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Infection with severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) causes coronavirus disease 2019 (COVID-19), 
which is an ongoing pandemic disease. SARS-CoV-2-
specific CD4+ and CD8+ T-cell responses have been detected 
and characterized not only in COVID-19 patients and 
convalescents, but also unexposed individuals. Here, we 
review the phenotypes and functions of SARS-CoV-2-specific 
T cells in COVID-19 patients and the relationships between 
SARS-CoV-2-specific T-cell responses and COVID-19 severity. 
In addition, we describe the phenotypes and functions of 
SARS-CoV-2-specific memory T cells after recovery from 
COVID-19 and discuss the presence of SARS-CoV-2-reactive 
T cells in unexposed individuals and SARS-CoV-2-specific 
T-cell responses elicited by COVID-19 vaccines. A better 
understanding of T-cell responses is important for effective 
control of the current COVID-19 pandemic.
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INTRODUCTION

Infection with severe acute respiratory syndrome coro-

navirus 2 (SARS-CoV-2) causes coronavirus disease 2019 

(COVID-19), an ongoing pandemic disease. As of April 3, 

2021, more than 130 million cases of COVID-19 and more 

than 2.8 million deaths have been confirmed worldwide. 

SARS-CoV-2 infection results in a broad spectrum of clinical 

manifestations, from asymptomatic or mild disease to severe 

disease associated with exaggerated inflammatory responses 

(Huang et al., 2020; Merad and Martin, 2020). For effective 

control of the current COVID-19 pandemic, a better under-

standing of the immune responses against SARS-CoV-2 is 

urgently needed.

 During viral infection, CD4+ and CD8+ T cells contribute 

to viral control by producing effector cytokines and exert-

ing cytotoxic activity. After the emergence of COVID-19, 

many studies reported T-cell phenotypes in patients with 

COVID-19 and a relationship between the T-cell phenotype 

and COVID-19 severity (De Biasi et al., 2020; Kuri-Cervant-

es et al., 2020; Mathew et al., 2020; Song et al., 2020). In 

addition, several studies have investigated the phenotypes 

and functions of various subtypes of immune cells, including 

CD4+ and CD8+ T cells, from COVID-19 patients using sin-

gle-cell RNA sequencing (scRNA-seq) (Lee et al., 2020; Liao 

et al., 2020; Wilk et al., 2020). However, these studies ana-

lyzed total CD4+ or CD8+ T cells without information on the 

SARS-CoV-2-specificity.

 Other studies have detected and characterized SARS-CoV-

2-specific CD4+ and CD8+ T cells in patients with COVID-19. 

SARS-CoV-2-specific T cells have been examined by ex vivo 

stimulation-based functional assays, including interferon 

(IFN)-γ ELISpot assays, intracellular cytokine staining, and 

activation-induced marker (AIM) assays. However, the phe-
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notypes of T cells can change during ex vivo stimulation, 

and non-functioning T cells cannot be detected by stimula-

tion-based functional assays. These limitations can be over-

come by major histocompatibility complex (MHC) multimer 

techniques. Recently, the phenotypes and functions of SARS-

CoV-2-specific T cells, particularly CD8+ T cells, were reported 

using MHC class I (MHC-I) multimers.

 Here, we briefly review recent information on the pheno-

types and functions of SARS-CoV-2-specific CD4+ and CD8+ 

T cells in COVID-19 patients and convalescents. In addition, 

we discuss the SARS-CoV-2-reactive CD4+ and CD8+ T-cell re-

sponses in unexposed individuals and T-cell responses elicited 

by COVID-19 vaccines.

