Inhibiting TGF-3 signaling restores immune
surveillance in the SMA-560 glioma model

Thomas-Toan Tran, Martin Uhl, Jing Ying Ma, Lisa Janssen, Venkataraman Sriram,
Steffen Aulwurm, Irene Kerr, Andrew Lam, Heather K. Webb, Ann M. Kapoun,
Darin E. Kizer, Glenn McEnroe, Barry Hart, Jonathan Axon, Alison Murphy, Sarvajit
Chakravarty, Sundeep Dugar, Andrew A. Protter, Linda S. Higgins, Wolfgang Wick,

Michael Weller, and Darren H. Wong

Scios Inc., Fremont, CA 94555 USA (T.-T.T., .Y M., L.J., V.S., LK., A.L., HK.W., AM.K., D.EK., G.M., B.H.,
LA, AM., S.C,S.D., A.A.P, L.S.H.); Laboratory of Molecular Neuro-oncology, Department of General
Neurology, Hertie Institute for Clinical Brain Research, University of Tiibingen, School of Medicine, Tiibingen,
Germany (M.U., S.A., W.W., M.W.); Pfizer RTC, Cambridge, MA 02139, USA (D.H.W.)

Transforming growth factor- (TGF-) is a proinvasive
and immunosuppressive cytokine that plays a major role
in the malignant phenotype of gliomas. One novel strat-
egy of disabling TGF-$ activity in gliomas is to disrupt
the signaling cascade at the level of the TGF- receptor
I (TGF-BRI) kinase, thus abrogating TGF-B-mediated
invasiveness and immune suppression. $X-007, an orally
active, small-molecule TGF-BRI kinase inhibitor, was
evaluated for its therapeutic potential in cell culture and
in an in vivo glioma model. The syngeneic, orthotopic
glioma model SMA-560 was used to evaluate the efficacy
of SX-007. Cells were implanted into the striatum of VM/
Dk mice. Dosing began three days after implantation and
continued until the end of the study. Efficacy was estab-
lished by assessing survival benefit. SX-007 dosed at 20
mg/kg p.o. once daily (q.d.) modulated TGF-p signaling
in the tumor and improved the median survival. Strik-
ingly, approximately 25% of the treated animals were
disease-free at the end of the study. Increasing the dose
to 40 mg/kg q.d. or 20 mg/kg twice daily did not further
improve efficacy. The data suggest that SX-007 can exert
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a therapeutic effect by reducing TGF-B-mediated inva-
sion and reversing immune suppression. $X-007 modu-
lates the TGF- signaling pathway and is associated with
improved survival in this glioma model. Survival benefit
is due to reduced tumor invasion and reversal of TGF-
B-mediated immune suppression, allowing for rejection
of the tumor. Together, these results suggest that treat-
ment with a TGF-BRI inhibitor may be useful in the
treatment of glioblastoma. Neuro-Oncology 9, 259-270,
2007 (Posted to Neuro-Oncology [serial online], Doc.
D06-00051, May 23, 2007. URL http://neuro-oncology
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lioblastoma (GB), the most malignant form of
Gglioma (WHO grade IV),! accounts for more
than 21% of all primary brain and CNS tumors.?
The annual incidence of GB in the United States is 3.01
per 100,000.2 GB is an incurable cancer with a median
survival of approximately 12 months from diagnosis. It
has a one-year survival rate of 40%°~ and a two-year
survival rate of less than 30% despite maximal therapy.®
The current standard treatment regimen is surgical
debulking (when possible), radiation therapy, and
recently, the addition of cytotoxic chemotherapy using
temozolomide.’
GBs are heterogeneous, infiltrative, fast-growing
tumors. Although they rarely metastasize outside the
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CNS, complete surgical debulking is difficult. The
location of the tumor and its invasive nature preclude
curative resection.!? In addition, GBs are particularly
malignant in that they evade cellular immune response,
promote neovascularization, and damage normal brain
parenchyma.

Many of the aggressive characteristics of GBs can be
attributed to transforming growth factor-g (TGF-B), a
cytokine that is often overexpressed in human malig-
nant gliomas.''"!® TGF-B has been shown to promote
invasiveness in glioma cell lines in vitro.'*-?!

Immunosuppression, which has been observed in
many patients with malignant glioma,?>~** can also
be attributed to TGF-B, a known potent immunosup-
pressive factor.?> TGF- exerts its immunosuppressive
effects by inhibiting proliferation and cytotoxic activity
of brain tumor-infiltrating lymphocytes, natural killer
cells, and lymphokine-activated killer cells.?®-?” Elimi-
nation of glioma-derived TGF-B in animal models of
glioma suppressed tumor growth.?$2? Collectively, these
results suggest that the inhibition of TGF- signaling
will directly or indirectly suppress growth of malignant
gliomas.

SX-007 is a small-molecule TGF-B receptor I (TGF-
BRI) kinase inhibitor. To test the efficacy of this mol-
ecule in an in vivo model of GB, we chose the SMA-
560 murine glioma model.3° The SMA-560 cell line
was derived from a spontaneously developing astrocytic
tumor in VM/Dk mice. SMA-560 cells secrete TGF-
B and, when implanted orthotopically into the brain,
invade into the surrounding brain tissue. Thus, this
model recapitulates many of the characteristics of the
human disease.

