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Introduction: T cells influence COVID-19 severity and establish long-lasting
immune memory in response to vaccination and infection. The diversity of the T
cell repertoire, and complexity of T cell epitope recognition, make it challenging
to define protective epitope-specific T cells. In this study, we created a highly
specific TCR meta-database to identify T cell epitopes from the nearly complete
SARS-CoV-2 proteome and determine whether vaccination with mRNA vaccines
influenced the TCR repertoire.

Methods: Using this meta-database, we analyzed immunosequencing data of
genomic DNA to define the variable region of T cell receptor (TCR) b chain
(TCRB) sequences among participants in a longitudinal COVID-19 cohort study.
The TCR repertoire was compared between participants who were vaccinated or
unvaccinated against SARS-CoV-2 and stratified by disease severity. TCR
diversity was measured using clonality, an index defined as the inverted
normalized Shannon entropy.

Results: Highly clonal TCR repertoires correlated with age and comorbidities. Using
our meta-database approach, we found that vaccinated participants hospitalized
with infection had the most restricted SARS-CoV-2-specific CD8 TCR repertoire.
However, TCRB with predicted specificity to non-spike SARS-CoV-2 proteins
dominated the response, even in vaccinated participants. We identified a peptide
sequence in the ORF10 accessory protein that was more frequently recognized in
study participants with mild disease. Conversely, CD8 T cell recognition of a peptide
sequence in ORFlab more closely correlated with severe disease.
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Discussion: Overarchingly, TCR repertoire analysis revealed that CD8 T cells
responding to SARS-CoV-2 broadly recognize epitopes across the SARS-CoV-2
proteome, and provided opportunities to identify epitopes associated

with disease.

SARS-CoV-2, CD8 T cells, T cell receptor sequencing, vaccination, T cell receptor (TCR)

1 Introduction

Early T cell responses have been associated with milder disease
upon infection with SARS-CoV-2 (1-3), and robust convalescent T
cell responses also correlated with milder symptoms (4-6). In
murine models, lung-resident SARS-CoV-2-specific CD4 and
CD8 T cells can provide effective protection, even in the absence
of neutralizing antibodies (7). In addition, circulating SARS-CoV-2-
specific CD4 and CD8 T cells are measurable for over a year after
primary infection (8-10), and contribute to viral control in
breakthrough infections (11, 12).

SARS-CoV-2 vaccines have been instrumental in decreasing the
risk of severe disease (13-15). Messenger RNA (mRNA) vaccines,
like the mRNA-1273 and BNT162b2 vaccines, encode for the
SARS-CoV-2 spike (S) protein and induce antibodies and T cell
responses against this viral protein (16-19). Antibody magnitude
and neutralization are most frequently used as correlates of
protection against severe COVID - 19, however titers decline 6
months post vaccination (20) and may not adequately control the
development of variants of concern (VOC) (21, 22). T cell epitopes
have been shown to be more conserved across VOC and T cells have
been shown to provide cross-protection (23-25).

The T cell receptor (TCR) repertoire is tremendously diverse within
and between individuals. T cells recognize pathogens through
presentation of linear epitopes by major histocompatibility complexes
(MHCG:s) that are polymorphic and result in broad peptide presentation
that differs between individuals. Upon recognition of a peptide-MHC
complex (pMHC) by a specific TCRs, naive T cells begin differentiation
and clonal expansion, resulting in detectable changes of the TCR
repertoire specific to the antigen (26, 27). Therefore, TCR repertoires
represent a functional signature of the T cell responses. Characterization
of total, as well as SARS-CoV-2-specific, TCR repertoires can reveal
associations with disease that may identify opportunities for vaccine
design and therapeutic intervention.

The majority of human TCRs are composed of disulfide-linked
o and B chains, each containing a variable and a constant domain
(28). Somatic rearrangement of the variable (V), diversity (D) and
joining (J) gene segments, together with random additions or
deletions of nucleotides form the B chain (29). TCR diversity
results from six variable hairpin loops located in the a/f} variable
domains, named complementarity-determining regions (CDRs).
There are three oo CDRs and three f CDRs (CDRI1f, CDR2,
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CDR3p). Recombination of the V, D, and J genes in the CDR3f and
V and J genes in the CDR3a results in a high degree of diversity
primarily driven by the CDR3P region. The diversity of the TCR
repertoire, as well as the presence of TCRs cross-reactive to multiple
epitopes, creates a significant challenge to defining pathogen-
specific TCRs. SARS-CoV-2-specific TCRs have been identified
based on a variety of techniques including ex vivo binding and in
vitro responses to synthesized peptides, machine learning
prediction methods, and approaches comparing healthy controls
(30-35). Using these techniques, prior studies have shown that TCR
repertoire diversity decreases with SARS-CoV-2 infection and
disease severity (35-37). Conversely, SARS-CoV-2 infection in
previously vaccinated individuals can broaden the SARS-CoV-2-
specific TCR repertoire (12). Vaccine-induced expansion of
epitope-specific T cells and their association with COVID - 19
disease severity is incompletely understood.

In this study, we investigated TCR repertoires upon SARS-CoV-
2 infection and characterized differences in TCR recognition by
disease severity and vaccination status. We focused our sequencing
analysis on the CDR3[3 (TCRB), which is the most variable region,
containing the diversity (D) gene segment, along with the V and J
genes, using the ImmunoSEQ assay (Adaptive Biotechnologies) (38,
39). TCR epitope recognition was evaluated using over twenty-five
published TCRB databases; including the ImmuneCODE database
(Adaptive Biotechnologies) (40) and the VDJ database (41) in a
novel approach to identify SARS-CoV-2-specific TCR sequences.
By combining wet and dry lab analysis of the TCR response, we
define patterns of TCR usage and specific epitope recognition after
COVID - 19 mRNA vaccination and severe disease to provide
insight for vaccines and therapeutics targeting T cells in those at
highest risk.

2 Results

2.1 The clonality score of the total TCR
repertoire correlated with age and
comorbidity

TCR repertoire analysis was performed for a subset of
participants enrolled in the Epidemiology, Immunology, and
Clinical Characteristics of Emerging Infectious Diseases with
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Pandemic Potential (EPICC) study which enrolled participants
tested for or who had a high-risk exposure to COVID - 19 from
March 2020 to May 2022. The focused sub-analysis included herein
analyzed a convenience sample of peripheral blood collected 14 - 21
days post symptom onset (DPSO) from participants who had a
positive SARS-CoV-2 PCR. Disease was categorized as clinically
mild (outpatient) or severe resulting in hospitalization (inpatient)
(Table 1). Based on their vaccination record, the participants were
also sub-divided into those with SARS-CoV-2 infection who had
not received a COVID - 19 vaccine (primary infection group), and
those who had been fully vaccinated (defined as having received two
or more doses of a COVID - 19 S-based mRNA vaccine
administered two or more weeks prior to infection) resulting in
four study groups; primary infection inpatients (PIP), primary
infection outpatients (POP), vaccine breakthrough infection
inpatients (VBIP), and vaccine breakthrough infection outpatients
(VBOP) (Figure 1). Sex was not significantly different among
groups. The age range was 19 - 87 years. Outpatients were
younger than inpatients (Table 1). Inpatients also had higher

TABLE 1 Characteristics of participants included for TCR analysis.

