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Abstract

Durable T cell responses to SARS-CoV-2 antigens after infection or vaccination improve immune-
mediated viral clearance. To date, population-based surveys of COVID-19 adaptive immunity
have focused on testing for IgG antibodies that bind spike protein and/or neutralize the virus.
Deployment of existing methods for measuring T cell immunity could provide a more complete
profile of immune status, informing public health policies and interventions.

INTRODUCTION

In the early stages of the pandemic caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), public health measures in the United States were focused
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on minimizing spread of coronavirus disease 2019 (COVID-19) and protecting vulnerable
populations through lockdowns and social distancing measures. With the emergency use
authorization of multiple vaccines, the goal of achieving herd immunity appeared attainable.
By May 2021, the combined vaccine- and infection-induced seroprevalence rate was
reported to have reached 83.3% in the United States based on blood donor serology (1),
with the caveat that these findings may not have been representative of the entire U.S.
population. Although vaccinations markedly reduced both SARS-CoV-2 infections and
infection-related morbidity and mortality, we have witnessed the emergence of variants
with decreased susceptibility to antibody-mediated neutralization (2). In the United States,
hospitals have been overwhelmed with new patients with COVID-19, and mortality rates
increased during the Delta variant surge. Emergence of the Omicron variant demonstrated
that waves of SARS-CoV-2 reinfection can occur, even in countries with high population
immunity due to prior infection and vaccination (3). SARS-CoV-2 will continue to evolve,
increasing the likelihood of evading host immunity. We must use every tool at our disposal
to enable societal movement and freedom while also protecting individuals from clinically
severe disease and mortality. To accomplish this goal, a comprehensive understanding of the
adaptive immune response to SARS-CoV-2 infection is imperative.

Cellular immunity plays a crucial role in resolution of SARS-CoV-2 infection

The adaptive immune system is composed of two separate, complementary branches that
respond to SARS-CoV-2 infection through distinct but overlapping mechanisms and with
differing Kinetics (4-6). COVID-19 vaccination and infection by SARS-CoV-2 induce both
humoral immunity mediated by B cell-derived antibodies and cellular immunity mediated
by T cells (4, 5, 7) and memory B cells (8, 9). However, much of the focus in vaccine
development and immunity surveillance has been on the role of neutralizing antibodies
(nAbs), with less emphasis on understanding the role of T cells, memory B cells, and
non-nAbs that may confer protection via mechanisms such as opsonization and antibody-
dependent cellular cytotoxicity. Mounting evidence suggests T cell contributions to the host
immune response are required for early, broad, and durable protection from SARS-CoV-2,
especially in the setting of new variants of concern (VOCs) (3, 6, 7, 10).

T cells can recognize a broad range of SARS-CoV-2 antigens after infection
—By recognizing a broader range of viral epitopes, the T cell response may be more

adept at responding to infection with evolving viral variants than antibodies. T cells can
recognize linear determinants of proteins such as spike, including regions of the protein not
subject to viral mutation-driven escape from antibodies. Moreover, the targets of nAbs are
restricted to proteins on the viral surface, including the spike protein targeted by current
SARS-CoV-2 vaccines, whereas T cell epitopes are derived from both structural and surface
proteins. Furthermore, in contrast to other coronaviruses in which more than half of the T
cell recognition targets the spike protein, the antigen hierarchy is more distributed across the
SARS-CoV-2 proteome (10).

T cell epitopes are also shared among SARS-CoV-2 variants. On average, the spike-derived
epitopes conserved at 100% amino acid sequence identity constituted 84.5 and 95.3% of the
total CD4* and CD8* T cell epitopes, respectively (11). Similarly, there was no difference
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in the CD4* and CD8* T cell response to Delta spike peptides compared with ancestral
spike peptides (12). In contrast, SARS-CoV-2 VOCs have resulted in partial evasion of
humoral immunity with reduced nAb activity generated by either previous infection or
vaccination (13, 14). Sera from vaccinated and convalescent individuals showed a four- to
sixfold decrease in activity against the Delta variant. Furthermore, monoclonal antibodies
used in a therapeutic capacity showed reduced neutralization and impaired binding to

