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Abstract

The mechanism for improved therapeutic efficacy of the combination therapy with albumin-bound 

paclitaxel (nAb-PTX) and gemcitabine (gem) for pancreatic ductal adenocarcinoma (PDAC) has 

been ascribed to enhanced gem transport by nAb-PTX. Here, we used an orthotopic mouse model 

of gem-resistant human PDAC in which increasing gem transport would not improve the efficacy, 

thus revealing the importance of nAb-PTX transport. We aimed to evaluate therapeutic outcomes 
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and transport of nAb-PTX to PDAC as a result of: (1)encapsulating nAb-PTX in multistage 

nanovectors (MSV); (2)effect of gem on caveolin-1 expression. Treatment with MSV/nAb-PTX

+gem was highly efficient in prolonging animal survival in comparison to other therapeutic 

regimens. MSV/nAb-PTX+gem also caused a substantial increase in tumor PTX accumulation and 

significantly reduced tumor growth and tumor cell proliferation, and increased apoptosis. 

Moreover, gem enhanced caveolin-1 expression in vitro and in vivo, thereby improving transport 

of nAb-PTX to PDAC. This data was confirmed by analysis of PDACs from patients who received 

gem-based neo-adjuvant chemotherapy. In conclusion, we found that nAb-PTX treatment of gem-

resistant PDAC can be enhanced by: (1)gem through up-regulation of caveolin-1; (2)MSV through 

increasing accumulation of nAb-PTX in the tumor.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth leading cause of cancer 

death in Europe and the US (1–3) with the five-year survival rate of 2% and the median 

survival less than six months (4). Multiple clinical trials have failed to improve the efficacy 

of the first line chemotherapeutic, gemcitabine (gem) by combining additional therapeutics 

(5–8). Extensive stroma and hypovascularization reduce drug transport in PDAC impeding 

treatment efficiency (9). Resistance to gem, frequently observed in patients with PDAC, is 

also responsible for limited survival (8). Recently, the combination therapy with gem and 

nanoparticle albumin-bound paclitaxel (nAb-PTX) has been shown to significantly improve 

therapeutic efficacy in patients with metastatic PDAC vs. gem monotherapy, thus, becoming 

a first-line treatment (10). Although nAb-PTX+gem improved overall survival (8.5 vs. 6.7 

months), progression free survival (5.5 vs. 3.7 months), the one-year survival rate (35 vs. 

22%), and the response rate (23 vs. 7%) as compared to gem monotherapy, better therapies 

are still necessary.

Studies investigating the transport-based synergistic mechanism of nAb-PTX and gem have 

revealed increased tumor accumulation of gem caused by nAb-PTX, which decreased the 

tumor stroma density (11–13). Interestingly, when comparing the physicochemical 

properties of the two drugs, nAb-PTX (≈ 70 kDa macromolecule-bound drug) should 

experience more difficulty being transported across the poorly vascularized tumor stroma 

versus gem (263 Da). This suggests that improved therapeutic efficacy of the combination 

may also account for nAb-PTX transport enhancement by gem. Previous studies indicate 

that in PDAC cells gem treatment increased the expression of a variety of transporters, 

including caveolin-1 (cav-1, albumin transporter) (14, 15). These clinical and pre-clinical 

findings prompted our hypothesis that increased efficacy of treatment with nAb-PTX+gem 

could be due to an enhancement of nAb-PTX transport, caused by gem. To prove it, we used 

a mouse model of orthotopic PDAC resistant to different dosages of gem monotherapy based 

on orthotopic injection of a low number of L3.6pL PDAC (16–18). The use of L3.6pL tumor 

model had a dual purpose. Since these tumors are resistant to gem therapy (16–18), in the 
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L3.6pl PDAC model, increasing gem transport would not improve the therapeutic efficacy, 

thus isolating the effect of nAb-PTX transport component in the combination therapy. As 

opposed to L3.6pl PDAC model, other human PDAC mouse models are sensitive to gem 

treatment and, therefore, they could not be implemented in our experiments (19–21). 

Additionally, we have previously shown that this orthotopic model of slow developing 

PDAC that takes at least 30 days to develop, can produce a dense stroma comparable to the 

tumor microenvironment in the clinical PDAC specimens (16).

