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The XBB.1.5 mRNA booster
vaccine does not significantly
increase the percentage of
XBB.1.5 mono-reactive T cells
Joel Sop1, Alicia Mercado1, Alexis Figueroa1, Tyler P. Beckey1,
Caroline C. Traut1, Li Zhang2,3, Kellie N. Smith2,3*†

and Joel N. Blankson1*†

1Department of Medicine, Johns Hopkins Medicine, Baltimore, MD, United States, 2Bloomberg-Kimmel
Institute for Cancer Immunotherapy, Johns Hopkins Medicine, Baltimore, MD, United States, 3Sidney
Kimmel Comprehensive Cancer Center, Johns Hopkins University, Baltimore, MD, United States
Recent efforts in vaccine development have targeted spike proteins from evolving

SARS-CoV-2 variants. In this study, we analyzed T cell responses to the XBB.1.5 and

BA.2.86 subvariants in individuals who previously received bivalent vaccines

containing mRNA for ancestral and BA.5 spike proteins. T cell-mediated cytokine

responses to spike proteins from both variants were largely preserved. To determine

themechanism of this preserved recognition, we utilized the functional expansion of

specific T cells (FEST) assay to distinguish between the presence of T cells that cross-

recognized ancestral and variant epitopes versus distinct populations of T cells that

were mono-reactive for ancestral or variant epitopes. We found the majority of

spike-specific T cells cross-recognized the ancestral spike and the XBB.1.5 and

BA.2.86 subvariants, with less than 10% of T cells being mono-reactive for either

variant. Interestingly, immunization with the XBB.1.5monovalent booster vaccine did

not significantly increase the percentage of XBB.1.5 mono-reactive T cells. Our

results suggest a potential limitation in the induction of mono-reactive T cell

responses by variant-specific booster vaccines.
KEYWORDS

SARS-CoV-2, bivalent vaccine, T cell receptor, XBB.1.5, BA.2.86
Introduction

Understanding the dynamics of T cell responses to vaccines targeting specific SARS-CoV-2

variants is essential for shaping future vaccine strategies. Bivalent vaccines containing mRNA

for both the ancestral and the Omicron BA.5 subvariant spike proteins were developed

to improve humoral and cellular immunity against the BA.5 virus subvariant. However,

these vaccines do not generate significantly better T cell and antibody responses to the Omicron

BA.5 variant spike protein compared to monovalent ancestral spike mRNA vaccines (1–3).

The Omicron XBB subvariants evolved from two Omicron BA.2 lineages and eventually
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replaced the BA.5 subvariant virus as the dominant virus in circulation

(4). These new XBB subvariants were found to evade neutralizing

antibody responses elicited by ancestral/BA.5 spike mRNA bivalent

vaccines (4–11), and prompted the development of XBB.1.5

monovalent mRNA booster vaccines. The emergence of the BA.2.86

subvariant in 2023 marked another significant development in the

landscape of SARS-CoV-2 variants. This subvariant has more than

30 mutations in the spike protein that differ from its precursor BA.2,

and the BA.5 and XBB.1.5 variants (12) and is able to evade antibody

responses elicited by natural infection and vaccination with ancestral

and BA.5 spike mRNA (12–17).

In contrast to the evasion of antibody-mediated responses,

vaccine-elicited T cells effectively recognize the XBB.1.5 and

BA.2.86 subvariants (18–23). In a prior study, we demonstrated

that ancestral/BA.5 bivalent mRNA vaccines mostly elicited cross-

reactive T cell clonotypes that targeted conserved epitopes present

in both spike proteins (24). In order to estimate the degree of

protection that this vaccine would provide against a new highly

mutated variant, we used the functional expansion of specific T cells

(FEST) assay to better understand the degree of T cell cross-

recognition of the BA.2.86 subvariant. This assay combines a

peptide-stimulated T cell culture with sequencing of the T cell

receptor (TCR) Vb CDR3 region to identify antigen-specific TCRs

(25–27). We have previously used it to analyze SARS-CoV-2 and

endemic coronavirus spike-specific T cell responses (24, 28–30).

XBB.1.5 monovalent booster mRNA vaccines boost the levels of

neutralizing antibodies against a range of viral variants (31–40).

However, less is known about its effect on T cell responses. We

hypothesized that the lack of ancestral spike in this monovalent

booster would lead to a better chance of production of XBB.1.5

mono-reactive T cells which is important as mono-reactive TCRs

generally have higher functional avidity than cross-reactive TCRs

(28). In this study, we used the FEST assay to analyze T cell

responses to BA.2.86 spike peptides in recipients of the ancestral/

BA.5 bivalent mRNA vaccine and responses to the XBB.1.5 variant

before and the monovalent XBB.1.5 mRNA booster vaccine. Our

results have implications for the development of vaccines for future

SARS-CoV-2 variants.
Methods

Study participants

The study was approved by the IRB of Johns Hopkins

University. Written informed consent was obtained from all

participants prior to their inclusion in the study. The study

population consisted of 5 participants who received either the

Pfizer-BioNTech or Moderna SARS-CoV-2 ancestral spike/BA.5

spike bivalent vaccines and 6 participants who received the Pfizer-

BioNTech or Moderna SARS-CoV-2 XBB.1.5 monovalent booster

vaccines. 1 participant, HD58, was included in both studies. There

were 5 men and 6 women with a median age of 33 (range 23-58

years of age). Details about the study participants are provided in

Supplementary Table 1.
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ELISpot assay

An interferon-gamma ELISpot assay (Mabtech Science) was

conducted using 181 overlapping ancestral spike peptides, varying in

length from 12 to 17 amino acids with a 10 amino acid overlap, which

were obtained from Biodefense and Emerging Infections (BEI) Research

Resources. 125,000 to 200,000 PBMCs in 200 uL RPMI media with 10%

fetal bovine serum were added to each well, and the plates were

incubated for 20 hours with peptides at a concentration of 10 ug/ml.

Two replicates per peptide were performed. ELISpot plates were

analyzed by an independent investigator using an AID iSpot Spectrum

and vendor-provided software to quantify IFN-y spot-forming units

(SFUs) per well. SFU/million cells was calculated by adjusting spots per

well with the appropriate dilution factor. The stimulation index (fold-

change over untreated controls) for each donor was calculated by

dividing the SFU of the peptide condition by the SFU of the

untreated. A positive response was defined as a mean SFU of greater

than or equal to 30 with a stimulation index of 3. All of the raw data for

all the ELISpot assays are shown in Supplementary Table 2.
Identification of antigen-specific TCRs
using the FEST assay

We used the functional expansion of specific T cells (FEST) assay

to identify mono- and cross-reactive TCRs. The FEST assay, which

has been extensively reported, is a quantitative, reproducible assay

that sequences the CDR3 region of the beta chain of the T cell

receptor (TCR) of cells that have been cultured with peptide antigens,

and therefore can identify expanded antigen-specific clones (25).

