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Drug resistance and toxic side effects are major limiting
factors in the clinical use of antineoplastic chemotherapy.
Patients with pancreatic cancer generally do not benefit from
chemotherapy. The nonpathogenic adeno-associated virus
type 2 (AAV-2) has been shown to sensitize human tumor
cells to � irradiation and chemotherapeutic drugs. In the
present study, we characterized the therapeutic role of
AAV-2 infection in combination with 5-fluorouracil (5-FU)–
based chemotherapy on pancreatic cancer cells in an animal
model. In Lewis rats bearing s.c. implants of syngeneic
DSL6A pancreatic cancer cells, intratumoral infection with
AAV-2 (MOI 10E8 i.u.) in combination with 5-FU (5 or 50
mg/kg body weight) resulted in significantly reduced tumor
growth and prolonged survival time compared with 5-FU
single therapy. Most surprisingly, AAV-2-infected rats re-
mained in a much better physical condition compared to
their noninfected counterparts. While rats treated with 5-FU
single therapy lost weight, were sluggish and died within 4
months after tumor implantation, animals infected with AAV
showed much better vigilance, with body weight, leukocyte
number and hemoglobin levels similar to healthy rats. In
particular, 5-FU-related side effects like thrombocytopenia
and leukopenia were significantly reduced in animals treated
with the combination regimen. By in vitro analysis, human
(Capan-1 and DANG) pancreatic cancer cell lines were
shown to be sensitized to 5-FU chemotherapy to an extent
similar to DSL6A cells. AAV-2 infection enhanced 5-FU-in-
duced apoptosis by a factor of 8 to 14 in both human and rat
pancreatic cancer cell lines. The data suggest that infection
with the nonpathogenic AAV-2 significantly improves both
chemotherapy efficacy and physical appearance and offers a
novel strategy in cancer treatment.
© 2002 Wiley-Liss, Inc.
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Pancreatic cancer, the fifth leading cause of cancer death in
Europe and the United States, has a 5-year survival of �5%.1
Despite advances in the standards of surgery and supportive care,
treatment of advanced disease has limited success with regard to
prolonging survival. In patients with disseminated pancreatic can-
cer, adjuvant chemotherapy has not been very effective. In the
palliative setting, usually 5-fluorouracil (5-FU) chemotherapy
and/or external beam radiation therapy have been used.2 However,
the response rate to 5-FU is �10%, with very little impact on
quality of life and survival.3 Dose escalation of chemotherapy is
limited by severe toxic side effects. Therefore, a major challenge
in the development of new therapeutic strategies for treatment of
pancreatic cancer is to increase the sensitivity of tumor cells to
chemotherapeutic agents while limiting harmful effects on normal
tissues.

Several studies have suggested that combination regimens can
provide promising improvements over antineoplastic mono-
therapy. In most of these studies, 2 or more cytotoxic drugs were
combined to treat pancreatic cancer. Although, some clinical trials
reported positive response rates, most of the regimens were ac-
companied by severe chemotherapy-related side effects, such as
thrombocytopenia and neutropenia.4

Alternatively to conventional cancer therapy, nonpathogenic
oncolytic viruses have been used either alone or together with
cytotoxic agents in various experimental cancer therapies. Selec-
tive killing of cancer cells has been achieved by wild-type viruses,
e.g., reoviruses,5 as well as genetically modified viruses of the
herpes and adenovirus families.6 In patients with head-and-neck or
ovarian carcinomas, antitumor efficacy was enhanced by a com-
bination of 5-FU or cisplatin with intratumoral infection by an E1B
gene–attenuated adenovirus.7,8

In contrast to these previous studies, we here took advantage of
viruses that confer strong sensitizing effects toward genotoxic
agents in cancer cells but not in normal cells, without the necessity
of viral replication. Adeno-associated viruses (AAVs) are nonen-
veloped human parvoviruses containing a single-stranded DNA
genome of 4,680 bases. In cell culture, AAV-2 genome replication
and capsid synthesis are dependent on helper functions provided
by coinfecting viruses of multiple families.9 In the absence of
helper functions, AAV appears to establish a latent infection.10,11

While up to 85% of adults are seropositive for anti-AAV antibod-
ies,12,13 no human disease has been associated with AAV infection.

AAV-2 has tumor-suppressive activity and sensitizes several
human cancer cell lines and freshly explanted human tumor tissues
to � irradiation and to various chemotherapeutic agents in vitro and
in vivo.14 Growth of tumor cells transplanted s.c. into nude mice
was reduced more efficiently in AAV-2-infected animals than in
noninfected animals, which were treated with the same chemo-
therapy or radiation regimen.15–17 Although in some AAV-2-
infected tumor cell lines treated with genotoxic agents a low level
of helper-independent viral DNA replication was observed,18,19

complete absence of viral replication in other sensitized tumor
cells suggests that it is not necessary for the sensitizing effects of
AAV-2.16 This led us to further investigate whether infection with
AAV-2 might also enhance the cytotoxic effect of 5-FU on pan-
creatic tumor cells. The experiments described here demonstrate
that AAV infection prior to treatment with 5-FU compared to 5-FU
treatment alone significantly reduced the viability of pancreatic
cancer cells in vitro and reduced tumor growth in rats challenged
with syngeneic pancreatic cancer cells. Furthermore, chemothera-
py-related toxic side effects, such as thrombocytopenia, neutrope-
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nia, loss of weight and pain, were significantly reduced in animals
treated with concomitant AAV infection.

MATERIAL AND METHODS

Cell culture procedures
The human pancreatic cancer cell lines Capan-1 and DANG

were provided by Tumorbank (DKFZ, Heidelberg, Germany). The
murine tumor cell line DSL6A was originally derived from a
primary pancreatic carcinoma of an azaserine-treated Lewis rat.20

DSL6A cells are tumorigenic in rats and yield tumors with ductal
characteristics. All cells were grown in DMEM (Life Technolo-
gies, Karlsruhe, Germany) supplemented with 10% heat-inacti-
vated FCS (Life Technologies), 100 units/ml penicillin and 100
�g/ml streptomycin (Life Technologies) and incubated at 37°C in
a humidified atmosphere with 5% CO2.

Virus propagation and titration
AAV-2 was propagated in HeLa cells using adenovirus type 2 as

a helper. Cells were lysed by 3 rounds of freezing and thawing, and
AAV-2 virions were purified by CsCl gradient centrifugation as
described previously.21 Infectious titers of AAV-2 fractions were
determined using end point titration (1:10 dilution steps in a
volume of 100 �l) as described.21,22 Briefly, HeLa cells grown in
96-well plates were infected with 100 �l/well of each AAV-2
dilution and adenovirus was added as a helper [multiplicity of
infection (MOI) 10 i.u./cell]. After complete cell lysis, the super-
natant and remaining cells were mixed with 120 �l of 0.5 M NaOH
and dotted onto a nylon membrane (Hybond N; Amersham,
Freiburg, Germany). A 32P-labeled EcoRI/HindIII fragment cor-
responding to the 3� part of the AAV genome (pTAV223) was used
as a probe for hybridization of the blots to determine at which
dilution AAV-2 replication was still detectable.

Animal experiments
Male Lewis rats (Charles River, Sulzfeld, Germany) were kept

in isolators and received food and water ad libitum. DSL6A tumor
cells were injected s.c. into the abdominal flank of 4-week-old rats
(106 cells in 100 �l PBS/animal), and tumor growth was followed
by measuring the largest and smallest diameters as tumor length
(cm) � tumor width (cm).

Low-dose therapy (groups 1–4). Six weeks after tumor cell
inoculation, when the tumor nodule had an average size of 5 � 6 mm,
treatment with low-dose 5-FU (5 mg/kg body weight) i.p. and/or
simultaneous intratumoral AAV-2 infection (108 i.u.) was started and
repeated weekly. Animals were separated into the following groups:
group 1, control, mock-infected (n � 12); group 2, 5-FU (5 mg/kg
body weight i.p., n � 8); group 3, AAV-2-infected (1 � 108 infec-
tious particles i.t., n � 8); and group 4, AVV-2 � 5-FU (n � 8).

High-dose therapy (groups 5–8). Eight weeks after tumor cell
inoculation, when the tumor nodule had an average size of 7 � 9
mm, treatment with high-dose 5-FU (50 mg/kg body weight) i.p.
and/or simultaneous intratumoral AAV-2 infection (108 i.u.) was
started and repeated weekly. Animals were separated into the
following groups: group 5, control, mock-infected (n � 12); group
6, 5-FU (50 mg/kg body weight i.p., n � 8); group 7, AAV-2-
infected (1 � 108 infectious particles i.t., n � 8); and group 8,
AVV-2 � 5-FU (n � 8). When the tumor reached �500 mm,2,

animals were killed. Twelve (groups 1–4) or 10 (groups 5–8)
cycles of treatment were performed, and tumor size and survival
rate were documented weekly.

Evaluation of side effects
Using the Karnofsky performance index, which evaluates qual-

ity of life in humans, and according to recommendations of the
Laboratory Animal Science Association,24 a modified scoring sys-
tem (Table I) was devised to evaluate the clinical performance of
tumor-bearing rats 14 weeks after tumor challenge. Automated
blood analysis (Technicon H3; Bayer, Leverkusen, Germany) was
performed on blood derived from 6 animals of each group using
LABfacts Workstation V05.22 software (Bayer).

Histochemistry
Tumor tissues were fixed in 10% neutral formalin or snap-

frozen in liquid nitrogen and stored at –80°C. Sections (5 �m)
were stained with hematoxylin and eosin using standard procedures.

Tunel assay
At least 6 representative tumors of each group of treated or

untreated animals were fixed in formalin and analyzed for apopto-
sis. Immunohistochemic detection and quantification of apoptosis
in tumor tissue sections were performed using the In Situ Cell
Death Detection Kit (Roche, Mannheim, Germany). According to
the manufacturer’s instructions, sections were stained and ana-
lyzed microscopically.

In vitro infection
Capan-1, DANG or DSL6A cells were suspended in PBS and

incubated with purified AAV-2, as described by Hillgenberg et al.,17

at the MOIs indicated in the figures. As mock infection controls, cells
were treated with either PBS only or a heat-inactivated fraction of a
CsCl gradient derived from cells infected with AdV-2 only.

WST-1 cell proliferation assay
Cells were grown at a density of 5 to 10 � 103/well in 100 �l

culture medium in 96-well microtiter plates for 12 hr. Subse-
quently, cells were infected with AAV-2 or mock-infected as
described above. After 4 hr, cells were washed with PBS, and
different concentrations of 5-FU (Medac, Hamburg, Germany)
were added for 48 hr, as indicated in the figures. Cells were
washed with PBS, and 10 �l/well of the cell proliferation reagent
WST-1 (Roche) were added for 4 hr. Absorbance was analyzed
using an ELISA reader at 450 nm and 690 nm. Relative prolifer-
ation (A/Ao) was defined as the ratio of absorption measured in
AAV-2-infected and/or 5-FU-treated cells or mock-infected cells
(A) compared to the absorption measured in untreated control cells
(Ao). All experiments were performed in triplicate and repeated at
least twice. IC50 values were defined for each cell line as the drug
concentration leading to 50% growth inhibition of cells.

FACS analysis
The apoptotic fraction of treated or untreated cells was deter-

mined by FACS analysis (FACSCalibur; Becton Dickinson, Hei-
delberg, Germany) following permeabilization and propidium io-
dide (PI) staining of cells.25 Briefly, 250 �l of PI staining solution
(0.1% Triton X-100, 50 �g/ml PI in PBS, pH 7.4) were added to
5 � 105 cells and analyzed within 1 hr using CellQuest software

TABLE I – CLINICAL PERFORMANCE SCORE1

Score 3 points 2 points 1 point

Activity and behavior Normal Sluggish or restless Drowsy or unconscious
Bearing and movement Normal Partial limited Paralyzed or immobile
Nourishment and weight Normal Restricted Emaciated
Hair Normal Dull or stand on end Loss of hair
Pain No pain Increased anger on handling Hunched position, vocalization
1A physical performance score was developed to evaluate the behavioral and physiologic responses of the animals to tumor growth and

different treatment regimens.
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(Becton Dickinson). All experiments were performed in triplicate
and repeated 3 times.

Colony-formation assay
DSL6A cells were infected with AAV-2 at an MOI of 103

i.u./cell followed by incubation with or without 5 �g/ml 5-FU and
grown for 48 hr. Untreated and uninfected DSL6A cells were used
as controls. Subsequently, cells were harvested in cell culture
medium and equal cell numbers (104) were plated into 10 cm

dishes for 2 weeks without further treatment. For visualization,
clones were stained with crystal violet.

RESULTS

Antitumor efficacy of 5-FU chemotherapy upon intratumoral
AAV-2 infection of syngeneic pancreatic tumors in Lewis rats

Previous studies described improved therapeutic efficacy of
chemotherapy by AAV-2-mediated sensitization of human tumor

FIGURE 1 – Efficacy of AAV-2 and 5-FU as single agents vs. the combination of both on tumor growth and survival of Lewis rats challenged
with s.c. DSL6A tumor cells. (a) Tumor growth during study. Upper panel: Therapy was started 6 weeks after tumor challenge, when tumors
had reached a medium size of 5 � 6 mm. Rats received either AAV-2 alone (108 i.u./week, i.t.), 5-FU alone (5 mg/kg body weight, i.p., weekly)
or AAV-2 and chemotherapy in combination or were left untreated. Lower panel: Therapy was started 8 weeks after tumor challenge, when
tumors had reached a medium size of 7 � 9 mm. Animals received either AAV-2 alone (108 i.u./week, i.t.), 5-FU alone (50 mg/kg body weight,
i.p., weekly) or AAV-2 and chemotherapy in combination or were left untreated. Animals treated with high-dose 5-FU alone were killed in week
15 because of severe toxic side effects. Bars � SD. (b) Kaplan-Meier survival of animals following the same treatments as described in (a).

608 EISOLD ET AL.



cells in vitro and in nude mice.17 In addition, preliminary data
indicated that mice infected with the virus and treated with che-
motherapeutic drugs remained in a better physical condition com-
pared to controls treated only with chemotherapy.16 To investigate
whether the effect of AAV-2 infection can also be achieved in a
syngeneic cancer model in immunocompetent rats, pancreatic tu-
mor cells (DSL6A) were inoculated into the flanks of male Lewis
rats. We analyzed the antitumor efficacy of weekly intratumoral
AAV-2 infections (MOI 10E8 i.u.) and 2 different 5-FU doses (5
or 50 mg/kg i.p.) separately and in combination. For low-dose
experiments (5 mg/kg), treatment was started 6 weeks after tumor
cell inoculation, when the tumors had reached an average size of
30 mm.2. High-dose experiments (50 mg/kg) were started 2 weeks
later, when the mean tumor size had reached 63 mm2 (Fig. 1).

In mock-infected rats, tumors grew rapidly (Fig. 1a) and all
animals died within 12 weeks after tumor cell inoculation (Fig.
1b). Intraperitoneal 5-FU monotherapy reduced the tumor growth
rate, with low-dose 5-FU chemotherapy being less effective at
tumor growth inhibition than high-dose 5-FU. However, high-dose
5-FU used as a single agent was highly toxic. All high-dose
5-FU-treated animals died of toxic side effects within 16 weeks
(Fig. 1b), though their tumors had reached only 50% of the size in
untreated animals (Fig. 1a, Table II). In rats infected intratumor-
ally with AAV-2 without additional chemotherapy, tumor growth
was retarded depending on the tumor size at the beginning of
therapy. When AAV-2 treatment was started at a mean tumor size
of 30 mm2, tumors reached a size of 365 (	50) mm2. In animals
in which AAV-2 infection was started 2 weeks later, tumors
reached an average size of 516 (	226) mm2 within 17 weeks after
tumor cell inoculation (Fig. 1a). Taken together, neither chemo-
therapy with different doses of 5-FU nor infection with AAV-2
alone significantly protected rats from tumor progression (Fig. 1a,
Table II). In contrast, compared to either treatment separately,
tumor growth was most clearly reduced in animals where AAV-2
administration was combined with either low-dose or high-dose
5-FU treatment (Fig. 1a). Three of 8 animals treated with the
combined therapy of AAV-2 injection and low-dose 5-FU did not

show further tumor progression even 3 weeks after cessation of the
treatment.

In general, compared to their uninfected counterparts, all AAV-
treated animals, treated with either AAV alone or in combination
with 5-FU, showed prolonged survival (Fig. 1b). Although the
17-week survival rate of animals treated with AAV infection alone
was the same as that of animals treated with the combination of
AAV and 5-FU (Table II), only those animals treated with the
combination therapy were still alive 3 weeks after cessation of the
treatment (week 20, Fig. 1b, upper panel).

AAV-2 infection reduces 5-FU-related toxic side effects
In addition to enhancing the chemosensitivity of tumors, AAV-2

treatment resulted in a markedly improved physical condition of
the tumor-bearing animals (Fig. 2). To quantify this observation,
we applied a clinical performance score (Table I) to evaluate the
behavior, movement, hair, body weight and pain as well as hema-
tologic parameters of the animals 14 weeks after tumor cell inoc-
ulation and compared the values to those of healthy rats (Table III).
The most obvious disease-related symptoms observed in untreated
tumor-bearing animals were a 16% loss of body weight and a
marked reduction of white blood cells, in particular the number of
monocytes, which was decreased from a mean of 220/�l in the
blood of healthy animals to 2/�l. Animals treated with 5-FU as a
single agent lost up to 90% of their platelets and, in the case of
high-dose application, half of the hemoglobin and most of their
white blood cells, i.e., neutrophils (2% of control), lymphocytes
(7% of control) and monocytes (3% of control). These symptoms
were accompanied by a 20% decrease in body weight, a dull
appearance, anxious behavior and hunched sitting, which clearly
indicated pain (Fig. 2, Table III). Concomitant AAV-2 infection, in
contrast, provided a striking improvement of the clinical benefit
response. In contrast to untreated or 5-FU monotherapy–treated
animals, in AAV-infected animals, body weight, hemoglobin and
number of white blood cells were similar to those of healthy rats
(Table III). The most remarkable change of response to high-dose
5-FU therapy when combined with additional intratumoral AAV

FIGURE 2 – Physical appearance of tumor-bear-
ing Lewis rats. Left: Representative animal after
7 cycles of weekly treatment with 50 mg/kg 5-FU
i.p. Right: Representative animal after 7 cycles of
treatment with the combination regimen (weekly
application of 50 mg/kg 5-FU and intratumoral
infection with MOI 10E8 i.u. AAV-2).

