Gancer Science

Japanese Cancer
Association

en Access

Antifibrotic effects of pentoxifylline improve the
efficacy of gemcitabine in human pancreatic tumor

xenografts

Jung Ho Kim," Byung Cheol Shin,2 Won Sang Park,® Jaehwi Lee* and Hyo-Jeong Kuh'>

"Department of Biomedicine & Health Science, The Catholic University of Korea, Seoul; Bio/Drug Discovery Division, Korea Research Institute of Chemical
Technology, Daejeon; *Department of Pathology, The Catholic University of Korea, Seoul; “College of Pharmacy, Chung-Ang University, Seoul; *Department
of Medical Life Sciences, College of Medicine, The Catholic University of Korea, Seoul, Korea

Key words

Connective tissue growth factor, desmoplasia,
gemcitabine, pancreatic ductal adenocarcinoma,
pentoxifylline

Correspondence

Hyo-Jeong Kuh, Department of Medical Life Sciences,
College of Medicine, The Catholic University of Korea,
222 Banpo-daero Seocho-ku, Seoul 06591, Korea.

Tel: +82-2-2258-7511; Fax: 82-2-592-2428;

E-mail: hkuh@catholic.ac.kr

Funding Information
National Research Foundation of Korea
(2016R1A2B2011832, 2012R1A5A2047939).

Received April 2, 2017; Revised September 12, 2017;
Accepted September 13, 2017

Cancer Sci 108 (2017) 2470-2477

doi: 10.1111/cas.13405

We investigated the combinatorial effects of pentoxifylline (PTX) on the efficacy
of gemcitabine (GEM) in a human pancreatic tumor xenograft model. PTX signifi-
cantly improved the efficacy of GEM, as shown by a 50% reduction in tumor
growth rate at 4 weeks of treatment compared with that in animals given GEM
alone. The fluorescent drug doxorubicin (DOX) was used to test whether drug
delivery was improved by PTX, contributing to the improved efficacy of GEM.
PTX given for 2 weeks prior to giving DOX improved drug distribution by 1.8- to
2.2-fold with no changes in vessel density, suggesting that improvement in drug
delivery was not related to the vascular mechanism. Instead, collagen | content in
tumor stroma was significantly reduced, as was the expression of alpha-smooth
muscle actin of cancer-associated fibroblasts and connective tissue growth factor
(CTGF) by PTX pretreatment. Overall, our data demonstrated that increased effi-
cacy of GEM by PTX was associated with improved drug delivery to tumor tissue,
which may be attributed to decreased expression of CTGF and subsequent reduc-
tion in the stromal collagen matrix in the pancreatic ductal adenocarcinoma
tumor. These results support the usefulness of PTX in combination with
chemotherapy for targeting drug delivery barriers associated with the stromal
matrix, which should be further evaluated for clinical development.

P ancreatic ductal adenocarcinoma is the fourth leading cause
of cancer-related deaths worldwide, with an overall 5-year
survival rate of approximately 5%.""” GEM, a nucleoside ana-
log of cytidine, has been used as the current standard treatment
in patients with PDAC, but only extends median survival by a
few weeks.”) Numerous GEM-based combination trials with
cytotoxic drugs and/or biological targeted agents have been
carried out; however, positive results have not been achieved,
likely owing to intrinsic drug resistance, a unique feature of
PDAC.” Such chemoresistance is a major problem in the
treatment of human solid tumors, including PDAC.

Studies have shown that the ECM within the tumor microen-
vironment plays an important role in altering the drug sensitiv-
ity of solid cancers.*> Poor drug penetration is considered a
type of EMDR as it is attributed to the dense fibrotic stroma
(desmoplasia) generated by dysregulation of the ECM and
hypovascularity in solid tumor tissues,">” both of which are
hallmark features of PDAC. Type I collagen, a main ECM
component, is known to contribute to chemoresistance by act-
ing as a drug penetration barrier'” and by inducing adhesion-
mediated activation of various prosurvival pathways.'"
Depleting the stromal collagen matrix may therefore be a
potentially effective method for controlling drug resistance by
improving drug delivery to tumor tissues and by modulating
tumor microenvironmental factors that can reduce the drug
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sensitivity of cancer cells. Several approaches have been
reported for targeting stromal collagen matrix. CAF are impor-
tant stromal components that augment the production of stro-
mal ECM; hence, inhibition of collagen synthesis by CAF has
been attempted by blockade of pathways associated with TGF-
B, CTGF, and sonic hedgehog signaling.'*'* ECM-degrading
enzymes, including hyaluronidase and collagenase, are alterna-
tive approaches used to modulate EMDR.">"'"

