
Abstract. Pancreatic cancer is one of the deadliest forms of
cancer and effective treatment remains a clinical challenge.
Transforming growth factor-beta (TGF-‚) has important
roles in primary tumor progression and in promoting
metastasis, and has become an attractive target for therapy.
Previously, we reported that treatment of pancreatic cancer
cells in vitro with SD-208, a small molecule inhibitor of the
TGF-‚ receptor I kinase (TGF-‚RI), inhibited expression of
genes associated with tumor progression and inhibited
invasiveness in a cell-based assay. In a demonstration of
efficacy of TGF-‚ signaling inhibition in an in vivo model of
pancreatic cancer, we showed significantly reduced primary
tumor weight and decreased incidence of metastasis in the
Panc-1 orthotopic xenograft model of established pancreatic
cancer. In this report, we extend these in vivo findings to
examine the mechanistic consequences of TGF-‚RI
inhibition on Panc-1 primary tumors and their micro-
environment in situ. In a longitudinal study of TGF-‚RI
inhibition in the Panc-1 orthotopic model, we show that SD-
208 treatment significantly reduced tumor growth measured
as bioluminescence intensity throughout the study.
Histological evaluation revealed that SD-208 treatment
reduced proliferation and induced apoptosis in the primary
tumors, and reduced fibrosis in the tumor microenvironment.
An immune contribution (greater B-cell infiltration in SD-
208-treated tumors) was also suggested by the histological
analyses. SD-208 not only blocked direct TGF-‚ signaling in
Panc-1 primary tumors (reduced phospho SMAD2/3), but
also down-regulated the expression of TGF-‚-regulated genes

(PAI-1 and COL7A1). Taken together, our results indicate
that a TGF-‚RI kinase inhibitor has a potential therapeutic
benefit for pancreatic cancer patients.

Adenocarcinoma of the pancreas is the fourth leading cause
of cancer death in the United States (1). It is a highly
metastatic disease with a 1-year relative survival rate of only
20% and a 5-year survival of only 4% for all stages
combined (2). Furthermore, patients often suffer from
significant disease-related symptoms once their illness has
become apparent, such as abdominal and back pain,
obstructive jaundice, fatigue, anorexia and gastric outlet
obstruction (3). Therefore, treatment to improve survival as
well as to alleviate existing symptoms and to prevent the
onset or deterioration of symptoms is needed.

Despite advances in our understanding of the molecular
and genetic basis of pancreatic cancer, effective treatment
of the disease remains a clinical challenge. Gemcitabine, the
standard chemotherapy for pancreatic cancer, offers only
modest improvement of tumor-related symptoms and
marginal survival benefit. Thus, an urgent need for
additional effective therapies exists. Growth regulatory
proteins of the transforming growth factor-beta (TGF-‚)
family are a class of cytokines that control many aspects of
cellular function. One of the biological effects of TGF-‚ is
the inhibition of proliferation of normal epithelial cells.
Paradoxically, a marked increase has been found in the
expression of TGF-‚ mRNA and protein in human
epithelial tumors, including those of the pancreas, colon,
lung, prostate, and breast (4-8). These cancer cells appear
to have escaped the tumor suppressive effects of TGF-‚ on
normal cells, and in some cases respond to TGF-‚ as a
growth factor and a tumor enhancer (7).

TGF-‚ exerts its biological effects by interacting with two
types of transmembrane receptors: type I, TGF-‚RI, and type
II, TGF-‚RII. TGF-‚RII has constitutive serine/threonine
activity and is involved in initial ligand binding. Once the
ligand is bound, TGF-‚RII binds to and phosphorylates
TGF-‚RI, activating TGF-‚RI serine/ threonine kinase
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function. TGF-‚RI activation invokes several downstream
signaling pathways including MAP kinases and transcription
factors Smad2 and Smad3, resulting in the propagation of
downstream signals (9, 10). The Smad pathway has been
studied extensively with regards to signaling in cancer and
fibrosis (8). Smad2 and Smad3 are direct substrates for
TGF-‚RI and, when phosphorylated, are translocated to the
nucleus resulting in altered transcription of TGF-‚
responsive genes. In pancreatic cancer, tumor cell-derived
TGF-‚ may promote pancreatic tumor growth in vivo by
acting on the peri-cancerous cellular elements, such as
endothelial cells and fibroblasts, and may act directly on the
cancer cells to enhance the expression of growth-promoting
genes (8).

