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Abstract

We have developed a multi-disciplinary approach combining molecular biology, delivery 

technology, combinatorial chemistry, and reversible masking to create improved systemic, 

targeted delivery of plasmid DNA while avoiding non-specific uptake in vivo. We initially used a 

well characterized model targeting the asialolglycoprotein receptor in the liver. Using our 

bilamellar invaginated vesicle (BIV) liposomal delivery system with reversible masking, we 

increased expression in the liver by 76-fold, nearly equaling expression in first-pass organs using 

non-targeted complexes, with no expression in other organs. The same technology was then 

applied to efficiently target delivery to a human tumor microenvironment model. We achieved 

efficient, targeted delivery by attachment of specific targeting ligands to the surface of our BIV 

complexes in conjunction with reversible masking to bypass non-specific tissues and organs. We 

identified ligands that target a human tumor microenvironment created in vitro by co-culturing 

primary human endothelial cells with human lung or pancreatic cancer cells. The model was 

confirmed by increased expression of tumor endothelial phenotypes including CD31 and VEGF-

A, and prolonged survival of endothelial capillary-like structures. The co-cultures were used for 

high-throughput screening of a specialized small-molecule library to identify ligands specific for 

human tumor-associated endothelial cells in vitro. We identified small molecules that enhanced 

the transfection efficiency of tumor-associated endothelial cells, but not normal human endothelial 

cells or cancer cells. Intravenous injection of our targeted, reversibly masked complexes into mice, 

bearing human pancreatic tumor and endothelial cells, specifically increased transfection to this 
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tumor microenvironment about 200-fold. Efficacy studies using our optimized targeted delivery of 

a plasmid encoding thrombospondin-1 eliminated tumors completely after five intravenous 

injections administered once every week.
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non-viral delivery; liposomes; targeted delivery; tumor vascular microenvironment; anti-cancer 
therapeutics; reversible masking

INTRODUCTION

Angiogenesis, the process of new blood vessel formation, is required for sustained cancer 

growth and metastasis.1, 2 Recent approval of antiangiogenic drugs, such as Bevacizumab, 

Sorafenib and Sunitinib, by the FDA supports the use of anti-angiogenesis as a strategy for 

the treatment of cancer.3, 4 However, these treatments are expensive and can have toxic side 

effects.5, 6 Therefore, investigators addressed the feasibility of using gene therapy due to its 

potential for prolonged production of therapeutic proteins and low cost. Pharmacokinetic 

studies showed that administration of therapeutic proteins might not be optimal when 

compared to delivery systems that potentially maintain elevated drug level continuously in 

the body.7–9 Delivery vehicles used for gene therapy include viral, non-viral, and bacterial 

vectors (Reviewed in: 10). Other delivery methods such as in vivo electroporation, ballistic 

and other needle-free delivery systems are also used (Reviewed in: 10). Much work has 

focused on the use of non-viral vectors due to diminished safety concerns and ease of 

manufacturing. Non-viral vectors have been used successfully in many pre-clinical and 

clinical studies (Reviewed in: 10).11–14

We previously reported the bilamellar invaginated vesicle (BIV) liposomal delivery system 

that has unique features and has proved effective for cancer gene therapy.11, 14–18 In our 

initial studies, we used a well characterized model targeting the asialolglycoprotein receptor 

in the liver in conjunction with our reversible masking technology to bypass uptake in non-

target organs (Templeton, N.S. US Patent No. 7,037,520 B2 issued May 2, 2006). We then 

added targeted delivery using small molecules in conjunction with our reversible masking 

technology. A combinatorial library developed in lab of Burgess allows production of small 

molecules designed to bind proteins selectively.19–22 Members of the library resemble 

secondary structure motifs found at hot-spots in protein-ligand interactions, e.g. bivalent 

beta-turn mimics designed to have an affinity for cell surface receptors. Importantly, the 

bivalent small molecules can have selectivity for binding cell surface receptors. Here the 

strategy was adapted to produce bivalent molecules that have hydrocarbon tails, and 

preparation of functionalized BIV complexes from these is fast and routine in our lab. We 

believe that small molecules are needed for targeted delivery because larger ligands, 

including small peptides are immunogenic when multimerized on the surface of delivery 

vehicles including nanoparticles.23

We also developed a novel and robust in vitro screen to identify small molecule ligands 

from our combinatorial library to use for targeted delivery to human tumor vascular 

microenvironment. No endothelial culture model had been created that expresses most 
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surface markers found in human tumor vasculature.24 Furthermore, recent publications have 

reported that tumor cells which are accessible to the circulation undergo a differentiation 

process called “vasculogenic mimicry” wherein they express vascular markers on their 

surface rather than tumor cell markers.25, 26 We generated co-cultures of tumor and 

endothelial cells to induce a human tumor vascular microenvironment phenotype in vitro 

and performed in vitro screening of our small molecule libraries.

Finally, our efficacy studies focused on the targeted delivery of plasmid DNA encoding the 

anti-angiogenic protein, human thrombospondin-1 (TSP1).27, 28 TSP1 is a secreted protein 

that can prevent angiogenesis, the formation of new blood vessels required to sustain tumor 

growth.29 The modified TSP1 mimetic ABT-510 has advanced to Phase II clinical trials to 

treat advanced cancer.29 Gene delivery of TSP1 significantly inhibits growth of various 

cancers and tumor microvessel density in animal models.12, 13, 30–32 Furthermore, TSP1 can 

also inhibit tumor growth by polarizing macrophages in the tumor microenvironment 

towards cytotoxic M1 differentiation.29 Here we show that targeted, reversibly masked 

delivery of a TSP1 expression plasmid significantly improves the efficacy of TSP1 gene 

therapy.

MATERIALS AND METHODS

Cell Culture

PANC-1, H1299, and MCF7 human cancer cell lines were purchased from the American 

Type Culture Collection (ATCC, Bethesda, MD). PANC-1 cells were cultured in high 

glucose DMEM. H1299 cells were cultured in RPMI-1640 medium, and MCF7 cells were 

cultured in Eagle’s Minimum Essential Medium. All the above media were supplemented 

with 10% fetal bovine serum (FBS). HUVEC was purchased from Lonza (Clonetics, 

Walkersville, MD) and grown in endothelial basal medium (Clonetics) supplemented with 

SingleQuots (Clonetics). HUVECs were cultivated at third to sixth passage. Co-culture of 

HUVECs and cancer cells was established after cell counting and plated at the ratio of 

approximately 10 – 30:1 HUVEC: cancer cells with the seeding density of 5,000 

HUVECs/cm2. In some experiments, co-cultures were maintained in dual chamber 

Transwell systems which physically separated cancer cells from ECs while allowing free 

diffusion between the two cell populations through the 0.4 μm-sized microporous membrane 

(Corning).

