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Introduction
In late 2019, a novel coronavirus infected humans, 
and rapidly spread, resulting in a global pan-
demic. Subsequently called SARS-CoV-2 (severe 
acute respiratory syndrome coronavirus type 2), it 
is the causative agent of Coronavirus disease of 
2019 (COVID-19). As of 8 June 2022, there have 
been 87.0 million cases in the United States and 
1.04 million deaths, and 538 million cases world-
wide and 6.33 million deaths.1 COVID-19 symp-
toms include fever, chills, cough, difficulty 
breathing, fatigue, body aches, headache, loss of 
taste or smell, sore throat, runny nose, nausea or 
vomiting, and diarrhea.2 A substantial number of 
those infected with SARS-CoV-2 go on to develop 

severe disease, which can result in hospitalization 
or death. The elderly and those with other preex-
isting conditions are particularly susceptible. The 
majority of young people who are infected are 
asymptomatic or experience mild disease. 
However, 10–30% of COVID-19 patients, 
including even those who had mild disease, go on 
to develop ‘long-COVID-19’, and are called 
‘long-haulers’,3 which can manifest as, besides 
the symptoms of acute COVID-19, joint pain, 
chest pain, memory loss, concentration or sleep 
problems, rapid heartbeat, depression or anxiety, 
and dizziness. The virus can damage organs other 
than the respiratory tract and lungs, such as heart, 
kidney, and brain.4
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The drive to develop a vaccine for COVID-19 
resulted in a wholly unprecedented speed from 
concept to Food and Drug Administration (FDA) 
authorization, with the whole process taking a lit-
tle over a year. There are currently three vaccines 
approved for use in the United States: BNT162b2 
from Pfizer/BioNTech (mRNA); mRNA-1273 
from Moderna; and Ad26.COV2.S (adenovirus) 
from J&J, all three consisting entirely of SARS-
CoV-2 spike protein. Outside the United States, 
the most widely used vaccines include ChAdOx1-S 
(adenovirus) from AstraZeneca; GAM-COVID-
Vac (adenovirus), or Sputnik, from the Gamaleya 
Institute in Russia; and CoronaVac (inactivated 
virus) from Sinovac in China.

SARS-CoV-2 is an RNA virus which infects cells 
of the upper and lower respiratory tract via the 
receptor human angiotensin converting enzyme-2 
(hACE2).5 Its RNA polymerase has proofreading 
capability,6 and thus the mutation rate is lower 
than that of, for example, influenza virus and 
human immunodeficiency virus-1 (HIV);7,8 how-
ever, the sheer volume of virus in an infected indi-
vidual, and the extent of infection in the global 
population, results in the continual emergence of 
new variants. When a variant rises to the level of 
demanding special public health action, it is clas-
sified as a Variant of Concern (VOC) by the U.S. 
government SARS-CoV-2 Interagency Group. 
Currently, Delta and Omicron are VOCs, and 
past VOCs include Alpha, Beta, and Gamma.9 At 
the cellular level, some VOCs can infect their tar-
get cells more efficiently, resulting in increased 
contagiousness (although some are less transmis-
sible, such as the Beta VOC). In some cases, they 
can cause more severe disease and, perhaps most 
significantly, can evade natural or vaccine-medi-
ated immunity to some extent.10 Delta outpaced 
the existing strains so efficiently that in a matter 
of months it constituted virtually 100% of new 
infections worldwide. Since then, Omicron has 
superseded even Delta, such that now it makes up 
100% of new infections in the United States,11 
since it emerged in November 2021.

Antiviral immunity
When the body detects an invading virus, the first 
line of immunological defense is the innate 
immune system. This arm is initiated immediately 
and includes neutrophils, macrophages, dendritic 
cells, and natural killer cells. Innate immunity 

activates inflammation, recruits immune cells to 
the infection site, activates complement, phagocy-
toses foreign bodies, and activates the adaptive 
immune response.12 The adaptive immune 
response is antigen specific and takes longer to 
develop. It consists of humoral immunity (anti-
bodies) and cell-mediated immunity (T cells). In 
the humoral response, B cells are activated to 
secrete antibodies, which can bind to extracellular 
virus and neutralize it, that is, prevent it from 
infecting target cells. There is also a non-neutral-
izing antibody response, where binding of anti-
body to antigen can result in enhanced 
phagocytosis or activation of the complement cas-
cade. T cells respond to intracellular virus and 
largely consist of CD4+ T cells and CD8+ T cells. 
Viral protein that is produced in the cytosol, or 
that is phagocytosed into lysosomes, is digested by 
the proteasome, and short peptides are translo-
cated to the endoplasmic reticulum where they 
bind to major histocompatibility complex (MHC) 
molecules. Cytosolic-derived peptides bind to 
MHC Class I and are presented on the cell surface 
to CD8+ T cells. Virus phagocytosed by profes-
sional antigen-presenting cells (APCs) produces 
peptides that bind to MHC Class II, which are 
presented on the cell surface to CD4+ T cells.13

CD8+ T cells, also known as cytotoxic T lympho-
cytes (CTLs), recognize virus-infected cells pre-
senting the same peptide-MHCs that activated 
them in the first place and destroy the cell via 
granzyme B or perforin, limiting viral spread.14 
CD4+ T cells, which are activated by professional 
APCs, include several specific groups with differ-
ent functions. Broadly speaking, T helper 1 (Th1) 
cells enhance the CTL response; Th2 cells 
enhance the antibody response and anti-parasitic 
immunity; T follicular cells (Tfh) enhance the 
antibody response; Th17 cells promote inflam-
mation but can also cause autoimmunity; and 
regulatory T cells (Tregs) act to maintain homeo-
stasis (a balance between immunogenicity and 
immune tolerance) and inhibit autoimmunity 
(Figures 1 and 2).15

T-cell control of SARS-CoV-2 infection

Antibodies and T cells in mild versus severe 
disease
It has been widely recognized that a strong antibody 
response is associated with severe COVID-19,16 
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Figure 1.  The adaptive immune response to viral infection. Circulating antibody; B cells; CD8+ T cells; 
and CD4+ T follicular helper (Tfh), Th1, Th2, Th17, and regulatory T (Treg) cells. Shown are Th1 cells being 
activated by antigen-presenting cells (APC; here a macrophage), which in turn ‘help’ a CD8+ T cell also being 
activated by the same APC; a Tfh cell helping an antibody-producing B cell; and a CD8+ cytotoxic T cell killing 
a virally infected epithelial cell.

