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ABSTRACT 

Three distinct efforts were undertaken to evaluate various aspects of intratumoral 

transgene expression in a xenogenic melanoma SCID mouse model. First, we evaluated 

the ability of different polycationic substances to improve replication-deficient 

adenovirus expression and transduction efficiency of a 6-galactosidase (B-Gal) transgene. 

We demonstrated increased transgene expression after mixing an El-deleted adenovirus 

vector with cationic lipids, polybrene, protamine sulfate, and CaCb prior to transduction 

in vitro. We were unable to demonstrate any benefit when adenovirus was admixed with 

protamine sulfate prior to intratumoral injection into subcutaneous tumors in the SCID 

mouse. Next, we investigated factors affecting intratumoral gene transfer with cationic 

lipid-DNA complexes. Preparations containing VR-1103, a DNA plasmid encoding the 

gene for human IL-2, either alone or complexed with the cationic lipid, DMRIE/DOPE 

were injected into subcutaneous (s.c.) human melanoma tumors in SCID mice. Our 

studies revealed that cationic lipid addition was highly effective for intratumoral gene 

transfer compared to naked DNA and IL-2 transgene secretion was consistently higher 

when lipid:DNA complexes were formulated at higher lipidrDNA ratios (w/w). Various 

intratumoral injection techniques tested did not yield statistical improvements in gene 

transfer levels. These results indicate that formulation and dosage of cationic lipid:DNA 

complexes, but not injection technique, play a key role in determining the level of 

intratumoral transgene expression. Lastly, Natural Killer (NK) cells play an important 

role in combating infectious and oncogenic diseases, and IL-2 has been shown to promote 
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proliferation and activation of NK cells in vitro and in vivo. We investigated the 

consequences of local IL-2 transgene secretion in a subcutaneous melanoma tumor model 

using cationic lipid-mediated gene transfer. Intratumoral injection of DMRIE/DOPE 

alone or DMREE/DOPErVR-l 103 complexes had no effect on the percentage of tumor-

associated NK cells (asGMl"^ after 1 or 2 days; however, by day 6, the percentage of 

intratumoral NK cells and intratumoral granzyme A levels were elevated and growth of 

UM449 tumors was slowed in IL-2 transfected tumors. The total number of NK cells per 

tumor was unchanged in IL-2 transfected vs. non-transfected tumors. Total granzyme A 

activity was significantly elevated in IL-2 expressing tumors, indicating that local IL-2 

expression leads to NK activation and tumor growth inhibition. 
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CHAPTER 1: 

SPECIFIC AIMS 

The thesis work described herein is composed of three related areas, each 

investigating unique aspects of gene transfer. Part 1 describes a novel method of 

enhancing adenovirus gene transfer with polycations and cationic lipids. Part 2 involves 

the characterization of factors affecting cationic lipid-mediated plasmid gene transfer by 

direct intratumoral delivery, and Part 3 explores the immunological consequences of 

intratumoral IL-2 secretion following lipid-mediated gene transfer in SCID mice. 

The specific aims of Part 1 are to, i) demonstrate improved adsorption and 

transduction efficiency of adenovirus vectors in vitro by the addition of cationic 

substances, ii) describe relevant parameters which affect improved vector transduction in 

the presence of cationic substances, and iii) improve in vivo transduction efficiency, and 

thereby reduce vector toxicity, via the addition of cationic substances. The specific aims 

of Part 2 are to, i) develop and implement accurate and reliable methods for evaluating 

intratumorai transfection and transgene expression following direct intratumoral injection 

of cationic lipid:DNA complexes, ii) investigate the effects of DNA dose and lipid:DNA 

ratios on cationic lipid-mediated gene transfer in solid tumors, iii) investigate the effects 

of injection methodologies on cationic lipid-mediated gene transfer in solid tumors, and 

iv) investigate the effects of lipidiDNA complex loss immediately following tumor 

injection on lipid-mediated transgene expression. Finally, the specific aims of Part 3 are 

to , i) evaluate lL-2 transgene expression in a SCID mouse human xenograph tumor 
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model, ii) develop methods to detect intratumoral natural killer (NK) cell populations 

using indirect immunofluorescence and flow cytometry, iii) develop methods of detecting 

intratumoral granzyme A expression with a colorimetric enzyme assay, and iv) evaluate 

the effects of intratumoral IL-2 expression on the levels of NK cells and their state of 

activation. 
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CHAPTER 2: 

INTRODUCTION 

The paramount issue in gene therapy today is the development of efficient gene 

transfer vectors. It is generally believed that the disappointingly low^ rates of success in 

past gene therapy trials is directly related to the inability to transfer therapeutic 

transgenes to the host in a targeted and regulated fashion. Therefore, tremendous effort is 

being dedicated to the development of viral and nonviral vector systems. Today, 

recombinant adenovirus vectors and cationic lipids are the most commonly used methods 

of somatic gene therapy, yet many issues remain to be considered before these vectors 

can fimction as clinically therapeutic agents. For example, adenovirus vectors commonly 

produce toxic effects in patients at high doses, thus we have investigated methods for 

improving transduction efficiencies in hopes of reducing required vector doses. Also, 

the use of cationic lipids has been hampered by their unexpectedly low transfection 

efficiency in vivo. Formulation, DNA dose, and lipid:DNA ratios all affect gene transfer 

in vivo, and we have studied other uncharacterized factors which contribute to lipid-

mediated gene transfer. 

The use of replication-deficient adenovirus vectors for delivering therapeutic 

genes to treat human disease has progressed rapidly in the last 10 years (1-3). 

Adenovirus-mediated gene transfer into mammalian cells is attractive for a number of 

reasons. Foremost, is the ability of adenovirus vectors to produce high levels of 

transgene expression compared to other established gene transfer methods, including 
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retroviruses and cationic lipids. Adenovirus vectors can also deliver transgenes into a 

wide variety of cell types with the notable exception of hematopoetic cells (4, 5). 

Importantly, unlike retrovirus gene transfer vectors, non-replicating, as well as, 

replicating cells are permissive to adenovirus transduction. 

Limitations on the use of adenovirus-mediated gene transfer include vector 

immunogenicity and transient gene expression. Neutralizing antibodies and cytotoxic 

effector T cells, directed against both viral and transgene products, have been detected 

following in vivo administration of recombinant adenovirus vectors (6, 7). Also, 

adenovirus DNA is maintained extrachromosomally and there is the potential for 

expression of cytotoxic viral gene products being expressed within transduced cells (8). 

Our interest in polycation-enhanced adenovirus transduction stems from our goal 

to reduce adenovirus vector dosages in vivo. TMs approach is supported by data from 

gene therapy clinical trials which indicate that reducing virus vector doses can minimize 

or eliminate adverse reactions associated with the administration of high adenovirus 

doses (9). 

Polycations can be used in viral plaque assays to improve virion adsorption. The \'irus 

plaque assay is commonly used for quantifying infectious virions in vitro (10). 

Monolayer cultures of permissive mammalian cells are exposed to viral supematants and 

overlayed with agarose or methylcellulose to facilitate focal viral replication. Tnis 

technique depends on efficient adsorption of the suspended virus onto the cell surface for 

accurate determinations of the number of infectious virions. Virus adsorption kinetics are 

affected by factors such as inoculum volume, adsorption time, and virus concentration 
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(10). Efforts to optimize viral adsorption kinetics, and thus improve assay accuracy, led 

researchers to experiment with culture additives to improve virion-cell interactions. 

Many common polycationic compounds have been tested in monolayer culture and have 

been shown to improve virus adsorption and transduction efficiency for various 

mammalian viruses (11-13). Two commonly used poly cations in virus plaque assays are 

polybrene, or hexamethlybromide, and the cationic protein, protamine sulfate (13). 

Here we demonstrate increased transgene expression and transduction efficiency 

of an El-deleted, replication-deficient adenovirus vector using the polycationic 

compounds, polybrene and protamine sulfate. We further demonstrate that cationic lipids 

(DOTAP and LipofectAmine), and a divalent cation, Ca"^ (as CaCli), enhance transgene 

expression of replication-deficient adenovirus vectors in vitro . 

The need for an efficient, non-viral gene transfer system for cancer gene therapy 

has been driven by the persistent problems associated with viral vectors currently 

available for cancer gene therapy (14). Immunogenicity, development of replication 

competent viruses, and potential oncogenic activity of viral vectors, has encouraged 

development of safe and effective non-viral gene transfer systems (7, 15-17). Cationic 

lipids are widely used for in vivo gene transfer due to their ease of use and high in vitro 

transfection efficiency (14, 18, 19). Intratumoral gene transfer is an active area of 

investigation, as it targets gene delivery directly to tumor cells, while eliminating the time 

and cost associated with ex vivo gene therapy protocols (20). In addition, many groups 

have demonstrated pre-clinical efficacy using intratumoral cationic-lipid mediated gene 

transfer of cytokines (21, 22), alloantigens (23), and prodrug-converting enzymes (24). 
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Still, variability of intratumoral transfection and low transfection efficiency are problems 

associated with lipid-mediated gene transfer in vivo (25). 

Cationic lipids were originally developed as a method of delivering DNA into 

monolayer cultures under strictly controlled conditions (26). In this setting, lipid 

complexes are a highly efficient means of introducing DNA into cultured tumor cells. 

However, transfection efficiency following intratumoral injection of lipid:DNA 

complexes is often low; estimated at between 0.05% and 1.0% (22, 27). It is generally 

believed that improvements in cationic lipid gene transfer efficiency can be achieved, and 

novel cationic lipid reagents with imique chemistries are being developed while research 

is imderway to understand the structure-function relationships of this emerging 

technology (28, 29). 

In vitro transfection activity of a given cationic lipid seldom forecasts its in vivo 

activity (18, 30), and there are few standards regarding the most efficient means of 

utilizing lipid complexes for intratumoral transfection (31). Some investigators have 

reported inhibition of intratumoral plasmid transfection due to cationic lipids (32), 

achieving better results with naked DNA instead. Thus, studies are needed to clarify the 

factors that influence in vivo cationic lipid gene transfer in tumor nodules. Here we 

report results from our studies on intratumoral gene transfer following injection of 

lipidrDNA complexes into human melanoma xenografts growing in SCID mice. 
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The important association of NK cells and IL-2 in controlling tumor progression 

has been studied by many groups. IL-2 secreting tumors, which are normally rejected in 

SCID mice, can be caused to grow when endogenous NK cells are depleted with 

antibodies (22, 33). Also, adoptive transfer of IL-2 activated NK cells limits tumor 

progression and cures established tumors (34). Finally, adoptively transferred IL-2 

activated NK or lymphokine-activated killer (LAK) cells home preferentially to solid 

tumors and metastasis (35-39). Precisely how intratumoral IL-2 secretion controls the 

anti-tumor effects of NK cells is still unclear. IL-2 promotes NK cell proliferation (40) 

and augments their cytotoxic effects (41,42). IL-2 can induce NK cells to express 

granzymes (43-45). Granzymes are serine proteases contained in cytotoxic granules of T 

lymphocytes and NK cells and, along with perforin, can augment tumor cell lysis (46). 

IL-2 has also been shown to be chemotactic for virus-activated NK cells (47), but it has 

not been established that IL-2 is chemotactic for naive NK cells (48). 

Due to difficulties associated with harvesting, culturing, and transferring cytokine 

genes into primary tumor cells, efforts have been directed at delivering cytokines by direct 

gene transfer into tumors. Retrovirus and adenovirus vectors have been used to transfer 

cytokine genes directly into tumor nodules (49, 50). Recently, cationic lipid gene transfer 

has been employed as a means to deliver various cytokine genes into tumors (21, 22, 27, 

51). The question of whether sufficient levels of cytokines can be generated to affect an 

antitumor response has recently been addressed. Direct intratumoral gene transfer of a 

human IL-2 transgene with lipofectin or DC-cholesterol caused tumor regression in the 
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majority of tumor xenografts in a SCID mouse model (22). Using DMRIE/DOPE to 

transfer a murine IL-2 transgene. Saffian et al produced tumor regression in 60-90% of 

established Renca tumors and showed that animals were immune to rechallenge and 

developed tumor-specific CD8"^ cytotoxic T lymphocytes (21). 