TABLE II – SURVIVAL RATE AND TUMOR SIZE OF LEWIS RATS AT THE END OF THERAPY (WEEK 17 AFTER TUMOR CELL INOCULATION)

Control (untreated)
(% of control)

AAV-2 intratumoral
(108 i.u.)

(% of control)

5-FU i.p.
(% of control)

AAV-2 � 5-FU in
combination

(% of control)

Groups 1–4 (low dose, tumor size at start:
30 mm2 for each group)

Survival rate 0/12 8/8 0/8 8/8
0% 100% 0% 100%

Tumor size (mm2) 5001 	 35 365 	 52 533 	 56 134 	 22

Groups 5–8 (high dose, tumor size at start:
63 mm2 for each group)

Survival rate 0/12 4/8 0/8 4/8
0% 50% 0% 50%

Tumor size (mm2) 5001 	 35 516 	 229 2441 	 60 221 	 67
1Animals killed earlier due to tumor size or chemotherapy-related side effects.
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infection was a rise in the number of monocytes from a mean of 2
cells/�l in 5-FU-treated rats to 1,002/�l, which represents a 4- to
5-fold increase compared to the value in healthy rats (220 cells/�l).
In addition, in all AAV-2-treated animals, the number of neutro-
phil cells was markedly increased.

Tissue histology and immunohistochemic detection of apoptosis
in tumor tissues after treatment

Tumor tissues of all animals were formalin-fixed for histologic
examination to determine if inflammation or cellular infiltration
had occurred in response to AAV infection. Detailed histopatho-
logic analysis of hematoxylin and eosin–stained sections revealed
that all tumors infected with AAV were infiltrated by mononuclear
cells, whereas in sections derived from 5-FU single therapy–
treated tumors, mononuclear cells were extremely rare or absent
(Fig. 3). In addition, in tumors where 5-FU chemotherapy was
combined with AAV-2, the tumor tissue was massively destroyed,
pointing to apoptotic cell death. We assessed the tumor tissue
sections for DNA degradation using the TUNEL assay. Figure 4
shows tumor sections of each group, representing the different
treatment protocols. In situ quantification revealed the highest
amount of cells undergoing apoptosis in tumors of animals treated
with AAV-2 plus 5-FU, the combination with high-dose 5-FU
therapy being more effective than that with low-dose 5-FU.

Quantification of AAV-2-mediated sensitization to 5-FU
treatment of pancreatic cancer cells in vitro

To quantify the sensitization of pancreatic cancer cells to 5-FU in
vitro, DSL6A cells and 2 human pancreatic cancer cell lines (Capan-1
and DANG) were infected with AAV-2 at different MOI prior to 48
hr treatment with increasing doses of 5-FU. A colorimetric (WST-1)
cell proliferation assay revealed that AAV-2 infection dose-depen-
dently resulted in significantly decreased viability of all 5-FU-treated
pancreatic cancer cell lines compared to cells treated with 5-FU only
(Fig. 5). The IC50 values of tumor cells after mock infection (PBS) or
AAV-2 infection (MOI 103 i.u./cell) followed by 5-FU chemotherapy
were determined, and the sensitization factors (SF) were defined as
the ratio of the IC50 values of virus-infected cells and mock-infected
cells. AAV-2 infection induced highly significant sensitization of
DSL6A (SF 11.5, p � 0.01), Capan-1 (SF 8.33, p � 0.01) and DANG
(SF 14, p � 0.01) pancreatic cancer cells to the therapeutic activity of
5-FU.

Enhanced 5-FU-induced apoptosis by AAV-2 infection in
pancreatic cancer cells of human origin

Our in vivo data pointed to enhancement of 5-FU-mediated
apoptosis in tumors as a result of AAV-2 infection. To determine
whether the AAV-mediated increase of 5-FU-induced cell death
can also be achieved in pancreatic cancer cells of human origin, we
compared DNA fragmentation by fluorometric analysis of perme-
abilized, PI-stained DSL6A, Capan-1 and DANG cells upon
AAV-2 infection (MOI 103 i.u./cell) and/or 5-FU treatment (5
�g/ml). In addition to the 2n and 4n DNA content, this assay
detects DNA fragments of �2n, which indicates apoptosis. As
shown in Figure 6a, AAV-2 infection prior to 5-FU treatment
increased the percentage of apoptotic cells in both murine
(DSL6A) and human (DANG, Capan-1) pancreatic cancer cell
lines by a factor of 3 to 4. Upon AAV-2 infection without drug
treatment, the number of apoptotic cells was unchanged compared
to mock-infected cells. A standard colony-formation assay further
illustrated that the reduced cell viability was indeed a consequence
of apoptosis. A reduction of the proliferation rate was revealed by
smaller colonies, while a cytotoxic effect or apoptosis was indi-
cated by a reduced number of colonies. Infection with AAV-2
alone resulted in colony numbers similar to untreated controls (Fig.
6b, exemplary for DSL6A). In contrast, AAV-2 infection prior to
5-FU treatment significantly reduced the number of outgrowing
colonies compared to 5-FU treatment alone. This supports earlier
reports showing that AAV-2 exerts its effect by sensitizing cells to
chemotherapeutic agent–induced cell death without having a cy-
totoxic effect of its own.16
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FIGURE 3 – Infiltration of tumor tissues with
inflammatory cells upon repeated AAV-2 injec-
tion. Formalin-fixed tissue sections were pre-
pared from tumors isolated at the end of the
study and stained histochemically with hema-
toxylin and eosin using standard procedures.
Representative tumor tissue from 5-FU (5 mg/
kg)–treated, intratumorally AAV-2-infected
(108 i.u.), AAV-2/low-dose 5-FU (5 mg/kg)–
treated and AAV-2/high-dose 5-FU (50 mg/
kg)–treated animals is shown. Arrowheads in-
dicate infiltrating mononuclear cells. Original
magnification �200.

FIGURE 4 – AAV-2-mediated sensitization
of tumors to apoptosis in response to 5-FU in
vivo. Formalin-fixed tissue sections were an-
alyzed by TUNEL labeling. Areas of apopto-
tic cells, indicated by a high frequency of
dUTP incorporation, are clearly increased in
tumors derived from animals infected with
AAV-2 (right panels) compared to their un-
infected counterparts (left panels). Original
magnification �200.
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DISCUSSION

In line with previous preclinical studies on other cancer enti-
ties,16 our findings confirm the potential use of AAV-2-mediated
sensitization of tumor cells to cytotoxic drugs and demonstrate a
clear prevention of chemotherapy-related toxic side effects.

In immunocompetent rats, combination of intratumoral AAV-2
infection of implanted pancreatic DSL6A tumors with additional
systemic 5-FU chemotherapy resulted in significant retardation of
tumor growth and prolonged survival, in which the combined
effects clearly exceeded those achieved by administration of either
agent alone. Similar anticancer therapy approaches using com-
bined administration of a virus with chemotherapeutic drugs have
been evaluated. In a preclinical study, the replication-competent
virus G207, a multimutated herpes simplex virus type 1, was
combined with cisplatin in the treatment of squamous cell carci-
nomas in athymic mice.26 Furthermore, intratumoral injection of
the adenovirus mutant ONYX-015 enhanced the efficacy of cis-
platin and 5-FU in a nude mouse human tumor xenograft model27

and in a phase II trial in patients with head-and-neck cancer.7
Preliminary results of these studies are encouraging and support
the idea of combining a viral infection with chemotherapy. Like

FIGURE 5 – In vitro sensitization of human (Capan-1, DANG) and rat
(DSL6A) pancreatic carcinoma cell lines to 5-FU treatment upon infec-
tion with AAV-2. The response of cell lines to AAV-2 infection (MOI
101–104 i.u./cell with increasing concentrations of 5-FU, 0–50 �g/ml)
was evaluated by WST-1 cell viability assay. The index (A/Ao) represents
the ratio of the colorimetric values of viable controls (PBS-treated cells)
vs. viable infected and/or 5-FU-treated cells.

FIGURE 6 – (a) Percentage of apoptotic cells of human and murine
pancreatic carcinoma cell lines after treatment with AAV infection
and/or 5-FU chemotherapy. DSL6A, DANG and Capan-1 cells were
infected with AAV-2 (MOI 103 i.u./cell) and/or treated with 5 �g/ml
5-FU for 48 hr, permeabilized with Triton X-100 and stained with PI.
The percentage of apoptotic cells was determined by FACS analysis.
(b) Colony-forming assay of DSL6A cells infected with AAV-2 (MOI
103 i.u./cell) followed by incubation without or with 5 �g/ml 5-FU for
48 hr and subsequent growth in 10 cm dishes without further treat-
ment. Cell colonies were visualized by crystal violet 2 weeks later.
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the ONYX-015 and G207 viruses, AAV-2 appears to sensitize
infected tumor cells to killing by chemotherapeutic drugs and to
improve survival rates by local tumor control.

Very few studies have examined the question of whether re-
peated wild-type AAV-2 administration might result in antiviral
immune response. We documented ongoing growth repression of
tumors despite 10 cycles of viral injection in an immunocompetent
animal model. This argues against a virus-neutralizing humoral
immune response in AAV-2-treated animals. However, all AAV-
infected tumors showed elevated infiltration with mononuclear
cells. The data point to an inflammatory response against infected
tumors by the host. Further studies to determine the precise nature
of the infiltrating monocytes and the mechanism which might have
mediated the chemoattraction to the infected tumor cells in vivo are
required to clarify these questions. Analysis of cytokine expression
and release in response to AAV infection is currently under way.
Indeed, as expected in an inflammatory situation, preliminary
results derived from serum of animals revealed a 3- to 5-fold
increase of the macrophage chemoattractant protein-1 and 3- to
4-fold elevated levels of IL-10 in serum derived from virus-treated
animals (data not shown). In line with these findings, animals
harboring AAV-2-infected tumors displayed markedly increased
numbers of peripheral blood monocytes and neutrophils, which
counterbalanced the tumor- and/or or 5-FU-related leukopenia.

A further and most striking benefit of intratumoral AAV-2 infec-
tion was the remarkable improvement of the animals’ physical con-
dition during chemotherapy. While treatment with a high dose of
5-FU in monotherapy (50 mg/kg body weight) was accompanied by
loss of body weight, vigilance and hematologic cytotoxicity including
anemia, thrombocytopenia and leukocytopenia, high-dose 5-FU treat-
ment was well tolerated in animals additionally infected with AAV-2.
Similar observations were reported earlier from experiments in nude
mice using AAV-2 infection to sensitize small cell lung cancer cells
to different chemotherapeutic drugs,17 in which the appearance of
AAV-2-infected animals was clearly better than that of their nonin-
fected counterparts (P. Klein-Bauernschmitt, personal communica-
tion). The present study supplements these findings by quantifying the
improved conditions using blood parameters and a physical perfor-
mance score.

How can AAV infection reduce the toxic side effects of a drug
like 5-FU? Based on our present data, we are unable to describe the
precise molecular mechanism underlying the observed interference
between the viral infection and drug action. Induction and release
of an “AAV-induced factor” have been described in a human
melanoma cell line harboring AAV-2.28 This finding supports our
hypothesis that AAV infection might induce chemokine-like fac-
tors in vivo as well. These factors might replace signals which are
downregulated by 5-FU action. We are currently investigating the
gene-expression profiles of AAV-infected or 5-FU-treated pancre-
atic cancer cells vs. those of cells treated with the combination
regimen to characterize the virus/drug interference on the molec-
ular level. The results of that study will be published elsewhere.

In addition to the reduction of 5-FU-mediated side effects, we and
others14,30–33 have described oncosuppressive properties of AAV by
in vitro analysis in cell lines. As indicated by the IC50 doses, an
8–14-fold sensitization was achieved by AAV-2 infection in cell lines
derived not only from rat (DSL6A) but also from human (Capan-1,
DANG) pancreatic carcinomas in vitro, a factor which clearly exceeds
the effects described in small cell lung cancer cell lines.17

Possible mechanisms by which AAV sensitizes cancer cells to
cytotoxic agents have been extensively discussed.9,14 In the present
in vitro experiments, maximal sensitization of pancreatic cancer

cells was achieved when cells were infected 4 hr before 5-FU
treatment was started. This points to a role for viral absorbance or
internalization into the tumor cells. AAV-2 has been shown to
internalize with a half-time of �10 min and to accumulate in the
nucleus of tumor cells within 2 hr postinfection.29 Alternatively,
expression of viral proteins might be responsible for the sensiti-
zation. In this context, there is evidence for the involvement of the
AAV proteins Rep68 and Rep78, which appear to inhibit S-phase
progression by inducing accumulation of hypophosphorylated ret-
inoblastoma protein (pRb).30 Furthermore, Rep78 was shown to
induce apoptosis through caspase activation under certain condi-
tions.31 In addition, there is some evidence for Rep-independent
proapoptotic mechanisms mediated by AAV-2. Raj et al.32 re-
ported that AAV selectively induces apoptosis in cells that lack
active p53. In HeLa and A549 cells, infection with AAV-2 in-
creases cisplatin-induced DNA fragmentation without having a
cytotoxic effect by itself. This enhanced apoptosis appeared to be
mediated at least in part by a component of the viral capsid and
was suggested to occur on the mitochondrial level in a caspase-
independent manner.33 This is in line with our findings, which
strongly suggest that the sensitization is mediated by enhancing the
apoptotic response of neoplastic cells upon 5-FU treatment.

Our results open the possibility of using AAV in clinical trials in
patients with advanced pancreatic cancer. Since the natural host of
AAV-2 is the human and a high seroprevalence of antibodies to
AAV-2 is present in healthy individuals, there might be some bias
against the clinical use of wild-type AAV-2. However, despite the
presence of neutralizing antibodies, the immune response to AAV
may not protect from reinfection or reactivation of latent infection.13

There is some evidence that the antiviral immune response of the host
might depend on the site of virus entry. In a rhesus monkey model,
which represents another natural host for AAV, a neutralizing anti-
body response was detected only upon i.v. or i.m. application or in
animals intranasally coinfected with AAV and adenovirus. No virus-
specific, lymphocyte-mediated immunity was reported upon latent
wild-type AAV infection in the absence of a helper virus in any of the
3 application groups.34 This suggests that no negative interference of
repeated intratumoral AAV infection with the therapeutic benefit
should be expected in humans as well.

Since, as yet, the option of curative therapy does not exist for
patients with pancreatic cancer, improvement of clinical response
and reduction of tumor-related symptoms are major goals of novel
therapeutic strategies. Current chemotherapy regimens including
5-FU alone or in various combinations have very little impact on
the survival of tumor patients since the use of high-dose therapy is
limited by toxic side effects and reduces the quality of life.35 In this
regard, our results showing a clear improvement of the physical
condition upon combination of 5-FU chemotherapy with intratu-
moral AAV-2 infection in an animal model hold promise as a new
anticancer strategy.

Taken together, our results demonstrate a combination regimen
that combines both tumor-selective augmentation of chemotherapy
efficacy and clear improvement of clinical performance, in partic-
ular by reduction of leukopenia. Since pathogenic effects are not to
be expected from AAV infection in humans and reinfection of
seropositive adults is possible, clinical trials appear to be justified
in cancer patients.
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Abstract

 

. Doxorubicin-based chemotherapy is used in the
treatment of sarcomas. Toxic side effects and poor response
rates underline the demand for an improvement in current
chemotherapeutic protocols. Recently, it has been reported
that parvoviruses confer various antineoplastic properties to
infected cells, and that adeno-associated virus type 2 (AAV-2)
infection sensitizes malignant epithelial cells to radiation- or
chemotherapy-based genotoxic treatment. Thus, we analyzed
whether AAV-2 infection leads to an improved efficacy of
doxorubicin chemotherapy in malignant mesenchymal cells,
using 13 human sarcoma cell lines. Therapeutic effects were
analyzed by measuring cell viability and proliferation (WST-1,
colony forming, and propidium iodide assays). Additionally,
permissivity for AAV-2 infection was determined by Southern
dot blot analysis. AAV-2 infection strongly increased the
efficacy of doxorubicin treatment in rhabdomyo-, fibro-, osteo-
and chondrosarcoma cells in a dose-dependent manner. This
effect was not observed in liposarcoma and synovial sarcoma
cells, although a susceptability to AAV-2 infection was
documented. Our results indicate that the sensitization effects
towards genotoxic treatment exerted by non-pathogenic AAV-2
infection are not restricted to epithelial malignancies but may
also be exploited for the improvement of chemotherapy in
patients suffering from rhabdomyo-, fibro-, osteo-, or chondro-
sarcomas.

Introduction

Advances in surgery as well as in radiotherapy led to high
local tumor control rates in patients with soft tissue sarcomas
and minimized the need for mutilating ablative operations.
However, about 50% of the adult patients with localized soft
tissue sarcomas die from subsequent metastatic disease (1).
The reported activity of doxorubicin in sarcomas has led to
extensive research on the use of doxorubicin-based chemo-
therapy (2,3). While doxorubicin-based chemotherapy has
become a treatment option in the palliative setting, the
adjuvant application still remains controversial in adult
patients with soft tissue sarcomas (2,3). Childhood associated
soft tissue and bone sarcomas, such as rhabdomyosarcomas
and osteosarcomas, present higher response rates to
doxorubicin-based chemotherapy (4,5). In children these
malignancies remain curable even when disease is advanced
and are routinely treated by doxorubicin-containing
chemotherapy. The clinical outcome and the severe toxic side
effects of doxorubicin, such as cardiotoxicity, underline the
need for therapeutical strategies which selectively increase
cytotoxic effects against sarcoma cells without increasing
systemic morbidity.

