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Neutralizing antibody and CD8+

T cell responses following
BA.4/5 bivalent COVID-19
booster vaccination in adults
with and without prior exposure
to SARS-CoV-2
Alexander P. Underwood1,2, Christina Sølund1,2,
Kivin Jacobsen3, Alekxander Binderup1,2,
Carlota Fernandez-Antunez1,2, Lotte S. Mikkelsen1,2,
Dilek Inekci3, Signe Lysemose Villadsen1,2, Jose A. S. Castruita4,
Mette Pinholt4, Ulrik Fahnøe1,2, Santseharay Ramirez1,2,
Liselotte Brix3†, Nina Weis2,5† and Jens Bukh1,2*†

1Copenhagen Hepatitis C Program (CO-HEP), Department of Immunology and Microbiology, Faculty
of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark, 2Department of
Infectious Diseases, Copenhagen University Hospital, Hvidovre, Denmark, 3Immudex ApS,
Copenhagen, Denmark, 4Department of Clinical Microbiology, Copenhagen University Hospital,
Hvidovre, Denmark, 5Department of Clinical Medicine, Faculty of Health and Medical Sciences,
University of Copenhagen, Copenhagen, Denmark
As severe acute respiratory coronavirus 2 (SARS-CoV-2) variants continue to

emerge, it is important to characterize immune responses against variants which

can inform on protection efficacies following booster vaccination. In this study,

neutralizing breadth and antigen-specific CD8+ T cell responses were analyzed in

both infection-naïve and infection-experienced individuals following administration

of a booster bivalent Wuhan-Hu-1+BA.4/5 Comirnaty® mRNA vaccine. Significantly

higher neutralizing titers were found after this vaccination compared to the pre-third

booster vaccination time point. Further, neutralizing breadth to omicron variants,

including BA.1, BA.2, BA.5, BQ.1 and XBB.1, was found to be boosted following

bivalent vaccination. SARS-CoV-2-specific CD8+ T cells were identified, but with no

evidence that frequencies were increased following booster vaccinations. Spike

protein-specific CD8+ T cells were the only responses detected after vaccination

and non-spike-specific CD8+ T cells were only detected after infection. Both spike-

specific and non-spike-specific CD8+ T cells were found at much lower frequencies

than CD8+ T cells specific to cytomegalovirus (CMV), Epstein-Barr virus (EBV) and

influenza (Flu). Taken together, these results show that the bivalent Wuhan-Hu-1

+BA.4/5 Comirnaty® mRNA vaccine boosted the breadth of neutralization to newer

SARS-CoV-2 variants and that vaccination is able to induce spike protein-specific

CD8+ T cell responses, which are maintained longitudinally.
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1 Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), has led to the

deaths of millions globally (1). Following the introduction of

approved COVID-19 vaccinations at the end of 2020, although

protection from infection was not achieved, cases of severe COVID-

19, hospitalization and death dropped significantly (1, 2). However,

the protection efficacies of the original vaccines were found to

diminish due to a combination of waning immunity and the

emergence of new SARS-CoV-2 variants capable of evading prior-

established immune responses (1, 3, 4). The evolving SARS-CoV-2

variants are generally characterized by mutations in the surface

located spike (S) protein, which is the major protein for host cell

entry and the major target for neutralizing antibody (nAb)

responses. To improve immunity against emerging SARS-CoV-2

variants, administrations of booster vaccinations have been

implemented, and vaccine formulas were updated from a

monovalent ancestral S protein (Wuhan-Hu-1 variant) to a

bivalent formula containing both the ancestral S protein (Wuhan-

Hu-1 S mRNA) and an S protein from a more recent variant

(omicron BA.1 or omicron BA.4/BA.5 S mRNA). This vaccine

regimen was approved by the food and drug administration (FDA),

United Kingdom (UK) government, European Medicines Agency

(EMA) and therapeutic goods administration (TGA) for use in the

United States (US), Canada, UK, Europe, and Australia. The three

major vaccine regimes that have been updated include Comirnaty®,

Spikevax® and Novavax®. However, as implementation of these

updated vaccine formulas has been relatively slow, newer omicron

variants emerged, such as omicron BQ.1 and omicron XBB.1, which

have been shown to be highly resistant to neutralizing activity from

both therapeutic monoclonal antibodies and sera from

convalescent/vaccinated individuals (5–7). Recent studies have

shown that nAb titers correlate with protection from developing

severe COVID-19 (8, 9), thus, measurement of nAb titers following

vaccination and/or infection is of high importance for prediction of

protection efficacies.

Like nAb responses, recent evidence has suggested that SARS-

CoV-2-specific CD8+ T cell responses correlate with protection

from developing severe COVID-19 (10). Unlike nAb epitopes,

which are greatly affected by the S protein changes found among

the different SARS-CoV-2 variants, CD8+ T cell epitopes have been

found to be more conserved (11, 12). However, while some CD8+ T

cell epitopes have been proposed to be more immunodominant (12,

13), a large degree of heterogeneity has been found amongst both

convalescent and vaccinated individuals. This is mostly due to the

heterogeneity of class I major histocompatibility complexes

(MHCs), which are responsible for presenting epitopes to CD8+ T

cells. Each different type of MHC class I molecule is restricted to the

type of epitopes it can present, which are linear amino acid

sequences usually 8-11 amino acids in length. Using pools of

CD8+ T cell epitopes, recent studies have shown that S protein-

specific CD8+ T cells can be induced following COVID-19

vaccination (14–17), albeit to relatively low frequencies. However,

it is not completely clear how these frequencies fluctuate with

additional antigen exposures (infection or additional vaccination)
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specific CD8+ T cells to other antigen-specific CD8+ T cells or

negative controls.

