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Abstract: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has heavily mutated
since the beginning of the coronavirus-2019 (COVID-19) pandemic. In this regard, the so-called
variants of concern (VOCs) feature mutations that confer increased transmissibility and evasion of
antibody responses. The VOCs have caused significant spikes in COVID-19 cases, raising significant
concerns about whether COVID-19 vaccines will protect against current and future variants. In
this context, whereas the protection COVID-19 vaccines offer against the acquisition of infection
appears compromised, the protection against severe COVID-19 is maintained. From an immunologic
standpoint, this is likely underpinned by the maintenance of T-cell responses against VOCs. Therefore,
the role of T-cells is essential to understanding the broader adaptive immune response to COVID-19,
which has the potential to shape public policies on vaccine protocols and inform future vaccine design.
In this review, we survey the literature on the immunology of T-cell responses upon SARS-CoV-2
vaccination with the current FDA-approved and Emergency Use Authorized COVID-19 vaccines.
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1. Introduction

Since the beginning of the COVID-19 pandemic, a concerted effort from the scientific
community has resulted in highly effective vaccines against the ancestral Wuhan strain.
However, concerns subsequently arose about their efficacy against SARS-CoV-2 variants of
concern (VOCs): VOCs acquired mutations in epitopes targeted by neutralizing antibodies
(nAbs), resulting in the evasion of humoral responses. However, clinical trials evaluating
COVID vaccines against the VOCs have yielded excellent protection from the severe
disease. While humoral responses are essential in neutralizing viruses extracellularly,
cellular responses comprising T-cells recognize and eliminate virus-infected cells. Therefore,
although antibodies are crucial in preventing infection, cellular responses ameliorate disease
severity, albeit this basic model does not consider other functions of antibodies, such as
opsonization and antibody-mediated cellular cytotoxicity. Nevertheless, we utilize this
model to explain the key findings of the literature surrounding the role of T-cell responses
in underpinning the maintained efficacy of the currently approved COVID-19 vaccines.

2. Importance of T-cell Responses in Immunity to Human Coronaviruses (HCoVs)

SARS-CoV-2 is an enveloped single-stranded, positive-sense RNA virus with a large
genome of approximately 30 kb, one of the largest among RNA viruses [1]. It belongs to
the family of betacoronaviruses that includes the closely related SARS-CoV-1 and MERS-
CoV-2 viruses that, although limited in incidence and prevalence globally, also cause
severe respiratory infection in humans. On the other hand, the endemic common cold
coronaviruses (CCCoVs) are highly prevalent—more than 90% of adults test positive
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for prior exposure, and seropositivity is near-ubiquitous in childhood—and include two
betacoronaviruses, HKU-1 and OC43, and two alphacoronaviruses, 293E and NL63 [2,3].

Studying the humoral and cellular responses to other HCoVs provides an insight into
the trajectory of long-term protective immunity against SARS-CoV-2. It also provides key
data for characterizing the origin and nature of pre-existing cross-reactive immunity to
SARS-CoV-2, which is detected in many COVID-19 and uninfected individuals (discussed
below). The high rate of reinfection 12 months after initial CCoV infection suggests that
sterilizing humoral immunity is absent, but the mild clinical symptoms of reinfection point
to control by cellular responses that limit disease severity [4,5]. Similarly, cellular responses
against SARS-CoV-1 remain robust even 17 years after the initial infection despite the
waning of antibody responses [6]. Analyses of MERS-CoV have yielded similar results [7];
a recent study demonstrated that even seronegative individuals display cellular responses
against MERS-CoV [8].

In summary, cell-mediated immunity to HCoVs, SARS-CoV-1, and MERS-CoV appears
to be more robust and sustained than humoral responses. This is also seemingly the case
for SARS-CoV-2: nAbs provide 87% protection against infection for 6 months [9], with
sterilizing immunity remaining stable for 10 months, but waning afterward [10]. A study
modeled the decay of nAb titers to reveal a significant decline over 250 days, which
predisposes to reinfection [11]. Breakthrough infections in vaccinated individuals are also
an issue. People double vaccinated with the BNT162b2 mRNA vaccine were seemingly
protected from reinfection for 6 months, but serum nAbs then waned [12].