10.3389/fimmu.2025.1576903

Charlson Comorbidity Index (CCI) scores (Table 1). Importantly,
there were no significant differences in the DPSO peripheral blood
collection between clinical study groups. TCRs were sequenced
from peripheral blood mononuclear cells (PBMCs) of EPICC
participants and 5 healthy adults whose peripheral blood was
collected between August and September of 2019.

A range of 15,889 to 336,571 total productive TCRB sequences
were acquired per participant. The number of unique clonotypes
ranged from 7,709 to 215,696 per participant, and was linearly
correlated with the number of productive TCRB sequenced
(Figure 2A), indicating that the sequencing depth was correlated
with the number of TCR clones identified. Therefore, we next
analyzed the clonality which is inversely related to repertoire
diversity and has been used to characterize immune fitness (42,
43). The clonality score was calculated as one minus the normalized
Shannon entropy, resulting in values ranging from 0 (high
diversity) to 1 (monoclonality) (44-46). A higher score reflected
higher clonality, thus lower diversity of the TCRB repertoire. The
clonality score was not impacted by sequencing depth, therefore we

Characteristic Inpatier_1t, Outpatient, Inpat_ient, Outp_atient, p value
unvaccinated (N = 11) unvaccinated (N = 4) vaccinated (N = 8) vaccinated (N = 16)
DPSO 0.50°
Median (Q1, Q3) 16.0 (14.5,19.5) 17.5 (14.8, 20.0) 18.5 (14.8, 20.0) 15.0 (15.0, 16.0)
Min - Max 14.0 - 21.0 14.0 - 20.0 14.0 - 21.0 14.0 - 20.0
Da)fs- post first 023
positive
Median (Q1, Q3) 11.0 (8.0, 16.0) 135 (13.0, 16.2) 18.0 (115, 21.2) 15.0 (10.0, 18.2)
Min - Max 2.0 - 200 13.0 - 23.0 50-25.0 9.0 - 346.0
Age <0.01°
Median (Q1, Q3) 48.0 (37.5, 61.5) 24.0 (22.0, 27.0) 61.0 (50.5, 71.8) 445 (32.8, 65.2)
Min - Max 250 - 72.0 19.0 - 33.0 430 - 87.0 200 - 76.0
Sex 8 (72.7%) 2 (50.0%) 6 (75.0%) 11 (68.8%) 0.83°
Race <0.01°
White 10 (90.9%) 0 (0.0%) 7 (87.5%) 12 (75.0%)
Black 1(9.1%) 1 (25.0%) 1 (12.5%) 2 (12.5%)
if;’;:: Pacific 0 (0.0%) 0 (0.0%) 0 (0.0%) 1(62%)
Multiple 0 (0.0%) 2 (50.0%) 0 (0.0%) 0 (0.0%)
Other 0 (0.0%) 1 (25.0%) 0 (0.0%) 1 (6.2%)
ii’;ﬁ: Non- 9 (81.8%) 2 (50.0%) 8 (100.0%) 11 (68.8%) 0.19°
ccl 0.07*
Median (Q1, Q3) 1.0 (0.0, 2.5) 0.0 (0.0,0.2) 35 (1.0, 6.0) 0.5 (0.0, 3.0)
Min - Max 0.0 - 8.0 0.0-1.0 0.0 -11.0 0.0-50

“Kruskal-Wallis rank sum test.
Pearson’s Chi-squared test.
CCI, Charlson Comorbidity Index; DPSO, days post symptom onset.
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Schematic of study design. Peripheral blood was obtained from study participants with primary SARS-CoV-2 infection who had been either
vaccinated or unvaccinated in the EPICC cohort. The TCRB chain was sequenced from extracted DNA from EPICC participants, as well as from
cryopreserved PBMCs from pre-pandemic healthy donors. Multiple TCR databases from both pre-pandemic and SARS-CoV-2-specific studies were
incorporated into the meta-database. Created in BioRender. Parsons, E. (2025) https://BioRender.com/3dibsyi.

used it to compare all participants (Figure 2B). The distribution of
clonotypes by count among the study participants was not impacted
by the variability in sequencing yields or study groups
(Supplementary Figure S1). 78 - 92% of the total TCRB
clonotypes had only one count regardless of the sequencing
depth. Upon comparing the clonality score between clinical
groups, we found that the VBIP group had the highest clonality
score (Figure 2C). Analysis of the clonality score across participants
demonstrated a positive correlation with age (Figure 2D). Inclusion
of comorbidities in the correlation analysis using the CCI (47, 48)
showed the strongest correlation with clonality (Figure 1E) among
all participants. This was consistent with our finding that VBIP had
the highest clonality score and the highest median age and CCI
(Figure 2C and Table 1).

These data demonstrate that the majority of unique TCR clones
measured in the peripheral blood have low count numbers. The
depth of sequencing therefore increases the absolute number of
unique clones but the distribution of clonal frequency did not differ
by sequencing depth. Increasing age and comorbidities have been
demonstrated as risk factors of COVID - 19 severity and the
association with TCR diversity may provide additional insight
into COVID - 19 severity.

2.2 Optimizing database analysis to enrich
for SARS-CoV-2-specific CD8 TCRs

In order to maximize our analysis of SARS-CoV-2-specific
epitopes, we chose to combine pre-existing databases and
publications that defined SARS-CoV-2-specific CD8 TCR
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sequences. We first compared the TCRB sequences from our
study participants with the ImmuneCODE MHC-I database
(Release002, Adaptive Biotechnologies) that contains ~150,000
SARS-CoV-2-specific CD8 TCRB sequences and their
corresponding epitopes (38). A CD8 TCRB sequence from our
study participants that matched the CDR3[ sequence, V gene, and |
gene of a recorded sequence in the ImmuneCODE database was
considered specific to the corresponding epitope. The frequencies of
SARS-CoV-2-specific CD8 TCRB were calculated using the
ImmuneSEQ analyzer (Adaptive Biotechnologies) (38, 39) and
the LymphoSeq package (46) in R by viral antigens. The
frequencies of SARS-CoV-2-specific CD8 TCRB using these two
methods were comparable among viral spike (S), nucleoprotein (N),
and open reading frame (ORF)lab viral antigens (Supplementary
Figure S2A). However, these analyses also revealed that pre-
pandemic healthy controls had SARS-CoV-2-specific CD8 TCRB
sequences detected at similar frequencies as SARS-CoV-2 positive
study participants during peak T cell response (Supplementary
Figure S2A). These findings indicated that the ImmuneCODE
database included TCRB sequences that were non-specific for
SARS-CoV-2 or cross-reactive with other non-SARS-CoV-2
antigens, limiting the ability to track SARS-CoV-2-specific TCRs.

