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ABSTRACT

Introduction: While older adults generally mount weaker antibody responses to a primary
COVID-19 vaccine series, T-cell responses remain less well characterized in this population. We
compared SARS-CoV-2 spike-specific T-cell responses after 2- and 3-dose COVID-19 mRNA
vaccination and subsequent breakthrough infection in older and younger adults.

Methods: We quantified CD4+ and CD8+ T-cells reactive to overlapping peptides spanning the
ancestral SARS-CoV-2 spike protein in 40 older adults (median age 79) and 50 younger health
care workers (median age 39), all COVID-19 naive, using an activation-induced marker assay.
T-cell responses were further assessed in 24 participants, including 8 older adults, who subse-
quently experienced their first SARS-CoV-2 breakthrough infection.

Results: A third COVID-19 mRNA vaccine dose significantly boosted spike-specific CD4+ and
CD8+ T-cell frequencies to above 2-dose levels in older and younger adults. T-cell frequencies
did not significantly differ between older and younger adults after either dose. Multivariable
analyses adjusting for sociodemographic, health, and vaccine-related variables confirmed that
older age was not associated with impaired cellular responses. Instead, the strongest predictors of
CD4+ and CD8+ T-cell frequencies post-third-dose were their corresponding post-second-dose
frequencies. Breakthrough infection significantly increased both CD4+ and CD8+ T-cell frequen-
cies, to comparable levels in older and younger adults. Exploratory analyses revealed an associa-
tion between HLA-A*02:03 and higher post-vaccination CD8+ T-cell frequencies, which may be
attributable to numerous strong-binding HLA-A*02:03-specific CD8+ T-cell epitopes in the spike
protein.

Conclusion: Older adults mount robust T-cell responses to 2- and 3-dose COVID-19 mRNA
vaccination, which are further boosted following breakthrough infection.

KEYWORDS
COVID-19; mRNA vaccines; cellular immune response; older adults; activation-induced marker
assay

INTRODUCTION

In many jurisdictions, older adults were prioritized to receive COVID-19 vaccines and boosters
due to their increased risk of severe outcomes following SARS-CoV-2 infection [1-3]. While vac-
cination has been highly effective at preventing severe disease in this group [4], vaccine responses
in older adults can nevertheless be blunted by age-related immune impairments, or elevated fre-
quencies of chronic health conditions that can dampen adaptive immune responses [5-9]. In-
deed, after COVID-19 vaccines were rolled out globally, observational studies revealed that older
adults generally mounted weaker binding and neutralizing antibody to the primary vaccine series
[10-15], leading to widespread recommendations that this group receive third vaccine doses and
regular booster vaccinations [16, 17]. Comparably fewer studies however have investigated cellu-
lar immune responses to COVID-19 vaccination—namely, CD4+ helper T cells that play a central
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role in the generation of antigen-specific B cells and antibody responses, and CD8+ cytotoxic T
cells that recognize and eliminate virus-infected cells [18] — in older compared to younger adults.
While mRNA vaccines can induce strong T-cell responses [19, 20], evidence suggests that the
frequency of spike-specific CD4+ T cells following COVID-19 vaccination may be lower in older
adults [11, 13, 21]. An improved understanding of age-associated differences in T-cell responses
to COVID-19 mRNA vaccines will help to inform future efforts to enhance protective immunity
in older adults.

Here, we investigated the dynamics of spike-specific CD4+ and CD8+ T-cell responses elicited
after 2- and 3-dose COVID-19 mRNA vaccination in a cohort of 40 older adults and 50 younger
healthcare workers who remained naive to SARS-CoV-2 during this time. We additionally inves-
tigated spike-specific CD4+ and CD8+ T-cell responses in a subset of 24 individuals, including

8 older adults, who subsequently experienced their first SARS-CoV-2 breakthrough infection
between 1 and 6 months after receiving 3 vaccine doses. Finally, we explored associations between
HLA class I allele carriage and the magnitude of spike-specific CD8+ T-cell frequencies after 2-
and 3- dose COVID-19 mRNA vaccination.

