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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest cancer. It has an excessive 

desmoplastic stroma that can limit the intratumoral delivery of chemotherapy drugs, and protect 

tumor cells against radiotherapy. Therefore, both stromal and tumor compartments need to be 

addressed in order to effectively treat PDAC. We hereby co-deliver a sonic hedgehog inhibitor, 

cyclopamine (CPA), and a cytotoxic chemotherapy drug paclitaxel (PTX) with a polymeric micelle 
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formulation (M-CPA/PTX). CPA can deplete the stroma-producing cancer-associated fibroblasts 

(CAFs), while PTX can inhibit tumor proliferation. Here we show that in clinically relevant PDAC 

models, M-CPA effectively modulates stroma by increasing microvessel density, alleviating 

hypoxia, reducing matrix stiffness while maintaining the tumor-restraining function of 

extracellular matrix. M-CPA/PTX also significantly extends animal survival by suppressing tumor 

growth and lowering the percentages of poorly to moderately differentiated tumor phenotypes. Our 

study suggests that using multifunctional nanoparticles to simultaneously target stromal and tumor 

compartments is a promising strategy for PDAC therapy.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) belongs to one of the most lethal types of cancer, 

with an overall 5-year survival rate of patients below 5% [1]. Therefore, there is an unmet 

medical need to develop an effective treatment for this disease. PDAC is distinguished from 

other cancers by its extensive desmoplastic stroma, a fibrotic deposition produced by cancer-

associated fibroblasts (CAFs) [2]. The exact role of stroma during PDAC progression has 

been under debate. Conventionally, stroma was thought to protect tumor cells against 

radiation, restrict the delivery of chemotherapy drugs into tumors, and promote tumor 

progression and metastasis [3]. The stroma-producing CAFs also induce drug resistance in 

tumor cells [4]. Therefore, it was once considered beneficial to ablate stroma and CAFs. 

Sonic hedgehog (SHH) pathway is a key regulator for CAF activation and stromal 

deposition. It also contributes to the initiation and progression of PDAC, and maintenance of 

tumor-initiating cells [5]. As a result, SHH inhibitors were tested as a promising strategy for 

pharmacological depletion of CAFs [6].

However, SHH inhibitors produced disappointing results in clinical trials on PDAC patients, 

giving no survival benefit over standard-of-care therapies [7–10]. Further studies on 

genetically engineered mouse models of PDAC showed that genetic or pharmacologic 

inhibition of SHH signaling only resulted in shortened median survival of mice [11, 12]. In 

these studies, high doses of SHH inhibitors (up to 100 mg/kg daily) were administered over 

an extended time to ablate the alpha smooth muscle actin-positive (α-SMA+) CAFs (~80% 

reduction) and type I collagen in the tumor extracellular matrix (ECM). Surprisingly, the 

loss of collagenous ECM induced the epithelial-mesenchymal transition (EMT) in tumor 

cells, which led to more invasive and metastatic tumor phenotypes, and subsequently 

treatment failure [12]. These results highlighted the importance of preserving the tumor-

restraining function of collagenous matrix during PDAC therapy. Because SHH inhibitors 

used at high doses might have caused significant systemic toxicity and possible off-target 

effects, we argued that the benefits of SHH inhibition in PDAC treatment should not be 

completely ruled out [13]. Numerous preclinical studies had shown that treatment with SHH 

inhibitors, e.g., cyclopamine (CPA) and IPA-926 (saridegib, a semisynthetic derivative of 
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CPA), could increase tumor vasculature [14], sensitize tumor cells to radiotherapy [15], and 

deplete cancer stem cells [16].

We hereby propose an alternative approach with two key features. First, the extent of stroma 

reduction might be controlled by lowering the dose of SHH inhibitors. In this way, we can 

avoid the catastrophic consequences of stroma ablation, while retaining the benefits of SHH 

inhibition. Second, a cytotoxic agent, e.g. paclitaxel (PTX), might be co-administered to 

suppress the proliferation of invasive tumor cells. To test this approach, we developed a 

polymeric micelle-based nanoformulation (termed M-CPA/PTX) to co-deliver CPA and 

PTX, and examined its performance in three orthotopic PDAC models: human PDAC 

MiaPaca-2-luciferase xenograft model, patient-derived xenograft model, and an genetically 

engineered mouse (GEM) model of PDAC (KPC-Luc model, KrasG12D; p53T172H; Pdx1-

Cre; Luciferase). The preclinical results reported here demonstrate that M-CPA/PTX 

successfully modulated stroma without ablating the collagenous matrix. Remarkably, M-

CPA/PTX treatment significantly prolonged the survival of KPC-Luc mice compared to 

gemcitabine and abraxane, and significantly lowered the percentiles of poorly to moderately 

differentiated phenotypes. Taken together, multifunctional nanoparticles targeting multiple 

cellular populations is a promising approach for PADC therapy.

Materials and Methods

Experimental design

The in vivo studies were designed to evaluate the antitumor efficacy of M-CPA/PTX in 

preclinical tumor models. Sample size of 5 to 10 is standard for xenograft studies with 

frequent measurements of tumor burden via bioluminescence or T2-MRI and was sufficient 

for detection of significant differences between control and treatment groups. Sample size of 

8 to 15 has been used for survival studies in spontaneous tumor models and was sufficient 

for detection of significant differences between the untreated control and M-CPA/PTX 

groups. The late-treatment M-CPA/PTX group had only 7 mice because 1 mouse had to be 

euthanized owing to severe fight wounds and was censored. Cohorts were randomized by a 

technician, and pathological analyses were completed by a licensed pathologist; both were 

blinded to the treatment history. Study groups were followed until mice were moribund or 

until the predetermined time of study completion. Animal morbidity was independently 

examined by in-house veterinarians, and mice were euthanized upon their recommendation. 

All animal studies were approved by the Institutional Animal Care and Use Committee of 

The University of Texas MD Anderson Cancer Center and were carried out in accordance 

with institutional guidelines.

Orthotopic MiaPaca-2-luc pancreatic xenograft model

Orthotopic MiaPaca-2-luc pancreatic tumor xenografts were established in female NCR 

nude mice (Taconic, Hudson, NY). A small incision was made in the left abdomen of each 

mouse. Directly into the pancreas was injected 50 µL of cell suspension (1 × 106 MiaPaca-2-

luc cells and 3 × 106 HPSCs) in a 1:1 volume mixture of Hank’s balanced salt solution and 

Matrigel. The incision was closed with absorbable sutures, and the tumors were allowed to 

grow for 4 weeks before treatment. Mice were randomly assigned to 4 different groups 
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consisting of 10 mice per group: (1) untreated (control); (2) M-CPA; (3) M-PTX; and (4) M-

CPA/PTX. Each micellar formation was injected intravenously at a dosage of 10 mg/kg/

drug/injection, 3 injections per week. Luciferase activity was monitored weekly by 

intraperitoneal injection of D-luciferin (150 mg/kg) according to the manufacturer’s 

instructions. The luminescence signals were recorded up to 20 min after D-luciferase 

injection and the peak value was recorded using a Xenogen IVIS-200 optical system 

(PerkinElmer, Waltham, MA).

