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Abstract

Background: It is essential to know about immune response levels after booster doses
of the two different types of vaccines, mRNA, and the inactivated, currently used
against COVID-19. For this purpose, we aimed to determine the effects of BNT162b2
(BNT) and CoronaVac (CV) boosters on the humoral and cellular immunity of individu-
als who had two doses of CV vaccination.

Methods: The study was conducted in three centers (Koc University Hospital,
Istanbul University Cerrahpasa Hospital, and Istanbul University, Istanbul Medical
School Hospital) in Istanbul, Turkey. Individuals who had been previously immunized
with two doses of CV and no history of COVID-19 were included. The baseline blood
samples were collected 3-5 months after the second dose of CV. Follow-up blood
samples were taken 1 and 3 months after administration of third doses of CV, or one
dose of BNT boosters. Neutralizing antibody titers were measured by plaque reduc-
tion assay. The CD4+ T cell, CD8+ T cell, effector CD4+CD38+CD69+ T cell, and
effector CD8+CD38+CD69+ T cell ratios were determined by flow cytometry. The
intracellular IFN-y and IL-2 responses were measured by ELISpot assay.

Results: We found a 3.38-fold increase in neutralizing antibody geometric mean ti-
ters (NA GMT, 78.69) 1 month after BNT booster and maintained at the third month
(NA GMT, 80). Nevertheless, in the CV booster group, significantly lower NA GMT
than BNT after 1 month and 3 months were observed (21.44 and 28.44, respectively)
(p <.001). In the ELISpot assay, IL-2 levels after BNT were higher than baseline and CV
booster (p < .001) while IFN-y levels were significantly higher than baseline (p < .001).
The CD8+CD38+CD69+ and CD4+CD38+CD69+ T cells were stimulated predomi-
nantly in the third month of the BNT boosters.

Abbreviations: GMT, geometric mean titer; PBMCs, peripheral blood mononuclear cells; PRNT50, plaque reduction neutralization test; SFU, spot forming units.
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Conclusion: The neutralizing antibody levels after 3 months of the BNT booster were
higher than the antibody levels after CV in fully vaccinated individuals. On the con-
trary, ratio of the effector T cells increased along with greater IFN-y activation after
BNT booster. By considering the waning immunity, we suggest a new booster dose

with BNT for the countries that already had two doses of primary CV regimens.
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GRAPHICAL ABSTRACT

This study determines the effects of BNT162b2 (BNT) and CoronaVac (CV) boosters on the humoral and cellular immunity of individuals
who had two doses of CV vaccination. The neutralizing antibody levels after 3 months of the BNT booster are higher than the antibody
levels after CV in fully vaccinated individuals. The ratio of the effector T cells increases along with greater IFN-y activation after BNT

booster.

1 | INTRODUCTION

The worldwide use of effective and safe COVID-19 vaccines is still
a high priority to control the pandemic and to reduce the burden of
COVID-19. The vaccine type and vaccination schedule affect many
of the cellular and molecular elements of innate and adaptive im-
mune systems.

Estimation of the immune responses after SARS-CoV-2 vacci-
nations is one of the important parameters in order to predict the
efficacy of booster vaccines. Therefore, testing the effectiveness of
COVID-19 vaccines in different vaccination schedules is necessary
as there are a variety of vaccine availabilities, worldwide. Following
primary vaccination, antibody and T-cell responses have decreased
over time.! A booster dose being administered 6 months after the
second dose of various vaccines significantly increased neutralizing
antibody concentrations.? The heterologous vaccine regimens were
reported to stimulate neutralizing antibodies more than the homol-

ogous vaccine protocols.3

In Turkey, the inactivated vaccine CoronaVac (Sinovac Life
Sciences) was the first vaccine to receive approval by the Ministry
of Health. Healthcare workers and individuals over the age of 65
were suggested two doses of CV administered 2 months apart in
the initial phase of the vaccination program.4 After 6 months, the
Ministry of Health of Turkey recommended a booster of BNT as an
alternative option to the CV booster. In early studies of the CV, ef-
fectiveness after two-dose schedules was reported as 60%-90%.*°
Nevertheless, these studies were performed approximately 6 weeks
after the second dose. Six months after the second dose of CV, neu-
tralizing antibody titers declined below the seropositivity cut-off
value while a remarkable increase in the neutralizing antibody con-
centrations was observed with the administration of a third dose.®
However, our knowledge on the humoral and cellular immune re-
sponses obtained by BNT and CV boosters following two doses of
primary CoronVac vaccination is still limited. In this study, we aimed
to explore the neutralizing antibody and T-cell responses after the
booster doses of CV and BNT following two doses of CV.
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2 | MATERIALS AND METHODS