METHODS

Participants

Our cohort, based in British Columbia Canada, has been described previously [22]. Here, we
studied a randomly selected subset of 50 healthcare workers (HCW) and 40 older adults (OA,
age >65 years) who remained COVID-19 naive until at least 1 month after their third COVID-19
mRNA vaccine dose (Table 1).

Ethics Approval

Written informed consent was obtained from all participants or their authorized decision mak-
ers. This study was approved by the University of British Columbia/Providence Health Care and
Simon Fraser University Research Ethics Boards.

Antibody Assays

We had previously quantified IgG-binding antibodies in serum against the ancestral SARS-CoV-2
spike receptor binding domain (RBD) using the V-plex SARS-CoV-2 (IgG) ELISA kit (Panel 22;
Meso Scale Diagnostics)[14, 15, 22]. Serum was diluted 1:10000 and reported in World Health
Organization (WHO) International Standard Binding Antibody Units (BAU)/mL using the
manufacturer-supplied conversions. SARS-CoV-2 infections were detected by the development of
serum antibodies against Nucleocapsid (N) using the Elecsys Anti-SARS-CoV-2 assay (Roche Di-
agnostics), combined with diagnostic (PCR- and/or rapid-antigen-test-based) information where
available.

T-cell Assays

Cryopreserved peripheral blood mononuclear cells (PBMCs) were thawed and diluted in Tex-
MACS media (Miltenyi Biotec, Cat#130-097-196). PBMCs were stimulated at 1 x 10°cells per
well for 24 hours with peptide pools spanning the SARS-CoV-2 ancestral spike protein (15-mers,
overlapping by 11 amino acids) (Miltenyi Biotec, Cat#130-127-953) in duplicate in a 96-well
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U-bottom plate. PBMC were incubated with DMSO only (no peptide) as a negative control and 2
ug/mL Cytostim reagent (Miltenyi Biotec, Cat#130-092-172) as a positive control. Following stim-
ulation, cells were labeled with CD8-APC/Cyanine7 (Biolegend, Cat#301016), CD4-FITC (Bio-
legend, Cat#300538), CD137-APC (Biolegend, Cat#309810), CD69-PE (BD, Cat#555531), OX40-
PE-Cy7 (Biolegend, Cat#350012), CD3-PerCP/Cyanine5.5 (Biolegend, Cat#317336) CD14-V500
(BD, Cat#561391), CD19-V500 (BD, Cat#561121) and 7-AAD Viability Staining Solution (Bio-
legend, Cat#420404). Data were acquired on a Beckman Coulter Cytoflex flow cytometer, with

a minimum of 10,000 CD3+ T cells assayed per participant. After identifying CD3+CD4+ and
CD3+CD8+ T-cell subsets, the percentage of stimulated cells was determined based on upreg-
ulation of activation markers, using CD137 and OX40 for CD4+ T cells and CD137 and CD69
for CD8+ T cells (see gating strategy in Supplementary Figure 1). Data were analyzed in FlowJo
version 10.8.1.

HLA Class | Genotyping

Genomic DNA was isolated from 50 pL whole blood using the NucliSENS EasyMag system
(BioMerieux). HLA class I genotyping was performed by locus-specific Polymerase Chain Reac-
tion (PCR) amplification of the region spanning exons 2 and 3 of the HLA-A, -B, and -C loci, as
reported previously [23]. Amplicons were bi-directionally sequenced on an ABI 3730xl automat-
ed Sanger DNA sequencer using BigDye (v3.1) chemistry (Applied Biosystems). Chromatograms
were analyzed using the semiautomatic base-calling software RECall [24], with the resulting bulk
sequences interpreted to subtype-level resolution using in-house software.

Epitope Prediction

Peptides derived from ancestral spike protein (GenBank: NC_045512.2) that are likely to bind to
HLA-A*02:01 and/or A*02:03 were predicted using NetMHCpan-4.1 (https://services.healthtech.
dtu.dk/services/NetMHCpan-4.1; [25]). Potential 8-, 9-, and 10- amino acid epitopes were deter-
mined for both alleles using default thresholds for strong binders (% Rank <0.5) and weak bind-
ers (% Rank 0.5-2).