Figure 2.  T-cell and antibody activity in mild versus severe COVID-19. T-cell activity is high and B-cell activity 
is low in mild COVID-19, whereas T-cell activity is low and B-cell activity is high in severe COVID-19. Treg 
activity is high in severe COVID-19. PSO, post-symptom onset.
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whereas for T cells it is the opposite – a strong and 
early response is associated with mild disease.17,18 
On the other hand, there is minimal induction of T 
cells in moderate to severe disease,19 and an impair-
ment in the T-cell response in death.20 (However, 
some reports have observed opposite results: for 
example, higher activation of CD4+ and CD8+ T 
cells in severe disease;21 also see below on conflict-
ing evidence from studies on T-cell exhaustion.) A 
high level of Tregs (suppressive T-cell response) 
was associated with severe COVID.22 One cannot 
immediately conclude from this, however, that anti-
bodies are failing in their control of infection, or that 
they actually enhance infection, and that T cells are 
able to control infection on their own. To our 
knowledge, which is the cause and which is the 
effect has not been unraveled (nor would this be 
easy to do): is a robust antibody response generated 
proportionate to a high viral load, or is a strong anti-
body response generated in a subset of individuals 
and yet cannot control infection? However, in con-
trast, high T-cell activity is associated with milder 
disease, and a poor T-cell response with severe dis-
ease. Because it is difficult to imagine that high viral 
loads induce less T cells than low viral loads, one 
might hypothesize that individuals who are able to 
generate a potent T-cell response to SARS-CoV-2 
infection are able to dampen viral replication by this 
means. Still, antibodies appear to be of substantial 
importance for controlling infection, as evidenced 
by the high (at least initial) effectiveness of the 
current COVID-19 vaccines, which elicit both 
antibody and T-cell responses. This is further 
underscored by the effectiveness of monoclonal 
antibody therapy for treatment of COVID-19.23

Kinetics of antibodies versus T cells
While one might think that antibodies are critical 
for an immediate response to SARS-CoV-2 infec-
tion, and T cells control the progression of infec-
tion as a slower response (given that they only 
react to infected cells), the evidence may suggest 
otherwise. T cells are induced in natural SARS-
CoV-2 infection extremely rapidly: CD4+ T cells 
can be detected at 2–4 days post-symptom onset 
(PSO),18 and CD8+ T cells as early as 1 day 
PSO,24 whereas seroconversion (generation of 
antibodies) occurs between 5 and 15 days PSO.25 
Many studies have examined the duration of 
T-cell immunity after natural infection, as well as 
that of antibodies and memory B cells. CD4+ and 
CD8+ T cells have a half-life of 200 days.26 

Another study observed a decline in CD4+ and 
CD8+ T cells after natural infection, with a half-
life of 3–5 months.27 Chen et al.28 report that the 
level of spike-specific CD4+ T cells does not 
change by 7 months after infection. A detectable 
T-cell response to SARS-CoV-2 antigens was 
present in 93% and 92% of patients at 6 months 
and 12 months after disease onset, respectively.29 
And Jung et al.30 find that stem cell-like memory 
T cells actually increase over the course of conva-
lescence, with a peak at 120 days PSO. The neu-
tralizing antibody (NAb) response is also of 
similar duration: NAbs have a half-life of 
>200 days; however, this is likely attributable to 
long-lived plasma (antibody-producing) cells 
rather than the persistence of an antibody in cir-
culation.26 About 95% of COVID-19 convales-
cents had detectable NAbs from 6 months to 
12 months after the onset of disease.29 Changes in 
the status of long-lived CD8+ T cells develop 
over time: a study on CD8+ T cells specific for 
nucleocapsid 322-331 found that there was a 
decrease in the activation state and polyfunction-
ality of these T cells, but an increase in the home-
ostatic proliferation potential and in their lymph 
node-homing.31

T-cell subsets in SARS-CoV-2 infection
Virus-specific CD4+ T cells dominate the T-cell 
response, with a smaller contribution from virus-
specific CD8+ T cells. In 100% and 70% of con-
valescent patients, SARS-CoV-2-specific CD4+ 
T cells and CD8+ T cells could be detected, 
respectively.32 Within the CD4+ T-cell popula-
tion, Th1 and Tfh subpopulations predomi-
nate.33,34 Th1 cells produce interferon-γ (IFN-γ) 
and other cytokines which help control viral infec-
tion, as well as help CD8+ T cells. Tfh cells help 
elicit virus-specific NAbs.35 There is evidence 
that skewing toward a Th2-dominant response is 
associated with poor viral control.36 In an experi-
ment where Tfh cells were perturbed after spike 
protein vaccination in mice, it was shown that 
these cells promote the frequency and somatic 
hypermutation (random mutation of the B-cell 
receptor/antibody which improves affinity) of ger-
minal center B cells.37 A study of patients with 
severe COVID-19 found Tfh-independent anti-
bodies induced by vaccination or infection; while 
somatic hypermutation was reduced, the antibod-
ies were still of high affinity and durable, and the 
clonal diversity was actually higher (Table 1).38
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Table 1.  Alternative vaccine platforms against SARS-CoV-2 in development.

Format Antigen(s) Species 
tested

T-cell 
immunity?