T-CELL RESPONSES IN PATIENTS WITH COVID-19

Early after the emergence of COVID-19, several studies re-

ported an exhausted phenotype of CD8+ T cells in patients 

with the disease and up-regulation of immune checkpoint 

inhibitory receptors, including PD-1 (De Biasi et al., 2020; 

Diao et al., 2020; Zheng et al., 2020a; 2020b). In addition, 

a recent scRNA-seq study reported an exhaustion cluster 

among SARS-CoV-2-reactive CD8+ T cells in patients with 

COVID-19 (Kusnadi et al., 2021). In this study, SARS-CoV-2-

reactive CD8+ T cells were isolated from the peripheral blood 

mononuclear cells (PBMCs) of COVID-19 patients or healthy 

donors via modified antigen-reactive T-cell enrichment 

(ARTE). In modified ARTE, PBMCs were stimulated ex vivo 

with SARS-CoV-2 antigens, and responding CD8+ T cells were 

isolated based on the expression of CD137 and CD69. Next, 

they performed scRNA-seq analysis of SARS-CoV-2-reactive 

CD8+ T cells. The SARS-CoV-2-reactive CD8+ T cells exhibited 

exhausted phenotypes with a decreased capacity to produce 

cytokines.

 However, our group recently examined SARS-CoV-2-spe-

cific CD8+ T cells using MHC-I multimers and demonstrated 

that IFN-γ is produced by SARS-CoV-2-specific CD8+ T cells 

in acute and convalescent COVID-19 patients regardless of 

PD-1 expression (Rha et al., 2021) (Fig. 1). Thus, SARS-CoV-

2-specific PD-1+CD8+ T cells are functional, not exhausted. 

Given that T-cell inhibitory receptors, such as PD-1, can be 

upregulated by T-cell receptor-induced activation (Singer et 

al., 2016; Wherry and Kurachi, 2015), PD-1 expression on 

CD8+ T cells is likely to reflect activation, rather than function-

al exhaustion, in patients with COVID-19.

 Some data demonstrate that SARS-CoV-2-specific T cells 

are fully activated during COVID-19. In patients with moder-

ate/severe COVID-19, SARS-CoV-2-specific CD4+ and CD8+ 

T cells express activation and proliferation markers, including 

CD38, HLA-DR, and Ki-67 (Sekine et al., 2020). Analysis 

using MHC-I multimers has also shown that SARS-CoV-2-

specific CD8+ T cells express activation markers (CD38 and 

HLA-DR), a proliferation marker (Ki-67), inhibitory receptors 

(PD-1 and TIM-3), and cytotoxic molecules (perforin and 

granzyme B) during acute COVID-19 (Sekine et al., 2020) 

(Fig. 1). Our group also reported that SARS-CoV-2-specific 

CD8+ T cells from acute COVID-19 patients exhibit an activat-

ed phenotype with high expression of CD38, HLA-DR, PD-1, 

perforin, and granzyme B (Rha et al., 2021). During the acute 

phase, the relative frequency of Ki-67+ proliferating cells and 

CD38+HLA-DR+ activated cells among MHC-I multimer+ cells 

decreases, with a decrease in the nasopharyngeal viral titer. 

However, the relative frequency of perforin+granzyme B+ cells 

and PD-1+ cells among MHC-I multimer+ cells is sustained 

during the course of COVID-19.

 Among patients with COVID-19, SARS-CoV-2-specific 

T-cell responses have been analyzed in relation to disease 

severity. However, contradictory results have been reported 

(Peng et al., 2020; Sattler et al., 2020; Sekine et al., 2020; 

Tan et al., 2021). A recent study comprehensively evaluated 

all three arms of adaptive immunity, including CD4+ and 

CD8+ T-cell and humoral responses, in acute and convales-

cent COVID-19 patients (Rydyznski et al., 2020). The coordi-

nation in SARS-CoV-2-specific adaptive immune responses 

was found to be associated with mild disease. Interestingly, 

as a single parameter, the relative frequency of SARS-CoV-2-

specific IFN-γ-producing CD8+ T cells inversely correlated with 

peak disease severity in acute COVID-19 patients, indicating 

a role of CD8+ T cells in protective immunity against SARS-

CoV-2 infection.

