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Cancer is often associated with an increased risk of thrombotic events which are exacerbated by treatment with
chemotherapeutics such as cyclosphosphamide (CP). Evidence suggests that thrombin can stimulate tumor progression
via formation of fibrin and activation of protease-activated receptors (PARs) and platelets. We examined the effect of
co-treatment with CP and dabigatran etexilate, a direct inhibitor of thrombin, using the murine orthotopic 4T1 tumor
model. Mice receiving co-treatment with both low dose CP and dabigatran etexilate had significantly smaller mammary
tumors and fewer lung metastases than mice treated with CP or dabigratran etexilate alone. Co-treatment with
dabigatran etexilate and low dose CP also significantly decreased the number of arginasetGr-1"CD11b™ myeloid
derived suppressor cells as well as levels of TGF-B in spleens from tumor bearing mice. 4T1 tumors express
procoagulant tissue factor (TF) and spontaneously release TF™ microparticles which are potent procoagulant factors
that promote thrombin generation. Treatment with dabigatran etexilate alone prevented tumor-induced increases in
circulating TF™ microparticles and also decreased the numbers of tumor-induced activated platelets by 40%. These
results show that co-treatment with dabigatran etexilate and CP synergistically inhibits growth and metastasis of
mammary tumors, suggesting that oral administration of the thrombin inhibitor dabigatran etexilate may be beneficial

in not only preventing thrombotic events in cancer patients but also in treating malignant tumors themselves.

Introduction

The association between cancer and thrombosis has been
known since 1865 when Armand Trousseau described the clini-
cal association between venous thrombosis and cancer. Large epi-
demiological studies have shown that cancer patients have an
elevated risk of developing a venous thromobembolism (VTE),
defined as deep vein thrombosis and/or pulmonary embolism.'~
VTE is one of the main causes of death during the progression of
many types of cancer.* Additionally, metastatic cancer has been
associated with an increased risk for hemostatic complications.'
Cancer commonly induces abnormalities in one or more coagula-
tion parameters, even without overt thrombotic events. Many
hemostatic changes can be detected in cancer patients, such as
plasma by-products of the clotting reactions (i.e. thrombin-anti-
thrombin complex (TAT) or D-dimer) or high levels of procoa-
gulant tissue factor (TF)-positive microparticles shed by tumor
cells and platelets.”® Further compounding the risk for throm-
botic complications, treatment with chemotherapeutic agents
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such as cyclophosphamide, fluorouracit-leucovorin, cisplatin,
dexamethasone, vincristine, doxorubicin, and etoposide increases
the incidence of symptomatic venous thromboembolism in can-
cer patients.”'® The PROTECHT (PROphylaxis of Thrombo-
Embolism  during CHemoTherapy) retrospective  study
confirmed chemotherapy to be an independent risk factor for
thromboembolism in a wide cancer population.”'" Although the
mechanism is not well understood, the use of chemotherapeutic
agents has pro-thrombotic side-effects associated with platelet
activation, the release of nucleic acids, increased cellular exposure
of phosphadidylserine (PS), and the elevation of TF™
microparticles.'*

Circulating microparticles (100 — 1000 nm in size) originate
from plasma membrane and are released by most cell types upon
activation or when undergoing apoptosis, with platelets being the
major sources of circulating microparticles in the blood."* Micro-
particles may act as circulating signaling modules by activating
receptors on target cells or by directly transferring part of their
contents to recipient cells. Importantly, tumor cells express TF

Volume 16 Issue 12



and spontaneously release TF* microparticles into the blood."
TF is a transmembrane receptor that binds plasma factor VII/VIIa
and is the primary initiator of blood coagulation.'® TE* micro-
particles are extremely potent pro-coagulant factors that can pro-
mote the conversion of prothrombin to thrombin. Accumulating
reports suggest that these circulating TF* microparticles contrib-
ute to the increased incidence of VTE seen in cancer patients.'”'®

Thrombin is the main effector protease of the coagulation cas-
cade generated by the action of TF and other coagulation factors.
Thrombin converts fibrinogen to fibrin which is deposited within
the tumor vasculature, facilitating angiogenesis by providing a
scaffold for new vessel formation.'” The fibrin matrix can also
bind and sequester pro-tumor growth factors (i.e., insulin-like
growth factor and vascular endothelial growth factor) and protect
them from proteolytic degradation.”® Fibrin deposition favors
metastatic progression by providing a favorable microenviron-
ment for tumor cell adhesion and growth.?"** In addition,
thrombin is a potent activator of platelet adhesion, aggregation,
and secretion. Platelet activation not only contributes to the
hypercoagulation state in cancer patients but also promotes
tumor growth, angiogenesis, and metastasis.”* >

