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Abstract
Infection with SARS-CoV-2 causes wide range of disease severities from asymptomatic to life-threatening disease. Under-
standing the contribution of immunological traits in immunity against SARS-CoV-2 and in protection against severe COVID-
19 could result in effective measures to prevent development of severe disease. While the role of cytokines and antibodies 
has been thoroughly studied, this is not the case for T cells. In this review, the association between T cells and COVID-19 
disease severity and protection upon reexposure is discussed. While infiltration of overactivated cytotoxic T cells might be  
harmful in the infected tissue, fast responding T cells are important in the protection against severe COVID-19. This pro-
tection could even be viable in the long term as long-living memory T cells seem to be stabilized and mutations do not  
appear to have a large impact on T cell responses. Thus, after vaccination and infections, memory T cells should be able to 
help prevent onset of severe disease for most cases. Considering this, it would be useful to add N or M proteins in vaccina-
tions, alongside the S protein which is currently used, as this results in a broader T cell response.
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Introduction

Since the emergence of severe acute respiratory syndrome  
coronavirus 2 (SARS-CoV-2), over 6 million deaths and 
almost 500 million infections, as a result of this novel virus, 
have been reported (World Health Organization  2022).  
Worldwide research was promptly undertaken to discover 
more about SARS-CoV-2 and the corresponding disease  
COVID-19. In little over 2 years since the emergence of the 
virus, a wide array of knowledge has been gathered. Indi-
viduals suffering from the corresponding disease (COVID- 
19) can be divided into five groups, based on disease sever-
ity: asymptomatic, mild, moderate, severe, and critical (Gao 
et al. 2021). Severe disease complications observed in a sub-
set of COVID-19 patients include pneumonia, acute respira-
tory distress syndrome (ARDS) and cardiac injury (Huang 
et al. 2020).

Large collections of data from patients with mild and 
severe disease allowed identifying several risk factors for 
severe COVID-19. These factors include age, sex, and 

comorbidities such as cardiovascular disease, diabetes, 
and obesity (Huang et al. 2020). The magnitude of initial 
innate immune responses also affects the disease outcome: 
high levels of cytokines (cytokine storm) are observed 
in individuals with severe disease (Jacob  2020; Wang 
et al. 2020a). The potential impact of the adaptive immune 
system on pathology or protection is often deemed trivial in 
comparison (Jacob 2020). However, this is not necessarily 
true. Even though GWAS studies have not located any SNP 
associated with disease severity on the HLA loci (Pairo-
Castineira et al. 2021; Shelton et al. 2021), this does not 
exclude that the adaptive immune responses might play an 
important role. The adaptive immune response is already 
active prior to hospitalization, around 7 days post-symptom 
onset (Huang et al. 2020), which suggests that the adaptive 
immune system could contribute to disease severity. Fur-
thermore, the abovementioned risk factors have direct effects 
on both innate and adaptive immune responses. In males, 
poor CD8 T cell activation was correlated with worse dis-
ease outcome, while worse disease outcome in females was 
associated with higher levels of innate immune cytokines 
(Brodin 2021; Takahashi et al. 2020). Thus, the adaptive 
immune responses, or at least T cells, should be taken into 
account when studying COVID-19 severity.
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Clearly, the development of long-term immunity, and thus 
the ability of the adaptive immune system to develop and 
retain memory responses, is crucial to minimize health 
problems caused by SARS-CoV-2 infection. The longevity 
of functional immunity depends partially on the mutability 
of the virus. Despite the presence of an essential protein 
associated with RNA proofreading (Denison et al. 2011; 
Ogando et  al.  2020; Smith et  al.  2014), the mutation 
rate of SARS-CoV-2 is still relatively high (Safari and 
Elahi 2022) and multiple new variants of SARS-CoV-2, 
such as Alpha, Beta, Gamma, Delta, and Omicron, have 
been observed so far. The variants with a strong potential 
to increase their transmissibility, pathogenicity, severity 
of clinical symptoms, escape from treatment, and eva-
sion from the immune system have been denoted as vari-
ants of concern (VOCs) (Mistry et al. 2022; Safari and 
Elahi 2022). The new variants mainly, but not solely, con-
tain mutations in the Spike (S) protein. Most of the muta-
tions that increase viral fitness occur within the receptor 
binding domain (RBD) of this protein, which binds the 
ACE2 protein on host cells to mediate cell entry (Mistry 
et al. 2022). Thus far, B cells and antibodies have often 
been the focus of studies on immunity. The current vac-
cines are specifically developed to produce an antibody 
response against the S protein of SARS-CoV-2, due to its 
importance in cell entry. Unfortunately, many antibody 
responses seem to be short lasting, as was the case for 
SARS-CoV-1 in which the majority of studied subjects 
did not have detectable levels of SARS-CoV-1-specific 
IgG antibodies or memory B cells 6 years after infection, 
while memory T cells were observed in most of the recov-
ered patients (Tang et al. 2011). Furthermore, the ability 
of antibodies to respond to the VOCs also significantly 
deteriorates (Geers et al. 2021; Zhan et al. 2021) which 
shows, again, that antibodies will most likely not be pro-
tective over a long period of time, even when they are still 
present.

More and more evidence surfaces on the crucial role of T 
cells (Hossain et al. 2021; Mistry et al. 2022). One of such 
studies focussed on two hospitalized COVID-19 patients 
who recovered despite X-linked agammaglobulinemia, a 
condition where the patients do not have any B cells in their 
peripheral blood. This result suggests the humoral response 
was not necessary to survive the infection, even though the 
absence of this B cell response might have contributed to 
more severe symptoms during COVID-19. Another immune 
mechanism such as the T cell response, as the authors’ 
state, might have helped these patients overcome the dis-
ease (Soresina et al. 2020). The hypothesized role of T cells 
is reinforced by the observation that some individuals who 
remain seronegative after recovery have SARS-CoV-2- 
specific T cell responses (Sekine et al. 2020).

Given these observations, it is necessary to specifi-
cally look at the (long term) role of T cells in disease 
severity. This could give more insight in recovery and 
pathology of individuals infected with SARS-CoV-2 and 
therefore drive prospective modes of treatment and vac-
cination strategies against disease caused by both SARS-
CoV-2 and other novel pathogens. This review, therefore, 
will discuss the current knowledge on the contribution of 
T cells in the protection against disease progression, and 
in immunity for SARS-CoV-2. We will focus on three 
questions: Do T cells contribute or counteract disease 
progression after infection with SARS-CoV-2? Does 
developed T cell immunity protect against severe dis-
ease upon reinfection? Is T cell immunity still effective 
in the long term?

Role of T cells in disease severity

One of the best known recorded symptoms observed 
in hospitalized COVID-19 patients is lymphopenia in 
the blood (Huang et al. 2020). The absolute number of 
CD4 and CD8 T cells was decreased within all of the 
studied COVID-19 patients compared to healthy indi-
viduals. The decline in T lymphocytes was especially 
strong within the more severe cases (Chen et al. 2020; 
Liu et al. 2020; Sekine et al. 2020; Wang et al. 2020b; 
Xu et al. 2020). In hospitalized COVID-19 patients, an 
increase in the CD8 T cells, and in some studies also in 
the CD4 T cells, was strongly associated with a success-
ful treatment. No significant increase in T cell numbers 
was observed in failed treatments (Rezaei et al. 2021; 
Wang et al. 2020b). These observations show that the 
amount of T cells in the blood is associated with disease 
outcome.

One of the explanations for lymphopenia in the blood 
is relocation of cells to inflamed lung tissue (Jafarzadeh 
et al. 2021; Wang et al. 2020b). Infiltration of T cells 
within inflamed tissue and markers for migration has 
indeed been observed in subjects who died due to severe 
COVID-19 (Adamo et al. 2021; Gauchotte et al. 2021; 
Wichmann et al. 2020; Xu et al. 2020). However, within 
bronchoalveolar lavage fluid (BALF), the percentage of 
CD8 T cells in severe patients was decreased compared 
to those with moderate disease (Liao et al. 2020). These 
results suggest that there might be multiple other mecha-
nisms that could account for lymphopenia, such as cell 
death of the lymphocytes (Jafarzadeh et al. 2021), which 
is corroborated by the increase of apoptosis markers found 
in COVID-19 patients (André et al. 2022). The amount of 
observed T cells with apoptotic marks was even associated 
with disease severity (Adamo et al. 2021).
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Several studies have noted enrichment of activated T 
cells (CD38 + HLA-DR +) in severe COVID-19 patients 
(Du et al. 2021; Georg et al. 2022; Mathew et al. 2020). 
This subset might represent three groups of T cells: over-
activated, exhausted, or apoptosis-sensitive cells (Du 
et  al.  2021). In line with this, other markers expressed 
by these cells (e.g., PD-1, Tim-3, and CD94/NKG2A) 
have also been associated with disease progression (Diao 
et al. 2020; Zheng et al. 2020). In influenza patients, the 
majority of CD38 + HLA-DR + CD8 cells expressed PD-1 
(Wang et al. 2018): after recovery, all activated CD8 cells 
had intermediate levels of PD-1 expression, while cells 
with both intermediate and high expression of PD-1 were 
present within fatally ill patients. As influenza in many 
ways causes a similar infection in humans as SAR-CoV-2, 
the PD-1 marker observed in COVID-19 patients are most 
likely accumulated during T cell (over)activation, probably 
as a result of high viral loads. These PD-1-expressing CD8 
T cells are shown to be still functional within COVID-19 
patients (Rha et al. 2021).

Bergamaschi et al. (2021) studied the activated CD8 
T cells (CD8 + HLA-DR + CD38 + T cells) over time in 
subjects differing in disease severity. Several interesting 
findings came out of this study. First of all, the increase in 
activated CD8 T cells occurred later in patients with severe 
disease compared to patients with mild disease. Second, in 
both the asymptomatic and mild disease groups, the number 
of activated CD8 T cells contracted after the first 2 weeks 
post-disease onset, while these cells kept on increasing to 
much higher levels within the severely ill patient group  
(Bergamaschi et al. 2021). In a different cohort, Xu et al. 
(2021) looked at different CD8 T cell subsets and showed 
that a delayed increase in CD8 effector memory was associ-
ated with severe disease as well. The association of severe 
disease outcome with high numbers of overactivated CD8 
T cells from week two onwards has been observed before 
(Zeng et  al.  2020), but the early protective increase of 
activated CD8 T cells has not been observed in all studies 
(Georg et al. 2022). The results of Bergamaschi et al. (2021) 
are in agreement with influenza cases: in influenza, an early 
rise in activated CD8 T cells (CD38 + HLA-DR + PD-1 +) 
was also associated with survival while these cells persisted 
in fatally ill patients (Wang et al. 2018). The importance of 
a fast response also indicated the essential role of memory 
T cells in influenza (Wang et al. 2015). All in all, current 
studies suggest that early CD8 T cell responses are protec-
tive. Whether the increase in these cells contribute to dis-
ease severity or are simply a side effect of persistent disease 
should be studied further.