Orthotopic PDX models

Orthotopic PDX models were established in female J:Nu nude mice (Jackson Lab, Bar 

Harbor, ME) according to published procedures [17]. A small incision was made in the left 

abdomen of each mouse. PDX tumors (PAXT#69 and #102) less than 5 passages were cut 

into 1-mm3 pieces and sutured to the pancreas. The incision was closed with absorbable 

sutures. MRI images were acquired on a Biospec USR70/30 imaging system (Bruker 

Biospin MRI, Billerica, MA) equipped with a 7T magnet using micro-imaging gradient and 

a purpose-built small animal coil [18].

Tumor size was monitored using respiration-gated T2-MRI following standard protocols. 

The following parameters were used: TE/TR = 38/2000 ms; BW = 101010.10 Hz; Rare = 8; 

averages = 3; matrix size = 256 × 192; field of view = 4 cm × 3 cm; slick thickness = 0.75 

mm; slice gap = 0.25 mm. Images were processed using Bruker Biospin software. Tumor 

size was measured at the largest tumor cross-section of axial images and reported as the 

mean of the length and width of tumor at this point. Mice were randomly assigned to the 

untreated control or M-CPA/PTX treatment group, 5 mice per group, once tumor size 

reached 6 to 8 mm. M-CPA/PTX was injected intravenously at 5 mg/kg/drug/injection, 3 

injections per week, for the first 2 weeks and then intraperitoneally at the same schedule for 

up to 8 weeks.

For DCE-MRI, mice were anesthetized with isoflurane, and a catheter fitted with a heparin-

flushed 27-gauge needle was securely inserted into the tail vein. Three-dimensional (3D), 

fast spoiled gradient recalled (3D-fSPGR) images were acquired before and sequentially for 

15 minutes after intravenous bolus injection of the biotin-BSA-Gd-DTPA. The following 

parameters were used: TE/TR = 1.3/40 ms; BW = 79365.10 Hz; averages = 1; matrix size = 

128 × 96; field of view = 3 cm × 3 cm; slick thickness = 2 mm; slice gap = 0.00 mm. Ktrans 

values were calculated according to published protocols[19].

KPC-Luc transgenic mouse model

KPC-Luc mice were generated from breeding LSL-KrasG12D/+; LSL-p53T172H/+; Pdx1-Cre 

(KPC) mice with ROSA26-pGAGGs-LSL-Luciferase mice[20]. PDX-1-Cre, which drives 

KrasG12D, also drives an inducible luciferase in pancreatic acinar cells, and the resultant 

tumors are luciferase positive. Bioluminescence imaging (Xenogen IVIS-200 optical system, 

PerkinElmer) was used to monitor tumor presence in KPC-Luc mice between the ages of 90 

and 140 days. For the early-treatment protocol, mice with positive bioluminescence signals 

(5 × 108 to 20 × 108 photons/second) were recruited at ages 95 to 100 days and randomly 

assigned to the untreated control (N = 15), gemcitabine (N = 11), abraxane (N = 10) or M-
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CPA/PTX treatment groups (N = 10). M-CPA/PTX was injected intravenously at 5 mg/kg/

drug/injection at 3 injections/week for the first 2 weeks and then intraperitoneally at the 

same schedule until mice became moribund or until 90 days after treatment initiation. 

Gemcitabine was intraperitoneally injected at 100mg/kg twice per week until mice died. 

Abraxane was given at 5 mg/kg/injection with the same schedule of M-CPA/PTX. The last 

surviving mouse was sacrificed at the age of 280 days. For the late-treatment protocol, mice 

with palpable tumors were enrolled at ages 120 to 130 days and randomly assigned to the 

untreated control or 1 of 4 treatment groups: untreated control (N = 8), gemcitabine (N = 8), 

abraxane (N = 8), M-CPA + M-PTX (N = 8), M-CPA/PTX (N = 8). Each micellar 

formulation was injected intravenously at 5 mg/kg/drug/injection at 3 injections/week for the 

first 2 weeks and then intraperitoneally at the same schedule until mice became moribund or 

until 60 days after treatment initiation, when all the surviving mice were sacrificed. 

Gemcitabine was intraperitoneally injected at 100 mg/kg twice per week until mice died. 

Abraxane was given at 5 mg/kg/injection with the same schedule of M-CPA/PTX.

UPLC-MS/MS assay for simultaneous quantification of PTX and CPA

For quantification of PTX and CPA, chromatographic separation was achieved on Hypersil 

GOLD C18 Selectivity LC Columns (1.9 µm, 50 × 2.1 mm, Thermo Fisher Scientific, 

Madison, WI) with a gradient elution using mobile phase A of 0.1% formic acid in water 

and mobile phase B of 0.1% formic acid in acetonitrile. The detection was performed with a 

triple quadrupole mass spectrometer (API 5500, Applied Biosystems/MDS SCIEX, Foster 

City, CA) in the positive ionization using APCI source and multiple reaction monitoring 

mode, using docetaxel as an internal standard for quantification. Linearity of the assay was 

demonstrated over the range of 0.5 ng/ml to 2,000 ng/ml, with the lower limit of 

quantification of 0.5 ng/ml for both PTX and CPA, in mouse blood and pancreatic tumor. 

The assay was accurate and precise with bias and percentage in coefficient of variation of 

less than 15% and extraction recovery of 85% to 104% for PTX and 85% to 89% for CPA.

Statistical analysis

Values are expressed as mean ± SEM. Data were evaluated using Student’s t test or 1-way 

analysis of variance followed by post hoc Tukey multiple comparisons. The log-rank test 

was used in Kaplan-Meier survival analyses. A p value of less than 0.05 was considered 

statistically significant.

Results

Polymeric micelles with CPA and PTX co-payloads displayed optimal physicochemical 
properties

The polymeric micelles were formulated from an anionic block copolymer (Fig. 1A) and a 

cationic block copolymer (Fig. 1B). The anionic copolymer consisted of a 

poly(methacrylate) backbone with one block grafted with poly(ethylene glycol) (PEG) and a 

second block grafted with biodegradable poly(ε-caprolactone). Each poly(ε-caprolactone) 

side chain was end-capped with a succinic acid monoester. The residual carboxylic acid of 

succinic acid reversibly interacted with the secondary amine of CPA, which stabilized CPA-

encapsulated micelles. The cationic polymer had the brush-like PEG-grafted 
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poly(methacrylate) block and a second block with pendent quaternary ammonium cations. 

The numbers of repeating units in each block of the copolymers were calculated from proton 

nuclear magnetic resonance spectra (Supplementary Figs. S1–5). Upon addition of drug 

payloads, these two oppositely charged polymers attracted each other through ionic and 

hydrophobic interaction to form the micelles (Fig. 1C). These features enabled co-

encapsulation of both hydrophobic and positively charged compounds with high stability.

