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During viral infections, antibodies and T cells act together to prevent pathogen spread and remove virus-infected cells. Virus-
specific adaptive immunity can, however, also trigger pathological processes characterized by localized or systemic inflammatory
events. The protective and/or pathological role of virus-specific T cells in SARS-CoV-2 infection has been the focus of many studies
in COVID-19 patients and in vaccinated individuals. Here, we review the works that have elucidated the function of SARS-CoV-2-
specific T cells in patients and in vaccinated individuals. Understanding whether SARS-CoV-2-specific T cells are more linked to
protection or pathogenesis is pivotal to define future therapeutic and prophylactic strategies to manage the current pandemic.
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The characterization of the immunological events occurring
during SARS-CoV-2 infection is proceeding at high speed. A
multitude of studies have investigated different aspects of innate
and adaptive immunity occurring both in animal models and in
patients using classic or advanced technologies. The overall
emerging picture of SARS-CoV-2 infection, as in many other viral
infections, shows that SARS-CoV-2 can be efficiently controlled in
most infected individuals through coordinated activation of the
innate and adaptive components of the immune system. The
impairment of IFN-α function mediated by increased production
of anti-IFN-α autoantibodies has been associated with severe
COVID-19 cases [1], while individuals able to control the infection
without severe symptoms are able to rapidly mount a virus-
specific antibody [2] and T cell response [3–5].
A more complex and less clear scenario is instead related to the

pathogenesis of the disease, mainly characterized by severe lung
immunopathology. The severity and length of local or systemic
(i.e., cytokine storm) pathological events appears to be directly
associated with viral load or with an immune response with
uncoordinated features [6, 7]. In our recent review, we presented
evidence that supports, in our opinion, the preferential association
of SARS-CoV-2-specific T cells with protection [8]. Here, we will
further expand this argument and discuss novel studies that have
investigated the role of T cells in COVID-19 and vaccination.
Understanding whether T cells are more linked to protection or
pathogenesis is pivotal to define how current vaccines work and
provide protection.

SARS-COV-2-SPECIFIC T CELLS: PROTECTION OR DAMAGE?
Although human studies do not offer direct proof of causality,
several works have already shown that the rapid induction of SARS-
CoV-2-specific T and B cell responses is associated with viral control
and limited pathology (reviewed in [8–10]). Detailed analyzes of CD4

and CD8 T cells and B cells specific for different SARS-CoV-2 proteins
showed that the coordinated presence of all the components of
adaptive immunity was linked with limited disease severity [3].
Uncoordinated activation of humoral and cellular immunity was
instead observed in elderly individuals, who more often develop
severe pathological consequences [3].

Protective role of SARS-CoV-2-specific T cells
The importance of the rapid deployment of the T cell response was
also highlighted by our recent study, where we investigated the
dynamic changes in virological and immunological parameters in a
limited number of patients with symptomatic acute SARS-CoV-2
infection from disease onset to convalescence or death (12
patients in total, 3 with severe COVID-19) [4]. We quantified
SARS-CoV-2 viral RNA in the respiratory tract in parallel with
antibodies and circulating T cells specific for various structural (NP,
M, ORF3a, and Spike) and nonstructural proteins (ORF7/8, NSP7
and NSP13). Early induction of IFN-γ-secreting SARS-CoV-2-specific
T cells was present only in patients with mild disease and
accelerated viral clearance [4] (Fig. 1). The rapid induction of
immune responses was observed not only for T cells but also for
antibodies. In a much larger study (229 patients analyzed), early
induction of Spike-specific and neutralizing antibodies was
associated with viral control and less severe disease [2].
It is important to point out that in pure quantitative terms,

many studies have shown that the magnitude of antibodies and
T cells was instead proportional to the severity of the disease [11,
12]. For example, a broader and quantitatively more robust SARS-
CoV-2-specific T cell response has been demonstrated in patients
with severe COVID-19 in comparison to those with mild COVID-19
[12–14]. However, the quantitative differences in SARS-CoV-2-
specific T cell responses detectable after recovery were likely a
mere consequence of their prolonged exposure to higher
quantities of viral antigens typically attained in severe disease.
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Supporting evidence that SARS-CoV-2-specific T cells mediate
viral protection came from independent studies of cellular
immunity in virally exposed but not infected individuals and in
patients with asymptomatic SARS-CoV-2 infection. Virally exposed
individuals, who are both PCR-negative and seronegative, possess
SARS-CoV-2-specific T cells [15, 16]. A comparison of virus-specific
T cells in symptomatic and asymptomatic patients revealed that
the ability to mount a significant virus-specific T cell response is
independent of the presence of symptoms. However, SARS-CoV-2-
specific T cells in asymptomatic patients are functionally superior
to those detected in patients with symptoms [17]. Two studies
demonstrated this difference: one through the analysis of cytokine
production (IFN-γ and IL-2) [17] and one other by single-cell
analysis of the total population of T cells [18].
Recently, indirect evidence of the protective role of SARS-CoV-2-

specific T cells has emerged from studies of patients with different
immune defects or under specific immunosuppressive treatments.
For example, patients with agammaglobulinemia developed only
minor COVID-19 symptoms before full recovery [19–21]. In another
study of COVID-19 patients with cancer, those with hematological
cancers overall faced a relative survival disadvantage compared to
those with solid cancers. Among these hematological patients
with reduced humoral responses and deficient B cells, those with
strong CD8 T cell responses demonstrated improved survival [22].

