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Introduction: Bacille Calmette-Guérin (BCG), the only tuberculosis vaccine
currently in clinical use, provides inadequate long-term protection.
Administered at birth, BCG induces broad immune responses against a large
number of antigens shared with Mycobacterium tuberculosis (Mtb), but
protection wanes over time. We have previously shown that unconventional B
cell subsets play a role in tuberculosis control.

Methods: High-dimensional flow cytometry and multiplex cytokine analysis
were employed to investigate the effects of immunotherapy on BCG-
vaccinated mice in an Mtb challenge model.

Results: In this study, we investigate the potential of recombinant cytokines targeting
B cells — B-cell activating factor (BAFF) and A proliferation-inducing ligand (APRIL) —
to modulate BCG immunity and improve protection in mice. Both cytokines play
overlapping roles in B cell development and peripheral survival. Following
subcutaneous BCG vaccination, immunotherapy with BAFF or APRIL resulted in an
increased frequency of unconventional B cells potentially transitioning into antibody-
producing plasma cells. Concurrently, we observed an increased frequency of central
memory T cells, a subset critical for protective immunity. Changes in cellular immune
responses were accompanied by reduced pro-inflammatory cytokine profiles and a
contraction of the leukocyte population in lungs. Importantly, mice receiving BCG
vaccination followed by BAFF or APRIL immunotherapy exhibited superior long-term
protection against pulmonary tuberculosis relative to controls that received only BCG.

Conclusion: In summary, our findings demonstrate that combining BCG
vaccination with B cell targeted immunomodulatory therapies can improve
long-term protection against pulmonary tuberculosis, highlighting the
continued relevance and underutilized potential of BCG as a vaccine platform.

KEYWORDS

BCG, unconventional B cells, marginal-zone B cells, immunotherapy, memory T cells,
mycobacterium tuberculosis

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1551183/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1551183/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1551183/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1551183/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1551183/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1551183&domain=pdf&date_stamp=2025-02-06
mailto:martin.gengenbacher@gmail.com
https://doi.org/10.3389/fimmu.2025.1551183
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1551183
https://www.frontiersin.org/journals/immunology

Xie et al.

Introduction

Tuberculosis (TB) continues to be one of the leading causes of
death from a single infectious agent, accounting worldwide for 10.8
million new cases and 1.25 million deaths in 2023 (1). While
effective drug regiments are available, treatment is lengthy, costly
and faces tremendous challenges through the rise of drug-resistant
Mtb requiring the use of more toxic and less effective drugs (2). The
only TB vaccine currently in clinical use is Bacillus Calmette-Guerin
(BCG), which was derived from the bovine-TB pathogen
Mpycobacterium bovis by serial passaging that led to attenuation
(3). BCG given intradermally at birth, is very safe in the human
population except in immunocompromised individuals that may
develop a TB-like disseminated diseases known as BCGosis (4).
BCG is highly effective in preventing disseminated TB and
tuberculous meningitis in children. However, its protection
against pulmonary TB in adolescents and adults — which account
for over 90% of TB cases — is unreliable underscoring the urgent
need for a robust vaccine development pipeline and novel
immunization strategies (5, 6). Currently, more than 17 TB
vaccine candidates are in clinical development including live
vaccines, inactivated whole-cell preparations, subunit vaccines,
viral vectors and mRNA vaccines aiming to overcome the
limitations of BCG (7).

The induction of memory T cells is critical for effective TB
vaccines (8). In particular, CD4 T cells with T helper 1 (Thl)
phenotype in response to subcutaneous BCG vaccination are
important for protection in the murine challenge model (9, 10).
Polyfunctional CD4 T cells producing pro-inflammatory cytokines
interferon(IFN)-y, interleukin(IL)-2 and tumor necrosis factor(TNF)-
o have been suggested as correlate of protection but other functional
attributes including additional effector functions, memory T cell
phenotypes, tissue homing potential, and long-term survival
capacity may be equally or more important to promote protection
(11). Several functional subsets of memory T cells have been
described: (i) central memory T cells (Tcy) recirculate between
blood and lymph nodes and maintaining long-term immunological
memory, (ii) effector memory T cells (Tgy) transitioning between
blood and peripheral tissues where they primarily reside to defend
against pathogens, and (iii) tissue resident memory T cells (Try) are
permanently located in peripheral tissues to deploy their rapid recall
capabilities against intruders (12). Although their full protective
potential in animal models and humans is not yet completely
defined, targeting memory T cells is of high interest for TB vaccine
development (13, 14).

