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Transforming growth factor B signaling inhibitor,

SB-431542, induces maturation of dendritic cells
and enhances anti-tumor activity
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Abstract. The transforming growth factor  (TGFS) stimulates
tumor progression and metastasis. Secretion of TGF by tumor
cells also suppresses an antitumor immune response in which
dendritic cells (DCs) play an important role to activate cyto-
toxic T lymphocytes (CTLs). Herein we report that the small
molecule TGFf signaling inhibitor SB-431542, induces DC
maturation in vitro and triggers antitumor activity in vivo.
We added SB-431542 to cultures of murine bone-marrow
derived DCs (BM-DCs) derived from BALB/c mice and
human DCs generated from peripheral monocytes (human
DCs) at different concentrations in triplicates and examined
expression of co-stimulatory molecules by FACS and
production of Interleukin-12 (IL-12) by ELISA. SB induced
phenotypic maturation of BM-DCs and human DCs and
improved their abilities to produce IL-12 in a dose-dependent
manner. SB-431542 also augmented capacity of murine and
human DCs to activate naive T cells in allogeneic mixed
lymphocyte reaction. Interestingly, SB-431542 augmented
the capacity of BM-DCs and human DCs to incorporate
FITC-conjugated dextran. Intraperitoneal administration of
SB-431542 intiated 3 and 7 days after the implantation of
colon-26 cancer cells into the peritoneal cavity of BALB/c
mice significantly induced CTL activity against colon-26. We
incubated human DCs with SB-431542 and cell lysate of
scirrhous gastric cancer cell line OCUM-8, and then
examined CTL activities against OCUM-8. CD8 T cells
activated by human DCs treated with SB-431542 showed
modest augmentation CTL activity against cancer cells.
Furthermore, pretreatment of human DCs with SB-431542
upregulated cytotoxic activity against K562 cells, suggesting
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SB should have potential to activate DCs to natural killer
cells. In conclusion, TGFSB receptor I kinase inhibitor such as
SB-431542 might induce anti-tumor immune response in
immuno-tolerant patients associated with TGFS activity.

Introduction

Dendritic cells (DCs) are professional antigen-presenting
cells with an ability to trigger primary adoptive immune
responses to cancer cells (1). DCs have been used in cancer
immunotherapeutic approaches such as adoptive transfer of
ex vivo expanded DC preparation after loading with tumor
antigens (i.e., DC vaccines), intratumor administration of
DC-attracting chemokines, and use of DC-stimulatory agents
as adjuvants (2-5). Although mature DCs possess functional
properties required for presenting tumor-associated antigens
to T cells, several mechanisms have been reported by which
tumor cells escape from immune surveillance (6). For example,
cancer cells suppress the development and maturation of DCs
by elaborating various immunosuppressive factors, such as
transforming growth factor 3 (TGFB), vascular endothelial
growth factor, and interleukin (IL)-10 (7.8).

Generally, TGFB is apleiotropic cytokine that exerts
inhibitory effects on mesenchymal cells, including hemato-
poietic progenitor cells (9). This inhibitory potential of TGF
is central to the tumor-suppressive mechanism (10). However,
as tumors develop, they often overexpress TGFB, which
impacts on the biology of tumor cells and creates a tumor-
microenvironment that is associated with metastasis (11). At
present, several studies have focused on the therapeutic
potential of antagonizing the TGFf pathway against cancer
(12,13). The most advanced TGFf signaling antagonist in
clinical development is large-molecule including monoclonal
antibodies (14-16). During this decade, many small molecules
to inhibit TGFB type I receptor have been developed. Seven
type I receptors have been identified to date (activin receptor
kinese, ALKs) (17,18). SB-431542 acts as a competitive
ATP binding site kinase inhibitor and is a selective inhibitor
for ALK4, -5, and -7 (19). In the present study, we examined
the impact of TGFB receptor inhibitor, SB-431542, on DC
maturation in vitro and antitumor response in the immuno-
logically tolerant status associated with TGFB activity.
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Materials and methods

Animals. Mice were purchased from Japan Clair (Tokyo,
Japan). The animal use Committee of the University of Osaka
City University approved all protocols in compliance with the
Guide for the Care and Use of Laboratory Animals.