Pathological role of SARS-CoV-2-specific T cells
If the presence and rapid deployment of highly functional SARS-
CoV-2-specific CD8 and CD4 T cells is linked with control and mild/
absent disease, several open questions concerning the role of
virus-specific T cells during severe COVID-19 remain unsettled.
Studies that have analyzed SARS-CoV-2-specific T cell

responses during severe COVID-19 cases are limited. However,
a scenario of uncoordinated activation and possible exhaustion
of SARS-CoV-2-specific T cells prevails [6, 7, 18, 23, 24]. In our
recent longitudinal analysis of viral and immunological para-
meters in the early phase of COVID-19, we observed a markedly
reduced and delayed rise in the frequency of SARS-CoV-2-specific
T cells in patients who developed severe disease. Of note, in the
patient who succumbed to the disease, we were unable to
demonstrate the presence of circulating SARS-CoV-2-specific
T cells despite the presence of high viral load and antibodies
(mainly specific for nucleoprotein) [4]. The limitation of this study
was, however, not only the low number of patients analyzed
(only three patients with severe COVID-19) but also the fact that
virus-specific T cells were analyzed in the circulation through IFN-
γ ELISpot. This assay can detect only peripheral T cells secreting
the Th1 cytokine IFN-γ. Hence, whether SARS-CoV-2-specific
T cells in severe patients are localized in the lung or exhausted
could not be answered.

Other studies showed increased frequencies of activated
T cells and particularly CD8 effector T cells [13, 14, 18] in the
peripheral blood of patients with severe COVID-19. However, the
clearer event occurring in the blood of patients with severe
COVID-19 is marked lymphopenia [25, 26], particularly of CD8
T cells [27], likely due to their robust recruitment into the lungs.
Thus, the role of T cells in severe cases of COVID-19 should be
studied primarily in the lung, the site of the major pathological
events.
In this regard, studies have started to analyze in parallel the

immunological profile present in the blood and lungs of patients
with COVID-19 [28, 29]. For example, Szabo et al. obtained paired
lung and blood samples from patients with severe disease [29].
Analysis was performed mainly by high-dimensional immune
profiling using flow cytometry and scRNA-seq and, as such, did
not investigate the quantity and function of SARS-CoV-2-specific
T cells. Nevertheless, the data showed that younger patients with
a benign disease have more lung resident T cells than older
patients who ultimately succumb. Severe and persistent lung
inflammation was instead associated with lower numbers of T cells
and high quantities of myeloid cells (monocytes and macro-
phages). Myeloid cells are highly activated and secrete CCL-2, a
chemokine that might promote ongoing inflammation. Impor-
tantly, the airway resident T cells (and not the peripheral T cells)
detected in this study and associated with recovery were
characterized by a phenotype of resident memory T cells. They
were activated and characterized by the upregulated expression
of perforin, granzyme and IFN-γ, a signature of classic functional
antiviral-T cells [29]. A signature of T cell exhaustion was instead
reported in another recent study that also analyzed airway
resident immune cells. Here, the authors detected massive
recruitment and activation of the myeloid cell compartment and
T cells expressing “exhaustion signatures” proportional to disease
severity [30].
Taken together, these data and other immunological studies

directly investigating the events occurring in the lungs of patients
with severe COVID-19 [28, 31] depict a scenario in which the
immunopathogenesis of severe COVID-19 is characterized by
inflammatory events (the activation and recruitment of myeloid
cells into the airway, production of inflammatory cytokines and
complement activation) not directly linked with SARS-CoV-2-
specific T cell activation [32]. Such a scenario of parenchymal
organ damage mediated preferentially by inflammatory myeloid
cells has been demonstrated in other viral diseases, in which the
virus does not have a direct cytopathic effect. For example, liver
damage in chronic HBV infection is independent of the quantity of
HBV-specific T cells. In contrast, HBV-specific T cells are more
robust in patients who have limited or absent liver damage but a
low level of viral replication [33, 34].
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Fig. 1 Kinetic of SARS-CoV-2 specific T cells. Schematic representation of the expansion and contraction kinetic of SARS-CoV-2 specific T
cells in COVID-19 patients with mild or severe disease
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MEMORY T CELL RESPONSE: PROTECTION AFTER
CONVALESCENCE OR VACCINATION
We have discussed the role of T cells in containing viral replication
and in ensuring viral clearance without severe pathological
sequelae. Next, we will explore the role of memory T cells induced
by infection or by vaccination in providing protection from
subsequent infection (sterilizing immunity) or disease control.

SARS-CoV-2-specific T cells after natural infection
CD4 and CD8 T cells are present and can be directly detected in
the blood of convalescent COVID-19 patients even up to 6 to
8–9 months post infection [35–39], irrespective of their disease
severity [17, 38]. Quantitatively, the memory response is skewed
toward more CD4/helper T cells than CD8/cytotoxic T cells despite
their often equivalent frequencies immediately after infection [40].
As we have previously discussed, this is likely due to a more
pronounced decline in circulating CD8 T cell frequency in the
memory phase [8]. Whether such a circulatory decline in CD8
T cells might correspond to the establishment of a stable
population of tissue resident T cells, which might be more
important for immediate protection, is still unknown. These
circulating memory CD8 T cells are composed of cells with a
stem-cell-like memory phenotype, sustained polyfunctionality and
proliferation capacity and are hence likely to mediate an
anamnestic response [41]. Antibody levels wane more rapidly
than T cells [42], but their decay is also not followed by the
disappearance of SARS-CoV-2-specific B cells [43] or plasma cells
[44]. Interestingly, Spike-specific B cells have been detected for
longer periods of time even in elderly patients with rapidly
declining levels of neutralizing antibodies [45].
The ability of SARS-CoV-2 infection to induce long-term

