
Academic Editor: Ralph A. Tripp

Received: 11 August 2025

Revised: 17 September 2025

Accepted: 18 September 2025

Published: 23 September 2025

Citation: Li, C.; Zhong, Y.; Zhang, S.;

Su, C.; Zhao, G.; Wang, B. Dual-

Function Adjuvant Cyclosporin A:

Enhancing RSV-Specific Humoral

Immunity via Treg-Driven B-Cell

Activation. Vaccines 2025, 13, 997.

https://doi.org/10.3390/

vaccines13100997

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Dual-Function Adjuvant Cyclosporin A: Enhancing RSV-Specific
Humoral Immunity via Treg-Driven B-Cell Activation
Chaofan Li 1,†,‡ , Yiwei Zhong 1,‡, Shuren Zhang 1,§, Caixia Su 1,∥, Gan Zhao 2 and Bin Wang 1,2,3,*

1 MOE/NHC/CAMS Key Laboratory of Medical Molecular Virology, Shanghai Institute of Infectious Disease
and Biosecurity, Shanghai Frontiers Science Center of Pathogenic Microorganisms and Infection, School of
Basic Medical Sciences, Shanghai Medical College, Fudan University, Shanghai 200032, China;
djp5yp@virginia.edu (C.L.); yiweizhong@fudan.edu.cn (Y.Z.); zhangsr@pregene.com (S.Z.);
caixia.su@yitherbiotech.com (C.S.)

2 Advaccine Biopharmaceuticals (Suzhou) Co., Ltd., Suzhou 215000, China; zhaog@advaccine.com
3 Children’s Hospital, Fudan University, Shanghai 201102, China
* Correspondence: bwang3@fudan.edu.cn; Tel.: +86-02154237294
† Current Address: Carter Immunology Center, University of Virginia, Charlottesville, VA 22908, USA.
‡ These authors contributed equally to this work.
§ Current Address: Shenzhen Pregene Biopharma Co., Ltd., Shenzhen 518100, China.
∥ Current Address: Department of Research and Development, Yither Biotech Co., Ltd., Pudong,

Shanghai 201210, China.

Abstract

Background: Respiratory syncytial virus (RSV) remains a leading cause of respiratory
illness globally, with limited vaccine options, particularly for infants and high-risk popula-
tions. This study investigates Cyclosporin A (CsA), traditionally an immunosuppressant,
as a novel adjuvant to enhance RSV-specific immunity. Methods: BALB/c mice were
subcutaneously immunized with RSV G protein co-administered with varying Cyclosporin
A doses, challenged intranasally with RSV, and analyzed for RSV-specific humoral im-
munity and mechanistic Treg-dependent B-cell responses. Results: We demonstrate that
co-administration of CsA with the RSV G protein (G+CsA) dose-dependently boosts RSV-
specific IgG and neutralizing antibodies, with selective augmentation of IgG1 and IgG2
subclasses. Mechanistically, G+CsA induces regulatory T cells (Tregs) expressing CD40L
and IL-10, which directly promote B-cell activation, proliferation, and plasma cell differenti-
ation. Depletion of Tregs or neutralization of IL-10/CD40L abrogated antibody production,
confirming these pathways as critical mediators. Notably, G+CsA-induced Tregs adopt a
helper phenotype distinct from conventional Tregs, balancing immune enhancement and
homeostasis. Conclusions: CsA demonstrates dual adjuvant properties by enhancing RSV-
specific neutralizing IgG titers through Treg-driven B-cell activation, offering a potential
strategy to optimize vaccine-induced humoral immunity.

Keywords: RSV vaccine; cyclosporin A; Treg cells; B-cell activation; antibody production;
adjuvant; immunomodulation

1. Introduction
Respiratory syncytial virus (RSV) is a leading cause of respiratory illness globally,

annually affecting millions in the United States alone [1,2]. Severe RSV infections hospitalize
~57,000 children under five and cause ~14,000 deaths in older adults annually [3], with
economic costs exceeding USD 1 billion/year [4,5]. Transmission via respiratory droplets
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and close contact (e.g., daycare centers, hospitals) amplifies spread [6,7], while prematurity,
chronic lung disease, and immunodeficiency exacerbate severity [8–10].

