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ABSTRACT: Pancreatic ductal adenocarcinoma, as one of the n@gt-enriched tumor Stroma Deplotion Enhanced Penetration
aggressive cancers, is characterized by rich desmoplastic stroma_th ‘ :
forms a physical barrier for anticancer drugs. To address this issue’
herein report a two-step sequential delivery strategy for targeted theragy
of pancreatic cancer with gemcitabine (GEM). In this sequential
strategy, metformin (MET) wast administrated to disrupt the dense

stroma, based on the fact that MET downregulated the expression ofsg mi;:}::;;;;uﬂl;vﬂ% p
brogenic cytokine TGFto suppress the activity of pancreatic stellat@}% MGHE I f‘ﬁm

U

cells (PSCs), through the-&lenosine monophosphate-activated *

protein kinase pathway of PANC-1 pancreatic cancer cellSg. [N, ...+ acespsc o quescontrsc
consequence, the PSC-mediated desmoplastic reactions generating..  ower T O
smooth muscle actin and collagen were inhibited, which promotegyt ancparciss igpue Hr.a) s pHLe o165
delivery of GEM and pH (low) insertion peptide (pHLIP) coneadi

magnetic nanoparticles (denoted as GEM-MNP-pHLIP). In addition, pHLIP largely increased therindihthe nanodrug

to PANC-1 cells. The targeted delivery aadtive accumulation of MET/GEM-MNP-pHLIP in vivo werernwd by magnetic

resonance imaging enhanced by the underlying magnetic nanoparticles. The tumor growth inhibition of the sequential MET an
GEM-MNP-pHLIP treatment were investigated on both subcutaneous and orthotopic tumor mice models. A remarkably improve
therapeutic ecacy, for example, up to 91.2% growth inhibition ratio over 30 d of treatment, wekexbenpbvel cascade
treatment for pancreatic cancer and the innovative use of MET.

-5

INTRODUCTION stromal compartment of PDAC. Upon activation by

Pancreatic ductal adenocarcinoma (PDAC) is an extremdl© Progenic mediators such as transforming growth factor
malignant cancer with an overa#i-year survival rate lower (TGF-), PSCs will secrete excessive exiracellular matrix
than 10%? PDAC does not show any symptoms until (ECM) proteins, including collagebronectin, laminin, and
reaching advanced stages, which makes the early diagn@¥igoproteins, which are the predominant source of stroma.
extremely dicult. In consequence, most PDAC patients arelhe dense stroma produced by PSCs leads to high interstitial
restricted to chemotherapy, because they are not eligible farid pressure, which severely hinders thetiee extrava-
surgical resection anymore. sation of therapeutic (nano)agents from blood vessels to tumor
Gemcitabine (GEM), a cytidine nucleoside analogue, haissues. Moreover, the abundant stromal cells form a physical
become the standarst-line treatment of PDAC since 1977. barrier, together with the high-density ECM, to inhibit the
However, because of very fast metabolic deactivation pgnetration of given (nano)drugs for PDAC treathmefit.
cytidine deaminase, the clinical performance of GEM remaip$ erent strategies, including vascular normalization, degrada-
poor, with median survival time only extendable for a fefjon of stromal barrier, and inhibition of stromal synthesis,

’5 - B . B . N N
weeks:” Loading chemotherapeutic drugs with nanocarrier§aye heen considered to remodel the tumor microenvironment
has been proposed, because improved stability and tunable

releasibility, apart from the increased half-life and tumar
concentration of the loaded drugs, are reasonably expectedififeived: January 17, 2020
vivo® ° Nevertheless, the therapeutic performance of GEM:UPlished: February 18, 2020
loaded nanoagents against PDAC remains unsatisfactory.