We prepared micelle formulations with different drug loading and CPA-to-PTX ratio in 

order to minimize the micelle size (Table 1). Because PDAC tumors are hypovascular, 

smaller nanoparticles have better a chance to penetrate the tumor bed [21]. We therefore 

used both size and drug payload as a criteria for the selection of optimal formulation for 

further studies. On the basis of data summarized in Table 1, we chose polymeric micelles 

with a total drug loading of 5% by weight and a CPA-to-PTX weight ratio of 50%:50%, and 

denoted this formulation as M-CPA/PTX. CPA release from M-CPA/PTX was pH-

dependent. The cumulative release of CPA after 72-hour incubation at 37 °C was 71.0 

± 2.4% at pH 5.2, and 16.0 ± 1.8% at pH 7.4. PTX release from M-CPA/PTX was less 

dependent on pH. The cumulative release of PTX after 72-hour incubation at 37 °C was 24.6 

± 1.3% at pH 5.2, and 16.1 ± 0.9% at pH 7.4 (Fig. 1D).Similar release profiles were 

observed for CPA from M-CPA, and PTX from M-PTX. M-CPA/PTX showed little burst 

release of CPA under physiological conditions (11.2 ± 2.0% release at pH 7.4 after 24-hour 

incubation) (Fig. 1D). The pH-responsive release of CPA should prevent its premature 

release during blood circulation and allow its faster release in the acidic microenvironment 

of pancreatic tumor [22]. M-CPA/PTX could be stored as frozen aqueous solutions over a 

period of 6 months without apparent changes in drug payload and particle size (data not 

shown).

M-CPA maintained the biological activity of free CPA

We then examined whether M-CPA functioned as an SHH inhibitor. M-CPA/PTX was not 

used in this study because at the half maximal inhibitory concentration (IC50) of CPA, M-

CPA/PTX would have all cells killed due to cytotoxicity of PTX. During the canonical 

activation of SHH signaling, the SHH ligand binds to the cell surface protein Patched 

(PTCH1), and releases another membrane receptor Smoothened (SMO). SMO then moves to 

cell nucleus to activate the GLI transcription factors(Fig. 2A) [23]. CPA inhibits SHH 

pathway by irreversibly binding to SMO, therefore prevents its translocation into cell 

nucleus. Figure 2B shows that M-CPA inhibited the binding of CPA-BODIPY, a fluorescent 

derivative of CPA with similar binding property, to SMO receptors on the surface of 

MiaPaca-2 pancreatic cancer cells. The half maximal effective M-CPA concentration 

required to block 50% of CPA-BODIPY’s binding to SMO (EC50) was 0.35 µM to 1.3 µM 

in 3 different PDAC cell lines (Table 2). Downstream of SMO, M-CPA reduced the protein 

expression of GLI1, SHH, and PTCH1 in 2 CPA-responsive cell lines (MiaPaca-2 and 

L3.6pl) and in immortalized human pancreatic stellate cells (HPSCs) but not in CPA-

resistant Panc-1 cells (Fig. 2C). Panc-1 cells express another member of the GLI family 

transcription factors GLI3, which is believed to mediate cell survival and sensitivity to CPA 

[24]. These data suggest that the CPA in polymeric micelles retained the biological activity 

of free CPA.
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M-CPA and free CPA were cytotoxic only to the two CPA-responsive PDAC cell lines and 

HPSCs, with IC50 values in the lower micromolar range (Fig. 2D, Table 2). In contrast, M-

PTX and free PTX (Fig. 2E, Table 2) exhibited potent though nonselective cytotoxicity 

against all 3 tested PDAC cell lines and HPSCs with sub-nanomolar half-maximal inhibitory 

concentrations (IC50). The cytotoxicity of M-CPA/PTX was of the same order of magnitude 

as the cytotoxicity of M-PTX, suggesting that CPA in M-CPA/PTX did not potentiate the 

cytotoxicity of PTX. Colony formation assay in MiaPaca-2 cells showed that M-CPA 

inhibited colony formation more effectively than CPA did at micromolar concentrations 

(Fig. 2F). Compared to un-treated CTL, 3 µM CPA reduced the number of colonies by 18.2 

± 1.3%, and 3 µM M-CPA reduced the number of colonies by 57.7 ± 2.3%. Based on the 

results, we concluded that although there was no difference between CPA or M-CPA after 72 

hours of incubation (Fig. 2D), M-CPA was significantly more potent than free CPA in 

inhibiting colony formation during a longer term incubation period (i.e., 10 days). Because 

the release profiles of CPA from M-CPA and M-CPA/PTX were similar, these data indicate 

that M-CPA and M-CPA/PTX maintained the same biological activity of free CPA, and that 

M-CPA/PTX was as potent as free PTX.

M-CPA/PTX was more effective than M-CPA, M-PTX, or a mixture of M-CPA and M-PTX in 
suppressing tumor growth

We next investigated whether M-CPA/PTX was more effective than M-CPA or M-PTX in 

suppressing tumor growth. We used an orthotopic human PDAC xenograft model generated 

from MiaPaca-2-luciferase cells and HPSCs. Studies have shown that co-inoculation with 

HPSCs promotes tumorigenesis and fibrosis in xenograft PDAC models [25]. Nude mice 

bearing established MiaPaca-2-luciferase tumors were intravenously injected with each 

micellar drug every other day for 6 days (3 injections) at 10 mg/kg/drug/injection (all doses 

from here onward are equivalent CPA or PTX doses) or left untreated (CTL), and tumor 

growth was monitored by bioluminescence imaging. At 35 days after the initial treatment, 

mean tumor burden normalized to the initial mean tumor burden was 19.1 ± 2.2 fold for 

CTL, 5.2 ± 2.3 fold for M-CPA, 1.2 ± 0.2 fold for M-PTX, and 0.4 ± 0.1 fold for M-

CPA/PTX (p < 0.01). The tumor growth curves show that M-CPA alone did not effectively 

suppress tumor growth. Although both M-PTX and M-CPA/PTX suppressed tumor growth 

for 28 days, a significant tumor relapse was observed in M-PTX-treated tumors on day 35 

(Fig. 3A). No significant loss of body weight was observed in any treatment groups 

(Supplementary Fig. S6A).

Hematoxylin-eosin staining showed extensive reduction in cellular density in the M-CPA/

PTX-treated tumors compared with control (Supplementary Fig. S6B). 

Immunohistochemical (IHC) staining showed that the population of Ki67+ (proliferating) 

cells was in the order of CTL > M-CPA > M-PTX ~ M-CPA/PTX (Fig. 3B). There was no 

significant difference between the tumors treated with M-PTX or M-CPA/PTX, suggesting 

that CPA did not potentiate the cytotoxicity of PTX in M-CPA/PTX in vivo. Surprisingly, 

microvessel density (MVD, expressed as percent of CD31+ pixels per visual field) was 

significantly higher in M-CPA/PTX treated tumors (5.0 ± 0.5%) than untreated group (0.5 

± 0.2%) and both monotherapy-treated groups (p < 0.0001). Compared to CTL, MVD was 

also increased by treatment with M-CPA (1.8 ± 0.2%, p < 0.05), but not with M-PTX (0.6 
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± 0.1%) (Fig. 3C). M-CPA/PTX moderately depleted the deposition of collagen (27% 

decrease); whereas monotherapies had lesser impact on collagen content than M-CPA/PTX 

did (14% decrease with M-CPA; 17% increase with M-PTX) (Fig. 3D). Treatment with all 

three formulations reduced the population of α-SMA+ CAFs compared to CTL (p < 0.001, 

Supplementary Fig. S6C). The tumors treated with M-CPA/PTX had similar number of α-

SMA+ CAFs with those treated with M-CPA, but fewer than those treated with M-PTX (p < 

0.001); suggesting that CPA was the major component in M-CPA/PTX contributing to the 

depletion of α-SMA+ CAFs.