Despite urgent need, licensed RSV vaccines are limited. Three recent approvals—
Arexvy (GSK), Abrysvo (Pfizer), and mRESVIA (Moderna)—show efficacy in older adults.
Notably, Abrysvo has shown promise in its ability to protect newborns by allowing vac-
cinated pregnant individuals to transfer antibodies via the placenta [2,11]. Additionally,
while Nirsevimab and Palivizumab have been administered to infants and young chil-
dren [12,13], no vaccines are specifically approved for infants/young children, who bear
the highest morbidity/mortality [14–17]. Vaccine development for this vulnerable group
faces hurdles, notably vaccine-associated enhanced disease (VAERD) linked to the 1960s
FI-RSV vaccine [18–21]. VAERD pathogenesis involves multifactorial mechanisms, includ-
ing inadequate neutralizing antibody induction, Th2-polarized CD4+ T-cell responses,
impaired interferon signaling, and pulmonary eosinophilic inflammation [22]. For example,
Th2-skewed immunity exacerbates airway pathology in RSV-challenged mice [18], while
IgA deficiency correlates with enhanced disease severity in infants [23]. Therefore, the de-
velopment of RSV vaccines for infants and young children has faced significant challenges.
While recent efforts explored novel platforms like mRNA and viral vectors to mitigate
VAERD risks, these approaches encountered setbacks: mRNA-based RSV vaccines failed in
pediatric trials due to severe VAERD and mortality [24]. The phase 1 trial of Moderna’s
mRNA-1345 and mRNA-1365 vaccines in infants and toddlers was stopped by the FDA
due to safety concerns. The trial identified an imbalance in rates of severe respiratory
events, suggesting a potential risk of VAERD. Viral vector candidates underperformed
in older adults [25]. These outcomes underscore the need for alternative strategies. The
current research now prioritizes live-attenuated formulations, subunit vaccines targeting
conserved viral epitopes, or immunomodulatory adjuvants to balance immune activation
and regulation. A key focus is harnessing regulatory T cells (Tregs) to suppress excessive in-
flammation while preserving protective immunity [26–28]. This dual approach—targeting
viral components and modulating immune pathways—aims to overcome historical hurdles
and deliver safe, effective vaccines for vulnerable populations.

Emerging evidence suggests Tregs can modulate B-cell function, potentially boosting
antibody production [29–32]. This interplay offers opportunities to design vaccines that
harness Tregs to enhance protection without VAERD risks.

Cyclosporin A (CsA), traditionally an immunosuppressant, paradoxically enhances
immune responses when co-administered with RSV antigens [31,32]. Our findings indicate
that protein plus a low dose of CsA immunization induces antigen-specific Tregs, which
help minimize pathogenic T-cell responses and promote the production of high levels of
neutralizing antibodies [32]. The combination of CsA and G protein significantly reduced
VAERD as shown by histopathology, reduced BALF cellularity, and lower lung index scores,
compared with G protein or CsA alone. Importantly, the expansion of Tregs appears to be
mediated through a CsA-induced tolerogenic mechanism that modulates dendritic cell (DC)
function. Specifically, CsA interferes with DC maturation, preventing its full activation and
promoting a semi-mature or tolerogenic DC phenotype [33]. This duality suggests CsA
engages complex, incompletely understood immunomodulatory pathways, particularly in
regulating B-cell function.

RSV is a member of the Pneumoviridae family and has a single-stranded, negative-sense
RNA genome. It is divided into two major antigenic subgroups, A and B. The virus has
two key surface glycoproteins, the G protein (attachment) and the F protein (fusion), which
are the primary targets for neutralizing antibodies. Historically, the G protein has received
less attention in vaccine development due to its linear structure and mucin-like properties.
However, recent progress has highlighted its potential, as several high-affinity neutralizing
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monoclonal antibodies against G protein—such as 131-2G and 3D3—have been successfully
developed against RSV [34,35], underscoring its viability as a target for future therapies [34].
Here, we investigated CsA’s role as an RSV G protein adjuvant, focusing on how CsA-
induced regulatory T cells (Tregs) drive B-cell activation and plasma cell differentiation.
Our results show that G+CsA immunization significantly boosts RSV-specific IgG and neu-
tralizing antibodies. Mechanistically, CsA-induced Tregs—marked by elevated CD40L and
IL-10 expression—promote B-cell proliferation and antibody production. These findings
reveal CsA’s dual capacity as an immunosuppressant and immune enhancer, supporting
its potential as a vaccine adjuvant to optimize RSV-specific humoral immunity.

2. Materials and Methods
2.1. Animals, Virus, and Infection

Female 6- to 10-week-old BALB/c mice were procured from the Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China). Foxp3-DTR/EGFP mice on a BALB/c
background were obtained from The Jackson Laboratory (Sacramento, CA, USA). The
mice were housed under specific pathogen-free conditions at Fudan University (Shanghai,
China) and handled in accordance with the animal welfare guidelines for experimental
animals. Protocols related to this study were reviewed and approved by the Committee
of Experimental Animals of SHMC (No. 20240229-027). Plaque-purified human RSV
(type A2 strain, ATCC VR-1546, from the American Type Culture Collection, Rockville,
MD, USA) was propagated in HEp-2 cells (ATCC CCL-23) at an MOI of 0.01. The virus
was harvested at 4.5 days post-infection and concentrated by ultracentrifugation (Optima
L-100XP Ultracentrifuge, Beckman Coulter, Brea, CA, USA) at 50,000× g for 1 h. All
groups of mice were briefly anesthetized with isoflurane gas (Rotho Pharmaceuticals,
Shanghai, China) before being intranasally infected with 5 × 107 plaque-forming units
(PFUs) RSV in 100 µL on day 28 after the second immunization. The RSV challenge dose
(5 × 107 PFU) mirrors established models of severe infection [36]. Heat-attenuated RSV
retains conformational epitopes and was used for the ELISA.