3. T-cell Contributions to Resolution of SARS-CoV-2 Infection and Memory

The limited understanding of the duration of infection and vaccine-induced protection
against reinfection and breakthrough infection, respectively, has resulted in the imple-
mentation of vaccine booster doses at spaced intervals to enhance nAb titers. However,
although conventional vaccines primarily aim to trigger humoral responses, the potential
role of cellular immunity in the context of protection against COVID-19 disease progression
should not be overlooked.

Though humoral responses are certainly important mediators in sterilizing immu-
nity, their contribution to the resolution of SARS-CoV-2 infection is likely dispensable.
For instance, patients with X-linked agammaglobulinemia and those receiving targeted
anti-CD20 immunotherapy recover from COVID-19 without complications [13,14]. In
contrast, robust CD4+ and CD8+ responses—the majority of which are directed against
the S protein—are detected in convalescent COVID-19 patients [15,16] and are much more
variable in acute severe COVID-19 [17]. Furthermore, CD4+ responses—not the antibody
response—appear to be the best predictor of COVID-19 severity [17]. The early induction of
T-cell responses is a major determinant of mild COVID-19, whereas delayed recruitment is
associated with severe disease [18]. Lastly, asymptomatic individuals or those who recover
from mild COVID-19 exhibit robust T-cell responses to SARS-CoV-2, despite remaining
seronegative [16]. These findings show that while nAbs contributions pertain to the pro-
tection against SARS-CoV-2 infection, optimal T-cell responses ensure a favorable clinical
outcome by clearing the infection.

Moreover, Dan et al. assessed immunologic memory 8 months post-SARS-CoV-2
infection [19]: nAb titers declined significantly over the 8 months, with approximately
25% of subjects becoming seronegative during this time. In contrast, cellular responses are
more durable: 90% and 70% of individuals exhibited CD4+ and CD8+ responses, respec-
tively, with most CD4+ cells adopting a follicular helper (Try) phenotype. Furthermore,
memory B-cells were detected in 100% of subjects after 8 months and even increased
over time, being higher at 6 months than 1-month post-symptom onset [19]. Therefore,
while nAb responses decay significantly over time, cellular and memory responses remain
comparatively more stable.

Regarding vaccination, immunologic memory 6 months after the second dose of
the mRNA-1273 Moderna vaccine features measurable CD4+ and CD8+ memory T-cell
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responses in 100% of individuals, with a significant portion of CD4+ memory assuming
a Tpy phenotype [20]. An interesting comparative study evaluated the phenotypes of
immunologic memory 6 months after vaccination by the BNT162b2 Pfizer, mRNA-1273
Moderna, Ad26.COV2.S Janssen, and NVX-CoV2373 Novavax vaccines. At 6 months after
vaccination, although the mRNA vaccines featured significant reductions in antibody titers,
T-cell and B-cell memory responses remained stable with 100% of individuals being positive
for CD4+ memory T-cells [21].

Despite these encouraging results, these studies evaluated immunologic memory
to SARS-CoV-2 in the blood. However, immunological memory is active at infection
sites, draining lymph nodes (LNs), and secondary lymphoid organs. In this context, a
recent study characterized tissue-level immunologic memory 6 months after SARS-CoV-2
infection to reveal abundant tissue-resident memory T and B-cells mainly in the lungs and
lung-draining LNs with abundant germinal center reactions in the latter [22]. These results
demonstrate that SARS-CoV-2 infection elicits a robust and coordinated cellular memory
response [22].