Interestingly, transport properties of nAb-PTX are important for its therapeutic efficacy (22), 

as tumor accumulation of nAb-PTX occurs due to albumin transport through cav-1 

expressed on the tumor endothelium followed by caveolae-mediated transcytosis into the 

PDAC. Another possible mechanism involves nAb-PTX binding to a secreted protein acidic 

and rich in cysteine (SPARC), a glycoprotein secreted in the tumor extracellular matrix (23).

We have previously shown that loading various compounds into intravenously injected 

multistage nanovectors (MSV) enhances their accumulation in PDAC and other cancers (22, 

24–32) without causing significant toxicity in major organs (29). For example, our recent 

study in hypoperfused breast and lung tumors’ liver metastases has shown that retention and 

release of MSV-bound nAb-PTX (MSV/nAb-PTX) from the tumor associated macrophages 

enabled pronounced therapeutic and survival benefits (31). Thus, to retain nAb-PTX in the 

PDAC microenvironment, we have used MSV.

The objectives of this study were: (1) to assess the retention of nAb-PTX in the tumor 

stroma by MSV and consequent therapeutic efficacy of MSV/nAb-PTX in combination with 

gem in gem-resistant PDAC in mice; (2) to evaluate the effect of gem on expression of 

albumin transporter protein caveolin-1 (cav-1) and transport of nAb-PTX to tumor.

2. Materials and Methods

2.1 Materials

Minimal essential medium (MEM), sodium pyruvate, nonessential amino acids (NEAA), L-

glutamine, and MEM vitamin solution were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). Fetal bovine serum (FBS) was purchased from Atlas Biologicals 

(Fort Collins, CO, USA) and DeadEnd Fluorometric TUNEL System from Promega 

Biosciences LLC (San Luis Obispo, CA, USA). Gemcitabine (Gemzar®, Eli Lilly Co. 

Indianapolis, IN, USA) and nAb-PTX (Abraxane®, Celgene, Summit, NJ, USA) were 

acquired from the pharmacy at Houston Methodist Hospital. Deuterated PTX (D5) was 

purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). Anti-mouse Ki67 and 

cav-1 rabbit polyclonal antibody, and anti-mouse CD31 rat polyclonal antibody were 

purchased from Abcam (Cambridge, MA, USA). Alexa Fluor 488-conjugated AffiniPure 

Goat Anti-Rabbit IgG used for cav-1 detection, rhodamine (TRITC)-conjugated AffiniPure 

Donkey Anti-Rat IgG for CD31 detection, and secondary antibodies were purchased from 

Jackson ImmunoResearch Laboratories Inc. (West Grove, PA, USA).

Anti-smooth muscle actin antibody was acquired from Dako (Santa Clara, CA, USA), while 

anti-mouse HRP conjugated secondary antibody was purchased from Vector labs 
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(Burlingame, CA, USA). Cav-1 ELISA kit was purchased from Cell Signaling Technology 

(Danvers, MA, USA). Optimal cutting temperature compound (OCT) was acquired from 

Sakura Finetek (Torrance, CA, USA).

2.2 MSV fabrication and characterization

Discoidal porous silicon particles 1000 × 400 nm (diameter × thickness) were fabricated as 

previously described (33). Briefly, a porous silicon film was created by electrochemical 

etching of p-type silicon wafers in hydrofluoric acid/ethanoic solution. Following deposition 

of low-temperature oxide (LTO) sacrificial layer on the wafer, cylindrical trenches were 

patterned. The wafers were sonicated in isopropyl alcohol to release the MSV. Next, MSV 

were dried, oxidized for 2 h in a piranha solution [1:2 H2O2
: H2SO4 (v/v)] at 100–110°C, 

washed, and stored at 4°C in water. A Multisizer 4 Coulter Particle Counter (Beckman 

Coulter, Fuellerton, CA, USA) was used to determine MSV size, size distribution, and 

count. Zeta potential was measured in a phosphate buffer (PB, pH 7.4) using a Zetasizer 

Nano ZS (Malvern Instruments, Malvern, Worcestershire, UK). MSV were modified with 3-

aminopropyl-triethoxysilane (APTES) as previously reported (24, 33, 34) and lyophilized 

utilizing Freezone Freeze Dry System (Labconco, Kansas City, MO). MSV/nAb-PTX were 

constructed as previously described (31).