Statistical Analyses

Continuous variables were compared using the Mann-Whitney U-test (for unpaired data) or
Wilcoxon test (for paired measures). Relationships between continuous variables were assessed
using Spearman’s correlation. Zero-inflated beta regressions were used to investigate the relation-
ship between age and vaccine-induced T-cell responses using a confounder model that adjusted
for variables that could influence these responses, or that differed in prevalence between groups.
These regressions model the response variable as a beta-distributed random variable whose mean
is given by a linear combination of the predictor variables (after a logit transformation). Beta
distributions are bounded below and above by 0 and 100%, making this a standard choice of
regression for frequency data. A beta distribution, however, does not admit values of 0 or 100. As
our data included some non-responders (ie, 0 values) we used a zero-inflated beta distribution,
which allows for zeros in the data. For analyses performed after 2-dose vaccination, included
variables were age (per year), sex at birth (female as reference), ethnicity (non-white as reference),
major chronic conditions (defined as cancer or blood disorders; no conditions as reference), other
chronic conditions (no conditions as reference), mRNA-1273-containing initial vaccine regimen
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(dual BNT162b2 vaccination as reference), and the interval between first and second doses (per
day). Analyses performed after 3-dose vaccination also included the third COVID-19 mRNA
dose brand (BNT162b2 as reference), the interval between second and third doses (per day), and
the % spike-specific T-cells after 2 doses (by percent increase). All tests were 2-tailed, with P<0.05
considered statistically significant. For the analyses of the relationships between HLA class I allele
carriage, multiple comparisons were addressed using a Q-value (false discovery rate) approach
[26], with associations P<0.05 and Q<0.2 considered statistically significant. Analyses were con-
ducted using Prism v9.2.0 (GraphPad) and in R.

RESULTS

Participant Characteristics and Vaccination Schedules

Characteristics of the 40 older adults (OA) and 50 younger health care workers (HCW) are shown
in Table 1. Based on repeated negative results for serologic testing of SARS-CoV-2 anti-N anti-
bodies, all participants remained COVID-19 naive until at least 1-month after their third vaccine
dose. OA and HCW were a median of 79 and 39 years old, respectively (overall range 24-93 years
old), and predominantly female. OA were predominantly of white ethnicity (73%, compared to
46% of HCW) and had more chronic health conditions (median of 1, interquartile range [IQR]
0-2 in OA versus 0 [IQR 0-1] in HCW). Most participants (80% of OA and 96% of HCW) initially
received 2 doses of BNT162b2; the remainder received 2 doses of mRNA-1273 or a heterologous
mRNA vaccine regimen. Second doses were administered a median of ~3 months after the first.
Due to the limited availability of mRNA vaccines in late 2020 and early 2021, British Columbia
employed a delayed second-dose strategy that differed from the manufacturers’ recommend-

ed interval of 21-28 days, which was commonly used in the United States. Recent studies have
indicated that delaying second doses did not have a detrimental impact on vaccine efficacy, and in
some cases may enhance protection against infection or hospitalization [27] and reduce the risk
of myocarditis [28]. Indeed, guidance from the World Health Organization now recommends a
2-month interval between first and second doses [29]. Third vaccine doses were predominant-

ly mRNA-1273 (62% of OA and 50% of HCW), which were administered in an age-dependent
manner according to local guidelines: specifically, OA were eligible for 100 mcg whereas HCW
were eligible for 50 mcg (while all BNT162b2 doses were 30 mcg). Third doses were adminis-
tered a median of 6 months after the second. A total of 20% of OA and 56% of HCW experienced
their first SARS-CoV-2 infection between 1 and 6 months post-third dose, where these were
likely Omicron BA.1 or BA.2 infections based on local molecular epidemiology trends [30]. The
post-infection follow-up visit occurred 53 (IQR 40-119) days later for OA and 63 (IQR 31-104)
days later for HCW.
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Table 1: Participant Characteristics