Special considerations Reference

Mesoporous silica rods S and N Mouse Yes Can be lyophilized 131

Protein fused to alpaca-
derived nanobody

Spike RBD Mouse Yes Binds to MHC Class II 132

Peptide with XS15 and 
Montanide ISA51VG adjuv

T-cell epitopes from 
various prots

Human Yes Multifunctional CD4+ and CD8+ T 
cells exceeding natural infection and 
vaccination

133

Codon-optimized DNA Spike Mouse Yes Lasted at least 6 months 134

DNA + protein Spike Macaques Yes Delivered by electroporation 135

Ferritin nanoparticle with 
Alhydrogel and Army 
Liposome adjuv

Spike Mouse Yes Polyfunctional memory CD4+ and long-
lived memory CD8+

136

Intradermal skin patch Nucleoprot. Mouse Yes Dissolvable microneedles 137

N,N,N-trimethyl chitosan 
particles

Spike Mouse Yes Peritoneal delivery 138

Peptide w/Freund’s adjuv Spike 446-480 HLA-
transgenic 
mouse

Yes Detected multiple human T-cell 
epitopes

139

Protein encapsulated in 
polymersome

Spike Mouse Yes Self-assembling nanoscale vesicle 140

Polymeric glyco-adjuvant Spike Mouse Yes 141

mRNA fused to 
nanoparticles

Mouse Yes Th1-biased 142

20 peptides S and N Mouse & 
hamster

Yes RNA adjuvant 143

Modified vaccinia virus 
Ankara

Spike Hamster Yes Prime-boost (i.m.-i.n.) 144

MVA Spike Mouse Yes Prime-boost 145

Adenovirus serotype 5 Spike RBD Mouse Yes Lasted over 6 months with 1 dose 146

Ad5 S and N Macaques Yes Enhanced T-cell Stimulation Domain to 
target MHC Class II to elicit Th1-biased 
response

147

Ad5 N Mouse & 
hamster

Yes Rapid T-cell recall response in 
respiratory mucosa

148

Inactivated vaccine Whole virus Human Yes Equivalent T-cell response to approved 
vaccines

149

Inactivated vaccine Whole virus Human Yes Immunogenicity in PBMC ELISPOT 
against S, N, and E

150

Fusion protein Spike-RBD-
Rotavirus VP6

Spike RBD Mouse Yes High quantity T cells and no Abs 151
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Functional experiments: T cells necessary and/
or sufficient in SARS-CoV-2 infection?
In animal models, adoptive transfer of viral-spe-
cific T cells was able to control SARS-CoV-1 
viral infection in mice.39 In rhesus macaques, 
prior depletion of CD8+ T cells abrogated control 
of SARS-CoV-2 viral infection.40 Intriguing data 
were reported on human patients lacking anti-
bodies, due to a genetic deficiency such as agam-
maglobulinemia, with these patients being able to 
fully control infection.41 These cumulative obser-
vations provocatively suggest that in natural 
SARS-CoV-2 infection, T cells shoulder the bulk 
of the antiviral adaptive immune response, while 
antibodies play a lesser role. However, patients 
receiving B-cell–depleting anti-CD20 therapy for 
B-cell lymphoma had a more severe and pro-
tracted clinical course of COVID-19.42 Also, anti-
bodies may be critical for the prevention of 
reinfection.43

T-cell exhaustion
In persistent viral infection, T cells can undergo a 
state of exhaustion. CD8+ T-cell exhaustion 
involves the loss of interleukin-2 (IL-2), tumor 
necrosis factor-α (TNF-α), and IFN-γ production 
and a gradual loss of proliferative capacity. CD4+ 
T cells can also undergo exhaustion, exemplified 
by a loss in effector function. A high level of inhibi-
tory receptors are expressed, including lympho-
cyte-activation protein 3 (LAG3), cytotoxic T 
lymphocyte-activation antigen 4 (CTLA-4), and 
T-cell immunoglobulin and mucin-domain con-
taining protein 3 (TIM-3).44 Interestingly, the fre-
quency of exhausted SARS-CoV-2-reactive CD8+ 
T cells was increased in COVID-19 patients with 
mild disease as compared with those with severe 
disease, and this subset displayed less cytotoxicity 
and inflammatory features. This study also dem-
onstrated an impaired IFN response, and the gen-
eration of a robust CD8+ T-cell memory response 
with pro-survival transcriptomic markers, in those 
with severe disease. It is unclear how these associa-
tions can be reconciled with earlier observations on 
the association of a strong T-cell response with 
mild COVID-19 and a weak one with severe dis-
ease; Kusnadi et al.,45 at least, propose that a 
robust memory CD8+ T-cell response in severe 
COVID-19 may be contributory toward preven-
tion against re-exposure. It may also be that in cer-
tain patients T cells may themselves promote 
disease pathogenesis,46 which might convolute 

association data. In contrast, Zheng et al.47 found 
the frequency of the non-exhausted CD8+ T-cell 
subset to be reduced in those with severe infection. 
Lymphopenia is a common feature of severe 
COVID-19 and is associated with poor outcomes 
for these patients.48 Nonetheless, it should be 
pointed out that most studies on T-cell exhaustion 
have been with chronic viruses like HIV;49 the vast 
majority of COVID-19 patients clear their infec-
tion, so T-cell exhaustion must not usually be due 
to persistent virus, except for those who are immu-
nocompromised in whom virus can exist for a long 
duration.

Preexisting immunity to SARS-CoV-2 from 
immunity to other coronaviruses
SARS-CoV-2 belongs to the beta group of coro-
naviruses, which also includes SARS-CoV, 
MERS-CoV, and four endemic coronaviruses 
causing colds in humans (some alpha coronavi-
ruses also cause colds in humans). Surprisingly, 
although SARS-CoV-2 is a relatively new human 
coronavirus, many studies have found preexisting 
T cells to the endemic cold coronaviruses which 
also cross-reacted to SARS-CoV-2 in a subset of 
individuals. Fifty-two COVID-19 household con-
tacts were sampled at the earliest timepoint after 
exposure, and those who remained polymerase 
chain reaction (PCR)-negative for virus had statis-
tically significantly higher T cells cross-reactive to 
both human endemic coronavirus and SARS-
CoV-2 nucleocapsid (but not to spike) than those 
who became PCR-positive.50 Sagar et al.51 found 
that individuals who had a recent history of human 
coronavirus infection had lower rates of intensive 
care unit admissions and better survival after 
acquiring SARS-CoV-2 infection. In fact, SARS-
CoV-2 cross-reactive CD4+ T cells were found in 
as many as 66% of healthy, unexposed individu-
als.52 Richards et al.53 took circulating CD4+ T 
cells from prior to 2020 and tested them for 
human coronavirus (other than SARS-CoV-2) 
spike, and then examined positive cells for reactiv-
ity to SARS-CoV-2 spike, nucleoprotein, and 
membrane/envelope, and found a highly variable 
functional potential, with nucleocapsid-specific 
CD4+ T cells producing the highest levels of gran-
zyme. Preexisting polymerase-specific T cells were 
detected in health-care workers who were able to 
abort infection and stay seronegative, and those 
individuals with the highest early transcribed rep-
lication-transcription complex-reactive T cells 