In the present study, the breadth of nAb responses in plasma were

assessed in individuals with a COVID-19 vaccination history, including

some with subsequent SARS-CoV-2 infection, with a particular focus

on nAb responses after a fourth Pfizer/BioNTech (Comirnaty®)

vaccine dose containing the ancestral (Wuhan-Hu-1) and BA.4/BA.5

bivalent formula. In addition, SARS-CoV-2-specific CD8+ T cells were

analyzed longitudinally at pre-vaccination (and pre-infection) and

approximately 1-month (1M) post vaccination for each vaccination

(4 doses total). SARS-CoV-2-specific CD8+ T cells following

vaccinations were split into S protein-specific and non-S protein-

specific and compared between infection-naïve individuals and

infection-experienced individuals. Lastly, the frequencies of SARS-

CoV-2-specific CD8+ T cells were compared to a non-specific

epitope and to immunodominant epitopes found in cytomegalovirus

(CMV), Epstein-Barr virus (EBV) and influenza (Flu).
2 Materials and methods

2.1 Study cohort

Participants for this study were selected from the clinical,

virological and immunological COVID-19 (CVIC) study, which is

a prospective cohort of individuals either infected by SARS-CoV-2

or vaccinated against COVID-19, as previously described (18–20).

Participants for this study were selected based on whether they had

received the bivalent (Wuhan-Hu-1+omicron BA.4/5 S mRNA)

Comirnaty® booster vaccine. Any participants that received a

Vaxzervria® or Spikevax® vaccination were excluded from this

study. Thus, participants in this study received only Comirnaty®

vaccinations. Longitudinal follow up included blood collection at

pre-vaccination, 1M post-booster vaccination (second dose), 1M-

post second booster vaccination (third dose), pre-third booster

vaccination and 1M-post third booster vaccination (fourth dose).
2.2 Plasma and peripheral blood
mononuclear cell isolation

Following blood collection in ethylenediaminetetraacetic acid

(EDTA) tubes, blood was centrifuged at 1800 x g for 10 min with

the brake turned off. Plasma was then collected and stored at -80°C in

cryovials until use. The buffy coat containing peripheral blood

mononuclear cells (PBMCs) was collected, combined with phosphate

buffered saline (PBS) and added to Sepmate tubes (STEMcell

Technologies) containing Ficoll (Sigma-Alrich). The tubes were then

centrifuged at 1200 x g for 10 min with the brake turned off. The

supernatant was then poured into a fresh tube and topped up with PBS.

The tubes were then centrifuged at 400 x g for 6 min and washed once

more with PBS. Following this, the cells were resuspended in RPMI

media (Gibco) and counted using a Countess II (Thermo Fisher

Scientific). An equal part of pre-chilled freezing media (50% RPMI,

30% FBS and 20% dimethyl sulfoxide) was then added and cells were
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frozen at -80°C in a CoolCell® container (Corning) in cryovials

containing a minimum of 5 x106 cells/vial. For long-term storage,

the cryovials were moved to -150°C.
2.3 Screening for SARS-CoV-2 infection

As reported previously (19), to determine if a participant had

been infected, plasma was screened longitudinally for the presence

of anti-nucleocapsid (N) antibodies using a EuroImmun semi-

quantitative enzyme-linked immunosorbent assay (ELISA)

(PerkinElmer, cat#: EI 2606-9601-2 G). All time points were

compared to the pre-vaccination time point and a signal/noise

ratio of 3.0 or more was considered positive. In addition,

participants were required to report on testing positive for SARS-

CoV-2 infection via routine diagnostic polymerase chain reaction

(PCR) from nasopharyngeal swabs. Subsequently, any participants

that became PCR positive had their nasopharyngeal swab sent to the

Department of Microbiology, Copenhagen University Hospital,

Hvidovre, Denmark, to see if a viral sequence could be recovered.

RNA extraction of samples from swabs was done using PentaBase

viral nucleotide purification kit (PentaBase A/S). Sequencing

libraries were prepared using Midnight-ONT/V3 primers and

Rapid Barcoding Sequencing Kit (Oxford Nanopore

Technologies) following the manufacturer’s instructions.

Sequencing was performed using R9.4.1 flow cells (Oxford

Nanopore Technologies) on a GridION (Oxford Nanopore

Technologies) using default parameters and high-accuracy base-

calling. Reads were processed using MinKNOWs internal epi2me

workflow (v.0.3.14) for SARS-CoV-2 with default parameters.

Inside the workflow, variants were called using Nextclade

(v.1.11.0) and Pangolin (v.4.0.5). All infections that had a variant

identified can be found in Table 1.
2.4 Ethics

The study was approved by the Regional Ethical Committee (H-

20025872) and Data Protection Agency (P-2020-357), respectively,

and was conducted in compliance with the Declaration of Helsinki

guidelines. All individuals included in this study were 18 years or

older and able to read and speak adequate Danish to provide written

informed consent. Participants were required to self-report their

age, sex, and ethnicity upon enrolment. Study data was collected

and managed using research electronic data capture (REDCap)

tools hosted at Copenhagen University Hospital, Hvidovre (21).
2.5 Neutralization assay

Initially, all participants included in this study were screened for

plasma neutralization using a D614G SARS-CoV-2 isolate (DK-

AHH1, Genbank accession number MZ049597), as described

previously (19, 20, 22). In brief, virus was added to 2-fold serially

diluted plasma at a 1:1 ratio and incubated at room temperature.