In fact, PDAC as the most stroma-rich cancer contains as
high as 90% stroma besid&6% cancer celf$:* Pancreatic
stellate cells (PSCs) play a critical role in establishing the
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Scheme 1. lllustration of MET-Induced Stromal Deplefion
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Figure 1.Hydrodynamic size pile of GEM-MNP-pHLIP conjugates in water (a). (inset) TEM imag&andighted images of aqueous
solutions containing GEM-MNP-pHLIP withedent Fe concentrations as indicated. Temporal hydrodynamic sizes of the GEM-MNP-pHLIP
conjugates in water and PBSedburespectively (b), and HPLC traces showing the release of GEM upon incubation in the presence (upper) or
absence (lower) of cathepsin B at pH 5.5 ferelt periods of times (the concentration of GEM-MNP-pHLIP with respect to GEM was of 0.1
mg mL?%, and the concentration of cathepsin B was of 0.5 UN (oL

for optimizing the pharmacokinetic behaviors of nanoeancer theragy. Vitamin D receptor-mediated stromal

drugs.” ** For example, nanoparticles of semiconductingeprogramming showed great potentials in improving pancre-

polymer with photothermic activity in response to N€aratic cancer therapyThe blockade of TGFwas considered

infrared irradiation were used to digest collagen for enhancin i ¢ del the t . . tf
the tumor accumulation of partiéfe@uercetin nanoparticles an 9ec “_’e way. o remodetthe umor mlcroenwro.nmen or
were reported to modulate the tumor microenvironment foPotentially improving the therapeuticacy of many kinds of

improving the penetration of cisplatin nanoparticles in bladdeancer§?*° All above studies suggest that stroma-selective
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Figure 2(a) Prussian Blue staining and (b) Fe concentration of PANC-1 cells incubated for 4 h with GEM-MNP-pHLIP and GEM-MNP (10 mg
Fe LY at pH 7.4 and 6.5, respectivaly=(4). (c) The viability of PANC-1 cells treated with GEM, GEM-MNP, and GEM-MNP-pHLIP,
respectively, at pH 6.5 for 72rh=(4). (d) Western blot results of MPK, P-MKP, and TGFvels after PANC-1 cells were incubated with 10

M GEM or 5 mM MET for 24 h. (e) Quantitative analysis of P-AMKP and T&Fels from western blot assay. (f) Inmumr@scent images
of TGF- 1 protein in PANC-1 cells after treated withMIGGEM or 5 mM MET for 24 h. (g) Western blot assay shows the expressgM/Af
and collagen | in PSCs. PSCs were incubated with MET-treated supernatant of PANC-1 cells (MET-PS) or PBS-treated supernatant of PANC
cells (PBSPS) for 24 h. (h) Quantitative analysis-&MA and collagen | levels from western blot assay. (i) Immorescent images of
SMA in PSCs after PSCs were treated with PANC-1 cells-derived supernatants fiox 240B6,** p < 0.01.

modulation may provide a promising avenue toward improvedToward e cient treatment of PDAC, we herein propose a
PDAC treatment by further taking advantage of nanodrugs.sequential therapy combining a smart and innovative GEM
Metformin (MET), a commonly prescribed antidiabeticnanocarrier with MET to facilitate the delivery of GEM and

drug, is recently receiving increasing attention in suppressigm@gdicate the tumor burden. Spedly, MET is adopted to
cancer initiation and progressfbi® MET can suppress inhibit the production and secretion of TG#Ha the AMPK
tumor growth by activating adenosine monophosphatgrathway of PANC-1 cells for promoting the stromal depletion
activated kinase (AMPK) pathway and subsequent p33y inhibiting the activity of PSCs. The smart nanocarrier
pathway, inhibiting the electron transport chain (ETC) anccomprising of pH-responsive transmembrane unit and
adenosine triphosphate (ATPI% synthesis, suppressing ER&@ntrolled release unit, apart fromyOzenanoparticles
P70S6K signaling, and so®*br® The AMPK pathway is (MNPs) that can be used for monitoring the targeted drug
closely related with desmoplastic reaction by downregulatidglivery through magnetic resonance imaging (MRI), was
TGF-, which plays an important role in the synthesis oflesigned. It was then prepared by covalently conjugating pH
extracellular matri%>® Therefore, MET might be a potential (low) insertion peptide (pHLIP)a water-soluble membrane
candidate as a stromal modulator to remodel the tumgueptide and GEM via a cathepsin B-cleavable GFLG peptide
microenvironment for improving the penetration of chemosequence to the surface of MNPs. The pHLIP is known to gain
therapeutic nanodrugs in PDAC therapy, which has never baemnsmembrane ability in acidic tumor microenvironment
reported. owing to the formation of stable transmembramaix that
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facilitates the internalization of the underlying nanoparticles llyis ability, GEM-MNP-pHLIP conjugates were incubated
inserting into cell membranes, on account of the protonationith PANC-1 cells for 4 h at pH 7.4 and 6.5, respectively. In
of aspartate and glutamate resitfuésOnce internalized parallel, MNPs solely moekil with GEM (i.e., GEM-MNP)