2.3 Cell culture

L3.6pl human PDAC cells and mouse immortalized endothelial cells were kindly provided 

by Dr. I. J. Fidler (The University of Texas MD Anderson Cancer Center) and maintained in 

MEM supplemented with 10% FBS, sodium pyruvate, NEAA, L-glutamine, MEM vitamin, 

and a penicillin-streptomycin mixture (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) 

in humidified atmosphere at 37°C with 5% CO2. For in vivo injection, L3.6pl cell 

suspension was obtained from subconfluent cultures with >90% viability.

2.4 Orthotopic tumor implantation

Male nude mice (Nu/Nu, 43–56 days) were purchased from Charles River Laboratories 

(Wilmington, MA) and maintained in the animal facility at Houston Methodist Research 

Institute (HMRI) approved by the AAALAC and in accordance with the National Institutes 

of Health guidelines for the care and use of Laboratory animals (NIH Publications No. 8023, 

revised 1978). To establish orthotopic PDAC, 1 × 106 L3.6pl cells were injected in the 

mouse pancreas to create slowly growing tumors as described previously (36). All the 

procedures are approved by HMRI Institutional Animal Care and Use Committee 

(AUP-0514-0031, 6/3/2014).

2.5 Assessment of survival, therapeutic efficacy and transport of nAb-PTX

Slowly growing pancreatic tumors were created as described in 2.4. More specifically, 

palpable tumors (500–750 mm3) developed not earlier than 30 days after the inoculation of 

PDAC cells. We have previously shown that these dynamics of disease progression in L3.6pl 

PDAC model result in the formation of tumors characterized by a dense stroma comparable 

to the tumor microenvironment in the clinical PDAC specimens (36). Dense stroma 

formation in L3.6pl tumors was confirmed by pathological analysis of hematoxylin and 
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eosin stained sections. Active fibrosis was also evaluated by immunohistochemical staining 

of alpha-smooth muscle actin (α-SMA), marker for activated myofibroblasts 

(Supplementary figure 1). The following studies were conducted: (1) survival study; (2) 

evaluation of therapeutic efficacy and (3) evaluation of gem effect on nAb-PTX transport. 

The following drugs were used solo or in combination as detailed in each study: (a) nAb-

PTX (intravenously, 75 mg/kg equivalent to 7.5 mg/kg PTX); (b) MSV/nAb-PTX (nAb-PTX 

75 mg/kg equivalent to 7.5 mg/kg PTX loaded into 1×109 particles/mouse intravenously); 

(c) gem (intraperitoneally 50 mg/kg); (d) phosphate buffered saline (PBS, intravenously); 

and (e) empty MSV (1×109 particles/mouse intravenously in PBS).

To evaluate the survival benefits of the therapies on gem-resistant tumors, the animals were 

randomized into 7 groups (n = 9–10) and treated weekly with: 1) PBS, 2) gem, 3) nAb-PTX, 

4) MSV, 5) MSV/nAb-PTX, 6) nAb-PTX+gem, and 7) MSV/nAb-PTX+gem. The mice 

were sacrificed when moribund or at the maximum of four months from the initiation of the 

experiment (123 days) to confirm tumor incidence.

For evaluating the therapeutic efficacy by assessing PDAC tumor weight, the animals, 

randomized into three groups (n = 8) were treated weekly for three weeks with: 1) PBS, 2) 

nAb-PTX+gem, and 3) MSV/nAb-PTX+gem. The body weight was monitored. Twenty-four 

hours after the last therapy, the mice were sacrificed and their tumors were harvested, 

weighed, and processed for immunohistochemical analysis.

To evaluate the effect of gem or MSV on nAb-PTX accumulation in PDAC and liver, three 

groups (4 mice per group) were treated once with: 1) nAb-PTX, 2) nAb-PTX+gem, and 3) 

MSV/nAb-PTX+gem. The mice were sacrificed 6 hours later. Tumors and livers were 

collected, weighed, and levels of PTX were measured by liquid chromatography-tandem 

mass spectrometry (LC-MS/MS).

