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ARTICLE INFO ABSTRACT

Keywords: Exceptional efforts have been undertaken to shed light into the biology of adaptive immune responses to SARS-
SARS-CoV-2 CoV-2. T cells occupy a central role in adaptive immunity to mediate helper functions to different arms of the
COVID-19 immune system and are fundamental to mediate protection, control, and clearance of most viral infections. Even
Memory T cells . . . . . o1 s o s

Vaccine though many questions remain unsolved, there is a growing literature linking specific T cell characteristics to

differential COVID-19 severity and vaccine outcome. In this review, we summarize our current understanding of
CD4" and CD8™ T cell responses in acute and convalescent COVID-19. Further, we discuss the T cell literature
coupled to pre-existing immunity and vaccines and highlight the need to look beyond blood to fully understand

how T cells function in the tissue space.

1. Introduction

With an evolving pathogen like SARS-CoV-2, it remains absolutely
necessary to gain a better understanding of the precise mechanisms that
enable immune protection of SARS-CoV-2 and future viral variants. In
this context, the adaptive immune system occupies a key role by re-
recognizing viral antigens and rapidly block or generate control to
limit disease progression. Adaptive immunity consists of two major
components: B cells and T cells. In simplified terms, B cells produce
antibodies and T cells provide helper functions to other immune cells
and directly eliminate virus-infected cells. The current literature is
replete with studies, from both natural infection and vaccination,
showing that neutralizing antibodies serve as a key effector correlate,
appropriately, of COVID-19 protection (reviewed in [1]). However,
current SARS-CoV-2 variants of concern (e.g. Delta variant) partly sub-
vert neutralizing antibodies [2], emphasizing that more studies are
needed to grasp the full picture of SARS-CoV-2-specific adaptive im-
munity. T cells are harder to examine and therefore fewer studies, in
relative terms, have focused on this arm of adaptive immunity. Never-
theless, T cells serve as the critical node to generate both effective hu-
moral- and cellular immunity; without T cells the host loses the capacity
to control normally harmless infections and succumbs, as demonstrated
in both inherent and acquired immunodeficiencies (e.g. AIDS).

T cells recognize epitopes from a wide range of viral antigens
through a combined array of T cell receptors (TCRs) that generates a
repertoire of 25 million unique clonotypes [3]. This tremendous
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diversity provides T cells an advantage to recognize for example viral
variants of respiratory viruses, such as SARS-CoV-2. T cells are broadly
divided up into two subsets: The first one, T helper cells (CD4™ T cells),
orchestrate different arms of the immune system and are critical in the
defense against both extracellular and intracellular pathogens.
Following viral infections, naive CD4" T cells differentiate mainly into
two subsets, known as T helper 1 (Th1) and T follicular helper (Tfh) cells
(reviewed in [4]). Thl promote cell-mediated immune responses by
activating other immune cells to control viral spread, while Tth provide
B cell help by mediating somatic hypermutations and affinity matura-
tion of germinal center reactions, leading to the generation of
high-affinity antibodies capable of neutralizing viruses. The second arm,
known as cytotoxic (CD8™") T cells, are important to generate control and
clear most viral infections (reviewed in [5]). Following antigen clear-
ance, long-lived memory CD8™ T cells are formed to mediate an effective
secondary response against future viral infections (e.g. Influenza A). In
the setting of chronic infections, CD8" T cells are instead known to
develop into an exhausted trajectory where both dysfunctional and more
functional subsets exist to generate durable control of persistent viral
infections (e.g. HIV, HCV, HBV). Independent of their trajectories, most
still view non-naive CD8" T cells simply as killer T cells with a main
function to eliminate virus-infected cells. However, newer studies sug-
gest a greater extent of CD8™ T cell diversity in humans [6], where these
cells can function also as innate-like sensors in tissues to promote
recruitment of other immune cells during pathogen invasion [7].
Nevertheless, based on an extensive literature it is appropriate to state
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that both CD4" and CD8" T cells are critical to generate control and
provide helper mechanisms to increase resistance to viral infection and
re-infection.

Studies of adaptive immunity to SARS-CoV-2 are starting to shed
light into the correlates of T cell responses to differential COVID-19
progression and vaccine outcome. In this review, we provide an up-
date of our basic knowledge of T cell characteristics and function to
SARS-CoV-2 in acute and convalescent infection and discuss how cross-
reactive, vaccine-induced, and tissue-resident T cells may impact pro-
tection and disease progression.

