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ABSTRACT

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection causes coronavirus 
disease 2019 (COVID-19), an ongoing pandemic disease. In the current review, we describe 
SARS-CoV-2-specific CD4+ and CD8+ T-cell responses in acute and convalescent COVID-19 
patients. We also discuss the relationships between COVID-19 severity and SARS-CoV-2-
specific T-cell responses and summarize recent reports regarding SARS-CoV-2-reactive T cells 
in SARS-CoV-2-unexposed individuals. These T cells may be cross-reactive cells primed by 
previous infection with human common-cold coronaviruses. Finally, we outline SARS-CoV-2-
specific T-cell responses in the context of vaccination. A better understanding of SARS-CoV-
2-specific T-cell responses is needed to develop effective vaccines and therapeutics.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection causes coronavirus 
disease 2019 (COVID-19), which was declared a pandemic disease by the World Health 
Organization. As of January 3, 2021, there have been more than 84 million confirmed cases 
and more than 1.8 million deaths attributed to COVID-19 worldwide. SARS-CoV-2 infection 
results in diverse clinical manifestations, from asymptomatic or mild disease to severe 
disease that is associated with hyper-inflammatory responses (1-3). Although the case fatality 
rate of COVID-19 is lower than that of severe acute respiratory syndrome (SARS) and Middle 
East respiratory syndrome (MERS), it is much higher than that of seasonal influenza (4,5).

Patients with COVID-19 tend to have lymphopenia that preferentially affects T-cell populations 
(6,7), and T-cell lymphopenia is associated with severe COVID-19 (7,8). Early studies reported 
activation and exhaustion phenotypes for T cells in patients with COVID-19 and relationships 
between the T cell phenotype and disease severity (6,7,9-14). However, those studies examined 
pan-CD4+ and/or CD8+ T-cell populations without information on Ag specificity.

Later, SARS-CoV-2-reactive T-cell responses in acute and/or convalescent COVID-19 patients 
were reported. SARS-CoV-2-reactive T cells were examined by functional assays, including 
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IFN-γ ELISpot assays, intracellular cytokine staining (ICS), and activation-induced marker 
(AIM) assays performed following ex vivo stimulation with SARS-CoV-2 proteins or peptides. 
More recently, SARS-CoV-2-specific CD8+ T cells were detected, and their phenotypes were 
examined by an MHC-I multimer technique (15-21). In addition, SARS-CoV-2-reactive T cells 
were enriched using an Ag-reactive T cell enrichment (ARTE) technique and subsequently 
analyzed by single-cell RNA sequencing (scRNA-seq) (22).

In the present review, we summarize recent reports regarding SARS-CoV-2-specific T-cell 
responses in acute and convalescent COVID-19 patients and unexposed individuals. We also 
describe SARS-CoV-2-specific T-cell responses in the context of vaccination.

SARS-CoV-2-SPECIFIC T-CELL RESPONSES IN 
CONVALESCENTS
In COVID-19 convalescent individuals, SARS-CoV-2-specific T-cell responses are detected 
by IFN-γ ELISpot assays or ICS following ex vivo stimulation of PBMCs with recombinant 
proteins (23) or overlapping peptide pools (24). When AIM assays were performed with 
peptides predicted for MHC-I or MHC-II binding, SARS-CoV-2-specific CD4+ and CD8+ T-cell 
responses were detected in 100% and up to 70% of COVID-19 convalescent individuals, 
respectively (25). These responses targeted not only spike (S) protein, but also membrane 
(M), nucleocapsid (N), and other open reading frames (ORFs). In these studies, SARS-CoV-
2-specific T-cell responses significantly correlated with SARS-CoV-2 S-specific Ab titers 
(15,23,25,26). However, memory T-cell responses can be elicited even in the absence of 
SARS-CoV-2-specific Abs (16).

In COVID-19 convalescent individuals, SARS-CoV-2-specific CD4+ T cells predominantly 
produce IFN-γ, IL-2, and TNF, whereas SARS-CoV-2-specific CD8+ T cells predominantly 
produce IFN-γ and exert a cytotoxic function that can be evaluated by degranulation marker 
CD107a following ex vivo stimulation (16). CD8+ T cells targeting different viral proteins 
exhibit different degrees of polyfunctionality. M- or N-specific CD8+ T cells had higher 
polyfunctionality, a greater ability to produce multiple cytokines when stimulated, than 
S-specific CD8+ T cells (15). CD4+ T cells targeting different viral proteins exhibited different 
differentiation patterns in convalescents. S-specific CD4+ T cells had a profile of follicular 
helper T (TFH) cells, whereas M- or N-specific CD4+ T cells had a profile indicative of Th1/
Th17 cells (16). However, little or no Th2 cytokines were produced by S-, M-, or N-specific T 
cells from COVID-19 convalescents (25,27) although Th2 cell responses play a role in some 
pulmonary diseases.

The phenotypes of SARS-CoV-2-specific T cells was initially characterized by stimulation-
based functional assays, such as ICS, and SARS-CoV-2-specific T cells exhibited mainly the 
effector memory (EM) phenotype (26). However, the phenotypes of T cells can change during 
ex vivo stimulation. More importantly, virus-specific, non-functioning T cells cannot be 
detected by stimulation-based functional assays. These limitations can be overcome by using 
MHC multimer techniques, which require information on the immunodominant epitopes 
and their MHC restriction. Recently, data from MHC multimer staining became available in 
terms of the phenotypes of SARS-CoV-2-specific T cells, particularly CD8+ T cells. A list of 
SARS-CoV-2-specific MHC-I multimers with positive staining results is presented in Table 1.
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MHC-I multimer staining revealed that SARS-CoV-2-specific CD8+ T cells exhibit the EM 
(CCR7−CD45RA−; up to 50%) or central memory (CM) phenotypes (CCR7+CD45RA−; up 
to 20%) with early (CD27+CD28+; up to 40%) or intermediate (CD27+CD28−; up to 50%) 
differentiation in COVID-19 convalescent individuals (15). In another study, SARS-CoV-2-
specific MHC-I multimer+CD8+ T cells exhibited an early differentiated memory phenotype 
(CCR7+CD127+CD45RA−/+TCF1+) in convalescents (16).

