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Abstract

The contribution of immune cells in soft tissue sarcomas (STS) is not completely known and understanding their role is very
essential for employing immunotherapy strategies. Here, we show that murine fibrosarcoma-conditioned medium promoted
total spleen cell proliferation but inhibited T cell responses to mitogenic and allo-antigen-mediated stimulation. This increased
proliferation was found to be in B cells resulting in generation of Breg further leading to Treg population. This was found to be
the same in vitro and in vivo. The phenotype of these B cells was CD19*CD81+tCD27"CD25*PD-L1" and they secreted both
IL-10 and TGF-f. These tumor evoked Bregs (tBreg), when co-cultured with B depleted T cells, suppressed their proliferation
in response to anti-CD3/CD28 stimulation. tBreg-induced suppression of T cell responses was not abrogated by the inhibi-
tion or neutralization of IL-10 but by the small molecule inhibitor of TGFp Receptor type I, SB431542. While SB531542
per se was not cytotoxic to tumor cells, administration of SB431542 in tumor-bearing mice (TBM) significantly reduced the
tumor burden. In addition, the treatment significantly reduced Treg cells and rescued proliferation of T cells in response to
mitogen and allo-antigen. Collectively, our results identify that tumor evoked Breg cells mediate T cell immune suppression
through TGFpB-mediated pathway and that targeting the Breg—Treg axis can be potentially used as an immunotherapy agent.
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Abbreviations TDLN  Tumor draining lymph node

FASL Fas ligand uT Untreated

GATA3 GATA-binding protein 3

NT Non-tumor

RORy  RAR-related orphan receptor gamma Introduction

STS Soft tissue sarcoma

Tbet T-box transcription factor Soft tissue sarcomas (STS) are a heterogeneous group of
TBM Tumor-bearing mouse malignancies, comprising 1% of all adult cancers and arise
TCM Tumor-conditioned medium from mesenchymal origin, mostly in connective and skel-

etal tissues with over 100 distinct histological subtypes [1]
and [2]. STS can occur in any part of the body [2] mostly
due to unknown aetiology and although metastasis is rarely
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and macrophages [9] in anti-tumor immunity has also been
extensively studied. Though the evidence that B cells can
facilitate the growth of experimental tumors in mice dates
back to 1970s [10] and the presence of B cell, abundance,
is often associated with poor prognosis [11], the biological
significance of B cells in anti-tumor immunity is not very
well understood.

In this study, we have investigated the mechanism by
which suppression of T cell responses was induced by
tumour-evoked B and T regulatory cells in a WEHI-164
fibrosarcoma model in BALB/c mice. Tumor-evoked Bregs
skewed the T}, cell differentiation in vitro towards Treg phe-
notype, produced IL-10 and TGF-f1 and suppressed T cell
responses. However, treatment with AS-101, inhibitor of
IL-10 production as well as antibody-mediated neutralisa-
tion of IL-10 did not restore regulatory B-T cell-induced
suppression. TGF-p1 seems to be the major mediator since
TGF-fR inhibitor SB431542 completely restored the immu-
nosuppression resulting in immuno-competent T cells along
with a statistically significant decrease in tumor burden.

Materials and methods
Reagents and chemicals

Fluorochrome-conjugated antibodies and ELISpot kits
were purchased from BD Biosciences (San Diego, CA,
USA). Anti-mouse IL-10 antibody, Concanvalin A (con
A), SB431542 and carboxy fluorescein succinamidyl ester
(CFSE) were from Sigma-Aldrich (St Louis, USA). AS-101
was from Cayman Chemicals (Ann Arbor, MI, USA). Anti-
mouse CD4, IgG and CD19 beads were purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany). TGF-f1
ELISA kit and Dynabeads™ Mouse T-Activator CD3/
CD28 were from Thermofisher Scientific (Waltham, MA
USA). TGF-p2 quantikine ELISA set was from R&D Sys-
tems (Minneapolis,Minnesota, USA). One-step cDNA syn-
thesis kit and Light Cycler 480 SYBR Green Master mix
were from Roche Applied Science (Upper Bavaria, Penz-
berg, Germany). RPMI-1640, Fetal Bovine serum (FBS),
antibiotic—antimycotic solution and RNA isolation kit were
purchased from Himedia (Mumbai, Maharashtra, India). All
other chemicals were from Sigma-Aldrich (St Louis, USA).

Animals and cell lines

Six- to eight-week-old BALB/c mice of either sex were
bred and maintained in the animal house facility of Bhabha
Atomic Research Centre (BARC), and given ad libitum
access of water and food.
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WEHI-164 cell line and maintained in RPMI-1640
medium supplemented with 10% FBS and 1% streptomy-
cin—penicillin solution and grown at 37 °C in a humidified
5% CO, incubator.

Generation of conditioned medium

The supernatants from WEHI-164 cells (1 X 10° cells/mL)
cultured in complete medium for 72 h at 37 °C and 95%
air was filtered using 0.22 um membrane filter and used as
the tumor-conditioned medium (TCM) for all the in vitro
studies. TCM was aliquoted and stored at — 30 °C and used
within 2 months. For all assays, 20% TCM was used (Fig.
S1a).