Materials and Methods

Materials and Cell Lines

SX-007 is a small-molecule inhibitor of TGF-BRI kinase
(ICs50 ~ 40 nM) developed by Scios Inc. (Fremont, CA,
USA). SX-007 was screened against a panel of kinases
as previously described and has a profile similar to that
of SD-208.%"

SMA-560 murine glioma cells, a kind gift of D.D.
Bigner (Duke University, Durham, NC, USA), were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Cellgro, Herndon, VA, USA) supplemented
with 10% fetal calf serum (FCS; Hyclone, Logan, UT,
USA). LN-308 human glioma cells, kindly provided
by N. de Tribolet (Lausanne, Switzerland), were main-
tained in DMEM supplemented with 10% FCS. CCL64
mink lung epithelial cells (ATCC, Rockville, MD, USA)
were maintained in DMEM supplemented with 2 mM 1-
glutamine (Gibco Life Technologies, Inc., Grand Island,
NY, USA), 10% FCS (Biochrom), and penicillin (100
IU/ml)/streptomycin (100 wg/ml; Gibco Life Technolo-
gies, Inc.).
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TGF-p Bioassay

The levels of bioactive TGF-$ were determined as pre-
viously described.?” Briefly, CCL64 cells were allowed
to attach to 96-well plates for 24 h and then exposed
to human recombinant TGF-B; or TGF-, (10 ng/ml;
Peprotech, London, UK). Growth was assayed by crystal
violet staining at 72 h.

Flow Cytometry

SMA-560 cells were grown to subconfluency and re-
moved using 0.05% trypsin/0.53 mM EDTA Hank’s
buffered saline solution without calcium and magnesium
(Mediatech, Herndon, VA, USA). Trypsin was neutral-
ized with DMEM/10% FCS and centrifuged for 5 min at
1,200 rpm at room temperature. Cells were counted and
aliquoted to a final cell number of 1 x 10° cells/well in
a 96-well round-bottom plate. Cells were washed twice
with 0.1% bovine serum albumin (BSA) in Dulbecco’s
phosphate-buffered saline (DPBS) and stained with
1 pg antimouse TGF-BRI/ALK-5 polyclonal antibody
(R&D Systems, Minneapolis, MN, USA) for 30 min
on ice. Cells were washed twice with 0.1% BSA/DPBS.
Donkey antigoat IgG (heavy and light chain) fluorescein
isothiocyanate (FITC; Chemicon, Temecula, CA, USA)
was added at a 1/10 dilution to each well and incubated
on ice for 30 min. Samples were analyzed on FACScan
(BD Bioscience, San Jose, CA, USA).

Proliferation Assay

SMA-560 cells were plated in a 96-well plate. After
allowing cells to attach overnight, compound was added
at various concentrations. After three days, cell prolif-
eration was measured with CellTiter 96 AQueous non-
radioactive cell proliferation assay (Promega, Madison,
WI, USA) according to the manufacturer’s directions.

Phosphorylated Smad ELISA
The levels of phosphorylated Smad 2/3 (p-Smad 2/3)

were determined by sandwich enzyme-linked immu-
nosorbent assay (ELISA). Briefly, 96-well ELISA plates
were coated with anti-Smad 2/3 monoclonal antibody
(100 ng/well; Becton Dickinson, San Jose, CA, USA)
for 18 h at 4°C. Excess antibody was removed, and the
wells were treated with blocking buffer (0.3% BSA in
PBS) for 2 h at room temperature. Cell lysates (125-150
wg total protein) were added to each well and incubated
overnight at 4°C. Wells were rinsed before adding a
polyclonal anti-p-Smad 2/3 antiserum diluted in 2%
BSA/0.5% Tween-20/PBS. Following a 2 h incubation
at room temperature, the wells were washed and sec-
ondary antibody was applied (horseradish peroxidase
[HRP]-conjugated goat antirabbit IgG; Southern Bio-
tech, Birmingham, AL, USA). After 1 h, the wells were
developed with tetramethylbenzidine (Sigma, St. Louis,
MO, USA). The plate was incubated for 5-30 min before
the reaction was stopped with 0.5 N H,SO, and read at



450 nm in a SpectraMax 250 plate reader (Molecular
Devices, Sunnyvale, CA, USA). Protein concentrations
were determined with a bicinchoninic acid protein assay

(Pierce, Rockford, IL, USA).

Immunoblot Analysis

The levels of p-Smad 2 in glioma cells were analyzed
by immunoblot using 20 wg protein per lane on 12%
sodium dodecyl sulfate polyacrylamide gels. After trans-
fer to a polyvinylidene difluoride membrane (Amer-
sham, Piscataway, NJ, USA), the blots were blocked
in PBS containing 5% skim milk and 0.05% Tween 20
and incubated overnight at 4°C with p-Smad 2 antibody
(2 pg/ml; Cell Signaling Technology, Beverly, MA, USA).
Visualization of protein bands was accomplished using
HRP-coupled secondary antibody (Sigma, Munich, Ger-
many) and enhanced chemiluminescence (Amersham).
Total Smad 2/3 levels were assessed using a specific
Smad 2/3 antibody (1 pwg/ml; Becton Dickinson, Heidel-
berg, Germany).