Nonetheless, little information exists concerning the cellular and molecular effects 

of loco-regional expression of transgenic cytokines following cationic lipid-mediated gene 

transfer. We have investigated the short-term consequences of introducing a human IL-2 

transgene into s.c. tumors in SCID mice. We report that intratumoral granzyme A 

activity and the percentage of NK cells increases and timaor progression is slowed as a 

result of local IL-2 secretion. Finally, total intratumoral granzyme activity is increased in 

IL-2 treated tumors, indicating in situ activation of NK cells. To our knowledge, this is 

the first report of intratumoral granzyme A induction due to lipid-mediated IL-2 gene 

transfer. 
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CHAPTERS: 

MATERIALS AND METHODS 

Reagents 

Opti-MEM, RPMI 1640, Hanks Buffered Salt Solution (HBSS), LipofectAmine, and 

trypsin were obtained from Gibco-BRL (Gaithersburg, MD). Fetal bovine serum and 

penicillin/streptomycin were purchased from Gemini Bio-Products (Calabasas, CA). 

Polybrene was obtained from Sigma Chemical Co. (St. Louis, MO), protamine sulfate 

from Lyphomed (Deerfield, EL), and DOTAP from Boehringer Maimheim (Indianapolis, 

IN). 

Plasmids used for transfection were, CMVintLacZ (52), which contains the bacterial 6-

galactosidase gene, VCL-1005, containing a human HLA-B7 alloantigen cDNA, and VR-

1103 (53), which contains the cDNA for htiman IL-2. Expression cassettes are driven by 

the CMV immediate/early promotor. DMRIE/DOPE is a 1:1 molar mix ofN-(l-(2,3-

dimyristyloxypropyl)-N,N-dimethyl-(2-hydroxyethyl) ammonium bromide (DMRIE) and 

dioleoyl phosphatidylethanolamine (DOPE) (54). CMVintLacZ, VCL-1005, VR-1103, 

and DMRIE/DOPE were kind gifts from Vical, Inc. (San Diego, CA). 

Cell lines and tumor cell cultures 

All established cell lines and primary tumor cultures were maintained in RPMI 

supplemented wdth 10 % FBS, 100 U/ml penicillin, and 100|j.g/ml streptomycin 

(complete media). UM449, a human melanoma cell line, was generously provided by 
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Alfred Chang, M.D. (University of Michigan, Ann Arbor) and was used in all 

experiments, unless otherwise indicated. Cell lines B16/F10 (murine melanoma), SW480 

(colon carcinoma), HEY (ovarian carcinoma), A549 (lung adenocarcinoma), MCF-7 

(breast adenocarcinoma), HL-60 (myeloid leukemia), and Daudi (lymphoma) were 

purchased from American Type Culture Collection (Rockville, MD). MOT cells 

(HTLVn-transformed human T cell line) were kindly provided by Dr. Paul Feorino 

(CDC, Atlanta, GA). 

Primary tumor cultures were isolated from fresh human tumor tissue by enzymatic 

digestion. Briefly, fresh human tumors were minced in a sterile dish and washed with 

complete media. Single cells were collected and treated for 1 hour at 37°C in a 

hypoosmotic media, H3 [0.8% PBS, 5% PVP-40 (Sigma), 2% carboxy methyl cellulose 

(Sigma), and 0.1% EDTA (Sigma)] prior to culture in complete media. Tumor fragments 

were incubated with 1.5 U CoUagenase A (Boehringer Mannheim), 1600 U DNase I 

(Sigma), and 2000 U Hyaluronidase (Sigma) for 2-4 hours at 37°C, centrifuged at 300 xg, 

and plated in complete media overnight. The following day, non-adherent cells were 

removed and fresh media was added. Primary cultures were maintained for 2-21 days. 

Animals and tumor implants 

Six to ten week old SCID (C.B-17 scid/scid) mice were purchased from the University of 

Arizona Animal Care Facility and housed in microisolator cages. UM449 cells were 

trypsinized and collected during log growth, washed and resuspended in HBSS. 
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Bilateral, subcutaneous tumors (4 tumors/animal) were established by injecting 1x10^ 

UM449 cells into the flanks and backs of SCED mice. 

In vitro adenovirus transduction 

CeUs were seeded into 96 well plates at 2 x 10"^ cells/well and incubated overnight at 

37°C. Ad5/AEl(CMV-LacZ) [Ad5/LacZ], an El-deleted adenovirus containing the E. 

coli 6-galactosidase gene (LacZ) under control of the immediate/early CMV promotor, 

was provided by Cell Genesys, Inc. (Foster City, CA). Virus was diluted in Opti-MEM 

with 2% FBS to achieve a 2x virus dilution. Polycations and cationic lipids were 

similarly diluted into Opti-MEM with 2% FBS to yield 2x dilutions. Virus and cation 

mixtures were combined at a 1:1 ratio and allowed to incubate for 15 minutes at room 

temperature. Cell monolayers were washed with HBSS and overlayed with 0.05 ml of 

virus/cation mixture. After 2 hours at 37°C, the media was removed. The cell monolayer 

was washed with HBSS and incubated in complete RPMI for an additional 22 hours prior 

to analysis of 6-galactosidase expression. 

In vivo adenovirus transduction 

Prior to tumor injection, individual animals were anesthetized using a cocktail of 

ketamine HCl (Mallinckrodt; Mimdelein, IL), xylazine, and acepromazine maleate (The 

Butler Company; Columbus, OH). Ad5/LacZ was admixed with protamine sulfate in 

saline at the indicated concentrations immediately prior to intratumoral injection. Eight 

day old tumors (0.5-1.0 cm^) were injected with 0.05 ml of virus mixture using a 27 
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gauge needle. Individual injections were performed at a single injection site with care 

being taken to distribute the inoculum within the tumor. Forty-eight hours post-

injection, the animals were anesthetized with Halothane (Halocarbon Laboratories, River 

Edge, NJ) and sacrificed by cervical dislocation. Tumors were excised, minced, and 

incubated for 3-4 hours at 37°C in complete RPMI supplemented with CoUegenase A 

(lug/ml) and DNAse I (0.02%) to yield single cell tumor suspensions. 

In vitro transfection with cationic lipids 

UM449 cells were seeded at 70% confluence in 6, 24, or 96 well plates. DMRIE/DOPE 

and plasmid DNA were diluted separately in serum-free Opti-MEM media, mixed 

together, and incubated at room temperature (RT) for 15 minutes. LipidrDNA 

complexes, at indicated ratios, were transferred to individual wells followed by an equal 

volume of Opti-MEM containing 20% FBS and penicillin/streptomycin. Cells were 

incubated for 24 hours and supplemented with fresh Opti-MEM containing 10% FBS 

(I0%0pti-MEM) prior to analysis of transgene expression. 

In vivo transfection with cationic lipids 

Bilateral, subcutaneous tumors (4 tumors/animal) were established by injecting 1x10^ 

UM449 cells into the flanks and backs of SCID mice. UM449 s.c. tumors were 

established in SCID mice and grown to approximately 0.5-1 cm in diameter. Tumors 

were measured and assigned to groups to maintain equivalent mean tumor 

volumes/group. Lipid;DNA complexes were prepared by suspending DMRIE/DOPE 
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liposomes in sterile saline followed by slow addition of plasmid DNA. Animals were 

anesthetized using a cocktail of ketamine HCl (Mallinckrodt; Mundelein, IL), xylazine, 

and acepromazine maleate (The Butler Company; Columbus, OH). Tumors were 

centrally injected once with 0.05 ml of plasmid preparation using a 27 gauge needle and 

removed at the indicated times after injection. Each tumor was weighed and 

dissaggregated in 1 |J.g/ml CoUagenase A (Boeringer Mannheim, IndianapoHs, IN) and 

0.02% DNase I (Sigma Chemical Co., St. Louis, MO) for 4 hours at 37 C. Cell 

suspensions were washed 3 times in complete RPMI media and viable cell counts were 

performed on each tumor cell suspension using trypan blue dye exclusion. Single cell 

suspensions form each tumor were sub-cultured in RPMI + 10% FES + 

penicillin/streptomycin for 24 hours. A second viable cell count from each individual 

well was used to normalize IL-2 expression. 

C-Galactosidase enzyme assay 

Transfected cells in 96 well plates were lysed in individual wells by adding 150|il of 

0.05% Triton X-100 (Sigma Chem. Co., St Louis, MO) in PBS. Following 20 min. of 

shaking, 50|xl of cell lysate was transferred to fresh 96 well plates along with B-

galactosidase standards diluted in lysis buffer. 6-gal enzyme activity was detected by 

adding 150|il of 0.5mg/ml CPRG to each well (Boehringer Mannheim, Indianapolis, IN) 

and reading substrate absorbance at 570 nm. Protein content was determined using the 

BCA Protein Assay Reagent BCit (Pierce, Rockford, IL). 



Human IL-2 specific ELISA 

Immulon 2 microliter plates (Dynatech Laboratories, Inc., Chantilly, VA) were coated 

with l|ig/ml MAB202, an anti-hIL-2 antibody (R&D Systems, Minneapolis, MN) diluted 

in PBS for >12 hours at 4°C. Cell culture supematants and hIL-2 standards (generously 

provided by Cetus Corp., Emeryville, CA) in 10% Opti-MEM were added to coated 96 

well plates, and incubated for 2 hours at room temperature with constant shaking. 

Horseradish peroxidase (HRP)-conjugated anti-hIL-2 (Medgenix Diagnostics S.A., 

Fleurus, Belgium), diluted in 0.1% BSA in PBS, was added to each well and incubated 

for 2 hours at RT with constant shaking. Bound HRP was detected by measuring 

absorbance of TMB substrate conversion at 450 nm. Serum IL-2 samples were evaluated 

for IL-2 content using a commercially available kit as per manufacturers' instructions 

(Medgenix Diagnostics). 

Intracellular IL-2 flow cytometry 

Transfected cells were harvested from 6 well culture dishes with ImM EDTA in Ix PBS 

and fixed in 4% paraformaldehyde/PBS for 15 min. at RT. Cells were permeabilized 

with 0.2% Triton X-100 for 5 min, and stained with a primary anti-hIL-2 (MAB202) 

antibody diluted to 5p,g/ml in 0.1% BSA/PBS, washed, and stained with 1:100 dilution of 

goat anti-mouse R-phycoerythrin fluorescent secondary antibody (Boehringer 

Mannheim). Cells were washed and post-fixed with 2% formaldehyde/PBS in 

preparation for flow analysis. Analysis of at least 10,000 cells was performed on a 

Becton Dickenson FACScan. 
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DNA gel electrophoresis 

Individual tumors were injected with 0.05 ml of the indicated VR-1103 DNA 

preparations. Following intratumoral injection and immediately after retraction of the 

needle, aU fluid that 'leaked' from the tumor (DNA efflux) was collected with a 

mechanical pipette and transferred to a 1.5 ml Eppendorf tube containing 5|i.l of 500mM 

EDTA. The entire contents of each tube was mixed with lOx gel loading buffer and 

applied to a 0.7% TAE-agarose gel. VR-1103 plasmid DNA standards were similarly 

prepared for electrophoresis. Following electrophoresis, the gel was photographed using 

the EagleEye™ (Stratagene; La Jolla, CA) imaging system. Individual lanes were 

quantified using Stratagene densitometric software and compared to a plasmid standard 

curve included on the gel. 

