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Heterologous booster
vaccination enhances antibody
responses to SARS-CoV-2 by
improving Tfh function and
increasing B-cell clonotype
SHM frequency
Yanli Song1, Jiaolei Wang2, Zhihui Yang1, Qian He2,
Chunting Bao2, Ying Xie2, Yufang Sun2, Shuyan Li2, Yaru Quan2,
Huijie Yang2* and Changgui Li2*

1Division of the Second Vaccines, Wuhan Institute of Biological Products Co. Ltd., Wuhan, China,
2Divsion of Respiratory Virus Vaccines, National Institutes for Food and Drug Control, Beijing, China
Heterologous prime-boost has broken the protective immune response

bottleneck of the COVID-19 vaccines. however, the underlying mechanisms

have not been fully elucidated. Here, we investigated antibody responses and

explored the response of germinal center (GC) to priming with inactivated

vaccines and boosting with heterologous adenoviral-vectored vaccines or

homologous inactivated vaccines in mice. Antibody responses were

dramatically enhanced by both boosting regimens. Heterologous

immunization induced more robust GC activation, characterized by increased

Tfh cell populations and enhanced helper function. Additionally, increased B-cell

activation and antibody production were observed in a heterologous regimen.

Libra-seq was used to compare the differences of S1-, S2- and NTD-specific B

cells between homologous and heterologous vaccination, respectively. S2-

specific CD19+ B cells presented increased somatic hypermutations (SHMs),

which were mainly enriched in plasma cells. Moreover, a heterologous booster

dose promoted the clonal expansion of B cells specific to S2 and NTD regions. In

conclusion, the functional role of Tfh and B cells following SARS-CoV-2

heterologous vaccination may be important for modulating antibody

responses. These findings provide new insights for the development of SARS-

CoV-2 vaccines that induce more robust antibody response.
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1 Introduction

SARS-CoV-2 vaccination has effectively reduced the prevalence

of coronavirus disease 2019 (COVID-19). Several different kinds of

vaccines were used during the pandemic, and these vaccines

exhibited variations in immunogenicity, safety, protection efficacy

and effectiveness. Interestingly, a heterologous prime-boost vaccine

strategy may offer advantages over a homologous approach

according to numerous recent studies across inactivated,

adenoviral vector and mRNA vaccine platforms (1–4).

Immunization with inactivated vaccines followed by mRNA or

nonreplicative viral vector vaccines has increased the effectiveness

of treatment to 87%~96.5% against symptomatic COVID-19 and

95.94%~97.67% against hospitalization (5–7). In animals,

heterologous prime-boosting with an adenoviral vector or a

mRNA vaccine induced a 12.8- to 51.2-fold increase in protective

antibodies compared to those induced by homologous inactivated

vaccination (8, 9). Heterologous boosters have appeared to exert

greater vaccine protection effects than homologous boosters in both

preclinical and clinical trials.

In fact, Hu and his coworkers in 1992 were among the first to

employ the heterologous prime-boost immunization regimes. In

their study, neutralizing antibody (NAb) titers against HIV were

observed in mice primed with recombinant viral vector vaccines

and boosted with subunit vaccines, but not in homologous

immunized with vectored or subunit vaccines (10). Lu found that

heterologous prime-boost with influenza virus vaccines could

improve antibody titers 4- to 19-fold change, which may provide

cross-protection against seasonal influenza virus. Also,

heterologous vaccination displayed increased antibody titers in

polio, malaria, tuberculosis and HSV-2 vaccines (11). It may

provide a new way for those antigens that are easy to mutate,

difficult to develop candidate vaccines, or induce poor immune

responses with homologous vaccination. However, the mechanism

that heterologous prime-boost is more effective than the

“homologous” prime-boost has not been fully demonstrated,

which may also limit the development of this strategy in the

real world.

Studies have shown that heterologous prime-boosted with

COVID-19 inactivated vaccines and adenovirus vector vaccines

improve higher NAb titers. The inactivated vaccines are whole virus

particles, and adenovirus vector vaccines are nonreplicated vectored

vaccines expressing full-length S protein, which may induce

different processes of T and B cell responses (12, 13). Immune

responses may complement each other to produce higher antibody

responses when prime-boosted with both. However, the mechanism

remains poorly understood. When repeatedly stimulated with the

same COVID-19 vaccines, T cells upregulated the expression of

inhibitory signals PD-1 and LAG-3 and decreased its activity (14,

15). Also, B cells activity may decline due to low activity of T cells,

which may exhaust immune cells, produce immune tolerance and

decrease antibody responses (14, 15). Heterologous SARS-CoV-2

vaccination stimulates more antibody-secreting cells (ASC), T cells

and cytokines to enhance humoral and cellular responses, which

contribute to more cross-protection to variant strains (16).

Although these studies have found some discrepancies in immune
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responses between heterologous and homologous vaccination, they

still cannot fully explain why heterologous vaccination is

more effective.

Innate immune cells activate at early stage to participate in

immune defense when antigen stimulation, and then APCs present

antigens to T and B cells to initiate adaptive immune response.

Among them, B cells and T cells play key roles in immune response

sites by secreting antibodies and adjusting immune responses.