In Vivo Model

The animals used in these experiments were treated in
accordance with the institutional ethical guidelines of
animal care, handling, and termination.

SMA-560 cells were harvested for implantation and
resuspended in serum-free DMEM. A total of 5,000
cells was injected into the right striatum of each mouse
on day 0. Male mice (13-15 weeks old, 30-35 g) were
anesthetized by intraperitoneal injection of a cocktail
of ketamine (100 mg/kg; Fort Dodge Animal Health,
Fort Dodge, TA, USA) and xylazine (10 mg/kg; Phoe-
nix Pharmaceuticals Inc., St. Joseph, MO, USA). Cells
were injected into the right striatum 2 mm lateral to the
bregma and at a depth of 3 mm using a 5-pl Hamilton
syringe that was very slowly lowered. The needle was
held in place for 1 min before injecting the cells at a rate
of 0.25 wl/min. After injection, the needle was kept in
place for an additional 5 min before being slowly with-
drawn. Once the needle was removed, the injection site
was dried and the skin was sutured to close the wound.
Animals were treated once with 0.1 mg/kg buprenor-
phine (Reckitt and Colman Pharmaceuticals Inc., Rich-
mond, VA, USA) to alleviate postsurgical pain.

In studies where long-term survivors were rechal-
lenged with tumor, SMA-560 cells (5,000 cells) were
injected into the left side of the brain, 2 mm lateral to
the bregma. Surgical procedures were similar to the pro-
cedures described above.

All animals were randomly assigned to treatment
groups using GraphPad Statmate (GraphPad Prism, ver-
sion 1.01i for Windows; GraphPad Software, San Diego,
CA, USA) before dosing with SX-007. A suspension of
SX-007 was prepared in 1% methyl cellulose in water.
Dosing began three days after implanting cells and con-
tinued until the end of the study. Animals were weighed
daily and dosed once a day (q.d.) by oral gavage every
morning (10 ml/kg at appropriate concentration), except
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where noted. Animals were defined as dead if they lost
> 20% of their starting weight, in accordance with insti-
tutional humane endpoint guidelines. For survival and
mechanism of action studies, the end of the study was
set to days 35 and 15, respectively.

Data are expressed as means = SD. Efficacy of
SX-007 was determined using Kaplan-Meier survival
analysis with the log-rank posttest or two-tailed #-test
(GraphPad Prism version 4.00 for Windows; GraphPad
Software). Median survival was calculated at the end of
the study (day 35). A p value equal to or less than 0.05
was considered statistically significant.

Pharmacokinetic Analysis

Descriptive pharmacokinetic parameters were deter-
mined by standard model-independent methods. Non-
compartmental analysis was performed using WinNon-
lin (version 4.0.1; Pharsight, Mountain View, CA, USA).
Because individual mice were not used to describe a full
profile, parameters were calculated using mean data.
Samples with SX-007 concentration below quantifiable
limits (10 ng/ml) were assigned the value of 0 for the
analysis. Nominal time points were used for all calcula-
tions. Cp,y is the maximum mean plasma concentration,
Tnax s the time C,x is reached, and AUC 24, is the area
under the plasma concentration—time curve from time 0
to 24 h for animals dosed 20 mg/kg p.o.

Smad 2/3 Phosphorylation Levels

To assess the level of p-Smad 2/3 in the brain, tissues
were homogenized in 20 mM Tris-HCI, pH 7.5, contain-
ing 1 mM EDTA, 0.5% Triton X-100, 0.5% NP-40, 150
mM NacCl, 1x protease inhibitor cocktail (Roche, Palo
Alto, CA, USA), and 1x phosphatase inhibitor cocktail
set IT (Calbiochem, San Diego, CA, USA). Tissue was
homogenized using an Ultra-turrax T8 (Reyon Instru-
ments, Brabcova, Czech Republic). Tissue homogenates
were clarified by centrifugation, and the supernatant
fraction was collected. The levels of p-Smad 2/3 were
determined by ELISA as described above. Statistical sig-
nificance was tested using a two-tailed unpaired #-test.

Real-Time Reverse Transcriptase PCR

Real-time reverse transcriptase (RT)-PCR was per-
formed in a two-step manner. cDNA synthesis and real-
time detection were carried out in a PTC-100 Thermal
Cycler (M]J Research Inc., Waltham, MA, USA) and an
ABI Prism 7900 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA), respectively. Ran-
dom hexamers (Qiagen, Valencia, CA, USA) were used
to generate cDNA from 200 ng RNA. TagMan PCR
Core Reagent Kit or TagMan 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 primers and probes were designed
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using Primer Express software (version 2; Applied Biosys-
tems). For PAI-1, the forward primer, probe, and reverse
primer were S'-ACTGCGGATGCCATCTTTG-3',
5'-AGGGCTTCATGCCCCACTTCTTCAA-3", and
5'-GAGAAGTCCACCTGTTTCACCAT-3', respec-
tively. For the 18S rRNA, the forward primer, probe,
and reverse primer were 5'-GCCGCTAGAGGT-
GAAATTCTTG-3', 5'-ACCGGCGCAAGACGGAC-
CAG-3', and 5'-CATTCTTGGCAAATGCTTTCG-3,
respectively.

Expression levels were normalized to 18S rRNA. All
real-time RT-PCR reactions were performed in triplicate.