Next question is whether or not the early activated T cells 
in the first weeks post-symptom onset are SARS-CoV-2 spe-
cific? Bergamachi et al. (2021) found no difference in the 

number of SARS-CoV-2-specific T cells between mild and 
severe cases during the first and or second week. This sug-
gests that the early increase in CD8 T cells in individuals 
with mild disease is caused by non-specific, bystander, acti-
vated T cells (Bergamaschi et al. 2021). Bystander activation 
of CD8 T cells occurs in the presence of pro-inflammatory 
cytokines, before antigen-specific CD8 T cells are acti-
vated. Therefore, the bystander-activated cells can respond 
faster than the specific adaptive immune response (Maurice 
et al. 2021). The presence of the bystander T cells was fur-
ther supported by the elevated levels of bystander activation 
markers, NKG2D and IL-7R, within subjects with mild dis-
ease. Due to activation of bystander CD8 T cells, individuals 
with asymptomatic and mild disease have an early adaptive 
immune response before antigen-specific responses are pre-
sent. These results suggest that bystander-activated CD8 T 
cells could prevent disease progression via (non-specific) 
viral clearance before the start of symptoms (Bergamaschi 
et al. 2021).

Pathology due to overactivated CD8 T cells

The continuous rise of overactivated CD8 T cells in severely 
ill patients suggests a potential contribution of these cells 
in disease progression. Indeed, the overactivated CD38hi 
CD8 T cells have been correlated with cytokine storm and 
myocardial, renal, and liver injury in severe COVID-19 
patients (Du et al. 2021). Moreover, highly cytotoxic T cells 
were present within damaged organs of deceased patients  
(Gauchotte et al. 2021), suggesting, again, a potential associ-
ation between increased cytotoxicity and tissue damage and 
lethal disease outcome (Szabo et al. 2021; Xu et al. 2020). 
However, this does not yet prove that the T cells are directly 
involved in the tissue damage.

Nienhold et al. (2020) showed that there are two different 
patterns that can be distinguished within lethal COVID-19 
patients (Fig. 1). Patients who died relatively soon after hos-
pitalization displayed a pattern of high viral load, little tissue 
damage within lungs and high local expression of interferon 
stimulated genes (ISGs) and cytokines (pattern I). Patients 
who died after a longer stay in the hospital had lower viral 
load, but lung injury, low ISG expression, and a lot of infil-
tration of activated CD8 T cells (pattern II). The number of 
CD8 T cells within lung tissue increases over time, where 
they can contribute to alveolar tissue damage and pneumonia 
symptoms (Nienhold et al. 2020). However, a number of 
studies demonstrate that innate immune cell infiltration is 
the main cause of tissue damage in severe SARS-CoV-2. In 
one of these studies, CD8 T cells were increased in patients 
with ARDS, not due to SARS-CoV-2 infection, but as a 
result of bacterial pneumonia (Rendeiro et al. 2021).
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Bystander-activated CD8 T cells can, as well as specific 
cells, potentially contribute to the tissue damage (Bergamaschi 
et al. 2021). Previously, the role of TCR-independent T cells in 
tissue damage has been suggested in celiac disease and HAV 
infection (Lee et al. 2022). In line with this, bystander-activated 
CD8 T cells have also been observed within the blood of severely 
ill SARS-CoV-2 patients in the ICU (Gregorova et al. 2020). 
Adamo et al. (2022) show that there were more non-specific 
CD8 T cells (Cov-2Dex-) in severe patients than in mild disease 
patients. This, again, suggested that higher bystander activa-
tion was present in patients with severe disease. It is possible  
that a substantial amount of the bystander cells become acti-
vated after the onset of the cytokine storm. Indeed, some of the 
cytokines increased in ICU patients (Huang et al. 2020) have 
the capability to activate both CD4 and CD8 T cells independ-
ent of the presence of antigens (Unutmaz et al. 1994; Wong and 
Pamer 2001). This corresponds to the second pattern described by 
Nienhold et al. (2020) where increase in immune infiltration, and 
therefore activated T cells, is delayed compared to the increase of 
cytokines. Furthermore, some of the cytokines present in COVID-
19 patients might increase the expression of PD-1 on bystander-
activated cells (Kinter et al. 2008). This could partially account 
for the increase in potentially overactivated T cells in severely ill 
patients. It should however be noted that further understanding of 
bystander activation is needed before definite conclusions about the 
detrimental effect of this mechanism can be made (Lee et al. 2022).

In addition to activated bystander and specific CD38 
high CD8 T cells, other cytotoxic T cells can be activated 
simply because of interactions of these cells with other 
immune components. For example, an increased comple-
ment deposition of especially C3a, as found in the lungs of 
deceased patients, could further increase lung damage by 
activating CD16 + cytotoxic T cells (Nienhold et al. 2020).  

These cells indeed further contribute to endothelial injury 
and fatal disease outcome (Georg et al. 2022). All in all,  
multiple different mechanisms activate cytotoxic T cells dur-
ing COVID-19 and might partially account for the observed  
tissue damage in some patients. More in-depth studies 
should focus on the presence of a causal relationship.

Besides causing direct tissue damage, the T cells can 
also contribute to disease severity indirectly by producing 
cytokines. Some patients with COVID-19, including children  
with multisystem inflammatory syndrome (MIS-C), show 
a similar disease pattern (e.g., persistent fever and hyperin-
flammation in multiorgan systems, etc.) as seen by patients 
with toxic shock syndrome (TSS) (Cheng et al. 2020; Porritt  
et al. 2021), which is caused by direct binding of superantigens 
to TCRs or MHC class II molecules, which activates T cells  
(Krakauer 2019). The activation of T cells via superantigens 
could theoretically cause a cytokine storm. In SARS-CoV-2, a 
spike motif closely resembles a bacterial superantigen (Cheng  
et al. 2020; Porritt et al. 2021). Patients with hyperinflamma-
tory COVID-19 show expansion of TCRs that corresponds 
with the superantigen selection process one would expect to 
see in TSS. Moreover, the TCRs enriched in severe COVID-
19 patients were able to bind the superantigen-like motif of 
the SARS-CoV-2 spike protein (Cheng et al. 2020). Taken 
together, this data suggests that continuous activation of T 
cells in SARS-CoV-2 infection could contribute to lung dam-
age either by direct cytotoxic action and/or by increasing local 
cytokine concentrations.

Role of T cells in protection

The presence of SARS-CoV-2-specific memory T cells after 
natural infections has been studied by stimulating T cells 
from blood samples of recovered individuals with SARS-
CoV-2 antigens. Several studies found that most patients 
had (~ 40–86 days post-disease onset) a T memory response 
(CD4 and CD8) against at least one of the peptides from 
the SARS-CoV-2 proteins S, M, N, E, and ORF1ab (Peng 
et al. 2020; Tavukcuoglu et al. 2021; Wang et al. 2021). 
Sekine et  al. (2020) and Wang et  al. (2021) show that 
SARS-CoV-2-specific T cell responses were not only pre-
sent in symptomatic patients. Asymptomatic patients and 
seronegative exposed individuals also had a significantly 
higher T cell response compared to healthy controls (Wang 
et al. 2021). Tavukcuoglu et al. (2021) studied the T memory 
response in symptomatic patients further. They showed that 
both central memory ( T

CM
 ) and effector memory ( T

EM
 ) cells 

had increased proliferation capacity and had a functional 
response in the majority of the symptomatic COVID-19 
patients. The highest proliferation capacity was observed 
for CD4 T

CM
 cells although the results were very variable 

between patients (Tavukcuoglu et al. 2021). Peng et al. 

Fig. 1   Two distinct patterns, observed by Nienhold et  al. (2020), in 
deceased COVID-19 patients. Early on (pattern I) high ISG expres-
sion, high viral load, and little infiltration of lymphocytes are 
observed. Later on in the disease (pattern II) ISG expression and 
viral load are lower, there is a high infiltration of immune cells such 
as lymphocytes. Deceased patients fall in one of these two patient 
groups
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(2020) also found that the highest percentage of CD8 T cell 
response was CD8 T

EM
 cells when peptides of all SARS-

CoV-2 proteins except for ORF1 were taken into account. 
Rodda et al. (2021) performed a similar study in which CD4 
T
CM

 , and CD4 T
EM

 to a lesser extent, showed substantial 
proliferation upon stimulation with peptides from S protein. 
These results thus show that circulating T

CM
 cells and T

EM
 

cells are developed in naturally infected individuals and keep 
their ability to proliferate upon stimulation. Therefore, a 
memory response could activate upon reinfections to ensure 
rapid clearance and better disease course.

Besides circulating memory T cells, the tissue resident 
memory ( T

RM
 ) cells are also important factors in generat-

ing protective immune responses. These cells are able to 
respond relatively fast upon infection, because they are 
already present at the location of viral entry. However, T

RM
 

cells will most likely not be detected in studies that focus on 
the peripheral compartment as they do not circulate, but are 
permanent residents of tissue (Martin and Badovinac 2018). 
Therefore, it is also important to infer the presence of SARS-
CoV-2-specific cells from studies that specifically looked at 
the compartments of the respiratory system. Roukens et al. 
(2022) studied samples from hospitalized patients that cor-
responded to 11–82 days post-symptom onset, while Grau-
Expósito et al. (2021) looked at asymptomatic, mild sympto-
matic, and severe symptomatic patients over a longer period 
of time (up to 10 months for a subset of samples). Both 
studies show that T

RM
 cells develop in the respiratory com-

partment, while these cells could generally not be identified 
in the peripheral compartment (Grau-Expósito et al. 2021). 
Approximately 60% of the total nasal CD8 T cells were of 
T
RM

 phenotype (Roukens et al. 2022), and for the SARS-
CoV-2 specific CD4 and CD8 T cells, there was also a trend 
that T

RM
 cells were dominant (Grau-Expósito et al. 2021). 

Furthermore, the percentage of CD8 cells was higher in both 
convalescent and healthy subjects compared to CD4 cells.

Above results clearly demonstrate that T
RM

 cells in the 
respiratory compartment, a good indication of long lasting 
immunity, develop after SARS-CoV-2 infection. Is the devel-
opment of memory T cells, and therefore immunity, affected 
by disease course? Peng et al. (2020) studied memory T 
cell responses against SARS-CoV-2 antigens, in recovered 
mild and severe COVID-19 patients, ~ 40 days post-symptom 
onset. Even though lymphopenia is associated with more 
severe disease, the overall T cell response, especially against 
S, M, ORF3, and ORF8 proteins, was broader and higher for 
severe patients (Peng et al. 2020). The observed higher T cell 
response could simply be due to a longer and more elaborate 
local immune response in severely ill patients. Sekine et al. 
(2020) compared a wider range of disease severity (patients 
with mild or severe disease, as well as exposed family mem-
bers). The height of response, against peptides of the S, M, 
and N proteins, was again positively correlated with disease 

severity (Sekine et al. 2020). When the T cell subsets were 
considered separately, a more nuanced result was obtained. 
The CD8 T cell response against S, M, and N was higher in 
mild patients compared to severe patients (Peng et al. 2020) 
and severe patients had a higher total frequency of CD4 T

EM
 

and lower frequency of CD4 T
CM

 cells compared to patients 
with milder disease course (Gong et al. 2020). All in all, 
these results suggest that memory T cells are generated 
over a wide scale of disease severity and that their amounts 
depend on the disease severity.

Due to the possible adverse outcome of infection with 
SARS-CoV-2 (Huang et al. 2020), the use of vaccination 
strategies has been applied worldwide. The massive vaccina-
tions could decrease the number of infections and hospitali-
zations if they generate sufficient memory responses. During 
trials with the BNT162b2 (Pfizer/BioNTech) vaccination, 
73% of the individuals developed a T memory response, 
12 weeks after their second vaccination (Naaber et al. 2021). 
Sahin et al. (2021) showed that both a de novo CD4 and 
CD8 T cell response against at least one of the studied S 
peptide pools was present in ~ 97% of the participants. This 
shows that this vaccination indeed causes a memory T cell 
response.