Preparation of spleen cells

Spleens were removed aseptically and squeezed through a
sterile nylon mesh (40 um) into RPMI 1640 medium. Red
blood cells were lysed using 0.83% ammonium chloride
solution. The resulting cell suspension was thoroughly
washed with medium and suspended in RPMI-1640 medium
containing 10% FBS and 1% antibiotic—antimycotic solution
(complete medium).

Antibody staining and flow cytometry

For surface marker labeling, cells (1 X 10° cells/mL) were
incubated with the respective primary antibodies for 30 min
at room temperature (RT) in dark. For intracellular stain-
ing, cells were fixed using 2% formaldehyde solution for
15-20 min followed by permeabilization (0.3% Triton
X-100, 0.5% FBS in PBS) for 15 min. Cells were incubated
with primary antibody for 45 min at 4 °C followed by sec-
ondary antibody staining. Appropriate isotype controls were
used. Samples were acquired in Cyflowspace™ flow cytom-
eter (Sysmex, Germany) using Flowmax software and data
were analyzed using FCS express software.

Assay for proliferation

Proliferation was assessed by flow cytometric analysis
of CFSE dye dilution. CFSE labeled cells (2 x 10°) were
seeded in 96-well plates and incubated for 72 h at 37 °C in
a 5% CO, incubator. Cells were stimulated with (a) mito-
gen con A (1 pg/mL) or (b) allo antigen (stimulator spleen
cells) from C57BL/6 mice (MHC H-2") exposed to 30 Gy
of y-radiation from a Co® source blood irradiator (Board
of Radiation and Isotope Technology, Mumbai, India).
Cells were harvested and labeled with anti-CD4 and CDS§
antibodies on days 3-5, and 20,000 cells were acquired in
Cyflow space™ using Flowmax software and analyzed by
FCS express software.
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Purification of cells using magnetic assisted cell
separation (MACS)

All cell purifications were done using MACS in Vari-
OMACS™ (Miltenyi Biotec, Gladbach, Germany). CD4*
cells and CD19* B cells were purified by positive selec-
tion method. Briefly, spleen cells from BALB/c mice were
labeled with anti-mouse CD4 or anti-mouse CD19* micro-
beads as per manufacturer’s protocol and purified through
MS or LS columns, respectively, in VarioMACS™ (Miltenyi
Biotec, Gladbach, Germany). The cells retained in the col-
umn were eluted and purity was assessed by flow cytometry.
The flow through of cells obtained during B cell purification
was used as IgG depleted cells. The purity of the populations
was always found to be >95% (Fig. S1b, ¢ and d).

T cell suppression assay

Purified B cells (1 x 10° cells/mL) were cultured for 72 h
with (a) complete medium: (B-UT), (b) 10 pg/mL LPS:
(B-LPS), (¢) 20% TCM: (B-TCM), (d) 20% TCM and
AS-101: (B AS101-TCM), (e) 20% TCM and SB431542:
(B SB431542-TCM). After 72 h, these treated B cells were
washed and co-cultured with CFSE labeled, B depleted
responder T cells (1:1) along with anti-CD3/anti-CD28
beads (3:1). After co-culture for 72 h, the cells were washed
and labeled with PE conjugated anti-CD4 antibody. The fre-
quency of proliferating CD4* cells was determined by flow
cytometry.

Real-time PCR

Total RNA was isolated from 1 x 10° cells using RNA isola-
tion kit (Himedia). RNA (20 ng) was transcribed to cDNA
using random hexamer primers, dNTPs and reverse tran-
scriptase using one-step cDNA synthesis kit. cDNA (5 ng)
was used for PCR amplification using gene-specific primers
for Ty subtype specific genes (Table S1). Real-time PCR
was carried out in Light Cycler® 480 (Roche Applied Sci-
ence, Penzberg, Upper Bavaria, Germany). All reactions
were performed with SYBR green in PCR mix and in trip-
licates. Results are represented as relative expression with
reference to actin expression.

ELISpot assay

ELISpot assays were performed as per manufacturer’s pro-
tocol. Briefly, sterile poly vinylidene difluoride (PVDF) bot-
tomed 96-well plates were coated overnight at 4 °C with
capture antibodies. The plates were blocked for 2 h at 37 °C
with complete medium. Spleen cells (1 X 10° per well) were
added with or without 20% TCM and the plates were incu-
bated overnight at 37 °C in a 5% CO, incubator. The cells

were then washed off and the plates incubated for 2 h at RT
with the corresponding biotin conjugated detection antibod-
ies followed by avidin-horse radish peroxidase conjugate for
1 h at RT. The spots were developed with substrate addi-
tion. The reaction was stopped by rinsing the plates with
distilled water and the spots were counted using ELISpot
reader (Immunospot, Cellular Technology Ltd, Cleveland,
OH, USA). Results are reported as the number of spot-form-
ing cells per 10° spleen cells.