Antagonizing the biological effects of TGF-‚ has become
a very attractive strategy for cancer therapy. The potential
for inhibiting TGF-‚ receptor signaling using several
molecular approaches is being investigated in various types
of cancer. Preliminary studies showed that soluble TGF-‚
antagonist Fc:TGF‚RII was efficacious in reducing tumor
metastasis in breast cancer and melanoma models, whether
delivered genetically from within the neoplastic cell, or
administered as an injectable circulating molecule (11, 12).
In a pancreatic tumor model, soluble TGF-‚RII suppressed
metastasis and attenuated gene regulation associated with
metastasis (13). Moreover, the application of TGF-‚
antisense oligonucleotides is currently being evaluated in
clinical trials for glioblastoma and pancreatic cancer
patients (14, 15). 

SD-208 is a highly selective and potent pyridopyrimidine
TGF-‚RI inhibitor that binds to the ATP-binding site of the
TGF-‚RI kinase and maintains the enzyme in its inactive
configuration. Targeting TGF-‚ signaling represents a
potentially promising approach to the treatment of
metastatic pancreatic cancer. Recently, SD-208, a small
molecule inhibitor of TGF-‚RI was shown to inhibit growth
of mouse gliomas in vivo (16), and inhibit growth and
metastasis of mouse mammary carcinoma in vivo (17).
Furthermore, our extensive cellular studies and preliminary
in vivo data suggest that SD-208 inhibits TGF-‚ signaling
(18). Here we elaborate on these in vivo findings by studying
Smad 2/3 phosphorylation, histological profiles and gene
expression in the primary tumors in an orthotopic Panc-1
xenograft model of established pancreatic adenocarcinoma
following treatment of SD-208. 

Materials and Methods

Chemical description of SD-208. SD-208 is a selective and potent
pyridopyrimidine type TGF-‚RI kinase inhibitor with an IC50 of

~35 nmol/L against TGF-‚RI kinase activity in vitro. Its structure
and full chemical description was provided in our earlier
communication (19). SD-208 was prepared in 1% methylcellulose
for animal studies.

Animals. Six-week-old female T cell deficient nude mice were
obtained from Charles River Laboratories, Hollister, CA, USA
and allowed to acclimate for one week before initiating studies.
They were maintained in a pathogen-free environment in the
Scios animal resources facility. All animal studies were
conducted according to protocols approved by the Scios Animal
Ethics Committee. 

Generation of luciferase panc-1 tumor trocar fragments. The human
pancreatic adenocarcinoma Panc-1 cell line was obtained from
American Type Culture Collection (Manassas, VA, USA) and
Panc-1 luciferase cells were constructed and cultured as described
previously (18). Nude mice were inoculated subcutaneously into
the right flank with 1x106 Panc-1 cells in 100 Ìl of RPMI-1640
media. When flank tumors reached ~500 mm3 volume, they were
excised and tumor trocar fragments were prepared using the
procedure of Holz et al. (20).