Dennehy et al. (2021) studied vaccinated hospital staff to 
observe differences between vaccinated (with Pfizer/BioN-
Tech) and infected individuals. The CD4 T cell responses 
were studied up to 3 months post-vaccination. The percent-
age of individuals with a T cell response was comparable, 
as was the frequency of CD4 T

CM
 cells in both groups. How-

ever, some differences were observed: The vaccinated group 
had a higher frequency of specific CD4 T

EM
 cells compared 

to recovered COVID-19 patients (Dennehy et al. 2021). The 
CD8 T cell response was studied by Oberhardt et al. (2021) 
80–120 days post-vaccination. The frequency of S-specific 
CD8 T cells was higher post-vaccination compared to post-
infection, as was the CD8 T

EM
 subset. Reversed, the CD8 

T
CM

 subset was higher post-infection. While the distribu-
tion in subsets differed between the groups, the expansion 
capacity and cytokine production of the S-specific CD8 T 
cells were similar (Oberhardt et al. 2021). It is likely that S 
protein-specific T cell responses are somewhat lower after a 
natural infection than after vaccination, due to competition 
with the responses to the epitopes from other SARS-CoV-2 
proteins.

Impact of memory T cells on reinfection

How protective are memory T cells in preventing a rein-
fection with SARS-CoV-2 virus? Best models that address 
this question are Rhesus macaque. McMahan et  al.  
(2021) found no virus in BAL and only 20% of animals 
had detectable virus in nasal swabs after reinfection, which 
took place 0–4 days after the first infection, suggesting that 
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considerable natural immunity developed in macaques, at  
least for a short period of time. The role of CD8 T cells  
in the immunity was studied through the use of anti-CD8 
antibodies, 7 weeks after initial infection and 3 days before 
reinfection, which causes almost complete CD8 depletion. 
All of the animals treated this way had detectable virus in 
their nasal swabs and their peak viral loads in nasal swabs 
were higher compared to controls with a fully functional  
CD8 memory T cell response. However, the peak viral load 
in anti-CD8 antibody-treated animals was lower compared to 
naive animals, which shows the impact of different memory 
responses other than CD8 T cells that contribute to natural 
immunity (McMahan et al. 2021).

The protective effect of vaccination has been studied  
as well. To determine the effectiveness of two doses of the 
mRNA-1273 (Moderna) and Pfizer/BioNTech vaccines in 
humans, placebo-controlled clinical trials were performed, 
where 30,000 subjects were assigned placebo or vaccination.  
During the first 7 days after receiving the second injection, 
9 vaccinated participants and 169 placebo subjects devel-
oped symptomatic COVID-19 (Baden et al. 2021; Polack  
et al. 2020). In total, severe COVID-19 was observed in 9  
placebo subjects and 1 vaccinated subject (Polack et al. 2020)  
in ~ 120 days after vaccination with Pfizer/BioNTech. During 
the study period, 19 vaccinated individuals and 269 placebo 
receivers developed symptomatic COVID-19 and all 30 sub-
jects that developed severe COVID-19 were of the placebo  
group in the Moderna study (Baden et al. 2021). It has now 
also become clear that absence of vaccination is strongly asso-
ciated with hospitalization and disease progression (Tenforde  
et al. 2021). All in all, these results show that vaccinations, 
similar to the infection as studied animal models (DiPiazza 
et al. 2021; Corbett et al. 2020), protect humans against 
development of symptomatic COVID-19. However, it does 
not indicate whether the vaccinations were also effective 
against the development of asymptomatic infections.

An important difference between natural infection and 
intramuscular vaccination is the generation of T

RM
 cells. 

Lapuente et al. (2021) show that T
RM

 cells are present after 
intranasal vaccination, but not after normal intramuscular  
vaccination for other viruses. In this study, mice were immu-
nized with combinations of intranasal and intramuscular 
vaccinations. As expected, the group that got two systemic 
immunizations had almost exclusively circulating T memory  
cells. A Pfizer/BioNTech mRNA vaccination followed by 
intranasal Ad5 boost, however, induced both circulating and 
tissue resident T cell memory. Upon challenge, all of the 
vaccinated mice were protected against viral replication, 
clinical signs of the disease, and mortality, while 7 out of 8  
of the unvaccinated mice died due to the disease. Surpris-
ingly, there was no significant difference between vaccina-
tion routes (Lapuente et al. 2021), which might suggest that 
the presence of T

RM
 cells did not significantly influence the 

outcome in this study. Given the known importance of T
RM

 
cells in other viral diseases, more in-depth studies should be  
performed in order to determine the role of T

RM
 cells for 

SARS-CoV-2 infection.
Clearly, there are differences in the T cell memory com-

partment developed after infection with SARS-CoV-2 or 
vaccination as summarized above. Even though the mem-
ory T cell subsets expanded due to these two exposures are 
different, both give considerable, but not 100%, protection 
against the occurrence of reinfections. Besides this, both 
strategies significantly reduce the disease severity when 
reinfections do happen. So far, the difference in memory 
T cell subsets generated have not been shown to make any 
significant difference in this protective capability.

Longevity of SARS‑CoV‑2‑specific T cell 
responses

Even 8 months post-symptom onset, memory T cells were 
still observed in 88% of recovered COVID-19 patients and 
63% of healthcare staff (Havervall et al. 2022). However, 
the amount of the memory cells is not constant over this 
period of time (Cohen et al. 2021; Dan et al. 2021; Havervall 
et al. 2022). During the first month after symptom onset, 
the CD4 and CD8 T cells still expand, but afterwards, the 
number of cells declines with a half-life of approximately 
200 and 190 days, respectively (Fig. 2, solid lines) (Cohen 
et al. 2021). Dan et al. (2021) estimated the half-life of CD4 
memory T cells to be as low as 64 in paired samples (Fig. 2, 
dashed line for CD4 + cells). The difference between the two 
studies could partially be explained by the exclusion of non-
structural proteins from the peptide pool within the study of 
Cohen et al. (2021), considering that Nsp3 was among the 
most recognised ORFs of the CD4 T cells (Dan et al. 2021). 
In line with these studies, Havervall et al. (2022) showed 
that the levels of memory T cells were significantly higher 
in the time period of 4 months post-infection compared to 
the time period of 5–8 months post-infection and beyond. 
Most importantly, they also observed that the memory T cell 
response at 5–8 months post-infection was not significantly 
different from the time period beyond 8 months (Havervall 
et al. 2022). Taken together, these studies suggest that the 
decline is mostly present during the first couple of months 
after infection while stabilization occurs later on.

Over time, most of the CD4 T cells are either of T
CM

  
or T

EM
 phenotype, while the CD8 T phenotype shifts 

towards T
EMRA

 cells (Cohen et al. 2021; Dan et al. 2021;  
Jung et al. 2021; Adamo et al. 2022). In light of longev-
ity, the stem memory T cell ( T

SCM
 ) subset is important  

to consider, as a small subpopulation of the T
SCM

 cells  
is long-lived (half-life: ~ 9  years) and responsible for 
the maintenance of the T cell response over time (Costa  
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Del Amo et  al.  2018). Jung et  al. (2021) studied the T  
cell subsets up to 10 months post-symptom onset. The  
frequency of T

SCM
 cells of both CD4 and CD8 T cells 

increased until ~ 4 months post-symptom onset and then 
stabilized. The T

SCM
 cells were stimulated and displayed 

robuste proliferation and differentiation towards a diverse 
set of T cell subsets (Jung et  al.  2021). The T

SCM
 cells 

were also retained over a period of at least 6 months after  
vaccination (Guerrera et al. 2021). The presence of T

SCM
 

cells, up to at least 10 months post-symptom onset, sug-
gests that protective memory T cells have the capability to 
be retained long term. Moreover, Havervall et al. (2022) 
showed that the risk of reinfection remained reduced up 
to ~ 10 months post-symptom onset. This clearly suggests 
that memory T cells are not just present, but still func-
tional in preventing disease, when potential stabilization  
of the number of memory T cells has occurred.

The protective capability of memory T cells developed 
upon vaccination is not necessarily the same as the protec-
tion acquired after natural infection. The effectiveness of 
Pfizer/BioNTech vaccination was determined over a period 
of 6 months to assess its long-term protective effect. Early 
on, the effectiveness of protection against symptomatic 
COVID-19 was 88% while this declined to about 47% at the 
5-month mark. However, the effectiveness against hospitali-
zation, and therefore disease severity, was preserved over 
the entire study period (Tartof et al. 2021). During another 
study, the vaccine efficacy against symptomatic COVID-
19 was still at 83.7% around the 4-month mark (Thomas 
et al. 2021). This shows that vaccination is especially effec-
tive against severe disease in the first 6 months.

All in all, it can be concluded that protective memory 
does develop after SARS-CoV-2 infection and vaccination 
and it lasts up to at least ~ 1 year. Predictions for immunity on 

longer terms could be obtained through information on the 
related virus SARS-CoV-1 which caused a pandemic during 
2003 (LeDuc and Barry 2004). In at least two studies, mem-
ory T cells were observed a long time after SARS-CoV-1 
infection. Ng et al. (2016) stimulated PBMCs from three 
subjects (9–11 years after infection) and observed a small 
number of SARS-CoV-1-specific memory T cell responses 
against S, N, and M proteins. The number of responses in 
the studied subjects was significantly higher than in healthy 
individuals. All subjects had at least one N-specific CD4 
and M-specific CD8 memory T cell response. Le Bert et al. 
(2020) observed memory T cells specific for the N protein of 
SARS-CoV-1, 17 years after SARS-CoV-1 infection, and the 
response pattern was significantly different in infected indi-
viduals compared to unexposed individuals. These results 
suggest that the memory T cells are indeed long lived after 
SARS-CoV-1 infection and that they do not represent cross-
reactive T cells that have developed more recently due to 
infection with HCoVs. Thus, the number of SARS-CoV-
2-specific memory T cells, which also respond strongly to 
S, N, and M proteins (Cohen et al. 2021; Sekine et al. 2020), 
might indeed be retained for a long time after stabilization 
around 8 months post-symptom onset and could provide a 
viable protection in the long term.