Flow Cytometry

Cells were harvested and resuspended in 1xPBS at 10×106/ml. The cell suspension was 

incubated with anti-CD31:RPE (GeneTex, Irvine, CA) according to the manufacturer’s 

instructions. After washing, propidium iodide was added to the cell suspension to exclude 

dead cells in the analysis. Flow cytometry was performed on the BD LSRII (BD 

Biosciences, San Jose, CA) and analyzed by the CellQuest program with gates set on the 

forward scatter versus the side scatter.
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Real-Time Quantitative RT-PCR

Human VEGF-A primers were synthesized containing the following sequences: forward 5′-

TGGAATTGGATTCGCCATTT-3′ and reverse 5′-TGGGTGGGTGTGTCTACAGGA-3′. 

β-actin primer sequences were: forward 5′-CTGGAACGG TGAAGGTGACA-3′ and 

reverse 5′-AAGGGACTTCCTGTAACAATGCA-3′. Co-cultured cells were grown in 

transwell plates. Total RNA was extracted from the cells using Trizol (Invitrogen, Carlsbad, 

CA) following the manufacturer’s protocol and treated with DNase I (Invitrogen). One μg of 

total RNA was reverse-transcribed into cDNAs with an iScript cDNA synthesis kit (Bio-

Rad, Hercules, CA) containing a mixture of oligo(dT) and random primers. Real-time PCR 

was performed on an ABI PRISM 7900HT Sequence Detection System (Applied 

Biosystems, Foster City, CA) using a DyNAmo HS SYBR Green qPCR kit (New England 

BioLabs, Finnzymes, Finland). Cycling conditions were the following: initial denaturation at 

95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.

Western Blot

Eight days after co-culture in transwell dishes, 50 mg protein from EC lysates was loaded on 

9% SDS-PAGE gels followed by Western transfer to nitrocellulose membranes (Hybond 

ECL; Amersham Pharmacia Biotech). The membranes were blocked with 5% nonfat milk in 

TBS (20 mM Tris-HCl, 150 mM NaCl [pH 7.4], and 0.05% Tween 20). After incubation 

with the primary human anti-VEGF antibody (R&D Systems, Minneapolis, MN) at 1 μg/mL 

for 2 h at room temperature (RT), the membranes were washed six times at 5-min intervals 

with TBS/0.05% Tween 20 and incubated with secondary anti-goat horseradish peroxidase-

conjugated antibody (Transduction Laboratories, Lexington, KY).33

Tube Formation Assay

Eight days after co-culture in transwell plates, Matrigel (BD Biosciences, San Jose, CA) was 

added to the receiver chamber of a blank 6-well transwell plate at 4°C and incubated for 2 h 

at 37°C. After Matrigel had solidified, endothelial cells were trypsinized, counted and 

seeded on top at 5×105 cells/well. Cells were incubated for 16 h to allow the formation of 

capillary-like structures. To maintain the co-culture conditions, the cancer cells were 

cultivated in the upper chamber of the transwell plate. The tubular structure was observed 

daily to monitor morphology, integrity survival.

Preparation of BIV DNA:Liposome Complexes and Reversible Masking Agents

Plasmids p4241 and p4119 were generous gifts from Robert Debs (California Pacific 

Medical Center Research Institute, San Francisco, CA). They encode the luciferase and CAT 

genes, respectively. pCMV-THBS-1 was a kind gift from David Roberts (National Institutes 

of Health, Bethesda, MD) and encodes the TSP1 gene.27, 28 All plasmids were grown under 

ampicillin selection in DH5α Escherichia coli. Plasmid DNA was purified by anion 

exchange chromatography using the Qiagen Endo-Free Plasmid Giga Kit (Qiagen, Hilden 

Germany). DOTAP and DOTAP:Chol BIV liposomes, BIV DNA:liposome complexes (BIV 

complexes) were prepared as previously described 15, except that synthetic cholesterol 

(Sigma-Aldrich, St. Louis, MO) was used at a ratio of 50:45 DOTAP:cholesterol. 

Succinylated asialofetuin was prepared and coated onto BIVs as previously described.15 
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Reversible Masking Agent #1 (RM #1) is a pendant-modified PEG NHS ester having 5 

pendant carboxyl groups added to a PEG polymer and is 5000 MW. Reversible Masking 

Agent #2 (RM #2) is n-dodecyl-β-D-maltopyranoside, approximately 511 MW. Reversible 

Masking Agents were added to complexes just prior to injections in mice. Zeta potential 

analyses were performed using a Delsa 440SX zeta-potential analyzer (Beckman-Coulter).

Bivalent Small Molecule Production

Briefly, through selective coupling β-turn monovalent small molecules were mixed in 

solution to produce bivalent small molecules: homodimers, KB991 – KB1005, and 

heterodimers, KB1006 – KB 1140. During the process, only potassium carbonate was 

required to affect the coupling. Boc-protected monomeric compounds were treated with 

30% TFA in CH2Cl2 for 4 h at 25°C. The solvent was removed and residue was re-dissolved 

in DMSO to make a solution of 0.03 M. The dichlorotriazine linker scaffold and K2CO3 

were sequentially added. The resulting suspension was sonicated for 15 min and rocked for 

7 days. DMSO was lyophilized, and aqueous HCl solution (5%, about 0.5 mL) was added to 

the above solid residue and sonicated for 3 min. Most of the compounds were precipitated in 

acidic solutions. After centrifugation, the pellets were dried and saved. In order to coat the 

bivalent small molecules onto the surface of BIV complexes, a hydrocarbon tail was 

included in the molecules for insertion into the surface lipid bilayer. Compounds (about 10.0 

mg) were initially dissolved in 1.0 mL THF/H2O (v:v = 1:1). CuSO4 solution (1.0 M, 10 μL) 

was added and followed by Cu powder (1.0 mg). After that procedure, azidooctadecane in 

THF solution (0.1 mmol, 0.2 mL) was added, and the resulting suspension was stirred at 

25°C for 24 h. The suspension was filtered through a glass pipette filled with silica gel using 

30% methanol in CH2Cl2 as eluents. The solution was dried and concentrated to the final 

products. After synthesis, the solid compounds were dissolved in 1:1 chloroform:methanol 

in glass test tubes. Thin films were produced at the bottom of the tubes under a steady 

stream of argon gas under the tissue culture hood. The films were dissolved in sterile water 

to produce a 5 mg/mL stock and subjected to sonication (Lab-Line Trans-sonic 820/H) at 

50°C. Aliquots of the reconstituted compounds were stored at −80°C.