2.2. Vaccine Preparations and Immunization

The RSV attachment glycoprotein (G protein) extracellular domain (amino acids 67–298)
was cloned into the pET28a plasmid using restriction sites for NcoI and XhoI. The construct
was transformed into Escherichia coli BL21 (DE3) (New England Biolabs, Ipswich, MA,
USA). G protein was chromatographically purified and lyophilized by Beijing Advaccine
Biotech Co., Ltd. (Beijing, China). cGMP-grade Cyclosporin A (Batch No. 20230101,
SANTAI Pharmaceutical Co., Ltd., Taishan, China) was formulated in Kolliphor HS 15
(BASF, Ludwigshafen, Germany) at 0.1 mg/mL as a diluent. Lyophilized and purified G
protein was reconstituted with 100 µL of CsA-containing diluent at serial dilutions before
immunization. Mice were randomly assigned to experimental groups and subcutaneously
(s.c.) immunized on the right side of the back on days 0 and 14 with 10 µg of G protein,
CsA alone, or 10 µg of G protein with 1, 2, 4, 6, 8, or 10 µg of CsA. The vaccination volume
per mouse was 100 µL [32,37].

All formulations, including G protein-only controls, contained equivalent concentra-
tions of Kolliphor HS15. Endotoxin levels in recombinant RSV G protein were confirmed
via LAL assay to be <5 EU/mL (Supplementary Table S1). The prime/boost intervals
(14 days) align with murine vaccine protocols optimizing GC responses [38].

2.3. Enzyme-Linked Immunosorbent Assay (ELISA)

Serum samples from immunized mice were collected on day 28. ELISA was used
to quantify RSV-specific IgG, IgG1, IgG2a, IgG2b, and IgG3 titers in serum as previously
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described [39]. Briefly, 96-well plates (Corning, NY, USA) were coated with 5 × 106 PFU/mL
heat-inactivated RSV (50 mM carbonate bicarbonate buffer, pH 9.6) at 37 ◦C and blocked
with 5% BSA in PBST (0.05% Tween 20 in PBS) at 37 ◦C. Plates were incubated with serial
2-fold dilutions of serum for 1 h at 37 ◦C. HRP-conjugated secondary antibodies (Southern
Biotech, Birmingham, AL, USA) were applied and incubated for 45 min at 37 ◦C.

2.4. Viral Neutralizing Antibody Assay

The neutralizing antibody assay was performed as previously described [32]. Serum
samples were serially diluted 5-fold in PBS, heat-inactivated at 56 ◦C for 30 min, and
incubated with a 3 × 103 50% tissue culture infective dose virus for 2 h at 4 ◦C. HEp-2
cells (ATCC CCL-23) were added to each well. Plates were incubated for 3 days in a 5%
CO2 incubator at 37 ◦C, fixed with 80% cold acetone in PBS, and blocked with 3% blocking
buffer. HRP-Goat anti-RSV antibody (Meridian Life Science, Saco, ME, USA) was added,
and the enzymatic reaction with 3,3′,5,5′-tetramethylbenzidine (TMB) (Beyotime, Shanghai,
China) was developed. Optical densities were read at 450/620 nm using an ELISA plate
reader (Thermo Fisher Scientific, Waltham, MA, USA). The Reed–Muench method was
selected for the neutralizing antibody titers’ efficiency in calculating 50% neutralization
endpoints (NTID50) in high-throughput settings.

2.5. Pulmonary Lymph Nodes and Spleen Isolation and Flow Cytometry

Mice were sacrificed using CO2 on day 32 to provide a 4-day period after Treg reacti-
vation induced by G protein or RSV challenge on day 28, thereby enriching antigen-specific
recalled Tregs. Lung lymph nodes and spleens were then collected for analysis. Single-cell
suspensions were prepared through a 40 µm strainer (BD Falcon, Franklin Lakes, NJ, USA).
Briefly, 5 × 105 to 1 × 106 cells per sample for lung lymph nodes, and 1 × 106 cells per
sample for spleens were used for FACS analysis. For B-cell and plasma cell analysis, cells
were stained with viability marker Fixable Viability Dye eFluor 780 (eBioscience, San Diego,
CA, USA) and the following antibodies: anti-CD19-BV421 (Biolegend, San Diego, CA,
USA), anti-B220-BV605 (Biolegend), anti-GL7-PE (eBioscience), anti-CD95-APC (Biolegend),
and anti-CD138-BV421 (Biolegend). For Treg and cytokine analysis, cells were stained
with Fixable Viability Dye eFluor 780 and the following antibodies: anti-CD3-BV421 (Bi-
olegend), anti-CD4-BV605 (Biolegend), anti-Foxp3-FITC (Biolegend), anti-CD40L-BV510
(Biolegend), anti-CD25-PE (eBioscience), anti-IL-10-PerCP-Cy5.5 (eBioscience), and Foxp3
fixation/permeabilization kit (eBioscience). Data were acquired using LSRFortessa (BD Bio-
sciences, San Jose, CA, USA) and analyzed with FlowJo software v10.8.1 (BD Biosciences).

2.6. Treg Depletion

Diphtheria toxin (DT) (Sigma-Aldrich, St. Louis, MO, USA) was suspended in PBS at
5 µg/mL. Foxp3-DTR/EGFP mice were injected intraperitoneally with 500 ng DT in 100 µL
PBS on days -2 and -1 before the first immunization and again on days 12 and 13 before the
second immunization. The presence of Foxp3+ in CD3+CD4+ T cells in peripheral blood
was examined every two days from day 0 until Foxp3 levels recovered.

