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Abstract
Introduction—Adenoviral gene therapy has been widely applied for cancer therapy, however,
transient gene expression as result of humoral immuno-neutralization response to adenovirus
limits its effect. The purpose of this study is to determine whether DOTAP:cholesterol liposome
could shield adenovirus from neutralizing antibody and permit the use of multiple cycles of
intravenous L-A-5-RIP-TK with GCV to enhance its effect.

Methods—The effect of multiple cycles of systemic L-A-5-RIP-TK/GCV therapy was evaluated
in grouped PANC-1 SCID mice treated with different number of cycles. Humoral immune
response to A-5-RIP-TK or L-A-5-RIP-TK was assessed using C57/B6J mice challenged with
adenovirus or liposome adenovirus complex.

Results—The minimal residual tumor burden (3.2±0.6mm3) and longest survival time
(153.0±5.6d) were obtained in the mice receiving 4 cycles and 3 cycles of therapy, respectively.
Toxicity to islet cells associated with RIP-TK/GCV therapy was observed after four cycles.
DOTAP:chol-encapsulated adenovectors were able to protect adenovectors from the neutralization
of high titer of anti-adenoviral antibodies induced by itself.

Conclusion—Multiple treatment cycles of L-A-5-RIP-TK/GCV effectively ablate human
PANC-1 cells in SCID mice, however, the mice become diabetic and have significant mortality
after the 4th cycle. Liposome-encapsulated adenovirus is functionally resistant to the neutralizing
effects of anti-adenoviral antibodies, suggesting feasibility of multiple cycles of therapy.
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Liposome-encapsulation of the adenovirus is a promising strategy for repeated delivery of
systemic adenoviral gene therapy.
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Introduction
Pancreatic cancer (PC) is one of the most aggressive malignancies, with poor survival
despite the significant advances in understanding, diagnosis, and access to conventional
therapy. The only treatment option with curative potential is surgical intervention by means
of a pancreatic resection. However, due to the high percentage of patients with locally
advanced metastatic disease at diagnosis, only 10-20% of patients are eligible for curative
surgery(1). The median survival of these most optimally treated patients is only 17
months(2). Thus, it is clear that novel therapeutics for patients with pancreatic cancer are
urgently needed.

Adenoviral gene therapy has for many years been regarded as a potential new treatment
modality. High efficiency of transduction of a large range of cell types in all stages of cell
division is its major advantage(3). In addition, their relative inability to insert into the host
genome limits the risk of insertional mutagenesis, but as a drawback also limits their
therapeutic life-time(4). The limitations include low levels of CAR(5,6) (the receptor on the
pancreatic cancer cells to which the natural tropism of adenovirus-5 is directed), harm to
healthy tissue when systemic adenoviral vectors are used, and the innate immune response
towards the vector which can lead to neutralization of the adenoviral vectors and to a severe
systemic inflammatory response (7,8).

Many attempts have been made to overcome above limitations such as using pancreatic
cancer-specific promoter-directed suicide gene therapy to exert a specific cytotoxic effect on
pancreatic cancer(9-12). Using rat insulin promoter (RIP) directed viral thymidine kinase
(TK) gene with ganciclovir (GCV) (RIP-TK/GCV), we have obtained significant and
specific therapeutic effect on human pancreatic cancer in vivo(13). We have shown that
overexpression of the transcription factor, pancreaticoduodenal homeobox-1 (PDX-1) in
pancreas cancer cells specifically activates the RIP promoter, thus leading to expression of
TK. In turn, expression of TK leads to susceptibility of the pancreas cancer cell to cytotoxic
GCV. The delivery system is essential to success of this gene therapy. Adenoviral-5-RIP-TK
vector was developed using serotype 5 adenovirus, which effectively delivered RIP-TK to
human pancreatic cancer cells in SCID mice using intravenous injection. However,
theoretically, the adenoviral vector could only be used once due to the host's immune
response to adenovirus, which would be another limitation to obtain an effective treatment
in immunocompetent animals. Neutralizing antibodies present in circulation serum after the
initial exposure to adenovirus limit further cycles of adenovirus therapy. One approach to
solve this problem is the use of liposome-encapsulated adenovirus to protect the adenovirus
from neutralization circulating antibodies. In addition, liposomes also facilitate adenovirus
binding to the cell surface, particularly on CAR-deficient cells to increase the transduction
efficiency(14-17).

