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Abstract: Sequencing of the T-cell repertoire is an innovative method to assess the cellular responses after
immunization. The purpose of this study was to compare T-cell repertoires after COVID-19 immunization
with homologous (HOB) and heterologous (HEB) boosting. The study included 20 participants with
a median age of 27.5 (IQR:23) years, who were vaccinated with one dose of the Ad26.COV2.S vaccine
and were boosted with either Ad26.COV2.S (n = 10) or BNT162b2 (n = 10) vaccine. Analysis of the
T-cell receptor beta locus (TCRβ) sequencing one month after the booster dose identified that the HEB
compared to the HOB group exhibited a higher number of both total and COVID-19-related functional
T-cell rearrangements [mean of total productive rearrangements (TPRs): 63151.8 (SD ± 18441.5) vs. 34915.4
(SD ± 11121.6), p = 0.001 and COVID-19–TPRs: 522.5 (SD ± 178.0) vs. 298.3 (SD ± 101.1), p = 0.003]. A
comparison between the HOB and HEB groups detected no statistically significant differences regarding
T-cell Simpson clonality [0.021 (IQR:0.014) vs. 0.019 (IQR:0.007)], richness [8734.5 (IQR:973.3) vs. 8724
(IQR:383.7)] and T-cell fraction [0.19 (IQR:0.08) vs. 0.18 (IQR:0.08)]. HEB also exhibited a substantially
elevated humoral immune response one month after the booster dose compared to HOB [median antibody
titer (IQR): 10115.0 U/mL (6993.0) vs. 1781.0 U/mL (1314.0), p = 0.001]. T-cell repertoire sequencing
indicated that HEB had increased SARS-CoV-2-related T-cell rearrangements, which was in accordance
with higher humoral responses and possibly conferring longer protection. Data from the present study
indicate that the administration of different COVID-19 vaccines as a booster may provide better protection.
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1. Introduction

The human coronavirus disease 2019 (COVID-19), which is caused by the SARS-CoV-2
virus, emerged in late 2019 and continues to cause significant morbidity and mortality.
To combat the pandemic triggered by the virus, vaccines based on different platforms
were quickly manufactured using novel technologies. COVID-19 vaccines that were man-
ufactured based on mRNA technology like the BNT162b2 vaccine or the recombinant,
replication-incompetent adenovirus vector Ad26.COV2.S were widely used during the
pandemic [1].

Both vaccines contain the SARS-CoV-2 spike protein, which is critical for the virus to
attach and enter human cells by binding to the human receptor angiotensin-converting
enzyme 2 (ACE2) through the virus receptor binding domain (RBD) of the S1 subunit [2–4].

Laboratory studies for the evaluation of vaccines’ B-cell immune responses after
COVID-19 immunization focused on the levels and kinetics of anti-spike and neutralizing
antibodies [5,6]. However, studies on cellular immune responses are also essential for the
investigation of long-term vaccine effectiveness [7–9]. Several conventional laboratory
methods have been used to estimate the T-cell response against SARS-CoV-2, like enzyme-
linked immunosorbent assay (ELISA) methods for interferon-γ release measurement and
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flow cytometry [7,10]. Novel methods like the sequencing of T-cell receptors (TCRs) can
provide valuable information regarding the rearrangements, richness and clonality of T-cell
repertoires [11,12].

TCRs are located on the surface of T lymphocytes. Their role is to recognize the
antigen–major histocompatibility complexes [13]. The developed antigen specific TCRs
are dimers consisting of the chain’s alpha and beta or gamma and delta. TCR chains
include the following segments: variable (V), joining (J), diversity (D) and constant (C).
Rearrangements of V and J segments provide a wide range of antigen recognition. Specifi-
cally, the specificity of TCRs to antigens derived from the sequence of the hypervariable
complementarity-determining region 3 (CDR3) in the V gene [14]. However, the breadth of
these rearrangements and their association with different infectious diseases remains to be
elucidated [15].

To date, limited studies have investigated the T-cell response after the administration
of different vaccines using the sequencing methodology of the T-cell repertoire and mostly
in combination with flow cytometry. The first study was in 2015, in which nine volunteers
vaccinated with YF-17D for yellow fever virus participated. They detected approximately
2000 different clones of T-cells 14 days after vaccination, of which only 5–6% remain
detectable 90 days post-vaccination [16]. In 2017, Herati et al. studied the T-cell response to
the influenza vaccine in 12 individuals 0 and 7 days after vaccination using the sequencing
of TCRs. They identified the oligoclonal response of T-helper CD4+ cells to influenza
vaccine, that was maintained with annual vaccination [17].