Our group also performed SARS-CoV-2-specific MHC-I staining in combination with the 
cytokine secretion assay (CSA) to examine the phenotypes and functions of SARS-CoV-2-
specific CD8+ T cells (19). SARS-CoV-2-specific MHC-I multimer+CD8+ T cells exhibited early 
differentiated EM phenotypes in the early convalescent phase. Interestingly, the frequency of 
CCR7+CD45RA+ cells among SARS-CoV-2-specific MHC-I multimer+CD8+ T cells increased 
in the late convalescent phase, suggesting the development of SARS-CoV-2-specific, 
stem-like memory CD8+ T cells. In terms of their functions, SARS-CoV-2-specific MHC-I 
multimer+CD8+ T cells from convalescent patients exhibited a high proliferative capacity 
even though IFN-γ was produced by less than half of them. The relative frequency of IFN-γ-
producing cells was significantly lower among SARS-CoV-2-specific CD8+ T cells than among 
influenza A virus-specific CD8+ T cells. However, SARS-CoV-2-specific MHC-I multimer+CD8+ 
T cells produced IFN-γ regardless of their PD-1 expression.

SARS-CoV-2-SPECIFIC T-CELL RESPONSES DURING 
ACUTE INFECTION
In patients with COVID-19, T-cell exhaustion or dysfunction has been reported since early in the 
emergence of SARS-CoV-2. Several studies reported an exhausted phenotype of CD8+ T cells in 
patients with COVID-19, particularly in severe cases, with up-regulation of immune checkpoint 
inhibitory receptors, such as PD-1 (10-13). However, the expression of PD-1 in CD8+ T cells can be 
up-regulated not only by functional exhaustion, but also recent activation by the T-cell receptor. 
Recently, our group demonstrated that IFN-γ is produced by SARS-CoV-2-specific MHC-I+CD8+ T 
cells regardless of PD-1 expression in acute and convalescent COVID-19 patients (19). This result 
indicates that SARS-CoV-2-specific PD-1+CD8+ T cells are functional, not exhausted.
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Table 1. A list of SARS-CoV-2-specific MHC-I multimers with positive staining results
HLA allele AA sequence Protein Position Ref.
A*01:01 CTDDNALAY ORF1ab 4163-4172 (17)

FTSDYYQLY ORF3a 207-215 (15,17)
A*02:01 YLQPRTFLL S 269-277 (15,16,18-21)

RLQSLQTYV S 1000-1008 (20)
FIAGLIAIV S 1220-1228 (19)

LLLDRLNQL N 222-230 (21)
YLFDESGEFKL ORF1ab 906-916 (21)
FLLNKEMYL ORF1ab 3183-3191 (18)
KLWAQCVQL ORF1ab 3886-3894 (21)
ALWEIQQVV ORF1ab 4094-4102 (21)
LLYDANYFL ORF3a 139-147 (17,21)

A*03:01 KTFPPTEPK N 362-370 (15)
A*11:01 KTFPPTEPK N 362-370 (15)
B*07:02 SPRWYFYYL N 105-113 (15-17)
B*40:01 MEVTPSGTWL N 322-331 (15)
B*44:02/03 MEVTPSGTW N 322-330 (17)

SEFSSLPSY ORF1ab 3946-3954 (17)
AA, amino acid; HLA, human leukocyte antigen.



Delayed induction of SARS-CoV-2-specific T-cell responses during acute infection has also been 
reported (26). In this study, acute SARS-CoV-2 infection resulted in functional impairment of 
dendritic cells and delayed virus-specific T-cell responses comprising more of a CD4+ T-cell 
response than a CD8+ T-cell response while neutralizing Abs were rapidly developed.

In patients with acute moderate or severe COVID-19, the CD4+ and CD8+ T-cells responding 
upon ex vivo stimulation with SARS-CoV-2 overlapping peptides, as detected by IFN-γ 
or CD107a positivity, were CD38+HLA-DR+Ki-67+PD-1+ (16), indicating that they are fully 
activated and proliferating. MHC-I multimer staining confirmed this result. SARS-CoV-2-
specific MHC-I multimer+CD8+ T cells expressed activation markers (CD38, HLA-DR, and Ki-
67), inhibitory receptors (PD-1 and TIM-3), and cytotoxic molecules (perforin and granzyme 
B) during acute infection (16).

Our group also reported phenotypes of SARS-CoV-2-specific MHC-I multimer+CD8+ T cells 
in acute COVID-19 patients (19). SARS-CoV-2-specific CD8+ T cells from patients in the 
acute phase exhibited an activated phenotype with high expression of CD38, HLA-DR, PD-1, 
perforin, and granzyme B. The proliferation marker Ki-67 was highly expressed in MHC-I 
multimer+ cells in the acute phase, whereas CD127 was rarely expressed. In a kinetic analysis 
during the acute phase, the relative frequency of MHC-I multimer+ cells among total CD8+ 
T cells tended to follow the kinetics of viral titers in nasopharyngeal swabs. The relative 
frequency of Ki-67+ proliferating cells and CD38+HLA-DR+ activated cells among MHC-I 
multimer+ cells paralleled changes in the frequency of MHC-I multimer+ cells. However, the 
relative frequency of perforin+granzyme B+ cells and PD-1+ cells among MHC-I multimer+ cells 
was sustained during the course of COVID-19.

A possibility of bystander activation of T cells, which has been shown in other viral infections 
(28, 29), was investigated in acute SARS-CoV-2 infection. Early studies reported hyper-
activated T-cell phenotypes without information on Ag specificity (30,31). However, a study 
using MHC-I multimers in patients with COVID-19 demonstrated that the expression of HLA-
DR and Ki-67 were not up-regulated in CD8+ T cells specific to SARS-CoV-2-unrelated viruses, 
including cytomegalovirus (CMV) and Epstein-Barr virus (EBV), though the expression of 
CD38 was markedly increased (16), indicating that bystander CD8+ T cells are activated to a 
limited degree during acute SARS-CoV-2 infection.

SEVERITY OF INFECTION AND SARS-CoV-2-SPECIFIC 
T-CELL RESPONSES
Regarding a relationship between SARS-CoV-2-specific T-cell responses and disease severity, 
there have been contradictory results. Among COVID-19 convalescent individuals, the 
magnitude of overall T-cell responses was significantly greater in individuals with severe 
disease compared to individuals with mild disease, as evaluated by IFN-γ ELISpot assays 
that measure both CD4+ and CD8+ T cell responses (15). However, the frequency of cytokine-
producing cells among total CD8+ T cells following stimulation with SARS-CoV-2 peptide 
pools is lower in severe cases compared with mild cases in the ICS results from the same 
study (15). More detailed analyses have been performed with several groups of individuals, 
including healthy individuals who donated blood before or during the COVID-19 pandemic, 
exposed family members of symptomatic patients, and convalescent individuals who 
experienced mild or severe COVID-19 (16). SARS-CoV-2-specific T-cell responses against S, M, 
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and N were highest in convalescent individuals with severe disease, with a stepwise decrease 
in convalescent individuals with mild disease, exposed family members, blood donors during 
the pandemic, and blood donors before the pandemic. Similar results were observed when 
SARS-CoV-2-specific CD4+ T-cell proliferation was evaluated by CTV dilution assays (16).