Induction of orthotopic pancreatic cancer in mice. To develop
orthotopic tumors, flank tumors were aseptically resected and
implanted into the pancreas via surgical flap as described in our
previous communication (18). Briefly, 7 week old mice were
anesthetized with a cocktail of xyla-ject and keta-ject (100 mg/kg
ketamine, Fort Doge Animal Health, Fort Dodge, IA; 10 mg/kg
xylazine, Phoenix Pharmaceutical Inc, St. Joseph, MO, USA), a
median incision was made, and the portion of the pancreas near
the spleen was exposed. Luciferase panc-1 tumor trocar fragment
was implanted in the tail region of the pancreas using a 6-0 vinyl
sutures (Ethicon, Somerville, NJ, USA). The abdominal muscle
wall and the skin incisions were closed with 3-0 silk sutures
(Ethicon, Somerville, NJ, USA). After implantation, mice were
inspected weekly for tumor formation by both palpation and
Xenogen Living Imaging System (21).

Efficacy studies with SD-208. Three independent experiments were
conducted to evaluate the therapeutic effects of SD-208 in mice
with two different stages of established pancreatic cancer. The first
experiment was designed to study the effect of a chronic treatment
with SD-208 on growth kinetics of the primary tumor and its
microenvironment. Growth kinetics were studied by measuring
bioluminescence intensity in the primary tumor in a longitudinal
mode repeatedly throughout the study whereas its
microenvironment was studied by histological evaluations. The
second experiment was conducted to examine the impact of a
single dose of SD-208 treatment on TGF-‚ signaling in the primary
tumor which was assessed by the measurement of Smad 2/3
phosphorylation. The third experiment was designed to determine
the effects of an acute treatment with SD-208 treatment on genes
regulated by the TGF-‚ signaling in primary tumors.. 

Effects of SD-208 on growth kinetics of the primary tumor and its
microenvironment. A chronic experiment was conducted to examine
the effect of SD-208 on growth kinetics of primary tumor by
bioluminescence intensity and its microenvironment by histology.
Mice with palpable primary tumors in the pancreas confirmed by
measurement of bioluminescence intensity on day 10 (Figure 1A:
Vide bioluminescence on day 10) were randomized and treated
twice daily by oral gavage (10 ml/kg, n=12 per treatment group)
with 60 mg/kg/po/bid SD-208 or vehicle (0.5% methyl cellulose) for
a period of 46 days. Bioluminescence intensities and body weights
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were monitored intermittently throughout the study period. At the
end of the study i.e., on day 56, final bioluminescence images were
recorded. Primary tumor and metastatic lesions were resected at the
end of the study and confirmed by ex vivo imaging (Figure 1D).
Primary tumors were bisected from the middle, perfused in 10%
buffered formalin and tissue sections were made by paraffin
embedding for histological evaluations. Finally, tumor sections were
processed for tumor size by hematoxylin-eosin, proliferation by
Ki67, apoptosis by caspase-3, angiogenesis by CD34, fibrosis by
Masson’s trichrome and B-cell infiltration by PAX-5 staining. The
primary antibodies used in this study were rabbit polyclonal to Ki67
(Novus Biologicals, Littleton, CO, USA; diluted at 1:100), affinity-
purified rabbit Caspase-3 Active (R&D Systems, Minneapolis, MN,
USA; 1:400), goat polyclonal to PAX-5 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA; 1:100), rat anti-mouse CD34 monoclonal
antibody (Cedarlane, Burlington, NC, USA; 1:100). Normal rabbit
IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used
as negative control for rabbit antibody, normal goat IgG for goat
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
normal rat IgG2a (Chemicon International, Temecula, CA, USA)
for rat antibody. The secondary antibodies used were biotinylated
goat anti rabbit (Chemicon International, Temecula, CA, USA),
donkey anti-goat biotinylated IgG (Chemicon International,
Temecula, CA, USA) and goat anti-rat biotinylated IgG (Chemicon
International, Temecula, CA, USA) all diluted at 1:2000. After
secondary treatment, all sections were then treated with ABC
reagents (Vector, Burlingame, CA, USA) and finally stained with
diaminobenzidine (Research Genetic, Huntsville, AL, USA). 

