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ABSTRACT Most women are diagnosedwith epithelial
ovarian cancer (EOC) at advanced stage, where therapies
have limited effectiveness and the long-term survival rate
is low. We evaluated the effects of combined anti-
angiogenic and chemotherapy treatments on advanced
stage EOC. Treatment of EOC cells with a recombinant
version of the thrombospondin-1 type I repeats (3TSR)
induced more apoptotic cell death (36.56 9.6%) in vitro
compared to untreated controls (4.1 6 1.4). In vivo,
tumors were induced in an orthotopic, syngeneic mouse
model of advanced stage EOC. Mice were treated with
3TSR (4 mg/kg per day) alone or in combination with
chemotherapy drugs delivered with maximum tolerated
dose ormetronomic scheduling. Pretreatmentwith 3TSR
induced tumor regression, normalized tumor vascula-
ture, and improved uptake of chemotherapy drugs.
Combination 3TSR and metronomic chemotherapy in-
duced the greatest tumor regression (6.2-fold reduction
in size compared to PBS-treated controls) and highest
survival when treatment was initiated at advanced stage.
3TSR binding to its receptor, CD36 (cluster of differen-
tiation 36), increased binding of CD36 and SHP-1, which
significantly inhibited phosphorylation of the VEGF re-
ceptor. In this study, we describe a novel treatment
approach and mechanism of action with 3TSR and che-
motherapy that induces regression of advanced stage
EOC and significantly improves survival.—Russell, S.,
Duquette, M., Liu, J., Drapkin, R., Lawler, J., Petrik, J.
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OVARIAN CANCER IS THE most lethal gynecologic cancer and
is the fifth leading cause of cancer-related deaths in
women (1). Ovarian cancer has been termed the silent
killer because the disease presents with vague, non-
specific symptoms, and women are often not diagnosed
with ovarian cancer until late stage, where the 5 y survival
is low (2). Typically, at diagnosis, the tumor has spread
beyond the primary site and pelvic cavity, often including
spread of the disease to the abdominal cavity and the
formation of ascites (3). After diagnosis of epithelial
ovarian cancer (EOC), women generally undergo cytor-
eductive surgery, followed by chemotherapeutic inter-
vention with platinum- and taxane-based therapy. After
an initial period of tumor responsiveness, chemo-
resistance often results, and disease progression recurs
(4). As such, the development of new therapies to treat
women with advanced stage ovarian cancer is essential in
order to reduce the morbidity and mortality associated
with this disease.

Tumors require the development of new vascular
supply, through angiogenesis, to facilitate growth and
metastatic spread (5), and as such, antiangiogenic strat-
egies may provide novel therapeutic opportunities.
Antiangiogenic approaches attempt to disrupt the bal-
ance between promoters and inhibitors of angiogenesis,
either by inhibiting proangiogenic factors or by up-
regulating antiangiogenic molecules. Potent proangio-
genic factors secreted by EOC cells include members of
the VEGF family. Bevacizumab therapy has been tried
alone and in combination inEOCclinical trials, and it has
shown somepromise (6).However, this approach canhave
severe side effects, such as hypertension, as well as rare
but seriousadverseeffects, suchas intestinalperforation(7).

Thrombospondin-1 (TSP-1) is a largeextracellularmatrix
glycoprotein and is the first naturally occurring anti-
angiogenic factor described, with potent antitumor
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effects (8). The inhibitory influence of TSP-1 on tumor
growth involves inhibition of angiogenesis as well as
transforming growth factor b (TGFb) activation (8, 9).
Although native TSP-1 has shown antitumor and anti-
angiogenic effects in vivo in preclinical models (10), its
large size and complex structure reduce its applicability
as a therapeutic molecule. However, the antiangiogenic
domain ofTSP-1 has beenpredominantly localized to the
3 thrombosopondin-1 type 1 repeats, and a recombinant
version of this domain, designated 3TSR, may offer
promising therapeutic opportunities. The 3TSR recombi-
nant protein has shown potent antiangiogenic and antitu-
mor effects in an orthotopic mouse model of pancreatic
cancer (11), and a single intramuscular injection of re-
combinant adeno-associated virus expressing 3TSR was
sufficient to decrease the size and vascularity of pancreatic
tumors (12).

The type 1 repeats mediate the interactions between
TSP-1 and its cell surface receptors CD36 (cluster of
differentiation 36) (13, 14) and integrins (15–17). Inhi-
bition of endothelial cell migration, induction of en-
dothelial cell apoptosis, and inhibition of the activities of
proangiogenic factors have been localized primarily to
3TSR (8, 12, 17). After 3TSR binding, Fyn is recruited
to CD36, and Jnk as well as caspase-3, -8, and -9 are acti-
vated, resulting in apoptotic death of endothelial cells
(13, 18). CD36 activation is also known to inhibit angio-
genesis through disruption of VEGF signaling by
recruiting the Src homology 2 domain–containing
protein tyrosine phosphatase (SHP-1) to the VEGF
receptor-2 (VEGFR-2) signaling complex, and inhibiting
phosphorylation of VEGFR-2 (19). The start of the
second type 1 repeat contains the RFK sequence, which
is responsible for activation of TGFb (20). TGFb activa-
tion is implicated in inhibited tumor cell proliferation
andmigration in vitro (21), and reduced tumor growth in
vivo (22).

Two 7–amino acid type 1 repeat–based peptide mi-
metics, designated ABT-510 and ABT-898, have been de-
veloped for the treatment of cancer (23–26). In an
orthotopic syngeneic mousemodel of EOC, ABT-510- and
ABT-898 induced tumor cell apoptosis (23, 27, 28) and
decreased expression of VEGF, resulting in tumor vessel
normalization (23, 27, 28). This vessel normalization that
accompanies some forms of antiangiogenic treatment is
seen as an opportunity for facilitated drug uptake and
improved cancer therapy (29). We have previously shown
that vascular normalization after treatment with ABT-510
and ABT-898 enhances tumor perfusion and increases
tumor tissue uptakeof chemotherapy drugs (23, 28). 3TSR
may have antiangiogenic and antitumor advantages over
these peptides because it includes all type I repeats, in-
cluding the TGFb activating domain.