Characteristic OA (n=40) HCW (n=50)
Sociodemographic and health variables*®
Age in years, median [IQR] 79 [73-83] 39 [32-50]
Female sex at birth, n (%) 27 (68%) 37 (74%)
Ethnicity, n (%)
White, n (%) 29 (73%) 23 (46%)
Asian, n (%) 10 (25%) 22 (44%)
Other, n (%) 1 (2%) 5 (10%)
Number of chronic health conditions, median [IQR]® 1[0-2] 0[0-1]
Hypertension, n (%) 17 (43%) 5(10%)
Diabetes, n (%) 10 (25%) 0 (0%)
Asthma, n (%) 3 (7.5%) 3 (6%)
Obesity, n (%) 5(12.5%) 7 (14%)
Chronic lung disease, n (%) 5(12.5%) 0 (0%)
Chronic liver disease, n (%) 0 (0%) 0 (0%)
Chronic kidney disease, n (%) 5 (12.5%) 0 (0%)
Chronic heart disease, n (%) 8 (20%) 0 (0%)
Chronic blood disease, n (%) 1(2.5%) 1(2%)
Cancer, n (%) 5(12.5%) 0 (0%)
Immunosuppression, n (%) 0 (0%) 0 (0%)
Vaccine details
Initial regimen
BNT162b2 - BNT162b2, n (%) 32 (80%) 48 (96%)
mRNA-1273 - mRNA-1273, n (%) 7 (18%) 1(2%)
heterologous mRNA, n (%) 1(2%) 1(2%)
Third dose
BNT162b2, n (%) 15 (38%) 25 (50%)
mRNA-1273, n (%) 25 (62%) 25 (50%)
Days between first and second doses, median [IQR] 78 [45-86] 97 [91-101]
Days between second and third doses, median [IQR] 169 [160-231] 210 [199-231]
Post-3rd vaccine dose SARS-CoV-2 infections, n (%)¢ 8 (20%) 28 (56%)
Number of breakthrough infections assessed for T-cell responses 8of8 16 of 28
Days between breakthrough infection and T-cell assessment, median [IQR]¢ 53 [40-119] 63 [31-104]

*Sociodemographic, health, and vaccine data were collected by self-report and confirmed through medical

records where available.

"Chronic conditions were defined as hypertension, diabetes, asthma, obesity, chronic diseases of lung, liver,
kidney, heart or blood, cancer, and immunosuppression due to chronic conditions or medication.

cAll SARS-CoV-2 infections occurred between 1 and 6 months after the third vaccine dose.

dCalculated for the participants whose T-cell responses were assessed post-breakthrough.
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CD4+ and CD8+ T-cell Responses Following 2- and 3-dose COVID-19 mRNA Vaccination

Prior to vaccination, the percentage of spike-specific CD4+ and CD8+ T cells, measured in a
subset of 10 OA and 10 HCW, was negligible (Figure 1A, 1B). Following 2 vaccine doses, the
percentage of spike-specific CD4+ T cells increased significantly from pre-vaccine levels (paired
measures P=0.002 for both OA and HCW), reaching a median 0.25% (IQR 0.14-0.57%) in OA
and a median 0.42% (IQR 0.14-0.66%) in HCW, a difference that was not statistically signifi-
cant between groups (P=0.28; Figure 1A). A third vaccine dose further boosted the percentage
of spike-specific CD4+ T-cells (paired measures P<0.0001 for both OA and HCW), reaching a
median 0.62% (IQR 0.27-0.91) in OA compared to a median 0.77% (IQR 0.45-1.08) in HCW, a
difference that was not statistically significant between groups (P=0.07) (Figure 1A).