2.6 Immunohistochemical analysis of tumor samples

Tumor sections were either fixed in 10% buffered formalin or with acetone to perform the 

following immunohistochemical analysis. Proliferation and apoptosis of tumor cells were 

evaluated through Ki67 and TUNEL staining, respectively. For Ki67 staining, sections were 

incubated with anti-mouse Ki67 rabbit polyclonal antibody at 4°C overnight and 

consequently with corresponding secondary antibody. TUNEL assay was conducted 

according to the manufacturer’s protocol. Cav-1 staining was performed incubating the 

sections with rabbit polyclonal anti-mouse cav-1 antibody at 4°C overnight, followed by 

incubation with corresponding secondary antibody. Additionally, CD31 antibody was used 

for counterstaining of cav-1-stained tumor sections. Immunofluorescence was imaged using 

confocal microscope (Nikon, Tokyo, Japan) and the fluorescent images (n = 10 per sample) 

were analyzed for number of objects (TUNEL assay and Ki67) or mean intensity (cav-1) 

using NIS-Elements software (Nikon).

In order to visualize tumor stroma, immunohistochemical analysis of paraffin-embedded 

tumors was performed with α-SMA antibody. The sections underwent heat-induced epitope 

retrieval with 10 mmol/L Tris buffer pH 9.0 and endogenous background elimination with 

3% H2O2 for 10 minutes. Next, the sections were blocked, the primary antibody was added 
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at a concentration of 1:100 for one hour at room temperature, and finally the anti-mouse 

HRP conjugated secondary antibody was added. In addition, some of the slides were stained 

with routine hematoxylin and eosin staining. 4× images were taken using a Nikon 

histological microscope.

2.7 Evaluation of the effect of gem on cav-1 expression in vitro

To determine if gem treatment increases nAb-PTX accumulation in the tumor by up-

regulating cav-1 expression in endothelial cells, mouse immortalized endothelial cells were 

untreated or treated with gem 5, 10, and 20 nM for 48 hours. Next, untreated cells and cells 

treated with gem 20 nM were fixed with 4% paraformaldehyde in PBS, and stained for cav-1 

as described above. 20× fluorescent images (n = 8–10 per group) were taken and analyzed 

for mean intensity (cav-1) using NIS-Elements software (Nikon). Also, cell lysates from 

untreated cells and cells treated with gem 5, 10, and 20 nM were used to perform cav-1 

ELISA according to the manufacturer’s protocol in order to determine if the expression of 

cav-1 was dose-dependent.

2.8 Evaluation of cav-1 expression in resected patients’ PDAC specimens

The histologic sections of PDAC tissue (total 30 cases; 20 patients underwent upfront 

surgery and 10 patients received gem-based neoadjuvant chemotherapy before resection) 

were stained with a standard immunohistochemistry method with antibody to cav-1 (Abcam, 

USA). The study was approved by the MD Anderson Institutional Review Board (protocol 

PA14-0646). Patients’ characteristics are given in Supplementary Table 1. The stained slides 

were scanned using Aperio AT2 – High Volume, Digital Whole slide scanning (Leica 

Biosystems). Whole slide images were saved in the svs format and image analysis was 

performed with Definiens Tissue Studio 4.2 (Definiens, Munich, Germany). Marker Area 

detection algorithm was applied to detect cav1-positive stained component. We applied an 

image processing workflow by the following steps: preprocessing (Tissue background 

separation & annotation of pancreatic tumor), tissue segmentation (into cellular and stromal 

components) then marker area detection to quantify cav-1 expression levels (35). The 

marker area was calculated as the percent of positive IHC stained area to the whole tissue. 

We used SAS JMP Pro-12 for statistical analysis and graphs generation.

2.9 PTX quantification by LC-MS/MS

For LC-MS/MS analysis, the external standard consisted of PTX and the spiking internal 

standard consisted of deuterated PTX (D5). Plasma samples were analyzed whole, while 

PDAC and liver samples were homogenized with deionized water and the drug was extracted 

with acetonitrile containing the internal standard. Liquid chromatography was performed via 

Waters Acquity UPLC system (Waters Corporation, Milford, MA) using Acquity UPLC 2.1 

mm × 50 mm BEH C-18 column (1.7μm) and matching guard column. Mass spectrometry 

was performed using Waters Xevo TQ tandem quadrupole mass spectrometer (Waters 

Corporation, Milford, MA) ran on SRM/MRM mode under positive ion electrospray 

conditions under capillary voltage of 3.5 kV, cone voltage of 16V, and transition dwell times 

of 0.105 sec. MassLynx v4.1 and TargetLynx v4.1 softwares (Waters Corporation, Milford, 

MA) were utilized to acquire data, and to quantify PTX, respectively. PTX was quantified 
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based on the standard curve for the same molecular transition of the drug and normalized to 

percent recovery relative to the internal standard.