2. T cell responses in the acute phase

COVID-19 is a disease of many different outcomes. Certain in-
dividuals remain asymptomatic, while others experience severe and
critical symptoms, including respiratory failure, septic shock, multi-
organ failure and, ultimately, fatal outcome. It is now well established
that severe infection leads to a dysregulated and hyper-activated im-
mune response, similar to “cytokine storm”, creating a misfire of the
antiviral response [8,9]. Elevated cytokine and chemokine signatures of
IL-6, IL-8, IL-10, CXCL10 among others are usually manifestations of
severe COVID-19 [10,11], while the early antiviral misfire is partly
mediated by a defective type I IFN response in severe and fatal
COVID-19 [12,13]. Another prominent hallmark of SARS-CoV-2 infec-
tion is lymphopenia, a general phenomenon of COVID-19 progression,
involving major alterations in the B cell composition and a profound
impact on the T cell lineage [14,15]. The decline of T cells in the cir-
culation combined with increased immune activation profiles are
probably direct consequences of an emerging antiviral T cell response
re-distributing to the respiratory tract.

SARS-CoV-2-specific T cells are observed in most donors during
acute infection [12,16,17] (Fig. 1). The majority of SARS-CoV-2-specific
CD4* T cells exhibit a CCR7"CD45RA ™~ (central memory; 50-60 %) and
CCR7 CD45RA™ (effector memory; 25-40 %) during acute and over the
course of infection. Instead, SARS-CoV-2-specific CD8" T cells are
preferentially categorized into an effector memory phenotype during
acute infection (40-60 %), that slowly declines with time and is
replenished with the other circulating memory subsets during the course
of convalescence [18,19]. Both the CD4" and CD8™ T cell response is
commonly directed against multiple different SARS-CoV-2 antigens,
with strong responses particularly observed against spike and nucleo-
capsid [18-20]. Similar to other acute viral infections [21,22], most
SARS-CoV-2-specific CD4" and CD8™ T cells display a Th1 and effector
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profile, respectively, with increased cytotoxic capacity, elevated levels
of immune activation markers (Ki-67, CD38, HLA-DR, CD69) and lower
Th2 and Th17-mediated responses [17,23,24]. Many studies have also
observed an upregulation of inhibitory receptors (PD-1, TIM-3, CD39,
among others) during acute infection, initially suggesting that the early
T cell response in acute disease was dysfunctional and overactivated,
possibly contributing to the cytokine storm [15,25,26]. However, it has
now become more apparent that the upregulation of inhibitory receptors
are likely an activation-induced phenomenon rather than due to
exhaustion, as SARS-CoV-2-specific T cells expressing inhibitory re-
ceptors are fully functional [27]. It has also now been shown that the
source of pro-inflammatory cytokine flares contributing to immunopa-
thology does not originate from T cells, but are most likely derived from
the myeloid cell lineage [28]. There have been initial concerns of
pro-inflammatory cytokines promoting deviation from the Thl trajec-
tory of the T cells into a pathogenic Th2 or Th17 fate, however no such
phenomenon has been reported thus far — at least not in circulation [29].

SARS-CoV-2-specific T cells exhibit many specific attributes that are
associated with more or less severe COVID-19. For instance, detection of
an early CD4™ T cell response show a stronger correlation to less severe
COVID-19 than antibody and CD8" T cell responses [16]. Likewise, early
induction of a functional (IFN-y-producing) CD4™" T cell response are
found much earlier in patients with mild disease and correlates with
viral clearance [20]. These data go in line with recent preliminary data
suggesting that very rapid induction of CD8 T cells could be a cause of
asymptomatic disease [30]. A new study found that severe COVID-19 is
not preferentially associated with the quantity of the CD4"T T cell
response, but rather poor polyfunctionality and proliferative capacity, as
well as enhanced immune activation [31]. An increased immune acti-
vation profile has been distinguished in numerous studies, and together
with differential Th2, Th17 or Tfh responses to SARS-CoV-2 been asso-
ciated with distinct disease outcomes [32,33]. Collectively, the current
human data indicate that early induction of functional
SARS-CoV-2-specific T cells correlate with viral control and mild dis-
ease, whereas delayed T cell activation leads to poor functional re-
sponses and clearance of the virus and, ultimately, severe and fatal
COVID-19.