Independent of clotting mechanisms, thrombin and TF par-
ticipate in tumor progression via multiple mechanisms that result
from interactions with specific receptors belonging to the family
of protease-activated receptors (PAR) that are expressed by a vari-
ety of cell types including tumor cells, endothelial cells, vascular
smooth muscle cells, macrophages and platelets.”>”® Thrombin
cleaved PAR-1 stimulates growth factors, chemokines and the
release of extracellular proteins that promote tumor cell prolifera-
tion and migration.””

Clinical studies have suggested that anticoagulation therapies,
such as warfarin and low molecular weight heparins, interfere
with metastatic cancer disease and increase cancer survival rates
in addition to preventing hemostatic complications.”*>" How-
ever, warfarin requires frequent coagulation monitoring due to
interactions with various foods and medications and low molecu-
lar weight heparins require daily subcutaneous injections, thus
complicating their use in cancer patients.”> However dabigatran
etexilate (Pradaxa®), a small molecule direct thrombin inhibitor,
can be administered orally without the need to monitor anticoa-
gulation status, providing stable, predictable inhibition of throm-
bin.”” Dabigatran etexilate is administrated as a prodrug which is
rapidly converted to the active form of the drug (BIBR 953ZW)
and achieves steady-state levels within 3 d.%*

Because chemotherapy increases the development of a hyper-
coagulation state that has been shown to drive the progression of
cancer, we tested the hypothesis that inhibition of thrombin with
dabigatran etexilate will act synergistically with cyclophospha-
mide (CP), a common chemotherapeutic used to treat breast can-
cer, to inhibit tumor growth and metastasis. Using a murine
orthotopic model of breast cancer, we show greater anti-tumor
efficacy with dabigatran etexilate and CP co-treatment that is
also accompanied by decreased numbers of circulating TF™*
microparticles and platelet activation.
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Results

Dabigatran etexilate and cyclophosphamide synergistically
inhibit tumor growth and metastasis iz vivo

Because chemotherapeutic agents have pro-thrombotic side-
effects which can confer advantages to cancer cell growth, we
evaluated the effect of thrombin inhibition with dabigatran
etexilate in conjunction with low dose chemotherapeutic treat-
ment using the 4T1 mammary adenocarcinoma model.
Whereas we previously reported that treatment with dabiga-
tran etexilate initiated before orthotopic injection of 4T1
tumor cells inhibited both the growth and metastasis of 4T1
mammary carcinomas,”” we tested the extent to which treat-
ment with dabigatran and/or low dose cyclophosphamide
might exert a therapeutic effect when treatment is initiated
after appearance of a palpable primary tumor. Following
orthotopic injection of 4T1 tumor cells in the mammary fat
pad of Balb/c mice, treatment was initiated when the tumors
were between 25-50 mm’. Mice were given 50 mg/kg CP
once a week, with or without dabigatran etexilate administered
by oral gavage (80 mg/kg twice daily, Monday-Friday, and
120 mg/kg once a day on weekends). Whereas the low dose of
CP (50 mg/kg) alone resulted in a moderate inhibition of
tumor growth, treatment with dabigatran etexilate alone had
no effect on tumor growth when initiated 2 weeks after tumor
cell injection when a primary tumor is already measurable. In
contrast, there was a synergistic inhibitory effect on tumor
growth in mice treated with both dabigatran etexilate and CP
(Fig. 1A). Treatment with a lower dose of CP (25 mg/kg),
which by itself had no effect on tumor growth, significantly
inhibited tumor growth when mice were co-treated with dabi-
gatran etexilate and CP (Fig. 1C).

4T1 tumor cells metastasize efficiently to multiple organs
affected in human breast cancer, particularly to the lungs.*®
By 4 weeks following the injection of 4T1 cells, lung metasta-
ses were visible in most animals with no or very few macro-
scopic metastases observed in other tissues. Treatment with
CP (50 mg/kg) with or without dabigatran etexilate signifi-
cantly lowered the number of metastatic lung nodules com-
pared to that in untreated tumor bearing mice (Fig. 1B).
However, only the co-treatment group saw significant reduc-
tions in metastatic lung nodules when the lower dose of CP
(25 mg/kg) was used (Fig. 1D).

