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A B S T R A C T

Cancer-associated fibroblasts (CAFs), are the key effector cells in pancreatic ductal adenocarcinoma (PDAC),
known to induce tumor growth and progression. Pancreatic stellate cells (PSCs) are the precursors of CAFs in
PDAC that secrete abundant extracellular matrix, growth factors and cytokines. In this study, we targeted human
relaxin-2 (RLX), an endogenous hormone, to PSCs to inhibit their differentiation into CAF-like myofibroblasts.
RLX significantly inhibited TGF-β induced PSCs differentiation by inhibiting pSmad2 signaling pathway. In vitro
in primary human PSCs (hPSCs), treatment with RLX dose-dependently inhibited the migration, contraction, and
protein expression of alpha smooth muscle actin and collagen I These data demonstrate that RLX can regulate
hPSCs activation in vitro. However, RLX has several drawbacks i.e. poor pharmacokinetics and systemic vaso-
dilation, that limits its preclinical and clinical application. Thus, we designed and successfully synthesized a
nanoparticle system by chemically conjugating RLX to superparamagnetic iron oxide nanoparticle (SPION) to
improve its pharmacokinetics. Interestingly, we found RLX-SPION to be more efficacious compared to free RLX
in vitro. Significantly, we observed RLX-SPION retarded the tumor growth by itself and also potentiated the effect
of gemcitabine in a subcutaneous co-injection (Panc1 and hPSCs) tumor model. The treatment resulted in sig-
nificant inhibition in tumor growth, which was attributed to reduced collagen I (ECM), desmin (hPSC marker)
and CD31 (endothelial marker) expression. In contrast, free RLX showed no significant effects. Altogether, this
study presents a novel therapeutic approach against tumor stroma using RLX-SPION to achieve an effective
treatment against pancreatic tumor.

1. Introduction

Pancreatic cancer is one of the most deadly malignancies with a 5-
year survival rate only of 8% [1]. Annually, > 50,000 people in U.S.
and 90,000 people in Europe are diagnosed with pancreatic ductal
adenocarcinoma (PDAC), the most common form of pancreatic cancer
[1]. Most of the cases of pancreatic cancer are diagnosed in advanced
stage, making the surgical treatment not feasible, and radiotherapy and
chemotherapy remains the golden standard [2,3]. However, these
treatments only benefit for few months [4,5]. One of the reasons for the
treatment failure is the abundant desmoplastic reaction or so-called

tumor stroma that accounts for around 90% of the tumor, which acts as
a barrier to chemotherapy [6,7]. Tumor stroma contains different cell
types including cancer-associated fibroblasts (CAFs), endothelial cells,
pericytes, macrophages and other immune cells. CAFs are the most
prominent stromal cells that produce abundant extracellular matrix
(ECM) and secrete several growth factors which in turn activate tumor
cells resulting in tumor progression and metastasis [8,9]. In addition,
the rapid tumor cell growth in a limited area imposes solid stress and
high cellular density, limiting the diffusion of chemotherapeutic drugs
[7]. In literature, modulation of tumor stroma is proposed as a potential
therapeutic approach to enhance the effect of chemotherapy [8,10,11].
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Pancreatic stellate cells (PSCs) are believed to be the main source of
cancer-associated fibroblasts (CAFs) and therefore becoming an pro-
mising target for modulating tumor stroma [12,13]. In PDAC, PSCs
acquire activated phenotype which is associated with high proliferative
and secretive phenotype compared to quiescent PSCs. Excessive secre-
tion of ECM by the activated PSCs leads to tumor-associated fibrosis
which presents a stromal barrier for drug penetration [14]. Therefore,
we hypothesized that inhibition of PSC activation might be an inter-
esting approach to potentiate the effect of chemotherapy for the
treatment of pancreatic cancer.

Relaxin and relaxin-like peptides are the part of the insulin super-
family that is present in all mammals and have diverse functions in both
male and female reproduction. Also they act as neuropeptide in nervous
system, as vasodilator and cardiac stimulant in cardiovascular system,
and as anti-fibrotic agents [15]. Humans and primates as higher
mammals have both relaxin-1 and relaxin-2 (RLX), while other mam-
mals have only RLX1 [15]. It was first recognized as a substance that
function to relax the pelvic ligament and influence female reproductive
tract [16]. In humans, relaxin is produced in corpus luteum during
pregnancy and the decidua in females while in males it is produced in
the prostate [17]. Other than its function in reproductive organs, stu-
dies have demonstrated that exogenous relaxin-2 (RLX) plays a number
of significant roles, which contribute to its therapeutic potential. Pre-
vious studies have shown the efficacy of RLX in reducing fibrosis
[18–22]. Relaxin-2 function by binding to its cognate receptor, high
affinity leucine-rich containing G-protein-coupled receptor LGR7 or
now known as RXFP1 (relaxin family peptide receptor type 1) to resolve
fibrosis by inhibiting Smad2/3 phosphorylation and stimulating MMPs
production [15]. However, direct application of RLX is limited due to
its relatively small size (6 kDa), short circulation half-life, and un-
desired effect such as systemic vasodilation.