Traditional chemotherapy treatment of women with
ovarian cancer involves short and intermittent bursts of
maximum tolerated dose (MTD) chemotherapy, which
targets proliferating tumor cells (30, 31). However, re-
cent reports have suggested that a metronomic (MET)
schedule of drug delivery may be advantageous because
this scheduling can have effective antitumor effects and
lower total drug accumulation (32). With MET chemo-
therapy, drugs are delivered at a reduced dose but with
increased frequency, thus reducing or eliminating

the drug-free interval associated with MTD chemotherapy.
In addition to effective cytotoxic effects on tumor cells, MET
scheduling also has antiangiogenic effects, likely as a result of
the inability of tumor vasculature to recover from the fre-
quent administration periods (33). A significant benefit to
patients is improved tolerance to MET therapy (34). Evi-
dence suggests that combination therapy with anti-
angiogenic drugs and MET has excellent efficacy in a
number of different cancers (35, 36), including ovarian
cancer (37).

We hypothesized that 3TSR would induce vascular
normalization in advanced stage EOC, which would
facilitate the uptake of chemotherapy drugs delivered
at low-dose MET scheduling, and that this combination
therapy would induce tumor regression and significantly
improve survival in patients with advanced stage EOC.

MATERIALS AND METHODS

Reagents and cell lines

We evaluated the effect of the 3TSR on murine and human
endothelial andovarianepithelial cells. Recombinant versionsof 1)
all 3 type 1 repeats of TSP-1 including amino acids 381 to 550
(3TSR), 2) the second type 1 repeat of TSP-1 including amino
acids 416 to 473 (TSR2), and 3) the second type 1 repeat of
TSP-1, which is extended at the amino terminal to include the
TGFb activating sequence and includes amino acids 411 to 473
(TSR2 + RFK) (22). The recombinant proteins include the
vector-derived sequences RSPWG and TGHHHHHH at the
N- and C-terminals, respectively, and were generated as de-
scribed previously (38). Recombinant proteins that were used in
vivo were mixed with polymyxin B–argarose (Sigma-Aldrich,
St. Louis, MO, USA) for 30 min to ensure that the samples were
endotoxin free (,0.05 EU/mg) (22).

Murine microvascular endothelial cells (mEC; ATCC, Man-
assas, VA, USA) were cultured in DMEMwith 10% FBS, and 1%
antibiotic/antimycotic (ABAM; Gibco, Grand Island, NY, USA)
and HUVEC (ATCC) were cultured in F-12K supplemented
with 0.1 mg/ml heparin (Sigma-Aldrich), 0.03 mg/ml endo-
thelial cell growth supplement (Sigma-Aldrich), 10% FBS, and
1%ABAM. The following epithelial cell lines were also cultured
with the appropriate media: spontaneously transformed mu-
rine ovarian surface epithelial cells (ID8 cells, generously do-
nated byDrs. K. Roby and P. Terranova, Kansas StateUniversity,
Manhattan, KS, USA; DMEM with 10% FBS and 1% ABAM);
normal human ovarian surface epithelial (NOSE) cells (gen-
erously donated by Dr. J. Liu, MD Anderson Cancer Center,
Houston, TX, USA); and human ovarian epithelial adenocar-
cinoma cell lines OVCAR-3 (ATCC; HTB-161; RPMI with 20%
FBS and 1% ABAM) and SKOV3 (ATCC; HTB-77 McCoy 5A,
supplemented with 10%FBS and 1%ABAM). All cell lines were
immediately frozen after acquisition. Once thawed, cells were
tested for morphology and growth, absence of mycoplasma was
confirmed, and cells were used within 3 mo.

Primary cells were obtained from patients with advanced
ovariancancerat theDana-FarberCancer Institutewhounderwent
paracentesis for malignant ascites or debulking surgery. The pro-
tocols were approved by the Dana-Farber/Harvard Cancer
Center institutional reviewboardandthePartnershumanresearch
committee, and consent from patients was obtained as per in-
stitutional review board guidelines. Ascites fluid was processed,
and tumor cells were purified as described previously (39). Tumor
cells were grown in suspension culture inRPMIwith 10%FBS, and
antibiotics–antimycotics (Invitrogen, Grand Island, NY, USA).
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Mouse model

Mice were purchased from Charles River Laboratories and
maintained in accordance with the Canadian Council on Ani-
mal Care. We used an orthotopic, syngeneic mouse model of
EOC as described previously (15). Briefly, transformed murine
ovarian surface epithelial cells from C57BL6 mice (ID8; 1.0 3
106) were injected directly under the ovarian bursa of syngeneic
mice. In this model, 60 d after tumor induction, mice form
primary ovarian masses, and by 80 d after tumor induction,
there are large ovarian tumors, numerous secondary peritoneal
lesions, and abdominal ascites, which replicates the clinical
profile of womenwith stage III EOC(40)—thedisease stage that
the majority of women are diagnosed with (41). To determine
the ability of 3TSR to induce regression of established EOC,
tumors were allowed to develop for 60 or 80 d after tumor in-
duction, at which time treatment was initiated with in-
traperitoneal once-daily injections of 3TSR (4 mg/kg) or D5W
vehicle control (200 ml). 3TSR has not shown any toxicity or
immune response in this syngeneic mouse model. Mice were
killed 100 d after tumor induction, which corresponded to
20 d of treatment. Primary tumors were collected, and perito-
neal tumors were assessed for metastatic spread on the basis of
a lesion scoring system, as previously reported (23, 27, 28, 42).