Regarding the evaluation of SARS-CoV-2 vaccines using TCR sequencing, limited
studies have been published. Alter et al. investigated the efficacy of the Ad26.COV2.S
COVID-19 vaccine against different SARS-CoV-2 variants (Wild type, B.1.1.7, CAL.20C,
P.1 and B.1.351) in 20 individuals [18]. Another study compared the immune responses
in individuals with or without previous SARS-CoV-2 infection after SARS-CoV-2 mRNA
immunization. They found that individuals with hybrid immunity produced a new antigen-
specific repertoire [19]. Yin et al. investigated the immune response of influenza and
SARS-CoV-2 immunization in mice. They found that the vaccination with a Toll-like
receptor 7 (TLR7) agonist nanoparticle adjuvanted influenza subunit vaccine was effective
against different influenza strains and in combination with a SARS-CoV-2 subunit vaccine
enhanced the immune response against variants of both viruses [20].

The aim of this study was to compare T-cell repertoires and the humoral response
after COVID-19 immunization with homologous (HOB) and heterologous (HEB) boosting
using T-cell receptor beta locus deep sequencing.

2. Materials and Methods
2.1. Study Design and Participants

This prospective cohort study enrolled volunteer adults who were vaccinated with
one dose of the Ad26.COV2.S COVID-19 vaccine from June to August 2021 and were
boosted with either a homologous (Ad26.COV2.S vaccine; Janssen Pharmaceuticals, Beerse,
Belgium) or heterologous (BNT162b2 vaccine; Pfizer, New York, NY, USA and BioNTech,
Mainz, Germany) dose from January to March 2022. The participants who came for the
booster COVID-19 vaccination at the vaccination center of the “Aghia Sophia” hospital
were asked to participate in the study.

Blood sampling was performed one month after the administration of the booster
dose. Specifically, 3 mL of blood samples were obtained in vacuum tubes with a gel and
clot activator, specific for serum separation (Weihai Sunway Medical Technology, Petaling
Jaya, Selangor, Malaysia) and were kept at room temperature to form a clot for 20–30 min.
Serum samples were collected after centrifugation at 2000 rpm for 10 min. Serum samples
were stored at −20 ◦C until analysis.

Each participant completed a form containing demographic and clinical data, as well as
adverse events (AEs) after each dose. Data included sex, age, smoking, body mass index (BMI;
underweight ≤ 18.5 kg/m2, normal weight = 18.5–24.9 kg/m2, overweight = 25–29.9 kg/m2



Pathogens 2024, 13, 284 3 of 12

and obesity ≥ 30 kg/m2), history of underlying diseases (cardiac, pulmonary, hyperlipidemia
and hypertension, Type 1 diabetes mellitus, Hashimoto’s thyroiditis, autoimmune hepatitis,
etc.), allergies (to any kind of allergen and type of manifestation) and SARS-CoV-2 infection.
Local AEs including pain, edema, pruritus, erythema, or systemic AEs such as fatigue, fever,
headache, myalgias, etc., were also recorded after each vaccine dose.

The study was conducted in the Infectious Diseases Laboratory, First Department of
Pediatrics, Medical School, “Aghia Sophia” Children’s Hospital, National and Kapodistrian
University of Athens, and the protocol was approved by the scientific and bioethics com-
mittee of “Aghia Sophia” Children’s Hospital (No. 3585 and 9643) and informed consent
was obtained from all participants.

2.2. Total Antibody Detection against SARS-CoV-2

To detect antibodies against SARS-CoV-2 spike protein developed by vaccination,
serum samples were tested using the Elecsys Anti-SARS-CoV-2 S (Roche Diagnostics,
Basel, Switzerland) reagent on a Cobas e 411 immunoassay analyzer according to the
manufacturer’s instructions. This reagent detects total antibodies (TAbs-S: IgA, IgM and
IgG) against the S1 subunit of the wild type SARS-CoV-2 spike protein.