Immunofluorescent staining 

Dissaggregated tumor cells (5x10^) were analyzed by indirect immunofluorescence using 

primary antibodies directed against murine cell surface antigens F4/80 (55)(Caltag Labs, 

S. San Francisco, CA) and asialoGMI (56)(Wako, Dallas, TX). F4/80 is a rat 

monoclonal (IgG2b) and asGMl is a rabbit polyclonal preparation. Control and 

experimental cell samples were incubated in 10% normal serum (goat for asGMl and 

rabbit for F4/80) in Ix PBS for 30 minutes at 4°C. Each sample was stained with specific 

antibody diluted in 10% serum/PBS for 60 minutes at 4°C. Antibody controls included 

purified rat IgG (F4/80) and rabbit pre-immune serum (asGMl). FITC-conjugated rabbit 
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anti-rat and FITC-conjugated Goat anti-rabbit secondary antibodies (Dako) were used for 

F4/80 and asGMl, respectively. Cells were washed and post-fixed with 2% 

formaldehyde/PBS in preparation for flow analysis. Analysis was performed on a Becton 

Dickenson FACScan. 

Intratumoral granzyme A activity 

Dissaggregated tumors (5x10^) were pelleted in 1.5 ml microcentrifuge tubes and lysed 

by addition of 0.1% Triton X-lOO/lxPBS and 3x freeze/thaw cycles. Lysate supernatant 

was analyzed for serine esterase activity by cleavage of N-a-CBZ-L-lys-thiobenzyl ester 

(43) (BLT; Sigma, St. Louis, MO). Twenty (20) microliters of lysate supernatant was 

combined with 200 mM Tris (pH=8.0), 0.5 mM CaCb, 0.5 mM MgCb, 0.3 mM 

dithiobis(2-nitrobenzoic acid) (Sigma) and 0.2 mM BLT substrate in 96-well microtiter 

reaction plates. Samples were incubated for 30 minutes at 37°C. Substrate conversion 

was measured by absorbance at 410 nm. Protein content was measured in each sample 

using the BCA Protein Assay Reagent Kit (Pierce, Rockford, IL). Activity was reported 

as absorbance units per mg of soluble cell protein. 

Statistical analysis 

Using the Instat™ statistical program (Graphpad Software, San Diego, CA), analysis of 

variance (ANOVA) was used for determining the difference between groups and the 

Dunnett Multiple Comparisons test was used to test for statistical significance. An 



unpaired, two-tailed student t-test was used for determining differences between the 

means of two groups. Significance was considered at p < 0.05. 
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CHAPTER 4: 

RESULTS 

PART 1. ENHANCED ADENOVIRUS TRANSDUCTION USING 

POLYCATIONS AND CATIONIC LIPIDS 

Polycations and cationic lipids increase in vitro adenovirus transgene expression and 

transduction efficiency. 

We admixed polycationic compounds with Ad5/LacZ, a replication-deficient adenovirus 

vector containing the 6-galactosidase (6-Gal) gene, to determine if transgene expression 

could be improved. Transduction of UM449 cells with mixtures of Ad5/LacZ and 

polybrene or protamine sulfate enhanced in vitro 13-Gal transgene expression in a dose-

dependent manner. Polybrene, at 10 |ig/ml, improved transgene expression by 6.0-fold 

and protamine sulfate, at 200 |ig/ml, enhanced transgene expression by 3.3-fold (Fig la 

& b). The addition of polybrene also increased the percentage UM449 cells transduced, 

from 8.4% to 35.5% at a multiplicity of infection (MOI) =1 and from 70.4% to 94.7% at 

an M01=10 (Fig 2a), or a 4.2 and 1.3-fold increase, respectively. Under the same 

conditions, transgene expression improved by 4.2 and 4.4-fold, respectively (Fig 2b). At 

optimal polycation concentrations, we did not detect any overt cytotoxicity using light 

microscopy or changes in protein content (data not shown). 
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Figure 1 (a&b). Enhanced Adenovirus Transduction of IJM449 Human 
Melanoma Cells Using Polycationic Compounds. AdS/LacZ was admixed with 
indicated amounts of polybrene (a) and protamine sulfate (b), prior to addition to UM449 
monolayers. Control wells received virus alone. Cells were transduced at an M01=10 for 
2 hours, incubated for an additional 24 hours, and analyzed for 6-Gal enzyme activity and 
protein content. Each experiment was performed at least twice and a representative 
experiment is shown. 
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B AdS/LacZ+5(ig/'nil 
Polybrene Potyfjrene 

Figure 2 (a&b). Enhanced Adenovirus Transduction Efficiency and Transgene 
Expression Using Polybrene. UM449 cells were transduced with Ad5/LacZ with or 
without 5 |xg/ml polybrene at the indicated MOls. The virus mixture was incubated on 
cell monolayers for 2 hours, removed, and replaced with complete media. After 24 
hours, identically treated cells were either collected, fixed, and stained with X-Gal (a), or 
lysed and evaluated for 6-Gal activity (b). Percent transduction (%13-Gal Positive) was 
determined by direct microscopic count, and B-Gal protein was evaluated using a 13-gal 
enzyme activity assay. The experiment was performed once. 
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We also tested the ability of cationic lipids to enhance adenovirus transduction. 

LipofectAmine and DOTAP both augmented transgene expression (Fig 1 c&d). 

Compared to adenovirus vector alone, LipofectAmine produced a 9.6-fold increase in 

transgene expression, while DOTAP yielded a 3.7-fold increase in B-Gal expression. As 

with polybrene and protamine sulfate, cationic lipids were not cytotoxic when used at 

their optimum concentrations (data not shown). 

We also evaluated the activity of Ca^, in the form of CaCli, on adenovirus transduction. 

Addition of 62.5 mM CaCli to Ad5/LacZ resulted in a 5.5-fold increase in 6-Gal 

expression over vector alone (Fig le). This treatment, however, produced significant 

cellular toxicity resulting in a 40% reduction in total ceU protein. CaCIz at 31.25 mM 

produced a 3.5-fold increase in 6-Gal expression and did not result in significant 

cytotoxicity (data not shown). 
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Figure 1 (c-e). Enhanced Adenovirus Transduction of UM449 Human Melanoma 
Cells Using Polycationic Compounds. AdS/LacZ was admixed with indicated amounts 
of LipofectAmine (c), DOTAP (d), or CaCb (e) prior to addition to UM449 monolayers. 
Control wells received virus alone. Cells were transduced at an M01=10 for 2 hours, 
incubated for an additional 24 hours, and analyzed for B-Gal enzyme activity and protein 
content. Each experiment was performed at least twice and a representative experiment 
is shown. 
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To determine if polybrene could reliably increase transgene expression in human tumors, 

additional established tumor cell lines were tested. Six adherent tumor cell lines were 

exposed to Ad5/LacZ admixed with 5 Hg/ml polybrene (MOI =10). Adenovirus-

mediated transgene expression was significantly improved by the addition of polybrene 

in 4 of the 6 tested lines, including two melanoma cell lines (Table 1). The addition of 

polybrene was not universally beneficial as SW480 (human colon cancer) and A249 

(human lung cancer) were unaffected by polybrene addition. In three non-adherent, 

hematopoetic cell lines, HL-60, Daudi, and MOT, both polybrene and protamine sulfate 

were effective at improving adenovirus transgene expression (Table 2). Of particular 

note, HL-60 cells, which express little or no fi-Gal in the absence of polycations, 

produced substantial amounts of transgene product when transduced with protamine 

sulfate. 
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Table 1. 3-Galactosidase Transgene Expression in Solid Tumor 
Cell Lines Using Polybrene 

Cell Line Ad5/LacZ' AdS/LacZ-i- Mean Fold p value'' 
5p.g/ml Polybrene® Increase 

(Tumor type) (pg/ng cell protein) (pg/jig cell protein) (# of experiments) 

UM449 348 ± 64 1752 ± 320 5.0 0.0002 
(human melanoma) (n=4) 

SW480 439 ±60 358 ± 55 0.8 ns 
(human colon ca.) (n=3) 

HEY 529 ±21 1164 ±43 2.2 <0.0001 
(human ovarian ca.) (n=1) 

A549 494 ± 41 389 ± 27 0.8 ns 
(human lung ca.) (n=1) 

MCF-7 278 ± 5 358 ±11 1.3 0.0003 
(human breast ca.) (n=1) 

B16/F10 514± 99 2624 ±299 5.1 <0.0001 
(murine melanoma) (n=2) 

® Data are the mean of all experiments± S.E.M. 

Unpaired, two-tailed student t-test comparing poiycation-treated groups with vector alone groups. 
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Table 2. 13-Galactosidase Transgene Expression in 
Hematopoeitic Cell Lines Using Polybrene and 
Protamine Sulfate 

Cell Line 

(Cell Type) 

Polycation Concentration 

(ng/ml) 

B-Galactosidase 

(pg/(ig Cell Protein)® 

Fold 
Increase 

p value'' 

HL-60 Polybrene 0 3.3 ±10 

(myeloid 10 300 ±410 90.9 ns 

leukemia) 20 80±100 24.2 ns 

40 110±130 33.3 ns 

80 120 ±130 36.4 ns 

Protamine 0 3.3 ±10 

200 180 ±30 54.5 <0.01 

400 460 ±70 139.4 <0.01 

800 300 ±30 90.9 <0.01 

MOT Polybrene 0 370 ±20 

(Tcell 10 900 ±80 2.43 <0.01 

Leukemia) 20 1530 ±30 4.14 <0.01 

40 900 ±140 2.43 <0.01 

80 320 ±20 0.86 ns 

Protamine 0 640 ±70 

200 1040 ±80 1.63 <0.01 

400 980 ±60 1.53 <0.01 

800 770 + 40 1.20 ns 

Daudi Polybrene 0 60 ±10 

(lymphoma) 10 130 ±10 2.16 ns 

20 390 ±60 6.50 <0.01 

40 610 ±50 10.17 <0.01 

80 730 ±30 12.17 <0.01 

Protamine 0 300 ±20 

200 340±10 1.13 ns 

400 430 ±90 1.43 <0.01 

800 420 ±40 1.40 <0.01 

®Ad5/LacZ at MOI = 10; adsorption for 2 Hrs; B- Gal assay at 24 Hrs post- transduction 

ANOVA analysis with Dunnett post-test; not significant (ns) at p>0.05 
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To determine whether poly cations could also enhance adenovirus transduction for gene 

therapy protocols, primary tumor cultures were tested in vitro . Five primary tumor 

cultures (in culture 3-21 days) were exposed to adenovirus vector in the presence or 

absence of polycationic compounds. Protamine sulfate and DOTAP admixed with 

Ad5/LacZ were particularly effective at enhancing transgene expression in primary 

tumors as compared with vector alone (Table 3). All five primary tumors displayed some 

level of enhanced transgene expression using polycationic compounds. Additionally, 

patient leukemic cells were cultured for 2 or 3 days and transduced with Ad5/LacZ in the 

presence or absence of 5 |J.g/ml polybrene. The percentage of positive (blue) cells was 

consistently higher when polybrene was added, with transduction efficiencies increasing 

by 1.2 to 4.4-fold (mean=2.34) (Table 4). 
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Table 3. B-Galactosidase Transgene Expression in Primary Tumor 
Cells Using Polybrene, DOTAP, and Protamine Sulfate 

Cell Line 

(Tumor type) 

Transduction 
Conditions ® 

B-Galactosidase Fold Increase" p value' 

(ng / ̂ g Cell Protein) 

R.D. 