Matrigel Invasion Assay (Boyden Chamber)

Invasion of glioma cells (10* per condition) was mea-
sured using Matrigel-coated transwell inserts (BD Biosci-
ences, Mansfield, MA, USA).?” Briefly, transwell inserts
with an 8-pum pore size were coated with Matrigel, and
SMA-560 cells pretreated as indicated were applied to
the upper wells and allowed to transmigrate through the
membrane toward conditioned medium derived from
NIH-3T3 fibroblasts in the lower wells. Migrated cells
on the lower side of the membrane were fixed, stained in
toluidine blue solution (Sigma-Aldrich, St. Louis, MO,
USA), and counted.

Histology and Immunobistochemistry

For mechanism of action studies, glioma-bearing mice
were sacrificed by cardiac puncture 15 days after tumor
implantation. The mice were perfused, and the brains
were postfixed overnight in 4% paraformaldehyde
(American Master Tech Scientific Inc., Lodi, CA, USA);
brains were then embedded in paraffin. From each brain,
a 3-mm slab was cut around the SMA-560 cell injection
site, and 5-pum paraffin sections were cut at 150-pm
intervals. The sections were deparaffinized, rehydrated,
and stained with hematoxylin and eosin (American
Master Tech), rat antimouse monoclonal CD34 IgG,,
(1:100; CL8927AP, Cedarlane, Hornby, Canada), goat
antimouse CD3 (1:100; SC-1127, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), or rabbit antimouse
active caspase 3 (1:400; AF835, R&D Systems, Min-
neapolis, MN, USA). Biotinylated secondary antibod-
ies (1:150; Zymed, South San Francisco, CA, USA) were
used for detection. Streptavidin alkaline phosphatase
(1:100) was added, and the staining was developed
with naphthol as substrate and levamisole as inhibitor
of endogenous alkaline phosphatase (Fast Red Tablets,
Roche). The negative control antibodies were normal rat
IgG,, (Chemicon International, Temecula, CA, USA) for
CD34, normal rabbit IgG for caspase 3, and normal goat
IgG for CD3 (both from Santa Cruz Biotechnology).
The total number of CD34* microvessels was
counted in an area of 0.63 mm? corresponding to two
high-power fields in two nonconsecutive sections in the
tumor center. To assess the degree of apoptosis, the total
number of active caspase 3—positive cells was counted
in the tumor center in two nonconsecutive sections. To
assess the degree of T-cell infiltration, the total number
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of CD3* cells was counted in the center section of the
tumor. All images were analyzed using ImageProPlus
(Media Cybernetics, Silver Spring, MD, USA). Tumor
volume, V,, was calculated using the formula V, =
intersectional distance X area of the section. The inter-
sectional distance was 0.15 mm. Satellite tumors were
defined as foci of glioma cells that were not connected
to the main tumor. The total number of satellite tumors
was determined using ImageProPlus. One of the vehicle-
treated animals was excluded from the analysis because
the main tumor was extremely small. Statistics were cal-
culated using two-tailed unpaired #-tests.

CD107a Mobilization Assay

VM/Dk mice implanted intracranially with 5,000 SMA-
560 cells were dosed three days postimplant with either
1% methylcellulose in water or 40 mg/kg SX-007 q.d.
by oral gavage. Twelve to fifteen days postimplant (pre-
determined time point when animals start manifesting
highest disease severity, based on data from several
experiments), the animals were euthanized to collect
spleen and cervical lymph nodes. Single-cell suspen-
sions of individual spleens and pooled lymph nodes of
four animals from each group were used as effectors in
CD107a mobilization assay,’! with the following modi-
fications.

Effectors (1 x 10° cells per well) were cultured in
the presence or absence of SMA-560 cells (effector:
target ratio of 1:10) in 96-well U-bottom tissue culture
plates containing 200 pwl RPMI-1640 medium (Cellgro)
supplemented with 10% FCS per well. Effectors were
stimulated in the presence of 5 pwg/ml monensin (Sigma)
and 2 pg FITC-CD107a antibody (BD Pharmingen, San
Jose, CA, USA). A concentration of 500 nM SX-007 was
included in the culture of lymphocytes from SX-007-
treated animals throughout the culture period. Equiva-
lent volume of dimethyl sulfoxide was used as vehicle
in the culture of lymphocytes from 1% methylcellulose-
treated animals. After 24 h of culture, the cells were sur-
face stained for CD8 and CD3e (BD Pharmingen), and a
minimum of 30,000 live events were collected on a BD
LSRII flow cytometer (BD Bioscience, San Jose, CA).
Controls included cells that were fixed and stained for
determining the intracellular (total) levels of CD107a,
cells stimulated with plate-bound CD3 (clone 145-2C11
in NA/LE format from BD Pharmingen, for determining
antigen-independent cytolytic activity), and isotype con-
trols. Postacquisition analysis was performed on FACS
Diva software (Becton Dickinson).