Human studies are pivotal to establish immune correlates to disease
severity, but do not offer always the same mechanistic insight as animal
studies. Early reports using transgenic mice models provided evidence
that T cells are also critical for viral clearance and disease resolution
after SARS-CoV-2 infection [34]. Recent depletion studies in similar
murine models have demonstrated that CD8" T cells serve as a
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fundamental adaptive component of early SARS-CoV-2 control and
clearance, while CD4" T cells are necessary to induce antibody re-
sponses [35]. Much of these data are supported by studies in non-human
primates, showing that CD8™ T cell depletion in animals leads to partial
abrogation of protection against SARS-CoV-2 rechallenge [36], and that
CD4" T cell responses serve as a strong immune correlate of vaccine
efficacy and neutralizing antibody levels [37]. In contrast, a new study
on non-human primates surprisingly found that T cells are not critical
for antibody class switching, development of immunological memory,
and protection from secondary SARS-CoV-2 infection [38]. These dif-
ferential outcomes could be due to differences of animal handling and
experimental setups, which highlights the needs to conduct more thor-
ough animal studies to gain a full picture of the immune correlates of
protection.

3. T cell responses in the convalescent phase

Most convalescent patients display a durable antibody and SARS-
CoV-2-specific memory T cell response after COVID-19 [39].
SARS-CoV-2-specific CD4" and CD8* T cells are detected ex vivo in 100
% and 70 % of patients with previous COVID-19 respectively [40] —
although more recent studies using barcoded tetramers indicate that
CD8™ T cell responses are detectable at low levels in all patients [24].
After the rapid expansion of CD4" and CD8" T cells during the acute
phase, both subsets decay with a half-life of approximately 200 days
[18]. Similar to antibody levels, the frequencies of SARS-CoV-2-specific
T cells stabilize over time, which is associated with an increased fraction
of memory stem-like T cells, regardless of disease severity [19]. This
subset is known to express TCF-1 as well as other memory stem cell-like
markers (such as CD45RA, CD95) in the absence of inhibitory receptors,
distinguishing them from previously described precursor exhausted T
cells [41]. During the first wave of the SARS-CoV-2 pandemic, several
studies simultaneously reported on the presence of polyfunctional
SARS-CoV-2-specific CD4" and CD8™ T cells displaying specificity both
to structural [23,42] and non-structural proteins [43,44]. Both CD4"
and CD8" T cells retain their polyfunctional characteristics for >180
days. Whereas CD4™ T cells exhibit equal functional responses against
both structural and accessory SARS-CoV-2 proteins, CD8* T cells show a
preferential recognition of the nucleocapsid protein [18,19].

Convalescent SARS-CoV-2-specific T cell responses are usually pre-
sent at somewhat lower frequencies in people with previous asymp-
tomatic COVID-19 [45]. These individuals also exhibit discordant T cell
and neutralizing antibody responses to some degree [46]. Despite these
facts, several studies have shown that asymptomatic disease also induces
polyfunctional T cell responses with coordinated secretion of proin-
flammatory and regulatory (IL-10) cytokines (IL-6, IL-1B) [47,48]. In
addition to asymptomatic patients, highly-exposed seronegative in-
dividuals show a readily detectable response that is significantly stron-
ger than in healthy and unexposed donors [23,49,50]. Polyfunctional T
cell responses in highly-exposed seronegative individuals has also been
described in the context of HIV [51], which correlated to people resis-
tant to infections [52]. Whether this type of T cell responses in the
absence of antibodies will be able to protect from SARS-CoV-2 infection
or severe disease remains to be determined.

A long-standing question has been whether the adaptive immune
response following natural infection will provide protection from re-
infection. A recent study, published before the spread of the Delta
variant, indicated that protection against repeat infection is around 80
% [53]. T cell responses are maintained at stable levels and capable of
inducing robust anamnestic responses without any decline in quality to a
period of up to 10 months [18-20,39,45,54]. In addition, stable fre-
quencies of spike-IgG" memory B cells and long-lived plasmablasts have
been detected from recovered patients, indicative of durable humoral
immunity despite low antibody titers [18,55]. With incidents of new
viral variants continuing to emerge [56], it remains likely that many will
come in contact with distinct SARS-CoV-2 strains again. However, given
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that SARS-CoV-1-specific T cells can be detected almost 20 years after
the 2003 outbreak, even in the absence of detectable antibodies [44,57],
it remains likely that coordinated memory B and T cells will form an
efficient response to provide protection from recurrent severe
COVID-19.