Pentoxifylline (PTX), a non-selective phosphodiesterase inhi-
bitor with hemorrheological and immunomodulating properties,
has been available for over 30 years for the treatment of inter-
mittent claudication in peripheral vascular disease.'® The
antifibrotic effects of PTX have been reported for radiation-
induced fibrosis in human patients and for liver and peritoneal
fibrosis in rat models."**" PTX has been reported to have
conventional sensitizing effects when combined with conven-
tional anticancer agents and radiation in patients and preclini-
cal models.'"® However, potential antitumor effects of PTX
have not been evaluated in relation to the antifibrotic effects.

Here, we reported the synergistic antitumor activity of PTX
when combined with GEM in a human pancreatic tumor xeno-
graft model for the first time. The synergistic effects of PTX
were attributable to improved drug distribution in tumor tis-
sue, as demonstrated using the autofluorescent drug DOX.
Reduced stromal collagen network and inhibition of CAF
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activity were confirmed. Interference with CTGF (also known
as CCN2) signaling seemed to be involved in this ECM
remodeling effect of PTX. Overall, our study provides a basis
for further evaluation of PTX in combination with chemother-
apeutics and studies on the underlying mechanisms of the syn-
ergy related to EMDR in stroma-rich fibrotic tumors, such as
PDAC.

Materials and Methods

Cell lines and chemical reagents. The human pancreatic can-
cer cell line, Capan-1, was obtained from the Korea Cell Line
Bank (Seoul, Korea). Cells were maintained in RPMI-1640
medium (Gibco BRL, Grand Island, NY, USA) supplemented
with 100 pg/mL streptomycin, 100 units/mL penicillin (Sigma
Aldrich, St Louis, MO, USA) and 10% heat-inactivated FBS
(Welgene, Seoul, Korea). PTX powder was kindly provided by
Handok Pharmaceutical. Co. Ltd (Seoul, Korea). PTX was dis-
solved in sterile, pyrogen-free normal saline and then filtered
through a 0.2-um-pore-size filter (Corning Costar, New York,
NY, USA) before use. DOX and GEM were a kind gift from
Ildong Pharmaceutical. Co. Ltd and Boryung Pharmaceutical.
Co. Ltd (Seoul, Korea), respectively. Liposomal formulation of
DOX (LP-DOX) was prepared as described in a previous
study.?® Primary antibodies for immunohistochemistry were
purchased from Abcam (Cambridge, UK) unless otherwise
indicated.

Xenograft  experiment. Female BALB/c nu/nu  mice
(5—6 weeks old) were obtained from Orient Bio Inc. (Seong-
nam-si, Gyeonggi-do, Korea). Animal care and experimental
protocol was in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee (IACUC) of College of
Medicine, The Catholic University of Korea (CUMC-2010-
0141-01). For tumor induction, 5 x 10° viable Capan-1 cells
were injected s.c. into the right flank of mice. Drug treatment
was started when tumor size reached approximately 200 mm®.
For the combination study, PTX and GEM were given i.p. at
100 mg/kg per day and 50 mg/kg twice a week, respectively,
for 4 weeks. For the combination of PTX and DOX (or LP-
DOX), PTX was given i.p. at 100 mg/kg per day for 2 weeks
prior to i.v. administration of DOX and LP-DOX at 8§ mg/kg by
tail vein once. For the drug distribution experiment, a higher
dose of 20 mg/kg as DOX was given after PTX pretreatment,
and tumor tissue was harvested after 5 min (DOX) or 24 h (LP-
DOX) when the maximum drug distribution was expected in
each group. Excised tumors were divided into several pieces
and were either fixed overnight in 10% formalin solution for
immunohistochemistry or embedded in OCT compound
(Sakura, Tissue-Tek®, Torrance, CA, USA) for immunofluores-
cence staining. For biochemical analysis, some tumor pieces
were snap-frozen and stored at —70°C until analysis.

