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In brief

Mirlekar et al. report that IL-35-driven
transcriptional reprogramming of naive B
cells in pancreatic cancer shifts B cell
development away from effector plasma
cell responses toward an
immunoregulatory phenotype. Inhibition
of IL-35 or BCLS6 in naive B cells limits
tumor growth by potentiating anti-tumor
plasma and T cell responses.
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SUMMARY

Plasma cell responses are associated with anti-tumor immunity and favorable response to immunotherapy.
B cells can amplify anti-tumor immune responses through antibody production; yet B cells in patients and
tumor-bearing mice often fail to support this effector function. We identify dysregulated transcriptional pro-
gram in B cells that disrupts differentiation of naive B cells into anti-tumor plasma cells. The signaling network
contributing to this dysfunction is driven by interleukin (IL) 35 stimulation of a STAT3-PAX5 complex that up-
regulates the transcriptional regulator BCL6 in naive B cells. Transient inhibition of BCL6 in tumor-educated
naive B cells is sufficient to reverse the dysfunction in B cell differentiation, stimulating the intra-tumoral
accumulation of plasma cells and effector T cells and rendering pancreatic tumors sensitive to anti-pro-
grammed cell death protein 1 (PD-1) blockade. Our findings argue that B cell effector dysfunction in cancer
can be due to an active systemic suppression program that can be targeted to synergize with T cell-directed

immunotherapy.

INTRODUCTION

Harnessing the power of the immune system to fight cancer
has proved both inspirational and challenging. Significant effort
has been centered on T cells as the predominant cancer-killing
immune cell type."? However, accumulating data point to a
critical role for B cell-mediated anti-tumor immunity in the
response to immunotherapy.>® These recent studies in pa-
tients and mouse models revealed that tertiary lymphoid struc-
ture (TLS) formation and plasma cell expansion can be a strong
predictor of patient survival and immunotherapy efficacy.
Nevertheless, such responses are heterogeneous and the
mechanisms that restrict B cell-directed anti-tumor function
in cancer remain poorly understood.” This heterogeneity in
B cell responses is also evident in pancreatic ductal adenocar-
cinoma (PDAC), an aggressive and deadly disease, character-
ized by rampant immunosuppression and resistance to immu-
notherapy, as simple evaluation of B cell infiltration could not
distinguish between positive, neutral, or negative patient prog-
noses.®'®

B cells frequently infiltrate human tumors, and the intra-tumoral
abundance of plasma cells can correlate with improved patient
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prognosis. However, some tumors are devoid of plasma B cells,
and strategies to enhance anti-tumor B cell responses are
needed.' Tumor-promoting B cells are typically defined by their
ability to modulate immune tolerance via production of immuno-
suppressive cytokines and/or direct interaction with T cells.'>2°
On the other hand, in both oncologic and autoimmune diseases,
immunoregulatory B cells (Bregs) can be found as diverse inter-
leukin (IL)-10%, IL-35" and/or transforming growth factor (TGF) B*
B cell populations.'>'"?=?8 There is a significant knowledge
gap in our understanding of how effective anti-tumor B cell re-
sponses versus regulatory responses are generated. The tran-
scriptional and signaling mechanisms that regulate B cell differen-
tiation in malignancy are not well understood but have implications
for the development of B cell-targeted immunotherapies.

Here, we set out to examine the development of immunosup-
pressive and effector B cell responses in the context of PDAC. Us-
ing human patient data, genetically engineered models, B cell
profiling, and functional assays, we demonstrate that IL-35* B cells
can inversely correlate with plasma cell frequency in PDAC. Using
transcriptional profiling of naive B cells, we show that IL-35 pro-
duction by B cells in cancer controls a distinct transcriptional state
of naive B cells that antagonizes plasma cell differentiation through
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Figure 1. Increased accumulation of B cell subsets in human PDAC

Hazard ratio

Breg signature

(A) Representative immunofluorescence staining for CD20, CD138, and Ebi3 in samples of normal adjacent (left) and human PDAC. CD20*Ebi3* B cells are

indicated by arrowheads. Scale bars, 50 um.

(B) Quantification of the frequency of CD20" cells in human PDAC (N = 56) and adjacent normal tissues (N = 23).
(C) Quantification of the frequency of CD138" cells in human PDAC and adjacent normal tissues.
(D) Quantification of the frequency of CD20"Ebi3* cells in human PDAC and adjacent normal tissues.

(E) Paired analysis of intra-tumoral CD20*Ebi3* Bregs and CD138* plasma cells.

(F) Association with survival via Cox proportional hazards (PH) regression analysis of plasma cell signature in TCGA PAAD dataset.
(G) Correlation of cancer Breg signature with plasma cell signature in PAAD (TCGA). For immunofluorescence quantification, three fields per sample were
counted. Error bars indicate SEM, p values were calculated using Student’s t test (unpaired, two tailed); NS, not significant; **p < 0.01; **p < 0.001.

stabilized expression of the B cell lineage-defining transcription
factors Pax5 and Bcl6. Targeting Bcl6 in naive B cells subse-
quently leads to increased intra-tumoral plasma cells and over-
comes resistance to immunotherapy, leading to tumor growth
control. We thereby show that transcriptional reprogramming of
naive B cells can serve as a targetable node that regulates the bal-
ance between effector and Breg lineage function and tumor immu-
nity in PDAC.

RESULTS

Plasma and Breg subset distribution in human PDAC

To characterize the relationship between B cell subtypes in
PDAC patients, we assessed the distribution of plasma and
Bregs. To quantify abundance, we used multiplex immunofluo-
rescence to analyze primary human PDAC tissue samples for
the presence of CD20* B cells, CK"CD138" plasma cells, and
CD20*Ebi3* Breg (Figures 1A and S1). Compared with normal
adjacent tissues, PDAC samples had increased numbers of total
B cells, as well as increases in overall plasma and Breg abun-
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dance (Figures 1B-1D). Analysis of relative frequencies of
plasma and Breg cells in each sample revealed a significant
negative correlation (Figure 1E). Frequency of plasma cells has
previously been linked to improved survival prognosis in mela-
noma and ovarian cancers.’”*? To better understand how
plasma cell frequency related to survival in patients with pancre-
atic cancer, we evaluated reported plasma and Breg signatures
in patients with PDAC (PAAD) from The Cancer Genome Atlas
(TCGA) and found that plasma cell signature correlated with bet-
ter survival (Figure 1F).?®*® Consistent with immunofluores-
cence-based quantification, we observed a significant negative
correlation between regulatory and plasma cell signatures in
PAAD (Figure 1G) as well as patients in lung adenocarcinoma
(LUAD) and colorectal adenocarcinoma (COAD) (Figure S2) co-
horts. Collectively, these data demonstrate a positive correlation
between plasma cell abundance and prognosis in PDAC and
reveal a negative relationship between regulatory and plasma
cell abundance in several major cancer types. These observa-
tions raised the possibility that B cell differentiation programs
may be altered in cancer.
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Changes in transcriptional profile of tumor-educated
naive B cells
To characterize molecular changes to naive B cells in cancer, we
conducted RNA sequencing (RNA-seq) of primary naive B cells
from control or orthotopic tumor-bearing mice (tumor cells
contain mutations in Kras®'22/+; TP537772H+,5,48°/* [orthotopic
KPC (oKPC)]).>*** Altogether, 6,131 genes were differentially
regulated between wild-type (WT) and tumor-educated naive B
cells (Figures 2A and S3A). Functional annotation of genes in tu-
mor-educated naive B cells, compared with healthy control naive
B cells, was determined by Gene Ontology (GO) analysis. Naive B
cells from tumor-bearing mice were uniquely enriched in gene
sets associated with EIF2 signaling (for example, Rpl9, Rpl41),
iron homeostasis signaling (Hmox1, Tf), EIF4 and p70S6K
signaling (Rps3, Rps21), mammalian target of rapamycin
(mTOR) signaling, and complement system (C6, C1qga) (Figure 2B;
Table S1). The overall expression levels of the gene sets were
decreased, suggesting downregulation of protein translation in
tumor-educated naive B cells. Further analysis of the top regu-
lator networks revealed inhibition of IFNG and MYC function
(Table S2). Strikingly, we observed simultaneous upregulation
of several transcriptional regulators of B cell maturation, including
pioneer factor Ebf1, Bcl6, Bach2, Pax5, and Spib,>°~® as well as
markers associated with inflammation and immunosuppressive
Bregs (CD19*CD21"CD1d"CD5* and IL12a/Ebi3 [IL-35]-positive
B cells)?® such as STAT1, STAT3, ll12a, Ebi3, and Cd1d (Fig-
ure 2A). As described in autoimmune diseases and consistent
with our initial transcriptional analysis, these data suggest that
specification ofimmunosuppressive function in B cells may begin
at the naive B cell stage.?'*° Concurrent upregulation of markers
of maturation and immunosuppression suggested that cancer-
associated cues may lead to establishment of B cell dysfunction.
The mechanisms that regulate B cell lineage commitment in
malignancy are not known and have implications for the devel-
opment of B cell-targeted immunotherapies. We have previously
demonstrated that IL-35" B cells suppress anti-tumor T cell re-
sponses to promote pancreatic tumor growth and restrict effi-
cacy of immunotherapy.?>?® Here, we observed that IL-35 is
transcriptionally elevated as early as the naive B cell stage in
mice with PDAC (Figure 2A). To understand if IL-35 may play a
cell-autonomous role in subverting B cell development, we
analyzed RNA-seq data from naive B cells in healthy or can-
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cer-bearing mice, following B cell-specific conditional deletion
of IL-35 subunit Ebi3 (B5~/). Loss of EBI3 in B cells resulted
in differential expression of 2,753 genes in tumor-educated naive
B cells (Figures S3B and S3C). Tumor-educated BF5~~ naive B
cells were enriched in gene sets associated with DNA damage-
induced 14-3-3c signaling, cyclins and cell cycle regulation,
S-phase entry, GADD45 signaling (Ccnb1, Ccnr1, Cdk1,
Ccna2, E2f8), heme biosynthesis (Cpox), and oxidative phos-
phorylation (MT-CO1, MT-CYB) (Figure 2C). There was an overall
decrease in cellular proliferation capacity (Table S3). The top
regulator networks included tumor suppressor TP53, which
was significantly upregulated, possibly accounting for overall
reduction in cell cycle progression (Table S4). Principal-compo-
nent analysis (PCA) indicated tumor-educated naive B cells as
distinct from healthy controls with principal component 1 (PC1)
separating populations by disease status (Figure 2D). Healthy
controls from either WT or BF5®~/~ strains had similar gene
expression profiles, suggesting that expression of Ebi3 does
not perturb steady-state naive B cell homeostasis. Healthy naive
B cells were also characterized by low levels of HSP70 (Hspala
and Hspalb), a recently identified regulatory component in
B cell-driven suppression in autoimmunity.“® Tumor-educated
WT naive B cells were characterized by downregulation of
Ppp1cch, a component of protein synthesis regulators.”’ Loss
of Ebi3 in tumor-educated B cells shifted the gene expression
profile along both PC1 and PC2 axes, although did not fully reca-
pitulate healthy naive B cell profiles (Figure 2D). Loading plot
analysis determined a set of genes that were most strongly asso-
ciated with driving directionality of principal components.
Increase in immunoglobulin gene expression (Ighg3, Igh2c,
Igkv4) preferentially drove PCA differences in tumor-educated
BFB3~/~ naive B cells compared with healthy and tumor-
educated WT B cells, suggesting initiation of antibody synthesis
(Figure 2D). Indeed, top upregulated molecules included immu-
noglobulin chains, /l21r, and //4r (Table S5). Additional analysis
showed that tumor-educated B¥5°~/~ naive B cells featured a
prominent loss of Breg-associated genes //12a, Ebi3, and
Cd1d (Figure 2E). In contrast, the plasma cell specifying tran-
scription factors Prdm1 and Xbp1 were significantly elevated in
the setting of IL-35 loss (Figure 2E). Thus, in the cancer setting,
naive B cells can acquire features associated with cellular stress,
translational repression, immunosuppression, and maturation,