Cross‑reactivity against SARS‑CoV‑2 variants

So far, a couple of variants of SARS-CoV-2, that caused a new 
wave of infections, have been observed (Mistry et al. 2022). 
The new SARS-CoV-2 variants mainly, but not solely, contain 
mutations in the S protein (Mistry et al. 2022). To determine 
the effect of these mutations, Mazzoni et al. (2022) studied the 
wild-type-specific CD4 T cell response against different pools 
of peptides from the S protein: entire wild-type S and smaller 

Fig. 2   Visualization of decline of SARS-CoV-2-specific T cells. 
After initial infection with SARS-CoV-2 the number of T cells 
expand up to 1 month. Shortly after, the number of T cells starts to 
decline. The graph visualizes this decline and the dominant pheno-
type of T cells ~ 240 days post-symptom onset. To generate this graph 

we used a simple exponential function ( y(t) = 1
2

(t∕T)
 , where t  stands for 

the half-life) with a half-life estimate of ~ 190 days for CD8 T cells, 
and two different estimates of ~ 60 days to ~ 200 days for CD4 T cells. 
These half-life estimates are taken from Cohen et al. (2021) and Dan 
et al. (2021)
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regions of the S protein where mutations have occurred within 
variants. As expected, CD4 T cell responses for the entire  
wild-type S protein are significantly higher compared to the 
smaller wild-type regions where mutations are observed within  
variants. The majority of CD4 T cells respond to regions of the  
protein that have not been mutated. This suggests that only a 
minor fraction of S-specific CD4 T (less than 20% in general)  
cells will be influenced by the mutations (Mazzoni et al. 2022).  
These results are confirmed by Riou et al. (2022) who found 
that most of the CD4 T cell responses were specific against 
regions that had not been mutated in the Beta variant. They 
showed that none of the mutated epitopes was recognized by 
wild-type-specific CD4 T cells. However, they also observed 
that the mutated epitopes were poorly recognized by CD4 T  
cells developed after infection with the Beta variant. This could  
indicate that this region is not often targeted by CD4 T cells 
(Riou et al. 2022). Mazzoni et al. (2022) also found that muta-
tions in the Beta and Delta variant did not have a significant 
impact on the CD4 T cell response. However, significantly 
lower responses were observed for the mutated Alpha and 
Omicron variants (Mazzoni et al. 2022). Geers et al. (2021) 
and Gao et al. (2022) obtained similar results for PBMCs that 
originated from individuals vaccinated with Pfizer/BioNTech. 
Geers et al. (2021) studied the effect of mutations in the Alpha 
and Beta spike variants on the CD4 T cell response from vac-
cinated individuals without prior infection. Again, there was 
no difference in CD4 T cell response between the wild-type 
and variant S peptides for either infection naive individuals 
nor those that had been through an infection before vaccina-
tion (Geers et al. 2021). Gao et al. (2022) reported that 91% of 
SARS-CoV-2-specific CD4 T cells from vaccinated individu-
als recognize Omicron, while only 84% of the specific CD4 T  
cells were responding in infected individuals. These results are  
in line with the significant differences observed by Mazzoni 
et al. (2022) for Omicron and the wild-type variant. However, 
the percentage of responding specific CD4 T cells for infected 
and vaccinated individuals was reversed in this study compared  
to the observations of Gao et al. (2022). Both studies do show 
that vaccinations, just like natural infections, will induce the 
development of T cells effective against the new variants.

The difference between T cell response against com-
plete S protein and mutated regions was even more striking 
for CD8 T cell responses. Namely, the mutated regions 
were almost never targeted by the CD8 T cells (Riou et al. 
2022). Redd et al. (2021a, b) studied the epitopes of SARS-
CoV-2-specific CD8 T cells in more detail. They obtained 
52 unique epitopes from five individuals with a median 
of ~ 42.5 days after diagnosis (Redd et al. 2021a). Only 
one of these 52 epitopes, restricted by HLA-A*24:02, had 
a mutation in the Beta variant (Redd et al. 2021b) and 
one, restricted by HLA-A*03:01 and HLA-A*11:01, was 
associated with mutations of the Omicron variant (Redd 
et  al. 2021a). None of the mutations in the Alpha and 

Gamma variant overlapped with these CD8 T cell epitopes 
in these individuals (Redd et al. 2021b). The two affected 
epitopes were only recognized by a minority of CD8 T 
cells in the few individuals with a response against these 
epitopes (Redd et al. 2021a, b). Gao et al. (2022) studied 
the CD8 T cell response in a larger cohort for both infected 
and vaccinated individuals. For vaccinated individuals, 
similar results were obtained compared to those observed 
for CD4 T cells. However, the amount of CD8 T cells from 
infected individuals that could recognize Omicron (70%) 
was notably lower.

All in all, the studies of Mazzoni et al. (2022), Riou 
et al. (2022), Redd et al. (2021a, b) show that mutations 
only have a relatively small effect on the overall T cell 
response. Most of the specific T cells present in the pop-
ulation will still be effective against new variants. For 
example, ~ 90% of CD4 and CD8 T cell responses, from 
vaccinated individuals, against the S protein will still rec-
ognize the Omicron variant, while the cross-reactivity 
of CD8 T cell responses is lower after natural infection 
(Gao et al. 2022). However, T cell responses, developed 
during natural infections, will also be mounted against 
the other SARS-CoV-2 proteins, which are less mutated. 
Therefore, a comparison that solely relies on the response 
against the S protein does not directly show the difference 
in functionality.

The observation that mutations in the viral variants 
have only sparingly developed within T cell epitopes 
(Redd et al. 2021a, b) indicates that the VOCs have not 
yet escaped from the T cell response through the develop-
ment of mutations. According to Minervina et al. (2022), 
the diversity in TCRs is important for the presence of 
cross-reactivity against the new variants. Moreover, poly-
morphism of HLA molecules could protect against the 
development of escape mutations, because escape from 
one specific HLA allele does not provide escape from the 
next host’s immunity. This could explain the observation 
that SARS-CoV-2 variants with escape mutations have not 
become the dominant strain (Minervina et al. 2022), espe-
cially if these escape mutations come at a fitness cost for 
the virus. In short, even though T cell escape mutations 
do occur, it does not seem to be a feature that is strongly 
selected for during SARS-CoV-2 evolution. Therefore, it 
seems that the obtained memory T cell response will be 
viable over a long period of time, even when the virus 
mutates and escapes from antibody responses.

Discussion and conclusion

The literature reviewed above suggests that, overall, T 
cells are very important in the protection against severe 
COVID-19, at least when they respond relatively quickly 
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to clear the virus. In doing so, they have the ability to 
prevent severe disease onset and potentially even prevent  
some reinfections. Due to intrinsic traits of cellular immu-
nity, this protection is even viable in the long term. How-
ever, there are a number of remaining questions in the 
role of T cells during or protecting from a SARS-CoV-2 
infection.

Having an early CD8 T cell response could help to predis-
pose individuals to milder disease. However, in-depth studies 
into the role of bystander activation and more generally het-
erologous immunity before hospitalization are missing. Gen-
erally speaking, patients are submitted to the hospital days 
after onset of adaptive immune response (Huang et al. 2020) 
and it is difficult to trace back the exact time since infection 
or symptom onset. Upcoming studies could elaborate on the 
role of early T cell responses by studying subjects before 
and shortly after onset of symptoms. As it is very difficult to 
identify bystander cells via reliable markers, the dynamics of 
this heterologous immunity can best be studied by focusing 
on the specificity of TCRs.

Results discussed in this review suggest that the pres-
ence of T cell memory, as a result of either vaccination or 
natural infection, reduces the risk of reinfection, or at least 
reduces the developing symptoms after rechallenge with  
the virus. However, the combined results from McMahan 
et al. (2021) and Soresina et al. (2020) suggest that while 
(CD8) T cell responses, even in absence of antibodies, are 
effective to promote recovery, they might not be able to  
completely prevent severe disease on their own. This is 
worrisome considering the observations that developed  
humoral responses do not give viable protection long term 
(Geers et  al.  2021; Tang et  al.  2011; Zhan et  al.  2021).  
Therefore, the ability of memory T cells to prevent hos-
pitalization, on their own, should be analyzed further, by  
comparing viral titers and severity of symptoms between  
subjects with and without detectable antibodies.

T cell responses do not only provide a protective effect,  
but could also be involved in tissue damage. In a sub-
set of critically ill patients, overactivation and infil-
tration of (cytotoxic) T cells are associated with tis-
sue damage (Gauchotte et al. 2021; Szabo et al. 2021; 
Xu et al. 2020). Consistent with the proposed timeline 
by Nienhold et al. (2020) and the role of cytokines in 
severe disease, increase in cytokine levels could promote 
overactivation after disease onset has already occurred. 
However, the exact cause of T cell overactivation has not  
been discovered yet. During future studies, the interplay 
between innate and adaptive immunity, such as the role of 
cytokines and dendritic cells in T cell activation, should 
be taken into account. By finding the cause of overactiva-
tion better treatment options can be devised to prevent 
tissue damage and fatal outcome. However, Nienhold et al. 
(2020) only studied a small number of deceased subjects 

and many other studies show that tissue damage could also 
have been caused independent of T cells (Reindeiro et al. 
2021). In conclusion, especially considering the larger 
role of the innate immune system in tissue damage, the 
potentially harmful effects of activated T cells later on in 
disease should not overshadow their early protective effect 
in preventing the onset of severe disease.

Even though shorter lived memory T cells decrease in number 
following the infection, some stable amount of (stem cell mem-
ory) T cells can be retained years after initial development (Cohen 
et al. 2021; Dan et al. 2021; Guerrera et al. 2021; Havervall 
et al. 2022; Jung et al. 2021). For this novel virus, we do not  
yet have any data on the long-term stabilization in the number 
of memory T cells. Even the long-term retainment of SARS-
CoV-1-specific memory T cells (Le Bert et al. 2020) does not 
give conclusive evidence for longevity of SARS-CoV-2 specific 
T memory cells. The diversity of T cell responses could theoret-
ically maintain long-term immunity despite the SARS-CoV-2 
variants, because complete escape from a diverse pool of T cells 
is not likely. Presently, mutations have only occurred in few T 
cell epitopes, but escape mutations that have a greater effect 
could arise in the future. Furthermore, if only a small propor-
tion of T cells will be retained, as was seen in SARS-CoV-1 (Le 
Bert et al. 2020; Ng et al. 2016), the longevity might be limited 
due to novel mutations (Mazzoni et al. 2022). One strategy to 
increase the longevity of T cell responses is inducing a broader 
response against proteins that do not acquire new mutations as 
quickly as spike protein. It could, thus, be beneficial to expand 
the current vaccination strategy to include more proteins, such 
as the N and M proteins. T cell responses for these non-spike 
proteins were still observed a decade after SARS-CoV-1 infec-
tion (Le Bert et al. 2020; Ng et al. 2016).

Just like memory B cells, the development of memory 
T cells should be a cornerstone of studying the developed 
immunity. Although the exact protective effect of T cells in 
the absence of antibodies has not been thoroughly studied 
yet, results suggest that T cells alone could offer consider-
able protection. Combined with the longevity and the fact 
that no variants have accomplished complete escape from 
memory T cell responses (Mazzoni et  al.  2022), T cell 
responses, in our opinion, give some hopeful perspective for 
a life after the pandemic. While we should remain vigilant 
of the virus, the amount of developed T cell responses, as a 
result of prior infection and (new) vaccinations, should be 
able to contribute to lower levels of hospitalization due to 
severe COVID-19 moving forward.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 



304	 Immunogenetics (2023) 75:295–307

1 3

otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence 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 licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Adamo S, Chevrier S, Cervia C, Zurbuchen Y, Raeber ME, Yang L, 
Sivapatham S, Jacobs A, Baechli E, Rudiger A, Stüssi-Helbling 
M, Huber LC, Schaer DJ, Bodenmiller B, Boyman O, Nilsson J 
(2021) Profound dysregulation of T cell homeostasis and func-
tion in patients with severe COVID-19. Allergy 76(9):2866–2881. 
https://​doi.​org/​10.​1111/​all.​14866

Adamo S, Michler J, Zurbuchen Y, Cervia C, Taeschler P, Raeber ME, 
Baghai Sain S, Nilsson J, Moor AE, Boyman O (2022) Signa-
ture of long-lived memory CD8+ T cells in acute SARS-CoV-2 
infection. Nature 602(7895):148–155. https://​doi.​org/​10.​1038/​
s41586-​021-​04280-x