4. Cross-reactive T cells to SARS-CoV-2

The recognition of multiple peptide-MHC ligands by one unique TCR
provides the host with an advantage to mount a functional immune
response against an immense plethora of antigens, exceeding the num-
ber of naive T cells by far [58]. TCR cross-reactivity is preferentially a
consequence of peptide sequence similarities between closely related
pathogens, such as different influenza virus strains or flaviviruses.
However, the extreme flexibility of the TCR, or specifically focused
engagement of the TCR on a few residues within a peptide sequence,
allows a promiscuous binding capacity of TCRs between unrelated
pathogens and antigens also without sequence homology [59-61].

Since the outbreak of COVID-19, multiple studies have detected T
cell responses in the peripheral blood of unexposed individuals that
cross-recognize several structural and non-structural SARS-CoV-2 pro-
teins [17,23,40,43,44,62-68]. Cross-reactive SARS-CoV-2-specific
memory CD4" T cells are readily detectable ex vivo in approximately
20-50 % of unexposed people and detectable in almost all individuals
after in vitro expansion [62], whereas cross-reactive SAR-
S-CoV-2-specific memory CD8" T cells are less commonly detected in
peripheral blood [40]. Given their sequence homology, it has been
proposed that previous infections with endemic common cold human
coronaviruses (HCoVs) such as HCoV-OC43, HCoV-229E, HCoV-HKU1,
and HCoV-NL63 induce SARS-CoV-2-cross-reactive T cell immunity.
Indeed, expanded HCoV-specific CD4 " and CD8™ T cells from unexposed
donors show some level of reactivity to SARS-CoV-2 antigens and vice
versa [43,62,64,66-69], and shared clonotypes can be detected between
HCoV- and SARS-CoV-2-specific T cells in uninfected individuals [66,68,
69]. These cross-reactive CD4" and CD8" T cell are generally directed
against highly conserved epitopes among coronaviruses [66,63-68,70],
further supporting the concept that SARS-CoV-2-cross-reactive-T cell
responses are preferentially mediated by HCoVs.

SARS-CoV-2 infection can cause a wide array of clinical outcome
ranging from asymptomatic to severe infection and death. Whether pre-
existing SARS-CoV-2-cross-reactive T cells have any impact on disease
outcome remains debated [71] (Fig. 2). We know from other viral in-
fections that cross-reactive immunity may be a double-edged sword: A
recall of pre-existing immune cells could induce an early efficient anti-
viral immune response [72-74], but potentially also contribute to
infection-related immunopathology [60]. In addition, cross-reactive
memory T cells, which generally show lower affinity and functional
capacity [62,69], might outcompete and prevent the activation of naive
T cells — a phenomenon also called “original antigenic sin” [75] — and
therefore inhibit the generation of a primary high-affinity T cell
response to SARS-CoV-2. The antigenic sin concept, however, does not
recapitulate studies showing that recent HCoV infection is associated
with milder COVID-19 disease progression and reduced mortality [76].
Furthermore, sampling of peripheral blood from individuals prior to and
after SARS-CoV-2 infection demonstrate that pre-existing CD4" and
CD8" T cells can be recalled and expanded after infection [66,68], but
do not seem to preclude the generation of a highly polyclonal primary T
cell response after infection [66]. An early activation of
SARS-CoV-2-specific CD4" and CD8™ T cells has been associated with
fast viral clearance and a milder clinical disease outcome [20,30], but
whether an early T cell response stems from the activation of
pre-existing T cell responses or rapid priming of naive responses has
remained unclear. A new study suggest, however, that persons with
cross-reactive CD4 " T cell responses demonstrate a higher frequency of
SARS-CoV-2-spike-specific CD4™ T cells and neutralizing antibody re-
sponses post infection [67]. A similar effect can be seen after mRNA
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COVID-19 vaccination, where increased SARS-CoV-2-spike-specific
CD4" T cell and antibody responses are observed in individuals with
detectable pre-existing CD4™" T cell responses ex vivo [67,77]. Although
pre-existing CD8" T cell responses are less well studied, a recent pre-
liminary study shows that CD8" T cell responses directed against a
highly conserved region of coronavirus polymerase can be detected in
uninfected individuals and are expanded in SARS-CoV-2-exposed health
care workers that did not subsequently become infected [68]. These T
cell responses target a protein that is expressed early during the viral life
cycle, which could potentially induce abortive replication and prevent
infection [68]. Additionally, coronavirus vaccination provides heterol-
ogous protection against other coronaviruses including SARS-CoV-2 in
mice [121]

Together these findings highlight the importance of an effective early
T cell response to dampen SARS-CoV-2 infection, which may be
augmented by pre-existing immunity for infection. Further studies with
larger cohorts of longitudinal samples collected prior to and after SARS-
CoV-2 infection are necessary to better decipher the impact of pre-
existing SARS-CoV-2 immunity on the outcome of COVID-19 and
vaccine-generated immunity.

