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SUMMARY

Understanding the role of B cells in tuberculosis (TB) is crucial for developing new TB vaccines. However, the
changes in B cell immune landscapes during TB and their functional implications remain incompletely
explored. Using high-dimensional flow cytometry to map the immune landscape in response to Mycobacte-
rium tuberculosis (Mtb) infection, our results show an accumulation of marginal zone B (MZB) cells and other
unconventional B cell subsets in the lungs and spleen, shaping an unconventional B cell landscape. These
MZB cells exhibit activated and memory-like phenotypes, distinguishing their functional profiles from those
of conventional B cells. Notably, functional studies show that MZB cells produce multiple cytokines and
contribute to systemic protection against TB by shaping cytokine patterns and cell-mediated immunity.
These changes in the immune landscape are reversible upon successful TB chemotherapy. Our study sug-
gests that, beyond antibody production, targeting the regulatory function of B cells may be a valuable strat-
egy for TB vaccine development.

INTRODUCTION

Mycobacterium tuberculosis (Mtb) is a severe public health
threat worldwide, causing 1.6 million deaths per year.' One of
the primary challenges in controlling tuberculosis (TB) is the
lack of reliable vaccines. The Bacille Calmette-Guérin (BCG)
vaccine, the only licensed vaccine for TB, shows varying effi-
cacy, ranging from 0% to 80%.° The development of an effective
alternative to BCG has been hampered by an incomplete under-
standing of the immune correlates for protection against TB.
Over the past 4 decades, research has predominantly focused
on the role of T cells in Mtb infection. CD4 T cells have been
demonstrated as a major player in controlling Mtb infection.®™®
In addition, CD8 T cells have been shown to provide protection
against TB.”'° However, despite B cells being crucial players
in combating infectious diseases, their role in TB is still not fully
understood. Therefore, elucidating their role in immunity and

protection in TB may provide valuable insights for developing
TB vaccines.

The role of B cells in TB is complex and remains a subject of
ongoing debate. Previous studies have shown that B cells can
play protective''™'® or detrimental'® or even neutral roles'’"'®
during Mtb infection. This inconsistency may result from the
use of different animal models and Mtb strains across these
studies. Despite the varied roles of B cells in Mtb burden, they
consistently influence wide-range immune responses from
mouse to non-human primate models, such as immunopa-
thology,'"'#"® cytokine patterns,’’"'>'> and neutrophil'® and
T cell'®'*"6 responses. Collectively, these studies highlight a
significant regulatory role of B cells in diverse immune responses
during TB.

B cells comprise heterogeneous subsets that display distinct
functional characteristics, thereby providing a broad defense
spectrum against infections. B cell subsets can be categorized
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into conventional and unconventional B cells based on their func-
tional characteristics and immunophenotypes. Conventional B
cells, also termed follicular B (FoB) cells, represent the major B
cell subset,'®® comprising around 80% of B cells.”**' As the
critical component for adaptive immunity,24 FoB cells react to in-
fections by generating high-affinity antibodies.”>** In contrast,
unconventional B cells, including marginal zone B (MZB) cells,
B1 B cells, MZB cell precursors (MZPs), and age-associated B
cells (ABCs), exhibit characteristics distinct from those of FoB
cells.?>?*2527 As components of innate immunity,”’ MZB and
B1 cells respond to infections more rapidly than FoB cells by pri-
marily releasing low-affinity antibodies.?®?° MZPs serve as pre-
cursors of MZB cells.?®*° In addition, ABCs are found in aged
mice and several infectious and autoimmune diseases.” " Inin-
fectious diseases, ABCs are associated with long-term protec-
tion against several intracellular pathogens.”>*":%2

B cells dynamically alter their subset compositions to tailor the
response to TB.***° Studies have shown that the frequency of
MZB cells increases in the blood of active TB patients,*® and
the frequencies of atypical B cells with the ABC phenotype in-
crease in the blood of both active and latent TB patients.>*°
In mice, B1 B cells emerge in the lungs during Mtb infection.®®
Notably, the successful treatment of TB has been found to
reverse the alterations in B cell subset compositions.*® These
observations suggest that B cells change their immune land-
scape in response to the varying status of Mtb infection.

Despite the documented changes in B cell subsets in TB, the
detailed dynamics of these alterations and their functional impli-
cations remain incompletely understood. To comprehensively
investigate the detailed immune landscape of B cells, we used
high-dimensional flow cytometry to analyze B cell subsets in in-
fected organs of mouse models. The utilization of high-dimen-
sional flow cytometry allowed for comprehensive analysis of B
cell subsets, offering a complete immune landscape. Subse-
quently, we depleted the specific B cell subset in mouse models
to examine their functional implications on Mtb infection. Our re-
sults revealed that, in response to Mtb infection in the lungs and
spleen, B cells shifted their immune landscape toward MZB
cells, contributing to systemic protection by shaping cytokine
patterns and cell-mediated immunity. This suggests that,
beyond their role in antibody production, B cells can leverage
regulatory functions in cytokine production to protect against
Mtb infection. This discovery opens a new avenue in TB vaccine
development, suggesting that targeting B cells for their regulato-
ry functions could be a promising new strategy.

RESULTS

Unconventional B cells increase in the lung and spleen
in response to Mtb infection

To understand the changes in the immune landscape of B cells
throughout Mtb infection, we mapped the landscape in the lungs
and spleen of Mtb-infected mice using high-dimensional flow cy-
tometry. The experimental scheme is illustrated in Figure 1A
(top). Briefly, mice were infected with 100-200 bacilli of Mtb
H37Rv through an aerosol. Mice infected with the same amount
of y-irradiated Mtb H37Rv served as mock controls to mimic
exposure without causing infection. Uninfected mice served as
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baseline controls. Lungs and spleen were harvested at 4, 8,
and 12 weeks post-infection. Single-cell suspensions of the
lungs and spleen were analyzed by flow cytometry. In line with
the previous publication,®” in the lungs, Mtb load rose to a
peak at the acute phase (0-4 weeks), slightly declined, and sub-
sequently stabilized at the chronic phase (4-12 weeks); in the
spleen, Mtb load constantly increased throughout the chronic
phase (Figure 1A, bottom).

For B cell immunophenotyping, mature B cells (B220"CD937)
were gated into four subsets: MZB (CD1d"CD23"), FoB (CD1d™
cD23"), MzP (CD1d"CD23"), and ABC (CD1d™CD23"). The
gating strategy is adopted from previous studies®'>*2%%8 and de-
picted in Figures 1B and S1A.

Our results revealed an expansion of unconventional B cell
subsets, changing the immune landscape of B cells in infected
organs. MZB cells were detected in the lungs of infected
mice (representative plots in Figure 1C). This observation is
notable because mouse MZB cells are typically found in the
spleen.”’ With rare exceptions, phenotypically similar cells
were observed in extrasplenic locations under specific condi-
tions,??*°=* such as in the lymph nodes in aged mice?® or in
autoimmune diseases, like type 1 diabetes®® and autoimmune
arthritis.?” The frequencies of pulmonary and splenic MZB cells
progressively increased throughout the infection compared to
mock controls (Figure 1D). In contrast, the frequencies of FoB
cells, the conventional B cell subset, diminished in the lungs
and spleen of infected mice (Figure 1E, representative plots in
Figure 1C). MZPs were also detected in the infected lungs (repre-
sentative plots in Figure 1C), and their frequencies in the lungs
and spleen increased during infection (Figure 1F). Moreover,
the frequency of pulmonary ABCs increased in response to the
infection (Figure 1G, representative plots in Figure 1C). All B
cell subsets increased their absolute counts in the lungs and
spleen in response to infection (Figures S1B-S1E). MZB cells
had the highest fold increase among all B cell subsets, implying
their significant role in immune responses in TB (Figure 1H). The
results showed that pulmonary MZB cells were localized inside
the B cell follicles, a hallmark of TB pathology in the lungs,***°
and splenic MZB cells resided in the marginal zone of the spleen
(Figures S1G and S1H). In summary, B cells changed their im-
mune landscape in response to Mtb infection by expanding
MZB cells and other unconventional B cell subsets.

Pulmonary and splenic MZB cells share similar
immunophenotypes and RNA signatures but differ from
conventional B cells

Given the uncommon presence of MZB cells, MZPs, and ABCs
in the lungs, we further characterized their identities by analyzing
the expression spectra of additional surface markers. Given the
high expression of CD9 on MZB cells*® and MZPs,*° we used
CD9 expression to characterize the identities of pulmonary
MZB cells and MZPs. Our results showed that pulmonary MZB
cells and MZPs had higher frequencies of CD9" cells than
FoB cells, patterns consistent with their splenic counterparts
(Figures 2A and 2D). In addition, given the prominent CD21
expression on MZB cells®'*” and MZPs,*° and the low expres-
sion on ABCs, we used CD21 as another distinguishing marker.
Notably, pulmonary MZB cells did not express a higher level of
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Figure 1. MZB cells increase in the lung and spleen in response to Mtb infection

Mice were infected with 100-200 CFU of Mtb via aerosol infection. Mice exposed to the same amount of y-irradiated Mtb served as mock-infected controls. Mice
were sacrificed at 4, 8, and 12 weeks post-infection. Uninfected mice served as baseline controls (0 weeks).

(A) Schematic design of the experiment and bacterial burden in the lungs and spleen. Mean + SEM, n = 4. Error bars are omitted if shorter than the symbols.
(B and C) Single-cell suspensions of the lungs and spleen were analyzed by flow cytometry. (B) Gating strategy for B cell subsets. The complete gating strategy is
shown in Figure S1A. (C) Representative plots of B cell subsets.

