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1 | INTRODUCTION

As of June 2022, over 11 billion coronavirus disease 2019
(COVID-19) vaccines have been administered around the world.!
Real-world data have shown that humoral responses against severe
acute syndrome coronavirus 2 (SARS-CoV-2) wane as early as
6 months postinfection. Combined with the emergence of variants
of interests, the need for booster vaccinations to increase vaccine
effectiveness has become evident.?>

Since the first approved SARS-CoV-2 vaccine was in November
2020, there are now over 11 vaccines authorized for emergency use
or approved for full use.* Of these, two messenger RNA (mMRNA)
vaccines, BNT162b2 and mRNA-1273, are the most administered.® In
November 2021, the Food and Drug Administration approved the
use of heterologous vaccine booster combinations.” While both
homologous and heterologous booster vaccinations are immunogenic
in adults,® evidence suggests that a heterologous regimen may
be better at eliciting neutralizing antibodies and offer better
protection against breakthrough infections.®"2° However, the
immune mechanisms leading to a more robust humoral response
upon heterologous booster strategies, remain obscure.!* Addition-
ally, knowledge of the efficacy of these various combinations in
different age groups is limited.

To investigate this, a cohort of 79 individuals who received two
doses of BNT162b2 were recruited as part of the PRIBIVAC study.”
The individuals received a booster dose (median of 228 days after the
second dose) of either BNT162b2 or mRNA-1273 vaccines. We
compared their immune responses with SARS-CoV-2 before receiv-
ing their third vaccine dose with follow-ups at 7- and 28-days post
boosting (dpb). By 28 dpb, the heterologous mRNA booster vaccine
elicited higher neutralizing antibody titers against the Wuhan and
Delta strains, stronger receptor-binding domain (RBD)-specific

memory B cell (MBC) responses, particularly against the Omicron

heterologous mRNA booster vaccine (BNT162b2 + BNT162b2 + mRNA-1273;
“BBM") at Day O (prebooster), Day 7, and Day 28 (postbooster). Compared
with BBB, elderly individuals (260 years old) who received the BBM vaccination
regimen display higher levels of neutralizing antibodies against the Wuhan and
Delta strains along with a higher boost in immunoglobulin G memory B cells,
particularly against the Omicron variant. Circulating T helper type 1(Th1), Th2,
Th17, and T follicular helper responses were also increased in elderly individuals
given the BBM regimen. While mRNA vaccines increase antibody, T cell, and B
cell responses against SARS-CoV-2 1 month after receiving the third dose
booster, the efficacy of the booster vaccine strategies may vary depending on age

group and regimen combination.

B cell, humoral immunity, immunity/immunization, SARS coronavirus, T cell

variant (BA.1), and higher levels of antigen-specific T follicular helper

(Tfh) cells in participants over the age of 60.

2 | METHODS

2.1 | Ethics statement and study population

A total of 79 participants were recruited as part of the PRIBIVAC study,
a randomized, subject-blinded study to compare the immunogenicity
and safety of a heterologous (BNT162b2 + BNT162b2 + mRNA-1273;
“BBM") COVID-19 booster regimen versus a homologous (BNT162b2 +
BNT162b2 + BNT162b2; “BBB") COVID-19 booster regimen.7 Partici-
pants were recruited and enrolled at the National Centre for Infectious
Diseases in Singapore (ClinicalTrials.gov identifier: NCT05142319).
Participants who had received two doses of the BNT162b2 vaccine
174-327 days (median of 228 days) before enrollment were selected.
Participants were excluded if they had already been infected with SARS-
CoV-1 or SARS-CoV-2 (as assessed by the absence of antibodies to
SARS-CoV-2 N protein) or had a history of being immunocompromised
(e.g., requiring immunosuppressant medication, undergoing chemo-
therapy, or diagnosed with leukemia). Participants were randomly given
an intramuscular dose of either BNT162b2 or mRNA1273 as a booster.
Blood samples were taken before receiving the booster (Day 0) and at
7 days and at 28 days postbooster for immunological analysis (Table 1

and Supporting Information: Table 1).
2.2 | Peripheral blood mononuclear cells and
plasma collection