5. T cell immunity after SARS-CoV-2 vaccination

The unprecedented effort in SARS-CoV-2 vaccine development has
led to the approval of several vaccine regimens for emergency use in
numerous countries [54]. Current efforts are ongoing for their world-
wide administration to reach wide-spread immunity against
SARS-CoV-2 to prevent infection, severe COVID-19 and halt the
pandemic. To date, there are around 20 approved vaccines in at least one
country and more than 100 are in phase II or III clinical trials [78]. We
will in this review focus on vaccine-induced immunity of the widely
distributed mRNA-based BNT162b2 (Pfizer/BioNTech) and mRNA-1273
(Moderna) vaccines, as well as the adenoviral-vector-based ChAdOx1
(Oxford-AstraZeneca) and Ad26.COV2.S (Johnson & Johnson) vaccines
[79-82]. All these vaccine regimens encode for the full-length spike
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protein to induce a potent spike-specific antibody response. Recent
studies by Khoury et al. and Earle et al. have shown a strong association
between vaccine efficacy and neutralizing antibody levels after two
vaccine doses, indicating that vaccine-induced humoral immunity is a
key correlate of protection [83,84]. However, the onset of mRNA vac-
cine protection has been observed as early as 12 days after vaccination,
when neutralizing antibody levels are still undetectable, implicating
that other immune components may induce early COVID-19 protection
[85]. Furthermore, T cell responses are a necessity to generate humoral
immune responses in murine models to SARS-CoV-2 [35], and possess a
critical role in vaccine-induced immunity for respiratory infections in
mice [86,87]. Potent antibody responses rely on Tfh help [88], and
SARS-CoV-2-specific CD4" and CD8™ T cell responses are central for
viral control during natural infection [35,89]. Importantly, depletion of
CD8™ T cell responses allows SARS-CoV-2 replication in the upper res-
piratory tract of rechallenged non-human primates [36], and
COVID-19-recovered patients with impaired or non-existent B cell re-
sponses show a strong SARS-CoV-2-specific CD8" T cell response [89],
thus highlighting the need of vaccines to induce complimentary humoral
and cellular anti-SARS-CoV-2 immunity for protection.

Early immunogenicity and follow-up studies demonstrate that
BNT162b2, mRNA-1273, ChAdOx1 and Ad26.COV2.S vaccination in-
duces CD4" and CD8" T cell responses [90-94]. T cell immunity is
generated after the prime dose prior to the mobilization of neutralizing
antibody responses and thus may contribute together with Fc-mediated
antibody responses to the early protective effect of vaccination [95,96].
T cell responses further increase after the second booster dose in
two-dose regimen vaccines [90-92], and correlate with SARS-CoV-2
neutralizing antibody responses in some studies [90,96].
Vaccine-induced spike-specific CD4" T cell responses are polarized to-
wards a Thl- and Tfh- but not Th2-profile [90,94-97], similar to re-
sponses induced during natural infection [16,23,42,43]. Similarly,
vaccination-induced CD8' T cell responses show comparable func-
tional capacity compared to responses induced by natural infection,
mainly characterized by the expression of IFN-y [90-92,94-96] and the
degranulation marker CD107a [94-96]. However, some studies have
implicated that CD8" T cell responses during SARS-CoV-2 infection
demonstrate a more early differentiated profile [95,98], in comparison
to vaccine-specific CD8™ T cells after BNT162b vaccination [95]. Thus,
further longitudinal studies are necessary to determine possible differ-
ential long-term memory generation, maintenance, and longevity of
vaccine- and infection-induced SARS-CoV-2-specific T cell responses
(Fig. 2).