2.1 | Study design and participants

The study was conducted in three centers (Koc¢ University Hospital,
Istanbul University Cerrahpasa Hospital, and Istanbul University,
Istanbul Medical School Hospital) in Istanbul, Turkey. Individuals
who had been previously immunized with two doses of CV, and no
history of COVID-19 were included in the study. The baseline blood
samples were collected 3-5 months after 2 doses of CV. Follow-up
blood samples were taken after the first and third months of the third
dose of CV or one dose of the BNT booster (Figure 1). Participants
were continuously monitored for SARS-CoV-2 infection. Informed
consent was obtained from all participants. This study was approved
by the Institutional Review Board of Ko¢ University under the num-
ber of 2021. 151.IRB1.055.

A total of 52 individuals received two doses of CV, and whole
blood samples were collected in heparin tubes 3-5 months after
vaccination (n = 19 for 3 months, n = 26 for 4 months, n = 7 for
5 months.). One month after receiving the third dose booster,
whole blood samples were collected from the same 52 individuals.
(n = 42 for BNT and n = 10 for CV). Due to a change in vaccine
recommendations based on the variant of concerns, some partici-
pants have received the 4th dose of BNT or CV vaccine, therefore,
were excluded from the study. Consequently, six participants from
the BNT booster group and four participants from the CoronaVac
booster group were able to donate blood samples 3 months after
the booster dose.

The peripheral blood mononuclear cells (PBMC) were isolated
by Ficoll density gradient centrifugation method,”and the cells were

stored at the -80°C8 until use for flow cytometry and ELISpot as-
says. The sera were stored at the -80°C for neutralizing antibody

tests.

2.2 | Immunological assays

Humoral and cellular immune responses were examined to compare
the serum SARS-CoV-2 neutralizing antibody titers and T-cell reac-
tivity in PBMC.

2.2.1 | Plaque reduction neutralization test
(PRNT50): neutralizing antibody titers

A live SARS-CoV-2 Wuhan strain (B303) which was previously iso-
lated from the SARS-CoV-2 RdRp PCR positive nasopharyngeal
specimen of a patient admitted to Koc University Hospital was used
for the plaque assay. The nasopharyngeal specimen was cultured on
Vero E6 cells (ATCC CRL-1586) with DMEM High-Glucose (Gibco,
41966-029) supplemented with 10% Fetal bovine serum (FBS),
(Gibco, 10500064), 1% Penicillin-Streptomycin, and Amphotericin
B (Sigma, A2942) for 5 days. After observation of cytopathic ef-
fect, the growth of SARS-CoV-2 was confirmed by qRT-PCR using
primer and Tagman probe targeting SARS-CoV-2 nucleocapsid.
Viral titer (TCID50) of the SARS-CoV-2 isolate was determined by
Spearman-Karber method.” To sequence the virus, viral RNA was
extracted with viral RNA isolation kit (QlAamp viral RNA), DNA li-
brary preparation was done using the lllumina TruSeq stranded total
RNA kit, and the viral RNA was sequenced using Illlumina MiniSeq
(GenBank: MT675956). The TCID50/ml of the SARS-CoV-2 used
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FIGURE 1 Design of the study
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for plaque assay was 2 x 10%. Vero E6 cells (ATCC CRL-1586) were
cultured with DMEM High-Glucose (Gibco, 41966-029) supple-
mented with 10% Fetal bovine serum (FBS), (Gibco, 10500064), 1%
Penicillin-Streptomycin, and Amphotericin B (Sigma, A2942). Serum
dilutions of 300 ul from each donor were incubated with 300 pl
SARS-CoV-2 at the multiplicity of infection (MOI) 0.01 for 1 h at
37°C, 5% CO,, and then, 600 ul mixture was inoculated onto the
VeroE6 cells at 100% confluency. After 1 h of incubation at 37°C, 5%
CO,, the serum-virus mixture was discarded. The cell monolayers
were coated with 2% methylcellulose (Sigma, M0512, 9004-67-5)
and 5% Fetal bovine serum (FBS)/DMEM mixture (1:1). Four days
after infection, methylcellulose and DMEM mixture was discarded.
Plates were washed and cells were fixed with 4% PFA (Electron
Microscopy Sciences, 15710-S) followed by Gram's crystal violet so-
lution staining (Merck milipore, 109218). Plagues were counted with
the naked eye and the Celigo Image cytometer (Nexcelom, Celigo
Image Cytometer 200-BFFL-5C). The virus control was studied
in duplicate for each assay. A negative control (unexposed unvac-
cinated individuals' serum samples) and an internal control (serum
contains SARS-CoV-2 neutralizing antibody at the titer of 1:80) were
included in each study.10