During this process, follicular helper T cells (Tfh) provide

cytokines and co-stimulatory signals to promote the activation,

proliferation and differentiation of B cells. Subsequently, B cells

differentiate into plasma cells or memory B cells (17, 18). This

intricate process occurs in germinal center (GC). Understanding the

differences in GC responses between heterologous and homologous

prime-boosts could potentially elucidate the mechanism behind the

enhanced immune responses observed with a heterologous booster

dose. In our study, the differences in antibody responses, the

populations and function of B cells between heterologous and

homologous regimes were analyzed. Also, B-cell specific to

different subunit of spike protein was analyzed to investigate

the mechanism of increased antibody responses in heterologous

vaccination. The study of the mechanism will provide

theoretical guidance for optimizing the existing and future

vaccination strategies.
2 Materials and methods

2.1 Mice and vaccination

BALB/c mice were purchased from SPF (Beijing) Biotechnology

Co., Ltd. All studies were performed in accordance with protocols

approved by the Institutional Animal Care and Use Committee

(IACUC) at the Beijing Institute of Biological Products Co., Ltd.,

Beijing, China (No. BSYYF20230130002). All mice in this paper

were six- to eight-week-old female mice on a BALB/c background.

For the vaccination regimens, 0.5 mg prototyped SARS-CoV-2

inactivated vaccines (BBIBP-corv) combined with 22.5 mg
aluminum hydroxide adjuvant (Croda) or 0.5×1010 viral particles

(VP) of adenovirus 5 vector vaccines (Ad) encoding full-length

prototyped SARS-CoV-2 spike (Convidecia) were injected

intraperitoneally in 500 mL 0.01 M PBS. The control mice were

vaccinated with 0.01 M PBS containing an equal concentration of

aluminum hydroxide adjuvant. The first two doses were

administered at D0/D21, and the subsequent booster doses were

administered every 14 days (Figure 1A). Blood from each

vaccination and spleen samples from 4In and 3InAd were

collected on day 10 after vaccination (Figure 1A).
2.2 Determination of antigen-specific IgG
titers in serum and culture supernatants

IgG titers specific to spike, S1 (a variable region in spike), S2 (a

conserved region in spike) or NTD (a conserved region in S1) in

serum and spike- or S2-specific IgG titers in supernatants were
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determined. 96-well plates (Costar, cat 42594) were coated with 100

mL of SARS-CoV-2 spike (Sino, cat 40589-V08H4) or S1 (Sino, cat

40591-V08B1), S2 (Sino, cat 40590-V08H1), or NTD (Sino, cat

40591-V49H) at 0.5 mg/mL overnight at 4°C. After 2 h of blocking

with 3% BSA in PBS, 100 mL of each diluted serum sample or

culture supernatant was incubated for 2 h at room temperature. The
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serum dilutions used were 1:10000 and 1:40000 (for spike, S1 and

S2) and 1:1000 and 1:4000 (for NTD). The supernatants were not

diluted. Standard curves were obtained by serial dilution of

standard serums via titration, as previously described (19). The

secondary antibody, anti-mouse IgG conjugated to HRP (Cytiva,

cat. NA931V), was diluted 1:4000 in PBS-3% BSA and incubated for
B C D

E F G

H I

A

FIGURE 1

Antibody responses induced by homologous or heterologous SARS-CoV-2 vaccination in mice. (A) Timeline of vaccination and blood sampling. IgG
titers specific to (B) spike, (C) S1, (D) S2, (E) NTD, and NAb titers against (F) the prototype pseudovirus, (G) the XBB.1.16 pseudovirus, (H) the
prototype authentic virus, (I) and the XBB.1.16 authentic virus. In and Ad show inactivated vaccines and adenovirus vector vaccines, respectively.
3InAd represents mice immunized with 3 doses of In followed by one dose of Ad. 4In and 5In represent mice vaccinated with 4 or 5 identical doses
of In, respectively. For (A–I), n=8 per SARS-CoV-2 vaccination group, n=6 in control group. Each symbol represents one sample. The data are
presented as the geometric mean ± standard error of the mean (SEM). The Mann−Whitney U test was used to analyze the differences between the
indicated groups. *p < 0.05, **p < 0.01, and ***p < 0.001 were considered to indicate two-tailed significant differences. The numbers on the graph
represent the p values between the indicated groups.
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1 h at room temperature. The reactions were developed with HRP

substrate, and the absorbance was measured at 405 nm and 630 nm.
2.3 Determination of NAb against authentic
and pseudo-viruses

NAb were determined using authentic and pseudo-SARS-CoV-2

virus, and the 50% inhibitory dilution (ID50) was defined as the

serum dilution. NAb against authentic viruses (prototype and

XBB.1.16 virus) were determined via a microcytopathogenic effect

assay with a minimum eight-fold dilution and 2-fold serial dilutions,

as previously described (20). NAb against pseudoviruses (prototype

and XBB.1.16 virus) were determined with a minimum twenty-fold

dilution and 3-fold serial dilutions, as previously described (12).
2.4 RNA sequencing

Spleens from the 3InAd, 4In and control groups were separated

and stored in liquid nitrogen. All RNA extraction, library

preparation, and sequencing were performed by BGI Genomics

(Wuhan) Co., Ltd. DEGs were analyzed using DESeq2 (v1.4.5).