In the past 10 years, multiple cycles of gene therapy have been tried in order to resolve the
important issue regarding transient transgene expression. Repeated administration of
adenovectors by direct intratumoral injection has been successfully applied in basic and
clinical studies(18-25); however, the adenovirus is readily neutralized by circulating
antibodies(26,27). Repeated cycles of systemically delivered adenoviral vector have been
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tried in immunocompetent mice and shown to cause resistance to the adenovirus via high
titer of immune neutralizing antibody(28). In the present study, we performed a study using
multiple cycles using systemically-delivered, liposome-coated A-5-RIP-TK/GCV to test its
efficacy against PDX-1-expressing human pancreatic cancer cells in SCID mice. The
humoral immune response was also evaluated in immune competent mice as well. The study
provides strong evidence to support the hypothesis that multiple cycles with liposome-
coated A-5-RIP-TK/GCV are effective against PDX-1-expressing human pancreatic cancer
cells in mice.

Materials and methods
Cell Lines, Adenovectors and Antibodies

Human pancreatic cancer cell line PANC-1 was purchased from the American Type Culture
Collection (ATCC, Bethesda, MD), and was maintained in DMEM medium (Invitrogen,
MD) supplemented with 100,000 units/L of penicillin, 100,000 ug/L of streptomycin and
10% fetal bovine serum. A-5-RIP-TK construct preparation was described as before(13)
A-5-CMV-LacZ was produced by Dr. Davis. Rabbit anti-HSV-TK antibody was purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Cy3 conjugated anti-rabbit IgG
antibodies were purchased from Sigma (St. Louis, MO).

Preparation of adenovirus–liposome complexes
Liposome–virus complexes were prepared fresh at room temperature. Formulated liposomes
(DOTAP or DOTAP:chol) (20 mM) were diluted to a 4 mM final concentration in a 300μl
final volume with 5% dextrose in water (D5W). Adenovirus was diluted from 5×1012 vp in
300μl and mixed with equal volume of 4 mM DOTAP to give a final concentration of 103

vp/cell for in vitro. 5×108 vp/mouse was used in vivo. Infections were performed in OPTI-
MEM (invitrogen) at 37°C. Cells were washed 6 hours post infection with 4 ml of PBS and
fresh DEME medium supplemented with 10% FCS.

Animals and gene delivery
SCID mice were housed in a BL-4 facility and cared for under the guidelines in The Care
and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources,
the Commission on Life Science, the National Research Council, and the Animal Research
Committee of Baylor College of Medicine (BCM). Male ICR/SCID mice at age 8 to 10
weeks (wks) were inoculated with 0.5× 105 PANC-1 cells intraperiteoneal to develop
intraperitoneal tumor within 2 wks. This model of metastatic pancreas cancer has been
developed in used in our previous studies(13). These mice were then randomized to 5 groups
to receive: (1) 1 cycle of A-5-RIP-TK/GCV, (2) 1 cycle of A-5-RIP-TK/GCV+1 cycle of
liposome-coated A-5-RIP-TK/GCV (L-A-5-RIP-TK), (3) 1 cycle of A-5-RIP-TK/GCV+2
cycles of L-A-5-RIP-TK/GCV, (4) 1 cycle of A-5-RIP-TK/GCV+3 cycles of L-A-RIP-TK/
GCV and (5) 4 cycles of empty vector and GCV (control). Each group contained 30 mice.
Each cycle lasted 3 wks: A-5-RIP-TK or L-A-5-RIP-TK were injected via the tail vein at
108 viral particles/mouse, followed by 2 weeks of GCV (40 mg/kg body weight twice daily)
and 1 wk of rest with no therapy.