(Melanoma) 

Ad5/LacZ 

Ad5/LacZ+ Polybrene 

Ad5/LacZ+ [XDTAP 

Ad5/LacZ+ Protamine 

1.23 ±0.2 

3.88 ±0.7 

9.21 ±2.2 

12.82 ±1.5 

3.15 

7.47 

10.40 

ns 

<0.01 

<0.01 

H.V. 

(ovarian) 

Ad5/LacZ 

Ad5/LacZ+ Polybrene 

Ad5/LacZ+ DOTAP 

Ad5/LacZ+ Protamine 

3.85 ±0.2 

5.84±1.9 

8.67 ±1.4 

15.31±4.4 

1.52 

2.25 

3.98 

ns 

ns 

<0.01 

M.C. 

(ovarian) 

Ad5/LacZ 

Ad5/LacZ+ Polybrene 

Ad5/LacZ+ DOTAP 

Ad5/LacZ+ Protamine 

8.84 ±2.1 

8.26 ±1.4 

18.52 ±2.0 

20.49 ±5.15 

0.93 

2.09 

2.32 

ns 

<0.01 

<0.01 

J.F. 

(ovarian) 

Ad5/LacZ 

Ad5/LacZ+ Polybrene 

Ad5/LacZ+ DOTAP 

Ad5/LacZ+ Protamine 

20.16 ±2.2 
38.79 ±8.6 

35.69 ±5.1 

52.22 ±13.2 

1.92 

1.77 

2.59 

<0.01 

ns 

<0.01 

C.Z. Ad5/LacZ 

(sarcoma) Ad5/LacZ+ Polybrene 
(10ng/ml) 

0.115±0.11 

1.225±0.34 10.70 <0.05'' 

® M0l=10; Polybrene @5ng/ml, DOTAP @10ng/ml, and Protamine @200(ig/ml unless otherwise indicated. 

Data represented as the mean ± S.E.M. 

° Fold increase of 3-Gal expression over control (3-Gal expression. 

ANOVA analysis with Dunnett post test; not significant (ns) at p>0.05. 

® Unpaired, two tailed student t test comparing poiycation treated and vector alone groups. 
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Table 4. B-Galactosidase Transgene Expression in 'Fresh' 
Leukemia Clinical Samples Using Polybrene 

Sample Days in 
Culture 

M.O.I. Ad5/LacZ 

(% Positive Cells) 

Ad5/LacZ-i-5|ig/ml 
Polybrene 

(% Positive Cells) 

Fold 

Increase® 

H.L. 2 0 0 0 

3.7 3 9 3.0 

11 9 24 2.7 

33 29 35 1.2 

100 44 68 1.5 

300 64 92 1.4 

E.H. 3 0 0 0 

3.7 6.5 29 4.5 

11 17.9 n/d n/d 

33 28.5 n/d n/d 

100 15 n/d n/d 

300 31 64 2.1 

® Fold increase of (3-Gal expression over control &-Gal expression. 

Polycations improve adenovirus adsorption to tumor cells. 

Others have shown that in vitro plaque formation is improved for a variety of viruses 

following the addition of polycationic compounds. These studies have suggested that 

polycations function as 'electrostatic bridges', overcoming the repulsion of negatively 

charged eukaryotic cell membranes and negatively charged domains on infecting virions. 

We have performed experiments to evaluate factors affecting enhanced adenovirus 

transduction. Virus adsorption, as reflected by transgene expression, increases with time 

and is improved by the presence of polybrene (Fig 3). Augmentation of gene expression 

by polybrene is most pronounced when using short adsorption times, and dilute virus 

suspensions (data not shown). Further, Ad5/LacZ transduction in the presence of 
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polybrene is sustained since cultured UM449 cells express the 6-Gal transgene at 

elevated levels for at least 8 days (Fig. 4). 
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Figures. Adsorption Kinetics of Enhanced Adenoviral Transduction. UM449 
cells were transduced with AdS/LacZ at an M01=10 with or without 5 |ig/ml polybrene. 
Virus supernatant was incubated with the cell monolayer for the indicated times. 
Following 24 hours, the cells were collected, lysed, and analyzed for 6-Gal expression 
and protein content. The experiment was performed once. 
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Figure 4. Duration of B-Galactosidase Expression Following Enhanced 
Adenovirus Transduction. A series of identical wells containing UM449 cells were 
transduced with Ad5/LacZ (MOI=IO) with or without 10 |ig/ml polybrene. Following a 
2 hour incubation period, viral supernatant was removed and the cells were incubated in 
complete media. At various intervals (24,48, 96, and 192 hours) representative wells 
were collected, lysed, and frozen at -70°C. Cell lysates were analyzed for B-Gal 
expression and protein content. The experiment was performed once. 

We further investigated whether polycationic compounds were required to be present 

during virus adsorption for enhanced gene expression. Cells transduced with Ad5/LacZ, 

washed, and then treated with polybrene did not show increased transgene expression 

compared to cells transduced with vector alone (Fig 5). Others have reported that pre-
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treatment of cells with cationic compounds is sufficient to augment virus infectivity, 

however, we were unable to reproduce these findings by pre treatment of cells with 

polybrene (data not shown). Our results indicate that polycation must be present during 

virus adsorption to enhance gene transfer. 
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Figures. Effect of Polybrene Treatment Following Virus Adsorption. UM449 
cells were transduced with Ad5/LacZ at an M01=10 with or without 5 |ig/ml polybrene. 
After 1 hour, virus supernatant was removed, the cell monolayer was washed with HBSS, 
and treated with media alone or media supplemented with 5 |i.g/ml polybrene and 
incubated for a total of 24 hours. Cells were then collected, lysed, and analyzed for 6-
Gal expression and protein content. The experiment was performed twice and a 
representative experiment is shown. 
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As we intend to adapt polycation-enhanced transduction to an in vivo, xenogeneic 

murine tumor model, we tested whether charged serum components would adversely 

affect adenovirus transduction (57)(14). We transduced UM449 cells with Ad5/LacZ 

formulated in either 2% or 50% fetal bovine serum. A substantial decrease in transgene 

expression was observed in the presence of 50% FBS (Fig 6). Addition of high 

concentrations of polybrene or protamine sulfate reversed the negative effects of serum. 

In the presence of 50% FBS, optimal transgene expression was achieved by supplying an 

additional 8-32 fold polybrene and 8-16 fold protamine sulfate compared to the optimal 

amounts required when using 2% FBS. We observed a linear relationship between the 

level of serum increase (25-fold) and the amounts of polybrene (8-32 fold) and protamine 

sulfate (8-16 fold) required to re-establish vector transgene expression. This association 

between polycation and serum concentrations may reflect the need for increased 

polycation to neutralize inhibitory, anionic compounds present in serum. 
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Figure 6. Transduction Inhibition by 50% FBS and Reversal Using Polybrene 
and Protamine Sulfate. Ad5/LacZ was prepared in media containing either 2% or 50% 
FBS and used to transduce UM449 cells. Ad5/LacZ was also formulated in 50% FBS 
supplemented with the indicated concentrations of polybrene or Protamine sulfate. Cells 
were transduced (with or without polycations) at an MO 1=10 for 2 hours, incubated for 
24 hours, and analyzed for 6-Gal enzyme activity and protein content. The experiment 
was performed twice and a representative experiment is shown. 
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Protamine sulfate does not augment adenovirus transduction following intratumoral 

injection 

The effect of protamine sulfate on intratumoral adenovirus gene transfer was evaluated 

using subcutaneous UM449 tumors in SCID mice. Ad5/LacZ was admixed with 

protamine sulfate at three different concentrations. The protamine sulfate concentrations 

were selected based on in vitro transduction studies with high serum culture conditions. 

Established tumors were injected with a total of 2.5 x 10^ plaque forming units (pfii) 

Ad5/LacZ formulated with or without protamine sulfate. Significant levels of fi-gal 

expression were detected in all tumor groups receiving Ad5/LacZ (Fig 7). In two 

separate experiments, protamine sulfate addition did not significantly effect the level of 

transgene expression compared to virus alone. Intratumoral transduction efficiency was 

similarly unaffected as determined by X-Gal staining of tumor cells from dissaggregated 

tumors (data not shown). 
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Figure 7. B-Gal Transgene Expression in UM449 Tumors Using an Adenovirus 
Vector Admixed with Protamine Sulfate. Bilateral UM449 tumors were established in 
SCID mice. Ad5/LacZ (2.5 xlO^ pfu) was formulated in 0.05 ml. of saline with or 
without various concentrations of protamine sulfate and injected intratumorally. 
Following 48 hours, the tumors were removed from the animals and enzymatically 
dissaggregated to yield single cell suspensions. Cells (5x10^) were lysed using a Triton 
X-100 buffer and freeze/thawing. Cell lysates were evaluated for 13-Gal transgene 
expression and protein content. Graph represents pooled mean data (+S.E.M) from two 
identical trials with the total number of tumors/group: n=10, 9, 10, 9, & 4, respectively. 
(AVOVA; p =ns) 
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Part 2. Direct Intratumoral IL-2 Gene Transfer with Cationic 

Lipid-complexed Plasmid DNA 

In vitro transfection with lipid/DNA complexes 

Optimal lipidrDNA (L:D) ratios for in vitro transfection of UM449 cells were determined 

using VR-1103, a plasmid containing the hnman IL-2 cDNA. Ten (ig of VR-1103, was 

combined with DMREE/DOPE at 5 different ratios and UM449 cells were transfected and 

analyzed at 48 hours post-transfection. Increasing the ratio of lipidrDNA (w/w) from 1:5 

(+/- charge ratio=0.05:l) to 3.8:1 (+/- charge ratio=0.9:l) resulted in a 2-fold increase in 

IL-2 secretion (from 12,000 lU/ml at L:D=1:5 to 25,000 lU/ml at L:D=3.8:1) (Fig 8). 

Fluorescent immunocytochemical staining of intracellular IL-2 showed the percentage of 

transfected cells increased from 30% to 75% as the lipidrDNA ratio increased (Fig 8). 
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Figure 8. Effect of Lipid:DNA ratio on transgene expression and transfection 
efficiency in vitro. UM449 cells were transfected with lOfig of VR-1103 admixed with 
either 2[ig, 4|ig, 10|ig, 25|Xg, or 38 jig of DMRIE/DOPE yielding lipid:DNA ratios of 
1:5, 1:2.5, 1:1, 2.5:1, and 3.8:1, respectively. After 48 hours, supematants from each 
well were collected and analyzed for IL-2 secretion by hIL-2 specific ELISA. Cells were 
collected and stained for intracellular IL-2 using fluorescent immunocytochemistry and 
quantified by flow cj^ometry. 

To deliver high quantities of DNA complexes into tumors, reagents must be combined at 

relatively high concentrations (as compared to in vitro applications). Lipid:DNA 

complexes tend to aggregate and precipitate when formulated at high lipid and DNA 

concentrations; especially when formulated at high lipid:DNA ratios. The transfection 
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efficiency of these aggregates is unknown. Thus, we compared the transfection 

efficiency of lipid:DNA complexes prepared at high concentrations to complexes 

prepared at the lower concentrations commonly used in vitro. High (500 Hg/ml) and low 

(40 |J.g/ml) concentrations of CMVintLacZ were admixed with DMREE/DOPE at 

lipidrDNA mass ratios of 1:2.5 (+/- charge ratio=0.1:l) and 2.5:1 (+/- charge ratio=0.6:l). 