In order to increase SARS-CoV-2 specificity, we compiled a
meta-database incorporating the ImmuneCODE database and
other published repertoires (Figure 3A, Table 2). We enhanced
the comprehensiveness of our analysis by assembling over 78
million pre-pandemic CD8 TCRB sequences from our healthy
controls and TCR repertoires published before January of 2020,
as well as over 5,300 SARS-CoV-2-specific CD8 TCRB sequences
from the VDJdb, and additional sequences from published
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Clonality of the TCRB repertoire is associated with increasing age and comorbidities. (A) Correlation of sequencing depth and identification of
clonotypes. P value indicates the significance by Spearman correlation. (B) Correlation of sequencing depth and clonality score. (C) Comparison of
clonality score of TCR repertoires between study groups. P values indicate the significance by Mann-Whitney test. Asterisk indicates p <0.05
significance by Kruskal-Wallis rank sum test. Bars represent the median value in each group. (D) Correlation of TCR clonality and ages of participants.
(E) Correlation of TCR clonality and Charlson Comorbidity Index (CCI) of participants. P value indicates the significance by Spearman correlation. PIP,
primary infection inpatients; POP, primary infection outpatients; VBIP, vaccine breakthrough infection inpatients; VBOP, vaccine breakthrough

infection outpatients.

tetramer-sorted SARS-CoV-2-specific CD8 T cells (Table 2). While
cross-reactive T cells play a role in the SARS-CoV-2 response (9,
17), given the high number of proposed SARS-CoV-2-specific

epitopes found in our pre-pandemic controls, we chose to focus
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our analysis on TCRs with the highest confidence for SARS-CoV-2
specificity. To maximize SARS-CoV-2 specificity, we excluded CD8
TCRBs sequenced prior to 2020, considering them to be either
cross-reactive or non-specific. As a result, 102,582 CD8 TCRB
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sequences were considered SARS-CoV-2-specific and used in the
CD8 TCRB sequence database to analyze the TCRs sequenced in
this study (Figure 3A).

Using this CD8 TCRB meta-database, the clonality scores of
CD8 TCRB predicted to recognize epitopes from SARS-CoV-2
proteins were compared among study groups. Following the same
trend as the total TCR clonality, total SARS-CoV-2-specific CD8
TCRB VBIP group had higher clonality scores compared to VBOP
group (Figure 3B). Comparing inpatient to outpatient clinical
groups revealed a trend towards higher clonality scores among
inpatients that did not meet statistical significance. The clonality of
SARS-CoV-2-specific CD8 TCRB sequences was weakly correlated
with age but not CCI (Supplementary Figure S2B).

We further analyzed the clonality score of CD8 TCRB
sequences identified to be specific for non-SARS-CoV-2 antigens

10.3389/fimmu.2025.1576903

as defined in the VDJdb to characterize the pattern of diversity of
other identified CD8 TCRs. This analysis included but was not
limited to TCRs responsive to cancers, diabetes, and chronic
infections such as cytomegalovirus (CMV) and Epstein-Barr virus
(EBV), which were identified by sequencing tetramer-sorted CD8 T
cells. The identified non-SARS-CoV-2-specific CD8 TCRB also
showed a non-significant trend in the clonality scores between
clinical groups (Figure 3C). The clonality scores of these non-SARS-
CoV-2 CD8 TCRB sequences were positively correlated with CCI
(Figure 3D) and age (Figure 3E).

For this analysis, we focused on CD8 TCRs given the relative
strength of the InmuneCODE database for MHC-I over MHC-II
(>140,00 TCRs compared to 6,360 TCRs, respectively). When we
used the same approach with CD4 TCRs, incorporating other
published CD4 repertoires (Table 2) and removing TCRB

A B
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The clonality of SARS-CoV-2-specific CD8 TCRB among study groups. (A) Schematic illustration of the approach to identifying SARS-CoV-2-specific
CD8 TCRBs using the pre-pandemic sequencing data (white), ImmuneCODE database (yellow) and other published SARS-CoV-2-specific CD8 TCRB
(orange). The pool of 3,832, 50, and 98,709 sequences were used for downstream analyses as SARS-CoV-2-specific. (B) The clonality of SARS-CoV-
2-specific CD8 TCRB among study groups. P values show significance based on Mann-Whitney test. (C) The clonality of CD8 TCRB not specific for
SARS-CoV-2 as determined by the VDJ database and compared between clinical groups. (D, E) The correlation of the clonality of non-SARS-CoV-2
CD8 TCRB found in the VDJ database and CCI (D) or age (E). The P values indicate the significance by Spearman correlation
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TABLE 2 TCR sequence data gathered from databases or other studies, used in construction of TCR meta-database.

Dataset type Database source/Study Title Ref.
Pre-pandemic Clonally expanded CD8 T cells patrol Alzheimer’s cerebrospinal fluid (108)
Pre-pandemic Peripheral clonal expansion of T lymphocytes associates with tumor infiltration and response to cancer immunotherapy (109)
Pre-pandemic Single T Cell Sequencing Demonstrates the Functional Role of o8 TCR Pairing in Cell Lineage and Antigen Specificity (110)
Pre-pandemic 10x Genomics, CD8+ T cells of Healthy Donor 1 (111)
Pre-pandemic 10x Genomics, CD8+ T cells of Healthy Donor 2 (112)
Pre-pandemic 10x Genomics, CD8+ T cells of Healthy Donor 3 (113)
Pre-pandemic 10x Genomics, CD8+ T cells of Healthy Donor 4 (114)

Pre-pandemic

Single-cell Map of Diverse Immune Phenotypes in the Breast Tumor Microenvironment - 5° RNA sequencing and TCR sequencing (115)

CMV reactivation drives post-transplant T cell reconstitution and results in defects in the underlying TCRp repertoire. Database

Pre-pandemi 116
re-pandemic accessed from Adaptive Biotechnologies. (116)
Pre-pandemic PD-1 blockade induces responses by inhibiting adaptive immune resistance. Database accessed from Adaptive Biotechnologies. (117)
Pre-nandemic Estimating the ratio of CD4+ to CD8+ T cells using high-throughput sequence data. Database accessed from Adaptive (18)
re- i
P Biotechnologies.
Pre-pandemic Long-term maintenance of human naive T cells through in situ homeostasis in lymphoid tissue sites. Database accessed from (119)
P Adaptive Biotechnologies.
Pre-pandemic Selective Expansion of High Functional Avidity Memory CD8 T Cell Clonotypes During Hepatitis C Virus Reinfection and (120)
P Clearance. Database accessed from Adaptive Biotechnologies.
P demi Broad TCR repertoire and diverse structural solutions for recognition of an immunodominant CD8+ T cell epitope. Database (121)
re-pandemic
P accessed from Adaptive Biotechnologies.
p demi High throughput T cell receptor sequencing identifies clonally expanded CD8+ T cell populations in Alopecia Areata. Database (122)
re-pandemic
P accessed from Adaptive Biotechnologies.
Pre-pandemic CD4+ and CD8+ autoreactive T cells in narcolepsy patients target self-antigens of hypocretin-producing neurons. Database (123)
P accessed from Adaptive Biotechnologies.
Pre-pandemic Multifactorial Heterogeneity of Virus-specific T Cells and Association with the Progression of Human Chronic Hepatitis B (124)
P Infection. Database accessed from Adaptive Biotechnologies.
Pre-pandemic Immunosequencing identifies signatures of cytomegalovirus exposure history and HLA-mediated effects on the T-cell repertoire. (125)
P Database accessed from Adaptive Biotechnologies.
SARS-CoV-2-specific by Perturbations of the T-cell receptor repertoire in response to SARS-CoV-2 in immunocompetent and immunocompromised 95)
tetramer or AIM" individuals
SARS-CoV-2- ific b
© spelc He by Allelic variation in class I HLA determines CD8+ T cell repertoire shape and cross-reactive memory responses to SARS-CoV-2 (126)
tetramer or AIM
SARS-CoV-2-specific by . . . .
ARS-CoV-2- D8+ T-cell TCR t HLA-A*24:02 127
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sequences that had been identified pre-pandemic, we found a non-

significant trend towards higher SARS-CoV-2-specific clonality in

participants who experienced severe compared to mild disease
(Supplementary Figures S3A, B). The majority of SARS-CoV-2-
specific TCRS were specific to non-S epitopes, and vaccinated
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participants did not have higher frequencies of S-specific TCRs
(Supplementary Figures S3C, D).