Immunofluorescence detection and imaging. For examination
of the tissue distribution of DOX, tissue samples were snap-fro-
zen using OCT compound, cut into 10 um cryosections, and
examined under an inverted fluorescence microscope (Axiovert
200M; Carl Zeiss AG, Oberkochen, Germany) at Agygm = 540/
580 nm. Tissue sections were then stained for CD31 and type I
collagen using conventional procedures. Briefly, sections were
fixed in cold acetone for 10 min and non-specific binding was
blocked with 5% normal goat serum for 1 h. Primary antibodies
of a rabbit anti-collagen I (1:200, Ab292, anti-human/mouse)
and a rat anti-CD31 (1:100, anti-mouse; BD Pharmingen, San
Diego, CA, USA) were applied, at 4°C in a humidified chamber
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overnight. Visualization was done with secondary antibodies of
Alexa-488-conjugated goat anti-rabbit IgG (1:100; Invitrogen,
Carlsbad, CA, USA) or Cy3-conjugated goat anti-rat IgG
(1:100; Jackson ImmunoResearch Laboratories, West Grove,
PA, USA). Image overlay was done to evaluate the relative dis-
tribution of drug and blood vessels using Media Cybernetics
Image Pro PLUS (version 5.0).

Immunohistochemistry. Detection of proteins, a-SMA, TGF-
B1, CTGF and MTI1-MMP, were carried out using respective
primary antibody and Dako EnVision Detection System
(K5007; DAKO, Glostrup, Denmark). Briefly, paraffin-
embedded samples were cut into 3-um-thick sections, deparaf-
finized and rehydrated. After antigen retrieval using Target
Retrieval Solution (S2375; DAKO), non-specific binding was
blocked with 10% normal goat serum for 1 h. Sections were
then incubated with primary antibodies against o-SMA
(1:200), TGF-B1 (1:200), CTGF (1:400) and MT1-MMP (1:40)
in dilution buffer overnight at 4°C in a humidified chamber.
Slides were counterstained with hematoxylin and examined
under a microscope (Olympus AX70; Olympus, Tokyo, Japan).
For quantitative analysis, % area of stained region was calcu-
lated using image analysis software OPTIMAS version 6.5
(Media Cybernetics, Silver Spring, MD, USA).

ELISA for TGF-B1 in tumor tissue. Frozen tumors were cut into
small pieces and homogenized using Precellys 24 homogenizer
(Bertin Technologies, Rockville, MD, USA) in Tissue Extrac-
tion Reagent I (Invitrogen) containing protease inhibitor cock-
tail (Complete Mini; Roche, Basel, Switzerland). Supernatant
of the homogenate was obtained by centrifugation and stored
at —70°C until analysis. Total and active TGF-B1 concentra-
tions were determined using TGF-B1 ELISA kit (eBioscience,
Vienna, Austria) according to the manufacturer’s protocol and
total protein concentration using BCA protein assay kit (Pierce
Biotechnology, Rockford, IL, USA).