Following 1h incubation, plasma/virus and antibody/virus
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complexes were then added to Vero E6 cells (RRID: CVCL_0574)

seeded the day before (104 cells/well) in quadruplicate. After 48

hours incubation, the cells were fixed and stained. Spots

representing virus infected cells were counted and single outliers

were removed as previously described (23). The percentage

neutralization was calculated as:

%  Neutralisation

= 1  −
Spot   count

Average   spot   count   virus   only   and   healthy   controlsf g
� �

  x   100

Following this initial screening, selected participants were then

screened for plasma neutralization to other SARS-CoV-2 isolates

including a delta isolate (DK-AHH3, accession number OP271297)

(19), an omicron BA.1 isolate (DK-AHH4, accession number

OP271296) (19), an omicron BA.2 isolate (DK-AHH5, accession

number OP722493) (24), an omicron BA.5 isolate (DK-AHH6,

accession number OP722492) (24), an omicron XBB.1.4 isolate

(DK-AHH7, accession number OQ843560, described here for the

first time) and an omicron BQ.1.1 isolate (DK-AHH8, clade 22E,

accession number OQ843561, described here for the first time). All

these isolates were grown in Vero E6 cell culture to obtain a viral

stock. Viral stocks were then titrated to a multiplicity of infection

(MOI) that could completely infect 104 Vero E6 cells without

causing cytopathic effect. All neutralization experiments for these

isolates were done as described above for DK-AHH1.
2.6 HLA typing

Human leukocyte antigen (HLA) typing of subjects was done

using a protocol previously developed by others (25). In brief,

subject DNA was obtained by lysing one vial of PBMCs using a

DNeasy Blood & Tissue kit (Qiagen) according to the

manufacturer’s instructions. This DNA was used as a template for

PCR amplification of the HLA A allele using the primers and PCR

cycling conditions previously described (25). Following PCR, the

products were checked via gel agarose electrophoresis and purified

using AMPure XP beads (Qiagen) according to the manufacturer’s

instructions. Purified products were then pooled, and library

preparation was conducted using a NEBNext Ultra II DNA

Library Preparation kit (New England Biolabs). Next generation

sequencing (NGS) was performed using the MiSeq platform

(Illumina). The data was analyzed using Hisat-genotype analysis

pipeline, as previously described (26).
2.7 Flow cytometry for screening of
antigen-specific CD8+ T cells

Frozen PBMCs were thawed at room temperature and

immediately transferred to PBS supplemented with 5% fetal

bovine serum (FBS). The cell suspension was centrifuged at 500 x

g for 5 min and the cell pellet was resuspended in PBS supplemented

with 5% FBS. Cells were then stained in the dark with Fixable

Viability Stain 780 (FVS780, BD Biosciences) for 20 min. The cells

were then washed twice with PBS supplemented with 5% FBS and
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TABLE 1 Summary of participant information for the hybrid group vaccinated against SARS-CoV-2 with subsequent infection.
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resuspended in Brilliant Stain Buffer (BD Biosciences). The cells

were split into four aliquots, one for the non-specific negative

control Dextramer reagents, one for the CMV, EBV and Flu

(CEF) Dextramer reagents, one for the SARS-CoV-2 S protein-

specific Dextramer reagents and one for the SARS-CoV-2 non-S

protein-specific Dextramer reagents. Dextramer staining was done

in the dark for 30 min according to the manufacturer’s instructions.

All Dextramer reagents were labelled with the PE fluorophore and

the panel of Dextramer reagents can be found in Supplementary

Table 1. These epitopes were selected from internal and published

knowledge on immunodominant epitopes in relation to these

specific HLA types (12, 13). Following this, the cells were stained

in the dark for 20 min with anti-CD3-AF700 (BD Biosciences), anti-

CD14-APC (BD Biosciences), anti-CD19-APC (BD Biosciences),

anti-CD4-BUV395 (BD Biosciences) and anti-CD8-FITC (BD

Biosciences). The cells were then washed three times with PBS

supplemented with 5% FBS and resuspended in PBS supplemented

with 5% FBS. Flow cytometry was then performed on a BD LSR

Fortessa (5 laser) analyzer (BD Biosciences) using BD FACSDiva™

software version 6.1.3 (BD Biosciences). Downstream analysis of

the flow cytometry data was done using FloJo software version

10.8.1 (BD Biosciences).
2.8 Statistics

50% inhibitory dilution neutralization titers (ID50) of plasma

were calculated in GraphPad Prism (version 9.5.1). Each specific

statistical test performed is indicated in the text and figure legends.

In brief, data was checked for normal distribution by using QQ-

plots and assessed using the Shapiro-Wilk test and Kolmogorov-

Smirnov tests. Data that was not found to be normally distributed

was analyzed using non-parametric tests and corrected for multiple

comparisons as indicated. Data that did not pass the normal

distribution tests were plotted with the median and 95%

confidence interval. All analyses were two tailed and statistical

significance was defined as a p value less than 0.05.
2.9 Role of funders

The funders had no role in study design, data collection and

analysis, decision to publish, or preparation of the manuscript. All

authors had full access to all the data in the study and had final

responsibility for the decision to submit for publication.
3 Results

3.1 Study participants vaccinated against
COVID-19

A total of 109 participants vaccinated with a prime-boost

Comirnaty® regimen (Wuhan-Hu-1 S mRNA-mRNA) were

enrolled in the CVIC study and followed prospectively (18, 19).