To verify the absence of a breakthrough or previous COVID-19 infection one month
after the booster dose, serums were also tested with the Elecsys Anti-SARS-CoV-2 (Roche
Diagnostics, Basel, Switzerland) reagent on the Cobas e 411 immunoassay analyzer for the
semiquantitative detection of the total antibodies (TAbs-N: IgA, IgM and IgG) against wild
type SARS-CoV-2 nucleocapsid (N) protein. The viral nucleocapsid protein is not included in
the vaccines; thus, the anti-N antibody detection (TAbs-N) indicates SARS-CoV-2 infection.

Both assays are electrochemiluminescence immunoassays (ECLIA), which are based
on a double-antigen sandwich ELISA methodology. The values of TAbs-S ≥ 0.8 U/mL and
TAbs-N ≥ 1 cut-off-index (COI) are positive.

2.3. T-Cell Receptor Beta Sequencing and Bioinformatic Analysis

DNA was extracted from 200 µL peripheral whole blood employing the QIAamp DNA
Blood Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Deep quantitative targeted next generation sequencing (NGS) of the human T-cell receptor
beta (TCRβ) locus on chromosome 7q34—including the V gene, CDR3 region, N1 junction,
D gene, N2 junction and J gene—was performed using adaptive immunosequencing
(Adaptive Biotechnologies, Seattle, WA, USA) as previously described [14,21,22] with data
retrieved from the ImmunoSEQ Analyzer software.

For the bioinformatic analysis, three general TCR metrics reflecting the immune
competency were used. Simpson clonality and downsampled rearrangements were used
to describe the overall evenness and richness of the TCR repertoire, respectively, which is
robust to sequencing depth. The T-cell fraction quantifies the percentage of T-cells amongst
all nucleated cells in the periphery [23–25].

More specifically, Simpson clonality is a diversity metric ranging from zero (polyclonal)
to one (monoclonal) that quantifies the evenness of clone frequencies in a repertoire. It is

calculated as
√

∑ p2
i , where pi is the proportional abundance of productive clone i. Reper-

toire richness (or downsampled rearrangements) is quantified by counting the number
of unique rearrangements (TCRβ CDR3 nucleotide sequences, clonotypes) observed after
computationally downsampling to a common number of templates (n = 10,000) to adjust
for template count. The T-cell fraction is calculated as the total number of T-cells detected
divided by the total number of nucleated cells detected in a sample, both measured via the
bias-controlled PCR assay.

A set of approximately 160,000 high-confidence SARS-CoV-2-associated TCRβ sequences
from patients’ samples were retrieved from the immuneACCESS website (https://clients.
adaptivebiotech.com/immuneaccess; accessed on 15 December 2023, Adaptive Biotechnolo-
gies, Seattle, WA, USA). These sequences were compared to those of the present study to
quantify the number and proportional abundance of COVID-reactive clones in each repertoire

https://clients.adaptivebiotech.com/immuneaccess
https://clients.adaptivebiotech.com/immuneaccess
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using the immunoSEQ T-MAP™ COVID Search Tool available through the immunoSEQ
Analyzer (Adaptive Biotechnologies, Seattle, WA, USA). Hence, the immunoSEQ T-MAP™
COVID Search Tool was used to map the identified the productive (functional) TCRβ rear-
rangements to the SARS-CoV-2 genome according to the ImmuneCODE database [18,26,27].

2.4. Statistical Methods

Absolute and relative frequencies (%) were used to describe the qualitative variables
such as demographic characteristics, while mean, standard deviation (SD), median and
interquartile range (IQR) were used for quantitative data. Differences between indepen-
dent samples were assessed via an uncorrected Mann–Whitney U test. Spearman’s rho
(r) correlation coefficient was used for associations between continuous variables. The
assumption of normality was checked through kurtosis and skewness and Shapiro–Wilk
tests. The statistical significance level was set as a p-value ≤ 0.05. Statistical analysis was
performed using R version 4.2 (R Core Team, 2022, Vienna, Austria) or SPSS version 26.0
(IBM Corp., released 2019. IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY,
USA: IBM Corp).

3. Results
3.1. Study Population and Reactogenicity

A total of 20 participants vaccinated with one dose of the Ad26.COV2.S COVID-19
vaccine were included in the study. Their median age was 27.5 (IQR: 23) years and 55%
(11/20) were males. Their median BMI was 23.6 (IQR: 4.5) kg/m2, 30% (6/20) were smokers,
45% (9/20) had allergies and 25% (5/20) had an underlying disease. Ten participants received
a homologous booster dose with the Ad26.COV2.S vaccine (HOB), while the other half of
participants had a heterologous vaccination with BNT162b2 COVID-19 vaccine (HEB). The
two groups were age- and sex-matched [p-value = 0.999 and p-value = 0.069, respectively].