Cell lines and chemical. A human scirrhous gastric cancer cell
line, OCUM-8 and a murine colorectal adenocarcinoma cell
line, colon-26 were maintained in RPMI-1640 supplemented
with 10% heat-inactivated fetal bovine serum (FBS) (20).
SB-431542, a TGFBR inhibitor was synthesized as described
previously and was purchased from Sigma Aldrich (USA).

Western blot analysis. The inhibitory effect on Smad2 phos-
phorylation of SB-431542 in DCs was examined as follows.
BM-DCs (1x10°) were incubated in serum-free RPMI with
TGFB (0 or 10 ng/ml) and SB-431542 (0-10 xM) for 60 min.
Total cell lysate (30 pg) were subjected to SDS-PAGE, and
the protein bands were transferred to a polyvinylidene
difluoride membrane (Amersham, Aylesbury, UK). The
membrane was placed in the TBS-T solution containing the
anti-Phospho-Smad2 (Cell Signaling Technology, Danvers,
CO, Ser 465/467; 1:1000), Smad2/3 (Cell Signaling Tech-
nology, 1:1000) antibody, and allowed to react at 4°C
overnight. The bands were detected using an enhanced chemi-
luminescence system (Amersham). An immunoblot analysis
was performed twice.

Generation of murine bone marrow derived DCs (BM-DCs)
and human DCs. Mouse bone-marrow derived DCs were
prepared as described before (5,21,22). Briefly, mouse DCs
were generated from bone marrows of BALB/c mice (8-12
weeks old female) using RPMI-1640 medium with 10% fetal
calf serum (FCS), 10 ng/ml murine recombinant granurocyte-
macrophage colony-stimulating factor (GM-CSF). On day 2
and 4 of culture, floating cells were gently removed and fresh
medium with cytokine was replaced. Monocyte-derived DCs
were generated from peripheral mononuclear lymphocytes
(PBMCs) using standard method as described before (23).
Briefly, PBMCs were plated in 100x20-mm tissue culture
plates at the density of 2.0x107 cells per dish in 5 ml of
RPMI-1640 medium without serum. Non-adherent cells were
removed carefully. The remaining cells were cultured for 6
days in RPMI-1640 with 2% heat-inactivated autologous
human serum, 10 ng/ml of recombinant human GM-CSF and
interleukin-4 (Peprotech EC Ltd., London, UK).

Effects of SB-431542 on murine BM-DCs and human DCs. DCs
were incubated in 96-well plates (5x10* cells/200 pl/well)
with SB-431542 or vehicle alone and LPS in the presence
of LPS at different concentrations in triplicates, and then
examined for expression of co-stimulatory molecules using
FACSCalibur. After 24 h of incubation, the cells were
examined for surface expression of CD86 or CD83 within the
CD11c* populations, and the supernatants were tested for
cytokine production by enzyme-linked immunosorbent assay
(ELISA). Following 24 h of incubation with a test drug,
BM-DCs were incubated for 10 min with 5 mg/ml of
fluorescein isothiocyanate (FITC)-conjugated dextran (DX)
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Figure 1. Effect of SB-431542 on Smad phosphorylation of DCs. BM-DCs
were treated with TGFB (10 ng/ml) for 1 h in the presence or absence of
SB-431542 (0.1-10 xM), which was added 30 min before ligand stimulation.
Phosphorylation of Smad protein was examined by immunoblotting using
anti-phospho-Smad?2 (upper panel) and anti-Smad2/3 (lower panel).

(70,000 Dalton molecular weight, Sigma) at 4°C or 37°C,
washed extensively, and then examined for FITC signals by
CDl11c* cells. After drug pretreatment, BM-DC preparations
(derived from BALB/c mice) were washed 3 times and then
co-cultured in 96 round-bottom well plates at 4 different cell
densities (0.3-10x103 cells/well) with splenic T cells purified
from C57BL/6 mice (5x10* cells/well). The magnitude of T
cell proliferation was assessed by 3H-thymidine uptake on
day 4. Human DC cultures derived from PBMCs were
examined for surface phenotype within the CD11c* population
and cytokine production by ELISA as well as for allogeneic
mixed lymphocyte reaction.