We recently demonstrated that TB infection in mice leads to the
expansion of marginal-zone B (MZB) cells, a subset of unconventional
B cells, in the spleen and - unexpectedly - in the lungs (15). MZB cells
were activated, had a memory phenotype and contributed to systemic
Mtb control by shaping the cytokine pattern and cell-mediated
immunity (15). These findings motivated us to determine whether
BCG also elicits unconventional B cells that can be harnessed for TB
vaccine development. The strength of BCG lays in its capacity to elicit
immune responses to a broad range of mycobacterial antigens that are
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shared with Mtb (16). We hypothesized that BCG vaccination leads to
changes in unconventional B cell subsets that could be enhanced by
immunotherapy with the cytokines B-cell activating factor (BAFF) and
A proliferation-inducing ligand (APRIL). Both cytokines have a
functional overlap and play major roles in controlling B cell
maturation, differentiation and peripheral survival (17). Since
constitutive overexpression of BAFF or APRIL is associated with
autoimmune conditions (18, 19) we opted for transient
administration of the recombinant cytokines after BCG prime
vaccination to test our hypothesis.

Materials and methods
Bacterial strains and growth conditions

Mtb H37Rv (ATCC #27294) and BCG Danish 1331 (ATCC
#35733) were grown in Middlebrook 7H9 broth supplemented with
10% (vol/vol) Middlebrook ADC growth supplement (Sigma-
Aldrich), 0.2% glycerol, and 0.05% Tween 80. Cultures were
grown at 37°C in 1 L roller bottles (Corning, 490 cm” surface
area) rotated at 2 rpm until reaching the mid-log phase.

Vaccine preparation

For vaccine stock preparations, log-phase BCG were harvested,
resuspended in PBS with 10% glycerol to a final optical density
(ODgpo) of 3, and stored at -80°C. The viability of vaccine stocks was
verified in regular intervals by plating samples on Middlebrook
agar. Prior to vaccination, frozen vials were thawed, cells were
pelleted and resuspended in PBS containing 0.05% tyloxapol
for administration.

Animal experimentation

Ten-week-old female, specific pathogen-free BALB/c mice were
purchased from Charles River Laboratory and housed in groups of
five in individually ventilated cages in the Animal Biosafety Level-3
laboratory at the Center for Discovery and Innovation, Hackensack
Meridian Health. Mice were vaccinated subcutaneously at the lower
back with BCG (10° colony-forming unit (CFU)/mouse). The vaccine
dose was verified by plating samples on Middlebrook agar. From 30
to 60 days post-vaccination, groups of mice were administered weekly
intraperitoneal injections of recombinant BAFF (R&D Systems,
#8876-CF, 10 pug/mouse) or APRIL (R&D Systems, #7907-CF, 10
ug/mouse). At 90 days post-vaccination, mice were infected with 100-
200 CFU of aerosolized Mtb H37Rv using a full-body inhalation
exposure system (Glas-Col). Mice were euthanized at designated time
points for subsequent analyses. Tissues, including lungs, spleen, and/
or inguinal lymph nodes, were collected to determine protective
efficacy, perform multiplex cytokine/chemokine assays, and measure
cellular immune responses.
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Protective efficacy in mice

At designated time points post-infection, lungs and spleen were
aseptically removed and homogenized in 1 mL PBS containing
0.05% Tween 80 (PBST) in gentleMACS M Tubes using the
gentleMACS Dissociator (Miltenyi Biotec) for CFU enumeration.
Organ homogenates were serially diluted in PBST. Diluted samples
were plated on Middlebrook 7H11 agar (Sigma-Aldrich)
supplemented with 10% (vol/vol) Middlebrook OADC
enrichment (Becton, Dickinson) and 0.5% glycerol. Plates were
incubated at 37°C for 3 to 4 weeks before CFU enumeration.