(D-G) Frequencies of each B cell subset of mature B cells in the lungs and spleen. (D) MZB, (E) FoB, (F) MZP, and (G) ABC. Mean + SEM, n = 4-6. Error bars are
omitted if shorter than the symbols. Unpaired Student’s t test was used to determine the statistical differences between Mtb-infected and mock-infected groups.
*p < 0.01, **p < 0.001, ™*p < 0.0001; ns, not significant.

(H) Ratio of cell counts for each B cell subset. The ratio was determined by dividing the cell counts in the Mtb-infected group by those in the mock-infected group.
Mean + SEM, n = 6. Error bars are omitted if shorter than the symbols.

The results shown are representative of three independent experiments.

CD21 than FoB cells (Figures 2B and 2D), a characteristic align-  (Figures 2B and S1F), a pattern consistent with ABCs found in
ing with the expression spectra of nodal MZB cells found outside  other models.?>*° In addition, given the expression of CD43 on
the spleen.?” MZP cells expressed a high level of CD21, mirroring  B1 B cells or memory B cells,”'*® we added CD43 to charac-
the pattern observed in splenic MZPs. In contrast, ABCs had the  terize B cell subsets. Our results showed that, like their splenic
lowest CD21 expression and displayed CD11c expression counterparts, pulmonary MZB cells, MZPs, and ABCs displayed
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higher frequencies of CD43" cells than FoB cells, implying these
subsets shared the characteristics of memory B or B1 cells.
Comparison between infected and mock-infected mice showed
that infection led to a decrease in CD9* cell frequencies, CD21
expression in MZB cells and MZPs, and a reduction in CD43"*
cell frequencies in ABCs (Figures S2A-S2C). Despite these
changes, the fundamental expression patterns of these markers
remained consistent across both groups. Our findings demon-
strated that unconventional B -cell subsets in the lungs had
expression spectra similar to those of their splenic counterparts
and differed from conventional B cells.

Considering the notable presence of MZB cells in the infected
lungs, we explored additional defining features of these cells.
Given that splenic MZB cells are known to express higher levels
of IgM, CD19, and CD267 (TACI) and lower levels of IgD,?"*° we
examined the expression spectra of these markers on pulmo-
nary MZB cells. As anticipated, our results showed that pulmo-
nary MZB cells had expression spectra similar to those of splenic
MZB cells with higher IgM and lower IgD expression, as well as
higher CD19 expression and TACI* cell frequency, compared to
FoB cells (Figures 2E-2l). Comparison between infected and
mock-infected mice revealed that Mtb infection affected the fre-
quencies or expression levels of specific markers but did not
alter the fundamental expression patterns of these markers on
MZB and FoB cells (Figures S2D-S2G). The findings further
confirmed a high degree of similarity between the protein-level
characteristics of pulmonary and splenic MZB cells.

We further compared the RNA signature between pulmonary
and splenic MZB cells. Single-cell suspensions were generated
from the infected lungs and spleen at 12 weeks post-infection.
MZB and FoB cells were sorted (Figure S2J) and subjected to
RNA sequencing (RNA-seq). The results showed that pulmonary
MZB cells had RNA signatures similar to those of splenic MZB
cells (Figure 2J). As expected, pulmonary and splenic MZB cells
displayed different RNA signatures compared with their FoB
counterparts (Figure 2J). In summary, pulmonary MZB cells
shared protein and RNA characteristics with splenic MZB cells
but differed from conventional B cells.

MZB cells display activated phenotypes and serve as
memory-like B cells during Mtb infection

To understand the functional phenotypes of MZB cells in Mtb
infection, we first examined whether MZB cells exhibited the
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activated phenotype. This phenotype was determined by the up-
regulation of CD86, CD80, and CD69, surface markers that
are characteristically increased in activated B cells.”>"" These
markers play critical roles in the immune functions of B cells:
CD86 and CD80 play as immune regulatory ligands to regulate
functions of T cells through interaction with CD28 family recep-
tors.°>°® CD69 contributes to the retention of lymphocytes in
lymphoid organs.>* Our results showed that the frequencies of
CD86" cells and levels of CD86 expression increased in all B
cell subsets in response to infection (Figures 3A and S4A and
representative plots in S3A). Remarkably, MZB cells displayed
the highest frequency of CD86" cells among all subsets (Fig-
ure 3C). Although not all B cell subsets increased CD80 expres-
sion following infection (Figures S4C and representative plots in
S3C), MZB cells still presented the highest frequencies of CD80*
cells among all subsets (Figure 3C). The notable presence of
CD86" and CD80" cells in MZB cells suggests their superior po-
tential to regulate T cell functions by providing ligands for CD28
family receptors compared to other subsets. For CD69 expres-
sion, all B cell subsets increased frequencies of CD69" cells
and the levels of CD69 expression in response to infection
(Figures 3B and S4B and representative plots in S3B), particu-
larly in the lungs. Pulmonary MZB cells contained a higher fre-
quency of CD69" cells than their FoB counterparts (Figure 3C),
possibly contributing to the maintenance of MZB cells within in-
fected lungs compared to conventional B cells. In conclusion,
our results revealed that MZB cells display activated phenotypes
in response to infection, potentially empowering them with a
greater capacity to regulate immune functions within infected tis-
sues than conventional B cells.

Subsequently, we investigated whether MZB cells served as
memory B cells during infection, because nodal MZB cells
have been shown to display the memory-like phenotype in
aged mice.”” B cells expressing CD80, CD273, and CD73
were identified as memory-like B cells®>™°’ (the gating strategy
and representative plots are shown in Figures S3D-S3G). Our
results showed that the pulmonary MZB cells exhibited the
highest frequency of memory-like B cells among all subsets
(Figure 3D). Similarly, splenic MZB cells displayed a higher fre-
quency of memory-like B cells than FoB cells and MZPs (Fig-
ure 3D). Although previous studies have shown that memory
B cells can display either the FoB or the MZB phenotype,®*°
our observation highlighted that, in response to Mtb infection,

Figure 2. Pulmonary MZB cells have similar immunophenotypes and RNA signatures compared to splenic MZB cells
Single-cell suspensions were prepared from the lungs and spleen at 8 weeks post-infection and analyzed by flow cytometry.

(A-C) Expression spectra of CD9, CD21, and CD43 on MZB cells, FoB cells, MZPs, and ABCs. B cell subsets were gated according to Figure S1A. The CD9- and
CD43-expressing cells were identified by fluorescence minus one (FMO) controls. (A) Frequencies of CD9™ cells, (B) gMFI (geometric mean fluorescence intensity)
of CD21, and (C) frequencies of CD43" cells. Horizontal lines represent the mean, n = 4-6; one-way repeated-measures ANOVA with Bonferroni’s post hoc test
was used to determine the statistical differences between subsets. **p < 0.01, **p < 0.001, ****p < 0.0001; ns, not significant.

(D) Representative histograms of CD9, CD21, and CD43 expression.

(E-H) Expression spectra of surface markers on MZB and FoB cells. B cell subsets were gated according to Figure S2I. (E) gMFI of IgM, (F) gMFI of IgD,
(G) frequencies of CD19" cells, and (H) frequencies of TACI* cells. Horizontal lines represent the mean, n = 4-6; paired Student’s t test was used to determine the
statistical differences between subsets. *p < 0.05, ***p < 0.001, ***p < 0.0001.

(I) Representative histograms of IgM, IgD, CD19, and TACI expression. The results shown are representative of two or three independent experiments (A-H).
(J) Heatmap represents the top 30 most significant differential gene expressions between MZB and FoB cells, ranked by adjusted p value, illustrating cell-type-
specific transcriptional signatures. The adjusted p value was corrected using the Benjamini-Hochberg method at a false discovery rate (FDR) < 0.05. MZB and FoB
cells were purified from the lungs and spleen at 12 weeks post-infection (Figure S2J) and underwent RNA-seq. Each group included pooled samples from 12 mice.
Results from two independent experiments are shown.
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Figure 3. MZB cells display activated phenotypes and serve as memory-like B cells during Mtb infection

Infected mice and corresponding mock controls were sacrificed at 4, 8, and 12 weeks post-infection, with uninfected mice serving as baseline controls (0 weeks).
Single-cell suspensions of the lungs and spleen were analyzed by flow cytometry. The B cell subsets were gated according to Figure STA.