Figure 2. Transcriptional profiling identifies disease-specific naive B cell states

(A) Volcano plot of differentially expressed genes (red, upregulated; blue, downregulated) with adjusted p (padj) <0.05 in naive B cells from (Figure S3A).

(B) Bar plots of the top enriched GO biological processes in healthy and tumor-educated naive B cells.

(C) Bar plots of the top enriched GO biological processes in healthy and tumor-educated naive BEbIi3 '~ cells.

(D) Loading plot overlayed on principal-component analysis (PCA) as derived by differentially expressed gene (DEG) analysis between healthy wild-type (WT),
healthy B cell-specific Ebi3 KO (BEbi3 '), tumor-educated WT (WT_tum), and tumor-educated B cell-specific Ebi3 KO (BEbi3~'~_tum) naive B cells.

(E) Heatmap of selected differentially expressed genes in naive B cells from healthy or tumor-bearing WT and

was performed by row.

BEB3~/~ mice. The standardization of log expression

(F) Quantification of intracellular pSTAT3 and Pax5 as determined by flow cytometry in splenic Breg cells isolated from WT mice and activated with «CD40/LPS

(Sti, blue) and «CDA40/LPS + IL-35 (red) for 48 h.

(G) Quantification of intracellular pSTAT3 (left), Pax5 (middle), and BCL6 (right) analyzed by flow cytometry from intra-tumoral Bcon and Breg.
(H) Relative levels of indicated gene expression in each group, as determined by RNA-seq of peripheral CD19*CD24MCD38" Breg or CD19*CD24'°CD38"

B conventiona (Bcon) cells from PDAC patients.

(I) Quantification of IL-35 expression from Breg and Bcon cells isolated from spleens of PDAC patients (n = 25).
(J) The mean fluorescence intensity (MFI) of the intracellular levels of pSTAT3 (left) and Pax5 (right) in Breg and Bcon cells isolated as in (H). Data are representative
of three independent experiments. Error bars indicate SEM. NS, non-significant; *p < 0.05; **p < 0.005 (Student’s t test, two tailed, unpaired).
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which are partially reversed by IL-35 loss with a shift toward
plasma cell differentiation features.

Analysis of more terminally differentiated CD21"CD1d"'CD5*
Breg cells confirmed that IL-35 could induce significantly higher
levels of pSTAT3 and Pax5 (Figure 2F). Similarly, the intra-tumoral
Breg cells isolated from WT mice had higher levels of pSTATS,
Pax5, and BCL6 compared with Bcon cells (Figure 2G). Consistent
with murine data, RNA-seq analysis performed on peripheral B cell
subsets from PDAC patients®® revealed significantly increased
expression of BACH1, BCL6, STAT1, and STAT3 and decreased
expression of SDC1 (CD138) gene in CD19*CD24"CD38" immu-
noregulatory IL-35" B cells, compared with conventional B cells
(Figures 2H and S3D). As shown previously, this broad subset of
B cells also correlated with diminished cytokine upregulation in
T cell activation assay (Figures S3E and S3F).***® Consistent
with this, we found that CD19*CD24"CD38" B cells isolated
from resected splenic tissues of PDAC patients had elevated pro-
tein level expression of p35, EBi3, pSTAT3, and Pax5 compared
with CD19*CD24°CD38"° conventional B cells (Figures 2| and
2J; n = 25). Together, these data provide evidence that PDAC in-
structs the upregulation of a transcriptional network consisting
of pSTATS3, Pax5, and Bcl6.

IL-35 contributes to B cell dysfunction and suppresses
intra-tumoral expansion of plasma cells

To understand how cell-autonomous IL-35 promotes B cell
dysfunction in cancer, we analyzed B cell subsets in orthotopic tu-
mor-bearing mice with B cell-specific conditional deletion of IL-35
subunits p35 or Ebi3 (B”**~'~ and B/~ respectively). B cell-
specific loss of IL-35 resulted in significant reduction in tumor
growth (Figures 3A and S4A).?® Analysis of intra-tumoral immune
cells revealed that IL-35 loss did not significantly alter CD45*
leukocyte, and total B cell and naive B cell frequency, but instead
specifically decreased the intra-tumoral CD21"CD1d"CD5* Breg
population (Figures 3B, 3C, S4B-S4D). Production ofimmunosup-
pressive cytokines IL-10 and IL-35 by intra-tumoral Breg cells was
also significantly reduced compared with WT counterparts
(Figures 3D and 3E). On the other hand, consistent with RNA-
seq data suggesting a shift toward plasma cell differentiation
with loss of IL-35, there was a significant increase in the intra-tu-
moral proportion of plasma cells in mice with B cell-specific IL-

Cell Reports Medicine

35 deficiency (Figures 3F, 3G, and S4E). Immunoglobulin analysis
revealed elevated intra-tumoral immunoglobulin G (IgG) and
immunoglobulin M (IgM) antibody isotypes, which inversely corre-
lated with Breg frequency (Figures 3H and 3l). Furthermore, anti-
body-dependent cellular cytotoxicity assay demonstrated
enhanced ability of peripheral effector cells to target tumor cells
specifically in the context of IL-35 loss, suggesting antigen-spe-
cific recognition (Figure 3J). The frequency of splenic plasma cells
in tumor naive B°**~'~ and BF¥¥~/~ mice remained unchanged,
suggesting that IL-35 does not regulate plasma cell expansion in
a cell-intrinsic manner (Figure S4F). Additional studies using
KPC cell line 2173 confirmed that B cell-specific loss of IL-35 led
increase in accumulation of intra-tumoral plasma cells
(Figures S4G-S4K). We previously published that treatment with
blocking anti-IL-35 antibody conferred reduction in tumor growth
both in spontaneous KPC (sKPC) and orthotopic models.”® This
treatment also induced intra-tumoral accumulation of plasma cells
(Figures S4L-S40).

To evaluate the functional relevance of plasma cells to pancre-
atic tumor growth, we used bortezomib, a proteasome inhibitor
that can deplete rapidly proliferating auto-reactive plasma
cells.**** WT and Bf®®~'~ mice were orthotopically injected
with KPC cells and treated with bortezomib (0.75 mg/kg) or control
(Figure 3K). Of note, bortezomib did not alter viability of KPC4662
cellsin vitro or affect frequency of T cells, total B cells, and myeloid
cell lineages (Figures S5A-S5D). Treatment with bortezomib
selectively reduced intra-tumoral plasma cell frequency and
rescued tumor growth in BE2¥~/~ mice (Figures 3L and 3M). As ex-
pected, reduced Breg function via loss of Ebi3 led to an increase in
intra-tumoral T cell infiltration (Figures S5E-S5G). This was not
affected by plasma cell depletion, suggesting that IL-35 indepen-
dently affects frequency of effector B and T cells. These data
reveal that IL-35 contributes to dysfunctional B cell differentiation
by both supporting Breg specification and by restricting tumor-
reactive plasma cell expansion in PDAC. Thus, B cell effector func-
tion may be actively suppressed in PDAC.

Tumor-educated naive B cells are primed for
dysfunction

To better understand how IL-35 may be altering B cell differen-
tiation programs, we examined the differences in response of

Figure 3. IL-35 drives imbalance of plasma and Bregs in cancer

(A) Quantification of tumor weights from WT, B52~/~, and B°**~/~ mice orthotopically injected with KPC cells and collected at 3 weeks post injection. Control WT

mice represent both BE83+/~ and B"" control bone marrow chimera groups.

(B and C) (B) Frequency of intra-tumoral naive B cells (percentage of CD45), and (C) CD21"CD1d"CD5* Breg cells (percentage of CD19) and total B cells

(percentage of CD45) from Figure 3A as determined by flow cytometry.

(D) Representative flow cytometry plots and (E) quantification of frequency of IL-10, and IL-35 expressing Breg cells from Figure 3A.
(F and G) (F) Representative flow cytometry plots and (G) quantification of CD19'°CD138" intra-tumoral plasma cells from (A).
(H and I) (H) Quantification of IgG and (I) IgM levels in tumors of WT, BE5%~/~ and BP3*~/~ mice 3 weeks post orthotopic injection with KPC cells.

(J) Representative antibody-dependent cellular cytotoxicity (ADCC) assay for determination of antibody mediated killing of tumor cells (target cells). Target 1, non-
cancerous pancreatic cells; target 2, tumor cells (KPC 4662); ADCC, effector cells + target cells + source of antibodies (serum samples) from tumor-bearing WT,
BEBI3~/~ and BP**~/~ mice. RLU, relative luminescence units.

(K) Schematic of treatment schedule. Representative flow cytometry plots of intra-tumoral CD19'°CD138" plasma cells from bortezomib (BZ) or control PBS-
treated WT and BE2~/~ mice 3 weeks post orthotopic injection with KPC cells.

(L) Quantification of intra-tumoral CD19'°CD138" plasma cells from (K).