CD8+ T-cell responses also increased significantly from pre-vaccine levels following 2 vaccine
doses (paired measures P=0.002 in both groups), reaching a median 0.24% (IQR 0.13-0.45%) in
OA and a median 0.33% (IQR 0.16-0.63%) in HCW, a difference that was not statistically signif-
icant between groups (P=0.11; Figure 1B). A third vaccine dose further boosted the percentage

of spike-specific CD8+ T-cells (paired measures P<0.0001 for both groups) to a median 0.62%
(IQR 0.34-1.08%) in OA and a median 0.78% (IQR 0.42-1.18%) in HCW), a difference that was not
statistically significant between groups (P=0.39; Figure 1B).

We observed no correlation between age and the percentage of spike-specific CD4+ or CD8+
T-cells after either the second or third vaccine dose, when age was assessed as a continuous vari-
able (Spearman’s p ranged from = -0.14 to -0.03; all P>0.20; not shown). Moreover, we confirmed
that age remained not significantly associated with vaccine-induced T-cell responses after adjust-
ing for relevant sociodemographic, health, and vaccine-related variables (Supplementary Tables 1
and 2). Rather, the strongest predictor of the % of spike-specific CD4+ and CD8+ T-cells follow-
ing 3 vaccine doses was the corresponding % of spike-specific T-cells following 2 doses (Supple-
mentary Table 2). For example, the zero-inflated beta regression estimates for the impact of each
1% increment in post-second dose T-cell frequencies on post-third dose frequencies were 0.71 for
CD4+ T-cells (P=2x10"¢) and 0.78 for CD8+ T-cells (P=6x10"*) (Supplementary Table 2).

To interpret these estimates, which do not translate the effects of the predictors linearly to the
predicted mean: if the value of the linear predictor was x for a given set of values of the predictors,
and the % of spike-specific CD4+ T-cells after 2 vaccine doses was increased by 1%, the resulting
value of the linear predictor would now be x + 0.71, which translates to a non-linear increase in
the regressed mean from 100 * logit(x) to 100 * logit(x + 0.71), where the factor of 100 converts
the proportions to percentages. Enhanced CD4+ T-cell frequencies after 3 vaccine doses were also
associated with male sex, having received mRNA-1273 as a third vaccine dose, and—somewhat
surprisingly- the presence of chronic health conditions (omitting cancer or blood disorders),
although these correlates were all weaker than the post-second-dose T-cell responses (estimates
0.23-0.29; P=0.007 to 0.03; Supplementary Table 2). We hypothesize that the association between
health conditions and better T-cell responses is because individuals with such conditions benefit-
ed particularly from a third dose, after adjusting for post-second-dose responses. The association
with mRNA-1273 might be due in part to the higher (100 mcg) dose that was administered to OA
as the standard of care in British Columbia. White ethnicity was also weakly associated with lower
CD4+ T-cell frequencies after 2 vaccine doses (estimate -0.38; P=0.03; Supplementary Table 1).
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Figure 1. SARS-CoV-2 spike-specific T-cell frequencies before and after COVID-19 mRNA vaccination.
Panel A: Spike-specific CD4+ T-cell frequencies before and after 2- and 3-dose COVID-19 vaccination.
Older Adults (OA) are in orange; younger Health Care Workers (HCW) are in blue. All participants are
COVID-19 naive. Red bars indicate median and IQR. The Mann-Whitney U-test was used for between-
group comparisons and the Wilcoxon matched pairs test was used for longitudinal paired comparisons.
P-values are not corrected for multiple comparisons. Panel B: Same as panel A, but for spike-specific CD8+
T-cell frequencies.

Correlations Between Vaccine-induced Humoral and T-cell Responses

The percentage of spike-specific CD4+ and CD8+ T cells correlated strongly with one another
after the second vaccine dose (Spearman’s p=0.60; P<0.0001) as well as after the third dose (Spear-
man’s p=0.59; P<0.0001; Figure 2A). No correlation however was observed between the magni-
tude of the COVID-19 vaccine antibody response, in terms of serum anti-spike Receptor Binding
Domain (RBD) IgG concentrations after either the second or third vaccine dose, and the percent-
age of spike-specific CD4+ T-cells at those times (Spearman’s p = -0.09, P=0.41 for post-second
dose; p = -0.11, P=0.32 for post-third dose; Figure 2B).