Results

SX-007 Is a Potent Inhibitor of Autocrine TGF-
Signaling in Glioma Cells

SX-007 is an inhibitor of the TGF-BRI kinase, with a
half-maximal effective concentration (ECs) of approxi-
mately 0.04 pM with purified enzyme. To demonstrate
the potency of this compound in a cellular system,



the CCL64 bioassay was used. These cells are growth
arrested when treated with TGF-B. To test the potency
of SX-007, CCL64 cells were treated with either TGF-3,
or TGF-B, (Fig. 1A). With increasing concentrations of
SX-007, the TGF-B-mediated growth suppression was
relieved at an ECs of approximately 0.05 pM. SX-007
equally inhibited both TGF-B,— and TGF-,-stimulated
suppression of proliferation. The effects of SX-007 were
also tested on SMA-560 glioma cells directly. These cells
express the target, TGF-BRI (Fig. 1B). Concentrations of
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SX-007 of up to 1 pM had no effect on the proliferation
of SMA-560 cells (Fig. 1C). This is consistent with other
TGF-BRI inhibitors, which showed no effect on prolif-
eration in vivo or in vitro.?’

SX-007 also inhibits TGF-B signaling in SMA-560
cells. Increasing concentrations of SX-007 inhibit the
phosphorylation of Smad 2/3 with an ICsy of approxi-
mately 0.05 pM, in agreement with the ECsy values
for the enzyme and CCL64 bioassay (Fig. 1D). Neither
exogenously added TGF-B nor inhibition of TGF-

12.0
°w
o © 10.0
82
o g 8.0
52 60
-4
53 4.0
-0 N0 N [l
o [] [
0.0 . i : : - :
0 0.0625 0.125 0.25 0.5 1 2
SX-007 (uM)

E

p-Smad et

TOtal SMad | e—— — —
SX-007 - + - +
TGF-B - - + +

Fig. 1. SX-007 inhibits TGF- signaling in cells. (A) TGF-B-sensitive
CCL64 cells were treated with recombinant TGF-8; or TGF-3, (10
ng/ml) for 72 h in the absence or presence of SX-007. Cell number
in the absence of TGF-B and SX-007 was defined as 100% (mean
+ SD, n = 3). (B) SMA-560 cells express the target, TGF-BRI.
SMA-560 cells were stained with a polyclonal antiserum against
TGF-BRI. Cells were analyzed by flow cytometry. Control = sec-
ondary antibody only. (C) SX-007 does not affect proliferation of
SMA-560 cells. SMA-560 cells were treated with indicated con-
centrations of SX-007 for three days. Proliferation was assessed
by measuring MTS formazan production. (D) SMA-560 cells were
starved for 2 h in serum-free medium. Smad phosphorylation was
induced with 10% serum in the presence or absence of SX-007.
Smad phosphorylation was measured by enzyme-linked immu-
nosorbent assay. (E) Protein lysates from untreated cells or cells
preexposed to SX-007 (0.3 wM) for 24 h and then exposed (or
not exposed) to TGF-B, (5 ng/ml) for 1 h in the further absence
or presence of SX-007 were assessed for the levels of p-Smad 2 or
total Smad 2/3. Note that the antibodies are specific for p-Smad 2
but not for total Smad 2 and 3.
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signaling with SX-007 affected total cellular levels of
Smad 2/3 in SMA-560 cells (Fig. 1E).

SX-007 Improves Survival in SMA-560
Murine Glioma Model

The SMA-560 murine glioma model was chosen to
evaluate the therapeutic activity of SX-007. This gli-
oma model was chosen because it recapitulates many
characteristics of the human disease. In addition, it is a
syngeneic model employing an immunocompetent host.
The tumor is highly invasive and secretes TGF-, as do
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Fig. 2. SX-007 prolongs survival in SMA-560 model of glioma. (A)
Summary graph of efficacy studies. SMA-560 cells were implanted
into the right striatum of VM/Dk mice. On day 3, animals were
dosed with vehicle or 20 mg/kg SX-007. Although dosing ended
on day 35, animals survived past day 200. The results of 12 stud-
ies were pooled together and evaluated by Kaplan-Meier analysis.
Median survival after pooling data in the vehicle (n = 114) and
dosed (n = 112) groups, was 19 and 23 days, respectively. The
increase in median survival between vehicle and treated animals
ranged from —-0.5 to 4.5 days. The percentage of long-term sur-
vivors of treated animals ranged from 0 to 60%. For the vehicle-

human gliomas.!'=1416-18 The tumors were allowed to
establish for three days before q.d. dosing by oral gavage
(vehicle or 20 mg/kg SX-007 p.o. q.d.) until the end of
the study (day 35). Survival benefit was determined using
Kaplan-Meier analysis. In a total of 12 studies, there was
a modest median survival benefit for SX-007-treated
animals, ranging from —0.5 to 4.5 days. Fig. 2A repre-
sents a summary of the pooled data. Increased median
survival was also observed in animals when dosing was
initiated as late as day 11 (Fig. 2B). In addition, long-
term survivors were observed in all of the studies: 7 (6%
of total animals) in the vehicle groups and 33 (30% of
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treated animals, the percentage of long-term survivors ranged from 0 to 25%. (B) SX-007 is efficacious in late-stage disease. Animals (n
= 12 for each arm) were dosed with vehicle or 20 mg/kg SX-007 p.o. once daily (q.d.) beginning day 11. Median survival of vehicle- and
SX-007-treated animals was 18 and 22 days, respectively (p < 0.05, log-rank posttest). (C) Dose response with SX-007. Animals were
dosed as above with vehicle or 5, 20, or 40 mg/kg p.o. q.d. Median survival in vehicle, 5 mg/kg, 20 mg/kg (*p = 0.008), and 40 mg/kg
(**p = 0.009, log-rank posttest) groups was 19.5, 19.5, 23, and 24.5 days, respectively (n = 12 for each group). (D) Pharmacokinetics of
SX-007 in VM/Dk mice dosed with 20 mg/kg SX-007 p.o. (E) Prolonged coverage with SX-007 does not improve efficacy. Animals were
dosed as above with either vehicle (p.o. twice daily [b.i.d.]) or 20 mg/kg SX-007 (p.o. q.d. and p.o. b.i.d.; n = 12 for each group). There