Because cell line-derived xenograft models such as MiaPaca-2 produce tumors of reduced 

complexity and stroma elements [14], and may fail to accurately model the tumor 

microenvironment, we next used a GEM model of PDAC to investigate the antitumor 

efficacy of M-CPA/PTX in comparison with a physical mixture of M-CPA and M-PTX 

(Supplementary Fig. S7). M-CPA/PTX at a dose of 5 mg/kg/drug/dose led to a significantly 

longer survival of KPC-Luc mice with established tumor (median survival 58 days after 

treatment initiation) than the mixture of M-CPA and M-PTX (median survival 31.5 days 

after treatment initiation, p = 0.0036) administered at the same doses (in CPA and PTX 

equivalence) and schedules. This result suggested that simultaneous delivery of CPA and 

PTX, both temporally and spatially, was an indispensable attribute to the superior efficacy of 

M-CPA/PTX.

M-CPA/PTX increases lifespan of GEM KPC-Luc mice with both early-treatment and late-
treatment protocols in favor of suppression of invasive phenotypes

GEM models can faithfully recapitulate some of human PDAC genetics and phenotype [26]. 

KPC mice are generated by the concomitant expression of oncogenic KrasG12D and of Trp53 

with a point mutation (Trp53R172H), both driven by a pancreas-specific Cre [26]. The KPC 

model is a common GEM model of PDAC used to test the efficacy of antitumor therapies. 

Previous studies showed that stroma ablation created invasive tumor phenotypes, and 

reduced animal survivals in KPC mice [11, 12]. However, because substantially high doses 

of Hh inhibitors were used in these studies (i.e., 100 mg/kg/dose), possible systemic toxicity 

to poor-performance tumor-bearing mice, or off-target effects, cannot be ruled out. We 

therefore used M-CPA/PTX to address the question of whether stroma modulation mediated 

by low drug dose is effective in prolonging animal survival. To facilitate monitoring of 

tumor growth, we used KPC-Luc mice generated by crossing LSL-KrasG12D/+; LSL-

p53T172H/+; Pdx1-Cre (KPC) mice with ROSA26-pGAGGs-LSL-Luciferase mice [20]. The 

tumors in the resultant mice are luciferase positive. Similar to the original KPC mice, KPC-

Luc mice develop spontaneous pancreatic tumors at the age of 100 to 140 days, and tumors 

in the KPC-Luc model are highly stromal with dense desmoplasia [26]. Untreated KPC-Luc 

mice succumbed to extensive local invasion and metastasis, as shown by the 

bioluminescence image of an untreated control mouse acquired at age 135 days 

(Supplementary Fig. S8A&B).

M-CPA/PTX was injected at 5 mg/kg/drug/injection, 3 injections week, which was only 2% 

to 5% the dose of hedgehog inhibitors used in other studies (40 to 100 mg/kg daily [11, 12]). 

Gemcitabine and abraxane were included as the standard-of-care therapy controls. The dose 
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of abraxane was adjusted to 5 mg/kg/injection in PTX equivalent, which was the same as the 

M-CPA/PTX regimen. In the early-treatment protocol, M-CPA/PTX was initiated at ages of 

95 to 100 days, when bioluminescence flux reached ~ 5×108 to 20×108 photons/second. At 

this time point, pancreases exhibited severe inflammation, acinar ductal metaplasia, and 

pancreatic intraepithelial neoplasia but had not transformed to PDAC. Mice with early M-

CPA/PTX treatment showed localized bioluminescence signals throughout an 8-week 

monitoring period (Supplementary Fig. S8C). The median survival in the untreated control, 

gemcitabine, and abraxane groups were 139, 167, and 155 days, respectively. Remarkably, 

in the M-CPA/PTX group, the first death occurred at 167 days of age, and the median 

survival was 236.5 days, 69 days longer than in the gemcitabine group (p = 0.0001, log-rank 

test) and 81 days longer than in the abraxane group (p = 0.0018, log-rank test) (Fig. 4A).

PDAC patients usually present with late-stage disease at the time of diagnosis. We therefore 

designed an additional study to evaluate efficacy on well-established tumors. In the late-

treatment protocol, M-CPA/PTX was initiated once the tumor burden was confirmed by 

palpation and bioluminescence imaging (~125 days of age). Gemcitabine or abraxane only 

marginally increased median survival by 5 days compared to untreated control. The median 

survival times after enrollment were 18 days for untreated control mice, 23.5 days for 

gemcitabine, and 23 days for abraxane (Fig. 4B). Vismodegib (GDC-0449), a synthetic SHH 

inhibitor that has been approved by the FDA for treatment of advanced basal cell carcinoma, 

shortened the animal survival by 3 days compared to untreated control (Supplementary Fig. 

S9). In contrast, the first death of M-CPA/PTX group occurred at 23 days after enrollment, 

and the median survival was 58 days and significantly longer than the other groups (p = 

0.0033, log-rank test). These data indicated that M-CPA/PTX was highly efficacious against 

PDAC at substantially reduced dose compared to SHH inhibitors used in previous studies [9, 

12].

Tumor response was studied in the mice of late-treatment setting after 6 intravenous 

injections of M-CPA/PTX over 2 weeks at 5 mg/kg/drug/injection. Extensive poorly or 

moderately differentiated PDAC was observed in the untreated CTL, whereas focal residual 

moderately differentiated PDAC with extensive necrosis was observed in the M-CPA/PTX-

treated tumors (Fig. 4C). Compared to CTL, M-CPA/PTX reduced the area fraction of 

poorly differentiated PDAC by 78% (p = 0.037) and that of moderately differentiated PDAC 

by 92% (p < 0.0001) (Fig. 4D). Remarkably, M-CPA/PTX increased the area fraction of 

benign pancreas by 270% (p < 0.0001). In terms of tumor proliferation, M-CPA/PTX 

reduced the density of Ki67+ cells by 52% (Fig. 4E, p < 0.001). These results demonstrate 

that M-CPA/PTX could prevent the formation of undifferentiated aggressive tumor 

phenotypes. This was in sharp contrast to earlier studies that had shown induction of more 

invasive phenotypes after prolonged, high-dose SHH inhibitor vismodegib [11].