Therefore, while cellular responses are essential to combating SARS-CoV-2 infection
and ameliorating disease severity, they are also crucial in immunological memory against
SARS-CoV-2. These immunologic responses attenuate clinical severity upon reinfection.
Interestingly, recent studies have associated SARS-CoV-2 reactive memory T-cells with a
reduced risk against reinfection, suggesting a potential role of T-cells in protecting against
the acquisition of COVID-19 [23,24]. This could have major public health implications, par-
ticularly for vaccine boosting intervals, since only considering serology may underestimate
infection- or vaccine-induced protective immunity. However, the lack of protection against
reinfection/breakthrough infection with VOCs, despite the presence of robust cellular
memory, argues against a role of T-cells in the protection against the acquisition of infection
and is more consistent with a predominant role of nAbs in sterilizing immunity.

4. T-cells Cross-Recognize SARS-CoV-2 Variants including Omicron

The cellular entry of SARS-CoV-2 is mediated by its surface S protein, which binds
to host angiotensin-converting enzyme-2 (ACE2) receptors. It is no surprise then, that
nAbs, both natural and therapeutic, target regions of the S protein, particularly the receptor-
binding domain (RBD) and N-terminal domain (NTD). Consequently, the S protein is
subject to extreme selection pressures, resulting in mutations in the sequences targeted by
nAbs. VOCs indeed harbor mutations in these sequences, resulting in antibody escape and
reduced nAb activity against them [25,26] (Table 1). For example, the Omicron (B.1.1.529)
variant features 32 new mutations relative to the ancestral Wuhan strain in the S protein
concentrated in the RBD and NTD of S [27]. This clinically manifests in SARS-CoV-2,
significantly evading antibody responses: the serum from convalescent patients shows a
44-fold lower efficacy in neutralizing Omicron than the Delta variant; the FDA-approved
nAb cocktails of REGN-CoV-2 (casirivimab and imdevimab) and Eli-Lilly (etesevimab and
bamlanivimab) fail to inhibit SARS-CoV-2 cellular entry; and the serum collected from
vaccinees 10 months after the second BNT162b2 dose shows a 12-fold lower efficacy in
neutralizing the Omicron variant compared to the Delta variant [28].

However, the current COVID-19 vaccines demonstrate >80-90% protection in pre-
venting hospital admissions and emergency department visits after the completion of
three doses [29] (Table 1). COVID-19 infection is indeed less severe among vaccinated
patients than among those unvaccinated [29,30]. Therefore, although nAb responses appear
significantly affected with increased chances of breakthrough infection, the vaccines re-
main effective in preventing severe disease. This is likely underpinned by durable cellular
memory responses that VOCs cannot escape.

T-cells recognize and target a broader range of SARS-CoV-2 proteins compared to
nAbs. Whereas nAb targets are limited to the viral surface, T-cells target surface as well as
structural proteins. In this regard, though most studies show the S, M, and N proteins as
being the immunodominant SARS-CoV-2 antigens targeted by T-cells, strong responses
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are also detected against ORF3, ORF8, ORFlab, and nsp3, 4, 6, and 12 [31]. T-cells also
recognize a broad range of epitopes within each antigen; over 1800 such epitopes have been
identified so far [31,32]. Furthermore, Tarke et al. revealed that, on average, each individual
recognizes 15-20 CD4+ and CD8+ epitopes each, suggesting that this may minimize
the likelihood of VOCs escaping T-cell responses, since it is unlikely that VOCs acquire
mutations in all these sequences [33]. In agreement with this, a recent study demonstrated
CD4+ and CD8+ T-cells targeting 10-11 epitopes of SARS-CoV-2, of which 84% and 88%,
respectively, of responses are preserved against Omicron [34]. Furthermore, 70-80% of T-cell
responses against the Omicron S protein are preserved in both vaccinated and convalescent
individuals [35]. Thus, the breadth of the T-cell repertoire generated against SARS-CoV-2
minimizes the likelihood of the evasion of T-cell responses by the VOCs.

Table 1. Efficacy of the COVID-19 vaccines in protecting against infection and severe disease caused
by VOCs. Despite impaired protection against infection, protection against severe disease is main-
tained. This might be underpinned by preservation of T-cell responses against the VOCs.

