ProPred-I 368 

(33), and IEDB (34) were used to predict HLA-A*02:01-restricted CTL epitopes derived 369 

from pp1a of SARS-CoV-2 (GenBank accession numbers: LC528232.1 & LC528233.1). 370 

As shown in Table 1, 82 peptides with superior scores were selected and were 371 

synthesized by Eurofins Genomics (Tokyo, Japan). Two control peptides, FMP58-66 372 

(sequence: GILFGVFTL) (35) and HIV-pol476-484 (sequence: ILKEPVHGV) (36), were 373 

synthesized as well.  374 

 375 

Mice. 376 

  We used HLA-A*02:01 transgenic mice (37) that express a transgenic HLA-A*02:01 377 

monochain, designated as HHD, in which human 2-microglobulin is covalently linked 378 

to a chimeric heavy chain composed of HLA-A*02:01 (1 and 2 domains) and H-2D
b
 379 

(3, transmembrane, and cytoplasmic domains).
 
Six- to ten-week-old mice were used for 380 

all experiments. Mice were housed in appropriate animal care facilities at Saitama 381 

Medical University, and were handled according to the international guideline for 382 

experiments with animals. This study was approved by the Animal Research Committee 383 

of Saitama Medical University. 384 

 385 

Cell lines. 386 
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  RMA-S-HHD is a TAP2-dificient mouse lymphoma cell line, RMA-S (H-2
b
) 387 

transfected with the HHD gene (37). RMA-S-HHD was cultured in RPMI-1640 medium 388 

(Nacalai Tesque Inc., Kyoto, Japan) with 10% FCS (Biowest, Nuaille, France) and 500 389 

g/ml G418 (Nacalai Tesque Inc.) 390 

 391 

Peptide binding assay. 392 

  Binding of peptides to the HLA-A*02:01 molecule was measured using RMA-S-HHD 393 

cells, as described (46). Briefly, RMA-S-HHD cells were pre-cultured overnight at 26ºC 394 

in a CO2 incubator, and then pulsed with each peptide at various concentrations ranging 395 

from 0.01 M to 100 M for 1 hour at 26ºC. After 3 hours’ incubation at 37ºC, 396 

peptide-pulsed cells were stained with anti-HLA-A2 monoclonal antibody, BB7.2 (47), 397 

followed by FITC-labeled goat anti-mouse IgG antibody (Sigma-Aldrich, St. Louis, MO). 398 

Mean fluorescence intensity (MFI) of HLA-A2 expression on the surface of 399 

RMA-S-HHD cells was measured by flow cytometry (FACSCanto
TM

 II, BD Biosciences, 400 

Franklin Lakes, NJ), and standardized as the percent cell surface expression by the 401 

following formula: % relative binding = [{(MFI of cells pulsed with each peptide) – 402 

(MFI of cells incubated at 37ºC without a peptide)}/{(MFI of cells incubated at 26ºC 403 

without a peptide) – (MFI of cells incubated at 37ºC without a peptide)}] × 100. The 404 

concentration of each peptide that yields the 50% relative binding was calculated as the 405 

half-maximal binding level (BL50). FMP58-66 and HIV-pol476-484 were used as control 406 

peptides. 407 
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 408 

Peptide-encapsulated liposomes. 409 

  Peptide-encapsulated liposomes were prepared using Lipocapsulater FD-U PL 410 

(Hygieia BioScience, Osaka, Japan) according to the manufacturer’s instructions with a 411 

slight modification. In brief, each of 54 synthetic peptides was dissolved in DMSO at a 412 

final concentration of 10 mM. For the first screening, the same amounts of 4 to 5 kinds of 413 