Tumor evaluation and survival analysis
Necropsy and tumor evaluation were performed at 7, 14, 21 and 120 d after treatment. At
least five mice were sacrificed each time point. Tissues were saved for further pathological
immunohistochemical analyses. Tumor volume was evaluated at each time point. Peritoneal
tumors were macroscopically and microscopically evaluated and the larger (A) and smaller
(B) diameters measured and recorded. Tumor volume (V; a rotational ellipsoid) was
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calculated according to the formula: V (mm3)= A(mm) ×B2(mm)2/2. Mice were classified
according to presence or absence of tumor. Mouse survival was measured from initial
treatment to date of death or sacrifice

Immunohistochemical staining
At the time of necropsy, pancreata and tumors were removed and fixed in 4%
paraformaldehyde at 4°C for 4h. After process, tissue blocks were embedded in paraffin and
tissue sections were prepared. H and E staining was performed. For immunostaining,
sections were deparaffinized in xylene and hydrated gradually through graded alcohol.
Slides were then placed in a humidified chamber, overlaid with diluted antibodies against
anti-HSV-TK antibody and incubated overnight at 4°C. Dilution factors were 100. After
washing with PBS, slides were incubated with Cy3-conjugated rabbit antibody for PP for 1h
at RT. Slides were then washed with PBS and mounted with cover slides.

Detection of apoptosis in tumor xenografts and islet cells of mice
Apoptosis in tumor and pancreatic specimens were determined with TUNEL assay (FragEL
DNA Fragmentation Detection Kit, Colorimetric-TdT Enzyme; Calbiochem, La Jolla, CA)
according to the manufacturer's protocol and expressed as the ratio of apoptotic cancer cells
to the total number of endothelial cells in 10 fields at ×100 magnification. To evaluate the
effect of L-A-5-RIP-TK/GCV on the endocrine pancreas, at least ten islets per specimen
were evaluated.

Insulin and glucose measurements
At the time of sacrifice, 50μl whole blood samples were collected and spun to separate the
serum. Serum samples were stored at -20°C until completion of experiments. Glucose levels
and insulin levels were measured as previously reported(29).

Neutralizing antibody titers measurements
The serum was collected from pre-immune adenovirus-injected SCID or C57/B6J mice for
their ability to inhibit adenovirus infection. Dilutions of each serum were incubated with
reporter gene A-5-CMV-LacZ and incubated them for 1 hour at 37°C. Each adenovirus
serum mixture was then added to PANC-1 cells (2–4 104 cells per well at 24 well plates) and
incubated them at 37° for 24 hours. LacZ gene expression was analyzed by X-gal staining,
which determined the titer by the highest dilution at which the serum inhibited > 70% of
infectivity compared to the control well without serum.

X-gal staining
Twenty-four hours after reporter gene transfection, cells were washed twice with PBS and
fixed in 0.25% glutaradehyde solution for 15 min at 37°C. Cells were then washed three
times with PBS as before and staining solution (1M MgCl2, 30 mM potassium ferricyanide,
30 mM potassium ferrocyanide, and 2% X-gal solution) was added to each well. The
staining reaction was carried out 6 to 24 h at 37°C for color development. Microscopic
observation was performed and photography was carried out via digital camera (Diagnostic
Instruments Inc., Sterling Heights, MI). Stained blue cells and unstained cells were counted
under microscope one by one vision area. The positive cell rate was calculated using
following formula: blue cell number/total cell number.

Detection of gene expression in liver after injection of A-5-CMV-LacZ or L-A-5-CMV-LacZ
adenovirus

8-10-wk-old C57BL/6J mice from The Jackson Laboratory were divided into 2 groups, 30
mice for each group to receive 1) A-5-CMV-LacZ once2) L-A-5-CMV-LacZ at dose of
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5×108 vp. On day 21 after first injection, 5 mice received A-5-CMV-LacZ and 5 received L-
A-5-CMV-LacZ again in each group. The expression in liver was evaluated at 7, 21 and 30d
after first injection and at 7d after second delivery. X-gal staining for liver was performed as
previously described(11). Stained the liver tissues were processed and embedded in paraffin.
The sections were cut at 10μm for each and counterstained with eosin. LacZ gene expression
was reported as ratio of blue staining cells to the total number of liver cells in 10 fields at
×100 magnification.

Statistical analysis
The unpaired Student's t-test was used for statistical analyses of tumor volume, glucose, and
insulin levels, with P< 0.05 indicating significance. The χ2 test was used for rate
comparison. Rank-log was used for mice survival comparison. Kaplan-Meier in SPSS 15.0
for Windows was used to plot survival curves.