Due to rare cases of vaccine-induced thrombotic thrombocytopenia
after ChAdOx1 vaccination [99], some countries opted to recommend
mRNA-based vaccines as boost dose for individuals who had already
received a ChAdOx1 prime. Despite the potent induction of humoral and
cellular immunity using standard homologous vaccination (prime and
boost with same vaccine regimen), vaccine-induced immunity is further
increased after heterologous ChAdOx1/BNT162b2 vaccination [92].
Vaccinees demonstrate increased spike-specific antibody titers and
neutralization against SARS-CoV-2 including variants of concern (VOC)
Alpha, Beta and Gamma, and mount stronger spike-specific CD4" and
CD8™ T cell immunity compared to individuals who received ChAdOx1
vaccine for both doses [92]. Although these results are promising, large
efficacy studies of heterologous vaccine regimens are still lacking.

A very potent immune response against SARS-CoV-2 can also be
induced through so-called “hybrid immunity”, a combination of natu-
rally generated immunity through infection and vaccine-induced im-
munity [88]. Several recent studies compared vaccine-induced
immunity in naive versus previously infected individuals. One dose to
SARS-CoV-2 convalescent individuals induced antibody titers and
neutralization capacity against several SARS-CoV-2 VOCs that was
significantly higher compared to naive individuals who received both
vaccine doses by boosting infection-induced immunity [100,101].
Similarly, one vaccine dose to previously infected individuals seems
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sufficient to raise SARS-CoV-2-specific CD4 " T cell responses to the level
in fully vaccinated naive individuals [100,102]. While the second dose
to convalescent individuals does not boost spike-specific CD4" immu-
nity [100,102], CD8" T cell responses are further increased [102].
Whether heterologous immunization or hybrid immunity induce a pre-
served response and of distinct phenotypic or functional T cell profiles
compared to standard vaccination remains to be determined.

Concerns of current vaccine actions include existing and future
VOCs, which might escape from vaccine-induced immunity. Immuno-
genicity studies demonstrate that although one dose for convalescent
and two vaccine doses for SARS-CoV-2-naive individuals induce a potent
antibody response, binding affinity as well as neutralization and Fc
functionality is decreased against some spike-variants when compared
to the wild-type strain [100-102]. Although single sequence-specific T
cell response against variants decrease dependent on HLA poly-
morphism [101], the overall T cell response against VOCs seems to be
less affected [56,93,101,102]. These data suggest that current VOCs do
not fully escape adaptive immunity and that T cells may prevent severe
disease progression despite limited protection from VOC infections due
to inefficient spike-specific humoral immunity. The emergence of
vaccine-escaping SARS-CoV-2 variants could further be limited by
including additional viral antigens for vaccination, such as the highly
conserved nucleocapsid protein, which is likely more resistant to im-
mune selection pressure. Indeed, nucleocapsid vaccination in mice eli-
cited T cell immunity that mediated protection from SARS-CoV-2
infection [103]. Combined spike and nucleocapsid-adenoviral vaccines
furthermore decreased SARS-CoV-2 replication not only in lung, but also
brain of challenged mice [104]. Although local tissue immunity in the
brain was not assessed in this study, protection was likely mediated
through vaccine-induced T cells.

Vaccine-induced neutralization titers decline over time with a
similar half-life than infection-induced humoral responses [83,105,
1061, which has sparked a debate about the necessity of a third booster
immunization. However, initial decay rates typically slow down within
the first years and long-lived memory B and T cell responses may persist
for years and likely protect at least from severe COVID-19. Indeed, the
CD8" T cell response induced after yellow-fever vaccination initially
declined with a half-life of around 123 days within the first year [107],
which is similar to T cell decay rates after SARS-CoV-2 infection [18,39].
However, vaccination generates a fraction of long-lived memory T cells,
which are still detectable in peripheral blood for decades after
yellow-fever vaccination [107], or up to 60 years after smallpox vacci-
nation [108]. Altogether, a two-dose vaccination regimen will likely
induce a long-lasting humoral- and cell-mediated immune response that
protects most from severe illness. However, in the short term, a third
booster dose would probably be needed in elderly patients and certain
risk groups, including certain immunocompromised individuals who
generate a poor adaptive immune response [109,110].