KEGG and GO enrichment analyses were carried out as previously

described (21, 22).
2.5 Antibodies and flow cytometry

The fixable viability dye eFluor™ 506 (eBioscience, cat 65–

0866-14) was used to exclude dead cells according to the

manufacturer’s instructions. The following antibodies were used

for surface staining at 4°C for 30 min: a-TCR (BioLegend, clone

H57–597), a-CD4 (BioLegend, clone RM4–5), a-PD-1

(eBioscience, clone J43), a-CXCR5 (BioLegend, clone L138D7),

a-B220 (BioLegend, clone RA3–6B2), a-Gl7 (BioLegend, clone

GL7), and a-CD95 (BioLegend, clone SA367H8). The data were

analyzed using FlowJo v10.8 or CytExpert.
2.6 Magnetic isolation of B cells and CD4+
T cells

B cells and CD4+ T cells were separated from splenetic cell

suspensions using magnetic isolation kits (Stemcell, cat. 19854 for B

cells, cat. 19852 for CD4+ T cells) according to the manufacturer’s

instructions. B and CD4+T cells were sorted to 90% purity and

utilized in the subsequent experiment.
2.7 Sorting

CD4+CXCR5+PD-1+ Tfh cells or B220+CD95+Gl7+ GC B cells

were sorted via the following steps. In brief, magnetically isolated

CD4+ T or total B cells were stained with viability dye (eBioscience,

cat 65–0866-14) and antibodies as above for 30 min at 4°C. Then, the
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cell suspensions were passed through 70-micron filters and

resuspended in RPMI 1640 (Gibco, cat 11875093) supplemented

with 10% FBS, 1 mM EDTA, 100 U penicillin, and 100 mg/ml

streptomycin. Cell sorting was performed on an Aria III instrument.
2.8 Tfh and B-cell coculture in vitro

Isolated B cells and Tfh cells were cocultured as previously

described with minor modifications (23, 24). 3×10^5/well B cells

were cultured with or without 1.5×10^5/well Tfh cells in the

presence of 5mg/ml spike peptide pools (GenScript, cat RP30020)

in RPMI 1640 (Gibco, cat 11875093) supplemented with 10% heat-

inactivated fetal bovine serum (Gibco, 16140071), 2 mM L-

glutamine, 1 mM sodium pyruvate, 50 mM 2-mercaptoethanol,

100 U penicillin, and 100 mg/ml streptomycin. Round-bottom

tissue culture plates were precultured with 2mg/ml anti-CD3

antibody (BD Biosciences, cat 553057) and 5mg/ml anti-IgM

(Invitrogen, cat 16–5092-85) in PBS at 4°C overnight. Six days

after coculture, the cells were stained with a-IgG1 (BioLegend,

clone RMG1–1), a-IgG2b (BioLegend, clone RMG2b-1), and a-Gl7
(BioLegend, clone GL7). The supernatants were harvested, and the

anti-spike IgG titers were assessed via ELISA.
2.9 Real-time PCR

CD4+T or B cells were magnetically sorted to 90% purity and

used for RNA extraction. Total RNA was extracted from isolated

cells using TRIzol reagent (Invitrogen, 15596026). First-strand

cDNA was transcribed (Vazyme, cat R312–3), and real-time PCR

was performed using universal qPCR SYBR Green Master Mix

(Vazyme, cat Q711–03) according to the manufacturer’s protocols.

The experiment was performed on a CFX96 instrument (Roche).

The data were normalized to the housekeeping gene Gapdh and

analyzed by the 2^(–△△CT) method.

The primers used for cDNA amplification were obtained from

previous methods (25–28) and are listed as follows:

Gapdh, (forward) 5’-GTGAAGGTCGGTGTGAACGGATT-3’

and (reverse) 5’-GGAGATGATGACCCTTTTGGCTC-3’; Il21,

(forward) 5’-GCCAGATCGCCTCCTGATTA-3’ and (reverse) 5’-

CATGCTCACAGTGCCCCTTT-3 ’ ; Bcl6 , ( forward) 5 ’-

CCGGCTCAATAATCTCGTGAA-3’ and (reverse) 5’-GGTGC

ATGTAGAGTGGTGAGTGA-3 ’ ; Cxcr5 , ( forward) 5 ’ -

ACTCCTTACCACAGTGCACCTT-3’ and (reverse) 5’-GGAAA

CGGGAGGTGAACCA-3’; Cxcr4, (forward) 5’-TCCAACA

AGGAACCCTGCTTC-3’ and (reverse) 5’-TTGCCGACTATGC

CAGTCAAG-3’; Aicda, (forward) 5’-GGCATGAGACCTAC

CTCTGC-3’ and (reverse) 5’-CAGGAGGTGAACCAGGTGAC-3’.
2.10 Libra-seq

Antigen-specific B cells were labeled and sorted as previously

described with minor modifications (29, 30). In brief, biotinylated

S1 (Acro, cat S1N-C82E8), S2 (Acro, cat S2N-C52E8) and NTD
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(Acro, cat S1D-C52E2) proteins were conjugated to two different

streptavidin-fluorochrome conjugates, streptavidin-APC

(BioLegend, cat 405207) and streptavidin-PE (BioLegend, cat

405203), in equimolar ratios. The cells were incubated with S1,

S2, NTD, viability dye (eBioscience, cat. 65–0866-14) or a-CD19
(BioLegend, clone 1D3/CD19) at 4°C for 30 minutes. Then, the cells

were sorted as above. Sorted cells were captured in droplets to

generate nanoliter-scale gel beads in EMulsions (GEMs). The 5’

gene expression library and BCR library were prepared, and

sequencing was performed by Abiosciences (Beijing) Co., Ltd.