The delivery of anticancer therapeutics into tumor by employing
nanoparticles has made significant progress. The encapsulation of
therapeutics into nanoparticles or conjugation to nanoparticles re-
present promising strategies to address several problems such as poor
solubility, limited stability, rapid metabolism and undesired side effects
[23,24]. For biological applications, nanoparticles need to be bio-
compatible, non-toxic, and stable at physiological pH. Super-
paramagnetic iron oxide nanoparticles (SPION) are one of the devel-
oped systems in the cancer management due to its high
biocompatibility. In the body, when the SPION are exposed to oxygen,
they are converted to maghemite (γ-Fe2O3), metabolized and trans-
ported by proteins like ferritin, transferritin, and hemosiderin [25].
SPION also have the ability to conjugate with a range of ligands,
functional groups, and drugs for receptor-specific targeting, improved
drug delivery efficiency [26], and the ability to respond to stimuli such
as magnetic field and heat [25,27].

Considering the anti-fibrotic effect of RLX and the diverse applica-
tions of SPION, in this study, we hypothesized that delivering RLX using
SPION could be an interesting approach to inhibit the differentiation of
human PSCs (hPSCs) into CAF-like myofibroblasts and thereby impair
tumor-promoting effects in vivo. We showed that RLX receptor RXFP1
was overexpressed in activated hPSCs. We first examined the inhibitory
effect of RLX on hPSCs differentiation, migration and contraction in
vitro. Then, we designed and prepared delivery system by conjugating
RLX on the surface of SPION using biochemical conjugation techniques.
Next, we compared the effect of the RLX-SPION and free RLX in vitro.
Then, we examined whether RLX-SPION inhibits hPSCs in vivo and
thereby reduce the tumor growth in a stroma-rich co-injection pan-
creatic tumor xenograft model. In addition, we also evaluated whether
co-treatment of RLX-SPION is able to induce the effect of chemotherapy
i.e. gemcitabine.

2. Materials and methods

2.1. Cells

Primary human pancreatic stellate cells (ScienCell, Carlsbad, USA)
were cultured in complete Stellate Cell medium (supplemented with 1%
Stellate Cell Growth Supplements (SteCGS), 1% penicillin/strepto-
mycin, and 2% FBS) (ScienCell). Panc-1 cancer cells were cultured in
Dulbecco's Modified Eagles Medium (DMEM) high glucose (4.5 g/l)
with L-glutamine (GE Healthcare, Vienna, Austria) supplemented with
100 μg/ml penicillin/streptomycin (Sigma Aldrich, St. Louis, MO, USA),
and 10% FBS (Lonza, Verviers, Belgium). Cells were maintained at
37 °C in a humidified 5% CO2 atmosphere.

2.2. Quantitative real time PCR

To examine the expression of relaxin receptor RXFP1 on TGF-β in-
duced hPSCs differentiation, cells were seeded into a 12 well plate at a
seeding density of 50,000 cells/well. The next day, cells were starved
for 24 h, then treated with TGF-β (5 ng/ml, Roche, Mannheim,
Germany). After 24 h, total RNA was isolated using GenElute™
Mammalian Total RNA Miniprep Kit (Sigma Aldrich) and the RNA
concentration was measured using a NanoDrop® ND-1000
Spectrophotometer (Thermo Scientific, Rockford, IL, USA). cDNA was
synthesized with iScript™ cDNA Synthesis Kit (BioRad, Veenendaal, The
Netherlands), and 10 ng cDNA were used for each PCR reaction. The
real-time PCR primers (Table 1) were purchased from Sigma Aldrich.
Quantitative real time PCR was performed with 2× SensiMix SYBR and
Fluoroscein Kit (Bioline GmbH, Luckenwalde, Germany) using a BioRad
CFX384 Real-Time PCR detection system (BioRad). Gene expression
levels were normalized to the expression of the house-keeping gene 18 s
rRNA.