André S, Picard M, Cezar R, Roux-Dalvai F, Alleaume-Butaux A, 
Soundaramourty C, Cruz AS, Mendes-Frias A, Gotti C, Leclercq M, 
Nicolas A, Tauzin A, Carvalho A, Capela C, Pedrosa J, Castro AG, 
Kundura L, Loubet P, Sotto A, Estaquier J (2022) T cell apoptosis 
characterizes severe COVID-19 disease. Cell Death Differ. https://​
doi.​org/​10.​1038/​s41418-​022-​00936-x

Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, Diemert 
D, Spector SA, Rouphael N, Creech CB, McGettigan J, Khetan S, 
Segall N, Solis J, Brosz A, Fierro C, Schwartz H, Neuzil K, Corey 
L, Zaks T (2021) Efficacy and safety of the mRNA-1273 SARS-
CoV-2 vaccine. N Engl J Med 384(5):403–416. https://​doi.​org/​10.​
1056/​NEJMo​a2035​389

Bergamaschi L, Mescia F, Turner L, Hanson AL, Kotagiri P, Dunmore 
BJ, Ruffieux H, De Sa A, Huhn O, Morgan MD, Gerber PP, Wills 
MR, Baker S, Calero-Nieto FJ, Doffinger R, Dougan G, Elmer 
A, Goodfellow IG, Gupta RK, Smith KGC (2021) Longitudinal 
analysis reveals that delayed bystander CD8+ T cell activation and 
early immune pathology distinguish severe COVID-19 from mild 
disease. Immunity 54(6):1257-1275.e8. https://​doi.​org/​10.​1016/j.​
immuni.​2021.​05.​010

Brodin P (2021) Immune determinants of COVID-19 disease presenta-
tion and severity. Nat Med 27(1):28–33. https://​doi.​org/​10.​1038/​
s41591-​020-​01202-8

Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, Wang T, Zhang 
X, Chen H, Yu H, Zhang X, Zhang M, Wu S, Song J, Chen 
T, Han M, Li S, Luo X, Zhao J, Ning Q (2020) Clinical and 
immunological features of severe and moderate coronavirus 
disease 2019. J Clin Investig 130(5):2620–2629. https://​doi.​
org/​10.​1172/​JCI13​7244

Cheng MH, Zhang S, Porritt RA, Noval Rivas M, Paschold L, Willscher 
E, Binder M, Arditi M, Bahar I (2020) Superantigenic character of an 
insert unique to SARS-CoV-2 spike supported by skewed TCR rep-
ertoire in patients with hyperinflammation. Proc Natl Acad Sci USA 
117(41):25254–25262. https://​doi.​org/​10.​1073/​pnas.​20107​22117

Cohen KW, Linderman SL, Moodie Z, Czartoski J, Lai L, Mantus G, 
Norwood C, Nyhoff LE, Edara VV, Floyd K, De Rosa SC, Ahmed 
H, Whaley R, Patel SN, Prigmore B, Lemos MP, Davis CW, Furth 
S, O’Keefe JB, McElrath MJ (2021) Longitudinal analysis shows 
durable and broad immune memory after SARS-CoV-2 infection 
with persisting antibody responses and memory B and T cells. Cell 
Reports. Medicine 2(7). https://​doi.​org/​10.​1016/j.​xcrm.​2021.​100354

Corbett KS, Flynn B, Foulds KE, Francica JR, Boyoglu-Barnum S, 
Werner AP, Flach B, O’Connell S, Bock KW, Minai M, Nagata 
BM, Andersen H, Martinez DR, Noe AT, Douek N, Donaldson 

MM, Nji NN, Alvarado GS, Edwards DK, Graham BS (2020) 
Evaluation of the mRNA-1273 vaccine against SARS-CoV-2 in 
nonhuman primates. N Engl J Med 383(16):1544–1555. https://​
doi.​org/​10.​1056/​NEJMo​a2024​671

Costa Del Amo P, Lahoz-Beneytez J, Boelen L, Ahmed R, Miners KL, 
Zhang Y, Roger L, Jones RE, Marraco SAF, Speiser DE, Baird 
DM, Price DA, Ladell K, Macallan D, Asquith B (2018) Human 
TSCM cell dynamics in vivo are compatible with long-lived immu-
nological memory and stemness. PLoS Biol 16(6):e2005523. 
https://​doi.​org/​10.​1371/​journ​al.​pbio.​20055​23

Dan JM, Mateus J, Kato Y, Hastie, KM, Yu ED, Faliti CE, Grifoni A, 
Ramirez SI, Haupt S, Frazier A, Nakao C, Rayaprolu V, Rawlings SA, 
Peters B, Krammer F, Simon V, Saphire EO, Smith DM, Weiskopf D, 
Crotty S (2021) Immunological memory to SARS-CoV-2 assessed 
for up to 8 months after infection. Science (New York, N.Y.) 
6529(371):eabf4063. https://​doi.​org/​10.​1126/​scien​ce.​abf40​63

Denison MR, Graham RL, Donaldson EF, Eckerle LD, Baric RS 
(2011) Coronaviruses: an RNA proofreading machine regu-
lates replication fidelity and diversity. RNA Biol 8(2):270–279. 
https://​doi.​org/​10.​4161/​rna.8.​2.​15013

Dennehy KM, Löll E, Dhillon C, Classen J, Warm TD, Schuierer L, 
Hyhlik-Dürr A, Römmele C, Gosslau Y, Kling E, Hoffmann R 
(2021) Comparison of the development of SARS-coronavirus-
2-specific cellular immunity, and central memory CD4+ T-cell 
responses following infection versus vaccination. Vaccines 
9(12):1439. https://​doi.​org/​10.​3390/​vacci​nes91​21439

Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, Chen L, Li M, Liu 
Y, Wang G, Yuan Z, Feng Z, Zhang Y, Wu Y, Chen Y (2020) 
Reduction and functional exhaustion of T cells in patients with 
coronavirus disease 2019 (COVID-19). Front Immunol 11:827. 
https://​doi.​org/​10.​3389/​fimmu.​2020.​00827

DiPiazza AT, Leist SR, Abiona OM, Moliva JI, Werner A, Minai M, 
Nagata BM, Bock KW, Phung E, Schäfer A, Dinnon KH, Chang 
LA, Loomis RJ, Boyoglu-Barnum S, Alvarado GS, Sullivan NJ, 
Edwards DK, Morabito KM, Mascola JR, Ruckwardt TJ (2021) 
COVID-19 vaccine mRNA-1273 elicits a protective immune 
profile in mice that is not associated with vaccine-enhanced dis-
ease upon SARS-CoV-2 challenge. Immunity 54(8):1869-1882.
e6. https://​doi.​org/​10.​1016/j.​immuni.​2021.​06.​018

Du J, Wei L, Li G, Hua M, Sun Y, Wang D, Han K, Yan Y, Song 
C, Song R, Zhang H, Han J, Liu J, Kong Y (2021) Persistent 
high percentage of HLA-DR+CD38high CD8+ T cells associ-
ated with immune disorder and disease severity of COVID-19. 
Front Immunol 12:735125. https://​doi.​org/​10.​3389/​fimmu.​2021.​
735125

Gao Y, Cai C, Grifoni A, Müller TR, Niessl J, Olofsson A, Humbert M, 
Hansson L, Österborg A, Bergman P, Chen P, Olsson A, Sandberg 
JK, Weiskopf D, Price DA, Ljunggren HG, Karlsson AC, Sette A, 
Aleman S, Buggert M (2022) Ancestral SARS-CoV-2-specific T 
cells cross-recognize the Omicron variant. Nat Med 28:472–476. 
https://​doi.​org/​10.​1038/​s41591-​022-​01700-x

Gao Z, Xu Y, Sun C, Wang X, Guo Y, Qiu S, Ma K (2021) A system-
atic review of asymptomatic infections with COVID-19. J Micro-
biol Immunol Infect 54(1):12–16. https://​doi.​org/​10.​1016/j.​jmii.​
2020.​05.​001

Gauchotte G, Venard V, Segondy M, Cadoz C, Esposito-Fava A, Barraud 
D, Louis G (2021) SARS-Cov-2 fulminant myocarditis: an autopsy 
and histopathological case study. Int J Legal Med 135(2):577–581. 
https://​doi.​org/​10.​1007/​s00414-​020-​02500-z

Geers D, Shamier MC, Bogers S, den Hartog G, Gommers L, Nieuwkoop 
NN, Schmitz KS, Rijsbergen LC, van Osch Jolieke AT, Dijkhuizen 
E, Smits G, Comvalius A, van Mourik D, Caniels TG, van Gils 
MJ, Sanders RW, Oude Munnink BB, Molenkamp R, de Jager HJ, 
GeurtsvanKessel CH (2021) SARS-CoV-2 variants of concern 
partially escape humoral but not T-cell responses in COVID-19 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/all.14866
https://doi.org/10.1038/s41586-021-04280-x
https://doi.org/10.1038/s41586-021-04280-x
https://doi.org/10.1038/s41418-022-00936-x
https://doi.org/10.1038/s41418-022-00936-x
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1016/j.immuni.2021.05.010
https://doi.org/10.1016/j.immuni.2021.05.010
https://doi.org/10.1038/s41591-020-01202-8
https://doi.org/10.1038/s41591-020-01202-8
https://doi.org/10.1172/JCI137244
https://doi.org/10.1172/JCI137244
https://doi.org/10.1073/pnas.2010722117
https://doi.org/10.1016/j.xcrm.2021.100354
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1056/NEJMoa2024671
https://doi.org/10.1371/journal.pbio.2005523
https://doi.org/10.1126/science.abf4063
https://doi.org/10.4161/rna.8.2.15013
https://doi.org/10.3390/vaccines9121439
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1016/j.immuni.2021.06.018
https://doi.org/10.3389/fimmu.2021.735125
https://doi.org/10.3389/fimmu.2021.735125
https://doi.org/10.1038/s41591-022-01700-x
https://doi.org/10.1016/j.jmii.2020.05.001
https://doi.org/10.1016/j.jmii.2020.05.001
https://doi.org/10.1007/s00414-020-02500-z


305Immunogenetics (2023) 75:295–307	

1 3

convalescent donors and vaccines. Sci Immuno 6(59):eabj1750. 
https://​doi.​org/​10.​1126/​sciim​munol.​abj17​50

Georg P, Astaburuaga-García R, Bonaguro L, Brumhard S, Michalick L, 
Lippert LJ, Kostevc T, Gäbel C, Schneider M, Streitz M, Demichev 
V, Gemünd I, Barone M, Tober-Lau P, Helbig ET, Hillus D, Petrov 
L, Stein J, Dey H, Sawitzki B (2022) Complement activation induces 
excessive T cell cytotoxicity in severe COVID-19. Cell 185(3):493-
512.e25. https://​doi.​org/​10.​1016/j.​cell.​2021.​12.​040

Gong F, Dai Y, Zheng T, Cheng L, Zhao D, Wang H, Liu M, Pei H, 
Jin T, Yu D, Zhou P (2020) Peripheral CD4+ T cell subsets and 
antibody response in COVID-19 convalescent individuals. J Clin 
Investig 130(12):6588–6599. https://​doi.​org/​10.​1172/​JCI14​1054

Grau-Expósito J, Sánchez-Gaona N, Massana N, Suppi M, Astorga-
Gamaza A, Perea D, Rosado J, Falcó A, Kirkegaard C, Torrella 
A, Planas B, Navarro J, Suanzes P, Álvarez-Sierra D, Ayora A, 
Sansano I, Esperalba J, Andrés C, Antón A, Genescà M (2021) 
Peripheral and lung resident memory T cell responses against 
SARS-CoV-2. Nat Commun 12(1):3010. https://​doi.​org/​10.​1038/​
s41467-​021-​23333-3