The median age of the HOB group was 37 (IQR: 23) years and 50% (5/10) were males.
The median BMI was 23.1 (IQR: 5.3) kg/m2 and most of them were non-smokers (80%,
8/10). Three participants (30%, 3/10) had comorbidities and six (60%) had allergies.

The median age of the HEB group was 25 (IQR: 12) years and males were 60% (6/10).
The median BMI was 23.6 (IQR: 4.3) kg/m2 and 40% (4/10) were smokers. Two (20%)
participants had comorbidities and three (30%) had allergies.

After the booster dose, the most common local AE for both vaccines was pain
(60%, 6/10), while the most common systemic AEs were myalgias (40%, 4/10) after the
Ad26.COV2.S vaccine and fatigue (50%, 5/10) after the BNT162b2 vaccine. No serious AE
was recorded.

3.2. Cellular Immune Response

To investigate the TCR repertoires induced by homologous and heterologous COVID-19
vaccination, targeted NGS for the TCRβ locus was performed in two groups (n = 10/group).
Across all 20 vaccinees’ samples, 1,621,957 templates representing 1,198,341 unique TCRβ
CDR3 nucleotide rearrangements were detected, demonstrating the sensitivity of the assay.
Of these unique rearrangements, 81.5% were productive, encoding functional proteins. The
highest productive Simpson clonality was 0.098, indicating the high diversity (polyclonality)
of these repertoires.

Comparing the two groups, no significant association was found between the median
values of Simpson clonality [HOB: 0.021 (IQR: 0.014) vs. HEB: 0.019 (IQR: 0.007)], richness
[HOB: 8734.5 (IQR: 973.3) vs. HEB: 8724 (IQR: 383.7)] and T-cell fraction [HOB: 0.19 (IQR: 0.08)
vs. HEB: 0.18 (IQR: 0.08)] (Figure 1).
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Figure 1. Box plot of T-cell receptor beta metrics reflecting the immune competency (A) Simpson clon-
ality; (B) Downsampled rearrangements; and (C) T-cell fraction in two groups with the Ad26.COV2.S
homologous vaccination (blue color) and with the Ad26.COV2.S–BNT162b2 heterologous vaccination
(red color). Significant p-value was <0.05 using the Mann–Whitney test.

Correlations between the TCRβmetrics (Simpson clonality, richness and T-cell fraction) and
epidemiological data per group showed a significant positive correlation of Simpson clonality
with the age of the HOB group (rho = 0.644, p-value = 0.04) (Figures 2, S1 and S2).
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Figure 2. Spearman correlation of Simpson clonality of TCRβ rearrangements with the age of
the group with the Ad26.COV2.S homologous vaccination (left, blue color) and of group with
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TCRβ receptor rearrangements which are associated with SARS-CoV-2 were also
found using the ImmuneCODE database. All the TCRβ rearrangements values detected in
both groups are presented in Table 1.
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Table 1. Total T-cell receptor rearrangements beta (TCRβ) and COVID-19 specific TCRβ values
in 20 participants who were initially immunized with Ad26.COV2.S and were boosted with a
homologous (n = 10) or heterologous BNT162b2 (n = 10) vaccine.

Booster Samples

Total
Rearrangements
(Productive and
Non-Productive)

Total Productive
Rearrangements

(TPRs)
COVID-19 TPRs

Spike
COVID-19

TPRs

Non-Spike
COVID-19 TPRs

n n % n % n % n %

Homologous
(Ad26.COV2.S)

1 40,539 32,584 80.4 280 0.86 64 22.9 216 77.1

2 67,002 54,912 81.9 491 0.89 94 19.1 397 80.9

3 39,855 31,820 79.8 273 0.86 50 18.3 223 81.7

4 49,515 39,218 79.2 320 0.82 55 17.2 265 82.8

5 17,275 14,297 82.8 120 0.84 23 19.2 97 80.8

6 29,311 24,534 83.7 192 0.78 30 15.6 162 84.4

7 45,995 37,872 82.3 310 0.82 56 18.1 254 81.9

8 36,642 30,725 83.9 267 0.87 44 16.5 223 83.5

9 46,544 37,636 80.9 354 0.94 51 14.4 303 85.6

10 54,074 45,556 84.3 376 0.83 62 16.5 314 83.5

Mean
(±SD)