adaptive immunity is expected. We have demonstrated that
SARS-CoV-specific T cells were still detectable 17 years after
infection [46]. In other viral infections, such as vaccinia, virus-
specific memory B cells were detectable even 50 years after
infection [47]. However, it is difficult to define the level of humoral
and cellular immunity able to protect against infection or disease.
Some insights can be derived from studies that analyzed the rate
of re-infection and disease severity in COVID-19 convalescents.
The results are, however, not univocal. A study involving
healthcare workers in the UK showed that re-infection was
extremely uncommon 6 months after previous infection [48].
Uncommon re-infection rates were also recently found in Italians 1
year after infection [49]. These studies support the idea that the
natural induction of SARS-CoV-2 adaptive immunity confers a
robust protective effect for at least 1 year, similar to what has also
been reported in infections by other related coronaviruses [50]. On
the other hand, the high rate of re-infection observed in Manaus
(Brazil) [51] has challenged such a conclusion, but viral variants

escaping the immunity elicited by the initial infection might
explain this observation.

SARS-CoV-2-specific T cells after vaccination
The extraordinary pace of development and implementation of
different vaccine preparations against SARS-CoV-2 have also
provided the demonstration that priming of a virus-specific
adaptive immune response protects against SARS-CoV-2 infection
and COVID-19 severity. Observational studies of mRNA-, adeno-
viral-, protein-, and inactivated virus-based vaccines have shown
that even with some differences in efficacy, all these different
preparations have a significant effect in reducing disease severity
and infection [52–59]. However, the relative contribution of
humoral and cellular immunity in the protection process is still
difficult to decipher. Prediction of antibody levels necessary to
induce protection has been made [60, 61], but the contribution of
T cells is still difficult to analyze for practical and perhaps
conceptual reasons. Practically, the quantification of virus-specific
T cells is technically more complex than serological analysis.
Conceptually, T cells do not recognize the virus but only recognize
virus-infected cells (CD8 T cells) or cells that have internalized viral
antigens produced after infection (CD4 T cells). This means that
T cells do not prevent infection, but their role is linked to a
reduction in viral load within the host and consequently shorter
infection with lower pathogenicity [62]. Nevertheless, some data
are starting to show the importance of vaccine-induced Spike-
specific T cells in protection. For example, a detailed analysis of
humoral and cellular immunity after the initial BNT162b2 vaccine
dose demonstrated that Spike-specific T cells and antigen-binding
but not neutralizing antibodies were already detectable at day 10
in good quantities [63] (Fig. 2). Neutralizing antibodies started to
appear in high titers only at day 21 and increased after the second
dose. The interesting point of this longitudinal study is that the
clinical trial of BNT162b2 vaccine efficacy showed that protection
from symptomatic disease began approximately 10 days after the
first dose [52]. These data therefore show that neutralizing
antibodies are not the only correlate of protection. It is likely that
Spike-specific T cells play, as in convalescent people, an important
role in reducing viral replication and therefore limit the
pathogenicity of infection.
The protective role of vaccine-induced T cells might contribute

to vaccine efficacy against viral variants. Despite partial antibody
escape, viral variants often cause only mild or asymptomatic
disease in individuals who have completed a two-dose vaccination
regimen [64, 65]. This could be explained by the virus’s inability to
fully escape Spike-specific T cells. An analysis of the impact of the
mutations on T cell recognition showed that in most vaccinated
individuals [66], the variants of concern are recognized by Spike-
specific T cells induced by mRNA [66–69] and adenoviral vaccines
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[70] designed with the ancestral viral strain. Vaccine-induced
Spike-specific T cells are clearly multispecific and capable of
recognizing different regions of the Spike protein [68, 69].
Although some mutations might alter single T cell specificities,
they do not escape the whole repertoire of Spike-specific T cells.

Heterogeneity of vaccine-induced SARS-CoV-2-specific T cells
The characteristics of vaccine-induced Spike-specific T cells
warrant further discussion. Advanced studies capable of providing
a detailed profile of Spike-specific T cells have been performed
mainly in individuals vaccinated with mRNA- or adenovirus-based
vaccines. Therefore, we have limited the discussion to data
obtained with these vaccine preparations.
mRNA vaccines induce Spike-specific T cells that preferentially

produce IL-2 and IFN-γ [71] and recognize different regions of
Spike. CD4 and CD8 T cells seem to be present in roughly
equivalent numbers [72], although initial data suggested that CD4
T cells were predominant [67, 68, 71]. We recently observed that at
3 months after vaccination, the mean quantity of Spike-specific
T cells was equivalent to what has been detected in convalescent
patients at a similar time after SARS-CoV-2 infection [73].
Of note, Spike-specific T cells are highly heterogeneous in

different vaccine recipients not only in terms of specificity but also
in quantitative terms. Indeed, since T cells recognize short
sequences of viral antigens (epitopes) derived from the processing
of viral antigens associated with HLA-class I or HLA-class II
molecules, it is unsurprising that each individual will be
characterized by a distinct fingerprint of T cells that varies in
relation to its HLA-class I and Class II profile [74]. Recent analysis of
the number of T cell epitopes already mapped in SARS-CoV-2
infection revealed the extent of such multispecificity [75].
The quantity of Spike-specific T cells has also been observed to