Although it was originally developed to study cancer neoantigens

(25–27), it has recently been adapted to robustly identify virus-

specific T cell responses (24, 28–30, 41). The antigen specificity of

TCRs identified via FEST has been previously validated by cloning

the receptors into Jurkat cell lines (28), thus supporting the high

accuracy of this assay in identifying bona fide antigen-specific TCRs.

We have also used CMV, EBV and influenza peptides (JPT Peptide

Technologies) as a control to confirm the specificity of the TCR

response to SARS-CoV-2 spike peptides (28). For the present study,

the ancestral, Omicron BA.5, and BA.2.86, spike peptide pools (JPT

Peptide technologies) were utilized to activate CD8+ T cell-depleted

PBMCs sourced from 6 participants. Initially, 2 million PBMCs were

cultured in a medium comprising IMDM, 5% human AB serum, 10

IU/mL IL-2, and 50 mg/mL gentamicin, along with 1 mg/mL of either

ancestral, BA.5, BA.2.86, or XBB.1.5 peptides. Each experimental

condition underwent triplicate testing. Media replenishment

occurred on days 3 and 7 by replacing half of it with fresh culture

media. Harvesting of cells and subsequent DNA extraction from CD8

+ T cell-depleted PBMCs utilized the QIAmp micro-DNA kit

following the manufacturer’s guidelines (QIAGEN) on day 10.

Subsequently, TCR-Seq analysis of DNA extracted from cultured

CD8+ T cell-depleted PBMCs was conducted by the Johns Hopkins

FEST and TCR Immunogenomics Core Facility using the AmpliSeq

for Illumina TCR beta-SR panel. Unique molecular identifiers were

used in the PCR amplification step to reduce amplification bias.
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Sequencing was performed on an Illumina MiSeq platform with

unique dual indexes after pooling the samples. Preprocessing steps

were implemented to remove nonproductive TCR sequences, align,

and trim nucleotide sequences to retain only the CDR3 region.

Sequences not conforming to specific criteria, such as those not

starting with C or ending with F or W, and having fewer than 7

amino acids in the CDR3 were excluded. For CD8+ T cell-depleted

PBMCs stimulated with BA.2.86 spike peptides, the median total

number of receptors analyzed per person was 2,209 T cell receptors,

ranging from 1,165 to 3,127 receptors. For CD8+ T cell-depleted

PBMCs stimulated with XBB.1.5 spike peptide, the median total

number of receptors analyzed per person was 2,148 T cell receptors

and ranged from 1,593 to 3,070 receptors. Processed data files were

then uploaded to our publicly available MANAFEST analysis web

application (http://www.stat-apps.onc.jhmi.edu/FEST/) to

bioinformatically identify antigen-specific T cell clonotypes. A

response was considered positive based on specific criteria,

including a mean frequency threshold of greater than 0.1% for

each of the three replicates, with at least two replicates having a

frequency greater than 0.1%, and the mean frequency being at least

5-fold greater than the mean frequency of wells containing DMSO

alone. A mono-reactive response to ancestral, BA.5, BA.2.86, or

XBB.1.5 spike was identified if all three conditions were met, and

the mean frequency of the three replicates was also 5-fold higher

than the response to the other spike protein. In the analysis of spike

specific TCRs pre- and post-XBB.1.5 booster, we included TCRs

that were identified as mono-reactive or cross-reactive TCRs pre-

booster and were present post-booster, regardless of whether they

expanded in the FEST assay post-booster. Additionally, we included

spike specific TCRs that were identified post-booster and were also

present pre-booster, irrespective of their expansion in the FEST

assay pre-booster. All of the individual receptors analyzed in all the

FEST assays are shown in Supplementary Table 2.
Multiplex cytokine analysis with
MSD assays

We conducted multiplex cytokine analysis using MSD assays,

utilizing the V-Plex SARS-CoV-2 Panel 2 from MesoScale

Diagnostics. This allowed us to measure TNF-alpha, IFN-gamma,

and IL4 levels following stimulation with various spike peptides

(ancestral, BA.5, BA.2.86, and XBB.1.5). Samples were collected

from the cell culture medium on day 3 post-stimulation. Our assays

followed the manufacturer’s protocol for accurate cytokine

concentration measurement. Validation was performed by

ensuring samples fell within the established detection range via

standard curve and positive controls. Data analysis was conducted

using the MSD discovery workbench software.
Statistical analysis

Data were analyzed using GraphPad Prism (version 10.4.1). All

statistical tests were two-tailed, and a p-value of < 0.05 was

considered statistically significant.
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For TCR and cytokine analysis where multiple conditions were

compared across the same set of participants at a single time point

(Figure 1C, Supplementary Figure 2), One-Way ANOVA with

Tukey Multiple Comparison Testing was performed.

The paired t-test was used to compare cytokines and the

frequency of XBB.1.5 mono-reactive TCRs before and after the

XBB.1.5 monovalent vaccine (Figures 2, 3).

For the comparison of epitopes in study participants who did

and did not receive the XBB.1.5 booster (Figure 4C), the Mann-

Whitney U Test was performed.
Results

Higher degree of mutations in targeted
T cell epitopes in XBB.1.5 and
BA.2.86 subvariants

We first tested the individual response to 181 overlapping peptides

spanning the ancestral spike protein using IFNg ELISpot (24) in 6

healthy donors who had received the ancestral and BA.5 spike mRNA

bivalent vaccine. A median of 32 epitopes per donor was identified

(range 5 to 90). Of these epitopes, a median of 20.8%, 29.9%, and 40%

contained amino acid mutations in the BA.5 (24), XBB.1.5 and BA.2.86

subvariants respectively (Figure 1A, Supplementary Figure 1).
Comparable cytokine responses to
ancestral, BA.5 and BA.2.86 spike peptides
in bivalent vaccine recipients

We implemented a multiplex electrochemiluminescent assay to

measure the secretion of IFN-gamma, TNF-alpha, and IL-4

following stimulation with different spike peptides. There were no

significant differences in the secretion of any of the cytokines

measured in response to stimulation with ancestral peptides

versus BA.5 and BA.286 peptides (Supplementary Figure 2).
High degree of T cell cross-recognition of
ancestral and subvariant spike peptides