Whole blood was collected in BD Vacutainer Cell Preparation

Tubes (Becton-Dickinson). Plasma and peripheral blood mononuclear
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TABLE 1 Demographics of the cohort

Age and sex

Age, median (IQR)

Female n

%

n (%)
Male n

%

n (%)
Ethnicity
Chinese n

%

n (%)
Malay n

%

n (%)
Indian n

%

n (%)
Other n

%

n (%)

MEDICAL VIROLOGY
BNT162b2 mRNA1273 All
<60 260 <60 260
n=21 n=17
n=42 n=21 n=37 n=20 n=79
31(24-58) 69 (60-78) 33 (25-59) 66 (60-84)
59 (24-78) 61 (25-84) 60 (24-84)
15 8 6 13 42
71% 38% 35% 65% 53%
23 (55%) 19 (51%)
6 13 11 37
29% 62% 65% 35% 47%
19 (45%) 18 (49%)
17 20 15 20 72
81% 95% 88% 100% 91%
37 (88.1%) 35 (94.6%)
3 0 0 0 3
14% 0% 0% 0% 4%
3 (7.1%) 0 (0%)
1 0 1 0 2
5% 0% 6% 0% 2.5%
1 (2.4%) 1 (2.7%)
0 1 1 0 2
0% 5% 6% 0% 2.5%
1 (2.4%) 1 (2.7%)

Note: Values in bold are for BNT162b2 and mRNA1273 groups regardless of age.
Abbreviations: IQR, interquartile range; mRNA, messenger RNA.

cell (PBMC) fractions were harvested separately after 20 min
centrifugation at 1700g and frozen for downstream analysis. Plasma
samples were inactivated by solvent/detergent treatment with a final
concentration of 1% Triton X-100 (Thermo Fisher Scientific) at room
temperature for 2 h before use.

2.3 | Spike protein flow cytometry-based assay for
antibody detection

The spike protein flow cytometry-based (SFB) assay was performed
as previously described.1¥*2 HEK293T cells expressing the spike
protein of either the Wuhan wild-type (WT), Delta, or Omicron
variants, were seeded at 1.5 x 10° cells per well in 96-well V-bottom
plates (Thermo Fisher Scientific). Cells were incubated with human
plasma samples (diluted 1:100 in 10% fetal bovine serum [FBS];
HyClone) or FBS as negative control (Supporting Information:

Figure 11) for 30min at 4°C, followed by a secondary 30min
incubation at 4°C with a double stain, comprising Alexa Fluor 647-
conjugated antihuman immunoglobulin G (IgG) (1:500 dilution;
Thermo Fisher Scientific) and propidium iodide (1:2500 dilution;
Sigma-Aldrich). Cells were acquired using a BD Biosciences LSR4
laser cytometer (Becton-Dickinson) and analyzed using FlowJo (Tree
Star; BD Biosciences). The assay was performed as two independent

experiments, each with a technical duplicate.

2.4 | Pseudovirus neutralization assay

The pseudotyped lentivirus neutralization assay was performed as
previously described with slight modifications.*® Briefly, a stable cell
line expressing human angiotensin-converting enzyme 2 (ACE2),
Chinese hamster ovary (CHO)-ACE2 (a kind gift from Professor Yee-
Joo Tan, Department of Microbiology, NUS & IMCB, A*STAR),** was
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used for the assay. CHO-ACE2 cells were seeded at 1.8 x 10* cells
per well in a 96-well black microplate (Corning) in Dulbecco's
modified Eagle's medium (DMEM) without Geneticin overnight.
Serially diluted heat-inactivated plasma samples (1:20-1:5120 dilu-
tions) were incubated with an equal volume of pseudovirus
expressing S proteins of the respective SARS-CoV-2 strain (5 ng of
p24 per well) at 37°C for 1 h, before being added to preseeded CHO-
ACE2 cells in duplicate. Wells were topped up with DMEM after 1 h
incubation. After 48 h, cells were washed with phosphate-buffered
saline (PBS) and lysed with 1X Passive Lysis Buffer (Promega) with
gentle shaking at 125 rpm for 30 min at 37°C. Luciferase activity was
subsequently quantified with Luciferase Assay System (Promega) on

a GloMax Luminometer (Promega).