vary by at least 1 logarithmic value (i.e., 200–300 spots or
2000–3000 spots per million CD4 or CD8 T cells) irrespective of the
methods used for their detection. This variability was found not
only in vaccinated naïve individuals [69, 72, 73] but also in those
who were already primed by SARS-CoV-2 infection [66, 71, 76, 77],
in recipients above 80 years of age [78] and in those under
immunosuppressive treatments [79]. On average, vaccination in
COVID-19 convalescent individuals is more effective than in naïve
individuals, and a robust Spike-specific T cell response is induced
after a single dose [66, 71, 76, 77]. Senior individuals older than 80
years mount, on average, weaker IFN-gamma and IL-2 CD4 T cell
responses than younger individuals [78]. Moreover, vaccinations in
patients with B cell deficiency due to anti-CD20 therapy modified
their vaccine-induced Spike-specific T cells. A CD4 follicular helper
T cell deficit and preferential CD8 T cell induction have been
reported [79]. However, despite these differences detectable in
these specific groups, considerable variations in the quantity of
Spike-specific T cells are induced even in a cohort of individuals of
similar age and the absence of other pathologies [69, 72, 73].
The quantitative heterogeneity of cellular immunity has also

been overlooked after natural infection. Differences in both
humoral and cellular responses in females versus males or in
subjects of different ages or with concomitant pathologies are
present and have been attentively studied [3, 80]. However, we are
progressively observing marked quantitative differences in
adaptive immunity levels both in convalescent and vaccinated
individuals, irrespective of their age, sex or severity of SARS-CoV-2
infection [73, 81]. These marked differences were detected in
terms of antibody levels and T cell responses after natural
infection [17, 81, 82]. Furthermore, the distinct components of
adaptive immunity appear to be independently regulated, since,
for example, the level of antibodies cannot predict the quantity of
Spike-specific T cells, particularly in the late convalescent phase
(8–9 months) [35, 81, 82].
This difference in the magnitude of T cell responses (both in

convalescent and vaccinated) and the lack of correlation between

antiviral antibody production and T cell frequency could cause
difficulties in the analysis of correlates of protection. In addition,
current mRNA- and adenovirus-based vaccines elicit immune
responses confined to the Spike protein. However, the potentially
protective role of T cells specific for other structural and
nonstructural proteins in protection will also have to be evaluated.
The idea that polyantigenic vaccines might actually exert greater
control over viral variants than monoantigenic (i.e., Spike-based)
has its rationale [64, 83]. From this perspective, we think that the
role of T cells specific for nonstructural proteins involved in the
replication machinery of the virus (coded by the ORF1ab gene) will
have to be carefully evaluated. T cells specific for proteins coded
by ORF1ab have been found in high numbers both in recovered
COVID-19 patients [84] and in individuals who might have been
only exposed to SARS-CoV-2 [85] or related coronaviruses [46].

CONCLUDING REMARKS
In this review, we discussed the numerous data that support the
important role of CD4 and CD8 virus-specific T cells during SARS-
CoV-2 infection. We have mainly considered quantitative aspects,
and we acknowledge that immunological analysis in blood
samples might have limitations for understanding the role of
T cells in protection and pathology. Studies of SARS-CoV-2-specific
T cells in mucosal tissue will need to be expanded. On the other
hand, the modification of the epidemiology of the infection
caused by mass vaccination campaigns and the overall astonish-
ing success of different vaccines calls for a better evaluation of the
correlates of protection that need to be defined to manage the
COVID-19 pandemic. The heterogeneity in the level of T cell
immunity induced in both convalescent and vaccinated indivi-
duals attests to the intricacy of such an analysis, requiring the
implementation of large prospective studies where both antibody
and T cell levels are measured. The technical complexity of SARS-
CoV-2-specific T cell measurements has, however, often limited
this analysis, and its implementation to methods that can be
routinely performed in large numbers, such as ELISpot or cytokine
release assays [73, 86, 87], might start to provide such data [88].
We see a future where T cell studies might guide, through the
collection of precise functional and quantitative data, the
management of future vaccination campaigns that will hopefully
transform SARS-CoV-2 infection into a mild nuisance for the
entire world.

DATA AVAILABILITY
Data analyzed in this study were a re-analysis of existing data, which are openly
available at locations cited in the reference section.

REFERENCES
1. Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann H-H, Zhang Y, et al.

Autoantibodies against type I IFNs in patients with life-threatening COVID-19.
Science. 2020;370:eabd4585–15.

2. Lucas C, Klein J, Sundaram ME, Liu F, Wong P, Silva J, et al. Delayed
production of neutralizing antibodies correlates with fatal COVID-19. Nat Med.
2021;27:1178–86.

3. Rydyznski Moderbacher C, Ramirez SI, Dan JM, Grifoni A, Hastie KM, Weiskopf D,
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.

4. Tan AT, Linster M, Tan CW, Le Bert N, Chia WN, Kunasegaran K, et al. Early
induction of functional SARS-CoV-2-specific T cells associates with rapid
viral clearance and mild disease in COVID-19 patients. Cell Rep. 2021;53:
108728–13.

5. Schulien I, Kemming J, Oberhardt V, Wild K, Seidel LM, Killmer S, et al. Char-
acterization of pre-existing and induced SARS-CoV-2-specific CD8+ T cells. Nat.
Med. 2020;181:1489–8.

6. Laing AG, Lorenc A, del Molino del Barrio I, Das A, Fish M, Monin L, et al. A
dynamic COVID-19 immune signature includes associations with poor prognosis.
Nat. Med. 2020;579:270–33.