 Cytokine-induced activation of pre-existing bystander 

memory CD8+ T cells has been reported in many viral in-

fections (Kim et al., 2018; Kim and Shin, 2019), and by-

stander activation has also been investigated in patients 

with COVID-19. A recent study described the activation of 

cytomegalovirus (CMV)-specific CD8+ T cells in a single pa-

tient who developed ventilator-associated Pseudomonas 

pneumonia during the post-acute phase of COVID-19 (Gre-

gorova et al., 2020). However, the activity of CMV-specific 

CD8+ T cells was examined following ex vivo stimulation 

with CMV peptides, and this study could not show bona fide 

bystander activation. Another study using MHC-I multimers 

Fig. 1. Phenotypes and functions of SARS-CoV-2-specific CD8+ 

T cells in patients with acute COVID-19. During acute COVID-19, 

SARS-CoV-2-specific CD8+ T cells express not only activation 

markers (CD38 and HLA-DR), a proliferation marker (Ki-67), and 

cytotoxic molecules (perforin and granzyme B), but also immune 

checkpoint inhibitory receptors (PD-1 and TIM-3). However, 

SARS-CoV-2-specific CD8+ T cells produce IFN-γ regardless of 

PD-1 expression, indicating that SARS-CoV-2-specific PD-1+CD8+ 

T cells are functional, not exhausted.
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observed upregulation of CD38 on CD8+ T cells specific to 

SARS-CoV-2-unrelated viruses, including CMV and Epstein–
Barr virus, in patients with severe COVID-19 (Sekine et al., 

2020). However, this activation was not accompanied by up-

regulation of HLA-DR and Ki-67. Whether bystander memory 

CD8+ T cells are truly activated in patients with COVID-19 

remains to be elucidated.

MEMORY T CELLS AFTER RECOVERY FROM 
COVID-19

Several studies have reported SARS-CoV-2-specific memory 

T-cell responses in the early convalescent phase of COVID-19 

up to 3 months after symptom onset (Grifoni et al., 2020; 

Le Bert et al., 2020; Peng et al., 2020; Rodda et al., 2021). 

SARS-CoV-2-specific CD4+ and CD8+ T-cell responses were 

detected in 100% and approximately 70% of COVID-19 

convalescents, respectively (Grifoni et al., 2020). T-cell re-

sponses targeted not only the spike (S) protein, but also 

the membrane, nucleocapsid (N), and other open reading 

frames. Interestingly, although SARS-CoV-2-specific T-cell re-

sponses significantly correlate with SARS-CoV-2 S-specific an-

tibody titers (Grifoni et al., 2020; Ni et al., 2020; Peng et al., 

2020; Zhou et al., 2020), memory T-cell responses have been 

detected in the absence of SARS-CoV-2-specific antibodies 

(Sekine et al., 2020). Considering that T-cell responses to 

SARS-CoV-1 and Middle East respiratory syndrome coronavi-

rus (MERS-CoV) are long-lasting (Le Bert et al., 2020; Ng et 

al., 2016; Tang et al., 2011; Zhao et al., 2017), SARS-CoV-2-

specific memory T cells are expected to be maintained long-

term. Recent studies have shown that SARS-CoV-2-specific 

T-cell responses are maintained up to 6-8 months following 

infection (Jung et al., 2021; Zuo et al., 2021), though anoth-

er study reported that SARS-CoV-2-specific T-cell responses 

decline with a half-life of 3-5 months (Dan et al., 2021).

 MHC-I multimer staining has revealed that SARS-CoV-

2-specific CD8+ T cells exhibit effector memory (CCR7−

CD45RA−) or central memory (CCR7+CD45RA−) phenotypes 

with early (CD27+CD28+) or intermediate (CD27+CD28−) dif-

ferentiation in COVID-19 convalescents (Peng et al., 2020). 

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 (Sekine 

et al., 2020). Our group also examined the phenotypes and 

functions of SARS-CoV-2-specific CD8+ T cells using MHC-I 

multimers (Rha et al., 2021) and found that SARS-CoV-2-

specific MHC-I multimer+CD8+ T cells exhibit early differenti-

ated effector memory phenotypes with a high proliferative 

capacity in the early convalescent phase.