Gregorova M, Morse D, Brignoli T, Steventon J, Hamilton F, Albur 
M, Arnold D, Thomas M, Halliday A, Baum H, Rice C, Avison 
MB, Davidson AD, Santopaolo M, Oliver E, Goenka A, Finn A, 
Wooldridge L, Amulic B, Massey RC (2020) Post-acute COVID-
19 associated with evidence of bystander T-cell activation and a 
recurring antibiotic-resistant bacterial pneumonia. eLife 9:e63430. 
https://​doi.​org/​10.​7554/​eLife.​63430

Guerrera G, Picozza M, D’Orso S, Placido R, Pirronello M, Verdiani 
A, Termine A, Fabrizio C, Giannessi F, Sambucci M, Balice MP, 
Caltagirone C, Salvia A, Rossini A, Battistini L, Borsellino G (2021) 
BNT162b2 vaccination induces durable SARS-CoV-2-specific T cells 
with a stem cell memory phenotype. Sci Immuno 6(66):eabl5344. 
https://​doi.​org/​10.​1126/​sciim​munol.​abl53​44

Havervall S, Ng H, Jernbom Falk A, Greilert-Norin N, Månberg A, 
Marking U, Laurén I, Gabrielsson L, Salomonsson A, Aguilera 
K, Kihlgren M, Månsson M, Rosell A, Hellström C, Andersson E, 
Olofsson J, Skoglund L, Yousef J, Pin E, Thålin C (2022) Robust 
humoral and cellular immune responses and low risk for reinfec-
tion at least 8 months following asymptomatic to mild COVID-19. 
J Intern Med 291(1):72–80. https://​doi.​org/​10.​1111/​joim.​13387

Hossain MK, Hassanzadeganroudsari M, Feehan J, Apostolopoulos V 
(2021) COVID-19 vaccines in the pipeline, are antibodies adequate? 
Vaccines 9(3):241. https://​doi.​org/​10.​3390/​vacci​nes90​30241

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, Zhang L, Fan G, Xu J, 
Gu X, Cheng Z, Yu T, Xia J, Wei Y, Wu W, Xie X, Yin W, Li H, 
Liu M, Cao B (2020) Clinical features of patients infected with 
2019 novel coronavirus in Wuhan. China Lancet 395(10223):497–
506. https://​doi.​org/​10.​1016/​S0140-​6736(20)​30183-5

Jacob CO (2020) On the genetics and immunopathogenesis of COVID-
19. Clin Immunol 220:108591. https://​doi.​org/​10.​1016/j.​clim.​
2020.​108591

Jafarzadeh A, Jafarzadeh S, Nozari P, Mokhtari P, Nemati M (2021) 
Lymphopenia an important immunological abnormality in 
patients with COVID-19: possible mechanisms. Scand J Immunol 
93(2):e12967. https://​doi.​org/​10.​1111/​sji.​12967

Jung JH, Rha M, Sa M, Choi HK, Jeon JH, Seok H, Park DW, Park S, Jeong 
HW, Choi WS, Shin E (2021) SARS-CoV-2-specific T cell memory is 
sustained in COVID-19 convalescent patients for 10 months with suc-
cessful development of stem cell-like memory T cells. Nat Commun 
12(1):4043. https://​doi.​org/​10.​1038/​s41467-​021-​24377-1

Kinter AL, Godbout EJ, McNally JP, Sereti I, Roby GA, O’Shea MA, 
Fauci AS (2008) The common gamma-chain cytokines IL-2, IL-7, 
IL-15, and IL-21 induce the expression of programmed death-1 
and its ligands. J Immunol 181(10):6738–6746. https://​doi.​org/​
10.​4049/​jimmu​nol.​181.​10.​6738

Krakauer T (2019) Staphylococcal superantigens: pyrogenic toxins 
induce toxic shock. Toxins 11(3):178. https://​doi.​org/​10.​3390/​
toxin​s1103​0178

Lapuente D, Fuchs J, Willar J, Vieira Antão A, Eberlein V, Uhlig N, Issmail 
L, Schmidt A, Oltmanns F, Peter AS, Mueller-Schmucker S, Irrgang 
P, Fraedrich K, Cara A, Hoffmann M, Pöhlmann S, Ensser A, Pertl C, 
Willert T, Tenbusch M (2021) Protective mucosal immunity against 
SARS-CoV-2 after heterologous systemic prime-mucosal boost 
immunization. Nat Commun 12(1):6871. https://​doi.​org/​10.​1038/​
s41467-​021-​27063-4

Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, 
Chng MHY, Lin M, Tan N, Linster M, Chia WN, Chen MI, -., 
Wang, L., Ooi, E. E., Kalimuddin, S., Tambyah, P. A., Low, J. 
G., Tan, Y., & Bertoletti, A. (2020) SARS-CoV-2-specific T 
cell immunity in cases of COVID-19 and SARS, and uninfected 
controls. Nature 584(7821):457–462. https://​doi.​org/​10.​1038/​
s41586-​020-​2550-z

LeDuc JW, Barry MA (2004) SARS, the first pandemic of the 21st 
century1. Emerg Infect Dis 10(11):e26. https://​doi.​org/​10.​3201/​
eid10​11.​040797_​02

Lee H, Jeong S, Shin EC (2022) Significance of bystander T cell acti-
vation in microbial infection. Nat Immunol 23:13–22. https://​doi.​
org/​10.​1038/​s41590-​021-​00985-3

Liao M, Liu Y, Yuan J, Wen Y, Xu G, Zhao J, Cheng L, Li J, Wang 
X, Wang F, Liu L, Amit I, Zhang S, Zhang Z (2020) Single-
cell landscape of bronchoalveolar immune cells in patients with 
COVID-19. Nat Med 26(6):842–844. https://​doi.​org/​10.​1038/​
s41591-​020-​0901-9

Liu R, Wang Y, Li J, Han H, Xia Z, Liu F, Wu K, Yang L, Liu X, Zhu 
C (2020) Decreased T cell populations contribute to the increased 
severity of COVID-19. Clinica Chimica Acta; Int J Clin Chem 
508:110–114. https://​doi.​org/​10.​1016/j.​cca.​2020.​05.​019

Martin MD, Badovinac VP (2018) Defining memory CD8 T cell. Front 
Immunol 9:2692. https://​doi.​org/​10.​3389/​fimmu.​2018.​02692

Mathew D, Giles JR, Baxter AE, Oldridge DA, Greenplate AR, Wu JE, 
Alanio C, Kuri-Cervantes L, Pampena MB, D’Andrea K, Manne S, 
Chen Z, Huang YJ, Reilly JP, Weisman AR, Ittner CAG, Kuthuru O, 
Dougherty J, Nzingha K, Wherry EJ (2020) Deep immune profiling 
of COVID-19 patients reveals distinct immunotypes with therapeu-
tic implications. Science 369(6508). https://​doi.​org/​10.​1126/​scien​ce.​
abc85​11

Maurice NJ, Taber AK, Prlic M (2021) The ugly duckling turned to 
swan - a change in perception of bystander activated memory 
CD8 T cells. J Immunol 206(3):455–462. https://​doi.​org/​10.​4049/​
jimmu​nol.​20009​37

Mazzoni A, Vanni A, Spinicci M, Capone M, Lamacchia G, Salvati L, 
Coppi M, Antonelli A, Carnasciali A, Farahvachi P, Giovacchini N, 
Aiezza N, Malentacchi F, Zammarchi L, Liotta F, Rossolini GM, 
Bartoloni A, Cosmi L, Maggi L, Annunziato F (2022) SARS-CoV-2 
spike-specific CD4+ T cell response is conserved against variants of 
concern, including Omicron. Front Immunol 13:801431. https://​doi.​
org/​10.​3389/​fimmu.​2022.​801431

McMahan K, Yu J, Mercado NB, Loos C, Tostanoski LH, Chandrashekar 
A, Liu J, Peter L, Atyeo C, Zhu A, Bondzie EA, Dagotto G, Gebre 
MS, Jacob-Dolan C, Li Z, Nampanya F, Patel S, Pessaint L, Van Ry 
A, Barouch DH (2021) Correlates of protection against SARS-CoV-2 
in rhesus macaques. Nature 590(7847):630–634. https://​doi.​org/​10.​
1038/​s41586-​020-​03041-6

Minervina AA, Pogorelyy MV, Kirk AM, Crawford JC, Allen EK, 
Chou C, Mettelman RC, Allison KJ, Lin C, Brice DC, Zhu X, 
Vegesana K, Wu G, Trivedi S, Kottapalli P, Darnell D, McNeely 
S, Olsen SR, Schultz-Cherry S, Thomas PG (2022) SARS-CoV-2 
antigen exposure history shapes phenotypes and specificity of 
memory CD8 T cells. medRxiv: the preprint server for health 
sciences. https://​doi.​org/​10.​1101/​2021.​07.​12.​21260​227 [preprint]

https://doi.org/10.1126/sciimmunol.abj1750
https://doi.org/10.1016/j.cell.2021.12.040
https://doi.org/10.1172/JCI141054
https://doi.org/10.1038/s41467-021-23333-3
https://doi.org/10.1038/s41467-021-23333-3
https://doi.org/10.7554/eLife.63430
https://doi.org/10.1126/sciimmunol.abl5344
https://doi.org/10.1111/joim.13387
https://doi.org/10.3390/vaccines9030241
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/j.clim.2020.108591
https://doi.org/10.1016/j.clim.2020.108591
https://doi.org/10.1111/sji.12967
https://doi.org/10.1038/s41467-021-24377-1
https://doi.org/10.4049/jimmunol.181.10.6738
https://doi.org/10.4049/jimmunol.181.10.6738
https://doi.org/10.3390/toxins11030178
https://doi.org/10.3390/toxins11030178
https://doi.org/10.1038/s41467-021-27063-4
https://doi.org/10.1038/s41467-021-27063-4
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.3201/eid1011.040797_02
https://doi.org/10.3201/eid1011.040797_02
https://doi.org/10.1038/s41590-021-00985-3
https://doi.org/10.1038/s41590-021-00985-3
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1038/s41591-020-0901-9
https://doi.org/10.1016/j.cca.2020.05.019
https://doi.org/10.3389/fimmu.2018.02692
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1126/science.abc8511
https://doi.org/10.4049/jimmunol.2000937
https://doi.org/10.4049/jimmunol.2000937
https://doi.org/10.3389/fimmu.2022.801431
https://doi.org/10.3389/fimmu.2022.801431
https://doi.org/10.1038/s41586-020-03041-6
https://doi.org/10.1038/s41586-020-03041-6
https://doi.org/10.1101/2021.07.12.21260227


306	 Immunogenetics (2023) 75:295–307

1 3

Mistry P, Barmania F, Mellet J, Peta K, Strydom A, Viljoen IM, James 
W, Gordon S, Pepper MS (2022) SARS-CoV-2 variants, vaccines, 
and host immunity. Front Immunol 12:809244. https://​doi.​org/​10.​
3389/​fimmu.​2021.​809244

Naaber P, Tserel L, Kangro K, Sepp E, Jürjenson V, Adamson A, 
Haljasmägi L, Rumm AP, Maruste R, Kärner J, Gerhold JM, 
Planken A, Ustav M, Kisand K, Peterson P (2021) Dynamics of 
antibody response to BNT162b2 vaccine after six months: a lon-
gitudinal prospective study. The Lancet Regional Health - Europe 
10:100208. https://​doi.​org/​10.​1016/j.​lanepe.​2021.​100208