In Vitro Delivery and High Throughput Luciferase Assay

We used our high throughput assay to identify bivalent compounds attached to the surface of 

BIV complexes that internalize into endothelial cells in a human tumor microenvironment 

more efficiently than non-targeted BIV complexes. Our assay features a luciferase reporter 

gene and a dedicated plate reader luminometer, the Luminoskan Ascent, certified for ultra-

sensitive detection of luciferase expression (Thermo Electron Corp., Waltham, MA) that has 

3 injectors/robotic dispensers. The Luminoskan allows many different sample formats from 

single 10 cm tissue culture dishes to 384-well plates, and has a high degree of sensitivity (<1 

fmol ATP/well) for observing small differences in addition to a high dynamic range for 

samples (>9 decades over whole gain setting area). If the plasmid DNA encoding luciferase 

is internalized and efficiently transported to the nucleus, then bioluminescence is detected in 

cells grown in the wells of the plates. The read out is fast, enabling rapid testing of 

functionalized BIV complexes in a one-bivalent compound-per-well format. Normal 

HUVECs were used for controls, and delivery to the tumor cells alone or to the co-cultures 

was compared. Luminoskan data was used to identify the bivalent compounds that produce 
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the highest levels of luciferase gene expression in HUVECs that are co-cultured with human 

tumor cells and not in normal HUVEC cells or in the tumor cells. Approximately 150 

members of the small molecule library were tested at various concentrations on the surface 

of BIV-luciferase complexes. Optimal transfection time, amount of complexes used for 

transfection, the optimal integration and lag time were also determined.

Briefly, 7 days after co-culture, cells were harvested and 50 μL cell suspension was seeded 

to 96-well dishes at 2×104 cells/well. Complexes were prepared as previously described.15 

The compounds were diluted to concentrations including 0.5, 10, 200, 500 pg compound/μg 

DNA encapsulated in the complexes. 1 μL of compound was pipeted slowly into the center 

of 10 μL of BIV-luciferase DNA complexes that were pre-loaded in 96-well plates and 

followed by incubation at RT overnight for maximal coating. The following day, cells were 

transfected with 0.52 μL compound-coated BIV complexes which was diluted to 5 μL and 

placed into 45 μL serum free medium. Cells were grown in cell culture medium post-

transfection. For co-cultures of HUVEC with H1299 cells, DOTAP BIV liposomes were 

used, and cells were transfected for 4 h. For co-cultures of HUVEC and PANC-1 cells, 

DOTAP:Chol BIV liposomes were used, and cells were transfected for 2 h. At 24 h post-

transfection, cells were lysed using 1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) 

followed by high throughput luciferase assay using the Luminoskan Ascent to detect gene 

expression. One sec of integration time and 14 sec of lag time were applied during the assay. 

Transfection efficiencies of the compound coated BIV liposomal complexes were compared 

to that of uncoated complexes. Triplicates were measured for each condition. All the 

dilutions were made in 5% dextrose in water (D5W).

Human Tumor Microenvironment-Pancreatic Cancer Mouse Model

HUVEC and PANC-1 co-cultured cells were harvested and resuspended in 1xPBS after 8 

days in co-culture. A 500 μL cell suspension containing 2×106 co-cultured cells (about 

1×106 PANC-1 cells) was IP injected into each 8~10 week-old severe combined 

immunodeficient (SCID) mouse. All animal procedures were performed in accordance with 

the Baylor College of Medicine (Houston, TX) institutional guidelines using an approved 

animal protocol.

In Vivo Targeted Delivery and CAT Assay

At 8 weeks post-IP injections of co-cultures detailed above, BIV-CAT DNA complexes 

were prepared and coated with the small molecule KB1023 at 500 pg compound/μg DNA as 

discussed above. The complexes were mixed with various concentrations of reversible 

masking reagent, RM #2, n-dodecyl-β-D-maltopyranoside (Anatrace, Maumee, OH), just 

prior to intravenous (IV) injections into mice. Each mouse was injected with a total volume 

of 110 μL complexes containing 35 μg of p4119 CAT DNA. At 14 h post-IV injection, mice 

were sacrificed, tissues were harvested, and total protein was extracted as previously 

described.15 CAT protein production was measured using the CAT ELISA kit (Roche, 

Indianapolis, IN) following the manufacturer’s instructions. Protein concentration was 

determined using the Micro BCA kit (Pierce) following the manufacturer’s instructions.
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Studies targeting the asialoglycoprotein receptor in Balb/c mice were performed as 

previously described 15 except that reversible masking using RM #1 was added to these 

studies. Ten mice were IV injected per group. In these studies 50 ug of CAT plasmid, 

p4119, were encapsulated in BIVs and organs were harvested 24 h post-injection.

Anti-Cancer Therapy

At 2 weeks post-IP injections of the co-cultures detailed above, in vivo delivery was 

performed using the protocol described above except that 35 μg TSP1 plasmid DNA was 

encapsulated in the BIV-KB1023 coated complexes and 11mM reversible masking reagent 

#2 was used prior to IV injections. Injections were performed every two weeks for a total of 

three injections. In a different experimental group, injections were performed weekly for a 

total of five injections. Two weeks after the final injection (8 weeks post-IP injection of the 

co-cultures to establish the human tumor microenvironment-human tumor model), the mice 

were sacrificed and tumor size was measured. Intra-abdominal tumors and other organs 

(liver, lungs, spleen, pancreas and colon) were dissected followed by fixation in 10% neutral 

buffered formalin.

Statistical Analysis

Data were expressed as means ± SEM. Experimental and control groups were compared 

using ANOVA and the unpaired student t test. P<0.05 was considered significant.