To characterize the effect of treatment on iz vivo procoagu-
lant activity, we measured circulating TATs. TAT complexes
are formed by the neutralization of thrombin by antithrombin
II and have been used as a surrogate measure of thrombin
generation.”” Treatment with dabigatran etexilate with or
without CP lowered the levels of circulating TAT complexes
compared to that seen in control vehicle-treated tumor-bearing
mice (Fig. 1E). In general, TAT levels correlated with tumor
size, suggesting that differences in effects of treatment with
dabigatran etexilate on tumor growth are associated with dif-
ferential procoagulant activity in the mice.
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Figure 1. Inhibitory effects of CP and dabigatran etexilate co-treatment on 4T1 tumor growth, metastases,
and thrombin antithrombin (TAT) complex. Balb/c mice were orthotopically injected with 2 x 10* 4T1 cells
in the inguinal mammary fat pad. When the primary tumors were between 25-50 mm? in size, treatment
was initiated with i.p. injection of cyclophosphamide (CP) at 50 mg/kg (A, B) or 25 mg/kg (C, D, E) once
weekly with or without dabigatran etexilate (Dab) administration by oral gavage (80 mg/kg twice daily,
Mon-Fri, and 120 mg/kg once a day on weekends). Mice were sacrificed 24 hrs after last CP treatment. (A, C)
Graph shows tumor growth rate and volume in mice bearing 4T1 tumors under different treatments (n = 5-
9 mice/treatment group; mean volume per time point = SEM). (B, D) Lungs were perfused with India ink to
visualize surface lung metastatic nodules of mice treated with 50 mg/kg (B) or 25 mg/kg (D) of CP. (E) Plate-
let poor plasma (PPP) was used to determine levels of TAT by ELISA assay. *
vehicle-treated tumor bearing mice.

= p < 0.05 compared to control

marker CD326 (data not shown).

To investigate the effect of chemotherapy on circulating TF*
microparticles 7z vivo, non-tumor bearing mice were i.p. injected
with a single dose of 200 mg/kg CP and sacrificed at 2, 6 and
24 h post injection. Blood was drawn from the vena cava and
microparticles in PPP were analyzed. Levels of TF* micropar-
ticles increased with administration of CP, peaking at 6 h post
injection (data not shown). TF" microparticles remained ele-
vated at 24 h post injection, but at reduced levels compared to
6 h post injection. To determine if treatment with dabigatran
etexilate could ameliorate this response, non-tumor bearing mice
were fed dabigatran chow (10 mg dabigatran etexilate/g) ad lib
for 2 d prior to i.p. injection of CP. At 6 h after CP injection, cir-
culating TF* microparticles were increased almost fold10- in
mice injected with CP compared to untreated mice (Fig. 2B).
However, treatment with dabigatran etexilate prevented the CP
induction of circulating TF* microparticles.

Studies have shown that the numbers of circulating micropar-
ticles is increased in cancer patients compared to healthy individ-
uals.®© Similarly, untreated mice with 4T1 tumors showed a
fold12- increase in numbers of circulating microparticles com-
pared to nontumor-bearing mice (Fig. 2C). Treatment with low
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dose CP (25 mg/kg) did not significantly affect microparticle
numbers compared to vehicle-treated, tumor-bearing mice.
Administration of dabigatran extexilate with or without CP pre-
vented the tumor-induction of circulating microparticles result-
ing in numbers of microparticles similar to that in non-tumor
bearing normal mice (Fig. 2C).