the Delta and Omicron spike protein (15, 16), and the Alpha and Beta variants are both
refractory or resistant to therapeutic monoclonal antibodies directed against the spike protein
(14). Modeling and in vitro analysis of the highly mutated Omicron variant has revealed
considerable antibody escape (17). Despite the known loss of neutralizing capacity against
the Delta, Omicron, and other VOC, vaccine efficacy in protecting from severe disease,
hospitalization, and death has been only minimally to moderately affected, suggesting that
durable cellular immune memory has a role in protecting against variants. In further support
of these observations, 70 to 80% of the CD4* and CD8* T cell epitopes in the spike protein
are not affected by Omicron mutations, and T cell responses appear to be largely preserved
(18, 19).

T cells protect after reinfection and provide durable immunologic memory—
Studies have shown that humoral and cellular immunity is retained after SARS-CoV-2
exposure (6, 20) or vaccination (21). However, unanswered questions remain regarding
the level and duration of immunologic memory and its efficacy against SARS-CoV-2
reinfection. The limited understanding of the waning durability of host immune protection
after SARS-CoV-2 infection and/or vaccination has contributed to implementation of
immunization boosters shown to enhance both humoral and T cell responses (22).
Although booster doses may enhance the magnitude and diversity of antibody responses
in immunocompromised individuals with low antibody titers after their initial vaccination
series, the protective role of T cells after reinfection is especially of interest given the loss
of neutralizing capacity that has been demonstrated even in healthy participants both over
time and in response to novel variants. Reports of association of optimal T cell responses
with mild disease after primary infection (23) were supported by more recent accounts of
protection conferred by SARS-CoV-2—specific memory T cells on secondary exposure (24,
25).

T cell responses have been detected in individuals who failed to seroconvert after
asymptomatic or mild COVID-19 (4). Patients receiving B cell-depleting therapy exhibited
a decreased antibody response while maintaining a similar T cell response compared with
healthy controls after vaccination (26, 27). In addition, CD8" T cell responses correlated
with disease severity and mortality in patients with an impaired humoral response due to
hematologic malignancies (28). A consensus is evolving around the significance of high
levels of nAbs in mediating protection from SARS-CoV-2 infection, with a complementary
role for T cells and memory B cells in preventing severe disease and hospitalization.

The durability of the T cell response is still under investigation; however, robust SARS-
CoV-2-specific CD4* and CD8* T cell responses have been observed up to 1 year after
infection and at least 6 months after vaccination (6, 20, 21). In addition, as previously
shown, memory T cells to SARS-CoV-1 have been detected 17 years after exposure,
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suggesting that T cells may provide durable protection against severe COVID-19 disease
(29).

T cell activity in response to SARS-CoV-2 may signal anticipated disease severity for
patients with COVID-19

Insights gained during the pandemic point to a promising role for T cells to help us
understand how SARS-CoV-2 is recognized by the adaptive immune system and how

the immune response may provide insight into COVID-19 prognosis. For example, early
induction of SARS-CoV-2-specific interferon-y (IFN-y)-secreting T cells is associated with
mild disease and accelerated viral clearance (23, 30). Limited mapping of SARS-CoV-2
epitopes targeted by CD4* and CD8™ T cells has revealed that certain viral proteins contain
dominant epitopes commonly shared by multiple individuals (31). Defining these commonly
shared epitopes in the context of peptide presentation by human lymphocyte antigen (HLA)
alleles could lead to identification of increased or decreased COVID-19 risk in populations
with particular HLA polymorphisms. A detailed analysis of B and T cell populations

in patients with COVID-19 showed that more severe disease was associated with lower
frequencies of CD8* and CD4* T cells and that there was a greater reduction of CD8* T
cells compared with CD4* T cells in less severe disease (32). In one report, T cells unique
to specific SARS-CoV-2 peptides were enriched in patients with severe disease, raising

the intriguing possibility that the immune response to specific epitopes may contribute to
disease severity (33). Similarly, T cells with certain phenotypes and overexuberant T cell
responses have been linked to adverse outcomes (34). Defining what constitutes a protective
versus harmful T cell response warrants further investigation. It will also be important to
delineate the spatiotemporal dynamics and distribution of vaccine- or infection-induced T
cells that correlate with better disease control, as opposed to T cell responses that reflect
advanced disease and increased viral load.