Parvoviruses exert tumor suppressive activities in a variety
of malignancies (reviewed in refs. 6,7). The non-pathogenic
human parvovirus, adeno-associated virus type 2 (AAV-2),
for example, sensitizes tumor cells 

 

in vitro and in vivo to
different chemotherapeutic agents (cisplatin, etoposide/
cisplatin, BCNU, 5-FU) as has been shown for cervical
carcinoma, adenocarcinoma, squamous cell carcinoma of the
lung, breast carcinoma, glioblastoma cells, melanoma cells
and melanoblastoma cells (8-11). Furthermore, SCLC cells
resistant to etoposide and cisplatin treatment became chemo-
responsive after AAV-2 infection (8). Based on these
observations we hypothesized that AAV-2 infection may
confer a chemosensitizing effect also to doxorubicin treatment
in human soft tissue and bone sarcomas. Sarcomas are
malignant tumors of mesenchymal origin which have not
been evaluated for AAV-2 mediated drug sensitization, as
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reported for malignancies of epithelial origin (carcinomas)
and tumors of neural origin (glioblastoma, melanoblastoma
and melanoma).

To investigate whether a combination of doxorubicin
treatment and AAV-2 infection improves the therapeutic
efficiency in malignant cells of mesenchymal origin, we
analyzed whether AAV-2 infection increases the in vitro
cytotoxicity of doxorubicin treatment in human soft tissue
and bone sarcoma cells.

Materials and methods

Cell cultures. Human liposarcoma (SW872, 195591), fibro-
sarcoma (HT1080), synovial sarcoma (SW987), and rhabdo-
myosarcoma (HS729, A673, RD, A204) cell lines derived from
soft tissue sarcomas as well as human osteosarcoma (U2OS,
SAOS2, KHOS, MNNG) and chondrosarcoma (SW1353) cell
lines derived from skeletal sarcomas were grown in Dulbeco's
modified Eagle's medium (DMEM) containing Glutamax
(Life Technologies, Karlsruhe, Germany). Growth medium
contained antibiotics (penicillin and streptomycin) and 10%
heat inactivated fetal calf serum (Life Technologies). Cells
were incubated at 37˚C in a humidified atmosphere (5% CO2).

Virus propagation and infection. AAV-2 was propagated in
HeLa cells using adenovirus type 2 (Ad-2) as a helper. AAV-2
was purified using caesium chloride gradient centrifugation and
titrated as described previously (12). Following purification,
AAV-2 stocks were controlled for remaining Ad-2 (8).
Infection was performed on PBS washed, adherent cells at a
multiplicity of infectious units (MOIs) between 101 to 105 per
cell for 45 min at 37˚C. In order to exclude any effects of
adenovirus contamination in the purified AAV-2 virus stock,
the dialyzed AAV-2 fraction (dialysis membrane, type MWCO
12-1400; NeoLab, Heidelberg, Germany) was heated at 60˚C
for 30 min.

Doxorubicin treatment of sarcoma cells. Cells were grown in
plastic flasks, washed with PBS and trypsinized. After in-
activation with medium containing 10% FCS, cells were
centrifuged (5000 g, 5 min) and cultured for either 12 or 24 h.
Subsequently, cells were infected with AAV-2 and incubated
for further 24 h in medium containing doxorubicin. The
doxorubicin concentrations ranged from 1x10-4 to 10 µg/ml.
Thereafter, cells were washed twice with PBS. For the cell
viability assays, growth medium was added and cells were
incubated at 37˚C. For the colony forming assays, cells were
trypsinized, counted and plated on 9 cm culture dishes.

Cell viability assays. Cell viability of sarcoma cells after
infection with AAV-2 and/or treatment with doxorubicin was
determined by the WST-1 assay (13,14). The WST-1 assay is
a colorimetric assay based on the cleavage of the tetrazolium
salt WST-1 to formazan by mitochondrial dehydrogenases.
Cells, 3 to 6x103, were grown in 96-well microtiter plates and
infected at MOIs of 101 to 105 i.u. per cell followed by
doxorubicin treatment and incubation. After 4 days cells
were incubated with 10 µl of the WST-1 reagent (Roche
Biochemicals, Mannheim, Germany) diluted in 90 µl of
growth medium for 2 h. Cell viability rates were determined

by measuring the absorbance using an ELISA-reader at a
wavelength of 450 nm with a reference wavelength of 650 nm.

Proliferation assays. Cells were infected with AAV-2 at an
MOI of 105 i.u./cell, treated with doxorubicin (three different
concentrations) containing growth medium for 24 h. Plating
efficiency was then determined by plating 5x103 and 1x104

cells either treated with doxorubicin and/or infected with
AAV-2 or untreated, on 9 cm petri dishes (10). After 2 weeks
of incubation the numbers of colonies were counted after
fixation with 4% formaldehyde and staining with crystal violet
(Fluka, Buchs, Switzerland). Experiments were performed in
triplicate and reproduced at least once.

Measurement of apoptosis induction. Propidium iodide staining
was performed after AAV-2 infection period of 45 min,
doxorubicin treatment for 24 h, and subsequent incubation
with growth medium (minimum of 72 h). Then, cells were
trypsinized and washed with cold PBS and centrifuged at
2000 g for 10 min before staining. After 30 min of propidium
iodide staining [0.1% Triton X-100, 50 µg/ml propidium
iodide (Roche, Mannheim, Germany) in H2O] the stained and
unstained cells were counted using a flow cytometer (15).

Determination of AAV-2 infectivity and replication in sarcoma
cells. The infection and productive replication of AAV-2 was
evaluated by Southern dot blot experiments. For productive
AAV-2 replication cells need to be coinfected by a helper
virus such as Ad-2 (16). Twelve hours after plating, infection
of 5x105 sarcoma cells was performed by inoculating the cells
on 6-well plates either only with AAV-2 (MOI: 104 i.u./cell)
or with AAV-2 (MOI: 104 i.u./cell) and Ad-2 (MOI: 102 i.u./
cell). Seventy-two hours after infection, total DNA was
extracted from the cells. Ten µg of DNA were lyophilized for
30 min, resuspended in 10 µl denaturation buffer and incubated
for 10 min at 95˚C. Five µg of each sample was blotted on a
nylon membrane. After UV cross-linkage, hybridization was
carried out using a digoxigenin-labeled AAV-2 probe [insert
of pTAV2: complete AAV2 genome (4679 bp)] (17) and a
digoxigenin-labeled ß-globin PCR product probe (18).

Statistical analysis. For presentation of the viability and
proliferation assays the mean and standard error of the mean
were calculated. In the figures the mean ± 2 the standard
error is shown to represent an approximate 95% confidence
interval for the underlying mean value.

Results

Enhanced cytotoxicity in AAV-2 infected, doxorubicin-
treated sarcoma cells observed in the cell viability assays. To
investigate whether AAV-2 infection affects the sensitivity of
human sarcoma cells to doxorubicin treatment, cells were
infected with increasing MOIs of infectious AAV-2 particles
(MOI: 101-105 i.u./cell) and treated with doxorubicin at
different concentrations. Fractions of viable cells were
estimated using the WST-1 cell viability assay. Among the
soft tissue sarcoma cells, all rhabdomyosarcoma cells (HS729,
A673, RD, A204) and the fibrosarcoma cell line (HT1080)
showed an enhanced cytotoxicity for doxorubicin after
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infection with AAV-2. The improved doxorubicin efficiency
following AAV-2 pretreatment was observed at either MOIs
of 104 or 105 AAV-2 i.u./per cell (Figs. 1A and 2). Among
skeletal sarcoma cells, all tested osteosarcoma cells (U2OS,
SAOS2, KHOS, MNNG) and a chondrosarcoma cell line
(SW1353) showed an increased doxorubicin-conferred cyto-
toxicity after AAV-2 infection at MOIs of 104 or 105 i.u./per
cell (Fig. 1B). In AAV-2 infected cells with an increased
doxorubicin cytotoxicity, chemosensitization was clearly
dependent on the amount of AAV-2 particles used for infection
prior to the doxorubicin treatment. The MOI-dependent
chemosensitization by AAV-2 in sarcoma cells was most
pronounced at MOIs of 105 i.u./per cell, followed by MOIs of
104 i.u./per cell (Fig. 2). At MOIs of 103 i.u./per cell, or
lower, no effect was observed using the WST-1 assay. An
improved chemotherapeutic efficiency following AAV-2
application was, even at high virus titers (MOIs of 105 i.u./
per cell), not observed in liposarcoma cell lines (SW872,
195591) or in synovial sarcoma cells (SW982) (Fig. 1C).

Enhanced cytotoxicity of AAV-2 infected and doxorubicin-
treated sarcoma cells observed in the cell proliferation assays.
To estimate the effects of AAV-2 infection and subsequent
doxorubicin treatment on cell proliferation, colony forming
assays were used. Cells were infected with AAV-2 particles
(MOI of 105 i.u./cell), treated with doxorubicin for 24 h and
seeded at a density of 5 to 10x103 cells/dish. The plating
efficiency was determined at three different doxorubicin
concentrations. AAV-2 infection prior to doxorubicin treatment
resulted in a reduced number of outgrowing colonies compared
with doxorubicin treatment alone in rhabdomyosarcoma cells
(HS729, A673, RD, A204), osteosarcoma cells (U2OS,
SAOS2, KHOS, MNNG), a fibrosarcoma, and a chondro-
sarcoma cell line (HT1080, SW1353) (Figs. 3 and 4). AAV-2
infection alone did not significantly decrease the number of
colonies. The improved doxorubicin efficiency caused by a
concomitant AAV-2 infection, as measured by the colony
forming assays, was documented for three different chemo-
therapeutical concentrations. In contrast, liposarcoma cells
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Figure 1. Doxorubicin-sensitization by AAV-2 infection shown by the cell viability assay (WST-1) in: (A), rhabdomyosarcoma cells (HS729, RD, A204, A673);
(B), skeletal sarcoma cells [osteosarcoma (U2OS, KHOS, SAOS2, MNNG), not shown: chondrosarcoma (SW1353)] and (C), other soft tissue sarcoma cells
[liposarcoma (SW872, 195591), synovial sarcoma (SW982), fibrosarcoma (HT1080)]. The index (A/A0) was calculated by the ratio of the WST-1 assay
measurements of viable cells and doxorubicin (doxo) treated control cells versus viable infected ± doxorubicin treated cells.
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(SW872 and 195591) and synovial sarcoma cells (SW982)
were not characterized by a chemosensitization for doxorubicin
by a concomitant AAV-2 infection.

Increased apoptotic effect in AAV-2 and doxorubicin-treated
cells. To determine the rate of apoptotic cells in AAV-2
infected and untreated or doxorubicin-treated cells a
propidium iodide staining assay was used. Cells were treated
with MOIs that showed effective sensitization before (MOI:
105 i.u./per cell) and at doxorubicin concentrations which
reduced cell viability significantly. At the time of macro-

scopically visible cell fragmentation (72-96 h after treatment)
the staining and FACS analysis was done. An increased rate
of apoptosis was found in the tested rhabdomyosarcoma cells
(HS729, A673), osteosarcoma cells (U2OS, KHOS), fibro-
sarcoma cells (HT1080) but not in liposarcoma (SW872,
195591) or synovial sarcoma cells (SW982) (Fig. 5).

Sensitivity of sarcoma cells for AAV-2 infectivity and
replication. Since not all cell lines were sensitized by AAV-2
infection for doxorubicin cytotoxicity, we analyzed whether
this finding can be explained by cell line-specific infectability
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Figure 2. Doxorubicin-sensitization by AAV-2 infection according to the multiplicity of tissue culture infectious units of AAV-2 applied per cell in the rhabdo-
myosarcoma HS729 and RD cells (no effect observed at 103 to 101 infectious units/cell). The index (A/A0) was calculated by the ratio of the WST-1 assay
measurements of viable and doxorubicin (doxo) treated cells versus viable infected ± doxorubicin treated cells.

Figure 3. Sensitization for doxorubicin by AAV-2 infection shown in a typical colony forming assay (HS729 cells). Krystal-violet stained colonies are visualized
on 9 cm petri dishes 2 weeks after plating and treatment with doxorubicin (0.01 µg/ml), doxorubicin (0.01 µg/ml) with AAV-2 (105 particles/cell), AAV-2 (105

particles/cell) alone and untreated cells. As in controls, AAV-2 infected HS729 cells present a comparable number of colonies. Cells that were treated by AAV-2
and doxorubicin show a significantly reduced number of colony forming units, as compared to doxorubicin treated cells.



and/or the capability of AAV-2 replication. Coinfection of
the sarcoma cells with AAV-2 and Ad-2 showed that all cells
tested (including the liposarcoma and synovial sarcoma cells,
not responsive to AAV-2 conferred doxorubicin sensitization)
showed productive replication of AAV-2 DNA (Fig. 6) in the
presence of Ad-2. AAV-2 replication exclusively occurred in
cells that were coinfected, but not the cells that were infected
only by AAV-2.

Discussion

The analysis of cell viability showed that soft tissue sarcoma
cells derived from rhabdomyosarcomas (HS729, A673, RD,
A204), a fibrosarcoma (HT1080), as well as skeletal sarcoma

cells derived from osteosarcomas (U2OS, SAOS2, KHOS,
MNNG) and a chondrosarcoma (SW1353) were sensitized by
AAV-2 infection to doxorubicin-conferred cytotoxicity in a
dose-dependent manner. No effect was observed in cells
infected by AAV-2 alone, indicating that AAV-2 infection
itself does not exert the effect. Proliferation experiments
corroborated the findings of the viability assays, revealing an
enhanced doxorubicin cytotoxicity after AAV-2 infection in
the same cell lines. In addition, the colony forming assays, as
the viability analysis, showed no reduced proliferation rate in
AAV-2 infected cells in the absence of doxorubicin. These
results show that an AAV-2 infection enhances the events
leading to doxorubicin-conferred cytotoxicity in various soft
tissue and bone sarcoma cells in vitro. With respect to the
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Figure 4. Sensitizing effect of AAV-2 infection shown by colony forming assays in: (A), rhabdomyosarcoma cells (HS729, RD, A204, A673); (B), skeletal
sarcoma cells [osteosarcoma (U2OS, KHOS, SAOS2, MNNG), not shown: chondrosarcoma (SW1353)] and (C), soft tissue sarcoma other than rhabdo-
myosarcoma cells [liposarcoma (SW872, 195591), synovial sarcoma (SW982), fibrosarcoma (HT1080)]. The relative number of colonies was calculated by the
ratio of the number of outgrowing colonies of normal cells, AAV-2 infected cells and doxorubicin (doxo) treated control versus infected and doxorubicin treated
cells. Experiments were performed at different doxorubicin concentrations. For clarity of the presentation we displayed the higher confidence limits.
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clinical application, rhabdomyosarcoma and osteosarcoma
are significantly more responsive to chemotherapy than other
sarcomas (4,5). Adjuvant chemotherapy is used routinely
based on data from randomized trials. Recently it has been
shown that besides children, also adults with rhabdomyo-
sarcoma and osteosarcoma benefit from doxorubicin-based
chemotherapy (5). The results of our in vitro experiments
indicate that cell lines derived from these clinically important
sarcoma subgroups present a significantly improved chemo-
therapeutic effectiveness after infection with AAV-2.

Contrary to these results, some soft tissue sarcoma cells
did not show an enhanced cytotoxicity after AAV-2 infection
for the doxorubicin treatment. The liposarcoma cell lines
(SW872, 195591) as well as the synovial sarcoma cell line
(SW982), did not respond to AAV-2 pretreatment, even at
high AAV-2 virus concentrations used for infection. Because
cells such as the human megakaryocytic leukemia cell line
M07e (19) or the human lymphoblastoid cell line Raji (20)
cannot be infected by AAV-2, we assumed that the sarcoma
cells SW872, 195591, and SW982, which did not show an
enhanced doxorubicin cytotoxicity after AAV-2 infection,
might be resistant to AAV-2 infection. Therefore we analyzed
the infectivity and AAV-2 replication in these cell lines as
well as in soft tissue and bone sarcoma cells that were
responsive to AAV-2 conferred chemosensitization. We
showed here by Southern dot blot experiments that all tested
sarcoma cells were infected by wild-type AAV-2 and allowed
productive replication of AAV-2 DNA in the presence of Ad-2.
The finding that certain sarcoma cells, although amenable to
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Figure 5. Measurement of apoptosis induction by propidium iodide staining 72 h after chemotherapy showed an increased rate of apoptosis after AAV-2 and
doxorubicin (doxo) treatment compared to doxorubicin therapy alone in the sarcoma cell lines.

Figure 6. Differentiation of AAV-2 pemissiveness in different human
sarcoma cell lines. Southern dot blots using 5 µg of genomic DNA (DNA
of non-infected, AAV-2, and AAV-2/Ad-2 coinfected cells) hybridized to
digoxigenin-labeled ß-globin PCR product probe (left) and AAV-2 DNA
probe (right) for the different cell lines. Southern blot confirmed AAV-2
infection and productive replication when coinfected with Ad-2 in all tested
cell lines.



AAV-2 infection, did not show a chemosensitization effect,
suggests that additional cell specific mechanisms are involved.
The AAV-2 internalization is thought to be dependent on
heparan sulfate proteoglycan (21). Subsequent interaction
with fibroblast growth factor receptor 1 and 

 

·Vß5 integrin was
shown to stabilize binding and mediate endocytosis (CO-
receptors for internalization) (22,23). Another study suggests
that dynamin, a GTPase protein involved in the clathrin-
mediated internalization of receptors and their ligands from the
plasma membrane, is also relevant for AAV-2 internalization
(24). The efficiency of AAV-2 entry in sarcoma cells might
vary with different numbers, distribution or localization of
these receptors and co-receptors thus resulting in an
attenuated chemosensitization. With respect to the clinical
application of doxorubicin in the treatment of patients with
liposarcoma and synovial sarcoma, the response rates are
poor and the indication for an adjuvant application is
uncertain (2,3). It can be assumed that cell lines derived from
sarcomas with a poor clinical response rates to doxorubicin
treatment may also be more resistant to AAV-2 mediated
chemosensitization.