2.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 software (GraphPad Software, 

Inc., La Jolla, CA, USA). Data are presented as mean ± SD. Mann-Whitney U test was used 

for statistical analysis of the therapeutic efficacy study, gem effect on nAb-PTX transport 

study and gem effect on cav-1 expression in vitro, in vivo and in clinical samples from 

patients. The Kaplan-Meier method was used for survival analysis. P value <0.05 was 

considered to be statistically significant.

3. Results

3.1 Survival of animals as a function of therapy

To evaluate the effect of therapeutics on survival, tumor bearing mice were treated with 1) 

PBS, 2) gem, 3) nAb-PTX, 4) MSV, 5) MSV/nAb-PTX, 6) nAb-PTX+gem, or 7) MSV/nAb-

PTX+gem (Figure 1). Animals from PBS, gem, and MSV groups showed a median survival 

between 37 and 45 days. As expected from the previous studies (16–18, 36), L3.6pl tumors 

are resistant to gem. Animals treated with nAb-PTX showed a significantly extended (P < 

0.01) median survival of 53.5 days, demonstrating that this therapeutic affects gem resistant 

tumors. Because of MSV/nAb-PTX retention in the PDAC microenvironment, animal 

survival was significantly extended (P < 0.05) to 73 days vs. nAb-PTX alone. Similar 

survival was observed with a combination of nAb-PTX+gem (74 days), while the most 

extended survival was recorded for animals treated with MSV/nAb-PTX+gem (105 days, P 
< 0.005 vs. all other therapy groups). Half of the animals treated with MSV/nAb-PTX+gem 

did not become moribund due to the disease until the end of the experiment and were 

sacrificed at four months from the beginning of the experiment to confirm tumor incidence.

3.2 Evaluation of mechanisms involved in the therapeutic efficacy of the combination 
therapy

To evaluate the mechanisms that led to an increased survival of gem-resistant animals when 

treated with nAb-PTX+gem or MSV/nAb-PTX+gem combination, the drugs were 

administered three times and the animals were sacrificed for tumor analysis. PDAC tumor 

weights after treatment with MSV/nAb-PTX+gem were significantly lower in comparison to 

those after treatment with nAb-PTX+gem (P < 0.05, Figure 2A and Supplementary Figure 

2B). Body weights were constant in all groups, showing no signs of toxicity (Supplementary 

Figure 2A). PDAC immunohistochemical analysis showed that cell proliferation (Ki67) in 

the MSV/nAb-PTX+gem group was reduced, while cell apoptosis (TUNEL) was increased, 

in comparison to two other groups (Supplementary Figure 3). The number of proliferating 

cancer cells was significantly lower, while apoptotic cancer cells number was significantly 

higher in the MSV/nAb-PTX+gem group in comparison to the other groups (Figure 2B–C, P 

< 0.01).
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3.3 Analysis of nAb-PTX accumulation in PDAC as a function of combined therapies

To assess the advantage of adding gem to nAb-PTX as well as loading nAb-PTX into MSV 

over nAb-PTX alone or nAb-PTX+gem, respectively, in terms of biodistribution of nAb-

PTX, we quantified the amount of PTX in PDAC tumors and livers using LC-MS/MS. The 

concentration of PTX in PDAC was significantly higher (P < 0.05) in the animals treated 

with nAb-PTX+gem as compared to the mice treated with nAb-PTX alone. Furthermore, 

PTX concentration in tumor was higher in mice treated with MSV/nAb-PTX+gem vs. the 

two other groups (Figure 3A). In contrast, liver accumulation of PTX was similar in all three 

groups (Figure 3B). Thus, the advantage of adding gem to nAb-PTX on survival and 

therapeutic efficacy can be explained by increased accumulation of PTX in PDAC. 

Additionally, MSV showed preferential delivery of nAb-PTX into PDAC.