2.5 | MBC ELISpot

SARS-CoV-2 RBD-specific MBC numbers were counted using ELISpot.
MultiScreen HTS IP Filter Plate, 0-45 um plates (Merck Millipore) were
coated overnight at 4°C with purified antihuman-lgG (MT91/145,
Mabtech) or purified anti-human-IgA prepared at 15 ug/ml in PBS 1X.
Plates were washed four times with PBS 1X and blocked for 30 min at
room temperature with Roswell Park Memorial Institute (RPMI) + 10%
FBS. A 1x10° PBMCs were resuspended in 1 ml RPMI+ 10% FBS +
1 ug/ml R848 + 10 ng/ml interleukin (IL-2), and incubated at 37°C, 5%
CO,, for 5 days to differentiate MBCs into antibody-secreting cells. After
incubation, cells were counted, and 100 000 or 400 000 live cells were
taken for ELISpot plating to determine RBD-specific MBC numbers.
Total 1gG or IgA-secreting cells were determined by plating
1500 or 3000 live cells. Cells were incubated for 18-22h at 37°C,
with 5% CO, in the ELISpot plate before detection. A combination
of RBD-WASP/anti-WASP-alkaline phosphatase(ALP) or anti-IgG-
biotinylated/streptavidin-ALP or anti-lgA-biotinylated/streptavidin-ALP
(Mabtech) was used to detect RBD-specific or total IgG- or total
IgA-secreting cells, respectively.

For the detection of MBCs against RBD SARS-CoV-2 variant
strains (Delta and Omicron), the same procedure was used except the
protein (RBD-WT, RBD-Delta, or RBD-Omicron) was coated onto the
plate at 10 pg/ml in PBS 1X and after cell incubation, the plates were
detected with a combination of anti-IgG-biotinylated/streptavidin-
ALP or anti-IgA-biotinylated/streptavidin-ALP (Mabtech). Plates were
then read on an IRIS ELISpot reader (Mabtech).

2.6 | SARS-CoV-2-specific T cell responses by
intracellular cytokine staining

Profiling of SARS-CoV-2 T cell responses was performed as previously
described.’® Frozen PBMCs isolated from donor blood were thawed and
rested overnight in RPMI (Hyclone) with 5% human serum (Innovative
Research). PBMCs were incubated overnight at 37°C in 5% CO,. The
next day, PBMCs were stimulated with either pooled PepTivator SARS-
CoV-2 S and S1 peptides from the Wuhan (WT) strain (0.6 nmol/ml each;

Miltenyi Biotec), phorbol myristate acetate (100 ng/ml; Sigma-Aldrich),
and ionomycin (1 pg/ml; Sigma-Aldrich) (positive control), or left
unstimulated (baseline). PBMCs were stimulated for 2h before being
blocked with 1X Brefeldin A and 1X Monensin (Thermo Fisher Scientific)
for 4h. PBMCs were then stained for surface markers (Supporting
Information: Table 3) in the dark for 30 min before being fixed and
permeabilized for another 30 min using the Foxp3/Transcription Factor
Staining Buffer Set (Thermo Fisher Scientific). Cells were then stained for
intracellular cytokines (Supporting Information: Table 4) in the dark for
30 min before being transferred to a polystyrene fluorescence-activated
cell sorting tube containing counting beads (Invitrogen). Cells were
acquired with a Cytek® Aurora cytometer running SpectroFlo® Version

2.2.0.3 with automated unmixing and analyzed using FlowJo v10.8.0.

2.7 | Statistics

Statistical analysis was performed using GraphPad (Prism) 9 software.
Unmatched pairwise comparisons were performed using the
Mann-Whitney U test while matched pairwise comparisons were
performed using the Wilcoxon matched-pairs signed rank test.
Correlation statistical analysis used the Spearman test. Bonferroni
corrections for multiple

comparisons were applied for

Figures 1B,C and 2C (Supporting Information: Table 6).