The molecular mechanisms by which AAV-2 renders
tumor cells more sensitive to chemotherapy, however, are
still unknown. There is evidence that different human cells
treated in culture with genotoxic agents (e.g. irradiation or
chemical carcinogens) are permissive for productive AAV-2
infection (25-27). This effect might theoretically contribute
to the AAV-2 sensitization to chemotherapeutic agents.
However, it has been reported that four out of five cancer cell
lines, sensitized effectively to cisplatin treatment after AAV-2
infection, showed no AAV-2 DNA replication at all when
treated with AAV-2 and the chemotherapeutic agent (10).
The finding that AAV-2 DNA replication is rather not essential
for chemosensitization is also corroborated by the experiments
with AAV-2 infection and gamma irradiation (28). Because
these results indicate that the sensitization effect of AAV-2
under genotoxic stress is not dependent on AAV-2
replication, we did not further investigate AAV-2 replication
in the absence of a helper virus under doxorubicin treatment.

As productive AAV-2 replication, so far also no AAV-2-
specific effect on the expression of the cellular genes is
thought to be responsible for the sensitizing effect of AAV-2
to chemotherapeutic agents (9). Probably, viral particles
interact with the cellular membrane and thus trigger specific
cellular responses or DNA molecules interact with cellular
factors leading to modulation of the cell's growth and survival
(8,10). AAV-2 infection and cytotoxic stress might induce
activation of cytokine response triggering sensitization of
adjacent cells (8). The results of the propidium iodide staining
reported here and experiments with cisplatin treated HeLa
cells indicate that AAV-2 infected tumor cells undergo
enhanced programmed cell death when treated with chemo-
therapeutic agents. This suggests that the activation of apoptotic
pathways may contribute to the chemosensitizing effect of
AAV-2 infection (11).

Our findings encourage further experiments to evaluate
the molecular mechanisms which might contribute to the
AAV-2 chemosensitizing effect and indicate that the analysis
of the optimal amount of virus, the combination with other
chemotherapeutic agents as well as most effective way of

delivery in sarcomas cells in vitro and in vivo should be
approached.
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Induction of an Antitumoral Immune Response by
Wild-Type Adeno-Associated Virus Type 2 in an In Vivo

Model of Pancreatic Carcinoma
Sven Eisold, MD,*§ Jan Schmidt, MD,Þ Eduard Ryschich, PhD,Þ Michael Gock, MD,* Ernst Klar, MD,*

Magnus von Knebel Doeberitz, MD, PhD,þ and Michael Linnebacher, PhD§

Abstract: We analyzed the immunologic impact of adeno-

associated virus type 2 (AAV-2), a small single-stranded parvovirus

with tumorsuppressive properties, on DSL6A pancreatic carcinoma

in syngeneic rats. Established tumors of animals treated with AAV-2

or mock infected were resected (Ro), and DSL6A cells were

rechallenged on the different site. Eleven (92%) of 12 mock-infected

animals but only 3 (25%) of 12 AAV-2Ytreated animals redeveloped

tumors. Adeno-associated virus type 2 infection provoked systemic

raises in monocytes and neutrophils numbers and in levels of the

proinflammatory monocyte chemoattractant protein 1 and inter-

leukin 10. Adeno-associated virus type 2Ytreated tumors were

infiltrated with monocytes, macrophages, natural killer cells, CD4+

T cells, and especially CD8+ T cells. In cytotoxicity assays, AAV-

2Yinfected DSL6A tumor cells were recognized by lymphocytes

from AAV-2Ytreated animals and from controls. Yet, uninfected

DSL6A cells were exclusively killed by lymphocytes from AAV-

2Ytreated animals. Additionally, those lymphocytes displayed high

natural killer cell activity but failed to attack unrelated tumor targets.

Taken together, these results suggest that the antiviral response

toward AAV-2 cross-activates the immune system toward simulta-

neously present tumor disease. This and the known potential to

significantly reduce toxic side effects of chemotherapy make

nonpathogenic viruses such as AAV-2 as B1-agent combination

therapy^ to an interesting treatment option of residual tumor disease.

Key Words: parvovirus, AAV-2, immune response, tumor model,

pancreatic cancer

Abbreviations: AAV-2 - Adeno-Associated Virus type 2,

Ad-2-Adenovirus type 2, CCR-2 - monocyte chemoattractant

protein-1 receptor, IL - interleukin, INF - interferon,

MCP-1 - monocyte chemoattractant protein-1, MOI - multiplicity of

infection, NK-cells - natural killer cells, TNF - tumor necrosis

factor

(Pancreas 2007;000:00Y00)

Despite optimized treatment regimens including surgery,
radiotherapy, chemotherapy, and combinations thereof,

the prognosis for patients with pancreatic cancer remains
poor with a median overall survival between 11 and
24 months.1

Very obviously, complementary treatment options are
needed. Recent advances in basic immunology have renewed
interest in using immunostimulatory strategies to treat
pancreatic cancer, in particular as an adjuvant treatment
option of patients who underwent surgical debulking of tumor
masses. However, a major limitation for immunotherapy of
tumors may be the lack of intrinsic immunogenicity or the
immunosuppressed status of cancer patients.2

In 1893, the New York surgeon William Coley reported
events of spontaneous regression of soft tissue sarcoma in
several patients with acute bacterial infections.3 The still up-
to-date application of bacille Calmette-Guerin for early
stages of bladder cancer likewise bases on the induction of
an inflammatory immune response supporting successful
tumor therapy.4 Despite the fact that Coley’s observation
occurred over a century ago, the underlying immunologic
mechanisms have only recently been uncovered in molecular
details. These discoveries should, together with the fast-
growing number of identified tumor-specific antigens, trigger
the development of novel anticancer vaccination approaches.

Like bacteria, many viruses possess the capacity to
stimulate strong systemic immune responses. Oncotropic and
oncolytic viruses have attracted additional attention because
they demonstrate a preferential cancer cell killing in vitro and
reduce the incidence of experimental tumors in several
animal models in vivo.5,6 These antitumoral properties of
autonomously growing parvoviruses, such as H-1 or minute
virus of mice, that can cause diseases in animals, have
triggered the development of recombinant parvoviruses with
increased antitumor effects despite their replication
deficiency7Y9 Only recently, Moehler et al6 demonstrated
that specific tumor cell killing by the H-1 virus directly
stimulates human antigen presenting cells and cytotoxic
T cells in vitro.

To the human parvovirus, adeno-associated virus type 2
(AAV-2), have been attributed also oncotropic, antimuta-
genic, and anticarcinogenic properties.10,11 As implied by the
name, AAV-2 is replication deficient in human cells unless a
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cotransfection with helper viruses such as adenoviruses took
place. This and his basically nonpathogenic character make
wild-type AAV-2 an interesting candidate for potential
therapeutic use in humans.

The objective of the present study was to analyze the
potential of wild-type AAV-2 to stimulate immunologic
responses toward pancreatic carcinomas in a syngeneic
animal model. Adeno-associated virus type 2 infection
significantly reduces growth of established pancreatic
carcinoma in vivo. More interesting, after surgical removal
of these primary tumors, a secondary tumorigenic challenge
was rejected by the majority of AAV-2Ypretreated animals.
We provide evidence that this rejection must be mediated by
natural killer (NK) cells and, more important, CD8+ effector
T cells and was accompanied by a systemic rise in the levels
of monocyte chemoattractant protein 1 (MCP-1) and inter-
leukin (IL) 10.

Taken together, these results led us to hypothesize that
wild-type AAV-2 infection in the presence of solid pancreatic
tumors helps to establish a tumor-specific immune response.
This phenomenon may be of special clinical interest for
additive treatment for patients with micrometastasis or
minimal residual disease after surgical removal of established
primary pancreatic tumors.

MATERIALS AND METHODS

Cell Lines
The parental tumor cell line DSL6A was established

from an azaserine-induced pancreatic carcinoma of a Lewis
rat.12 DSL6A cells are tumorigenic in syngeneic animals and
yield tumors with ductal characteristics. Notably, DSL6A
cells have been shown to express major histocompatibility
complex (MHC) class I but to lack expression of MHC class
II molecules.13

The murine cancer cell lines CC531 and YAC were
provided by the Tumorbank of the DKFZ (Heidelberg,
Germany). YAC cells are derived from a mouse lymphoma;
they do not express MHC class I molecules and are known for
their NK cell sensitivity. All cells were grown in Dulbecco
modified Eagle medium containing 10% heat-inactivated
fetal calf serum (Gibco BRL) and antibiotics (penicillin-
streptomycin; Gibco BRL). Cultures were incubated at 37-C
in a humidified atmosphere with 5% CO2, and mycoplasma
contamination was excluded by routine testing.

Adeno-Associated Virus Type 2 Production
AAV-2 was propagated in HeLa cells using adenovirus

type 2 (Ad-2) as a helper. Cells were lysed by 3 rounds of
freezing and thawing, and purification of AAV-2 virions by
CsCl gradient centrifugation was performed as described
previously.14 Gradient fractions containing AAV-2 (density,
1.40Y1.45 g/mL) were collected and stored at 4-C. Infectious
titers of AAV-2 fractions were determined using end point
titration (1:10 dilution steps in a volume of 100 KL). HeLa
cells grown in 96-well plates were infected with 100 KL per
well of serial AAV-2 dilutions before Ad-2 was added as a
helper (multiplicity of infection [MOI], 10 infectious
particles per cell). After complete CPE,AQ1 the supernatants

were mixed with 120 KL of 0.5 M NaOH and were dotted
onto nylon membrane (Gene Screen; Du Pont-NEN). The
hybridization of the membrane was done with radioactively
labeled pTAV2 (AAV-2 genome) to determine the borderline
dilution where AAV-2 virus replication was still detectable.15

To exclude effects of adenovirus contamination in the
purified AAV-2 virus stocks, the AAV-2 fraction was
dialyzed (dialysis membrane MWCO 12-1400; NeoLab,
Heidelberg, Germany) and heated at 56-C for 30 minutes
before use.16

Polymerase Chain Reaction
DNA extraction from animal tissue was performed

using the QIAmp tissue kit (Qiagen, Hilden, Germany).
Polymerase chain reaction for the presence of AAV-2 DNA
in various tissue biopsies (heart, lung, liver, spleen, and
tumor) was performed as described.17 Shortly, 500 ng (10
KL) of genomic DNA was added to a final volume of 50 KL
polymerase chain reaction mixture (50 mM KCl; 10 mM Tris-
HCl, pH 9.0; 1.5 mM MgCl2, 200 mM each of dATP, dGTP,
dCTP, and dTTP; 0.5 U of Taq polymerase; 100 pmol of each
amplification primer). For detection of AAV-2 rep DNA, the
following primers were used: no. 1, 5¶-CAT CGC GGA GGC
CAT AGC CC-3¶ (nt 1346-1365); no. 2, 5¶-ACG GGA GTC
GGG TCT ATC TG-3¶ (nt 1567-1548).18 Polymerase chain
reaction consisted of an initial heating to 95-C for 5 minutes,
35 cycles of 40 seconds at 94-C, 40 seconds at 63-C, and 30
seconds at 75-C, and a final 5 minutes at 75-C. Amplification
resulted in a specific product of 221 bp. As a positive control,
this product was amplified from 1 pg of AAV-2 DNA
(pTAV2; kindly provided by J. Schlehofer). Products were
analyzed by agarose (1.5%) gel electrophoresis and ethidium
bromide staining. The AAV-2 amplification was done 2 or
3 times, and only those samples that gave the appropriate
product size in at least 2 amplifications were considered to be
positive for AAV-2 rep DNA.

Immunochemistry

Adeno-Associated Virus Type 2 Protein Expression

AAV-2 protein expression (early rep protein) was
analyzed indirectly by immunofluorescence using monoclo-
nal antibody (PROGEN-Immuno Diagnostica, Clone 303.9)
as described by Wistuba et al.19 AQ2Cells were grown on glass
coverslips and infected with AAV-2 (MOI, 103 infectious
particles per cell) or Ad-2 (MOI, 10 infectious particles per
cell) alone or coinfected with both viruses. Negative controls
were noninfected cells. At 48 hours post infection, the cells
were methanol-acetone fixed. Incubation with mouse mono-
clonal antibody directed against AAV-2 Rep was done
overnight at 4-C. Cells were then washed with phosphate-
buffered saline (PBS) and incubated for 1 hour with a
fluorescein-conjugated goat antimouse IgG (diluted 1:100 in
PBS). After washing in PBS, coverslips were mounted, and
cells were photographed on a fluorescent microscope.

Tumor-Infiltrating Cells

Tumor tissues were fixed in 10% neutral formalin or
snap-frozen in liquid nitrogen and stored at j80-C. Sections
(5 Km) were stained with hematoxylin and eosin. Cryostat

Eisold et al Pancreas & Volume 00, Number 00, Month 2007

2 * 2007 Lippincott Williams & Wilkins



Copyright @ 2007 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

sections were washed in PBS, treated with 3% hydrogen
peroxide for 5 minutes, and washed again with PBS. Blocking
was performed with rabbit serum (DAKO, Germany, 1:5
dilution in PBS) for 20 minutes at 37-C. After washing with
PBS, tissue sections were overlaid with biotinylated antirat
CD4 (OX 38; Pharmingen Germany), antirat CD8 (OX 8;
Pharmingen Germany), or anti-NK cell (NKR-P1A; Pharmin-
gen Germany) antibodies for 2.5 hours at 37-C (all antibodies
in 1:10 dilution with a final concentration of 0.5 Kg/mL).
After PBS washing, streptavidin-conjugated horseradish
peroxidase (DAKO) was incubated for 10 minutes at room
temperature. For signal detection, sections were rinsed with
PBS and subsequently incubated with high-sensitivity sub-
strate-chromogen AEC (DAKO) for 30 to 40 minutes.
Counterstaining was performed with hematoxylin. Cells
positive for CD4, CD8, and NK surface markers were
counted in 3 representative areas of each tumor.

Dot Blot Analysis
Analysis of genomic DNA was performed from DSL6A

cells. Cellular DNA (10 Kg) was digested with BglII, which
does not cut within the AAV-2 genome. Then DNA was
blotted onto a nylon membrane (Gene Screen) and hybridized
with a digoxigenin-labeled AAV-2 probe obtained after
restriction of the pTAV2 plasmid with HindIII and EcoRV.15

DNA from uninfected DSL6A cells was used as a negative
control, and DNA from DSL6A cells infected with AAV-2,
and Ad-2 was used as a positive control. To allow for
comparison between different hybridizations, a hybridization
was carried out with a digoxigenin-labeled A-globulin probe
as an internal control.18

Animal Experiments
Male Lewis rats were purchased from Charles River

WIGA Laboratories (Sulzfeld, Germany). All animal proce-
dures were approved by the German Committee for Animal
Care, Regierungspräsidium Karlsruhe, Germany. During the
experiments, all animals received care in compliance with the
US National Research Council’s criteria for human care, as
outlined in the Guide for the Care and Use of Laboratory
Animals, prepared by the National Institutes of Health (NIH
Publication No. 86-23, revised 1985).

DSL6A tumor cells were injected subcutaneously into
the abdominal wall of 4-week-old rats (106 cells in 100 KL of
PBS per animal). When the tumor nodules were well
establishedVabout 6 weeks after tumor cell inocula-
tionVanimals were randomized. Subsequently, 12 animals
were infected with AAV-2 (108 infective units in 100 KL
PBS) intratumorally (IT, n = 8) or intraperitoneally (IP, n = 4).
The infection protocol was performed twice a week for a time
course of 4 weeks. Twelve control animals were mock
infected (only 100 KL of PBS IT or IP) and remained strictly
separated from the AAV-2Yinfected animals. Ten weeks after
tumor cell inoculation, tumors of both groups were R0-
resected (no macroscopic visible tumor mass left). Another
6 weeks later (16 weeks after first tumor cell challenge), all
animals were free of tumor, and a second tumor cell challenge
was performed. Tumorigenic doses of 106 DSL6A cells were
given subcutaneously into the backside, apart from the first

tumor cell inoculation side. Tumor incidence was examined
weekly thereafter for 8 weeks before all animals were
euthanized. Animals were carefully examined, in particular
with regard to metastases.

51Cr-Release Assay
For the preparation of peripheral blood mononuclear

cells (PBMCs), heparinized blood was drawn from 6 animals
of both groups (AAV-2Yinfected vs noninfected Lewis rats) 4
weeks after the second tumor cell challenge. Peripheral blood
mononuclear cells were purified using Ficoll. Fresh PBMCs
were used as effector cells and were incubated for 6 hours
with 1 � 103 51Cr-labeled (100 KCi for 60 minutes, followed
by 3 washes) DSL6A, YAC, or CC531 target cells at different
effector to target cell ratios (�30, �10, �3, �1) in a final
volume of 200 KL. One hundred microliters of supernatants
was collected from each well and measured in a gamma
counter (1282 Compugamma; LKB-Wallac, Stockholm,
Sweden). Percentages of specific lysis were calculated
according to the equation: specific lysis = (experimental
cpm j spontaneous cpm)/(maximum cpm j spontaneous
cpm) � 100% (cpm indicates counts per minute). Each
experimental condition was tested in triplicates.

White Blood Cell Counts and
Cytokine-Release Assays

EDTA blood was drawn from 6 mock-infected and 6
AAV-2Yinfected rats, respectively, 10 weeks after the first
tumor cell inoculation and additionally of 6 healthy control
rats without tumor inoculation. Aliquots of 200 KL serum
from each animal were extracted and stored at j80-C.
Automated blood analysis (Technicon H3; Bayer, Leverku-
sen, Germany) was performed by taking advantage of the
LABfacts Workstation V05.22 software (Bayer). Analyses
for presence of IL-1A, IL-4, IL-6, IL-10, interferon F (IFN-F),
tumor necrosis factor > (TNF->), and MCP-1 were performed
by commercially available rat enzyme-linked immunosorbent
assay (ELISA) kits (Biotrak; Amersham Pharmacia Biotech,
UK) using the manufacturer’s protocols. Determinations of
each cytokine were performed together with standards in
duplicates. Three aliquots of sera were analyzed in individual
ELISA assays.