3.4 Expression of cav-1 as a function of gem administration in vitro, in vivo and in samples 
from patients

Cav-1 transports nAb-PTX, thus, immunohistochemical analysis was performed in vitro on 

mouse endothelial cells and in vivo on PDAC sections derived from animals treated with 

gem or PBS to determine the effect of gem on cav-1 expression. In both in vitro and in vivo 
studies, cav-1 expression (green) on endothelial cells and PDAC was significantly increased 

in response to treatment with gem in comparison to control treatment (Figure 4A2 and 4A3, 

and Figure 4B). In vitro results demonstrated that cav-1 expression in endothelial cells is 

dose-dependent, in fact we found that a higher dose of gem causes a higher expression of 

cav-1 (Figure 4A1). The number of endothelial CD31-positive cells in vivo was not affected 

(data not shown). Next, we validated the in vitro and in vivo data by evaluating 30 patient 

specimens (20 gem naive vs. 10 treated with gem). After staining with cav-1, the patient 

tumor slides were scanned and analyzed first for tissue segmentation in tumor and stroma, 

and then with a marker area detection algorithm, percentage of caveolin-positive tissue was 

detected (Figure 5A). We found that cav-1 expression is significantly increased in patients 

pre-treated with gem-based neoadjuvant chemotherapy as compared to non-treated patients, 

ANOVA (P = 0.0032) (Figure 5B).

4. Discussion

This study focuses on the effects of gem treatment on the transport of nAb-PTX. 

Additionally, we investigate the effect of loading nAb-PTX into MSV for combination 

therapy with gem in nude mice bearing orthotopic L3.6pl pancreatic cancer. This PDAC 

model was chosen due to previously shown resistance to gem therapy (16–18) and could 

represent patients with gemcitabine-resistant PDAC, thus providing a better understanding 

of treatment options for patients who do not respond to the first line monotherapy (8). 

Accordingly, gem had no effect on median survival (37, 41.5 and 45 days for gem, PBS and 

empty MSV treated mice, respectively) (Figure 1). Treatment with nAb-PTX alone resulted 

in enhanced median survival (53.5 days), further increased by combining nAb-PTX with 

gem (74 days). An additional effect was achieved by loading nAb-PTX into the MSV, 

resulting in a median survival of 73 and 105 days when they were given alone or with gem, 

respectively. The data show an increased PTX accumulation in tumor in animals treated with 

nAb-PTX+gem in comparison to nAb-PTX alone (Figure 3A). Similarly to the survival 

Borsoi et al. Page 8

Cancer Lett. Author manuscript; available in PMC 2018 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



study, loading nAb-PTX into the MSV and combining it with gem resulted in a further 

increase of PTX tumor accumulation. As a result of enhanced PTX accumulation in 

pancreatic tumors in vivo, we also observed increased median survival (Figure 1), increased 

tumor cell apoptosis (Figure 2C), and reduced tumor cell proliferation (Figure 2B) when 

animals bearing PDAC were administered with nAb-PTX+gem. These effects were further 

enhanced when mice were treated with MSV/nAb-PTX with gem. These data provide direct 

evidence for: (1) role of gem in increasing transport of nAb-PTX to the PDAC tumor and (2) 

advantage of the MSV in nAb-PTX transport to tumors.

To understand the mechanism of enhanced accumulation of PTX in PDAC when combined 

with gem treatment, analysis of cav-1 expression as a function of gem therapy was 

performed in in vitro, in vivo, and in clinical samples. Considering that treatment with gem 

has been previously shown to increase the expression of cav-1 in PDAC (14), we 

hypothesized that nAb-PTX accumulation could be mediated by an increased cav-1 

expression induced by gem. Accordingly, cav-1 stainings demonstrated that gem treatment 

enhanced the expression of cav-1 both in mouse immortalized endothelial cells in vitro and 

orthotopic L3.6pl PDAC in vivo, thus increasing the ability for nAb-PTX transport into 

tumor tissue (Figure 4). These results were strongly supported by the findings in patient 

resected tumors, showing that cav-1 expression was also significantly increased in the PDAC 

tumors of the patients pre-treated with gem-based chemotherapy compared to the patients 

without neo-adjuvant chemotherapy (Figure 5).

Cav-1 expression has been shown to be affected by several molecular pathways. As an 

example, HRAS or ABL1-induced oncogenic transformation of mouse fibroblasts caused 

the transcriptional downregulation of cav-1 (37, 38). In another work, mutations in TP53 

gene, encoding p53, resulted in a reduced expression of cav-1 (39). Studies in prostate 

cancer cells have shown that cav-1 expression can be induced by protein kinase C ε (PKC ε) 

through the sequential activation of mitogen-activated protein kinases (MAPK), c-Myc, and 

androgen receptor (40). Molecular mechanisms of cav-1 regulation in pancreatic cancer are 

yet to be studied. There are several reports suggesting that cav-1 expression in breast, 

prostate, bladder, and other cancers is affected by epigenetic factors, in particular DNA 

methylation (41–44). In human breast cancer cells, 5′ promoter of cav-1 is methylated as 

opposed to normal human mammary epithelial cells (41, 45). In studies on clinical samples 

from breast tumors, hypermethylation of Cav1 promoter was accompanied by the 

downregulation of cav-1 expression in comparison to the adjacent unaffected breast tissue 