2.7. Treg, Tcon, and B-Cell Isolation and Co-Culture Assay

Splenocytes were isolated from mice sacrificed using CO2 on day 32. Treg and Tcon
cell populations were identified by flow cytometry using viability marker Fixable Viability
Dye eFluor 780 (eBioscience) and the following antibodies: anti-CD3-FITC (Biolegend),
anti-CD4-eFluor 450 (Biolegend), and anti-CD25-PerCP-Cy5.5 (Biolegend). GC B cells were
identified using viability marker Fixable Viability Dye eFluor 780 (eBioscience), anti-B220-
APC (Biolegend), and anti-GL7-PE (Biolegend) antibodies. FACSAria II (BD Biosciences)
was used to sort eFluor 780-CD3+CD4+CD25+ Tregs, eFluor 780-CD3+CD4+CD25- Tcon
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cells, and CD220+GL7+ GC B cells. GC B cells (5 × 104 cells) were co-cultured with Treg
(1 × 106 cells) or Tcon cells (1 × 106 cells) and stimulated with heat-inactivated RSV at
37 ◦C/5% CO2 for 3 days. Supernatants were collected and analyzed for total IgG and
IL-10 using a cytometric bead array flex set (BD Biosciences). GC B-cell proliferation was
detected by intracellular staining with anti-Ki67 antibody (eBioscience).

2.8. IL-10 and CD40L Blockade In Vitro and In Vivo

For in vitro antibody blocking experiments, co-culture systems were treated with block-
ing antibodies: 5 µg/mL anti-CD40L (InVivoMAb, Durham, NC, USA) and 5 µg/mL puri-
fied anti-IL-10 (InVivoMAb) or isotype rat IgG1 (InVivoMAb). For in vivo antibody block-
ing, mice were administered intraperitoneally with 100 µg in 100 µL per mouse of purified
anti-CD40L, purified anti-IL-10, or isotype rat IgG1 one day prior to each immunization.

2.9. Statistical Analysis

Data are presented as means ± SEM. Statistical analysis was conducted using Graph-
Pad Prism software (V9.5.1) (La Jolla, CA, USA). Differences in mean values between
groups were assessed using the Student’s t test, One-way ANOVA or Two-way ANOVA
as indicated in the figure legend. The significance levels are as follows: **** p < 0.0001;
*** p < 0.001; ** p < 0.01; * p < 0.05; not significant, p > 0.05. Data points in all figures
represent independent spleens or lymph nodes, unless otherwise specified.

3. Results
3.1. G+CsA Immunization Promotes RSV-Specific IgG Production and Isotype Switching

To evaluate CsA’s influence on humoral immunity, Balb/c mice were immunized
subcutaneously with escalating doses of CsA (0–10 µg) co-formulated with a fixed 10 µg
dose of recombinant RSV G protein on days 0 and 14. Serum collected on day 28 revealed
dose-dependent increases in RSV-specific IgG and neutralizing antibody titers (Figure 1A,B),
with 10 µg CsA significantly enhancing both metrics (p < 0.01 vs. 10 µg G protein alone). The
neutralizing titer in the serum was enhanced 5–10-fold by CsA + G immunization. However,
the binding antibody titer against G protein was only enhanced 3-fold. It suggested that
the CsA+G immunization preferentially enhances the neutralizing antibody response
compared with the overall binding antibody titers. Our previous findings [40] support this,
showing that antibodies induced by the G+CsA combination could effectively compete
with the 131-2G monoclonal antibody for binding to the central conserved domain (CCD),
directly implicating the targeting of this critical CX3C region. Kinetic analysis of anti-RSV
IgG levels (Figure 1C) showed a marked rise in the G+CsA group on day 28 (14 days post-
second immunization), compared to the levels on day 14 (14 days post-first immunization).
In the G+CsA group, RSV-G IgG levels increased 8-fold from day 14 (5600 ± 2909) to day 28
(44,800 ± 11,758). This elevation aligns with the biological timeline of B-cell maturation and
class switching, which typically requires >10 days post-boost to generate a high level of IgG.
An isotype-specific ELISA further demonstrated that CsA selectively augmented the IgG1
and IgG2 subclasses (Figure 1D–F), while IgG3 remained unaffected (Figure 1G). These
data indicate that CsA, at an optimal dose, acts as an immunomodulator to boost antibody
production and drive targeted isotype switching, potentially enhancing vaccine efficacy.
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Figure 1. G+CSA immunization promotes antibody production. Mice were immunized subcuta-
neously (s.c.) with 10 µg G protein with CsA doses ranging from 0 to 10 µg on days 0 and 14; anti-RSV
IgG titer (A) and neutralizing antibody titer (B) were measured on day 28. (C) Kinetic curve of
anti-RSV IgG titer after immunization with G+CsA (10 µg + 10 µg/mouse). Subtypes of anti-RSV
IgG1 (D), anti-RSV IgG2a (E), anti-RSV IgG2b (F), and anti-RSV IgG3 (G) 14 days post-2nd immu-
nization. Data are means ± SEM from two independent experiments (n = 6). ** p < 0.01, * p < 0.05, ns
(not significant) were determined by One-way ANOVA (A,B) or Student’s t test (C–G).