10 mM peptides were mixed to make a total 100 l, which was then diluted with 1.9 ml 414 

of H2O. For the second screening, 20 l of each peptide at 10 mM was diluted to 2 ml 415 

with H2O. For the identification of dominant epitopes among the 10 peptides selected, 20 416 

l of each of the 10 peptide solutions at a concentration of 10 mM was mixed together, 417 

and the total volume was increased to 2 ml by adding 1.8 ml of H2O. The peptide 418 

solution was added into a vial of Lipocapsulater containing 10 mg of dried liposomes, 419 

and incubated for 15 min at room temperature. The resultant solution contains 420 

peptide-encapsulated liposomes.  421 

 422 

Immunization.  423 

  Mice were immunized s.c. once or twice at a one-week interval with 424 

peptide-encapsulated liposomes (100 l/mouse) together with CpG-ODN (5002: 425 

5’-TCCATGACGTTCTTGATGTT-3’, Hokkaido System Science, Sapporo, Japan) (5 426 

g/mouse) in the footpad.  427 

 428 
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Intracellular cytokine staining (ICS).  429 

  ICS was performed as described (30). In brief, after 1 wk following immunization, 430 

spleen cells were incubated with 50 M of each peptide for 5 hours at 37ºC in the 431 

presence of brefeldin A (GolgiPlug
TM

, BD Biosciences), and were stained with 432 

FITC-conjugated anti-mouse CD8 monoclonal antibody (mAb) (BioLegend, San Diego, 433 

CA). Cells were then fixed, permeabilized, and stained with phycoerythrin 434 

(PE)-conjugated rat anti-mouse IFN- mAb (BD Biosciences). After washing the cells, 435 

flow cytometric analyses were performed using flow cytometry (FACSCanto
TM

 II, BD 436 

Biosciences). 437 

 438 

Detection of CD107a and CD69 molecules on CD8
+
 T cells.   439 

  For the detection of CD107a, spleen cells of immunized mice were incubated with 50 440 

M of each peptide for 6 hours at 37ºC in the presence of monensin (GolgiStop
TM

, BD 441 

Biosciences) and 0.8 g of FITC-conjugated anti-mouse CD107a mAb (BioLegend). 442 

Cells were then stained with PE-Cy5-conjugated anti-mouse CD8 mAb (BioLegend). For 443 

the examination of CD69 marker, spleen cells of immunized mice were stimulated with 444 

50 M of each peptide for 4 hours at 37ºC. Cells were then stained with PE-conjugated 445 

anti-mouse CD69 mAb (BioLegend) and FITC-conjugated anti-mouse CD8 mAb. 446 

Stained cells were analyzed by flow cytometry (FACSCanto
TM

 II, BD Biosciences). 447 

 448 

In vivo CTL assay.  449 
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  In vivo CTL assay was carried out as described (46). In brief, spleen cells from naive 450 

HHD mice were equally split into two populations. One population was pulsed with 50 451 

M of a relevant peptide and labeled with a high concentration (2.5 M) of 452 

carboxyfluorescein diacetate succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR). 453 

The other population was unpulsed and labeled with a lower concentration (0.25 M) of 454 

CFSE. An equal number (1 × 10
7
) of cells from each population was mixed together and 455 

adoptively transferred i.v. into mice that had been immunized once with a liposomal 456 

peptide. Sixteen hours later, spleen cells were prepared and analyzed by flow cytometry. 457 

To calculate specific lysis, the following formula was used: % specific lysis = 458 

[1-{(number of CFSE
low

 cells in normal mice)/(number of CFSE
high

 cells in normal 459 

mice)}/{(number of CFSE
low

 cells in immunized mice)/( number of CFSE
high

 cells in 460 

immunized mice)}] x 100. 461 

 462 

Statistical analyses. 463 

  One-way ANOVA followed by post-hoc tests was performed for statistical analyses 464 

among multiple groups using Graphpad Prism 5 software (GraphPad software, San 465 

Diego, CA). A value of P < 0.05 was considered statistically significant. 466 

 467 

  468 
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Figure legends 688 

Fig. 1. The linear diagrams of the SARS-CoV-2 genome and the protein subunits of 689 