Establishment of WEHI-164 fibrosarcoma tumor
model and in vivo studies

A tumor model was established as follows (Fig. Sle);
WEHI-164 cells (2 x 10°) were injected i.m into right flank
of BALB/c mice. Palpable tumors were observed on day 8.
Tumors were measured on alternate days from day 10 till the
end of experiments using vernier calipers. Tumor volume
calculated as length x width? x /6, where length represents
the largest diameter and width represents the perpendicular
diameter of the tumor [12]. All Tumor-bearing mice (TBM)
were sacrificed on day 20 and used for experiments. Non-
tumor (NT) mice served as control.

For SB431542 studies, mice were randomized into three
groups (n=>35 per group) on day 2 after tumor inoculation
and treated i.p with either 50 pL. dimethyl sulfoxide (DMSO)
or SB431542 (10 mg/kg body weight) (Fig. 6a). One group
was retained without any treatment as controls (NT). Tumor
measurements and further studies were carried out as indi-
cated above.

Statistical analysis

All experiments were repeated three times. The values are
represented as mean + SEM of three experiments. The sta-
tistical significance of the differences between groups was
calculated by two-tailed Student’s t test. Results were con-
sidered statistically significant at p < 0.05.

Results

Tumor-conditioned medium promoted total spleen
cell proliferation but inhibited T cell responses
to mitogen and allo-antigen

TCM increased the proliferation of spleen cells and this
effect was concentration dependent and increased up to
50% of TCM after which there was a decline (Fig. S2a).
Hence, 20% TCM was used for further experiments. Treat-
ment of spleen cells with 20% TCM did not induce apop-
tosis (Fig. S2b), but a three-fold increase in proliferation
as assessed by expression of early activation marker CD69,
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24 h after treatment (Fig. 1a). Presence of lymphoblast cell
clusters (Fig. S2c) as well as increase in percent divided
cells by means of CFSE dye dilution confirmed (Fig. 1b)
that TCM increased proliferation of total spleen cells. The
same responses were replicated in vivo also as evidenced
by significant increase in CD69 expression as well as CFSE
dye dilution in TBM as compared to NT mice (Fig. 1d, e).

In addition, when spleen cells from TBM were treated
with TCM, proliferation increased further in terms of CFSE
dilution (Fig. S2d). Time kinetics of CFSE dilution revealed
that proliferation of spleen cells from TBM increased on
days 1-3 after treatment but did not increase further (Fig.
S2d). On the other hand, spleen cells from NT and TBM
treated with TCM exhibited increased proliferation from
days 1 to 6 (Fig. S2d).
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Fig. 1 Tumor-conditioned medium promoted total spleen cell pro-
liferation but inhibited T cell responses to mitogen and allo-antigen.
Spleen cells from BALB/c mice were treated with TCM and assessed
for its proliferation efficiency by a CD69 labelling and b CFSE dye
dilution in untreated and TCM-treated cells. ¢ CFSE labelled spleen
cells were stimulated with 1 ug/mL con A or allo antigen (irradiated
stimulator spleen cells from C57BL/6 mice (MHC H-2°) (mixed lym-
phocyte reaction MLR) along with TCM and proliferation of CD4*
and CDS8" cells was assessed. Proliferation was assessed in spleen

@ Springer

cells from no tumor (NT) or tumor-bearing mice (TBM) by d CD69
labeling and e CFSE dilution. f Proliferation of CD4" cells and CD8*
cells in NT and TBM upon stimulation with 1 pg/mL con A and allo
antigen. Spleen cells were cultured with TCM in ELISpot assay,
number of spot forming colonies (SFC) secreting g IFN-y, h IL-10
and i IL-6. Data represented are mean+SEM from three independ-
ent experiments. *p<0.05, *¥p<0.01, ***p<0.001 where treated
is greater than control and *p <0.05, #p <0.01, ¥ p<0.001 where
treated is lesser than control
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When the response of spleen cells treated with TCM to
mitogen con A and allo-antigen (irradiated spleen cells from
C57BL/6 mice in a mixed lymphocyte reaction, MLR) was
examined, there was significant suppression of both CD4*
and CD8™" T cell responses (Fig. 1¢). Similarly, CD4* and
CD8* T cell responses from TBM to con A and allo-antigen
were also suppressed (Fig. 1f).

TCM by itself did not contain detectable amount of the
cytokines IL-6, IL-10, IFN- vy, IL-2, IL-4 and TNF-a (data
not shown). Hence, the ability of TCM to elicit a cytokine
response in spleen cells was assessed by ELISpot assay.
Amongst the cytokines tested, there was no significant dif-
ference in IL-2, IL-4 and TNF-a producing cells between
the control and TCM-treated groups (Fig. S2e, S2f and
S2g). However, there was a significant increase in IFN- y
(2.5 fold), IL-6 (8.5 fold) and IL-10 (22 fold) producing
cells in the TCM-treated group as compared to the control

(Fig. 1g-i).