3.2. Effects of G+CsA Immunization on B-Cell Differentiation

To investigate the effects of G+CsA immunization on B-cell differentiation, we utilized
both GL7 and CD95 as markers for the definition of germinal center (GC) B cells. The GC is
the site of robust B-cell activation and antibody affinity maturation [38,41]. Mice received
two subcutaneous immunizations with RSV G protein (with or without CsA) on days 1
and 14, followed by a G protein boost on day 28. Four days post-challenge, flow cytome-
try analyzed B-cell subsets in draining lymph nodes (inguinal LNs (dLNs)) and spleens
(Figure 2A). We observed a trend toward significantly increased CD19+B220+GL7+CD95+

GC B cells in the dLNs and spleens of G+CsA-immunized mice compared with the CsA-
alone, G-alone, and PBS control groups (Supplementary Figure S1, Figure 2B,C). To further
examine the differentiation of the GC B cell post-immunization, we checked the total
plasma cells in the lung dLNs and spleen. CD138+B220- cells were analyzed as plasma
cells, consistent with prior characterization of CD138 (syndecan-1) as a surface marker for
antibody-secreting plasma cells [42]. In the dLNs, the G+CsA immunization group did not
exhibit a significant accumulation of plasma cells compared with the G protein-immunized
mice or the PBS control group (Figure 2D). However, G protein single immunization did not
alter the presence of plasma cells in the spleen, while the percentage of spleen plasma cells
significantly increased post-G+CsA immunization (Figure 2E), which indicated the function
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of CSA in active plasma cell differentiation or accumulation as the adjuvant. These data
indicate that CsA co-administration with G protein enhances B-cell activation in dLNs and
spleens, compared with the CsA-alone and G-alone groups. The G +CsA group promotes
plasma cell generation in spleens, compared with the CsA-alone, G-alone, and PBS groups,
suggesting distinct tissue-specific roles in antibody production.

 

Figure 2. G+CsA-primed B cells exhibit a rapid and efficient response to antigen stimulation.
(A) Schematic of immunization and antigen stimulation, mice were immunized with 10 µg G + 10 µg
CsA on days 0 and 14; then G protein (10 µg/mouse) was injected s.c. on day 28 as in vivo challenge;
CD19+B220+Fas+GL7+ GC B cells and CD138+B220− plasma cells in dLNs and spleens were tested
on day 32 without in vitro stimulation. GC B cell from dLNs (B) and spleens (C) were tested by
flow cytometry with specific antibodies. Plasma cell population was tested on day 32 from dLNs (D)
and spleens (E). Data are means ± SEM from two independent experiments (n = 6). **** p < 0.0001,
*** p < 0.001, ** p < 0.01, * p < 0.05, ns (not significant) were determined by One-way ANOVA (B–E).

3.3. Treg Cells Are Critical for B-Cell Activation Post-G+CsA Immunization

To elucidate the mechanisms underlying CsA’s impact on B-cell responses, we first
assessed the role of T follicular helper (Tfh) cells, which are critical for germinal center (GC)
formation and antibody affinity maturation. Mice immunized with G+CsA and challenged
with RSV exhibited no significant changes in splenic CD3+CD4+PD-1+CXCR5+Tfh cell fre-
quency or IL-21 expression compared with G-only controls (Supplementary Figure S2A–C,
p > 0.05). This suggests that the effects of CsA on B-cell activation occur independently of
Tfh cells. Given prior evidence that G + CsA expands antigen-specific regulatory T cells
(Tregs) [32], we hypothesized that Tregs might drive B-cell responses. Balb/c mice were
immunized s.c. on days 0 and 14 with G + CsA, CsA alone, or G protein alone prior to the
RSV challenge on day 28 (Figure 3A). Flow cytometry revealed a significant increase in Treg



Vaccines 2025, 13, 997 8 of 16

cells (CD4+CD25+FoxP3+) in the spleens (p < 0.001 vs. G alone; Figure 3B) and pulmonary
LNs of G+CsA-immunized mice post-RSV challenge (p < 0.0001 vs. G alone; Figure 3C).
To directly test Treg dependency, we utilized Foxp3-DTR/EGFP mice, which enable Treg
depletion via diphtheria toxin (DT). Mice were immunized with G+CsA or G alone, with
DT administered prior to each dose (Figure 3D and Supplementary Figure S3). ELISA
analysis showed that DT-mediated Treg depletion significantly reduced anti-RSV IgG titers
in the G+CsA group (p < 0.05 vs. PBS-treated controls in the G+CsA group; Figure 3E),
with levels comparable to those in G-only immunized mice. This result demonstrates that
Tregs are essential for G+CsA-induced B-cell activation and antibody production.