Efficacy of the First-Generation Vaccines against VOCs.

Vaccine

Protection against Severe

Strain Disease (%, 95% CI)

Protection against Infection

Pfizer-BioNTech (BNT162b2)

SARS-CoV-2 (Wuhan-Hu-1) 95% [36]

Decreased neutralization titers
by 2.2-fold compared to
Wuhan-Hu-1 [38]

96.7% (73.9-99.9) [37]

Delta (B.1.617.2) 93% (84-96) [39]

Decrease in neutralization of
44-fold compared to
Wuhan-Hu-1 [40]

Omicron (B.1.1.529) 70% (62-76) [41]

Moderna (mnRNA-1273)

93.2% (91.0-94.8) vs.
symptomatic disease [42]

100% (CI could not be
estimated) [43]

95.9%nadj (86.9-98.7) [45]

SARS-CoV-2 (Wuhan-Hu-1)

Delta (B.1.617.2) Only modestly decreased [44]

Decrease in neutralization of
33-fold compared to
Wuhan-Hu-1 [40]

Omicron (B.1.1.529) 81.1%ynadj (29.8-94.9) [45]

AstraZeneca (ChAdOx1)

SARS-CoV-2 (Wuhan-Hu-1) 93% (at 83 IU/mL) [46] 89.9% (83.5-93.8) [47]

Eight-fold reduction in
neutralizing titers compared
to Wuhan-Hu-1 [48]

Delta (B.1.617.2) 92% (75-97) [49]

Decrease in neutralization of
36-fold compared to
Wuhan-Hu-1 [40]

Omicron (B.1.1.529) Approximately 56% [50]

J&]J Janssen (Ad26.COV2.5)

SARS-CoV-2 (Wuhan-Hu-1) 100% [51]

1.6-fold reduction in
neutralization sensitivity
compared to Wuhan-Hu-1 [52]

57.7% (—2.6-82.5) [47]

Delta (B.1.617.2) 81% (75-86) [53]

Majority of samples did not
reveal neutralizing activity
[27]

Omicron (B.1.1.529) 74% (57-84) [41]

5. Pre-Existing SARS-CoV-2 T-cell Cross-Reactivity

Numerous reports early in the pandemic demonstrated the presence of SARS-CoV-2
reactive T-cells in healthy donor blood samples, some of which were collected even before
the pandemic [15,54-57]. Based on subsequent studies, these T-cells were shown to likely
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derive from exposure to CCCoVs, although other potential origins have been reported,
including prior exposure to influenza or CMV [58-61].

Studies then investigated the impact of pre-existing T-cell reactivity on the clinical
outcome of COVID-19 and on immune responses post-vaccination. In this regard, pre-
existing T-cell immunity to SARS-CoV-2 is associated with a less severe COVID-19 clinical
course [62,63]. To explain these findings immunologically, recall that the timeliness of
the T-cell response is a key determinant of COVID-19 severity. Therefore, the recruitment
of pre-existing T-cell memory responses upon infection may confer a kinetic advantage
in favor of SARS-CoV-2 clearance [32]. In this regard, Loyal et al. demonstrated the
recruitment of cross-reactive T-cells after SARS-CoV-2 infection and after vaccination with
the BNT162b2 mRNA vaccine, resulting in more robust cellular and humoral responses
in both instances [64]. Mateus and colleagues reported similar findings after a low-dose
mRNA-1273 Moderna vaccination, whereby pre-existing T-cells enhanced spike-specific
Trp and antibody responses [20].

Therefore, pre-existing T-cell memory against SARS-CoV-2 originates from prior ex-
posure to the CCCoVs and augments the adaptive response against SARS-CoV-2, both
after infection and vaccination. Lastly, two studies uncovered a protective function of
pre-existing memory T-cells against SARS-CoV-2 infection [23,24]. However, comparing
the T-cell repertoire induced by SARS-CoV-2 infection with that of pre-existing T-cells has
revealed 227 new epitopes targeted by infection-induced T-cell responses, suggesting a
limited function of pre-existing immunity to sterilizing immunity, since infection elicits
largely a new epitope repertoire [33].