Advancements in measuring T cell activation in response to SARS-CoV-2 could provide
consequential insights for public health

More extensive characterization of T cell responses is needed to fully understand

the immune response to SARS-CoV-2 and support the creation of informed public

health strategies. The availability of laboratory technologies capable of assessing T

cell responses makes the acquisition of population-level data a viable option. Antigen-
specific T cell responses can be assessed by assays measuring cytokine production after
antigen stimulation, such as the enzyme-linked immunosorbent spot (ELISpot) assay

and intracellular cytokine staining (ICS), or the activation-induced marker (AIM) assay.
ELISpot has previously been used to evaluate the duration of sustained T cell responses

to SARS-CoV-2 (35). When multiplexed with flow cytometry, ICS and AIM have been
used to phenotype activated cells (10, 35), allowing characterization of immunophenotypes
associated with severe COVID-19. The use of tetramers has allowed for direct ex vivo
characterization of SARS-CoV-2—-specific T cells (36). In addition to these approaches, the
U.S. Food and Drug Administration (FDA) granted emergency use authorization to a high-
throughput assay that relies on next-generation sequencing (NGS) to detect and characterize
SARS-CoV-2-specific T cell receptors (TCRs) for identification of prior SARS-CoV-2

Sci Immunol. Author manuscript; available in PMC 2023 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vardhana et al.

Page 5

infection (37). TCR immune repertoire sequencing has been applied to analyze more than
6500 samples and map epitopes to commonly shared TCR sequences (37, 38).

Broadly divided into molecular and cellular assays (Fig. 1), each T cell detection technology
comes with inherent advantages and limitations. The choice of a specific assay to interrogate
T cell responses may depend on the availability of reagents, equipment, expertise for data
analysis, and the scale of the investigation, among other factors. For example, application of
TCR sequencing assays based on NGS combined with trained machine learning algorithms
as “classifiers” is a powerful and fast-improving area in COVID-19 diagnosis (37, 39).

In the past, technical challenges and costs associated with sequencing and development

of bioinformatic data analysis pipelines hindered wide-scale adoption of these assays.
However, continual refinements such as minimizing amplification bias in multiplexed
polymerase chain reactions (PCRs) using synthetic immune repertoires and reductions

in sequencing costs are making NGS-based approaches increasingly advantageous. The
requirement for DNA instead of the more logistically challenging cryopreserved, viable
peripheral blood mononuclear cells (PBMCs) and the lower likelihood of NGS-based
methods to be adversely affected by novel viral variants provide additional benefits in both
assay accessibility and reproducibility.

Most cellular assays including ELISpots and ICS/AIM coupled with flow cytometry

require in vitro restimulation of T cells with HLA class I or class Il peptides to measure
cytokine production or, alternatively, up-regulation of surface activation markers (AIM).
Assay modifications, such as the use of overlapping peptide pools, allow for coverage

of all potential epitopes within a given antigenic protein and enable adoption of cellular
assays for population-level assessments. ELISpots are inexpensive and the most convenient
among these assays because the stimulation is followed by direct development of spots

for enumeration, bypassing the need for advanced equipment and highly trained personnel.
This practicality has made ELISpot an assay of choice in many clinical trials. Although
ELISpot assays are easier to use, restimulation assays followed by flow cytometry—based
analysis such as the ICS and AIM approaches allow for more in-depth characterization of

T cells including the association of cytokines and/or activation markers with specialized