(M) Quantification of pancreatic tumor weights from (K). Error bars indicate SEM; p values in (A)—(l) were calculated using one-way ANOVA. p values in (J) were
calculated using Student’s t test, two tailed, unpaired. p values in (L) and (M) were calculated using two-way ANOVA. NS, non-significant; “p < 0.05; **p < 0.005;
***p < 0.001. Data are representative of three independent experiments.
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naive B cells from healthy or tumor-bearing mice to IL-35 stim-
ulation. Treatment of splenic naive B cells isolated from oKPC
mice with LPS/aCD40 and rIL-35 induced significantly stronger
expression of p35, EBIi3, IL10, and CD1d (Figures 4A and SG6A).
This effect was specific to IL-35 and was not observed with
other tested IL-12 family cytokines or IL-10. Flow cytometry an-
alyses confirmed that regulatory cytokine genes, transcriptional
regulators Pax5, BCL6, and activated Stat1 and Stat3 were
preferentially enriched in LPS/aCD40/rIL-35-treated naive B
cells isolated from oKPC and sKPC mice (Figures 4B-4G and
S6B-S6D). Patient-derived splenic naive B cells were also
able to respond to rIL-35 treatment by increasing expression
of p35, EBIi3, IL-10, Pax5, and BCL6 and downregulating
PRDM1 and XBP1 (Figures 4H-4J). IL-35-driven phenotype
persisted in Breg cells, as it induced significantly higher levels
of Pax5 (Figure S4E). Similarly, the intra-tumoral Breg cells iso-
lated from WT mice had higher levels of pSTAT3, Pax5, and
BCL6 compared with Bcon cells, and this effect was lost with
IL-35 deficiency (Figure S6F). Thus, our data reveal that IL-35
not only promotes its own expression, as shown by studies in
autoimmune models,”"*%4%4” put has a broad role in modu-
lating a dysfunctional B cell state characterized by expression
of immunosuppressive markers, enrichment of Pax5 and
Bcl6, and suppression of plasma cell specifying transcription
factors.

We next investigated the mechanism of transcriptional regula-
tion by IL-35. Evaluation of RNA-seq data in naive B cells (Fig-
ure 2), revealed significant changes in expression of chromatin
and DNA modifiers that were largely alleviated with IL-35 loss
(Figure 4K). In particular, several lysine demethylases were
significantly upregulated in tumor-educated naive B cells. To
assess whether treatment with IL-35 could modulate chromatin
modifications and transcription factor enrichment, we performed
in silico analysis of consensus STAT recognition motifs using
TFBIND, TFSEARCH, and PROMO-ALGGEN*® and identified
potential binding sites within the p35, EBi3, and Cd1d promoter
regions (Figure S6G). Indeed, we observed a decrease in repres-
sive mark H3K27 trimethylation, reduced HDAC1 recruitment,
and increased H3K27 acetylation at the STAT-binding sites in tu-
mor-educated naive B cells (Figure 4L-4N). The H3K27ac mark
was similarly enriched at STAT3 consensus binding sites within
the p35 and EBi3 genes in Breg cells isolated from PDAC pa-
tients (Figures 40 and 4P). Tumor-educated naive B cells derived
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from oKPC or skPC mice, compared with healthy controls, were
significantly more enriched for pSTAT1 and/or pSTAT3 binding
at multiple sites within the p35, EBi3, and CD1d gene promoters
(Figures S6H-S6K). Thus, in tumor-educated B cells, IL-35 alters
the expression of chromatin regulatory factors, and its effects on
target loci are associated with significant changes in chromatin
modification state.

IL-35 drives STAT3-Pax5 co-recruitment in tumor-
educated B cells

To clarify the mechanism of Pax5 and Bcl6 transcriptional up-
regulation in tumor-educated naive B cells, we analyzed
the Pax5 and Bcl6 gene promoters for pSTAT1/3 binding
(Figures 5A and 5B). Analysis by chromatin immunoprecipita-
tion (ChIP) showed preferential enrichment of pSTAT3, but
not pSTAT1, at the Pax5 promoter region in tumor-educated
naive B cells isolated from oKPC and skKPC mice (Figures 5C
and S7A). pSTAT3 and Pax5 were also both enriched at Bcl6
promoter in tumor-educated naive B cells compared with WT
controls (Figures 5D, 5E and S7B). Using proximity ligation
assay (PLA), we discovered that rlL-35, but not rIL-10, rlL-12,
rlL-23, and rlL-27, can specifically induce interaction of
STAT3 and Pax5 in tumor-educated naive B cells (Figure 5F).
Pax5 and STATS interaction was lost upon B cell-specific dele-
tion of IL-35 (Figure 5G). ChlP-re-ChIP using double pull-down
with pSTAT3 and Pax5 antibodies also confirmed that the
STAT3-Pax5 complex binds to the Bcl6 gene promoter
(Figures 5H and S7C). Pax5 had a similar binding pattern to
pPSTAT3 in naive B cells within the gene promoter regions of
p35, EBIi3, and CD1d, and exposure to rlL-35 strongly favored
enrichment of Pax5 in tumor-educated B cells from oKPC and
sKPC mice (Figures S7D-S7I). Indeed, we observed significant
enrichment for co-recruitment of STAT3/Pax5 complex at the
promoters of regulatory genes in tumor-educated naive B cells
(Figures 51-5K and S7J-S7L). The STAT3-Pax5 binding sites
were important for driving transcription of regulatory genes,
as deletion of STAT3-Pax5 binding sequences at sites
—2,200 (p35), —1600 (EBi3), and —500 (Cd1d) resulted in
decreased luciferase activity in 293T cells upon STAT3 activa-
tion (Figures STM—S70). These results indicate that formation
of a pSTAT3-Pax5 complex is a specific mechanism for tran-
scriptional modulation by IL-35 and may underlie the transcrip-
tional dysregulation of B cell differentiation in PDAC.

Figure 4. Tumor-educated naive B cells are primed for dysfunction

(A) Intracellular levels of EBi3 and p35 in naive B cells from WT and orthotopic KPC (oKPC) mice treated with LPS/aCD40 =+ indicated cytokines for 72 h as

determined by flow cytometry.

(B) Intracellular levels of Pax5 in naive B cells from WT and oKPC mice treated as in (A) were determined by flow cytometry.
(C) Intracellular levels of Pax5 and BCL6 in LPS/aCD40/rIL-35 treated naive B cells isolated from WT and oKPC mice as determined by flow cytometry.
(D-G) (D) Expression of Ebi3 and p35, (E) CD1d and IL-10, (F) Pax5 and Bcl6, and (G) pSTAT1 and pSTAT3 in naive B cells from WT and spontaneous KPC (sKPC)

mice treated as in (A) were determined by flow cytometry.

(H-J) (H) Fold change in expression of P35, EBI3, IL10; () BCL6 and PAX5; and (J) PRDM1 and XBP1 from naive B cells isolated from spleens of PDAC patients

and activated with «CD40/LPS =+ rlL-35.

(K) Heatmap of top 30 differentially expressed chromatin and DNA modifiers, fold expression is indicated.

(L-N) (L) Relative H3K27 methylation, (M) HDAC1, and (N) H3K27 acetylation enrichment as determined by ChlIP assay at p35, EBi3, and Cd1d gene promoters.
Naive B cells isolated from WT (blue) and oKPC (red) mice were treated with «CD40/LPS and rIL-35 for 72 h then used for downstream ChlIP analysis.

(O and P) (O) Relative H3K27 acetylation enrichment as determined by ChIP assay at EBI3, and (P) P35 gene promoters from Breg and Bcon cells isolated from
spleens of PDAC patients. Data are representative of three independent experiments. Error bars indicate SEM. NS, non-significant, *p < 0.05, **p < 0.01,

***p < 0.005 (Student’s t test, two tailed, unpaired).
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IL-35-STATS3 axis deregulates naive B cells in pancreatic
cancer

To examine the functional consequences of STAT1/3 regulation
on PDAC-associated B cell function, tumor-educated splenic
naive B cells were treated with LPS/aCD40/rIL-35 and a
STAT1 or STATS inhibitor (fludarabine and STA-21, respectively)
(Figure S8A). The STAT1 and STATS inhibitor did not alter prolif-
eration or viability of naive or Breg cells (Figures S8B and S8C).
Inhibition of STAT3, but not STAT1, significantly reduced expres-
sion of p35, EBIi3, CD1d, Pax5, and Bcl6, whereas IL10 was
regulated by both STAT1 or STAT3, suggesting that IL-35/
STAT3 exerts a dominant role in specifying IL-35" Breg cell
fate (Figures 6A-6D). Furthermore, inhibition of STAT3, but not
STATH1, reduced acetylation levels and Pax5 recruitment at
p35, EBIi3, and Cd1d gene promoters in tumor-educated naive
B cells, indicating that STATS is required for IL-35-mediated in-
creases in chromatin modification and Pax5 recruitment at these
regulatory loci (Figures 6E, 6F, and S8D-S8I).

To determine whether STAT3 was required for naive B cell
dysfunction in PDAC, naive B cells from tumor-bearing mice
were treated with LPS/aCD40/rIL-35 and a STAT1 or STATS3 in-
hibitor and adoptively transferred to B cell-deficient uMT mice
(Figure 6G). Three weeks post orthotopic injection of KPC cells,
inhibition of STAT3, but not STAT1, in B cells significantly
reduced tumor burden, decreased Breg frequency and cytokine
production, and enhanced intra-tumoral accumulation of plasma
cells (Figures 6H-6K and S8J-S8L). Inhibition of STAT3 in B cells
also reduced intra-tumoral Treg frequency and enhanced intra-
tumoral activity of CD4* effector cells and cytotoxic CD8*
T cells (Figures SBM—S8P). These data indicate that STAT3 is
essential for maintaining immunosuppression of naive B cells
in PDAC and that targeting STATS3 is sufficient to induce anti-tu-
mor plasma B cells.

BCL6 expression in tumor-educated naive B cells is
required to maintain Breg/plasma cell balance

To examine how upregulation of the transcription factor Bcl6 con-
trols B cell differentiation in PDAC, we treated tumor-educated
activated naive B cells with the Bcl6 inhibitor 79-6 (Bcl6i) (Fig-
ure 7A).%° Treatment with the Bcl6 inhibitor did not alter prolifera-
tion and viability of naive or Breg cells (Figures S9A and S9B).
Adoptive transfer of Bcl6i-treated naive B cells to uMT mice re-
sulted in inhibition of tumor growth, accompanied by decreases
in intra-tumoral Breg frequency and cytokine production, as
well as enhanced intra-tumoral accumulation of plasma cells
(Figures 7B-7E and S9C-S9E). We detected increased intra-tu-

Cell Reports Medicine

moral IgG and IgM concentration, which inversely correlated
with Breg frequency (Figures 7F and 7G). Furthermore, inhibition
of BCL6 resulted in reduced expression of p35 and EBi3 in intra-
tumoral Bregs but did not affect the expression of IL-10, demon-
strating that BCL6 could potentiate IL-35" Breg cell fate (Fig-
ure 7H). We also observed a significant increase in the frequency
of intra-tumoral CD4* and CD8" T cells, likely due to reduction in
Breg function (Figure 71).