42,675.2
(±13,610.4)

34,915.4
(±11,121.6) 81.9 (±1.8) 298.3

(±101.1) 0.85 (±0.1) 52.9
(±19.5)

17.8
(±2.3)

245.4
(±83.2)

82.2
(±2.3)

Heterologous
(BNT162b2)

1 76,222 60,980 80.0 478 0.78 83 17.36 395 82.6

2 72,380 57,184 79.0 430 0.75 68 15.81 362 84.2

3 118,297 95,538 80.8 903 0.95 163 18.05 740 82.0

4 55,435 45,147 81.4 385 0.85 68 17.66 317 82.3

5 104,044 86,987 83.6 668 0.77 112 16.77 556 83.2

6 70,600 59,007 83.6 430 0.73 76 17.67 354 82.3

7 71,065 60,089 84.6 591 0.98 90 15.23 501 84.8

8 40,028 32,497 81.2 249 0.77 36 14.46 213 85.5

9 74,774 60,613 81.1 529 0.87 83 15.69 446 84.3

10 92,306 73,476 79.6 562 0.76 123 21.89 439 78.1

Mean
(±SD)

77,515.1
(±22,616.4)

63,151.8
(±18,441.5) 81.5 (±1.9) 522.5

(±178.0) 0.82 (±0.1) 90.2
(±35.1)

17.06
(±2.1)

432.3
(±144.8)

82.9
(±2.1)

p-value 0.001 0.001 0.600 0.003 0.351 0.009 0.479 0.003 0.480

Values refer to the mean ± standard deviation (SD); p-value of t-test. Statistically significant values are
marked in bold.

No significant differences were detected regarding the comparison of relative frequencies of re-
arrangements between the two study groups (spike TCRs: HOB 17.8% and HEB 17.1%; non-spike
TCRs: HOB 82.2% and 82.9%) (Table 1). However, absolute counts were significantly higher in the
HEB compared to HOB group for all investigated rearrangement level metrics; the means (±SD)
of total rearrangements were 77515.1 ± 22616.4 vs. 42,675.2 ± 13,610.4 (p-value = 0.001), total pro-
ductive rearrangements (TPRs) were 63,151.8 ± 18,441.5 vs. 34,915.4 ±11,121.6 (p-value = 0.001),
COVID-19-specific TPRs 522.5 ± 178.0 vs. 298.3 ± 101.1 (p-value = 0.003), TPRs specific for
SARS-CoV-2 spike protein 90.2 ± 35.1 vs. 52.9 ±19.5 (p-value = 0.009) and TPRs specific for
SARS-CoV-2 non-spike regions 432.3 ± 144.8 vs. 245.4 ± 83.2 (p-value = 0.03).

TCRβ rearrangements across the SARS-CoV-2 genome for each individual of both
groups are presented in Figure 3. In Samples 1, 4, 6 and 8 from individuals homologously
vaccinated with the Ad26.COV2.S COVID-19 vaccine did not detect TCRβ rearrangements
against the ORF6 region of SARS-CoV-2. Sample 6 did not also contain TCRβ rearrangement
across the ORF8 region. All the other samples carried TCRβ rearrangements across all the
regions of the SARS-CoV-2 genome (Figure 3).
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Figure 3. TCRβ rearrangements across the SARS-CoV-2 genome by sample from cohorts of indi-
viduals homologously vaccinated with the Ad26.COV2.S COVID-19 vaccine (A) and individuals
heterologously vaccinated with the Ad26.COV2.S and BNT162b2 COVID-19 vaccines (B).

An analysis of TCRβ V gene usage showed a wide range of different clonotypes. The
most common TRB variable (TRBV) gene clonotypes associated with COVID-19 detected
in the group with homologous vaccination were TCRBV27-01 (n = 6), TCRBV12-03/12-04
(n = 3), TCRBV07-09 (n = 1) and TCRBV09-01 (n = 1). In this group, one participant had
an equal dominant number of the TCRBV27-01 and TCRBV12-03/12-04 clonotypes. In the
group with heterologous vaccination, the common TRBV clonotypes were TCRBV27-01
(n = 5), TCRBV12-03/12-04 (n = 4) and TCRBV09-01 (n = 1).