https://journals.sagepub.com/home/tav


A Young

journals.sagepub.com/home/tav	 7

had an increase in IFI27, a robust early innate sig-
nature of SARS-CoV-2.54

T cells after SARS-CoV-2 vaccination

Comparison between the three U.S. vaccines
A comparison of the three vaccines approved in 
the United States found that mRNA-1273 
(Moderna) and BNT162b2 (Pfizer) yielded simi-
lar antibody and neutralization titers after one 
dose, which were higher than Ad26.COV2.S 
(J&J). The two mRNA vaccines also induced 
higher bulk and cytotoxic T-cell responses than 
Ad26.COV2.S. All three elicited CD8+ T-cell 
responses in less than 50% of vaccinees after one 
dose.55 Collier et al.56 found that all three vac-
cines elicited similar kinetics of humoral and cel-
lular immune responses and that at 8 months 
post-vaccination, the two mRNA vaccines (two 
doses) had slightly higher CD8+ T-cell responses 
than Ad26.COV2.S (0.016%, 0.017%, and 
0.012% for BNT162b2, mRNA-1273, and 
Ad26COV2.S, respectively).

A study by Ivanova et al. found that while 
COVID-19 patients and vaccinees both induced 
robust innate and adaptive immune responses, 
there were qualitative differences in the character 
of these responses. Patients had a much stronger 
interferon response, which likely led to more dra-
matic upregulation of cytotoxic genes in T cells. 
The majority of B and T cells in patients were 
effector cells, whereas in vaccinees most were 
memory cells.57 Sahin et al. reported that most 
recipients of BNT162b2 had a strong IFN-γ+ or 
IL-2+ CD8+ and CD4 + Th1 response. An exam-
ination of several epitopes presented by frequent 
MHC alleles revealed that epitope-specific CD8+ 
T cells of an early-differentiated effector memory 
phenotype were 0.02–2.92% of CD8+ T cells 1 
week after boost.58 A study on T-cell immunity 
after AZD1222 (Astra Zeneca’s ChAdOx1 nCoV-
19) showed that the Th1 and CD8+ T cells that 
were induced showed a high degree of polyfunc-
tionality, with extensive breadth and depth across 
spike protein.59

Kinetics and characteristics of T-cell induction 
by vaccines
Using the activation-induced marker (AIM) assay 
on peripheral blood, with spike peptide megapools, 

Painter et al. found that for mRNA vaccinees, 
CD4+ T cells were induced in all individuals sur-
veyed. CD8+ T cells, however, were more grad-
ual in their response, with lower numbers of 
individuals having a detectable response (71% 
after prime, rising to 88% after boost).60 In con-
trast, Oberhardt et al., testing for three spike 
epitopes [restricted to three different human leu-
kocyte antigen (HLA) alleles], observed a rapid 
and substantial induction of CD8+ T cells in 9 of 
13 individuals at 6–8 days post-prime, and peak-
ing for most individuals as early as 9–12 days 
post-prime. Measurement of a spike-specific 
CD4+ T-cell epitope revealed only a weakly 
detectable CD4+ T-cell level, as was the case also 
for neutralizing antibody levels, at these times.61 
The disparity in these two publications may owe 
to the different assays utilized, and/or the epitope 
restrictions tested. Gil-Manso et al.62 found that 
the maximum levels of both the humoral response 
(as measured by circulating spike-specific IgG) 
and the cellular response (as measured by SARS-
CoV-2-reactive, cytokine-releasing T cells) were 
not reached until 14 days after the second vaccine 
dose.

Guerrera et al.63 reported that anti-RBD (recep-
tor-binding domain of spike) antibodies did not 
reach significant levels until after the BNT162b2 
boost, and by 6 months post-boost, were down 
overall about 3.5-fold. AIM+ CD4+ T cells, on 
the other hand, were hardly reduced at 6 months 
post-boost; and AIM + CD8 + T cells, which 
were present in 87% of vaccinees after the first 
dose, and which underwent further expansion 
after the second dose, were still present in 88% of 
vaccinees 6 months post-boost. In another study, 
low-dose mRNA-1273 elicited spike-specific 
CD8+ T cells in 88% of vaccinees and were main-
tained in 67% of vaccinees at 6 months post-
boost; notably, both spike-specific CD4+ and 
CD8+ T cells were induced to just as high levels 
in older individuals as in the 18- to 55-year-old 
age group.64 Barouch et al.,65 examining Ad26.
COV2.S, found that spike-specific IFN-γ+ CD4 + 
and CD8 + T cells, as measured by intracellular 
cytokine staining (ICS), were not diminished out 
to 8 months post-vaccination. Fine-needle aspira-
tion of draining lymph nodes in patients who had 
received the BNT162b2 vaccine detected spike-
specific T cells being maintained at constant fre-
quencies out to 6 months post-vaccination.66 
Interestingly, in neuro-COVID long-haulers, that 
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is, patients with post-acute sequelae of SARS-
CoV-2 infection (PASC), there were decreased 
spike-specific but increased nucleocapsid- and 
membrane-specific T cells compared with healthy 
convalescents.67

Numerous studies reported that convalescents 
who received their first mRNA vaccine dose had 
similar levels of T cells induced as naïve patients 
who received their second dose, and that the sec-
ond dose does not further induce T cells in con-
valescent patients.68–71 Heterologous prime-boost 
with the UK ChAdOx1 (a chimpanzee adenovi-
ral-vectored spike vaccine) and mRNA vaccine 
induced higher frequencies of spike-specific 
CD4+ and CD8+ T cells than homologous prime-
boost (with either ChAdOx1, BNT162b2, or 
mRNA-1273).72,73