A. Bertoletti et al.

2310

Cellular & Molecular Immunology (2021) 18:2307 – 2312



7. Lucas C, Wong P, Klein J, Castro TBR, Silva J, Sundaram M, et al. Longitudinal
analyses reveal immunological misfiring in severe COVID-19. Nature.
2020;584:463–9.

8. Bertoletti A, Tan AT, Le Bert N. The T-cell response to SARS-CoV-2: kinetic and
quantitative aspects and the case for their protective role. Oxf Open Immunol.
2021; https://doi.org/10.1093/oxfimm/iqab006.

9. Sette A, Crotty S. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell.
2021;184:861–80.

10. Altmann DM, Boyton RJ. SARS-CoV-2 T cell immunity: specificity, function, dur-
ability, and role in protection. Sci. Immunol. 2020;5:eabd6160.

11. Wang Y, Zhang L, Sang L, Ye F, Ruan S, Zhong B, et al. Kinetics of viral load and
antibody response in relation to COVID-19 severity. J. Clin. Invest.
2020;130:5235–44.

12. Thieme CJ, Anft M, Paniskaki K, Blazquez-Navarro A, Doevelaar A, Seibert FS, et al.
Robust T -cell response toward spike, membrane, and nucleocapsid SARS-CoV-2?
proteins is not associated with recovery in critical COVID-19 patients. Cell Rep.
Med. 2020;1:100092–31.

13. Weiskopf D, Schmitz KS, Raadsen MP, Grifoni A, Okba NMA, Endeman H, et al.
Phenotype and kinetics of SARS-CoV-2-specific T cells in COVID-19 patients with
acute respiratory distress syndrome. Sci. Immunol. 2020;5:eabd2071.

14. Schub D, Klemis V, Schneitler S, Mihm J, Lepper PM, Wilkens H, et al. High levels
of SARS-CoV-2-specific T cells with restricted functionality in severe courses of
COVID-19. JCI Insight. 2020;5:1.

15. Wang Z, Yang X, Zhong J, Zhou Y, Tang Z, Zhou H, et al. Exposure to SARS-CoV-2
generates T-cell memory in the absence of a detectable viral infection. Nat.
Commun. 2021;12:1724–8.

16. Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin K, Gorin J-B, Olsson A, et al.
Robust T cell immunity in convalescent individuals with asymptomatic or mild
COVID-19. Cell. 2020;183:158–68. e14

17. Le Bert N, Clapham HE, Tan AT, Chia WN, Tham CYL, Lim JM, et al. Highly
functional virus-specific cellular immune response in asymptomatic SARS-CoV-2
infection. J Exp Med. 2021;218(5):e20202617.

18. Stephenson E, Reynolds G, Botting RA, Calero-Nieto FJ, Morgan MD, Tuong ZK,
et al. Single-cell multi-omics analysis of the immune response in COVID-19. Nat
Med. 2021;27:904–16.

19. Soresina A, Moratto D, Chiarini M, Paolillo C, Baresi G, Focà E, et al. Two X‐linked
agammaglobulinemia patients develop pneumonia as COVID‐19 manifestation
but recover. Pediatr Allergy Immunol. 2020;31:565–9.

20. Safavi F, Nourbakhsh B, Azimi AR. B-cell depleting therapies may affect suscept-
ibility to acute respiratory illness among patients with multiple sclerosis during
the early COVID-19 epidemic in Iran. Mult Scler Relat Disord. 2020;43:102195.

21. Montero-Escribano P, Matías-Guiu J, Gómez-Iglesias P, Porta-Etessam J, Pytel V,
Matias-Guiu JA. Anti-CD20 and COVID-19 in multiple sclerosis and related dis-
orders: a case series of 60 patients from Madrid. Spain Mult Scler Relat Disord.
2020;42:102185.

22. Bange EM, Han NA, Wileyto P, Kim JY, Gouma S, Robinson J, et al. CD8+ T cells
contribute to survival in patients with COVID-19 and hematologic cancer. Nat
Med. 2021;27:1280–9.

23. Meckiff BJ, Ramírez-Suástegui C, Fajardo V, Chee SJ, Kusnadi A, Simon H, et al.
Imbalance of regulatory and cytotoxic SARS-CoV-2-reactive CD4+ T cells COVID-
19. Cell. 2020;183:1340–53.e16.

24. Yao C, Bora SA, Parimon T, Zaman T, Friedman OA, Palatinus JA, et al. Cell-type-
specific immune dysregulation in severely Ill COVID-19 patients. Cell Rep.
2021;34:108590.

25. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and immunological
features of severe and moderate coronavirus disease 2019. J. Clin. Invest.
2020;130:2620–9.

26. Mazzoni A, Salvati L, Maggi L, Capone M, Vanni A, Spinicci M, et al. Impaired
immune cell cytotoxicity in severe COVID-19 is IL-6 dependent. J. Clin. Invest.
2020;130:4694–703.

27. Urra JM, Cabrera CM, Porras L, Ródenas I. Selective CD8 cell reduction by SARS-
CoV-2 is associated with a worse prognosis and systemic inflammation in COVID-
19 patients. Clin. Immunol. 2020;217:108486.

28. Grant RA, Morales-Nebreda L, Markov NS, Swaminathan S, Querrey M, Guzman
ER, et al. Circuits between infected macrophages and T cells in SARS-CoV-2
pneumonia. Nature. 2021;590:635–41.