To gain mechanistic insight into reduced invasive phenotypes with M-CPA/PTX treatment, 

we performed tumorsphere assay to examined the effect of M-CPA/PTX on potency of 

tumor-initiating cells (TICs). The number of spheres formed per isolated 100,000 tumor 

cells was significantly lower from M-CPA/PTX-treated tumors than those from untreated 

CTL (19 ± 8 vs. 43 ± 7 spheres per 100,000 cells, p < 0.0001, Fig. 4F). RT-PCR showed that 

M-CPA/PTX-treated tumors had significantly lower mRNA levels of genes involved in Hh 
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signaling (Smo, Ptch1, Gli1, and Shh), EMT (Slug, Snail1, Twist1, and Vim), and TICs 

(Aldh1a1) (Fig. 4G). SHH (p < 0.05) and PTCH1 (p = 0.059) were also reduced at the 

protein level (Supplementary Fig. S10). These data suggest that M-CPA/PTX simultaneous 

inhibited SHH signaling, eliminated proliferating tumor cells, and suppressed EMT and 

potency of TICs in favor of tumor control.

M-CPA/PTX enhances angiogenesis and reduces hypoxia in KPC-Luc stroma without 
depleting collagen

To address the extent to which M-CPA/PTX treatment impacted PDAC stroma, we analyzed 

tumors from the KPC mice with the late treatment protocol. Atomic force microscopy 

revealed that M-CPA/PTX therapy reduced the elastic modulus of tumor by 55% (Fig. 5A, p 

< 0.01). IHC staining showed that M-CPA/PTX reduced α-SMA+ CAFs by 28% (Fig. 5B, p 

< 0.01) and FAP-α+ CAFs by 56% (Fig. 5C, p < 0.01), but did not affect the Picrosirius red–

stained collagen (Fig. 5D). Hyaluronic acid (HA) binding protein (HABP1), a marker for 

total HA content, was decreased by 51% (Fig. 5E, p < 0.05); and lysyl oxidase, a collagen 

crosslinking enzyme, was reduced by 57% (Fig. 5F, p < 0.0001). IHC staining also showed 

that M-CPA/PTX doubled the number of CD31+ vessels (Fig. 5G, p < 0.0001) and reduced 

the area fraction of hypoxia to one third of CTLs (Fig. 5H, p < 0.001). These data suggest 

that M-CPA/PTX created a softer tumor matrix unfavorable for invasive transformation and 

metastasis [27]. The mRNA expression levels of hypoxia markers (Ca9, Glut1, Hif1a, and 
Vegfa) were significantly lower in the treated tumors than in CTLs. In terms of fibrosis 

markers, the mRNA expression levels of Fap (encoding fibroblast activation protein alpha 

[FAP-α]) and Acta2 (encoding α-SMA) were significantly down regulated by M-CPA/PTX, 

while Col1a1 (encoding type I collagen) was not affected (Fig. 5I).

Repeated injections of M-CPA/PTX enhances drug delivery to KPC-Luc tumor without 
significant systemic toxicity

Lastly, we investigated whether pharmacologically relevant concentrations of CPA and PTX 

were delivered to the KPC-Luc tumors. The concentrations of CPA and PTX were measured 

using quantitative liquid chromatography–tandem mass spectrometry (LC-MS-MS) from 

tumors harvested at 24 hours after the last dose of M-CPA/PTX. The CPA intratumoral 

concentration after 6 injections was 4 times that after 1 injection (383.4 ± 33.8 nM vs 95.9 

± 18.0 nM, p < 0.0001) (Fig. 5J), both of which were much lower than the IC50 values of 

CPA against tumor cells or immortalized HPSCs (~10 µM, Fig. 1, Table 2). Although CPA at 

this low concentration was not expected to kill most tumor cells or CAFs, the sustained 

release of CPA from M-CPA/PTX still down-regulated SHH signaling in the tumor (Fig. 4G, 

Supplementary Fig. S10). The PTX concentration after 6 injections was approximately twice 

that after 1 injection (305.9 ± 83.9 nM vs 163.2 ± 37.1 nM, p = 0.19), both of which were 

remarkably higher than the IC50 values of PTX in cell culture (Fig. 2, Table 2). This high 

PTX concentration was in correlation with the substantial reduction of Ki67+ proliferating 

cells in M-CPA/PTX-treated tumors (Fig. 4E).

After the 6 doses of M-CPA/PTX (30 mg/kg/drug total dose), there was no significant 

differences in body weight among the age-matched wild-type mice, tumor-bearing control 

mice, and tumor-bearing M-CPA/PTX-treated mice (Supplementary Fig. S11A). No 
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observable toxic effects were found in major organs (Supplementary Fig. S11B). In a 

separate long-term study, there was no change in the histopathologic appearance of the 

intestine and Ki67+ cells (Supplementary Fig. S11C) after injecting M-CPA/PTX at a total 

dose of 120 mg/kg/drug over 8 weeks. The absence of systemic toxicity was consistent with 

the low CPA and PTX accumulations in the blood (< 3 nM, 24 hours after 1 and 6 injections) 

and relatively low accumulation of PTX in liver or spleen after 1 and 6 injections 

(Supplementary Fig. S12).

M-CPA/PTX eliminated proliferating cells, enhanced blood perfusion, and reduced hypoxia 
without depleting collagen in patient-derived orthotopic (PDX) model

The finding that M-CPA/PTX increased tumor MVD in human PDAC xenografts and the 

KPC-Luc mice prompted us to further investigated the role of M-CPA/PTX in modulating 

tumor stroma using PDX models. PDX models mirror the cellular diversity within tumor and 

genetic heterogeneity among patients, therefore are suitable preclinical models to study 

treatment response [28]. Mice were randomized into untreated control (CTL) or M-CPA/

PTX-treated groups. T2-weighted magnetic resonance imaging (T2-MRI) revealed that 

tumor growth was suppressed in 4 out of the 5 treated mice, while 4 out of the 5 CTL tumors 

progressed (Fig. 6A). To gain insight on the impact of treatment on stroma, we measured 

tumor blood permeability using dynamic contrast-enhanced MRI (DCE-MRI) and expressed 

the data as Ktrans [29]. Both untreated CTL and treated tumors had similar Ktrans at the start 

of study (0.53 ± 0.14 vs. 0.62 vs. 0.25 min−1, Fig. 6B). At the end of study (8 weeks), the 

Ktrans value of treated tumors was 4.2 times higher than that of CTL (0.55 ± 0.11 vs. 0.13 

± 0.03 min−1, p < 0.01). The intratumoral distribution of Ktrans values are illustrated using 

heat maps on two size-matched CTL and treated tumors (Fig. 6C). The treated tumor had > 

0.4 min−1 Ktrans values throughout the cross-section, while the CTL tumor had lower Ktrans 

at the center (~ 0.1 min−1) than its peripheral rim (~ 0.3 min−1).

Western blots (Fig. 6c and Supplementary Fig. S13) and RT-PCR (Fig. 6D) confirmed that 

M-CPA/PTX inhibited the Hh signaling pathway and relieved hypoxia. However, the 

expression of αSMA was not significantly affected by treatments (p>0.05). SHH was 

significantly reduced at both protein and mRNA levels (p < 0.05), while PTCH1 was 

significantly reduced at mRNA level (p < 0.05). The expression of hypoxia biomarkers was 

also significantly decreased: HIF-1α at both protein and mRNA levels (p < 0.05), and CAIX 
and SLC2A1 (GLUT1) at mRNA level (p < 0.05).