Together, these results demonstrate that increasing the
reference sequencing data for both antigen-specific and non-
specific TCRs improves the bioinformatic potential to identify
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TCR specificity. The non-SARS-CoV-2-specific TCR dataset
correlated with CCI indicating that this aspect of the database
enriched for TCRs associated with other chronic diseases.

2.3 The frequency of SARS-CoV-2 protein
recognition by CD8 T cells differed by
vaccination and clinical status

Upon identifying CD8 TCR repertoire patterns that were
associated with COVID - 19 severity and vaccination, we next
asked if specific TCR-epitope recognition differed by vaccination
status. The frequency of SARS-CoV-2 antigen-specific CD8 TCRB
sequences was calculated as the percentage of accumulated specific
CD8 TCRs within each viral protein out of total productive TCR
sequences. Interestingly, unvaccinated participants had higher
frequencies of S-specific CD8 TCRB sequences compared to
vaccine breakthrough participants (Figure 4A).

In order to understand the higher frequency of S-specific TCRs
in participants with primary infection, we evaluated the kinetics of
the S-specific TCR response. The frequency of S-specific CD8 TCRB
at 14 - 16 days post symptoms onset (DPSO) in participants with
primary infection was higher than that in participants with vaccine
breakthrough infection, but were comparable 18 - 21 DPSO
(Figure 4B). By contrast, the CD4 TCRB showed no difference
(Supplementary Figure S3E). These findings suggested that vaccine-
induced S-specific memory CD8 cells had possibly expanded prior
to 14 DPSO or differed in their pattern of expansion associated with
viral load or other host immune factors. When sub-dividing CD8
TCRs with predicted specificity to S1 or S2, we saw no difference
with either subunit, although there was a trend towards higher
frequencies of TCRB specific for S2 in the primary infection group
(Figures 4C, D). Although not significant, the frequencies of RBD-
specific CD8 TCRB sequences in the VBIP group trended towards
the lowest among study groups (Figure 4E), suggesting that some
VBIP participants may have impaired ability to develop T cell
responses against novel epitopes provided by mRNA vaccination
followed by breakthrough infection.

Amongst all SARS-CoV-2 proteins, spike glycoprotein did not
dominate the TCR response. Upon comparison of the distribution
of viral antigens recognized by TCRBs, ORFlab was dominantly
recognized regardless of history of vaccination (Figure 5A).
ORFlab-specific TCRs on average comprised 37% of all the
identified SARS-CoV-2-specific TCRB sequences in our
participants. Comparing non-spike proteins between groups, we
found that participants experiencing primary infection exhibited
higher ORF7b-specific CD8 TCRB (Figure 5B). ORF7b is a small 43
amino acid membrane-associated protein that has been shown to
impair innate immunity by interfering with the RIG-I-like receptor
pathway to limit type I interferon (IFN-I) and tumor necrosis
factor-ar (49-53). We compared the frequency of ORF7b-specific
CD8 TCRB at 14 - 16 and 18 - 21 DPSO. Unlike S-specific CD8
TCRB, the ORF7b-specific CD8 TCRB exhibited a lower frequency
at 18 - 21 DPSO in the participants experiencing vaccine
breakthrough infection, but was comparable at the earlier time
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point (Figure 5C) suggesting a distinct pattern of expansion and
contraction of T cells specific for this protein. Between inpatients
and outpatients, ORF10-specific CD8 TCRB sequences were higher
in the outpatients and the VBIP had the lowest frequency of ORF10
epitope recognition (Figure 5D). ORF10 is a highly conserved
protein that has been proposed to limit IFN stimulated genes and
IFN-production (54-57).The kinetics of the measured ORF10-
specific CD8 TCRs showed lower frequency at the later, 18 - 21
DPSO time point, but not the earlier time point in the participants
experiencing vaccine breakthrough infection, similar to ORF7b
(Figure 5E). These findings suggest that kinetics of the S-specific
TCRs are more consistent with a memory response (6) in VB
participants. T cells responding to ORF7b and ORF10 were lower at
the later time point in vaccinated participants, possibly reflecting
better virus control (Figures 5C, E).

These data indicate that the T cell response across the SARS-
CoV-2 proteome was broad and not spike-dominant, although this
may be influenced by kinetics of the response and the timing of
sampling in this study. Additionally, CD8 T cells recognizing
epitopes in ORF7b and ORF10 may play a role in pathogenesis
(51, 52, 54). T cells recognizing epitopes within these proteins may
influence disease outcomes.

2.4 Hierarchy of SARS-CoV-2 peptide
recognition by CD8 T cells differed based
on disease severity

Upon determining that the frequency of TCRB recognizing
SARS-CoV-2 proteins differed by illness severity and vaccination
status, we next asked if specific epitopes were differentially
recognized between clinical study groups. Using our meta-
database approach to define the epitopes corresponding to the
SARS-CoV-2-specific CD8 TCRB sequences, we characterized the
immunodominant epitopes (Figure 6A) from peptide pools from
databases or studies that were defined as restricted to MHC-I
(Table 1). Interestingly, 16.6% of the sequenced CDR3 targeted
peptide MGYINVFAFPFTIYSL (MGYogrio) (Figure 6A).
MGYoRrro is @ 16 amino acid peptide in ORF10 assembled by 7
peptides used to identify SARS-CoV-2-specific CD8 T cells by
Multiplexed assay for Identification of T cell Receptor Antigen
Specificity (MIRA) (Adaptive Biotechnologies) (38). Although the
peptide pool for MGYogrio covered only 42.1% of ORFI10, this
region of the protein was highly recognized in our participants.
Together with the MGY peptide, 48.4% of SARS-CoV-2-specific
CD8 TCRB clonotypes recognized six peptides distributed in
ORFlab, ORF7b, ORF10, and membrane (Figure 6A). Peptide
pools from ORF10, membrane, ORF7a and Spike represented the
majority of identified CD4 epitopes (Supplementary Figure S3C).

Across clinical groups a range of 35.3%-55.4% of SARS-CoV-2-
specific CD8 clonotypes were shared (Figure 6B). We hypothesized
that SARS-CoV-2 CD8 peptide recognition exclusively in
outpatients were associated with improved clinical outcomes. 528
clonotypes were identified exclusively from participants with severe
COVID - 19 and 952 clonotypes were exclusive to those with mild
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disease (Figures 6B, C). The clonotypes distinct to inpatients or
outpatients recognized common viral peptides with differing
hierarchies (Figure 6C). Outpatients dominantly (20.0%)
recognized MGY from ORF10 while inpatients dominantly
(20.6%) recognized HTTDPSFLGRY (HTTogrgian) from ORFlab
(Figure 6C), although there was significant overlap in common
peptides between the two groups, which suggests either the
importance of these peptides in the overall SARS-CoV-2
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response, or differences in presentation. Most TCR clonotypes
recognizing the top peptides had one count, except for the
HTTorp1ap peptide in which 57.8% of the clonotypes had more
than one count. In addition, sequences recognizing MGYorr1o
comprised a median of 17.3% of all SARS-CoV-2-specific CD8
TCRB sequences in outpatients, significantly higher than 10.8% in
inpatients (Figure 6D). HTTorg1ap Was the next most commonly
recognized epitope and comprised a median of 3.2% of all SARS-

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1576903
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Parsons et al.