Results
Thymidine kinase gene expression in tumor xenografts in SCID mice

To determine whether A-5-RIP-TK or L-A-5-RIP-TK were expressed in PANC-1 tumor
cells in SCID mice with multiple systemically delivered cycles, TK protein expression was
monitored in tumor cells following each delivery by immunohistochemistry. As shown in
the Fig 1A, there was strong TK expression (71.8%) in the tumor cells at 7d after first gene
delivery. Expression was then reduced to 40.2% on day 14, and 8.7% on day 21. Re-
expression of TK was observed after second gene delivery as shown in figure 1, (65.5% on
day 7, 38.4% on day 14, and 11.2% on day 21). Similarly, the third L-A-5-RIP-TK
administration resulted in the TK expression of 68.9% on day 7, 43.6% on day 14, and 7.8%
on day 21. There was no significant difference of gene expression among three cycles of
gene delivery at same time point, indicating systemic delivery of both A-5-RIP-TK and L-
A-5-RIP-TK results in effective, but transient transgene expression in PANC-1 cells in
SCID mice.

Inhibitory effect of L-A-5-RIP-TK on xenograft tumor growth in SCID mice is associated
with the number of cycles

To evaluate the effect of multiple cycles, two, three and four cycles of therapy were
compared to mice treated with one cycle or GCV control. The tumor burden was assessed at
the time of necropsy four months after completion of therapy. Tumor growth was maximally
suppressed by four cycles of L-A-RIP-TK/GCV with 67.0% of mice free of tumor, followed
by three cycles, two cycles, and one cycle of showing 60.0%, 54.5% and 40.0% of mice free
of tumor, respectively(Fig 2A). Among them, both four and three cycles of therapy had
statistically significant increase in rate of mice free of tumor compared to one cycle of
therapy, however there was no significant difference between four and three cycles, and
between two and one cycles of therapy. Residual tumor volume was also evaluated. Minimal
residual tumor was observed in the group of mice receiving 4 cycles of therapy with mean
tumor volume of 3.2±0.6mm3, followed by those with three, two, and one cycle(s) of RIP-
TK/GCV therapy, with a mean tumor volume of 4.0±1.2, 8.9±3.9, 19.3±2.5, respectively
(Fig 2B). Tumor volume in empty vector GCV control group was 618.9±326.5 mm3 (Fig
2B). Similar to the observation above, there was no significant difference in tumor volume
between the mice with four and three cycles, and between one and two cycles, but both three
and four cycles of therapy resulted in significant reduced the tumor volume as compared to
that of mice receiving one and two cycles of therapy. Taken together, these results
demonstrate a correlation between the effect of inhibition of tumor growth and the number
of cycles of therapy.
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Multiple cycles of L-A-5-RIP-TK/GCV therapy prolong survival of tumor-bearing SCID mice
We next evaluated the effect of multiple cycles of L-A-5-RIP-TK/GCV on mouse survival.
Five groups of mice were analyzed by rank-log survival analysis and Kaplan-Meier survival
curves were plotted (Fig. 3). Overall, multiple cycles of therapy had a survival advantage
over single cycle of therapy, however three cycles of L-A-RIP-TK/GCV resulted in the
longest survival (median survival 153.0±5.6 d) in PANC-1 tumor-bearing animals when
compared with others one cycle =124.0 ±1.1d), two cycles=133.0±6.6d, and four
cycles=126.0±4.8d (P < 0.05 vs three cycles), respectively. All treatment groups had
significant prolonged survival as compared to the empty vector/GCV control group
(69.0±5.4 d). Survival time between one, two and four cycles of therapy was comparable.
These data indicate that one or multiple cycles of therapy effectively prolong survival in
SCID mice, however the greatest survival was seen after three cycles of therapy.