2.2.2 | Flow cytometry for T-cell response

For T-cell assays, 2 x 10° PBMCs were seeded in RPMI 1640 media
supplemented with 5% AB serum for the wells of the 96 well plates.
T cells were activated by using a SARS-CoV-2 Spike protein-specific
peptivator (PepTivator®SARS-CoV-2 Prot S-research grade (6 nmol/
peptide), (Miltenyi Biotec,130-126-700) and were incubated for 20 h
at 37°C, 5% CO,. T cells were stained with a viability dye and T-cell
surface marker antibodies (CD3-FITC (Biolegend, 344804), CD4-
PerCP-Cy5.5 (Biolegend, 367108), CD8-Brilliant Violet 510 (877-
246-5343) (Biolegend, 344732), CD38-PE-Cy7 (877-246-5343),
(Biolegend, 303516), CD69-APC (KLON FN50), (Biolegend, 310910),
CD14-APC-Cy7 (Biolegend, 367108), CD19-APC-Cy7 (Biolegend,
877-246-5343), Zombie NIR Viability (Biolegend, 423105). PMA/
lonomycin, CMV (423302 400 ul), (Biolegend, 423302), and DMSO
(Sigma, D2650-100 ml) were used as controls. Samples were run

using Attune Flow cytometer (Attune NXT Flow Cytometer).

2.2.3 | ELISpot assay for T-cell response

The IFN-y and IL-2 responses of T cells were measured with
Fluorospot Assay (Abcam Fluorospot, ab48452) according to the
manufacturer's instructions. Plates were incubated for 30 s at
room temperature with 35% ethanol and washed with DPBS 1X
(Biowest, L0615-500). The capture antibodies were added and in-
cubated overnight at +4°C. After washing with DPBS 1X, RPMI-
1640 Medium (Sigma, R8758) containing 10% FBS cell culture media
was added into the wells and incubated for 2 h at room tempera-
ture (RT). Plates were washed with DPBS 1X and 10° PBMCs were

added into each well with appropriate concentration of SARS-CoV-2
S peptide activator (PepTivator®SARS-CoV-2 Prot S-research grade
(6 nmol/peptide, Miltenyi Biotec). Cells were incubated at 37°C in
a CO, incubator for 20 h and were washed 3 times using 1X DPBS
containing 20% Tween-20 (P9416, Sigma). The FITC-labeled and bi-
otinylated antibodies were added (for IFN-y/IL-2 respectively) and
incubated for 1 h and 30 min at RT. Following the wash step, FITC-
green fluorescence conjugate/streptavidin-phycoerythrin solution
(for IFN-y/1L-2, respectively), was added to each well and incubated
for 1 h at RT in the dark. The wash was repeated three times, and the
residual buffer was removed using distilled water. After blot drying
the plates, spots were read with GFP and RFP filters, under a dis-
section microscope (Leica M205 FA). The PMA/ionomycin was used
as a positive control while DMSO was used as a negative control,
eventually, CMV virus was used for cross-reaction. The tests were

performed in duplicate.

2.3 | Statistical analysis

After obtaining sufficient longitudinal data, the statistical analysis
of paired samples was performed by using a Wilcoxon signed rank
test for the comparison of two dependent groups. For comparison of
independent groups, for example, biontech vs. coronavac at first and
3 months, unpaired non-parametric test, Wilcoxon rank-sum (Mann-
Whitney) test was performed. GraphPad Prism 8.0.2 Software was
used for the analysis and visualization of the obtained data. In statis-
tical analysis STATA 16v (USA) was used, and statistical significance
was set as p <.05.

3 | RESULTS

The demographic characteristics of the participants were presented
in Table 1.