10.3389/fimmu.2025.1576903

A PIP POP
6 6
om 4- 4- 1 surface glycoprotein
14 o o envelope
g envelope,ORF1ab
w 01T m ol 017 0 membrane glycoprotein
(=] Bl nucleocapsid phosphoprotein
o [ ORF10
& ] ORFlab
‘s 00- 0.0- Bl ORF3a
e [ ORF6
¢ VBIP VBOP Bl ORF7a
5 6 M 6 B ORF7b
2 g4 4- B ORF8
c =
< 2 =
X 01T 1w
0.0-
B
Q 0.02
:-5 o P
g o VB
?o0
g — 0.01-
2a
é (&)
e 0.00- T ‘
b o o o 14-16 18-21
£ o 8
5 ORF10 ORF10
0.04
£3) 0.06 '_.|:'—|—.
(e
© 0.027
22 0.04- o
?0
g = @ o *
3’8 0.02 0
£° i
0.00-
R s 5 &g 1416 1821
o S g

FIGURE 5

Frequencies of SARS-CoV-2-specific CD8 TCRB by antigens. (A) Frequencies of SARS-CoV-2-specific CD8 TCRB by viral antigens in each participant
among the study groups. (B, C) Frequency of ORF7b (B) ORF10 (C) -specific CD8 TCRB among study groups. P values indicate significance by
Mann-Whitney test. (D, E) Frequencies of ORF7b (D) and ORF10 (E)-specific CD8 TCRB measured in primary (red) and vaccine breakthrough (blue)
participants between DPSO grouped as 14 to 16 and 18 to 21.

CoV-2-specific CD8 TCRB sequences and no difference was  variability in participant responses and the restricted repertoire
measured among study groups (Figure 6E). However, TCR
recognition of the HTTogrgiay peptide reflected 99.5% of the

SARS-CoV-2-specific TCRs in one VBIP participant, highlighting

exhibited by participants with severe disease.
As S was included in the mRNA vaccines, we next compared the
TCRB S epitope recognition between vaccinated and unvaccinated
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Pattern of peptide-specific CD8 TCRB and common epitopes recognized by clinical disease and vaccination status. (A) SARS-CoV-2 peptide
distribution in all participants. The slices represent the top 5 most commonly recognized peptides. (B) Venn diagram of SARS-CoV-2-specific CD8
TCRB sequences among all study groups. (C) The ranks of the top 5 common peptides recognized by the TCRs found exclusively in the inpatient
(528) or outpatient (952) groups. Red bars represent TCRs with at least 2 counts within a participant. (D, E) Proportion of SARS-CoV-2-specific CD8
TCRB recognizing MGY (D) or HTT (E) peptide among study groups. The P values indicate the significance by Mann-Whitney test. (F) Venn diagram
of peptides in Spike recognized by primary (red) and vaccine breakthrough (blue) patients.

participants. Unlike the other dominant epitopes, the most
commonly recognized epitope in S represented 1.14% of the
clonotypes, while the total S-specific response comprised 13.8% of
the clonotypes. No significant difference in S epitope distribution
was observed between unvaccinated and vaccine breakthrough
participants (Figure 6F).

Since CD8 epitope presentation is influenced by HLA-I alleles,
peptides containing epitopes presented by common HLA-A, -B, and

Frontiers in Immunology

11

-C alleles were analyzed. We used transcriptomic data to identify
HLA-I alleles in this sub-cohort (Supplementary Table S1). Analysis
of TCRB frequencies was performed for peptides presented by
common alleles that were represented in 4 or more participants
(Supplementary Figures S4A-C). Interestingly, peptide MGYoRrg1o
was found in 15 of 16 listed common HLA-I, suggesting that
MGYoRrr1o contains multiple epitopes and can be presented by a
variety of HLA-T alleles.
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In summary, these data suggest that the peptide MGY within
ORF10 contains commonly presented epitopes and is highly
represented among T cells recognizing SARS-CoV-2 in the
participants with mild disease. Participants with severe disease
alternatively recognized the HTT peptide from ORFlab, which
may indicate usage of less specific T cells as ORFlab has been
shown to have peptides cross-reactive to endemic coronaviruses
(58). Inclusion of proteins such as ORF10 into vaccine design may
provide more opportunities for T cell epitope recognition,
improving memory T cell breadth.

2.5 Major histocompatibility usage and
TCRB pattern recognition of ORF10 MGY
and ORFlab HTT peptides

Next, we sought to characterize the distinct CDR3[3 variable
(CDR3B) sequences that recognized the most frequently recognized
peptides between those with severe versus mild disease. The patterns
within the CDR3B of the TCR that determine the recognition of the
two peptides were predicted using GLIPH2 (59). The TCRs
recognizing MGYogrr1o predominantly had 11 or 12 amino acids
(Figure 7A), while those recognizing HTTorg1ap predominantly had
14 amino acids in the CDR3B region (Figure 7B). The MGYorgi0-
recognizing TCRs with 11 or 12 amino acids in the CDR3B were
associated with V12 - 03/04 gene, and a variety of ] genes except for
J02 - 04/06 (Figure 7C). On the other hand, the HTTorgiap-
recognizing TCRs with 14 amino acids in the CDR3B were
dominantly associated with V27 - 01, and a variety of J genes
except for JO1 - 03/06 and J02 - 04 (Figure 7D). Among the
MGY orpio-recognizing TCRs with 11 amino acids in the CDR3B,
those with amino acids QET at positions 6 — 8 were predicted as the
top cluster of TCRs, followed by GQP at the same positions
(Figure 7E, top). Among the MGY orgio-recognizing TCRs with 12
amino acids in the CDR3B, those with PTG at positions 5 - 7 were
predicted as the top cluster, followed by GET at positions 7 - 9, but
glycine (G) at position 7 was the most common among these
sequences (Figure 7E, bottom). For the HTTogrgiqan-recognizing
TCRs with 14 amino acids as the dominant pattern, those with
RGP at positions 6 — 8 were predicted as the top cluster (Figure 7F).
Using these criteria including the length, consistent V gene, and
motifs determined in GLIPH2, additional TCR sequences not
previously identified in the database could be predicted. A median
of 5.8 times (Q1-Q3 = 4.2 to 9.5) as many TCRs could be identified
with the corresponding motif.