(A and B) Expression patterns of CD86 and CD69 on B cell subsets. (A) Frequencies of CD86* cells and (B) frequencies of CD69™ cells. Mean + SEM, n = 4-6. Error
bars are omitted if shorter than the symbols. Unpaired Student’s t test was used to determine the statistical differences between Mtb-infected and mock controls.
*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.
(C and D) Activated and memory-like phenotypes of B cell subsets in infected mice at 8 weeks post-infection. (C) Frequencies of CD86*, CD80", and CD69* cells
and (D) frequencies of memory-like B cells (CD80*CD273*CD73"). Horizontal lines represent the mean, n = 4-6; one-way repeated-measures ANOVA with
Bonferroni’s post hoc test was used to determine the statistical differences between subsets. *p < 0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001; ns, not significant.
(E) Absolute counts of memory-like B cells within B cell subsets in infected and mock-infected mice at 8 weeks post-infection. Horizontal lines represent the
mean, n = 4. Unpaired Student’s t test was used to determine the statistical differences between Mtb-infected and mock controls. *p < 0.05, *p < 0.01,
***p < 0.001; ns, not significant.
The results shown are representative of three independent experiments.

memory-like B cells preferentially increased in absolute count
within the MZB subset rather than the FoB subset (Figure 3E).
In addition, memory-like B cells increased in absolute counts
within ABC and MZP subsets, but the most pronounced eleva-
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tion was observed within the MZB subsets. In summary, MZB
cells serve as a reservoir for accumulating memory-like cells
in response to infection, setting them apart functionally from
conventional B cells in TB.
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MZB cells contribute to systemic TB control by shifting
cytokine patterns to create an anti-TB environment

To investigate the functional role of MZB cells during Mtb
infection, we depleted MZB cells in infected mice using anti-
CD11a and anti-CD49d antibodies, as described in the litera-
ture.®°%% The experimental design is illustrated in Figure 4A.
Briefly, mice received the blocking antibodies intraperitoneally
1 day before Mtb inoculation and subsequently received the an-
tibodies weekly throughout the infection. Mice that received iso-
type control antibodies served as controls. As expected, the
blocking antibodies significantly reduced the frequencies and
counts of splenic MZB cells, particularly in the first 4 weeks
(Figures 4B and 4C). However, these antibodies failed to deplete
pulmonary MZB cells (Figures 4B and 4C), despite prominent
expression of CD11a and CD49d on these cells (Figures S4D
and S4E), suggesting that the depletion of pulmonary MZB cells
may involve additional factors other than CD11a and CD49d. The
depletion of splenic MZB cells resulted in an increased Mtb
burden in the spleen at 4-8 weeks post-infection compared to
controls (Figures 4D and S6A), indicating their contribution
to local protection. Importantly, this depletion also led to an
increased Mtb burden in the lungs at 8 weeks post-infection (Fig-
ure 4D), underscoring the systemic protective role of splenic
MZB cells.

Given that B cells are known to secrete cytokines to regulate
systemic immune responses,® we investigated whether the
alterations in the cytokine pattern could be responsible for
the elevated Mtb load following the depletion of MZB cells. We
measured the levels of cytokines in plasma in MZB-depleted
mice and controls. Remarkably, the depletion of splenic MZB
cells resulted in a shift of the cytokine pattern in circulation that
was associated with promoting TB progression (Figures 4E
and 4F). Particularly, at later time points, the depletion signifi-
cantly decreased the levels of TNF-a, CXCL1, CCL5, IL-2, GM-
CSF, and IL-13 (Figure 4E). Among these, TNF-a,%>%® CCL5,%”
IL-2,5869 GM-CSF,”%"? and CXCL1">"* have previously been
associated with restricting Mtb growth. In contrast, the depletion
of splenic MZB cells increased the levels of IL-10, IL-1a, IL-4, IL-
12p70, and CCL4 (Figure 4F). IL-10"°"7 and IL-4""%° have been
reported to promote Mtb growth. Therefore, the alteration in
cytokine pattern correlated with the increased Mtb burden, sug-
gesting that MZB cells achieved systemic protection against TB
by shaping the cytokine pattern.

MZB cells produce multiple cytokines against TB

Because the depletion of splenic MZB cells altered the systemic
cytokine pattern, we examined whether MZB cells would directly
produce cytokines against infection. To mimic the exposure to
Mtb components, the single-cell suspensions of the lungs and
spleen from infected mice were stimulated with Mtb lysate
ex vivo, and cytokine production was subsequently measured
using intracellular staining. Uninfected mice served as controls
to assess whether naive MZB cells also responded to Mtb com-
ponents by producing cytokines without prior exposure. Our
results showed that both pulmonary and splenic MZB cells dis-
played higher frequencies of multiple cytokine-producing B cells
than FoB cells in infected mice (Figures 5A-5E). In particular,
MZB cells had the highest frequencies of TNF-a*, CXCL1",

¢ CellP’ress

OPEN ACCESS

and GM-CSF* cells among all subsets (Figures 5A, 5B, and 5E;
representative plots in Figure S5A). Naive MZB cells from unin-
fected mice exhibited a similar cytokine response to Mtb lysate
(Figures 5F-5J and S5B-S5K), suggesting their inherent capac-
ity for multiple-cytokine production. This indicated that MZB
cells employed multiple-cytokine production as an innate im-
mune defense against TB. Therefore, our results indicated that
MZB cells exhibit a robust ability to directly produce multiple cy-
tokines against TB, distinguishing their function from conven-
tional B cells.

We further analyzed whether multiple-cytokine-producing
B cells specifically accumulated within the MZB subset in
response to the infection. The results showed that multiple-cyto-
kine-producing B cells consistently increased their absolute
counts in the MZB subset in infected mice compared to unin-
fected controls (Figures 5K-50). In contrast, multiple-cytokine-
producing B cells did not consistently increase their counts in
other B cell subsets (Figures 5K-50), although MZPs and
ABCs also could produce cytokines against Mtb lysate
(Figures 5A-5E). Upon analysis of the frequencies of cytokine-
producing cells within the MZB subset, results showed that
Mtb infection generally did not increase these frequencies
(Figures S5B-S5F). Therefore, the quantitative expansion in
MZB cells increased the pool for accumulating multiple-cyto-
kine-producing B cells against Mtb infection.

MZB cells orchestrate humoral and cell-mediated
immunity to mediate protection against TB

Given that B cells use antibody production as the central mech-
anism for systematically controlling infections,”* we examined
whether the change in antibody levels could account for the
elevated Mtb load following the depletion of MZB cells. We
measured the levels of purified protein derivative (PPD)-reactive
IgM, 1gG, and IgA in the plasma of MZB-depleted mice and con-
trols. Our results showed that the depletion of splenic MZB cells
temporarily decreased the PPD-reactive IgM level but had no
impact on IgG and IgA levels (Figure 6A). This observation was
paralleled by a decrease in the frequency of splenic IgM* plasma
cells early in infection (Figures S6B), showing splenic MZB cells
as precursors to IgM* plasma cells. Therefore, splenic MZB cells
may provide protection against TB through IgM-mediated
mechanisms.

Splenic MZB cells have been reported to regulate systemic
T cell responses against brain tumors®'; therefore, we examined
whether changes in T cell responses could account for the
increased Mtb burden following the depletion of splenic MZB
cells. Our results showed that the depletion of splenic MZB cells
temporarily delayed the accumulation of CD8 T cell counts
without affecting CD4 T cell counts in the lungs (Figures 6B
and 6C), leading to alterations in CD4 and CD8 T cell frequencies
at early time points (Figures S6E and S6F). In the spleen, the
depletion of splenic MZB cells did not significantly affect the
counts of CD4 and CD8 T cells (Figures 6B and 6C); however,
it caused increased CD4 T and decreased CD8 T frequencies
(Figures S6E and S6F). In addition, this depletion led to increased
counts of yd T cells at 4 weeks post-infection in the lungs and
spleen (Figure 6D). Therefore, MZB cells may also contribute to
the protection against TB by regulating T cell responses.
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Figure 4. MZB cells contribute to systemic tuberculosis control by shifting cytokine patterns to favor an anti-tuberculosis environment

Mice received anti-CD11a and anti-CD49d antibodies to deplete MZB cells 1 day prior to infection. Subsequently, mice were infected with aerosolized Mtb and
consistently received the same dose of depletion antibodies every week until sacrifice. Control mice underwent the same experimental procedure but were given
corresponding isotype control antibodies. Mice were sacrificed at 2, 4, 6, and 8 weeks post-infection.
(A) Schematic design of experiment.
(B and C) MZB cells were gated according to Figure S1A. (B) Frequencies of MZB cells. (C) Counts of MZB cells, n = 8.
(D) Bacterial burden in the lungs and spleen, n = 7-8.
(E and F) Cytokine patterns in plasma. The levels of cytokines and chemokines were measured by multiplex analysis. (E) Downregulated cytokines in MZB-
depleted mice and (F) upregulated cytokines in MZB-depleted mice, n = 3-8. Mean + SEM. Error bars are omitted if shorter than the symbols. Unpaired Student’s t
test was used to determine the statistical differences between MZB-depleted and control mice. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.001; ns, not significant.
The results shown are representative of two independent experiments.
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To investigate whether the changes in innate-like immune cells
correlated to the elevated Mtb load following the depletion of
MZB cells, we also examined the responses of natural killer
(NK) cells, CD1d-restricted invariant natural killer T (iNKT) cells,
and granulocytes in MZB-depleted mice and their controls.
The results showed that the depletion of splenic MZB cells
decreased the NK cell counts in both the lungs and the spleen
(Figure 6E); conversely, the depletion increased iNKT cell counts
only in the lungs (Figure 6F) and granulocyte counts only in the
spleen (Figure 6G). In addition, the depletion increased cell sub-
sets that were enriched with macrophages, dendritic cells (DCs),
and monocytes in the spleen at 4 weeks post-infection (Fig-
ure 6H). Therefore, MZB cells potentially contribute to protection
against Mtb infection by orchestrating the response of innate-
like immune cells.