was no difference between the g.d. and b.i.d. groups.
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total animals) in the SX-007-treated groups. These ani-
mals remained alive for > 200 days even when SX-007
treatment was discontinued after day 35 of the study.
Out of 33 long-term survivors from the SX-007-treated
group, two animals died, presumably due to regrowth of
tumor. The rest of the long-term survivors (31, 28% of
total animals) remained disease-free.

SX-007 was also evaluated in a dose-response study.
No significant effect on median survival was seen in
the 5 mg/kg group. However, there was a significant
improvement in the median survival in the 20 and 40
mg/kg groups compared with the vehicle group (median
survival, 23 and 24.5 days vs. 19.5 days, p < 0.01; Fig.
2C). There was no significant difference in median sur-
vival between the 20 and 40 mg/kg groups.

Extended Inhibition of TGF-B Signaling with SX-007
Does Not Improve Efficacy

Peak plasma concentrations (14 wM) were observed 2—4
h following oral administration of SX-007 in VM/Dk
mice. SX-007 is cleared to undetectable levels after 16 h
(Fig. 2D). To determine whether sustaining compound
levels over a longer period of time would improve effi-
cacy, animals were dosed with SX-007 at 20 mg/kg
either q.d. or twice daily by oral gavage. Surprisingly, the
median survival time between the two treatment arms of
this study did not differ significantly (23.5 days vs. 24
days; Fig. 2E). These results suggest that maximal effect
is achieved with less than 24 h of target inhibition.

SX-007 Inhibits TGF-B Signaling in Tumor
and Surrounding Brain Tissue

The brains of animals treated with SX-007 were col-
lected for analysis to verify that the agent mediates
TGF-B inhibition in vivo. Animals were implanted with
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(OD450/mg protein)
S = N W » 00 O N
|

SX-007 v -+ L4

Contralateral lpsilateral Tumor

Tran et al.: SX-007 restores immune surveillance

tumor and dosed daily beginning on day 3 with 20
mg/kg SX-007 or vehicle. On day 15 of the study (12 days
of dosing), the animals were given SX-007 or vehicle.
Two hours after dosing, the animals were sacrificed, and
plasma and brain tissue were collected. At 2 h postdose,
the plasma levels were typically around 10 wM. The 2 h
plasma concentration was relatively constant even after
32 days of dosing, suggesting a lack of compound accu-
mulation (data not shown). To assess the effects of TGF-
inhibition, the levels of p-Smad 2/3, a direct down-
stream target of TGF-BRI kinase, were analyzed. The
brain was separated into the two hemispheres. The brain
tissue from the hemisphere ipsilateral to the implanted
tumor was also separated from the main body of the
tumor. There was 69% inhibition of p-Smad 2/3 (p <
0.01) in tumor tissue and 46% inhibition in brain tis-
sue immediately surrounding the tumor (p < 0.05; Fig.
3A). The more pronounced effect on the ipsilateral side
may be due to increased compound penetrance into the
tumor. The increased penetrance may be a result of the
disrupted blood-brain barrier. SX-007 can also reduce
Smad 2/3 phosphorylation in the brains of healthy mice
(data not shown).

To verify that TGF- signaling was inhibited, the
transcription levels of PAI-1, a TGF-B-mediated tran-
scriptional event, were assayed.3? There was a 40%
reduction in PAI-1 message in the tumor of SX-007-
treated animals (Fig. 3B). There was no significant effect
on PAI-1 transcription in the ipsilateral brain tissue
(Fig. 3B). This difference between PAI-1 transcription
and Smad 2/3 phosphorylation may be inherent to the
tumor cells—the tumor cells appear to make more PAI-1
transcript than the surrounding tissue. These results
demonstrate that SX-007 reaches tumor tissue and the
surrounding tissue and that $X-007 modulates TGF-3
signaling.

B
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Fig. 3. SX-007 inhibits TGF- signaling in the brain. Animals were treated with 20 mg/kg SX-007 p.o. once daily as described in Fig. 2.
On day 15, the animals were sacrificed 2 h postdose, and the brain was divided into contralateral and ipsilateral hemispheres. The bulk of
the tumor was also separated from the ipsilateral hemisphere. Five brains were analyzed. (A) Smad phosphorylation analysis. *p < 0.05,
**p < 0.01 (two-tailed unpaired t-test). (B) TagMan analysis of PAI-1 transcription. *p < 0.05 (two-tailed unpaired t-test).
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SX-007 Inhibits Cell Invasion

The effects of SX-007 on cell invasion were exam-
ined using a Boyden chamber migration assay. TGF-§3,
increased the invasiveness of SMA-560 cells twofold
above the basal level (Fig. 4A). The invasiveness of the
cells was inhibited by the addition of 0.3 wM SX-007 in
the presence or absence of exogenously added TGF-3;.