29. Szabo PA, Dogra P, Gray JI, Wells SB, Connors TJ, Weisberg SP, et al. Longitudinal
profiling of respiratory and systemic immune responses reveals myeloid cell-
driven lung inflammation in severe COVID-19. Immunity. 2021;54:797–814.e6.

30. Kreutmair S, Unger S, Núñez NG, Ingelfinger F, Alberti C, De Feo D, et al. Distinct
immunological signatures discriminate severe COVID-19 from non-SARS-CoV-2-
driven critical pneumonia. Immunity. 2021;54:1578–93.

31. Nienhold R, Ciani Y, Koelzer VH, Tzankov A, Haslbauer JD, Menter T, et al. Two
distinct immunopathological profiles in autopsy lungs of COVID-19. Nat Com-
mun. 2020;11:5086–13.

32. Ma L, Sahu SK, Cano M, Kuppuswamy V, Bajwa J, McPhatter J, et al. Increased
complement activation is a distinctive feature of severe SARS-CoV-2 infection. Sci
Immunol. 2021;6:1–18.

33. Maini MK, Boni C, Lee CK, Larrubia JR, Reignat S, Ogg GS, et al. The role of virus-
specific CD8(+) cells in liver damage and viral control during persistent hepatitis
B virus infection. J Exp Med. 2000;191:1269–80.

34. Tan-Garcia A, Wai L-E, Zheng D, Ceccarello E, Jo J, Banu N, et al. Intrahepatic
CD206(+) macrophages contribute to inflammation in advanced viral-related
liver disease. J Hepatol. 2017;67:490–500.

35. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological
memory to SARS-CoV-2 assessed for up to 8 months after infection. Science.
2021;371:eabf4063.

36. Sherina N, Piralla A, Du L, Wan H, Kumagai-Braesch M, Andréll J, et al. Persistence
of SARS-CoV-2-specific B and T cell responses in convalescent COVID-19 patients
6-8 months after the infection. Medicines. 2021;2:281–95. e4

37. Zuo J, Dowell AC, Pearce H, Verma K, Long HM, Begum J, et al. Robust SARS-CoV-
2-specific T cell immunity is maintained at 6 months following primary infection.
Nat Immunol. 2021;22:620–6.

38. Rodda LB, Netland J, Shehata L, Pruner KB, Morawski PA, Thouvenel CD, et al.
Functional SARS-CoV-2-specific immune memory persists after mild COVID-19.
Cell. 2021;184:169–83. e17

39. Breton G, Mendoza P, Hägglöf T, Oliveira TY, Schaefer-Babajew D, Gaebler C, et al.
Persistent cellular immunity to SARS-CoV-2 infection. J Exp Med. 2021;218:4781–18.

40. Grifoni A, Weiskopf D, Ramirez SI, Mateus J, Dan JM, Moderbacher CR, et al.
Targets of T cell responses to SARS-CoV-2 coronavirus in humans with COVID-19
disease and unexposed individuals. Cell. 2020;181:1489–501. e15

41. Jung JH, Rha M-S, Sa M, Choi HK, Jeon JH, Seok H, et al. SARS-CoV-2-specific T cell
memory is sustained in COVID-19 convalescents for 8 months with successful
development of stem cell-like memory T cells. medRxiv. 2021;2021.03.04.21252658.

42. Bonifacius A, Tischer-Zimmermann S, Dragon AC, Gussarow D, Vogel A, Krettek U,
et al. COVID-19 immune signatures reveal stable antiviral T cell function despite
declining humoral responses. Immunity. 2021;54:340–54. e6

43. Gaebler C, Wang Z, Lorenzi JCC, Muecksch F, Finkin S, Tokuyama M, et al. Evo-
lution of antibody immunity to SARS-CoV-2. Nature. 2021;591:639–44.

44. Turner JS, Kim W, Kalaidina E, Goss CW, Rauseo AM, Schmitz AJ, et al. SARS-CoV-2
infection induces long-lived bone marrow plasma cells in humans. Nature.
2021;595:421–25.

45. Jeffery-Smith A, Burton AR, Lens S, Rees-Spear C, Patel M, Gopal R, et al. SARS-
CoV-2-specific memory B cells can persist in the elderly despite loss of neu-
tralising antibodies. bioRxiv 2021;2021.05.30.446322–32.

46. Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, et al. SARS-CoV-2-
specific T cell immunity in cases of COVID-19 and SARS, and uninfected controls.
Nature. 2020;584:457–62.

47. Crotty S, Felgner P, Davies H, Glidewell J, Villarreal L, Ahmed R. Cutting edge:
long-term B cell memory in humans after smallpox vaccination. J. Immunol.
2003;171:4969–73.

48. Lumley SF, O’Donnell D, Stoesser NE, Matthews PC, Howarth A, Hatch SB, et al.
Antibody status and incidence of SARS-CoV-2 infection in health care workers. N
Engl J Med. 2021;384:533–40.

49. Vitale J, Mumoli N, Clerici P, De Paschale M, Evangelista I, Cei M, et al. Assessment
of SARS-CoV-2 reinfection 1 year after primary infection in a population in
Lombardy, Italy. JAMA Intern Med. 2021. https://doi.org/10.1001/
jamainternmed.2021.2959.

50. Huang AT, Garcia-Carreras B, Hitchings MDT, Yang B, Katzelnick LC, Rattigan SM,
et al. A systematic review of antibody mediated immunity to coronaviruses:
kinetics, correlates of protection, and association with severity. Nat Commun.
2020;11:4704–16.

51. Sabino EC, Buss LF, Carvalho MPS, Prete CA, Crispim MAE, Fraiji NA, et al.
Resurgence of COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet.
2021;397:452–5.

52. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety
and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med.
2020;383:2603–15.

53. Baden LR, Sahly ELHM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and
safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med. 2021;384:403–16.

54. Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin AI, Zubkova OV,
Dzharullaeva AS, et al. Safety and efficacy of an rAd26 and rAd5 vector-based
heterologous prime-boost COVID-19 vaccine: an interim analysis of a randomised
controlled phase 3 trial in Russia. Lancet. 2021;397:671–81.

55. Voysey M, Clemens SAC, Madhi SA, Weckx LY, Folegatti PM, Aley PK, et al. Safety
and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an
interim analysis of four randomised controlled trials in Brazil, South Africa, and
the UK. Lancet. 2021;397:99–111.

56. Hall VJ, Foulkes S, Saei A, Andrew N, Oguti B, Charlett A, et al. COVID-19 vaccine
coverage in health-care workers in England and effectiveness of BNT162b2

A. Bertoletti et al.

2311

Cellular & Molecular Immunology (2021) 18:2307 – 2312

https://doi.org/10.1093/oxfimm/iqab006
https://doi.org/10.1001/jamainternmed.2021.2959
https://doi.org/10.1001/jamainternmed.2021.2959


mRNA vaccine against infection (SIREN): a prospective, multicentre, cohort study.
Lancet. 2021;397:1685–87.

57. Shinde V, Bhikha S, Hoosain Z, Archary M, Bhorat Q, Fairlie L, et al. Efficacy of NVX-
CoV2373 Covid-19 vaccine against the B.1.351 variant. N Engl J Med.
2021;384:1899–909.

58. Kaabi Al N, Zhang Y, Xia S, Yang Y, Qahtani Al MM, Abdulrazzaq N, et al. Effect of 2
inactivated SARS-CoV-2 vaccines on symptomatic COVID-19 infection in adults: a
randomized clinical trial. JAMA. 2021;326:35–45.

59. Thompson MG, Burgess JL, Naleway AL, Tyner H, Yoon SK, Meece J, et al. Pre-
vention and attenuation of Covid-19 with the BNT162b2 and mRNA-1273 vac-
cines. N Engl J Med. 2021;385:320–329.

60. Cromer D, Juno JA, Khoury D, Reynaldi A, Wheatley AK, Kent SJ, et al. Prospects
for durable immune control of SARS-CoV-2 and prevention of reinfection. Nat Rev
Immunol. 2021;21:395–404.

61. Feng S, Phillips DJ, White T, Sayal H, Aley PK, Bibi S, et al. Correlates of protection
against symptomatic and asymptomatic SARS-CoV-2 infection. medRxiv. 2021;
2021.06.21.21258528.

62. Gutmann C, Takov K, Burnap SA, Singh B, Ali H, Theofilatos K, et al. SARS-CoV-2
RNAemia and proteomic trajectories inform prognostication in COVID-19 patients
admitted to intensive care. Nat Commun. 2021;12:3406–17.

63. Kalimuddin S, Tham CYL, Qui M, de Alwis R, Sim JXY, Lim JME, et al. Early T cell
and binding antibody responses are associated with COVID-19 RNA vaccine
efficacy onset. Medicines. 2021;2:682–8. e4

64. Altmann DM, Boyton RJ, Beale R. Immunity to SARS-CoV-2 variants of concern.
Science. 2021;371:1103–4.

65. Madhi SA, Baillie V, Cutland CL, Voysey M, Koen AL, Fairlie L, et al. Efficacy of the
ChAdOx1 nCoV-19 Covid-19 vaccine against the B.1.351 variant. N Engl J Med.
2021;384:1885–98.

66. Reynolds CJ, Pade C, Gibbons JM, Butler DK, Otter AD, Menacho K, et al. Prior
SARS-CoV-2 infection rescues B and T cell responses to variants after first vaccine
dose. Science. 2021;372:1418–23.

67. Geers D, Shamier MC, Bogers S, Hartog den G, Gommers L, Nieuwkoop NN, et al.
SARS-CoV-2 variants of concern partially escape humoral but not T-cell responses
in COVID-19 convalescent donors and vaccinees. Sci Immunol. 2021;6:eabj1750.

68. Tarke A, Sidney J, Methot N, Zhang Y, Dan JM, Goodwin B, et al. Impact of SARS-
CoV-2 variants on the total CD4 + and CD8 + T cell reactivity in infected and
vaccinated individuals. Cell Rep Med. 2021;2:100355.

69. Woldemeskel BA, Garliss CC, Blankson JN. SARS-CoV-2 mRNA vaccines induce
broad CD4+ T cell responses that recognize SARS-CoV-2 variants and HCoV-
NL63. J Clin Invest. 2021;131:e149335.

70. Alter G, Yu J, Liu J, Chandrashekar A, Borducchi EN, Tostanoski LH, et al. Immu-
nogenicity of Ad26.COV2.S vaccine against SARS-CoV-2 variants in humans.
Nature. 2021;596:268–72.

71. Painter MM, Mathew D, Goel RR, Apostolidis SA, Pattekar A, Kuthuru O, et al.
Rapid induction of antigen-specific CD4T cells guides coordinated humoral and
cellular immune responses to SARS-CoV-2 mRNA vaccination. bioRxiv 2021;
2021.04.21.440862.

72. Sahin U, Muik A, Vogler I, Derhovanessian E, Kranz LM, Vormehr M, et al.
BNT162b2 vaccine induces neutralizing antibodies and poly-specific T cells in
humans. Nature. 2021;595:572–77.