Multiple cycles of L-A-5-RIP-TK gene therapy causes diabetes associated with islet cell
apoptosis

We have previously shown that single treatment cycle with A-5-RIPTK/GCV caused
pancreatogenic diabetes in SCID mice (13). We wanted to determine whether the effect of
multiple cycles of therapy with L-5-RIP-TK/GCV would further adversely affect insulin
levels and glucose regulation. Glucose and insulin levels were monitored during each
treatment cycle. Glucose levels increased after each cycle, reaching 287.8 mg/dl on day 7
after the 4th cycle, whereas insulin levels decreased after each cycle, with a nadir of 0.3ug/
ul, after the 4th cycle (Fig 4). The changes of insulin and glucose levels correlated with islet
cell apoptosis after each cycle of therapy, as shown in the Fig.4 bottom. 8.2%±1.4%%%
after 1st cycle, 14.2%±3.4% after 2nd, 42.8%±11.7% after 3rd, and 56.2%±18.2% after 4th

cycle; all were significantly higher than in control mice (2.1%±0.6%). The data confirm that
multiple cycles of therapy sequentially increase islet apoptosis and have a deleterious effect
on insulin levels and glucose regulation, thus representing a toxicity of this therapy.

Humoral immune response in C57BL/6J with A- or L-A-5-RIP-TK vectors
Multiple cycles of L-A-5-RIP-TK/GCV have shown a greater inhibitory effect on tumor
growth in SCID mice than did a single cycle, however, the effect was observed in the
absence of normal immune response, since the study was performed in SCID mice. In order
to assess whether the liposome-coated adenoviral complexes would induce lower levels of
immune response in immunocompetent mice, the levels of adenoviral specific neutralizing
antibody in serum were measured following intravenous injection with L-A-5-RIP-TK
complexes, and compared to that induced by A-5-RIP-TK. C57BL/6J mice and SCID mice
without prior exposure to adenovirus were treated with L-A-5-RIP-TK or A-5-RIP-TK
displaying a similar neutralized antibody titer at 1/16, respectively. Similarly, repeated
injections of either L-A-5-RIP-TK or A-5-RIP-TK induced anti-adenovirus antibody, but
were higher than that with the first injection. The 3rd injection of A-5-RIP-TK resulted in a 2
fold higher titer (1/256) than did the 3rd injection of L-A-5-RIP-TK (1/128) (Fig 5). No
difference was found the levels of antibody between the 2nd and 3rd injections of L-A-5-
RIP-TK. Conversely, no antibody was found in the SCID mice following each injection with
either adenovirus alone or adenovirus liposome complex (Data not shown). The data suggest
that both L-A-5-RIP-TK and A-5-RIP-TK induce high levels of antibody titers and lower
titers of neutralized antibody in the mice without prior exposure to adenovirus.

Liposome protects adenovirus from neutralized antibodies in vivo after repeated
adenovirus administrations

To determine whether encapsulated adenoviral vectors protect adenovirus from high titers of
neutralized antibody in the circulation serum in vivo, a reporter assay was performed by i.v.
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injection of C57B6J mice with A-5-CMV-LacZ or L-A-5-CMV-LacZ vectors. β-gal
expression in liver cells was evaluated on day 7, 21 and 30 following adenovirus
administration. We have previously shown that systemically-delivered A-5-CMV-LacZ is
highly expressed in liver cells and not islets (13). On day 7, 62.5% vs 68.2% (P>0.05) of
liver cells were positive for β- gal expression in the mice receiving A-5-CMV-LacZ and L-
A-5-CMV-LacZ, respectively. Expression levels were significantly reduced to 5.3% vs 8.5%
(P>0.05) at 21 day, and further decreased by 0.4% vs 2.8% (P<0.05) on day 30, respectively.
No significant difference was found in β-gal expression between naked adenovirus and
liposome-coated adenovirus on days 7 and 21, but with an exception on day 30 (p<0.05).
Repeat doses of adenovirus were performed on day 21 after first injection and β- gal
expression was determined on day 7. Only 2.1% and 3.2% of liver cells were positive for β-
gal in A-5-CMV-LacZ and L-A-5-CMV-LacZ immunized mice (P>0.05), respectively. In
contrast, liposome coated A-5-CMV-LacZ re-administration resulted in 43.2% vs 50.8%
(P<0.05) of liver cells expressing β-gal in A-5-CMV-LacZ and L-5-A-CMV-LacZ
immunized mice, respectively. These data suggest that liposomal encapsulation protects
adenovirus from neutralization in the presence of high titer neutralizing antibody.