 Stem cell-like memory T (TSCM) cells have the capacity for 

self-renewal and multipotency to repopulate the broad 

spectrum of memory and effector T-cell subsets, and the 

generation of TSCM cells is required for long-term T-cell mem-

ory (Gattinoni et al., 2011; 2017). For example, long-lived 

memory T cells following live-attenuated yellow fever vacci-

nation exhibit stem cell-like properties and contribute to life-

long protection (Akondy et al., 2017; Fuertes Marraco et 

al., 2015). Our group initially demonstrated the generation 

of SARS-CoV-2-specific TSCM cells in the late convalescent 

phase of COVID-19 on the basis of the expression of CCR7 

and CD45RA (Rha et al., 2021) and clearly defined TSCM cells 

as CCR7+CD45RA+CD95+ T cells in a subsequent study (Jung 

et al., 2021) (Fig. 2). Thus, our group showed that TSCM cells 

successfully develop after recovery from COVID-19 (Jung et 

al., 2021), indicating that SARS-CoV-2-specific T-cell memory 

is long-lasting. These findings were supported by the sus-

tained polyfunctionality and proliferation capacity of SARS-

CoV-2-specific T cells during an 8-month follow-up period in 

COVID-19 convalescents (Jung et al., 2021).

 Recently, memory T cells were shown to contribute to host 

protection against SARS-CoV-2 challenge in animal models. 

In a rhesus macaque model, CD8-depleted convalescent 

animals exhibited limited viral clearance upon SARS-CoV-2 

re-challenge, suggesting that memory CD8+ T cells contribute 

to viral clearance during SARS-CoV-2 re-infection (McMahan 

et al., 2021). Furthermore, T-cell vaccination partially pro-

tected hosts from severe disease in a mouse model of SARS-

CoV-2 infection (Zhuang et al., 2021).

SARS-CoV-2-REACTIVE T-CELL RESPONSES IN 
UNEXPOSED INDIVIDUALS

SARS-CoV-2-reactive T cells have also been detected among 

unexposed individuals (Bacher et al., 2020; Braun et al., 

2020; Grifoni et al., 2020; Le Bert et al., 2020; Mateus et 

al., 2020; Nelde et al., 2021; Sekine et al., 2020; Sette and 

Crotty, 2020). SARS-CoV-2 epitopes recognized by these T 

cells exhibit high homology to endemic common cold coro-

naviruses (CCCoVs), including OC43, HKU1, 229E, and NL63 

(Braun et al., 2020; Mateus et al., 2020; Nelde et al., 2021). 

Thus, memory T cells primed by previous CCCoV infections 

may be cross-reactive to SARS-CoV-2 antigens (Box 1). SARS-

CoV-2-reactive T-cell responses in unexposed individuals 

Fig. 2. Differentiation of SARS-CoV-2-specific CD8+ T cells 

during the convalescent period of COVID-19. From the early 

convalescent to the late convalescent phases, the frequency of 

SARS-CoV-2-specific CD8+ T cells expressing CD38 and PD-1 

decreases gradually, whereas the frequency of SARS-CoV-2-

specific CD8+ T cells expressing CCR7, CD45RA, and CD127 

increases. In particular, among SARS-CoV-2-specific CD8+ T 

cells, the frequency of CCR7+CD45RA+CD95+ stem cell-like 

memory T (TSCM) cells that have the capacity for self-renewal 

and multipotency increases in the late convalescent phase. The 

generation of TSCM cells is also observed among SARS-CoV-2-

specific CD4+ T cells.
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were first detected by AIM assays (Grifoni et al., 2020). In this 

study, SARS-CoV-2-reactive CD4+ and CD8+ T-cell responses 

were detected in 50% and 20% of unexposed individuals, 

respectively. In another study, SARS-CoV-2 S-reactive CD4+ 

T-cell responses were detected in 35% of unexposed indi-

viduals (Braun et al., 2020). SARS-CoV-2-reactive CD4+ T-cell 

responses have been mapped at the epitope level across the 

SARS-CoV-2 proteome (Mateus et al., 2020). In this study, 

several epitopes of memory CD4+ T cells detected in unex-

posed individuals were reactive to both SARS-CoV-2 and 

CCCoVs with comparable affinity.