Together, we identified 6 epitope regions in four SARS-CoV-2
viral proteins most frequently recognized in our study cohort. Our
data suggests that TCRs recognizing two of these epitope regions
predominantly use distinct V and ] genes however the potential to
reassort with alternate V and J genes allowing for broader
population wide TCR usage. Our findings explore the
identification of key amino acids that may confer TCR affinity for
viral epitopes. Continued evaluation of TCR motifs and key amino
acid binding sites may facilitate the identification of TCRs that
provide more cross-reactive versus specific epitope recognition.
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3 Discussion

T cell immunity is important in controlling viral clearance upon
primary and breakthrough SARS-CoV-2 infections (60).
Characterization of T cells recognizing vaccine and viral epitopes
is critical to understanding host immunity against SARS-CoV-2
infection and optimizing vaccine approaches. Vaccination has
significantly reduced the frequency and severity of COVID - 19,
and in the United States this primarily reflects the efficacy of the
mRNA vaccines (61-64). While antibody correlates of protection
have been identified, the quality and specificity of T cell responses
associated with vaccine efficacy and reduction in disease severity
remain unclear. In this study, we compared the TCR repertoires of
individuals who experienced primary infection or infection
following mRNA vaccination and had either severe or mild
disease. We demonstrated that highly clonal total TCR repertoires
correlated with age and multiple comorbidities, which are key risk
factors for severe COVID - 19, and reveal the importance of
incorporating T cell metrics in disease risk algorithms. By
developing a meta-database approach enriching SARS-CoV-2-
specific TCRs, we determined that total SARS-CoV-2-specific
CD8 TCRs were higher in vaccine breakthrough inpatients
compared to vaccine breakthrough outpatients. Furthermore,
response to the SARS-CoV-2 proteome was broad, even in
vaccinated participants. The S-specific response was slightly lower
at the peak of the T cell response in vaccinated participants
compared to primary infection, but the frequency was not
statistically significant between vaccinated and unvaccinated
participants. Differences in the frequency of S-specific TCRs at
different time points suggest that vaccination impacted the kinetics
and epitope recognition of the S-specific T cell response. These
changes in T cell frequency may reflect differences in viral load or
apoptosis of highly activated T cells. We hypothesize that this is due
to more rapid activation of T cells in vaccinated individuals and that
these S-specific T cells may already be contracting at 14 - 16 DPSO.
Indeed, another study has found that compared to unvaccinated
individuals, vaccine associated CD8 T cells are activated earlier
upon infection in vaccinated individuals (65). Interestingly, a
reduced T cell response to ORF7b and ORF10 was associated
with severe disease after vaccination suggesting that reduced T
cell responses against these viral antigens may be important in
disease pathogenesis.

T cell responses are host dependent, relying on MHC
presentation of epitopes. Due to the diversity of MHC molecules
in the population, this results in a broad presentation of SARS-
CoV-2 epitopes and resulting T cell diversity. The complexity of
population wide T cell responses has resulted in limitations in
characterizing protective T cell responses against SARS-CoV-2.
Activation induced marker (AIM) assays were frequently used to
identify SARS-CoV-2-specific T cells during the pandemic (66-68).
AIM assays depend upon T cell activation in response to peptides
and are therefore limited by the peptide pools used to stimulate T
cells, background marker expression and bystander T cell activation
which may occur when stimulating PBMCs. Enzyme-linked
immunosorbent spot (ELISpot) assay, Interferon gamma release
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Characterization of CD8 TCRB recognizing peptides MGYorr10 and HTTorriab. (A, B) The distribution of the amino acid lengths in the CDR3p
recognizing MGYorrio (A) and HTTorr1an (B). (C, D) V and J gene association among TCRB sequences recognizing MGY orrio (C) and HTTogrriap (D).
(E, F) Web logo plots of consensus CDR3 amino acid sequences with 11 (top) or 12 (bottom) amino acids that recognize MGY ore10 (E) and 14 amino

acids that recognize HTTogrr1ab (F)

assays (IGRA) or intracellular cytokine staining also only identify
SARS-CoV-2-specific T cells based on the peptide pools under
investigation (5, 8, 24). To create our meta-database, we chose to
include epitopes with predicted SARS-CoV-2-specificity validated
by a variety of methods, including both AIM and tetramer-sorted
cells. Although these methods are not analogous, by incorporating
them into our database we hoped to increase the breadth of SARS-
CoV-2-specific and non-SARS-CoV-2-specific TCRB examined to
cross-validate specificity of the TCR.

We identified up to 200,000 unique TCRs per participant.
Advancing age has previously been associated with reduced
diversity and increased clonality of the TCR repertoire, with
variable patterns of clonality driven by CD8 T cells and memory
T cell populations (69-72). More recently, studies have analyzed
TCR repertoires as markers of aging and as possible indicators of
disease susceptibility (69). Our study further supports these
analyses by demonstrating that participants who experienced
hospitalization with COVID - 19 after vaccination had the
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highest total TCR clonality scores. Additional studies have found
less diverse TCR repertoires in individuals with COVID - 19
compared to healthy donors (73, 74). Limited T cell repertoire
diversity was also associated with severe COVID - 19 by others (75,
76). Furthermore, comorbidities such as cancer and
immunosuppression have been associated with reduced TCR
repertoire diversity (72). Similarly, participants in our study with
the highest number of chronic comorbidities had the most
restricted TCR repertoires. Markers of biologic aging and
predictions of risk for disease have increasingly become more
attainable with artificial intelligence analysis of larger data sets (77).
Our study primarily describes patterns of TCR usage
recognizing MHC Class I presented epitopes typically by CD8 T
cells. Class I presented epitopes are more richly described than Class
IT presented epitopes, and reference data for CD4 T cell receptor
sequencing is limited. Sparse CD4 data limits applications of TCR
repertoire analysis to potential therapeutics and vaccine design, as
CD4 T cells are important for viral control, correlate with long-term
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antibody response, and can recognize variants of concern (23, 78-
80). Interestingly, both CD4 and CD8 TCR repertoires in our meta-
database were directed primarily against non-S proteins, even in
vaccinated individuals. S has been the most well characterized
protein in regards to T cell responses (81). The ImmunoSeq assay
peptide pools cover 66.3% of the S protein sequence compared to
only 12.9% of the protein sequence of ORFlab. Evaluation of non-
S-specific T cell responses is necessary to define T cell correlates of
protection and improve antigens for vaccine design. The breadth of
the SARS-CoV-2 proteome response in both vaccinated and
unvaccinated participants highlights the need for continued study
of non-S proteins. Epitopes in the nonstructural, open reading
frame, and membrane proteins have been selected for vaccine
candidates with better response to viral variants (82-84). Early
studies reported dominant CD4 and CD8 T cell responses to the S
protein (68), but more recent studies indicated that the ORFlab
protein provides a significant number of epitopes recognized by T
cells (85, 86), which we also observed in this study.

We found that vaccinated participants with severe disease had
reduced frequencies of epitopes against ORE7b and ORF10. ORF10
is uniquely expressed in SARS-CoV-2, and it inhibits the innate
immune response through mechanisms such as degrading
mitochondrial antiviral signaling protein (MAVS) (54, 87).
Although the mechanism is not fully understood, MAVS
upregulates the expression of HLA-I as reported in Influenza A
infection (88). It is possible that ORF10 in participants with severe
COVID - 19 downregulates HLA-I-mediated antigen presentation,
limiting epitope recognition by T cells.