Quantitative real-time PCR analysis. Total RNA was isolated
from tumor homogenates using Trizol. After 1 pg total RNA
was reverse transcribed with AccuPower CycleScript RT Pre-
Mix (Bioneer, Daejeon, Korea), quantitative real-time PCR was
carried out using the LightCycler 480 Real-Time PCR System II
(Roche) with SYBR Green Master mix (Roche) according to the
manufacturer’s recommendation. Primers for mouse GAPDH,
human GAPDH, mouse a-SMA, mouse TGF-f1, mouse CTGF,
mouse COLIAL (type I collagen, alpha 1) and human MT1-
MMP were as follows: mouse GAPDH primers, forward
5"-TGCTGAGTATGTCGTGGAGTCTA-3/, reverse 5-AGTGG
GAGTTGCTGTTGAAG-TC-3’; human GAPDH primers,
forward 5'-CCACCCATGGCAAATTCCATGGCA-3', reverse
5-TCTAGACGGCAGGTCAGGTCCACC-3; mouse o-SMA
primers, forward 5'-ACTGGGACGACATGGAAAAG-3/, reverse
5'-CATCTCCAGAGTCCAGCACA-3'; mouse TGF-B1 primers,
forward 5'-CAACAATTCCTGGCGTTACCTTGG-3', reverse
5'-GAAAGCCCTGTATTCCGTCTCCTT-3’; mouse CTGF
primers, forward 5-TCCCGAGAAGGGTCAAGCT-3/, reverse
5'-TCCTTGGGCTCGTCACACA-3’; mouse COLIA1 primers,
forward 5-GAGCGGAGAGTACTGGATCG-3', reverse 5'-
TACTCGAACGGGAATCCATC-3'. All expression data were
normalized using mouse or human GAPDH expression. Quanti-
tation of relative gene expression was carried out using the AAC,
method (2744,

Statistical analysis. Three to six mice per group were used in
all experiments and data were expressed as mean =+ standard
error (SE). Statistical significance tests were carried out using
ANOVA with LSD or t-test.
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Results

Combination of PTX and GEM synergistically inhibited tumor
growth. The growth inhibitory effects of GEM in combination
with PTX were examined in nude mice bearing Capan-1 xeno-
grafts. Capan-1 tumor showed rapid growth with a tumor vol-
ume doubling time (Tp) of 10 days in the control group, and
no changes in tumor growth were observed in the group given
PTX alone (Fig. 1a). Tumor growth delay was observed in
mice given GEM treatment (50 mg/kg i.p. twice a week for
4 weeks), i.e., 4- and 7-day delays in the time to reach tumor
volumes of 400 and 600 mm®, respectively. When PTX
(100 mg/kg, i.p., daily) was added to GEM treatment, a strong
synergistic interaction between the two drugs was observed as
tumor growth was inhibited by 50% at 4 weeks post-treatment
(P < 0.05 at day 21, 24 and 28, Fig. 1a). Notably, no toxicity
was noted, as observed by the lack of significant changes in
bodyweights in all treatment groups (Fig. 1b). These results
indicated that low-dose PTX significantly enhanced the antitu-
mor effects of GEM against the growth of Capan-1 xenograft
tumors without exerting its own antitumor effects.

PTX pretreatment improved the distribution and efficacy of
DOX and LP-DOX. In order to investigate the synergistic effects
of PTX, changes in drug distribution in the tumor tissue were
evaluated using DOX as a model drug owing to the ease of flu-
orescent signal detection. Mice harboring Capan-1 xenografts
were pretreated with PTX for 2 weeks (100 mg/kg, i.p., daily)
and then given a bolus dose of DOX in solution or in a liposo-
mal formulation (LP-DOX; Fig. 2a). Mice were either killed
right after DOX dosing for evaluation of drug distribution or
further monitored for tumor growth delay. No significant differ-
ences in tumor growth rates were observed among the treatment
groups, except for the combination group, until 3 weeks of
treatment. Similar to the results of the first experiment, PTX
alone did not have antitumor effects. Significant changes in
tumor growth curves were noted in mice pretreated with PTX
between 18 and 27 days (P < 0.05), e.g. a 23.7% decrease on
day 23 (1.52-fold tumor growth for DOX only group vs 1.16-
fold for PTX plus DOX group; Fig. 2b). Mice given LP-DOX
also showed increased inhibition of tumor growth at days 25, 27
and 29 (P < 0.05), e.g. a 31.1% decrease in relative tumor vol-
ume on day 29 (1.74-fold tumor growth for LP-DOX group vs
1.39-fold for PTX plus LP-DOX group; Fig. 2c). Although the
antitumor effects of a single dose of DOX and LP-DOX were
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group. Data are expressed as means + standard
errors. *P < 0.05 vs GEM group.

transient and tumor growth resumed thereafter, improved effi-
cacy was obvious when combined with PTX pretreatment,
whereas DOX or PTX alone did not affect tumor growth. No
toxicity was noted either during 14 days of PTX pretreatment
or for the remainder of the days following a one-time, single
dose of DOX or LP-DOX (data not shown).