T-cell immunity against variants of concern 
induced by the vaccines
Much work has been done analyzing T-cell 
immunity against VOCs elicited by the vaccines. 
While the VOCs have significant reductions in 
susceptibility to the vaccine-induced humoral 
response, it appears that the cellular response is 
less affected. A study on B.1.1.7 (Alpha) and 
B.1.351 (Beta) variants found no observable dif-
ferences in CD4+ T-cell activation in comparison 
with the vaccine strain.74 Another study observed 
that the neutralizing antibody response against 
B.1.351 was more reduced than that against 
B.1.1.7, but that the T-cell response was directed 
against epitopes that were conserved between the 
vaccine strain and these two VOCs.75 Neidleman 
et al.76 reported that the overall T-cell response to 
the ancestral (vaccine) strain, B.1.1.7, and 
B.1.351 were similar; but spike-specific T cells 
from convalescent vaccinees had more long-term 
persistence and better homing to the respiratory 
tract, including the nasopharynx, than naïve vac-
cinees. Later studies incorporated the Delta 
(B.1.617.2) variant. Both Woldemeskal et al.77 
and Jordan et al.78 found that the overall T-cell 
response and the CD4+ and CD8+ T-cell 
response to BNT162b2, respectively, were virtu-
ally the same against Delta as the ancestral strain. 
In contrast, Keeton et al.79 looked at Ad26.
COV2.S and found some reduction in the CD8+ 
T-cell response to Delta, with 8/15 vaccinees hav-
ing a 2-fold or greater reduction, and five in the 
group having complete loss of a T-cell response 

to Delta. Data on Omicron are more sparse, since 
this VOC is newer, but preliminary observations 
are that most T-cell epitopes against the ancestral 
strain are conserved in Omicron, suggesting that 
even this variant might not have escaped the 
T-cell arm of the immune response to the vaccine 
and to prior infection.80 Still, a recent report 
found that 20% of individuals examined had a 
T-cell activity against Omicron that was reduced 
by more than 50%.81

Why would convalescent patients and vaccinees 
have a less affected cell-mediated response than 
humoral response to variants? It has been argued 
that T-cell epitopes tend to be more conserved 
than antibody epitopes,82 but it would be helpful 
to inquire into this hypothesis more deeply. There 
is no biochemical reason why a given individual 
T-cell epitope would be more conserved than a 
given antibody epitope. We have noted, in our 
studies on influenza virus, that there is a qualita-
tive and substantial difference between sequence 
conservation and functional invariance.83,84 The for-
mer indicates the degree to which a residue, 
sequence stretch, or whole protein is the same 
among most or all circulating strains, while the 
latter is a measure of the degree of attenuation or 
lethality of a given mutation on viral replication, in 
quantifiable terms. The two are neither theoreti-
cally nor experimentally equivalent, as our 
genomic data on influenza virus has demonstrated 
(unpublished observations). It has been offered 
that T-cell epitopes are, in general, more con-
served than antibody epitopes, and that they are 
more functionally invariant (from a mutational 
standpoint), in the same breath. Mutations arise 
from errors in replication, and on the nucleotide 
level, there should be no bias from one protein to 
the next; even though some nucleotide conver-
sions are more common than others, this will aver-
age out over the whole protein or a subdomain of 
it. It is true, indeed, that T-cell epitopes can sam-
ple among all viral proteins, even those that are 
internal in the viral particle, whereas antibodies 
can only react to external proteins, namely those 
that are structural and exposed. And, it is true that 
for influenza virus, internal proteins are more con-
served than the two surface proteins, hemaggluti-
nin and neuraminidase;85 similarly, SARS-CoV-2 
nucleocapsid is well-conserved among the human 
coronaviruses.86 One might in fact think that a 
surface protein that mediates attachment and 
internalization should be more conserved than 
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internal proteins, which need not necessarily inter-
act with cellular proteins.

Alternative explanations for the more intact 
T-cell response
Preferable hypotheses have been offered by other 
virologists as to why the overall T-cell response to 
SARS-CoV-2 seems to be less affected by variants 
than the antibody response. First, there are more 
potential T-cell epitopes than antibody epitopes, 
because the former can sample across all viral 
proteins, not just external ones. Greater breadth 
means less chance for a variant to escape all of 
them – and even any of them, because mutation 
away from one cannot be selected for unless it can 
mutate away from, not necessarily all, but enough 
comprising the overall T-cell response.87 Second, 
T-cell epitopes are highly diverse from individual-
to-individual, because they are restricted by the 
MHC (HLA) haplotype. Even if, in a hypotheti-
cal scenario, a variant arises within the quasispe-
cies (the diverse population of minor or unique 
variants within a single individual) to escape that 
patient’s T-cell immunity, it is likely to be fully 
sensitive to the T-cell response of the next indi-
vidual, and thus would be stopped dead in its 
tracks. We offer another, not mutually exclusive, 
hypothesis: viruses may have evolved a ‘flexibility’ 
in amino acid sequence in external proteins, so 
that they can better evade antibody immunity. 
This is a rather complicated notion, as it implies 
that viruses have evolved evolvability; and how 
exactly they do that on a molecular level is diffi-
cult to envision. One prominent example, how-
ever, is influenza virus: the bulk of the antibody 
response to the virus, either from natural infec-
tion or vaccination, is directed against the head 
domain of hemagglutinin, which is the most 
mutable portion of the most mutable protein in 
the viral proteome.81 Somehow, the virus has 
managed to devise a structure that both binds the 
cellular receptor and can do so in more ways than 
one, so that if it ever has to mutate to avoid anti-
body binding, it can still maintain its ability to 
bind the receptor.

All of these observations underscore a valuable 
lesson: it perhaps will prove to be highly impor-
tant, especially in the long run, to design vaccines 
that specifically and potently target T cells. We 
do not suggest that antibody vaccines or antibody 
components to vaccines should be abandoned, 

but rather supplemented. There are ways to 
directly target T cells, such as epitope vaccines, 
vaccines that incorporate internal proteins, or the 
use of T cell-activating adjuvants. T cells often 
get short shrift in the vaccine world, and antibod-
ies often not only take center stage but can even 
lead people to lose sight of T cells; this is likely to 
be a grievous mistake, but one that is certainly 
correctable.