RESULTS

Human tumor microenvironment in vitro model

Tumor cells secrete growth factors and cytokines to initiate and stimulate angiogenesis to 

generate a microenvironment optimal for tumor growth (Reviewed in: 7). We established an 

in vitro human tumor microenvironment model by co-culturing human umbilical vein 

endothelial cells (HUVEC) with human H1299 non-small cell lung carcinoma cells (H1299 

co-cultures) or human PANC-1 ductal pancreatic adenocarcinoma (PANC-1 co-cultures). 

We first looked for changes in the endothelial markers over time to indicate the transition of 

normal endothelium to tumor vasculature endothelium. An increase in CD31 on the 

endothelial cells has been reported to occur at this transition as detected by flow cytometry.
34 Our flow cytometry data (Fig. 1b,c) shows that this transition occurs between days 8 and 

9 in co-culture with H1299 cells. A majority of the HUVECs expressed low levels of CD31 

(Fig. 1a, gated by R4). Only few HUVECs expressed high levels of CD31 (gated by R2). 

After 8 days in the H1299 co-culture, the percentage of high level, CD31 expressing 

endothelial cells increased by 113% compared to that of the HUVEC control (Fig. 1b; 

16.86% versus 7.9%). The increased CD31 expression was significantly higher at 264% 

after 9 days in co-culture compared to the HUVEC controls (Fig. 1c; 29.96% versus 8.23%). 

This increased CD31 expression persisted beyond day 9.

A VEGF-A autocrine loop is activated in tumor vasculature, and expression of the VEGF 

receptors and VEGF-A are increased at both the mRNA and protein levels.35 VEGF-A is 

also a key pro-angiogenic factor and stimulates endothelial cell proliferation and migration, 

prolongs endothelial cell survival, and sustains capillary-like tubular structures that are 
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formed by endothelial cells.36, 37 Figure 2 shows increased expression of VEGF-A as 

detected by quantitative RT-PCR (Fig. 2a; 225%) and by Western blotting (Fig. 2b; 160%) 

in the endothelial cell chamber of PANC-1 co-cultures at day 8 in co-culture in two-chamber 

transwell plates with 0.4 μm-sized microporous membranes.

When plated on Matrigel, endothelial cells transiently form capillary-like tubular networks 

in vitro. At 16 hours (h) after plating on Matrigel, our assays showed no significant 

difference in tube formation between HUVECs (Fig. 3a) and endothelial cells of the 

PANC-1 co-cultures (Fig. 3b; co-cultured for 8 days in transwell plates). The tubular 

structure of the HUVEC control started to degrade at 48 h and by 72 h was almost 

completely degraded (Fig. 3c). In contrast, a significant amount of tubular structure survived 

at 72 h in endothelial cells from the PANC-1 co-culture (Fig. 3d) and continued to survive 

for 11 more days (Fig. 3e–f). When the PANC-1 cell inserts were removed from the 

transwell plates, no difference in tube survival between the endothelial cells separated from 

the PANC-1 co-culture and the HUVECs was detected. Our data suggest that factors 

produced by co-culture with the cancer cells prolong the survival of the endothelial tubular 

structure of the co-culture, perhaps due to increased VEGF-A expression.

High-throughput in vitro screening of small molecule libraries for targeted delivery

The Burgess group prepared libraries of 15 homodimeric and 135 heterodimeric bivalent 

compounds that are “semi-peptidic” β-turn analogs. Their general structure is shown in 

Figure 4a. Significantly, these compounds can incorporate any amino acid side chains, so 

they can be designed to mimic turns at any hot spot that involves that motif. These 

compounds are different than other compound libraries that have been prepared before 

insofar as they have polar “warhead” functionalities (mimics 1 and 2)38 and hydrophobic 

tails. The small molecule peptidomimetics used in prior studies are active against some 

protein-protein interaction targets which have β-turn hot-spots.20, 21 One compound bound 

to TrkA receptors on neurons and has applications for stroke recovery and 

neurodegenerative disorders including dementia.22, 39 For the custom libraries used in our 

work, two monovalent mimics were combined through chemical steps requiring only 

potassium carbonate for coupling to form bivalent homodimers or heterodimers (see 

Materials and Methods for further details). This modification greatly enhances the affinity of 

the compounds for cell surface receptors. Unlike most combinatorial syntheses, no 

protecting groups are involved in the last steps of this approach, so the final product does not 

have to be purified from protecting group residues and added scavenger materials. A 

hydrocarbon tail was structurally incorporated for coating of the compounds to the surface 

of liposomal complexes. The libraries used for our work were newly synthesized and are not 

those used for screening compounds that bound to TrkA receptors.

A novel, high-throughput assay was developed to screen the small molecule libraries for 

ligands that target human endothelial cells in a tumor microenvironment (Fig. 4b). Highly 

sensitive and accurate detection systems are required for successful high throughput screens. 

Furthermore, delivery into the cell nucleus for the detection of potential ligand binding and 

internalization across the cell membrane is most direct and ultimately reliable. Luciferase 

expression produced by plasmid DNA delivered to the nucleus meets these criteria; it is an 
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experimentally straight-forward, and well-established technology. We used a Luminoskan 

Ascent plate luminometer (Thermo Labsystems) to achieve highly sensitive high-throughput 

quantitation of transfection efficiency.

The co-cultures versus cancer cells versus HUVECs were screened in vitro against the 

homodimer or heterodimer bivalent small molecule libraries using our high-throughput 

screen. Hits were defined as those compounds that increased transfection of the luciferase 

plasmid by at least 100% (+2 on the Y axis) over transfections using BIV complexes alone. 

BIVs are highly efficient in transfecting cells in culture40 and in vivo.15 Therefore, in order 

to find ligands to enhance transfection in vitro, we used half the amount of complexes 

required for optimal transfection of the cells in culture. In screening the libraries, we 

identified a compound KB1023 that specifically enhanced the transfection efficiency by 

100% in the PANC-1 co-culture (Fig. 5a), but not in PANC-1 cells (Fig. 5b) or HUVEC 

(Fig. 5c) alone. The structure of KB1023 is shown in Figure 4a.