into the cancer cells, GEM will be released in lysosome uparere prepared, according to the same procedures for GEM-
cleavage of its linker (i.e., GFLG peptide) by cathepsin B. MNP-pHLIP conjugates, except that pHLIP was not added
the animal experiments, MET was intraperitoneally injected {&Figure Sytand was used as control. The cancer cells were
deplete the dense stromal barrier of PDAC prior to thehen subjected to Prussian Blue staining to show tlemde
injection of the above nanoagents to facilitate #wive of pH on the internalization of MNPs, as giveriganre A.
delivery of GEM. The overall concept and working mechanisithe concentration of Fe in the cells was quantitatively

are schematically giverSicheme .1 determined by inductively coupled plasma mass spectrometry
(ICP-MS). As presentedHhigure B, the cellular uptake of the
RESULTS AND DISCUSSION GEM-MNP conjugates was nearly pH-independent at pH 7.4

PEGylated RE®, nanoparticles with surface carboxyl groupgnd 6.5, which indicated that the solution pH hareiyted
stemming from the poly(ethylene glycol) (PEG) ligands werthe internalization ability of F_>ANC-1 cells in the absence of
prepared through the pyrolysis of ferric acetylacetonate in tREILIP. However, the quantity of GEM-MNP-pHLIP con-
presence of, -dicarboxyl-terminated PEG according to ourjugates uptaken by PANC-1 cells at pH 6.5 was 3.2-fold higher
previous worlé The PEGylated MNPs dispersed in waterthan that obtained at pH 7.4. Meanwhile, the cellular uptake of
showed a number-averaged hydrodynamic size of 18.9 ## GEM-MNP conjugates at pH 6.5 is as low as that of GEM-
(Figure S)L A cathepsin B cleavable GEM derivative, that igMINP-pHLIP conjugates at pH 7.4, suggesting that lowering
GEM-GFLG-NH and pHLIP (NH,-AEQNPIY- pH can promote the cell bindingraty of the GEM-MNP-
WARYADWLFTTPLLLLDLALLVDADEGT), were then pHLIP conjugates to PANC-1 cells. Therefore, GEM-MNP-
conjugated to the surface of MNPs via amidation reaction, BEILIP conjugates exhibit enhanced cellular uptake in acidic
con rmed by Fourier transform infrared spectroscopy (FTIRfumor microenvironment due to pH-dependentgumation
and thermogravimetric analysis (TGA) results givegures ~ of pHLIP, which plays a key role inceent tumor retention
S2 and S3Further high-performance liquid chromatographyand enhanced cytotoxicity.
(HPLC) analysis revealed that each nanoparticle car@@d The methyl thiazolyl tetrazolium (MTT) method was
GEM and 11 pHLIP molecules on average, which increases gi#opted to study the cell viability afteextnt treatments.
hydrodynamic size to 22.9 nm as showfigore &, larger ~ The blank nanocarriers without GEM conjugation (MNP-
than that determined with transmission electron microscof3HLIP) did not show any toxicity toward human umbilical
(TEM), that is, 10.3 1.1 nm, owing to the hydration of the vein endothelial (HUVEC) cells, indicating excellent bio-
surface PEG ligands. To evaluate the MRI contrast enhangé@mpatibility of the mother MNPBigure Sp Meanwhile,
ment eect of the GEM-MNP-pHLIP conjugates, a series ofifter incubation of MNP-pHLIP with PANC-1 cells at pH 7.4
aqueous solutions of the conjugates with Fe concentratiénd 6.5, the viability of PANC-1 cells was netted by
ranging from 0.01 to 0.5 mM was prepared and then subjectéglution pH and concentration of MNP-pHLIP, ruling out the
to T,-weighted MR imaging (insetrofure &). By tting the e ects of solution pH and the mother MNPs on the viability of
curves of If; and 1/T, against Fe concentration, the molar PANC-1 cells Kigure S§a Compared with GEM-MNP
relaxivities of r1 and r2 were extracted as 6.7 and 153.5 mMonjugates, the GEM-MNP-pHLIP conjugates exhibited high-