Tumor increased differentiation of T cells
to regulatory phenotype both in vitro and in vivo

Since TCM treatment increased proliferation of spleen cells
and inhibited response to antigens, its effect on T cell dif-
ferentiation was evaluated by analysing the mRNA level
expression of the classical transcription factors, T-bet, GATA
-3, ROR-y and FOXP3 of Ty, Ty, Ty 7 and Treg subtypes
and the signature cytokines for these four cell types, IL-
2, IL-4, IL-17 and TGF-p1. The Ty, phenotype-specific
transcription factor 7-bet was down-regulated significantly
in TCM-treated cells (Fig. 2a) with a concomitant down-
regulation of /L-2 mRNA (Fig. 2b). The Ty,-specific tran-
scription factor GATA-3 and its major cytokine /L-4 was
found to be unaffected by the TCM treatment (Fig. 2a and
2b). Even though IL-17 was significantly up-regulated in
TCM, the transcription factor, ROR-y for Ty, cells remained
unchanged (Fig. 2a, b). Both FOXP3 the master transcrip-
tion factor and TGF-f1, the signature cytokine, of T regula-
tory cell phenotype was significantly up-regulated in TCM-
treated splenic lymphocytes (Fig. 2a, b).

The expression of these genes was evaluated in spleen
cells of tumor-bearing mice also. With respect to master
transcription factors, a similar pattern to that of TCM treat-
ment was observed in lymphocytes obtained from TBM
(Fig. 2c). However, unlike TCM treatment, the cytokine
expression followed a different pattern, with a significant
up-regulation of IL-2 and down-regulation of IL-17 and
TGF-p1 (Fig. 2d).

Since the transcription factor analysis showed an increase
in FOXP3 in spleen cells treated with TCM or those from
TBM, they were further analysed for the phenotype of T
regulatory cells. The abundance of CD4*CD25"FOXP3* T
regulatory cells increased up to 7 fold in TCM-treated cells

as compared to UT cells (Fig. 2e). In TBM, T regulatory
cells increased up to 11 fold in TBM as compared to NT
(Fig. 2e). These results confirmed that there were increased
T regulatory cells under in vitro and in vivo conditions in
fibrosarcoma.

TCM decreased splenic CD4* and CD8" cells
but increased proliferation of CD19" cells

To assess the effect of TCM on T cell and B cell status,
spleen cells were treated with TCM for 6 days. Cells were
labelled with anti-CD4, CD8 and CD19 antibodies on days
1, 3, 4 and 6, and assessed by flow cytometry. TCM treat-
ment for 24 h did not result in any change in the proportion
of CD4*%, CD8" and CD19* cells (Fig. 3a—c). However, on
day 3, there was a decrease in CD4" and CD8™ cells to 30%
and 20%, respectively (Fig. 3a, b) and on day 6, to 80%
and 65% in TCM-treated cells as compared to UT (Fig. 3a,
b). In contrast, the ratio of CD19% cells increased follow-
ing TCM treatment, with a 35% increase on day 3 and 75%
on day 6 (Fig. 3c). There was no change in proportion of
CD4* and CD8* cells expressing early activation marker
CD69 indicating that TCM did not activate Ty (Fig. 3d)
or T cells (Fig. 3e). In contrast, there was an increase in
CD19" cells expressing the activation marker CD69 indicat-
ing that increased proliferation could be the reason for the
increase in CD197 cells. The percentages of CD69* CD19*
cells increased from 3.07+0.09% in UT to 17.32+0.87%
in TCM-treated cells (Fig. 3f). Increased proliferation of
CD19* cells and not in CD4* or CD8* cells was also con-
firmed with CFSE analysis (Fig. S3a—c). These results sug-
gest that TCM-induced proliferation was in B cells.

To confirm that TCM induces proliferation only in B
cells, Ty and B cells were purified using anti-CD4 and IgG
conjugated magnetic beads from mouse spleen cells and
incubated with TCM for 24 h and assessed for CD69 expres-
sion (Fig. S3d, e). There was no change in CD69 expres-
sion in CD4™ cells (Fig. S3d) and IgG depleted cells (Fig.
S3f) due to TCM treatment. In accordance with the previous
results, CD69 expression increased 4 fold in TCM-treated
B (IgG") cells (Fig. S3¢) and 7.5 fold in CD4 depleted cells
(Fig. S3g). These results confirm that TCM induced prolif-
eration only in B cells.

To evaluate whether the TCM-induced up-regulation of
Tregs is through B cells or not, Ty, (T-bet and IL-2) and Treg
(FOXP3 and TGF-p1) markers were assessed in CD4* and
IgG depleted cells before and after TCM treatment. Briefly,
spleen cells were categorized into four groups, namely (1)
total spleen cells treated with TCM, (2) total spleen cells
treated with TCM followed by purification of CD4* cells
(TCM:CD4%), (3) purification of CD4™* cells followed by
TCM treatment (CD4":TCM) and (4) IgG depleted spleen
cells incubated with TCM for 24 h. After incubation with

@ Springer



158

Cancer Immunology, Immunotherapy (2021) 70:153-168

a 54 UTVsTCM
|
£ 5
>
w
S 24
x
£
21
B
®
x o-
Thet GATA3 RORyt FOXP3
C g 31
S"InTvsTBM
4
®
Q.
»
w
14
£
o
>
=
o
®
4
Tbet GATA3 RORyt FOXP3
10*
e
> - 10’
<
€ 10
o
w

1026 2044

F$Q

°
0 1024 2048 W72 &N 0
FSC

FOXP3-FL1

Fig.2 Tumor increased differentiation of T cells to regulatory phe-
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TCM for 24 h, mRNA levels of T-bet, IL-2, FOXP3 and
TGF-p1 were analysed by real-time PCR.