3 | RESULTS

3.1 | Heterologous vaccination elicits higher levels
of SARS-CoV-2 neutralizing antibodies in participants
over 60 years old

Blood samples were obtained before booster vaccination (Day 0) and at
28 days posthomologous or heterologous boosting (Figure 1A). None of
them was infected by SARS-CoV-2 during the course of the study since
they remain seronegative for the N protein. IgG plasma antibodies
directed to the full-length membrane-bound spike protein from the
original Wuhan (WT), Delta, and Omicron (BA.1) strains were quantified
by SFB assay.'? Both booster regimens (BBB and BBM) increased the
levels of circulating spike-specific antibodies in all individuals (Figure 1B).
By 28 dpb, BBB and BBM participants in both age groups (<60 and 260)
presented similar antibody responses against the WT spike protein
(Figure 1B). At 28 dpb, all groups showed a significantly lower level of I1gG
antibodies that bind to the Omicron spike protein relative to WT spike
protein binding (Figure 1B and Supporting Information: Table 2). Notably,
participants 260 in the BBM regimen displayed higher levels of IgG
antibodies against Omicron (BA.1) compared with those who received
BBB series. (Figure 1B, right panel and Supporting Information: Figure 1).
We observed higher levels of IgG antibodies that bind to the Delta spike
protein in the BBB group than in the BBM group (Figure 1B, left panel) in
participants under the age of 60, but this was not reflected when we
looked at the increase between Day O and Day 28 (Supporting
Information: Figure 1). We found no significant difference in plasma
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FIGURE 1 Heterologous vaccination elicits higher levels of severe acute respiratory syndrome coronavirus 2 neutralizing antibodies in participants
over the age of 60. (A) Study design: Individuals who had been primed with two doses of BNT162b2 were recruited. When booster shots were due
(mean of 228 days after the second vaccination), participants were given either another BNT162b2 or mRNA-1273. Blood samples were taken on: Day O
(before the booster) and 28 days after the booster. (B) IgG antispike responses were measured by spike protein flow cytometry based at Day O and Day
28 in individuals below 60 years old (left) or above 60 years old (right) from BBB (red circle) or BBM (blue square) groups. Data are presented as % of
binding in flow cytometry (fetal bovine serum negative control <1% of binding). (C) Pseudovirus neutralization of plasma antibodies at Day 0 and Day 28
in individuals below 60 years old (left) or above 60 years old (right) from BBB (red circle) or BBM (blue square) groups. Data are presented as the dilution
of plasma needed to neutralize 50% of the pseudovirus (ICsp) in the log axis. Data are presented with mean and standard deviation (B) and median and
interquartile range (C). Mann-Whitney test between BBB versus BBM groups and <60 versus 260 groups. Wilcoxon matched-pairs test for paired
samples. *p < 0.05; **p < 0.01. ICsp, half maximal inhibitory concentration; IgG, immunoglobulin G; mRNA, messenger RNA; WT, wild-type.

IgG at Day O (before booster) against WT, Delta, or Omicron between
young and elderly individuals (Supporting Information: Figure 2).

We then assessed the capacity of plasma antibodies to neutralize
a pseudovirus carrying the spike protein of the WT, Delta, or Omicron
(BA.2) variants (Figure 1C). Both boosters significantly increased the
neutralization capacity of serums against the WT pseudovirus in both
younger and older individuals. However, elderly individuals in the
BBM group had significantly higher neutralizing antibodies at 28 dpb
compared with elderly individuals in the BBB group against the WT
and Delta strains but not the Omicron strain (Figure 1C, right panel).

3.2 | Increased IgG MBCs against WT and Omicron
RBD in elderly individuals under the BBM regimen

MBCs play a major role in long-term protection against pathogens.*®
Therefore, we analyzed the recall responses of RBD-specific MBC in
63 individuals against the WT, Delta, and Omicron strains (Supporting
Information: Table 1). Levels of IgG MBCs against the WT RBD
significantly increased over time in both BBM and BBB regimens
(Figure 2A). Of note, elderly BBM participants displayed a steep
increase in the abundance of IgG MBCs at 28 dpb (Supporting



ROUERS ET AL.