Using the FEST assay, we assessed the proportion of CD4+ T

cells demonstrating cross-recognition of ancestral BA.5 or BA.2.86

spike proteins in 6 donors. We also identified the percentage of

clonotypes that were mono-reactive for each spike protein. After

culturing CD8+ T cell-depleted PBMCs with ancestral, BA.5, or

BA.2.86 spike peptide pools, we sequenced T cell receptor (TCR)

Vb CDR3 repertoires on day 10. We then used a bioinformatic

pipeline to identify mono- and cross-reactive TCR clonotypic

expansions (26). Across our participant cohort, we observed 5

broad categories of spike-specific TCRs: those mono-reactive to

ancestral, BA.5, or BA.2.86 peptides; those cross-reactive for

ancestral and BA.5 peptides and those cross-reactive for ancestral

and BA.2.86 spike proteins. Examples of cross-reactive and mono-
frontiersin.org
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reactive clonotypes are shown in Figure 1B. For each of the six

participants analyzed, we determined the absolute number of TCRs

falling into each category and then calculated the percentage of

spike-specific TCRs exhibiting mono-reactivity versus

cross-reactivity.

As shown in Figure 1C, the median percentage of total spike-

specific T cells demonstrating cross-reactivity to ancestral and BA.5
Frontiers in Immunology 04
spike protein was 40.9% (range: 34.3%-46.0%). The median

percentage of T cells that cross-recognized ancestral and BA.2.86

spike peptides was comparable at 37.8% (range: 24.7%-45.5%). 6.6%

of the spike-specific T cells were mono-reactive for the ancestral

spike protein (range: 2.8%-10.4%), while 8% (range: 2.8%-26.8%)

and 3.8% (range: 0.0%-8.7%), of spike-specific T cells were mono-

reactive for the BA.5 and BA.2.86 subvariants respectively.
FIGURE 1

Analysis of mono-reactive and cross-reactive T cell receptors specific for ancestral and variant spike proteins prior to the receipt of the XBB.1.5
monovalent vaccine. (A) Overview of the percentage of T cell epitopes targeted across SARS-CoV-2 variants with and without mutations.
(B, C) Antigen-specific TCR clonotypes were identified using the functional expansion of specific T cells (FEST) assay, a validated method that
sequences the CDR3 region of the beta chain of the TCR to detect expanded antigen-specific clones. The FEST assay distinguishes between
cross-reactive and mono-reactive TCRs by assessing whether the same clonotype expands in response to multiple spike variants or only one.
Cross-reactivity was defined by the functional expansion of the same CD4+ TCR clonotypes in response to pooled ancestral (ANC), Omicron BA.5
(BA.5), and Omicron BA.2.86 (BA.2.86) peptides. Mono-reactivity was defined as expansion to only 1 of the 3 spike peptide pools. Three technical
replicates were performed for each peptide culture in each of the 6 participants. A representative mono-reactive and a representative cross-reactive
TCR b clonotypes are shown for a participant (HD58) (B). Data are shown as the (%) frequency after culture (y axis) of antigen-specific CD4+ T cell
clonotypes (z axis) for the peptide pools tested (x axis). (C) The percentage of spike-specific TCRs that were cross-reactive versus mono-reactive for
all 6 participants are shown. ∗∗p < 0.01. The FEST assay allows for quantitative differentiation of cross-reactive and mono-reactive TCRs by analyzing
TCR expansion following antigen stimulation. The median value for each group is indicated by the horizontal line within each set of data points.
Statistical significance was determined using the One-Way ANOVA with Tukey Multiple Comparison Testing. ∗∗p < 0.01.
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Cytokine responses to ancestral, BA.5 and
XBB.1.5 spike peptides pre and post the
XBB.1.5 booster

Wemeasured T cell responses in 5 individuals before and after the

XBB.1.5 booster. IFN-gamma, TNF-alpha, and IL4 concentrations

were measured in response to stimulation of CD8+ T cell-depleted

PBMCs with different spike peptides pre- and post-XBB.1.5 booster

administration. The median concentrations of IFN-gamma and IL4

were not significantly different in response to stimulation with the

different spike peptides pre and post the XBB.1.5 booster. In contrast,

there was a significant increase in TNF-alpha secretion after

stimulation with all 3 spike proteins after the booster was

given (Figure 2).
The XBB.1.5 booster does not increase the
percentage of T cell clonotypes that are
mono-reactive for the XBB.1.5
spike protein

Mono-reactive TCRs have previously been shown to have higher

functional avidity than cross-reactive TCRs (28, 42). Thus, we used the

FEST assay to assess the proportion of CD4+ T cells that were cross-

reactive for ancestral and BA.5, or ancestral and XBB.1.5 spike proteins

compared to those that were mono-reactive for each protein before and

after the XBB.1.5 booster. As shown in Figure 3A, the median

percentage of total spike-specific T cells that were cross-reactive for

ancestral and BA.5 spike protein was 36.6% (range: 33.0%-44.1%)

before the XBB.1.5 booster, and 35.1% (range: 33.1%-43.3%) after the

booster. The percentage of TCRs that were cross-reactive for ancestral

and XBB.1.5 spike protein was 39.0% (range: 30.9%-46.4%) pre-booster

and 38.1% (range: 30.6%-46.0%) after the booster. The percentage of

cells that were mono-reactive for the ancestral spike protein was 6.4%

(range: 5.0%-9.8%) pre-booster and 7.1% (range: 4.5%-12.3%) after the

booster. A median of 4.9% of the cells were mono-reactive for BA.5

spike protein (range: 0.9%-11.7%) pre-booster, with a median of 8.1%

(range: 1.3%-11.2%) after the booster. Most importantly, a median of
Frontiers in Immunology 05
7.6% of the cells were mono-reactive for XBB.1.5 spike (range: 3.6%-

19.1%) before the booster, compared to a median of 12.3% (range:

4.1%-17.3%) after the booster. There were also similar numbers of

individual clonotypes mono-reactive for XBB.1.5 peptides before and

after the booster (Figure 3B).
The percent of epitopes with potential
XBB.1.5 mutations targeted by T cells did
not significantly change after the
XBB booster