3.1 | Neutralizing antibody titers

Both vaccine boosters produced detectable neutralizing antibody
titers (Figure 2A). Three to five months after two doses of CV, 40
out of 52 (76.92%) participants had neutralizing antibody levels
above 1/20 with a GMT of 23.27 (range between <1/10 and 1/80).
One month after booster administration, BNT booster induced sig-
nificantly higher neutralizing antibody with GMT of 78.69 (rang-
ing between 20 and 1280) compared with GMT of CV with 21.44
(ranging between 10 and 40; p < .001). In this period, all participants
in the BNT and 7 out of 10 (70%) of CV receivers had neutralizing
antibody levels of >1/20. Meanwhile, 98% of the BNT and 40% of
the CV participants had antibody titers above the 1/30 threshold.
In both groups, GMTs remained at similar levels in the third month
(Figure 2A). The neutralizing antibody levels of each participant in
the study period were presented in Figure 2B.
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TABLE 1
General cohort BNT162b2 group CoronaVac group
(n=52) (n=42) (n =10)
Mean age (Range) 34 (22-72) 31(22-47) 49 (27-72)
Female gender 33 (63.46%) 30(71.43%) 3 (30%)
BMI
<25 33(63.46%) 33(78.57%) 0 (0%)
25-30 11 (21.15%) 7 (16.66%) 4 (40%)
302 8(15.38%) 2 (4.76%) 6 (60%)
Smoking 17 (32.69%) 13 (30.92%) 4 (40%)
Comorbidity 14 (26.92%) 8(21.42%) 7 (70%)
Immunosuppression 0 0 0
FIGURE 2 Neutralizing antibody (A) 2CV+1BNT 2CV+1CV Healthy Control
levels after BNT162b2 and CoronaVac 1Month 3 Months 1 Month 3 Months
booster doses. (A) neutralizing antibody \
(PRNT50) titers at baseline, 1 month, and
3 months after boosters. Black lines are 1/40 120 1/20
GMT = geometric mean titer (*p < .001;
**p < .05). (B) Changes in neutralizing :
antibody levels for each individual 1/80 1/40 1/320
during a 3-month period. Dots represent
neutralizing antibody titers for individuals
in the population . - "
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Reactivity and magnitude of CD4+ and CD8+ T-cell responses to the
SARS-CoV-2 spike S peptide pool were studied. In the assessment of
CD4+ cell and CD8+ cell ratios after stimulation with a mixture of
spike peptides, there were no significant change in the magnitude
of CD4+ and CD8+ T cells after BNTC162b2 and CV boosters com-
pared with baseline levels (Figure 3).

In the ELISpot assay, T cells showed significantly higher IFN-y
reactivity after BNT booster dose, with a median of 140 SFU per
million PBMC (Range 5 SFU- 320 SFU) compared with baseline T-
cell response (60 SFU/10° PBMC; p < .001). CV booster dose did
not cause a significant change in IFN-y reactivity of the T cells (80
SFU/10° PBMC) (p = .747). A month after BNT booster, the IL-2
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reactivity of the T cells (60 SFU/106 PBMC) were significantly higher
than CV booster (median SFU 30/10° PBMC, p < .05) and baseline
levels (20 SFU/10° PBMC; p < .001) (Figure 4).

Assessment of the effector T-cell response after COVID-19
vaccine booster doses was done by phenotyping S-specific CD4+
and CD8+ T cells. Representative gating was shown in Figure S1.
One month after the BNT booster, both CD8+CD38+CD69+
T cells and CD4+CD38+CDé69+ T cells were stimulated. There
was no significant difference compared with baseline lev-
els whereas a significant increase was detected at the third
month. After 3 months, the proportion of CD8+CD38+CD69+
T cells increased from baseline of 1.160% to 3.130% (p = .031)
and CD4+CD38+CD69+ T cells from 4.37% of baseline to 10%
(p=.013). Threemonthsafterthe CVbooster,CD4+CD38+CD69+
T cells increased from 4.37% of baseline to 10.20% (p = .12) and
CD8+CD38+CD69+ T cells increased from 1.160% to 3.130%
(p = .62) (Figure 5).

4 | DISCUSSION

The present study addresses the lack of knowledge on the immuno-
genicity of BNT and CoronaVac boosters after 2 doses of CV admin-
istration. We focused on neutralizing antibody and T-cell responses
after 1 and 3 months elicited by BNT and CV boosters in fully vac-
cinated individuals with CV.

We found a 3.38-fold increase in neutralizing antibody titers
(GMT 78.69) one month after the BNT booster, and antibody titers
were found to be maintained after 3 months.