The mRNA sequencing data were processed using CellRanger

version 7.0. R version 4.3.1 and the Seurat package (v5.0.0) were

used for downstream analysis. The following marker genes were

examined: Bcl2 and Itgax (CD11c) for memory B cells (31, 32); Fas

and Mki67 for GC B cells; Xbp1 and Mzb1 for plasma cells, while

other non-B cells were removed. The SHM frequency was calculated

for each heavy chain sequence in the variable segment leading up to

the CDR3.
2.11 Statistical analysis

Statistical analysis was performed utilizing GraphPad 8.0. The

Mann−Whitney test was used and is explicitly described in the

figure legends.
3 Results

3.1 Heterologous vaccination induced
more robust antibody responses in mice

To compare the antibody responses induced by heterologous

and homologous vaccination, we designed different immunization

strategies (Figure 1A). Mice were vaccinated intraperitoneally with

SARS-CoV-2 inactivated vaccines (In) or adenovirus 5 vector

vaccines (Ad) encoding the full-length SARS-CoV-2 spike

protein. The homologous vaccination regimen was 1 to 5 In doses

(marked as In, 2In, 3In, 4In and 5In), and the heterologous

immunization regimen was 3 doses of In followed by one dose of

Ad (3InAd). Blood was collected on day 10 after the last

homologous or heterologous booster dose. IgG titers specific to

spike, S1 (a variable region in spike), S2 (a conserved region in

spike), the N-terminal domain (NTD, a conserved region in S1),

and neutralizing antibodies (NAb) against spike pseudovirus, as

well as the authentic virus, were determined to explore the antibody

dynamics after heterologous and homologous vaccination.

To assess the antibody responses in the homologous group,

IgG and NAb titers were measured after each vaccination

(Supplementary Figure 1). For SARS-CoV-2 vaccination groups,

the spike-specific IgG titer peaked after the 3rd dose of the vaccine

and remained at this level even after the following doses

(Supplementary Figure 1A). The S1-specific antibody showed

similar changes (Supplementary Figure 1A). Interestingly, S2-
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specific IgG levels peaked after the 4th dose and decreased after

the 5th dose (Supplementary Figure 1A), and NTD-specific IgG

levels consistently increased (Supplementary Figure 1A). These

results indicate that more than 3 doses of homologous prime-

boosts with In may induce higher titers of IgG specific to the

conserved spike protein regions (Supplementary Figure 1A).

Moreover, the titers of NAb against the prototype spike

pseudovirus slightly increased after the 5th dose (Figure 1F and

Supplementary Figure 1B), while the titers of NAb against the

prototype authentic virus peaked after the 4th dose (Figure 1H and

Supplementary Figure 1C). Additionally, we found that every dose

can induce antibody responses to the XBB.1.16 virus

(Supplementary Figures 1B, C).

We next compared antibody responses between heterologous and

homologous vaccination (Figure 1). Compared with those in the 4In

group, the spike-, S1-, S2-, and NTD-specific IgG levels were

significantly higher in the 3InAd group (Figures 1B-E). Similar

results were obtained for the titers of NAb against the prototype

spike pseudovirus and the prototype authentic virus (Figures 1F, H).

Compared with those in the 5In group, the spike-, S1-, and S2-specific

IgG titers were also higher in the 3InAd group (Figures 1B-D), but

there was no difference in the NTD-specific antibody titers (Figure 1E).

Moreover, we found that the titers of NAb against the prototype

pseudovirus or authentic virus were significantly higher in 3InAd

(Figures 1F, H). Heterologous immunization showed stronger

neutralizing effects on authentic XBB.1.16 virus (Figure 1I), although

no differences were found on XBB.1.16 pseudovirus (Figure 1G). These

data suggest that heterologous vaccination induced more robust IgG

and NAb responses than homologous vaccination, and even the 5In

homologous vaccination regimen could not induce the same antibody

response as that induced by heterologous vaccination. In the following

study, we further compared the 4In and 3InAd groups.
3.2 Heterologous vaccination induced a
more robust GC response according to
global transcriptomic analysis

To explore the heterogeneity of homologous and heterologous

immunization strategies, RNA-seq was performed on the spleens from

the heterologous and homologous group mice to compare discrepancies

in the GC response according to gene expression profiling.

One hundred fifty-two differentially expressed genes (DEGs)

were screened between the 3InAd and 4In groups (Figure 2A).

Among these DEGs, 38 immune-related genes were found using

the GP_CFP and Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway classification methods (Figure 2B). Then, through

GO biological process (BP) and KEGG pathway enrichment analyses,

we found that these immune-related DEGs were enriched in somatic

hypermutation and production of immunoglobulin (Nuggc, Aicda,

Il21, Il6), Tfh differentiation (Il21, Il6), germinal center B cell

differentiation (Il6, Il21), cellular response to virus (Gli2, Il6, Il21)

(Figures 2A, C, D). To further explore signaling changes in the 3InAd

group, we next performed gene set enrichment analysis (GSEA) using
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transcripts per million (TPM) values. We found that genes associated

with the positive regulation of cell migration, the immunoglobulin-

mediated immune response, and the positive regulation of the B-cell

receptor signaling pathway were upregulated in the 3InAd group

compared to the 4In group (Figures 2E, F). These gene expression

profiling results suggest that heterologous vaccination enhances B-

cell and Tfh cell responses and GC activation.
Frontiers in Immunology 06
3.3 Heterologous immunization increased
Tfh cell populations and function in GC