Effect of SD-208 on TGF-‚R1 singling in primary tumors. To
determine the effect of SD-208 treatment on TGF-‚R1 signaling,
TGF-‚RI substrates end effectors Smad 2/3 phophorylation
(pSmad) was measured in the primary tumors after a single oral
dose of SD-208 to mice with established pancreatic disease. Mice
with established pancreatic cancer with pronounced primary
tumors confirmed by bioluminescence intensity on day 30 (Figure
1A: Vide bioluminescence intensity on day 30 of the vehicle group)
were randomized and treated by oral gavage (10 ml/kg, n=6 per
treatment group) with a single dose of 60 mg/kg/po SD-208 or
vehicle (0.5% methyl cellulose). Primary tumors were resected 2
hours after post SD-208 treatment for the measurement of
phosphorylated Smad 2/3 by ELISA. Tumor samples were
dissolved and pulverized with 300 Ìl lyses buffer (20mM Tris. pH
7.5, 1mM EDTA, 0.5% TX-100, 0.5% NP-40, 150 mM NaCl) with
1X protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN, USA), and 1X phosphatase inhibitor cocktail set
II (Cal Bio Chem, La Jolla, CA, USA). The samples were then
incubated on ice for 15-30 minute and the tubes were vortexed to
mix samples well. The samples were centrifuged at 1500 rpm for 10
min at 4ÆC. The supernatants were transferred into new tubes.
Total protein concentration of the samples was determined using
the BCA assay (Pierce Biotechnology, Rockford, IL, USA) and
100-150 mg of total protein was used in duplicate to assay for
phosphorylated Smad2/3 in an ELISA assay (22).

Effect of SD-208 on TGF-‚R1-regulated genes in primary tumors. To
measure genes that regulate TGF-‚R1 signaling, RT-PCR analysis
was conducted on the primary tumors after an acute treatment with
SD-208 to mice with pancreatic disease. Mice with established
pancreatic cancer with pronounced primary tumors confirmed by

bioluminescence on day 30 (Figure 1A: Vide bioluminescence
intensity on day 30 of the vehicle group) were randomized and
treated twice daily by oral gavage (10 ml/kg, n=11 per treatment
group) with 60 mg/kg/po/bid SD-208 or vehicle (0.5% methyl
cellulose) for a period of 5 days. At the end of the study i.e., on day
35, primary tumors were resected 2 hours after SD-208 treatment
for RT-PCR analysis. 

Real-time RT-PCR. Tumor samples were collected for real-time RT-
PCR at 2 hours post last dosing. Real-time RT-PCR was performed in
a two-step manner. cDNA synthesis and real-time detection were
carried out in a PTC-100ì Thermal Cycler (MJ Research Inc,
Waltham, MA, USA) and an ABI Prismì 7900 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA), respectively.
Random hexamers (Qiagen) were used to generate cDNA from 200
ng RNA as described in Applied Biosystems User Bulletin #2.
TaqManì Universal PCR Master Mix (Applied Biosystems) was
used in subsequent PCR reactions according to the manufacturer’s
protocols. Relative quantitation of gene expression was performed
using the relative standard curve method. Sequence-specific
GAPDH rRNA and PAI-1 primers and probes were designed using
Primer Express Version 2 software (Applied Biosystems).
Sequences are as follows: GAPDH: F-CCCACTCCTCCACCTTT
GAC; P-CTGGCATTGCCCTCAACGACC; R-CATACCAGG
AAATGAGCTT. Human PAI-1: F-GGCTGACTTCACGAGTC
TTTCA; P-ACCAAGAGCCTCTCCACGTCGCG; R-GTTCACC
TCGATCTTCACTTTCTG. Human Collagen 7A1 (COL7A1) primers
and probes were purchased from Applied Biosystems (Assay ID
Hs00164310_m1). Expression levels were normalized to GAPDH. All
real-time RT-PCR reactions were performed in triplicate on each of
the samples. Statistics were performed using unpaired two-tailed t-tests. 