WWW.PAIJOURNAL.COM


https://www.paijournal.com/index.php/paijournal

PATHOGENS AND IMMUNITY - VOL 8, NO 1 125

A 4_ 5_
g o uLoQ
(2] ® - I
= -l i °®
8 ° E 4 w;@. o % Y
v 3 5 O e °
- [ ] o} ) e 9
+ < :5?0.. ) i
© o 3 ‘9 o Ly
o o
%) ¢ & & T O «®
L k) Q@g
24 ~ -
: g |-
% E 24 O~ One month after 2nd dose:
o m Spearman’s p= -0.09; P=0.41
.'E o -~ One month after 3rd dose:
» 1- ® E- Spearman’s p=-0.11; P=0.32
o o> O- One month after 2nd dose: < 1
) g — - O
Spearman’s p=0.60; P<0.0001 LLoQ
(e JPON
© @ -@- One month after 3rd dose:
e} Spearman’s p=0.59; P<0.0001
0 T T T 1 c T T T 1
0 1 2 3 4 0 1 2 3 4
% Spike-specific CD4+ T-cells % Spike-specific CD4+ T-cells

Figure 2. Correlations between cellular and humoral immune measures after 2- and 3-dose COVID-19
mRNA vaccination. Panel A: Correlation between spike-specific CD4+ and CD8+ T-cell frequencies

1 month after the second dose (open circles) and 1 month after the third dose (closed circles) in the
combined cohort. Panel B: Correlation between spike-specific CD4+ T-cell frequencies and spike-specific
IgG binding antibodies, measured in 1 month after the second dose (open circles) and 1 month after the
third dose (closed circles) in the combined cohort. All participants are COVID-19 naive.

Correlations Between HLA Class | Genotypes and CD8+ T-cell Responses

Participants expressed a total of 29 different HLA-A, 42 HLA-B, and 23 HLA-C alleles, defined

at the subtype level (Supplementary Figure 2). Exploratory analyses that included all HLA alleles
observed in a minimum of 5 participants revealed that, following 3 vaccine doses, expression of
HLA-A*02:03 was associated with higher spike-specific CD8+ T-cell response frequencies after
correcting for multiple comparisons P=0.01; Q=0.08), while expression of B*39:01, B*44:03, or
C*07:01 was associated with lower spike-specific CD8+ T-cell response frequencies (all P<0.03,
Q<0.13) (Supplementary Table 3). After correcting for multiple comparisons, we did not identify
any HLA class I alleles that were significantly associated with spike-specific CD8+ T-cell response
frequencies after 2 vaccine doses, but the top allele after 2 vaccine doses was also A*02:03 (P=0.02;
Q=0.34; not shown).

To further explore the interaction with A*02:03, we used NetMHCpan-4.1 [25] to identify all 8-,
9-, and 10-amino acid spike epitopes that are predicted to bind to this allele or to the common
and closely related A*02:01 allele, which showed no beneficial impact on CD8+ T-cell respons-
es after 3 vaccine doses (P=0.46, Q=0.56; Supplementary Table 3). In total, 29 strong binders

(% Rank <0.5) and 56 weak binders (% Rank 0.5-2) were observed for A*02:03, compared to 20
strong binders and 58 weak binders for A*02:01 (Supplementary Table 4). A cumulative view of
strong binders, plotted by % Rank, is shown in Figure 3A. An analysis of 30 shared epitopes that
displayed strong binding affinity for either allele further revealed that these epitopes were fre-
quently predicted to bind more strongly to A*02:03 than A*02:01 (Wilcoxon matched pairs test,
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P=0.009) (Figure 3B and Supplementary Table 5). Notably, 7 weak-binding A*02:01 epitopes (all
with % Ranks of ~1 to 2) were predicted to bind A*02:03 strongly, while only 1 moderate-binding
A*02:03 epitope (GLTVLPPLL, % Rank 0.69) was predicted to bind strongly to A*02:01 (% Rank
0.26) (Figure 3B). These results suggest that higher spike peptide affinity for A*02:03 contributes
to enhanced CD8+ T-cell responses following vaccination.