Since circulating TF" microparticles are elevated in patients
with advanced breast cancer,'® we also investigated the effect of
treatment with dabigatran etexilate with and without CP on the
percentage of microparticles that were positive for TF. Control
vehicle-treated mice with 4T1 tumors not only had more circu-
lating microparticles compared to normal mice, but a much
higher percentage of those microparticles were positive for TF
(58% versus 4%) (Fig. 2D). Treatment of tumor bearing mice
with low dose CP did not significantly affect the percentage of
TF" microparticles. Administration of dabigatran etexilate alone
resulted in significant fold5- reduction in percentage of TE*
microparticles compared to tumor-bearing control mice while
co-treatment with dabigatran etexilate and CP reduced the per-
centage of TE microparticles to that of non-tumor bearing nor-
mal mice (Fig. 2D).
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Figure 2. Effect of CP and dabigatran etexilate co-treatment on circulating microparticles (MPs). 4T1 cells in culture were treated with 1p.g/mL of doxoru-
bicin for 24 hours and compared to untreated cells. Conditioned culture media was analyzed by flow cytometry for TF* MPs (A). Non-tumor bearing mice
were i.p. injected with 200 mg/kg of CP with or without Dabigatran chow (10 mg dabigatran etexilate/g food pellet) ad lib for 2 d prior to CP injection.
Mice were sacrificed 6 h after CP injection. TF™ MPs in PPP were quantified by flow cytometry (B). Number of MPs in PPP isolated from 4T1 tumor bearing
mice (C). Percentage of MPs positive for TF in PPP isolated from 4T1 tumor bearing mice (D). Cell origin of TF™ MPs stained with anti-CD41 (platelets),
anti-CD45 (leukocytes), anti-CD31 (endothelial cells) and anti-CD326 (epithelial cells) antibodies in PPP isolated from 4T1 tumor bearing mice (E). Cell ori-
gin of total MPs in PPP isolated from 4T1 tumor bearing mice (F). Percentage of total MPs of platelet origin in PPP isolated from 4T1 tumor bearing mice
*=p < 0.05, # = p< 0.01 compared to control vehicle-treated tumor bearing mice.

The composition of the microparticles depends on their cell
origin, with microparticles from different cells containing differ-
ent profiles of proteins, lipids and nucleic acids. Circulating
microparticles from control vehicle-treated tumor-bearing mice
were stained for CD41 (platelets), CD45 (leukocytes), CD31
(endothelial cells) and CD326 (4T1 epithelial cells) to determine
the microparticle cell origin. Circulating TE* microparticles in
4T1 tumor bearing mice were primarily of platelet and tumor
epithelial origin, with equal numbers staining for CD41 and
CD326 (Fig. 2E). Due to the low number of circulating TE
microparticles in tumor bearing mice in the dabigatran + CP
treatment groups, we were unable to reliably determine their cel-
lular origin. Total circulating microparticles in 4T1 tumor bear-
ing control mice were primarily of platelet origin with 72.3 £
6.2% of the microparticles staining positively for CD41
(Fig. 2F). Treatment with CP alone did not alter the percentage
of circulating microparticles originating from platelets; however,
treatment with dabigatran etexilate with or without CP caused a
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dramatic reduction to 32.7% =+ 7.7% and 36.3% =+ 4.4%,
respectively (Fig. 2G). There were no significant effects of treat-
ment with dabigatran etexilate with or without CP on CD45,
CD31 and CD326 positive microparticles (data not shown).

Dabigatran etexilate reduces platelet activation in 4T1
tumor bearing mice

Another potent initiator of the clotting cascade is activated
platelets, which can be activated by thrombin. Red blood cells in
the blood of 4T1 tumor bearing mice were lysed by ammonium
oxalate and the platelets counted. The number of platelets per pl
of blood was similar in all groups (Fig. 3A). Platelets were then
assessed for activation by flow cytometric analysis after staining
for CD41, a platelet marker, and CDG62p (p-selectin) which is
expressed upon platelet activation. The number of activated pla-
telets was dramatically increased in 4T1 tumor bearing control
mice compared to non-tumor bearing normal mice, increasing

from 15,858 & 596 activated platelets per pl of blood in
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Figure 3. Dabigatran etexilate reduces platelet activation in tumor-bear-
ing mice. Balb/c mice were orthotopically injected with 2 x 10* 4T1 cells
in the inguinal mammary fat pad. When the primary tumors were
between 25-50 mm? in size, treatment was initiated with i.p. injection of
CP at 15 mg/kg once weekly with or without dabigatran (administration
by oral gavage 80 mg/kg twice daily, Mon-Fri, and dabigatran chow
(10 mg dabigatran etexilate/g food pellet) on the weekends). Mice were
sacrificed 24 hrs after last CP treatment. Blood was collected and treated
with ammonium oxalate to lyse red blood cells. Platelets were counted
manually using a hemocytometer (A). Activated platelets were
identified by flow cytometry (B). n = 7-8 mice per group. * = p < 0.05
compared to indicated group.

nontumor bearing mice to 68,401 % 8,208 activated platelets per
pl of blood in untreated 4T1 tumor bearing control mice
(Fig. 3B). Treatment with dabigatran etexilate with or without
CP significantly reduced the number of activated platelets by
similar amounts (Fig. 3B). Treatment with CP alone also
reduced the number of activated platelets in tumor bearing mice
even though, at this dose, CP had no effect on tumor growth,
metastasis or microparticle generation, indicating that while low
dose CP has negligible effects on the tumor it still may have phys-
iological effects in the animals.