Reduction of Mtb reverses the accumulation and
activation of MZB cells

To examine whether accumulation and activation of MZB cells
would persist after the resolution of infection, we analyzed the
immune landscape of B cells in infected mice after treatment
by antimycobacterial chemotherapy. Briefly, mice were infected
with Mtb for 8 weeks to develop immunophenotypic changes in
B cells and subsequently received chemotherapy for another
6 weeks (Figure 7A). The infected mice without treatment served
as controls. As expected, the chemotherapy reduced the Mtb
burden to 120 CFU in the lungs and an undetectable level in
the spleen at the end of treatment (Figure 7B). With the reduction
of Mtb burden, the frequencies and counts of MZB cells, MZPs,
and ABCs decreased in the lungs and spleen of the mice on
chemotherapy compared to untreated mice (Figures 7C and
S7A). At the end of chemotherapy in the spleen, eradication of
Mtb abolished the accumulation of MZB cells, and the immune
landscape of B cells returned to background levels as in unin-
fected mice (Figure S7B). Notably, the persistence of low Mtb
burden in the lungs prevented the frequency of MZB cells from
returning to the background level (Figure S7B), highlighting that
MZB cells accumulated in response even to the small amount
of Mtb. In summary, the accumulation of MZB cells and the im-
mune landscape formed by unconventional B cells gradually
diminished following the clearance of Mtb infection. To investi-
gate whether the clearance of Mtb infection would also reverse
the activation of MZB cells, we measured the expression of
CD86 and CD69 on MZB cells. With the reduction of Mtb burden,
MZB cells and other B cell subsets decreased the frequencies of
CD86" cells in both the lungs and the spleen of mice on chemo-

Cell Reports

therapy compared to untreated mice (Figure 7D). After Mtb erad-
ication in the spleen at the end of chemotherapy, MZB cells and
other B cell subsets decreased their frequencies of CD86* cells
to background levels (Figure S7C). Remarkably, the persistence
of low Mtb burden in the lungs prevented the frequencies
of CD86™ cells in MZB and other unconventional B cells from
decreasing to background levels. These observations high-
lighted that MZB cells and other unconventional B cells dis-
played greater sensitivity in CD86 expression to low levels of
Mtb burden compared to conventional B cells.

Similarly, after Mtb eradication in the spleen, MZB cells
and other B cell subsets decreased the frequency of CD69*
cells, returning to the background (Figures 7E and S7D). In
contrast, in response to residual Mtb burden, none of the B
cell subsets decreased the frequency of CD69™ cells in the lungs
(Figures 7E and S7D). Especially, MZB cells maintained the high-
est frequency of CD69" cells (Figure 7E), which could facilitate
their tissue residency. In summary, B cells reverted their activa-
tion and immune landscape to background levels after Mtb
clearance. On the other hand, our results also highlight that B
cells displayed sensitivity to low levels of Mtb burden by
continuing to express activation markers and maintain an uncon-
ventional landscape.

DISCUSSION

In response to Mtb infection, MZB cells expanded in the
lungs and spleen (Figure 1), creating an unconventional im-
mune landscape of B cells that was associated with the control
of infection (Figure 4D). MZB cells exhibit diverse roles in
different infectious diseases, including protection®®? and
exacerbation.®®® In Staphylococcus aureus and Borrelia burg-
dorferi infections, MZB cells are crucial in participating in the
early immune response®®?982:8485 and providing protec-
tion.®"#2 Importantly, our results showed that MZB cells contin-
uously expanded throughout Mtb infection (Figures 1D-1G and
S1B-S1E), suggesting their engagement not only during the
early stage but also in the chronic phase of TB. MZB cells dis-
played an activated and memory-like phenotype, indicating
their functional distinction from conventional B cells (Figure 3).
The expansion of MZB cells increased the pool of multiple-
cytokine-producing B cells (Figure 5), thereby shaping the sys-
temic cytokine patterns (Figures 4E and 4F). Therefore, the
accumulation of MZB cells not only changed the composition
of B cells throughout the infection but altered the effector func-
tions of B cells.

Figure 5. MZB cells produce multiple cytokines against TB

Mice were sacrificed at 11 weeks post-infection. Single-cell suspensions of lungs and spleen were restimulated by Mtb lysates for 6 h. Uninfected mice served as
uninfected controls. Cytokine production was assessed by intracellular staining and analyzed via flow cytometry. B cell subsets were gated according to Fig-

ure S1A.

(A-E) Frequencies of cytokine/chemokine-producing cells in B cell subsets from infected mice. (A) TNF-a, (B) CXCL1, (C) IL-2, (D) CCL-5, and (E) GM-CSF.
(F-J) Frequencies of cytokine/chemokine-producing cells in B cell subsets from uninfected mice. (F) TNF-a, (G) CXCL1, (H) IL-2, () CCL-5, and (J) GM-CSF.
Horizontal lines represent the mean, n = 6; one-way repeated-measures ANOVA with Bonferroni’s post hoc test was used to determine the statistical differences
between subsets. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant.

(K-0) Counts of cytokine/chemokine-producing cells in B cell subsets. (K) TNF-a, (L) CXCL1, (M) IL-2, (N) CCL-5, and (O) GM-CSF. Mean + SEM, n = 6; unpaired
Student’s t test was used to determine the statistical differences between Mtb-infected and uninfected controls. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.001;

ns, not significant.
The results shown are representative of two independent experiments.
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Figure 6. MZB cells orchestrate humoral and cell-mediated immunity to mediate protection against TB

MZB-depleted mice and their control mice were sacrificed at 2, 4, 6, and 8 weeks post-infection. The experimental designs are illustrated in Figure 4A.

(A) The levels of anti-PPD IgM, 1gG, and IgA in the plasma samples were measured using ELISA at specified dilution factors.

(B-H) The dynamics of various immune cells in the lungs and spleen. Absolute counts of (B) CD4 T cells, (C) CD8 T cells, (D) vd T cells, (E) NK cells, (F) CD1d-
restricted iNKT cells, and (G) granulocytes. The gating strategy is depicted in Figure S6D. (H) Cell subsets that were enriched with macrophages, dendritic cells,

and monocytes. The gating strategy is depicted in Figure S6C.

n =8. Mean + SEM. Error bars are omitted if shorter than the symbols. Unpaired Student’s t test was used to determine the statistical differences between MZB-
depleted and control mice. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.001; ns, not significant. The results shown are representative of two independent ex-

periments.

Pulmonary and splenic MZB cells exhibited similar immuno-
phenotypes and RNA signatures but differed from conventional
B cells (Figure 2). These results highlight that, in response to
lung infection, pulmonary MZB cells might perform functions
analogous to those of splenic MZB cells, which differ from those
of conventional B cells. Although MZB cells typically reside in the
spleen of healthy mice,”®*° they have been observed outside the
spleen during disease progression or aging.?>*°~*° Consistent
with these observations, our results confirmed the presence of
B cells exhibiting the MZB phenotype and RNA signature outside

the spleen during Mtb infection. However, the origins of these
pulmonary MZB cells remain uncertain. We only detected a
low frequency of MZB cells in the blood of infected mice (Fig-
ure S2H), suggesting that pulmonary MZB cells are unlikely to
disseminate from the spleen via the bloodstream. This is further
supported by our MZB depletion experiments, which did not
affect the accumulation of MZB cells in the lung. More likely, pul-
monary MZB cells might be derived from local FoB cells, and B
cell follicles in the infected lungs could provide a suitable envi-
ronment for this B cell differentiation (Figure S1G). Supporting
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Figure 7. The clearance of Mtb infection reverses the accumulation and activation of MZB cells
Mice were infected with Mtb for 8 weeks and subsequently received chemotherapy for an additional 6 weeks. Infected mice without chemotherapy served as

controls. Mice were sacrificed at 8, 10, and 14 weeks post-infection.
(A) Schematic design of the experiment.
(B) Bacterial burden in the lungs and spleen.

(C) Frequencies of B cell subsets. The subsets were gated according to Figure STA.

(D) Frequencies of CD86™ cells on B cell subsets.

(E) Frequencies of CD69* cells on B cell subsets. Mean + SEM, n = 4. Error bars are omitted if shorter than the symbols. Unpaired Student’s t test was used to
determine the statistical differences between mice with or without chemotherapy. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.001; ns, not significant.

The results shown are representative of two independent experiments.

this hypothesis, FoB cells have been shown to differentiate into
MZPs and subsequently into MZB cells under appropriate stim-
ulation.?®047-85 Therefore, in response to Mtb infection, pulmo-
nary FoB cells might acquire the MZB phenotype at both protein
and RNA levels to adopt the functions of splenic MZB cells. In
summary, our results demonstrated the adaptability of B cells
to display unconventional features in response to Mtb infection.
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During Mtb infection, MZB cells displayed a distinct functional
profile compared to conventional B cells, exhibiting an activated
and memory-like phenotype (Figure 3). Compared to conventional
B cells, MZB cells expressed higher levels of CD86 and CD80
(Figures S4A and S4B), potentially empowering them to regulate
T and NK cells through interactions with CD28 family recep-
tors,”>°%87 a crucial mechanism in controlling TB.2%%° The



Cell Reports

CD86" and CD80M phenotype may contribute to their regulatory
functions in the dynamics of T and NK cells within infected tissues
(Figure 6). Although MZB cells are typically categorized as innate-
like cells,”" our results showed that memory-like B cells mainly
accumulated in the MZB subset during infection (Figures 3D
and 3E), underscoring the potential memory function of MZB cells
in TB. Furthermore, with the abundant expression of CD69 on pul-
monary MZB cells (Figure 3C), they potentially functioned as lung-
resident memory B cells, contributing to long-term protection
against Mtb infection. To support this hypothesis, a recent study
shows that B cells with the CD69*CD80"PDL2*CD73* phenotype
act as lung-resident memory B cells, thereby providing protection
against pneumococcal pneumonia.’® Collectively, in response to
Mtb infection, MZB cells fulfill different roles in regulating T cells
and in memory functions compared to conventional B cells.