IHC staining showed that M-CPA/PTX significantly reduced the number of Ki67+ 

proliferating cells in PDX tumor (Fig. 6E, p < 0.0001), which was consistent with the slower 

growth of treated tumors from T2-MRI imaging. Although M-CPA/PTX did not deplete α-

SMA+ CAFs (Fig. 6F) or Picrosirius red–stained collagen (Fig. 6G), it tripled the percentage 

of CD31+ pixels per visual field (Fig. 6H, p < 0.001) and reduced hypoxia area fraction to 

27% that of the CTL (Fig. 6I, p < 0.0001). Taken together, we have demonstrated that M-

CPA/PTX replenished tumor blood vessels in PDX model, alleviated hypoxia, and 

eliminated proliferating tumor cells without depleting the collagenous matrix.
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Discussion

In this study we have developed a dual-functional nano-formulation, M-CPA/PTX, to 

simultaneous modulate PDAC stroma and suppress tumor growth. In the three mouse models 

of this study, M-CPA/PTX restored tumor blood vessels, alleviated hypoxia and exhibited 

prominent anti-tumor efficacy. Specifically, the improvements of animal survival in KPC-

Luc model, i.e. 6 weeks in late-stage setting and more than 3 months in early-stage setting, 

were comparable to the best survival data reported in the literature. Indeed, among the 

preclinical studies using GEM models of PDAC, the extension of survival ranged from 2 

weeks in late-stage settings to about 2 months in early-stage settings [14, 30–35]. Therefore 

our strategy of simultaneous treating the stromal and tumor compartments is a promising 

and effective method to enhance PDAC therapy. The importance of a simultaneous delivery 

of CPA and PTX was underscored by the survival difference between the M-CPA/PTX 

group (58 days) and M-CPA + M-PTX mixture group (31.5 days) (Fig. 4B). For the mixture 

group, the two micelle formulations (M-CPA and M-PTX) may have different level and 

kinetics of tumor uptake with mismatched drug release profiles, compromising their anti-

tumor efficacy.

Previous studies have showed that the collagenous matrix in PDAC stroma could restrain the 

rapid tumor growth and limit local tumor invasion [11]. In support of this viewpoint, genetic 

depletion of α-SMA+ CAFs (83% reduction) caused extensive ablation of collagen (46 ~ 

66%), and subsequently created an aggressive phenotype of PDAC tumor that rendered 

gemcitabine ineffective [9]. The α-SMA+ and FAP-α+ CAFs have different roles during 

PDAC progression. Alpha-SMA+ CAFs produce collagen. Clinical studies have established 

that a high α-SMA expression in PDAC correlated with a high collagen deposition and 

stromal density [36]. In both preclinical and clinical studies, a high collagen deposition 

corresponded to longer survival [37]. On the other hand, FAP-α upregulation predicts an 

aggressive remodeling of tumor matrix, and consequently shorter survival of PDAC patients 

[38]. In our study, M-CPA/PTX caused moderate depletion of α-SMA+ CAFs ranging from 

28% in the KPC-Luc model to 12% in the PDX models, although in the latter case the 

difference between untreated control and M-CPA/PTX treated tumors were not statistically 

significant. M-CPA/PTX did not affect the collagen deposition in either KPC-Luc (Fig. 5D) 

or PDX (Fig. 6G) models. The collagen reduction in MiaPaca-2/HPSC model by M-

CPA/PTX (Fig. 3D) can be attributed to the limitations of this xenograft model (i.e., the need 

to co-inject fibroblasts together with tumor cells to promote stroma formation), and 

underlined the importance of using more clinically relevant PDAC models to study 

treatments directed at tumor stroma.

In contrast to its mild or non-impact on α-SMA+ CAFs, M-CPA/PTX significantly reduced 

the expression of FAP-α, HA, and lysyl oxidase (LOX) (Figs. 5C, E &F), all of which are 

validated targets in PDAC therapy [35, 39, 40]. FAP-α+ CAFs can promote tumor growth by 

suppressing antitumor immune reactions in the stroma [39]. HA contributes to the stiffness 

and physical stress of solid tumors that can cause the collapse of microvessels [35]. LOX is 

an extracellular enzyme that catalyzes collagen and elastin crosslinking and mediates 

stromal stiffness [40]. The stroma modulation of M-CPA/PTX may arise from the inhibition 

of sonic hedgehog signaling (Fig. 4G & Supplementary Fig. S10), because a sustained 
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activation of SHH pathway is known to cause an excessive deposition of fibrotic stroma. 

PTX from M-CPA/PTX may also contribute to the stroma modulation. Awasthi et al. [41] 

found in AsPC-1 human pancreatic cancer cell line-derived xenograft models that abraxane 

reduced α-SMA expression and collagen deposition, which is consistent with our findings in 

the MiaPaca-2/HPSC model (Supplementary Fig. S6C).

M-CPA/PTX increased the tumor blood vessels in all three PDAC models: 9 folds in the 

MiaPaca-2/HPSC model, 3 folds in the PDX models, and 2 folds in the KPC-Luc model. 

Moreover, DCE-MRI analyses of the PDX tumor revealed that M-CPA/PTX increased tumor 

permeability compared to CTL, indicating a normalization of vascular functions (Fig. 6B). 

This finding agrees with the accruing evidences that stroma modulation can affect tumor 

angiogenic activity [11, 12]. The vasculature normalization can be attributed to the depletion 

of CAFs [11, 12], degradation of HA, and reduction of lysyl oxidase. HA compress tumor 

microvessels by increasing the stiffness and physical stress of solid tumors. In a mouse 

model of colorectal-to-liver cancer metastasis [42], deposition of HA occurred following the 

treatment with anti-vascular endothelial growth factor, and subsequently induced collapse of 

blood vessels and tumor hypoxia. Other studies also showed that HA impaired vascular 

function and drug delivery in preclinical PDAC models while enzymatic depletion of HA 

increased drug delivery to tumor [43, 44]. LOX inhibition increased intratumoral 

vasculatures [45]. Taken together, both HA and LOX can increase tumor stiffness and play 

important roles in suppressing the development of tumor vasculature and limiting 

intratumoral delivery of chemotherapy drugs. By reducing HA and LOX contents, M-

CPA/PTX significantly reduced the interstitial barriers to drug delivery within the tumor 

microenvironment. This interpretation is supported by the increased concentrations of CPA 

and PTX after 2 weeks of treatment, as compared to those after single injection (Fig. 5J).

In addition to drug delivery, the normalized microvessels also alleviated tumor hypoxia, 

which is known to cause chemo-resistance, induce immunosuppression, and increase tumor 

aggressiveness[46–48]. Glucose transporter-1 protein (GLUT1) and carbonic anhydrase IX 

(CAIX) are regulated by hypoxia inducible factor-1 (HIF-1) and have been used as 

molecular markers to indicate the degree of hypoxia [49]. M-CPA/PTX significantly reduced 

the mRNA levels of Caix, Glut1, and Hif1a (Fig. 5I). IHC staining for CA-IX showed that 

the fraction of CAIX-positive pixels in M-CPA/PTX-treated tumors was only 28.5% that in 

untreated KPC-Luc PDAC (p = 0.0012) (Fig. 5H).