We also screened the libraries for small molecule hits to human endothelium in a H1299 

non-small cell lung carcinoma microenvironment. We identified a different compound, 

KB1061, which increased transfection efficiency in H1299 co-cultures (Fig. 5d), but not 

H1299 cells (Fig. 5e) or HUVEC (Fig. 5f) alone. For targeted delivery to PANC-1 cells, 

compound KB1005 is required (Fig. 5g), and is therefore different than the compound 

required to target delivery to human pancreatic tumor microenvironment. The hits from the 

initial screen of these co-cultures were validated in transwell cultures in which the tumor 

and endothelial cells were transfected separately. These data were identical to those obtained 

from the differential screening results of the co-cultures versus HUVEC alone, and showed 

that KB1023 or KB1061 only increased the transfection efficiency of the endothelial cell 

compartment grown on the bottom chambers of the transwell cultures containing PANC-1 or 

H1299 tumor cells in the upper chambers, respectively. Ideally, we had planned to identify 

one ligand that could universally target delivery to endothelial cells in the human tumor 

microenvironment. However, consistent with the known heterogeneity of the tumor 

microenvironment associated with different cancers, our data show that multiple ligands are 

required to achieve enhanced delivery to the different human tumor microenvironment 

phenotypes. Several markers that are specifically expressed on the surface of endothelial 

cells undergoing angiogenic responses have been identified and used for targeted delivery24, 
41–48 of phage particles, drugs, therapeutic antibodies, and other reagents. Interestingly, 

gene expression pattern analyses24, 42 and subtractive proteomic mapping48 have shown 

many differences and some similarities in the markers found on the surface of tumor 

vasculature endothelial cells from different tumor types. In tumor microenvironments, 

endothelial cells interact with tumor cells, immune cells, pericytes, fibroblasts, pericytes and 

the extracellular matrix (ECM). Tumor cells can alter the gene expression and phenotype of 

endothelial cells directly via a paracrine mechanism or indirectly, such as by altering the 

ECM (Reviewed In: 49).

Reversible Masking and targeted delivery to the asialoglycoprotein receptor

Reversible masking initially provides temporary shielding of the positive charge of BIV 

complexes during delivery in order to bypass non-target organs and then provides re-
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exposed charge at the target cell surface to allow fusogenic entry. Therefore, the mask that 

provides shielding of charge dissociates from the BIV complexes and is, therefore, 

reversible. Cells are negatively charged on the surface, and specific cell types vary in their 

density of negative charge. These differences in charge density can influence the ability of 

cells to be transfected. In fact certain viruses also have a partial positive charge around key 

subunits of viral surface proteins responsible for binding to and internalization through 

target cell surface receptors.50–55 We believe that maintenance of adequate positive charge 

on the surface of complexes is essential to drive cell entry.

Overall charge of complexes was measured on a zeta potential analyzer (Delsa 440SX, 

Beckman-Coulter). BIV complexes 45.5 mV in surface charge transfect cells at the highest 

levels (Fig. 6a,b). Whereas, BIV complexes coated with the reversible masking agent that 

are 4.8 mV in charge do not significantly transfect cells, tissues or organs (Templeton, N.S. 

US Patent No. 7,037,520 B2 issued May 2, 2006). Therefore, the overall charge of 

complexes must be shielded briefly post-injection and then re-exposed when transfecting the 

target cell. For these studies we used a large reversible mask, RM #1, a pendant-modified 

PEG NHS ester having 5 pendant carboxyl groups added to a PEG polymer that is 5000 

MW.

Targeted delivery for treatment of cancer is further complicated by the lack of known cell 

surface receptors to use for efficient targeting. Even the well-studied HER2/neu receptor is 

slightly elevated only on a small percent (about 10%) of breast cancer cells and does not 

internalize ligands, including antibodies and antibody fragments, as efficiently as other 

known ligand-receptor interactions. For example, the affinity and internalization of the 

asialoglycoprotein for the asialoglycoprotein receptor is the most robust and efficient ligand-

receptor interaction identified to date and, therefore, is often used for proof-of-principle 

studies, including those presented here (Templeton, N.S. US Patent No. 7,037,520 B2 issued 

May 2, 2006).15 However, this system falls short of perfection because the 

asialoglycoprotein receptor is found both on the surface of liver hepatocytes and Kupffer 

cells, thereby allowing some delivery to be cleared rapidly from the circulation. In addition, 

as discussed above, the asialoglycoprotein is too large. Optimal ligands should be small 

(about 500 MW or less, e.g. drugs and small molecules), should have high affinity and 

internalization into unique receptors found exclusively on the target cells, and should be 

non-immunogenic/non-toxic particularly when multimerized on the surface of delivery 

vehicles including liposomes.

However, we performed proof-of-principle studies targeting the asialoglycoprotein receptor 

with BIV-CAT DNA complexes coated with or without succinylated asialofetuin and with 

or without reversible masking, RM #1 (Fig. 6c). Succinylated asialofetuin is also a large 

ligand and required the use of a large reversible mask. CAT production was measured in the 

liver for Balb/c mice injected with BIV-CAT complexes, complexes + succinylated 

asialofetuin, or complexes + succinylated asialofetuin + 16 mM RM #1 (Fig. 6c). Each 

mouse was IV injected with 50 ug of p4119 CAT DNA encapsulated in BIVs, and 10 Balb/c 

mice were injected per group. Tissues were harvested 24 h post-IV injection. The presence 

of succinylated asialofetuin increased expression approximately 7-fold from 40 to 275 pg 
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CAT/mg protein. Adding RM #1 just prior to IV injections increased expression 

approximately 76-fold from 40 to 3025 pg CAT/mg protein.

As discussed above, we believe that use of small molecules for targeted delivery is ideal and 

smaller ligands should be able to use smaller reversible masks. Therefore we accomplished 

decreasing the overall charge of BIV complexes by adding increasing amounts of the small 

neutral lipid, n-dodecyl-β-D-maltopyranoside (RM #2), approximately 511 MW (Fig. 7; 

Templeton, N.S. US Patent No. 7,037,520 B2 issued May 2, 2006). CAT production was 

measured in human MCF7 breast cancer cells 24 h post-transfection with BIV-CAT 

complexes with different mM concentrations of RM #2 ranging between 0 mM to 12 mM. 

Concentrations of RM #2 from 8 mM to 12 mM eliminated CAT production.