MZB cells protected against TB by shaping the cytokine pattern
to foster an anti-TB environment, thereby exhibiting an unortho-
dox regulatory function distinct from conventional B cells. The
depletion of splenic MZB cells resulted in an increased Mtb
burden and the cytokine pattern that promoted TB progression
(Figure 4), suggesting that MZB cells employed their regulatory
abilities to restrict infection. Compared to conventional B cells,
MZB cells were proficient at producing multiple cytokines
(Figures 5A-5E), which are associated with protection against
TB.6567.70.71.74.91-94 |mportantly, polyfunctional CD4 T cells, co-
expressing IFN-y, TNF-o, and IL-2, play an essential role in con-
troling TB. Mirroring these characteristics of polyfunctional
T cells, MZB cells produced both TNF-o and IL-2 (Figures 5A
and 5C), essential cytokines in TB protection.®>°"°? |n addition,
MZB cells produced CXCL1, CCL5, and GM-CSF (Figures 5B-
5E), which could synergize with TNF-o. and IL-2 to enhance TB
protection. At the early stage of infection, MZB cells could provide
multiple cytokines to serve as an innate defense mechanism
(Figures 5F-5J), even before the onset of adaptive immunity,
like polyfunctional T cells.®® With the progression of the infection,
multiple-cytokine-producing MZB cells continued to expand
(Figures 5K-50), maintaining an anti-TB environment throughout
the infection. Beyond directly secreting cytokines against TB,
MZB cells could utilize capacities for multiple cytokine production
and co-stimulatory ligand expression (Figure 3) to regulate the dy-
namics of other cytokine-producing cells (Figure 6), thereby
collaboratively shaping the systemic cytokine pattern to facilitate
TB protection. Building on previous studies that reveal regulatory
roles of B cells in immune responses to TB, ' '21416:96 we further
establish that MZB cells play a key role among B cells in executing
the regulatory function, thereby providing protection against TB.
In conclusion, our results indicate that B cells skew their immune
landscape toward MZB cells to execute regulatory functions
against TB, emphasizing the importance of antibody-independent
mechanisms of B cells for controlling infectious diseases, a previ-
ously neglected mechanism.

Splenic MZB cells regulate cell-mediated immunity against TB
in the lungs and spleen. The depletion of these cells altered the
dynamics of pulmonary CD8 T and iNKT cells during infection
(Figures 6C and 6F), highlighting their distal regulatory abilities.
The IgM*CD80*CD86" phenotype (Figures 2E and 3C) poten-
tially enabled splenic MZB cells to capture bacteria and cross-
prime naive CD8 T cells within the spleen, regulating their activity
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in the lungs, similar to observations on the infection of Listeria
monocytogenes.®” In addition, splenic MZB cells may also regu-
late the activities of pulmonary iNKT cells (Figure 6F) through
CD1d-mediated lipid antigen presentation.’® In the spleen, the
depletion of splenic MZB cells increased the frequency of CD4
T cells and counts of granulocytes and cell populations enriched
with macrophages, dendritic cells, and monocytes (Figures 6G,
6H, and SG6E). This suggested that splenic MZB cells may finely
regulate local cell-mediated immunity to prevent excess immune
responses that could exacerbate TB.*'°° Moreover, splenic
MZB cells also systemically regulated the NK and v3 T cells
(Figures 6D and BE). Given that T cells, NK cells, iNKT cells, gran-
ulocytes, macrophages, dendritic cells, and monocytes can pro-
duce diverse cytokines, '°'"'%? MZB cells may shape the system-
atic cytokine pattern by regulating these cytokine-producing
cells. However, because the blockade of CD11a and CD49d
may also inadvertently impact these immune cells, the observed
changes in cell-mediated immunity might not be solely attributed
to the depletion of splenic MZB cells. In summary, MZB cells uti-
lized their regulatory abilities to orchestrate cell-mediated immu-
nity against TB.

Splenic MZB cells may use IgM to regulate cell-mediated im-
munity and cytokine patterns against TB. Splenic MZB cells differ-
entiated into IgM* plasma cells, contributing to the systemic PPD-
reactive IgM level during infection (Figures 6A and S6B). Although
the role of IgM in TB is not clear in mouse models, IgM exhibited a
protective role in the non-human primate model, possibly by
modulating other immune components in whole blood, including
various immune cells.'® Therefore, MZB cells could utilize IgM
to regulate immune cells by engaging Fc receptors. For example,
the Fcu receptor, an IgM receptor, regulates the functions of
monocytes,'®* macrophages,'® granulocytes,® T cells,'®® and
systemic cytokine patterns'® and contributes to protection
against various infections such as Listeria monocytogenes,'** Cit-
robacter rodentium,'® lymphocytic choriomeningitis virus,'®” and
influenza virus.'%® Therefore, although the direct antimicrobial ef-
fects of IgM on Mtb are not fully understood,'’® MZB cells may
regulate cell-mediated immunity and cytokine patterns against
TB through IgM-mediated mechanisms.

In response to Mtb infection, MZPs and ABCs accumulated,
contributing to an immune landscape functionally distinct from
that shaped by conventional B cells. For MZPs, our results re-
vealed that MZPs expanded following infection in the lungs
and spleen (Figures 1F and 1H). Typically, B cells with an MZP
phenotype are observed outside of the spleen only in autoim-
mune diseases.””*" Pulmonary MZPs detected in infected
lungs displayed characteristics similar to those of their splenic
counterparts (Figures 2A-2D). Like MZB cells, MZPs exhibited
an activated phenotype and produced multiple cytokines
(Figures 3A-3C, 5A-5E, and S5B-S5F), suggesting a role
beyond simply serving as precursors to MZB cells. Given their
pronounced expression of CD80, CD86, and CD69, along with
the potent ability to produce TNF-a, CXCL-1, IL-2, and CCL-5,
MZPs could potentially protect against TB by regulating sys-
temic immune responses,®>’*’*9" like MZB cells. For ABCs,
our results showed that ABCs expanded in the lungs in response
to infection (Figures 1G and 1H), consistent with their known
presence in a variety of infectious diseases, including viral,®
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bacterial,®’ and parasitic infections.'®"'? In line with other

studies,®*""® our results confirmed that ABCs exhibited strong
cytokine production (Figures 5A-5J and S5B-S5K), indicating
their regulatory role in immune responses in TB. Interestingly,
ABCs have been shown to serve as memory B cells and mediate
long-term protection in several infectious diseases.®'**"'* In
line with these findings, our results suggested that ABCs in TB
displayed memory-like phenotype and served as a pool for accu-
mulating memory-like B cells (Figures 3D and 3E). Furthermore,
abundant CD69 expression on ABCs (Figures 3C and S4B) could
facilitate their retention in lung tissues, suggesting that ABCs
might serve as tissue-resident memory B cells, impacting the
long-term course of the disease. In conclusion, MZPs and
ABCs displayed functional phenotypes that were distinct from
those of conventional B cells, characterized by either cytokine
production or memory responses.

Reduction of Mtb reversed the accumulation and activation of
MZB cells and other unconventional B cells (Figure 7), suggest-
ing that the unconventional immune landscape was not sus-
tained over the long term following successful treatment. Upon
eradication of Mtb in the spleen at the end of chemotherapy,
the accumulation and activation of MZB cells and other uncon-
ventional B cells returned to background levels, resembling the
immune landscape in healthy mice (Figure S7B). This observa-
tion suggests that B cells abolish changes in the immune land-
scape after infection resolution. Enriched CD95* cells in MZB
and MZP subsets could preferentially undergo activation-
induced cell death when the infectious challenges diminished''®
(Figure S4F). The accumulation of MZB cells,?>39-4%116.117
MzPs,"'®""° and ABCs'?%'?! is associated with the onset of
several autoimmune diseases. Eliminating the accumulation
and activation of these cells potentially reduces the risk of trig-
gering TB-related autoimmune diseases'*"'?° after disease
clearance. Therefore, our observations indicate that the rapid re-
covery of the B cell immune landscape after Mtb clearance may
serve as a safety mechanism to mitigate the development of
autoimmune diseases. On the other hand, we also observed
that B cells continued displaying an unconventional landscape
and expressing activation markers in response to the remaining
Mtb burden in the lungs (Figures 7B-7E). This highlighted the
sensitivity of B cells to a low Mtb burden. In a real-world context,
Mtb can initiate infection and persist in the lungs at a very low
burden,'?®"?" implying that targeting these sensitive B cells
may represent a potential vaccination strategy.

Our study provides the insight that leveraging the regulatory
functions of MZB cells may offer a promising avenue for TB
vaccine development. Historically, the primary strategy for TB
vaccine development has been to elicit polyfunctional CD4
T cells,’® which can shape cytokine patterns to create an anti-
TB environment. Surprisingly, our results showed that MZB cells
not only produced multiple cytokines and shaped cytokine pat-
terns, like polyfunctional CD4 T cells, but also regulated the ac-
tivities of innate and adaptive immune cells, orchestrating pro-
tection against TB. Therefore, enhancing MZB cell responses
during BCG vaccination may improve vaccine efficacy by using
their regulatory functions to shape optimal immune responses.
Furthermore, activated and memory-like MZB cells may serve
as tissue-resident memory B cells to provide long-term protec-
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tion. The heightened sensitivity of the MZB cells potentially
offered the ability to respond to a low burden of Mtb at the initial
or latent stage of TB. In conclusion, our study suggests that,
beyond solely focusing on antibody production, targeting regula-
tory functions of B cells can be a valuable strategy for TB vaccine
development.