In our recent study, we examined the relative frequency of CD127+KLRG1− cells, which 
are known as memory-precursor effector cells during viral infection and are able to 
differentiate into multiple memory cell lineages (32,33), among SARS-CoV-2-specific MHC-I 
multimer+CD8+ T cells from early COVID-19 convalescent individuals (19) and found that it 
was significantly lower in individuals who recently recovered from severe disease than in 
those who recovered from mild disease. These data suggest that the generation of long-term 
memory CD8+ T cells after recovery from COVID-19 may be determined by peak disease 
severity in the acute phase.

A study has comprehensively evaluated all three arms of the adaptive immunity in acute and 
convalescent COVID-19 patients (27). In this study, SARS-CoV-2-specific CD4+ and CD8+ 
T-cell responses were associated with mild disease, indicating the roles of CD4+ and CD8+ T 
cells in protective immunity against SARS-CoV-2 infection. Moreover, the coordination in 
SARS-CoV-2-specific adaptive immune responses, including Ab and CD4+ and CD8+ T-cell 
responses, was associated with mild disease. Interestingly, as a single parameter, the relative 
frequency of SARS-CoV-2-specific IFN-γ-producing cells among total CD8+ T cells showed the 
strongest correlation with peak disease severity in acute COVID-19 patients.

SARS-CoV-2-REACTIVE T-CELL RESPONSES IN 
UNEXPOSED INDIVIDUALS
The presence of SARS-CoV-2-reactive T-cell responses in unexposed individuals has been 
reported by several studies (34). SARS-CoV-2-reactive T-cell responses in unexposed 
individuals were first detected by AIM assays using peptides predicted for MHC-I or MHC-
II binding (25). In this study, SARS-CoV-2-reactive CD4+ and CD8+ T-cell responses were 
detected in up to 50% and 20% of unexposed individuals, respectively, suggesting that these 
responses may result from previous infection by cross-reactive common-cold coronaviruses 
(CCCoVs), including HCoV-OC43, HCoV-HKU1, HCoV-229E, and HCoV-NL63. In another 
study, a SARS-CoV-2 S-reactive CD4+ T-cell response was detected in 35% of unexposed 
individuals (35). This response primarily targeted the C-terminal part of S, which has a 
similarity with the S protein of CCCoVs. The SARS-CoV-2-reactive CD4+ T-cell response has 
been mapped at epitope levels across the SARS-CoV-2 proteome (36). In this study, several 
epitopes of the memory CD4+ T-cell response in unexposed individuals were cross-reactive to 
SARS-CoV-2 and CCCoVs with comparable affinity.

Le Bert et al. (24) examined individuals who recovered from SARS 17 years ago and detected 
long-lasting T-cell responses cross-reactive to SARS-CoV-2. In this study, SARS-CoV-2-
reactive T-cell responses were detected against N, NSP7, and NSP13 proteins in unexposed 
individuals. Intriguingly, NSP7-specific T-cell response among unexposed individuals showed 
reactivity to regions conserved among animal β-coronaviruses rather than human CCCoVs 
(24), suggesting that exposure to unknown coronaviruses of animal origin other than the four 
CCCoVs may induce memory T-cell responses cross-reactive to SARS-CoV-2.
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Given the presence of a certain degree of homology between SARS-CoV-2 and CCCoVs, we 
need to consider a similarity and difference in the amino acid sequence of epitope peptides 
when we focus on T-cell response at a single epitope level. Table 2 shows a list of SARS-CoV-
2-derived CD4+ T-cell epitopes that have been tested in unexposed individuals or examined 
for cross-reactivity with human CCCoVs (24,36,37).

It is unclear whether pre-existing SARS-CoV-2-reactive T cells contribute to protective 
immunity against SARS-CoV-2 during acute infection or interfere with the development of 
a competent SARS-CoV-2-specific T-cell response by an ‘original antigenic sin’ phenomena 
(38). Intriguingly, a recent study reported that COVID-19 patients with a recent history of 
CCCoV infection have significantly milder disease than those without a recent history of 
CCCoV infection (39). This result suggests that pre-existing SARS-CoV-2-reactive memory T 
cells primed by recent CCCoV infection may prevent the development of severe disease when 
hosts encounter SARS-CoV-2 infection. Further studies are required to clarify a role of SARS-
CoV-2-reactive memory T cells primed by previous CCCoV infection in SARS-CoV-2 infection.

VACCINE-INDUCED T-CELL RESPONSES

Since December 2020, COVID-19 prophylactic vaccines have been approved and started to 
be administered to high-risk populations. Although various vaccine platforms were used, 
including mRNA, viral vectors, and recombinant proteins, vaccinations were shown to 
successfully elicit not only neutralizing Abs, but also SARS-CoV-2-specific CD4+ and CD8+ 
T-cell responses (40-43).
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Table 2. A list of SARS-CoV-2-derived CD4+ T-cell epitopes that have been tested in unexposed individuals or examined for cross-reactivity with human CCCoVs
Protein AA sequence Position HLA allele Epitope-reactive 

T cell response 
in unexposed 

individuals

Confirmed cross-
reactivity with 

CCCoVs

Detection 
method

Ref.

N MKDLSPRWYFYYLGT 101-115 ND + ND Ex vivo IFN-γ 
ELISpot and 

ICS assay

(24)
N PRWYFYYLGTGPEAG 106-120 ND + ND
ORF1a SKLWAQCVQLHNDIL 26-40 ND + ND
ORF1a HNDILLAKDTTEAFE 36-50 ND + −
S ITRFQTLLALHRSYL 235-249 DRB1*01 + ND Pre-