2.3. F-actin staining

To analyse the effect of RLX on the F-actin organization of TGF-β-
induced hPSCs differentiation, cells were seeded into 24 well plate at a
seeding density of 4000 cells/well and starved for 24 h. hPSCs were
then incubated with 250 ng/ml RLN and/or 5 ng/ml TGF-β for 24 h and
then washed three times with PBS and fixed in 4% formaldehyde
(Sigma Aldrich) in PBS for 20min. After permeabilizing the cells with
0.1 M Triton X-100 (Sigma Aldrich) for 5min, F-actin was stained with
phalloidin (Life Technologies, Gaithersburg, MD, USA) at concentration
of 250 ng/ml for 60min. Next, cells were washed with PBS and then
covered with DAPI-containing mounting medium (Sigma). Images were
made using an EVOS FI fluorescent microscope (Life Technologies) at
ex. 540 nm/em 565 nm.

2.4. Relaxin conjugation to SPION

The conjugation of RLX to SPION was performed chemically using
EDC/NHS reaction. One hundred microliter SPION (Micromod,
Rostock, Germany) at concentration 5mg/ml were added with 50 μl
mixture of 5 μM EDC and 17.4 μM NHS dissolved in MES buffer
(pH 6.3). After 45min of incubation, the SPION were washed with PBS
and spun down in a 30 kDa amicon column at 5000 RPM (3 times) to

Table 1
Sequences of forward and reverse primers used during real-time PCR.

Gene Forward primer Reverse primer

r18s rRNA TGAGGTGGAACGTGTGATCA CCTCTATGGGCCCGAATCTT
α-SMA CCCCATCTATGAGGGCTATG CAGTGGCCATCTCATTTTCA
Collagen I GTACTGGATTGACCCCAACC CGCCATACTCGAACTGGAAT
Fibronectin GTATACGAGGGCCAGCTCAT CCCAGGAGACCACAAAGCTA
RXFP1 AGTCTCTCAGCCTAGAAGGGA TACAGCTGCGAACATGTGGT
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remove excess EDC and NHS. Eventually, the activated SPION were
incubated with 5 μg RLX overnight at 4 °C. The next day, the reaction
was stopped by washing with PBS (3 times) in amicon column.
Supernatant of first washing was collected for dot blot analysis. To
deactivate the remaining carboxylic group on the SPION, particles were
incubated with 10 μg glycine for 30min at room temperature. The re-
covered RLX-SPION were washed with PBS (3 times) in amicon columns
and resuspended in 100 μl PBS.

2.5. Dot blot

To evaluate the yield of conjugation, 5 μl of RLX, SPION, RLX-
SPION, and supernatant at different dilution were spotted on ni-
trocellulose membrane and allowed to dry for 10min. The membrane
was then incubated in 5% non-fat dry milk dissolved in TBST-20. After
1 h incubation, the membrane was washed with TBST-20 (3 times),
followed by incubation with anti-RLX primary antibody and species
specific horseradish peroxidase (HRP) labeled secondary and tertiary
antibody. RLX was detected with Pierce™ ECL Plus Western Blotting
substrate kit (Thermo Scientific) and the membranes were exposed to
FluorChem™ M System (ProteinSimple, San Jose, USA).

2.6. Prussian blue staining

To ensure the recovery of nanoparticles, 5 μl of RLX, SPION, RLX-
SPION, and supernatant at different dilution were spotted on ni-
trocellulose membrane and allowed to dry for 10min. Iron oxide was
detected with Prussian Blue staining kit (Sigma Aldrich). Images was
captured using normal camera.

2.7. Western blot

To evaluate the effect of RLX on the expression of hPSCs activation
markers α-SMA and collagen-1, hPSCs were seeded into a 12 well plate
at seeding density 40,000 cells/well. Next day, the medium was
changed with 0% FBS Stellate Cell medium to starve hPSCs for 24 h.
Subsequently, hPSCs were incubated with 5 ng/ml TGF-β and RLX at
different concentration for 24 h. To evaluate the effect of RLX on TGF-β
mediated phosphorylation of Smad2 in hPSCs, cells were seeded into a
12 well plate at a seeding density 40,000 cells/well. The cells were
starved for 24 h the next day and treated with 5 ng/ml TGF-β and RLX
at different concentration for 1 h. To examine the effect of RLX-SPION,
hPSCs were seeded and starved for 24 h. The cells were then treated
with SPION, RLX, or RLX-SPION for 24 h to examine the effect on
protein expression of α-SMA and collagen-1 (1 h for Smad2 phosphor-
ylation). Cells were lysed using 1× blue loading buffer containing 1×
DTT reducing agent (Cell Signaling Technology, Leiden, the
Netherlands) and homogenized using ultrasonication. Lysates were
collected for Western blot analysis. Protein lysates were separated on a
10% Tris-Glycine gel (Thermo Scientific) and then transferred onto a
PVDF membrane (Thermo Scientific). The blots were incubated with
the required primary antibody overnight at 4 °C followed by incuba-
tions with species specific HRP conjugated secondary and tertiary an-
tibody for 1 h at room temperature. Antibodies details are given in
Table 2. Proteins were detected with Pierce™ ECL Plus Western Blotting
substrate kit (Thermo Scientific) and the membranes were exposed to
FluorChem™ M System (ProteinSimple, San Jose, USA). The protein
signals were quantified using ImageJ Software (NIH, MD) and nor-
malized to β-actin.