Anti-SARS-CoV-2 T-cell epitope analyses
All that being said, there is evidence of relative 
T-cell escape among SARS-CoV-2 variants, both 
on an epitope level and in overall reactivity. Tarke 
et al. found that the total reactivity of CD4+ and 
CD8+ T cells in convalescents and vaccinees 
against B.1.351 (Beta) was reduced by 14% and 
22%, respectively, and the reactivity of CD8+ T 
cells against CAL.20 C (a Southern California 
variant) dropped by 10%. It must be acknowl-
edged that a drop in overall T-cell reactivity could 
partly owe to epitope-independent aspects, such 
as T-cell exhaustion, as mentioned above. Only 
7% and 3% of previously identified CD4+ and 
CD8+ T-cell epitopes, respectively, were mutated 
in various VOCs in this study.88 de Silva et al. sur-
veyed 360 experimentally verified T-cell epitopes 
and identified seven immunodominant epitopes 
that had variants in global SARS-CoV-2 sequence 
data. They made polyclonal CD4+ and CD8+ 
T-cell lines against each of these wild-type 
sequence epitopes and found that for six of the 
variants (five in nucleocapsid and one in ORF3a), 
there was complete loss of responsiveness by the 
T-cell lines.89 Agerer et al.90 deep-sequenced 747 
virus isolates and identified mutations in CD8+ 
T-cell epitopes that they then tested against 
CD8+ T cells isolated from HLA-matched 
COVID-19 patients and observed reduced IFN-γ 
production and cytotoxic activity. Zhang et al.91 
analyzed 13,432 SARS-CoV-2 strains harboring 
4420 mutations and found mutations in cross-
reactive T-cell epitopes between SARS-CoV-2 
and seasonal human coronavirus. A method 
called T-Scan was used to identify CD8+ T-cell 
epitopes from convalescent patients with four 
major HLA alleles (HLA-A*02:01; 02:07; 11:01; 
and 24:02). Four epitopes that were mutated in 
VOCs, including two from Delta, elicited a 
decreased activation of T cells from at least two 
patients (3–6 patients per HLA allele were tested); 
and T cells from nearly all vaccinees tested 
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responded with a decreased activation to the 
mutated forms of these four epitopes.92 A more 
recent study reported that the overall CD4+ 
T-cell response in peripheral blood mononuclear 
cells (PBMCs) to B.1.1.529 (Omicron) in conva-
lescent and vaccinated individuals, dropped by 
16% and 9%, relative to the response to wild-type 
virus, respectively; and that of CD8+ T cells 
dropped by 30% and 8%, respectively.93 We also 
reiterate the provocative recent study in which 
20% of individuals studied (previously infected 
and/or vaccinated) had a  >50% reduction in 
T-cell reactivity to Omicron.79 In light of the 
T-cell reactivity to VOCs, a review by Ferrari 
et al., while more confident that overall T-cell 
protection should be relatively impervious to 
overall mutational escape, nonetheless counseled 
that, to maximize the effectiveness conveyed by 
the T-cell arm, one should target conserved and 
immunodominant epitopes that cannot be 
mutated due to functional and/or structural con-
straints. However, assessment of this so-called 
‘invariance’ was theoretical, based on structural 
considerations of spike, as there was no discus-
sion of mutations made or tested.94

It is also our contention that more T-cell escape 
mutations will likely arise in nature as the pan-
demic continues on. The antibody response that 
vaccinees mount against natural infection effec-
tively ‘masks’ the T-cell response, because it can 
neutralize virus before T cells see it; take away 
that early neutralization, as many variants seem to 
be doing, and more and more T-cell escape 
mutants should arise over time. Also, it may take 
longer for T-cell escape mutants to arise because 
of the diversity of HLA haplotypes; but taking 
longer does not mean never happening. Despite 
the seeming individuality of peptide-MHC 
restrictions, many peptides can bind multiple 
HLA supertypes. In addition, certain HLAs are 
widely prevalent among certain populations, such 
as HLA-A2 among Caucasians,95 and HLA-A26 
among Japanese.96 SARS-CoV-2 also mutates 
less rapidly, on a per nucleotide per replication 
cycle level, than influenza virus and HIV,8 because 
unlike the latter two viruses, its RNA polymerase 
has proofreading capability.6 It may require a 
long incubation time, for example, in an immu-
nocompromised person, for T-cell escape mutants 
to arise. Nonetheless, given the sheer bulk of both 
the viral load in individuals and the global disease 
burden, these mutants are likely to eventually 

emerge, just as a variant like Omicron, with its 30 
mutations in spike and 20 mutations elsewhere,97 
demonstrates. It would be surprising to us if even-
tually variants with a similar number of new 
mutations do not arise that escape much of the 
overall T-cell response – even if not fully, enough 
to cause a serious public health concern. 
Underscoring these predictions, it is well known 
that influenza virus, which has obviously been 
around for much longer than SARS-CoV-2, has 
strongly selected for numerous T-cell epitope 
escape mutants.98,99 Even if the diversity of the 
T-cell response allows the host to still target other 
epitopes than the one(s) the virus mutates, a par-
tial escape could potentially ‘tip the balance’, to 
the point where the virus can then transmit to 
another host, which ultimately is the selectable 
trait of relevance. In the context of immunodomi-
nance, this becomes even more plausible: for 
example, for influenza virus, the M1 58-66 HLA-
A2-restricted epitope can make up  >75% of the 
T-cell response in these individuals;100 and the 
NP366 epitope in C57Bl6 mice is so dominant 
that the Cal09 strain, which has a single mutation 
in this epitope, entirely evades control by an NP 
vaccine.101 All this being said, if indeed this 
hypothesis bears out, one might expect to see 
more evidence of T-cell escape by SARS-CoV-2 
prior to the issuance of the vaccines, when the 
T-cell response was engaged without a robust 
masking from a vaccine-induced antibody 
response (see above on the kinetics of the anti-
body response versus that of T cells in natural 
SARS-CoV-2 infection); however, to the author’s 
knowledge evidence on this topic is sparse. Also, 
vaccination does not always prevent transmission, 
which necessitates infected cells and a (putative) 
engaged T-cell response, so that pressure for 
T-cell escape could have been substantially pre-
sent before ample escape from the antibody 
response induced by the vaccine. Thus, it must be 
acknowledged that theoretical considerations for 
T-cell and antibody escape from infection and 
vaccination remain a complicated issue.