Among these individuals, 38 received both a third Wuhan-Hu-1 S
Frontiers in Immunology 06
mRNA Comirnaty® vaccination and a fourth bivalent (Wuhan-Hu-

1+BA.4/5 S mRNA) Comirnaty® vaccination and were included in

this study. Blood samples collected at pre-vaccination, 1M post-

booster vaccination (second dose), 1M post-second booster

vaccination (third dose), pre-third booster vaccination and 1M

post-third booster vaccination (fourth dose) were analyzed

(Figure 1A). Twenty-seven of these individuals had had a SARS-

CoV-2 infection identified through N protein ELISA, of which 21

were confirmed via routine PCR testing. Twenty five of the 27 had

an infection identified between their second booster and third

booster Comirnaty® vaccinations and the remaining 2 had an

identified infection between their booster and second booster

Comirnaty® vaccinations (Table 1). Of the 21 with PCR

confirmed SARS-CoV-2 infection, 9 had the infecting SARS-CoV-

2 variant identified, of which 2 were omicron BA.1, 5 were BA.2, 1

was BA.5 and 1 was the alpha variant (Table 1). Regardless of when

they were infected, the 27 individuals included in this study with an

identified SARS-CoV-2 infection were termed “hybrid” and the

remaining 11 that did not have a SARS-CoV-2 infection identified

were termed “naïve”. The median age in the hybrid and naïve

groups were 49 (interquartile range [IQR]=47-57) and 53 (IQR=48-

58), respectively. The percentage of females was 74% in the hybrid

group and 82% in the naïve group. A summary of participant

information for the hybrid and naïve groups can be found in Table 1

and Table 2, respectively.
3.2 Assessment of neutralizing titers
against an ancestral D614G SARS-CoV-2
isolate following serial vaccinations

Firstly, to assess the change in plasma neutralizing titers from

the third booster vaccination dose containing the bivalent Wuhan-

Hu-1+BA.4/5 S Comirnaty® mRNA, neutralizing titers against an

ancestral D614G isolate were assessed in infectious culture systems

(20, 22) at pre-third booster vaccination and 1M post-third booster

vaccination time points in both naïve and hybrid groups

(Figure 1B). Neutralization titers (50% inhibitory dilutions

[ID50s]) were determined by measuring viral infectivity following

incubation with serially diluted plasma and comparing to the

infectivity at the pre-vaccination time point at a single plasma

dilution (1/10). For both the naïve and hybrid groups, significantly

higher neutralizing titers were found at the 1M post-third booster

vaccination time point when compared to their respective pre-third

booster vaccination time point (p<0.001, Wilcoxon t tests).

Compared to the naïve group at 1M post-third booster

vaccination, the hybrid group had significantly higher

neutralizing titers (p=0.0175, Mann-Whitney U test). Next,

neutralizing titers were assessed longitudinally in each group at

1M post-booster, 1M post-second booster and 1M post-third

booster vaccination time points (Figure 1C). Although both

groups appeared to have the highest neutralizing titers against

the ancestral D614G isolate at the 1M post-second booster

vaccination time point, there were no significant differences found

in either group between the time points (p>0.05, Kruskal-

Wallis tests).
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A

B

C

FIGURE 1

Study cohort summary and examination of neutralizing titers against the ancestral D614G SARS-CoV-2 isolate in the naïve (n=11) and hybrid (n=27)
groups following vaccinations against COVID-19. (A) Of the 109 participants in the CVIC study cohort, 38 had longitudinal follow-up that included
blood collection at 1-month (1M) after bivalent (Wuhan-Hu-1+BA.4/5 S mRNA) third booster vaccination. Collection dates (blood vials) were done at
pre-vaccination, 1M post-booster vaccination, 1M post-second booster vaccination, pre-third booster vaccination and 1M post-third booster
vaccination. The blue syringes represent vaccination with the monovalent Comirnaty® ancestral formula (Wuhan-Hu-1 S mRNA) and the yellow
syringe represents vaccination with the Comirnaty® bivalent (Wuhan-Hu-1+BA.4/5 S mRNA). Eleven of the 38 included did not have a SARS-CoV-2
infection detected throughout follow-up (blue line, termed “naïve”). Twenty seven of the 38 were found to have been infected with SARS-CoV-2
(orange line, termed “hybrid”). Twenty five of the 27 had an infection detected between their second booster and third booster Comirnaty®

vaccinations and two had an infection detected between their booster and second booster Comirnaty® vaccinations. (B) Comparison of neutralizing
titers against the ancestral D614G SARS-CoV-2 isolate between the pre-third booster and post-third booster vaccination time points in the naïve
(blue and purple) and hybrid (orange and red) groups. Neutralizing titers were found to be significantly boosted following third booster vaccination in
both the naïve (p=0.0010, Wilcoxon t test) and hybrid (p<0.0001, Wilcoxon t test) groups. When the two groups were compared at the 1M post-third
booster vaccination time point (right graph), the hybrid group was found to have significantly higher neutralizing titers (p=0.0175, Mann-Whitney U
test). (C) Longitudinal neutralizing titers at 1M post-booster (post-boost), 1M post-second booster (post-2nd boost) and 1M post-third booster (post-
3rd boost) vaccinations in the naïve group (blue) and hybrid group (orange). *p<0.05, ***p<0.001 and ****p<0.0001.
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3.3 Assessment of neutralizing breadth
against delta and omicron SARS-CoV-2
isolates after second and third
booster vaccinations

To assess neutralizing breadth in the mRNA vaccination groups

with and without prior SARS-CoV-2 infection, 11 participants from

the hybrid group were selected to match the 11 participants in the

naïve group to allow a more direct comparison between the two

groups. The participants from the hybrid group were selected based

on matched age, sex, complete longitudinal follow up, and only

having a detected SARS-CoV-2 infection between their post-second

booster and pre-third booster vaccination time points (representing

a time when the SARS-CoV-2 omicron BA.2 variant was dominant

in Denmark). A summary of the 11 selected participants from the

hybrid group can be found in Supplementary Table 2. Neutralizing

breadth was measured against a panel of SARS-CoV-2 isolates

representing delta and omicron (BA.1, BA.2, BA.5, BQ.1.1 and

XBB.1.4) variants. Firstly, neutralizing breadth was compared at 1M

post-second booster and 1M post-third booster vaccination time

points within the naïve (Figure 2A) group and at 1M post-second

booster, pre-third booster (post-infection) and 1M post-third

booster vaccination time points in the hybrid group (Figure 2B).