Dabigatran etexilate reduces a subpopulation of splenic
myeloid-derived suppressor cells

As previously reported,”’ 4T1 tumor-bearing mice have sig-
nificantly larger spleens than non-tumor bearing mice (Fig. 4A).
This splenomegaly is caused by a dramatic leukemoid reaction
resulting in a massive granulocytic infiltration in the spleen.
Treatment with either CP or dabigatran etexilate decreased the
tumor induced splenomegaly but co-treatment with both dabiga-
tran etexilate and CP maintained spleen weights comparable to
that of non-tumor bearing mice (Fig. 4A). Spleens from 4T1
tumor bearing mice were further analyzed for inflammatory infil-
trates by flow cytometry analysis. Following treatment with dabi-
gatran etexilate and CP there were no significant differences in
total CD45" immune cells in viable, disaggregated spleens (data
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not shown). Treatment with either CP or dabigatran etexilate
resulted in only minor differences in CD45™ leukocyte subpopu-
lations in the spleens of tumor bearing mice; however, co-treat-
ment with CP and dabigatran etexilate significantly altered their
distribution (Fig. 4B). Co-treatment with CP and dabigatran
etexilate decreased the population of arginase” CD11b" Gr-17"
cells which are markers for myeloid derived suppressor cells
(MDSC), a major immunosuppressive cell population found in
many tumors (Fig. 4B). Since TGF-f plays a crucial role in the
generation, accumulation, and immunosuppressive effects of
immune suppressive cells including MDSCs and regulatory T
cells (Tregs), we examined the effect of dabigatran etexilate and/
or CP on protein levels of TGF-f in the spleen of 4T1 tumor-
bearing mice. Whereas treatment with only CP or dabigatran did
not significantly decrease splenic TGF-f levels, co-treatment
with both CP and dabigatran etexilate reduced TGF-f levels in
tumor bearing mice to those found in spleens from nontumor-

bearing mice (Fig. 4C).

Discussion

Thrombotic complications are one of the primary causes of
death in patients with advanced stages of cancer,”® and the pro-
thrombotic microenvironment also promotes tumor growth and
metastasis.'” Although chemotherapy is a mainstay of treatment
for many types of cancer, it can also greatly increase the risk of
systemic coagulopathies in cancer patients. Consequently, we
hypothesized that inhibiting thrombin may increase the anti-
tumor efficacy of a chemotherapeutic agent that promotes a pro-
thrombotic state. Our results show, for the first time, that co-
treatment with CP and dabigatran etexilate, an orally adminis-
tered direct thrombin inhibitor, synergistically inhibits mammary
tumor growth and metastasis i7 vivo.

The pathogenesis of blood coagulation in cancer is complex,
but one key element is the expression of TF on the tumor cell
surface and its active release as TF" microparticles.***> Micro-
particles released by tumor cells have exposed PS on their surface,
which in conjunction with TF, are potent initiators of the con-
version of prothrombin to thrombin. As has been reported in
human cancer pa\tients,%’49
the number of circulating TF* microparticles in 4T1 tumor-
bearing mice compared with non-tumor bearing mice. Impor-
tantly, thrombin inhibition with dabigatran etexilate treatment
completely prevented the tumor-induced increase in circulating
TF" microparticles.

We and others ' have shown that treatment with chemother-
apeutic agents increases the number of shed TF* microparticles

we observed a significant increase in

from tumor cells in vitro as well as circulating TF" microparticles
in nontumor-bearing mice treated with cyclophosphamide.
However, no increase in circulating TF+ microparticles was seen
in 4T'1 tumor bearing mice administered low dose cyclophospha-
mide. Similarly, no increase in circulating TF+ microparticles
was observed in plasma samples from early-stage breast cancer
patients drawn either 2 or 8 d after the start of chemotherapy.”
It is possible that an earlier time point is needed to observe a
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Figure 4. Dabigatran etexilate reduces 4T1 tumor-induced splenomegaly, immunosuppressive cell population, and TGF-B. Balb/c mice were orthotopi-
cally injected with 2 x 10* 4T1 cells in the inguinal mammary fat pad. When the primary tumors were between 25-50 mm? in size, treatment was initi-
ated with i.p. injection of CP at 15 mg/kg once weekly with or without dabigatran (administration by oral gavage 80 mg/kg twice daily, Mon-Fri, and
dabigatran chow (10 mg dabigatran etexilate/g food pellet) on the weekends). Mice were sacrificed 24 hrs after last CP treatment. Spleens were excised
and (A) weighed, (B) analyzed for the percentage of arginase™ Gr-1* CD11b™ cells in the population of CD45" splenocytes by flow cytometry, and (C)
assayed for levels of TGF-B protein by Cytokine Bead Array and flow cytometry. n = 7-8 mice per group. *