Ng O, Chia A, Tan AT, Jadi RS, Leong HN, Bertoletti A, Tan Y (2016) 
Memory T cell responses targeting the SARS coronavirus persist 
up to 11 years post-infection. Vaccine 34(17):2008–2014. https://​
doi.​org/​10.​1016/j.​vacci​ne.​2016.​02.​063

Nienhold R, Ciani Y, Koelzer VH, Tzankov A, Haslbauer JD, Menter 
T, Schwab N, Henkel M, Frank A, Zsikla V, Willi N, Kempf 
W, Hoyler T, Barbareschi M, Moch H, Tolnay M, Cathomas G, 
Demichelis F, Junt T, Mertz KD (2020) Two distinct immuno-
pathological profiles in autopsy lungs of COVID-19. Nat Commun 
11(1):5086. https://​doi.​org/​10.​1038/​s41467-​020-​18854-2

Oberhardt V, Luxenburger H, Kemming J, Schulien I, Ciminski K, 
Giese S, Csernalabics B, Lang-Meli J, Janowska I, Staniek J, 
Wild K, Basho K, Marinescu MS, Fuchs J, Topfstedt F, Janda 
A, Sogukpinar O, Hilger H, Stete K, Hofmann M (2021) Rapid 
and stable mobilization of CD8+ T cells by SARS-CoV-2 mRNA 
vaccine. Nature 597(7875):268–273. https://​doi.​org/​10.​1038/​
s41586-​021-​03841-4

Ogando NS, Zevenhoven-Dobbe JC, van der Meer Y, Bredenbeek PJ, 
Posthuma CC, Snijder EJ (2020) The enzymatic activity of the nsp14 
exoribonuclease is critical for replication of MERS-CoV and SARS-
CoV-2. J Virol 94(23):1246. https://​doi.​org/​10.​1128/​JVI.​01246-​20

Pairo-Castineira E, Clohisey S, Klaric L, Bretherick AD, Rawlik K, Pasko 
D, Walker S, Parkinson N, Fourman MH, Russell CD, Furniss J, 
Richmond A, Gountouna E, Wrobel N, Harrison D, Wang B, Wu 
Y, Meynert A, Griffiths F, Baillie JK (2021) Genetic mechanisms of 
critical illness in COVID-19. Nature 591(7848):92–98. https://​doi.​
org/​10.​1038/​s41586-​020-​03065-y

Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, Dejnirattisai W, 
Rostron T, Supasa P, Liu C, López-Camacho C, Slon-campos J, 
Zhao Y, Stuart DI, Paesen GC, Grimes JM, Antson AA, Bayfield 
OW, Hawkins DEDP, Dong T (2020) Broad and strong mem-
ory CD4+ and CD8+ T cells induced by SARS-CoV-2 in UK 
convalescent individuals following COVID-19. Nat Immunol 
21(11):1336–1345. https://​doi.​org/​10.​1038/​s41590-​020-​0782-6

Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, Perez 
JL, Pérez Marc G, Moreira ED, Zerbini C, Bailey R, Swanson KA, 
Roychoudhury S, Koury K, Li P, Kalina WV, Cooper D, Frenck RW, 
Hammitt LL, Gruber WC (2020) Safety and efficacy of the BNT162b2 
mRNA COVID-19 vaccine. N Engl J Med 383(27):2603–2615. 
https://​doi.​org/​10.​1056/​NEJMo​a2034​577

Porritt RA, Paschold L, Rivas MN, Cheng MH, Yonker LM, Chandnani 
H, Lopez M, Simnica D, Schultheiß C, Santiskulvong C, Van 
Eyk J, McCormick JK, Fasano A, Bahar I, Binder M, Arditi M 
(2021) HLA class I-associated expansion of TRBV11-2 T cells in 
multisystem inflammatory syndrome in children. J Clin Investig 
131(10):e146614. https://​doi.​org/​10.​1172/​JCI14​6614

Redd AD, Nardin A, Kared H, Bloch EM, Abel B, Pekosz A, Laeyendecker 
O, Fehlings M, Quinn TC, Tobian AA (2021a) Minimal cross-over 
between mutations associated with Omicron variant of SARS-CoV-2 
and CD8+ T cell epitopes identified in COVID-19 convalescent indi-
viduals. bioRxiv 2(13):e0361721. [preprint]

Redd AD, Nardin A, Kared H, Bloch EM, Pekosz A, Laeyendecker 
O, Abel B, Fehlings M, Quinn TC, Tobian AAR (2021b) CD8+ 
T-cell responses in COVID-19 convalescent individuals target 
conserved epitopes from multiple prominent SARS-CoV-2 

circulating variants. Open Forum Infect Dis 8(7):ofab143. 
https://​doi.​org/​10.​1093/​ofid/​ofab1​43

Rendeiro AF, Ravichandran H, Bram Y, Chandar V, Kim J, Meydan 
C, Park J, Foox J, Hether T, Warren S, Kim Y, Reeves J, Sal-
vatore S, Mason CE, Swanson EC, Borczuk AC, Elemento O, 
Schwartz RE (2021) The spatial landscape of lung pathology 
during COVID-19 progression. Nature 593:564–569. https://​
doi.​org/​10.​1038/​s41586-​021-​03475-6

Rezaei M, Marjani M, Mahmoudi S, Mortaz E, Mansouri D (2021) 
Dynamic changes of lymphocyte subsets in the course of 
COVID-19. Int Arch Allergy Immunol 182(3):254–262. https://​
doi.​org/​10.​1159/​00051​4202

Rha M, Jeong HW, Ko J, Choi SJ, Seo I, Lee JS, Sa M, Kim AR, Joo 
E, Ahn JY, Kim JH, Song K, Kim ES, Oh DH, Ahn MY, Choi 
HK, Jeon JH, Choi J, Kim HB, Shin E (2021) PD-1-expressing 
SARS-CoV-2-specific CD8+ T cells are not exhausted, but 
functional in patients with COVID-19. Immunity 54(1):44-52.
e3. https://​doi.​org/​10.​1016/j.​immuni.​2020.​12.​002

Riou C, Keeton R, Moyo-Gwete T, Hermanus T, Kgagudi P, Baguma 
R, Valley-Omar Z, Smith M, Tegally H, Doolabh D, Iranzadeh 
A, Tyers L, Mutavhatsindi H, Tincho MB, Benede N, Marais G,  
Chinhoyi LR, Mennen M, Skelem S, Burgers WA (2022) Escape  
from recognition of SARS-CoV-2 variant spike epitopes but over-
all preservation of T cell immunity. Sci Translat Med 14(631): 
eabj6824. https://​doi.​org/​10.​1126/​scitr​anslm​ed.​abj68​24

Rodda LB, Netland J, Shehata L, Pruner KB, Morawski PA, Thouvenel 
CD, Takehara KK, Eggenberger J, Hemann EA, Waterman HR, 
Fahning ML, Chen Y, Hale M, Rathe J, Stokes C, Wrenn S, Fiala 
B, Carter L, Hamerman JA, Pepper M (2021) Functional SARS-
CoV-2-specific immune memory persists after Mild COVID-19. 
Cell 184(1):169-183.e17. https://​doi.​org/​10.​1016/j.​cell.​2020.​11.​029

Roukens AHE, Pothast CR, König M, Huisman W, Dalebout T, Tak T, 
Azimi S, Kruize Y, Hagedoorn RS, Zlei M, Staal FJT, de Bie FJ, 
van Dongen JJM, Arbous SM, Zhang JLH, Verheij M, Prins C, 
van der Does AM, Hiemstra PS, Jochems SP (2022) Prolonged 
activation of nasal immune cell populations and development of 
tissue-resident SARS-CoV-2-specific CD8+ T cell responses fol-
lowing COVID-19. Nat Immunol 23(1):23–32. https://​doi.​org/​10.​
1038/​s41590-​021-​01095-w

Safari I, Elahi E (2022) Evolution of the SARS-CoV-2 genome and 
emergence of variants of concern. Adv Virol 167(2):293–305. 
https://​doi.​org/​10.​1007/​s00705-​021-​05295-5

Sahin U, Muik A, Vogler I, Derhovanessian E, Kranz LM, Vormehr 
M, Quandt J, Bidmon N, Ulges A, Baum A, Pascal KE, Maurus 
D, Brachtendorf S, Lörks V, Sikorski J, Koch P, Hilker R, Becker 
D, Eller A, Türeci Ö (2021) BNT162b2 vaccine induces neu-
tralizing antibodies and poly-specific T cells in humans. Nature 
595(7868):572–577. https://​doi.​org/​10.​1038/​s41586-​021-​03653-6

Sekine T, Perez-Potti A, Rivera-Ballesteros O, Strålin K, Gorin J,  
Olsson A, Llewellyn-Lacey S, Kamal H, Bogdanovic G, Muschiol 
S, Wullimann DJ, Kammann T, Emgård J, Parrot T, Folkesson 
E, Rooyackers O, Eriksson LI, Henter J, Sönnerborg A, Buggert 
M (2020) Robust T cell immunity in convalescent individuals 
with asymptomatic or mild COVID-19. Cell 183(1):158-168.e14. 
https://​doi.​org/​10.​1016/j.​cell.​2020.​08.​017

Shelton JF, Shastri AJ, Ye C, Weldon CH, Filshtein-Sonmez T, Coker 
D, Symons A, Esparza-Gordillo J, Aslibekyan S, Auton A (2021) 
Trans-ancestry analysis reveals genetic and nongenetic asso-
ciations with COVID-19 susceptibility and severity. Nat Genet 
53(6):801–808. https://​doi.​org/​10.​1038/​s41588-​021-​00854-7

Smith EC, Sexton NR, Denison MR (2014) Thinking outside the triangle: 
replication fidelity of the largest RNA viruses. Ann Rev Virol 1(1):111–
132. https://​doi.​org/​10.​1146/​annur​ev-​virol​ogy-​031413-​085507

Soresina A, Moratto D, Chiarini M, Paolillo C, Baresi G, Focà E, Bezzi 
M, Baronio B, Giacomelli M, Badolato R (2020) Two X-linked 
agammaglobulinemia patients develop pneumonia as COVID-19 

https://doi.org/10.3389/fimmu.2021.809244
https://doi.org/10.3389/fimmu.2021.809244
https://doi.org/10.1016/j.lanepe.2021.100208
https://doi.org/10.1016/j.vaccine.2016.02.063
https://doi.org/10.1016/j.vaccine.2016.02.063
https://doi.org/10.1038/s41467-020-18854-2
https://doi.org/10.1038/s41586-021-03841-4
https://doi.org/10.1038/s41586-021-03841-4
https://doi.org/10.1128/JVI.01246-20
https://doi.org/10.1038/s41586-020-03065-y
https://doi.org/10.1038/s41586-020-03065-y
https://doi.org/10.1038/s41590-020-0782-6
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1172/JCI146614
https://doi.org/10.1093/ofid/ofab143
https://doi.org/10.1038/s41586-021-03475-6
https://doi.org/10.1038/s41586-021-03475-6
https://doi.org/10.1159/000514202
https://doi.org/10.1159/000514202
https://doi.org/10.1016/j.immuni.2020.12.002
https://doi.org/10.1126/scitranslmed.abj6824
https://doi.org/10.1016/j.cell.2020.11.029
https://doi.org/10.1038/s41590-021-01095-w
https://doi.org/10.1038/s41590-021-01095-w
https://doi.org/10.1007/s00705-021-05295-5
https://doi.org/10.1038/s41586-021-03653-6
https://doi.org/10.1016/j.cell.2020.08.017
https://doi.org/10.1038/s41588-021-00854-7
https://doi.org/10.1146/annurev-virology-031413-085507