 Le Bert et al. (2020) examined individuals who recovered 

from severe acute respiratory syndrome 17 years ago and de-

tected long-lasting T-cell responses that are cross-reactive to 

SARS-CoV-2. In this study, T cells reactive to the N, NSP7, and 

NSP13 proteins of SARS-CoV-2 were detected in unexposed 

individuals. Intriguingly, an NSP7-specific T-cell response 

among unexposed individuals showed reactivity to regions 

conserved among animal β-coronaviruses rather than human 

CCCoVs (Le Bert et al., 2020), suggesting that exposure to 

unknown β-coronaviruses of animal origin may induce SARS-

CoV-2-reactive T-cell responses (Box 1).

 Heterologous immunity is the phenomenon by which 

pre-existing memory T cells primed by an earlier infection are 

activated during a second unrelated infection. A major mech-

anism underlying heterologous immunity is the cross-reactiv-

ity of T-cell epitopes between unrelated viruses (Rehermann 

and Shin, 2005; Welsh et al., 2010). A similar phenomenon, 

heterosubtypic immunity, occurs in the case of repeated in-

fections by related viruses (Bodewes et al., 2009; Rothman, 

2011), and a beneficial role of heterosubtypic immunity has 

been reported (Ge et al., 2010; Sridhar et al., 2013; Wilkin-

son et al., 2012). In influenza A virus infection, the presence 

of cross-reactive T cells is significantly associated with bet-

ter clinical outcomes (Sridhar et al., 2013; Wilkinson et al., 

2012).

 Heterologous/heterosubtypic immunity can play a protec-

tive or detrimental role depending on the relationship be-

tween the priming and subsequent viruses (Bodewes et al., 

2009; Rehermann and Shin, 2005; Rothman, 2011; Welsh et 

al., 2010). Pre-existing memory T cells may have a low affinity 

for cross-reactive epitopes and exert suboptimal functions. 

However, pre-existing memory T cells can immediately re-

spond to viruses harboring cross-reactive epitopes, proposing 

that heterologous/heterosubtypic immunity may contribute 

to the rapid elimination of viruses.

 The clinical implication of pre-existing T cells that are 

cross-reactive to SARS-CoV-2 is not known. Interestingly, a 

recent study showed that COVID-19 patients with a recent 

history of laboratory-confirmed CCCoV infection had sig-

nificantly milder disease than those without a recent history 

of CCCoV infection (Sagar et al., 2021). This suggests that 

pre-existing SARS-CoV-2-reactive memory T cells primed 

by recent CCCoV infections may alleviate the severity of 

COVID-19. Further studies are required to clarify the clinical 

implications of SARS-CoV-2-reactive memory T cells primed 

by previous CCCoV infections.

T-CELL RESPONSES ELICITED BY COVID-19 VACCINES

Currently, two COVID-19 mRNA vaccines (BNT162b2 by 

Pfizer-BioNTech and mRNA-1273 by Moderna) and two vi-

ral vector vaccines (ChAdOx1 nCoV-19 by AstraZeneca and 

Ad26.COV2.S by Johnson & Johnson/Janssen) have been 

authorized by the U.S. Food and Drug Administration (FDA) 

and/or European Medicines Agency (EMA). In clinical studies, 

COVID-19 vaccines were shown to successfully elicit not only 

neutralizing antibodies, but also SARS-CoV-2-specific T-cell 

responses (Anderson et al., 2020; Ewer et al., 2021; Keech et 

al., 2020; Sahin et al., 2020).