Multiplex cytokine/chemokine assay

At designated time points post-vaccination and post-infection,
tissues were aseptically removed and homogenized in PBST (1 mL
for lungs and spleen, 0.2 mL for inguinal lymph nodes) in
gentleMACS M Tubes using the gentleMACS dissociator.
Cytokine and chemokine levels in the tissue homogenates were
quantified using the Milliplex Mouse Cytokine/Chemokine
Magnetic Bead Panel - Premixed 32 Plex - Immunology
Multiplex Assay (Millipore), following the manufacturer’s
protocol. The assay plates were analyzed using the FLEXMAP 3D
system (Millipore) according to the manufacturer’s instructions.
Raw data were processed and analyzed using Belysa software
(version 1.2.1, Millipore).

Flow cytometry analysis

At designated time points post-vaccination, lungs and spleen
were aseptically removed and single-cell suspensions of each organ
were prepared as previously described (15). Organ cell suspensions
were normalized, seeded, stained and subjected to flow cytometry
analysis (BD FACSymphony A3, BD Biosciences) as previously
described (15). Antibodies and reagents used in the analyses include
(i) B cell panel: CD45-Alexa Fluor700 (30-F11) (Biolegend), CD19-
BV785 (6D5) (Biolegend), B220-BUV395 (RA3-6B2) (BD
Bioscience), CD93-PE.Cy7 (AA4.1) (Biolegend), CD21/35-FITC
(7E9) (Biolegend), CD23-PE (B3B4) (Biolegend), CD1d-BV421
(1B1) (BD Bioscience), CD138-BV711 (281-2) (BD Bioscience),
CD69-BV605 (H1.2F3) (Biolegend), CD86-APC (GL-1)
(Biolegend), CD43-BV480 (S7) (BD Bioscience), CD11c-BB700
(HL3) (BD Bioscience) and the dump channel: CD3-APC-
eFluor780 (17A2) (eBioscience), CD355-APC-eFluor780 (29A1.4)
(eBioscience), LIVE/DEAD ' Fixable Near-IR Dead Cell Stain Kit
(Thermo Fisher Scientific); (ii) T cell panel: CD45-Alexa Fluor 700
(30-F11) (Biolegend), CD3-BV605 (17-A2) (Biolegend), CD4-
BUV395 (GK1.5) (BD Bioscience), CD8a-BB700 (53-6.7) (BD
Bioscience), CD69-PE (H1.2F3) (Biolegend), CD103-BV421 (2E7)
(Biolegend), gdTCR-FITC (GL3) (Biolegend), NK335-PE.Cy7
(29A1.4) (Biolegend), B220-BUV496 (RA3-6B2) (BD Bioscience),
PD-1-BV785 (29F.1A12) (Biolegend), CXCR3-APC (CXCR3-173)
(BD Bioscience), CD62L-BV480 (MEL-14) (BD Bioscience), CD44-
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BUV805 (IM7) (BD Bioscience), LIVE/DEAD"" Fixable Near-IR
Dead Cell Stain Kit (Thermo Fisher Scientific). Absolute cell counts
were determined using counting beads (CountBright, Thermo
Fisher Scientific). Flow cytometry data were analyzed by FlowJo
software (version 10.10.0, BD Biosciences). The gating strategies are
depicted in Supplementary Figure 1A and 2A.

Statistical analyses

GraphPad Prism software (version 10.4.0, GraphPad) was used
for data analysis. Results were represented as mean + standard
deviation (SD). One-way ANOVA with Dunnett’s multiple-
comparison post hoc test was used to determine the statistical
differences between groups. A p-value <0.05 was considered
statistically significant.