CTL response and assays. BALB/c mice received intra-
peritoneal (i.p.) injections of colon-26 tumor cells. Three
days after tumor cell inoculation, SB-431542 (1 uM solution,
100 ul/animal) or vehicle alone was directly injected into
peritoneal cavity. CTL activities were measured by a standard
4 h 5!'Cr release assay after culturing spleen cells with
y-irradiated tumor cells for five days in the absence of added
growth factors. All animal experiments were conducted
according to the guideline of animal care at Osaka City
University. In vitro experiments, cell lysate of HLA-A"2402
positive gastric cancer cell line, OCUM-8, was incubated
with human DC cultures for 4 h. After washing extensively,
PBMCs obtained from the same volunteer as DCs were
incubated for 7 days and measured CTL activity by *'Cr release
assay. NK activity was tested using 3'Cr release assay against
K562.

Statistical analysis. All in vitro measurements were made in
triplicate samples and each test drug was compared to vehicle
alone control by a Two-tailed Student's t-test. Each in vitro
test was repeated at least 3 times to assess reproducibility.
Differences with P<0.05 were considered to be statistically
significant.

Results

Impacts of SB-431542 on expression of co-stimulatory
molecules and production of IL-12 by murine and human
DCs. Inhibitory effect of SB-431542 on TGFS signaling was
evaluated in BM-DCs in vitro. BM-DCs express a basal level
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Figure 2. Effects of SB-431542 on BM-DCs and human DCs. (A and E) Following 24 h of incubation with SB-431542 (0.1-10 #M) in the presence or
absence of TGFB (10 ng/ml), the supernatants of BM-DC cultures propagated from BALB/c mice were examined for their surface expression of CD86 (mean
fluorescence intensity, MFI) within CD11c* population (mean + SD, n=3). (B and F) Human DCs generated from peripheral blood monocytes (PBMCs) of
healthy volunteers were incubated with SB-431542 (0.01-1 M) in the presence of TGFfS (10 ng/ml). The human DCs were examined for their CD83
expression within CD11c* population (mean + SD, n=3). (C and G) The supernatants of BM-DC cultures propagated from BALB/c mice were examined for
production of IL-12p70 (mean + SD, n=3). (D and H) The supernatants of human DC cultures were examined for production of IL-12p40 (mean + SD, n=3).
Statistically significant differences compared to vehicle-treated control samples are indicated with asterisks ("P<0.05, ““P<0.01). Each experiment was

repeated at least three times to assess reproducibility.

of phosphorylated Smad2 by incubation with TGFf (Fig. 1).
SB-431542 prevented the TGFB-dependent elevation of
phosphorylated Smad2 dose-dependently. At the con-
centraton of 10 M, SB-431542 showed complete blocking
of Smad phosphorylation (Fig. 1). We next examined for
surface expression of CD86 which is well known as a
maturation marker of BM-DCs and CD83 of human