Results

We use an orthotopic xenograft model of pancreatic cancer
to explore the mechanism of therapeutic efficacy of TGF-
‚RI inhibition. In our previous communication, we show
that SD-208 treatment of mice with established pancreatic
cancer dose dependently reduces primary tumor weights
and metastatic burden at study termination (18). This work
is now extended to draw further insights on effects into
primary tumor growth kinetics and effects on primary tumor
and its microenvironment in situ.

SD-208 reduces primary tumor’s growth kinetics in a time
dependent manner. To determine the effects of TGF-‚RI
inhibition on pancreatic cancer primary tumor growth, we
employed Xenogen bioluminescence imaging technology to
monitor individual animals repeatedly in a longitudinal mode
throughout a 56-day study period. Mice with palpable tumors
were selected for study, randomized according to
bioluminescence intensity of the tumor, and treated with SD-
208 (60 mg/kg/bid/po) or vehicle beginning on day 10 post-
Panc-1 trocar implantation. As shown in Figure 1A, SD-208
decreased in bioluminescence intensity associated with primary
tumor growth when compared to the vehicle treated group. The
difference is statistically significant during the last two thirds of
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the treatment period (day 10-56 of the 56 days study), with p
value <0.05 on day 26, 34, and day 45, and p<0.005 on day 52.
Inhibition of bioluminescence intensity in the primary tumor on
day 56 is consistent with inhibition of the tumor weights
reported on day 56 in our earlier communication (18). As
shown in Figure 1B and D, both local and distal metastatic
lesions (spleen, lymph nodes and liver) are evident in the
vehicle treated group and SD-208 markedly reduced those
lesions (Figure 1C). This finding also agrees with the reported
reduced incidence of metastases, particularly to distal sites (18).

SD-208 affects both primary tumor and tumor micro-
environment. SD-208 reduces tumor size, proliferation,
angiogenesis and increases apoptosis. Gene array findings
from our earlier study (18) raised the hypothesis that
blockage of TGF-‚ signaling could affect tumor cell
proliferation directly as well as indirectly through effects on
its microenvironment. In the present study, we test this
hypothesis in vivo by analyzing tumors histologically. As
shown in the Figure 2A, hematoxylin-eosin staining revealed
that animals from the SD-208 treatment group had smaller
tumors with intact fully functional beta cells assoicated
pancrei when compared to the vehicle treated group
(p<0.001; Figure 2A) and it is in agreement with our earlier
findings on tumor weight (18) In addition, tumors from the
vehicle group were highly mitotically active as indicated by
Ki-67 IHC staining, whereas tumors from SD-208 treated
animals had a significantly lower percentage of Ki-67
positive tumor cells (p<0.01: Figure 2B). Caspase 3 IHC
staining as a marker for apoptosis revealed that tumors
from SD-208-treated animals had a significantly higher level
of apoptosis compared to the vehicle-treated tumors
(p<0.05; Figure 2C). Intriguingly, these effects are not seen
in cell-based assays (18), underscoring the role of the tumor
microenvironment with respect to TGF-‚ signaling and the
importance of tesing in vitro generated hypotheses with in
vivo experimentation. Together these results show that
inhibition of TGF-‚ signaling reduced cell proliferation and
cell survival in the native pancreatic tumor environment. To
address whether TGF-‚ inhibition may have affected tumor
growth by decreasing angiogenesis, we quantified micro-
vessel density (MVD) and number in non-necrotic areas of
tumors from both vehicle and SD-208-treated animals using
IHC for the endothelial cell marker CD34. We found no
difference in the number of vessels between SD-208 treated
and untreated animals (data not shown). Interestingly,
staining in the SD-208 treatment group appeared to have
lower intensity than in the vehicle group (p<0.07; Figure
2D). Although the difference was not statistically significant,
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Figure 2. SD-208 affects primary tumor and microenvironment as
assessed by histology: Photomicrograph of pancreatic tumors stained with
A) hematoxylin-eosin for tumor size, B) Ki-67 (marker for proliferation),
C) caspase-3 (marker for apoptosis), D) CD34 (marker for angiogenesis),
E) Masson’s trichrome for fibrosis, and F) PAX-5 (marker for B-cell)
from vehicle group (left panel) and 60 mg/kg/po/bid SD-208-treated group
(middle panel). Sections were scored quantiatively for each marker and
presented as bar graphs. As shown in the respective graphs (right panel),
SD-208 significantly reduced tumor size, proliferation, and fibrosis and
significantly increased apoptosis when compared to the vehicle-treated
group (**p<0.05; ***p<0.01; ****p<0.001). It also reduced
angiogenesis and increased B-cell infiltration into the tumor when
compared to the vehicle group (*p<0.07). Values are reported as the
mean±SD; n=12.