Breakthrough Infection Boosts CD4+ and CD8+ T-cell Responses

Breakthrough SARS-CoV-2 infections coinciding with the initial waves of Omicron BA.1/BA.2
spread in British Columbia were observed in 8 (20%) OA and 28 (55%) HCW who had received 3
vaccine doses. Our analysis of available PBMC specimens from 24 breakthrough cases (8 OA and
16 HCW) indicated that infection boosted the percentage of both spike-specific CD4+ and CD8+
T-cells (P<0.008 for all paired longitudinal comparisons; Figure 4A, 4B). The median percentage
of spike-specific CD4+ T-cells increased to 0.73% (IQR 0.58-1.10) in OA and 0.86% (IQR 0.51-
1.18) in HCW (between-group comparison P=0.78; Figure 4A) while the median percentage of
spike-specific CD8+ T-cells increased to 0.98% (IQR 0.81-1.77) in OA and 1.13% (IQR 0.71-1.87)
in HCW (between-group comparison P=0.66; Figure 4B). A full longitudinal representation of
CD4+ and CD8+ T-cell responses induced by vaccination and breakthrough infection, in all
studied participants, is shown in Supplementary Figure 3. Of interest, while the percentage of
spike-specific T cells induced by 3 vaccine doses was similar between participants who experi-
enced breakthrough infection (n=36) compared to those who remained COVID-19 naive (n=54)
when analyzed altogether (P=0.47 for CD4, P=0.28 for CD8), we found that OA who subsequent-
ly became infected (n=8) displayed lower vaccine-induced T-cell responses compared to OA who
remained uninfected (n=32) (P=0.03 for CD4, P=0.003 for CD8) (Supplementary Figure 4).
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Figure 3. Comparison of HLA-A*02:01 and A*02:03 predicted strong-binding epitopes in SARS-
CoV-2 spike. Panel A: Cumulative frequencies of predicted strong-binding epitopes in SARS-CoV-2
spike restricted by HLA-A*02:01 (blue line) and A*02:03. Epitope predictions were performed using
NetMHCpan4.1 [25], which defines strong binders as those with % Ranks of 0.5 or lower. The lower the %
Rank, the stronger the predicted binding. Panel B: Epitope binding ranks for 30 spike epitopes that were
predicted to bind strongly to either A*02:01 or A*02:03. Epitopes that are predicted to bind more strongly
to A*02:03 are linked by green lines, with 7 epitopes that were predicted to have the most substantially
enhanced A*02:03 binding listed in green next to their corresponding points. Epitopes that are predicted
to bind more strongly to A*02:01 are linked by red dotted lines, with one epitope predicted to have the
most substantially enhanced A*02:01 binding listed in red next to its corresponding point. The shaded area
denotes the threshold for strong binders. P-value computed using the Wilcoxon matched pairs test.
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Figure 4. SARS-CoV-2 spike-specific T-cell frequencies in a subset of participants who experienced
their first SARS-CoV-2 infection after receiving 3 vaccine doses. Panel A: Spike-specific CD4+ T-cell
frequencies in a subset of 8 OA (orange) and 16 HCW (blue) after 3-dose COVID-19 vaccination while
participants were still COVID-19-naive, and after a subsequent breakthrough SARS-CoV-2 infection. The
Mann-Whitney U-test was used for between-group comparisons and the Wilcoxon matched pairs test was
used for longitudinal paired comparisons. P-values are not corrected for multiple comparisons. Panel B:
Same as panel A, but for spike-specific CD8+ T-cell responses.