307Immunogenetics (2023) 75:295–307	

1 3

manifestation but recover. Pediatr Allergy Immunol 31(5):565–
569. https://​doi.​org/​10.​1111/​pai.​13263

Szabo PA, Dogra P, Gray JI, Wells SB, Connors TJ, Weisberg SP, 
Krupska I, Matsumoto R, Poon MML, Idzikowski E, Morris SE, 
Pasin C, Yates AJ, Ku A, Chait M, Davis-Porada J, Guo XV, Zhou 
J, Steinle M, Farber DL (2021) Longitudinal profiling of respira-
tory and systemic immune responses reveals myeloid cell-driven 
lung inflammation in severe COVID-19. Immunity 54(4):797-814.
e6. https://​doi.​org/​10.​1016/j.​immuni.​2021.​03.​005

Takahashi T, Ellingson MK, Wong P, Israelow B, Lucas C, Klein J, 
Silva J, Mao T, Oh JE, Tokuyama M, Lu P, Venkataraman A, Park 
A, Liu F, Meir A, Sun J, Wang EY, Casanovas-Massana A, Wyllie 
AL, Iwasaki A (2020) Sex differences in immune responses that 
underlie COVID-19 disease outcomes. Nature 588(7837):315–
320. https://​doi.​org/​10.​1038/​s41586-​020-​2700-3

Tang F, Quan Y, Xin Z, Wrammert J, Ma M, Lv H, Wang T, Yang H, 
Richardus JH, Liu W, Cao W (2011) Lack of peripheral memory B 
cell responses in recovered patients with severe acute respiratory 
syndrome: a six-year follow-up study. J Immunol 186(12):7264–
7268. https://​doi.​org/​10.​4049/​jimmu​nol.​09034​90

Tartof SY, Slezak JM, Fischer H, Hong V, Ackerson BK, Ranasinghe 
ON, Frankland TB, Ogun OA, Zamparo JM, Gray S, Valluri SR, 
Pan K, Angulo FJ, Jodar L, McLaughlin JM (2021) Effectiveness 
of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a 
large integrated health system in the USA: a retrospective cohort 
study. Lancet 398(10309):1407–1416. https://​doi.​org/​10.​1016/​
S0140-​6736(21)​02183-8

Tavukcuoglu E, Horzum U, Cagkan Inkaya A, Unal S, Esendagli 
G (2021) Functional responsiveness of memory T cells from 
COVID-19 patients. Cell Immunol 365:104363. https://​doi.​org/​
10.​1016/j.​celli​mm.​2021.​104363

Tenforde MW, Self WH, Adams K, Gaglani M, Ginde AA, McNeal T, 
Ghamande S, Douin DJ, Talbot HK, Casey JD, Mohr NM, Zepeski 
A, Shapiro NI, Gibbs KW, Files DC, Hager DN, Shehu A, Prekker 
ME, Erickson HL, Patel MM (2021) Association between mRNA 
vaccination and COVID-19 hospitalization and disease severity. 
JAMA 326(20):2043–2054. https://​doi.​org/​10.​1001/​jama.​2021.​
19499

Thomas SJ, Moreira ED, Kitchin N, Absalon J, Gurtman A, Lockhart S, 
Perez JL, Pérez Marc G, Polack FP, Zerbini C, Bailey R, Swanson 
KA, Xu X, Roychoudhury S, Koury K, Bouguermouh S, Kalina WV, 
Cooper D, Frenck RW, Jansen KU (2021) Safety and efficacy of the 
BNT162b2 mRNA COVID-19 vaccine through 6 months. N Engl J 
Med 385(19):1761–1773. https://​doi.​org/​10.​1056/​NEJMo​a2110​345

Unutmaz D, Pileri P, Abrignani S (1994) Antigen-independent activa-
tion of naive and memory resting T cells by a cytokine combina-
tion. J Exp Med 180(3):1159–1164. https://​doi.​org/​10.​1084/​jem.​
180.3.​1159

Wang F, Nie J, Wang H, Zhao Q, Xiong Y, Deng L, Song S, Ma Z, 
Mo P, Zhang Y (2020a) Characteristics of peripheral lympho-
cyte subset alteration in COVID-19 pneumonia. J Infect Dis 
221(11):1762–1769. https://​doi.​org/​10.​1093/​infdis/​jiaa1​50

Wang J, Jiang M, Chen X, Montaner LJ (2020b) Cytokine storm and 
leukocyte changes in mild versus severe SARS-CoV-2 infection: 
review of 3939 COVID-19 patients in China and emerging patho-
genesis and therapy concepts. J Leukoc Biol 108(1):17–41. https://​
doi.​org/​10.​1002/​JLB.​3COVR​0520-​272R

Wang Z, Wan Y, Qiu C, Quiñones-Parra S, Zhu Z, Loh L, Tian D, Ren 
Y, Hu Y, Zhang X, Thomas PG, Inouye M, Doherty PC, Kedzierska 

K, Xu J (2015) Recovery from severe H7N9 disease is associated 
with diverse response mechanisms dominated by CD8+ T cells. Nat 
Commun 6:6833. https://​doi.​org/​10.​1038/​ncomm​s7833

Wang Z, Yang X, Zhong J, Zhou Y, Tang Z, Zhou H, He J, Mei X, 
Tang Y, Lin B, Chen Z, McCluskey J, Yang J, Corbett AJ, Ran P 
(2021) Exposure to SARS-CoV-2 generates T-cell memory in the 
absence of a detectable viral infection. Nat Commun 12(1):1–8. 
https://​doi.​org/​10.​1038/​s41467-​021-​22036-z

Wang Z, Zhu L, Nguyen THO, Wan Y, Sant S, Quiñones-Parra SM, 
Crawford JC, Eltahla AA, Rizzetto S, Bull RA, Qiu C, Koutsakos 
M, Clemens EB, Loh L, Chen T, Liu L, Cao P, Ren Y, Kedzierski 
L, Kedzierska K (2018) Clonally diverse CD38+HLA-DR+CD8+ 
T cells persist during fatal H7N9 disease. Nat Commun 9(1):1–12. 
https://​doi.​org/​10.​1038/​s41467-​018-​03243-7

Wichmann D, Sperhake J, Lütgehetmann M, Steurer S, Edler C, Heinemann 
A, Heinrich F, Mushumba H, Kniep I, Schröder AS, Burdelski C, 
de Heer G, Nierhaus A, Frings D, Pfefferle S, Becker H, Bredereke-
Wiedling H, de Weerth A, Paschen H, Kluge S (2020) Autopsy find-
ings and venous thromboembolism in patients with COVID-19: a 
prospective cohort study. Ann Intern Med 173(4):268–277. https://​
doi.​org/​10.​7326/​M20-​2003

Wong P, Pamer EG (2001) Cutting edge: antigen-independent CD8 T 
cell proliferation. J Immunol 166(10):5864–5868. https://​doi.​org/​
10.​4049/​jimmu​nol.​166.​10.​5864

World Health Organization (2022) COVID-19 Weekly epidemiological 
update - 5 April 2022, 86, 1. https://​www.​who.​int/​emerg​encies/​
disea​ses/​novel-​coron​avirus-​2019/​situa​tion-​repor​ts. Accessed 12 
Apr 2022

Xu G, Qi F, Wang H, Liu Y, Wang X, Zou R, Yuan J, Liao X, Liu Y, 
Zhang S, Zhang Z (2021) The transient IFN response and the 
delay of adaptive immunity feature the severity of COVID-19. 
Front Immunol 12:816745. https://​doi.​org/​10.​3389/​fimmu.​2021.​
816745

Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, Liu S, Zhao P, Liu 
H, Zhu L, Tai Y, Bai C, Gao T, Song J, Xia P, Dong J, Zhao J, 
Wang F (2020) Pathological findings of COVID-19 associated 
with acute respiratory distress syndrome. Lancet Respir Med 
8(4):420–422. https://​doi.​org/​10.​1016/​S2213-​2600(20)​30076-X

Zeng Q, Li Y, Dong S, Chen Z, Gao X, Zhang H, Huang G, Xu Y 
(2020) Dynamic SARS-CoV-2-specific immunity in critically ill 
patients with hypertension. Front Immunol 11:596684. https://​doi.​
org/​10.​3389/​fimmu.​2020.​596684

Zhan Y, Zhu Y, Wang S, Jia S, Gao Y, Lu Y, Zhou C, Liang R, Sun 
D, Wang X, Hou Z, Hu Q, Du P, Yu H, Liu C, Cui M, Tong 
G, Zheng Z, Xu Y, Hong P (2021) SARS-CoV-2 immunity and 
functional recovery of COVID-19 patients 1-year after infection. 
Signal Transduct Target Ther 6(1):368. https://​doi.​org/​10.​1038/​
s41392-​021-​00777-z

Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, Xu Y, Tian Z (2020) 
Functional exhaustion of antiviral lymphocytes in COVID-19 
patients. Cell Mol Immunol 17(5):533–535. https://​doi.​org/​10.​
1038/​s41423-​020-​0402-2

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/pai.13263
https://doi.org/10.1016/j.immuni.2021.03.005
https://doi.org/10.1038/s41586-020-2700-3
https://doi.org/10.4049/jimmunol.0903490
https://doi.org/10.1016/S0140-6736(21)02183-8
https://doi.org/10.1016/S0140-6736(21)02183-8
https://doi.org/10.1016/j.cellimm.2021.104363
https://doi.org/10.1016/j.cellimm.2021.104363
https://doi.org/10.1001/jama.2021.19499
https://doi.org/10.1001/jama.2021.19499
https://doi.org/10.1056/NEJMoa2110345
https://doi.org/10.1084/jem.180.3.1159
https://doi.org/10.1084/jem.180.3.1159
https://doi.org/10.1093/infdis/jiaa150
https://doi.org/10.1002/JLB.3COVR0520-272R
https://doi.org/10.1002/JLB.3COVR0520-272R
https://doi.org/10.1038/ncomms7833
https://doi.org/10.1038/s41467-021-22036-z
https://doi.org/10.1038/s41467-018-03243-7
https://doi.org/10.7326/M20-2003
https://doi.org/10.7326/M20-2003
https://doi.org/10.4049/jimmunol.166.10.5864
https://doi.org/10.4049/jimmunol.166.10.5864
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports
https://doi.org/10.3389/fimmu.2021.816745
https://doi.org/10.3389/fimmu.2021.816745
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.3389/fimmu.2020.596684
https://doi.org/10.3389/fimmu.2020.596684
https://doi.org/10.1038/s41392-021-00777-z
https://doi.org/10.1038/s41392-021-00777-z
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1038/s41423-020-0402-2

	Role of T cells in severe COVID-19 disease, protection, and long term immunity
	Abstract
	Introduction
	Role of T cells in disease severity
	Pathology due to overactivated CD8 T cells

	Role of T cells in protection
	Impact of memory T cells on reinfection

	Longevity of SARS-CoV-2-specific T cell responses
	Cross-reactivity against SARS-CoV-2 variants

	Discussion and conclusion
	References