expansion → 
IFN-γ ELISpot

(37)
M LSYYKLGASQRVAGD 176-190 DRB1*04, DRB1*07 − ND
N ASWFTALTQHGKEDL 50-64 DRB1*04, DRB1*11 + ND
N IGYYRRATRRIRGGD 84-98 DRB1*04, DRB1*11 − ND
N RWYFYYLGTGPEAGL 107-121 DRB1*04 + ND
N KDGIIWVATEGALNT 127-141 DRB1*01, DRB1*04, DRB1*11 + ND
N AIVLQLPQGTTLPKG 156-170 DRB1*01, DRB1*03 − ND
N YKHWPQIAQFAPSAS 298-312 DRB1*01, DRB1*04, DRB1*11 − ND
N ASAFFGMSRIGMEVT 311-325 DRB1*01, DRB1*04, DRB1*07, DRB1*11 + ND
N GTWLTYTGAIKLDDK 328-342 DRB1*01, DRB1*07, DRB1*15 + ND
N AIVLQLPQGTTLPKG 156-170 DRB1*01, DRB1*03 − ND
E FYVYSRVKNLNSSRV 56-70 DRB1*04, DRB1*11 + ND
ORF1 LDDFVEIIKSQDLSV 6751-6765 DRB1*11 + ND
ORF3 FMRIFTIGTVTLKQG 4-18 DRB1*01, DRB1*03, DRB1*07 + ND
ORF6 IWNLDYIINLIIKNL 26-40 DRB1*04, DRB1*07, DRB1*15 + ND
ORF7 QEEVQELYSPIFLIV 90-104 DRB1*01, DRB1*07 + ND
ORF8 SKWYIRVGARKSAPL 43-57 DRB1*01, DRB1*11 + ND
ORF10 INVFAFPFTIYSLLL 4-18 DRB1*01, DRB1*04 − ND
N LLLLDRLNQLESKMS 221-235 DRB1*04, DRB1*15 + ND

(continued to the next page)
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Protein AA sequence Position HLA allele Epitope-reactive 
T cell response 
in unexposed 

individuals

Confirmed cross-
reactivity with 

CCCoVs

Detection 
method

Ref.

N LLLLDRLNQLESKMS 221-235 DRB1*11:01, DQA1*01:01, DQB1*05:01 + ND Pre-
expansion 

→ IFN-γ/IL-5 
FluoroSPOT

(36)
S SLLIVNNATNVVIKV 116-130 DRB1*07:01, *13:01, DQA1*01:03/DQB1*06:03 + −
S NNATNVVIKVCEFQF 121-135 ND + ND
S CEFQFCNDPFLGVYY 131-145 DQA1*02:01/DQB1*02:02, *01:01/*05:01 + ND
S CTFEYVSQPFLMDLE 166-180 DQA1*01:02/DQB1*06:04 + −
S IGINITRFQTLLALH 231-245 DRB1*07:01, *11:02, *13:01, *13:03, DQA1*01:03/

DQB1*06:03
+ ND

S TRFQTLLALHRSYLT 236-250 DRB1*01:01, *07:01, *08:03, DRB1*11:02, *13:01, 

*13:02, *13:03, DRB1*15:01, DQA1*01:01/DQB1*05:01, 

*01:02/*06:02, *01:03/*06:03

+ −

S LLALHRSYLTPGDSS 241-255 DRB1*01:01, *07:01, *11:02, *15:01 + ND
S FTVEKGIYQTSNFRV 306-320 ND + ND
S SNFRVQPTESIVRFP 316-330 DRB1*03:01 + ND
S QPTESIVRFPNITNL 321-335 DRB1*08:03, *15:01 + −
S IVRFPNITNLCPFGE 326-340 ND + −
S CPFGEVFNATRFASV 336-350 DRB1*01:01, *08:03, *11:01, *11:02, *13:03, 

DQA1*05:01/DQB1*03:01, *01:02/*06:02
+ −

S VFNATRFASVYAWNR 341-355 DRB1*01:01, *08:03, *11:01, *13:03, *15:01, 
DQA1*05:01/DQB1*03:01, *01:02/*06:02

+ −

S SIIAYTMSLGAENSV 691-705 DRB1*01:03, *07:01, DQA1*02:01/DQB1*02:02, 

*01:01/*05:01
+ ND

S AYSNNSIAIPTNFTI 706-720 DQA1*01:03/DQB1*06:03 + −
S NLLLQYGSFCTQLNR 751-765 DRB1*01:01, *15:01, DQA1*01:01/DQB1*05:01 + ND
S TQLNRALTGIAVEQD 761-775 DRB1*01:01, *09:01, DQA1*03:01/DQB1*03:03, 

*03:01/*04:02, *01:02/*06:02, *01:02/*06:04
+ −

S VFAQVKQIYKTPPIK 781-795 ND + −
S NFSQILPDPSKPSKR 801-815 ND + ND
S KPSKRSFIEDLLFNK 811-825 DRB1*03:01, DQA1*05:01/DQB1*02:01, *02:01/*02:02, 

*01:01/*05:01
+ ND

S SFIEDLLFNKVTLAD 816-830 DRB1*01:01, *01:03, *04:04, *11:02, *13:03, *14:01, 

*15:01, *16:02, DQA1*01:01/DQB1*05:01, *01:02, 

*05:02

+ +

S AQYTSALLAGTITSG 871-885 ND + ND
S WTFGAGAALQIPFAM 886-900 DRB1*01:01, DQA1*05:01/DQB1*03:01 + ND
S AQALNTLVKQLSSNF 956-970 DRB1*11:01, *13:03, DQA1*01:02/DQB1*06:02 + ND
S GAISSVLNDILSRLD 971-985 DQA1*01:01/DQB1*05:01 + −
S VQIDRLITGRLQSLQ 991-1005 DRB1*01:01, *03:01, *11:01, *13:03 + −
S APHGVVFLHVTYVPA 1056-1070 DRB1*04:04, *10:01, DQA1*01:01/DQB1*05:01 + ND
S ELDKYFKNHTSPDVD 1151-1165 ND + −
S GINASVVNIQKEIDR 1171-1185 DQA1*05:01/DQB1*03:01 + −
S LNEVAKNLNESLIDL 1186-1200 DRB1*13:02 + −
S YEQYIKWPWYIWLGF 1206-1220 ND + +
N DAALALLLLDRLNQL 216-230 DRB1*11:01, DQA1*01:01/DQB1*05:01 + −
N PSGTWLTYTGAIKLD 326-340 DRB1*01:03, *07:01 + +
E LAILTALRLCAYCCN 31-45 DRB1*01:01, *11:01 + ND
ORF1a PLNSIIKTIQPRVEK 276-290 DRB1*01:01, *07:01 + −
ORF1a EEIAIILASFSASTS 471-485 DRB1*04:10, *07:01, DQA1*02:01/DQB1*02:02, 