Results

Splenic MZB cells expand in response to
subcutaneous BCG vaccination

MZB cells (B220+ CD93+ CD1d™ CD23") are an important
component of the immune system. Due to their strategic location in
the spleen, MZB cells quickly encounter circulating antigens, blood-
borne viruses and encapsulated bacteria to produce antibodies,
essentially acting as innate-like B cells that play a primary role in
early immune responses (20). In mice, splenic MZB cells expand
during both the acute and chronic phases of TB infection (15).
Although BCG lacks certain virulent regions found in Mtb, their
genomes are 99.9% identical (21, 22). To determine whether BCG
vaccination induces a similar expansion of MZB as observed during
Mtb infection, we vaccinated mice subcutaneously with BCG and
measured the frequency of MZB cells over time by flow cytometry
(Figure 1A and Supplementary Figure 1A). We also analyzed
follicular B (FoB; B220+ CD93+ CD1d™ CD23") cells, another
subset of unconventional B cells involved in T cell-dependent
antibody responses, T cell-independent responses to blood-borne
pathogens, and generation of memory B cells (23). Following BCG
vaccination, the frequency of splenic MZB cells among all mature B
cells increased significantly, rising from approximately 4% at
baseline to 8% at day 30, and plateauing by day 60. Similarly, the
proportion of activated CD86+ MZB cells doubled within 60 days
post-immunization (Figure 1B). In contrast, the frequency of FoB
cells declined sharply until day 30 but recovered progressively
thereafter, with no significant changes in the proportion of
activated CD86+ FoB cells (Figure 1C). In principle, these results
closely mirror the behavior of MZB and FoB cells in the spleen of
Mtb-infected mice (23), despite differences in the administration
route (subcutaneous for BCG vs. aerosol for Mtb) and inoculum
size (10° CFU for BCG vs. 10> CFU for Mtb). We conclude that
BCG-derived antigens lead to a prolonged expansion and activation
of splenic MZB cells while the frequency of FoB cells only
temporarily dropped.
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The frequency of splenic MZB cells increases in response to subcutaneous BCG vaccination. (A) Ten-weeks-old BALB/c mice were subcutaneously
vaccinated with 106 CFU of BCG Danish at the lower back. At 30-, 60- and 90-days post vaccination, groups of 4 mice were euthanized to prepare
single cell suspensions for flow cytometry analysis (Supplementary Figure 1A). The flow cytometry data represent total B cell populations.
Frequencies of MZB cells (B), FoB cells (C) and their CD86+ subsets are shown, respectively. Mean and SD are shown. Statistical analysis was
performed by one-way ANOVA and multiple comparisons by Dunnett’s posttest using the pre-vaccination time point (=day 0) as a reference. One

dataset out of two biological replicates is shown. **p<0.01; ***p<0.001.

Immunotherapy with BAFF or APRIL
following BCG vaccination modulates
unconventional B cells and enhances
central memory T cells

To investigate whether targeting MZB cells can modulate BCG-
induced B cell and T cell immunity, we administered the B-cell
cytokines BAFF or APRIL at the time of peak MZB cell frequency.
Mice received five weekly injections of BAFF or APRIL (10 pg/
mouse) from day 30 to day 60 post BCG vaccination. B and T cell
responses were analyzed upon completion of the immunotherapy
(Figure 2A). Single cell suspensions from the spleen and lungs of
BCG, BCG+BAFF and BCG+APRIL cohorts were subjected to flow
cytometry, using gating strategies depicted in Supplementary
Figure 1A and 2A. Immunotherapy with BAFF or APRIL
significantly altered pulmonary unconventional B lymphocytes. The
frequencies of pulmonary MZB (B220+ CD93+ CD1d" CD23") and
their precursor (MZP; B220+ CD93+ CD1d" CD23M) cells increased
significantly in the BCG+BAFF cohort and showed a trend toward
increase in the BCG+APRIL cohort compared to the BCG-only
cohort (Figure 2B, Lungs). The frequency of pulmonary FoB cells
(B220+ CD93+ CD1d™ CD23") decreased significantly in both
cytokine-treated groups compared to BCG-only controls
(Figure 2B, Lungs), suggesting a shift in the pool of mature B
lymphocytes from FoB cells to other subsets, including MZB and
MZP cells. Interestingly, the frequencies of unconventional B
lymphocytes in the spleen remained unaffected by cytokine therapy
(Figure 2B, Spleen). Absolute numbers of MZB, MZP and FoB in
both the spleen and lungs were unchanged by cytokine
administration (Supplementary Figure 1B). However, BAFF therapy
increased the frequency of activated (CD86+) MZB, MZP and FoB
cells in the spleen, though it is not statistically significant for MZB
cells (Figure 2C, Spleen). In the lungs, APRIL therapy increased the
proportion of activated (CD86+) FoB cells (Figure 2C, Lungs).
Notably, BAFF and APRIL immunotherapy enhanced the
frequency of unconventional B cell subsets expressing the plasma
cell marker CD138 in both spleen and lungs (Figure 2D), suggesting a
potential transition to antibody-producing plasma cells.
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Next, we analyzed the impact of cytokine therapy on T cell
subsets and their memory phenotypes, which are critical for
protective immunity against TB. In the spleen, APRIL therapy
significantly altered the ratio of CD4 and CD8 T cells (Figure 3A,
Spleen). Both BAFF and APRIL therapy significantly increased the
frequencies of splenic central memory CD4, CD8, and 3T cells
(Figure 3B, Spleen). Effector memory CD4 and CD8 T cell
frequencies were reduced by cytokine therapy, with significant
reductions observed in the APRIL-treated group (Figure 3C,
Spleen). No significant changes in pulmonary T cell subsets or
their memory phenotypes were detected among the study groups
(Figures 3A-C and Supplementary Figure 2B). In contrast, BAFF
and APRIL immunotherapy resulted an increase in the frequencies
of naive CD4, CD8, and/or YOT cells in the spleen and the lungs
(Figure 3D), suggesting a decreased proportion of T cells had
undergone differentiation. The absolute numbers of total CD4,
CD8, and 8T cells in the spleen and lungs remained unchanged
by cytokine treatment (Supplementary Figure 2C). Taken together,
immunotherapy with BAFF or APRIL moderately increased the
frequencies of MZB and MZP cells in lungs and enhanced the
proportions of activated MZP and central memory T cells,
including CD4, CD8, and Y9 subsets, in the spleen. These changes
highlight the potential of B cell-targeted cytokine therapies to
improve humoral and cellular immunity critical for protective
immunity against TB.