Immunoblotting and coimmunoprecipitation

Murine and human cancer and endothelial cells were lysed and
subjected to Western blot analysis, as previously reported (23,
27). Membranes were probed for overnight at 4°C for VEGF (1:
600dilution; SantaCruzBiotechnology, Burlingame,CA,USA),
VEGFR-2 (1:500 dilution; SantaCruz Biotechnology), phospho-
VEGR-2 (1:500; detects tyrosine 1175; Abcam, Cambridge,
United Kingdom); FasL (1:600; Pharmingen, Franklin Lakes,
NY, USA), cleaved caspase-3 (1:1000 dilution; Abcam), bcl-2
(1:500; Santa Cruz Biotechnology), CD36 (1:600 dilution;
Pharmingen), SHP-1 (1:1000 dilution; Abcam), or Fyn (1:1000
dilution; BD Transduction Laboratories, San Jose, CA, USA).
Antibody expression was visualized with Western Lightning
Chemiluminescence Reagent Plus (PerkinElmer BioSignal
Inc., Montreal, QC, Canada). Computer-assisted densitometry
was performed by AlphaEase FC software (AlphaInnotech, San
Leandro,CA,USA), and results werequantified and reportedas
integrateddensitometry values relative tob-actin or tubulin. For
coimmunoprecipitation experiments, ID8 cells remained un-
treated or were treated with 10 nM 3TSR for 24 h, trypsinized
and washed, lysed, and protein collected as above. The cell ly-
sate was immediately used for immunoprecipitation experi-
ments. To preclear the samples, 1 ml of cell lysate, 5 mg
nonimmune IgG, and25ml proteinGagarosebeadsweremixed
for 1 h at 4°C. After removal of the protein G beads by centri-
fugation, 5 mg of anti-CD36 (Pharmingen) was added and the
samples incubated for 3 h at 4°C. Then 25ml of proteinG beads
were added and the samples incubated for an additional 3 h at
4°C. The beads were then washed 3 times in lysis buffer, and the
precipitated complex was eluted in 50 ml of boiling 23 SDS-
PAGE loading buffer for 4 min. The samples were separated by
SDS-PAGE and transferred to nitrocellulose membrane, which
was incubated in 5% skim milk in Tris-buffered saline–Tween-
20 (TBST) for 1 h, followed by incubation with primary anti-
SHP-1 (1:1000 dilution; Abcam) overnight at 4°C.

Immunofluorescence

After treatment on glass coverslips, cells were fixed in 10%
neutral buffered formalin for 1 h at room temperature and

rinsed in PBS. Tissues were fixed overnight in 10% formalin,
then washed for 24 h in 70% ethanol and rinsed in PBS before
embedding, sectioning (5 mm), and mounting on glass slides.
Cells were permeabilized by adding 0.1% Triton X-100 (Sigma-
Aldrich) for 15min at room temperature, blocked for 10min in
5% BSA in PBS, and exposed to primary antibodies: anti-active
caspase-3 (1:200 dilution; Abcam), anti-Ki67 (1:200; Abcam),
anti-FasL (1:200; Pharmingen), anti-CD36 (1:400; Pharmingen),
anti–phospho-VEGFR-2, (1:500; Abcam, recognizes tyrosine
1175), or anti-SHP-1 (1:600;Abcam)overnight at 4°C.AlexaFluor-
conjugated secondary antibodies (1:100; Invitrogen) were added
for 2 h at room temperature, followed by incubation with DAPI
(Sigma-Aldrich) for 10min.Cells were imagedwith anOlympus
inverted epifluorescence microscope and Metamorph inte-
grated morphometry software.

Cell death and proliferation

To determine changes in the incidence of tumor cell death and
proliferation during ovarian tumor development, tumors were
collected at 30, 60, and 90 d after tumor induction from mice
treated with daily 200 ml intraperitoneal injections of PBS or
3TSR (4 mg/kg per day). Tumors were fixed in 10% neutral
buffered formalin and subjected to TUNEL (terminal deoxy-
nucleotidyl transferase dUTP nick end labeling) analysis accord-
ing themanufacturer’s instructions (Roche, Basel, Switzerland) to
determine the percentage of apoptotic tumor cells. Tumors were
also immunostainedwith an anti-Ki67 antibody (1:200; Abcam) to
quantify the percentage of proliferating tumor cells.

Antiangiogenic and chemotherapy treatments

We evaluated the effect of combined antiangiogenic and che-
motherapy therapies on the treatment of advanced stage EOC.
EOC was induced by the injection of 1 3 106 ID8 cells as de-
scribed above. Tumors were allowed to grow for 60 d without
intervention to allow the mice to develop ovarian cancer
symptoms that replicate women with stage III EOC, with large
primary tumors, numerous metastatic abdominal lesions, and
the accumulation of abdominal ascites (40). At 60 d after tumor
induction, mice began daily intraperitoneal injections of PBS
(200 ml) or 3TSR (4 mg/kg per day in 200 ml PBS). These
treatments continued for 14 d to allow for potential 3TSR-
mediated tumor cell apoptosis and tumor vessel normalization.
At this point (74 d after tumor induction), mice were organized
into the following groups: PBS alone (control), 3TSR (4mg/kg
per day), MTD (10 mg/kg carboplatin/10 mg/kg paclitaxel
twice a week); MET (2 mg/kg carboplatin/1 mg/kg paclitaxel
4 times aweek); 3TSR+MTD; and3TSR+MET.Mice continued
treatment until 90 d after tumor induction, when they were
euthanized, tumors collected, and mice scored for the number
ofmetastatic tumors present as well as the presenceof ascites. At
euthanasia, tumors were weighed and measured to determine
changes in tumor weight and size, respectively.