The most recent meta-analysis of papers report-
ing SARS-CoV-2 epitopes was published in July 
2021, which collated 382 distinct CD4+ and 
1052 CD8+ T-cell epitopes from 25 studies.102 
The majority of these were from a comprehensive 
analysis with the sensitive AIM assay by Tarke 
et al.103 Some more recent studies used less con-
ventional approaches. A novel reverse epitope 
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discovery platform started with large public sin-
gle-cell gene expression and T-cell receptor 
(TCR) data sets and identified  >1200 highly 
public anti-SARS-CoV-2 CD4+ T-cell clono-
types.104 Another study utilized mass spectrome-
try of two SARS-CoV-2-infected cell lines to 
derive an HLA-I immunopeptidome; interest-
ingly, several peptides from out-of-frame open 
reading frames (ORFs) were recovered and were 
shown to elicit a T-cell response in COVID-19 
patients which exceeded those of in-frame 
ORFs.105

One study compared the TCR repertoire of 
infected versus vaccinated individuals and found a 
largely identical repertoire, with similar magni-
tudes of response, memory phenotypes, and TCR 
motifs, providing mechanistic insight on the abil-
ity of mRNA vaccines to boost the recall T-cell 
response in those who had previously been 
infected with SARS-CoV-2.106 More evidence of 
preexisting T cells cross-reactive to common cold 
coronaviruses in SARS-CoV-2-unexposed indi-
viduals has been uncovered by specific epitope 
analysis: 10 SARS-CoV-2 HLA-A*02:01 epitopes 
were able to induce activation of CD8+ T cells 
from unexposed donors;107 and eight peptides 
from spike (S), envelope (E), membrane (M), 
and nucleocapsid (N) proteins were able to acti-
vate naïve T cells from within PBMCs isolated 
from unexposed donors.108

Most vaccines in wide use, and all three approved 
for use in the United States, consist exclusively of 
spike. However, infection presents all viral anti-
gens; and many epitopes from non-spike proteins 
have been identified in various studies. A survey 
of 34 acute and recovered COVID-19 patients 
against peptides spanning the full-length of E, M, 
and N found 10 peptides containing CD4+ T-cell 
epitopes that were positive in more than 36% of 
patients, and three in more than 55% of 
patients.109 The distribution of epitope-reactivity 
may be important as well. Fazolo et al.110 reported 
that, in a set of South Brazil pediatric COVID-19 
patients, CD8+ T-cell responses to S were weaker, 
while those to M and N were stronger, than those 
in COVID-19 adults.

T-cell immunity of special patient groups
Since the vast majority of COVID-19 deaths are 
among the elderly, it is of substantial interest to 

understand how the T cells of this age group 
respond to the vaccine. After vaccination with 
BNT162b2, individuals over 80 years of age had 
lower IFN-γ and IL-2 production by spike-spe-
cific CD4+ T cells than younger people.111 Those 
in long-term care facilities also responded with a 
lower frequency of viral-specific CD8+ T cells.112 
Underlying these phenotypes was a more 
restricted TCR repertoire diversity, increased 
self-reactive T cells, and more active Treg cells.113

About 2.7% of Americans are immunosuppressed 
for various reasons,114 so it is an important ques-
tion how the vaccine elicits immunity in this 
patient group. Five of 21 patients with inborn 
errors of immunity, following vaccination with 
BNT162b2, did not develop any specific CD4+ 
CD40 L+ T cells115 (CD40 L is primarily 
expressed on activated T cells). Collier et al.116 
found that CD4+ and CD8+ T-cell IFN-γ 
responses, following mRNA vaccination, were 
reduced in patients receiving immunosuppressive 
therapy. In contrast, a study with a small (n = 5) 
cohort of autoimmune patients receiving immu-
nosuppressive therapy observed high IFN-γ levels 
in all five patients following BNT162b2 vaccina-
tion.117 For those people living with HIV, inacti-
vated vaccines induced lower levels of neutralizing 
antibodies, possibly due to lower CD4 + T-cell 
counts;118 however, another study found that 
HIV patients infected with SARS-CoV-2 
mounted a T-cell response comparable to that of 
HIV-negative patients which persisted for 
5–7 months, with CD4+ T cells greater in number 
than CD8+ T cells, and the response largely 
against S, M, and N.119

People in whom B cells are depleted can still acti-
vate the cellular immune response. All multiple 
sclerosis patients receiving anti-CD20 therapy 
tested mounted strong, antigen-specific CD4+ 
and CD8+ T-cell responses to mRNA vaccina-
tion; however, there was a relative deficit in Tfh 
cells, while CD8+ T cells were stronger.120 The 
induction of higher spike-specific CD8+ T cells in 
anti-CD20-treated patients after mRNA vaccina-
tion was corroborated by Madelon et al.,121 who 
also found an equivalent percentage of these 
patients with detectable spike-specific CD4+ T 
cells as compared with non-anti-CD20 patients.

Immunosuppressive therapy is also administered 
to transplant patients, and many studies have 
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been conducted analyzing the response to vacci-
nation or infection in various types of transplanta-
tion. The percentage of viral-specific CD4+ and 
CD8+ T cells in solid organ transplant recipients 
(SOTR) following BNT162b2 vaccination was 
lower than in healthy controls.122 Infection with 
SARS-CoV-2 in SOTRs induced a greater T-cell 
response than those who were vaccinated.123 
Soberingly, 90% of cardiothoracic transplant 
recipients vaccinated with two doses of 
BNT162b2 in another study did not mount a 
detectable T-cell response.124 In patients receiv-
ing allogeneic stem cell transplants, 82% of 
patients who received two doses of BNT162b2 
mounted a T-cell response, 71% a CD4+ T-cell 
response, and 52% a CD8+ T-cell response.125