Recent studies have suggested that improved B and T cell
function are a prerequisite for efficacy of immune checkpoint
blockade.® We found that treatment of PDAC tumor-bearing an-
imals with anti-PD1 in combination with Bcl6 blockade in naive B
cells led to an increased frequency of intra-tumoral CD8* T cells
and significantly reduced tumor growth (Figures 7J and 7K).
Depletion of CD8" T partially rescued tumor growth and did
not alter plasma cell frequency, suggesting that T cell- and B
cell-directed targeting of the tumor may be additive (Figures 7L
and S9F-S9I). These results demonstrate that adoptive transfer
of tumor-educated naive B cells after BCL6 inhibition is sufficient
to reprogram B cell-mediated anti-tumor immune responses and
overcome resistance to anti-PD1 immune checkpoint inhibitor
therapy in PDAC.

DISCUSSION

Many types of solid malignancies, including pancreatic cancer,
select for robust interactions between tumor cells and host re-
sponses that establish markedly immunosuppressive environ-
ment with influx of myeloid cells, Treg cells, activation of can-
cer-associated fibroblasts, and expansion of regulatory T and
B cell responses.’'®°°>% The balance between regulatory and
plasma B cells in the tumor immune microenvironment could
determine the sensitivity to immune checkpoint inhibitors, yet
the mechanisms that govern B cell differentiation in the context
of tumorigenesis are poorly characterized. We discovered that
B cells can be derailed from their normal effector function at
the naive B cell stage, even in the presence of tumor-specific an-
tigens. Specifically, IL-35/STAT3 signaling axis shifts naive B
cells away from plasma cell differentiation and toward regulatory
function by stabilizing interaction between pioneer factor Pax5
and pStat3. Genetic or pharmacologic inhibition of the IL-35/
STAT3/Bcl6 signaling axis promotes the intra-tumoral accumu-
lation of plasma B cells, affecting tumor growth and resistance
to immunotherapy. We propose that transcriptional reprogram-
ming of naive B cells in PDAC could be explored for therapeutic
potential.

Figure 5. IL-35 drives STAT3-Pax5 co-recruitment in tumor-educated B cells

(A) Mouse Pax5 gene promoter with the STAT-binding consensus sites.

(B) Mouse Bcl6 gene promoter with the STAT and Pax5 binding consensus sites.

(C) ChIP analysis for enrichment of pSTAT1 and pSTAT3 on Pax5 promoter in naive B cells (treated with «CD40/LPS/rlL-35 for 72 h) from WT or oKPC mice.
(D and E) (D) ChIP analysis for enrichment of pSTAT3 and (E) Pax5 at Bcl6 promoter from naive B cells isolated and treated as in (C).

(F) Representative flow cytometry plot of Duolink proximity ligation assay (PLA) between pSTAT3 and Pax5 in naive B cells treated with LPS/aCD40/cytokine

(green) or LPS/aCD40 alone.

(G) Representative flow cytometry plot of PLA between pSTAT3 and Pax5 in intra-tumoral Breg (green) and Bcon (black) cells.

(H) ChlIP-re-ChlP analysis to detect STAT3-Pax5 complex (STAT3:S3, Pax5:P5) at Bcl6 promoter in rlL-35-treated naive B cells isolated from WT and oKPC mice.
(I-K) (I) ChIP-re-ChlIP analysis to detect STAT3-Pax5 complex (STAT3:S3, Pax5:P5) at promoters of p35, (J) EBi3, and (K) Cd7d genes in rIL-35-treated naive
B cells isolated from WT or oKPC mice. Error bars indicate SEM; p values were calculated using two-tailed; unpaired, Student’s t test. NS, non-significant,
*p < 0.05, *p < 0.005. Data represent triplicates within the same experiment and are representative of three independent experiments.
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We demonstrate that B cell dysfunction in cancer may be an
outcome of an active suppression program (mediated by IL-35
as one example) that occurs during tumorigenesis. While prior
reports suggest that IL-35 may be able to signal to total B cells
in a cell-autonomous manner,'”?"°* we demonstrate that IL-
35 is one of the factors driving B cell dysfunction in cancer and
test strategies to reprogram non-reactive tumor-specific B cells
to reinvigorate effector cells. Our data show that IL-35 signaling
in tumor-educated naive B cells drives interaction between
activated Stat3 and pioneer factor Pax5. It is possible that this
complex recruits histone modifiers, accounting for changes in
observed acetylation and methylation pattern.>® Recent findings
that Pax5 repression alone is unable to activate plasma cell dif-
ferentiation emphasize the importance of IL-35-induced BCL6
regulation in limiting plasma cell differentiation.® Interestingly,
a recent finding by Xiao et al. described a role for Bcl6* Bregs
in hepatoma, where expression of Bcl6 was regulated by activa-
tion of TLR4, although it is not clear if this contributed to suppres-
sion of B cell driven anti-tumor immunity.19 Nevertheless, diverse
additional mechanisms may contribute to stabilization of Pax5,
pStat3, and/or Bcl6 expression in naive and other B cell subsets,
ultimately contributing to suppression of plasma cell responses
in cancer.

Intriguingly, IL-12 family cytokines such as IL-27 and IL-23 and
cytokines required for plasma cell activity, such as IL-21 and
IL-6, are also potent STAT3 activators.®”**® Concordantly, cyto-
kines IL-21, IL-4, and IL-6 can induce and stabilize expression of
Blimp1 and XBP1 to promote plasma cell differentiation.**™"
Therefore, while STAT3 activation is required, it is not sufficient
for B cell dysfunction elicited by IL-35. Timing of STAT3 activa-
tion, additional co-factors, and a primed epigenetic landscape
may also play a role.®?

Our understanding of how plasma cells may contribute to
decreased tumor burden requires further investigation. We did
not observe IL-35 or IL-10 production by plasma cells in
PDAC, potentially due to early reprogramming of naive B cells
in our models.”® However, diverse phenotypic subsets of Bregs
have been reported in the literature, including reports of IL-10*
and or IL-35" plasma cells, suggesting that terminal plasma
cell differentiation does not universally present a barrier to sub-
sequent immunosuppressive cytokine production.'”¢%% It is still
not clear whether intra-tumoral plasma cell expansion is medi-
ated locally by tumor neo-antigens or by increased migration
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and/or homing of B cells that are otherwise engaged systemi-
cally.®® It is also possible that the quality of antibodies produced
by newly expanded plasma cells is distinct from the IgGs that
can polarize macrophages in PDAC and may contribute to
destruction of cancer cells via tumor cell lysis.”%” Understand-
ing clonal distribution of B cells and Breg cells before and after
IL-35 loss may also elucidate the selection of B cell antigenic re-
sponses that contribute to PDAC growth. Intra-tumoral effector
B cells may also directly or indirectly contribute to maturation
of tertiary immune structures and support T cell immunity. 6259
Deconvolution of these putative plasma B cell-driven mecha-
nisms of action will enable the design of appropriate combination
immunotherapies that can synergize with effector B cell reprog-
ramming for better control of tumor growth. Further studies using
genetic models of selective reduction in antibody production
(AID/uS knockout [KO]), and/or Stat3 inactivation and passive
transfer of antibodies will allow us to discern the contribution
of newly generated antibody response to PDAC rejection, while
circumventing potential off-target effects of small-molecule
inhibitors.”®

Cancer-derived factors that contribute to B cell dysfunction
are not yet clear. Possible candidate factors include antigenic
determinants, such as variability of antigen strength and/or
timing of tumor-associated antigen exposure. Damage-associ-
ated molecular patterns may also be systemically elevated by
PDAC, and can modulate B cell biology.”""”*> Microbial contex-
ture is likely to be of particular importance and interest, espe-
cially given the known presence of bacterial components in
PDAC tumors and the general propensity of PDAC patients to
experience gut dysbiosis.”®>"® Our findings suggest that patho-
logic reprogramming of naive B cells in PDAC may be reversible.
Further exploration of mechanisms that underlie Breg cell line-
age commitment may reveal therapeutic strategies that enhance
plasma cell function in cancer and synergize with T cell-directed
immunotherapies.

Limitations of the study

Although our study utilizes both human and mouse B cell
profiling, B cell subsets were enriched for their ability to produce
immunosuppressive cytokines. It should be noted that identi-
fying/streamlining functional subsets of B cells based on tran-
scriptomics, function, and localization will be necessary to
further discern potential prognostic value in both patients and

Figure 6. IL-35-STAT3 axis deregulates naive B cells in pancreatic cancer
(A) Representative flow cytometry histogram plot of intracellular IL10, p35, EBi3, and surface CD1d in naive B cells isolated from oKPC mice and treated as

indicated.

(B) Quantification of IL10, p35, EBi3, and CD1d in naive B cells treated as in (A), with STAT1 inhibitor (left) and STAT3 inhibitor (right).

(C) Quantification of Pax5 in naive B cells treated as in (A).
(D) Quantification of Bcl6 in naive B cells treated as in (A).

(E) ChIP analysis for enrichment of Pax5 at p35, EBi3, and Cd1d gene promoters. Naive B cells isolated from oKPC mice were treated with «CD40/LPS and +

STATS3 inhibitor for 72 h followed by ChIP analysis.

(F) ChIP analysis for enrichment of H3K27ac at p35, EBi3, and Cd1d gene promoters. Naive B cells were isolated and treated as in (E).
(G) Experimental schematic used to investigate in vivo effect of STAT1 (STAT1i) and STAT3 (STATS3I) inhibition in B cells on pancreatic tumor growth.

(H) Quantification of tumor weights from mice in (G).
(I) Absolute number of intra-tumoral B cells from mice in (H).
(J) Absolute number of intra-tumoral Breg cells from mice in (H).

(K) Absolute number of intra-tumoral plasma cells from mice in (H). Error bars indicate SEM; p values were calculated using two-tailed; unpaired, Student’s t test.
p values in (H) to (K) were calculated using one-way ANOVA. NS, non-significant, *p < 0.05, **p < 0.005. Data are representative of three independent experiments.
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Figure 7. BCL6 inhibition in tumor-educated naive B cells restrains tumor growth

(A) Experimental schematic used to test in vivo effect of Bcl6 inhibition (Bcl6i) in B cells on pancreatic tumor growth. Naive B cells from oKPC mice were treated
with «CD40/LPS/IL-35 + Bcl6i and transferred into uMT mice, followed by orthotopic injection of KPC cells.

(B) Quantification of tumor weights from uMT mice as in (A).

(C-E) (C) Absolute number of intra-tumoral B cells, (D) Breg cells, and (E) plasma cells in mice from (B).