MEDICAL VIROLOGY

JOURNAL OF

6 of 11
91 | wWiLEY-

e BBB
= BBM

i

.’fi‘i

%%k

=60
—
n
|

Day 0

100
10
14
0.01-1—oo--
0.001

09N oy10ads-agy 96| %

.

L

-t——g¢—-0--.L0D
1

<60

LE

1

1
o
-

100 -
0.1
0.01—r+

0.001

—~

< og suweds-agy 961 %

Day 28

Day 28

Day 0

Omicron

Delta

—

[a1]

~

e BBB
= BBM

kk

=
[
i

“.L

[ ]
1
o

800 -

1
o
o
N

1600
-400

-

qdp gz je aseasoul OgiNl OB|

£

4

1
o

400 -
400

) 1 1
(= (=4 (=3
(=] (<] (=
© N -=]
- -

qdp gz Je aseasoul 9gN D6

b

. 4|.wﬂo

1
(=]
(=]
©

1200
400 -
400

I
(=
[=]
©
-

qdp gz je aseasoul ogiN OB

=60

<60

=60

<60

=60

<60

= ¢
] 0.\0\
L o, %
%
m =
-..Tm |«$ m m
O e L m m
K * m _ w . o
1 o.\r..v\
| | ««\0
LuT. ! $
i %
m _o ¢ | mE|m i
| .\\& LT
g ¢ 2z & - 2
S 8§ & - s [ *
m -
[ ]
sOINGd 991 4od nN4s VB ® AC ® i
w T T T T
- o [=} [=] [=] o
| 0 ©o < N
]
| jureBe Buipuiq yb| ewse|d ¢
. _._I.qlu ."_ %, IM puiq vB) 1d %
</
_ m %
u a : — mv\e (0]
0
° | | mul|u l.ﬁ\ﬂ u L] B
@ et seniseiesieei b [ [
A\ ]
o
H—t e 8
] 7/
%@
QI B mv\e (0] ° ) |
| (2] [ ] [
| |.\\~\
1 1 1 1 “ T T T T
g 8 8 & ~ 3 & 8 & & °
2 - ___ 1m3surebe Buipuiq y6) ewseyd o,
©  sowgd 921 Jod nds vBi e}

(See caption on next page)

FIGURE 2



ROUERS ET AL.

Information: Figure 3A) and the increase was significantly higher than
in the BBB group (Supporting Information: Figure 3B). We observed
that specific 1IgG MBC responses against the Omicron RBDs were
significantly lower compared with the WT RBD in all groups (< or 260
and BBB or BBM, except for the BBB <60 groups) at Day 28
(Supporting Information:Figure 3C). In elderly individuals receiving
the BBM regimen, we observed increased IgG MBC responses
against Omicron between Day O and Day 28, but not in the BBB
group (Figure 2B). We found no significant difference in 1IgG MBC
levels at Day O (before booster) against WT, Delta, or Omicron
between young and elderly individuals (Supporting Information:
Figure 4A-C).

Since IgA antibodies are also important in the protection against
SARS-CoV-2,Y7 we evaluated the profiles of IgA MBCs levels specific
for WT, Delta, and Omicron (BA.1) RDBs in BBB and BBM vaccines
(Figure 2C). While no differences in IgA MBC levels at Day O (before
booster) against WT, Delta, or Omicron between the young and
elderly were observed (Supporting Information: Figure 4D-F), young
individuals of the BBM regimen showed higher IgA MBC levels
against Omicron compared to elderly BBM individuals (Supporting
Information: Figure 5). In individuals above 60 years old, there were
lower levels of MBCs specific for Delta in BBM compared to BBB,
while the levels remain similar in individuals below 60 years old.
(Figure 2C). Taken together, our data suggest that in the elderly, BBB
may be more effective at inducing IgA MBCs against RBD from the
variants in the elderly. In contrast, the levels of IgA specific to the WT
spike protein in the plasma at Day 28 were higher in the elderly
individuals from the BBB group compared with BBM (Figure 2D).