*03:01/*03:02
+ −

ORF1a SPLYAFASEAARVVR 531-545 DRB1*07:01, DQA1*02:01/DQB1*02:02 + −
ORF1a QTFFKLVNKFLALCA 676-690 DRB1*01:03, *07:01, DQA1*01:01/DQB1*05:01 + −
ORF1a GETFVTHSKGLYRKC 706-720 DRB1*07:01 + ND
ORF1a KVTFFPDLNGDVVAI 1956-1970 DQA1*02:01/DQB1*02:02, *01:01/*05:01 + ND
ORF1a SHNIALIWNVKDFMS 2706-2720 DRB1*04:10, DQA1*02:01/DQB1*02:02, *03:01/*03:02, 

*03:01/*04:02
+ ND

Table 2. (Continued) A list of SARS-CoV-2-derived CD4+ T-cell epitopes that have been tested in unexposed individuals or examined for cross-reactivity with 
human CCCoVs
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A recent study using a SARS-CoV-2 infection model of rhesus macaques examined the 
contribution of Ab and T-cell immunity to protection against SARS-CoV-2 infection (44). They 
demonstrated the importance of Abs by adoptive transfer of purified IgG from convalescent 
animals to naïve animals, which protects recipients against SARS-CoV-2 challenge. They 
also showed the importance of CD8+ T cells in a depletion study. Depletion of CD8+ T cells 
in convalescent animals partially abolished the protective immunity against SARS-CoV-2 re-
challenge. They suggested that T-cell responses are important, particularly when Ab responses 
are suboptimal. Although this study was performed using animals recovered from previous 
SARS-CoV-2 infection, the conclusion can be applied to the setting of vaccination. Further 
studies are required to determine the individual roles of Abs and CD4+ and CD8+ T cells in the 
protective immunity against SARS-CoV-2 infection following vaccination. This question is also 
important for determining immune correlates of protection against SARS-CoV-2 infection.

PERSPECTIVES

Ending the current COVID-19 pandemic relies on herd immunity that blocks the spread of 
SARS-CoV-2 within the population. Herd immunity can be achieved by eliciting protective 
immunity via vaccination or natural infection in a considerable proportion of the population 
and the maintenance of this protective immunity. In SARS-CoV-2 infection, the roles of virus-
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Protein AA sequence Position HLA allele Epitope-reactive 
T cell response 
in unexposed 

individuals

Confirmed cross-
reactivity with 

CCCoVs

Detection 
method

Ref.

ORF1a KHFYWFFSNYLKRRV 3151-3165 DRB1*04:10, *0701, *09:01, DQA1*02:01/DQB1*02:02, 

*03:01/*04:02
+ −

ORF1a NHNFLVQAGNVQLRV 3326-3340 DRB1*01:01, *07:01, *08:03, *15:01, DQA1*05:01/
DQB1*03:01, *01:02/*06:02

+ −

ORF1a QNCVLKLKVDTANPK 3346-3360 DRB1*04:10 + ND
ORF1a NRYFRLTLGVYDYLV 3801-3815 DRB1*01:01, *01:03, *07:01, *08:03, *15:01, 

DQA1*02:01/DQB1*02:02, *01:01/*05:01, 

*01:02/*06:02

+ −

ORF1a VLKKLKKSLNVAKSE 3976-3990 DRB1*11:01, *13:03, DQA1*01:02/DQB1*06:02 + +
ORF1b KLLKSIAATRGATVV 4966-4980 DRB1*04:04, *10:01 + +
ORF1b EFYAYLRKHFSMMIL 5136-5150 DRB1*07:01, *09:01, *13:01, DQA1*03:01/DQB1*04:02 + +
ORF1b GLVASIKNFKSVLYY 5166-5180 DRB1*08:03, *12:02, DQA1*01:03/DQB1*06:01 + ND
ORF1b LMIERFVSLAIDAYP 5246-5260 DRB1*01:03, *07:01, *08:03, *12:02, DQA1*02:01/

DQB1*02:02, *05:01/*03:01, *01:01/*05:01, 

*01:03/*06:01

+ +

ORF1b TSHKLVLSVNPYVCN 5361-5375 DRB1*07:01, *13:01, DQA1*01:03/DQB1*06:03 + +
ORF1b ISPYNSQNAVASKIL 5836-5850 DRB1*01:01, DQA1*01:02/DQB1*06:02 + ND
ORF1b NVNRFNVAITRAKVG 5881-5895 DRB1*08:03, *15:01, DQA1*05:01/DQB1*03:01, 

*01:02/*06:02
+ +

ORF1b REEAIRHVRAWIGFD 6001-6015 DRB1*01:03, *07:01 + ND
ORF1b TQLCQYLNTLTLAVP 6846-6860 DRB1*01:01, *15:01, DQA1*01:01/DQB1*05:01, 

*01:02/*06:02
+ ND

ORF3a SDFVRATATIPIQAS 26-40 DRB1*07:01, DQA1*02:01/DQB1*02:02 + −
ORF3a ALLAVFQSASKIITL 51-65 DRB1*07:01, *13:01, DQA1*01:03/DQB1*06:03 + −
ORF6 MFHLVDFQVTIAEIL 1-15 DRB1*13:03 + −
ORF6 TFKVSIWNLDYIINL 21-35 DRB1*01:03, *07:01, *15:01, DQA1*02:01/DQB1*02:02, 

*01:01/*05:01
+ −

ORF6 YIINLIIKNLSKSLT 31-45 DRB1*11:02, *13:03 + −
ORF7 VKHVYQLRARSVSPK 71-85 DRB1*01:03, *07:01 + −
ORF8 FYSKWYIRVGARKSA 41-55 DRB1*01:01, *07:01 + −
AA, amino acid; HLA, human leukocyte antigen; E, envelope; +, positive response; −, negative response; ND, not determined.

Table 2. (Continued) A list of SARS-CoV-2-derived CD4+ T-cell epitopes that have been tested in unexposed individuals or examined for cross-reactivity with 
human CCCoVs



specific CD4+ and CD8+ T cells in protective immunity are not as well clarified as the roles of 
neutralizing Abs. In addition, the longevity of SARS-CoV-2-specific CD4+ and CD8+ T cells 
needs to be investigated further. Whether pre-existing SARS-CoV-2-reactive T cells elicited by 
CCCoVs are beneficial or harmful to hosts remains to be elucidated. Immunological research 
of these questions will help us end the current COVID-19 pandemic and prepare for the next 
pandemic by developing effective prophylactics and therapeutics and establishing proper 
epidemiological strategies.

ACKNOWLEDGEMENTS

This research was supported by the 2020 Joint Research Project of Institutes of Science and 
Technology.