Conclusions

We propose the following model for M-CPA/PTX’s mechanisms of action (Fig. 7). M-

CPA/PTX nanoparticles are initially delivered to PDAC via blood circulation. Because of 

their small size (< 150 nm) and the leakiness of the intratumoral vasculature [50], M-

CPA/PTX extravasate into the extravascular and extracellular fluid space, where CPA and 

PTX are released and exert therapeutic effects on both tumor cells and CAFs. In the tumor 

cell compartment, while PTX eliminates proliferating cells and enriches TICs, CPA ablates 

TICs. In the stromal compartment, CPA and PTX act in concert to disrupt tumor cell–CAF 

communication and remodel the ECM (Fig. 7A). The remodeling of the ECM is a highly 

dynamic process. The “togetherness” of CPA and PTX enabled by M-CPA/PTX ensures a 
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positive feedback loop to enhance drug delivery and increase blood perfusion in subsequent 

injections (Fig. 7B). M-CPA/PTX, by directing CPA and PTX to proliferating tumor cells, 

TICs, and CAFs, efficiently disrupts tumor cell–CAF communication and breaks the vicious 

cycle of tumor cell proliferation, induction of tumor-supporting stroma, and stimulation of 

tumor invasion and metastasis.

Our study has several limitations. First, the exact mechanism remains unclear as to why the 

collagenous matrix was preserved while HA and LOX were reduced by M-CPA/PTX. Future 

studies need to address the complex interactions between CAFs and other components in 

tumor microenvironment, as well as the different contributions from respective CAF 

phenotypes. Second, the dose of M-CPA/PTX and dosing schedules need further 

optimization to minimize systemic toxicity and maximize therapeutic outcomes. Finally, 

given that M-CPA/PTX depleted FAPα+ CAFs, further combination with immunotherapies 

may provide additional therapeutic benefits. In summary, we have demonstrated that M-

CPA/PTX provided a promising alternative treatment for PDAC through the combination of 

stromal modulation with cytotoxic chemotherapy. Our results suggest that using 

multifunctional nanoparticles to target multiple cellular targets is a viable strategy to 

enhance the efficacy of PDAC therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement

Recent studies have shown that high doses of Hedgehog pathway inhibitors may disrupt 

the tumor-restraining collagenous network of pancreatic ductal adenocarcinoma (PDAC), 

and therefore promoted tumor progression and metastases. Here, we find in three distinct 

mouse models of PDAC, that by using a nanoformulation to co-delivery cyclopamine (a 

sonic hedgehog inhibitor) and paclitaxel (a cytotoxic chemotherapy drug), the animal 

survival is significantly extended along with lower percentages of poorly to moderately 

differentiated tumor phenotypes. Stromal analyses reveal that the nanoformulation 

increases microvessel density, alleviates hypoxia, and reduces matrix stiffness while 

maintaining the tumor-restraining collagenous matrix. Our study suggests that 

multifunctional nanoparticles simultaneously targeting stromal and tumor compartments 

are promising tools for PDAC therapy.
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Figure 1. Formulation and characterization of CPA- and/or PTX-loaded polymeric micelles.
(A) Synthesis route of anionic block copolymer. (B) Synthesis route of cationic block 

copolymer. (C) Schematic illustration of polymeric micelles. (D) Drug release profiles at 

37°C under pH 5.2, 6.0, and 7.4. N = 3 in each group.
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Figure 2. Evaluation of drug-loaded polymeric micelles in human pancreatic cancer cell lines.
(A) Schemes of canonical SHH signaling pathway. (B) M-CPA inhibited binding of CPA-

BODIPY to SMO receptors on MiaPaca-2 cells after 24-h incubation. Left: percentage 

inhibition as a function of equivalent CPA concentration curve. Right: representative 

photomicrography showing binding of CPA-BODIPY to cancer cells in the absence and 

presence of M-CPA. Scale bars = 50 µm. (C) Western blots of representative SHH pathway 

proteins in MiaPaca-2, L3.6pl, and Panc-1 pancreatic cancer cells and immortalized HPSCs 

after 48 h of incubation with and without 10 µM M-CPA. (D) MiaPaca-2 cell viability after 

72-h incubation with free CPA (dissolved in DMSO) or M-CPA measured by MTS assay. N 

= 6 for each data point. (E) MiaPaca-2 cell viability after 72-h incubation with free PTX 

(dissolved in DMSO), M-PTX, or M-CPA/PTX measured by MTS assay. N = 6 for each 

data point. (F) Normalized number of MiaPaca-2 colonies formed after 10-day incubation 

with CPA or M-CPA, with representative photographs of colonies. N = 3 for each group.
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Figure 3. M-CPA/PTX had better antitumor efficacy than M-CPA or M-PTX in an orthotopic 
human PDAC xenograft model.
(A) Relative tumor growth curves of M-CPA, M-PTX, or M-CPA/PTX-treated tumors in 

MiaPaca-2-luciferase orthotopic xenograft mouse model. Tumor growth was monitored by 

bioluminescence imaging. Injections are marked by black arrows. Untreated mice were used 

as control (CTL). **p < 0.01, N = 10 in each group. (B-D) Representative micrographs of 

Ki67 (B), CD31 (C), and Picrosirius red (D) IHC staining and corresponding 

quantifications. N = 10 in each group. Scale bars = 50 µm. Data are presented as mean ± 

SEM. Significance was determined using 1-way ANOVA followed by Tukey post hoc 

analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant.
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Figure 4. M-CPA/PTX prolonged survival of KPC-Luc mice and alleviated hypoxia.
(A) Kaplan-Meier survival analysis for KPC-Luc mice with early treatment. ****p < 

0.0001, log-rank test. (B) Kaplan-Meier survival analysis for KPC-Luc mice with treatment 

started when tumors became palpable. ***p = 0.0033, log-rank test. (C) Representative 

H&E-stained sections of late-stage tumors after 2 weeks of treatment with M-CPA/PTX. 