3.3 | Circulating T follicular helper cell responses
increase over time in both homologous and
heterologous booster vaccine regimens

SARS-CoV-2-specific T-cell recall responses were analyzed by
multicolored flow cytometry upon stimulation with peptide cocktails
spanning the S protein. Circulating (Tfh) cell responses involved in B
cell maturation and differentiation,*® were identified by the surface
expression of CXCR5"CD4" and the surface expression of CD154
after Spike protein pool peptide stimulation. This strategy allowed for

7 of 11
MEDICAL VIROLOGY —WILEY

the identification of antigen-specific populations.!? The abundance of
circulating Tfh cell responses increased over time in young and
elderly participants in both BBB and BBM regimens. At 7 and 28 dpb,
homologous and heterologous booster vaccination resulted in similar
levels of CD154" Tfh cells (Figure 3A). On the basis of increased
levels of Tfh in the elderly after BBM booster vaccination, and that
Tfh cells assist B cell maturation, we correlated the difference from
Day O to Day 28 between CD154" Tth and RBD-specific MBCs and
found a positive correlation only for the elderly BBM group
(Supporting Information: Figure 6). This suggests that the higher
MBC response observed in the elderly after receiving a heterologous
mRNA booster may be due to better activation of antigen-specific
Tfh cells.

3.4 | BBM induces more robust SARS-CoV-2-
specific CD4" T cell responses in elderly individuals

CD4" T cell recall responses after spike protein pool peptide
stimulation were profiled by the intracellular expression of IL-2,
interferon y (IFNy), and TNF-a (Th1); IL-4, IL-6, and IL-10 (Th2) and
IL-17A (Th17), respectively. Th1, Th2, and Th17 responses in young
participants increased upon BBB and BBM regimens. By 28 dpb, Th1,
Th2, and Th17 responses were induced to a similar degree at this age
(Supporting Information: Figure 7). On the other hand, while Th1
responses increased in elderly individuals over time, differences
between BBB and BBM participants were observed (Figure 3B, left
panel and Supporting Information: Figure 8). Particularly, IFNy and
TNF-a-producing Th1 responses were significantly higher in elderly
BBM participants compared with BBB at 28 dpb (Figure 3B and
Supporting Information: Figure 8). We then examined the poly-
functionality of the CD4* Th1 cells by looking at the coexpression of
1, 2, or 3 cytokines (IL-2, IFNy, and TNF-a). Both BBB and BBM
vaccination regimes triggered comparable levels of polyfunctional
CDA4+ Th1 cells in the elderly (Figure 3B, right panel). Individuals over
the age of 60 saw an increase in peptide-specific CD4 Th2 responses
on Day 28 following the booster; however, there was no significant
difference between the BBB and BBM regimens (Supporting
Information: Figure 9). Intriguingly, Th17 response increased after

booster in this age group (Figure 3C, left panel) and the elderly had a

FIGURE 2

Increased IgG memory B cells against WT and Omicron RBD in elderly individuals under the BBM regimen. (A) Frequency of 1gG