For the naïve group, when compared to the 1M post-second booster

vaccination time point, significantly higher neutralizing titers were

observed at the 1M post-third booster vaccination time point for the

omicron BA.1, BQ.1.1 and XBB.1.4 isolates (p<0.05, Bonferroni-

Dunn corrected Wilcoxon t tests). By contrast, in the hybrid group,

when compared to the 1M post-second booster vaccination time

point, neutralizing titers against all isolates were significantly higher
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at the 1M post-third booster vaccination time point (p<0.01,

Bonferroni-Dunn corrected Wilcoxon t tests). Furthermore, at the

pre-third booster vaccination time point, neutralizing titers were

significantly higher against the omicron BA.1, BA.2 and BA.5

isolates when compared to the post-second booster vaccination

time point (p<0.05, Bonferroni-Dunn corrected Wilcoxon t tests).

When the pre-third booster and post-third booster vaccination time

points were compared, significantly higher neutralizing titers were

detected at the post-third booster vaccination time point against all

tested SARS-CoV-2 isolates (p<0.05, Bonferroni-Dunn corrected

Wilcoxon t tests). To see if the breadth of neutralization in the

hybrid group was superior to the naïve group, neutralizing titers

were compared between these two groups at 1M post-second

booster vaccination (Figure 2C) and at 1M post-third booster

vaccination (Figure 2D). At 1M post-second booster vaccination,

no observable differences were seen between the naïve and hybrid

groups. At the 1M post-third booster vaccination time point,

although the hybrid group had noticeably higher neutralizing

titers against all the isolates tested, significance was only detected

against the delta, omicron BA.1 and omicron BA.2 isolates (p<0.05,

Bonferroni-Dunn corrected Mann-Whitney U tests).
3.4 Detection of antigen-specific CD8+

T cell responses

In order to identify SARS-CoV-2-specific CD8+ T cell

responses, we selected S protein-specific and non-S protein-

specific SARS-CoV-2 epitopes displayed by MHC on PE-labelled

Dextramer reagents specific to HLA types A*01:01, A*02:01 and
TABLE 2 Summary of participant information for the naïve group vaccinated against SARS-CoV-2.

Patient
ID

Age
(years)

Sex Ethnicity
Second booster

vaccination
(date)

Second booster
vaccination time

point (days
post vaccination)

Third booster
vaccination

(date)

Third booster
vaccination time

point (days
post vaccination)

mRNA-005 41 Female Caucasian 19 10 2021 36 11 10 2022 38

mRNA-009 55 Female Caucasian 23 10 2021 33 11 10 2022 35

mRNA-011 48 Female Caucasian 20 10 2021 40 5 10 2022 34

mRNA-039 53 Female Caucasian 19 10 2021 51 2 11 2022 33

mRNA-047 73 Male Caucasian 20 10 2021 51 3 10 2022 44

mRNA-061 63 Female Caucasian 22 10 2021 39 5 10 2022 34

mRNA-073 50 Female Caucasian 22 10 2021 38 6 10 2022 42

mRNA-090 56 Female Caucasian 22 10 2021 39 9 10 2022 33

mRNA-097 52 Female Caucasian 21 10 2021 34 4 10 2022 42

mRNA-101 25 Male Caucasian 10 11 2021 20 4 10 2022 45

mRNA-102 58 Female Caucasian 22 10 2021 DNS 5 10 2022 49

18% male

Median
(IQR)

53 (48-58)
82%
female

Mean (SD) 38 (9) Mean (SD) 39 (6)
DNS, did not show.
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A*03:01 (Supplementary Table 1). Next, the 11 participants from

the naïve group and the 11 matched participants from the hybrid

group (i.e., the same 11 participants as studied above for cross-

neutralizing antibodies) were HLA typed to identify those with

suitable HLA A alleles. Of these participants, 10/11 of the naïve

participants and 9/11 of the hybrid participants were found to have

matching HLA A alleles (Supplementary Table 3). The MHC class I

Dextramer reagents were used to identify SARS-CoV-2-specific

CD8+ T cells in PBMCs isolated from peripheral blood at the

same time points used in the neutralization analyses (Figure 1A).