monocyte derived DCs (human DCs), within the CD11c*
populations. To test this, we treated mouse bone BM-DCs or
human DCs with SB-431542 at different concentrations for
24 h in the presence or absense of recombinant TGFSB.
Lipopolysaccharide (LPS) was used to mature DCs at a
concentration of 10 ng/ml. As shown in Fig. 2A, SB-431542
significantly elevated the CD86 expression of BM-DCs
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Figure 3. Impact of SB-431542 on function of DCs. (A) Following 24 h of pretreatment with 1 zM SB-431542 (closed circles) or vehicle alone (open circles),
BM-DCs (left panel) propagated from BALB/c mice and human DCs (right panel) generated from PBMCs were added at the indicated cell numbers to
microcultures of CD8 T cells (5x10* cells/well) purified from C57BL/6 mice (left panel) and allogeneic PBMCs (right panel). Data shown are mean + SD
(n=3) of [*H]-thymidine uptake harvested on day 3. (B) BM-DCs pretreated with LPS and SB-431542 (closed circles) or LPS and vehicle (open circles) were
incubated with allogeneic CD8 T cells. Data shown are the mean + SD (n=3) of [*H]-thymidine uptake harvested on day 3. (C) Cells (1x10?) of BM-DCs (left
panel) and human DCs (right panel) added to microcultures of CD8 T cells (5x10* cells/well) purified from C57BL/6 mice (left panel) and allogeneic PBMCs
(right panel) in the presence of TGFR (10 ng/ml) and the indicated dose of SB-431542. Data shown are the mean + SD (n=3) of [*H]-thymidine uptake
harvested on day 3. (D) BM-DCs propagated from BALB/c mice were incubated for 24 h with 1 mM SB-431542 (filled histograms) or vehicle alone (open
histograms) and then incubated for 10 min with FITC-DX at 4 or 37°C. Data shown are the FITC fluorescent signals within CD11c* populations. Statistically
significant differences compared to the vehicle-treated DCs are indicated with asterisks ("P<0.05; “P<0.01).

suppressed by TGFf at concentration range of 0.3-3 yM.
Following 48 h of incubation, human DCs treated with SB-
431542 significantly up-regulated expression of CD83 within
CDl1l1c* cells in the presence of TGFRB (Fig. 2B). These
co-stimulatory molecules improved their expression levels to
that of non-immunosuppressive status (Fig. 2E and F). It
should be noted that the viabilities of BM-DCs and Mo-DCs
remained mostly unchanged after incubation with SB-431542
at tested concentration. Secretion of IL-12p70 by DCs directs
the differentiation of naive Th cells into Th1l lymphocytes.
Thereby, we next tested supernatants collected from DC
cultures treated with SB-431542 for production of IL-12p70,

which is a critical cytokine to induce Th-1 responses. No IL-12
was detectable in supernatants of cells treated with SB-431542
alone, whereas SB-431542 with LPS treatment dose-
dependently augmented the production of IL-12 by both DCs
in spite of regressive status by TGFB (Fig. 2C and D).
Interestingly, this IL-12 production by SB-431542 showed
significantly higher levels compared with simple stimulation
of LPS in the absence of TGFS (Fig. 2G and H).

Impact of SB-431542 on function of murine and human DCs.
A functional hallmark of DC maturation is the acquisition of
an elevated capacity to activate naive T cells. Following 24 h
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Figure 4. Effect of SB-431542 on cytotoxic activity in vitro and in vivo. (A) Following 24 h of incubation with 1 yM SB-431542 (closed circles) or vehicle
alone (open circles) in the presence of TGF (10 ng/ml) and LPS (10 ng/ml), human DC preparations were washed 3 times and then co-cultured in round-
bottomed 96-well plates with allogeneic PBMCs. After 48 h, NK activity against K562 was examined using the standard 4-h 3'Cr releasing assay. Data shown
are the mean + SD (n=3) of the % specific lysis measured at the indicated effector/target ratios. (B) The supernatant was examined for IFNy production by
ELISA. (C) Cell lysates of OCUM-8, which is a HLA-A"2402 positive gastric cancer cell line, were incubated with human DCs treated with 1 xM SB-431542
(closed circles) or vehicle alone (open circles) for 4 h. After washing extensively, these DCs were incubated with PBMCs obtained from the same volunteer
for 7 days and CTL activities against OCUM-8 were measured by *'Cr release assay. (D) BALB/c mice bearing CT26 tumor cells received intraperitoneal
injections of 1x10 ymol SB-431542 (closed circles, left panel) or vehicle alone (open circles, left panel), SB-431542 with OK-432 (closed circles, right
panel) or OK-432 alone (closed circles, right panel) on days 3 and 7 and sacrificed on day 14 to measure CTL activities against CT26 target. Data shown are
mean = SD (n=3) of the % specific lysis measured at the indicated effector/target ratios. Statistically significant differences compared to vehicle-treated DCs

are indicated with asterisks ("P<0.05).