Tfh cells are specialized B helper cells that enable the

proliferation, survival, and differentiation of GC B cells through

the delivery of cytokines and costimulatory signals (12). To further

investigate the changes in Tfh cells and GC responses after SARS-
B

C D

E F

A

FIGURE 2

Transcriptional heterogeneity in homologous and heterologous vaccination groups. (A) DEGs among spleens from 3InAd vs. 4In. Genes with a |log2
(fold change [FC])|>0.6 and p<0.05 were annotated as DEGs. Red dots represented upregulated genes and blue dots showed downregulated genes.
(B) Heatmap showing the immune-related DEGs between the 3InAd and 4In groups. Four-dose control mice (Ctrl) were used to exclude
background effects. (C) Bubble plot showing the significantly enriched BPs between the 3InAd and 4In groups, as measured by the Rich Ratio factor
and q value. (D) Bar graph showing the significantly enriched KEGG pathways evaluated by -log10 (p value) in the 3InAd group compared with the 4In
group. Using gene set enrichment analysis (GSEA) to analyze the expressed genes, 2 gene sets related to (E) cell migration and (F) the B-cell antigen
receptor (BCR) signaling pathway were found to be significantly upregulated in the 3InAd group. NES, normalized ES; FDR, false discovery rate; NOM
p-val, normalized p value. Each sample was composed of spleen samples from 3 animals. Three samples per group were used.
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CoV-2 heterologous and homologous vaccination, the number and

function of Tfh cells were analyzed.

We found that the 3InAd group showed higher Tfh cell

populations than the 4In group (Figures 3A, B), indicating that

heterologous vaccination induced more robust Tfh cell expansion.

Moreover, to evaluate Tfh cell function in the heterologous group,

PD1+CXCR5+ Tfh cells sorted from 3InAd or 4In group mice were

cocultured with mature splenic B cells from 2In group mice (mice

vaccinated with 2 doses of In), and B-cell activation defined by

expression of Gl7 marker and isotype switching were detected. The

coculture strategy is shown in Figure 3C. When B cells cocultured

with 3InAd Tfh cells, we only found a slight increase of activation in

the Gl7+IgG1+B group (Figures 3D, E), but both groups exhibit no

statistical differences to the 4In Tfh cells, showing no discernible

differences in Tfh helper function between heterologous and

homologous groups. However, when antibodies in the coculture

supernatants were further detected, a significant increase in spike-

specific IgG titers was identified in B cells cocultured with 3InAd

Tfh cells (Figure 3G), indicating an increase in IgG titers in the

absence of significant B-cell activation. This discrepancy may be

attributed to the different sensitivity between antibody detection

and other immunologic parameters examination during the in vitro

experiment (33). Additionally, in our study, Tfh cells were

repeatedly activated by 3 doses of inactivated vaccination before

the 4th-dose vaccination, therefore, the distinction of Tfh function

between two groups may not be optimized.

It has been reported that IL-21, BCL-6 and CXCR5 play key

roles in regulating Tfh cell differentiation and function. To compare

Tfh cell proliferation and function at the gene level, we measured

the mRNA expression of Il21, Bcl6 and Cxcr5 in the 3InAd and 4In

groups on day 10 after vaccination. Il21, Bcl6 and Cxcr5 expression

was significantly higher in the 3InAd group than that in the 4In

group (Figures 3H-J), suggesting that enhanced Tfh cells

populations and function in the heterologous group may be

related to upregulating the expression of Il21, Bcl6 and Cxcr5.
3.4 B-cell activation and antibody
production were increased by the
heterologous immunization regimen

We have proven that Tfh cell function is enhanced by

heterologous vaccination. Tfh cells provide stimulatory signals to

B cells, which promote their survival and ongoing proliferation (34).

To compare B cells between the heterologous and homologous

groups, we analyzed their proliferation and function.

Compared to those in the 4In group, the populations of GC B

cells in the 3InAd group significantly increased (Figures 4A, B),

indicating that a heterologous boost dose promote GC B-cell

expansion. Then, we further compared the activation of B-cell

from these two groups. CD19+ B cells separated from the 3InAd

and 4In groups were cocultured with mature splenic Tfh cells sorted

from the 2In group for 6 days in vitro (Figure 4C). We found that

frequencies of Gl7+IgG1+B and Gl7+IgG2b+B cells was

significantly greater in the 3InAd B cells cocultured with Tfh cells

than in the 4In B cell coculture (Figures 4D-F). Next, antibody titers
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in the collected coculture supernatants were measured by ELISA.

We found significantly increased anti-spike IgG titers in 3InAd B

cells (Figure 4G). These results suggest that a heterologous booster

dose induces more robust B-cell activation and greater

antibody production.

To assess the relationship between GC B cells and antibody

responses in both the heterologous and homologous groups,

Spearman correlation analysis was used. We found a strong

positive correlation between spike-specific IgG titers and the

percentage of GC B cells in the 3InAd and 4In groups

(Supplementary Figure 2A). This correlation was also observed

between NAb titers against authentic virus and the frequencies of

GC B cells in both the heterologous and homologous groups

(Supplementary Figure 2B). These results suggest that

heterologous vaccine induced more SARS-CoV-2-specific B cells,

which led to higher antibody titers.
3.5 A heterologous booster dose promoted
higher somatic hypermutation and B-cell
clonal expansion specific to
conserved regions

We have demonstrated that heterologous vaccination increases

B-cell activation and antibody production in mice. B cells play a

vital role in immune responses by generating NAb that defend

SARS-CoV-2 infection and prevent reinfection (35). To compare

the differences of antigen specific B-cell responses in heterologous

and homologous vaccination, Libra-seq (linking B-cell receptor to

antigen specificity through sequencing) was used to map spike-, S1-,

S2- and NTD-specific BCR sequences. The number of SHMs and

the expansion of antigen-specific B cells were evaluated.