Vessel density and maturity

Tumors were collected from PBS- and 3TSR-treated mice at 30,
60, and 90 d after tumor induction and subjected to immuno-
fluorescence colocalization in which tissues were stained with
anti-CD31 antibody (1:50; Abcam) to detect vascular endothelial
cells and anti–smooth muscle actin antibody (1:400; Santa Cruz
Biotechnology) to identify vascular pericytes. Changes in blood
vessel density were also quantified after in vivo antiangiogenic
and chemotherapy treatments, as described above. Endothelial
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cells in tissues collected at 90 d after tumor induction were
immunolocalized with an anti-CD31 antibody (1:50; Cell Sig-
naling Technology, Danvers, MA, USA). Blood vessel density was
reported as thepercentageof tissue comprisingCD31plus blood
vessels in each treatment group (n = 6 mice/group).

Tissue hypoxia and drug uptake

At 90 d after tumor induction, tumor tissue collected from
PBS- and 3TSR- (4 mg/kg per day) treated mice were immu-
nostained with an anti–carbonic anhydrase antibody (1:500;
Abcam) to indicate tissue hypoxia. Image capture and analysis
was performed using bright-field microscopy to determine
the percentage of carbonic anhydrase–positive, hypoxic tu-
mor tissue. To determine changes in drug uptake, a second
group of PBS- or 3TSR-treated (4 mg/kg per day) mice at
90 d after tumor induction (n = 3/group) were injected with
(40 mCi) tritiated paclitaxel (Moravek Biochemicals and
Radiochemicals, Brea, CA,USA) intraperitoneally. Twelve, 24,
or 48 h after injection, mice were killed; primary tumors were
collected and homogenized in scintillation fluid, and tissue
isotope uptake was measured via scintillation counting in
a Tricarb liquid scintillation counter (PerkinElmer, Waltham,
MA, USA).

Survival

In a second cohort of mice, daily treatments with 3TSR were
initiated at 60 or 80 d after tumor induction (12 animals per
group), and animals continued to receive treatment until they
became moribund, which was assessed on the basis of noticeable
ascites and an increased weight gain of 20% of their pretumor
induction body weight. All animals were killed at 150 d after tu-
mor induction, and data from those that were free of morbidity
(i.e., had not developed ascites fluid) were recorded accordingly.
Theovaries of these animalswere assessedhistologically to ensure
that the surgical injection of ID8 cells was successful and created
the presence of a focal necrotic region from which regressed
tumors had originated.

Statistical analysis

For determination of statistical significance for experiments
with immunohistochemistry, Western blot analysis, and tumor
morphology, 2-way ANOVA was performed, followed by post hoc
analysis with Tukey’s test. For evaluation of survival after anti-
angiogenic and chemotherapy treatments, the log-rank test was
performed by GraphPad Prism v6 software (GraphPad Soft-
ware, La Jolla, CA). Unless stated otherwise, statistical signifi-
cance was considered at P, 0.05.

RESULTS

3TSR induces cell death in ovarian cancer cells in vitro

ID8s were subjected to increasing dosages of 3TSR in vitro,
andcellswere assessed for their expressionof apoptotic and
survival factors. 3TSR significantly increased expression of
theapoptoticmarker cleavedcaspase-3 at concentrations as
low as 1 mmol (Fig. 1A). This increase in apoptosis was
correlated with increased expression of proapoptotic FasL
and decreased expression of the survival factor VEGF, as

well as the cytoprotective proto-oncogene bcl-2 (Fig. 1A).
BecauseVEGF signaling is known to confer survival in these
cells (23, 27, 42), they were treated in the presence or ab-
sence of VEGF (to activate VEGFR-2) or 3TSR (to antago-
nize this cytoprotective effect). 3TSR significantly reduced
VEGF-induced phosphorylation and activation of VEGFR-2
(Fig. 1B). Treatment of ID8 cells with 5mmol 3TSR showed
a significant (P , 0.01) increase in TUNEL-positive cells
and a converse significant (P , 0.05) decrease in ID8 cell
proliferation; these changes were associated with increased
cell expression of FasL (Fig. 1C).

Specific type I repeat effects on ovarian cancer cell
apoptosis and proliferation

CD36 has been reported to mediate the inhibitory effects
of the TSP-1 type 1 repeat region on endothelial cells
and angiogenesis (8, 43). In addition, knockdown of
CD36 decreases the ability of ABT-510 to inhibit EOC
cell proliferation and induce apoptosis (27). Similarly,
knockdown of CD36 diminishes the activity of 3TSR to
inhibit proliferation and induce apoptosis of ID8 cells
(Fig. 2). The knockdown cells displayed a 75% to 80% de-
crease inCD36 (datanot shown). Thus, the residual activity
of 3TSR seen in ID8 cells with decreased CD36may reflect
this partial knockdown. Alternatively, other receptors for
3TSR, such asb1 integrins,may participate, either alone
or in combination with CD36, to support 3TSR binding.
The results indicate that the majority of activity seen
with 3TSR compounds is mediated by CD36.

The 28-2 cell line was prepared by isolating cells from
the ascites of ID8 tumor-bearing mice (42). These cells
grow more rapidly than the parental ID8 cell in vitro and
in vivo (42). They also express increased levels of VEGF,
phospho-VEGFR-2, p-Akt, and bcl-2, and decreased
amounts of Bax compared to ID8 cells (42). We observed
that 3TSR was equally as effective in inhibiting pro-
liferation and inducing apoptosis of 28-2 cells as it was for
ID8 cells (Fig. 2). These data indicate that 3TSR effec-
tively targets aggressive EOC cells that have acquired the
ability to propagate in the peritoneal cavity and are as-
sociated with late stage disease.