Additionally, we analyzed the immunodominance hierarchy
between clinical study groups. The SARS-CoV-2-specific CD8
TCRs from participants with severe COVID - 19 skewed towards
recognition of HTT in the ORFlab, but this pattern was not
observed in the outpatients. HTT is reportedly recognized by
CD8 T cells from individuals with HLA-A*01:01 (31, 85). This
was also observed in our study, but presentation was not limited to
only HLA-A*01:01. The frequencies of CD8 TCRs recognizing
HTTogp1an in the other haplotypes were in general much lower
than those in HLA-A*01:01. Peptide MGY in ORF10 was widely
recognized by TCRs in this study, suggesting that it contains
multiple epitopes presented by a variety of haplotypes. Indeed,
epitopes YINVFAFPF associated with HLA-A*02:01 and
NVFAFPFTI associated with HLA-A*02:01/B*13:01 within the
peptide MGYorrio have been reported (89). Although no
convincing distribution of the HLA haplotypes was associated
with the severity of COVID - 19 in this study, MGY from ORF10
was recognized more frequently in outpatients. Epitopes such as
LSPRWYFYYL-HLA-B*07 are highly homologous with common
cold coronavirus strains HKU1 and OC43 (85, 90). Therefore, TCRs
recognizing LSPRWYFYYL in our data set largely overlapped with
pre-pandemic TCRs and were excluded in the SARS-CoV-2-specific
TCR database. Both MGY and HTT tend to be highly conserved
across SARS-CoV-2 variants, and the ORFlab and ORF10 proteins
have been included in putative pan SARS-CoV-2 vaccines (56, 91).
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We examined the TCRs identified in our data set against both
SARS-CoV-2-specific and non-specific CD8 TCRB to increase
specificity of SARS-CoV-2 TCRB predictions. By using TCR datasets
published prior to the pandemic to identify non-specific TCRs, we
likely reduce them from our dataset but also eliminated some cross-
reactive TCRs that may contribute to immunopathogenesis (92-94).
Our in-silico identification of epitope-specific TCRs is based upon in
vivo and in vitro validation of the TCR specificity, however, we did not
further validate epitope recognition from our participants. Our study
design sought to build pipelines for in silico modeling to reduce the cost
and complexity of analyzing T cell responses. While our findings
support this as a useful tool, we also show that there are limitations to
this approach including the potential loss of cross-reactive T cells and
the inclusion of non-specific T cells.

HLA differences between participants in this study, and those
that formed the basis of included databases may bias our findings.
The breadth of our SARS-CoV-2-specific meta-database is limited
to the study populations and the experiments that informed it. As
these studies heavily featured participants from North America and
Europe, TCRs may be biased towards HLA types that predominate
in these populations, limiting broader applicability and potentially
missing other important epitopes. We note that this study draws
important conclusions based on a small sample size. Future studies
involving a larger sample size may strengthen findings presented
here and increasing the diversity of HLA haplotypes may better
represent the broader population.

Variability in TCR sequencing depth impacts the number of
clonotypes available for analysis creating an analytical challenge.
We show that the number of productive TCR sequences directly
correlated with the number of unique clonotypes in our assay. Our
investigation of different approaches to TCRB analysis
demonstrated that the measured total T cell clonality was not
impacted by sequencing depth. In some studies, algorithms that
remove all clones with one or two counts have been used to
normalize the data set (95) and our findings show that this
reduces the data set by 70 - 90%. This reduction of the analyzed
data set likely results in different findings regarding the diversity,
clonality and richness of the TCR repertoire. Many of the unique
SARS-CoV-2-specific TCRB in our dataset were only represented
by one count in the productive sequences. As different approaches
to TCR sequencing are developed consideration for the approach to
analysis will become increasingly important and need to be further
explored. Use of RNA for TCR sequencing may have improved
sensitivity for rare clonotypes. However, we elected to use genomic
DNA for its improved stability to enable downstream sequencing,
and to reduce potential bias introduced in both variable RNA copy
numbers per cell (versus DNA, with 1 copy number corresponding
to 1 cell) and during reverse transcription step (26). This approach
required reliance on the TCRB, rather than paired o/f} sequences, to
predict epitope specificity. Crystalline structure analysis and
computational approaches have shown that while TCRo. chains
interact with epitopes and can impact epitope specificity, the
majority is driven by the TCRB chain (96, 97). Moreover, single
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cell TCR sequencing is required to obtain paired TCRo and TCRB
chains. A paired read is obtained in 50 - 80% of T cells sequenced
and typically single cell sequencing is performed on 1000 - 5000 T
cells per participant (98, 99) resulting in limited sampling of the
TCR repertoire. Substantially increasing the number of T cells
sequenced becomes cost prohibitive with this technology.
Therefore, sequencing of paired TCRo. and TCRB chains remains
less common than of TCRB alone (100), thus reliance on paired
chains would limit use of pre-existing databases. Various models
have been published to predict TCR and epitope recognition using
sequences of paired o and P chains (101, 102). Models such as
GLIPH2 (59) cluster TCRs based mainly on B chains, but the
number of clusters as well as the sequences within each cluster are
correlated with sequencing depth. Sequences similar to SARS-CoV-
2-specific CD8 TCRs by clusters are more readily identified in
participants with higher total sequence yield. On the other hand, we
identified a few TCRs containing one amino acid difference in the
CDR3B region compared to the predicted SARS-CoV-2-specific
CD8 TCRs, which minimally contributed to the total counts of
SARS-CoV-2-specific CD8 TCRs and may have variable binding in
vivo. Therefore, future analysis of TCR binding and functional
responses of SARS-CoV-2-specific CD8 T cells identified in this
study would provide further insight.

Clonality metrics are one approach towards measuring the
diversity and variability of T cell responses. Analysis of the
predicted SARS-CoV-2-specific TCR repertoire allows practical
input from across the studied SARS-CoV-2 proteome, enabling
discovery of TCRs predictive of clinical outcomes. Further analysis
of the phenotype and functionality of the T cells identified in our
study is necessary to define impact on host immunity. Furthermore,
the bioprocess of TCR-epitope recognition relies on antigen
presentation by antigen-presenting cells. TCRs that are predicted
to recognize a certain epitope based on the sequence and database
may not do so if the epitope is not presented in vivo.

As virus evolution evades antibody neutralization, it becomes
increasingly important to identify T cell epitopes that may provide
more durable protection against SARS-CoV-2. S-specific T cells
demonstrate cross-reactivity between emerging SARS-CoV-2
variants, and virus evolution has thus far not led to antigenic
variation that facilitates complete T-cell escape (23). Furthermore,
in silico analysis suggests that non-S protein recognition by T cells is
conserved for newer strain variants such as BA.2.68 (25).