=p < 0.05; # = p< 0.01 compared to control

chemotherapy-induction of circulating TF™ microparticles since
we observed a sharp increase in circulating TF" microparticles
within hours following a single injection of CP in non-tumor
bearing mice. Alternatively, chemotherapeutic agents may pro-
mote a procoagulant state via other mechanisms such as tumor
cell lysis and the subsequent release of cell-free DNA that can
induce thrombosis.’’ Animal studies have also shown that
cyclophosphamide and acrolein, a by-product of cyclophospha-
mide metabolism, are potent pro-oxidative stressors that upregu-
late procoagulant pathways that generate thrombin while
impairing endogenous anticoagulant pathways such as activated
protein C.>>

Thrombin has been shown to directly promote tumor
growth and metastasis by many different mechanisms (Fig. 5).
For instance, thrombin activity leads to fibrin deposition in the
tumor vasculature which can provide a scaffold for new vessel
formation and support angiogenesis. This fibrin matrix can also
bind to pro-tumorigenic growth factors, such as VEGF and
IGF-1, and protect them from proteolytic degradation.”” Fibrin
deposition has also been shown to facilitate metastasis by stabi-
lizing tumor cells as they adhere to the endothelium.*® Throm-
bin also promotes tumor growth and metastasis by activating
the G-coupled 7 transmembrane protease-activated receptor
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(PAR-1) by cleaving the receptor’s N-terminal end, which folds
back on the second extracellular loop and activates the cell.
PAR-1 activation stimulates many different signaling cascades
that have been implicated in tumor growth, survival, angiogene-
sis, and metastasis.”>* Thrombin promotes angiogenesis by
inducing VEGF expression in tumor cells and by upregulating
the VEGF receptors, VEGFR2 and angiopoietin-2 in endothe-
lial cells.”>>”

Thrombin is also a potent activator of platelets, which
enhance metastasis via multiple mechanisms. Activated platelets
interact with tumor cells during their transit through the circula-
tion, forming tumor-platelet emboli, which can impair the ability
of the immune system to identify and eliminate malignant
cells.>® Activated platelets secrete growth factors, chemokines,
and cytokines including TGE-B, PDGF, VEGF, angiopoietin-1,
and lysophosphatidic acid.'” Platelet-derived TGF-B inhibits
natural killer cell activity by down-regulating the activating
immunoreceptor natural killer group 2, member D (NKG2D)
on natural killer cells.”® TGF-B secreted from activated platelets
combined with direct contact with tumor cells also activates
TGF-B/Smad and NFkB pathways in tumor cells resulting in
their transition to an invasive epithelial-mesenchymal-like pheno-
type and promoting metastasis.®’
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Treatment with both dabiga-
tran etexilate and CP not only syn-
ergistically inhibited tumor growth
but also inhibited the splenomeg-
aly and accumulation of arginase™
Gr-17 CD11b* MDSCs charac-
teristically seen in 4T1 tumor-
bearing mice. There is a good cor-
relation between tumor progres-
sion and accumulation of MDSCs
in many types of cancer.®’ MDSCs
are key mediators of immunosup-
pression in cancer, and chronic
inflammation has been shown to
the accumulation of
MDSC and to increase their sup-
pression of T cells.®* Thrombin

enhance

has been demonstrated to drive
inflammatory responses in many
pathologies including cancer.®® In
addition to proinflammatory cyto-
kines such as IL-1B, IL-6, and
PGE,, other tumor-derived cyto-
kines such as TGF-B and VEGF

are also involved in MDSC expan-

Dabigatran Etexilate

Thrombin
g | Bt

Fibrin ECM Stores of Platelet PAR-1
Deposition latent TGF-B Activation Activation
—
(/—// Tumor Cells (TF¥)
TGF-B \ Proliferation
MDSC Metastasis

|

Tumor Immunosuppression

Figure 5. Inhibition of cancer progression by dabigatran etexilate. Thrombin has many activities that can
support cancer progression and metastasis including fibrin deposition, PAR-1 activation (stimulating tumor
cell proliferation), and platelet activation. Thrombin can induce TGF- both via the release of TGF-B from
activated platelets and via the release of latent TGF-B from extracellular matrix stores. Tumor cells also pro-
duce large amounts of TGF-B which strongly impacts the generation and expansion of myeloid derived sup-