We next asked whether the XBB.1.5 booster would lead to an

increased number of targeted peptides that would be affected by

XBB.1.5 mutations. PBMCs from 2 study participants (HD58 and

HD75) were stimulated with each of 181 overlapping ancestral spike

peptides individually in an IFN-gamma ELISpot. In these

participants, 23 and 43 individual peptides respectively were

identified as targets before the booster. Of these targeted peptides,

34.8% and 20.9% would be affected bymutations in the XBB.1.5

subvariant. After the booster, 18 and 61 individual peptides were

targeted (Figure 4A). The percentage of these peptides that have

mutations in the XBB.1.5 subvariant was not markedly different

(27.8% and 19.7% respectively, Figure 4A). We also analyzed

another 3 individuals only after the XBB.1.5 booster because

PBMCs before the booster were not available. These individuals

targeted 21.7%, 24.4%, and 33.3% of peptides respectively that

would be affected by XBB.1.5 mutations (Figure 4B). In all, the 5

recipients of the XBB.1.5 booster did not target significantly more of

the ancestral spike peptides with potential XBB.1.5 mutations than

6 participants who either did not receive this booster or were tested

before the booster was given (Figure 4C).
Discussion

We have previously used the FEST assay to distinguish between

mono-reactive and cross-reactive TCRs in a study of T cell responses
FIGURE 2

Cytokine Responses to Ancestral, BA.5, and XBB.1.5 Spike Peptides Pre and Post XBB.1.5 Booster Administration. Cytokine levels of IFN-gamma,
TNF-alpha, and IL4 were measured in pg/mL using an MSD ELISA assay following stimulation with different spike peptides before and after XBB.1.5
booster administration. This figure displays the cytokine responses elicited by stimulation with the three spike proteins both pre and post booster
administration. Symbols in gray represent measurements before the booster, and symbols in blue represent measurements after the booster. The
median value for each group is indicated by the horizontal line within each set of data points. Statistical significance between pre- and post-vaccine
measurements was assessed using the paired t-test. *p<0.05; **p < 0.01.
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to spike peptides from common cold coronaviruses and SARS-CoV-2

(28). In order to validate our finding, we cloned the alpha and beta

genes of 8 TCRs we identified as being mono-reactive and 5 TCRs we

identified as cross-reactive and transfected them into a CD4-

overexpressing Jurkat NFAT luciferase reporter system. Transfected

cells expressing TCRs that we identified as being cross-reactive

responded to spike peptides from SARS-CoV-2 and the common
Frontiers in Immunology 06
cold coronavirus, HCoV-NL63, whereas cells with TCRs identified as

being mono-reactive only responded to SARS-CoV-2 spike peptides

(28), thus supporting the notion that the FEST assay can reliably

distinguish between mono-reactive and cross-reactive TCRs.

In a subsequent study with this assay, we demonstrated that

less than 1% of the SARS-CoV-2 specific clonotypes elicited by

monovalent vaccines with ancestral spike mRNA were cross-
FIGURE 3

Mono-reactive and cross-reactive T cell receptors and targeted spike peptides before and after the XBB.1.5 spike vaccine. (A) Antigen-specific TCR
clonotypes were identified using the functional expansion of specific T cells (FEST) assay, a validated method that sequences the CDR3 region of the
beta chain of the TCR to detect expanded antigen-specific clones. The FEST assay distinguishes between cross-reactive and mono-reactive TCRs by
assessing whether the same clonotype expands in response to multiple spike variants or only one. Cross-reactivity was defined by the functional
expansion of the same CD4+ TCR clonotypes in response to pooled ancestral (ANC), Omicron BA.5 (BA.5), and XBB.1.5 peptides. Mono-reactivity
was defined as expansion to only 1 of the 3 spike peptide pools. Three technical replicates were performed for each peptide culture in each of 5
participants before and after booster administration. The FEST assay allows for quantitative differentiation of cross-reactive and mono-reactive TCRs
by analyzing TCR expansion following antigen stimulation. The median value for each group is indicated by the horizontal line within each set of
data points. Statistical significance was determined using the One-Way ANOVA with Tukey Multiple Comparison Testing. ∗∗p < 0.01. (B) Pie charts
depicting the distribution of individual T cell receptor (TCR) clonotypes specific to the XBB.1.5 spike protein among study participants before (Pre-
Booster) and after (Post-Booster) XBB.1.5 booster administration. Each pie chart represents the proportion of mono-reactive TCRs targeting the
XBB.1.5 spike protein within the total spike-specific T cell population for each participant.
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reactive with common cold coronavirus spike peptides (29). In

contrast, we recently showed that up to 80% of the spike-specific T

cell clonotypes that were elicited by ancestral/BA.5 bivalent

mRNA vaccines cross-recognized the ancestral and BA.5 spike

peptides (24). Our epitope analysis suggested that this

phenomenon may have been mainly due to the fact that T cells

targeted epitopes that were identical in the ancestral and BA.5

spike proteins.

The BA.2.86 subvariant contains more than 30 distinct spike

mutations compared to the BA.5 subvariant. A higher percentage of
Frontiers in Immunology 07
these mutations are in targeted T cell epitopes which could

potentially lead to immune escape. Thus, we expected to see

lower levels of T cell cross-recognition of this subvariant in

recipients of ancestral/BA.5 bivalent mRNA vaccines. Instead, we

found very similar frequencies of T cell clonotypes that cross-

recognized ancestral and BA-5 spike peptides versus ancestral and

BA.2.86 spike peptides. We also saw similar levels of cytokine

secretion by T cells in response to peptides from the ancestral,

BA.5, and BA.2.86 spike proteins which is further proof of T cell

cross-recognition of these proteins. This continued recognition of a
FIGURE 4

The percentage of ancestral spike peptides targeted by T cells that contain XBB.1.5 mutations pre and post the XBB.1.5 booster. (A) The IFN-g
ELISpot assay was performed on samples obtained from 2 participants before and after XBB.1.5 booster administration. The SFU of PBMCs in
response to each of the 181 overlapping peptides are shown. Each data point represents the mean of 2 technical replicate values. The dotted
horizontal line represents the threshold for positive responses (SFU ≥30). The red vertical bars represent targeted peptides that would contain an
XBB.1.5 mutation. The percentages on the right represent the percentage of targeted peptides that would contain an XBB.1.5 mutation. (B) ELISpot
assay performed on samples from 3 participants after XBB.1.5 booster administration. (C) Comparison of percentage of peptides targeted by T cells
that contain XBB.1.5 mutations in participants who either received or did not receive the XBB.1.5 booster. The median value for each group is
indicated by the horizontal line within each set of data points. Statistical significance between the two groups was assessed using the Mann-Whitney
U test for unpaired samples. ns, not significant. The squares represent HD58, and the triangles represent HD75. The circles represent different
participants, with each circle corresponding to a unique individual.
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variant with 30 mutations is reassuring and can potentially be

explained by the breadth of the T cell response following

immunization with the monovalent ancestral spike vaccine (24, 43).