DISCUSSION

We observed that the frequencies of SARS-CoV-2 spike-specific CD4+ and CD8+ T cells were
not significantly different between older and younger adults after 2 doses of COVID-19 mRNA
vaccine, and that these responses were enhanced similarly by a third vaccine dose regardless of
age. Furthermore, both older and younger adults mounted robust T-cell responses following a
post-vaccine breakthrough infection. These results are consistent with a recent report showing
that spike-specific T-cell responses measured using an AIM assay were equivalent in older and
younger adults after 2 doses of mRNA vaccine [21], although another study reported impaired
T-cell effector function, including lower cytokine production, in older adults following 2 vac-
cine doses [13]. Prior studies have also found weaker T-cell responses in older adults after only
1 vaccine dose [11, 21, 31], but we did not examine this time point here. We also observed no
association between CD4+ T-cell responses and RBD-specific IgG antibodies after either 2 or 3
vaccine doses, suggesting that sufficient T-cell help was provided to stimulate spike-specific B-cell
responses despite a wide range of antigen-specific CD4+ T-cell frequencies. While our results
do not completely rule out the possibility of age-related dysfunction in vaccine-induced T cells
among older adults, our data suggest that the impact of any age-associated T-cell impairment is
likely to be modest after the second and third vaccine dose.

Our data also indicate that HLA class I alleles modulate the frequency of spike-specific CD8+
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T-cell responses following vaccination. Notably, participants expressing HLA-A*02:03 exhibited
higher CD8+ T-cell responses, while individuals expressing B*39:01, B*44:03, or C*07:01 ex-
hibited lower responses (although these associations only reached statistical significance after 3
vaccine doses). Bioinformatics analyses predicted a higher number of spike peptides that bound
with high affinity to HLA-A*02:03 compared to the closely related A*02:01 allele (which was not
associated with a better vaccine response), suggesting that A*02:03 may elicit immunodominant
responses to a broader array of vaccine-derived antigens. Several studies have reported associa-
tions between HLA genotype and COVID-19 severity or predicted COVID-19 vaccine immuno-
genicity [32-36], which may underpin ethnicity-related differences in T-cell responses that have
been observed in some contexts [37, 38]. Indeed, A*02:03 occurs most frequently in individuals
of South and East Asian ancestry, and therefore may contribute to enhanced T-cell responses to
COVID-19 vaccines in this population [38]. While we did not observe any impact of either A*02
allele on breakthrough infection frequency in our cohort (data not shown), additional studies are
needed to examine these HLA associations in greater detail.

This study has some limitations. First, since this was an observational study, we did not match
participant characteristics in the OA and HCW groups at enrollment. Known variables were
included during multivariable regression analyses, but we cannot completely rule out the effects
of vaccine type (a greater proportion of Moderna doses in OA), ethnicity (a higher frequency of
Asian ethnicity in HCW) or other unknown factors on our results. In addition, while the AIM
assay provides a very sensitive method to quantify spike-specific CD4+ and CD8+ T cells, we

did not analyze T-cell functions such as cytokine production or proliferation that could reveal
differences in the effector activity of vaccine- or infection-induced responses. Also, since T-cell
responses were measured using peptide pools, we cannot comment on the relative dominance of
individual spike epitopes (or host HLAs), nor potential changes in the distribution of these re-
sponses over time. We examined T-cell responses using only peptides spanning the ancestral spike
protein, which are expected to match the vaccine antigen but may not fully account for responses
elicited against SARS-CoV-2 variants following breakthrough infection. Nevertheless, our analysis
of spike polymorphisms encoded by Omicron BA.1 suggests that only 4 of the A*02-restricted epi-
topes were altered in the variant strain, and none of these polymorphisms were predicted to have
a significant impact on the strength of peptide binding to A*02:01 or A*02:03 (data not shown).
Finally, we did not assess T-cell responses after the first dose of COVID-19 mRNA vaccine, when
age-related differences in immune cell frequency or function may be more apparent.

In summary, our study provides evidence that repeated exposure to SARS-CoV-2 spike antigen,
either via vaccination or infection, induces steadily higher T-cell frequencies in adults of all ages,
at least up to 4 exposures. Importantly, our results also indicate that COVID-19-naive older adults
mount robust cellular immune responses after 2- and 3-dose COVID-19 mRNA vaccination, as
well as after subsequent breakthrough infection, that are comparable in magnitude to those of
younger adults. These results further underscore the benefits of COVID-19 vaccination in the
older adult population.
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