(legend continued on next page)
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mouse models. Our study utilized mouse cancer cell lines and a
spontaneous Kras®'2P;P53R172H_griven model of pancreatic
cancer. It is of note that these models are characterized by
marked immunosuppression and have limited neoantigen pool;
therefore, analysis of additional cell lines and/or more immuno-
genic models of cancer would be important to understand the
full scope of B cell functionality in solid cancers. Furthermore,
studies utilizing patient-derived data will lead to better under-
standing of human-specific nuances of the B cell responses
in cancer that are otherwise difficult to model using animal
systems.
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Antibodies

Pax5, 1TH9 Biolegend Cat# 649704; RRID:AB_2562425
Pax5, 1H9 Biolegend Cat# 649710; RRID:AB_2562573
Pax5, 1H9 Biolegend Cat# 649707; RRID:AB_2562475
IL-35 (p35), 4D10p35 eBioscience Cat# 50-7352-82; RRID:AB_2574285
IL-35 (EBi3), 355022 R & D system Cat# 1C18341C; RRID:AB_10890620
IL-35 (EBi3), 355022 R & D system Cat# 1C18341P; RRID:AB_10890620
IL-35 (EBi3), 355022 R & D system Cat# 1C18341A; RRID:AB_10890620
IL-10, JES5-16E3 Biolegend Cat# 505026; RRID:AB_11150582
IL-10, JES5-16E3 Biolegend Cat# 505010; RRID:AB_315364
IL-10, JES5-16E3 Biolegend Cat# 505021; RRID:AB_10900417
IL-10, JES5-16E3 Biolegend Cat# 505031; RRID:AB_2563146
CD19, 6D5 Biolegend Cat# 115506; RRID:AB_313641
CD19, 6D5 Biolegend Cat# 115527; RRID:AB_493734
CD19, 6D5 Biolegend Cat# 115549; RRID:AB_2563066
CD19, 6D5 Biolegend Cat# 115545; RRID:AB_2562136
CD19, 6D5 Biolegend Cat# 115541; RRID:AB_11204087
CD19, 6D5 Biolegend Cat# 115533; RRID:AB_2259869
CD19, 6D5 Biolegend Cat# 115519; RRID:AB_313654
pPSTAT3, LUVNKLA ThermoFisher Cat# 17-9033-42; RRID:AB_2573282

pSTAT3, LUVNKLA
pPSTATS3, LUVNKLA
CD8, 53-6.7
CD8, 53-6.7
CDs8, 53-6.7
CD8, 53-6.7
CD8, 53-6.7
IFN-y, XMG1.2
IFN-v, XMG1.2
CD45, 30-F11
CD45, 30-F11
CD45, 30-F11
CD1d, 1B1
CD1d, 1B1
CD1d, 1B1
IgD, 11-26¢.2a
IgD, 11-26¢.2a
IgD, 11-26¢.2a
CD21, 7E9
CD21, 7E9
CD21, 7E9
CD23, B3B4
CD5, 53-7.3
CD5, 53-7.3
CD5, 53-7.3

ThermoFisher
ThermoFisher
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

BD Bioscience
BD Bioscience
BD Bioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
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Cat# 25-9033-42; RRID:AB_2573536
Cat# 12-9033-42; RRID:AB_2572679
Cat# 100706; RRID:AB_312745
Cat# 100751; RRID:AB_2561389
Cat# 100741; RRID:AB_11124344
Cat# 100737; RRID:AB_10897101
Cat# 100721; RRID:AB_312760
Cat# 505810; RRID:AB_315404
Cat# 505807; RRID:AB_315401
Cat# 103137; RRID:AB_2561392
Cat# 103108; RRID:AB_312973
Cat# 103125; RRID:AB_493536
Cat# 562712; RRID:AB_2737739
Cat# 553846; RRID:AB_2073521
Cat# 740711; RRID:AB_2740394
Cat# 405714; RRID:AB_10643423
Cat# 405729; RRID:AB_2563340
Cat# 405735; RRID:AB_2563345
Cat# 123407; RRID:AB_940403
Cat# 123415; RRID:AB_1595595
Cat# 123414; RRID:AB_2085158
Cat# 101619; RRID:AB_2563438
Cat# 100615; RRID:AB_2260093
Cat# 100617; RRID:AB_2562173
Cat# 100621; RRID:AB_2562772
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CD27, LG.3A10 Biolegend Cat# 124209; RRID:AB_1236464
CD4, GK1.5 Biolegend Cat# 100406; RRID:AB_312691
CD4, GK1.5 Biolegend Cati# 100427; RRID:AB_493646
CD4, GK1.5 Biolegend Cat# 100429; RRID:AB_493698
CD25, PC61 Biolegend Cat# 102035; RRID:AB_11126977
CD25, PC61 Biolegend Cat# 102012; RRID:AB_312861
Foxp3, MF-14 Biolegend Cat# 126419; RRID:AB_2565933
Foxp3, MF-14 Biolegend Cat# 126407; RRID:AB_1089116
CXCRS3, CXCR3-173 Biolegend Cat# 126514; RRID:AB_1186015
CCR5, HM-CCR5 Biolegend Cat# 107011; RRID:AB_2074528

pSTAT1, Stat1S727-C6
pSTAT1, Stat1S727-C6
pSTAT1, Stat1S727-C6
CD138, 281-2
CD138, 281-2
CD138, 281-2
CXCR4, L276F12
BCLS6, 7D1

BCL6, 7D1

BCLS6, 7D1

TNF-a,, MP6-XT22
CD11b, M1/70
Caspase3, C92-605
CXCR5, L138D7
CD69, H1.2F3
Ki-67, 16A8

CD24, ML5

CD38, HB-7

CD19, HIB19
CD19, HIB19
CD19, HIB19
IL-35(p35), SNKY35
IL-35(EBi3), BO32F6
pSTATS3, 13A3-1
Pax5, 1H9

Pax5, D19F8
pSTATS, 3E2
pSTAT1, D3B7
pSTAT3, D3A7
Pax5, 1H9
H3K27ac

HDAC1, D5C6U
H3K27(me3)

CD19, D4v4B
CD138

H3K27ac

CD20, MJ1

Ebi3

ThermoFisher
ThermoFisher
ThermoFisher

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

BD Bioscience

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

ThermoFisher

Biolegend

Biolegend

Biolegend

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
ThermoFisher

Abcam

Cell Signaling Technology
Abcam

Cell Signaling Technology
ThermoFisher

Abcam

Leica

Sigma

Cat# MA5-28057; RRID:AB_2745056
Cat# MA5-28056; RRID:AB_2745055
Cat# MA5-37073; RRID:AB_2897008
Cat# 142507; RRID:AB_11204257
Cat# 142521; RRID:AB_2562727
Cat# 142506; RRID:AB_10962911
Cat# 146517; RRID:AB_2687244
Cat# 358514; RRID:AB_2860943
Cat# 358505; RRID:AB_2562471
Cat# 358511; RRID:AB_2566195
Cati# 506329; RRID:AB_11123912
Cat# 101237; RRID:AB_11126744
Cat# 560626; RRID:AB_1727414
Cat# 145517; RRID:AB_2562453
Cat# 104507; RRID:AB_313110

Cat# 652425; RRID:AB_2632693
Cat# 311114; RRID:AB_2561284
Cat# 356608; RRID:AB_2561904
Cat# 302225; RRID:AB_493750
Cat# 982406; RRID:AB_2650645
Cat# 302215; RRID:AB_314245

Cat# 50-7359-42; RRID:AB_11219875
Cat# 360904; RRID:AB_2562880
Cat# 651009; RRID:AB_2572087
Cat# 649709; RRID:AB_2562572
Cat# 8970S; RRID:AB_10950222
Cat# 9138S; RRID:AB_331262

Cat# 8826S; RRID:AB_2773718
Cat# 9145S; RRID:AB_2491009

Cat# 14-9918-95; RRID:AB_2865520
Cat# ab4729; RRID:AB_2118291
Cat# 34589S; RRID:AB_2756821
Cat# ab6002; RRID:AB_305237
Cat# 90176S; RRID:AB_2800152
Cat# 36-2900; RRID:AB_2533248
Cat# ab4729; RRID:AB_2118291
Cat# PA0909; RRID:AB_10554604
Cat# HPA046635; RRID:AB_2679729
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CD138 R & D System Cat# MAB2780-SP; RRID:AB_2182840
«CD40, HM40-3 eBioscience Cat# 16-0402-82; RRID:AB_468945
aCD3 Bio X cell Cat# BP0001-1; RRID:AB_1107634
aCD28 Bio X cell Cat# BE0015-1; RRID:AB_1107624
oCD3 (Human) Bio X cell Cat# BE0001-2; RRID:AB_1107632
«CD28 (Human) Bio X cell Cat# BE0248; RRID:AB_2687729
Human «CD40, 5C3 Biolegend Cat# 334350; RRID:AB_2810512
Anti-PD1 (In Vivo) Bio X cell Cat# BP0146; RRID:AB_10949053
IgG2a isotype control Bio X cell Cat# BP0089; RRID:AB_1107769
Anti-IL-35 (In Vivo), V1.4C4.22 Shenandoah Inc Cat# MAB-200-I1L3522; RRID:AB_11207239
InVivoMADb anti-mouse CD20 Bio X Cell Cat# BE0356; RRID:AB_2894775
IgG2c isotype control Bio X Cell Cat# BE0366; RRID:AB_2894738
InVivoMADb anti-mouse CD8a. Bio X Cell Cat# BE0004-1; RRID:AB_1107671
IgG2a isotype control Bio X Cell Cat# BE0089; RRID:AB_1107769
Chemicals, peptides, and recombinant proteins

7-AAD Biolegend Cat# 420404

CFSE Cell Division Tracker Biolegend Cat# 423801

Rec. IL-10 R & D System Cat# 417-ML/CF

Rec. IL-35 (Mouse)

Rec. IL-35 (Human)

Rec. IL-12

Rec. IL-23

Rec. IL-27

Rec. IL-6

Rec. IL-1B

STA-21 (STATS3 inhibitor)
Fludarabine (STAT1 inhibitor)
79-6 (BCLS6 inhibitor)
Bortezomib

LPS

Hoechst 33258

Normal mouse serum

Chimerigen Lab
Chimerigen Lab
R & D System
R & D System
R & D System
R & D System
R & D System

Santa Cruz Biotechnology

Selleckchem
Selleckchem
EMD Millipore
Sigma
ThermoFisher

Jackson ImmunoResearch

Cat# CHI-MF-11135
Cat# CHI-HF-21035
Cat# 419-ML/CF
Cat# 1887-ML/CF
Cat# 2799-ML/CF
Cat# 406-ML/CF
Cat# 401-ML/CF
Cat# SC-200757
Cat# S1491

Cat# S8250

Cat# 504314

Cat# L2630

Cat# H3569

Cat# 015-000-120

penicillin-streptomycin Gibco Cat# 10378016
phorbol 12-myristate 13-acetate (PMA) Sigma Cat# P8139
lonomycin Sigma Cat# 13909
Brefeldin A Biolegend Cat# 420601
Critical commercial assays

Thiazolyl Blue Tetrazolium Bromide (MTT) Millipore-Sigma Cat# M5655
Duolink™ flowPLA Detection Kit Millipore-Sigma Cat# DUO94001
Duolink™ In Situ PLA® Probe Anti-Rabbit PLUS Millipore-Sigma Cat# DU092002
Duolink™ In Situ PLA® Probe Anti-Mouse MINUS Millipore-Sigma Cat# DU0O92004
Duolink™ In Situ Wash Buffer Millipore-Sigma Cat# DUO82047
1gG Mouse ELISA Kit ThermoFisher Cat# 8850-40022
IgM Mouse ELISA Kit ThermoFisher Cat# 8850-47022

Tissue Extraction Reagent
LDH-Glo cytotoxicity assay kit

ThermoFisher
Promega

Cat# FNNOO71
Cat# J2380
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Deposited data

Bulk RNAseq of naive murine B cells This paper NIH GEO repository accession GSE179797

Plasma cell signature

Breg signature

Newman et al., 2019

Mirlekar et al., 2020

Gene Expression Omnibus accession code
GSE127472.