of incubation with SB-431542, DCs were washed intensively
and tested for their capacity to activate allogeneic T cells in
the primary mixed leukocyte reactions (MLR). Pretreatment
of DCs with SB-431542 at 1 M which we determined as
appropriate dose to induce CD86 expression and IL-12
production improved significantly T-cell stimulatory capacity
compared with vehicle pretreatment (Fig. 3A). Moreover, T
cell proliferation was augmented when BM-DCs were
pretreated with both of SB-431542 and LPS compared with
LPS alone (Fig. 3B). However, in this allo-MLR system,
high dose of SB-431542 (>5 uM) strongly reduced T cell
proliferation, suggesting that TGFB is necessary for clonal
proliferation of T cells (Fig. 3C). To examine for endocytic
capacity, we measured FITC-Dextran uptake by immature
DCs with pretreatment of SB-431542 or vehicle alone. In this
study, BM-DCs treated with SB-431542 showed modest
FIDC-Dextran uptake compared to DCs treated with vehicle
alone (Fig. 3D).

Impact of SB-431542 on cytotoxic activity in vitro and in vivo.
It has been known that DCs directly trigger natural killer (NK)
cell activations, resulting in innate anti-tumor immune
response. Thus, we tested their capacity to activate NK cells
as an additional functional parameter of DCs using stimulation

of allogeneic PBMCs by MLR. NK activities of PBMCs in
allo-MLR stimulated with SB-431542-pretreated DCs
significantly revealed higher than those of vehicle alone
(Fig. 4A). In fact, PBMCs activated by human DCs pretreated
with SB-431542 triggered high amount of IFNy (Fig. 4B).
Importantly, SB-431542 treatment also augmented elevated
level of IFNy compared with that in the absence of TGFfB
(Fig. 4B). These results indicate that SB-431542 is able to
induce NK activity mainly through functional maturation and
IL-12 production of human DCs.

A key question was whether SB-431542 would provoke
anti-tumor immunity as suggested in the in vitro DC
activation. To clarify this, human DCs pretreated with SB-
431542 were incubated for 8 h with the cell lysate of
scirrhous gastric cancer cell line OCUM-8, which has HLA-
A*2402, then co-cultured with CD8 T cells which has the
same HLA allele to present tumor antigen by human DCs.
Following a 5-day incubation, CD8 T cells react with Cr
labeled OCUM-8 and released Cr was measured for
cytotoxic activity. CD8 T cells activated with human DCs
treated with SB showed modest augmentation of cytotoxic
activity against cancer cells (Fig. 4C).

Colon 26 colon carcinoma model has been shown to
produce substantial amount of TGFB. Using this model, we
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examined whether SB-431542 treatment could trigger anti-
tumor immunity in vivo. Intraperitoneal injection of SB-431542
resulted in triggering CTL activities against colon-26 targets
compared with vehicle alone (Fig. 4D). Moreover, the CTL
activity against colon-26 cells was more potent when treated
with SB combined a ligand for toll-like receptor 4, OK-432,
compared with OK-432 alone (Fig. 4D, right panel). Thus, SB-
431542 is likely to produce antitumor immunological outcomes
through alteration of DC function suppressed by TGFR.

Discussion

In this study, we observed that SB-431542, a small-molecule
inhibitor of the TGFB receptor kinase domain, develops DC
maturation and induces anti-tumor immunity. SB-431542
promoted phenotypic and functional maturation, including
expression of co-stimulatory molecules, production of IL-12,
and T cell proliferation by both of murine BM-DC and
human DCs. Moreover, SB-431542 augmented NK cell
activity through DC activation and caused significant CTL
activity against cancer in vitro and in vivo model. Our results
suggested a new concept that small-molecule TGF RI may
achieve immunotherapeutic effect for cancer with regard to
overcoming immunotolerant status.