T cell phenotypes including effector, memory, and other specialized subsets within the
antigen-specific population. However, all in vitro restimulation assays require either fresh
blood samples or healthy, cryopreserved PBMCs that retain their ability to produce
cytokines during a recall response. In addition, ICS and AIM assays require relatively costly
equipment and reagents, trained personnel, and are complicated by the inherent subjectivity
of flow cytometry data analysis. These issues present significant barriers for the use of these
assays in the clinical laboratory environment. Last, although tetramers or similar multimeric
reagents confer the added advantage of binding T cells independent of their functional
status, their applicability is restricted to individuals expressing specific HLA haplotypes.
Considering HLA polymorphism, this approach is therefore not ideal for assessment of
population-level T cell responses. Similar to many of the other cell-based assays, tetramer-
based flow cytometry remains predominantly an investigational tool. A framework is needed
to both understand when such tests should be translated to the clinical laboratory and what is
the most appropriate regulatory framework to do so.
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In the broader context, functional cellular assays based on the detection of well-established
markers of T cell activation such as IFN-y have been deployed clinically and proven useful
for tuberculosis (TB), where the Mycobacterium tuberculosis-specific IFN-y release assay
(IGRA) has replaced the previous, nonspecific purified protein derivative skin test. Two
IGRA tests have been approved by the FDA for TB, namely, the QuantiFERON-TB Gold In-
Tube assay, which is a modified enzyme-linked immunosorbent assay, and the T-SPOT. 78
(T-Spot) test, based on the principle of ELISpot (40). Research using only IGRA assays for
SARS-CoV-2 infection exists (41) in the United States, including QIAGEN’s QuantiFERON
SARS-CoV-2, but has not received FDA authorization for broad clinical use in COVID-19.
Furthermore, the FDA announced in November 2021 that it would no longer permit any
tests to be marketed clinically without first being reviewed by the FDA and being authorized
under an emergency use authorization (EUA) (42).

Currently, most population-based COVID-19 surveillance studies are monitoring
seroprevalence in blood donor samples, with one study analyzing over 1.4 million samples
(1). The broad use of seroprevalence as a monitoring approach is likely attributable to the
relative ease of doing these studies and biases them toward a focus on antibody responses.
In contrast, there are no corresponding programs to analyze the T cell response at a
national level. Although one goal of the U.S. Centers for Disease Control and Prevention
seroprevalence surveillance program is to monitor previous exposure, multiple studies
have demonstrated poor durability of antibody responses with declining titers over time
(43) and, in some cases, lack of seroconversion, particularly in asymptomatic individuals
(4), suggesting that data collected by seroprevalence studies may underestimate disease
prevalence. Conversely, even in asymptomatic individuals, a strong and durable T cell
response is detected (4), indicating that combining T cell metrics with seroprevalence may
yield a more accurate measure of disease prevalence and population immunity.

Data about the cellular adaptive immune response should be expected for clinical trials
supporting new therapies and vaccines. The FDA only required outcomes data (i.e., direct
evidence of protection from infection and/or disease) for emergency use authorization (44).
Although updated FDA guidance does recognize the use of immunogenicity studies to
support efficacy of modified COVID-19 vaccine directed against SARS-CoV-2 variants

and in trials in younger pediatric subjects, the agency focuses solely on measurements of
antibodies. The initially announced results of the BNT162b2 vaccine trial in a pediatric
population ranging from ages 2 to under 5 years were deemed insufficient to support
emergency use authorization (45), yet only antibody results were considered in the analysis.
This outcome failed to account for the possibility of a protective role by vaccine-induced

T cells. Given the likely contribution of T cells in protection and the paucity of population-
based data on the T cell response to SARS-CoV-2 infection and vaccination, future publicly
funded vaccine trials should require a thorough assessment of both cellular and humoral
immunity.

We believe a more complete understanding of the adaptive immune response to SARS-
CoV-2 could be leveraged to inform public health policies and targeted interventions to
protect vulnerable populations. In addition, comprehensive evaluation of vaccine-induced
immunity will help counter vaccine misinformation that has arisen, in part, because of lack
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of T cell metrics. A case in point is a study that received significant media coverage, which
suggested that the Ad26.COV2.S vaccine was 50% less effective against viral variants (46).
These findings were directly refuted by a manufacturer-sponsored study that concluded
that despite a decrease in antibody neutralization activity against viral variants, the T cell
response remained unchanged, benefitting vaccine recipients with strong and persistent
immunity (47).