NIH GEO repository accession GSE144504

Experimental models: Cell lines

KPC 4662 Bayne et al., 2012 N/A

KPC 2173 Bayne et al., 2012 N/A

Experimental models: Organisms/strains

C57BI/6J mice Charles River Labs stock #027

1110-/- Jackson Labs stock #002251

p35-/- Jackson Labs stock #002692

Ebi3-/- Jackson Labs stock #008691

uMT Jackson Labs stock #002288

KPC Hingorani et al., 2005 N/A

EbigTom-t/t Turnis et al., 2016 N/A

CD19°7%;Ebi3-"* Mirlekar et al, 2020 N/A

Oligonucleotides

Oligonucleotides This paper Table S6

Oligonucleotides can be found in Table S6

Software and algorithms

Flowjo software Version 10.2 Tree Star https://www.flowjo.com/

GraphPad Prism Version 8.0 GraphPad https://www.graphpad.com/scientificsoftware/prism/s

TFBIND N/A https://tfbind.hgc.jp/

TFSEARCH N/A http://diyhpl.us/~bryan/irc/protocol-online/
protocol-cache/TFSEARCH.html

PROMO-ALGGEN N/A http://alggen.lsi.upc.es/cgi-bin/promo_v3/

promo/promoinit.cgi?dirDB=TF_8.3

Other

BD Vacutainer blood collection tubes

BD Biosciences

Cat#367871

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yuliya

Pylayeva-Gupta (yuliyap1@email.unc.edu).

Materials availability

Mouse PDAC lines used in this study are available upon request; additionally, the reagents used in this study are available from the
lead contact with a completed Materials Transfer Agreement.

Data and code availability

o Bulk murine naive B cell RNA sequencing data has been submitted to the NIH Gene Expression Omnibus (GEO) repository and
is available under accession GSE179797. This manuscript analyzes existing, publicly available data; The accession numbers
for the datasets are listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact

upon request.

o Code: 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.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All mouse protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the University of North
Carolina at Chapel Hill. Animals were maintained in a specific pathogen-free facility. Six-to-eight-week-old wild-type (WT)
C57BI/6J mice were purchased from The Charles River Laboratories (stock #027). Six- to eight-week-old, //70—/— (stock
#002251), p35—/— (stock #002692), Ebi3—/— (stock #008691) and uMT (stock #002288) mouse strains were purchased from
The Jackson Laboratory and maintained at UNC. Both male and female mice were used for orthotopic injections of PDAC cells.
The KrastSt-G12D/, Trp53LSL-R172Hi, h48Cre/+ (KPC) mice have been described previously.*® Ebi37™t mice were obtained
from D. Vignali (University of Pittsburgh, Pittsburgh, PA).”” CD19°;Ebi3"" mice were generated by crossing CD19°™ mice’®
to Ebi3™™ 't mice in our colony for two generations to obtain homozygosity at Ebi3 locus. Resulting mice lack expression of
Ebi3 in B cells (BE°®~"). CD19°";Ebi3*'~ littermates were used as controls. Unless otherwise indicated, experiments were per-
formed using 7-8-week-old mice of indicated genotypes with at least 6-12 mice per group in triplicate.

Cell lines

The murine PDAC cell line KPC4662 and KPC2173 were derived from primary pancreatic tumors of C57BI/6J KPC mice by Dr. Von-
derheide’s laboratory.”® GFP-labeled KPC cells were generated as described previously.” Cells were maintained at 37°C and 5%
CO2 in complete DMEM (#11995-065, Gibco, 10% FCS and 1% penicillin— streptomycin #15140-122, Gibco) and were confirmed to
be Mycoplasma and endotoxin free. Cells were used at <16 passages.

Human samples

The study was carried out in accordance with The University of North Carolina at Chapel Hill School of Medicine guidelines and was
approved by institutional review board ethics committees. Informed consent was obtained from the patients and healthy donors
before blood donation. The study (study #9001, IRB #90-0573) was conducted in accordance with ethical standards such as the
Declaration of Helsinki. Samples analyzed included splenic immune cells isolated from PDAC patients, where human resected spleen
samples were collected from 25 patients with pancreatic ductal adenocarcinoma, and tumor microarray containing normal adjacent
and PDAC tumor samples. All samples were received as de-identified, therefore, the information on the age and/or gender of the
donors is not available.

Primary lymphocyte cells

Primary mouse or human lymphocytes, including naive B cells, regulatory B cells (Breg), conventional B cells (Bcon) and T cells were
isolated and maintained in complete RPMI media containing 10% FCS with 1X penicillin—streptomycin (#15140-122, Gibco) antibi-
otics for 24-72hr. Details of specific culture conditions is described below.

In vitro culture of primary B and T cells

Sorted naive B, Breg and Bcon cells were activated with 1 pg/ml «CD40, 2 ng/ml LPS and/or rIL-35 (50 ng/ml), rIL-12 (20 ng/ml), rlL-
10 (20 ng/ml), rIL-23 (20 ng/ml) and rlL-27 (20 ng/ml) as indicated. Naive B cells were cultured for 72 hrs, while Breg and Bcon cells
were cultured for 48 hrs at 37°C and 5% CO2. Sorted T cells were stimulated with 1 pg/ml «CD3 and 2 pg/ml oCD28 for 48 hrs prior to
PMA/Ionomycin stimulation. For in vitro CD8" T-cell culture, splenic CD8" T cells specific for the OVA257-264 (InvivoGen) antigen
were sorted (>98% purity) from WT mice immunized with OVA257-264 for 1 week (10 ung/mouse). T cells were cultured with plate
bound «CD3 (1 pg/mL, Bio X Cell) and soluble «CD28 (2 ng/mL, BioXCell), for 48 hrs.

METHOD DETAILS

Bone marrow mouse chimera generation

B"T and BP%* mice were obtained by a mixed bone marrow chimera method, as described in reference no 28 8. Briefly, B/ and
BP3%~ mice were obtained by a mixed bone marrow chimera method using lethally irradiated (1,000 cGy radiation delivered from
cesium source) using C57BL/6J mice as recipients. Recipients were reconstituted with a mixture of bone marrow cells from B
cell-deficient uMT mice (The Jackson Laboratory, #002288) or WT C57BL/6J mice (80%), respectively, and p35~'~ mice (20%;
The Jackson Laboratory, #002692). A total of 10 x 10° bone marrow cells was injected intravenously into the irradiated WT recipients.
The chimeric animals were used after eight weeks and specific deletion of p35 gene in B cells was confirmed by PCR.

Mouse tumor cell injection studies

For intrapancreatic injection of cancer cells, mice were anesthetized using a ketamine (100 mg/kg)/xylazine (10 mg/kg; Med-Vet In-
ternational) cocktail. The depth of anesthesia was confirmed by verifying an absence of response to toe pinch. An incision in the left
flank was made, and 75,000 KPC cells in ice-cold PBS mixed at 1:1 dilution with Matrigel (#354234, Corning) in a volume of 50 uL
were injected using a 28-gauge needle into the tail of the pancreas. The wound was closed in two layers, and the animals were given
the pain reliever buprenorphine (0.1 mg/kg; Med-Vet International) once subcutaneously after orthotopic surgery. To analyze the
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functional effects of plasma cells, we treated mice intravenously with 0.75 mg/kg body weight bortezomib (Millipore-sigma) twice
weekly and control mice with equivalent volume of solvent PBS for 3 weeks. After 3 weeks, mice were sacrificed for tumor analysis.

Mouse tumor treatment studies

For therapeutic treatment with immune checkpoint blockade, anti-PD-1 (RMP1-14, Bio X Cell) or their respective IgG isotype controls
were injected at 200 pg/injection on days 7, 9, and 11, once an orthotopic tumor reached 4 to 5 mm (day 7). Three doses of antibody
were given in total, on days 7, 9, and 11 after injection of KPC cells and mice were sacrificed after 3 weeks for tumor analysis.

Lymphocyte isolation

Single-cell suspensions were prepared from tumors and spleens isolated from orthotopic and/or adoptive transfer models. Spleens
were mechanically disrupted using the plunger end of a 5 mL syringe and re-suspended in 1% FBS/PBS. Spleen samples were pro-
cessed following RBC lysis (eBioscience; 00-4333-57). For isolation of tumor-infiltrating lymphocytes, tumor tissue was minced into 1
to 2 mm pieces and digested with collagenase IV (1.25 mg/mL; #LS004188, Worthington), 0.1% soybean trypsin inhibitor (#79128,
Sigma), hyaluronidase (1 mg/mL; #LS002592, Worthington), and DNase | (100 pg/mL; #LS002007, Worthington) in complete DMEM
for 30 minutes at 37°C. Cell suspensions were passed through a 70-um cell strainer (Falcon) and resuspended in RPMI media (Gibco).
Lymphocytes were isolated from processed tumor tissues by OptiPrep (Sigma) density gradient centrifugation. MACS isolation of
total CD45* leukocytes (MACS Miltenyi Biotec #130-052-301) was performed on the leukocyte-enriched fraction according to Mil-
tenyi Biotec protocol, and the purity was >90%. Cells were stained with fluorophore-labeled antibodies for 30 minutes on ice in FACS
buffer (PBS with 3% FCS and 0.05% sodium azide). After staining, cells were washed twice with FACS buffer and resuspended in
sorting buffer (PBS with 1% FCS and 0.05% sodium azide). Cell sorting using a BD FACS ARIA Ill sorter was performed to isolate
CD19*IgD"CD1d~CD27~ naive B cells, CD19*CD21"CD5*CD1d" regulatory B cells (Breg), CD19*CD21'°CD5-CD1d~ conventional
B cells (Bcon), CD4" and CD8" T cells. Cells were collected in complete RPMI media containing 10% FCS with 1X penicillin—
streptomycin (#15140-122, Gibco) antibiotics. More than 97% purity was achieved.