. 1 . .
sion.’ Thrombin is a potent

inducer of TGF-B, both by acti-

presser cells (MDSC) that contribute to an immunosuppressive microenvironment. Dabigatran etexilate
directly inhibits thrombin, potentially disrupting many of these protumorigenic pathways.

vating platelets to cause the release

of TGF- from the a-granules of platelets and via the release of
latent TGF-B from extracellular matrix stores (Fig. 5). MDSCs
are actively recruited to platelet-tumor microthrombi by secre-
tion of chemokines from activated platelets, while the 7z vivo
depletion of platelets prevents the accumulation of MDSCs in
the tumor microenvironment.** Interestingly, in some cases low
dose CP has been reported to enhance chronic inflammation and
increase the accumulation of MDSCs in tumor-bearing ani-
mals.®> We show that the anti-tumor effect of co-treatment with
both dabigatran etexilate and CP correlates with the reduced
accumulation of immunosuppressive MDSCs and splenic TGF-
B levels.

Since thrombin appears to act as a tumor modifier, thrombin
inhibition with dabigatran etexilate potentially impacts tumor
growth and metastasis via multiple pathways. We found that the
numbers of circulating TF* microparticles were dramatically
increased in tumor bearing mice, likely contributing to increased
thrombin generation. Although thrombin inhibition with dabi-
gatran etexilate significantly reduced circulating TF" micropar-
ticles and reduced levels of thrombin-antithrombin complexes in
4T1 tumor bearing mice, dabigatran treatment alone was insuffi-
cient to inhibit tumor growth and metastasis. Treatment with
both dabigatran etexilate and low dose CP was needed to inhibit
tumor growth and metastasis.

Because thrombin promotes tumor growth and metastasis,
administration of a thrombin inhibitor may not only alleviate the
thrombotic events often associated with cancer, but also impacts
tumor progression and metastasis. These results suggest that
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inhibition of thrombin contributes to the synergistic inhibition
of tumor growth and metastasis with co-treatment with low dose
CP and dabigatran etexilate. The use of thrombin inhibitors may
be warranted not only to treat thrombotic events associated with
cancer but also as adjunct therapy to directly treat malignant
cancers.

Materials and Methods

Animals

Female Balb/c mice were obtained from Charles Rivers/NCI.
Protocols for the use of animals in these studies were reviewed and
approved by the Institutional Animal Care and Use Committee
of the Lankenau Institute for Medical Research in accordance
with the current US Department of Agriculture, Department of
Health and Human Service regulations and standards.

Cell Culture

4T1 mouse mammary carcinoma cell line was obtained from
American Type Culture Collection (Rockville, MD). Cells were
cultured in DMEM supplemented with 10% FBS and 1X Peni-
cillin/Streptomycin (Cellgro). 4T1 cells were treated with 1pg/
mL of doxorubicin in 24 well plates with 750 pl of media to gen-
erate microparticles. After 24 hr culture, conditioned medium
was spun at 2,300 rpm (500 x g) for 5 minutes to remove cells.
Supernatants were collected and spun at 4,400 rpm (1,500 X g)
as an additional clearance spin.
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In vivo 4T1 tumor model

Female Balb/c mice were orthotopically injected in the mam-
mary fat pad with 2.0 x 10%* 4T1 cells. Tumor growth was
assessed morphometrically using calipers and tumor volumes
were calculated using the formula V(mm®) = n/6 x A x B?
where A is the larger diameter and B is the smaller diameter of
the tumor.®® Once tumors were between 25-50 mm® in size
(approximately 2-3 weeks after tumor cell injection), treatment
was initiated. Cyclophosphamide (at doses of 15-50 mg/kg) was
intraperitoneally (i.p.) injected once weekly with or without dabi-
gatran etexilate administration. Mice were dosed with dabigatran
etexilate by oral gavage twice daily (80 mg/kg) Monday through
Friday and either placed on dabigatran chow (10 mg/g chow) or
orally gavaged daily (120 mg/kg) over the weekends. Mice were
sacrificed 3-7 weeks after tumor cell injection. Tumors and
spleens were excised and either fixed in 4% paraformaldehyde,
snap frozen in liquid nitrogen or processed for flow cytometry
analysis. Lungs were perfused with India ink to count metastases.
Blood was collected from the vena cava using a syringe pre-
loaded with 100 ul of citrate-dextrose solution. 400 ul of blood
was collected for a total volume of 500 ul. To count platelets, 50
ul of whole blood was diluted 1:20 with 1% ammonium oxalate
monohydrate and set to shake at room temperature for 10 min
to lyse red blood cells. After the red blood cells were lysed, plate-
lets were manually counted using a hemocytometer and assessed
for activation by flow cytometry. The remaining blood was
sequentially centrifuged to separate platelet poor plasma (PPP)
by spinning at 1400 rpm (200 x g) for 20 min and 4400 rpm
(1500 x g) for 15 min at 4°C. The PPP was frozen at —80°C