Cancer patients unexposed to SARS-CoV-2 had 
lower prevalences of preexisting SARS-CoV-2 
cross-reactive CD4+ T cells and those with 
COVID-19 mounted a profoundly reduced inten-
sity, expandability, and diversity of SARS-CoV-2 
T-cell responses.126 Scurr et al.127 found that 
while IFN-γ and/or IL-2 virus-specific T-cell 
responses were induced in 91% of healthy donors 
after one dose of vaccine, they were only induced 
in 48% of solid organ cancer patients. As for 
hematologic cancers, while 77% of these patients 
who were hospitalized for COVID-19 had detect-
able SARS-CoV-2-specific T-cell responses, this 
group had higher mortality than patients with 
solid cancer; those in whom a greater number of 
CD8+ T cells were induced had improved sur-
vival.128 T-cell responses to SARS-CoV-2 were 
detected in 41–88% of convalescents who did not 
have detectable anti-S antibodies, but this num-
ber dropped to 35% for CD4+ T cells in multiple 
myeloma convalescents without anti-S antibodies 
and just 28% for CD8+ T cells.129

Alternative vaccine approaches
Besides the mRNA and Ad26 or ChAdOx1 vac-
cines, numerous other vaccine modalities have 
been or are being attempted either preclinically or 
in clinical trials. A biomaterial vaccine based on a 
mesoporous silica rods platform was able to 
induce robust and durable cellular immunity in 
mice and could be lyophilized.130 A protein vac-
cine comprised by the spike RBD fused to an 
alpaca-derived nanobody that binds to MHC 
Class II elicited robust cellular immunity in 
mice.131 A peptide vaccine consisting of T-cell 

epitopes from various viral proteins, given with 
the Toll-like receptor 1/2 agonist XS15 adjuvant 
emulsified in Montanide ISA51VG, induced 
multifuctional Th1 CD4+ and CD8+ T cells in a 
Phase 1 trial, which exceeded those from natural 
infection and from the approved vaccines.132 
Administration of a codon-optimized DNA vac-
cine with S produced high levels of a Th1 response 
as well as memory CD8+ and CD4+ T cells in 
mice that lasted for at least 6 months.133 A spike 
DNA plus protein vaccine was electroporated 
into rhesus macaques and induced a robust T-cell 
response.134 A spike-ferritin nanoparticle vaccine 
with Alhydrogel and Army Liposome Formulation 
adjuvants given to mice produced a polyfunc-
tional memory CD4+ T cell as well as a long-lived 
memory CD8+ T-cell response.135 Intradermal 
delivery of N with a dissolvable microneedle skin 
patch induced a significant T-cell response in 
mice.136 Peritoneal delivery of spike encapsulated 
in N,N,N-trimethyl chitosan particles to mice 
induced strong T-cell responses.137 A synthetic 
peptide vaccine with Freund’s adjuvant consist-
ing of spike 446-480 protected mice from a lethal 
dose of SARS-CoV-2.138 Spike protein given 
along with CpG adjuvant, together encapsulated 
in an artificial cell membrane polymersome, 
which produces a self-assembling nanoscale vesi-
cle, induced functional memory CD4+ and CD8+ 
T cells in mice.139 A polymeric glyco-adjuvant 
with spike activated Tfh cells and polyfunctional 
CD4+ and CD8+ T cells in mice.140 An mRNA 
vaccine fused to ferritin-formed nanoparticles 
elicited a Th1-biased cellular response that pro-
tected mice challenged with SARS-CoV-2.141 A 
20-peptide vaccine from S and N with an RNA 
adjuvant induced effector memory T cells in 
hamsters and mice.142

For viral vectors, delivery of a Modified vaccinia 
virus Ankara (MVA) with spike in a prime-boost 
(intramuscular-intranasal) regimen induced a 
massive expansion of tissue-resident CD8+ T 
cells that protected hamsters from SARS-CoV-2 
lung infection and pathology.143 Another MVA 
vaccine with S given in a prime-boost regimen 
elicited CD8+ T cells and protected mice from 
SARS-CoV-2 challenge.144 An Ad5 vaccine with 
spike RBD induced strong CD4+ and CD8+ 
T-cell responses in mice that lasted for over 6 
months, with just a single dose.145 Another Ad5-
vectored vaccine expressing both S and N with an 
Enhanced T-cell Stimulation Domain to target 
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MHC Class II elicited a Th1-biased response to S 
and N and was protective in rhesus macaques.146 
Still another Ad5 vaccine, expressing N, pro-
tected hamsters and mice from weight loss and 
reduced viral load in hamsters and mice and 
induced a rapid T-cell recall response in the res-
piratory mucosa.147

An inactivated SARS-CoV-2 vaccine elicited 
IFN-γ-secreting T cells that were equivalent to 
those in approved vaccine recipients.148 Another 
inactivated vaccine in a small cohort of individu-
als produced IFN-γ-secreting T cells against S, 
N, and E in a PBMC enzyme-linked immune 
absorbent spot (ELISpot) assay.149 A fusion pro-
tein between spike RBD and rotavirus VP6 
induced a high quantity of T cells in mice, with 
no antibodies detected.150

Conclusion
Antibodies against SARS-CoV-2, as with many 
other respiratory viruses, are afforded an outsized 
emphasis, both by the lay public and by virolo-
gists, as exemplified by, for example, the near-
immediate analysis of the humoral response 
when a new variant arises. This is not just due to 
the relative ease with which neutralization assays 
can be implemented, but also to the dogma that 
antibodies stand first in line to prevent infection 
altogether. However, as mentioned above, T 
cells arise much earlier after natural SARS-
CoV-2 infection than do antibodies; and high 
T-cell activity is associated with controlled viral 
infection, whereas the opposite has proven to be 
the case for antibodies. Indeed, that the current 
vaccines are seemingly unable to neutralize 
Omicron (the neutralizing antibody titer is down 
22-fold after two doses),151 but can still greatly 
reduce severe disease, and often even sympto-
matic infection, is likely attributable in large part 
to the cellular immune response. Also of note is 
the few patients with agammaglobulinemia who 
have been studied who fully control SARS-
CoV-2 infection. Given these observations, it will 
be prudent to research vaccine modalities that 
can specifically elicit a T-cell response, which 
will be especially important for those groups who 
tend to mount weaker T-cell responses, like the 
elderly and otherwise immunocompromised. In 
particular, vaccines that present epitopes that are 
functionally invariant (as determined by muta-
tional analysis, not by sequence analysis or 

structural inferences) to prevent mutational 
escape could figure as important players in our 
ongoing battle with this amazingly devious 
pathogen.
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