REFERENCES

	 1.	 Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, Gu X, et al. Clinical features of patients 
infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020;395:497-506. 
PUBMED | CROSSREF

	 2.	 Lee JS, Park S, Jeong HW, Ahn JY, Choi SJ, Lee H, Choi B, Nam SK, Sa M, Kwon JS, et al. 
Immunophenotyping of COVID-19 and influenza highlights the role of type I interferons in development 
of severe COVID-19. Sci Immunol 2020;5:eabd1554. 
PUBMED | CROSSREF

	 3.	 Merad M, Martin JC. Pathological inflammation in patients with COVID-19: a key role for monocytes and 
macrophages. Nat Rev Immunol 2020;20:355-362. 
PUBMED | CROSSREF

	 4.	 Petersen E, Koopmans M, Go U, Hamer DH, Petrosillo N, Castelli F, Storgaard M, Al Khalili S, Simonsen 
L. Comparing SARS-CoV-2 with SARS-CoV and influenza pandemics. Lancet Infect Dis 2020;20:e238-e244. 
PUBMED | CROSSREF

	 5.	 Piroth L, Cottenet J, Mariet AS, Bonniaud P, Blot M, Tubert-Bitter P, Quantin C. Comparison of the 
characteristics, morbidity, and mortality of COVID-19 and seasonal influenza: a nationwide, population-
based retrospective cohort study. Lancet Respir Med 2020. doi: 10.1016/S2213-2600(20)30527-0. 
PUBMED | CROSSREF

	 6.	 Mathew D, Giles JR, Baxter AE, Oldridge DA, Greenplate AR, Wu JE, Alanio C, Kuri-Cervantes 
L, Pampena MB, D'Andrea K, et al. Deep immune profiling of COVID-19 patients reveals distinct 
immunotypes with therapeutic implications. Science 2020;369:eabc8511. 
PUBMED | CROSSREF

	 7.	 Mazzoni A, Salvati L, Maggi L, Capone M, Vanni A, Spinicci M, Mencarini J, Caporale R, Peruzzi B, 
Antonelli A, et al. Impaired immune cell cytotoxicity in severe COVID-19 is IL-6 dependent. J Clin Invest 
2020;130:4694-4703. 
PUBMED | CROSSREF

	 8.	 Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, Wang T, Zhang X, Chen H, Yu H, et al. Clinical and 
immunological features of severe and moderate coronavirus disease 2019. J Clin Invest 2020;130:2620-2629. 
PUBMED | CROSSREF

	 9.	 Kuri-Cervantes L, Pampena MB, Meng W, Rosenfeld AM, Ittner CAG, Weisman AR, Agyekum RS, 
Mathew D, Baxter AE, Vella LA, et al. Comprehensive mapping of immune perturbations associated with 
severe COVID-19. Sci Immunol 2020;5:eabd7114. 
PUBMED | CROSSREF

	10.	 Zheng HY, Zhang M, Yang CX, Zhang N, Wang XC, Yang XP, Dong XQ, Zheng YT. Elevated exhaustion 
levels and reduced functional diversity of T cells in peripheral blood may predict severe progression in 
COVID-19 patients. Cell Mol Immunol 2020;17:541-543. 
PUBMED | CROSSREF

	11.	 De Biasi S, Meschiari M, Gibellini L, Bellinazzi C, Borella R, Fidanza L, Gozzi L, Iannone A, Lo Tartaro D, 
Mattioli M, et al. Marked T cell activation, senescence, exhaustion and skewing towards TH17 in patients 
with COVID-19 pneumonia. Nat Commun 2020;11:3434. 
PUBMED | CROSSREF

9/11https://doi.org/10.4110/in.2021.21.e2

SARS-CoV-2-Specific T Cell Responses

https://immunenetwork.org

http://www.ncbi.nlm.nih.gov/pubmed/31986264
https://doi.org/10.1016/S0140-6736(20)30183-5
http://www.ncbi.nlm.nih.gov/pubmed/32651212
https://doi.org/10.1126/sciimmunol.abd1554
http://www.ncbi.nlm.nih.gov/pubmed/32376901
https://doi.org/10.1038/s41577-020-0331-4
http://www.ncbi.nlm.nih.gov/pubmed/32628905
https://doi.org/10.1016/S1473-3099(20)30484-9
http://www.ncbi.nlm.nih.gov/pubmed/33341155
https://doi.org/10.1016/S2213-2600(20)30527-0
http://www.ncbi.nlm.nih.gov/pubmed/32669297
https://doi.org/10.1126/science.abc8511
http://www.ncbi.nlm.nih.gov/pubmed/32463803
https://doi.org/10.1172/JCI138554
http://www.ncbi.nlm.nih.gov/pubmed/32217835
https://doi.org/10.1172/JCI137244
http://www.ncbi.nlm.nih.gov/pubmed/32669287
https://doi.org/10.1126/sciimmunol.abd7114
http://www.ncbi.nlm.nih.gov/pubmed/32203186
https://doi.org/10.1038/s41423-020-0401-3
http://www.ncbi.nlm.nih.gov/pubmed/32632085
https://doi.org/10.1038/s41467-020-17292-4


	12.	 Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, Chen L, Li M, Liu Y, Wang G, et al. Reduction and 
functional exhaustion of T cells in patients with coronavirus disease 2019 (COVID-19). Front Immunol 
2020;11:827. 
PUBMED | CROSSREF

	13.	 Song JW, Zhang C, Fan X, Meng FP, Xu Z, Xia P, Cao WJ, Yang T, Dai XP, Wang SY, et al. Immunological 
and inflammatory profiles in mild and severe cases of COVID-19. Nat Commun 2020;11:3410. 
PUBMED | CROSSREF

	14.	 Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, Xu Y, Tian Z. Functional exhaustion of antiviral 
lymphocytes in COVID-19 patients. Cell Mol Immunol 2020;17:533-535. 
PUBMED | CROSSREF

	15.	 Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, Dejnirattisai W, Rostron T, Supasa P, Liu C, et al. Broad 
and strong memory CD4+ and CD8+ T cells induced by SARS-CoV-2 in UK convalescent individuals 
following COVID-19. Nat Immunol 2020;21:1336-1345. 
PUBMED | CROSSREF

	16.	 Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin K, Gorin JB, Olsson A, Llewellyn-Lacey S, Kamal H, 
Bogdanovic G, Muschiol S, et al. Robust T Cell Immunity in Convalescent Individuals with Asymptomatic 
or Mild COVID-19. Cell 2020;183:158-168.e14. 
PUBMED | CROSSREF

	17.	 Schulien I, Kemming J, Oberhardt V, Wild K, Seidel LM, Killmer S, Sagar , Daul F, Salvat Lago M, 
Decker A, et al. Characterization of pre-existing and induced SARS-CoV-2-specific CD8+ T cells. Nat Med 
2021;27:78-85. 
PUBMED | CROSSREF