As tumors progress, they often become refractory to TGFfB
mediated anti-tumor mechanism, resulting in formation of
tumor growth and metastasis. There are some studies
describing that TGFf antagonists may be potent for therapeutic
utility preventing metastasis of carcinoma (24,25). For
example, recombinant Betaglycan known as TGF8 type III
receptor antagonist suppressed growth and metastasis of
breast cancer in part by inhibiting angiogenesis (26,27).
Another important role of TGFf is to maintain tolerance via
regulation of the immune system including lymphocyte
proliferation, differentiation and survival (9). It has been
reported that TGFB-producing cells, such as tumor cells, fail
in the development and maturation of DCs as well as
stimulation of CTL responses in vitro and in vivo (28,29).
Thus, we hypothesized that inhibition of TGFf not only
prevents cancer progression but also induces active immunity
against cancer in the immuno-suppressive status.

We found SB-431542 to efficiently inhibit phosphorylation
of Smad2 by DCs at a concentration of 1 xM, in agreement
with other studies (30,31). SB-431542 has been reported to
inhibit TGFB-induced growth of human osteosarcoma cells at
a concentration of 0.3 uM (30). Complete inhibition of
Smad2 phosphorylation was achieved at a concentration of
10 #M in this study; however, SB-431542 showed no toxic
effect against DCs at the tested dose. Maturation of DCs is
characterized by increasing surface expression of co-
stimulatory molecules such as CD83, CD86 and initiating
production of Thl cytokines such as IL-12, triggering the
differentiation of naive Th cells into Thl lymphocytes (32).
In the present study, TGF8 had an inhibitory effect on DC
maturation including downregulation of CD86 or CD83 and
secretion of IL-12p70 in both murine and human DCs. These
results are consistent with previous studies (33,34).

Importantly, despite suppression by TGFB3, SB-431542
significantly improved this co-stimulatory expression and IL-12
production by DCs. Moreover, SB-431542 was capable of
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triggering more IL-12 production compared to LPS-induced
upregulation in the absence of TGFR. This result might be
explained by the report that Smad?2 protein is important in the
production of IL-12 by DCs (35). For example, toll-like
receptor (TLR) ligands such as LPS, which induce huge
production of IL-12, have an ability to inhibit Smad2 phos-
phorylation in human monocyte cells (34). Moreover, in DCs,
TGFB inhibits LPS-induced upregulation of NF-kB through
activation of Smad proteins, resulting in reduced IL-12
production (36). Based on this evidence, it is likely that the
combination of SB-431542 with LPS should be able to
augment production of IL-12 through strong inhibition of
Smad2 phosphorylation in DCs. Although it has been
generally believed that DC maturation is accompanied by a
diminished endocytic capacity, our results showed pretreatment
with SB-431542 to increase FITC-DX uptake by DCs. This
result is supported by the study that BM-DCs stimulated with
ligands for TLRs exhibit augumented uptake of FITC-DX
37).

We demonstrated that SB-431542 increased the capacity
of DCs to induce the proliferation of naive T cells. In contrast,
high doses of SB-431542 significantly reduced proliferation
of T cells, suggesting that SB really can block the role of
TGFB in the immune system, including the regulation of
lymphocyte proliferation, differentiation and survival. Our
findings that human DCs pretreated by SB augmented NK-
dependent cytotoxic activity and IFNy secretion are consistent
with other studies that DCs directly activate resting NK cells,
resulting in substantial increases in both NK cell cytolytic
activity against cancer and IFNy production (38). In addition,
PBMCs stimulated with antigen-loaded DCs, which were
pretreated by SB in the presence of TGFf improved cancer
cell-specific cell lysis, indicating that DCs treated with SB-
431542 should be able to present tumor associated antigen
to CTL and trigger specific CTL activity against cancer.
Moreover, we observed that intraperitoneal administration
of SB-431542 significantly induces cancer-specific CTL
activities in a TGFB-producing animal model. Taken together,
these results demonstrate that SB-431542 can induce potent
phenotypic and functional maturation of murine and human
DCs. Although we can find several studies of the immuno-
logical therapeutic effect of TGFf blocking (39,40), this is
the first published study in which a small-molecule inhibitor
of the TGFB receptor triggers maturation of DCs.

In conclusion, according to immunological effect, small-
molecule inhibitors of the TGFS receptor such as SB-431542
have the potential to broaden the therapeutic ability to inhibit
tumor development in the immunosuppressive micro-
environment.
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