RBD-specific memory B cells among total IgG antibody-secreting cells at Day 0 and Day 28 in individuals below 60 years old (left) or above
60 years old (right) from BBB (red circle) or BBM (blue square) groups. The green dotted line represents the limit of detection (LOD =0.01).
Data are presented in a log axis with median and interquartile range. (B) IgG memory B cell response against RBD from WT, Delta, and Omicron
strains in individuals below 60 years old (<60) or above 60 years old (260) from BBB (red circle) or BBM (blue square) groups. Data are presented
in spot forming unit (SFU) per 1E6 cells in the log axis. The green dotted line represents the (LOD = 1). (C) IgA memory B cell response against
RBD from WT, Delta, and Omicron strains in individuals below 60 years old (left) or above 60 years old (right) from BBB (red circle) or BBM
(blue square) groups. Data are presented in SFU per 1E6 cells in the log axis. The green dotted line represents (LOD = 1). (D) IgA was measured
in the plasma by SFB at Day 28 in individuals below 60 years old (left) or above 60 years old (right) from BBB (red circle) or BBM (blue square)
groups. Data are presented as % of binding in flow cytometry. Data are presented with median and interquartile ranges. Mann-Whitney test
between BBB versus BBM groups and <60 versus 260 groups. Wilcoxon matched-pairs test for paired samples. IgA, Immunoglobulin A;
RBD, receptor-binding domain; WT, wild-type. *p < 0.05; **p < 0.01.
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FIGURE 3 BBM induces more robust severe acute respiratory syndrome coronavirus 2-specific CD4+ T cell responses in elderly
individuals. (A) Frequency of activated Tfh (CD4 + CXCR5 + CD154+) at Day 0 and Day 28 in individuals below 60 years old (left) and
above 60 years old (right) from BBB (red circle) or BBM (blue square) groups. (B) Increase in IFNy in elderly participants from BBB (red
circle) or BBM (blue square groups) (left) differences in a relative increase in IFNy between elderly participants from BBB (red circle) or
BBM (blue square) groups between 7 and 28 dpb (middle) polyfunctionality of Th1 cells in BBB and BBM groups (right). The pie charts
represent the average proportions of CD4 T cells producing every combination (1, 2, or 3 cytokines) of Th1 cytokines (IFNy, TNF-a, and
IL-2). (C) Increase in IL-17A in elderly participants from BBB (red circle) or BBM (blue square groups) (left) differences in a relative
increase in IL-17A between elderly participants from BBB (red circle) or BBM (blue square) groups between 7 and 28 dpb (Right). Data
are presented after baseline subtraction in the log axis. The green dotted line represents the limit of detection (LOD =0.01). Data are
presented with mean and SEM. Mann-Whitney test between BBB versus BBM groups. Wilcoxon matched-pairs test for paired samples
between time points. dpb, days post boosting; IFN-y, interferon-y; IL-17A, Interleukin 17A; Th1, T helper type 1; TNF-a, tumor necrosis
factor a. *p <0.05; **p <0.01; ***p < 0.001.
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greater abundance of IL-17A-producing Th17 cells upon heterolo-
gous vaccination regime at Day 7. By 28 dpb, both elderly BBM and
BBB participants displayed similar Th17 responses (Figure 3C, right
panel).

Finally, we examined the CD8" T cell compartment post-booster
vaccination (Supporting Information: Figure 10). By 28 dpb, IFNy-
producing CD8* T cells were induced at a similar degree in young and
elderly participants in the BBB and BBM groups (Supporting
Information: Figure 10). Similarly, comparable levels of Granzyme
B-producing CD8" T cells in either age group or vaccine group were

observed (Supporting Information: Figure 10).

4 | DISCUSSION

In this study, we show that a heterologous mRNA vaccination
regimen (BBM) is better at boosting the memory of immune T and B
cells against SARS-CoV-2 compared with homologous mRNA
boosters. A recent study showed that a third dose of mMRNA vaccine
is beneficial to boost Omicron-reactive MBC but without looking into
heterologous versus homologous boosters and mostly in the young
population.?° Our study provides mechanistic evidence that supports
previously published observations on the superiority of heterologous
over homologous booster strategies at inducing SARS-CoV-2
neutralizing antibody responses.” Importantly, our data confirm that
this effect is more pronounced in elderly individuals, providing
support for age-differentiated vaccine recommendations.

To elucidate the mechanisms underlying the induction of more
potent antibody responses upon heterologous booster regimen, we
characterized SARS-CoV-2 specific MBC levels in BBM and BBB
participants. MBC generation is crucial to ensure long-term protec-
tion against pathogens.?! Similarly, we have recently reported that
vaccine breakthrough cases with the Delta variant were associated
with lower MBC levels.?? In this study, heterologous and homologous
booster regimens did not significantly induce different MBC
responses against the RBD in younger individuals (below 60 years
old). However, in elderly individuals, the heterologous boosting
induced a higher level of RBD-specific MBCs, particularly against the
Omicron RBD. This is concordant with previous observations that the
third dose of mRNA vaccine elicits Omicron-reactive MBC.2° Our
data highlighted that this is particularly the case in the elderly
population receiving the heterologous booster. A recent study
highlighted the existence of a repertoire of cross-reactive MBCs
after two doses of BNT162b2and estimated that 15% of MBCs can
cross-react to variants, including Omicron.>®> We suggest here that
heterologous mRNA vaccination in the elderly may favor the
selection of this repertoire. It is possible that the elderly had more
cumulative exposure to common cold coronaviruses and thus have
developed a larger cross-reactive repertoire to the different
coronaviruses and their variants. The mechanisms by which a
heterologous mRNA booster may be more effective than a homolo-

gous in restimulating this repertoire remain to be explored.