For each time point, analysis was done using four pools of

Dextramer reagents, one containing negative control Dextramer

reagents, one containing Dextramer reagents specific for other viral

epitopes (CMV, EBV and Flu), one containing SARS-CoV-2 S

protein-specific Dextramer reagents and one containing SARS-

CoV-2 non-S protein-specific Dextramer reagents. Each pool of

Dextramer reagents was analyzed separately from one another
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using flow cytometry and gated as shown in Figure 3. Any time

points that had <5,000 CD8+ T cells were excluded from further

analyses. In the naïve group, three showed consistently low levels of

CD8+ T cells (<5,000 CD8+ T cells) and were excluded, meaning

that only 7 subjects were included in the naïve group. A summary of

the time points included and the detected antigen-specific CD8+ T

cell frequencies can be found in Supplementary Table 4.
3.5 Assessment of S protein-specific
CD8+ T cells

Given that the vaccine formulas used in this study only

contained the SARS-CoV-2 S protein, CD8+ T cell frequencies

were first measured against epitopes specific to the SARS-CoV-2 S

protein (Figure 4). For all individuals, S protein-specific CD8+ T

cells were not detected at the pre-vaccination time point
A B

DC

FIGURE 2

Analysis of breadth of neutralization to different SARS-CoV-2 isolates in the naïve (n=11) and matched hybrid (n=11) groups. (A) Comparison of
neutralizing titers against different SARS-CoV-2 isolates in the naïve group between the 1M post-second (blue) and 1M post-third booster (purple)
vaccination time points. Neutralizing titers against the omicron BA.1, BQ.1.1 and XBB.1.4 isolates were found to be significantly higher at the 1M post-
third booster vaccination time point (p<0.05, Bonferroni-Dunn corrected multiple Wilcoxon t tests). (B) Comparison of neutralizing titers against
different SARS-CoV-2 isolates in the hybrid group (infected between the second booster and third booster Comirnaty® vaccinations; matched with
naïve group) between the 1M post-second booster (orange), pre-third booster (red, post-infection) and 1M post-third booster (yellow) vaccination
time points. Neutralizing titers against all the isolates tested were found to be significantly higher at the 1M post-third booster vaccination time point
when compared to the 1M post-second booster vaccination time point (p<0.01, Bonferroni-Dunn corrected multiple Wilcoxon t tests) and the pre-
third booster vaccination time point (p<0.05, Bonferroni-Dunn corrected multiple Wilcoxon t tests). The pre-third booster vaccination time point
was also found to have significantly higher neutralizing titers than the post-second booster vaccination time point for the omicron BA.1, BA.2 and
BA.5 isolates (p<0.05, Bonferroni-Dunn corrected multiple Wilcoxon t tests). (C) Comparison of neutralizing titers against the different SARS-CoV-2
isolates between the naïve (blue) and hybrid (orange) groups at the post-second booster vaccination time point. (D) Comparison of neutralizing
titers against the different SARS-CoV-2 isolates between the naïve (blue) and hybrid (orange) groups at the post-third booster vaccination time point.
Neutralizing titers against the delta, omicron BA.1 and omicron BA.2 isolates were found to be significantly higher in the hybrid group when
compared to the naïve group (p<0.05, Bonferroni-Dunn corrected multiple Mann-Whitney U tests). *p<0.05 and **p<0.01.
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(Figure 4A). In two individuals, S protein-specific CD8+ T cells were

not detected at any time point. For the remaining individuals, all

follow-up time points showed continuously detectable S protein-

specific CD8+ T cells at varying frequencies (Figure 4A). However,

while some subjects showed a trend for increasing S protein-specific

CD8+ T cell frequencies after each antigen exposure (i.e., infection

or booster vaccination), no significant differences in the frequencies

of S protein-specific CD8+ T cells were found at any time

point (excluding comparisons to the pre-vaccination time point,
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p>0.05, Dunn’s corrected Kruskal-Wallis test). To see if there

were any differences in the frequencies of S protein-specific CD8+

T cells between the naïve and hybrid groups, these groups were

separated and compared at each time point (Figure 4B). Although

slightly higher frequencies of S protein-specific CD8+ T cells

were detected in the hybrid group at the post-third booster

vaccination time point, no significant differences were detected at

any time point (p>0.05, Holm Sidak corrected multiple Mann-

Whitney U tests).
FIGURE 3

Gating strategy used for isolating antigen-specific CD8+ T cells from PBMCs. PBMCs were split into four wells. Each well of PBMCs contained
Dextramer® reagents specific to the individuals HLA allele(s), with the first well containing non-specific (negative control) Dextramer reagents, the
second well containing CMV/EBV/Flu (CEF)-specific Dextramer reagents, the third well containing SARS-CoV-2 S protein-specific Dextramer
reagents and the last well containing SARS-CoV-2 non-S protein-specific Dextramer reagents. Cells were analyzed on a BD Fortessa 5 laser
instrument and the flow data were gated on lymphocytes, single cells, live cells (FVS780), CD3+ (AF700) and CD14- (APC)/CD19- (APC), CD8+ (FITC)
and CD4- (BUV395), and CD8+ (FITC) and Dextramer®+ (PE). The representative plots shown are for participant mRNA-11 at the post-third booster
vaccination time point.
A B

FIGURE 4

Analysis of SARS-CoV-2 S protein-specific CD8+ T cells. (A) Longitudinal frequencies of S protein-specific (yellow) CD8+ T cells in all individuals
(n=16). No S protein-specific CD8+ T cells were detected at the pre-vaccination time point for all individuals and two individuals did not have any S
protein-specific CD8+ T cells detected at follow-up time points. The remainder of individuals (n=14) showed continuous detection of S protein-
specific CD8+ T cells at the post-booster vaccination time point and thereafter. No significant differences between each time point (excluding the
pre-vaccination time point) were found (p>0.05, Dunn’s corrected Kruskal-Wallis test). (B) Comparison of S protein-specific CD8+ T cell frequencies
between the naïve (blue) and hybrid (orange) groups. No significant differences were found at any time point (p>0.05, Holm-Sidak corrected multiple
Mann-Whitney U tests). Time points from subjects were not included if<5,000 CD8+ T cells were detected.
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3.6 Assessment of non-S protein-specific
and CEF-specific CD8+ T cells

Given that some of the individuals became infected,

immunodominant epitopes outside of the S protein (i.e., non-S

protein-specific epitopes) were assessed longitudinally (Figure 5A).