Equal amounts of DNA fi:om each of these four preparations was diluted to a common 

concentration in culture media and used to transfect UM449 cells. Lipid complexes 

prepared at 500 |ig/ml DNA produced equivalent amounts of 13-galactosidase as 

complexes prepared at 40 |ig/ml DNA (Fig 9). Lipid/DNA complexes formulated in 

lipid excess, (L:D ratio=2.5:l, w/w) produced substantially more transgene product than 

those prepared in DNA excess (L:D ratio=l :2.5, w/w). These data confirm that 

concentrated lipid:DNA complexes are transfection-competent and were suitable for 

intratumoral transfection studies. 
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Figure 9. In vitro transfection efficiency of concentrated lipid:DNA complexes. 
DMRIE/DOPE was admixed with 40ug/nil and SOOug/ml of CMVintLacZ at two 
different ratios (lipid:DNA = 2.5:1 and 1:2.5). UM449 cells, in 24 well plates, were 
transfected with the indicated amounts of DNA from each preparation in triplicate. 
Following 48 hours, cells from each individual well were lysed and analyzed for 6-gal 
expression using a fi-gal en2yme assay. 

Comparison of naked and lipid-complexed plasmid DNA in vivo 

We next investigated the capacity of cationic lipids to enhance intratumoral gene transfer 

over naked DNA alone. Subcutaneous UM449 tumors grown in SCID mice were 

injected with VR-1103 diluted in sterile saline or complexed with DMRIE/DOPE at a 

L:D=2.5:1. These studies were performed at DNA doses of 10 and 40 [ig VR-

1103/tumor. At both 10 and 40 |ig/tumor, the addition of DMRIE/DOPE substantially 
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increased IL-2 transgene expression when compared to naked DNA alone; producing a 

6.1-fold (p<0.05) (Fig 10a) and 6.7-fold (p<0.0001) (Fig 10b) increase, respectively. 
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Figure 10 (a«&b). Effect of DMRIE/DOPE addition on intratumoral transfection. 
UM449 tumors growing subcutaneously in SCID mice were injected with 10|i,g (a.) or 
40|ig (b.) of VR-1103 formulated in saline alone or admixed with DMRIE/DOPE 
[lipid:DNA=2.5:l(w/w)]. Twenty-four hours after intratumoral injection, tumors were 
removed, dissaggregated, and 5x10^ viable cells from each tumor were sub-cultured in 12 
well plates. After 24 hours, supematants were collected and analyzed for hIL-2 
expression by ELISA. Results are expressed as the experimental means of IL-2 secretion 
±SEM, (n=total no. of tumors/group), two-tailed t test: (a.) p<0.05, (b.) /7<0.0001 
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Effect of Iipid:DNA ratio on In vivo transfection 

Lipid:DNA ratios were also evaluated in vivo. Subcutaneous (s.c.) UM449 tumors were 

established in SCID mice and injected with 50 [ig of VR-1103 complexed with 

DMRIE/DOPE at two different ratios, L:D =1:2.5 and L:D =2.5:1. IL-2 secretion levels 

were significantly higher in tumors injected with lipid complexes prepared at the higher 

lipid;DNA ratio (Fig 11). Tumors injected with complexes at L:D=1:2.5 secreted 70.8 

(S.E.M+17.4) I.U. IL-2/10® cells/24 hours while complexes at L:D=2.5:1 produced 463.3 

(S.E.M±92.0) I.U. IL-2/10^ cells/24 hours, a 6.5-fold increase (p<0.0005). Sub-cultured 

tumor cells continued to secrete IL-2 for up to 9 days in culture (data not shown). 

To determine IL-2 expression persistence in vivo, injected tumors were removed at 

different intervals post-injection. IL-2 expression was detected in cultures when tumors 

were removed at 2 and 5, but not 8 days after DNA injection (Fig 12); no IL-2 was 

detected in DMRIE/DOPE injected tumors. In a separate set of experiments, efficiency 

of intratumoral transfection was monitored by injecting 50|ig of DMRIE/DOPE 

complexed with 20 (ig of pK4, an enhanced-GFP expressing plasmid. GFP expression 

was detected by flow cytometry in 4 injected tumors. Transfection efficiency was found 

to be 1.95%±0.68%; range=0.86-3.87% (data not shown). 
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Figure 11. Effect of lipid:DNA ratio on IL-2 transgene expression following 
intratumoral injection. 50 |ig of plasmid VR-1103 was admixed with 20(ig 
[lipid:DNA=l:2.5(w/w)] or 125|ig [lipid:DNA=2.5:l(w/w)] DMRIE/DOPE and injected 
into s.c. UM449 tumors in a volume of 100 jil. Forty-eight hours after intratumoral 
injection, tumors were removed, dissaggregated, and counted. 5x10^ viable cells from 
each tumor were sub-cultured in 12 well plates. Twenty-four hour supematants were 
collected and analyzed for hIL-2 expression by ELISA. Results are expressed as the 
experimental means of IL-2 secretion ±SEM of 3 pooled experiments (n=total no. of 
tumors/group), two-tailed t test: /7<0.0005 
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Figure 12. Duration of IL-2 transgene expression following intratumoral injection 
of lipidrDNA complexes. 
Subcutaneous UM449 tumors were injected with lO^ig VR-1103 admixed with 50[ig 
DMRIE/DOPE [lipid:DNA=2.5:l(w/w)]. Tumors were removed at 2, 5, and 8 days post-
injection, (n=3,4, 3 tumors/group, respectively). Tumors were removed, dissaggregated, 
and 5x10^ viable cells from each tumor were sub-cultured in 12 well plates. Twenty-
four hour culture supematants were collected and analyzed using a human IL-2 specific 
ELISA assay. Results are expressed as the experimental means of IL-2 secretion ±SEM. 
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Dose escalation studies 

IL-2 transgene expression was increased in a linear fashion with the dose of lipid: VR-

1103 (L:D=2.5:1; w/w) (Fig 13a). Due to lipid complex precipitation, we were unable to 

formulate lipid complexes at higher DNA concentrations, and thus were unable to 

continue DNA doses above 50 [ig. Lipid complexes were also prepared with 125 [ig/ml 

DMRIE and 12.5, 25, or 50 ^ig VR-1103 (L:D=10:1, 5:1, and 2.5:1, respectively). 

Again, IL-2 secretion increased in parallel with DNA dose (Fig 13b). This result may be 

misleading as the lipid/DNA complexes prepared at the lowest DNA dose (12.5 pig at 

L:D=10:1) demonstrated profound complex aggregation and precipitation. This made the 

material difficult to manipulate and inject. We partially attribute the observed DNA-

dose effect to our inability to reproducibly inject precipitated lipoplexes. 
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Figure 13 (a&b). Effect of DNA dose on EL-2 transgene expression following 
intratumorai injection: Constant lipid:DNA ratio & constant lipid concentration. 
(a.) Increasing doses of VR-1103 were admixed with DMRIE/DOPE at a Iipid:DNA ratio 
of 2.5:1 (w/w). (b.) 125^,g of DMRIE/DOPE was admixed with increasing doses of VR-
1103: 12.5jig (lipid:DNA=10:l), 25\Lg (lipid:DNA=5:l), or 50ng (lipid:DNA=2.5;l). 
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DMRIE/DOPE:VR-l 103 complexes were injected into s.c. UM449 tumors. Forty-eight 
hours after intratumoral injection, tumors were removed, dissaggregated, and 5x10^ 
viable cells from each tumor were sub-cultured in 12 well plates. Twenty-four hour 
supematants were collected and analyzed for hIL-2 expression by ELISA. Results are 
expressed as the experimental means of IL-2 secretion +SEM of 2 pooled experiments 
(n=total no. of tumors/group). ANOVA; (a.) p=ns; (b.) /7<0.001 

Tumor injection methods and intratumoral transgene expression 

It has been hypothesized that improved plasmid distribution within an injected tumor may 

improve intratumoral transfection. To ascertain whether injection volume affects 

intratumoral transfection efficiency, 5 |ig of VR-1103 complexed with 12.5 |j.g of 

DMRIE/DOPE [L:D=2.5:1 (w/w)] was formulated in 10, 30 or 100 p.1 of sterile saline 

and injected into s.c. UM449 tumors; equaling volumes of 12%, 24%, and 97% of the of 

total tumor volume, respectively. Injecting plasmid DNA in 10, 30 and 100 |il volumes 

producing 115+34, 417±212, and 223±33 I.U. IL-2/10^ cells/24 hours (±S.E.M), 

respectively (Fig 14). None of the injection volumes produced statistically significant 

improvements in transgene expression. Physical distribution of lipid complexes vvdthin a 

tumor may also play a role in intratumoral transfection. Lipid/DNA complexes 

containing 50 |ig DMRIE/DOPE and 20 |ig VR-1103 [L:D=2.5:1 (w/w)] in 50[il of 

sterile saline were either injected into the center of the tumor ('Bolus') or injected by 

fractions throughout the tumor ('Distributive') from a single injection site. Central, 

bolus injection was numerically superior to distributive injection, but neither method 

proved to be obviously superior (Fig 15a). Finally, central and peripheral tumor 

injections were compared to determine if necrotic or hypoxic tissue inhibited transgene 
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expression. Modest, but not significant, improvement was observed when lipid:DNA 

complexes were injected at the periphery of the tumor vs. the center (319.2 vs. 263.0 I.U. 

IL-2/10^ cells/24 hours, respectively) (Fig 15b). 
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Figure 14. Effect of injection volume on intratumorai transfection. 
UM449 tumors growing subcutaneously in SCID mice were injected with 5jig of VR-
1103 and 12.5|ig DMRIE/DOPE formulated in 10, 30, or 100 |il of sterile saline 
[lipid:DNA=2.5:l(w/w)]. Forty-eight hours after intratumorai injection, tumors were 
removed, dissaggregated, and 5x10^ viable cells from each tumor were sub-cultured in 12 
well plates. Twenty-four hour supematants were collected and analyzed for hIL-2 
expression by ELISA. (n=total no. of tumors/group). ANOVA: /7=ns 
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Figure 15 (a&b). Effect of injection technique on intratumoral transfection. 
(a.) UM449 tumors growing subcutaneously in SCID mice were injected with 50|ig of 
DMREE/DOPE admixed with 20|ig of VR-1103 in 50ul sterile saline 
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[lipid:DNA=2.5:l(w/w)]. Lipid complexes were either bolus injected into the center of 
the tumor ('Bolus') or injected as fractions throughout the tumor from one injection site 
('Distributive'), (b.) UM449 tumors were injected with 50|ig of DMRIE/DOPE admixed 
with 20[ig of VR-1103 in 50ul sterile saline [lipid:DNA=2.5:l(w/w)]. Tmnors were 
bolus injected with the needle bevel 1-2 mm into the tumor ('Peripheral') or with the 
bevel in the center of the tumor ('Central'). Twenty-four hours after injection, tumors 
were removed, dissaggregated by enzyme digestion, and sub-cultured in 12-well plates. 
Secreted IL-2 was measured in culture supematants with a human lL-2 specific ELIS A. 
Results are expressed as the experimental means of IL-2 secretion ±SEM of 2 pooled 
experiments, (n=total no. of tumors/group), two-tailed t test: /7=ns 

DNA loss/'leakage' from injected tumors 

Fluid loss or leakage from injection sites can occur following intratumoral injection of 

DNA preparations and may represent a source of variability for transfection efficiency 

and transgene expression. In our studies, with tumors larger than lOOmg or 7x7 mm, the 

fluid leaking from the injection site was often contaminated with blood or appeared 

'blackened' from melanin-containing cell debris. No correlation was seen between 

leakage volume or quality (blood or melanin) and IL-2 transgene expression (data not 

shown). Tumors were injected with 40ug of VR-1103, prepared in sterile saline or 

admixed with lOOjig DMRIE/DOPE [L:D=2.5:1 (w/w)]. Fluid samples were collected 

after each injection and total DNA loss was measured by agarose gel electrophoresis. 

Intact plasmid DNA (supercoiled and relaxed circular) was detected in all samples tested. 