6. Memory T cells in tissues

As highlighted before, T cell responses have been demonstrated to be
a crucial factor for full control and clearance of SARS-CoV-2 infection
[35,36]. SARS-CoV-2-specific blood memory CD4" and CD8" T cells
persists for more than 8 months post infection [18,39]. Yet, most studies
have relied solely on the analysis of peripheral blood samples and do not
take into consideration “tissue-specific immunity”, specifically in the
upper and lower respiratory tract. One specific T cell population
therefore missed in these analyses are tissue-resident memory T cells
(Trms)- These cells were identified about a decade ago and are generated
preferentially at the site of initial infection, reside solely in tissues, do
not recirculate to peripheral blood, but can give rise to peripheral blood
effector memory T cells [123], and are crucial mediators of protection
from secondary viral exposure [7]. In the context of respiratory viral
infections, Trys provide rapid viral containment at secondary exposure
by directly killing infected cells and releasing cytokines and chemokines
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to recruit other immune cells to the viral entry site in the upper and
lower respiratory tract. Under certain circumstances, Trys might even
provide heterologous immune pressure to different coronaviruses.
Studies in mouse models have demonstrated that resident memory T cell
immunity can provide heterologous protection from severe disease, e.g.
SARS-CoV and MERS [72,87,111]. Studies from our own group
demonstrate the localization of SARS-CoV-2-cross-reactive CD4" and/or
CD8" T cells with Tgy phenotype in about 50 % of oropharyngeal
lymphoid tissue samples collected from children and adults prior to the
pandemic [120]. However, whether pre-existing Trys can affect disease
outcome during primary SARS-CoV-2 infection or following SARS-CoV-2
vaccination remains to be determined (Fig. 2).

SARS-CoV-2 infection induces a virus-specific T cell immunity that
can be detected at least 8 months after infection in peripheral blood, but
analyses on tissue samples are scarce. Recently, studies on lung and
nasal tissue obtained from SARS-CoV-2 convalescent individuals have
found Tgy responses with functional reactivity against several SARS-
CoV-2 proteins that persist for at least 2-10 months after infection
[112,113]. In addition to lung and lung-associated lymph nodes,
SARS-CoV-2-specific CD4" and CD8™ T cells can also be found in other
organs from convalescent individuals [122]. Virus-specific Tgry;s located
in the upper respiratory tract are known to be long-lived [114], but
further studies are required to determine the longevity of
SARS-CoV-2-specific Tgrys in the lower respiratory tract, given that
studies in mice have demonstrate their gradual loss in the lung [115].

Similar to studies on natural SARS-CoV-2 infection, analyses of
vaccine-induced tissue immunity have been rare due to limited access. A
preliminary study by Ssemaganda et al. reports the expansion of Tgys in
the nasal mucosa after mRNA vaccination [116]. However, while
intramuscular injection — the standard route for current SARS-CoV-2
vaccine regimens — induces a systemic immune response, induction of
TruM in the respiratory tract was inefficient in mice and did not fully
abrogate lung SARS-CoV-2 replication [117]. This is consistent with
other vaccine studies demonstrating inefficient Try induction with
conventional systemic routes [111,118]. In contrast, intranasal delivery
of a ChAd-SARS-CoV-2-S vaccine induced both systemic and localized
immune responses in the lung including vaccine-specific IgA and CD8™
Trm responses, which correlated with reduced viral replication and
shedding [117]. Seven of the 100 SARS-CoV-2 vaccines currently in
clinical trials are delivered intranasally [119]. It therefore remains to be
seen whether this delivery route shows higher vaccine efficacy in clin-
ical trials and whether they will induce long-term systemic and mucosal
immunity.

7. Conclusions

SARS-CoV-2 will be nearly impossible to eradicate in any near future.
As such, it has never been more important than now to understand how
different immune cell components provide protective immune responses
to SARS-CoV-2 infection and disease severity. Many studies emerging in
the animal field show that T cells together with antibodies are essential
to provide full protection. However, many unknowns remain, such as
whether rapid induction of adaptive immune responses to SARS-CoV-2
and less severe COVID-19 manifestations are driven by pre-existing T
cells. If a pre-existing response might tweak the general immune
response, is that orchestrated by Tgrys present within the upper respi-
ratory tract? Furthermore, there is an increasing concern that current
vaccine regimens do not protect as well from new VOCs, including the
Delta variant. If breakthrough infections occur, will that then cause long
COVID, and would it therefore be necessary to include other antigens (e.
g. nucleocapsid) and new administration routes (e.g. nasal vaccination)
to promote resident memory cells in future vaccines to hinder spread to
distal sites? Thus, additional studies are needed to fully understand how
T cells and antibodies together orchestrate long-lasting natural and
vaccine-mediated immunity to SARS-CoV-2.
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