for later analysis.

Flow cytometry analysis of tissue samples and platelets

Spleens were placed in 5 mL red cell lysis buffer (0.17 M
Tris-HCL, 0.16 M NH,CI) for 15 m, pressed through a 70 wm
filter and then incubated with an additional 5 mL of red cell lysis
buffer for 15 m. Cells were spun down and resuspended in
FACS buffer (1.5% heat inactivated FBS, 0.2% NaNj3 in PBS).
Equal numbers of viable cells were stained with goat polyclonal
anti-arginase, PE-conjugated anti-CD11b, PE-Cy7-conjugated
anti-Gr-1, and APC Cy7-conjugated anti-CD45 (all antibodies
from eBioscience), followed by incubation with an FITC conju-
gated anti-goat IgG (Novus Biologicals) to detect arginase posi-
tive cells. Equal numbers of viable platelets were stained with PE-
Cy7 conjugated anti-CD41 and PE conjugated ant-CDG62P
(eBioscience). Flow-cytometric data were acquired on a BD
FACSCanto II and analyzed using FACSDiva software (BD Bio-
sciences). Viable cells were gated based on forward and side scat-
ter profiles.

Flow cytometry analysis of tissue factor positive
microparticles

For flow-cytometric analysis, 30 wl of PPP or tissue culture
media were diluted with 70 pl of Annexin V binding buffer
(eBioscience) and stained with APC conjugated Annexin V
(eBioscience) and goat polyclonal anti-mouse TF antibody (RD
systems) followed by incubation with a FITC conjugated anti-
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goat IgG secondary antibody (Novus Biologicals).'” After incu-
bation, samples were diluted with 1.5 ml of Annexin V binding
buffer. Analysis of samples was conducted using a BD FACS-
Canto II and analyzed using FACSDiva software. Microparticles
were identified by size (forward scatter) and annexin V binding.
All annexin V positive events smaller than 1 pm were counted as
microparticles. The size of the gate was adjusted using fluorescent
microbeads measuring 0.5, 1.0 and 3.0 wm (Molecular Probes).
Thresholds for TF-positive microparticles were set from annexin
V binding positive microparticles. To identify the cell origin of
microparticles, PPP was stained with PE-Cy7-conjugated anti-
CD41 (eBioscience) as a platelet marker, APC-Cy7 conjugated
anti-CD45 (BD PharMingen) as a leukocyte marker, PerCP-
Cy5.5 conjugated anti-CD31 (BD PharMingen) as an endothe-
lial marker, PE-conjugated anti-CD326 (BD PharMingen) as a
marker for 4T1 tumor epithelial cells as well as staining for
Annexin V and TF as described above.

Mouse thrombin-antithrombin (TAT) complex ELISA

PPP samples were diluted 1:4 and then assayed with the
mouse TAT complex ELISA kit (AssayPro) as per the man-
ufacturer’s instructions. The absorbance was read on a microplate
reader at a wavelength of 450 nm, and mouse TAT complex con-
centrations calculated by comparing with a standard curve.

Cytokine bead array analysis

Spleens were homogenized in PBS with protease inhibitors
and DTT. The debris was cleared by centrifugation and the
supernatants were analyzed using TGF-f Cytometric Bead Array
reagents (BD Biosciences, San Jose, CA) and flow cytometry as
per the manufacturer’s protocol.

Statistics

All in vivo experiments were carried out using multiple ani-
mals (n = 4-8 per experimental group). All 7z vitro experiments
were performed in at least triplicate, and data compiled from 2-3
separate experiments. All analyses, except for tumor growth
curves, were done using a 1-way ANOVA with a tukey test for
statistical significance. Tumor growth curves were analyzed using
a linear mixed effects model that accounted for repeated measure-
ments per animal, with fixed effects of treatment group, time and
the interaction of time and treatment group.
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