Limitations of the study

The blockade of CD11a and CD49d for depleting MZB cells can
non-specifically affect other cell types in our in vivo system,
limiting our interpretation regarding the role of MZB cells in TB.
Given that various cell types express CD11a and CD49d,
including B cells, T cells, NK cells, monocytes, neutrophils, eo-
sinophils, and basophils, '?®~'%? the blockade may also influence
these cells. For example, this blockade may inadvertently reduce
the accumulation of NK and CD8 T cells in MZB-depleted mice.
Furthermore, the blockade did not prevent the accumulation
of pulmonary MZB cells, limiting our ability to assess their func-
tions in the lungs during TB. Using genetically modified mice
lacking MZB cells'®' can offer a strategy to avoid the non-
specific interferences associated with antibody-mediated cell
depletion. However, these genetically modified mouse models
also possess functional deficiencies in various cell types. For
example, Notch2-deficient mice reduce MZB cells*’ but concur-
rently impair the differentiation of CD4* T helper 2 cells, '*? cyto-
toxic CD8 T cells, '*® dendritic cells,'>* and mast cells.'*° Gener-
ally, examining the role of MZB cells in TB on different mouse
models may provide a more complete picture and is the direction
for future work.
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Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Southern Biotech

Southern Biotech

Southern Biotech

BD Bioscience

BD Bioscience

BD Bioscience

RRID:AB_2739427
Cat#46-0081-82;
RRID:AB_1834433

Cat#121422;
RRID:AB_10900074

Cat#118106;
RRID:AB_313829

Cat#137618;
RRID:AB_11218594

Cat#135225;
RRID:AB_2563680

N/A

Cat#553141;
RRID:AB_394656
Cat#IC4532R

Cat#149104;
RRID:AB_2564405
Cat#554406;
RRID:AB_395371
Cat# 563911;
RRID:AB_2738482
Cat#506308;
RRID:AB_315429
Cat# 16-0111-85;
RRID:AB_468882
Cat# 16-0492-85;
RRID:AB_468970
Cat# 16-4321-85;
RRID:AB_470157
Cat# 16-4031-85;
RRID:AB_470152
Cat# 1020-05;
RRID:AB_2794201
Cat# 1030-05;
RRID:AB_2619742
Cat# 1040-05;
RRID:AB_2714213
Cat# 557669;
RRID:AB_396781
Cat# 564706;
RRID:AB_2738905
Cat# 557691;
RRID:AB_396800

Bacterial and virus strains

Mycobacterium tuberculosis H37Rv

ATCC

Cat#27294

Biological samples

Mycobacterium tuberculosis, H37Rv,
Gamma-Irradiated Whole Cells

bei RESOURCES

Cat#NR-49098

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mycobacterium tuberculosis, H37Rv,
Whole Cell Lysate

bei RESOURCES

Cat#NR-14822

Tuberculin purified protein derivative (PPD) Statens Serum Institut N/A
Chemicals, peptides, and recombinant proteins
Horizon Brilliant Stain Buffer BD Bioscience Cat#563794
Horizon Brilliant Stain Buffer Plus BD Bioscience Cat#566385
GolgiStop BD Bioscience Cat#554724
GolgiPlug BD Bioscience Cat#555029
Cytofix/Cytoperm solution BD Bioscience Cat#554722;
AB_2869010
Perm/Wash buffer BD Bioscience Cat#554723
ACK lysing buffer Thermo Fisher Scientific Cat#A1049201
LIVE/DEAD Fixable Near-IR Dead Cell Stain Thermo Fisher Scientific Cat#L34976
Kit, for 633 or 635 nm excitation
Liberase TL Sigma-Aldrich Cat#5401020001
CountBright Thermo Fisher Scientific Cat#C36950
RPMI-1640 Cytiva HyClone Cat#SH30027.FS
Fetal calf serum Cytiva HyClone Cat#SH30088.03
Sodium pyruvate Thermo Fisher Scientific Cat#11360070
HEPES Thermo Fisher Scientific Cat#15630080
L-Glutamine Thermo Fisher Scientific Cat#25030081
TRIzol Thermo Fisher Scientific Cat#15596026
Bovine Serum Albumin (BSA) Sigma-Aldrich Cat#A7906
ELISA Coating Buffer Biolegend Cat#421701
TMB substrate set Biolegend Cat#421101
Middlebrook 7H11 agar BD Cat#283810
OADC Enrichment BD Cat#212351
DAPI (4’,6-Diamidino-2-Phenylindole, Thermo Fisher Scientific Cat#D1306
Dihydrochloride)
ProLong™ Diamond Antifade Mountant Thermo Fisher Scientific Cat#P36965

0O.C.T. Compound

Fisher Scientific

Cat#FIS23-730-571

Critical commercial assays

Bio-Plex Pro Mouse Cytokine 23-plex BIO-RAD Cat#M60009RDPD;
Assay AB_2857368
RNeasy Micro kit Qiagen Cat#74004

DNA High Sensitivity Reagent Kit PerkinElmer Cat#CLS760672
Deposited data

RNA seq of B cells from Mtb-infected and This study SRA data: PRJNA1034093
control mice

Experimental models: Organisms/strains

Mouse: BALB/cJInv InVivos N/A

Mouse: BALB/cAnNNCrl Charles River N/A
Oligonucleotides

Template Switching Oligo (5'-AAGCAGT S Picelli et al., 2014 N/A

GGTATCAACGCAGAGTACATIGrG+G-3')

Software and algorithms

Flowjo Version10.8.2
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BD Bioscience

RRID:SCR_008520
https://www.flowjo.com/solutions/flowjo/
downloads

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Prism 9 GraphPad RRID:SCR_002798
http://www.graphpad.com/

STAR version 2.7.1b Dobin A et al., 2013'%" RRID:SCR_004463
https://github.com/alexdobin/STAR/
releases

R package DESeq2 MI Love et al., 2014'%° RRID:SCR_015687

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

Pretty Heatmaps. R package version 1.0.12 R Kolde et al., 2019'“° RRID:SCR_016418
https://cran.r-project.org/web/packages/
pheatmap/index.html

Belysa software version 1.2.1 Millipore Sigma https://www.sigmaaldrich.com/US/en/
services/software-and-digital-platforms/
belysa-immunoassay-curve-fitting-

software

LAS X Life Science Microscope Software Leica Microsystems RRID:SCR_01367

Platform 4.6.1 https://www.leica-microsystems.com/
products/microscope-software/p/leica-
las-x-Is/

Other

C Tubes Miltenyi Biotec Cat#130-093-237

U-shaped-bottom 96-well plate Corning Cat#3799

96-well flat-bottom plates (MaxiSorp, Nunc) Thermo Fisher Scientific Cat#442404

Micro Cover Glasses, Square, No. 11/2 VWR Cat#48366-227

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Martin
Gengenbacher (martin.gengenbacher@gmail.com)

Materials availability
The study did not generate new unique reagents

Data and code availability
® The RNA-seq data of B cells from this study are deposited in the NCBI BioProject database under the accession number
PRJNA1034093.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and aerosol infection

Six- to ten-week-old, female, specific pathogen-free BALB/c mice were obtained from InVivos, Singapore and Charles River, USA.
Mice were housed in the Animal Biosafety Level 3 laboratory (ABSL-3) at National University of Singapore and Center for Discovery
and Innovation, Hackensack Meridian Health. Mice were provided ad libitum access to water and food, housed in groups of 2-5 mice
per cage, and maintained under controlled temperature, humidity, and light cycle. For aerosol infection, each mouse was infected
with 100-200 colony-forming unit (CFU) of aerosolized Mtb H37Rv (ATCC#27294) using a Full Body Inhalation Exposure System
(Glascol). Mice in the mock-infected control groups were exposed to the same amount of aerosolized gamma-irradiated Mtb
H37Rv (BEI Resources, NR-49098) using the same system. Uninfected mice served as uninfected controls. Mice were euthanized
at designated time points post-infection for analysis. The use of experimental animals has been approved by the Institutional Animal
Care and Use Committee, National University of Singapore (Protocol R14-0911) and Center for Discovery and Innovation, Hacken-
sack Meridian Health (Protocol 265).
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Enumeration of tissue bacterial load

The lungs and spleen were harvested from infected mice and homogenized in 1ml of phosphate-buffered saline containing 0.05%
Tween 80 (PBST). Organ homogenates were serially diluted 10-fold in PBST, and 100ul of each serial dilution was plated onto Mid-
dlebrook 7H11 agar (BD Difco) supplemented with 0.5% glycerol and 10% oleic acid-albumin-dextrose-catalase enrichment
(OADC). Bacterial loads were measured by counting the colonies on plates after incubation for 3-4 weeks at 37°C.

Preparation of single-cell suspensions

Single-cell suspensions of the lungs and spleen were prepared using gentleMACS C Tubes (Miltenyi Biotec) and the gentleMACS
Dissociator (Miltenyi Biotec). For the lungs, lung lobes were placed into C-tubes containing 2.5 ml of RPMI-1640 (Hyclone) with
50ug/ml of Liberase TL (Sigma-Aldrich) and dissociated using the program “m_lung_01". Subsequently, the lungs were digested
at 37°C for 1 hour and further dissociated using the program “m_lung_02". For the spleen, the spleen was placed into C-tubes con-
taining 2.5 ml of RPMI-1640 (Hyclone) and directly dissociated using the program “m_spleen_02".

Subsequently, the resulting cell suspensions were filtered through 70 um cell strainers (Miltenyi Biotec) and washed with 10ml of
MACS buffer (PBS containing 0.5% BSA and 2 mM EDTA) by centrifuging at 500x g for 5 minutes at 4°C and removing supernatants.
The cell suspensions were treated with 1ml of ACK lysing buffer (Thermo Fisher Scientific) for 5 minutes to remove red blood cells and
washed with MACS buffer again as described above. Finally, the cells were resuspended in 2ml of MACS buffer for further analysis.