This in vitro result suggests that TGF- inhibition
may also reduce tumor invasiveness in vivo. To measure
invasiveness in vivo, the number of satellite tumors was
determined as a semiquantitative measure of tumor inva-
sion in vivo. Satellite tumors, represented by the number
of tumor foci not connected with the main tumor, were
counted on day 15. These tumor foci represent tumor
cells that have migrated away from the main tumor mass
or are projections from the main tumor. S$X-007 reduced
the number of satellite tumors (22 vs. 18 satellite tumors
per section, p < 0.05; Fig. 4B), suggesting that TGF-8
inhibition by SX-007 has an effect on cell invasion both
in vitro and in vivo. A representative micrograph is
shown in Fig. 4C.

SX-007 Restores Immune Function

To assess the mechanistic consequences of TGF-f inhi-
bition, the brains from tumor-bearing animals treated
with vehicle or 20 mg/kg SX-007 q.d. were collected on
day 15 and analyzed by histology. At this time point,
there was no effect on microvessels (number, density, or
size) as measured by CD34 immunohistochemistry or
on proliferation as measured by Ki-67 staining or tumor
size (data not shown). There was a trend of increased
apoptosis in the tumors from treated animals (p = 0.09,
data not shown). However, there was a statistically
significant increase in CD3* T-cell infiltration into the
tumor (p < 0.05; Fig. 5). These observations along with
the observed effects on cell invasion suggest that SX-007
improves survival in this model by reducing tumor infil-
tration and reversing the immune suppression caused by
TGF-B secreted by the tumor.

The existence of long-term survivors from the group
of treated animals also suggests that immune modulation
contributes to the efficacy of SX-007. To demonstrate
whether these animals survived due to immune rejection
of the implanted tumor, animals were rechallenged with
5,000 or 10,000 tumor cells in the contralateral side of
the brain (n = 7 and 6, respectively). All rechallenged
animals survived to the end of the study (Fig. 6A). Dur-
ing this period, the animals did not receive additional
SX-007. A second study using animals rechallenged with
tumor was also performed to examine histological end-
points. At day 15, the brains were collected and exam-
ined for tumor burden. There were no observable tumor
cells either from the original injection or from the sec-
ond injection of tumor cells in the long-term survivors
(Fig. 6B). Slight scarring was seen at both implantation
sites (Fig. 6C). Most important, a high concentration
of CD3* T-cells was seen in the vicinity of the second
implantation site, a finding that suggests that the second
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Fig. 4. SX-007 inhibits SMA-560 motility. (A) Invasiveness was
analyzed with Matrigel-coated membranes in a Boyden chemo-
taxis chamber assay using 10* SMA-560 cells, untreated or treated
with SX-007 (0.3 wM), TGF-B; (5 ng/ml), or both for 24 h prior
to and during the experiment, in the upper chamber. Invasive cells
were counted after 24 h (mean = SD, n = 3). (B) The number of
satellite tumors (tumor foci not connected to main body of tumor)
was counted in sections from animals sacrificed at day 15 of the
study (n = 17 for vehicle, n = 18 for SX-007; p < 0.05, two-tailed

unpaired t-test). (C) A representative micrograph showing reduced
satellite tumors in SX-007-treated animals. Scale bar = 1 mm.

tumor was rejected by mobilization of a memory T-cell
response (Fig. 6C).

We have previously shown that in vivo treatment
with a different TGF-BRI kinase inhibitor significantly
increased the tumor-specific cytotoxic T-lymphocyte
(CTL) activity in a mammary carcinoma model.** Here,
we used a flow cytometric assay for CD107a degranula-
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Fig. 5. SX-007 increases infiltrating CD3* cells. The number of
CD3* cells was counted in sections from animals sacrificed at day
15 of the study (n = 17 for vehicle; n = 18 for SX-007) (p < 0.05,
two-tailed unpaired t-test).

tion3! to quantify the SMA-560-specific CTL activity
and to test whether in vivo inhibition of TGF-8 signaling
enhances tumor-specific cytolytic function. CD8* T-cells
from the cervical lymph nodes of SX-007-treated mice
showed a significant (approximately twofold) increase
in SMA-560-specific surface mobilization of CD107a
compared to that from vehicle-treated mice (Fig. 7).
Total cellular levels of CD107a did not vary signifi-
cantly between the two groups (data not shown), sug-
gesting that SX-007 treatment qualitatively enhances the
tumor-specific cytolytic function of CD8* T-cells in the
draining lymph nodes.

Discussion

GB is a devastating disease that, despite decades of
research, still remains as a major unmet medical need.
The current standard of care includes radiation therapy
and temozolomide treatment in addition to surgery.’
Both of these treatments are designed to be directly cyto-
toxic to tumor cells. Molecularly targeted approaches
such as epidermal growth factor receptor kinase inhibi-
tors have also been tested in GB with limited success.
Once again, these approaches are designed to kill the
tumor directly.