Untreated tumors were used as control (CTL). Scale bars = 200 µm for 40× images and 50 

µm for 200x images. (D) Distribution of histological phenotypes of late-stage tumors after 2 

weeks of treatment with M-CPA/PTX (N = 10). Untreated tumors were used as CTL (N = 

8). The M-CPA/PTX-treated tumor group had a significantly lower proportion of poorly 

differentiated PDAC (p < 0.05) or moderately differentiated PDAC (p < 0.0001) and a 

significantly higher proportion of benign pancreas (p < 0.0001). Significance of differences 

was determined using 2-way ANOVA followed by Sidak’s multiple comparison test. differ. 
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= differentiated. (E) Representative micrographs of Ki67 IHC staining and corresponding 

quantifications. N = 15 in each group. Scale bars = 50 µm. (F) Representative micrographs 

of tumor spheres and corresponding quantifications. N = 18 for each group. Arrows indicate 

eligible tumor spheres (>50 µm). Scale bars = 50 µm. (G) Expression levels of mRNA for 

selected genes from CTL and M-CPA/PTX-treated tumors. Results are mean ± SEM of 4 

mice in each group. RT-PCR was performed in technical duplicates, and values were 

normalized to 18S. Significance of differences between CTL and M-CPA/PTX groups was 

determined using Student’s unpaired t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001, ns = not significant.
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Figure 5. M-CPA/PTX modulated stromal components in KPC-Luc tumor.
(A) Quantification of the elastic modulus of tumors. Results are representative of 3 mice in 

each group. Five randomly selected locations were measured on each tumor. (B) 

Representative micrographs of α-SMA IHC staining and corresponding quantifications. N = 

15 in each group. Scale bars = 50 µm. (C) Representative micrographs of FAP-α (red) and 

DAPI (blue) dual-immunofluorescence staining and corresponding quantifications. N = 8 in 

each group. Scale bars = 50 µm. (D) Representative micrographs of Picrosirius red IHC 

staining and corresponding quantifications. N = 15 in each group. Scale bars = 100 µm. (E) 
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Representative micrographs of HABP1 IHC staining and corresponding quantifications. N = 

15 in each group. Scale bars = 50 µm. (F Representative micrographs of LOX (red) and 

DAPI (blue) dual-immunofluorescence staining and corresponding quantifications. N = 15 in 

each group. Scale bars = 50 µm. (G) Representative micrographs of CD31 IHC staining and 

corresponding quantifications. N = 15 in each group. Scale bars = 50 µm. (H) Representative 

micrographs of CAIX (red) and DAPI (blue) dual-immunofluorescence staining and 

corresponding quantifications. N = 15 in each group. Scale bars = 50 µm. (I) Relative 

mRNA expression for selected genes from CTL and M-CPA/PTX-treated tumors. Results 

are representative of 4 mice in each group. RT-PCR was performed in technical duplicates, 

and values were normalized to 18S. (J) Intratumoral drug concentrations of late-stage tumor 

at 24 h after 1 or 6 intravenous injections of M-CPA/PTX. The dose for each injection was 5 

mg/kg/drug. Six injections were completed over 2 weeks. The CPA concentration was 

significantly higher after 6 injections than after 1 injection (p < 0.0001). N = 6 for 1-

injection group; N = 9 for 6-injection group.
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Figure 6: M-CPA/PTX was effective against orthotopic PDX models.
(A) Representative T2-weighted axial magnetic resonance images and individual sizes of 

CTL and M-CPA/PTX-treated tumors at the start and end of the study. Tumor margin is 

outlined by yellow circle. Scale bars = 10 mm. (B) Representative T1-dyanmic contrast 

enhanced MRI of size-matched CTL and M-CPA/PTX-treated tumors, and corresponding 

quantification of Ktrans values. (C) Western blot images of selected SHH and hypoxia 

proteins. Tumor lysates were prepared from 6 CTL mice and 5 M-CPA/PTX-treated mice. 

(D) Relative mRNA expression of selected genes from CTL and M-CPA/PTX-treated 
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tumors. Results are mean ± SEM of 4 mice in each group. RT-PCR was performed in 

technical duplicates, and values were normalized to HPRT1. (E) Representative Ki67 

staining and corresponding quantification in PDX models (N = 15 in each group). (F&G) 

Representative micrographs of α-SMA IHC staining (F) and Picrosirius red–stained 

collagen IHC staining (G) and corresponding quantifications. N = 15 in each group. Scale 

bars = 100 µm. (H) Representative micrographs of CD31 and corresponding quantifications. 

N = 10 in each group. Scale bars = 50 µm. (I) Representative micrographs of CAIX (red)/

DAPI (blue) dual-immunofluorescence staining and corresponding quantifications. N = 15 in 

each group. Scale bar = 50 µm. Data are presented as mean ± SEM. Significance of 

differences between CTL and M-CPA/PTX groups was determined using Student’s unpaired 

t test. ***p < 0.001, ****p < 0.0001, ns = not significant.
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Figure 7. Proposed model of mechanisms of action for M-CPA/PTX.
(A) CPA and PTX released from M-CPA/PTX act on different compartments of PDAC. 

While PTX enriches TICs, CPA nullifies such an effect. Furthermore, CPA and PTX work 

together to disrupt tumor cell–CAFs communication, resulting in remodeling instead of 

depletion of PDAC stroma. (B) Multiple injections of M-CPA/PTX generate a positive 

feedback loop to enhance its efficacy. M-CPA/PTX modulates the stromal compartment to 

increase the drug delivery from ensuing injections. More efficient drug delivery increases the 

intratumoral concentration of drugs and thereby improves the antitumor efficacy.
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Table 1.

Size and size distribution of drug-loaded micelles measured by dynamic light scattering
1

Number Average Diameter (nm) Polydispersity Index

Effect of CPA:PTX weight ratio (Total drug loading = 5% by weight)

  CPA only 74.7 ± 1.5 0.148

  CPA:PTX = 67%:33% 53.9 ± 5.6 0.131

  CPA:PTX = 50%:50% 45.2 ± 4.5 0.114

  CPA:PTX = 33%:67% 77.3 ± 11.7 0.175

  PTX only 121.3 ± 2.1 0.124

Effect of total drug loading (CPA:PTX = 50%:50% by weight)

  2.5% by weight 85.5 ± 10.6 0.113

  5% by weight 45.2 ± 4.5 0.114

  10% by weight 65.4 ± 3.1 0.110

1
Data are presented as mean ± standard error of mean (n = 3).
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Table 2.

SMO binding property and cytotoxicity for drug-loaded polymeric micelles
1

MiaPaca-2 L3.6pl Panc-1 HPSC

EC50 for inhibition of CPA-BODIPY’s binding to SMO

 M-CPA (µM) 1.3 ± 0.3 0.9 ± 0.2 0.35 ± 0.05 N/A

IC50 for cell proliferation

 CPA (µM) 10.2 ± 0.1 16.0 ± 1.5 ~ 163 13.3 ± 1.2

 M-CPA
2
 (µM) 7.3 ± 1.4 6.2 ± 0.6 ~ 249 12.7 ± 1.1

 PTX (nM) 1.2 ± 0.1 1.4 ± 0.1 2.4 ± 0.4 3.6 ± 0.3

 M-PTX
3
 (nM) 1.3 ± 0.1 1.3 ± 0.1 1.6 ± 0.2 4.4 ± 0.2

 M-CPA/PTX
4 0.9 ± 0.1 1.1 ± 0.2 1.2 ± 0.5 3.3 ± 0.1

1
The concentrations are equivalent CPX or equivalent PTX concentration. Data are presented as mean ±standard deviation (n = 3). EC50, half 

maximal effective concentration; IC50, half maximal inhibitory concentration.

2
CPA loading = 5% by weight;

3
PTX loading = 5% by weight;

4
CPA and PTX were equally loaded in micelles at 2.5% by weight.
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