Compared to those in the 4In group, the SHMs in the 3InAds

group were increased in spike-, S1-, S2- and NTD-specific B cells

(Figure 5A). S2-specific B cells exhibited 1.95-fold increases,

respectively (Figure 5A). The 3InAd group exhibited increased

SHMs in highly expanded clones (found more than 4 times),

moderately expanded clones (found 2 to 3 times) and singleton

clones (Figures 5B, C, Supplementary Figure 3A). These results

suggest that a heterologous booster dose promoted higher SHM of B

cells specific to conversed regions. We next assessed the SHM in

phenotypes of the B cells above in heterologous and homologous

groups. There was a slight change in the SHM of GC B cells in the

3InAd group compared to the 4In group (Figure 5D). The SHMs in

the spike-, S1-, S2- and NTD-specific plasma cells from the 3InAds

group exhibited 4.90-, 4.45-, 6.06- and 1.15-fold increases,

respectively (Figure 5E). Additionally, we observed 1.98- and

1.34-fold SHM increases in spike- and S1-specific memory B cells,

respectively (Figure 5F). These results suggest that the increased

SHM of the heterologous group was mainly enriched in S2-specific

plasma cells, which may contribute to high-affinity antibodies.

SHMs are regulated by activation-induced cytidine deaminase

(AID), an enzyme that induces point mutations in CDR3 and leads

to B-cell expansion (36–38). It is predominantly expressed in

CXCR4hiGC B cells43. To further assess the source of SHMs in

the B cells of heterologous and homologous groups, we measured
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1406138
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Song et al. 10.3389/fimmu.2024.1406138
the mRNA expression of Aicda (encoded AID) and Cxcr4 in GC B

cells. We found that Aicda and Cxcr4 were significantly upregulated

in the 3InAds group compared to the 4Ins group (Figure 5G and

Supplementary Figure 3B), indicating that heterologous vaccination
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upregulated higher AID expression to increased SHMs in B cells

than homologous group.

To measure the expansion and proliferation of B cells, we

calculated the cell number ratio of each BCR clonotype to each
B

C

D

E F G

H I J

A

FIGURE 3

The Tfh response was enhanced in the heterologous group compared with homologous group. (A) Ratios of CD4+PD-1+CXCR5+ T cells (Tfh cells).
Ratio = proportion of Tfh cells in the vaccine group/proportion of Tfh cells in the control group. (B) Representative flow plots of Tfh cells in the
3InAd and 4In groups. (C) Diagram of Tfh cells from heterologously vaccinated or homologously vaccinated mice cocultured with B cells isolated
from mice injected with two doses of inactivated vaccine (2In). (D–H) Results of B-cell activation and antibody production in coculture experiments.
(D) Representative flow plots of Gl7/IgG1 and Gl7/IgG2b gated on CD19+ B cells are shown. No plots were shown in the right panels(2In_B)because
the B cells had died after being cultured in vitro for 6 days. (E) Gl7/IgG1 (F) and Gl7/IgG2b double-positive CD19+ B cells are shown. (G) Culture
supernatants were harvested, and IgG titers specific to spike. (H) Il21, (I) Bcl6, (J) and Cxcr5 mRNA expression were measured by qPCR. 2In_B
represents B cells separated from the 2In group. 3InAd_Tfh and 4In_Tfh cells represent Tfh cells sorted from the 3InAd and 4In groups, respectively.
(A, E-J) The data are presented as the mean ± SEM. The Mann−Whitney U test was used to analyze the differences between the indicated groups.
*p < 0.05, **p < 0.01, and ***p < 0.001 were considered to indicate two-tailed significant differences. The numbers on the graph are the p values for
the indicated groups. Each symbol represents one (A) individual animal or (E-G) coculture well. (A, H-J) n=8 in SARS-CoV-2 vaccination group, n=6
in control group. (E-G) n=7 mice in the 3InAd and 4In groups or n=8 mice in the 2In group.
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antigen-specific B-cell number. There was a greater percentage of

spike-specific top 2 BCR clones in the 3InAd group (Figure 5H).

Similarly, the proportions of the top 10 BCR clones specific to S1

exhibited similar tendencies in the 3InAd and 4In groups

(Supplementary Figure 3C), whereas the proportions of the S2-

and NTD-specific clones in the 3InAd group were greater than

those in homologous group (Figures 5I, J). These data demonstrated

that heterologous vaccination induced greater expansion of BCRs

enriched in the conserved regions in the spike protein.
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4 Discussion

In our study, to assess the mechanism by which heterologous

booster vaccination enhances antibody responses, Tfh and B-cell

responses in mice were compared. We found that the frequencies

and helper function of Tfh cells were enhanced after a heterologous

booster dose according to the in vitro coculture experiment. The

expression of genes such as Il21, Bcl6 and Cxcr5, which regulate the

function and proliferation of Tfh cells, was upregulated. Moreover,
B
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F