S 1, respectively. It is worth mentioning that the GEM-MNP-€r cytotoxicity at pH 6.5, which was probably caused by the
pHLIP conjugates exhibit excellent colloidal stability in botenhanced cellular uptake of the GEM-MNP-pHLIP conjugates
water and phosphate lewed saline (PBS), as the hydro- in acidic pH Figure 2). At the same time, the cytotoxicity of
dynamic sizes in both media remain nearly unchanged over@8M-MNP conjugates was almost unchanged from pH 7.4 to
d (Figure b). 6.5 (Figure S6b However, the GEM-MNP-pHLIP conjugates
The target-triggered release of GEM is an essential part@fhibited higher cytotoxicity at pH 6.5 than that at pH 7.4,
the current design, because GEM is prone to be metabolizetiich might be attributed to pH-dependent enhanced cellular
by cytidine deaminase during blood circulation. On thisiptake Figure SQc To investigate the ect of cathepsin B-
account, GEM was conjugated to MNPs, hopefully to improweiggered drug release, PANC-1 cells were pretreated with
its metabolic stability, via the GFLG linker, which is cleavabt@thepsin B inhibitor CA-074Me to downregulate intracellular
between phenylalanine and leucine by cathepsin B overeathepsin B. As shownFilgure S;7the cytotoxicity of GEM-
pressed in pancreatic cancer cells. To verify the target-triggeMNP-pHLIP conjugates is greatly suppressed, indicating that
release, HPLC was used to quantitatively detect the releashe e cient drug release is very important for inhibiting cancer
GEM after the GEM-MNP-pHLIP conjugates were incubatedell proliferation. Another proof came from the much lower
with cathepsin B. As shownFigure t, 42.7%, 68.6%, and cytotoxicity of GEM-MNP-pHLIP conjugates to HUVEC cells
83.7% of the loaded GEM was released over 8, 16, and 24 owfing to the low cathepsin B level in the latter cells, which
incubation, respectively, while no GEM was detected if thisdicated low side ects of GEM-MNP-pHLIP conjugates
conjugates were incubated in the absence of cathepsin B. Siftégure SB Therefore, pHLIP-triggered cellular uptake and
cathepsin B is overexpressed in cancer cells, GEM-MN&athepsin B-sensitive drug release of GEM are rationally
pHLIP conjugates can achieve minimal drug leakage duriitdegrated for achieving enhanced anticancer capacity and
circulation and simultaneousheaive drug release in the reduced side ects.
targeted site, which is crucial in reducing the sibseof It is known that the dense stroma of PDAC is a serious
GEM. obstacle in chemotherafyThe antistromal therapeutic
Owing to the pH-dependent cguration, pHLIP as well as  strategy has therefore become a hot topic in PDAC therapy
the GEM-MNP-pHLIP conjugates are expected to gain actie recent years?’ The activation of AMPK pathway plays an
targeting ability to tumor cells at acidic pH. To demonstratémportant role in inhibiting desmoplastic reactidherefore,
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Figure 3.(a) Tumor tissues subjected to immunohistochemical stair®hdy), Picrosirius red staining, and Massachrome staining after

receiving dierent treatments as indicated (scale bam$Q(b) Western blot results of the expression of AMPK, P-AMPK ITGEMA, and

collagen | of tumor tissues receivingrdnt treatments as indicated. (c) Collagen content in tumor tissues was determined through Sircol collagen
assay after receivingadient treatments as indicatad-(5). (d) Prussian Blue staining of tumor tissues after receieiremtireatments 12 h
postinjection. Scale bar: 100. (e) Fe content in tumor tissues afteedint treatments was determined through ICRIMSY, (f) Temporal

evolution of dFdU in tumor tissues after receiviregedit treatments as indicatad:(5). (g) Temporal evolution of dFdCTP in tumor tissues

after receiving the treatments indicated in frame BJ. * p < 0.05** p < 0.01.