2.8. Cell proliferation

hPSCs were seeded into a 96 well plate at a seeding density of 4000
cells/well. The next day, cells were starved for 24 h and treated with
RLX at different concentration for another 24 h. Number of cell was
observed using alamar blue assay (Invitrogen, Carlsbad, USA). In each

well, mixture of 10 μl of alamar blue dye and 90 μl of hPSC growth
media was added. After 4 h, fluorescent signal was measured using a
VIKTOR™ plate reader (Perkin Elmer, Waltham, Massachusetts).

2.9. Scratch assay

To evaluate the effect of RLN on hPSCs migration, cells were seeded
in a 24 well plate at a seeding density of 60,000 cells/well and starved
for 24 h.. After starvation, a scratch was made on the culture plate using
a 200 μl pipette tip fixed in a custom-made holder. Cells were washed
with serum-free media and incubated with serum-free media and RLX
at different concentrations. The same treatment was applied for the
evaluation of RLX-SPION effect on hPSCs migration. Images were
captured at t=0h and t=7h using an EVOS microscope. Images were
analyzed using ImageJ software to quantitate the area of the scratch
and represented as percentage of wound closure.

2.10. Animal study

Six-week old male CB17 SCID mice (Janvier Labs, Le Genest-Saint-
Isle, France) were subcutaneously injected with a 1:2 mixture of
1.5× 106 Panc-1 and 3× 106 hPSCs. Tumor sizes were assessed twice
a week. Tumor volumes were calculated using a standard formula
(volume= length×width2× 0.5). The treatments were started at day
10 when tumors were established. Mice were injected intravenously
with vehicle, RLX, or RLX-SPION with/without gemcitabine (50mg/kg,
intraperitoneally). At the end of the experiment, animals were eu-
thanized, tumors were harvested and snap frozen in cold 2-methyl
butane (Fisher Scientific). Frozen tumors were stored at −80 °C until
analysis.

2.11. Immunohistochemical Staining of mouse tumors

Mouse tumors were embedded in Cryomatrix (Thermo Scientific)
and stored at −80 °C. Tumors were cut into 7 μm thick sections using
Cryotome FSE (Thermo Scientific), dried and fixed in acetone for
15min. Tumor sections were rehydrated in PBS for 10min then in-
cubated with primary antibody diluted in PBS overnight at 4 °C.
Antibodies details are given in Table 2. The next day, slides were wa-
shed 3 times with PBS before incubation with secondary HRP-labeled
antibody diluted in PBS supplemented with 5% vol of normal mouse
serum. Staining with HRP-labeled secondary antibodies was continued
as described elsewhere [28]. Images have been made using a

Table 2
Details of the antibodies used in the study.

Antibody Source Dilution

Blotting IHC

Mouse monoclonal anti-actin, α-smooth
muscle

Sigma Aldrich 1:500

Goat anti-type I collagen Southern
Biotech

1:250 1:250

Rabbit monoclonal anti-Phospho-Smad2/3 Cell Signaling 1:1000
Rabbit monoclonal anti-Smad2/3 Cell Signaling 1:1000
Goat polyclonal IgG anti-desmin Santa Cruz 1:250
Rat anti-mouse CD31 Southern

Biotech
1:100

Rat monoclonal anti-human relaxin-2 RnD System 1:250
Polyclonal rabbit anti-goat immunoglobulin

HRP
Dako 1:2000 1:200

Polyclonal rabbit anti-mouse
immunoglobulin HRP

Dako 1:2000 1:200

Polyclonal rabbit anti-rat immunoglobulin
HRP

Dako 1:2000 1:200

Polyclonal goat anti-rabbit immunoglobulin
HRP

Dako 1:2000 1:200
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Hamamatsu NanoZoomer Digital slide scanner 2.0HT (Hamamatsu
Photonics, New Jersey, USA).