Discussion
The advantage of adenoviral gene therapy is its high efficiency of transduction and low risk
of integrating into host genome(4,13,30,31). However, a major limitation is that transgene
expression is transient. Therefore, multiple cycles of therapy would be necessary for a long
term therapeutic effect. While multiple cycles of adenoviral gene therapy would be an
attractive therapeutic strategy, adenovirus induced humoral immune neutralizing response to
repeated applications of adenovirus is a significant hurdle to overcome. In the current study,
we studied the multiple cycles of systemically-delivered liposome-coated A-RIP-TK/GCV
in a human pancreatic cancer cell SCID mouse model, as well as studying immune status
and transgene expression after multiple deliveries of liposome-coated adenoviral gene
therapy in immune competent mice.

The effect of L-A-RIP-TK/GCV gene therapy was evaluated using a human PANC-1 cell
xenograft SCID mouse model in this study, since our experience demonstrated that the
model provides a precise assessment of therapeutic effect in human cancer cells without
interference of immunological factors(13,32). Conversely, the drawback of the model is
absence of an immunological response and analyses. Therefore, similar studies were
performed in an immunocompetent mouse model to determine the immune response to
multiple cycles of adenoviral gene therapy and whether liposomal coating would affect the
immune response. Therefore, both models give a complementary understanding of multiple
cycles of L-A-RIP-TK/GCV gene therapy.

We designed the treatment regimen on the based upon the considerations that more than one
treatment of gene therapy is necessary to have a beneficial effect for cancer patients and that
transgene expression in vivo, which lasts 30 days, but is significant reduced by the third
week(19,23,25). The present study showed benefit of more than one cycle. Furthermore, a
three-week-cycle is reasonable to maintain a high transgene expression levels in tumor cells;
there was remarkable reduction of vTK expression 21 days after gene delivery, indicating
that it is necessary to scheduled gene delivery at an interval of 21 days. 2 weeks of GCV
treatment following gene delivery was selected according to previous studies(13). Three
treatment cycles appears to be optimal in our mouse model, as a higher mortality was
observed after fourth cycle of gene therapy, although better effect was obtained.

While the current study indicates that three treatments every three weeks with liposomal
A-5-RIP-TK followed by 2 weeks of daily GCV is the optimal regimen for treatment of our
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SCID mouse metastatic human pancreatic cancer cell model, the study demonstrated that
four cycles of L-A-5-RIP-TK/GCV induced maximal tumor inhibitory effect on PANC-1
tumor. This is was consistent with Vlachaki, et al's study, in which they obtained smallest
tumor size in treatment of a mammary tumor by three cycles of HSV-TK/GCV with
intratumoral injection(19). However, in another study, no significant reduction of ovarian
tumor volume was observed by three cycles of intraperitoneal injection of HSV-TK/GCV as
compared to that of one treatment(33). A possible explanation is induction of humoral
immune response to adenovirus with repeated administration, although local concentrations
of anti-adenoviral–specific antibodies were considerably lower compared to the serum levels
in our study. Our study demonstrates the effect of multiple cycles of intravenous L-A-RIP-
TK/GCV enhances inhibition of tumor growth in the absence of immune response.
Furthermore, there is reversal correlation between the number of treatment cycles and tumor
size, as seen in the Vlachaki's study, indicating an accumulative treatment effect of multiple
cycles. This could be explained by periodic delivery of vTK gene into tumor cells, resulting
in persistent expression of vTK protein that contributes to continuous cytotoxic effect on
tumor cells. However, as seen in the present study and others, not all the tumor was ablated
despite multiple treatments, most likely due to incomplete gene transduction after every
gene delivery