3.3. Humoral Immune Response

All participants had detectable TAbs-S titers and were negative for TAbs-N. The
HEB cohort had a significant 5.7-fold higher median TAbs-S titer compared with the
HOB cohort one month after the booster dose [median (IQR): 10,115.0 (6993.0) U/mL vs.
1781.0 (1314.0) U/mL, p-value = 0.001] (Table 2).

Table 2. Kinetics of total antibodies against SARS-CoV-2 wild type spike protein (TAbs-S) in 20 par-
ticipants vaccinated for COVID-19.

Vaccine Booster Tabs-S (U/mL)

Homologous (Ad26.COV2.S)
n = 10 1781.0 (1314.0)

Heterologous (BNT162b2)
n = 10 10,115.0 (6993.0)

p-value 0.001
Abbreviations: Values refer to the median ± interquartile range; p-value of the Mann–Whitney U test. Statistically
significant values are marked in bold.

4. Discussion

In this study, we examined the T-cell repertoires and humoral responses in adults who
were immunized with one dose of the Ad26.COV2.S vaccine and were boosted with either
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the Ad26.COV2.S or BNT162b2 vaccines. Using T-cell receptor beta (TCRβ) sequencing
to assess the cellular immune response, we detected in the HEB group an increase in the
absolute number of total and COVID-19 related T-cell rearrangements compared to HOB
group, which was concordant with the humoral immune responses one month after the
boosting. The results of the study indicate that the administration of different COVID-19
vaccines as a booster may provide better protection through enhancement of the T-cell
repertoire. This enhancement of the T-cell repertoire probably indicates a better protection
against different SARS-CoV-2 variants. That is important for future decisions regarding
the type of COVID-19 vaccine to be used as a booster and for better control of future
SARS-CoV-2 variants.

The innovation and evolution of next generation sequencing methodologies facilitate
the decoding and deep analysis of complex scientific questions. The TCRβ sequencing
enables the identification and quantification of antigen-specific T-cell receptors as well as
their clonotypes [28,29]. This approach is accurate and can eliminate false negative results
of other different methods, for example ELISA, as it is based on deep sequencing with
high sensitivity and specificity [12,30]. It can be used for comparative studies of different
diseases or patients with specific diseases.

To date, this assay has been used in 27 infectious diseases studies for SARS-CoV-2 [31],
Hepatitis B and C [32], Mycobacterium tuberculosis [33], etc., and in 5 vaccine efficacy
studies for SARS-CoV-2 [18], influenza [17], glioma [34], etc.

In this study and according to the literature, three metrics for TCR repertoire were
used. Simpson clonality and downsampled rearrangements are often used to describe
the overall evenness and richness of the TCR repertoire, respectively, which is robust to
sequencing depth. The T-cell fraction quantifies the percentage of T cells amongst all
nucleated cells in the periphery [23–25]. The lack of significant differences in these metrics
between the two vaccine groups may be explained by age- and sex-matching.

Alter et al. used this assay to study the cellular response after the first dose of the
Ad26.COV2.S vaccine in a cohort similar in size and age of participants to the present
study two months after vaccination. Although they also found a wide range of TCRβ
rearrangements, the spike-specific T-cell breadth (relative proportion) between vaccinees
and convalescent cohorts did not differ significantly [18]. In our study, the spike-specific
T-cell rearrangements were significantly elevated in the HEB cohort by absolute count (but
not relative proportion).

Regarding boosting with different COVID-19 vaccines, there is a study testing the T-cell
response using an intracellular cytokine staining assay with a 27-color flow cytometry panel
after homologous and heterologous COVID-19 vaccination including the Ad26.COV2.S,
mRNA-1273 and BNT162b2 vaccines, and the cellular response was found to increase after
all vaccine regimens except for the homologous Ad26.COV2.S vaccine regimen [35], similar
to our study.

In the present study, a significant rate of TCRs against non-spike SARS-CoV-2 regions
was detected in both groups. Before we included participants in the study, we tested
them for SARS-CoV-2 natural infection with nucleocapsid antibody, which is specific to
SARS-CoV-2 and does not increase with SARS-CoV-2 immunization. Hence, a possible
explanation for the non-spike TCRs is the genetic homology between human coronaviruses
(hCoVs) and the T-cell memory in common hCoV pathogens (OC43, HKU1, 229E, NL63).
There are limited data on the sequencing and analysis of T-cell repertoires which are
developed after COVID-19 immunization; however, the detection of non-spike-specific
SARS-CoV-2 TCRβ rearrangements has also been reported in other studies [18,36,37].
Although there are no differences in the HOB and HEB groups regarding the percentage of
COVID-19-related TCRs (spike TCRs: HOB 17.8% and HEB 17.1%; non-spike TCRs: HOB
82.2% and 82.9%), the numbers of these TCRs are significantly different between groups for
spike (HOB 52.9 and HEB 90.2) and non-spike (HOB 245.4 and HEB 432.3).