To further dissect Treg-mediated B-cell activation, we sorted CD4+CD25+FoxP3+ Treg
cells and CD4+CD25−FoxP3− conventional T cells (Tcons) from G+CsA-immunized mice
post-RSV challenge. These cells were co-cultured with G protein-primed B cells in the pres-
ence of cognate antigen (Figure 3F). After 3 days, only Treg cells from G+CsA-immunized
mice robustly promoted B-cell proliferation (p < 0.0001 vs. controls; Figure 3G), while
Treg cells from PBS-treated mice or Tcons from G+CsA immunizations failed to enhance
proliferation. To validate this effect in vivo, we performed adoptive transfer experiments.
Treg cells isolated from G+CsA- or G-only immunized mice were transferred into G protein-
primed recipients, followed by RSV challenge. Anti-RSV IgG titers were measured 7 days
post-transfer (day 39). Recipients of G+CsA-derived Treg cells exhibited significantly ele-
vated IgG titers (p < 0.01) compared with pre-transfer levels (day 28; Figure 3H,I), whereas
Treg cells from G-only immunized mice showed no such effect. These data confirm that
G+CsA-induced Treg cells directly facilitate B-cell proliferation and antibody production,
highlighting their non-redundant helper function in this context.

3.4. Treg Cell-Derived CD40L and IL-10 in Drives B-Cell Differentiation into Plasma Cells

To elucidate the mechanisms by which G+CsA-induced Treg cells promote B-cell
differentiation, we examined the expression of co-stimulatory molecules and cytokines
critical for plasma cell formation. Mice immunized twice with G+CsA and challenged with
RSV exhibited robust upregulation of CD40L in Treg cells within both spleens (Figure 4A
and Supplementary Figure S4B) and pulmonary LNs (Supplementary Figure S4C). Similarly,
intracellular staining revealed significant IL-10 production by G+CsA-induced Treg cells
(Figure 4B, Supplementary Figure S4D,E). These findings suggest that CD40L and IL-10,
key mediators of B-cell survival and antibody secretion, are selectively amplified in Treg
cells following G+CsA immunization, potentially driving plasma cell differentiation.

To dissect the role of Treg-derived IL-10 in antibody production, we co-cultured
Treg cells from G+CsA- or PBS-immunized mice with G protein-primed B cells or PBS-
treated B cells, using heat-inactivated RSV as antigen. After 3 days, supernatants from
G+CsA-derived Treg co-cultures with G-primed B cells exhibited significantly elevated
IL-10 (p < 0.05 vs. PBS-derived Treg co-cultures with G-primed B cells) and IgG lev-
els (p < 0.01 vs. PBS-derived Treg co-cultures with G-primed B cells; Figure 4C,D). No-
tably, IL-10 production by G+CsA-induced Tregs correlated with enhanced IgG secretion
from antigen-experienced B cells (Figure 4D). To test whether IL-10 and CD40L mediate
Treg-dependent B-cell activation, we neutralized IL-10 and blocked CD40L in co-cultures
(Figure 4E). This abrogated the ability of G+CsA-induced Tregs to sustain plasma cell differ-
entiation (p = 0.0807 vs. isotype control co-culture with G+CsA-induced Teff cells; Figure 4F)
and B-cell survival (p < 0.01 vs. isotype control co-culture with G+CsA-induced Teff cells;
Figure 4G). These data demonstrate that IL-10 and CD40L from G+CsA-induced Tregs are
essential for driving antibody production by promoting B-cell survival and differentiation.
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Figure 3. G+CsA-induced Treg cells promote B-cell activation. (A) Schematic of immunization and RSV
challenge. Balb/c mice were immunized s.c. on days 0 and 14 with 10 µg G + 10 µg CsA, 10 µg CsA,
or 10 µg G prior to the RSV challenge on day 28. The ratio of Treg cells (CD4+CD25+FoxP3+) in the
spleens (B) and pulmonary LNs (C) of the infected mice were tested by FACS on day 32 without
in vitro stimulation. (D) Schematic of Treg cell depletion. (E) Foxp3-DTR/EGFP mice were injected
with diphtheria toxin (DT) two days each time before immunization; anti-RSV IgG titers were tested
by ELISA on day 28. (F) Schematic of Treg cell and B-cell co-culture in vitro. G protein-primed B cells
labeled with eFluor 670 were co-cultured with Treg cells or Tcon cells from G+CsA-immunized and
then RSV-infected mice in the presence of G protein stimulation. Three days later, B-cell proliferation
was tested on day 28. (G) The ratio of B-cell proliferation after co-culture with different T cells and
antigens was analyzed. (H) Schematic of Treg cells help B-cell activation in vivo. G+CsA- or G protein-
alone-induced Treg cells were adoptive-transferred into G protein immunized mice trice; anti-RSV
IgG titers were tested and compared with the titer before transfer on day 39. (I) Levels of anti-RSV-
specific IgG titers were analyzed. Data are means ± SEM from two independent experiments (n = 8).
**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ns (not significant) were determined by One-way
ANOVA (B,C,E,G,I).
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Figure 4. G+CsA-induced Treg cells promote B-cell differentiation via CD40L expression and IL-10
secretion. Balb/c mice were immunized s.c. on days 0 and 14 with 10 µg G + 10 µg CsA, 10 µg CsA,
or 10 µg G and infected with RSV on day 28 after the 2nd immunization as illustrated in Figure 3A.
The expression level of CD40L (A) and IL-10 (B) in Treg cells isolated from spleens of the infected
mice were tested by FACS on day 32 without in vitro stimulation. (C) Schematic of IL-10 promoting
antibody production in vitro. Treg cells from G+CsA- or PBS-immunized donor 1 mice were co-
cultured with B cells of G protein- or PBS-immunized donor 2 mice; levels of total IgG and IL-10
in the medium were analyzed 3 days later after the co-culture. (D) Concentration of IL-10 and
total IgG in the medium after day 3 of co-culture in vitro. (E) Schematic of Treg cells promote
B-cell differentiation and survival in vitro. G protein-primed splenocytes were co-cultured with
G+CsA-induced Treg cells; the ratio of plasma cells and apoptosis of B cells was tested 3 days later.
(F) The ratio of plasma cell after co-cultured with different T cells and with or without α-IL-10 and
α-CD40L, respectively. (G) The ratio of apoptotic B cells after co-culture with different T cells and
with or without α-IL-10 and α-CD40L. (H) For the in vivo antibody blocking experiment, mice were
administered intraperitoneally with 100 µg in 100 µL per mouse of α-IL-10, α-CD40L, or isotype
control antibody, respectively, on days -1 and 13 before immunization. (I) Anti-RSV IgG titers
were tested 14 days after the 2nd immunization. Data are means ± SEM from two independent
experiments (n = 8). **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, ns (not significant) were
determined by Two-way ANOVA (A,B,D,F,G,I).
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To validate these findings in vivo, mice were administered anti-IL-10 or anti-CD40L
antibodies intraperitoneally prior to each of two G+CsA immunizations. ELISA analysis re-
vealed that blocking IL-10 or CD40L significantly reduced anti-RSV IgG titers (Figure 4H,I).
This indicates that IL-10 and CD40L from G+CsA-induced Treg cells directly contribute
to antibody production during immunization. Together, these results establish that Treg-
derived IL-10 and CD40L are critical mediators of G+CsA-enhanced humoral immunity.