Flow cytometry

Cell numbers of the single-cell suspensions were determined using an automated cell counter (LUNA-II, Logos Biosystems). The cells
were normalized and seeded at 1-2 x 10° cells/well in U-shaped-bottom 96-well plates (Corning). The cells were centrifuged at 500x g
for 5 minutes at 4°C, MACS buffer was removed, and subsequently the cells were washed with 200ul of PBS. After centrifuging again,
PBS was removed. To distinguish live and dead cells, the cells were stained with LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit
(Thermo Fisher Scientific) at 1:1000 dilution in 200ul of PBS for 20 minutes at 4°C and washed again with PBS. To block Fc gamma
receptors, the cells were incubated with Fc Block (BD Biosciences) at 5ug/mlin 40ul of FACS buffer (PBS containing 1% BSA, 0.05%
sodium azide) for 5-10 minutes at room temperature. Subsequently, to stain the cells, 60ul of the antibody cocktails were added and
incubated for 20 minutes at room temperature. Excess antibodies were removed by washing with 200l of FACS buffer twice and
aspirating the supernatant completely. Finally, to fix and permeabilize the cells, cells were resuspended and incubated with 200l
of Cytofix/Cytoperm buffer (BD Biosciences) for 1 hour at room temperature. Fixed cells were transferred to clean round-bottom
96-well plates (Corning) and shipped out from the BSL-3 laboratories. To remove the excess Cytofix/Cytoperm solution (BD Biosci-
ences), the cells were washed with 200l of FACS buffer twice, resuspended, and stored in 200ul of FACS buffer at 4°C for flow cy-
tometric analysis or intracellular staining.

For intracellular staining, cells were centrifuged to remove FACS buffer and permeabilized in 50l of Perm/Wash buffer (BD
Biosciences) with Fc Block (5ug/ml, BD Biosciences) for 30 minutes at room temperature. Subsequently, 50ul of antibody cock-
tails were added and incubated for 20 minutes at room temperature. The excessive antibodies were removed by washing twice
with 200ul of Perm/Wash buffer (BD Biosciences), and the cells were stored in 200ul of FACS buffer at 4°C for flow cytometric
analysis.

Before flow cytometric analysis, cells were resuspended in 380ul of FACS buffer, and 20ul of absolute counting beads were added
to enable the analysis of absolute counts (CountBright, Thermo Fisher Scientific). Data were acquired using the LSR Fortessa X-20
flow cytometer (BD Biosciences) or BD FACSymphony A3 (BD Biosciences) and analyzed by FlowJo software v10 (BD Biosciences).

Antibodies and reagents for flow cytometry analysis

Four major staining panels were used in this study. The panel 1: CD45- Alexa Fluor700 (30-F11), B220-BUV395 (RA3-6B2), CD93-
PE.Cy7 (AA4.1), CD21/35-FITC (7E9), CD23-PE (B3B4), CD1d-BVv421 (1B1), CD86-APC (GL-1), CD69-BV605 (H1.2F3), CD43-
BV510 or CD43-BV480 (S7) and the dump channel: CD3-APC-eFluor 780 (17A2) and CD335-APC-eFluor 780 (Clone: 29A1.4).
The panel 2: CD45- Alexa Fluor 700 (Clone: 30-F11), B220-BUV496 (RA3-6B2), CD19-BV785 (6D5), CD23-PE.Cy7 (B3B4), CD1d-
BVv421 (1B1), IgM-FITC (RMM-1), IgD-BUV395 (11-26c¢.2a), CD86-APC (GL-1), CD69-PE (H1.2F3), CD5-BUV737 (53-7.3), CD138-
BV605 (281-2), CD43-BV510 or CD43-BV480 (S7), the dump channel: CD3-APC-eFluor 780 (17A2) and CD335-APC-eFluor 780
(29A1.4). The panel 3: CD45- Alexa Fluor700 (30-F11), CD3-BV605 (17-A2), CD4-BUV395 (GK1.5), CD8a-PerCP-eFlour710
(53-6.7), CD69-PE (H1.2F3), CD103-BV421 (2E7), ydTCR-FITC (GL3), CD335-PE.Cy7 (29A1.4), B220-BUV496 (RA3-6B2), PD-1-
BV785 (29F.1A12), CD1d tetramer-APC ( PSB-57). The panel 4: CD45- Alexa Fluor700 (30-F11), B220-FITC (RA3-6B2), CD93-
PE.Cy7 (AA4.1), CD23-PE (B3B4), CD1d-BV421 (1B1), CD80-BV605 (15-10A1), PD-L2-BUV395 (TY25), CD73-APC (TY/11.8), and
the dump channel: CD3-APC-eFluor 780 (17A2) and CD335-APC-eFluor 780 (29A1.4). To make the antibody cocktails for staining,
antibodies in each panel were mixed in staining buffer (Brilliant Stain Buffer) in 60ul total volume. All panels included LIVE/DEAD stain-
ing (Fixable Near-IR Dead Cell Stain Kit) to distinguish dead cells. All cells were treated by Fc block (2.4G2) before staining. For intra-
cellular staining, CXCL1- Alexa Fluor647 (1174A) and CCL5-PE (2E9), GM-CSF-PE (MP1-22E9), and IL-2-BV605 (JES6-5H4), and
TNF-a-APC (MP6-XT22) were used for detecting cytokine production. The antibody cocktails for intracellular staining were mixed
with 10l of the staining buffer (Horizon Brilliant Stain Buffer Plus) and Perm/Wash Buffer into 50pl total volume.
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Ex vivo restimulation of cells

The experiments were conducted in the Biosafety Level 3 laboratory (BSL-3) at Center for Discovery and Innovation, Hackensack Me-
ridian Health. Single-cell suspensions of lungs and spleen were prepared as described above but washed and resuspended in RPMI-2
(PMI-1640, 2% fetal calf serum, 1mM sodium pyruvate, 20mM HEPES, 1mM L-Glutamine) for the final step and stored at 4°C overnight.
Subsequently, the cells were seeded into 2 x 10° cells in 200ul of RPMI-2 per well in U-shaped-bottom 96-well plates (Corning) and
incubated in the cell incubator for 30 minutes at 37°C, 5% CO.. The cells were re-stimulated by Mtb lysate (40pg/ml, H37Rv, BEI Re-
sources) and incubated with GolgiStop (1:1500 dilution) and GolgiPlug (1:1000 dilution) in the cell incubator for 5.5 hours at 37°C, 5%
CO.. At the end of the experiments, cells were stained with surface markers and intracellular cytokines, as described above.

Cell sorting

Mice (six- to eight-week-old, BALB/c, female, InVivos) were infected with aerosolized Mtb (H37Rv, 100-200 CFU per mouse) as
described above. Uninfected mice served as uninfected controls. Single-cell suspensions of the lungs and spleen were generated
as described above. Subsequently, single-cell suspensions from 12 mice were pooled and stained for the surface markers. The staining
procedure was similar to that described above, but the cells were stained in 15ml tubes (Falcon). FACS buffer used for staining and
washing contained no sodium azide. Live and dead cells were distinguished by LIVE/DEAD staining. The staining panel used to distin-
guish MZB and FoB cells included: CD45- Alexa Fluor700 (30-F11), B220-BUV395 (RA3-6B2), CD93-PE.Cy7 (AA4.1), CD21/35-FITC
(7E9), CD23-PE (B3B4), CD1d-BV421 (1B1), CD86-APC (GL-1) and the dump channel: CD3-APC-eFluor 780 (17A2) and CD335-
APC-eFluor 780 (Clone: 29A1.4). After staining, the cells were resuspended in MACS buffer at 2 x 10° cells/100ul for cell sorting.
MZB and FoB cells were purified using a cell sorter (FACSAria Fusion, BD) under BSL-3 conditions. MZB and FoB cells were respec-
tively sorted into 15ml tubes containing FACS buffer. After cell sorting, the cells were centrifuged at 500x g for 15 minutes at 4°C, and the
FACS buffer was completely removed. Finally, the cells were resuspended in 2ml of Trizol (Thermo Fisher Scientific) and stored at-20°C.

Depletion of MZB cells

To deplete MZB cells, mice (six- to eight-week-old, BALB/c, female, InVivos) were injected intraperitoneally with 100ng of anti-CD11a
antibody (M17/4) and 100pg of anti-CD49d antibody (R1-2) one day before infection®®~°®. The control mice were injected intraperi-
toneally with 100ug of rat isotype IgG2a (eBR2a, eBioscience) and 100ug of rat isotype 1gG2b (eB149/10H5, eBioscience). Subse-
quently, mice were infected with aerosolized Mtb (H37Rv,100-200 CFU per mouse), as described above. Infected mice in the exper-
imental group continuously received the same amount of depletion antibodies every week until sacrifice. Similarly, infected mice in
the control group continuously received the same amount of relevant isotype control antibodies every week as the depletion protocol.
Mice were euthanized at 2-, 4-, 6-, and 8-weeks post-infection.

Antimycobacterial chemotherapy

Mice (six- to eight-week-old, BALB/c, female, InVivos) were infected with aerosolized Mtb (H37Rv, 100-200 CFU per mouse) and kept
for 8 weeks to develop immunophenotypic changes of B cells. At 8 weeks post-infection, Infected mice in the experimental group
received an antibiotic regime in drinking water containing 100 mg/L isoniazid (Sigma-Aldrich) and 100 mg/L rifabutin (Sigma-
Aldrich). Infected mice in the control group received regular drinking water. Uninfected mice that received the same antibiotic
regimen served as uninfected controls. Mice were sacrificed at 2 and 6 weeks after initiating treatment. To avoid carry-over antibi-
otics affecting CFU determination, treated mice were shifted back to regular drinking water 3 days before sacrifice. In addition, 7H11
agar plates containing 10% OADC and activated charcoal were used for CFU quantification.