ORF1a. The SARS-CoV-2 genome consists of ORF1a, ORF1b, Spike (S), ORF3a, 690 

Envelope (E), Membrane (M), ORF6, ORF7a, ORF7b, ORF8, Nucleocapsid (N), and 691 

ORF10. The ORF1a polyprotein is composed of eleven non-structural proteins, 692 

nsp1-nsp11. 693 

 694 

Fig. 2. Intracellular IFN- staining of CD8
+
 T cells specific for peptides derived from 695 

SARS-CoV-2 pp1a. HHD mice were immunized twice with each of predicted peptides of 696 

SARS-CoV-2 pp1a in liposomes together with CpG. After one week, spleen cells were 697 

prepared and stimulated with (+) or without (-) a relevant peptide for 5 hours. Cells were 698 

then stained for their surface expression of CD8 (x axis) and their intracellular expression 699 

of IFN- (y axis). The numbers shown indicate the percentages of intracellular IFN-
+
 700 

cells within CD8
+
 T cells. Three to five mice per group were used in each experiment, 701 

and the spleen cells of the mice per group were pooled.  702 

 703 

Fig. 3. (A) In vivo killing activities specific for the 10 peptides. HHD mice were 704 

immunized twice with either each of the 10 liposomal peptides (pp1a-38, -84, -641, 705 

-1675, -2884, -3467, -3583, -3662, 3710, and -3732) or liposomes alone together with 706 

CpG. One week later, in vivo peptide-specific killing activities were measured. Three to 707 

five mice per group were used, and the data of % specific lysis are shown as the mean ± 708 
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SD. (B & C) Comparison of the 10 peptides in the induction of IFN-
+
 CD8

+
 T cells. 709 

Seventeen HHD mice were immunized once with the mixture of 10 peptides involving 710 

pp1a-38, -84, -641, -1675, -2884, -3467, -3583, -3662, -3710, and -3732 in liposomes 711 

with CpG. After one week, spleen cells were stimulated with or without each of the 10 712 

peptides, and intracellular IFN- in CD8+ T cells was stained. (C) Y-axis indicates the 713 

relative percentages of IFN-
+
 cells in CD8

+
 T cells which were calculated by subtracting 714 

the % of IFN-
+
 cells in CD8

+
 T cells without a peptide from the % of IFN-

+
 cells in 715 

CD8
+
 T cells with a relevant peptide. Each blue circle represents an individual mouse. 716 

Data are shown as the mean (horizontal bars) ± SD. (B) Statistical comparisons of the 717 

relative % values of IFN-
+
 CD8

+
 T cells among the 10 peptides in Fig. 3C were made by 718 

one-way ANOVA followed by post-hoc tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 719 

ns, not significant.  720 

 721 

Fig. 4. Comparison of the 10 peptides in the induction of CD107a
+
 CD8

+
 T cells (A) and 722 

CD69
+
 CD8

+
 T cells (B). Nine HHD mice were immunized once with the mixture of 10 723 

peptides involving pp1a-38, -84, -641, -1675, -2884, -3467, -3583, -3662, -3710, and 724 

-3732 in liposomes with CpG. After one week, spleen cells were stimulated with or 725 

without each of the 10 peptides, and the expression of CD107a (A) or CD69 (B) on CD8+ 726 

T cells was analyzed. Data indicates the relative percentages of CD107a
+
 (A) and CD69

+
 727 

(B) cells in CD8
+
 T cells which were obtained by subtracting the % of CD107a

+
 and 728 

CD69
+
 cells in CD8

+
 T cells without a peptide from the % of CD107a

+
 and CD69

+
 cells 729 
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in CD8
+
 T cells with a peptide, respectively. Each red (A) or green (B) circle represents 730 

an individual mouse. Data are shown as the mean (horizontal bars) ± SD. Statistical 731 

analyses of the data among the 10 peptides in Fig. 4A and Fig. 4B were performed by 732 

one-way ANOVA followed by post-hoc tests in Fig. 4C and Fig 4D, respectively. *, P < 733 