4. Discussion
This study demonstrates that Cyclosporin A (CsA), traditionally an immunosup-

pressant, functions as a dual-action adjuvant in RSV vaccination by enhancing antibody
production via a regulatory T-cell (Treg)-dependent mechanism. In Balb/c mice, G+CsA co-
administration dose-dependently increased RSV-specific IgG and neutralizing antibodies,
with selective augmentation of IgG1 and IgG2 subclasses. Mechanistically, CsA-induced
Tregs expressed CD40L and IL-10, directly promoting B-cell activation, proliferation, and
plasma cell differentiation. This represents a novel immunomodulatory pathway distinct
from conventional Treg roles, which typically suppress immunity.

The key neutralizing epitopes on the G protein are linear in the central conserved
region (CCD). The extensive glycan shield present on expressed G protein in eukaryotic
cells can sterically obstruct antibodies. In contrast, employing bacterial expression for
the G protein removes glycosylation entirely, making the non-glycosylated G protein an
effective target for neutralizing antibodies. CsA’s paradoxical enhancement of immunity
reflects its role as an immunoregulator rather than a strict suppressor. Treg cells, critical
during RSV infection for maintaining immune homeostasis and preventing excessive in-
flammation [43–46], typically suppress immune responses to dampen antiviral clearance.
However, in the context of vaccination, Tregs can regulate immunity to prevent overac-
tivation, promoting a balanced response. Our previous work demonstrated that optimal
CsA doses (10 µg/animal) induced the best anti-G antibody level accompanied with the
lowest T-cell proliferation. Higher doses (20 µg/animal) would cause off-target effects [32].
The CX3C motif in the G protein’s conserved central domain (CCD) contributes to T-cell
and inflammatory cell migration. However, immunization with G protein alone induced
fewer Tregs and less G-specific IgG than the G + CsA combination. This suggests that Treg
induction is driven primarily by the CsA adjuvant. Both the CsA-alone and G-alone groups
exhibited significantly fewer Tregs compared to the PBS and G+CsA groups (Figure 3B,C).
This decrease may result from Treg cell death and/or expansion of effector T cells, though
further investigation is needed to clarify the underlying mechanism.

Our data show that G+CsA-induced Tregs adopt a unique helper phenotype, distinct
from conventional Tregs, by upregulating CD40L and IL-10 to drive B-cell antibody produc-
tion unlike T follicular helper (Tfh) cells or other effector T cells (Th1/Th2/Th17), which
conventionally mediate antibody responses. Blocking IL-10 or CD40L abrogated both
in vitro B-cell survival and in vivo antibody titers, confirming these cytokines as critical me-
diators. The in vitro and in vivo systems differ mechanistically due to microenvironmental
complexity. In vitro, plasma cells depend on CD40L (T-cell contact) and IL-10 (paracrine
signaling) for survival [47,48]. Blocking both pathways disrupts this synergy (Figure 4F).
In vivo, however, stromal-derived BAFF/APRIL (via BCMA) and myeloid cell signals com-
pensate for partial pathway inhibition [49,50], allowing single-antibody treatments to retain
efficacy (Figure 4H). This redundancy aligns with the microenvironment-dependent plas-
ticity of plasma cell survival described by Tangye and Tarlinton [51]. Our findings suggest
CsA could optimize RSV vaccine efficacy by fine-tuning antibody isotypes (IgG1/IgG2) and
enhancing humoral immunity. Analysis of Tfh cells at day 4 post-RSV infection after boost-
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ing immunization may have preceded peak Tfh accumulation (days 10–14) [52]. Future
studies will include longitudinal profiling to capture dynamic Tfh–B-cell interactions.