Plasma sample collection

Whole blood was collected from hearts into heparinized tubes (BD) and mixed by gently inverting the tubes. Subsequently, the tubes
were centrifuged at 300x g for 10 minutes at 4°C. The resulting supernatants were the plasma samples. The plasma samples were
filtered twice using 0.22 pm tube filters (Spin X, Corning, Costar) and stored at -20°C.

ELISA

The levels of PPD-reactive IgM, IgG, and IgA in plasma samples were measured by PPD ELISA, according to the previous publica-
tion®. For the preparation of the ELISA plates, 96-well flat-bottom plates (MaxiSorp, Nunc, Thermo Fisher Scientific) were coated
with 100ul of PDD (5pg/ml, Statens Serum Institut) in coating buffer (PH 9.5, Biolegend) per well for 2 hours at room temperature.
Subsequently, each well was washed with 200ul of wash buffer (PBS with 0.05% Tween 20) three times and added 300ul of blocking
buffer (PBS with 2% BSA, 0.05% Tween 20) for overnight incubation at 4°C. The blocking buffer was removed before adding
samples.

Plasma samples underwent serial dilution in diluted buffer (PBS with 2% BSA, 0.05% Tween 20), beginning at a 1:10 dilution and
proceeding to 1:50, 1:250, and 1:1250. Subsequently, 50pl of diluted sample was added into each well and incubated for 1 hour at
room temperature. The plates were washed three times with washing buffer and further incubated with 50ul of diluted horseradish
peroxidase (HRP)-conjugated detection antibodies in each well for 1 hour at room temperature. Goat Anti-Mouse IgM-HRP was used
for detecting PPD-reactive IgM (1:4000 in diluted buffer, Cat. No.1020-05, Southern Biotech); Goat Anti-Mouse IgG-HRP was
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used for detecting PPD-reactive IgG (1:4000 in diluted buffer, Cat. No. 1030-05, Southern Biotech); Goat Anti-Mouse IgA-HRP was
used for detecting PPD-reactive IgA (1:4000 in diluted buffer, Cat. No. 1040-05, Southern Biotech).

After washing the plates three times with the wash buffer, 100ul of TMB substrate (Biolegend) was added to each well and incu-
bated at room temperature until the optimal color intensity was reached. The incubation time for PPD-reactive IgM detection was
14 minutes, and for both PPD-reactive IgG and IgA was 30 minutes. Finally, 50ul of stop solution (Biolegend) was added to each
well to terminate the reaction. The plates were read using a microplate reader (Tecan M200 Infinite Pro). Absorbance at 450nm
was measured and corrected with absorbance at 570 nm. Dilutions within linear ranges of optical density at 450nm (OD450) were
selected for analysis. For PPD-reactive IgM, a 1:50 dilution was used, corresponding to an OD450 range from 0 to 2. For PPD-reactive
IgG, a 1:250 dilution was selected, corresponding to an OD450 range from 0 to 1.6. Due to low levels of PPD-reactive IgA, the most
concentrated dilution of 1:10 was selected.

Multiplex analysis of cytokines

The levels of cytokines in plasma samples were detected using the Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad) according
to the manufacturer’s protocol. Briefly, 50l of coupled beads was added into each well of 96-well, flat-bottom plates, and the plates
were washed on magnetic separators. The plates were washed twice with 100ul of Bio-Plex wash buffer per well. The plasma sam-
ples were diluted 1:4 in Bio-Plex sample diluent. Subsequently, 50ul of diluted samples, standards, and blanks (sample diluent) was
added to the designated wells and incubated at room temperature for 1 hour with shaking (850 rpm). After incubation, plates were
washed three times with 100l of Bio-Plex wash buffer per well on a magnetic separator. 25l of detection antibodies (1x) was added
into each well and incubated at room temperature for 30 minutes with shaking (850 rmp). Plates were washed three times using the
same procedures. 50ul of Streptavidin-PE (1x) was added into each well and incubated at room temperature for 10 minutes with
shaking (850 rmp). After incubation, plates were washed three times, following the same procedures, and the beads in each well
were resuspended in 125ul of assay buffer. The beads on plates were analyzed on a MAGPIX following the manufacturer’s manual.
The raw data were analyzed using Belysa software (version 1.2.1, Millipore Sigma).

Library preparation and RNA-Seq processing

Sorted B cells were frozen in TRIzol (Thermo Fisher Scientific). Total RNA was extracted using acid guanidinium thiocyanate-phenol-
chloroform extraction and subsequently cleaned up using RNeasy Micro kit (Qiagen). The RNA quality was assessed on the Bio-
analyzer (Agilent) with RNA Integrity Number (RIN) ranging from 7.4 to 9.9. cDNA libraries were prepared using 2 ng of total RNA
following the Smart-seg2 protocol'*® with specific modifications: (1) the addition of 20 M Template Switching Oligo (TSO), and
(2) the use of 200 pg of cDNA with one-fifth of a reaction from the lllumina Nextera XT Kit (llumina). The length distribution of the
cDNA libraries was determined using a DNA High Sensitivity Reagent Kit on the Labchip system (PerkinElmer). All samples were sub-
jected to an indexed paired-end sequencing run of 2 x 151 cycles using the HiSeq 4000 system (lllumina), with 24 samples allocated
per lane.

Reads mapping and quantification

Raw sequencing reads were processed and aligned using the standard protocol and parameters from STAR version 2.7.1b to obtain
gene counts'®’. Reads were aligned to the Ensemble Mus musculus genome and annotations version GRCm39.106'%. Gene counts
were further analyzed for differential expression using R package DESeq2 ', and contrasts were made between cell types (MZB vs.
FoB). The 30 genes with the most significant normalized expression levels were identified and ranked by the lowest adjusted p-value
for this contrast. These expression levels were normalized using DESeg2 median of ratios. The adjusted p-value was corrected using
the Benjamini-Hochberg method at a False Discovery Rate (FDR) < 0.05. Expression levels were visualized using the R package
pheatmap'*°.

Immunostaining and confocal microscopy

Lungs and spleen were harvested following perfusion with 1ml of PBS and stored at -80°C. To inactivate Mtb, the samples were
y-irradiated prior to cryosection (National Institutes of Health, USA). Each sample was embedded in O.C.T. compound (Fisher Sci-
entific) and sectioned at a thickness of 10um using a cryostat (CM1860 UV, Leica Biosystems). Sections were air-dried for 1 hour at
room temperature and fixed with 4% paraformaldehyde (Image-iT™ Fixative Solutions, Thermo Scientific) for 8 minutes. After fixa-
tion, sections were washed three times with PBS for 10 minutes each and blocked with blocking buffer (PBS with 1% BSA) for 30 mi-
nutes. Sections were stained with B220-Alexa Fluor 488 (RA3-6B2) and CD1d-Alexa Fluor 488 (1B1) at a 1:100 dilution for 1 hour at
room temperature, followed by three PBS washes. Sections were further stained with 4’,6-Diamidino-2-Phenylindole, Dihydrochlor-
ide (DAPI, Thermo Scientific) at a 1:1000 dilution for 5 minutes, then washed three times with PBS. Finally, sections were mounted
with mounting media (ProLong™ Diamond Antifade Mountant, Thermo Scientific) and covered with coverslips (Micro Cover Glasses,
Square, No. 11/2, VWR). Imaging was performed on a Leica Stellaris 5 confocal microscope (Leica Microsystems) and processed
using LAS X Life Science Microscope Software Platform (Leica Microsystems).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data were analyzed by FlowJo software v10 (BD Biosciences). The gating strategies are depicted in Figures S1A, S21,
S8, S5A, S6C, and S6D. Fluorescence Minus One (FMO) controls were used to identify cells expressing CD9, CD43, CD69, CD73,
CD80, CD86, TACI, CD138, CD273, cytokine and chemokines. Representative flow cytometry data are shown as contour plots, his-
tograms, or dot plots. Contour plots are displayed with 5% contour levels and outliers; histograms are illustrated using the modal
option, where the Y-axis represents the frequency of maximum cell counts; Dot plots display a maximum of 8,000 events. Statistical
analyses and data visualization were performed using Prism software v9 (GraphPad). Scatter plots feature horizontal lines represent-
ing the mean. Line and bar charts depict data as mean + standard error of the mean (SEM). Error bars are omitted when shorter than
the height of the symbols. The n number represents biological replicates for mice. Unpaired or paired two-tailed Student’s t-test was
used to determine the statistical differences between the two groups. One-way ANOVA or One-way repeated measures ANOVA with
Bonferroni’s post hoc test was used to determine the statistical differences among three or more groups. A p-value <0.05 was
considered significant (*p <0.05 **p <0.01 **p<0.001, ***p<0.0001. ns, not significant). Normality was examined using Shapiro-
Wilk test, Anderson-Darling test, Kolmogorov-Smirnov test and quantile-quantile plots. For RNA-Seq data, gene counts were
analyzed for differential expression using R package DESeq2'®°, and contrasts were made between cell types. The significant
normalized expression levels were ranked by the adjusted p-value for each contrast. These expression levels were normalized using
the DESeq2 median of ratios. The adjusted p-value was corrected using the Benjamini-Hochberg method at a False Discovery Rate
(FDR) < 0.05. The details about sample sizes, statistical tests, and replication frequencies are indicated within individual figure
legends.
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