Breg and Bcon cell isolation from human spleen

Spleen samples were processed as described above by mechanically disrupting followed by RBC lysis. The isolated splenocytes
were then stained with anti-human CD19 (HIB19; BioLegend), CD24 (ML5; BioLegend), and CD38 (HB-7; BioLegend) in FACS buffer
for 20 minutes on ice. CD19*CD24"CD38" Bregs and CD19*CD24°CD38' Bcon cells were sorted using a BD FACS ARIAIIl, and
cells were collected in complete RPMI media. More than 97% cell purity was achieved.

MTT assay

The viability of KPC 4662 cells with 10, 200, 500 and 1000 nMol of bortezomib were assessed with MTT (Sigma #M5655) as per manu-
facturer instructions. Briefly, the 10uL from 5 mg/mL MTT stock was added in each well of a 96 well plate and incubated at 37°C for 3
hours. After incubation, 150uL of DMSO were added in each well and plate was kept on orbital shaker for 15 min and was read within
1 hr at 590nm.

B cell: T cell co-culture

Mouse splenic Bregs (CD19*CD21"CD5*CD1D") were sorted by flow cytometry from spleens of WT, KPC, and tumor-bearing //10—/—,
p35—/— and EBi3—/— mice (>97 % purity), as described above. A total of 100,000 Bregs or Bcon cells and 100,000 CD4* or CD8* T cells
(1:1 ratio) were co-cultured in the 96-well Transwell plates, with B cells occupying the top chamber and CD4* or CD8™ T cells the bottom
chamber (Corning; 3381) for 48 hrs. B cells were activated by «CD40 (1 ng/mL, eBioscience) and LPS (2 ug/mL, Sigma) for 48 h, and
T cells were activated by plate bound aCD3 (1 pg/mL) and soluble «CD28 (2 ug/mL). Cytokine secretion of T cells was evaluated by flow
cytometry, as described below. For co-culture of B cells with T cells from PDAC patients, splenic CD19*CD24"CD38" Bregs and
CD19*CD24°CD38'° Beon cells were sorted by flow cytometry (>97% purity), as described above. The Breg or Bcon cells were co-
cultured with CD4* or CD8" T cells in 1:1 ratio and activated as described above and the expression of effector cytokines from
T cells was evaluated by gPCR analysis of gene expression, as described below.

In vitro treatment and adoptive transfer of B cells

Naive B cells (CD19*1gDMCD1d~CD27 ") were isolated from spleens of KPC mice by BD FACS-ARIA |1l flow cytometry sorting (purity
>98%). Sorted naive B cells were treated with «CD40 (1 pg/mL), LPS (2 ng/mL), rIL-35 (50 ng/mL) with or without BCL6 and STAT
inhibitors; STA-21 (20 umol/L) for STAT3 (Santa Cruz Biotechnology), Fludarabine (50 pmol/L) for STAT1 (Selleckchem) and 79-6
(100 umol/L) for BCL6 for 72 hrs. The viability and proliferation of naive B cells and purified Breg cells treated with STAT1 and
STAT3 inhibitors were assessed with MTT (Sigma #M5655) as per manufacturer instructions. After 72 hrs, 10 x 10° control or
BCL6 and STAT inhibited cells were adoptively transferred via tail vein injection into B cell deficient uMT mice. One day after adoptive
transfer, 75,000 KPC4662 cells were orthotopically transplanted into the pancreas of uMT mice. Recipient mice were sacrificed
21 days post-tumor cell injections, tumor size and weight were measured, and spleens and tumors were collected for further pro-
cessing and analysis.
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Intracellular cytokine and transcription factor staining

For ex vivo stimulation, sorted cells from tumors or spleens of orthotopic and/or adoptive transfer models (except for B cells, which
were cultured in LPS and aCD40 prior to this step) were incubated with PMA (50 ng/mL; Sigma, #P8139) and ionomycin (200 ng/mL;
Sigma, #l0634) in the presence of Golgistop Brefeldin A (1X, BioLegend) in complete RPMI medium for 5 hrs at 37°C. Cells were
washed and blocked with «CD16/CD32 (Fc Block, BD Biosciences, 0.1 mg/100,000 cells) for 5 minutes on ice. Viability was assessed
using the Live/Dead 7AAD (BioLegend; 420404) stain solution or Live/Dead Aqua cell stain kit (Life Technologies). Cells were then
washed and stained with labeled antibodies against surface markers on ice for 30 minutes in FACS buffer (PBS with 3% FCS and
0.05% sodium azide). After surface staining, cells were washed, fixed, and permeabilized using cytofix/cytoperm buffer (BD,
554714) for 15 minutes at 4°C in the dark. Intracellular staining was performed using fluorophore-conjugated cytokine antibodies
for 1 hr at 4°C in the dark. After intracellular staining, cells were washed and resuspended in FACS buffer for acquisition by flow cy-
tometry. Intracellular staining for Foxp3 was performed using a Foxp3 staining kit (eBioscience, catalog no. 00-5523). Intracellular
staining for transcription factors in B cells was performed by using True-Nuclear Transcription Factor Buffer Set (Biolegend;
424401). Briefly, after cell surface staining described above, cells were fixed using True-Nuclear 1X Fix Concentrate at room temper-
ature (RT) in dark for 45 minutes. Cells were washed two times with the True-Nuclear 1X Perm Buffer and a secondary fluorochrome-
conjugated antibody diluted in True-Nuclear 1X Perm Buffer was added. Cells were incubated at RT in dark for 1 hr. After incubation,
cells were washed 2 times with the True-Nuclear 1X Perm Buffer and resuspended in FACS buffer for acquisition by flow cytometry.
For staining of phosphoproteins, cells were fixed with fixation buffer (BioLegend; 420801) at room temperature for 10 minutes and
permeabilized with True-Phos perm buffer (BioLegend; 425401) at —20°C overnight. Cells were then washed twice and resuspended
in cell staining buffer (BioLegend; 420201). Fluorophore-conjugated phosphoprotein cocktail antibodies or isotype controls were
added and incubated for 60 minutes at 4°C. After incubation, cells were washed, resuspended in FACS buffer, and samples were
acquired on LSR Il and LSRII Fortessa (BD Biosciences) and analyzed with FlowdJo version 10.2 (TreeStar, Inc.). The human splenic
B cells were processed as described above, but the blocking step was done with human BD Fc Block (BD Biosciences, 564219,
0.1 mg/100,000 cells) for 5 minutes on ice. All antibodies and reagents are listed in the key resources table.

ChIP and ChiP-re-ChIP

ChIP assays were performed as described previously.®° Briefly, sorted naive B cells or Breg cells from tumor-bearing or healthy mice
were stimulated with «CD40 (1 pg/ml), LPS (2 pg/ml) and rIL-35 (50 ng/mL) for 72hr and 48hr respectively. After activation and cyto-
kine treatment cells were harvested and cross-linked with 37% (W/V) formaldehyde at final concentration of 1.42% for 15 min at RT.
Formaldehyde quenching was done with 125 mM glycine for 5 min at RT. Cell lysis was performed using IP buffer (150 mM NaCl,
50 mM Tris-HCI pH 7.5, 5 mM EDTA, 0.5% V/V NP-40 and 1% V/V Triton X-100). Chromatin was sheared into fragment sizes
500-1000 base pairs in length with four rounds of 15 sec sonication with a 2 min rest between each round using a Diagenode Bio-
ruptor. Sheared chromatin was then subjected to immunoprecipitation with different transcription factor and histone modifier anti-
bodies (key resources table) with isotype matched control antibodies, followed by overnight incubation with rotation. DNA-protein
complexes were immune-precipitated with protein A-agarose beads, washed with IP buffer to remove ethanol. Immunoprecipitation
with protein A-agarose beads was performed at 4°C for 1 hr on a rotating platform. The beads were then washed with IP buffer
without inhibitors and subjected for DNA isolation. The DNA isolation was performed using 10% (W/V) chelex-100 slurry followed
by precipitation of DNA with 70% ethanol. For ChIP-re-ChlIP, the DNA-protein complexes were eluted with 0.1 M dithiothreitol fol-
lowed by a second round of immunoprecipitation with a specific transcription factor antibody, washes with IP buffer and elution
with Sodium bicarbonate. DNA was purified using 10% (W/V) chelex-100 slurry followed by precipitation with 70% ethanol. Purified
DNA was used to perform real-time PCR with SYBR green master-mixin 10 pL reaction volume (2.5 uL DNA template, 0.3 pL of 10 uM
primer pair, 5 L master-mix and 2.2 ul. PCR grade water). Relative occupancy of the immune-precipitated factor at the locus is esti-
mated by using 2 (Ct°°"! - Ctsa™Pe) gquation. Relative enrichment of upstream of transcriptional start site (TSS) is shown and results
are scaled to ChIP with control isotype antibody and input. The primers used to perform PCR are listed in key resources table.

QPCR analysis for gene expression

RNA was extracted from treated cells using the RNeasy Micro Kit (Qiagen). cDNA was generated using High-Capacity cDNA-RT Kit
(Invitrogen). QPCR analysis (with 100 ng of DNA template) was performed using the SSO advanced universal SYBR green super-mix
reagent (Bio-Rad) and Applied Bio-System platform. Results were normalized to the expression of 8-actin, and each sample was run
in triplicate. Gene expression was determined by the AACt method (222%Y. Primer sequences are listed in key resources table.
B-actin was used to normalize the data by the ACt method.