To establish that the effect of 3TSR on EOC cell pro-
liferation and apoptosis was not specific to ID8 cells, we
treated 2 human cell lines, OVCAR-3 and SKOV-3, with
3TSR. As shown in Fig. 2, treatment of these human cell
lines with 3TSR at the concentration that is effective for
ID8 and 28-2 cells (10 nM) produced a significant de-
crease in proliferation and increase in apoptosis in all cell
lines compared to serum-free controls.

Inhibition of B16F10 melanoma growth by 3TSR is
partiallymediated by activation of TGFb (22). The amino
acid sequence (RFK) required for TGFb activation by
3TSR lies between the first and second TSRs, designated
TSR1 and TSR2, respectively. We have prepared recombi-
nant versions of TSR2 that include the RFK sequence
(TSR2 +RFK) or donot include it (TSR2) to probe the role
of TGFb activation by TSP-1 in the tumor microenviron-
ment (22). In these experiments, we first titrated the re-
sponse to recombinant proteins for 3TSR, TSR2, and
TSR2 + RFK (Fig. 2). 3TSR and TSR2 + RFK exhibit
activity as low as 10 pM concentrations (Fig. 2). Maximal
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Figure 1. 3TSR treatment of ID8 cells in vitro affects gene expression. Spontaneously transformed murine ovarian cancer cells
(ID8) were treated with varying concentrations of 3TSR for 24 h. A) 3TSR treatment increased the expression of proapoptotic
proteins and decreased expression of the survival factor bcl-2. B) 3TSR treatment decreased expression of phosphorylated
VEGFR-2. Bars with different letters are statistically different (P , 0.05) within each antibody group. C) ID8 cells were treated in
the presence or absence of 5 mmol 3TSR for 24 h and subjected to TUNEL analysis or immunofluorescence for Ki67 or FasL.
3TSR treatment increased the proportion of TUNEL- and FasL-positive cells while decreasing the percentage of Ki67-positive
proliferating cells compared to untreated controls. *Statistically different (P , 0.05) compared to controls.
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inhibition of ID8 cell proliferation and induction of
apoptosis were observed between 1 and 10 nM for 3TSR
and TSR2 + RFK. TSR2 + RFK had a greater inhibitory
effect on EOC cell proliferation than TSR2 alone, al-
though the effect was not as great as that seen after 3TSR
treatment (Fig. 2). TSR2 and TSR2 + RFK showed a
similar induction of apoptosis, which was greater than
serum-free treatment but less than the apoptosis in-
duced by 3TSR (Fig. 2).

3TSR induces changes in tumor cell survival, blood
vessel morphometry, and tissue perfusion in vivo

Tumor tissue was collected from mice treated with PBS
or 3TSR (4 mg/kg per day) at 30, 60, and 90 d after tu-
mor induction and subjected to TUNEL analysis and

immunostaining for Ki67 to quantify changes in apoptosis
and proliferation, respectively. 3TSR induced a sig-
nificant (P , 0.05) increase in tumor cell apoptosis at
all time points (Fig. 3A) and a significant (P , 0.05)
decrease in tumor cell proliferation at 60 and 90 d after
tumor induction (Fig. 3A). Tumor tissue was also
probed for changes in tumor vasculature. Immunoflu-
orescence colocalization showed an increase in the
proportion of mature, pericyte-covered blood vessels
in the 3TSR-treated group at 30, 60, and 90 d after tu-
mor induction compared to the PBS-treated controls
(Fig. 3B). Quantification of the total number of CD31-
positive blood vessels per field of view revealed a sig-
nificant (P , 0.05) decrease in vessel density in 3TSR
tumors at 60 and 90 d after tumor induction compared
to PBS-treated control tumors (Fig. 3B). Carbonic anhy-
drase immunohistochemistry to indirectly measure

Figure 2. 3TSR alters cell proliferation and death predominantly through CD36-dependent mechanisms. Murine ID8 cells were
cultured in the absence or presence of increasing concentrations of 3TSR, TSR2, and TSR2 + RFK for 24 h and analyzed for
changes in proliferation and apoptosis. Intact ID8 cells and ID8 CD36 knockdown (KD) cells, reprogrammed metastatic murine
ovarian cancer cells (28-2), and human ovarian cancer cells (OVCAR-3, SKOV-3) were treated with 10 nM 3TSR, TSR2, or TSR2 +
RFK for 24 h and analyzed for changes in proliferation and apoptosis. A) Serum-free and TSR2 treatment did not alter ID8 cell
proliferation Conversely, 3TSR and TSR2 + RFK decreased proliferation. B) When compared to serum-free controls and TSR2
and TSR2 + RFK treatments, 3TSR reduced cell proliferation in all ovarian cancer cell types tested, except for CD36KD. C) Serum-
free and TSR2 treatment had no effect on ID8 cell apoptosis, while 3TSR and TSR2 + RFK increased the incidence of cell death. D)
3TSR treatment resulted in the highest increase in ovarian cancer cell apoptosis in all cell lines tested, while with both TSR2 and
TSR2 + RFK increased apoptosis compared to serum-free controls, but no changes in the incidence of apoptosis were seen between
the 2 groups. For the bar graphs, columns with different letters are statistically different (P, 0.05) within each cell type.
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hypoxia was performed on 90 d after tumor induction
tissue from 3TSR- and PBS-treatedmice. 3TSR treatment
resulted in a significant (P , 0.05) decrease in the per-
centage hypoxic tumor tissue compared to PBS-treated
controls. To determine whether enhanced tissue perfu-
sion would improve drug uptake, at 90 d after tumor
induction, PBS- and 3TSR-treated mice were injected
with tritiated paclitaxel (40 mCi) intraperitoneally, and
tissues were homogenized and subjected to scintillation
counting 12, 24, and 48 h after collection. The 3TSR
treatment significantly (P, 0.05) increased radioisotope
uptake compared to PBS-treated controls.