0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. 734 

 735 

Fig. 5. Three types of reactivity in mice immunized with the mixture of the 10 peptides. 736 

Fifteen mice were immunized once with the mixture of 10 peptides including pp1a-38, 737 

-84, -641, -1675, -2884, -3467, -3583, -3662, -3710, and -3732 in liposomes with CpG. 738 

After one week, spleen cells were stimulated with or without each of the 10 peptides, and 739 

intracellular IFN- in CD8+ T cells was stained. Based on the reactivity pattern to the 10 740 

peptides, fifteen mice were divided into three types, A-C. Each graph represents 741 

reactivity of an individual mouse. Y-axis indicates the relative percentage of IFN-
+
 cells 742 

in CD8
+
 T cells which was calculated by subtracting the % of IFN-

+
 cells in CD8

+
 T 743 

cells without a peptide from the % of IFN-
+
 cells in CD8

+
 T cells with a relevant peptide. 744 

Statistical analyses of the relative % values to 10 peptides in each type were performed by 745 

one-way ANOVA followed by post-hoc tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 746 

ns, not significant. 747 

 748 
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Table 1. Predicted CTL epitopes for the SARS-CoV-2 non-structural polyprotein 1a 

High binders 

Name Sequence BL50 Name Sequence BL50 

pp1a-84 VMVELVAEL 6.8 ± 0.3 pp1a-103 TLGVLVPHV 1.3 ± 0.2 

pp1a-214 TLSEQLDFI 2.0 ± 0.2 pp1a-445 GLNDNLLEI 6.0 ± 0.2 

pp1a-597 VMAYITGGV 9.5 ± 0.9 pp1a-619 TVYEKLKPV 5.6 ± 0.7 

pp1a-641 FLRDGWEIV 0.9 ± 0.1 pp1a-1675 YLATALLTL 8.4 ± 0.2 

pp1a-2270 YLNSTNVTI 8.9 ± 0.3 pp1a-2569 ILLLDQALV 9.6 ± 1.5 

pp1a-2785 AIFYLITPV 5.1 ± 1.6 pp1a-2968 YLEGSVRVV 7.5 ± 0.1 

pp1a-3013 SLPGVFCGV 3.1 ± 0.2 pp1a-3115 YLTNDVSFL 4.8 ± 0.3 

pp1a-3122 FLAHIQWMV 6.9 ± 0.4 pp1a-3128 WMVMFTPLV 9.8 ± 1.1 

pp1a-3587 ILTSLLVLV 8.3 ± 0.9 pp1a-3710 TLMNVLTLV 2.0 ± 0.4 

pp1a-3732 SMWALIISV 8.9 ± 0.4 pp1a-4094 ALWEIQQVV 6.4 ± 0.4 

Medium binders 

Name Sequence BL50 Name Sequence BL50 

pp1a-15 QLSLPVLQV 79.4 ± 4.4 pp1a-38 VLSEARQHL 76.8 ± 6.8 

pp1a-52 GLVEVEKGV 14.5 ± 4.9 pp1a-106 VLVPHVGEI 76.0 ± 2.0 

pp1a-468 KLNEEIAII 56.2 ± 4.8 pp1a-600 YITGGVVQL 48.5 ± 7.9 

pp1a-685 FLALCADSI 10.2 ± 0.5 pp1a-702 ALNLGETFV 40.7 ± 2.8 

pp1a-1109 NLAKHCLHV 38.5 ± 8.2 pp1a-1114 CLHVVGPNV 62.9 ± 2.3 