There was a significant down-regulation of both the Ty,
markers (7-bet and IL-2) and up-regulation of Treg markers
(FOXP3 and TGF-p1) in total spleen cells treated with TCM
(Fig. 3g). Similar pattern of expression was observed for the
transcription factors and cytokines in the CD4" cells puri-
fied after TCM treatment (TCM: CD4") (Fig. 3h). However,
if CD4™ cells were purified before TCM treatment (CD4*:
TCM), this pattern was reverted (Fig. 31) with up-regulation
of T-bet and IL-2 and down-regulation of FOXP3 and TGF-
p1. These results indicated that TCM-induced Treg pheno-
type required the involvement of accessory cells. In accord-
ance to that, if B cells were first depleted (IgG depleted),
followed by TCM treatment, there was no increase in Treg
markers, and transcription factors’ profile showed similar
pattern as of CD4*:TCM (Fig. 3j). Together, these results
confirm that the TCM-induced Treg up-regulation was medi-
ated by the B cells.

TCM-induced Treg phenotype
is through tumor-evoked Breg

Though there was an increase in both pro-inflammatory
cytokines such as IL-6, IFN-y, IL-17 and anti-inflammatory
cytokines such as IL-10, TGF-$1, B cells in tumor microen-
vironment are reported to secrete IL-10 and TGF-f1 [13-16]
and hence, we focussed on these cytokine for further studies.
Tumor-conditioned T and B cells were evaluated for secre-
tion of IL-10 and TGF-p1. Spleen cells cultured with TCM
for 24 h showed increased proportion of intracellular IL-10
in CD19" cells (Fig. 4a) and not in CD3" cells (Fig. 4a),
confirming our hypothesis that TCM-induced B cells secrete
IL-10. B cells treated with TCM also secreted significantly
higher levels of TGF- 1 and TGF- p2 (Fig. 4d).

A new subset of immune-regulatory B cells has been
identified recently, with active roles in controlling inflam-
mation and autoimmune diseases [17]. These B regulatory
cells, reported to have a CD1d™CD5*CD19* phenotype,
have the ability to suppress immune responses during can-
cer immune surveillance, through the release of anti-inflam-
matory mediators, such as interleukin-10 (IL-10) and the
expression of inhibitory molecules, such as PD-L1 [18].
There was no significant difference in expression of CD1d
and CD5 in B cells from UT and TCM-treated cells with a
decrease in CD1d"CD5" cells following TCM (Fig. S4a)
treatment indicating that, TCM-evoked Breg cells are not
B10 cells.

Since we did not find the enhancement of B10 cells in
TCM, we analyzed the possibility of other types of Breg
cells. Given that multiple types of Bregs do exist and there is
no conventional marker available for Breg identification as in
Treg, we evaluated markers like CD25 that are up-regulated
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in tumor-associated B cells [16]. Percent CD25*IL-10*" B
cells were significantly higher in TCM-treated cells than in
UT group (Fig. 4b). Expression of B cell co-receptor marker
CDS81 was higher in TCM-treated B cells (Fig. 4c). CD27,
a surface marker which is tightly regulated by IL-10 [19]
and phospho STAT3, a downstream transcription factor of
IL-10 [20] was also found to be increased in CD19" cells
treated with TCM (Fig. 4¢). In addition to this, CD19" cells
from TCM had significantly increased levels of CD86, IA/IE
and IA-d, cell surface inhibitory molecules like FASL and
PDL-1 than those in UT (Fig. 4e). They were also found to
be CD45R" with significantly lower expression of CD40.

Similar to in vitro results, there was a 50% decrease in
percentage of CD4™ cells, 40% decrease in CD8* cells and
20% increase in CD19* cells in spleens of TBM as compared
to NT mice (Fig. 4f—h). There was a significant decrease in
CD4* and CD8* cells with an increase in CD19% cells in
tumor draining lymph node (TDLN) from TBM than the
LN from NT mice (Fig. S4b S4c and S4d). A three-fold
increase in CD197CD25%IL-10" cells with increased expres-
sion of the markers CD86, IA/IE, IA-d, FASL and PD-L1
was observed in splenocytes of TBM as compared to NT
mice (Fig. 44, j).