3TSR treatment induces tumor and disease regression
when initiated at advanced stages of disease

When disease in mice was allowed to progress without
intervention for 80 d after tumor induction, the animals
developed late stage III diseasewith largeprimary tumors,
numerous metastatic peritoneal lesions, and abdominal
ascites. When treatment was initiated at 80 d after tumor
induction, by 100 d after tumor induction, PBS-treated
mice had tumors that had grown to almost twice the size
(P, 0.05) of the tumor size at the initiation of treatment
(Fig. 4A). Conversely, by 100 d after tumor induction,

Figure 3. 3TSR induces tumor cell apoptosis and decreases tumor cell proliferation. A) 3TSR treatment was initiated at the time
of tumor induction, and tumors were collected 30, 60, and 90 d later. 3TSR-treated mice had significantly (*P , 0.05) higher
incidence of tumor cell apoptosis and reduced rates of tumor cell proliferation. At 30 d after tumor induction, normal ovary is
evident, as are newly developing tumors. At 60 and 90 d after tumor induction, images represent tumor tissue exclusively. B)
3TSR treatment induces vascular normalization, facilitates tumor perfusion, and increases chemotherapy drug uptake.
Immunofluorescence colocalization of endothelial cell (CD31, red) and pericyte (a smooth muscle actin, green) showed an
increased proportion of mature, pericyte-covered blood vessels in 3TSR-treated tumors compared to controls. 3TSR treatment
significantly (P , 0.05) reduced tumor vessel density compared to controls at 60 and 90 d after tumor induction. There was
reduced tumor tissue hypoxia in 90 d tumors treated with 3TSR compared to controls. Mice at 90 d after tumor induction were
injected with tritiated paclitaxel. Tumors were then excised 12, 24, and 48 h after injection, and isotope uptake was measured.
3TSR-treated tumors had a significant (P , 0.01) increase in tissue uptake of the radiolabeled chemotherapy drug.
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3TSR treatment induced tumor regression, and tumors
were significantly (P , 0.05) smaller in volume and
lighter in weight than the tumors at the initiation of
treatment (Fig. 4A). At 100 d after tumor induction,mice
were assessed for signs of disease morbidity, and the
number of peritoneal lesions and number of mice with
ascites were quantified. All of the PBS-treated mice had

ascites, and all had aminimum of 3metastatic peritoneal
lesions (Fig. 4B). 3TSR treatment resulted in an absence
of abdominal ascites in any of the mice, and all but one
mouse had elimination of metastatic disease (Fig. 4B).

Combination antiangiogenic and MET significantly
induces disease regression and improves survival
in vivo

After tumor initiation in mice, the disease was allowed to
progress without intervention for 60 d after tumor in-
duction, at which time the mice exhibited disease char-
acteristics similar to womenwith stage III EOC, with large
primary tumors, metastatic abdominal disease, and the
beginning of ascites accumulation. Treatment was initi-
ated at this time to determine whether combined anti-
angiogenic and chemotherapy treatment would be
effective in advanced stage disease. At 60 d after tumor
induction, mice were either treated with PBS or 3TSR
(4 mg/kg per day) for 14 d to initiate vessel normaliza-
tion. At 74 d after tumor induction, mice either received
PBSor 3TSRaloneor in combinationwith chemotherapy
drugs delivered with MTD or MET scheduling until
100 d after tumor induction. All treatments significantly
(P, 0.001) reduced tumor size compared to PBS-treated
controls (Fig. 5A). Combination 3TSR and MET che-
motherapy resulted in a further significant (P , 0.05)
reduction in tumor size compared to all other treatments
(Fig. 5A). Tissues collected at 100d after tumor induction
were immunostained with an anti-CD31 antibody to vi-
sualize and quantify tumor blood vessels. The 3TSR,
MET, and 3TSR + MTD treatments significantly (P ,
0.05) reduced tumor vessel density compared to PBS-
treated controls (Fig. 5B). Combined 3TSR and MET
therapy resulted in a further significant (P , 0.05) re-
duction in tumor vessel density (Fig. 5B). In a second
cohort of mice, the treatment protocol was repeated, but
the disease was allowed to progress until mice exhibited
signs of clinical morbidity, including abdominal disten-
sion due to ascites and weight gain greater than 20% of
their original weight.MTDandMET therapies conferred
a significant survival advantage compared to PBS-treated
controls (Fig. 5C), while 3TSR and 3TSR + MTD treat-
ments prolonged survival compared to PBS and either
chemotherapy drug alone (Fig. 5C). Combination 3TSR
+ MET therapy conferred the most significant survival
advantage compared to all other treatments (Fig. 5C).

Primary tumor cells express CD36

We used patient-derived ovarian cancer cells to de-
termine the expressionof various proteins that have been
reported to be involved in the response of endothelial
cells to TSP-1 and/or 3TSR. All cell preparations (n = 8)
tested expressed readily detectable levels of CD36
(Fig. 6A). In endothelial cells, the interaction of 3TSR
with CD36 results in the activation of Fyn to induce apo-
ptosis and the recruitment of SHP-1 to suppress signaling
through the VEGF prosurvival pathway (19). SHP-1 was
detected in all 8 of the cell preparations tested, and Fyn
was present in 7 of the 8 (Fig. 6A). VEGFwas also detected