Statistical Analysis
Statistical analysis was performed using SPSS software

(Release 11.0.1; SPSS Inc, Chicago, Ill). Tumor size in rats
was given as mean T SD. Normal distribution of tumor size in
the 2 different groups was judged by the Shapiro-Wilk test.
Analysis of variance was performed to analyze the therapeu-
tic effects after 10 weeks of first tumor cell inoculation
between both groups with respect to the tumor size. Because
of the low number of AAV-2Yinfected animals with out-
growing tumors after the second tumor challenge, the rank-
based analysis of variance was used to compare tumor growth
of both groups at the end of the experiment. Two-sided P
values were reported, and an effect was considered
statistically significant at P G 0.05.

The Fisher exact test was used to compare the number
of outgrowing tumors and the occurrence of metastases in

Pancreas & Volume 00, Number 00, Month 2007 Antitumoral Immune Responses are Triggered by AAV-2

* 2007 Lippincott Williams & Wilkins 3



Copyright @ 2007 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

either previously AAV-2Yinfected animals or mock-infected
controls after the second tumor challenge. Mean results of
white blood count analysis and serum cytokine levels are
given together with 95% confidence intervals. Differences
between means without overlap of the 95% confidence
intervals were considered as statistically significant.

RESULTS

Permissiveness of DSL6A Cells to AAV-2 In Vitro
First, we investigated the ability of AAV-2 to infect

DSL6A pancreatic carcinoma cells together with the capa-
bility of AAV-2 to replicate in vitro. In Southern blot
experiments performed with DNA from infected and non-
infected cells, AAV-2 DNA was detected in AAV-2Yinfected
DSL6A cells and in cells coinfected with AAV-2 and Ad-2.
The signal in coinfected cells was stronger, indicating a
helper virusYdependent replication of AAV-2 (F1 Fig. 1).
However, using indirect immunofluorescence, the presence
of early (rep) AAV-2 proteins could exclusively be demon-
strated in DSL6A cells coinfected with Ad-2 (F2 Fig. 2).

Taken together, these data demonstrate that DSL6A
pancreatic carcinoma cells are permissive to wild-type AAV-2
and that AAV-2 replication exclusively occurs in cells
coinfected with a helper virus such as Ad-2.

Effects of AAV-2 Treatment on Established
DSL6A Pancreatic Tumors

For in vivo experiments, we chose a syngeneic rat
model of pancreatic carcinomas. As indicated in the treatment
protocol (F3 Fig. 3, top), the first DSL6A tumor cell challenge
was performed subcutaneously into the abdominal wall.
Within 6 weeks, all 24 animals developed palpable tumors
with an average size of 5 � 5 mm. Animals were randomized
into a mock-infected control group (n = 12) and an AAV-
2Yinfected treatment group (n = 12). The latter received
single doses of 108 virus particles either intratumorally (n = 8)
or intraperitoneally (n = 4) at 8 consecutive time points within
the following 4 weeks. All individual tumors continued to
grow, and reached an average size of 105 T 16 mm2 in the

control group and 55 T 9 mm2 in the AAV-2 treatment group.
The tumor size between both groups was statistically
different (P G 0.001) at 10 weeks after tumor inoculation
( F4Fig. 4). Control animals displayed tumor-associated clinical
symptoms as loss of body weight (910%), partial limited
bearing and movement, and an anxious behavior. Contrary to
that, AAV-2Ytreated animals performed physically better.
Furthermore, the administration of AAV-2 was well tolerated
without any signs of systemic toxicity. These observations fit
well with those described before.11

In summary, AAV-2 treatment of tumor bearing
animals significantly slowed tumor progression and, more-
over, animals performed clinically better.

Tumor Rechallenge
Next, solid DSL6A pancreatic tumors of all 24 animals

of both groups were completely surgically resected (R0).
Within the following 6 weeks, no local tumor recurrence was
observed. Subsequently, all animals were rechallenged with a
tumorigenic dose of 106 DSL6A tumor cells on the backside,
opposite from the site of the first tumor cell inoculation (Fig. 3,
middle). Within the following 8 weeks, tumor growth was
observed in 11 (92%) of 12 rats of the control group. In con-
trast, outgrowing tumors could only be detected in 3 (25%)
of 12 rats of the AAV-2 group (P G 0.003). Nine animals of
the AAV-2 group remained tumor-free for 8 weeks, when

FIGURE 1. Adeno-associated virus type 2 permissiveness of
DSL6A pancreatic cancer cells: 10 Kg genomic DNA each of
noninfected, AAV-2Y (MOI, 103 infectious particles per cell),
Ad-2Y (MOI, 10 infectious particles per cell), and AAV-2 +
Ad-2Yinfected DSL6A cells was dot-blotted and hybridized to
digoxigenin-labeled (A) AAV-2 and (B) A-globulin probes,
respectively.

FIGURE 2. Detection of AAV-2 proteins in DSL6A cells:
Early (rep) AAV protein expression was analyzed by
immunohistochemistry using a specific antibody. DSL6A cells
were (A) uninfected, (B) infected with AAV-2 (MOI, 103

infectious particles per cell), (C) infected with Ad-2 (MOI, 10
infectious particles per cell), or (D) coinfected with both viruses
(original magnification �400).
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the experiment was terminated (Fig. 3, bottom). There was
no difference in tumor take between animals that received
the AAV-2 treatment intratumorally or intraperitoneally. In
both subgroups, 75% of animals remained tumor-free after
the secondary tumor cell challenge (6/8 intratumorally and
3/4 intraperitoneally treated animals).

In the control animals, secondary challenge tumor
growth rate was higher than that of the first tumor challenge.
The 3 tumors that developed in the AAV-2Ytreated rats
displayed a growth kinetic similar to first challenged and
untreated tumors. However, their progression was signifi-
cantly slower then the secondary challenge tumors of the
control group (Fig. 4, P G 0.013).

When the experiment was terminated, animals were
killed, and the occurrence of metastases was analyzed.
Metastases were present in 5 (42%) of 12 animals of the
control group (2 liver, 2 lung, and 1 spleen), whereas no such
metastases were detectable in animals of the AAV-2 group
(P G 0.037).

These results suggest that former AAV-2 application
interferes with establishment and growth of tumor in this

syngeneic model of pancreatic carcinoma. This effect seems
to be independent of the site of virus application.

Infiltration of DSL6A Tumors by Immune Cells
At the end of week 10, resected DSL6A tumors were

examined morphologically to determine cellular infiltrations
quantitatively and qualitatively. Administration of AAV-2
was associated with a massive infiltration of neutrophils,
monocytes, and lymphocytes ( F5Fig. 5). Immunohistochemical
analysis of these tumors demonstrated significant numbers
of intratumoral CD8+ T cells, NK cells, and the less
pronounced presence of CD4+ T cells at the edge of the
tumor mass ( F6Fig. 6). Interestingly, we did not observe a
remarkable difference in infiltration patterns between intra-
tumoral and intraperitoneal AAV-2 application. Contrary to
that, mock-infected control tumors contained only few
inflammatory cells and among them, no CD8+, NK, or
CD4+ T cells.

We next analyzed the DSL6A tumors that developed as
a consequence of the second tumor challenge in 3 of 12
animals of the AAV-2 group. These tumors also displayed a

FIGURE 3. Treatment protocol: 24 Lewis rats received a tumorigenic dose of 106 DSL6A cells (first tumor cell challenge). Tumor
growth was monitored. Biweekly treatment with either AAV-2 (108 infective units in 100 KL PBS) intratumorally (n = 8) or
intraperitoneally (n = 4) or mock infection (100 KL of PBS, n = 12) started 6 weeks after tumor cell inoculation for 4 weeks.
Thereafter, all tumors were surgically removed (R0) and tumor-freeness was monitored for 6 weeks (tumor-free interval).
Subsequently, a second tumor cell challenge was performed with 106 DSL6A cells apart from the first tumor cell inoculation side.
No further treatment was done, and for each group, the proportion of animals with and without tumor growth in comparison with
the total number of rats in each group is indicated. *P G 0.003.
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striking infiltration, predominantly with CD8+ lymphocytes
(F7 Fig. 7). Again, no inflammatory tumor cell infiltration could
be observed in the second-challenge tumors of the mock-
infected control animals.

Obviously, the inflammatory reaction of tumors from
AAV-2Ytreated animals results as a consequence of AAV-2
infection. These results further imply that the immune
cells infiltrating tumors of AAV-2Ytreated animals are

likely to be involved in the rejection of the secondary tumor
cell challenge.

White Blood Cell Count and Serum
Cytokine Levels

As the above data indicate the presence of some degree
of inflammation and/or specific immune response in tumors
of AAV-2Ytreated animals, we wondered whether a systemic
effect could be measured in addition to these local
phenomena. Experiments were done with blood from
tumor-bearing animals 10 weeks after first tumor cell
inoculation (6 AAV-2Ytreated and 6 mock-infected rats)
and additionally with 6 tumor-free healthy rats.

Total white blood cell count revealed a trend toward
leukocytosis in AAV-2Yinfected animals and in differential
blood count analysisVa significant elevation of neutrophils
and monocytes was observed when compared with both
control animals with and without pancreatic tumors ( T1Table 1).

Furthermore, we determined cytokine levels in sera of
the same animals used for white blood count determination.
These ELISA measurements showed significant higher levels
of IL-10 and MCP-1 in AAV-2Yinfected animals, whereas
IL-4 and IFN-F levels were not significantly elevated.
Interleukin 1A, IL-6, and TNF-> levels were beyond the
level of detection, and consequently, potential changes in
serum levels could not be determined ( T2Table 2).

These results implicate that AAV-2 exposure not only
induces a local inflammatory response but additionally a
systemic raise in numbers of proinflammatory neutrophils
and monocytes accompanied by higher serum levels of IL-10
and MCP-1.

Induction of Cellular Cytotoxicity by AAV-2
To analyze whether the observed tumor protection of

AAV-2Ytreated animals was because of the induction of
cellular immune responses toward the DSL6A tumor cells,
cytotoxicity assays were performed. As effector cells, we

FIGURE 5. Inflammatory cells infiltrate tumors of
AAV-2Ytreated animals. Formalin-fixed sections prepared from
tumors removed 10 weeks after the first tumor cell inoculation
were examined histopathologically after hematoxylin and
eosin staining. Displayed are representative sections of tumors
of (A) a mock-infected control and (B) an AAV-2Yinfected
animal. Inflammatory cell infiltration is indicated by
arrowheads (top lane magnification �40; bottom lane
magnification �400).

FIGURE 4. Tumor growth kinetic. Left, First
tumor cell challenge. After a treatment course
of 4 weeks, AAV-2Yinfected animals showed a
significantly reduced tumor size compared
with mockYinfected controls (55 T 9 vs 105 T
16 mm2, P G 0.001; n = 12 each). Middle,
Tumor-free interval. Tumor resection (R0)
was performed 10 weeks after tumor cell
inoculation. All animals were tumor-free before
tumor rechallenge was started. Right, Second
tumor challenge. After the 6 weeks of
tumor-free interval, a second tumor cell
challenge was performed with 106 DSL6A cells
apart from the first tumor cell inoculation side.
Sizes of outgrowing tumorsV3 for the AAV-2
infected group and 11 for the mock infected
groupVare plotted. Bars = SD. *P G 0.001;
**P = 0.013.
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used PBMCs from 6 AAV-2 exposed animals that rejected
the second tumor inoculum and from 6 animals of the control
group that developed a tumor subsequent to the rechallenge.

DSL6A cells were lysed by PBMCs from AAV-
2Ytreated rats that had rejected DSL6A, whereas PBMCs
from controls did not permit lysis of DSL6A cells (F8 Fig. 8A).
Preincubation of DSL6A cells with AAV-2 increased the
efficiency of this killing substantially, again with a sig-
nificantly higher recognition of DSL6A cells by PBMCs of
AAV-2Ypretreated animals (Fig. 8B). Obviously, AAV-2
infection renders DSL6A cells much more sensitive toward
cytotoxic effects of immune cells. The lytic activity of
PBMCs of untreated animals may best be explained by some
level of genotoxic stress impeded by the presence of AAV-2.

We assumed that part of the observed lytic activity
could be mediated by NK cell activity. Indeed, NK-sensitive

YAC cells were recognized by PBMCs of the AAV-2 group,
thereby demonstrating the presence of activated NK cells
(Fig. 8C). However, PBMCs from animals of the control
group failed to lyse these target cells (Fig. 8C). This result
implies that the observed reactivity toward AAV-2Yinfected
DSL6A cells (Fig. 8B) is not because of the action of
NK cells.

The completely unrelated rat colon carcinoma cell line
CC531 that was used as an additional target was not recognized
by any PBMCs (Fig. 8D). This result makes it unlikely that the
observed lysis of DSL6A cells by PBMCs of AAV-2Ytreated
animals simply bases on unspecific lytic activity.

Taken together, these data strongly argue for the in vivo
induction of a DSL6A-specific immune response in the AAV-
2Ytreated rats as a consequence of AAV-2 infection.
Obviously, AAV-2 infection may stimulate the immune

FIGURE 6. Subtype analysis of tumor-infiltrating cells. Immunohistochemical staining of cryostat sections from DSL6A tumors
removed 10 weeks after the first tumor cell inoculation using (A) anti-CD4, (B) anti-CD8, and (C) anti-NK cell antibodies.
Representative tumor sections of (top) AAV-2Yinfected animals and (bottom) mock-infected controls are displayed (original
magnification �200).

FIGURE 7. Second challenge tumors of
AAV-2Ytreated animals are heavily infiltrated: sections
show a substantial infiltration of inflammatory cells
(hematoxylin-eosin staining; left). Most of these are
CD8+ T cells (right) (original magnification �400).
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system of Lewis rats and induce a specific cytotoxic T cell
response and additionally a significant activation of innate
immune cells such as cytotoxic NK cells.

DISCUSSION
The results described above are remarkable for at least

3 reasons. First, they demonstrate that the administration of
the wild-type form of the nonpathogenic parvovirus AAV-2 is
a systemic trigger for the immune system helping to establish
an immune response against concomitantly present tumor
disease. Second, in combination with surgical treatment, this
approach can cure experimental metastatic pancreatic
carcinoma. Third, the data imply that this effect is
independent from the site of virus application.

Oncotropic and oncolytic viruses have attracted high
attention as antitumor agents mostly because of their distinct
oncosuppressive properties that have been described by us
and others.6,10,11,20Y22 When combined with genotoxic stress,
parvoviruses act antimutagenic and anticarcinogenic on
infected cells.

For AAV-2, most of this action may be attributable to
the action of the rep gene, but other factors are likely to
be involved.10

The observed immune responses triggered by applica-
tion of AAV-2 can, however, not be explained by these
oncosuppressive properties. The resistance of AAV-2Y
pretreated animals toward a second tumor cell challenge
can only be the result of a stimulating effect of AAV-2 on the
immune system. This view is also supported by experimental
evidence of others. Immune responses toward poorly
immunogenic tumors have been strengthened by administra-
tion of various agents such as living bacteria, bacteria-derived
Bmolecular patterns of danger^ such as lipopolysaccharide or
CpG oligonucleotides,AQ3 23 recombinant viruses, and others.
These efforts are no longer strictly experimental but have led
to first clinical trials.AQ4 24 Recently, Agrawal et al25 demon-

strated that in a model of experimental bacteriolytic therapy
with spores of a detoxified strain of Clostridium novyi,
protection from a secondary tumor challenge was clearly
because of a stimulatory effect on the immune system.

In addition to the rejection of the secondary tumor
challenge, the induction of a tumor-specific immune
response by AAV-2 in a bystander-like manner is evidenced
by the dense lymphocytic infiltrations with predominantly
CD8+ T cells in outgrowing primary and secondary tumors,
together with the potential of PBMCs of AAV-2Yinfected
animals to specifically lyse DSL6A tumor cells in vitro.
Many reports have demonstrated that it is important to
attract effector cells, such as monocytes, macrophages, and
lymphocytes, into the site of tumor growth to allow for
successful immunotherapy.26

Systemic effects of AAV-2 infection were raises in
numbers of monocytes and neutrophils and in levels of the
proinflammatory cytokine MCP-1 and of IL-10. These effects
may be indicative of an inflammatory antiviral immune
response.27 The macrophage product MCP-1 attracts lym-
phocytes bearing the C-C chemokine receptor 2 and triggers
expression of cyclooxygenase 2, a key enzyme in inflamma-
tion.28 Additionally, a distinctive role in innate antiviral
responses has been demonstrated, and it has been reported
to play an important role in recruitment of lymphocytes
and monocytes to inflamed sites.29,30 Interleukin 10 is a
cytokine classically considered as anti-inflammatory and
has been repeatedly shown to limit and terminate inflamma-
tory responses.31 Therefore, the raise in levels of IL-10
may be evidence of a counterregulation limiting the
antiYAAV-2 response.

Could our approach be considered as an adjuvant
treatment of human tumor disease? Several Bbuts^ exist that
we will address. First, it may be dangerous to apply AAV-2 to
humans. So far, no human disease has been associated with
AAV-2, because the only pathogenic effect, spontaneous
abortion, may be ascribable partly to AAV-2 persistence in

TABLE 1. Differential Blood Count Analysis of Lewis Rats in Response to AAV-2 Infection

Lewis Rats (n = 6 each group) White Blood Cells Count (KL) Neutrophils (KL) Lymphocytes (KL) Monocytes (KL)

Healthy controls (without tumor) 10,766 (9741Y11,791) 858 (737Y979) 9016 (7210Y10,822) 214 (154Y274)

Mock infected (tumor bearing) 8100 (7293Y8907) 385 (211Y559) 7100 (6178Y8022) 122 (79Y165)

AAV-2 infected (tumor bearing) 11,766 (10,567Y12,965) 3841 (2932Y4750) 7266 (5968Y8564) 896 (768Y1024)

Results are displayed as means with 95% confidence intervals.