Figure 1. SD-208 reduces growth kinetics of the primary tumor and
inhibits formation of metastatic lesions: A) tumor growth kinetics of the
primary tumor monitored by measuring bioluminescence intensity in
vehicle and SD-208 at 60 mg/kg/po/bid treated mice with pancreatic
cancer. Data was collected in a longitudinal mode from each animal
repeatedly through the study period. SD-208 time-dependently reduced
bioluminescence intensity in the primary tumor and the data is statistically
significant during the last two-thirds of the study (*p<0.05 and
**p<0.005); B) representative whole-body bioluminescence imaging for
vehicle-treated; C) SD-208-treated animal on day 56; and D)
representative ex vivo imaging in tissues from vehicle-treated animal to
confirm metastatic lesions where: 1, metastatic lesions in spleen; 2,
metastatic lesions in intestinal lymph nodes; 3, metastatic lesions in the
liver; and 4, primary tumor. Values are reported as the mean±SD, n=12.

→
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we speculate that it might reflect compromised vessel health
resulting from inhibition of TGF-‚ signaling. 

SD-208 reduces fibrosis in the primary tumor microenvironment.
Demoplasia or fibrosis is a hallmark of pancreatic cancer and
is responsible for many of the disease signs and symptoms. In
our earlier in vitro study (18), we have shown SD-208
inhibited TGF-‚ induced expression of mRNA for ECM
components (collagen, vitronectin and laminin),
metaloproteinases (MMP-2 and MMP-9) and procollagen
lysine hydrolase. To address whether ECM remodeling was
inhibited by SD-208 in this study, Masson’s trichrome staining
assay was performed for fibrosis. As shown in Figure 2E and
2I, SD-208 significantly reduced fibrosis in the primary tumor
when compared to the vehicle treated group (p<0.05). 

SD-208 effect on B-cell infiltration into the primary tumor.
IHC for PAX-5 showed a trend toward increased B cells
infiltrating into the tumors treated with SD-208 when
compared to the vehicle group, although the data did not
reach statistical significance (p<0.07; Figure 2F). 

Together these histology results demonstrate that
inhibition of TGF-‚ signaling with SD-208 inhibits cancer
progression by reducing primary tumor cell proliferation,
inhibiting fibrosis, inhibiting angiogenesis, increasing
apoptosis and potentially by increasing B cell infiltration.
Pancreatic anatomy is preserved, presumably as a result
both of limiting tumor growth and invasion and by limiting
fibrosis and ECM remodeling.

SD-208 blocks TGF-‚ signaling in the primary tumor. An
acute study was conducted to determine the impact of SD-
208 treatment on TGF-‚ signaling in the primary tumor by
the measurement of Smad2/3 phosphorylation (pSmad2/3)
levels in protein extracts from primary tumors harvested 2
hours after a single dose of SD-208 at 60 mg/kg/po. Primary
tumors harvested from the vehicle treated group showed
much higher levels of pSmad2/3 when compared to non-
tumor bearing naïve mice, and SD-208 treatment
significantly blocked pSmad2/3 levels when compared to the
vehicle treated group (p<0.001, Figure 3).