When given without PTX pretreatment either as DOX solu-
tion or LP-DOX, DOX showed a limited distribution in images
showing blood vessels (represented by CD31 staining) and
DOX autofluorescence (Fig. 3a). When quantified as the per-
cent area of DOX fluorescence in tumor sections, improved
drug distribution was observed in a region farther away from
blood vessels by 2.2- and 1.8-fold for the DOX and LP-DOX
groups with PTX pretreatment, respectively (P < 0.001;
Fig. 3b). This improved drug distribution was not attributed to
new vessel formation as CD31 immunostaining showed no dif-
ferences between groups (Fig. 3b).

PTX reduced type | collagen contents in tumor tissue. The
ECM has been shown to play an important role as a barrier to
drug distribution in solid tumors; thus, we next examined the
effects of PTX pretreatment on type I collagen content. Type I
collagen content was reduced by PTX treatment. That is, colla-
gen fibers showed a sparse network in both the central and
marginal regions of tumors after PTX treatment for 2 weeks
(Fig. 4a). Treatment with a high dose of PTX (100 mg/kg)
resulted in a greater reduction in collagen content than that
with a lower dose (50 mg/kg; P < 0.05; Fig. 4b), suggesting a
concentration-dependent activity. Change in collagen expres-
sion was confirmed at the mRNA level, with a 72% decrease
in collagen expression compared with that in the control group
(P < 0.05; Fig. 4c). These results clearly indicated that PTX
induced collagen matrix reduction, which may be involved in
the increased DOX distribution observed in Figures 2 and 3
and the increased efficacy of GEM shown in Figure 1.

PTX inhibited expression of profibrotic growth factors in
tumors. We examined changes in the expression of profibrotic
growth factors, such as TGF-f1 and CTGF, and the fibroblast
marker o-SMA. PTX pretreatment significantly reduced the
expression levels of a-SMA and CTGF by 66% (P < 0.001)
and 25% (P < 0.05), respectively, as determined by IHC
(Fig. 5a). Consistent with these findings, analysis of mRNA
expression using quantitative real-time RT-PCR showed that
o-SMA and CTGF expression levels decreased by 77% and
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Fig. 2. Effects of pentoxifylline (PTX) pretreatment on doxorubicin
(DOX) and liposomal formulation of DOX (LP-DOX) in Capan-1 xeno-
grafts. (a) Treatment schedule for the combination of PTX with either
DOX or LP-DOX. Comparison of tumor growth (n = 3-5) for the com-
bination with (b) DOX or (C) LP-DOX. PTX was given i.p. at 100 mg/kg
per day for 2 weeks followed by a dose of DOX and LP-DOX i.v. at
8 mg/kg. Relative tumor volume was expressed as a ratio to the tumor
volume at day 14. Data are expressed as means + standard errors.
*P < 0.05 vs DOX only or LP-DOX only.

50%, respectively (P < 0.05; Fig. 5b). For TGF-B1, neither
IHC nor ELISA showed any differences in expression follow-
ing PTX pretreatment (Fig. 5a,c), although mRNA expression
level was significantly different (Fig. 5b). These results indi-
cated that the antifibrotic effects of PTX resulting in reduced
collagen matrix may be attributed mainly to decreased expres-
sion of CTGF, which was closely related to the reduced activ-
ity of CAF, a main cell type responsible for CTGF production,
in Capan-1 xenografts.