	18.	 Habel JR, Nguyen TH, van de Sandt CE, Juno JA, Chaurasia P, Wragg K, Koutsakos M, Hensen L, Jia X, 
Chua B, et al. Suboptimal SARS-CoV-2-specific CD8+ T cell response associated with the prominent 
HLA-A*02:01 phenotype. Proc Natl Acad Sci U S A 2020;117:24384-24391. 
PUBMED | CROSSREF

	19.	 Rha MS, Jeong HW, Ko JH, Choi SJ, Seo IH, Lee JS, Sa M, Kim AR, Joo EJ, Ahn JY, et al. PD-1-expressing 
SARS-CoV-2-specific CD8+ T cells are not exhausted, but functional in patients with COVID-19. Immunity 
2021;54:44-52.e3. 
PUBMED | CROSSREF

	20.	 Shomuradova AS, Vagida MS, Sheetikov SA, Zornikova KV, Kiryukhin D, Titov A, Peshkova IO, 
Khmelevskaya A, Dianov DV, Malasheva M, et al. SARS-CoV-2 epitopes are recognized by a public and 
diverse repertoire of human T cell receptors. Immunity 2020;53:1245-1257.e5. 
PUBMED | CROSSREF

	21.	 Ferretti AP, Kula T, Wang Y, Nguyen DM, Weinheimer A, Dunlap GS, Xu Q, Nabilsi N, Perullo CR, 
Cristofaro AW, et al. Unbiased screens show CD8+ T cells of COVID-19 patients recognize shared epitopes 
in SARS-CoV-2 that largely reside outside the spike protein. Immunity 2020;53:1095-1107.e3. 
PUBMED | CROSSREF

	22.	 Meckiff BJ, Ramírez-Suástegui C, Fajardo V, Chee SJ, Kusnadi A, Simon H, Eschweiler S, Grifoni A, 
Pelosi E, Weiskopf D, et al. Imbalance of regulatory and cytotoxic SARS-CoV-2-reactive CD4+ T cells in 
COVID-19. Cell 2020;183:1340-1353.e16. 
PUBMED | CROSSREF

	23.	 Ni L, Ye F, Cheng ML, Feng Y, Deng YQ, Zhao H, Wei P, Ge J, Gou M, Li X, et al. Detection of SARS-CoV-2-
specific humoral and cellular immunity in COVID-19 convalescent individuals. Immunity 2020;52:971-977.e3. 
PUBMED | CROSSREF

	24.	 Le Bert N, Tan AT, Kunasegaran K, Tham CY, Hafezi M, Chia A, Chng MH, Lin M, Tan N, Linster M, et 
al. SARS-CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls. Nature 
2020;584:457-462. 
PUBMED | CROSSREF

	25.	 Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, Rawlings SA, Sutherland A, 
Premkumar L, Jadi RS, et al. Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with 
COVID-19 Disease and Unexposed Individuals. Cell 2020;181:1489-1501.e15. 
PUBMED | CROSSREF

	26.	 Zhou R, To KK, Wong YC, Liu L, Zhou B, Li X, Huang H, Mo Y, Luk TY, Lau TT, et al. Acute SARS-CoV-2 
infection impairs dendritic cell and T cell responses. Immunity 2020;53:864-877.e5. 
PUBMED | CROSSREF

	27.	 Rydyznski Moderbacher C, Ramirez SI, Dan JM, Grifoni A, Hastie KM, Weiskopf D, Belanger S, Abbott 
RK, Kim C, Choi J, et al. Antigen-specific adaptive immunity to SARS-CoV-2 in acute COVID-19 and 
associations with age and disease severity. Cell 2020;183:996-1012.e19. 
PUBMED | CROSSREF

10/11https://doi.org/10.4110/in.2021.21.e2

SARS-CoV-2-Specific T Cell Responses

https://immunenetwork.org

http://www.ncbi.nlm.nih.gov/pubmed/32425950
https://doi.org/10.3389/fimmu.2020.00827
http://www.ncbi.nlm.nih.gov/pubmed/32641700
https://doi.org/10.1038/s41467-020-17240-2
http://www.ncbi.nlm.nih.gov/pubmed/32203188
https://doi.org/10.1038/s41423-020-0402-2
http://www.ncbi.nlm.nih.gov/pubmed/32887977
https://doi.org/10.1038/s41590-020-0782-6
http://www.ncbi.nlm.nih.gov/pubmed/32979941
https://doi.org/10.1016/j.cell.2020.08.017
http://www.ncbi.nlm.nih.gov/pubmed/33184509
https://doi.org/10.1038/s41591-020-01143-2
http://www.ncbi.nlm.nih.gov/pubmed/32913053
https://doi.org/10.1073/pnas.2015486117
http://www.ncbi.nlm.nih.gov/pubmed/33338412
https://doi.org/10.1016/j.immuni.2020.12.002
http://www.ncbi.nlm.nih.gov/pubmed/33326767
https://doi.org/10.1016/j.immuni.2020.11.004
http://www.ncbi.nlm.nih.gov/pubmed/33128877
https://doi.org/10.1016/j.immuni.2020.10.006
http://www.ncbi.nlm.nih.gov/pubmed/33096020
https://doi.org/10.1016/j.cell.2020.10.001
http://www.ncbi.nlm.nih.gov/pubmed/32413330
https://doi.org/10.1016/j.immuni.2020.04.023
http://www.ncbi.nlm.nih.gov/pubmed/32668444
https://doi.org/10.1038/s41586-020-2550-z
http://www.ncbi.nlm.nih.gov/pubmed/32473127
https://doi.org/10.1016/j.cell.2020.05.015
http://www.ncbi.nlm.nih.gov/pubmed/32791036
https://doi.org/10.1016/j.immuni.2020.07.026
http://www.ncbi.nlm.nih.gov/pubmed/33010815
https://doi.org/10.1016/j.cell.2020.09.038


	28.	 Kim J, Chang DY, Lee HW, Lee H, Kim JH, Sung PS, Kim KH, Hong SH, Kang W, Lee J, et al. Innate-like 
cytotoxic function of bystander-activated CD8+ T cells is associated with liver injury in acute hepatitis A. 
Immunity 2018;48:161-173.e5. 
PUBMED | CROSSREF

	29.	 Kim TS, Shin EC. The activation of bystander CD8+ T cells and their roles in viral infection. Exp Mol Med 
2019;51:1-9. 
PUBMED | CROSSREF