An interesting phenotype we observed was that the percentage of plasma cells in
the G+CsA group was significantly higher than those in both the G-alone and CsA-alone
groups (Figure 2E), suggesting that the combination of G protein and CsA effectively
promotes the accumulation of mature plasma cells in the spleen for long-term survival [53].
Conversely, the presence of plasma cells in the G+CsA group within the draining lymph
nodes (inguinal LNs) was significantly lower than that observed in the CsA-alone and PBS
groups and comparable to that in the G-alone group (Figure 2D). This finding suggested
that the G protein challenge resulted in the production of short-lived plasma cells in the
CsA-alone and PBS groups, whereas the G+CsA and G-alone groups exhibited a reduced
generation of such cells. Moreover, the antigen specificity of G+CsA-induced GC B cells
and long-lived plasma cells will also be examined in a future study.

While subcutaneous immunization may primarily activate local lymph nodes, our
focus on pulmonary lymph nodes reflects their critical role as hubs for RSV infection-related
immune responses. The lung is the primary target organ of RSV, and its pulmonary lymph
nodes are central to coordinating antiviral immunity and modulating immunopathol-
ogy. This choice is further supported by evidence that pulmonary LNs exhibit sustained
increases in dendritic cell populations and T-cell activation during RSV infection, under-
scoring their importance in antiviral defense and immunoregulation [54]. Future studies
will also evaluate B-cell responses in lymph nodes proximal to the immunization site, such
as inguinal or axillary lymph nodes, to provide a more comprehensive understanding of
the immune dynamics involved.

We chose activated Tregs from RSV-challenged mice based on our findings prior to
infection and antigen challenge, which demonstrated no significant differences in splenic
Treg frequencies and IL-10 expression in splenic Treg and CD4+ T cells between the G+CsA
and PBS groups (Supplementary Figure S5A,B). With OVA as antigen, we found there was
an increased trend in the OVA+CsA group compared with either the OVA-alone or CsA-
alone groups, but no significant difference, either in the spleen or in the draining lymph
nodes (inguinal LNs) (Supplementary Figure S5D,E). Furthermore, our previous study [32]
showed that RSV challenge markedly amplifies G+CsA-induced Treg activation, resulting
in elevated IL-10 production and potent suppression of pathogenic T-cell proliferation,
thereby limiting vaccine-associated side effects. The pro-B-cell function of Tregs occurs
after immunization—particularly after the booster dose—when vaccine-induced Tregs are
re-stimulated and activated by antigen. To more faithfully mimic the microenvironment
of post-immunization crosstalk between activated Tregs and B cells, we therefore purified
RSV-activated Tregs from challenged mice for our in vitro experiments. This approach also
allowed us to enrich for antigen-specific Tregs, as unchallenged mice would not provide a
sufficient population of these cells. We will continue to explore whether G+CsA-induced
Tregs retain B-cell helper capacity under homeostatic conditions in future studies.

The dose-dependent effect of CsA underscores its potential for precise adjuvant dos-
ing, avoiding excessive inflammation while maximizing protection. Moreover, the unique
helper function of G+CsA-induced Tregs enhances RSV-specific humoral immunity via
IL-10 and CD40L. The increased Treg frequencies in infants compared with those in adults
may influence the translational relevance of our findings. While neonatal murine studies
indicate CsA primes protective Treg responses without VAERD [31], age-dependent dif-
ferences in Treg functionality (e.g., Th17/Treg balance in pediatric RSV infection) warrant
further investigation. This approach could be extended to other pathogens in which Treg
modulation could enhance antibody responses without compromising safety.
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Our findings align with emerging reports of combinatorial adjuvant strategies. Han
et al. demonstrated that IL-10/type I interferon crosstalk enhances RSV-G vaccine effi-
cacy [55], while Su et al. showed CD40L agonism synergizes with prefusion F-protein
immunogens [40]. Together, these studies underscore the therapeutic potential of dual-
pathway modulation to amplify humoral immunity. While our murine model provides
proof of concept, caution is warranted in extrapolating these findings to humans. Future
work should address species-specific immune differences, evaluate long-term immune
memory, and assess interactions with other variables affecting immune responses. A more
comprehensive analysis of cellular immunity, beyond antibody titers, is also needed.

5. Conclusions
In conclusion, this study redefines CsA’s role in vaccination, showcasing its potential to

convert an immunosuppressant into an immune enhancer via Treg-mediated B-cell activa-
tion. By elucidating the CD40L/IL-10 axis in Treg–B-cell crosstalk, we highlight a promising
strategy for RSV vaccine design and beyond. Further investigation into CsA’s adjuvant
properties in humans could unlock new opportunities for infectious disease prevention.
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expression in CD4+ T cells from naïve Foxp3-DTR/EGFP mice before (up) and after (down) DT
injection were tested by FACS. Figure S4: IL-10 and CD40L were highly expressed in G+CSA-induced
Treg cells. Figure S5: Treg percent after immunization. Table S1: G Protein’s quality-control testing
results summary.
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