We previously showed that ancestral/BA.5 spike bivalent mRNA

vaccines do not elicit a high frequency of BA.5 mono-reactive T cells.

We hypothesized that the XBB.1.5 spike monovalent booster would

induce higher levels of variant-specific T cells as in the absence of the

ancestral spike protein, T cells would be more likely to respond to

epitopes containing XBB.1.5 mutations. Interestingly, the levels of

XBB.1.5 mono-reactive T cells after vaccination were similar to the

levels of BA.5 mono-reactive T cells after the bivalent mRNA vaccine.

This finding could be because 70% of epitopes targeted by individuals

are not mutated in the XBB.1.5 subvariant. Indeed, we did not

observe a shift toward recognition of more epitopes that are

mutated in the XBB.1.5 variant in individuals who received the

XBB.1.5 booster, including HD58 and HD75 who we studied

before and after vaccination. Interestingly, while we did not observe

an overall difference in the frequency of mono-reactive TCRs in our

cohort of 5 individuals, we did observe an increase in the number of

HD75 TCR clonotypes that were mono-reactive for XBB.1.5 spike

peptides after the monovalent vaccine. The difference in the TCR and

ELISpot responses in this individual can potentially be explained by

the fact that the ELISpot assay detects cytokine responses that are

distinct from proliferative responses that impact the TCR clonotypes

measured in the FEST assay. The fact that higher levels of TNF were

secreted in responses to stimulation with spike peptides does suggest

that the XBB.1.5 vaccine may have had a qualitative effect on spike-

specific CD4+ T cells which needs to be further explored.

Our work is limited by the fact that we did not analyze vaccine-

induced spike-specific CD8+ T cell responses, despite their

demonstrated role in protective immunity (44) due to the limited

number of cells available and the fact that we do not observe a

strong expansion of SARS-CoV-2-specific memory CD8+ T cells in

many individuals. We also studied a relatively small number of

healthy donors, which may limit the generalizability of our findings.

Furthermore, due to our limited sample size, we were unable to

conduct subgroup analyses based on factors such as age, gender,

and prior SARS-CoV-2 infection history. Finally, due to the large

numbers of peptides that were targeted, we were not able to

determine the optimal epitope in each peptide, which may impact

precise mapping of immunodominant T cell targets. However, the

use of technical replicates and the large number of T cell receptors

analyzed helped improve the robustness of the dataset and our

results are consistent with other studies that analyzed functional

responses to ancestral and XBB.1.5 spike proteins after the XBB.1.5

booster vaccine (45, 46) or after natural infection with this variant

(47). Future studies with larger cohorts are needed to confirm our

TCR analysis and epitope mapping findings.

In summary, our data suggest that current mRNA vaccines induce

high levels of spike-specific CD4+ T cells that can cross-recognize

emerging variants. However, there does not appear to be an effective

induction of mono-reactive T cell responses even with variant-specific

booster vaccines. Antigenic imprinting has been observed in spike-

specific B cells after the XBB.1.5 monovalent vaccine (48, 49). A study
Frontiers in Immunology 08
suggests that repeated exposure to Omicron spike proteins can

overcome this process (50). While antibodies mainly target the

receptor binding and N terminal domains of spike, T cells recognize

many epitopes throughout the entire protein, the majority of which are

identical in ancestral and variant spike proteins. Thus, antigenic

imprinting would be less likely to impact the total T cell response.

Nonetheless, it would be interesting to determine whether repeated

exposure to variant spike proteins would also improve the mono-

reactive T cell response. Our study suggests that variant-specific vaccines

may not improve T cell responses unless the targeted variants have a

high frequency of mutations in pre-existing T cell epitopes.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author/s.
Ethics statement

The studies involving humans were approved by Johns Hopkins

University institutional review board. The studies were conducted

in accordance with the local legislation and institutional

requirements. The participants provided their written informed

consent to participate in this study.
Author contributions

JS: Validation, Writing – original draft, Formal Analysis,

Investigation. AM: Formal Analysis, Investigation, Writing –

original draft. AF: Formal Analysis, Investigation, Writing –

original draft, Methodology. TB: Formal Analysis, Investigation,

Methodology, Writing – original draft. CT: Formal Analysis,

Investigation, Methodology, Writing – original draft. LZ: Formal

Analysis, Investigation, Methodology, Writing – original draft. KNS:

Writing – original draft. JNB: Funding acquisition, Methodology,

Resources, Supervision, Validation, Writing – original draft.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was funded by

NIH grant R21AI167705 (to KNS and JNB), the Vivien Thomas

Scholars Initiative (JS).
Acknowledgments

We thank the study participants for their involvement in

the study.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1513175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sop et al. 10.3389/fimmu.2025.1513175
Conflict of interest

KS has filed for patent protection on a subset of the technology

described herein serial no. 16/341,862; has received research funding

from AstraZeneca, BMS, Abbvie, and Enara Bio; has received

honoraria and speaker fees from Adaptive Biotechnologies; and owns

founders’ equity in ManaT Bio.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Frontiers in Immunology 09
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1513175/

full#supplementary-material
References
1. Collier AY, Miller J, Hachmann NP, McMahan K, Liu J, Bondzie EA, et al.
Immunogenicity of BA.5 bivalent mRNA vaccine boosters. N Engl J Med. (2023)
388:565–7. doi: 10.1056/NEJMc2213948

2. Wang Q, Bowen A, Valdez R, Gherasim C, Gordon A, Liu L, et al. Antibody
response to omicron BA.4-BA.5 bivalent booster. N Engl J Med. (2023) 388:567–9.
doi: 10.1056/NEJMc2213907

3. Wang Q, Guo Y, Tam AR, Valdez R, Gordon A, Liu L, et al. Deep immunological
imprinting due to the ancestral spike in the current bivalent COVID-19 vaccine. Cell
Rep Med. (2023) 4:101258. doi: 10.1016/j.xcrm.2023.101258

4. Wang Q, Iketani S, Li Z, Liu L, Guo Y, Huang Y, et al. Alarming antibody evasion
properties of rising SARS-CoV-2 BQ and XBB subvariants. Cell. (2023) 186:279–
286.e8. doi: 10.1016/j.cell.2022.12.018