SD-208 reduces TGF-‚RI signaling genes in the primary tumor.
To explore the effect of TGF-‚RI inhibition on regulation
of TGF-‚ signaling in the primary tumor, tumor bearing
mice were treated with vehicle or 60 mg/kg/po/bid of SD-208
for 5 days. Primary tumors were analyzed by RT-PCR for
mRNA expression of signature TGF-‚-regulated genes
human PAI-1 and COL7A1. Both PAI-1 and COL7A1 gene
expression in the primary tumors were significantly down-
regulated by SD-208 treatment (p<0.01 and p<0.05,
respectively) (Figure 4A and 4B), suggesting inhibition of
downstream TGF-‚RI signaling in situ. 

Discussion

The majority of pancreatic tumors are not surgically
resectable because of metastasis and invasion of the major
vessels posterior to the pancreas (23). For non-resectable
tumors, systemic therapy remains the mainstay of care.
Single-agent Gemcitabine was established as the first-line
therapy for advanced pancreatic cancer after clinical
studies demonstrated an incremental increase in survival
and clinical benefit over treatment with 5-Fluoro-uracil
(24). However, prognosis remains dismal and pancreatic
cancer remains incurable. Thus, there is an urgent need for
additional effective treatments. In many types of cancers,
including pancreatic cancer, high expression of TGF-‚
correlates with advanced stages of malignancy and
decreased survival (8). Although TGF-‚ inhibits the
proliferation of normal epithelial cells and functions as a
tumor suppressor in early tumorigenesis, it acts as a tumor
promoter in later stages of tumor progression. Escape
from the tumor-suppressive function of TGF-‚ is a
characteristic of many human epithelial tumors. Once
malignant cells lose their growth inhibitory response to
TGF-‚, the increased expression of TGF-‚ may facilitate
tumor cell survival and spread as TGF-‚ also has an
important role in angiogenesis and immune-surveillance.
Since pancreatic cancer typically does not present until
disease is at a late stage, this cancer is particularly well
suited to treatment with TGF-‚ inhibition 

In the present study, we demonstrated mechanistically
that a small molecule inhibitor of TGF-‚RI reduced both
primary tumor growth and metastasis in an orthotopic
human pancreatic cancer model. The tumor growth and
local and distant metastasis in this Panc-1 model resemble
what have been observed when intact pancreatic cancer
patient specimens were implanted orthotopically to nude
mice (26). The antitumor effects of SD-208 are
multifactorial. First, SD-208 inhibits tumor cell proliferation
and induces tumor cell apoptosis in vivo, as shown by
histological analysis. This in vivo observation differs from in
vitro results (18), suggesting that the effect of TGF-‚
signaling inhibition is dependent on the local tumor
environment and underscoring the necessity of tesing
hypotheses generated by in vitro studies using in vivo
settings.. Treatment with SD-208 led to significantly reduced
tumor growth throughout the study (Figure 1), consistent
with our previous microarray analysis which showed that
expression of TGF-‚-regulated genes involved in
proliferation, cell cycle, or apoptosis can be down-regulated
by SD-208 in Panc-1 cells (18). Secondly, SD-208
significantly inhibits metastasis formation in the pancreatic
cancer model. In vehicle-treated animals, we observed
extensive metastatic lesions at day 56, not only in the local
lymph nodes and spleen, but also in the distal areas,
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including the liver and peritoneum (Figure 1B). In SD-208-
treated animals, only very limited local metastasis (in the
spleen and lymph nodes) were observed. This finding has
particular clinical relevance since more than half of
pancreatic cancer patients have distant metastasis at
diagnosis. An agent that inhibits further metastases has
potential to prevent deterioration of symptoms and improve
quality of life.