Immunotherapy with BAFF or APRIL
following BCG-vaccination generates a
less inflammatory environment in draining
lymph nodes, spleen and lungs

To probe for changes in the immune environment related to BAFF
or APRIL therapy after BCG vaccination, we quantified the levels of 32
cytokines and chemokines in homogenates of draining lymph nodes,
spleen and lungs as BCG disseminates to these organs in the weeks
following subcutaneous immunization (24). BCG induces profound
changes to cytokine and chemokine patterns in mice and in infants and
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vary based on factors such as the Mtb isolate, vaccine dose and mouse
strain (25), as well as human population factors (26), respectively. We
first performed a principal component analysis (PCA) to visualize the
impact of BAFF or APRIL administration in the context of BCG
vaccination. Cytokine profiles of draining lymph nodes, spleen and
lungs from mice that received BCG-only showed distinct clustering,
clearly separated from those of BCG+BAFF and BCG+APRIL groups
(Figure 4A, black dots). In contrast, data points from the BCG+BAFF
and BCG+APRIL groups were intermixed across all three tested organs
(Figure 4A, blue and red dots), indicating similar cytokine profiles
between these two treatment groups. This finding is consistent with the
reported overlapping biological functions and receptors shared by
BAFF and APRIL (17). Heatmaps of the 12 most differentially
expressed cytokines and chemokines in each tested organ confirm
the distinct pattern of BCG-only cohort compared to the other groups
(Figure 4B). Overall, cytokines and chemokines concentrations were
lower in the BCG+BAFF and BCG+APRIL groups relative to BCG
controls (Figure 4B and Supplementary Table 1). Exceptions include:
eotaxin (chemoattractant of eosinophiles) (27) increased in the lymph
nodes and spleen, lipopolysaccharide-induced CXC chemokine (LIX;
cell migration and activation of neutrophiles) (28), granulocyte-
macrophage colony-stimulating factor (GM-CSF; development,
differentiation and activation of macrophages and granulocytes) (29)
and monokine induced by IFN-y (MIG; chemokine recruiting activated
T cells to infection site) (30) increased in the spleen. Notably, cytokines
involved in both innate and adaptive immunity and playing a key role
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in T cell memory, including IFN-y and IL-2 (31), were remarkably
reduced in BCG-BAFF and BCG-APRIL groups by the end of
immunotherapy (day 60) (Figure 4B). Overall, immunotherapy with
BAFF or APRIL reduced the concentrations of many pro-
inflammatory cytokines and chemokines, resulting in a less
inflammatory environment. This effect was most pronounced in the
lungs, suggesting a potential organ specific role of cytokine modulation
in shaping the immune response following BCG vaccination.