(42, 46). Gem has been shown to function as DNA methyltransferase inhibitor reactivating 

epigenetically silenced genes (47). Additionally, a recent work demonstrated the ability of 

gem to affect the expression of multiple genes, including p73, IP6K3, MAP2K6, and others 

(48). These effects of gem can be related to the overexpression of cav-1 in animals and 

patients treated with the drug.

Our findings suggest that, following enhanced delivery to the tumor vasculature by MSV, 

PTX is transported to PDAC microenvironment by albumin transporters, whose expression 

is increased by gem (Figure 6). MSV has been shown to allow preferential accumulation of 

drugs into tumor tissue by preventing payload degradation and localizing in the tumor 

microenvironment (49–52). Following intravenous administration, a drug encounters 
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multiple biological barriers (i.e. enzymatic degradation, endothelial barrier) preventing the 

transport to the site of action (22, 53, 54). MSV was developed to sequentially 

circumnavigate such biological barriers and achieve preferential accumulation of second- 

and third-stage compounds in tumor tissue by concurrently taking advantage of 

hemodynamics of tumor vasculature, interfacial interactions with the cells in the tumor 

microenvironment (e.g. endothelial cells and macrophages (24, 55, 56), and the enhanced 

permeability and retention (EPR) effect. MSVs are micrometer-size nanoporous silicon 

particles characterized by a non-spherical shape, which allows particle margination and 

adhesion to the tumor endothelium (25). Subsequently, as a result of porous silicon 

degradation into harmless orthosilicic acid, the nano-sized compound loaded into the 

particles is released to the tumor interstitium (57, 58). Accordingly, several in vivo studies 

have shown no subacute toxicity, acute toxicity and immunotoxicity of MSV (29, 50, 59–

61). In the study by Tanaka et al. in an immunocompetent mouse model (FBV mice), MSV 

did not alter renal and liver functions (evaluated by plasma BUN/creatinine and LDH levels, 

respectively) as well as 23 plasma cytokines and chemokines (61). Additionally, MSV had 

no effect on infiltration of leukocytes into the liver, spleen, kidney, lung, brain, heart, and 

thyroid. In the study by Godin et al MSV were shown to degrade in serum within 24h, didn’t 

stimulate cytokine release from human macrophages or affect human endothelial cell 

viability in vitro (62). Tanei et al. have shown that in the immunocompetent models of 

Balb/C and C57BL/6 mice there were no changes in the number of macrophages in the 

unaffected liver and body weight of the animals following the treatment with MSV or MSV-

nAb-PTX (31).

In a powder form, nAb-PTX consists of 130 nm in diameter nanoparticles, which decreases 

to 12 nm when the compound is suspended in water. Resuspended nAb-PTX can be 

successfully loaded into 20–50 nm pores of MSV (31). After systemic injection of MSV/

nAb-PTX, nAb-PTX is released in proximity of tumor vasculature due to MSV degradation. 

Next, the albumin-bound PTX crosses the endothelial barrier by taking advantage of both an 

endogenous albumin transport pathway and the EPR effect. The latter is the phenomenon by 

which tumor vasculature displays increased permeability and nanoparticle retention due to 

enhanced number of fenestrations, atypical blood flow, and lack of proper lymphatic 

drainage (63–65), while the former involves albumin binding proteins such as 60-kDa 

glycoprotein (gp60), cav-1, and SPARC (Figure 6e) (23). It was recently reported that 

SPARC expression levels were not associated with efficacy of nAb-PTX plus gem or gem 

alone in patients with PDAC (66). However, while the same trend regarding SPARC 

expression and therapeutic efficacy was found in patients with advanced lung cancer treated 

with nAb-PTX plus carboplatin, an increase in the stromal cav-1 expression was 

significantly associated with therapeutic response and patients’ survival (67).

In conclusion, in our work, we have seen that gem treatment significantly increased cav-1 

levels on endothelial cells in vitro and in the tumor microenvironment in vivo. This increase 

was in agreement with the data obtained from the clinical samples from patients with PDAC. 