As viral variants continue to evade host immune defenses, a second generation of vaccines
or novel, tailored boosters may be necessary to enhance immunity to future SARS-CoV-2
VOC. The rapid rise in the prevalence of the heavily spike protein-mutated Omicron
variant in South Africa and across the globe, as well as the Delta subvariant AY.4.2 in the
United Kingdom (48), serve as an important reminder that variants will continue to emerge,
resulting in decreased efficacy of the humoral response generated by previous infection
with ancestral strains or vaccination. Furthermore, SARS-CoV-2 spike protein is capable

of inducing host cell fusion, allowing cell-to-cell viral transmission that is refractory to
antibody neutralization (49). These findings underscore the importance of cellular immunity
and T cell recognition of viral variant epitopes and the cytotoxic clearance of virally
infected cells. A thorough understanding of the T cell response is needed to design the next
generation of vaccines that target a broad spectrum of SARS-CoV-2 antigens recognized by
T cells.

As we adapt to coexist with SARS-CoV-2, it is imperative that we learn all that we can
about the virus and the host immune response to drive further reductions in clinically
severe disease and death. Current serology-focused testing strategies, although providing

a wealth of important information, do not capture the full spectrum of immune responses

to emerging variants in both healthy and vulnerable populations. Insights into the cellular
immune response at the population level could be leveraged to protect against severe disease,
especially in immunocompromised and susceptible individuals. Critical data supporting the
role of T cells in actual protection against COVID-19 is vital and currently lacking. This
issue is further evidenced by gaps in data generation regarding T cells in the development
of existing and future vaccines. In addition to characterizing the role of T cells, we also
need to implement clinical studies to define protective and maladaptive T cell responses
and the impact they have on clinical presentations and course of disease. The ideal goal
would be to define protective T cell responses after infection or vaccination or both. A
recent study was conducted by Oxford Immunotec Global PLC in collaboration with Public
Health England, where an assay based on the principle of ELISpot (T-SPOT Discovery
SARS-CoV-2 assay) was used to measure T cell response in close to 3000 participants

who were then followed up for symptomatic, PCR-confirmed SARS-CoV-2 infection (24).
The study concluded that individuals with SARS-CoV-2-reactive T cells were protected
from COVID-19. Because of the mutability of the virus, multiple vaccine constructs, and
the diversity of the immune response, even larger-scale clinical studies may be required to
define the protective T cell responses. Given the scalability and reproducibility of TCR
sequencing—based approaches, this platform may be more suitable for population-level
studies aimed at defining protective T cell responses. Prospective, large-cohort clinical
studies that recruit thousands of volunteers may be required to find and characterize T cell
correlates of protection using NGS assays, such as Adaptive Biotechnologies” immunoSEQ
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(38). Serology testing can be conducted in parallel in these volunteers to gain further
insights on correlation of humoral and cellular immunity. Evidence suggests that studying
the cellular response to SARS-CoV-2 could allow for risk stratification among individuals
as we isolate the variables contributing to increased morbidity and mortality (27). Advances
in T cell-based molecular testing technologies enable evaluation of the broader adaptive
immune response, can improve messaging for future vaccination campaigns, and may help
inform and expedite public health strategies. Ultimately, we believe that understanding the
specific and complementary roles of the adaptive immune response to SARS-CoV-2 will
further decrease our vulnerability to a virus that has proven to be a formidable adversary.
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Fig. 1. Schematic of molecular and cellular technologies for the evaluation of T cell responsesto
SARS-CoV-2.

Molecular assay workflow (left) as shown is modeled on Adaptive Biotechnologies’
immunoSEQ platform (38). Genomic DNA and a control synthetic immune repertoire
template (not shown in the illustration) are PCR-amplified in parallel using primers specific
for V-J sequences and subsequently for introduction of sequencing adapters and barcodes.
NGS is performed, and the generated sequences are fed to the binary classifier to obtain

the final results. In the classifier and threshold call graph, the enhanced sequences count

(v axis) refers to the number of identified public SARS-CoV-2—associated TCRs versus the
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total number of unique rearrangements (x axis) within a given sample. The diagnostic model
threshold is set to a high predetermined specificity against a set of holdout negative controls
not used in training. Cellular assays (right) require viable PBMCs and can use either ex

vivo stimulation for functional readouts, as in ELISpots and ICS/AIM assays, versus direct
labeling with HLA- and peptide-specific tetramers. ICS/AIM and tetramer-based approaches
involve acquisition of samples by a flow cytometer.
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