TABLE 2. Influence of AAV-2 Infection on Cytokine Serum Levels

Lewis Rats
(n = 6 each group) IL-1A (pg/mL) IL-4 (pg/mL) IL-6 (pg/mL) IL-10 (pg/mL) TNF-> (pg/mL) IFN-F (pg/mL) MCP-1 (pg/mL)

Healthy controls
(without tumor)

G8 5.3 (3.1Y7.5) G10 49.9 (33.7Y66.1) G10 1.9 (0.5Y3.3) 6299 (4386Y8212)

Mock infected
(tumor bearing)

G8 14.7 (7.5Y21.9) G10 54.8 (33.0Y76.6) G10 2.1 (0.8Y3.4) 7563 (5561Y9565)

AAV-2 infected
(tumor bearing)

G8 15.5 (7.9Y23.1) G10 149.1 (116.5Y181.7) G10 2.8 (1.9Y3.7) 13682 (10,572Y16,792)

Results are displayed as means with 95% confidence intervals.
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uterine tissues, and male infertility may be linked to latent
AAV-2 infection of testis tissue.17,32 Yet, both pathogenic
effects would be of no significant relevance for patients with
pancreatic carcinoma.

The second concern is about neutralizing antiYAAV-2
antibodies. Up to 85% of adults are seropositive for
antiYAAV-2 antibodies, most likely because of infections
early in childhood.33 The repeated application of AAV-2
within the framework of an adjuvant treatment clearly would
trigger the production of antiYAAV-2 antibodies. A detailed
look on the subclasses of antiYAAV-2 antibodies present in
the normal population shows that antibodies of the IgM type,
indicating primary or reinfection, are surprisingly common,
suggesting an unstable AAV-2 antibody response, allowing
for lifelong reinfection.34 On the other hand, according to our
data, the site of virus application is not of importance for the
tumor-protective effect. This is a somehow surprising finding,
making the necessity of a direct AAV-2 infection of tumor
cells, as a prerequisite for initiation of a tumor-specific
immune response, more unlikely. Moreover, it implies that
the stimulatory effect of AAV-2 on the immune system may

not be hindered byVeven neutralizingVantibodies toward
AAV-2. At the contrary, we would even expect a slightly
stronger induction of immune mechanisms. Opsonization of
virions followed by uptake and neutralization by macro-
phages should lead to the reactivation of preactivated AAV-
2Yspecific B cells and possibly other specific immune cells.

The third concern is the question whether there are
differences between rats and humans concerning the
immunostimulatory potency of AAV-2. To the best of our
knowledge, no experiments have been performed that could
argue for or against possible differences. Therefore, we
cannot formally rule out the possibility that AAV-2 may not
act comparable immunostimulatory on humans.

As a conclusion and explanation of our findings, we
suggest the following mechanism. The presence of AAV-2 is
sensed by host pattern recognition receptors expressed in
innate immune cells such as dendritic cells. The subsequent
production of a variety of chemokines and cytokines initiates
an inflammatory response.35 One possible consequence of
this systemic proinflammatory trigger is the boosted migra-
tion of immune cells, among others, into the tumor. There,

FIGURE 8. Cytotoxic activity of peripheral blood lymphocytes: Cytotoxicity was determined by a standard 6-hour 51Cr-release
assay using (A) DSL6A cells, (B) AAV-2Yinfected DSL6A cells, (C) NK-sensitive YAC cells, and (D) unrelated rat colon carcinoma
CC531 cells as targets. PBMCs were obtained from 6 animals either treated with AAV-2 or the mock-infected controls. Specific lysis
of target cells at different effector to target cell ratios is indicated. Each experimental condition was tested in triplicates. Bars
represent the SD of the mean reactivities of PBMCs of individual animals. *P G 0.05.
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uptake of cellular debris takes place, followed by migration
into draining lymph nodes. Finally, as another consequence of
the ongoing inflammatory response, an otherwise unproduc-
tive response toward tumor-derived antigens by cells of the
adaptive immune system such as CD8+ T cells is initiated.
Consequently, AAV-2 infection may be a trigger for the
whole immune system, helping to overcome tumor-related
immune suppression, thereby allowing for the initiation of
a fertile tumor-specific immune response. Yet, the result-
ing specific immune response is obviously not strong enough
to act on massive solid tumors but it has significant thera-
peutic impact on the treatment of experimental residual
pancreatic carcinoma.

Keeping in mind the potential of AAV-2 to significantly
reduce toxic side effects of conventional chemotherapy, the
application of nonpathogenic but immunostimulatory viruses
such as AAV-2 may be an interesting treatment option as a
B1-agent combination therapy^ in the management of residual
tumor disease.
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A B S T R A C T

The aim of this study was to investigate the effects of an activating anti-CD40 antibody

(aCD40Ab) on leukocyte adhesion to tumour vessels, leukocyte migration and tumour

growth in experimental liver cancer. Morris-Hepatoma was induced by subcapsular inocu-

lation of tumour cells in the liver of ACI-rats. On day 7 and 8 after tumour cell injection, one

group of the animals received aCD40Ab. On day 13 the tumour volume was measured and

intravital microscopy was performed quantifying leukocyte adherence in the liver. Further-

more, immunohistological analyses were performed. aCD40Ab-Treated animals showed

increased leukocyte–endothelium interaction, demonstrated substantially more T- and

natural killer (NK) cells in the tumour and had a distinctly decreased tumour volume.

Our results show that treatment with aCD40Ab stimulates endothelial leukocyte adhesion

in tumour vessels and migration of CD4 cells/CD8 T-cells and NK cells into the tumour and

inhibits tumour growth. Thus, the CD40/CD154 pathway is a worthwhile target for adjuvant

immunotherapy.

� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The incidence of hepatocellular carcinoma (HCC) is increasing

worldwide.1,2 Hepatocellular carcinomas are seldom resect-

able and even if curative resection is possible the long term

postoperative survival remains disappointing.3 Current med-

ical treatment concepts for HCC include chemotherapy, per-

cutaneous injection of ethanol (PEI) chemotherapy with

anthracyclins, medical treatment with anti-androgens or

anti-estrogens and immunotherapy with interferon-alpha

(INF-a).2,9,10 All of these treatments, however, have not proven

to be very effective2,9,10 and there is an urgent need for other

treatment modalities such as immunotherapy.
er Ltd. All rights reserved

90; fax: +49 6221 56 8240
i-heidelberg.de (A. Märten

lly.
CD40 is a membrane protein of the tumour necrosis factor

receptor family.4 CD40 is expressed on antigen presenting cells

(APC), including dendritic cells (DC), B cells, activated macro-

phages, and follicular dendritic cells.4 APCs capture antigens,

transport them to lymphoid organs, and present the antigens

to CD4+ T-helper-cells and CD8+ cytotoxic-T-cells.4 CD40–

CD40 ligand (CD154) interactions play a pivotal role in activation

of professional APC. CD154 enhances antigen presentation

of CD40-expressing APC, followed by activation of effector T

and natural killer (NK) cells. Activating CD40 antibodies mimic

engagement of CD40 with CD154. This CD40/CD154 interaction

plays a key role in the antigen-presentation.4–6 CD40/CD154

interaction leads to an up-regulation of adhesion molecules
.

.
).
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on endothelial cells and to stimulation of NK, CD4+ T-helper-

and DCs.4–6 DCs activate, via the CD40/CD154-interaction,

CD4+ T-helper-cells.5 Activated CD4+ T-helper cells produce di-

verse cytokines such as IL-12 and TNF-a, and stimulate CD8+

cytotoxic T cells directly.5,6 These mechanisms can help the

immune system to recognize and destroy the tumour as

shown in previous reports.5,6

On the other hand the liver possesses specific immunolog-

ical properties which could be used in anticancer therapy.7

The intrahepatic concentration of lymphocytes is unusually

high and represents 16–22% of the non-parenchymal cell pool

in the liver.8 Differential analysis of intrahepatic lymphocytes

has shown a high number of cytotoxic CD8+T-cells.8,9 The

CD4:CD8 ratio in the liver is 1:3.5, whereas the ratio in the

spleen is 1.8:1.9

The purpose of the presented study was to stimulate the

potential of the large lymphocyte pool within the liver by

improving antigen presentation of APC via CD40/CD154 inter-

action. By administration of activating CD40 antibodies (aC-

D40Ab), we mimicked the binding of CD154 ligand to its

receptor CD40 to study the adhesion of leukocytes to tumour

vessels, their migration and differential accumulation within

the tumour. The effect of aCD40Ab on the growth of induced

liver cancer was also studied using an established rat model

of Morris Hepatoma.10

2. Materials and methods

2.1. Animals

Written consent for the experimental protocol and for all

experiments was obtained from the responsible animal pro-

tection committee (Regierungspräsidium Karlsruhe, Kar-

lsruhe, Germany). Fourteen male ACI rats (240–260 g) were

included in the study. The rats were kept under standard con-

ditions in a 12 h dark–light circle and given rat chow and

water ad libitum; 18 h prior to the operative procedures, food

was withheld, but they had free access to water. Two rats were

excluded because they died under anaesthesia during tumour

cells injection.

2.2. Tumour cell line

An established cell line of the hepatocellular carcinoma (hep-

atoma) in the rat, Morris Hepatoma (MH) 3924A (kindly

provided by Prof. Dr. H. Wrba, Deutsches Krebsforschungszen-

trum, Heidelberg, Germany) was used. Morris Hepatoma 3924A

was induced by the administration of N-2-fluorenyldiaceta-

mide in ACI rats in 1951. It is a rapidly growing and poorly dif-

ferentiated hepatocellular carcinoma.11 The cell lines were

grown in RPMI 1640 medium containing 100 lg/ml streptomy-

cin and 10% heat-inactivated FCS. Cells were cultured for 4

days and were inoculated after separation into the liver (day

4 of the cell culture10).

2.3. Hepatoma induction and treatment

Two groups, each consisting of six rats, were studied. Anaes-

thesia was performed with intraperitoneal xylazinehydro-

chlorid (i.p.) (8 mg kg�1 body wt.) and intramuscular (i.m.)
ketamine (40 mg kg�1 body wt.) The rats were placed in a su-

pine position. An abdominal midline incision was performed.

Animals received a subcapsular injection of 5 ll of MH 3924

cells solution (12 · 106 cells) into the left lobes of the liver.

The abdominal midline incision was then closed by sutures.

One group received 1 mg kg�1 body wt. stimulating monoclo-

nal antibodies against CD40 subcutaneously (clone HM40-3,

PharMingen, San Diego, CA) on the 7th and 8th day after tu-

mour cell injection. The antibody is described to stimulate B

cells and to induce expression of the B7 complex. Further-

more, dendritic cells are activated by this antibody.14 No

blocking antibodies are available at the present time. The con-

trol group received 1 mg kg�1 body wt. sc 0.9% NaCl on day 7

and 8 after injection of MH 3924 cells. On day 13, in vivo

microscopy (IVM) was performed and the mean arterial pres-

sure, as well as heart rate and arterial blood gases, were mon-

itored. After the IVM the hepatoma was sampled for

immunohistological analysis and the blood serum was col-

lected for cytokine assessment.

2.4. In vivo microscopy (day 13)

Anaesthesia was performed with i.p. xylazinhydrochlorid

(8 mg kg�1 body wt.) and i.m. ketamine (40 mg kg�1 body wt.)

Erythrocytes were obtained from separate donor rats by heart

puncture. They were labelled with FITC (Isomer I, Sigma No. F-

1628, Sigma, Deisenhofen, Germany). Erythrocyte staining and

tissue preparation were done according to the protocol from

Sarelius and Duling.11 Briefly, erythrocytes were washed in a

glucose saline buffer and resuspended in a bicine-saline buffer

(pH 6.8) containing FITC 9 mg · ml�1 and incubated at 25 �C for

3 h. The labelled erythrocytes were administered intrave-

nously 30 min prior to the measurements. For labelling of leu-

kocytes, 0.028 mg of rhodamine-6G was administered 5 min

prior to the measurements as described by Baatz.12

A catheter was placed in the right jugular vein and the left

carotid artery to supplement fluid loss and to monitor the

mean systemic blood pressure, respectively. The rats were

placed in a supine position and an abdominal midline inci-

sion was performed. In this way the surface of the liver and

tumour was visible. The liver and the tumour were continu-

ously superfused with 37 �C warm Ringer solution. The fluo-

rescence microscope (Leitz, Wetzlar, Germany) was

equipped with ·20 and ·40 water immersion lenses (Achro-

plan 20/0.75W and Achroplan 40/0.75W, Zeiss, Oberkochen,

Germany). Epifluorescence was performed with an epifluores-

cence illuminator (Pleomak, Leitz) equipped with XBO 100W/2

short arcon Xenon lamp (Osram, Berlin, Germany), a 2-mm

KG 1 heat-protecting filter, an excitation filter for FITC-

labelled erythrocytes (450–490 nm) and an excitation filter

for rhodamine-6G-labeled leukocytes (515–560 nm). Five post-

capillary venules in the tumour were identified. The images of

both excitation filters, which could be utilised in the same re-

gions of interest (ROI), were recorded on videotape and off-

line analysis then performed.

2.5. Off-line analysis of in vivo microscopy

The mean erythrocyte velocity, the mean vessel diameter

and the leukocyte–endothelium interaction in tumour vessels



Fig. 1 – Adhesion of leukocytes. On day 13, intravital

microscopy was performed quantifying leukocyte adhesion

in postcapillary venules. Treatment of tumour-bearing rats

with activating CD40 antibodies significantly increased the

number of rolling and sticking leukocytes in the tumour

vessels compared to controls (*: P < 0.01). Data presented as

mean ± SD.
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(20–40 lm) and in postcapillary venules of tumour-surround-

ing liver tissue were determined using a special software pro-

gram (Cap Image�, Zeintl GmbH, Heidelberg, Germany). The

erythrocyte velocity was evaluated by the frame-to-frame

method.

Leukocytes that adhered to the vascular wall with high

affinity (for more than 30 s) were determined as ‘‘stickers’’,

and those that adhered with low affinity (for less than 30 s)

were determined as ‘‘rollers’’. Leukocyte–endothelium inter-

action was expressed as the number of stickers and rollers/

100 lm of vessel length.

Blood flow was calculated by the standard formula:

F(t) = p · (D2/4) · v (with F, blood flow; D, mean venule diame-

ter; v, mean erythrocyte velocity).

Vascular wall shear rates were calculated by the standard

formula: Sr = 8 · v/D (with D, mean venule diameter; v, mean

erythrocyte velocity).

2.6. Measurement of tumour volume

Tumour length (L) and width (W) were measured in histologi-

cal sections and tumour volume was evaluated according to

the formula:14 Tumour volume (mm3) = L (mm) · W2 (mm)/2.

2.7. Immunohistochemistry

Tumour tissue was snap-frozen in liquid nitrogen. Thin sec-

tions were cut by cryostat (5 lm), fixed in acetone and hydrated

in PBS. Endogenous peroxidase activity was blocked with H2O2

in methanol. The sections were incubated for 1 h with mAbs

directed against rat CD4 (Dako, San Diego, CA), rat CD8 (Dako,

San Diego, CA) and rat NK (anti-rat NKR-P1A, PharMingen, San

Diego, CA). Isotype-matched rat IgG (PharMingen, San Diego,

CA) was used as negative control. Frozen sections of the spleen

were used as positive control. After washing in PBS, the sec-

tions were incubated for 10 min with a biotinylated secondary

antibody (Dako, San Diego, CA) and coloured using an AP chro-

mogen kit (LSAB, Dako, San Diego, CA).

Lymphocytes were counted in the tumour. The immuno-

histochemical images were digitally analysed. For this aim,

four microscopic fields of 0.5 mm2 were randomly chosen by

light microscope (Leica DMRB, Leica GmbH, Germany), digital-

ized by a colour video camera (CF 20/4DX, Kappa GmbH, Glei-

chen, Germany) to histological images and saved in computer.

Number of lymphocytes were counted and expressed per

1 mm2 of surface.

2.8. Statistics

Results are expressed as the mean values ±SD from six rats

per group. Analysis was performed using the Wilcoxon–

Mann–Whitney-U-Test with P < 0.05 considered to be

significant.

3. Results

3.1. Microcirculatory parameters

To study the effect of CD40 activation on liver lymphocytes we

determined the rate of lymphocyte–endothelial interactions
in the livers of treated and untreated mice. Both high- and

low-affinity leukocyte–endothelium interaction in the tumour

vessels were significantly increased (*P < 0.01) in the aC-

D40Ab-treated group compared with the control group (low-

affinity leukocyte–endothelium interaction: 8.96 ± 3.40/

100 lm/30 s in aCD40Ab vs. 1.63 ± 1.00/100 lm/30 s in con-

trols; P < 0.01; high-affinity leukocyte–endothelium interac-

tion: 8.21 ± 3.71/100 lm/30 s in aCD40Ab vs. 1.07 ± 0.55/

100 lm/30 s in controls; P < 0.01) (Figs. 1, 2a and b).

Mean blood flow and erythrocyte velocity were determined

as control. The mean erythrocyte velocity and calculated

mean blood flow in the tumour vessels were not different

compared with the control group (vessel diameter

32.2 ± 4.2 lm in controls, 31.8 ± 2.8 lm in aCD40Ab) (erythro-

cyte velocity: 1.69 ± 0.24 mm/s in controls, 1.47 ± 0.31 mm/s

in aCD40Ab) (blood flow: 1.47 ± 0.51 nl/min in controls,

1.22 ± 0.29 nl/min in aCD40Ab; data not shown).

3.2. Stimulation of CD4+, CD8+ and NK cells

To determine the effector cells responsible for possible tu-

mour growth suppression, we performed immunohistological

analysis by quantitation of CD4+, CD8+ and NK cells in the

tumour.