The therapeutic regimen based on the combination of MSV/nAb-PTX and gem shows the 

best therapeutic efficacy, increased median survival, and enhanced PTX accumulation in 

tumors as a result of: (1) increased expression of albumin transporter cav-1; and (2) 
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preferential delivery by MSVs. These results suggest that MSV/nAb-PTX+gem has a 

potential to be translated to the clinic for the treatment of gem-resistant PDAC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Multistage nanovectors target PDAC stroma

2. A combination therapy exploiting nanovectors for PDAC is proposed

3. Gemcitabine increases the expression of albumin transporter protein 

caveolin-1

4. Gemcitabine increases the transport of albumin-bound paclitaxel to PDAC
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Figure 1. 
Survival of nude mice bearing L3.6pl orthotopic PDAC (n = 9–10) in response to therapy 

with control (PBS), gem, nAb-PTX, MSV, MSV/nAb-PTX, nAb-PTX + gem, and MSV/

nAb-PTX + gem. Gem was given at a concentration of 50 mg/kg, nAb-PTX or MSV/nAb-

PTX at a concentration of 75 mg/kg equivalent to 7.5 mg/kg PTX, and MSVs at a dose of 

109 particles/mouse.
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Figure 2. 
Suppression of tumor growth in response to nAb-PTX + gem or MSV/nAb-PTX + gem vs. 

no treatment control (PBS) in nude mice bearing L3.6pl orthotopic PDAC (n = 8): A) PDAC 

weight. B) Quantification of proliferating Ki67 positive cells. C) Quantification of apoptotic 

cells measured with the TUNEL assay. Field of view: 430 μm2. (* P < 0.05, ** P < 0.01, 

*** P < 0.001, **** P < 0.0001).
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Figure 3. 
Accumulation of PTX in pancreatic tumor and liver of nude mice bearing L3.6pl orthotopic 

PDAC determined by LC-MS/MS (n = 5). (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 

0.0001).
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Figure 4. 
Increased expression of albumin transporter cav-1 in vitro (A), and in vivo (B) in response to 

gem treatment: (A1) Cav-1 expression obtained through ELISA of mouse endothelial cells 

lysates treated with gem 5, 10, and 20 nM in vitro (*P < 0.05); (A2) Fluorescent images of 

untreated mouse endothelial cells stained for cav-1 (green) and cell nuclei (DAPI, blue); 

(A3) Fluorescent images of mouse endothelial cells treated with gem 20 nM and stained for 

cav-1 (green) and cell nuclei (DAPI, blue). Scalebar: 100 μm; (B1) Quantification of mean 

fluorescent intensity of cav-1 immunofluorescence in tumor sections from nude mice 

bearing L3.6pl orthotopic PDAC in vivo. (**** P < 0.0001); (B2) Fluorescent images of 

PDAC from untreated mice (PBS group) stained for cav-1 (green) and cell nuclei (DAPI, 

blue); (B3) Fluorescent images of PDAC from mice treated with gem 50 mg/kg stained for 

cav-1 (green) and cell nuclei (DAPI, blue). Scalebar: 100 μm.
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Figure 5. 
Increased expression of albumin transporter cav-1 in PDAC samples from patients (see 

Supplementary Table 1) in response to gem treatment: (A) image processing workflow 

applied to analyze 30 patient specimens stained with cav-1. Tissue segmentation was 

employed in order visualize tumoral and stromal components, while a marker area detection 

algorithm was used to identify the cav-1 positive tissue. (B) Immunohistological 

quantification of cav-1 in the PDAC tumors of the patients pre-treated with gem-based 

neoadjuvant chemotherapy compared to the patients without neoadjuvant chemotherapy, 

ANOVA (P = 0.0032)
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Figure 6. 
Proposed mechanism for gem and MSV-induced preferential accumulation of nAb-PTX in 

tumor tissue. (A) normal tumor vasculature, (B) upon intraperitoneal injection of gem the 

expression of gp60 and caveolin-1 increases, (C) after intravenous injection, nAb-PTX 

accumulates in tumor, (D) MSV delivery further improves preferential localization of nAb-

PTX in the tumor due to the formation of vascular depots in tumor blood vessels, (E) 

Mechanism for nAb-PTX transport across the endothelial barrier through transcytosis 

mediated by gp60 receptor and caveolin-1.
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