PTX did not influence the expression of MT1-MMP, a GEM
resistance factor. MT1-MMP has been reported to have a role
in GEM resistance in a type I collagen-dependent way in
PDAC."? Hence, in the present study, we examined the possi-
bility that reduced expression of type I collagen following
PTX pretreatment may result in increased GEM sensitivity by
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Fig. 3. Effects of pentoxifylline (PTX) on the distributions of doxoru-
bicin (DOX) and liposomal formulation of DOX (LP-DOX) in Capan-1
xenografts. (a) Distribution of DOX (red) was evaluated in CD31-posi-
tive vessels (green) in frozen tumor sections (n = 3). PTX was given i.p.
at 100 mg/kg per day for 2 weeks followed by a dose of DOX or LP-
DOX i.v. at 20 mg/kg. C and M indicate central and marginal regions
in tumor sections, respectively (50x magnification, scale bar, 200 um).
(b) Percent distribution area of DOX and CD31 staining. Data are
expressed as means + standard errors. *P < 0.001 vs the control.

suppression of MT1-MMP expression. MT1-MMP expression,
however, did not show any significant changes at either the
protein or mRNA level following 2 weeks of PTX treatment
(Fig. 6). This result indicated that the mechanism underlying
our observations of the synergy between PTX and GEM was
associated with collagen network reduction by an MT1-MMP-
independent pathway.

Discussion

Modulation of intracellular mechanisms involved in desmo-
plasia has been suggested as a promisin§ strategy for improving
drug delivery (pharmacokinetics).?**? Strategies to target
desmoplasia in PDAC can be implemented either by disintegra-
tion of the ECM network using direct enzymatic digestion(1 ) or
by modulation of signaling pathways (e.g. TGF-f or sonic
hedgehog pathways) involved in the proliferation or activation
of CAF, major players in ECM deposition.(m The potent antifi-
brotic effects of PTX (e.g. inhibition of proliferation or ECM
synthesis in human renal and lung fibroblasts®>2® and peri-
toneal mesothelial cells®”) have been reported in several
in vitro studies. Moreover, the antifibrotic effects of PTX have
also been demonstrated using(_: in vivo models of §lomeru-
lonephritis,(zg) biliary fibrosis, 29 and liver fibrosis.®?” In the
present study, we reported, for the first time, the synergistic
effects of GEM and PTX and suggest improved drug
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distribution induced by dysregulation of the ECM network as
an underlying mechanism for the observed synergism.

Our study showed that PTX exerted synergistic antitumor
effects when combined with GEM or DOX in a Capan-1 xeno-
graft model (Figs 1 and 2). Similar synergistic interaction with
GEM or DOX was reported for several other agents having antifi-
brotic activities, including halofu inone,m) losartan,(B”Z) and
hedgehog signaling inhibitors;'>*® however, the dose levels
used were high enough for these compounds to exhibit their own
antitumor activities. Another substantial difference was that giv-
ing PTX was started during later phases of tumor §rowth (when
the tumor volume had already reached ~200 mm™) rather than
during an early stage of tumor growth, which supports the clini-
cal relevancy of our data. Notably, the synergistic interactions
observed in the present study were induced at a low dose of
100 mg/kg PTX, which did not induce either toxicity or its own
inhibitory effects on tumor growth (Fig. 1). In addition, potential
protective effects of PTX towards DOX-induced side-effects
have been reported, based on the capacity of PTX to sequester
aromatic compounds (DOX) in staking complexes.**

In the present study, we tested the hypothesis that the syner-
gistic interaction between PTX and GEM (Fig. 1a) may be a
result of improved drug distribution in tumors (pharmacoki-
netic modulation). We used the autofluorescent drug DOX for
this purpose, as we expect that tissue distribution would be
similar to that of DOX based on the similar physicochemical
properties of these agents, including molecular size (DOX,
543 Da; GEM, 263 Da) and hydrophilicity. Following PTX
pretreatment, significant improvement was observed in tissue
distribution (Fig. 3) as well as efficacy of DOX (Fig. 2) with-
out changes in vessel density or distribution (CD31-stained
region). These data implied that giving PTX improved antitu-
mor efficacy of DOX as well as GEM by increased drug deliv-
ery into tumor tissue by a non-vasculature-related mechanism.
Nonetheless, vascular involvement may not be ruled out com-
pletely because functional improvement of perfusion in the
tumor was not determined in the present study.(36)

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

We also evaluated the effect of PTX pretreatment on a lipo-
somal formulation (LP-DOX) that is often considered to pro-
vide an advantage in tumoral drug delivery. PTX improved to
a similar extent the efficacy and tissue distribution of DOX
given either in solution or liposomes (Figs 2 and 3), indicating
no additional improvement by liposomal encapsulation of
DOX. We speculated that PTX rather improved the distribution
of drug released from liposomes, but not the distribution of the
liposome itself. The therapeutic advantage of adding antifi-
brotic drugs to liposomal formulations, however, warrants fur-
ther evaluation as DOX and LP-DOX was given as a single
dose to exhibit a transient inhibition of tumor growth.