it is interesting to show theeet of MET on the AMPK  TGF- as the mostimportant mediator for PSCs activation can
signaling pathway. Because the phosphorylation of AMPK istamulate the activated PSCs to secrete excessive extracellular
necessary step to activate the loop of AMPK, the AMPK anmatrix protein$*® Since production and secretion of TGF-
phosphorylated-AMPK (P-AMPK) levels were then deterean be inhibited by MET, it is interesting to show thet® of

mined after PANC-1 cells were treated with MET. As shown iMET on the interaction between PANC-1 cells and PSCs in
Figure &,e, GEM treatment cannotat the AMPK and P- tumor stroma. To do so, PANC-1 cells were incubated with 5
AMPK level. However, a 2.3-fold increase in P-AMPK leveiM MET for 24 h with PBS as control. Then, the resulting
was observed after PANC-1 cells were incubated with 5 m8lipernatant of the cell culture media was collected and
MET for 24 h, indicating that MET can activate the AMPKincubated with PSCs for another 24 h. Teeooth muscle
pathway. The activation of AMPK pathway is known to bactin ( -SMA) and collagen | secreted by PSCs were
related with TGF-induced brogenesi§ As expected, the determined by western blot assay. As presenteduire
expression level of TGFa very important cytokine that plays 2g i, the expression level ofSMA and collagen | was

a critical role inbrotic processésyas also found to decrease reduced by 58.1% and 60.4%, respectively, after the PSCs were
by 47.6% according to the western blot asSaysd @,e), incubated with supernatant of PANC-1 cells receiving MET
which was further coomed by immunauorescent imaging treatment. However, theSMA level was not changed if PSCs
(Figure ®. The following enzyme-linked immunosorbentwere directly incubated with 5 mM MEFigure S10

assay (ELISA) results revealed that concentration ofITGF- Therefore, it can be concluded that MET cannot directly