TGF-‚ has immunosuppressive effects, suggesting that
inhibiting TGF-‚ signaling would enhance effectiveness of
immune surveillance to destroy cancer cells (27). In the
present study, the potential of SD-208 to boost the immune
response cannot be fully explored because the nude mouse
host is immunocompromised. Although the mice are T cell
deficient, they still have B-cells and NK cells. A previous
study using human MDA-MB-231 breast cancer cells
showed that a TGF-‚-neutralizing antibody suppressed in
vivo growth and lung metastases of breast cancer cells in
athymic nude mice with an increase in mouse spleen natural
killer cell activity (28). In our study, IHC for PAX-5 showed
a trend toward an increase in mature (CD34-) B-cell
infiltration into the tumors treated with SD-208 compared
to those of the vehicle-treated group (p=0.07). The PAX-5
gene encodes B-cell lineage-specific protein BSAP which is
expressed in pro-B, pre-B and mature B lymphocytes but
not in plasma cells. BSAP not only functions to regulate B-
cell development, but also influences the balance between
immunoglobin secretion and B-cell proliferation. TGF-‚1
can inhibit B-cell proliferation, antibody secretion and

expression of surface molecules, including antigen receptors
(29). Increased B-cell infiltration in SD-208 treated tumors
may work through a T-cell independent antigen-specific
response and contribute to the tumor cell killing effect seen
in this group.

We also observed in our study that SD-208 inhibits fibrosis
in the Panc-1 tumors. Desmoplasia (proliferation of fibrotic
tissue) is a hallmark of epithelial tumors, including pancreatic
adenocarcinoma, and TGF-‚ induces desmoplasia in the
orthotopic Panc-1 model (30). Although there is controversy
whether this process is a mechanism to protect the tumor from
the host or represents a defense mechanism by the host, there
are studies suggesting that fibrotic stroma is beneficial for
epithelial tumors (31). Desmoplastic tissue consists of
fibroblasts, as the main cellular component, and extracellular
matrix proteins. The expression of a variety of growth factors
by fibroblasts could in turn have a growth-promoting effect on
the pancreatic cancer cells. Therefore, the inhibition of fibrosis
formation in pancreatic tumors by SD-208 may have an
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Figure 3. SD-208 blocks TGF-‚RI signaling in the primary tumor: Non-
tumor bearing naive mice was untreated; tumor-bearing mice were treated
with a single dose of either vehicle or 60 mg/kg SD-208 (bid) for 5 days.
Tumor samples were collected 2 h post final dosing and analyzed for
smad2/3 phosphorylation (pSmad) by ELISA along with naïve pancreas
samples. SD-208 blocked TGF-‚RI signaling by significantly reducing
pSmad when compared to the vehicle treated group. Values are reported as
the mean±SD, n=6, *p<0.001.

Figure 4. SD-208 reduces TGF-‚RI signaling in the primary tumor.
Tumor bearing mice were treated with either vehicle or 60 mg/kg/po/bid of
SD-208 for 5 days. Tumor samples were collected 2 hours post-dosing.
RT-PCR data revealed PAI-1 (A) and COL7A1 (B) expression was
reduced by treatment with SD-208. Values are reported as the SEM, n=11,
*p<0.01, **p<0.05.



indirect inhibitory effect on tumor growth and progression by
modifying the microenvironment.

In addition to SD-208, we have also evaluated other
small molecule TGF-‚R1 inhibitors (data not shown).
These inhibitors also significantly reduced primary tumor
growth and incidence of metastasis even in advanced stage
tumors of the Panc-1 model, confirming that SD-208 is
acting through TGF-‚RI inhibition to achieve efficacy
(unpublished results). In summary, we have demonstrated
that TGF-‚RI kinase inhibitor SD-208 significantly
reduced tumor growth and metastasis formation in an
orthotopic human pancreatic cancer model. Associated
mechanisms observed in situ included inhibition of tumor
cell proliferation, induction of apoptosis, and inhibition of
fibrosis. Reduced angiogenesis and enhanced immune
effects may also contribute to the effects of SD-208 we
observed. Our results indicate that TGF-‚RI kinase
inhibition could potentially have a therapeutic benefit for
pancreatic cancer patients.
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