G

A

FIGURE 4

The number and function of B cells were increased in the heterologous group. (A) Ratios of CD95+Gl7+ B cells (GC B). Ratio = proportion of GC-B
cells in the vaccine group/proportion of GC-B cells in the control group. (B) Representative flow plots of GC B cells gated on B220+ B cells. (C)
Diagram of B cells from heterologously vaccinated or homologously vaccinated mice cocultured with Tfh cells isolated from the 2In group. (D-G)
Results of B-cell activation and antibody titers via in vitro coculture experiments. (D) Gl7/IgG1 and (E) Gl7/IgG2b double-positive CD19+ B cells are
shown. (F) Representative flow plots of Gl7/IgG1 and Gl7/IgG2b gated on CD19+ B cells are shown. (G) The culture supernatant was harvested, and
IgG titers specific to spike were measured via ELISA. 3InAd_B and 4In_B represent B cells sorted from 3InAd and 4In group mice. 2In_Tfh cells
represent Tfh cells sorted from the 2In group. (A) The data are presented as the mean ± SEM. The Mann−Whitney U test was used to analyze the
differences between the indicated groups. *p < 0.05 and **p < 0.01 were considered to indicate two-tailed significant differences. The numbers in
the graph represent p values. Each symbol represents (A) an individual animal or (D, E, G) one coculture well. (A) n=8 in SARS-CoV-2 vaccination
group, n=6 in control group. (D-G) n=7 mice in the 3InAd and 4In groups or n=8 mice in the 2In group.
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we found that the heterologous treatment increased the frequencies,

activation and antibody production ability of B cells. These B cells

showed increased expression of Aicda. Libra-seq showed that a

heterologous booster dose induced increased SHMs in S1-, S2- and
Frontiers in Immunology 10
NTD-specific B cells, which were mainly enriched in S1- and S2-

specific plasma cells. Additionally, clonal expansion of B cells

specific to conserved regions in the spike protein was found in

the heterologous group. In summary, the percentages and functions
B

C D

E F

G H

A

I J

FIGURE 5

Somatic hypermutation (SHM) and clonal expansion in the heterologous vaccine group. Mutation frequency for spike-, S1-, S2- and NTD-specific
(A) CD19+ clones; (B) moderately expanded clones (found 2~3 times); (C) highly expanded clones (found more than four times); (D) GC B cells;
(E) plasma cells; and (G) memory B cells. (G) Aicda mRNA expression in B cells was measured by qPCR. The ratio of the top 10 BCR classifications to
(H) spike-, (I) S2-, and (J) NTD-specific B-cell numbers. Ratio=cell count of each BCR classification/antigen-specific B-cell count. (F) n=8 for the
SARS-CoV-2 vaccination group and n=6 for control group. The data are presented as the mean ± SEM. The Mann−Whitney U test was used to
analyze the differences between the indicated groups. **p < 0.01 was considered to indicate a two-tailed significant difference. (A–G) The numbers
in the graph represent the mutation ratio. Ratio=3InAd mutation ratio/4In mutation ratio. Each dot represents the hypermutation frequency of one B
cell. One sequenced sample was formed by mixing 10 mouse spleen cells in each group to eliminate individual variances.
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of Tfh and B cells improved after heterologous immunization,

which may induce more robust antibody responses (Figure 6).

Tfh cells provide cytokines and costimulation signals to B cells

in the process of GC activation (17, 18, 39, 40). The ability of Tfh

cells to activate B cells depends on the population and function of

the cells (41–43). We found that Tfh cells expanded after a

heterologous booster dose, indicating that a heterologous strategy

may promote additional Tfh cells to provide costimulation signals

for B cells. The transcription factor BCL-6 promotes the expression

of CXCR5 in CD4+ T cells, and CXCR5 promotes the migration of

differentiating Tfh cells to the T-B border by binding to CXCL13

(40, 44). Interlink 21 (IL-21) regulates Tfh cell proliferation and

differentiation, and Tfh cells can in turn stimulate the proliferation

of surrounding Tfh cells through the paracrine cytokine IL-21 (45).

We assessed Il21 and Bcl6 mRNA expression and found that they

were increased two- to three-fold after immunization with the

adenovirus vector. These findings suggest that increased

expression of these genes in heterologous strategies may promote

Tfh differentiation and increase Tfh cell populations.

In vitro coculture experiments revealed that the Tfh cells

derived from heterologously vaccinated mice were able to activate

more B cells to secrete higher antibody titers. These results suggest

that a heterologous vaccination strategy may enhance Tfh cell

helper function. It has been shown that BCL-6 expressed by Tfh

cells enhances B-cell activation by upregulating CD40L expression,

an activation signal that provides a costimulation signal for B cells

in the GC (46). In our study, we found that Bcl6 expression in Tfh

cells was elevated after a heterologous booster dose, which may

provide additional activation signals for B cells. Although Il21 and

Bcl6 were upregulated in the heterologous group, their detailed

regulatory process deserves further study.
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GCs are considered highly competitive environments where B

cells initially encoding polyreactive, low-affinity antibodies evolve

via iterative rounds of SHM and selection into clones expressing

high-affinity BCRs (34, 43, 47–50). The highest affinity BCRs

differentiate into plasma cells, which are the main cells that

secrete antibodies (51). Cells expressing low-affinity BCRs

differentiate into memory B cells, thereby supporting diversity

(48–50). To assess SHM in the heterologous group, spike-, S1-,

S2- and NTD-specific B cells were analyzed. The heterologous

group exhibited more SHMs than the homologous group in terms

of CD19+ B cells. Interestingly, the number of spike-, S1- and S2-

specific plasma cells increased 4- to 6-fold in response to the

heterologous strategy, which may be beneficial for obtaining high-

affinity plasma cells and elevated antibody titers. Moreover, it has

been shown that memory B-cell SHMs play an important role in the

long-term protection ability of SARS-CoV-2 vaccines (52).

According to our results, the number of SHMs in the memory B

cells of the heterologous group was higher than that in the

homologous group, suggesting that a heterologous booster dose

may have a better long-term protective effect.