The number of both the CD4 and CD8 positive cells were

significantly increased (*P < 0.01) in the aCD40Ab-treated

animals in comparison with the untreated animals (CD8:

386 ± 141 cells/mm2 in controls vs. 987 ± 454 cells/mm2 in

aCD40Ab, CD4: 324 ± 224 cells/mm2 in controls vs. 1365 ±

472 cells/mm2 in aCD40Ab; Figs. 3, 4a–d).

There was a high number of NK cells in the tumour in both

treated and untreated animals (Figs. 5a and b). After the treat-

ment with stimulating CD40-antibodies the number of intra-

tumoural NK cells increased significantly (P < 0.01) in

comparison to the untreated animals (260 ± 91 cells/mm2

without therapy vs. 534 ± 147 cells/mm2 with therapy; Fig. 3).



Fig. 2 – (A,B) Intravital microscopy of high-affinity leukocyte adhesion. Treatment of tumour-bearing rats with activating

anti-CD40 antibodies resulted a significant increase of high-affinity leukocyte adhesion in blood vessels within the tumour.

(A) Treated tumour, (B) non-treated tumour (P < 0.01).

Fig. 3 – Quantification of intratumoural lymphocytes. On day

13 fresh tissue was snap-frozen and immunohistochemistry

was performed quantifying CD4+ and CD8+ leukocytes

within the tumour. Treatment of tumour-bearing rats with

activating anti-CD40 antibodies significantly increased the

number of CD4+ and CD8+ leukocytes within the tumour

compared to controls (P < 0.01). Data presented as

mean ± SD.
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3.3. Tumour growth in vivo

The tumour length, width and calculated tumour volume

were significantly decreased in the aCD40Ab-treated ani-

mals compared with the control animals. The tumour

length in the treated animals was 9.5 ± 1.8 mm vs.

12.6 ± 3.2 mm in the untreated animals, the width was

4.9 ± 0.9 mm vs. 6.3 ± 0.9 mm and the tumour volume was

102 ± 42.5 mm3 vs. 256.6 ± 107 mm3 (P < 0.01; Fig. 6).

The presence of metastases were examined in all animals.

Two of the untreated animals had local metastases (beyond

10 mm away from the primary tumour). In contrast, none of

the treated animals demonstrated metastases (data not

shown).
4. Discussion

It was previously demonstrated that monoclonal antibodies

against CD40 activate APCs, enhance tumour antigen presen-

tation and stimulate CTLs.13,14 We found that stimulating

monoclonal antibodies against CD40 are an effective treat-

ment against liver cancer in our rat model by inhibiting tu-

mour growth. Our data suggests that the observed effects

are due to a stimulation of leukocyte adhesion to tumour ves-

sels, an activation of CD8+, CD4+ and NK cells and their

migration into the tumour. By simple subcutaneous adminis-

tration of activating anti-CD40 antibodies we found that the

tumour volume in the treated animals was 60% smaller than

in the untreated animals. Two of the untreated animals had

local metastases while none of the treated animals had any

metastases. These novel findings demonstrate that immuno-

therapy per se can be effective in the treatment of experimen-

tal liver cancer. Although the final proof could only be done by

administration of blocking anti-CD40 antibodies, this step

could not be performed since blocking antibodies are not

available at the present time.

Leukocytes are transported to the liver by the blood stream

and come into contact with endothelial cells.15 At first, the

collision with endothelial cells leads to leukocyte rolling only

if they express selectins and their ligands.15 In the next level

of activation, leukocytes respond to selectins by initiating sig-

nalling cascades which lead to up-regulation of integrins such

as ICAM-I and VCAM-I15 and consecutive firm endothelium–

interaction, i.e. sticking.15 After this step they migrate into

the interstitium and can then participate in the local immune

response.15 CD40–CD154 interactions up-regulate intercellu-

lar adhesion molecules such as E-selectin, VCAM-I and

ICAM-I on endothelial cells and enhance leukocyte–endothe-

lium interaction.16

In vivo fluorescent microscopy is suited to obtain quantita-

tive and qualitative information about local microcirculation

and leukocyte adherence was shown in previous studies.17

In the present report we observed a high number of leukocytes



Fig. 4 – (A–D) Immunohistochemistry of intratumoural lymphocytes. Treatment of tumour-bearing rats with, activating

anti-CD40 antibodies resulted in a significant increase of the number of CD4+ (A,B) and CD8+ (C,D) leukocytes within the

tumour (P < 0.01). (A,C) Control tumours, (B,D) treated tumours. Immunohistochemistry of CD4+ and CD8+ leukocytes.

Magnification ·250.

Fig. 5 – (A,B) Immunohistochemistry of intratumoural NK cells. Treatment of tumour-bearing rats with activating anti-CD40

antibodies resulted in a significant increase of the number of NK cells within the tumour. (A) Control tumour, (B) Treated

tumour (P < 0.01). Immunohistochemistry of NK cells. Magnification ·250.
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Fig. 6 – Tumour size in treated and control rats. On day 13 the

tumour length (L) and width (W) were measured and tumour

volume was evaluated according to the formula: tumour

volume (mm3) = L (mm) · W2 (mm)/2. Treatment of

tumour-bearing rats with activating CD40 antibodies

significantly decreased the tumour volume compared to

controls (*: P < 0.01). Data presented as mean ± SD.
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adhering to the vascular wall of tumour vessels with low affin-

ity (rollers) 5 days after the treatment with aCD40 antibodies

(day 13 after tumour inoculation). The number of leukocytes

adhering to the vascular wall of tumour vessels with high

affinity (stickers) was also significantly increased. Minor

amounts of sticking leukocytes in the control group represent

a baseline status and confirm data presented in other stud-

ies.18 Since the blood flow and calculated wall shear rates were

similar in the tumours of treated and untreated animals the

higher number of rollers and stickers in the aCD40Ab-treated

group is a sign of true activation.15 The observation that leuko-

cyte adhesion in malignant tumour vessels (without stimula-

tion) is reduced compared to healthy vessels was previously

documented.19

Cytotoxic T-cells (CD8+) are responsible for rejection of

malignant cells and are activated by CD4+ T-cells.13,20 Previ-

ous studies demonstrated that both CD4+ and CD8+ T cells

are important for an effective antitumour immune re-

sponse.13 Interactions between CD40 ligand and CD40 on

CD4+ T cells and APC are essential for the priming of CD8+

cytotoxic T-cells to lyse tumour cells.4 Furthermore, activating

anti-CD40 antibodies stimulate APC directly.4 Activated APC

prime CD4+ and CD8+ T-cells to destroy the tumour4 and as

we used an immunogenic tumour model we found moderate

amounts of CD 4+ and CD8+ T-cells in the tumour of un-

treated animals. This confirms previous studies showing a

high number of CD8+ cytotoxic T-cells and CD4+ T-cells in

the liver.9 However, CD4+ and CD8+ cells increased signifi-

cantly after treatment with activating anti-CD40 antibodies.

These differences correlate with the observations of the high

number of rollers and stickers in the tumour venules. After

aCD40Ab therapy, a high number of CD8+ T-cells infiltrated

the tumour however there were even more CD4+ T-cells that

had migrated into the tumour. These observations underline

the importance of CD4+ T-cells in antitumour immune re-

sponse and correspond to data that have shown direct activa-

tion of CD4+ T-cells via CD40–CD40L interaction.21
Another mechanism that could be involved in the inhibi-

tion of tumour growth after activating anti-CD40 antibody

treatment is the activation of NK cells.22 The murine liver

contains a large number of NK cells which are potent effector

cells against tumours. Activation of NK cells can conse-

quently lead to tumour lysis which results in the release of

apoptotic and necrotic bodies.22,23 The necrotic bodies are

then taken up and presented to T cells.23 NK cells express

only rarely the CD40 ligand and no CD40. However, it was

shown that treatment with activating anti-CD40-antibodies

resulted in NK cell activation.22 It was suggested that aC-

D40Ab stimulates NK cells indirectly, possibly by cytokine

production upon CD40 coupling to APCs.22 Tumours often

do not express MHC-I-proteins and can escape the CD8+ T-

cells immune response.24 NK cells in comparison to cytotoxic

CD8+ T-cells do not require MHC class I molecules to recog-

nise the tumour, but can lyse tumours that do not express

these proteins.22 In our study we saw a significant increase

of infiltrating NK cells after therapy with aCD40Ab. Thus, it

seems conceivable that NK cells were activated indirectly

via aCD40Ab action, migrated into the tumour and contrib-

uted to the inhibition of tumour growth.

One important mechanism involved in the regulation of

immune responses after CD40 stimulation is an increased

cytokine secretion such as TNF-a.25 TNF-a is typically in-

creased after CD8+- and NK cell activation. TNF-a increases

immunogenicity of tumour cells, stimulates cytokine secre-

tion by effector lymphocytes, activates leukocytes and inhib-

its tumour growth.26

In conclusion, we have shown that activating CD40 anti-

bodies induce a significant antitumour effect in rat Morris

Hepatoma and that this is probably mediated by the immune

effector function of CD4+, CD8+ and NK cells.
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Abstract Aim and background: CD4+CD25+ cells are
described as professional regulatory/suppressor T cells
that are crucial for the prevention of spontaneous
autoimmune diseases. They play an important role in
maintaining a balanced peripheral immune system. On
the other hand, it has been suggested that regulatory T
cells (Treg) suppress antitumor immune responses after
tumor-specific vaccinations. Therefore, we determined
the percentage of regulatory T cells in cytokine-induced
killer (CIK) cells, an effector cell population with high
impact for adoptive immunotherapeutic strategies. Re-
sults: CIK cells showed strong induction of
CD4+CD25+ cells with high secretion of interleukin 10
(IL-10) after unspecific stimulation of the TCR complex
and stimulation with interleukin 2. Depletion of CD25+

cells led to an increase in cytotoxic activity and a
reduction of IL-10 release. A more pronounced reversal
of suppression could be induced by coculture of CIK
cells with dendritic cells (DCs). After coculture of CIK
cells with DCs, the number of CD4+CD25+ cells as well
as the IL-10 concentration in the supernatant decreased,
and the cytotoxic activity against pancreatic carcinoma
cells increased. This was shown for cells from healthy
donors as well as for cells from patients with pancreatic
carcinoma. Conclusion: Our established effector cells
possess some regulatory features induced by unspecific
TCR-activation that could be prevented by coculture
with DCs. CIK cells have desirable properties for im-
munotherapeutical approaches, especially after cocul-
ture with DCs, which could be used additionally for
induction of a specific immune response.

Keywords CIK cells Æ Dendritic cells Æ Interleukin 10 Æ
Regulatory T cells

Introduction

We developed a protocol to generate large numbers of
efficient cytotoxic effector cells [25, 26]. These cytokine-
induced killer (CIK) cells are cytotoxic lymphocytes
generated from peripheral lymphocytes by a cytokine-
cocktail containing anti-CD3 monoclonal antibody.
They possess an enhanced cytotoxicity and a higher
proliferation rate compared with LAK cells and they are
able to lyse tumor cells in a non-major histocompati-
bility-restricted way [22, 23]. The greater lytic activity of
CIK cells is mainly due to the increased proliferation of
CD3 and CD56 double positive cells [26]. CIK cells
showed antitumor effects against different tumors in
vitro as well as in vivo [1, 7, 10, 11, 13, 26, 29, 30].
Despite their high cytotoxic activity against tumor cells,
normal human hematopoetic progenitor cells are largely
unaffected in a CFU-GM assay [26]. CIK cells were
tested in different clinical trials against various tumors
(colon carcinoma, astrocytoma, lymphoma, malignant
melanoma, and renal cell carcinoma) [4, 28, 32]. All
trials showed only mild side effects and produced, as far
as it is appropriate to assess this after phase I trials,
some clinical responses.

Ongoing studies have provided firm evidence for the
existence of a unique CD4+CD25+ population of
‘‘professional’’ regulatory/suppressor T cells, which—in
an active and dominant way—prevent both the activa-
tion and the effector function of autoreactive T cells that
have escaped other mechanisms of tolerance. The elim-
ination or inactivation of these cells resulted in severe
autoimmune disease and was also found to enhance
immune responses to alloantigens and even to the tumor
[5]. CD4+CD25+ regulatory T cells (Treg) constitute a
rather homogenous population and are thought to
derive from the thymus. They are naturally nonprolif-
erative (i.e., anergic) to stimulation via the TCR but
require activation via their TCR to exert suppression
[20]. The suppressive function did not appear to be
mediated by a soluble factor and seems to be cell-contact
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dependent. Recent in vivo studies suggest that the
function of CD4+CD25+ T cells is crucially dependent
on signaling via the cytotoxic T lymphocyte–associated
antigen (CTLA)-4/CD152 molecule, which was found to
be expressed constitutively on CD4+CD25+ T cells [9].
The number of Treg cells may be elevated in cancer
patients [31].

Dendritic cells (DCs) are major antigen-presenting
cells that could be used to overcome tumor-related
immunosuppression. They play a major role in the
immune response to tumor-associated antigens (TAAs),
as they capture and process antigens in the periphery,
express lymphocyte costimulatory molecules, migrate to
lymphoid organs, and secrete mediators to initiate
immune responses [8]. Immature DCs are described as
inducing Treg cells [14, 19], but mature DCs are well
known to activate CIK cells both in an antigen-specific
and unspecific way [15–18].

Here, we evaluate the presence of Treg in a CIK
population generated from healthy donors as well as
from patients with pancreatic carcinoma by determining
IL-10 secretion and by testing their cytotoxic activity
after coculture with DCs.

Materials and methods

Generation of DCs

Peripheral blood leukocytes were isolated from buffy
coats or from blood from patients with pancreatic car-
cinoma by Ficoll density gradient centrifugation (Lym-
phoprep; Nycomed, Oslo, Norway). Blood was drawn
according to our protocol accepted by the local ethics
committee. The cells were allowed to adhere in six-well
plates at a density of 5·106 cells/ml for 1 h at 37�C in
RPMI 1640 with 10% autologous, heat-inactivated
serum. Nonadherent cells were collected for generating
CIK cells (see below). Adherent cells were cultured in
2-ml RPMI 1640 with autologous, heat-inactivated ser-
um, 750 U/ml human GM-CSF, and 500 U/ml human
IL-4 (Essex Pharma, Nürnberg, Germany) per well for
7 days. Maturation was induced on day +6 by addition
of 500 U/ml TNF-a and by CD40-CD40L interactions
during coculture [18].

CIK, CD25+, or CD25� cells were harvested on day
+8 and cocultured with the DCs at a stimulator to re-
sponder ratio of 1:3 for 6 days. This concentration was
titrated and found to be optimal.

Generation of CIK cells

CIK cells were generated as previously described. [25, 27]
In brief, nonadherent Ficoll-separated human peripheral
blood mononuclear cells were prepared and grown in
RPMI 1640 medium (Gibco BRL, Berlin, Germany),
consisting of 10% fetal calf serum (Gibco BRL, Berlin,
Germany), 25-mM HEPES, 100 U/ml penicillin, and

100 lg/ml streptomycin. Human recombinant interferon
c (1,000 U/ml; Roche, Mannheim, Germany) was added
on day 0. After 24 h of incubation, 50 ng/ml of an anti-
body against CD3 (Orthoclone OKT 3; Cilag, Sulzbach,
Germany), as well as 100 U/ml interleukin 1b and
300 U/ml interleukin 2 (Roche, Mannheim, Germany)
were added. Cells were incubated at 37�C in a humidified
atmosphere of 5% CO2 and subcultured every 3 days in
IL-2–containing medium at 3·106 cells/ml.

Cell lines

DAN-G (a pancreatic carcinoma cell line) was pur-
chased from DSMZ (Deutsche Sammlung für Mikro-
organismen und Zellkultur, Braunschweig, Germany).
The cells were maintained in RPMI 1640 supplemented
with 10% fetal calf serum (FCS; PAA, Cölbe, Ger-
many), 100 U/ml penicillin, and 100 lg/ml streptomycin
(Seromed, Jülich, Germany).

Patients characteristics

We have studied six cases of pancreatic tumors involving
six women. The average age at diagnosis was 55.1 years.
Five tumors were ductal adenocarcinomas of the head,
and one tumor was a papillary mucinous carcinoma.
According to the criteria of the International Union
against Cancer (UICC), the exocrine pancreatic tumors
were classified as one with stage II, four with stage III,
and one with stage IV. Informed consent was obtained
from each patient to draw 10-ml blood and to publish
these experimental data.

Enrichment of CD25+ cells using MACS technique

CD25+ cells were enriched using the MACS technique
(Miltenyi, Bergisch Gladbach, Germany) according to
the manufacturer’s instructions. In brief, 7-day-old CIK
cells were labeled with anti-CD25 beads on ice for
15 min and enriched on a MS MACS column for posi-
tive selection. The CD25 negative fraction was eluted
after harvest of CD25+ cells.

Measurement of IL-10

Cell culture supernatants were sampled daily and stored
at �80 �C. An ELISA development with matched anti-
body pairs (Biocarta, Hamburg, Germany) was per-
formed according to the manufacturer’s instructions.

Suppression assays

CD25+ cells were enriched from CIK cells by MACS
technique on day +13 as described above. CIK cells
were mixed with CD25+ cells in different ratios on day
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+14 immediately before further analysis. To analyze the
putative regulatory properties of CD25+ T cells with
regard to proliferation, a proliferation assay was used
according to the manufacturer’s instructions (EZ4U kit;
Biomedica, Vienna, Austria). Cells were seeded out at a
density of 2,000 cells per well in triplicate in a 96-well
plate. The proliferation rate was determined as the
amount of turnover of yellow tetrazolium salt to red
formazan. Absorbance at 450 nm with 620 nm as a
reference was measured with an ELISA reader; the
absorbance of a medium blank was subtracted. The
proliferation of CIK cells after coculture with DCs was
set to ‘‘1.’’