6. Discussion

In this review, we covered the major findings related to the immunology of T-cells
contributing to maintained vaccine efficacy. T-cells are crucial in clearing SARS-CoV-2
infection—even without seroconversion—manifested clinically as a more favorable COVID-
19 prognosis. T-cells also remain remarkably more stable after SARS-CoV-2 infection and
vaccination compared to nAbs, which wane significantly after 6 months. The broad range
of epitopes targeted by T-cells allows for largely preserved responses to SARS-CoV-2 VOCs.
Lastly, pre-existing T-cell memory responses appear to have a beneficial effect on the
robustness of the immune response after infection and vaccination. However, numerous
uncertainties still exist regarding cellular immunity to SARS-CoV-2 that must be addressed
by future research.

Future SARS-CoV-2 variants will inevitably emerge, which may have accumulated
more spike mutations than Omicron and evade humoral responses to an even greater
extent. Future clinical trials that will assess vaccine efficacy necessarily have to measure
T-cell responses, and not solely focus on nAbs, since the latter can potentially be severely
compromised, leading to significant public concern and reservations over the current
vaccines [65].

Since pre-existing T-cell immunity may be associated with less severe COVID-19, better
characterization of the T-cell response against other HCoVs may identify suitable candidate
antigens to include in future vaccines. If the T-cell response against these sequences is
conserved in SARS-CoV-2, these vaccines will broaden the vaccine-induced T-cell repertoire
against SARS-CoV-2 and protect from other zoonotic coronaviruses with pandemic-causing
potential [32]. Alternatively, elucidating protective CD4+ and CD8+ phenotypes against
disease progression may allow for the inclusion of specific SARS-CoV-2 sequences into
second-generation vaccines to broaden the vaccine-induced T-cell repertoire [66].

However, population-based data of T-cell responses is currently lacking and are
needed to identify correlates of protection that can be leveraged to protect against severe
disease via vaccination and identify at-risk individuals who may benefit from booster doses
over others, which will help inform future public health strategies [65]. Furthermore, direct
clinical evidence associating specific T-cell repertoires and COVID-19 severity is currently
lacking and defining what constitutes a protective T-cell response upon vaccination or
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infection needs to be the focus of future studies. In this regard, the relative contributions
of nAbs and T-cells to the protection against infection and disease progression need to be
precisely delineated. However, a major hindrance in conducting such a study is isolating
nAb and T-cell responses. For example, good nAbs may protect against infection and
control disease progression, but this would make the precise role of T-cells challenging to
disentangle [67]. In addition, such a study requires a considerable sample size due to the
low incidence of severe disease, especially in vaccinated individuals. A recent review to
address this dilemma advocated focusing on breakthrough infections and then assessing
nAb and T-cell responses as independent and combined predictors of clinical outcome
and/or viral decay [67]. Undoubtedly, better characterizing the adaptive response against
SARS-CoV-2, with a focus on cellular immunity, will inform future diagnostic approaches,
vaccine designs, and public health strategies.

A major step to delineating protective versus maladaptive T-cell responses would
be standardizing the laboratory approaches to assess them. An excellent review by Vard-
hana et al. surveyed the various laboratory approaches to evaluate T-cell responses, many
of which have the potential to be applied at a population level [65]. Combining T-cell
responses, and serology in parallel, in clinical studies will allow us to holistically ap-
preciate the adaptive response to SARS-CoV-2 infection and vaccination. Furthermore,
this will provide a more accurate estimation of the prevalence of COVID-19, since many
asymptomatic or mildly affected individuals are seronegative but do develop robust T-
cell responses. Lastly, we recommend standardizing the approach to measuring T-cell
responses, since this will also allow for more accurate comparisons between studies, which
is a current limitation.
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