Immunotherapy with BAFF or APRIL
following BCG-vaccination provided
superior protection against pulmonary TB

We previously demonstrated that BAFF or APRIL therapy alter the
immunological trajectories of BCG vaccination in mice, including
changes in the unconventional B cell subsets, T cell subsets and
memory phenotype, and reduced levels of pro-inflammatory
cytokines and chemokines. To evaluate whether the changes translate
into improved protection, we employed a previously developed
prophylactic vaccine efficacy model (24, 32, 33). Mice immunized
with BCG and injected with recombinant BAFF or APRIL (weekly,
from day 30 to day 60 post-BCG) were challenged with a low dose of
aerosolized Mtb at day 90 post-BCG. Protection was assessed by
determining the Mtb burden in the lungs and spleen at days 120 and
270 post-BCG (Figure 5A). The earlier observed reduction in pro-
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BCG vaccination followed by B cell-targeting immunotherapy increased the frequency of unconventional B cells to transition into plasma cells. (A)
Ten-weeks-old BALB/c mice were subcutaneously vaccinated with 10® CFU of BCG Danish at the lower back. From day 30 to 60 post vaccination
cohorts of BCG-vaccinated mice received weekly intraperitoneal injections with 10 ug BAFF or APRIL. Five mice per group were euthanized at day
60 (48 h after the last cytokine injection) to prepare single cell suspensions of organs for flow cytometry analysis of total B cell populations
(Supplementary Figure 1A). (B) Frequencies of MZB, MZP and FoB cells in the spleen and in lungs. (C) Frequencies of CD86+ MZB, MZP and FoB cells
in the spleen and in lungs. (D) Frequencies of CD138+ MZB, MZP and FoB cells in the spleen and in lungs. Mean and SD are shown. Statistical
analysis was performed by one-way ANOVA and multiple comparisons by Dunnett’s posttest using the BCG-vaccinated group as a reference.

*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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BCG vaccination followed by B cell-targeting immunotherapy increased the frequency of central memory T cells in the spleen. Ten-weeks-old
BALB/c mice were subcutaneously vaccinated with 10° CFU of BCG Danish at the lower back prior to undergoing BAFF or APRIL treatment

(Figure 2A). Five mice per group were euthanized at day 60 (48 h after the last cytokine injection) to prepare single cell suspensions of organs for
flow cytometry analysis of total T cell populations (Supplementary Figure 2A). (A) Frequencies of total CD4, CD8, and 3T cells in the spleen and in
lungs. (B) Frequencies of central memory (CM) CD4, CD8, and 8T cells in the spleen and in lungs. (C) Frequencies of effector memory (EM) CD4,
CD8, and yoT cells in the spleen and in lungs. (D) Frequencies of naive CD4, CD8, and 3T cells in the spleen and in lungs. Mean and SD are shown.
Statistical analysis was performed by one-way ANOVA and multiple comparisons by Dunnett’s posttest using the BCG-vaccinated group as a

reference. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

inflammatory cytokines (Figure 4) prompted us to quantify total
number of leukocytes during the vaccination phase (day 0 to day 90)
using the pan-leukocyte marker CD45 (15) (Figure 5A). In the lungs,
the number of CD45+ immune cells steadily increased until day 90 in
the BCG-only group, whereas leukocyte counts remained stable after
day 60 in the BCG+BAFF and BCG+APRIL groups (Figure 5B, Lungs).
In the spleen, total CD45+ immune cell counts remained comparable
across all groups during the vaccination phase (Figure 5B, Spleen).
Consistent with previous reports (24, 32, 33), BCG vaccination alone
elicited a robust protection, evident by ~1 log reduction in the pathogen
load of lungs and spleen relative to PBS controls throughout the
infection phase (Figure 5C). Mice receiving BCG+BAFF or BCG
+APRIL exhibited superior pulmonary protection, with Mtb burden
in the lungs reduced by ~1.5 logs and ~0.5 logs compared to the PBS
and BCG-only controls, respectively (Figure 5C). However, BAFF or
APRIL immunotherapy did not reduce the pathogen load in the spleen,
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suggesting that the increased frequencies of splenic central memory T
cells (Figure 3B) did not directly translate into improved protection in
this organ (Figure 5C). To gain insights into the superior pulmonary
protection observed in BCG+BAFF and BCG+APRIL groups, we
measured lung levels of Thl cytokines (IEN-y, IL-2, TNF-or) and
other pro-inflammatory cytokines (IL-6, IL-10.) during the vaccination
phase (day 0 to day 90) and the Mtb challenge phase (day 90 to day
270) (Figure 5A). Overall, the PBS controls showed only minor changes
in cytokine levels during the vaccination phase and the highest cytokine
levels during TB infection (Figure 5D). Consistent with our single-
point cytokine/chemokine analysis (Figure 4), BAFF or APRIL
immunotherapy led to a sharp decline in IFN-y, IL-2, IL-6 and IL-
1o at day 60 while TNF-o. levels remain unaffected relative to the BCG-
only controls (Figure 5D). These changes were transient, and cytokine
levels rebounded until the end of our study, except for IFN-y, which
remained higher in the cohort receiving only BCG throughout TB
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FIGURE 4