2.12. Graphs and statistical analyses

All graphs were made using GraphPad Prism version 5.02
(GraphPad Software Inc., San Diego, CA). All values are expressed as a
mean ± standard error of the mean (SEM). Statistical significance of
the results was performed by a two-tailed unpaired student's t-test for
comparison of two treatment groups. Differences were considered sig-
nificant for a p-value of *p < .05, **p < .01, ***p < .001.

3. Results

3.1. RLX receptor (RXFP1) expression is induced in TGF-β differentiated
hPSCs

RLX exerts its effects in hPSCs by binding to extracellular domain of
the relaxin family peptide receptor 1 (RXFP1). The gene expression
levels of RXFP1 were analyzed in non-activated quiescent hPSCs and
TGF-β-activated hPSCs. The activation and differentiation of hPSCs
upon TGF-β incubation was confirmed by the morphological changes
i.e. stretched and elongated shape, as shown with f-actin staining
(Fig. 1A) and hPSC activation markers such as alpha smooth muscle
actin (α-SMA), collagen I (Col-1α1), and fibronectin (FN) (Fig. 1B).
Interestingly, we found that the expression of RXFP1 was induced by
about 3-fold (p < .001) after TGF-β activation compared to the non-
activated cells as shown in Fig. 1B. These data clearly demonstrate that
TGFβ activated hPSCs overexpress RXFP1 receptor, suggesting it as an
appropriate target.

3.2. RLX inhibits TGF-β induced hPSCs differentiation by inhibiting pSmad2
pathway

To examine the effect of RLX on the differentiation of hPSCs, we
treated the cells with different concentrations of RLX with TGF-β. We
found that RLX inhibited the TGF-β-induced expression of α-SMA and
collagen-I in a concentration dependent manner, as shown with the
western blot analysis in Fig. 2A. To evaluate whether RLX inhbits the
downstream signaling of TGF-β i.e. the phosphorylation of Smad2, we
examined the protein expression of pSmad2 compared to total Smad2.
The western blot data showed a significant inhibition of TGFβ-induced
pSmad2/Smad2 ratio by RLX in a concentration-dependent manner, as
shown in Fig. 2B.

The inhibition of hPSC activation not only resulted in reduced cy-
toskeleton marker (α-SMA) and ECM production (collagen-1), but also
reduced the TGF-β-induced contractility of hPSCs, as shown with 3D
collagen gel contraction assay (Fig. 3A). In addition, we evaluated the
effect of RLX on the migration of hPSCs using scratch assay. We found
that TGF-β did not induce the migration of hPSCs (data not shown),
which is line of the previous study [14]. Yet, RLX treatment resulted in
a significant inhibition in cell migration compared to control (un-
treated) cells (Fig. 3B). These data show that RLX is able to counteract
the effect of TGF-β directly which leads to the inhibition of TGF-β-in-
duced differentiation and contraction as well as migration of hPSCs.

3.3. Preparation and characterization of RLX-SPION conjugates

After confirming the pharmacological effects of RLX in vitro, we
conjugated it to SPION (~60 nm) using carbodiimide reaction, as illu-
strated in a schematic representation in Fig. 4A. The successful con-
jugation of RLX to SPION was confirmed by a dot blot analysis using
anti-RLX antibody, followed by Prussian blue iron staining to detect
iron oxide nanoparticles. Fig. 4B shows the qualitative representation of
RLX (column 1), RLX-SPION (column 2), SPION alone (column 3) and
supernatant (column 4) of the left and right blots. In the left blot,

absence of RLX expression in SPION alone and supernatant suggests no
binding of anti-RLX to SPION and no unconjugated RLX was found after
the reaction, respectively. Quantitative analysis of Prussian blue
staining in the right blot in RLX and RLX-SPION indicates the successful
conjugation with a yield of about 91.23%. Dynamic light scattering
(DLS) shows a slight increase in the hydrodynamic size of SPION after
conjugation with RLX (Fig. 4C, E). Next, we observed an increase of
negative surface changes (zeta potential) of the particles after RLX
conjugation (Fig. 3D, E), indicating a successful conjugation with no
major alterations in the physicochemical properties of the nano-
particles.