TGF-BR inhibitor SB431542 restored TCM-evoked
Breg-mediated suppression of T cell responses

To verify whether tumor-evoked Breg cells suppressed T
cell responses, a modified T cell suppression assay was per-
formed [15]. Purified B cells were cultured for 72 h in three
groups, namely (a) in complete medium (B-UT), (b) in the
presence of LPS, a classical activator of B cells, (B-LPS)
and (c) in the presence of 20% TCM (B-TCM). After 72 h,
these cells were harvested, washed twice with medium and
co-cultured with B depleted T cells in ratio of 1:1 and stimu-
lated with anti CD3/CD28. B depleted (Bdep) T cells cul-
tured alone served as the control (US) and had 8% daughter
cells in CD4* gated T cells as evaluated by CFSE (Fig. 5a).
When Bdep cells were stimulated with a-CD3/CD28 beads,
there was a six-fold increase in CD4* T cell proliferation
(Fig. 5b). Co-culture, with B-UT cells, (Fig. 5c) resulted in
comparable proliferation (5.9 fold in UT and 6.7 fold with
B-UT). Co-culture with B-LPS enhanced (30% increase)
and B-TCM suppressed (60% decrease) the proliferation of
CD47 T cells (Fig. 5d, e). These results confirm that the
inhibition of T cell responses to mitogen or allo-antigen was
mediated through tumor evoked Breg cells.

We evaluated the role of IL-10 in B-TCM-mediated sup-
pression of CD4™ T cell proliferation. This was done by
either (1) generating B-TCM in the presence of AS-101, a
small molecule inhibitor of IL-10 synthesis (B AS101-TCM)
or (2) treatment of Bdep T cells with neutralizing anti-IL-10
antibody during the co-culture with B-TCM. Both conditions
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cells generated with TCM (B-TCM) f B-TCM generated with TCM
and 10 pM AS101, g B-TCM generated with TCM and 10 uM
SB431542. Stimulated Bdep and B-TCM were co-cultured in pres-
ence of h neutralizing anti IL-10 antibody or i SB431542. j-1 Graphi-
cal representation of the data. Each bar represents mean+ SEM from
three independent experiments. *p <0.05, **p <0.01, ***p<0.001
where treated is greater than control and *p<0.05, *p<0.01,
##1 <0.001 where treated is lesser than control
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did not abrogate the B-TCM-induced suppression (Fig. 5f,
j» h, k). These results suggest that IL.-10 is not the primary
mediator of the suppressive function.

Since B cells treated with TCM secreted high levels of
TGF-B1 and TGF-p2, we hypothesized a possible role of
TGF-p in the regulatory properties of B-TCM. To confirm
the role of TGF-p, the effect of TGF-fR inhibitor SB431542
was assessed. This was done by (1) generating B-TCM in
presence of SB 431542 ((B SB431542-TCM) as well as (2)
treatment of Bdep T cells with SB431542 during co-culture
with B-TCM. Presence of SB431542 at the time of B-TCM
generation did not affect the regulatory function of B-TCM
(Fig. 5g, k), suggesting, tumor-derived TGF-f} signaling is
not necessary for Breg generation upon treatment with TCM.
Interestingly, when Bdep cells were treated with SB431542,
the suppressive effect of B-TCM was completely abrogated
(Fig. 5h, k) indicating that B-TCM-derived TGF-f is respon-
sible for inhibition of T cell responses. These results indicate
that the B-TCM-mediated suppression of T cell responses
in vitro is through TGF-f signalling.

SB431542 reduced tumor burden and rescued T cell
responses in tumor-bearing mice

Since SB431542 could abrogate the suppressive effect of
B-TCM and rescue T cell responses in vitro, we investigated
whether this effect can be recapitulated in vivo.

The experimental scheme for this experiment along
with the treatment protocol is given in Fig. 6a. Though
SB431542 did not have any direct toxicity to tumor cells
in vitro (Fig. 6b), SB431542 administration significantly
decreased tumor burden in mice (Fig. 6¢c—d). To study if
SB431542 had any immunomodulatory effects that could
possibly have an indirect effect on tumor burden, we evalu-
ated the effect of SB431542 administration on splenic T cell
responses. SB431542 treatment significantly increased the
percentages of splenic CD4* and CD8 cells with no change
in CD19* cells (Fig. 6e-g). This observation corroborates
with our in vitro data that Breg generation is independent
of TGF- signalling. The percentage of CD4"FOXP3" Treg
cells was significantly reduced in spleen cells of SB431542-
treated mice (Fig. 6h), indicating the possible abrogation
of Breg—Treg axis in vivo also. SB431542 administration
also rescued T cell responses to mitogen con A (Fig. 6i)
and allo-antigen (Fig. 6j) resulting in increased T cell
immunogenicity.

Collectively, our data suggest that WEHI-164-induced
suppression of splenic T cell responses is through a TGF-
p-mediated pathway, at least partly due to the generation of
CD19* CD81%, CD27*, IL-10", pSTAT3 + TGF-f secreting
regulatory B cells. Though these cells also express activa-
tion marker CD69, whether it is essential for its suppressive

function or these are independent functions needs to be
ascertained.