Figure 4. 3TSR induces regression of advanced stage ovarian
cancer. A) Mice were injected with 13 106 ID8 cells under the
ovarian bursa, and tumors were allowed to develop without
intervention until 80 d after tumor induction. At this point,
the mice exhibited signs similar to those seen in women with
stage III ovarian cancer. At 80 d after tumor induction, mice
either received daily PBS injection or 4 mg/kg 3TSR i.p. for 20
d, at which time the mice were euthanized and the tumors
removed. Representative tumor (top) demonstrating the size
of tumors at the time of treatment initiation (80 d after tumor
induction). After 20 d of treatment, PBS-treated control
tumors were significantly larger, whereas 3TSR tumors were
significantly smaller than the tumors at 80 d after tumor
induction, indicating that not only was tumor growth
inhibited but also that tumor regression was induced. Bars
with different letters are statistically different (P , 0.05). B)
3TSR significantly reduces morbidity at 100 d after tumor
induction compared to PBS-treated controls. In 3TSR-treated
mice, none exhibited abdominal ascites compared to all PBS
controls. Five of 6 mice had complete absence of abdominal
metastatic tumors, while the majority of PBS-treated controls
had more than 10 metastatic tumors.
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Figure 5. Combined treatment with 3TSR and MET induces regression of advanced stage ovarian cancer. A) At stage III ovarian
cancer, mice began a 20 d treatment regimen with 3TSR and chemotherapy delivered with traditional MTD or low-dose MET
chemotherapy drug scheduling. All treatments significantly (P , 0.05) reduced tumor weight compared to PBS-treated controls.
Combined therapy with 3TSR and MET induced significant (P , 0.05) tumor regression compared to all other treatment
regimens, with a 6.2-fold reduction in tumor size compared to PBS-treated controls. For the bar graphs, treatment groups with
different symbols are statistically different (P , 0.05). Primary tumors in situ are indicated by the black arrow. B) Tumor blood
vessel density after 3TSR treatment alone or in combination with chemotherapy drugs administered with MTD or MET
scheduling. 3TSR and MET treatments significantly (P , 0.05) reduced tumor vessel density, with 3TSR/MET combination
therapy having the largest (P , 0.05) reduction in tumor vascularity. Blood vessels are indicated by CD31-positive brown stain
against the hematoxylin background. For the bar graph, bars with different letters are statistically different (P , 0.05). C) 3TSR
and MET chemotherapy treatment initiated at advanced stage disease improves disease-free survival. Tumors were induced in
mice and allowed to progress to stage III disease without intervention. Mice were then treated with 3TSR and chemotherapy
drugs administered with MTD or MET scheduling alone or in combination. Log-rank analysis showed that 3TSR and MET
combination therapy significantly (P , 0.05) improved survival compared to all other therapies. Log-rank analysis also showed
that the presence of 3TSR significantly (P , 0.05) improved survival compared to untreated controls and to the MTD and MET
chemotherapies administered individually.

584 Vol. 29 February 2015 RUSSELL ET AL.The FASEB Journal x www.fasebj.org

http://www.fasebj.org


Figure 6. Protein expression of ovarian cancer cells in the presence and absence of 3TSR. A) Protein extracts of cells isolated
from the ascites of ovarian cancer patients were blotted for the presence of proteins (indicated on the left) that have been
reported to mediate the response of endothelial cells to TSP-1 and/or 3TSR. Immunoblotting for tubulin was used as a control
for protein loading. B) Tumor tissue collected at 90 d after tumor induction from mice treated with PBS or 3TSR (4 mg/kg per
day) was immunostained for CD36 (green), SHP-1 (red), and phospho-VEGFR-2 (blue). C) mEC, murine (ID8), and human
(SKOV-3) EOC cells were cultured for 24 h in the presence or absence of 3TSR (10 nM), and Western blot analysis was
performed for SHP-1. The 3TSR treatment resulted in an increase in SHP-1 protein expression. D) Coimmunoprecipitation was

(continued on next page)
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in all 8 of the cell extracts; however, the expression in one
cell preparation (DF45) was markedly lower than the
others. VEGFR-2 was also detected in all of the cell
extracts; however, in most of them, it appeared as multi-
ple bands, suggesting that a portion of the protein was
being takenup and degraded in the continuous presence
ofVEGF (44, 45).Wewereunable todetectTSP-1 in these
cells by Western blot analysis, which may be indicative of
the protective, pro-VEGF environment created by these
cells. Triple immunofluorescence colocalization was
performed on tumors from PBS- and 3TSR-treated mice
at 90 d after tumor induction in order to evaluate protein
colocalizationbetweenCD36andSHP-1 andwhether this
interaction was associated with changes in expression of
phosphorylated VEGFR-2. Treatment with 3TSR resulted
in colocalizationofCD36 andSHP-1 anddecreased tissue
expression of VEGFR-2 phosphorylated on tyrosine 1175
(Fig. 6B). The 3TSR treatment of microvascular endo-
thelial cells and murine (ID8) and human (SKOV-3)
EOC cells resulted in an increase in expression of SHP-1
protein (Fig. 6C). Coimmunoprecipitation experiments
showed low levels of binding betweenCD36 and SHP-1 in
untreated conditions, butwhencells were stimulatedwith
10 nM3TSR for 24 h, there was an increase in the amount
of SHP-1 protein bound to CD36 (Fig. 6D). When endo-
thelial, EOC, and NOSE cells were treated with 3TSR,
there was an increase in expression of SHP-1 expression
and colocalization with CD36 compared to control cells,
which appeared to express CD36 but very low levels of
SHP-1 (Fig. 6E). Immunofluorescence staining revealed
a decrease in expression of phospho-VEGFR-2 in endo-
thelial, ovarian epithelial, and EOC cells after treatment
with 3TSR in vitro (Fig. 6F).

DISCUSSION

In this study, we have identified a new andhighly effective
therapeutic approach to the treatment of EOC that
combines 3TSR with MET. The majority of mice treated
in this way display a durable response, as indicated by
dramatic increases in survival and little evidence of dis-
ease at the time of euthanasia. In an effort to closely
model human disease and increase the likelihood that
the results will translate to the clinic, we have: 1) used an
orthotopic model so that the primary tumors and me-
tastases grow in the appropriate microenvironment, 2)
implanted the ID8 cells into syngeneic immune compe-
tent C57BL/6 mice, 3) delivered the treatment as an in-
tervention trial after the disease progressed to stage III,
and 4) used survival as one of the end points.