pp1a-1161 SLRVCVDTV 85.7 ± 1.9 pp1a-1312 MLAKALRKV 95.2 ± 0.7 

pp1a-2168 YMPYFFTLL 99.0 ± 2.4 pp1a-2332 ILFTRFFYV 96.5 ± 14.0 

pp1a-2563 QLMCQPILL 11.1 ± 1.8 pp1a-2884 FLPRVFSAV 29.3 ± 6.5 

pp1a-3047 IVAGGIVAI 50.5 ± 2.5 pp1a-3083 LLFLMSFTV 39.4 ± 0.9 

pp1a-3183 FLLNKEMYL 12.9 ± 6.8 pp1a-3403 FLNGSCGSV 18.7 ± 3.2 

pp1a-3467 VLAWLYAAV 45.0 ± 10.8 pp1a-3475 VINGDRWFL 85.0 ± 5.4 

pp1a-3482 FLNRFTTTL 79.0 ± 9.6 pp1a-3583 LLLTILTSL 63.8 ± 3.1 

pp1a-3639 FLLPSLATV 15.0 ± 4.4 pp1a-3662 RIMTWLDMV 76.5 ± 7.1 

pp1a-3753 FLARGIVFM 71.2 ± 12.9 pp1a-3798 CLLNRYFRL 81.6 ± 20.2 

pp1a-3807 TLGVYDYLV 61.7 ± 8.7 pp1a-3871 VLLSVLQQL 44.9 ± 6.0 

pp1a-3886 KLWAQCVQL 27.2 ± 9.4 pp1a-4183 ALLSDLQDL 42.4 ± 6.1 

pp1a-4266 VLSFCAFAV 20.1 ± 6.1 pp1a-4283 YLASGGQPI 39.8 ± 6.2 

Low binders 

Name Sequence BL50 Name Sequence BL50 

pp1a-572 GISQYSLRL ND pp1a-589 DLATNNLVV ND 

pp1a-692 SIIIGGAKL ND pp1a-881 KTLQPVSEL 161.7 ± 28.3 

pp1a-1143 VLLAPLLSA ND pp1a-1148 LLSAGIFGA ND 

pp1a-1214 FITESKPSV 122.1 ± 31.7 pp1a-1367 ILGTVSWNL 123.2 ± 11.3 

pp1a-1387 KLMPVCVET 174.2 ± 33.5 pp1a-1433 SLINTLNDL 123.4 ± 11.0 

pp1a-1642 FLGRYMSAL 124.1 ± 1.9 pp1a-1962 DLNGDVVAI ND 

pp1a-2076 ILKPANNSL ND pp1a-2226 LINIIIWFL ND 

pp1a-2228 NIIIWFLLL ND pp1a-2230 IIWFLLLSV 176.7 ± 6.3 

pp1a-2235 LLSVCLGSL ND pp1a-2242 SLIYSTAAL 134.0 ± 7.6 

pp1a-2249 ALGVLMSNL ND pp1a-2348 QLFFSYFAV 146.4 ± 19.7 

pp1a-2363 WLMWLIINL 102.7 ± 6.4 pp1a-2364 LMWLIINLV 159.0 ± 42.8 

pp1a-2901 KLIEYTDFA 126.0 ± 2.5 pp1a-3344 SMQNCVLKL 104.5 ± 2.2 

pp1a-3827 GLLPPKNSI ND pp1a-3839 KLNIKLLGV 213.5 ± 85.7 

pp1a-3917 VLLSMQGAV 112.3 ± 7.2 pp1a-4032 MLFTMLRKL 165.8 ± 21.7 
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Data of peptide binding assays are shown as BL50, indicating a concentration (M) of each peptide 

that yields the 50% relative binding as shown in the materials and methods. Experiments were 

performed in triplicate and repeated twice with similar results. Data are given as mean values ± SD. 

High binders: BL50 < 10 M; Medium binders: 10 M ≤ BL50 < 100 M; Low binders: BL50 ≥ 100 

M or ND (not detected). 
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Table 2 

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 

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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