Targeting human tumor microenvironment in vivo

Previous studies have demonstrated that human endothelial cells can incorporate into 

functional vasculature when grafted into immune-deficient mice.56 Thus, we implanted co-

cultures of PANC-1 cells with HUVEC to generate tumors that contain a human vascular 

component. We confirmed the targeting of KB1023 in vivo and optimized delivery using 

reversible masking to bypass non-specific uptake post-intravenous (IV) injection. At 9 days 

in co-culture, the PANC-1 co-cultures were injected intraperitoneally (IP) into SCID mice to 

establish a human pancreatic tumor microenvironment+PANC-1 tumor model. We assessed 

targeted delivery 8 weeks post-IP injections when pancreatic tumors were about 400 mm3. 

When KB1023 coated BIV-CAT DNA complexes were IV injected into our PANC-1 co-

culture model in SCID mice, the vast majority was delivered to the lungs and hearts non-

specifically (Fig. 8a). Only a small portion was delivered to the tumor tissue (Fig. 8b). This 

result is consistent with other reports that showed the majority of the DNA:liposome 

complexes delivered to the lung post-IV injections.15, 57 Therefore, we created a novel 

“reversible masking” approach that is far more efficient than PEGylation for minimizing 

non-specific delivery while maintaining far higher levels of target cell transfection. We 

avoid uptake in the lungs and other non-specific target organs using “shielding/deshielding 

compounds” that can be added to the complexes used for targeted delivery just prior to 

injection or administration in vivo (Templeton, N.S. US Patent No. 7,037,520 B2 issued 

May 2, 2006). Our strategy uses neutral, small molecular weight lipids (about 500 MW and 

lower), e.g. n-dodecyl-β-D-maltopyranoside (RM #2). Because these lipids are small and not 

charged, they are loosely associated with the surface of BIV complexes and are removed in 

the bloodstream by the time they reach the target cell.

The reversible mask can be optimized for delivery to a given target organ while bypassing 

delivery to non-target organs and tissues. Figure 8b shows that 11 mM RM #2 in a 110 μL 

injection volume was required to bypass delivery of BIV-CAT DNA liposome complexes to 

lungs and heart post-IV injection (expression reduced by greater than 97%). 

Correspondingly, delivery of KB1023 coated BIV-CAT DNA complexes + 11 mM RM #2 

showed approximately 10-fold increased delivery to tumor tissue (Fig. 8b) that included the 

human tumor microenvironment of the PANC-1 co-culture model in SCID mice compared 

to delivery of uncoated BIV complexes alone (0 mM). To dissociate the human tumor 

vasculature from the tumor tissue in order to perform the CAT assays and protein assays was 
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prohibitive; therefore, the 10-fold increased delivery to the human tumor microenvironment 

is a low estimate. Several other investigators also measure only the increased delivery into 

the tumor due to low amounts of endothelial cells that cannot be dissociated to produce 

enough cell mass for measurements of gene expression and total protein.58 Because the 

tumor endothelium is approximately 5% of the entire tumor volume, the increased targeted 

delivery to the tumor vasculature is most likely about 200-fold greater than delivery using 

uncoated BIV complexes alone. Therefore, if the endothelial cells within the tumor could be 

measured for CAT production and normalized to protein, there would be approximately 

1400 pg CAT/mg protein. This level is in the range of CAT production produced 14 h post-

IV injections of uncoated BIV-CAT DNA complexes in the lungs (Fig 8a). Our in vivo 

results, combined with our in vitro data further suggest that KB1023 targeted the tumor 

microenvironment cells and not the cancer cells of the PANC-1 co-culture in SCID mice; 

however, we cannot exclude the possibility that a target expressed by both cells mediates the 

observed targeting of the coated BIV complexes. Although our in vitro assessment 

suggested that use of 8 mM RM #2 might be sufficient to bypass non-specific uptake in 

vivo, in fact 11 mM RM #2 was required. However, this in vitro prediction was more useful 

than the in vivo assessment using a different reversible masking agent, RM #1, requiring the 

use of 16 mM in vivo. Therefore, when testing new reversible masks, in vitro studies can be 

useful for narrowing the range of RM to test in vivo.

The increased CAT expression obtained with reversible masking was also specific for tumor 

versus liver. Figure 8b shows that KB1023 coated BIV-CAT DNA complexes + reversible 

mask (RM #2) did not increase the CAT expression in liver, and at 11 mM RM #2 

expression in the liver was negligible. Therefore, targeting was specific and did not increase 

uptake and clearance of the complexes by the Kupffer cells in the liver. Further increasing 

the amount of RM #2 above 11 mM did not result in further increase of CAT expression in 

the tumors. Instead, the expression decreased showing that 11 mM RM #2 was the optimal 

concentration to use in the PANC-1 co-culture model in SCID mice.

Tumor growth inhibition

After optimizing in vivo targeting using the CAT reporter gene, we tested the efficacy of our 

targeted delivery in tumor growth prevention using anti-angiogenic TSP1 as the therapeutic 

gene. Figure 9 shows the in vivo efficacy data generated after IV injections of BIV-TSP1 

DNA complexes with or without the small molecule (ligand), KB1023, and with or without 

reversible masking (RM #2) into our human tumor microenvironment+PANC-1 tumor 

bearing mice. As shown in Figure 9, mice treated with KB1023 coated BIV-TSP1 DNA 

complexes demonstrated significant suppression of pancreatic cancer growth. Tumor growth 

was inhibited by 87.99% compared to BIV liposome injection controls (average tumor 

volume was 47.27mm3 versus 393.54 mm3). When targeted delivery was combined with 

reversible masking, tumor growth was inhibited by 98.67% with the average tumor volume 

of 5.25mm3 compared to the liposome injected controls at 393.54 mm3. All of these results 

were produced after a total of three IV injections administered about once every two weeks. 

Furthermore, when we increased the overall TSP1 therapeutic dosage by increasing the total 

number of injections to a total of five that were administered once per week, tumor growth 

was further suppressed. The tumors were completely eliminated for five of seven mice, and 
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the average tumor volume was 0.7mm3 for the other two mice. Mice treated with untargeted 

delivery of TSP1 demonstrated tumor growth retardation by 62.69% with the mean volume 

of 146.82mm3. Interestingly, we exceeded the efficacy data reported for TSP1 anti-

angiogenic gene therapy approaches using viral vectors, adenovirus 32 or adeno-associated 

virus 12, cationic polymers 31, or bacterial vectors, Salmonella choleraesuis 30. Some viral 
59–63 and non-viral vectors 64, 65 have been used that demonstrate good delivery to tumor 

endothelium; however, these delivery vehicles have not been used to deliver the TSP1 gene. 