In thismodel, 3TSRas a single agent ismore efficacious
than MTD chemotherapy with carboplatin and pacli-
taxel. This strong activity may result from the fact that
3TSR targets multiple aspects of ovarian cancer (Fig. 7).
In addition to directly inhibiting angiogenesis, 3TSR

inhibits proliferation and induces apoptosis of EOC cells.
To our knowledge, this is the first time that a direct effect
of 3TSRon tumor cells has been observed. Knockdownof
CD36 suppresses the effect of 3TSR on EOC cell pro-
liferation and apoptosis, suggesting a similar role for
3TSR and CD36 that is seen in endothelial cells (13).
3TSR also suppresses the production of VEGF by EOC
cells, which would result in a further decrease in angio-
genesis, decrease in EOC cell survival, decrease in ascites
production, and decrease in immunosuppression (46–48).
3TSR has also been shown to inhibit VEGF-induced vascu-
lar permeability in theMiles assay, raising thepossibility that
3TSR suppresses ascites production (14).

The data presented here and in previous studies in-
dicate that 3TSR is considerablymore effective thanABT-
898 in promoting survival in the ID8 model of ovarian
cancer (23). Multiple peptides in the type 1 repeats of
TSP-1, including some that do not overlap with the ABT-
510 and ABT-898 sequence, have antiangiogenic activity
(49, 50). The structure of the type 1 repeats indicates that
they fold in such a way that the various antiangiogenic
peptides come together to form a single motif (51). It is
not possible for a 7–amino acid peptide to mimic the full
structure and function of the type 1 repeats. Our data
indicate the 3TSR is also more active than a single cor-
rectly folded type 1 repeat, and we thus have chosen to
use the 3TSR recombinant protein to capture their full
activity.

The combination of 3TSR with MET was found to be
particularly effective for the treatment of EOC. MET has
been shown to increaseFas expressionby tumor cells, and
3TSRup-regulates FasL on endothelial cells (52, 53). The
addition of MET to ABT-510 results in greater inhibition
of angiogenesis and tumor growth (52, 53). In the cur-
rent study, we have observed that 3TSR increases FasL on
EOC cells. We hypothesize that homotypic and hetero-
typic cell-to-cell interactions among Fas and FasL onEOC

performed after treatment for 24 h with 3TSR, pulling down with anti-CD36 antibody and probing for SHP-1 by Western blot
analysis. 3TSR treatment increased coexpression of CD36 and SHP-1. E) mEC, ID8, SKOV-3, and normal NOSE cells were
cultured for 24 h in the presence or absence of 3TSR (10 nM), and immunofluorescence labeling was performed for CD36
(green) and SHP-1 (red). 3TSR treatment resulted in increased expression of SHP-1 and colocalization with CD36. F) Expression
of phospho-VEGFR-2 was measured in ID8, SKOV-3, NOSE, and mEC cells with or without 3TSR treatment.

Figure 7. Schematic representation of the effects of 3TSR on
EOC. 3TSR has direct effects on the growth and survival of
both the ovarian cancer cells and endothelial cells. In
addition, 3TSR suppresses VEGF production by EOC cells,
leading to decreased autocrine growth signaling, increased
immunosuppression, and decreased ascites. 3TSR may also
inhibit vascular permeability through inhibition of VEGF
signal transduction.
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and that endothelial cells promote apoptosis in the
3TSR/MET combination therapy. It is also worth noting
that MET has been reported to increase systemic endog-
enous TSP-1 expression, whichmay further contribute to
the inhibitory activity observed here (33).

The effects of 3TSR on EOC proliferation and apo-
ptosis may in part be mediated by suppression of phos-
phorylation of VEGFR-2. VEGF has been reported to act
as an autocrine factor for EOC cells by activating VEGFR-
2 (46, 47). The 3TSR-induced decrease in VEGF synthesis
would be expected to down-regulate this signal trans-
duction pathway. In addition, we have observed that
3TSR increases the expression of SHP-1, a phosphatase
that has been shown to mediate suppression of VEGFR-2
phosphorylation by TSP-1 in endothelial cells (19). Thus,
3TSR induces changes in protein levels that act to sup-
press the activity of the VEGF signal transduction pathway.
TSP-1 can also inhibit tumor growth through activation of
TGFb if the tumorcells retain theability to respond toTGFb
(22). Our comparison of recombinant proteins that possess
or lack the TGFb activating sequence suggest that active
TGFb suppresses the growth of ID8 cells, but not OVCAR-3
or SKOV-3 cells. Because we did not add exogenous TGFb
in these experiments, the different responses my reflect
differences in endogenous TGFb expression. With respect
to tumor cell apoptosis, 3TSR inducedmore cell death than
either of the twoTSR2-containing recombinant proteins for
all cells lines tested, implying that the inclusion of all 3 TSRs
is necessary for optimal activity. This conclusion is consistent
with reports that peptide sequences within the first and
third TSRs have inhibitory activity in angiogenesis assays
(54). The data imply that activation of TGFb is not re-
quired for 3TSR activity against EOC cells in vitro.

Effective and minimally toxic treatments for EOC
represent an important unmet need in clinical oncology.
In this study, we have shown that 3TSR recombinant
protein targets multiple aspects of EOC progression and
has considerable potential for the treatment of EOC as
a single agent orwhen combinedwithMET. Itmay also be
effective to combine 3TSRwithVEGFpathway antagonists
to reduce the dose and thus the adverse effects associated
with these drugs. A recent phase I study has reported that
a combination of ABT-510 and bevacizumab is well toler-
ated and may be clinically useful for treatment of solid
tumors (55). Future studies will determine whether in-
creasing the exposure of 3TSR though continuous drug
delivery devices or through incorporation into Fc fusion
proteins increases the activity of 3TSR. Such approaches
may expedite translation of 3TSR into the clinic.
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