While the concept of multiple cycles of therapy is important, there appears to be a limit on
the number of cycles possible, since therapy related toxicity resulted in increased mortality.
Three cycles of therapy resulted in the longest survival, which is consistent with previous
reports showing that the longest survival in the treatment of mammary tumors and ovarian
tumors was after three treatment cycles. In contrast, four cycles did not prolong survival due
to high mortality after the fourth cycle of treatment. The decrease in survival compared to 3
cycles could not be simply attributed to the toxicity of liposome-coated adenoviral complex,
since there was no evidence of impairment of heart, liver, kidney, brain and gastrointestinal
tract on the basis of pathological analysis (data not shown). It is possible that increased
mortality was due to impairment of function of endocrine pancreas, as high levels of serum
glucose, low levels of serum insulin and apoptosis of the islets were observed in the mice.
Adenoviral expression was seen in the islets at 30 days. The development of pancreatogenic
diabetes after A-5-RIP-TK/GCV treatment has been described in our previous study. This
was anticipated since both islets and pancreas cancer express PDX-1, which we have shown
to be the transcription factor that activates the RIP promoter at the A box site on the
promoter(32). The toxicity to the endocrine pancreas could potentially limit the
effectiveness of L-RIP-TK/GCV therapy for pancreas cancer, however it is to be noted that
pancreatogenic diabetes can be treated with insulin and oral hypoglycemics.

The success of using adenoviral vectors for gene therapy is often limited by the host's
immune response to the virus (34). The induction of humoral immune response still remains
a significant challenge to the use of more than one cycle of adenoviral therapy. The
effectiveness of the re-administration of adenoviral vectors is limited by the large-scale
production of adenoviral specific neutralizing antibodies by the host (35). One method used
to prevent the neutralization of the adenoviral vectors is to bind cationic polymers or
liposome to the virus (36-41). Dr. Yatnda's studies had shown that bilamellar cationic
liposomes not only protect adenovectors from preexisting humoral immune responses in
vitro and in vivo but also overcome the limitation of absence of CAR expression on the
cancer cells surface, which is required for adenovirus targeting(42). Further more, liposomal
encapsulated adenovirus reduce the liver's uptake of adenovirus when systemic adenovirus is
administrated(43). To quantify neutralizing antibody titers, we used bioassay instead of
others such as ELISA to enable to precisly evaluation of viral titer and neutralizing activity
simulteneously. This approch has been proved to be liable and used by others(42). Our data
showed that high titer of neutralizing antibody in immunocompetent mice after initial
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exposure to adenovirus and increased following second and third injection, which was
consistent with other's finding(36-41). The minor difference was lower titer of antibody in
L-A-5-RIP-TK re-injection followed by L-A-5-RIP-TK injection, as compared to that in
L-5-RIP-TK re-injection followed by A-5-RIP-TK injection. This may contribute to a
relative low neutralizing immune response to adenovirus, but did not appear to be a major
factor to affect the gene transfer and expression after repeated injections of adenovirus. The
fact is that liposome actually shields adenovirus from neutralizing antibodies, since naked
adenovirus re-injection shows little transgene expression. While an adenovirus vector can be
repeatedly injected to tumor locally, this study supports the concept that liposome-coated
adenovirus gene therapy is necessary for the multiple treatment cycles of systemic therapy.