BCG vaccination followed by B cell-

targeting cytokine therapy shifted organ cytokine and chemokine patterns. Ten-weeks-old BALB/c mice were

subcutaneously vaccinated with 10° CFU of BCG Danish at the lower back prior to undergoing BAFF or APRIL treatment (Figure 2A). Five mice per
group were euthanized on day 60 (48 h after the last cytokine injection) for cytokine/chemokine quantification in organ homogenates (A) Principal

component analysis of cytokine/chemokine protein levels in the inguinal

lymph nodes, spleen and lungs. Each data point represents the cytokine

profile of an individual animal. (B) Heatmaps showing the grouped mean cytokine levels (natural log-transformed concentrations, In[pg/mL]) in the
inguinal lymph nodes, spleen and lungs. Each row represents the mean cytokine profile for the designated treatment group and each column

represents an individual cytokine.

infection (Figure 5D). Notably, pulmonary IFN-y levels correlated with
the corresponding Mtb burden across all groups (Figure 5C, D).

In summary, immunotherapy with BAFF or APRIL following
BCG vaccination reduced inflammatory cytokine levels and the
number of immune cells in the lungs during the immunization
phase. These changes were associated with enhanced protection
against pulmonary TB, highlighting the potential of cytokine-based
immunomodulation to improve BCG efficacy.

Discussion

BCG is a live vaccine with a genome that is 99.9% identical to
that Mtb (21, 22). Its exceptional immunogenicity including a large
number of antigens shared with Mtb and its ability to persist within
the host have sparked significant interest in developing BCG as a
versatile vaccine platform (34-36). To date, much of TB vaccine
development has focused on enhancing T cell-mediated immunity,
while strategies targeting B cells remain underexplored.
Unconventional B cells, which we have recently shown to play a
key role in controlling TB infection (15), represent an emerging area
of interest in TB immunity. In this study, we uniquely emphasized
the role of the B cell compartment to leverage the strength of BCG.
To our knowledge, this is the first study to demonstrate that
modulating immunity through specific B-cell cytokines can
significantly enhance the efficacy of BCG. These findings broaden
the traditional view of TB vaccine research as being solely T cell-
dependent and highlight the potential of unconventional
approaches in TB vaccine development.

In our study, we first demonstrated that subcutaneous BCG
vaccination increased the frequency of splenic MZB cells (Figure 1),
a response comparable to that seen during Mtb infection (15). For
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immunotherapy, we selected the TNF-like cytokines BAFF and
APRIL, which are known to influence B cell maturation, peripheral
survival, and immunoglobulin class switching, processes with
multiple potential clinical implications (37-39). BAFF and
APRIL, along with their receptors BAFF-R, TACI and BCMA,
share overlapping biological functions. While BCMA expression
is restricted to B cells, BAFF-R and TACI are also expressed on
activated T cells (38, 40), allowing BAFF and APRIL to interact with
both B and T cells. Consistently, we observed changes in both the B
and the T cell compartments in BCG-vaccinated mice treated with
BAFF or APRIL (Figure 2 and 3). Immunotherapy enhanced the
frequencies of MZB cells and their precursors in the lungs, as well as
unconventional B cells expressing the plasma cell marker CD138+
in both the lungs and spleen (Figure 2B, D). The latter may reflect a
potential transition to antibody-producing plasma cells. It is
important to note that continuous overexpression of BAFF has
been associated with the development of autoantibodies and
autoimmune conditions (41) and elevated levels of BAFF and
APRIL are involved in the pathogenesis of Common Variable
Immunodeficiency (42). To mitigate these risks, we limited
cytokine-based immunotherapy for only 4 weeks (Figure 2A),
administered during the period of peak MZB cell frequency
(Figure 1B). Whether BAFF or APRIL treatment, in combination
with BCG vaccination, expands the pool of plasma cells capable of
producing mycobacteria-specific antibodies remains an important
area of future investigations.