3.4. RLX-SPION inhibits hPSC differentiation into CAF like myofibroblasts

Since the conjugation of RLX to SPION could hinder its biological
activity, we examined the effect of RLX-SPION in hPSCs in comparison
with free RLX. As a control, we also examined the effect of SPION alone
and the effect of mixture of SPION and RLX (unconjugated). The pre-
sence of SPION did not affect hPSCs activity in vitro (Fig. 5A-B). Sur-
prisingly, we found that RLX-SPION was more effective in inhibiting
hPSCs activation compared to free RLX. As shown in Fig. 5A, the

Fig. 1. hPSCs differentiation and the expression of the human Relaxin-2 (RLX)
specific surface receptor RXFP1 on hPSCs. (A) F-actin staining showing the
morphological difference between untreated hPSCs and hPSCs treated with
TGF-β for 24 h. Scale bar 100 μm. (B) The gene expression of CAF-like myofi-
broblasts markers α-SMA, Col-1α1 (collagen-1), and fibronectin, and RLX re-
ceptor RXFP1 in untreated hPSCs and hPSCs treated with TGF-β for 24 h. Data
represents mean ± SEM for at least 3 independent experiments. Statistical
differences are *p < .05, ***p < .001.

D.F. Mardhian et al. Journal of Controlled Release 290 (2018) 1–10

4



western blot analysis confirmed that reduction in α-SMA expression
was much higher with RLX-SPION compared to free RLX. We further-
more demonstrated that the reductions in α-SMA and collagen-1 were
due to the inhibition of TGF-β signaling, as confirmed by the inhibition
of Smad2 phosphorylation (Fig. 5B).

Next, we examined the effect of RLX-SPION on the contractility and
migration of hPSCs. We found that RLX-SPION also signficantly in-
hibited the TGFβ-induced contraction in collagen gel assay and hPSC
migration in scratch (wound healing) assays (Fig. 6A and B). These
effects were higher than free RLX, which might be due to multivalent
effect of RLX on SPION.

3.5. RLX inhibits the tumor growth and potentiates the effect of gemcitabine
in co-injection pancreatic tumor xenograft model

Next, we investigated whether RLX-SPION is able to inhibit the

differentiation of hPSC into CAF-like myofibroblasts in vivo and thereby
diminish the tumor-promoting effects i.e. tumor growth, fibrosis and
barrier for chemotherapy. To achieve this, we first established a stroma-
rich pancreatic tumor xenograft model by co-injecting PANC-1 tumor
cells and hPSCs into the flank of immuno-deficient mice (Fig. 6A). We
confirmed that these tumors generate abundant tumor stroma and in-
duce CAF markers, thereby mimic human pancreatic tumor to study the
effect on tumor stroma (data not shown). After the tumors were es-
tablished, we administered intravenous injections of vehicle, RLX or
RLX-SPION (equivalent to 20 μg/kg RLX) with or without combination
of gemcitabine (50mg/kg, i.p.) twice a week. Treatment with RLX
showed an early reduction of tumor growth but then tumors grew
again, while RLX-SPION showed much higher tumor inhibitory effects
(Fig. 7B). Interestingly, both RLX alone and RLX-SPION strongly in-
duced the anti-tumor effect of gemcitabine (Fig. 7B and C). Importantly,
only RLX-SPION showed a significantly increased the effect of

Fig. 2. Effect of RLX on TGF-β mediated hPSC differentiation. Western blot (A) and quantification (B) showing the inhibitory effect of RLX (125, 250, 500, 1000 ng/
ml) on the protein expression of α-SMA and Col-1 in hPSCs activated with TGF-β for 24 h compared to untreated hPSCs and the inhibitory effect of RLX (125, 250,
500, 1000 ng/ml) on the phosphorylation of Smad2 in hPSCs activated with TGF-β for 1 h compared to untreated hPSCs. Protein levels are normalized to β-actin.
Data represents mean ± SEM for at least 3 independent experiments. Statistical differences are *p < .05, **p < .01, ***p < .001.

Fig. 3. Effect of RLX on hPSC contractility and mi-
gration. Representative images and quantification
showing the effect of RLX (125, 250, 500, 1000 ng/
ml) on the contraction of hPSCs activated with 5 ng/
ml TGF-β after 96 h compared to untreated control
(A). Representative microscopic images and quanti-
fication showing the effect of RLX (125, 250, 500,
1000 ng/ml) on the migration of hPSCs after 7 h in-
cubation (B). Data represents mean ± SEM for at
least 3 independent experiments. Statistical differ-
ences are *p < .05, **p < .01, ***p < .001.
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gemcitabine (Fig. 7C). None of the treatments showed any negative
effect on the body weight (Fig. 7D).