Inhibition of TGF-B has gained momentum in recent
years as an attractive molecularly targeted therapy.
Overexpression of and/or defects in TGF-B signaling
have been linked to many cancers, including lung, pan-
creatic, colon, prostate, and breast cancer (reviewed in
Elliott and Blobe®*). Current strategies to inhibit TGF-3
signaling include TGF-B antisense and proteins such as
antibodies or soluble TGF- receptors.3’ Both strategies
are designed to block TGF- signaling by reducing cir-
culating TGF-B. Although these approaches may have
benefit for some solid tumors, their utility is lessened in
the case of GB due to the issues of drug delivery across
the blood-brain barrier.

Here we describe an orally active, small-molecule
inhibitor of TGF-B signaling, SX-007. The compound
penetrates the brain and improves the median survival
time of animals in this syngeneic, orthotopic model. In
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addition, it is striking that a subpopulation of tumor-
bearing mice remained alive long after cessation of SX-
007 treatment, suggesting that they had been cured of the
tumor. Histological analyses demonstrate that immune
modulation may be a mechanism by which SX-007 pro-
longs the survival of diseased animals. When SMA-560
cells are implanted into the brains of immunocompro-
mised mice, SX-007 fails to prolong survival, supporting
the importance of the immune system in reducing tumor
burden (data not shown). The ability of long-term sur-
vivors to reject rechallenged tumor in the brain further
suggests that an immune response was mounted against
the first tumor.

CD107a (LAMP-1) is an integral membrane pro-
tein in cytolytic granules, and the surface mobilization
of this marker on effector cells upon interaction with
tumor cells has been well accepted as a measure of
tumor-specific cytolytic activity.®3” Although we could
not detect cytokine-secreting function of the effectors in
our assay format, we could easily detect surface mobi-
lization of CD107a when lymph node cells were cocul-
tured with SMA-560 tumor cells. The twofold differ-
ence in the number of CD8* T-cells from vehicle-treated
and SX-007-treated mice responding to SMA-560 cells
by CD107a degranulation correlates with our similar
finding that anti-mammary tumor CTL activity*® was
enhanced by treating tumor-bearing mice with TGF-
BRI kinase inhibitors. In addition to an increase in anti-
glioma natural killer cell activity, we also reported that
splenocytes from TGF-BRI kinase inhibitor-treated
mice have an increased capacity to secrete interferon--y.?’
Therefore, it could be inferred that antitumor cytolytic
activity is enhanced by the in vivo inhibition of TGF-$
signaling and that this augmented cytolytic activity
might be one of the contributing factors to the increased
survival of SX-007-treated mice.

The importance of the immune response and the lack
of direct tumor cell killing by SX-007 suggest that inhi-
bition of TGF-f signaling “indirectly” clears the tumor.
The observed immune effects may become maximally
engaged during the period when the compound is pres-
ent. Effector cell activity may continue past the point
where compound is cleared from circulation. This pro-
longed activity may help explain why continuous inhi-
bition of TGF-B signaling is not required for maximal
efficacy. TGF-B has long been known to stimulate the
motility of cells.’® We demonstrate here that SX-007
reduces the motility of SMA-560 cells both in vitro and
in vivo. This direct inhibition of TGF- signaling in
tumor cells may also play a role in the increased survival
of animals. It is this two-pronged approach of inhibiting
signaling in both the tumor and surrounding microen-
vironment that distinguishes our molecule from other
molecularly targeted approaches for treating GB.

Results from these in vivo investigations suggest two
main modes of action: inhibition of tumor infiltration and
reversal of the immune suppression allowing for tumor
rejection by an immune surveillance mechanism. Both of
these mechanisms make inhibition of TGF-f signaling
an ideal candidate for use with other treatment modali-
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Fig. 6. Long-term survivors reject tumor rechallenge. (A) Kaplan-
Meier analysis of long-term survivors rechallenged with SMA-
560 cells (n = 22 per group). (B) Reinjected tumor is rejected in
long-term survivors. Naive animals or long-term survivors were
rechallenged with SMA-560 cells in the contralateral hemisphere.
Animals were sacrificed 15 days postimplantation, and the brains
were harvested for histological analysis. Representative images are
shown. Scale bar = 1 mm. (C) High concentration of CD3* cells
in the vicinity of the rechallenge site. Representative images are
shown. Scale bar = 20 pm.

¥
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ties. For instance, temozolomide has cytotoxic activity
against GB tumors but does not appear to appreciably
affect the immune system. A combination of direct tumor
killing with a cytotoxic agent and elimination of tumor
by the host immune system may be a powerful combi-
nation therapy. Inhibition of TGF-B signaling may also
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be a useful cotherapy with the experimental cancer vac-
cines that are currently being evaluated. The results pre-
sented in these studies support the evaluation of TGF-$
signaling inhibitors in patients with GB either alone or
in combination with other treatment modalities.
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Fig. 7. SX-007 increases SMA-560-specific CD8* T-cell degranulation. (A) Representative histograms of surface CD107a staining on
CD8* T-cells (CD8a*CD3¢e*) from lymph nodes. (B) Scatter plots of percentage of tumor-specific CD8* T-cells that mobilize CD107a to
the surface. The percentage of cells that spontaneously mobilize CD107a (in the absence of SMA-560 cells) was subtracted to calculate
tumor-specific activity.
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