5. Kurhade C, Zou J, Xia H, Liu M, Chang HC, Ren P, et al. Low neutralization of
SARS-CoV-2 Omicron BA.2.75.2, BQ.1.1 and XBB.1 by parental mRNA vaccine or
a BA.5 bivalent booster. Nat Med. (2023) 29:344–7. doi: 10.1038/s41591-022-
02162-x

6. Zhang X, Chen LL, Ip JD, Chan WM, Hung IF, Yuen KY, et al. Omicron
sublineage recombinant XBB evades neutralising antibodies in recipients of BNT162b2
or CoronaVac vaccines. Lancet Microbe. (2023) 4:e131. doi: 10.1016/S2666-5247(22)
00335-4

7. Cao Y, Jian F, Wang J, Yu Y, Song W, Yisimayi A, et al. Imprinted SARS-CoV-2
humoral immunity induces convergent Omicron RBD evolution. Nature. (2023)
614:521–9. doi: 10.1038/s41586-022-05644-7

8. Arora P, Cossmann A, Schulz SR, Ramos GM, Stankov MV, Jäck HM, et al.
Neutralisation sensitivity of the SARS-CoV-2 XBB.1 lineage. Lancet Infect Dis. (2023)
23:147–8. doi: 10.1016/S1473-3099(22)00831-3

9. Miller J, Hachmann NP, Collier AY, Lasrado N, Mazurek CR, Patio RC, et al.
Substantial neutralization escape by SARS-coV-2 omicron variants BQ.1.1 and XBB.1.
N Engl J Med. (2023) 388:662–4. doi: 10.1056/NEJMc2214314

10. Brandolini M, Gatti G, Grumiro L, Zannoli S, Arfilli V, Cricca M, et al. Omicron
sub-lineage BA.5 and recombinant XBB evasion from antibody neutralisation in
BNT162b2 vaccine recipients. Microorganisms. (2023) 11:191. doi: 10.3390/
microorganisms11010191

11. Uraki R, Ito M, Furusawa Y, Yamayoshi S, Iwatsuki-Horimoto K, Adachi E, et al.
Humoral immune evasion of the omicron subvariants BQ.1.1 and XBB. Lancet Infect
Dis. (2023) 23:30–2. doi: 10.1016/S1473-3099(22)00816-7

12. Wang Q, Guo Y, Liu L, Schwanz LT, Li Z, Nair MS, et al. Antigenicity and
receptor affinity of SARS-CoV-2 BA.2.86 spike. Nature. (2023) 624:639–44.
doi: 10.1038/s41586-023-06750-w

13. Uriu K, Ito J, Kosugi Y, Tanaka YL, Mugita Y, Guo Z, et al. Transmissibility,
infectivity, and immune evasion of the SARS-CoV-2 BA.2.86 variant. Lancet Infect Dis.
(2023) 23:e460–1. doi: 10.1016/S1473-3099(23)00575-3

14. Sheward DJ, Yang Y, Westerberg M, Öling S, Muschiol S, Sato K, et al. Sensitivity
of the SARS-CoV-2 BA.2.86 variant to prevailing neutralising antibody responses.
Lancet Infect Dis. (2023) 23:e462–3. doi: 10.1016/S1473-3099(23)00588-1

15. Lasrado N, Collier AY, Hachmann NP, Miller J, Rowe M, Schonberg ED, et al.
Neutralization escape by SARS-CoV-2 Omicron subvariant BA.2.86. Vaccine. (2023)
41:6904–9. doi: 10.1016/j.vaccine.2023.10.051
16. Hu Y, Zou J, Kurhade C, Deng X, Chang HC, Kim DK, et al. Less neutralization
evasion of SARS-CoV-2 BA.2.86 than XBB sublineages and CH.1.1. Emerg Microbes
Infect. (2023) 12:2271089. doi: 10.1080/22221751.2023.2271089

17. Willett BJ, Logan N, Scott S, Davis C, McSorley T, Asamaphan P, et al. Omicron
BA.2.86 cross-neutralising activity in community sera from the UK. Lancet. (2023)
402:2075–6. doi: 10.1016/S0140-6736(23)02397-8

18. Traut CC, Blankson JN. Bivalent mRNA vaccine-elicited SARS-CoV-2 specific T
cells recognise the omicron XBB sublineage. Lancet Microbe. (2023) 4:e388.
doi: 10.1016/S2666-5247(23)00105-2

19. Guan X, Huang Q, Dong M, Li M, Xie H, Wei X, et al. SARS-CoV-2-specific
antibody and T-cell immunity in convalescents after infection wave in Beijing in late
2022. J Infect. (2023) 87:413–9. doi: 10.1016/j.jinf.2023.08.010

20. Nesamari R, Omondi MA, Baguma R, Höft MA, Ngomti A, Nkayi AA, et al.
Post-pandemic memory T cell response to SARS-CoV-2 is durable, broadly targeted,
and cross-reactive to the hypermutated BA.2.86 variant. Cell Host Microbe. (2024)
32:162–169.e3. doi: 10.1016/j.chom.2023.12.003

21. Sette A, Sidney J, Grifoni A. Pre-existing SARS-2-specific T cells are predicted to
cross-recognize BA.2.86. Cell Host Microbe. (2024) 32:19–24.e2. doi: 10.1016/
j.chom.2023.11.010

22. Müller TR, Gao Y, Wu J, Ribeiro O, Chen P, Bergman P, et al. Memory T cells
effectively recognize the SARS-CoV-2 hypermutated BA.2.86 variant. Cell Host
Microbe. (2024) 32:156–161.e3. doi: 10.1016/j.chom.2023.12.010

23. Sohail MS, Ahmed SF, Quadeer AA, McKay MR. Cross-reactivity assessment of
vaccine-derived SARS-coV-2 T cell responses against BA.2.86 and JN.1. Viruses. (2024)
16:473. doi: 10.3390/v16030473

24. Sop J, Traut CC, Dykema AG, Hunt JH, Beckey TP, Basseth CR, et al. Bivalent
mRNA COVID vaccines elicit predominantly cross-reactive CD4+ T cell clonotypes.
Cell Rep Med. (2024) 5:101442. doi: 10.1016/j.xcrm.2024.101442

25. Danilova L, Anagnostou V, Caushi JX, Sidhom JW, Guo H, Chan HY, et al. The
mutation-associated neoantigen functional expansion of specific T cells (MANAFEST)
assay: A sensitive platform for monitoring antitumor immunity. Cancer Immunol Res.
(2018) 6:888–99. doi: 10.1158/2326-6066.CIR-18-0129