Our strategy combining BCG vaccination and cytokine
immunotherapy also led to an increase in the frequency of Tcm
cells in the spleen (Figure 3). Tcy cells primarily residing in
lymphatic organs, can rapidly proliferate and differentiate into
effector cells upon antigen re-encounter, thereby providing long-
term protection (13, 43). Their ability to circulate through the blood
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BCG vaccination followed by BAFF or APRIL administration improves protection from Mtb challenge. (A) Ten-weeks-old BALB/c mice were
subcutaneously vaccinated with 10° CFU of BCG Danish or with PBS. From day 30 to 60 post vaccination cohorts of BCG-vaccinated mice received
weekly intraperitoneal injections with 10 ug BAFF or APRIL in PBS. Animals receiving PBS only served as controls. At 90 days post immunization, all
mice were challenged with 100-200 CFU Mtb H37Rv delivered by aerosol. The inoculum was verified 1 day after infection using 4 mice. (B) Total
lymphocytes in lungs and spleen during the vaccination phase. (C) At day 120 and 270 post vaccination corresponding to 30- and 180-days post
Mtb challenge, groups of animals were euthanized to determine the Mtb load in lungs and spleen by plating organ homogenates on agar. Mean and
individual data points of two pooled biological replicates are shown. (D) At designated time points lung homogenates of 5-7 mice were used to
quantify cytokines. Statistical analysis was performed by one-way ANOVA and multiple comparisons by Dunnett’s posttest using the BCG-vaccinated

group as a reference. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

(44, 45) may have contributed to the superior long-term protection
against pulmonary TB observed in the BCG+BAFF and BCG+APRIL
groups (Figure 5C). Other factors contributing to enhanced organ-
specific protection may include increased frequencies of MZB and
MZP cells in the lungs (Figure 2B), reduced pulmonary cytokine and
chemokine levels following BAFF or APRIL therapy at day 60
(Figure 4), and decreased leukocyte numbers at day 90 (Figure 5B).
The cytokine response to BCG is complex, varying with recipient’s
age, BCG strain used, and other factors, and no clear correlation
between cytokine levels and protection has been established (46). A
more detailed analysis of pro-inflammatory cytokines including IFN-
¥, IL-2, IL-6, and IL- 10t revealed that the observed cytokine downshift
at day 60 was transient (Figure 5D). Interestingly, IFN-y levels
remained elevated in the lungs of mice receiving only BCG
compared to BCG+BAFF and BCG+APRIL groups (Figure 5D).
Current knowledge suggests that IFN-y correlates with
immunogenicity (46), implying that the superior protection
observed in the BCG+BAFF and BCG+APRIL groups likely
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involves an IFN-y-independent mechanism and potentially involves
humoral immunity. The increased frequency of unconventional B
cells expressing CD138+ in our studies (Figure 2D) supports this
possibility. However, the role of mycobacteria-specific antibodies in
the immune response to BCG vaccination and during Mtb infection
remains a topic of ongoing debate, with findings in humans and
animal models yielding inconsistent results (47).

In conclusion, combining BCG vaccination with BAFF or
APRIL cytokine therapy modulates both B and T cell immunity,
providing improved and long-lasting protection against pulmonary
TB. By strategically targeting the B cell compartment, this study
reveals a novel approach of vaccine efficacy that may complement
traditional T cell-focused approaches. Moreover, immunotherapy
directed at B cells could be explored in the context of BCG as
heterologous vaccine platform. By advancing our understanding of
the immune response induced by BCG, this work underscores the
need to fully explore the potential of BCG and offers a promising
direction for future TB vaccine development.
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