In the present study, TCRβ V gene usage analysis revealed that the TCRBV27-01
clonotype was abundant in both study groups. In another study investigating the dif-
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ferences between patients with severe COVID-19 and healthy controls, they found that
the COVID-19 group had more TCRBV5-5, TCRBV6-5, TCRBV7-3, TCRBV7-6, TCRBV7-7,
TCRBV7-8, TCRBV10-1 and TCRBV30 clonotypes [38]. Sacco et al. performed the same
analysis in children with COVID-19 and multisystem inflammatory syndrome in children
(MIS-C) and they found a significant increase in the TRBV11-2 clonotype in children with
MIS-C and primarily near the hospitalization period [31]. These differences in the predomi-
nance of TRBV clonotypes may be a marker for the specific immunological induction after
vaccination or natural infection in adults and children. However, further studies should be
performed to elucidate this hypothesis.

Although the total antibodies against wild type SARS-CoV-2 spike protein were
detected in all study participants, nevertheless were significantly increased in the HEB
group. In accordance with our results, Robins et al. in a study involving approximately
five million participants boosted with homologous or heterologous COVID-19 vaccines
found that the administration of an mRNA vaccine subsequent to the initial Ad26.COV2.S
COVID-19 vaccine dose exhibited more robust antibody responses compared to the use
of a homologous boosting approach [17]. They also observed that participants with a
heterologous vaccine regimen presented lower severe or critical breakthrough infections
than those with homologous vaccination [17].

In another study by Atmar et al., SARS-CoV-2 total and neutralizing antibody titers
in individuals with primary Ad26.COV2.S COVID-19 vaccination were also significantly
higher in heterologous boosters with the BNT162b2 vaccine compared to homologous
boosters [18]. These results are in line with the 5.7-fold increase in total SARS-CoV-2
antibodies one month after the heterologous booster presented in the current study which
are indicative and could be supportive of the suggested mix-and-match vaccination strategy
for pandemic control [19].

In this study, no severe AEs were described in line with the findings of other large-scale
studies regarding the reactogenicity of Ad26.COV2.S and BNT162b2 COVID-19 primary
doses and boosters [4,35,39]. Here, no association was found between the humoral and
cellular responses and AEs depending on vaccine regimen, while in other studies with a
primary COVID-19 vaccination schedule or after SARS-CoV-2 infection immune response
associations with symptoms or AEs have been reported [5,40].

The limitations of this study are the small number of participants and the absence
of a control group with healthy unvaccinated individuals or those only infected with
SARS-CoV-2. However, TCRβ sequencing is a costly assay and similar studies have around
the same number of participants. The strengths of this study include the age- and sex-
matching of the HOB and HEB groups, as well as the absence of SARS-CoV-2 infected
participants, which allowed the assessment of the immune response induced only by
COVID-19 vaccination.

5. Conclusions

The findings of the present study indicated that HEB had increased SARS-CoV-2-
related T-cell rearrangements, which was in accordance with the higher humoral responses
and possibly conferring longer protection. The utilization of T-cell repertoire sequencing
could facilitate the identification and characterization of T-cell responses that are specific
to COVID-19, provide valuable information regarding infection and immunization and
support the optimization of vaccination strategies.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens13040284/s1, Figure S1. Spearman correlation of
downsampled rearrangements (A) and T-cell fraction (B) metrics of TCRβ rearrangements with the
age of the group with the Ad26.COV2.S homologous vaccination (left, blue color) and of the group
with the Ad26.COV2.S–BNT162b2 heterologous vaccination (right, red color). A significant p-value
was <0.05.; Figure S2. Box plot of T-cell receptor beta metrics reflecting the immune competency
(A. Simpson clonality; B. Downsampled rearrangements; and C. T-cell fraction) with the sex of the
Ad26.COV2.S homologous vaccination (blue color) and BNT162b2 heterologous vaccination (red
color) groups. A significant p-value was <0.05 using the Mann–Whitney test.
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