SHM and proliferation occur in the CXCR4hi B cells sited in the

DZ (53). To locate in this area, B cells increase the expression of

CXCR4, which can interact with CXCL12 on reticular cells,

facilitating B cell migration from LZ to DZ. Our study revealed a

significant upregulation of genes associated with cell migration,

such as Cxcr4 and Cxcl12, following a heterologous booster dose as

determined by RNA-seq analysis. The migration to DZ and the

SHM process can further boost the screening B cells clones

producing higher affinity antibodies. SHM is induced by AID,

which is expressed predominantly in activated mature B cells and

targets all transcriptionally active genes to catalyze the mismatch of
FIGURE 6

Overview of the results in this study. B-cell responses and Tfh cell function increased after a heterologous booster dose. The proliferation and helper
function of Tfh cells in the heterologous group were improved. The expression of Il21, Bcl6 and Cxcr5 was elevated. A heterologous booster dose
promoted B-cell activation and a robust antibody response. These B cells displayed increased SHMs, which were enriched mainly in S1- and S2-
specific plasma cells. Additionally, heterologous vaccination increased the expansion of B cells specific to the conserved regions in the spike protein.
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U:G variable regions (54–56). In our study, we found elevated

expression of Aicda (encoded AID) at the gene level. Additionally,

SHMs in antigen-specific B cells were observed via Libra-seq in the

heterologous vaccination group. Moreover, AID induces point

mutations in conserved regions of immunoglobulin DNA, base

excision repair (BER) initiates, and a DNA double-strand break

occurs. The C region of IgM/IgD is replaced by the C gene

downstream of the gene chain to produce the IgG, IgE and IgA

subtypes (55).

SARS-CoV-2 S protein is present on the surface of virions in the

trimeric form, which consists of S1 subunit encompassing the NTD

and the receptor-binding domain (RBD); and a membrane-proximal

S2 subunit which is responsible for fusion of viral and cellular

membranes (57). Effective NAb against SARS-CoV-2 primarily

target the RBD, which is responsible for binding to the

angiotensin-converting enzyme 2 (ACE2) on host (57). However,

Chi et al. reported that the NTD-specific monoclonal antibody 4A8,

isolated from COVID-19 recovered patients, exhibited a high

neutralizing ability against authentic SARS-CoV-2 (51). In addition

to S1, Kim and his co-workers demonstrated that mice immunized

with the S2 protein could induce NAb against pseudoviral SARS-

CoV-2 (58). In our homologous vaccination group, although the S1-

specific antibody titer did not increase after the 4th or 5th dose, the

IgG titers specific to S2 and NTD continuously increased, which is

similar to that of other studies (59). Moreover, we observed an

increase in IgG titers and expansion of B-cell clones specific to S2 and

NTD in heterologous group, suggesting that a heterologous booster

dose may enhance immune responses against these proteins and

contribute to the overall production of NAb.

In our study, differences in Tfh and B-cell responses after

homologous and heterologous booster vaccinations were compared,

and the mechanism of increased antibody responses after a

heterologous booster dose was elucidated. Adenovirus (Ad) is a

nonenveloped virus with a linear double-stranded DNA (dsDNA)

genome, which is recognized by TLR9 in plasmacytoid DCs and

promotes type I interferon production (60). Then, the innate immune

responses initiate (60, 61). In inactivated vaccines, aluminum

adjuvants promote IL-1b production and the formation of the

NLRP3/ASC1/NLR complex, which can activate the NF-kB

signaling pathway. Through this process, TLR-independent and

CD4+ T-cell-dependent responses are initiated (61–63).

Additionally, the processes of uptake, processing and presentation

of targeted antigens also differ between these two types of vaccines.

For example, spike protein coded by dsDNA is primarily produced

and presented to CD8+T cells by MHC-I through the endogenous

pathway. In contrast, responses to inactivated vaccines result in

antigens being mainly presented to CD4+T cells via MHC-II

through the exogenous presentation pathway. The activated CD4

+T and CD8+T cells secrete different cytokines, potentially leading to

the discrepancies of Th biases and B-cell responses. Therefore, we

believe that the prime immunization with inactivated vaccines

followed by adenovirus vaccines boost may initiate comprehensive

or complementary immune responses, leading to higher antibody

production (64, 65). Therefore, we believe that the prime
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immunization with inactivated vaccines followed by adenovirus

vaccines boost may initiate comprehensive or complementary

immune responses, leading to higher antibody production.

However, whether other types of heterologous vaccination regimes

can induce similar results deserves further study, since antibody

induction is a complex process regulated by multiple types of cells,

cytokines, and signaling pathways when antigens encounter immune

system. In addition to germinal center Tfh and B-cell responses

focused in this study, other crucial elements, such as antigen

concentration and distribution routes can also affect the immune

system to different extents.

In summary, Tfh and B-cell responses to heterologous and

homologous vaccination were compared to explore the mechanism

of increased antibody responses to heterologous booster doses. This

study may provide a reference for optimizing vaccine strategies.
5 Conclusion

In our study, Tfh and B-cell responses in GC after homologous

inactivated vaccination and heterologous prime boosting

vaccination with adenoviral vaccines were analyzed to investigate

how these two strategies regulate antibody responses. The results

showed that populations and the helper function of Tfh cells were

enhanced with the heterologous strategy. This improvement may be

induced by increased gene expression of Il21, Bcl6 and Cxcr5 in Tfh

cells. In the heterologous group, B cells exhibited more robust

activation and a higher ability to produce antibodies, along with

increased SHMs in S2- and NTD-specific plasma cells. Additionally,

heterologous vaccination led to an expansion of B cell specific to

conserved regions in the spike protein. These may contribute to

increased antibody titers by a heterologous booster dose.
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