Furthermore, we analyzed the isolated tumors for the effect on the
hPSC activation (desmin as a CAF marker), fibrosis (collagen-1 accu-
mulation) and vasculature (CD31 as endothelial marker) using im-
munohistochemical staining (Fig. 8A-C). These data showed that RLX-
SPION treated mice had a significant reduction of these marker com-
pared to untreated tumors, while RLX showed only a minor but not
significant reductions (Fig. 8A-C). Furthermore, these effects were ir-
respective of the gemcitabine treatment, indicating the actual effect of
targeted RLX. These data indicate that targeting of RLX using SPION
could strongly inhibit CAF formation in vivo and thereby diminish
hPSC-induced collagen deposition and tumor growth. Collagen is a
barrier for drug delivery and reduction of collagen caused by RLX-
SPION led to the improved therapeutic efficacy.

4. Discussion

In this study, we for the first time demonstrate that targeting of an
endogenous peptide hormone RLX using SPION inhibits hPSC-induced
fibrosis and tumor growth as well as potentiate the effect of gemcita-
bine in pancreatic cancer. Desmoplastic reaction in tumor or so-called
tumor stroma plays an important role in tumor growth and progression
as well as acts as a barrier to chemotherapy [6–8]. Tumor stroma in

pancreatic tumor can account for up to 90% of the total tumor mass
[6,29]. In the present study, RLX inhibited hPSCs differentiation into
CAF-like myofibroblasts and ECM production by intervening TGF-β
signaling pathway. By conjugating RLX to SPION, greater inhibitory
effects were gained compared to free RLX. In vivo in a stroma-rich
mouse tumor model, RLX-SPION showed anti-tumor effects by in-
hibiting hPSC-induced tumor growth and also enhanced the effect of
gemcitabine.

Human PSCs are believed as the main source of CAFs in tumor
stroma of pancreatic cancer [9,11,30,31]. The differentiation of hPSCs
into CAF-like myofibroblasts is induced by cytokines such as TGF-β as a
result of the crosstalk with cancer cells and other stromal cells in the
tumor microenvironment. RLX, a peptide hormone, has been shown to
be efficacious in inhibiting/reversing fibrosis in cardiac and renal fi-
brosis models [18–22]. A study reported a comparable approach in
addressing pancreatic cancer by employing adenovirus expressing re-
laxin [32]. In the present study, we performed different approach of
combination therapy by targeting relaxin. We showed that TGF-β-ac-
tivated hPSCs overexpressed RLX-specific surface receptor, RXFP1 and
treatment with RLX resulted in reduced TGFβ-induced hPSCs differ-
entiation in vitro.. In literature, RLX has been shown to inhibit the TGF-
β-mediated activation of cardiac and renal fibroblasts [18–22]. The
ECM secretion and contractility are key features of activated hPSCs to
generate dense tumor stroma and enhance intratumoral tension, which

Fig. 4. Conjugation of RLX to superparamagnetic iron oxide nanoparticles (SPION). (A) Schematic representation of conjugation of RLX to SPION using carbodiimide
chemistry. (B) Immunoblot (left panel) of RLX (1), RLX-SPION (2), SPION (3), and supernatant of the reaction (4) and iron staining (right panel) of each sample as
mentioned previously. Images show the presensce of RLX and SPION suggesting successful conjugation. Histograms of dynamic light scattering (C), zeta potential (D),
and detailed physiochemical data (E) for SPION, RLX-SPION,.
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inhibit tumor drug penetration [33]. Studies have shown that reduction
of fibrosis is able to enhance the therapeutic efficacy of chemotherapy
[34,35]. Interestingly, in the present study treatment with RLX reduced
both TGF-β-induced collagen production and contraction which shows
its ability to inhibit key stromal features in relation to stromal barrier.
hPSCs are known to migrate in the tumor microenvironment and sup-
port tumor metastasis. In this study, treatment with RLX also reduced
the migration of hPSCs, indicating a strong effectivity of RLX.