Desmoplasia induced by overproduction of ECM or deregu-
lation of its composition and structure is commonly found in
many types of solid tumors. Collagen content and fibrous net-
work creating solid stress in tumors establish a barrier for
interstitial drug penetration. ECM deregulation is also involved
in creating abnormally high IFP, which acts as a stromal bar-
rier to convective movement of drug molecules out of the vas-
culature into avascular regions of the tumor parenchyma.®®
PTX pretreatment resulted in a significant reduction in type I
collagen expression, as shown by measurement of both protein
and mRNA levels (Fig. 4), supporting that PTX alleviated
ECM-mediated solid stress to mediate the synergistic interac-
tion with GEM (Fig. 1a). High tumor cell density (tumor
hyperplasia) may also create an interstitial barrier for penetra-
tion of drug molecules.®> Cell killing by GEM itself may
therefore have augmented the reduction in solid stress, syner-
gistically improving drug (GEM) delivery. Other antifibrotic
agents, such as halofuginone, losartan, and the hedgehog inhi-
bitor IPI-926, also demonstrated that their synergistic interac-
tions with various chemotherapeutic agents involved
modulation of drug distribution.!>!33173% Interestingly, CAF
are known to contribute to ECM production significantly more
than cancer cells; for example, in a previous study, approxi-
mately 76% and 24% of type 1 collagen content showed host
(mouse) and human origin, respectively, in Panc-2 xenograft
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alpha-smooth muscle actin (a-SMA), connective

tissue growth factor (CTGF), and transforming
growth factor beta (TGF-B)1 in paraffin sections of
tumors. (b) mRNA expression of a-SMA, CTGF, and
TGF-B1, as assessed by real-time RT-PCR. All
expressed data were normalized using mouse
GAPDH. (c) Active and total TGF-B1 levels (pg/mg)
measured by ELISA in tumor homogenates. —,
control group. Data are expressed as
means + standard errors. *P < 0.05 vs the control 0 -
(200x magnification, scale bar, 100 pm).
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tumors.®? Although a-SMA-positive CAF were present in a
relatively small area of the tumor (as small as 10% of tumor
area) (Fig. 5a), reduced a-SMA expression (decreased activity
of CAF) could be associated with a significant decrease in type
I collagen content (Fig. 4). The reduced expression of a-SMA
was associated with decreased profibrotic activity of CAF
rather than a direct cell kill effect. It can be supported by lack
of growth inhibition during PTX treatment (Figs 1 and 2) and
minimal cytotoxicity (cell density) seen on the paraffin sec-
tions of tumors (Figs 5a and 6a).

TGF-B1 is generally considered a primary main regulator of
the desmoplastic reaction in PDAC.®” A previous report
demonstrated that losartan inhibited type I collagen synthesis
by blocking TGF-B signaling in CAF, resulting in improved
distribution and efficacy of Doxil in desmoplastic tumors, such
as human breast cancer, pancreatic cancer, and murine skin
tumors.""® Similar to losartan, PTX also inhibits TGF-B1 sig-
naling both in vitro and in vivo. #3939 In the present study,
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however, changes in TGF-f1 expression following PTX treat-
ment were observed only at the mRNA level, not at the protein
level. Instead, significant changes in CTGF protein and mRNA
expression were induced following PTX treatment in Capan-1
xenograft tumors (Fig. 5). CTGF derived from tumor cells has
also been shown to be a critical regulator of tumor growth.
Moreover, CTGF is another potent contributor to the desmo-
plastic reaction and mediates many of the downstream activi-
ties of TGF-B1 towards overproduction of ECM.®® Recent
evidence also suggests that PTX has inhibitory effects on
CTGF expression by a Smad3/4-dependent pathway in renal
fibroblasts.®” In PDAC, not only tumor cells but also CAF
are suggested to be a major source of CTGF based on studies
using in vitro models as well as human tumor samples.(‘m’“)
Moreover, overall, a growing body of evidence has demon-
strated that CTGF derived from CAF plays important roles in
tumor development, progression, and metastasis,(38’42) and our
data showing that PTX may target CTGF-producing CAF
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Fig. 6. Effects of pentoxifylline (PTX) on the expression of membrane