26. Forde PM, Chaft JE, Smith KN, Anagnostou V, Cottrell TR, Hellmann MD, et al.
Neoadjuvant PD-1 blockade in resectable lung cancer. N Engl J Med. (2018) 378:1976–
86. doi: 10.1056/NEJMoa1716078

27. Smith KN, Llosa NJ, Cottrell TR, Siegel N, Fan H, Suri P, et al. Persistent mutant
oncogene specific T cells in two patients benefitting from anti-PD-1. J Immunother
Cancer. (2019) 7:40. doi: 10.1186/s40425-018-0492-x

28. Dykema AG, Zhang B, Woldemeskel BA, Garliss CC, Cheung LS, Choudhury D,
et al. Functional characterization of CD4+ T cell receptors crossreactive for SARS-CoV-2
and endemic coronaviruses. J Clin Invest. (2021) 131:e146922. doi: 10.1172/JCI146922

29. Woldemeskel BA, Dykema AG, Garliss CC, Cherfils S, Smith KN, Blankson JN.
CD4+ T cells from COVID-19 mRNA vaccine recipients recognize a conserved epitope
present in diverse coronaviruses. J Clin Invest. (2022) 132:e156083. doi: 10.1172/JCI156083

30. Dykema AG, Zhang B, Woldemeskel BA, Garliss CC, Rashid R, Westlake T, et al.
SARS-CoV-2 vaccination diversifies the CD4+ spike-reactive T cell repertoire in
patients with prior SARS-CoV-2 infection. EBioMedicine. (2022) 80:104048.
doi: 10.1016/j.ebiom.2022.104048
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1513175/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1513175/full#supplementary-material
https://doi.org/10.1056/NEJMc2213948
https://doi.org/10.1056/NEJMc2213907
https://doi.org/10.1016/j.xcrm.2023.101258
https://doi.org/10.1016/j.cell.2022.12.018
https://doi.org/10.1038/s41591-022-02162-x
https://doi.org/10.1038/s41591-022-02162-x
https://doi.org/10.1016/S2666-5247(22)00335-4
https://doi.org/10.1016/S2666-5247(22)00335-4
https://doi.org/10.1038/s41586-022-05644-7
https://doi.org/10.1016/S1473-3099(22)00831-3
https://doi.org/10.1056/NEJMc2214314
https://doi.org/10.3390/microorganisms11010191
https://doi.org/10.3390/microorganisms11010191
https://doi.org/10.1016/S1473-3099(22)00816-7
https://doi.org/10.1038/s41586-023-06750-w
https://doi.org/10.1016/S1473-3099(23)00575-3
https://doi.org/10.1016/S1473-3099(23)00588-1
https://doi.org/10.1016/j.vaccine.2023.10.051
https://doi.org/10.1080/22221751.2023.2271089
https://doi.org/10.1016/S0140-6736(23)02397-8
https://doi.org/10.1016/S2666-5247(23)00105-2
https://doi.org/10.1016/j.jinf.2023.08.010
https://doi.org/10.1016/j.chom.2023.12.003
https://doi.org/10.1016/j.chom.2023.11.010
https://doi.org/10.1016/j.chom.2023.11.010
https://doi.org/10.1016/j.chom.2023.12.010
https://doi.org/10.3390/v16030473
https://doi.org/10.1016/j.xcrm.2024.101442
https://doi.org/10.1158/2326-6066.CIR-18-0129
https://doi.org/10.1056/NEJMoa1716078
https://doi.org/10.1186/s40425-018-0492-x
https://doi.org/10.1172/JCI146922
https://doi.org/10.1172/JCI156083
https://doi.org/10.1016/j.ebiom.2022.104048
https://doi.org/10.3389/fimmu.2025.1513175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sop et al. 10.3389/fimmu.2025.1513175
31. Matusali G, Mazzotta V, Meschi S, Colavita F, Gagliardini R, Bettini A, et al. JN.1
neutralizing antibody titers after XBB.1.5 monovalent vaccine boost in healthcare
workers and people with HIV. J Med Virol. (2024) 96:e29631. doi: 10.1002/jmv.29631

32. Peled Y, Afek A, Patel JK, Raanani E, Segev A, Ram E, et al. Sixth monovalent
XBB.1.5 vaccine elicits robust immune response against emerging SARS-CoV-2
variants in heart transplant recipients. J Heart Lung Transplant. (2024) 43(7):S1053–
2498(24)01537-7. doi: 10.1016/j.healun.2024.03.014

33. Gayed J, Diya O, Lowry FS, Xu X, Bangad V, Mensa F, et al. Safety and
immunogenicity of the monovalent omicron XBB.1.5-adapted BNT162b2 COVID-19
vaccine in individuals ≥12 years old: A phase 2/3 trial. Vaccines (Basel). (2024) 12:118.
doi: 10.3390/vaccines12020118

34. Wang Q, Guo Y, Bowen A, Mellis IA, Valdez R, Gherasim C, et al. XBB.1.5
monovalent mRNA vaccine booster elicits robust neutralizing antibodies against XBB
subvariants and JN.1. Cell Host Microbe. (2024) 32:315–321.e3. doi: 10.1016/
j.chom.2024.01.014

35. Chalkias S, McGhee N, Whatley JL, Essink B, Brosz A, Tomassini JE, et al.
Interim report of the reactogenicity and immunogenicity of SARS-CoV-2 XBB-
containing vaccines. J Infect Dis. (2024) 230(2):jiae067. doi: 10.1093/infdis/jiae067

36. Kosugi Y, Kaku Y, Hinay AA Jr, Guo Z, Uriu K, Kihara M, et al. Antiviral
humoral immunity against SARS-CoV-2 omicron subvariants induced by XBB.1.5
monovalent vaccine in infection-naive and XBB-infected individuals. Lancet Infect Dis.
(2024) 24:e147–8. doi: 10.1016/S1473-3099(23)00784-3

37. Marking U, Bladh O, Aguilera K, Yang Y, Greilert Norin N, Blom K, et al.
Humoral immune responses to the monovalent XBB.1.5-adapted BNT162b2 mRNA
booster in Sweden. Lancet Infect Dis. (2024) 24:e80–1. doi: 10.1016/S1473-3099(23)
00779-X

38. Patel N, Trost JF, Guebre-Xabier M, Zhou H, Norton J, Jiang D, et al. XBB.1.5
spike protein COVID-19 vaccine induces broadly neutralizing and cellular immune
responses against EG.5.1 and emerging XBB variants. Sci Rep. (2023) 13:19176.
doi: 10.1038/s41598-023-46025-y