73. Tan AT, Lim JM, Le Bert N, Kunasegaran K, Chia A, Qui M, et al. Rapid determi-
nation of the wide dynamic range of SARS-CoV-2 Spike T cell responses in
whole blood of vaccinated and naturally infected. bioRxiv. 2021;2021.
06.29.450293.

74. Wilson EA, Hirneise G, Singharoy A, Anderson KS. Total predicted MHC-I epitope
load is inversely associated with population mortality from SARS-CoV-2. Cell Rep.
Med. 2021;2:100221.

75. Grifoni A. SARS-CoV-2 human T cell epitopes: adaptive immune response against
COVID-19. Cell Host Microbe. 2021;29:1076–92.

76. Prendecki M, Clarke C, Brown J, Cox A, Gleeson S, Guckian M, et al. Effect of
previous SARS-CoV-2 infection on humoral and T-cell responses to single-dose
BNT162b2 vaccine. Lancet. 2021;397:1178–81.

77. Camara C, Lozano-Ojalvo D, Lopez-Granados E, Paz-Artal E, Pion M, Correa-Rocha
R, et al. Differential effects of the second SARS-CoV-2 mRNA vaccine dose on T
cell immunity in naïve and COVID-19 recovered individuals. Cell Reports
2021;36:109570.

78. Collier DA, Ferreira IATM, Kotagiri P, Datir R, Lim E, Touizer E, et al. Age-related
immune response heterogeneity to SARS-CoV-2 vaccine BNT162b2. Nature.
2021;596:417–22.

79. Apostolidis SA, Kakara M, Painter MM, Goel RR, Mathew D, Lenzi K, et al. Altered
cellular and humoral immune responses following SARS-CoV-2 mRNA vaccination
in patients with multiple sclerosis on anti-CD20 therapy. medRxiv 2021;
2021.06.23.21259389.

80. Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, Klein J, et al. Sex dif-
ferences in immune responses that underlie COVID-19 disease outcomes. Nature.
2020;588:315–20.

81. Chia WN, Zhu F, Ong SWX, Young BE, Fong S-W, Le Bert N, et al. Dynamics of
SARS-CoV-2 neutralising antibody responses and duration of immunity: a long-
itudinal study. Lancet Microbe. 2021;2:e240–9.

82. Reynolds CJ, Swadling L, Gibbons JM, Pade C, Jensen MP, Diniz MO, et al. Dis-
cordant neutralizing antibody and T cell responses in asymptomatic and mild
SARS-CoV-2 infection. Sci Immunol. 2020;54:eabf3698.

83. Matchett WE, Joag V, Stolley JM, Shepherd FK, Quarnstrom CF, Mickelson CK, et
al. Nucleocapsid vaccine elicits spike-independent SARS-CoV-2 protective
immunity. J Immunol. 2021;207:376–9.

84. Ferretti AP, Kula T, Wang Y, Nguyen DMV, Weinheimer A, Dunlap GS, 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;53:1095–107.e3.

85. Swadling L, Diniz MO, Schmidt NM, Amin OE, Chandran A, Shaw E, et al. Pre-
existing polymerase-specific T cells expand in abortive seronegative SARS-CoV-2
infection. medRxiv 2021;2021.06.26.21259239.

86. Petrone L, Petruccioli E, Vanini V, Cuzzi G, Najafi Fard S, Alonzi T, et al. A whole
blood test to measure SARS-CoV-2-specific response in COVID-19 patients. Clin.
Microbiol Infect. 2021;27:286.e7–286.e13.

87. Murugesan K, Jagannathan P, Pham TD, Pandey S, Bonilla HF, Jacobson K,
et al. Interferon-gamma release assay for accurate detection of SARS-CoV-2
T cell response. Clin Infect Dis. 2020;ciaa1537. https://doi.org/10.1093/cid/
ciaa1537.

88. Wyllie D, Mulchandani R, Jones HE, Taylor-Phillips S, Brooks T. Charlett A,
et al. SARS-CoV-2 responsive T cell numbers are associated with protection
from COVID-19: a prospective cohort study in keyworkers. medRxiv. 2020;3:
e2010182–24.

ACKNOWLEDGEMENTS
This study is supported by the Singapore Ministry of Health’s National Medical
Research Council under its COVID-19 Research Fund (COVID19RF3-0060), the
Singapore Ministry of Health’s National Medical Research Council MOH-000019
(MOH-StaR17Nov-0001), and the National Research Foundation, Singapore (NRF-
CRP17-2017-06).

AUTHOR CONTRIBUTIONS
AB, NLB, AT and MQ discussed the content of the review. AB wrote the review. NLB,
TA and MQ read the review and provide suggestions . AT made the illustrations.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to A.B.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

A. Bertoletti et al.

2312

Cellular & Molecular Immunology (2021) 18:2307 – 2312

https://doi.org/10.1093/cid/ciaa1537
https://doi.org/10.1093/cid/ciaa1537
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	SARS-CoV-2-specific T�cells in infection and vaccination
	SARS-CoV-2-specific T�cells: protection or damage?
	Protective role of SARS-CoV-2-specific T�cells
	Pathological role of SARS-CoV-2-specific T�cells

	Memory T cell response: protection after convalescence or vaccination
	SARS-CoV-2-specific T�cells after natural infection
	SARS-CoV-2-specific T�cells after vaccination
	Heterogeneity of vaccine-induced SARS-CoV-2-specific T�cells

	Concluding remarks
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