in the cell culture media was decreased from 418.6 pg per Himulate PSCs to inhibit the stromal formation. However,
cells to 217.5 pg per®1€ells Figure SP It is known that MET can stimulate PANC-1 cells to inhibit the secretion of
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TGF-. As TGF- plays a critical role in PSCs-mediatedis quantitatively commed by ICP-MS analysis on the Fe
stromal reaction by regulatin@MA expression and collagen content of tumors in mice receiving the corresponding
| synthesi$? MET exhibits remarkable inhibitioreets on treatments. As shown kigure 8, the Fe accumulation in
PSCs-mediated stromal synthesis. tumors from MET/GEM-MNP-pHLIP group is increased by a
On the basis of the above in vitro cell studies, it is interestirfgctor of 2.4 in comparison with that from GEM-MNP-pHLIP
to show if MET can deplete the dense stromal barrier tgroup 24 h postinjection. The temporal variation of Fe content
promote the penetration of GEM-loaded MNPs for improvinglso reects the retention of the nanodrugs. For example, the
the treatment of PDAC. The oncotherapy experiments wekee content drops by 49.2% from 6 to 24 h postinjection for
then conducted on stromal-rich PDAC mouse modeMET/GEM-MNP-pHLIP group, much smaller than 68.3% for
established by subcutaneously inoculating a mixture &EM-MNP-pHLIP group and 75.6% for GEM-MNP group.
PANC-1 cells and PSCs (2°1)The tumor-bearing nude The enhanced retention of MNPs from GEM-MNP-pHLIP
mice were randomly divided into seven groups. Six of thegmoup, compared with that from GEM-MNP group, can
were treated with PBS (control), MET (100 mg/kg), low- reasonably be attributed to pHLIP that gains transmembrane
dosage GEM (GEM®6, 6 mg/kg body weight), high-dosagability in acidic environment and consequently enhances the
GEM (GEM15, 15 mg/kg), GEM-MNP (GEM, 6 mg/kg), uptake of the underlying MNPs, while the remarkably
and GEM-MNP-pHLIP (GEM, 6 mg/kg), respectively. Theincreased penetration and retention of MNPs in the MET/
last group was sequentially treated with MET followed b@GEM-MNP-pHLIP group strongly supports that MET can
GEM-MNP-pHLIP (MET/GEM-MNP-pHLIP, 6 mg/kg e ectively increase the tumor accumulation of MNPs loaded
GEM). The treatment ects on stroma are showrFigure with GEM by depleting the dense stromal barrier of PDAC.
3. For example, the untreated stroma (PBS group) is dense andCombination therapy is regarded as an indispensable
well-organized as depicted B$MA brown staining, rather strategy for cancer therapy in clinical praétidewever,
similar to the structure of collagebers outlined by the sequence of combination treatments is very critical for
Picrosirius red and Masson stainifgure a). However,  satisfying the spatiotemporal needs of each drug due to their
the collagenbers in tumor tissue were remarkably decreasedi erences in pharmacokinetics, mechanism of action, and
upon treatment with MET (i.e., MET and MET/GEM-MNP- action site§**? In this context, it is interesting to know if the
pHLIP group), strongly indicating that the dense stroma wasascade treatment based on sequential administrations of MET
obviously disrupted, while the tumor stroma from theand pHLIP prodrug can ectively suppress the deaminization
remaining four groups remains almost unchanged. of GEM in vivo. In principle, GEM undergoes twerdnt
To disclose the underlying molecular mechanism for stromaletabolic pathways in vivo, that is, being converted into
modulation induced by MET in vivo, western blot studies wer@active 22-di uorodeoxyuridine (dFdU) by cytidine deam-
performed atrst to show its eect on the expression levels of inase or being phosphorylated into triphosphate form
AMPK and P-AMPK. The results givenFigure ® and (dFACTP) that kill cancer cells by inhibiting ribonucleotide
Figure Sllapparently support that MET canedively reductasé.To disclose the pathway dominating the metabo-
activate the AMPK pathway as it does for PDAC cells in vitrtism of GEM loaded by MNPs, quantitative analysis on dFdU
Twofold increase of P-AMPK level was observed when tlaad dFACTP in tumor tissues of mice receivingredit
mice were treated with MET, while the remaining four groupseatments was performed by HPLC. The results shown in
did not show obvious change in P-AMPK expression. Thegure &g reveal that free GEM is prone to be transformed
expression level of TGE-determined in tumor tissue was into dFdU rather than dFdCTP in tumor in vivo. For example,
found to be decreased by 40% upon MET treatmenthe dFdU concentration in GEM6 group is 4.3-fold of that of
indicating that TGF-expression canexctively be inhibited GEM-MNP-pHLIP group 6 h postinjection, and the dFdCTP
by MET in vivo. concentration is only half of that from the latter group,
To quantitatively analyze the collagen content upon ME$Buggesting that the immobilized GEM is more metabolically
treatment, the tumor tissues extracted aftedit treatments  stable than free GEM. This can probably be interpreted by the
were subjected to Sircol assay. As shofigure 8, MET fact that the cytidine deaminase/GEM binding site is taken by
treatment can reduce the collagen content by up to 40%, wiie conjugation of GEM to MNPs, which increases the
in accordance with western blot and immunohistochemistrpetabolic stability of immobilized GEM in vivo. Moreover, the
results. Therefore, it can be concluded that MET treatment cAET pretreatment further raises the dFdCTP concentration in
e ectively activate AMPK pathway and then downregulate titemor if GEM-MNP-pHLIP treatment is followed. As a result,
expression of TGF4in tumor tissue in vivo, leading to the the MET/GEM-MNP-pHLIP group presents the highest
inhibition of -SMA expression and collagen | synthesis. In thidFdCTP concentration,20-fold higher than that of the free
context, MET treatment is reasonably expected to deplete t&=M groups (i.e., GEM 6 and GEM 15) 24 h postinjection.
dense stroma of PDAC to facilitate the delivery GEM carriethis dramatically increased dFdCTP concentration can
by MNP nanocarriers. reasonably be attributed to both enhanced penetration through
To verify the eect of MET treatment on the penetration the tumor stroma barrier and improved internalization into
e cacy of nanoparticles, the tumor tissues from mice receiviRANC-1 cells of the GEM-MNP-pHLIP conjugates, in
di erent treatments were stained with Prussian Blue to shaensequence of MET pretreatment.
the impact of MET on the eventual accumulation of MNPs in All this evidence suggests that combination of GEM-MNP-
tumors. Apparently, as showrrigure 8, the accumulation pHLIP prodrug with MET may maximize the therapeutic
of MNPs in tumor tissues is increased if comparing GEMe cacy of GEM by avoiding its deamination. To show the
MNP-pHLIP group with GEM-MNP group. Interestingly, the anticancer performance of this cascade treatment, the in vivo
accumulation of MNPs in tumor tissues can further b@ncotherapy experiments were then performed wétte i
increased if MET is administrated prior to the GEM-MNP-formulations based on the major components of the GEM-
pHLIP conjugates (MET/GEM-MNP-pHLIP). This tendency MNP-pHLIP conjugates and MET as well. As sholigtine
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Figure 4.(a) Tumor growth inhibition curves for PANC-1 subcutaneous xenografts borne by nude mice reaaivingadiments as indicated
(n=5) (the tumor volume was calculated by lergthdth/2). (b) Photographs of the tumors extracted on T+30 d after receieirenti
treatments as indicated. (c) H&E, Ki67, and TUNEL staining of the corresponding tumor tissues obtairer@rdfteeadiments. The
embedded scale bar corresponds to 108 p < 0.05** p < 0.01.