Tumors injected with VR-1103 alone 'lost' an average of 2.8 |ig of DNA/tumor or 7.1% 

of the total dose, while VR-1103/DMRIE injected tumors 'lost' 1.9 fig of DNA/tumor or 

4.8% of the dose (Table 5). VR-1103/DMRIE injected tumors showed a weak negative 

correlation between DNA loss and IL-2 expression, r=0.545, suggesting that DNA loss 
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following intxatumoral injection may contribute to variability in transfection efficiency 

(data not shown). 

Table 5: Extent of Plasmid Loss ('Leakage') from Injected Tumors 

Tumor # VR-1103 Alone 

% Dosage loss (|ig of DNA) 

VR-1103 + DMRIE/DOPE " 

% Dosage loss (^ig of DNA) 

1 7.27(2.91) 7.36 (2.94) 

2 12.29 (4.92) 7.93 (3.17) 

3 2.35 (0.94) 4.28(1.71) 

4 6.60 (2.60) 1.16 (0.46) 

5 2.50(1.00) 

6 5.72 (2.29) 

Mean 7.1 (2.84) 4.8 (1.93) 

® UM449 tumors were injected with 40 jig of VR-1103 diluted in saline alone or admixed 
with 100|ig of DMRIE/DOPE. Fluid efflux from tumors was collected from the 
injection site and electrophoresed through agarose gel. DNA in each lane was quantified 
using densitometric software (Stratagene EagleEye'^^^ and plasmid DNA standards. 

Part 3. 
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Activation of Natural Killer Cells via Cationic 

Lipid Gene Transfer of an IL-2 Transgene 

Timing of IL-2 secretion and granzyme A expression following in vivo transfection 

Preliminary studies were designed to determine the timing of IL-2 transgene expression 

and gran2yme A expression following cationic lipid-mediated gene transfer into s.c. 

tumors. Animals bearing multiple s.c. UM449 tumors were injected with 50 |ig 

DMRIE/DOPE admixed with 20 jig of VR-1103 [w/w lipid:DNA ratio=2.5:l; +/- charge 

ratio=0.6:l] or with DMRIE/DOPE alone (Figure 16). IL-2 transgene expression was 

detected in supematants of subcultured tumors removed at 2 or 5 days post-injection 

(Figure 17a); no IL-2 was seen when the timiors were removed 8 days after intratumoral 

injection. Transgenic IL-2 was also present in the serum of animals at 2 (5.5 lU/ml or 

302.5 pg/ml), but not 5 or 8 days after intratumoral injection (Figure 17b). These data 

indicate that intratumoral IL-2 expression peaks early after injection and falls to baseline 

levels by 8 days. Transgenic IL-2 in supernatant and serum samples supported 

proliferation of IL-2-dependent CTLL-2 cells (data not shown). 
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Figure 16: Intratumoral Transfection with hIL-2 Transgene 
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Figure 17 (a-c): EL-2 Secretion and Granzyme A Activity Following Intratumoral 
Transfection. UM449 tumors were injected with DMRIE/DOPE alone or 
DMRIE/DOPE admixed with 20 (ig of VR1103 at a lipidrDNA ratio of 2.5:1. Groups of 
tumors were removed at 2, 5, and 8 days: tumors were dissaggregated, subcultured, and 
tested for in vitro IL-2 secretion (a.) and granzyme A activity (c.). Serum was collected 
from VRl 103 injected animals; serum from uninjected tumor-bearing animals was used 
as a control in a human IL-2 ELISA assay (b.). 

To assess the consequence of local IL-2 expression, intratumoral granzyme A activity, a 

surrogate marker for NK and CTL activation (44), was evaluated in these tumors. Two 

days after lipid:DNA complex injection, when intratumoral IL-2 production was greatest, 

there was no difference in the levels of granzyme A activity between IL-2 transfected and 

control tumors (Figure 17c). However, after 5 days, intratumoral granzyme A levels were 

5.5 fold greater in IL-2 producing tumors compared to control tumors which produced no 

IL-2. On day 8, levels of intratumoral granzyme activity fell from their peak levels on day 

5, corresponding to a decrease in intratumoral IL-2 secretion. 

IL-2 expression leads to intratumoral NK activation and accumulation. 

We next tested the ability of intratumoral IL-2 secretion to affect the cellular composition 

of injected tumors. Groups of similar sized tumors were injected with i) VRl 103 + 

DMRIE/DOPE, ii) VCL1005 + DMRIE/DOPE, ii) VRl 103 + VCL1005 + 

DMRIE/DOPE, or iv) DMRIE/DOPE alone; one group was not injected. Six days after 

injection, tumors were removed, subcultured, and tested for in vitro IL-2 secretion; only 

tumors injected with VR-1103 secreted IL-2 (Figure 18a). Confirming our previous 

results, tumors transfected with the EL-2 transgene demonstrated increased levels of 
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intratumoral granzyme A activity (Figure 18b). Of note, transfection with a human 

alloantigen transgene, HLA-B7 (VCL1005), had no effect on granzyme A activity. 

Intratumoral NK cells were labeled in single cell suspensions using antibodies directed 

against asGMl surface antigen and detected by fluorescent flow cytometry. The 

percentage of intratumoral NK cells were uniformly elevated in tumors expressing the EL-

2 transgene (Figure 18c). Compared with DMRIE alone, DMRIE:VR-1103 injection 

produced a 3.2-fold increase in the percentage of intratumoral asGMl"^ cells (10.2 ± 0.3% 

and 33.01 ± 2.99%, respectively). Both control groups, non-injected and DMRIE injected 

tumors, demonstrated highly consistent NK percentages. Intratimioral transfection with 

HLA-B7 alloantigen had no effect on the percentage of NK cells. 
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Figure 18 (a-c): Intratumoral IL-2 Expression for 6 Days Increases GranzymeA 
Activity and the % of NK Cells 
Groups of similar sized tumors were injected with i) VR-1103 + DMRIE/DOPE, ii) 
VCL-1005 + DMRIE/DOPE, ii) VR-1103A^CL-1005 +DMRIE/DOPE, or iv) 
DMRIE/DOPE alone at a lipidrDNA ratio of 2.5:1.; one group was not injected. Six days 
after injection, tumors were removed, subcultured, and tested for in vitro IL-2 secretion 
(a.). Freshly dissaggregated tumor cells were also evaluated for granzyme A activity (b.) 
and stained with anti-asGMl antibody (c.) and analyzed by fluorescent flow cytometry. 
(n=number of tumors per group. * = p<0.05; ** = p<0.01 by ANOVA with Dunnet post-
test.) 

Further analysis of these tumors revealed that local IL-2 secretion also induces increased 

levels of other intratumoral effector cells. lL-2 transfected tumors display increased 

percentages of both MAC-1 (NK subset) and F4/80 (macrophages) positive cells (Figure 

19). Intratumoral MAC-P and F4/80"^ cell percentages were elevated by 2.5 and 3.3-fold, 

respectively. 
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Figure 19: Flow Analysis of Freshly Isolated Tumor Cells. UM449 tumors were 
injected with various plasmid mixtures complexed with DMRIE/DOPE at a lipidiDNA 
ratio of 2.5:1. Six (6) days after injection, tumors were removed, dissaggregated, and 
indirect immunofluorescent staining and flow cytometry with anti- asGMl, MAC-1, and 
F4/80 antibody was performed on freshly isolated cells. 

Intratumoral JL-2 secretion delays tumor growth 

While these studies were not designed to evaluate the effects of intratumoral IL-2 

transgene expression on tumor growth, we were able to detect a significant reduction in 

growth progression and final tumor mass (Figure 20). In two separate experiments tumor 

growth was significantly delayed in IL-2 expressing tumors compared with tumors 
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injected with an HLA-B7 containing vector admixed with DMRJE/DOPE, DMREE/DOPE 

alone, or non-injected tumors. 
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Figure 20: Tumor Size. UM449 tumors were measured and assigned to groups to best 
achieve equally distributed groups. Tumors were injected with i) VR-1103 + 
DMRJE/DOPE, ii) VCL-1005 + DMRIE/DOPE, ii) VR-1103/VCL-1005 
+DMRIE/DOPE, or iv) DMRJE/DOPE alone at a lipid:DNA ratio of 2.5:1. Six (6) days 
after injection, tumors were removed and weighed. (n=number of tumors per group; * = 
p<0.05 by ANOVA with Dimnet post-test.) 
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NK accumulation and activation are IL-2 dependent 

To confirm that IL-2 secretion, and not tumor size or growth rate, was affecting NK 

accumulation and activation, we analyzed the effect of tumor size in our model. We 

injected 5 groups of tumors with i) 5|ig VR-1103 + DMRIE/DOPE, ii) 25 jig VR-1103 + 

DMRIE/DOPE, iii) 25 jig VR-4151 + DMRIE/DOPE, iv) DMRIE/DOPE alone, and v) 

non-injected. Five days after injection, tumors were tested for granzyme activity and 

percentage of asGMl"^ tumor cells and final tumor mass was determined. We foimd no 

relationship between final tumor size and granzyme activity (r^ =0.1353) (Figure 21a) or 

the percentage of asGMl"^ tumor cells (r^ =0.0446) (Figure 21b). However, intratumoral 

granzyme A activity (Figure 22a.) and percentages (Figure 22b) were closely associated 

with the level of expression of IL-2 following cationic lipid gene transfer (r^=0.754 and 

0.616, respectively). 
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Figure 21 (a&b): Effect of Tumor Size on Intratumoral GranzymeA Activity and 
% of NK Cells. Five (5) groups of tumors were injected with i) 5|ig VRl 103 + 
DMRIE/DOPE, ii) 25 |ig VRl 103 + DMRIE/DOPE, iii) 25 ^ig VR4151 + DMRIE/DOPE, 
iv) DMRIE/DOPE alone, or v) non-injected. Five days after injection, tumors were 
analyzed for granzyme A activity (a) and percentage of asGMl"^ tumor cells (b); tumor 
mass was measured upon removal from the animal. 
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Figure 22 (a&b): Effect of IL-2 Secretion on Intratumoral GranzymeA Activity 
and % of NK Cells. Five (5) groups of tumors were injected with i) 5p.g VRl 103 + 
DMRIE/DOPE, ii) 25 ng VRl 103 + DMRIE/DOPE, iii) 25 [Lg VR4151 + 
DMRIE/DOPE, iv) DMRIE/DOPE alone, or v) non-injected at a lipid: DNA ratio = 
2.5:1. Five days after injection, tumors were removed, subcultured, and tested for in vitro 
IL-2 secretion. Freshly isolated cells were analyzed for granzyme A activity (a) and 
percentage of asGMl"^ tumor cells (b). 
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NK cell activation, not accumulation, is increased by intratiimoral IL-2 secretion 

To further understand the effects of intratumoral IL-2 secretion, we calculated the total 

number of NK cells and granzyme A activity per tumor based on the total number of cells 

harvested from each tumor. This analysis revealed that the total number of NK cells per 

tumor was not significantly different between the 5 different groups (Table 6). However, 

the total granzyme activity was significantly elevated in tumors which had been 

transfected with VRl 103 and expressed transgenic IL-2. These data indicate that smaller, 

growth-arrested, IL-2 expressing tumors, contain similar numbers of intratumoral NK 

cells as larger control tumors, but produce 4.0 - 7.8 fold more total granzyme activity 

than non-IL-2 producing tumors. 