39. Cossmann A, Hoffmann M, Stankov MV, Lürken K, Morillas Ramos G, Kempf
A, et al. Immune responses following BNT162b2 XBB.1.5 vaccination in patients on
haemodialysis in Germany. Lancet Infect Dis. (2024) 24:e145–6. doi: 10.1016/S1473-
3099(23)00783-1

40. Stankov MV, Hoffmann M, Gutierrez Jauregui R, Cossmann A, Morillas Ramos
G, Graalmann T, et al. Humoral and cellular immune responses following BNT162b2
Frontiers in Immunology 10
XBB.1.5 vaccination. Lancet Infect Dis. (2024) 24:e1–3. doi: 10.1016/S1473-3099(23)
00690-4

41. Chan HY, Zhang J, Garliss CC, Kwaa AK, Blanskon JN, Smith KN. A T cell
receptor sequencing-based assay identifies cross-reactive recall CD8+ T cell clonotypes
against autologous HIV-1 epitope variants. Front Immunol. (2020) 11:591.
doi: 10.3389/fimmu.2020.00591

42. Bacher P, Rosati E, Esser D, Martini GR, Saggau C, Schiminsky E, et al. Low-
avidity CD4+ T cell responses to SARS-coV-2 in unexposed individuals and humans
with severe COVID-19. Immunity. (2020) 53:1258–1271.e5. doi: 10.1016/
j.immuni.2020.11.016

43. Grifoni A, Sidney J, Vita R, Peters B, Crotty S, Weiskopf D, et al. SARS-CoV-2
human T cell epitopes: Adaptive immune response against COVID-19. Cell Host
Microbe. (2021) 29:1076–92. doi: 10.1016/j.chom.2021.05.010

44. Chen M, Venturi V, Munier CML. Dissecting the protective effect of CD8+ T
cells in response to SARS-coV-2 mRNA vaccination and the potential link with lymph
node CD8+ T cells. Biol (Basel). (2023) 12:1035. doi: 10.3390/biology12071035

45. Sano K, Kurosawa T, Horikawa K, Kimura Y, Goto A, Ryo A, et al. Cellular and
humoral immunity and IgG subclass distribution after omicron XBB.1.5 monovalent
vaccination in Japan. Vaccine. (2024) 42:126452. doi: 10.1016/j.vaccine.2024.126452

46. Mok CKP, Tang YS, Tan CW, Chong KC, Chen C, Sun Y, et al. Comparison of
safety and immunogenicity in the elderly after receiving either Comirnaty or Spikevax
monovalent XBB1.5 COVID-19 vaccine. J Infect. (2025) 90:106374. doi: 10.1016/
j.jinf.2024.106374

47. Zhao XJ, Li XL, Zhang S, Chen JJ, Zhao WC, Wu NN, et al. Dynamic changes of
neutralizing antibody and memory T cell responses six months post Omicron XBB
reinfection. Front Immunol. (2024) 15:1477721. doi: 10.3389/fimmu.2024.1477721

48. Tortorici MA, Addetia A, Seo AJ, Brown J, Sprouse K, Logue J, et al. Persistent
immune imprinting occurs after vaccination with the COVID-19 XBB.1.5 mRNA
booster in humans. Immunity . (2024) 57:904–911.e4. doi : 10.1016/
j.immuni.2024.02.016

49. Liang CY, Raju S, Liu Z, Li Y, Asthagiri Arunkumar G, Case JB, et al. Imprinting
of serum neutralizing antibodies by Wuhan-1 mRNA vaccines. Nature. (2024)
630:950–60. doi: 10.1038/s41586-024-07539-1

50. Yisimayi A, Song W, Wang J, Jian F, Yu Y, Chen X, et al. Repeated Omicron
exposures override ancestral SARS-CoV-2 immune imprinting. Nature. (2024)
625:148–56. doi: 10.1038/s41586-023-06753-7
frontiersin.org

https://doi.org/10.1002/jmv.29631
https://doi.org/10.1016/j.healun.2024.03.014
https://doi.org/10.3390/vaccines12020118
https://doi.org/10.1016/j.chom.2024.01.014
https://doi.org/10.1016/j.chom.2024.01.014
https://doi.org/10.1093/infdis/jiae067
https://doi.org/10.1016/S1473-3099(23)00784-3
https://doi.org/10.1016/S1473-3099(23)00779-X
https://doi.org/10.1016/S1473-3099(23)00779-X
https://doi.org/10.1038/s41598-023-46025-y
https://doi.org/10.1016/S1473-3099(23)00783-1
https://doi.org/10.1016/S1473-3099(23)00783-1
https://doi.org/10.1016/S1473-3099(23)00690-4
https://doi.org/10.1016/S1473-3099(23)00690-4
https://doi.org/10.3389/fimmu.2020.00591
https://doi.org/10.1016/j.immuni.2020.11.016
https://doi.org/10.1016/j.immuni.2020.11.016
https://doi.org/10.1016/j.chom.2021.05.010
https://doi.org/10.3390/biology12071035
https://doi.org/10.1016/j.vaccine.2024.126452
https://doi.org/10.1016/j.jinf.2024.106374
https://doi.org/10.1016/j.jinf.2024.106374
https://doi.org/10.3389/fimmu.2024.1477721
https://doi.org/10.1016/j.immuni.2024.02.016
https://doi.org/10.1016/j.immuni.2024.02.016
https://doi.org/10.1038/s41586-024-07539-1
https://doi.org/10.1038/s41586-023-06753-7
https://doi.org/10.3389/fimmu.2025.1513175
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The XBB.1.5 mRNA booster vaccine does not significantly increase the percentage of XBB.1.5 mono-reactive T cells
	Introduction
	Methods
	Study participants
	ELISpot assay
	Identification of antigen-specific TCRs using the FEST assay
	Multiplex cytokine analysis with MSD assays
	Statistical analysis

	Results
	Higher degree of mutations in targeted T cell epitopes in XBB.1.5 and BA.2.86 subvariants
	Comparable cytokine responses to ancestral, BA.5 and BA.2.86 spike peptides in bivalent vaccine recipients
	High degree of T cell cross-recognition of ancestral and subvariant spike peptides
	Cytokine responses to ancestral, BA.5 and XBB.1.5 spike peptides pre and post the XBB.1.5 booster
	The XBB.1.5 booster does not increase the percentage of T cell clonotypes that are mono-reactive for the XBB.1.5 spike protein
	The percent of epitopes with potential XBB.1.5 mutations targeted by T cells did not significantly change after the XBB booster

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