Discussion

B regulatory cells (Breg), an immunosuppressive subset of
B cells, play an important role in inflammatory and auto-
immune conditions and exert their suppressive function
by acting on dendritic cells [21], macrophages [22] and
Treg cells. The immune regulatory functions of Bregs, in
cancer have become a recent focus area. In this study, we
report that, tumor evoked CD19" CD81%, CD27%, IL-10™,
pSTAT3*, TGF-B secreting regulatory B cells can sup-
press T cell responses in spleen and possibly favour tumor
growth through a TGF-p-mediated pathway. Administration
of SB431542, TGFPRI inhibitor, significantly reduced tumor
burden, along with restoration of T cell responses.

There are two well-elucidated examples of Bregs pro-
moting cancer. B10 cells are the first type initially identi-
fied by Yanaba et al. [23] and are most studied. They are
naturally occurring in lymphoid organs; characterized by
CD1d"CD5TCD19" phenotype [18, 24, 25] and signa-
ture cytokine IL-10 [26]. In our studies, the percentage of
CD19*CD1d"CD5" B cells did not increase after TCM
treatment as compared to control cells suggesting that TCM
evoked IL-10 producing B cells were not B10 cells.

A second, well-studied group of Bregs in murine tumor
are a unique subset of tBregs [16, 27-29] that phenotypi-
cally resemble B2 cells and constitutively expressed STAT3,
poorly proliferative and do not express CD27, CD5 or
CDI1d. These tBregs were termed as CD19* B cells that
are pSTAT3*CD81"CD25* Breg cells that suppress the
activity of T cells. These tBregs could convert CD4" naive
cells to T regulatory cell, inactivate anti-tumor NK cells
and protect metastasizing cancer cells in the lungs [16].
WEHI-164 fibrosarcoma evoked Breg cells from naive B
cells were found to be pSTAT3", CD81", CD25" PDL1"
CD45RM CD85" and MHCII™. Though these Bregs share
similarities with those identified by Biragyn et al. in 4T1
tumor-bearing mice, they differ with them in that WEHI-164
tBregs are highly proliferative, while the latter are poorly
proliferative even though both are characterized as CD69"
[16]. WEHI-164-induced Breg cells also expressed CD27
and secreted IL-10 in contrary to those identified by Biragyn
et al. [16]. In addition, these Bregs were also associated with
increased FOXP3 expression and effectively suppressed the
proliferation of CD4" and CD8* cells upon aCD3/aCD28
stimulation.

Cytokines are the major soluble mediators through which
the tumor and immune cells in the microenvironment inter-
act with each other. In spleen cells, TCM treatment induced
both pro- and anti-inflammatory cytokines. Elevated levels
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day 20. Spleen cells were labelled with CFSE stimulated with i 1 pg/
mL con A and j stimulator spleen cells from C57BL/6 mice (MHC
H-2°) exposed to 30 Gy of y-radiation (MLR) for 72 h. Then, cells
were labelled with anti CD4" antibody and percentage of daughter
cells that have undergone proliferation was assessed in CD4" gated
cells. Data shown are mean+SEM from two independent experi-
ments (n=10). *p<0.05, **p<0.01, ***p<0.001 where treated
is greater than control and *p <0.05, #p<0.01, ¥ <0.001 where
treated is lesser than control
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of IL-17, without increase of ROR-yt expression, suggests
that the cytokine may not be indicative of the classical
Ty,7 cells [30]. The source of IL-17, therefore, could be
either tumor-associated macrophages [31-33], B cells [34],
yOT17 cells, a variant of ydT cells that secrete IL-17 [35]
or IL-17% Treg cells [36]. Though it has been reported that
IL-17, secreted by non-Ty;; cells, may be associated with
increased tumor growth and poorer survival rate [37], we
have not explored this in detail.

Spleen cells from tumor-bearing mice did not show
increase in TGF-f mRNA levels even though there was
increased FOXP3 levels and CD4TCD25"FOXP3* cells.
A major reason for this discordance may be because the
gene expression studies were carried out in total spleen cells,
and there is a decrease of T lymphocytes in the spleens of
tumor-bearing mice as we and others have reported [38]. In
addition, T regulatory cells employ activation of membrane
bound TGF-f along with latency associated peptide for their
suppressive functions that need not necessarily correlate
with TGF- mRNA [39].

Regulatory B cells are known to exert their regulatory
functions through two of the prominent anti-inflammatory
cytokines, IL-10 and TGF-f. Hence, we focussed on eluci-
dating the effect of these two cytokines in the suppressive
capacity of Breg cells. Though the paradoxical role of these
pro-inflammatory cytokines IL-6, IFN-y, IL-17 on inducing
Breg cells in autoimmunity has been reported, their effect
on tumor evoked B regulatory cells is not known and will be
worthwhile to study in the future [40, 41]. Blocking IL-10
synthesis or signalling did not affect the suppressive activ-
ity of tBregs even though these cells secrete high levels of
IL-10. Most of the Bregs reported in autoimmunity employ
IL-10 as the key player for immune suppression and recent
studies suggest the presence of IL-10 producing subsets of
Bregs in skin squamous carcinoma [42], chronic lympho-
cytic leukemia [43] and murine mammary carcinoma [28].