FIGURE 3 Proportion of specific T-cell
subpopulations after activation with
SARS-CoV-2 S peptide pool. (A) CD4™ cell
ratio at baseline, 1 month, and 3 months
after boosters. (B) CD8™ at baseline,

1 month, and 3 months after boosters.
Dots represent T-cell ratios for individuals
in the population. Black lines are median
values of each population

e Baseline
»  BNT Booster
e CV Booster
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BNT Booster
CV Booster

(GMT 80). However, in the CV group, low GMTs after 1 month
and 3 months (21.44 and 28.44) indicated the weak immunogenic-
ity of the CV booster. For the protection of 50% of the individuals,
a neutralizing antibody titer of 1/19 for BNT and 1/30 for CV was
suggested as cut-off levels of protection.!* All BNT booster receiv-
ers had antibody levels above the protection threshold of 1/19 after
3 months, but only 40% of donors had antibody titers above the 1/30
threshold in the CV group. High neutralizing antibody levels follow-
ing 14 days after CV booster dose'? and decreased neutralizing anti-
body levels after 28 days were reported.13 Moreover, a recent study
from Turkey reported a marked increase in binding antibody response
after BNT booster compared with a CoronaVac booster (104.8- vs.
8.7-fold, respectively). We found low neutralizing antibody levels at a
prolonged time (1-3 months) after booster doses of CV. The concern
about the weak immunogenicity would be increased by considering
the reduced efficacy of vaccines against the Omicron variant.}**>

Current vaccine trials have focused on the stimulation of the
neutralizing antibody against SARS-CoV-2, but CD4+ and CD8+
cells also might provide protection from severe disease and sup-
port resolution of COVID-19.2¢ In our cohort, the magnitude of
post BNT booster responses was higher than the CV booster. We
detected increased IFN-y and IL-2 reactivity after the BNT booster,
accompanied by an increase in CD8+CD38+CDé69+T cells. CV
booster did not cause a significant change in IFN-y reactivity of the
T cells. In accordance with our results, the increased IFN-y secret-
ing T-cell responses were observed after the BNT booster while no
increase was detected for the inactivated vaccine booster in fully
Immunized healthy adults with inactivated vaccine. The ratio of
CD4+CD38+CD69+ cells was also high in the third month of the
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FIGURE 4 (A)IFN-y response at baseline, 1 month, and 3 months after boosters. (B) IL-2 response at baseline, 1 month, and 3 months
after boosters. (C) Changes in IFN- y and IL-2 levels for each individual during a 3-month period. Dots represent T-cell ratios for individuals in
the population, (*p < .001; **p < .05)
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FIGURE 5 Ratio of CD8*CD38*CD69*
and CD4*CD38*CD69* cells after
BNT162b2 and CoronaVac boosters.

(A) CD8*CD38"CD69" cell ratio at
baseline, 1 month, and 3 months after
boosters. (B) CD4"CD38"CD69"*

cell ratio at baseline, 1 month, and

3 months after boosters. (C) Changes

in the ratio of CD8+CD38+CD69+

and CD4+CD38+CDé69%+ cells for each
individual during a 3-month period. Dots
represent T-cell ratios for individuals in
the population. (*p < .05)
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BNT booster. Effector T cells have short lifespan, the high ratio of
CD4+ and CD8+ effector T cells in third month was possibly due
to memory cell differentiation in the population. Robust CD8 and
CD4 T-cell responses to BNT were reported in clinical studies.?”*®
The induction of T-cell responses after CV vaccination was also
reported by a study from Hong Kong.'? T-cell clones against other
SARS-CoV-2 antigens such as N protein can also be stimulated with
inactivated vaccines.?° The type of peptide pool used for activation
might have affected the results of T-cell response measurements.?

In this study, rather than using peptides of the virus, we used S-pool,

1 Month

3 Months

which might lead to the underestimation of the true magnitude of
T-cell responses.

The strength of our study is being a longitudinal study and having
a prominent advantage of being performed in Turkey, of where the
primary vaccine schedule consisted of two CV doses. Main limita-
tions of this study can be stated as having a low sample size to de-
tect the statistical significance especially in the CoronoVac booster
group. However, our results are in parallel with reported studies that
evaluated anti-S antibody titers by ELISA in Turkey.22 Some of the
participants were excluded from the study since they received their
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fourth doses after 2 months. Moreover, we could not cover the newly
emerged Omicron variant, and this will be done in future studies.

Our study has implications for the countries that have used a
two-dose regimen of CV. The neutralizing antibody levels after
3 months of the BNT booster were higher than the antibody lev-
els after the CV booster. On the contrary, the ratio of the effector
CD8+ and CD4+ T cells was increased along with greater IFN-y ac-
tivation after the BNT booster. Taking into consideration the wan-
ing immunity, we suggest a second booster dose with BNT for the
individuals who already had BNT or CV boosters as their third doses
following two doses of CV.
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