type | matrix metalloproteinase (MT1-MMP) in Capan-1 xenografts.
Mice harboring Capan-1 xenografts (n = 3) were given PTX 100 mg/kg
per day for 2 weeks. (@) Immunohistochemical staining of MT1-MMP in
paraffin-embedded tumor sections. (b) Expression of MTT-MMP mRNA,
as assessed by real-time RT-PCR. All expressed data were normalized
using mouse GAPDH. Data are expressed as means =+ standard errors
(200x magnification, scale bar, 100 um).
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Fig. 7. Schematic representation of the effects of pentoxifylline (PTX)
on the gemcitabine (GEM) response. In pancreatic ductal adenocarci-
noma (PDAC), cancer-associated fibroblasts (CAF) produce a large
amount of collagen, one of the key ECM components. Dense ECM in
tumors impairs drug distribution in tissues resulting in attenuation of
the GEM response. Our results showed that (a) PTX may inhibit the
proliferation or recruitment of CAF, as demonstrated by decreased
alpha-smooth muscle actin (a-SMA), a marker of CAF (Fig. 5). (b) PTX
also inhibited the expression of connective tissue growth factor (CTGF)
and transforming growth factor beta (TGF-B) from CAF, thereby block-
ing collagen deposition (Fig. 5). Therefore, PTX decreased collagen
content and improved drug distribution in tumors, resulting in
enhancement of the GEM response. However, (c) PTX did not affect
the expression of membrane type | matrix metalloproteinase (MT1-
MMP), a GEM resistance marker induced by collagen in tumors (Fig. 6).

provide a basis for further studies of the potential benefits of
the use of PTX in combination with chemotherapies against
desmoplastic human PDAC.
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Besides improved drug delivery, impairment of the collagen
network may also contribute to the increased efficacy of GEM
by other mechanisms involved in GEM resistance. Collagen I
and IV are known to promote progression and metastasis in
PDAC."#434% Type T collagen has been shown to be associ-
ated with GEM resistance in PDAC models through upregula-
tion of MT1-MMP on the membrane.""*> In the collagen-rich
microenvironment, MT1-MMP activates TGF-B1 bound to
ECM, promoting TGF-Bl-mediated cell proliferation by both
ERK 1/2 signaling and high mobility group A2 (HMGA2)
expression. In the present study, no changes were observed in
MTI1-MMP levels after PTX treatment (Fig. 6), thus suggest-
ing that this protein was not involved in the synergistic inter-
action between PTX and GEM. Further studies are needed to
investigate the existence of other pharmacodynamic mecha-
nisms for PTX synergy.

In the present study, we demonstrated that giving PTX
induced a synergistic interaction with GEM in a pancreatic
tumor xenograft model. This synergy was attributed to
decreased collagen expression and improved drug distribution
in tumor tissues. Reduced collagen levels were found to be
associated with reduced numbers of activated fibroblasts in
tumor tissue (Fig. 7). Targeting ECM accumulation and/or
ECM-producing components in tumors may provide a promis-
ing strategy to modulate chemotherapeutic efficacy by improv-
ing drug distribution in tumor tissues in highly desmoplastic
tumors, such as PDAC.“®*” Evaluation of antifibrotic drugs
for their synergistic interaction should be further validated in
genetically engineered mouse models before clinical evalua-
tion.*® Tumor models in vitro, such as 3D culture of cancer
cells with myofibroblast creating desmoplastic tumor tissue,
may serve as an efficient tool for screening of antifibrotic
agents, which warrants further studies.“”
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TGF-B transforming growth factor beta
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