In addition to IL-10, there was an increased expression
of FOXP3 and elevated levels of TGF-f in cells treated
with TCM. Increased secretion of both TGF-B1 and TGF-
2 were observed in Breg cells treated with TCM. Inhibition
of TGF-p signalling by treatment with SB-431542, com-
pletely abrogated Breg-induced suppression of proliferation
responses in T cells in the co-culture. SB431542 is a novel
small molecule that potentially inhibits TGF-p signalling
through the inhibition of TGFPRI activity [44]. Interestingly,
this abrogation was seen only when SB431542 was present
during the co-culture of B-T cells and not if it was present
during the generation of tBregs. The cytokines IL-10 and
TGF- B act synergistically to bring about immune suppres-
sion [45]. or block the Ty, signalling and establish toler-
ance [46]. IL-10, on the other hand, can also increase the
TGF-p responsiveness in activated T cell [46]. Interestingly,
IL-10 does not seem to have any role in TGF-f-mediated

suppression in Breg cells, since blocking its synthesis did
not affect the function of Breg or affect the tumor burden
in vivo (data not shown). The signal transducer and activa-
tor of transcription (STAT) proteins mediate the integration
of extrinsic signals provided by cytokines to the regulation
of the intracellular processes allowing the cells to adapt to
their surroundings. STAT-3 is critical in B cell development
and germinal centre maintenance [47, 48] and is also a major
player in generation of regulatory B cells [49]. Both IL-10
and TGF-p regulate STAT-3 [50, 51]. Breg cells produc-
ing IL-10 or TGF-f can induce Treg and suppression of T
cells [52, 53]. However, the regulation of Breg secreting
both IL-10 and TGF-f in tumor-induced immune suppres-
sion and the dominance of one signalling pathway over the
other is not clear and should be delineated.

Next, we wanted to assess the effect of SB431542 in vivo.
The questions raised were (1) would SB431542, which was
non toxic to tumor cells in vitro have any effect on tumor
burden? (2) What would the effect of SB431542 on T cell
responses and T-B interactions? Though SB431542 did
not induce any direct cytotoxic effects on the tumor cells
as evidenced by no loss of viability under in vitro con-
ditions, in vivo administration resulted in a significant
decrease in tumor burden. Depending upon the cell lines
used, SB431542 has been shown to either inhibit the pro-
liferation of tumor cells in vitro [54-56], induced growth
arrest and apoptosis [57], or inhibit TGF-f-induced epithe-
lial-mesenchymal transition (EMT) and invasiveness [57,
58]. In murine model of mammary adenocarcinoma, this
drug reduced the lung metastasis but did not affect the pri-
mary tumor growth [59]. Even though SB431542 did not
reduce the viability of WEHI-164 cells in vitro, the pos-
sibility of any cytostatic effect in vivo cannot be completely
ruled out.

The next question was whether this effect of SB431542
was immune mediated since the drug was able to restore
TCM-induced inhibition of T cell responses. The fact that
TBM treated with SB431542 demonstrated decreased
CD4*FOXP3* Tregs and restoration of splenic T cell
responses to mitogen and allo-antigen validated our
in vitro observations regarding the importance of TGF-§3
signalling. Though these results indicate SB431542-
mediated anti-tumor effects are probably due to increased
immunocompetent T cells, whether this is due to abro-
gation of Bregs, Tregs or their interaction is not known.
A decrease in Tregs and the fact that WEHI-164 TCM-
induced Tregs was through Bregs would point towards an
abrogation of B-T interactions in vivo also as the mecha-
nism of SB43542 action. However, this can be confirmed
only in tumor-bearing mice depleted of B cells and treated
with SB431542. This is a limitation of our current study
and will be addressed in the future studies. However, to
address the effect of B cells in tumor, timing of B cell
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depletion seems to be crucial and can either increase or
decrease growth of the inoculated tumor cells [60—62].

Taken together, our results demonstrate that the immu-
nosuppressive effects of tBregs can be abrogated by small
molecule inhibitor of TGF-BRI, SB431542 and can be
useful as an immunotherapeutic agent in soft tissue sar-
comas. Though immune checkpoint therapy has been very
successful in a subset of patients, there is a substantial
population of non-responders necessitating the use of
combination therapies to overcome resistance [63]. In this
context, some recent papers have shown promising results
of combining TGFf inhibition with immune checkpoint
blockade to induce complete and durable responses in oth-
erwise unresponsive tumors [64, 65]. The association of
Breg with cancer is a new wave of research in immuno-
oncology. Since more mechanisms are being elucidated
that actively convert naive B cells to Breg cells, modulat-
ing B cells have considerable clinical implications. How-
ever, the timing seems to be very crucial for achieving
desired results [62]. As long as the cancer persists, it can
induce the generation of Bregs that can suppress the func-
tion of T cells and NK cells directly or educate other cells
like myeloid-derived suppressor cells to be immune sup-
pressive [66, 67]. This necessitates the identification and
development of strategies that can abrogate the process
of tumor-evoked Breg generation or its function which
will effectively contribute to inhibit immune suppression
and cancer escape. Inhibition of TGF-p signalling is capa-
ble of blocking the action of Breg cells and therefore can
be a very useful immunotherapeutic strategy in cancer
treatment.
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