4a, MET and GEMG6 groups present little tumor inhibitiontreatment, while the remaining groups presented no obvious
e ect in comparison with PBS group. Theseis enhanced body weight change in comparison with the PBS control
by increasing the concentration of GEM up to 15 mg/kggroup, indicating low systemic toxicity of the nanoprodrugs.
(GEM15 group), while it is still weaker than those obtained Encouraged by the outstanding tumor inhibition ability
with the nanodrug groups, that is, GEM-MNP, GEM-MNP-demonstrated on the tumor subcutaneous xenograft tumor
pHLIP, and MET/GEM-MNP-pHLIP. The enhanced ther- model, tumor inhibition studies based on orthotopic pancreatic
apeutic ecacy in nanodrug groups might be ascribed to theancer were performed, as the latter is more clinically relevant.
e ective tumor accumulation and inhibition of GEM |n prief, the mixed cell suspension of PANC-1 cells transfected
deaminization. In addition, among all the nanoprodrug groungith a luciferase gene and PSCs was implanted through the tail
the MET/GEm-MNP-pHLlp group apparently_exhlblts the of pancreas. The detailed treatment procedures are shown in
best therapeutic eacy as shown ingure 4,b, which canbe gy re . The mice were randomly divided into seven groups
guantitatively expressed by tumor growth inhibition rat|((n = 5). The formation and the following growth of the

(TIR) given inFigure S120ver 30 d treatments, the TIR ratio 4ot ; ;
pic tumors after @irent treatments were monitored
was calculated to be 91.2%, 77.3%, 60.7%, 49.1%, 24.7%, oluminescence image (Bligure B,c) and MRI Eigure

%‘E%’_I\ZONrP %EET&?E'\Q}]I\Q ’\(IEPEIE/IHGLIrZs SC%\'\IA(;IMNP'F)HLIP’ 5d). According to the bioluminescence results shdviguire
y X » 1eSP Y. 5b,c, MET apparently presents no tumor inhibition function.

The antitumor eect of dierent treatments was also . S
investigated by analyzing the proliferation and apoptosis Ie\/g‘l ough GEM itself can inhibit the tumor growth to some

in tumor tissues using immunohistochemistry, includin X .e’.“: the nanodrug grpups .EXh'b't much improved ability in
hematoxylin-eosin (H&E) staining, Ki67 assay, and termin hibiting tumor growth; particularly the MET/GEM-MNP-
deoxynucleotidy! transferase (TdT)-mediated dUTP nick-enBHLIP group gives rise to the most sigamt tumor growth
labeling (TUNEL) assay. In brief, the tumor tissue from micdhibition as shown figures &,f ands17 The average tumor
receiving MET/GEM-MNP-pHLIP cascade treatment exhibit¥/éight was 2.01, 1.78, 1.56, 1.28, 1.14, 0.80, and 0.32 g for the
the highest apoptosis and lowest proliferation levels, as shoWge treated with PBS, MET, GEM6, GEM15, GEM-MNP,
in Figure ¢. Moreover, according to the Ki67 proliferation GEM-MNP-pHLIP, and MET/GEM-MNP-pHLIP, respec-
index and TUNEL apoptosis index as showfigimes S13  tively, which well verify the synergistieces of MET and