Detection of non-S protein-specific CD8+ T cells only occurred at the

pre-third booster vaccination and post-third booster vaccination time

points (i.e., post-infection time points, Figure 5A). When these two

time points were compared, no significant differences were found

(p>0.05, Mann-Whitney U test). Detection of these CD8+ T cells only

occurred in individuals in the hybrid group (Figure 5B). When

compared at the post-third booster vaccination time point, the

hybrid group had significantly higher non-S protein-specific CD8+

T cell frequencies than the naïve group (p=0.005, Mann-Whitney U

test, Figure 5B). No other time points were compared as non-S

protein-specific CD8+ T cells were not detected.

Longitudinal assessment of CEF-specific CD8+ T cells showed

that they could be detected at all time points for all individuals at
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varying frequencies (Figure 5C). However, no significant differences

were detected between any of the time points (p>0.05, Dunn’s

corrected Kruskal-Wallis test). Similarly, when the frequencies of

CEF-specific CD8+ T cells were compared between the naïve and

hybrid groups, no significant differences were found (p>0.05, Holm-

Sidak corrected multiple Mann-Whitney U tests, Figure 5D).
4 Discussion

Since the release of several COVID-19 vaccination strategies at

the end of 2020, there has been a race between the emergence of

SARS-CoV-2 variants and vaccination capable of protecting against

evolving variants. With recent evidence showing that the newer BQ

and XBB omicron variants are highly resistant to previously

established neutralizing responses (5, 6), it’s important for vaccine

formulas to be updated to help induce immunity that can protect

against current circulating variants. While updated COVID-19

vaccine formulas have been shown to induce improved breadth of
A B

DC

FIGURE 5

Analysis of SARS-CoV-2 non-S protein-specific and CEF-specific CD8+ T cell frequencies. (A) Longitudinal frequencies of non-S protein-specific
(green) CD8+ T cells in all individuals (n=16). Detectable non-S protein-specific CD8+ T cells only occurred at the pre-third booster and post-third
booster vaccination time points. No significant difference in these frequencies at these two time points was found (p>0.05, Mann-Whitney U test).
(B) Comparison of non-S protein-specific CD8+ T cell frequencies between the naïve (blue) and hybrid (orange) groups. Non-S protein-specific
CD8+ T cells were only found in the hybrid group. Significantly higher frequencies of non-S protein-specific CD8+ T cells were detected in the
hybrid group at the post-third booster vaccination time point (p=0.005, Mann-Whitney U test). (C) Longitudinal frequencies of CMV/EBV/Flu (CEF)-
specific (purple) CD8+ T cells in all individuals (n=16). No significant difference in these frequencies were found when all the time points were
compared (p>0.05, Dunn’s corrected Kruskal-Wallis test). (D) Comparison of CEF-specific CD8+ T cell frequencies between the naïve (blue) and
hybrid (orange) COVID-19 vaccinated groups. No significant differences were found in the frequencies of CEF-specific CD8+ T cells between the
naïve and hybrid groups at any time point (Holm-Sidak corrected multiple Mann-Whitney U tests). Time points from subjects were not included
if<5,000 CD8+ T cells were detected. **p<0.01.
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neutralization to emerging variants (5, 6), the level of neutralization is

still significantly lower than that against the ancestral SARS-CoV-2

variant (Wuhan-Hu-1). However, continued antigen exposure,

whether that be through vaccination or through infection, has

shown improved breadth of neutralization to multiple SARS-CoV-

2 variants (19). Similarly, the results presented in this study support

the continued development of neutralizing breadth through

additional antigen exposures, whether that be from additional

vaccination, infection, or both. Particularly, individuals who had

received the new Comirnaty® bivalent vaccine (third booster

vaccination) showed a large improvement in neutralization titers to

the omicron variants tested. Although limited, other studies that have

assessed the bivalent Spikevax® vaccine (mRNA-1273.214) from

Moderna have also shown comparable results to that seen in this

study (27, 28). That is, the bivalent booster vaccination increased

breadth of neutralization to omicron variants with a greater boost

seen in those with prior infection. Interestingly, however,

neutralization to the ancestral D614G isolate in this study, although

boosted compared to pre-bivalent vaccination, was not brought back

to comparable levels to that seen at post-second booster vaccination,

unless individuals had had an infection (hybrid group). In a previous

report assessing neutralization in individuals that received two

booster vaccinations and individuals that received three booster

vaccinations, while the monovalent third booster vaccination

showed substantially increased neutralization titers against the

ancestral D614G coronavirus pseudoparticle (CoVpp) compared to

the bivalent third booster vaccination, the bivalent third booster

vaccination showed much higher neutralization titers against the

ancestral D614G CoVpp when compared to the neutralization titers

after two booster vaccinations (29). However, this prior study did not

use the same individuals for assessing neutralizing titers after three

and four vaccine doses and failed to time-match the samples based on

sample collection following vaccination, which has been shown to be

important as neutralizing titers rapidly wane after 1M post-

vaccination (19, 30). Therefore, this may explain the differences

with the results found in the present study. This would make sense

given that it is likely that memory B cells would be competing for the

vaccine-induced antigens, and that having a lower amount of

previously encountered antigen (Wuhan-Hu-1 S protein) would

limit memory B cells from being activated, thus forcing

differentiation and maturation of naïve B cells to the newly

encountered omicron S antigens (BA.4/5 S protein). Therefore,

compared to the third dose vaccination, which is exclusively the

Wuhan-Hu-1 S protein, the bivalent vaccination would not induce as

high neutralizing titers to the ancestral D614G isolate. However,

given that the ancestral D614G SARS-CoV-2 variant is not

circulating anymore, improvement of neutralizing titers

against the newer BQ and XBB omicron variants is of higher

importance. The data presented here, which is supported by others

(6, 27, 30), shows that Comirnaty® bivalent vaccination can indeed

boost neutralization titers to the newer omicron variants.