Table 6. Total Levels of NK Cells and Granzyme A Activity 

n 

Total NK 

Cells/Tumor 

(x 100,000) 

Total GranzymeA 

Activity/T umor 

(Total Abs. Units) 

5[ig VRl 103 + DMRIE/DOPE 5 8.28±1.7 73.7 ± 10.7 

25(ig VRl 103 + DMRIE/DOPE 5 9.07 ± 2.27 78.1 ±9.75 

25 [ig VR4151 4- DMRIE/DOPE 2 4.31 ± 1.9 17.65 ± 1.45 

DMRIE/DOPE Alone 5 6.07 ± 0.63 18.35 ± 1.1 

No Injection 3 2.26 ± 0.68 9.89 ±2.38 
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CHAPTERS: 

DISCUSSION 

The prime goal of this work was to develop and execute studies which would 

further the understanding of somatic gene transfer. We sought to improve adenovirus 

gene transfer in vitro and in vivo through the application of adsorption-enhancing cationic 

substances, thereby minimizing their toxic effects. Our in vitro studies confirmed that 

polycations (e.g. polybrene and protamine sulfate) and cationic lipids (e.g. DOTAP and 

LipofectAmine) were highly effective in augmenting viral gene transfer and transgene 

expression. Studies in a SCID mouse tumor model, designed to confirm our in vitro 

studies, failed to produce convincing evidence showing that cationic substances were 

effective in vivo. We also investigated aspects of cationic lipid-mediated gene transfer-

First, we designed a series of studies to investigate the critical factors which affect 

intratumoral gene transfer. DNA dosages, UpidrDNA ratios, tumor characteristics, and 

the timing and location of intratumoral injection were evaluated. These studies have 

provided useful information regarding the delivery of plasmid DNA into tumors. Using 

this knowledge, we developed optimal gene transfer protocols to investigate 

immunological aspects of intratumoral transgene expression. The gene encoding human 

IL-2 was transferred into s.c. human xenograft tumors in SCID mice and various aspects 

of intratumoral IL-2 secretion were monitored. Our work provides new insight into the 

use of viral and nonviral therapeutic gene transfer. 
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The precise mechanism of action for polycation-enhanced adenovirus 

transduction remains unclear. The simplest explanation for this observed phenomenon is 

that polycationic compounds serve as 'electrostatic bridges' between virus and target 

cells. Mammalian cells possess significant negative surface charge due to glycosylated 

phospholipids on cell membranes (58, 59), and mammalian viruses, in general, exhibit a 

net negative charge at physiologic pH (60). Through empirical experimentation, 

investigators have concluded that polycationic compounds, added during virus 

adsorption, diminish electrostatic repulsion between negatively charged mammalian cells 

and eukaryotic viruses (13, 61). Viruses reported to benefit from polycation addition 

include herpes virus, echovirus, Rous sarcoma virus, orthomyxovirus, and an adenovirus, 

SV15 (12). When prepared in the proper charge ratios, poly-L-lysine forms non-covalent 

complexes with adenovirus vectors (62) to produce a net positive charge which may 

favor adenovirus-celluiar interactions. Similar complexes would be anticipated if 

adenovirus particles were admixed with other polycationic compounds (i.e. cationic 

lipids). 

An alternate explanation for the positive effects of polycations on adenovirus 

transduction may be the neutralization of inhibitory macromolecules present in agar 

overlays or serum. It is known that anionic glycoconjugates, such as sulfonated 

polysaccharides (59) and sialic acid (58), inhibit virus infection and replication. In fact, 

natural and semi-synthetic anionic carbohydrates are being evaluated as new antiviral 

compounds (63). Polycationic compounds, added to virus cultures, may act by 

saturating anionic binding sites which would normally inactivate free virus. An 
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inhibitory effect from serum components is suggested by our findings which reveal that 

polybrene or protamine sulfate added to virus cultures reverses the negative effect of high 

serum (Fig 6). 

Polycation treatment may also affect cellular metabolism or induce alterations in 

cellular membranes leading to improved transgene expression. Our data does not 

support this position as we were unable to show significant increases in adenovirus 

transgene expression when cells were pre- or post-treated with polybrene (Fig 5). This 

observation, together with the fact that enhanced transgene expression is maintained for 8 

days after polycation treatment (Fig 4), argues that transient metabolic or physiologic 

effects due to polycationic treatment are not responsible for transgene expression 

increases. 

The original aim of this study was to develop a strategy for minimizing the 

adverse effects of in vivo administration of adenovirus vectors by reducing vector doses. 

Pre-clinical trials with replication-deficient adenovirus have revealed that host cell-

mediated and humoral immune responses can interfere with infection after repeated 

vector administrations and limit the duration of adenovirus-mediated transgene 

expression (6, 7). One study reported peribronchiolar and perivascular infiltration after 

intratracheal injection of 10^° and 10^ pfli of adenovirus vectors. These pathologies were 

absent when 10^ pfu of adenovirus vector were administered (9), indicating that reduced 

adenovims dosing may improve the success of gene therapy protocols. Also, reducing 

vector doses may have the added benefit of minimizing neutralizing antibody production. 



80 

Finally, reducing the levels of adenovirus vector in gene therapy protocols would have a 

substantial impact on the cost of conducting gene therapy trials. 

Encephalomyocarditis (EMC) virus, admixed with polybrene and injected 

subcutaneously, resulted in iacreased virus replication and spread into surrounding 

tissues and blood (11). When administered v/ith polycations in the same system, 

however, Coxackie and Sindbis viruses, were no more virulent to tissues than virus 

alone. More recently, poly-L-lysine-complexed adenovirus vector, containing the 

murine cystic fibrosis transmembrane conductance regulator (CFTR) gene homolog, was 

more effective at correcting pulmonary electrophysiologic defects in AF/AF mice than 

vector alone (62). Polycations have also been shown to improve adenovirus transgene 

expression in cultured epithelial and endothelial cells (64, 65). These reports have 

speculated that polycations might improve infection/transduction efficiency when co

administered with virus preparations at subcutaneous and intra-pulmonary sites. 

Limitations on the use of polycations for enhancing adenovirus transduction in 

vivo are hard to predict. Polycationic agents may produce unanticipated consequences. 

For example, polybrene, co-injected with encephalomyocarditis (EMC) virus, increased 

interferon production in tissues and blood of inoculated mice (11) but this effect was 

absent when uninfected animals were treated with polybrene. In the same study, 

mononuclear cell infiltration was observed in animals due to DEAE-dextran injections 

alone. The use of polycationic compounds might also inhibit the spread of virus 

particles within tumor and deep tissues through 'electrostatic tethering' of virus-

polycation complexes to anionic extracellular matrices. 
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We investigated whether protamine snlfate-adenovirus complexes increase 6-gal 

transgene expression following direct intratumoral injection of UM449 tumors. Our 

studies failed to show an increase in transgene expression or transduction efficiency (Fig 

7). Recently, another group has also found that cationic lipid/I3-Gal expressing 

adenovirus mixtures, infused into balloon-injured rat carotid arteries, did not increase 

transgene expression (65). Further studies may reveal other polycations to be superior for 

intratumoral applications. Tissue type and location, as well as, the presence or absence of 

serum components, may further influence the outcome of polycation-adenovirus 

complex injection. The administration of virus-polycation complexes into subcutaneous 

or intranasal spaces may respond better than direct injection into solid tumors, where 

tissue penetration of large complexes may be restricted. 

This study provides evidence that in vitro adenovirus transduction efficiency is 

improved in established and primary tumor cells by the addition of polycations, cationic 

lipids, and CaCl2. Simple manipulations of adenovirus formulations may result in 

substantial improvements in viral gene transfer efficiencies. 

Improving gene transfer efficiency was also the principal goal of our studies with 

direct intratumoral IL-2 gene transfer of cationic lipid-complexed plasmid DNA. 

Cationic lipids are a highly effective means of delivering plasmid DNA into cells in vitro\ 

indeed, little, if any, transgene expression is seen when naked plasmid DNA is used to 

transfect cultured cells (66). However, cationic lipid-mediated gene transfer is 

significantly less effective in vivo and some studies have revealed instances where naked 
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plasmid DNA is as effective as lipid-complexed DNA (25, 67, 68). Our results with 

naked plasmid DNA and lipid-complexed DNA show that DMRIE/DOPE significantly 

improves intratumoral transfection of s.c, UM449 tumors (Fig 10 a&b). Why cationic 

lipids provide a benefit for gene transfer in some tumor models while inhibiting 

transfection in others is still unicnown. It is almost certain that the choice of cationic lipid 

and formulations used can dramatically affect the outcome of intratumoral gene transfer. 

The first consideration for successful intratumoral gene transfer is choosing an active 

cationic lipid suitable for the tumor. It appears that many cationic lipids exhibit tissue 

tropism (18), having varying efficiencies depending on the tissue-type. It is reasonable 

that this tropism extends to different tumor types as well. A given cationic lipid may 

exhibit differential activity in different tumor types depending on many factors, including 

fluid content, vascularity, and extracellular matrix composition. Emilgez et al. showed 

that 4 of 5 cationic lipids, including DMRIE/DOPE, were no better than plasmid DNA at 

transfecting a s.c. squamous cell carcinoma tumor (25), yet DMRIE/DOPE produced 

significant benefit in gene transfer in our human melanoma xenograft (Fig 10 a&b). 

Similarly, LipofectAmine has been shown to dramatically reduce plasmid transfection in 

a murine melanoma xenograft (BL6; derived from B16-F10) after intratumoral injection 

(67), yet produces surprisingly high transfection efficiencies in a C6 rat glioma model 

(69). These seemingly contradictory results illustrate that cationic lipids behave 

differently depending on the tissue type investigated. 

The second consideration for successful intratumoral gene transfer with cationic 

lipids concerns the choice of lipid to DNA ratio. Lipid:DNA ratios have been shown to 



83 

affect systemic (70, 71), pulmonary (72, 73), and intratumoral (25, 67), gene transfer with 

cationic lipids. Using our intratumoral gene transfer model, we tested the potency of two 

separate DMRIE;VR-1103 formulations at ratios of 1:2.5 and 2.5:1 (w/w). Lipid:DNA 

complexes prepared at the 2.5:1 ratio produced 6 times more IL-2 transgene product 

compared to complexes prepared at 1:2.5 (Fig 11). These studies emphasize the 

importance of optimizing lipid:DNA ratios for intratumoral gene transfer. Optimized 

lipid:DNA complexes may produce particles that i) are more resistant to nuclease 

digestion (74), ii) contain highly potent lipid:DNA complex conformations (29), or iii) 

are more efficiently retained within the tumor (see below). 

An unexpected benefit of complexing plasmid DNA with cationic lipids is 

improved DNA retention within the tumor. Using a Walker 256 carcinoma in Wistar 

rats, Nomura et al. reported that 50% of naked DNA is cleared from injected tumors 

within 2 hours while 93.7% of lipid complexed DNA remains within the tumor during the 

same time period (68). In addition to loss via lymphatic or venous routes, oiu: studies 

reveal that plasmid loss occurs from the injection site as well (Table 5). We have 

observed less DNA leakage from the tumor injection site when plasmid DNA was 

complexed with cationic lipids, and these tumors expressed 4.06-fold more IL-2 

transgene than those injected with naked DNA alone. Thus, cationic lipids may improve 

intratumoral transgene expression by reducing plasmid DNA loss to the venous 

circulation and from the tumor injection site. 

Cationic lipid-mediated transfection occurs most effectively in actively 

proliferating cells (73, 75), and predictably, Uttle intratumoral transfection occurs when 
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lipid complexes are injected into necrotic tissue (68). With these results in mind, we 

have investigated 3 ways of maximizing distribution of lipid complexes throughout the 

tumor and avoiding potentially 'unproductive' tissues. First, increasing injection 

volumes may increase plasmid distribution within the tumor. Our studies indicate that an 

intermediate injection volume of 30|il, equal to 24% of the average tumor volume 

(125mg), resulted in the greatest transgene expression compared to 10 or 100 |j.1 volumes 

(Fig 14). These results, while not statistically significant, were reproducible for 

lipid/DNA complexes and naked DNA injections alike (data not shown). Intermediate 

volumes may allow sufficient plasmid distribution within the tumor while minimizing 

loss due to leakage. Efforts to avoid injecting into the center of a tumor, which is often 

composed of hypoxic and necrotic tissue, may improve plasmid delivery to proliferating 

tumor cells. Injection of lipid complexes at the periphery of the tumor does produce a 

modest (21%), but reproducible, improvement in transgene expression compared to 

injection into the center of the tumor (Fig 15b). Finally, intratumoral distribution of 

lipid:DNA complexes may be improved by injecting into numerous sites within a tumor. 