Proximity ligation assay

Protein interaction between STAT3 and Pax5 was detected by Duolink proximity ligation assay (PLA; Sigma-Aldrich). Splenic naive B
cells from KPC mice and intratumoral Breg cells from control, BE53~ and BP%*”~ mice were sorted using BD FACS-ARIAIll sorter.
Naive B cells were treated with «CD40/LPS and recombinant cytokines for 72 hrs as indicated above. Breg cells were treated
with «CD40/LPS for 48 hrs. After incubation, cells were processed for Duolink proximity ligation assay. Anti-Pax5 (Rabbit) and
Anti-pSTAT3 (Mouse) antibodies were conjugated with Duolink /n Situ PLA Probe anti-Rabbit PLUS and Duolink /n Situ PLA Probe
anti-Mouse MINUS (Sigma-Aldrich) respectively. Duolink flow cytometry protocol was followed with few modifications. Briefly,
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treated naive B and Breg cells were fixed and permeabilized using BD cytofix/cytoperm buffer (BD Bioscience) followed by blocking
with anti-CD16/CD32 (Fc Block, BD Biosciences, 0.1 mg/100,000 cells) for 5 minutes on ice. Samples were incubated with primary
anti-rabbit Pax5 PLA-PLUS and anti-mouse pSTAT3 PLA-MINUS antibodies for 1hr at 37°C. Ligation, amplification and detection
were performed using Duolink flow PLA Detection Kit - Red (Sigma-Aldrich) kit, following manufacturer’s instructions. Duolink tech-
nical negative control contained only PLA probes but neither Pax5 PLUS nor pSTAT3 MINUS antibodies. The samples were analyzed
by LSRII-Fortessa (BD Bioscience) and analyzed by FlowJo version 10.2 (TreeStar, Inc.).

RNAseq library preparation and analysis

Naive B cells (CD19*IgD"'CD1d~CD27") were isolated from spleens of non-tumor bearing and tumor bearing WT and mice
(two biological replicates per condition) by BD FACS-ARIA Il flow cytometry sorting (purity >98%). Sorted naive B cells were sub-
jected for RNA isolation using the RNeasy Micro Kit (Qiagen). RNAseq Libraries were prepared using the TruSeq Stranded mRNA
Library Prep (lllumina, 20020594). In this process, mRNA was isolated using polyA-selection by incubation with poly-T oligo attached
magnetic beads. mMRNA was then fragmented under elevated temperature with divalent cations. First strand cDNA was generated
using reverse transcriptase and random primers with the addition of actinomycin D. Second strand cDNA was generated using
DNA Polymerase | with RNase H, and the reaction quenched with the incorporation of dUTP. The 3’ ends were adenylated and
dual index adapters ligated using the kit’s DNA Ligase enzyme. The final cDNA strands with adapters were amplified to produce
the final libraries, which were pooled and diluted to 1.65pM before being sequenced on a NextSeq500 using the NextSeq 500/
550 Mid Output Kit v2.5 (150 Cycles) (lllumina, 20024904). Using the bcl2fastg2 Conversion software 2.20.0 we converted BCL files
to FASTAQ files and then collapsed the lanes into one file. Total expected read counts were quantified using Salmon 0.9.1(1) using
arguments “~gcBias —segBias". The UCSC mouse reference genome mm10 used to quantify reads.®’ Count data was loaded
into R v3.6.3 with tximport v1.12.3, and differential expression analysis was performed using the DESeq2 v1.24.0. Heat maps gener-
ated with pheatmap v1.0.12 using the variance stabilized transform (VST). PCA plots generated using both VST data and FactoExtra
1.0.7 library. Gene ontogeny analysis was performed using IPA.

BEBI3—/—

Luciferase reporter assay

Transient luciferase reporter transfection assay was performed in HEK 293T cell line using EBi3, p35 and Cd1d promoter luciferase
reporter constructs. The STAT3 and Pax5 binding sites on EBi3, p35 and Cd1d promoter were identified by ChIP. We selected re-
gions —1600 for EBI3, -2200 for p35 and -500 for Cd1d promoters. Mutations in the cloned promoter regions were designed by de-
leting STAT3-Pax5 binding consensus sequences (Figures 51-5K). The WT and mutant sequences were cloned into construct con-
taining luciferase reporter and all the WT and mutant vectors were generated by VectorBuilder Inc (Chicago, IL). The WT and mutant
constructs were then transfected using Lipofectamine (Sigma-Aldrich) into HEK293T cells. After transfection, the cells were left un-
treated or treated with IL-6 (20 ng/mL) for 24 hrs. After 24 hrs, cells were processed for luciferase assay using Dual-Luciferase Re-
porter Assay system (Promega) as per manufacturer instructions and luminescence were measured in single photon counting (SPC)
mode on the SpectraMax i3x. Full sequences of EBi3, p35 and Cd1d gene promoter wild-type and mutant constructs will be attached
as Supplementary files following acceptance of the manuscript.

Enzyme-linked immunosorbent assay (ELISA)

Tumor homogenates were prepared by homogenizing tumor tissue with Tissue Extraction Reagent | (ThermoFisher; FNNOO71,
50 mM Tris, pH 7.4, 250 mM NaCl, 5 mM EDTA, 2 mM Na3VO4, 1 mM NaF, 20 mM Na4P207, 0.02% NaN3, detergent). The Phos-
phatase inhibitor cocktail, Protease inhibitor cocktail and PMSF were added just prior to use. Samples were incubated at 4°C for 1 hr
on the orbital shaker and supernatants were collected by centrifuging the tubes at 9000 rpm for 10 min at 4°C. All samples were
stored at —80°C. The concentration of IgG was measured using mouse IgG ELISA kit (ThermoFisher; 88-50400-22) and concentra-
tion of IgM was measured using mouse IgM ELISA kit (ThermoFisher; 88-50470-22) according to manufacturer’s instructions.

Antibody-dependent cellular cytotoxicity (ADCC)

Effector cells were peripheral blood mononuclear cells (PBMC) obtained from C57B6/J mice on the same day of the experiment using
BD vacutainer tube with sodium heparin (BD Biosciences). For the cytotoxicity assay, effector cells were cultured with target cells
(non-cancerous pancreatic cells or tumor cells) at 20:1 (E:T) ratio with and without serum samples from tumor bearing WT, BE&3--
and B°%*”~ mice. After incubation for 6 hrs at 37°C a cell cytotoxicity assays (LDH-Glo Cytotoxicity Assay, J2380 Promega) were per-
formed according to manufacturer’s instructions.

Depletion of CD8* T cells, and «lL-35 treatment in vivo

For CD8" T cell depletion studies, 200 pg of anti-CD8 (Bio X Cell, BP0004-1, clone 53-6.7) or an IgG isotype control (Bio X Cell), were
administered intra-peritoneally daily starting 3 days prior to tumor cell injection and twice a week after tumor cell injection. In vivo IL-
35 blockade was described previously.”® Mice were sacrificed 21 days after tumor implantation, tumor size, and weight were
measured, and spleen and tumor samples were collected for further processing. Depletion of cells was confirmed by flow cytometry
at the end of the experiment.
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Immunohistochemistry

Mouse tumor tissues were fixed in 10% buffered formalin (Fisher Scientific) for 48hr. Tissues were then washed in 70% ethanol and
embedded in paraffin at the Histology Core. Six-micrometer sections were treated with xylenes and rehydrated. Endogenous perox-
idase activity was quenched using a solution of 1% hydrogen peroxide (stock of 30% hydrogen peroxide, Sigma) in methanol at room
temperature for 10 minutes. Antigen retrieval was done in a microwave oven using 10 mmol/L sodium citrate with 0.05% Tween-20
solution (pH 6.1) for 15 minutes. Blocking was performed for 1 hour at room temperature in a solution of 10% goat serum, 10 mmol/L
Tris—HCI, 0.1 mol/L magnesium chloride, 1% BSA, and 0.5% Tween-20. Sections were incubated with primary rat anti-CD19 (Cell
Signaling Technology #90176T clone D4V4B ) or anti-CD138 (Thermo Fisher #36-2900) diluted in 2% BSA/PBS (CD19 1:400 and
CD138 1:200) overnight at 4C°. Secondary biotinylated goat anti-rabbit (1:400 final concentration of 3.75 mg/mL) and incubated
for 1 hour at room temperature. Tertiary ABC solution was prepared according to the manufacturer’s instructions (Vectastain
ABC kit, Vector Laboratories) and incubated with slides for 45 minutes at room temperature. Sections were developed using a
3,30-diaminobenzidine tetrahydrochloride kit (DAB peroxidase substrate kit, Vector Laboratories). Slides were then counterstained
with Harris hematoxylin (Sigma), dehydrated, and mounted with DPX mounting media (Sigma). Images were acquired using Nikon
Eclipse Ni-U microscope with NIS-Elements software (Nikon). CD138* plasma cells were counted per 20x FOV, counting 3-6 FOV
per tumor sample.

Immunofluorescence on human tissues

Slides containing fluorescently labeled tissue sections (56 tumor samples and 23 normal adjacent) were scanned in the Aperio
ScanScope FL (Leica Biosystems) using the 20x objective and images were archived in TPL’s eSlide Manger database (Leica Bio-
systems). For analysis, expression of CD20, EBi3, CD138 and pan-Cytokeratin was assessed using Imaged (Fiji). Analysis data
included the percentage of CD20, EBi3 co-expressing (Breg) cells and CK"CD138" expressing plasma cells and the correlation be-
tween Breg cells and plasma cells for each antibody marker.

Human immunoregulatory B cell signature

B cell signature derived in Mirlekar et al., 2020°® was used. Briefly, RNA-seq library was prepared from human PBMC conventional
and immunoregulatory B-cell populations from healthy volunteers and treatment-naive PDAC patients. Sequencing was performed
on the lllumina HiSeq4000 platform using 150 bp paired-end chemistry and targeting 9 x 107 reads per sample. FASTQ files were
aligned to the human reference genome using STAR v2.4.2. The BAM output files were then quantified using Salmon v0.8.2.
FastQC v0.11.7 and MultiQC v1.5 was used to generate quality assurance reports. Statistical analyses were executed in R v3.3.3.
Differential gene expression analysis was conducted on the resulting expression matrices using the DESeg2 R package. Genes
that were found to be differentially upregulated in tumor-associated Breg subtypes compared with Bcon subtypes, with a
Benjamin-Hochberg corrected p value of less than 0.1, were identified. Breg signature was calculated by taking the geometric
mean of the expression values of the identified genes.

QUANTIFICATION AND STATISTICAL ANALYSIS

At least 9 to 21 mice were used in each group, with a minimum of 6 mice in each group per experiment, and the experiments were
repeated a 2-3 times to validate reproducibility. Before analysis, data were examined for quality. Group means were compared using
Student t-test. Significance in variations between two groups was determined by unpaired Student t-test (two-tailed), experiments
with more than two groups used one-way ANOVA comparison; when two groups were tested for more than one condition two-way
ANOVA was used. Statistical analysis was performed using GraphPad Prism software. Data are presented as mean+ SEM. p < 0.05
was considered statistically significant. CIBERSORTx was used to determine the percent of plasma cells in each PAAD TCGA sample
(plasma cell signature).® This value was compared to the Breg signature score using Spearman’s rank correlation coefficient. Cox
proportional hazard model was used to determine the hazard ratio for the plasma cell signature. A T-test was performed to compare
the gene expression between conventional B cells and Breg in PAAD samples for select genes. TCGA expression matrices were ac-
cessed at http://firebrowse.org.
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