Biologics such as peptides and proteins are susceptible for enzy-
matic degradation and are also rapidly cleared from the body. To
protect them from the degradation and prolong their half-life, various
types of nanocarriers are commonly used [36]. Likewise, in this study,
we used SPION to overcome the drawbacks of RLX such as rapid

degradation and short circulation. The advantage of SPION is multifold
including small size (known for evading reticuloendothelial system and
better tumor penetration) [37,38], large surface area allowing surface
conjugation and detection using MRI [39]. Since RLX needs to bind to
the RXFP1 receptor, a membranous receptor present on hPSCs, we
conjugated RLX on the surface of SPION with a PEG spacer allowing
RLX to bind freely to the receptor. Studies showed SPION do not elicit
cytokine response and is considered non-toxic at low dose [40–42]. It is
crucial to notice that after conjugation such a molecule can lose its
activity due to conjugation at the receptor interaction site or steric
hindrance caused by the conjugation. RLX is comprised of chain A and
B joint with a linker chain. In literature, chain A has been shown to be
responsible for the bioactivity [43,44], while the chain B seems to be

Fig. 5. Effect of RLX-SPION on TGF-β mediated hPSCs differentiation. Western blots (A) and quantification (B) showing increased inhibitory effect of RLX-SPION
compared to free RLX on the protein expression of α-SMA and Col-1 in hPSCs treated with 5 ng/ml TGF-β for 24 h and on the phosphorylation of Smad2 in hPSCs
treated with 5 ng/ml TGF-β for 1 h. Data represents mean ± SEM for at least 3 independent experiments. Statistical differences are **p < .01, ***p < .001.

Fig. 6. Effect of RLX-SPION on hPSCs contractility
and migration. (A) Representative images and
quantification showing increased inhibition of TGF-β
induced hPSCs contraction after 96 h incubation
with RLX-SPION compared to free RLX. (B)
Representative microscopic images and quantifica-
tion showing increased inhibition of hPSCs migration
after 7 h incubation with RLX-SPION compared to
free RLX. Data represents mean ± SEM for at least 3
independent experiments. Statistical differences are
*p < .05, **p < .01, ***p < .001.
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required for proper confirmation. We found that chain B had 2 lysine
groups and a N-terminal amine group, which we likely used for con-
jugating RLX to SPION using carbodiimide chemistry. This conjugation
strategy allowed chain A available for binding to the receptor without
the release of RLX from SPION. Our in vitro effect studies confirmed that
RLX-SPION did not lose the activity, however, surprisingly the con-
jugated form resulted in greater activity compared to free RLX. This
might be due to increased stability allowing longer duration of action
and/or confinement of the molecules allowing better interaction with
the receptor. In addition, it is known that multivalent interaction in-
stead of monovalent interaction can result in stronger and more selec-
tive interaction [45]. Therefore, multivalency of RLX in RLX-SPION
might have contributed to the enhanced effects.

In line with the in vitro data, administration of RLX-SPION into co-
injected (Panc-1 and hPSC) human tumor-bearing mice reduced the
activation of hPSCs, as indicated by the reduced desmin expression
levels. Since the activated hPSCs are responsible for ECM production
and inducing angiogenesis, inhibition of hPSC activation led to the
reduction of both ECM deposition and angiogenesis, as indicated by the
decreased expression of collagen-1 and CD31 in tumor stroma, re-
spectively. In contrast, free RLX did not show any significant reduction,
highlighting the benefit of targeting. We have earlier shown that hPSCs
induce tumor growth after combining with PANC-1 tumor cells in vivo,
demonstrating that hPSCs contribute to the tumor growth [46]. In this
study, the inhibition of hPSC activation by RLX-SPION resulted into
slower tumor growth. In addition, when combined with gemcitabine,
RLX-SPION significantly induced the effect of gemcitabine which is
attributed to reduced collagen deposition, allowing better drug pene-
tration. In contrast, free RLX did not significantly improve the effect of

gemcitabine, which is in line of the lack of effect of RLX on collagen
deposition.

In conclusion, this study demonstrates that the delivery of RLX using
SPION is an attractive approach to enhance the therapeutic efficacy of
RLX in vivo. Inhibition of hPSCs activation by RLX-SPION not only in-
hibited the collagen deposition and angiogenesis, but also retarded the
tumor growth. Moreover, RLX-SPION induced the anti-tumor effect of
gemcitabine by reducing collagen deposition, a main barrier for lim-
iting tumor drug delivery. Furthermore, detection of SPION using MRI
might be used for detecting tumor delivery. Altogether, this study
presents a novel nanotherapeutic approach for impaing the effect of
tumor stroma to achieve an effective treatment against pancreatic
tumor.
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treatment with gemcitabine on the tumor growth (B)
of co-injection (Panc1 and hPSCs) subcutaneous xe-
nografts in mice, *p < .05 versus vehicle group and
#p < .05 versus Gem group and tumor volumes at
the end time point (C) the differences are *p < .05,
**p < .01, ***p < .001. The effect of RLX and RLX-
SPION cotreatment with gemcitabine on the body
weight of co-injection (Panc1 and hPSCs) sub-
cutaneous tumor bearing mice (D). N=5–6 mice per
group.
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