Presumably, our increased efficacy using TSP1 gene therapy is attributed to high levels of 

specific delivery and gene expression exclusively in the human tumor microenvironment.

DISCUSSION

Tumor vasculature is morphologically abnormal, and the vascular endothelial cells differ 

from normal endothelial cells at molecular and functional levels.66 Cross-talk between 

tumor endothelium and tumor cells creates a microenvironment optimal for tumor growth. 

Establishing robust and appropriate animal models to understand the biology of the tumor 

microenvironment and to identify agents that target this environment by high-throughput 

screening is essential for developing the most effective anti-cancer therapies. Isolation of 

tumor endothelial cells from tumor tissue using magnetic beads is a powerful approach to 

discover tumor endothelial markers24, however the cost and low yield of this approach 

precludes routine study of this tumor endothelium. Another concern is that the tumor 

endothelial phenotype is lost soon after isolation from the tumor microenvironment.66 To 

maintain this important crosstalk between tumor and endothelial cells, we created an in vitro 

human tumor microenvironment model by co-culturing lung or pancreatic cancer cells with 

HUVECs. Under optimal conditions, we confirmed the stable expression of tumor 

endothelial phenotypes. In particular, the up-regulation of VEGF-A was meaningful because 

investigators have shown that tumor angiogenesis is driven primarily by VEGF-A, and 

targeting the VEGF-A pathway has been effective in cancer treatment.67 Our model offers a 

robust platform for the discovery of novel anti-angiogenic compounds such as VEGF-A 

blockers. The model also permits the study of VEGF-A withdrawal and normalization of 

vasculature because the stimuli from cancer cells can be conveniently removed from the 

system. In summary, our approach is simple and feasible, and incorporates the dynamic 

communication between tumor and endothelial cells. Therefore, it can serve as a good model 

for the study of the tumor microenvironment. The fact that we used this model to 

successfully identify several tumor microenvironment-targeting ligands further supports this 

concept. In vitro, we demonstrated that these ligands selectively transfect endothelial cells 

exposed to soluble factors produced by tumor cells. Thus, they may increase vector delivery 

by targeting tumor endothelium in vivo, but we can not exclude the possibility that they also 

inhibit tumor growth by delivering the TSP1 plasmid to human tumor cells or other stromal 

cells derived from the murine host. However, we believe that our human tumor 

microenvironment model provides an advance beyond the typically used model in which 

delivery of therapeutic agents is tested on human tumor xenografts that incorporate mouse 

vascular endothelium. These models can be misleading when translating these therapies into 

human tumors where the targeting ligands must recognize human tumor vasculature.
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In this work, we greatly improved the specific delivery of BIV liposomes by introducing 

small ligands that target delivery to the tumor vascular microenvironment and using 

reversible masking that provides for bypass of non-specific organs and tissues. Targeted 

delivery might be possible using small peptides that are multimerized on the surface of 

liposomes, but these can generate immune responses after repeated injections, particularly 

systemically, and peptides can preclude penetration and delivery across the interstitial 

pressure gradient of tumors. Other larger ligands including antibodies, antibody fragments, 

proteins, partial proteins, etc. are far more refractory than using small peptides for targeted 

delivery on the surface of liposomes. Our optimized targeted delivery was highly efficient in 

cancer growth prevention in mouse xenograft models, and the fact that our targeting ligands 

are small molecules should allow for repeated injections indefinitely without generating 

immune responses. Additionally, our delivery systems including the ligand (<500 MW) and 

reversible masking reagent are non-immunogenic and non-toxic, and safe for clinical usage. 

Moreover, our IV administration once every two weeks or once per week is convenient and 

could be widely used in medical practice. Therefore, our targeted, reversibly masked 

delivery system has great potential for effective anti-cancer therapy.

Although we have initiated work to identify the receptor to which KB1023 binds, we have 

not yet identified this receptor. One possibility is a cell surface receptor that is exclusively 

expressed on some pancreatic tumor vascular cells or other cells in the tumor 

microenviroment. Studies have discovered tumor endothelium marker (TEM) that is 

uniquely expressed on specific types of tumors as well as several pan-TEMs.24, 42, 68 

Secondly, the potential receptor might be a molecule that is expressed at relatively low 

levels on normal endothelial cells and up-regulated on some pancreatic tumor endothelial 

cells or other cells in the tumor microenviroment. The search for better cell surface receptors 

to use for targeted delivery is critical and achievable using our approach reported here. 

Significantly, knowing the function and identity of the best receptors is not required for this 

targeting strategy. A method developed in the Burgess lab allows production of small 

molecules designed to bind proteins selectively. Importantly, the bivalent small molecules 

have both selectivity for binding cell surface receptors, and will resemble secondary 

structure motifs found at hot-spots in protein-ligand interactions. Bivalent beta-turn mimics 

were designed that have an affinity for cell surface receptors. Although we did not identify 

the ligand’s receptor to date, we can still use our targeted delivery system in the clinic for 

anti-angiogenic cancer therapy. In fact, many drugs have been approved by FDA before 

fully understanding their mechanism. We have reported an extremely effective anti-cancer 

therapeutic approach. Furthermore, our targeted, reversibly masked BIV delivery system 

using small molecules that target delivery to other diseased target cells could also be applied 

to the treatment of diseases and disorders other than cancer and metastases.
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Figure 1. Increase in endothelial CD31+ expression after co-culture
We established co-cultures at a plating ratio of 30:1 HUVEC:H1299 after counting the cells. 

Endothelial cells were stained by r-phycoerythin-conjugated anti-CD31 Ab and the 

endothelial cell population (gated by R3) was measured using flow cytometry post-seeding 

on a daily basis. The vast majority of the endothelial cells expressed low levels of CD31 

(gated by R4). A few endothelial cells expressed a high level of CD31 (gated by R2). At 8 

days after co-culture, the endothelial cell population of the co-culture significantly increased 

in CD31 expression compared to that of the HUVEC control (c). The enhancement in CD31 

expression was far greater after 9 days in co-culture (b, c) compared to the HUVEC control 

(a, c). *P=0.026.
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Figure 2. Enhanced endothelial VEGF-A expression after co-culture
Co-cultures were established at a plating ratio of 20:1 or 10:1 HUVEC:PANC-1 and 

cultivated in two-chamber transwell dishes for 8 days. Endothelial cells were harvested and 

VEGF-A expression was measured using real-time RT-PCR and Western blotting. 