In summary, our study finds that restriction of both total and
SARS-CoV-2-specific TCR repertoires is associated with COVID -
19 severity. Severe disease is also associated with reduced frequency
of ORF7b and ORF10 epitope recognition and dominance of
epitope recognition in ORFlab. These findings highlight the
potential to identify T cell patterns and targets associated with
aging and comorbidities which are risk factors for severe respiratory
disease. Further evaluation of these patterns and the development of
comprehensive TCR databases to better define epitope recognition
patterns may enhance vaccine design for high risk populations.
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4 Materials and methods
4.1 Study participants

The EPICC study enrolled participants tested for or who had a
high-risk exposure to COVID - 19, or were vaccinated against
SARS-CoV-2 infection from March 2020 to May 2022, as reported
previously (8, 103). Participants were enrolled at military treatment
facilities (MTFs) located in the United States. Demographic and
clinical data were collected at enrollment and specified follow-up
time points. Infections with SARS-CoV-2 and vaccination history
was reported by the participants and extracted from the
participant’s medical record. All vaccinated participants in this
sub-analysis had received either the BNT162b2 mRNA or
mRNA-1273 COVID - 19 vaccine. Biospecimens for this study
were included only if the participants were negative by PCR for
other co-infecting viruses. Participants included in the primary
infection study group were unvaccinated at the time of their first
SARS-CoV-2 infection, while participants included in the vaccine
breakthrough study group had a PCR confirmed SARS-CoV-2
infection at least 14 days after they received their second vaccine
dose. The protocol was approved by the Uniformed Services
University’s Institutional Review Board (IDCRP - 085), and all
participants or their legally authorized representative provided
informed consent to participate. Control participants (median age
49.5 years, range 35 - 55) were enrolled in a healthy donor protocol
(R075QO) at the National Institute of Health and their peripheral
blood biospecimens were collected prior to the pandemic in 2019.

4.2 PBMC isolation

PBMCs were isolated from peripheral whole blood collected in
acid citrate dextrose (ACD) tubes. PBMCs were purified using a
Ficoll-Histopaque (Fisher Scientific, NH) gradient. Cells were
preserved in 90% fetal bovine serum (Sigma-Aldrich, MO) and
10% dimethyl sulfoxide (DMSO, Sigma-Aldrich, MO) and stored in
liquid nitrogen.

4.3 Genomic DNA extraction and
immunosequencing of TCR repertoires

Cryopreserved PBMC samples were thawed as described
previously (8). Genomic DNA was isolated from 3 - 5 million
PBMC:s per participant for Immunosequencing using the QlAamp
DNA Mini Kit (Qiagen). An average of 24.4+11.2 ug total DNA was
extracted from 3 - 5 million PBMCs per participant. The isolated
and purified genomic DNA was then used for deep
immunosequencing of the CDR3 TCRB performed by Adaptive
Biotechnologies using the ImmunoSeq Assay (38, 39).
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4.4 HLA and KIR haplotyping from next-
generation total RNA sequencing data

Total RNA was isolated from whole blood stabilized in
PAXGene blood RNA tubes. Total RNA was used as input for
total RNA-seq libraries using the Illumina Stranded Total RNA
Prep with Ribo-Zero Plus and IDT® for Hlumina® RNA UD
Indexes Set A, Ligation (96 Indexes, 96 Samples). Sequencing
libraries were assessed for size distribution and absence of adapter
dimers using the Fragment Analyzer 5300 and quantified by qPCR
on the Roche Light Cycler 480 Instrument II. Sequencing libraries
were pooled and sequenced on an Illumina NovaSeq 6000 System
using a S4 flowcell with a 200-cycle SBS kit. Paired-end FASTQ files,
generated from total RNA sequencing, were used as the input for
the TIK computational method (104). We utilized a default
alignment similarity threshold of 97% to avoid low-quality reads
and false-positive read assignments. T1K selected the allele with the
highest abundance and filtered other alleles with abundances less
than 15% of the dominant allele.

4.5 Analysis of TCRB sequences for SARS-
CoV-2 specificity

The VDJdb with sequence inputs up to 6/21/2024 were included
in analysis. The ImmuneCODE database contains a large-scale of
TCRB sequences and matching SARS-CoV-2 epitopes based on
TCR specificity measured using Multiplexed assay for Identification
of T cell Receptor Antigen Specificity (MIRA) and ImmunoSEQ
(Adaptive Biotechnologies) (38-40). The ImmuneCODE database
(Release002, Adaptive Biotechnologies) was divided into MHC-I
and MHC-II, in which the CD8 TCR sequences were dominant, and
used for the focus of analysis in this study. In order to improve the
comprehensiveness and precision of the database, human CD8
TCRB sequences from other resources were also included
(Table 2). CD8 TCRB sequences in the ImmuneCODE database
that were also found from pre-pandemic data were not included for
SARS-CoV-2 specificity analysis. R package LymphoSeq (version
1.14, https://github.com/davidcoffey/LymphoSeq) was mainly used
for the analysis (46). Specifically, productive sequences were
identified using function “productiveSeq”. Clonality was
calculated with the function “clonality”, as the inverted
normalized Shannon entropy, which is the ratio between the
frequencies of all productive sequences and the logarithm of the
total number of unique clonotypes. CD8 TCRB specific for an
antigen were identified with the criteria that the V and J genes, and
CDR3f amino acid sequences all match a recorded CD8 sequence
from the databases. The frequency of SARS-CoV-2-specific CD8
TCRB is considered as the counts of SARS-CoV-2-specific CD8
TCRB out of the total counts of all productive sequences within
each participant.

In addition, R package VennDiagram (version 1.7.3, https://
cran.r-project.org/web/packages/VennDiagram/index.html) was
used to analyze and plot the overlapped TCRB sequences or
epitopes (105). R package circlize (version 0.4.16, https://
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github.com/jokergoo/circlize/) was used to visualize the V and ]
association among TCRB sequences (106). R package ggseqlogo
(Version 0.2, https://github.com/omarwagih/ggseqlogo) was used to
plot amino acids in the CDR3 region (107).

4.6 Analysis of TCRB clusters

The TCRB sequences recognizing the same peptide were
grouped. The CDR3[} amino acid sequence, V and ] genes, and
counts were extracted and formatted as required and uploaded to
the GLIPH2 server. GLIPH2 version 2.0 and CD8 on the server
were selected, and CDR3a was not used for the prediction.

4.7 Analysis of CD4 TCRB sequences for
SARS-CoV-2 specificity

The analysis of CD4 TCRB sequences utilized the same database
resources as the CD8 analysis, albeit using the MHC-II portion of the
aforementioned ImmuneCODE database. Database and participants files
were loaded onto separate folders and placed within an umbrella folder
where a Python script was written for the CD4 analysis. The Python
packages named pandas (version 2.2, https://github.com/pandas-dev/
pandas) and tcrdist3 (version 0.2.2, https://github.com/kmayerb/
terdist3) were primarily used to perform the data transformations
necessary for this analysis. Clonality was calculated with a locally
defined function and defined as the inverted normalized Shannon
entropy, which is the ratio between the frequencies of all productive
sequences and the logarithm of the total number of unique
clonotypes. CD4 TCRB specific for an antigen were identified
with the criteria that the V and J genes, and CDR3[} amino acid
sequences all match a recorded CD4 sequence from the databases.
The frequency of SARS-CoV-2-specific CD4 TCRB is considered as
the counts of SARS-CoV-2-specific CD4 TCRB out of the total
counts of all productive sequences within each participant.

4.8 Statistical analysis

In addition to the analyses mentioned above, if not specified,
data were exported from R and then plotted using GraphPad Prism
10 (GraphPad Software). Two-group test significance levels were
calculated using Mann-Whitney analysis. Multi-group test
significance levels were calculated using Kruskal-Wallis rank sum
test. Correlation coefficients and significance levels were calculated
using Spearman rank correlation. A P value < 0.05 was considered
statistically significant.

Data availability statement
The datasets presented in this article are not readily available
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