 A study using a rhesus macaque model examined the 

contribution of antibodies and T cells to protection against 

SARS-CoV-2 infection (McMahan et al., 2021). They showed 

a critical role of antibodies, with adoptive transfer of purified 

IgG from convalescent animals to naïve animals, protecting 

recipient animals against SARS-CoV-2 challenge. They also 

demonstrated an importance role of CD8+ T cells in a deple-

tion study. Depletion of CD8+ T cells in convalescent animals 

partially abrogated the protective immunity against SARS-

CoV-2 re-challenge. They suggested that memory T-cell re-

sponses are crucial, especially when antibodies work sub-op-

timally. These convalescent animals might have memory T 

cells targeting multiple proteins of SARS-CoV-2 whereas the 

current COVID-19 vaccines elicit memory T cells targeting the 

S protein. However, according to the results from the rhe-

sus macaque study, we can anticipate that vaccine-induced 

memory T cells play a critical role in host protection, partic-

ularly when exposed to SARS-CoV-2 variants escaping from 

vaccine-induced neutralizing antibodies.

 The emergence and propagation of SARS-CoV-2 variants 

has raised concerns that some variants may escape from neu-

tralizing antibodies elicited by COVID-19 vaccination or natu-

ral infection. SARS-CoV-2 variants harboring multiple muta-

tions in the S protein have emerged in the United Kingdom, 

South Africa, and Brazil. Recent studies have demonstrated 

reduced neutralizing activity of COVID-19 vaccine-elicited 

antibodies against some SARS-CoV-2 variants (Chen et al., 

2021; Wang et al., 2021a; 2021b). Therefore, COVID-19 

vaccine-induced neutralizing antibodies may be less effective 

against emerging SARS-CoV-2 variants. However, vaccine-in-

duced CD4+ and CD8+ T-cell immunity may be helpful in at-

tenuating disease severity and decreasing mortality. Although 

Box 1. Unsolved issues regarding SARS-CoV-2-reactive T 

cells in unexposed individuals. 

————————————————————————————————

SARS-CoV-2-reactive T-cell responses are observed among 

a considerable proportion of individuals who have not been 

exposed to SARS-CoV-2. It remains to be elucidated whether 

these T cells have been originally primed by endemic 

common cold coronaviruses (CCCoVs), such as OC43, 

HKU1, 229E, and NL63, or other animal coronaviruses. In 

addition, it remains to be elucidated whether pre-existing 

memory T cells that are cross-reactive to SARS-CoV-2 play a 

protective or detrimental role in patients with COVID-19.
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SARS-CoV-2 mutations that abrogate binding to MHC have 

been reported (Agerer et al., 2021), a recent study reported 

insignificant impacts of variants on SARS-CoV-2-specific CD4+ 

and CD8+ T-cell responses (Tarke et al., 2021). Most T-cell 

epitopes were conserved among emerging SARS-CoV-2 vari-

ants.

CONCLUSION

During viral infection, both the humoral and cellular arms of 

the adaptive immune system contribute to eliminating virus 

from the host. Virus-specific CD4+ and CD8+ T cells produce 

effector cytokines and exert cytotoxic activity, whereas neu-

tralizing antibodies directly interfere with viral entry of host 

cells. However, the roles of SARS-CoV-2-specific CD4+ and 

CD8+ T cells have been highlighted less often than the roles 

of neutralizing antibodies amid the current COVID-19 pan-

demic.

 COVID-19 vaccines have been approved since December 

2020 and have started to be administered to populations 

worldwide. However, there is a concern that the emer-

gence of SARS-CoV-2 variants escaping vaccine-induced 

neutralizing antibodies may nullify the effects of the current 

COVID-19 vaccines. COVID-19 vaccines elicit not only neutral-

izing antibodies, but also SARS-CoV-2-specific memory T-cell 

responses. Vaccine-induced T-cell immunity may play a role 

in reducing the disease burden of COVID-19 by attenuating 

disease severity and decreasing mortality. To end the current 

COVID-19 pandemic, we need to better understand SARS-

CoV-2-specific CD4+ and CD8+ T cells, as well as neutralizing 

antibodies.
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