In conclusion, our study demonstrated that multiple cycles of L-A-RIP-TK/GCV
significantly increased the cytoablative effect on metastatic human pancreatic cancer cells in
SCID mice, suggesting that liposomal coating of the adenovirus could permit multiple
cycles of systemic gene therapy. In this study, it appears that three cycles of therapy was
most effective due to toxicity after the fourth cycle, however the specific cause of toxicity
could be due to pancreatogenic diabetes, as opposed to an immune reaction to the fourth
cycle. These data support the hypothesis that liposome-coated adenovirus is functionally
resistant to the neutralizing effects of anti-adenoviral antibodies. We conclude that
liposome-encapsulation of adenoviral RIP-TK/GCV gene therapy is a promising strategy for
pancreatic cancer using repeated delivery of systemic pancreas cancer-specific adenoviral
gene therapy.
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FIG. 1.
Adenoviral type 5 RIP-TK expression in PANC-1 tumors.
A-5-RIP-TK was intravenously administered to SCID mice 2 mo after inoculation with
PANC-1 human pancreatic cancer cells. L-A-5-RIP-TK was repeated administrated on day
22, 43 after initial delivery, three gene deliveries in total. Mice were sacrificed on day 7, 14,
21d after each A or L-A-5-RIP-lacZ administration, respectively. The tumor tissues were
processed and sectioned as usual. Immunostaining was performed using anti-HSV-TK
antibody. Red staining cells indicate strong expression of HSV-TK in tumor cells. The
figure showed the TK gene expression profile in control group (top row), first gene delivery
(next to top row), second delivery (third row from top) and third delivery (bottom row)
(x200)
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FIG. 2.
Multiple treatment cycles of A or/and L-A-5-RIP-TK/GCV treatment suppresses growth of
human pancreas cancer xenografts. Two weeks after i.p. injection of PANC-1 cells, SCID
mice were divided into five groups (30 animals/group) and treated as follows: (1) 4 cycles of
GCV, (2) 1 cycle of A-5-RIP-TK/GCV, (3) 1 cycle of A-5-RIP-TK/GCV+1 cycles of L-
A-5-RIP-TK/GCV, (4) 1 cycle of A-5-RIP-TK/GCV+2 cycles of L-A-5-RIP-TK/GCV, (5) 1
cycle of A-5-RIP-TK/GCV+3 cycles of L-A-RIP-TK/GCV. At 4 months after treatment, at
least five mice were sacrificed. Percentages of tumor-free animals in different groups were
compared using χ2-test significance (A)Tumor size was measured and compared using
Student's t-test (B) with P< 0.05 representing significance. Tumor growth was significantly
suppressed in all treated mice compared with controls.
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FIG. 3.
Multiple treatments with A or/and L-A-5-RIP-TK/GCV prolongs survival of PANC-1 tumor
bearing mice. PANC-1 tumor mice were grouped to receive (1) 4 cycles of GCV, (2) 1 cycle
of A-5-RIP-TK/GCV, (3) 1 cycle of A-5-RIP-TK/GCV+1 cycles of L-A-5-RIP-TK/GCV,
(4) 1 cycle of A-5-RIP-TK/GCV+2 cycles of L-A-5-RIP-TK/GCV, (5) 1 cycle of A-5-RIP-
TK/GCV+3 cycles of L-A-RIP-TK/GCV. Mice survival was estimated by using the Kaplan-
Meier and log rank tests. All the treatment group had significant prolonged survival as
compared to control group treated with GCV. Three cycle of A and L-A-5-RIP-TK/GCV
treatment obtained longest survival among all of groups (P<0.05).
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FIG. 4.
Multiple cycles of L-A-5-RIP-TK/GCV treatments cause diabetic. Fasting serum was
collected on day 7 after each L-A-RIP-TK/GCV gene therapy. The glucose (green line) and
insulin (red line) levels are shown at different L-A-5-RIP-TK/GCV treatment cycles.
Glucose levels increased while insulin levels decreased (A). The changes of insulin and
glucose levels were correlation with islet cell apoptosis in pancreas of treated mice (B)
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FIG. 5.
Repeated L-A-5-RIP-TK administration induced anti-adenovirus antibodies. C57BL/6J mice
without prior exposure to adenovirus were treated with naked A-5-RIP-TK or L-A-5-RIP-
TK. Repeated naked A-5-RIP-TK or L-A-5-RIP-TK was administrated in a 3 weeks
interval, 3 doses in total. 7days after each administration, the serum was collected for
measurement of neutralized antibody. Either A-5-RIP-TK or L-A-5-RIP-TK induced high
titer of anti adenoviral antibody. Repeated administration of adenovirus resulted in increased
antibody titers.
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FIG. 6.
Liposome shield adenovirus from neutralizing antibody. C57BL/6J mice without prior
exposure to adenovirus were treated with naked adenoviral LacZ (A-5-CMV-lacZ) and
liposome encapsulated adenoviral lacZ (L-A-5-CMV-lacZ). Repeated A-5-CMV-lacZ or L-
A-5-CMV-LacZ was administrated on day 21 after initial injection of naked A-5-RIPTK or
L-A-RIP-TK vector. The β- gal expression was evaluated at 7, 21 and 30d following initial
adenoviral lacZ administration and day 7 after repeated adenovirus administration by x-gal
staining for liver cells as previous described. Blue staining cells indicate positive for β-gal
expression. (X200)
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