MEDICAL VIROLOGY

The elderly in the BBM group showed a decrease in IgA MBCs
specific to Delta RBD compared with BBB. The levels of IgA MBCs
against Delta were maintained in younger individuals from BBB and
BBM groups. It might be attributed to a difference in kinetic
induction or mobilization of IgA class-switch cross-reactive MBCs
in heterologous versus homologous boosters at various ages. For
example, this might be related to the cell signaling from T cells,* and

t,%> which were not examined here and

the cytokine environmen
deserve to be investigated further. A larger group would also be
needed to confirm this observation against Omicron RBD.

Interestingly, although circulating IgA MBC responses against
WT RBD were comparable in elderly individuals from the BBM and
BBB groups, we observed higher IgA plasma levels in elderly BBM
participants. This could be explained by the different IgA-secreting
potentials of MBCs. Thus, despite similar numbers of IgA MBCs
between BBB and BBM, these cells may be more functional to
secrete IgA antibodies in the BBM context and could explain the
higher level of IgA detected in the plasma. In line with this hypothesis,
it was previously shown that following two doses of BNT162b2,
MBCs can migrate to mucosal sites and secrete IgA.2°

Besides MBC levels, the quantity and quality of antibody
responses also depend on CD4" T cell help, particularly Tfh cells.?”
Robust Tfh responses have been reported upon mRNA vaccination
against SARS-CoV-2.28 Here, we show that the third dose of mRNA
vaccine increases the frequency of circulating antigen-specific Tfh
cells. Importantly, elderly individuals who received the BBM regimen
displayed higher Tfh levels than those who received the BBB
regimen. It has been previously demonstrated that MBC responses
against the spike protein are T cell-dependent during natural SARS-
CoV-2 infection.?? In support of this, the strong correlation between
Tfh and MBC numbers in elderly BBM participants suggests a
plausible interplay between these populations, which may contribute
to the significant increase in MBCs. In addition, Tfh levels correlate
with neutralizing antibodies and may better aid in SARS-CoV-2
clearance.®° Along with the higher levels of antigen-specific activated
Tfh cells, we also observed a higher induction of Th17, Th1, and Th2
CD4"* T cells in elderly individuals upon a heterologous booster
regimen. This marked increase in T cell responses is especially
important for the more vulnerable, elderly population, given the vital
role T cells play against SARS-CoV-2 infection. Th2 CD4" T cells play
an important role in promoting the development of B cells to

1 and may be an

antibody-producing plasma via IL-4 secretion,
additional factor in favor of the higher MBC levels observed in our
study. Furthermore, it has been previously reported that asympto-
matic patients display a more robust Th17 response compared with
symptomatic patients.3>3® An increase in Th17 cells may provide a
protective role against SARS-CoV-2 infection during a vaccine
breakthrough infection. Th1l cells have been well documented as
antiviral and play an essential role in virus clearance and conse-
quently limiting the damage caused by the virus, with reports
showing a robust Th1 response is a key factor for a favorable SARS-

COV-2 prognosis.®233
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Our study focused on BBB versus BBM booster regimens, but
the efficacy of other combinations of prime and booster vaccines
needs to be explored to corroborate that the better performance of
heterologous boosting relies on higher T and B cell responses,
particularly in elderly individuals. Of note, a study comparing
different homologous and heterologous combinations using two
doses of mRNA-1273 as primary vaccination series suggests that
MMM is better than MMB in eliciting plasma antibodies.® Thus, the
mRNA-1273 could be superior at engaging T and B cell immunity on
its own.

In conclusion, heterologous booster vaccination induced a more
robust humoral and cellular immune response in elderly individuals
than homologous booster vaccination. This study provides important
data that can guide policymaking and help healthcare workers decide

how best to immunize vulnerable populations.
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