Endothelial VEGF-A expression increased at transcriptional (a) and translational (b) levels 

after co-culture compared to that of the HUVEC control. *P<0.01, N=6.
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Figure 3. Prolonged tube survival after co-culture
At 8 days after co-culture in transwell dishes at a plating ratio of 10:1 HUVEC:PANC-1, 

endothelial cells were harvested and seeded on Matrigel. At 16 h, both the HUVEC control 

(a) and endothelial cells of the co-culture (b) form capillary-like tubular structures. These 

structures started to degrade 48 h later. By 72 h, the tubular structure of the HUVEC control 

was almost completely degraded (c). However, a significant amount of tubular structures 

survived in the co-culture (d). These structures maintained an excellent tubular network and 

survived for 11 more days (e, f).
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Figure 4. Bivalent small molecule structure and library screening
The general structure of the bivalent small molecule (a) includes two β-turn mimics for 

interaction with cell surface receptors, a hydrocarbon tail for insertion into BIV liposomal 

complexes, and a linker. The structure of our “hit” molecule, KB1023, is also shown. Our 

high-throughput luciferase assay (b) was used to screen for tumor endothelial cell-specific 

targeting ligands. At 7 days after co-culture, cells were harvested and seeded to 96-well 

plates at 2×104 cells/well. On the same day, BIV-luciferase DNA:liposome complexes were 

prepared followed by coating of compounds at various compound:DNA ratios. The coated 

complexes were incubated at RT overnight. The following day, cells were transfected with 

50 μL of serum free medium that contained 0.52 μL coated complexes. Transfection was 

ended by replacing the transfection medium with cell culture medium containing serum. At 

24 h post-transfection, cells were lysed and the cell lysate was loaded to 96-well plates at 20 

uL/well for luciferase assay using the Luminoskan plate reader.
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Figure 5. Human pancreatic and lung tumor vascular microenvironment targeting ligands
Compound KB1023 increased the transfection efficiency of the PANC-1+HUVEC co-

culture (a), but not PANC-1 cells (b) or HUVECs (c). KB1061 enhanced the transfection 

efficiency in the co-culture of H1299 and HUVEC (d), but not in H1299 cells (e) or 

HUVECs (f). Compound KB1005 is required for targeted delivery to PANC-1 cells (g). 

Luciferase gene expression was compared to that of uncoated liposomal complexes. 

*P<0.05.
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Figure 6. Targeted delivery to the asialoglycoprotein receptor using RM #1
CAT production was measured 24 h post-IV injections of BIV-CAT complexes with 

different mM concentrations of RM #1 ranging between 0 mM to 16 mM (a,b). Each mouse 

was IV injected with 50 ug of p4119 CAT DNA encapsulated in BIVs, and 5 Balb/c mice 

were injected per group. Increasing concentrations of RM #1 decreased the overall charge of 

complexes to 4.8 mV that nearly eliminated CAT production in the lungs (a) and heart (b). 

CAT production was also measured in the liver for Balb/c mice injected with BIV-CAT 

complexes, complexes + succinylated asialofetuin, or complexes + succinylated asialofetuin 

+ 16 mM RM #1 (c). Each mouse was IV injected with 50 ug of p4119 CAT DNA 

encapsulated in BIVs, and 10 Balb/c mice were injected per group. The presence of 

succinylated asialofetuin increased expression approximately 7-fold from 40 to 275 pg 

CAT/mg protein. Adding RM #1 just prior to IV injections increased expression 

approximately 76-fold from 40 to 3025 pg CAT/mg protein.
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Figure 7. Measuring the effect of RM #2 in vitro
CAT production was measured in human MCF7 breast cancer cells 24 h post-transfection 

with BIV-CAT complexes with different mM concentrations of RM #2 ranging between 0 

mM to 12 mM. Concentrations of RM #2 from 8 mM to 12 mM eliminated CAT production.
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Figure 8. In vivo targeting and optimization using RM #2
At 14 h post-IV injections, the majority of KB1023 coated liposomal complexes was 

transfected non-specifically in the lungs and hearts (a). When injecting using reversible 

masking (RM #2), and with increasing RM agent concentration, non-specific uptake by 

lungs and hearts decreased significantly. At 11 mM RM #2, the lungs and hearts showed 

little to no non-specific uptake (a), while delivery and subsequent gene expression in the 

tumor tissue increased about 10-fold (c). No increased delivery was found in other non-

specific tissues, such as liver (b). To dissociate the human tumor vasculature from the tumor 

tissue in order to do the CAT assays and protein assays was prohibitive; therefore, the 10-

fold increased delivery to tumor vascular microenvironment is a low estimate. Because the 

tumor endothelium is approximately 5% of the entire tumor volume, the increased targeted 

delivery to the tumor vascular microenvironment is most likely about 200-fold greater than 

delivery using uncoated BIV complexes alone. Further increasing RM #2 beyond 11 mM 

did not increase the delivery to tumor tissue and instead diminished delivery and subsequent 

gene expression. Therefore, for targeted delivery to the tumor microenvironment, using 11 

mM RM #2 is optimal. #CAT expression was measured 14 h post-IV injection and 
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compared to the control (0 mM) using targeted delivery without RM. *P<0.01. ^P<0.05. 

N=4~5 per group.
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Figure 9. Tumor growth inhibition using targeted delivery of the TSP1 gene
At 2 weeks post-IP injection of the co-cultures, BIV liposomal complexes that encapsulated 

35 μg TSP1 DNA were coated with the ligand KB1023 and co-injected with 11 mM 

reversible masking using RM #2 and IV injected into each mouse. The injections were 

performed every two weeks for a total of three IV injections. At 2 weeks after the final 

injection (8 weeks post-IP injections of co-cultures), mice were sacrificed to compare intra-

abdominal tumor size measured with calipers. Mice treated with human tumor 

microenvironment targeted delivery of TSP1 demonstrated significant cancer growth delay 

compared to control mice with only liposomes injected. When targeted delivery was 

combined with optimal reversible masking using RM #2, tumor growth was suppressed to a 

greater extent nearly eradicating the tumors. Tumor growth was further suppressed when the 

treatment was enhanced to weekly injections for a total of five IV injections. Five out of 7 

mice had no detectable tumors. *N=20. Other groups have 5~7 mice per group. #P<0.05.
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