Although differences in monovalent and bivalent third booster

vaccinations were not assessed in this study, others have shown

that a bivalent third booster vaccination is superior at inducing

improved neutralization titers against newer omicron variants

(27, 31).
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Although newer SARS-CoV-2 variants have been shown to be

increasingly evasive to both infection- and vaccine-induced nAb

responses, known CD8+ T cell epitopes have been found to be

much more conserved between the different variants (11, 12).

Given the apparent importance of CD8+ T cells in the complete

clearance of SARS-CoV-2 infection (32, 33), antigen-specific CD8+ T

cells were investigated in this study. Unlike previous studies assessing

SARS-CoV-2-specific CD8+ T cell frequencies (13, 34, 35), this study

compared the SARS-CoV-2-specific CD8+ T cell frequencies to the

frequencies of other virus-specific CD8+ T cell responses (CEF pool).

For SARS-CoV-2, the assay used here allowed tracking of the virus-

specific T cell dynamics in response to both vaccination and infection.

It was clear to see that, following prime-boost vaccination, S protein-

specific CD8+ T cells could be detected and, following infection,

detection of non-S protein-specific CD8+ T cells was observed.

Importantly, these antigen-specific CD8+ T cells were not detected

at pre-vaccination or at pre-infection time points, indicating that the

CD8+ T cell epitopes employed in this study were specific to SARS-

CoV-2 and that these epitopes were successful at identifying antigen-

specific CD8+ T cells corresponding to the exposed antigen. When

compared to other studies looking at SARS-CoV-2-specific CD8+ T

cells, the frequencies found in this study are similar to that reported

by others (13, 34, 35). Virus-specific T cell responses directed against

CMV, EBV and Flu were detected at much higher frequencies

compared to the SARS-CoV-2-specific CD8+ T cells, which could

be due to several reasons. Firstly, CMV, EBV and Flu specific T cells

were detected as one group, thus the CEF-specific cell numbers

observed is the sum of responses to 3 viruses and not just one as for

the SARS-CoV-2 responses measured. Secondly, these CD8+ T cells

were likely formed from an infection with higher antigenic exposure

than a vaccine, allowing greater expansion of antigen-specific CD8+ T

cells prior to antigen clearance.

Interestingly, when the antigen-specific CD8+ T cell frequencies

were examined longitudinally to either SARS-CoV-2 or CEF, no

fluctuation in cell numbers was observed, even after additional

antigen exposure (i.e., SARS-CoV-2 booster vaccination or

infection). This is comparable to what has been observed in

another study examining SARS-CoV-2-specific CD8+ T cells

longitudinally (17). Given that it has been shown that the CD8+

T cell response to vaccinations peak around 10 days post-antigen

exposure (36, 37), it is possible that frequencies of antigen-specific

CD8+ T cells detected in this study, and by others (17), are after the

antigen-specific CD8+ T cells have contracted back to a plateau,

meaning that the detected antigen-specific CD8+ T cell frequencies

in this study may have been past the expansion phase and,

therefore, likely to be in a memory state. This would make sense

considering SARS-CoV-2-specific memory CD8+ T cells have been

shown to be long-lasting (38).

Although the epitopes used in this study were carefully selected

based on previous reports of these epitopes being found at high

rates among the HLA types selected for this study (12, 13), inclusion

of additional epitopes may help improve detection frequencies of

the SARS-CoV-2 non-S protein-specific CD8+ T cell frequencies.

However, even epitopes like TTDPSFLGRY, which has been

reported to be highly immunodominant in HLA A*01:01

individuals (13), were not found at high frequencies in A*01:01
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individuals that acquired a SARS-CoV-2 infection in this study.

However, this could be due to the participants having already

established S protein-specific CD8+ T cell responses from

COVID-19 vaccination, which will then be favored upon antigen

re-exposure, especially considering the degree of conservation of

CD8+ T cell epitopes between the SARS-CoV-2 variants. This

phenomenon has been reported in individuals vaccinated against

COVID-19 and suggested to be an effect of ‘immune imprinting’

(39). However, there is no evidence to suggest that immune

imprinting induces better or worse disease outcomes after infection.

Overall, this study supports that the administration of a bivalent

(Wuhan-Hu-1+BA.4/5 S mRNA) Comirnaty® vaccination regime

induces improved neutralizing antibody responses to omicron

variants for both infection-naïve and infection-experienced

individuals. Given the relationship between neutralizing titers and

protection from severe COVID-19, the improved neutralizing

responses seen from the bivalent Comirnaty® booster vaccination

are likely to improve protection efficacies. Furthermore, although

SARS-CoV-2-specific CD8+ T cells were not found to be boosted

following serial vaccinations, the number of specific T cells were

sustained in those that had detectable responses. Lastly, there was

no evidence of infection-experienced individuals having superior S

protein-specific CD8+ T cell responses to infection-naïve vaccinated

individuals, suggesting that infection-induced responses are not

superior to vaccine-induced responses.
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