	30.	 Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, Liu S, Zhao P, Liu H, Zhu L, et al. Pathological findings 
of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir Med 2020;8:420-422. 
PUBMED | CROSSREF

	31.	 Kang CK, Han GC, Kim M, Kim G, Shin HM, Song KH, Choe PG, Park WB, Kim ES, Kim HB, et al. 
Aberrant hyperactivation of cytotoxic T-cell as a potential determinant of COVID-19 severity. Int J Infect Dis 
2020;97:313-321. 
PUBMED | CROSSREF

	32.	 Chang JT, Wherry EJ, Goldrath AW. Molecular regulation of effector and memory T cell differentiation. 
Nat Immunol 2014;15:1104-1115. 
PUBMED | CROSSREF

	33.	 Kaech SM, Wherry EJ. Heterogeneity and cell-fate decisions in effector and memory CD8+ T cell 
differentiation during viral infection. Immunity 2007;27:393-405. 
PUBMED | CROSSREF

	34.	 Sette A, Crotty S. Pre-existing immunity to SARS-CoV-2: the knowns and unknowns. Nat Rev Immunol 
2020;20:457-458. 
PUBMED | CROSSREF

	35.	 Braun J, Loyal L, Frentsch M, Wendisch D, Georg P, Kurth F, Hippenstiel S, Dingeldey M, Kruse B, Fauchere 
F, et al. SARS-CoV-2-reactive T cells in healthy donors and patients with COVID-19. Nature 2020;587:270-274. 
PUBMED | CROSSREF

	36.	 Mateus J, Grifoni A, Tarke A, Sidney J, Ramirez SI, Dan JM, Burger ZC, Rawlings SA, Smith DM, 
Phillips E, et al. Selective and cross-reactive SARS-CoV-2 T cell epitopes in unexposed humans. Science 
2020;370:89-94. 
PUBMED | CROSSREF

	37.	 Nelde A, Bilich T, Heitmann JS, Maringer Y, Salih HR, Roerden M, Lübke M, Bauer J, Rieth J, Wacker M, 
et al. SARS-CoV-2-derived peptides define heterologous and COVID-19-induced T cell recognition. Nat 
Immunol 2021;22:74-85. 
PUBMED | CROSSREF

	38.	 Klenerman P, Zinkernagel RM. Original antigenic sin impairs cytotoxic T lymphocyte responses to viruses 
bearing variant epitopes. Nature 1998;394:482-485. 
PUBMED | CROSSREF

	39.	 Sagar M, Reifler K, Rossi M, Miller NS, Sinha P, White LF, Mizgerd JP. Recent endemic coronavirus 
infection is associated with less-severe COVID-19. J Clin Invest 2021;131:e143380. 
PUBMED | CROSSREF

	40.	 Anderson EJ, Rouphael NG, Widge AT, Jackson LA, Roberts PC, Makhene M, Chappell JD, Denison MR, 
Stevens LJ, Pruijssers AJ, et al. Safety and immunogenicity of SARS-CoV-2 mRNA-1273 vaccine in older 
adults. N Engl J Med 2020;383:2427-2438. 
PUBMED | CROSSREF

	41.	 Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, Baum A, Pascal K, Quandt J, 
Maurus D, et al. COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses. Nature 
2020;586:594-599. 
PUBMED | CROSSREF

	42.	 Ewer KJ, Barrett JR, Belij-Rammerstorfer S, Sharpe H, Makinson R, Morter R, Flaxman A, Wright D, 
Bellamy D, Bittaye M, et al. T cell and antibody responses induced by a single dose of ChAdOx1 nCoV-19 
(AZD1222) vaccine in a phase 1/2 clinical trial. Nat Med 2020. doi: 10.1038/s41591-020-01194-5. 
PUBMED | CROSSREF

	43.	 Keech C, Albert G, Cho I, Robertson A, Reed P, Neal S, Plested JS, Zhu M, Cloney-Clark S, Zhou H, 
et al. Phase 1-2 trial of a SARS-CoV-2 recombinant spike protein nanoparticle vaccine. N Engl J Med 
2020;383:2320-2332. 
PUBMED | CROSSREF

	44.	 McMahan K, Yu J, Mercado NB, Loos C, Tostanoski LH, Chandrashekar A, Liu J, Peter L, Atyeo C, Zhu A, 
et al. Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature 2020. doi: 10.1038/s41586-
020-03041-6. 
PUBMED | CROSSREF

11/11https://doi.org/10.4110/in.2021.21.e2

SARS-CoV-2-Specific T Cell Responses

https://immunenetwork.org

http://www.ncbi.nlm.nih.gov/pubmed/29305140
https://doi.org/10.1016/j.immuni.2017.11.025
http://www.ncbi.nlm.nih.gov/pubmed/31827070
https://doi.org/10.1038/s12276-019-0316-1
http://www.ncbi.nlm.nih.gov/pubmed/32085846
https://doi.org/10.1016/S2213-2600(20)30076-X
http://www.ncbi.nlm.nih.gov/pubmed/32492530
https://doi.org/10.1016/j.ijid.2020.05.106
http://www.ncbi.nlm.nih.gov/pubmed/25396352
https://doi.org/10.1038/ni.3031
http://www.ncbi.nlm.nih.gov/pubmed/17892848
https://doi.org/10.1016/j.immuni.2007.08.007
http://www.ncbi.nlm.nih.gov/pubmed/32636479
https://doi.org/10.1038/s41577-020-0389-z
http://www.ncbi.nlm.nih.gov/pubmed/32726801
https://doi.org/10.1038/s41586-020-2598-9
http://www.ncbi.nlm.nih.gov/pubmed/32753554
https://doi.org/10.1126/science.abd3871
http://www.ncbi.nlm.nih.gov/pubmed/32999467
https://doi.org/10.1038/s41590-020-00808-x
http://www.ncbi.nlm.nih.gov/pubmed/9697771
https://doi.org/10.1038/28860
http://www.ncbi.nlm.nih.gov/pubmed/32997649
https://doi.org/10.1172/JCI143380
http://www.ncbi.nlm.nih.gov/pubmed/32991794
https://doi.org/10.1056/NEJMoa2028436
http://www.ncbi.nlm.nih.gov/pubmed/32998157
https://doi.org/10.1038/s41586-020-2814-7
http://www.ncbi.nlm.nih.gov/pubmed/33335323
https://doi.org/10.1038/s41591-020-01194-5
http://www.ncbi.nlm.nih.gov/pubmed/32877576
https://doi.org/10.1056/NEJMoa2026920
http://www.ncbi.nlm.nih.gov/pubmed/33276369
https://doi.org/10.1038/s41586-020-03041-6