and S14the MET/GEM-MNP-pHLIP group exhibited the GEM-MNP-pHLIP on tumor growth inhibition. In addition,
highest therapeutic eacy, well-consistent with the results the stromal depletion after MET treatment was alsomoeh

given inFigure 4,b. In addition, the body weight of mice wasby immunohistochemistryFigure S1)8 The ex vivo
monitored for evaluating the systemic toxicity afredit histological analyses of tumor tissues indicated that the
treatments. As shown ltigure S15only the high-dosage MET/GEM-MNP-pHLIP group gave rise to the most
GEM group (GEM15) led to body weight loss during thepronounced apoptosis and lowest proliferation of tumor cells
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Figure 5.(a) Timeline for orthotopic PDAC tumor-bearing nude mice subjectedrentlireatments and measurements. (b) Bioluminescence
images of derent groups of mice recorded aedint time points during the treatment. (c) Quadtiuorescent signals of the tumor sites

against time after receivingedént treatments as indicatee (). (d) T,-weighted MR images of orthotopic PDAC tumors before and 4 h after
receiving dierent nanodrugs (10 mg of Fe per kilo body-weight) as indicated. (e) The average tumor weights of each group recorded on day 25
(f) Typical bright-eld images of tumors with spleens excised on day 25 post-trégirmeh5,** p < 0.01.

(Figures S1852(), well-consistent with results based on the Actually, the stroma-depleting strategy has been used in
subcutaneous tumor model. clinical studies of pancreatic cancer thetdfy. example,

It is deserved to mention that MNPs possess exdgllent PEGylated hyaluronidase PH20 (PEGPH20) was used to
contrast enhancement ability apart from acting as a drutigest highly expressed hyaluronan in pancreatic solid tumor to
carrier,’ °? which provides the possibility to monitor the decrease interstitialuid pressure for drug delivety.
delivery of the GEM-MNP-pHLIP prodrug with MRI. As Currently, the combination of PEGPH20 with GEM s in
shown inFigure 8, the precontrasted images of pancreati®hase |IP°> while the combination of small-molecule
tumors present simil@-weighted MRI contrast in compar- smoothened inhibitor LDE225 with GEM is in Phase Il
ison with the surrounding tissues. However, the contrast ofinical trial. As paclitaxel can suppress the formation of
tumorous region is largely increased postinjection of thetroma® albumin-bound paclitaxel can improve the overall
nanodrugs. Moreover, in comparison with GEM-MNP andurvival of metastatic pancreatic cancer in combination with
GEM-MNP-pHLIP groups, the MET/GEM-MNP-pHLIP GEM?’MET is a well-known antidiabetic drug with negligible
group gives rise to the greatest decrease in MRI signal, tlalverse ect. In recent years, MET is receiving more and
is, 37.7% for MET/GEM-MNP-pHLIP versus 20.9% for GEM-more attention especially in cancer therapy. For example, the
MNP-pHLIP and 8.3% for GEM-MNFRFigure S16 The hemin/MET combined therapy exhibited excitingaey in
e cient delivery and accumulation of the MNPs intriple-negative breast cancer managéfnehtle combining
consequence of MET/GEM-MNP-pHLIP treatment manifestMET with hexokinase-2 silencing is very promising in
well the rationale of the current nanodrug designs fomepatocellular carcinoma therdpyn addition, MET can
e ectively delivering GEM to tumor site. reverse lungbrosis and liverbrosis by activating the AMPK
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pathway? ° which supports the use of MET for depleting

the stroma of pancreatic cancer toward imp(oyed therapy. In  iqental procedures for the cell studies and animal

fact, bth GEM ar_ld MET are vyldely used.cllnlcal drugs, and studies, and more supplementagyres and tables

magnetic iron oxide nanoparticle as main component was (PDP

proved as clinical contrast agent many years ago. Therefore,

the current prodrug and the innovative combination of GEM

in PADC therapy hold bright futures with respect to AUTHOR INFORMATION
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