Injection of naked DNA at multiple sites in a tumor failed to increase intratumoral 

transgene expression (67). However, multiple injections have been reported to increase 

gene expression when LipofectAmine:DNA complexes were injected into s.c. rat glioma 

tumors (69). In our studies we tested a variation of this technique by distributing 

DMRIEA/^R-1103 complexes throughout the tumor from a single injection site using a Z-

track injection method (insertion of the needle bevel to the distal portion of the tumor and 

injecting fractions of the dose while retracting the needle in a Z-track pattern). This 
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approach did not improve transgene expression and was less successful than bolus 

iajection into the center of the tumor (Fig 15a). Needle movement within the tumor may 

cause excessive bleeding and tissue damage, interfering with the transfection process. 

Individually, tumor injection technique and location did not significantly alter the 

outcome of intratumoral transfections in our studies. However, taken together these 

modest improvements in gene transfer may lead to increased transgene expression and 

improved biologic effects. 

We have defined key factors controlling intratumoral transfection efficiency with 

lipidiDNA complexes. Plasmid DNA injection dose, the presence or absence of cationic 

lipid, and lipidiDNA formulation are key factors contributing to the outcome of 

intratumoral transfections. Other factors, including injection volume, injection location, 

and DNA loss may contribute, but only in a minor way to this process. 

Having defined various factors which influence lipid-mediated intratumoral gene 

transfer, we applied our knowledge of how to maximize intratumoral transgene 

expression to investigate the immunological effects of intratumoral cytokine gene 

transfer. The goal of our research is to provide basic information concerning the effects 

of intratumoral IL-2 transgene delivery with cationic lipids. Cationic lipids represent a 

convenient method of transferring therapeutic transgenes directly into tumor cells, have 

little or no immunogenicity, and are easily produced in large quantities. However, in 

vivo gene transfer with cationic lipid vehicles is substantially less efficient than current 

viral vectors (i.e. adenovirus and adeno-associated virus). Indeed, transfection efficiency 
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following intratumoral injection of cationic lipidrDNA complexes has been estimated at 

between 0.05% and 1.0% (22, 27 and our unpublished results). Nonetheless, studies with 

IL-2 and IL-4 transgenes, have confirmed that these transfection rates are sufficient to 

produce delayed tumor growth and complete tumor regression (22, 27). 

IL-2 has been shown to be a potent activator of murine and human NK cells (36, 

44, 76, 77). Specifically, IL-2 is capable of up-regulating the expression of granzymes 

and perforin which are involved in NK-mediated tumor cytolysis (43, 44, 78). We have 

extended these findings by demonstrating that cationic lipid-mediated IL-2 gene transfer is 

capable of activating NK cells in situ. Results from our studies indicated that both 

granzyme A activity and the percentage of NK cells are elevated in IL-2 transfected 

tumors (Figure ISb&c). Manyak et al. reported that in vitro granzyme A activity is 

maximally induced after 5 days of IL-2 exposure and that the effects were IL-2 dose 

dependent (44). These findings agree with our results, where intratumoral granzyme A 

activity peaks at day 5 (Figure 17c) and is correlated with tumor IL-2 secretion levels 

(Figure 22a). Additionally, we foimd that total numbers of NK cells remained roughly 

equal among IL-2 transfected and control tumors (Table 6), yet IL-2 secreting tumors 

were significantly smaller by day 6 than control tumors (Figure 20). Therefore, the 

increased density (percentage) of intratumoral NK cells is primarily due to delayed tumor 

growth in IL-2 expressing tumors. Most importantly, total granzyme A levels per tumor 

were significantly increased in IL-2 expressing tumors demonstrating that granzyme A 

expression by individual NK cells is elevated. 
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In the absence of T or B lymphocytes found in immunocompetent animals, we, and 

others speculate that activated effector cells, particularly NK and macrophages, are 

responsible for delayed tumor growth resulting from IL-2 secreting tumors (33, 79-81) or 

intratumoral IL-2 protein injection (82-85). However, it is still unclear precisely how 

intratumoral IL-2 projects its influence in these systems. In the simplest terms, local IL-2 

expression may stimulate a resident population of murine NK cells. These cells 

constimtively express the fi chain of the IL-2 receptor (86) making them to be highly 

responsive to IL-2. Thus, intratumoral IL-2 expression is likely to produce local NK cell 

activation, induction of granzyme activity, and reduction in tumor cell growth. Interferon 

production by IL-2-stimulated NK cells (42, 87) may also contribute to local activation 

and cytotoxicity of resident NK cells and macrophages. 

Alternatively, a more systemic effect may be generated due to IL-2 expression. 

Apart from increasing granzyme A activity, IL-2 may promote NK proliferation in situ 

and prompt NK cells to secrete IFN-y (42) and IFN-a (87). Resident macrophages can 

also express TNFa (88) in response to local IL-2 expression. These proinflammatory 

cytokines may further induce cellular adhesion molecules on tumor endothelium and 

prompt NK adherence and infiltration into the tumor (37, 89, 90). Finally, systemic 

release of transgenic IL-2 may influence distant effector cells. Intravenous administration 

of IL-2 can modulate splenocyte cytotoxicity (85, 91) and adhesion molecule expression 

(76). IL-2-activated splenocytes preferentially extravasate into tumor tissue via the tumor 

vasculature (92). 
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We favor the model where IL-2 secretioa promotes a local cytostatic envirormient 

by directly activating NK cells. Additional lines of evidence lead us to this conclusion. 

First, low levels of IL-2 are produced; systemic IL-2 secretion in our model peaks at 5 

lU/ml. (245pg/ml) and falls to undetectable levels by day 5 (Figure 17b). More aggressive 

EL-2 therapy is normally required to augment splenic cytotoxicity (85,91). Also, non-

IL-2 expressing contralateral tumors were unaffected in granzyme or NK cell levels by 

their proximity to IL-2 secreting tumors (data not shown). Finally, we did not detect 

increases in splenic granzyme levels in IL-2 treated animals compared to control animals 

(data not shown). These observations indicate that local expression of rL-2 expression 

via cationic lipids is not sufficient to produce systemic immvinity. 

We have shown that intratumoral IL-2 gene transfer using DMRIE/DOPE 

complexed plasmid DNA leads to intratumoral and systemic IL-2 transgene expression 

and in situ induction of granzyme A in NK ceils. The importance of these results are 

three-fold. First, that cationic lipids are convenient and effective means of delivering an 

IL-2 transgene into s.c. tumors. Second, intratumoral IL-2 expressica produces local 

activation of important anti-tumor effector cells (NK), and finally, that the effects of local 

IL-2 expression and NK activation can delay tumor growth. 
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CHAPTER 6: 

SUMMARY 

The aforementioned studies have been designed to investigate various aspects of 

gene transfer, primarily in an intratumoral model. These studies reveal basic information 

concerning intratumoral injection of gene transfer vectors and suggest areas of future 

study. 

First, we were able to develop a highly effective means of augmenting adenovirus 

gene transfer in vitro through the addition of cationic substances. As we have discussed, a 

major benefit of this approach is to increase the level of vector adsorption to the surface of 

target cells. Unfortunately, when this technique was tested in vivo, using UM449 tumors 

and protamine sulfate, little or no gene transfer improvement was observed. It is certainly 

possible that this technique will have little effect in vivo, as virus adsorption to cultured 

monolayers may benefit from 'electrostatic bridges' while injection of viral particles into 

tissue, which enjoys a three dimensional architecture, may have adequate exposure to 

target cells. Nonetheless, it is reasonable to suggest that testing different tumors, with 

unique histological properties, and different cationic substances may benefit from this 

novel technique. Thus we suggest that this technique be tested with other cations (e.g. 

cationic lipids), tumor types, and at different vector doses. 

We also conducted a systematic analysis of the factors which influence cationic 

lipid-mediated gene transfer within tumors. The information generated from these studies 

will contribute to a growing body of information regarding intratumoral gene transfer. 
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From our work and others it has become clear that three primary factors affect plasmid 

gene transfer efficiencies; i) the presence of cationic lipid, ii) the lipidrDNA ratio, and iii) 

the plasmid DNA dose. Other factors such as injection volume, injection location, and 

number of injections have not been conclusively shown to affect intratumoral transfection. 

These data suggest that the physico-chemical nature of the lipid complex dictates the level 

of gene transfer. Therefore, we recommend that efforts be directed at developing and 

testing, /« VIVO, novel lipid chemistries and plasmid constructs. Additionally, research 

efforts into the nature of plasmid translocation into the nucleus and mechanisms of lipid 

complex endosomal escape would be eagerly anticipated. 

The use of IL-2 as a biological response modifier to combat tumor progression is 

well established. We have shown that effective doses of IL-2 can be locally dehvered 

using cationic lipid-mediated gene transfer. We have demonstrated that NK cells within 

IL-2 secreting tumors can be activated to cause reduced tumor progression, but these 

effects are largely localized to injected tumors. Knowledge of the precise role of 

intratumoral IL-2 secretion may provide clues on how to amplify IL-2 associated 

antitumor effects. Of particular interest are the altered pattems of NK trafficking and 

cellular proliferation resulting firom local IL-2 secretion. Using labeled, adoptively 

transferred NK cells it would be possible to determine if IL-2 produced a direct 

chemotactic effect or whether secondary cytokines contributed to NK infiltration. 

Additionally, using this model, NK cell proliferation in response to IL-2 can be monitored 

in vivo by labeling replicating NK cell DNA with bromodeoxyuridine. 
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The potential of intratumoral gene therapy will rely on accurate understanding of 

gene transfer vectors. As this information accumulates more specific means of 

intratumoral gene transfer will be developed and tested. These developments will aid in 

eradicating discrete tumors and metastatic lesions, but will also lead to efficient means of 

combating other devastating diseases. 
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ANIMAL USE APPROVAL 
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[nstitutional Animal Cire 3 Tucson. Arizona 35721 
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Verification of Review 
By The Institutional Animal Care and Use Committee (lACUC) 

Final Approval Granted 

PHS Assurance No. A-3248-01 — USDA No. 86-3 

TTTLE: PROTOCOL CONTROL #96-171 

"Preclinical Study of Anti-Cancer Therapies in SCID Mice" 

PRINCIPAL INVESTIGATOR/DEPARTMENT: 

Evan M. Hersh, MD - Arizona Cancer Center 

SUBMISSION DATE; November 26,1996 APPROVAL DATE;January 15,1997 

GRANTING AGENCY: 

ivflH, ADCRC, SQUUS, ATRDC, VICAL, Auragen 

The University of Arizona Instituticjnal Animal Care and Use Committee reviews all sections of proposals relating to animal 
care and use. The above named proposal has been granted Final Approval according to the rc\iew policies of the lACUC. 

NOTES: 

••• Full approval of this control number is valid through*: Januarj- 14.2000 

* Whoi pn^eas or paicdi caavi post the above noced expiration due, the Pnxvipal Investigaior %viU subcnit a new prococol 
proposal for Aill review. Following tACUC review, a new Prococol Control Number and Expiration Date will be assigned. 

Continued approval for this project was confirmed; 
••• Revisions (if any), are listed belo\v; 

Michael A. CusanoWch. PhX). 
Vice President tor Research 

DATE: January 15. 1997 
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