Cytotoxicity assay

A standard chromium release assay was used to deter-
mine the cytotoxic activity of CIK cells. In brief, DAN-
G cells were labeled over 2 h with 100 lCi 51Cr. After
three washing steps, 10,000 target cells per well were
incubated with CIK cells at different effector to target
cell ratios. After 4 h, the supernatant was collected and
counts per minute were determined (Packard, Dreieich,
Germany). Each experiment was performed in triplicate
and the mean value was calculated. Maximum release
was obtained by incubating the target cells with 0.1%
Igepal (anionic detergent from Sigma). Target cells
without effector cells served as a negative control
(spontaneous release). The ratio between maximal and
spontaneous release was in general >5. Cytotoxicity
calculations were performed using the following for-
mula:

Flow cytometry

Cells were incubated with the respective antibodies on ice
for 15 min and were then washed with PBS / 1% BSA
(phosphate-buffered saline [PBS] from PAA, Cölbe,
Germany; bovine serum albumin [BSA] from Sigma).
Tricolor flow cytometric analysis was performed using a
Coulter Epics XL Cytometer (Coulter-Immunotech,
Krefeld,Germany).Datawere collected from 30,000 cells
and analyzed. CIK cells were phenotyped with the fol-
lowingmonoclonalmarkers: CD4,CD25, andCD152 (all
from Pharmingen, Hamburg, Germany); negative con-
trols consisted of CIK cells labeled with mouse IgG.

Statistical analysis

Paired t-test and nonparametrical correlation (Spear-
man rho) tests were used to determine statistical signif-
icance or correlation, respectively (SPSS 11.0). A p value
of <0.05 was considered significant.

Results

In vitro generation of DCs and CIK cells

Dendritic cells showed typical cytoplasmic processes and
formed characteristic clusters after coculturing with
effector cells. The percentage of monocytes (CD14+

cells) declined during culture and DC cultures ex-
pressed—besides HLA-DR, CD40, and CD86—the DC-
specific markers CMRF-44, CMRF-56, and CD83.

Cytokine-induced killer cells expressed CD3 and the
ab TCRs and were negative for CD16. Apart from
CD4+ and CD8+ cells, the population included up to
15% CD3+CD56+ cells at day +14. The percentage of
these double-positive cells increased significantly fol-
lowing further cultivation.

Enrichment of CD25+ cells using the MACS technique

Using MS columns for enrichment of CD25+ cells, we
obtained an enriched population with 80.2±3.6%
CD4+CD25+ cells and a negative fraction containing
5.4±0.0% CD4+CD25+ cells (Fig. 1).

Detection of CD4+CD25+ cells

Cytokine-induced killer cells from healthy donors were
stained daily during culture for CD4+CD25+ cells.
Only a few Treg cells could be detected on the day of
preparation and on day +1 (0.5±0.07%; i.e.,

1.6±0.15% of CD4+ cells). After stimulation with anti-
CD3 and IL-2 on day +1, the number of Treg cells
increased to 11.2±0.3% (40.3±0.85% of CD4+ cells).
Following further cultivation, the number continued to
increase until a maximum was reached on day +8
(35.5±8.4%, or 74.2±15.7% of CD4+ cells). Between
day +8 and day +14, the percentage stayed approxi-
mately at 30% (Fig. 1).

Cytokine-induced killer cells after coculture with DCs
showed a different pattern. Here, the number of Treg
cells decreased during culture. One day after coculture,
we already had a significant decrease compared with
CIK cells (19.0±1.2% vs 30.4±5.8%; p<0.01). On day
+14 of coculture, 1.3±0.9% of CD4+CD25+ cells
could be detected, compared with 29.8±6.5% for CIK
cells (p<0.001; Fig. 1).

The percentage of Treg cells in MACS-enriched
CD25+ cells decreased during coculture too. Starting
with a purity of 80%, the number declined during the
next days of cultivation to the level of CIK cells
(34.1±3.1% on day +14; Fig. 1).

Percent cytotoxicity

¼ Experimental release � spontaneous release of target cells

Maximal release � spontaneous release of target cells
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Interestingly, we observed an increase of Treg cells in
the CD25� fraction during coculture with DCs. Starting
coculture on day +8 with a remaining number of 5.4%
CD4+CD25+ cells, we detected 7.6±5.7% Treg cells at
day +14. This was more than we detected in cocultured
CIK cells.

Determination of IL-10 secretion

Interleukin 10 concentration in the supernatant was
determined each day of culture of CIK cells. During the
first 24 h of cultivation, only a small amount of IL-10
could be detected (11.8 ± 11.2 pg/ml/24 h/3·106 cells).
Analogous to the number of CD4+CD25+ cells, the

amount of IL-10 increased rapidly after stimulation with
IL-2 and anti-CD3 on day +1. Twenty-four hours later,
2,634 ± 81.6 pg/ml/24 h/3·106 cells were detectable in
the supernatant. After a maximum on day +3
(3,477 ± 415.6 pg/ml/24 h/3·106 cells), the IL-10 con-
centration decreased and was just 139.6 ± 3.1 pg/ml/
24 h/3·106 cells on day +14 (Fig. 2).

Similar to the number of Treg cells, we observed a
decrease in IL-10 secretion for cocultured CIK cells.
IL-10 concentration in media of cocultured CIK cells
was significantly lower than in CIK cells (p<0.01). On
day +14, we observed an IL-10 concentration near the
detection level of just 4.8 ± 4.3 pg/ml/24 h/3·106 cells.

Similar results as with the Treg cells were obtained
for IL-10 secretion of CD25+/� cells after coculture.

Fig. 2 Secretion of interleukin
10 by CIK cells. To generate
CIK cells, PBLs were
stimulated with anti-CD3 and
IL-2 on day +1 as described in
‘‘Materials and methods.’’
Some CIK cells were purified
on a MACS column on day +7
using CD25 beads. On day +8,
the cells were cocultured with
DCs. Supernatants were stored
frozen, and IL-10 concentration
was determined by ELISA.
Data are shown as mean ± SE
from at least three separate
experiments

Fig. 1 Percentage of regulatory
T cells during culture. CIK cells
with and without enrichment of
CD25+ cells were cultured over
2 weeks. At day +8, they were
cocultured with autologous
DCs. Expression of CD4 and
CD25 was analyzed daily by
flow cytometry. Data are shown
as mean ± SE from at least
three separate experiments
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CD25+–enriched cells produced high levels of IL-10
(1,789.6 ± 25.5 pg/ml/24 h/3·106 cells between day +8
and day +9), but the amount decreased during cocul-
ture (583.8 ± 262.5 pg/ml/24 h/3·106 cells on day
+14). The CD25� fraction showed a slow decrease in
IL-10 secretion during coculture. Starting with
208.6 ± 8.9 pg/ml/24 h/3·106 cells between day +8
and day +9, we were able to detect 68.2 ± 58.6 pg/ml/
24 h/3·106 cells on day +14 (Fig. 2). These levels were
almost higher than for CIK cells after coculture.

Cytotoxic activity of CIK cells

Cytokine-induced killer cells showed moderate cytotoxic
activity against DAN-G cells. Cytotoxicity increased
during culture (data not shown) and peaked at
24.4±7.0% on day +14 at an effector to target ratio of
40:1. Coculture of CIK cells with DCs resulted in an
increase in cytotoxic activity. On day +14, we observed
a cell lysis of 52.0±4.3% (all data for an effector to
target ratio of 40:1).

With regard to the cytotoxic activity of CD25+/�

cells, our results were similar to the other determined
parameters. CD25+–enriched cells on their own lysed
only a few cells (15.4±5.1%) and coculture could re-
verse that only marginally (17.9±4.6%). The negative
fraction showed moderate activity (24.9±2.8%), which
could be enhanced by coculture (35.9±4.9%; Fig. 3).

Suppression assays

Addition of freshly isolated CD25+ cells from 13-day-
old CIK cell culture to CIK cells cocultured with DCs

(coCIK) resulted in a decrease of proliferation. This
phenomenon was dose-dependent (Fig. 4A). The de-
crease in proliferation was distinct in pure CD25+ cell
cultures. CIK cells without coculture showed, due to the
presence of CD25+ cells, a proliferation index similar to
coCIK after addition of CD25+ cells in a ratio of 10:1.

We tested these cultures also in cytotoxicity assays.
Again, we found a suppressive effect after addition of
CD25+ cells. CoCIK lysed at 48.0±0.7% an effector to
target ratio of 40:1; the addition of CD25+ cells
diminished this to 10–17% (Fig. 4B).

Correlation between the parameters

We tested the time course of CD4+CD25+ expression,
IL-10 secretion, and cytotoxic activity (defined as lytic
units) for correlation. Surprisingly, only IL-10 secretion
and cytotoxic activity of CIK cells correlated negatively
in a significant way (Pearson coefficient �0.601, with
p=0.023). Cytotoxic activity and CD4+CD25+

expression correlated positively with a Pearson coeffi-
cient of 0.606 and p=0.022. Parameters determined for
cocultured CIK cells showed no significant correlation
(Table 1).

Analysis of samples from patients with pancreatic
carcinoma

In contrast to what we could do with the peripheral
blood lymphocytes from healthy donors, we were able to
detect lymphocytes with a regulatory expression profile
in PBLs from patients with pancreatic carcinoma with-
out any stimulation. We characterized these cells further
by staining with CD152. Analogous to lymphocytes

Fig. 3 Cytotoxic activity of
CIK cells against pancreatic
carcinoma cells after coculture
with DCs. CIK cells or CD25+/

� cells were cocultured with
autologous DC cultures from
days +8 to +14. Cytotoxic
activity at various effector to
target cell ratios was measured
by chromium-release assay.
DAN-G cells were used as
target cells. Results show data
from at least three separate
experiments. Data are shown as
mean ± SE
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from healthy donors, we observed an increase in the
number of Treg cells on day +7 and day +14 of culture
with the CIK treatment scheme and a decrease after
coculture (Table 2).

Interleukin 10 concentration was determined in sera
and in the supernatant of media on day +7 and day
+14 of culture of CIK cells. The amount of IL-10 in-
creased during culture. Coculture with DCs decreased
the IL-10 concentration in the supernatant. Interest-
ingly, the serum of one patient had a high IL-10 con-
centration of 82.1 pg/ml to start with, and the
concentration increased rapidly after stimulation
(1,609 pg/ml on day +7). Furthermore, this patient
showed the highest percentage of Treg cells, and her

CIK cells had no cytotoxic activity against tumor cells.
This patient was the only one who had a papillary
mucinous carcinoma; all others had ductal adenocarci-
noma of the pancreas.

Cytokine-induced killer cells from patients showed
only a little cytotoxic activity against DAN-G cells.
Coculture of CIK cells with DCs led to an increase of
cytotoxic activity (Table 2).

Discussion

Adoptive transfer of activated T cells circumvents the
problem of generating an immune response in an

Fig. 4A, B Suppressive
properties of CD25+ cells.
PBMCs from healthy donors
were used for CIK and DC
generation. CD25+ cells were
enriched by MACS technique
on day +13. CIK cells were
mixed with CD25+ cells in
different ratios on day +14
immediately before further
analysis. A Proliferation index
was determined in a
nonradioactive assay and
calculated by setting the
proliferation of CIK cells after
coculture with DC cells to ‘‘1.’’
B Cytotoxic activity was
measured by chromium-release
assay. DAN-G cells were used
as target cells. Results show
data at an effector to target
ratio of 40:1 from at least three
separate experiments. Data are
shown as mean ± SE

Table 1 Testing for correlation of parameters during time course (Spearman rho). For comparing the data, we determined cytotoxic
activity of CIK cells on every day of culture and calculated lytic units (data not shown). Lytic units, IL-10 concentration, and percentage
of CD4+CD25+ cells during culture were analyzed

IL-10 secretion Lytic units IL-10 secretion after
coculture

Lytic units after
coculture

Correlation P Value Correlation P Value Correlation P Value Correlation P Value

CD4+CD25+ cells 0.051 0.864 0.468 0.091
IL-10 secretion �0.525 0.044
CD4+CD25+ cells after coculture 0.771 0.072 �0.714 0.111
IL-10 secretion after coculture �0.829 0.042
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immunosuppressive tumor milieu and could therefore be
an option for immunotherapeutical approaches. Differ-
ent strategies with various types of effector cells were
tested in the past in animal and clinical trials. Dudley
et al. [6], for example, used highly antigen-specific
autologous T cells in patients with metastatic melanoma
and obtained very promising results. However, they
employed a highly demanding protocol. CIK cells on the
other hand are non-MHC restrictive, they have a high
cytotoxic capacity as shown in different tumor models,
and it is easy to generate them in large numbers [24–26].

Anticancer immunotherapy requires not only potent
methods of T-cell activation, but also successful inter-
ference with the mechanisms of immune tolerance. Over
the last few years, many groups have focused on the
immunosuppressive potential of regulatory T cells and
shown that Treg cells are potent inhibitors of an anti-
tumor immune response [2, 3, 20]. The increase in Treg
cells in the peripheral blood of cancer patients was
shown for several tumor entities [12, 31].

Dendritic cells as the most professional antigen-pre-
senting cells were investigated worldwide during the last
decade, and at the moment, we can not imagine cancer
immunotherapy without them. Using antigen-loaded
DCs can direct the immune system to a specific response;
but a very important issue is their status of activation,
because only fully matured DCs induce activation while
immature DCs are responsible for tolerance and induc-
tion of Treg cells [14, 19].

Here, we analyzed CIK cells, with and without co-
culture with DCs, to investigate Treg features. We ob-
served a strong induction of Treg cells after unspecific
stimulation of the TCR complex by anti-CD3 antibody.
This is not surprising, since the development of Treg
cells in the periphery is thought to be triggered by low-
affinity antigen or altered TCR signal transduction [3].
These CIK-Treg could be purified by MACS enrichment
of CD25+ cells. Coculture of CIK cells, with or without
enrichment with DCs, reduces the number and function
of Treg cells significantly. Interestingly, CD25� cells
acquired increasing regulatory functions following pro-
longed culture, even in coculture with DCs; a phenom-
enon that we cannot explain.

Regulatory T cells are described as cells that secrete
or induce secretion of IL-10. Therefore, we analyzed the

IL-10 pattern during culture. We observed a massive
release of IL-10 after unspecific TCR stimulation. Al-
though there was no significant correlation, the time
course of IL-10 concentration in medium for CIK cells
with or without enrichment and with or without cocul-
ture with DCs was generally similar to the time course of
CD4+CD25+ cells.

Since we are interested in antitumor effects, we tested
the cells for their potential to lyse pancreatic carcinoma
cells. Only CIK cells that had been cultured for more
than 8 days showed relevant cytotoxic activity (data not
shown). As is known, CIK cells cocultured with DCs are
more cytotoxic than CIK cells without coculture. The
lytic activity of CIK cells correlates significantly with the
IL-10 concentration in a negative way. The number of
Treg cells correlated significantly with the lytic capacity,
but in a positive way. We therefore conclude that IL-10
is a better marker for suppression of cytotoxic activity
than CD4+CD25+ expression. One reason for this
could be that the unspecific TCR activation induces only
a dim expression of CD25. Only cells derived from
CD4+CD25+ cells after unspecific T-cell activation are
described to express CD25 at a high level, whereas
CD4+CD25+ cells derived from CD4+CD25� cells are
known to express CD25 at an intermediate level [3, 20].
Since we started with a CD4+CD25� population, the
majority of cells had a dim expression, and we were
therefore not able to demonstrate a correlation of Treg
and cytotoxicity. However, we observed the effect of
functional Treg by measuring IL-10 secretion.

After studying the in vitro system, we applied it to
cells from patients with pancreatic carcinoma. In gen-
eral, we observed the same effects regarding number of
Treg cells during culture, IL-10 secretion, and cyto-
toxicity as we did with cells from healthy donors, ex-
cept for one difference: Contrary to our previous data
from healthy donors, we found cells with a regulatory
profile in naı̈ve peripheral blood lymphocytes. This is in
accordance with data from Liyanage et al. [12] who
reported a higher prevalence of Treg cells in patients
with pancreatic carcinoma than in normal individuals.
However, this is to say that we observed lower levels in
healthy donors (1.6% of CD4+ cells) than other
groups have reported (between 2.8 and 17.2%). [5, 12,
31]. This may be due to a more or less restrictive set-

Table 2 Analysis of samples from patients with pancreatic carci-
noma for regulatory T cells, IL-10 secretion, and cytotoxic activity.
PBLs from patients with pancreatic carcinoma were analyzed for
CD4+CD25+CD152+ expression. PBMCs were used for CIK cell
and DC generation. CIK ± coculture with DCs were analyzed by

flow cytometry and in cytotoxicity assays against DAN-G cells.
Sera from patients and media supernatant during culture were
analyzed for IL-10 concentration. Results show data for six pa-
tients ± SD

Percentage of CD4+CD25+

cells (CD4+CD25+

from CD4+ cells)

Percentage of CD4+CD25+

CD152+ cells (CD4+CD25+

CD152+ from CD4+ cells)

IL-10 secretion,
pg/ml/3·106 cells/24 h

Percentage lysis of
tumor cells, E/T ratio 40:1

Day 0 3.6±1.8 (9.0±5.1) 1.8±1.1 (4.2±2.2) 16.3±27.3 0.0
Day +7 22.3±13.8 (50.0±19.7) 7.5±3.7 (17.2±9.0) 641.1±430.5 0.0
Day +14 30.9±5.7 (58.7±18.8) 15.7±6.2 (35.9±34.8) 519.5±232.1 7.1±2.1
Day +14 after
coculture with DCs

2.2±1.5 (7.0±2.8) 1.6±1.0 (2.8±1.9) 13.6±12.0 32.9±8.0
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ting of regions in flow cytometry, since CD25 in heal-
thy donors has almost a low mean expression and
differences between positive and negative populations
are not distinct.

To ensure we were detecting Treg cells, on patients’
cells we determined additionally the expression of
CD152 (CTLA-4) on CD4+CD25+ cells. On average,
48% of CD4+CD25+ cells showed this constitutively
expressed molecule which is well known for its immu-
nosuppressive properties. Blockage of CTLA-4 by anti-
body has been shown to improve vaccination protocols
for cancer [9].

We had one patient with a papillary mucinous cancer
of the pancreatic head who showed initially high num-
bers of CD4+CD25+CD152+ cells (3.9% from PBLs,
or 8.4% from CD4+ cells) and an elevated IL-10 level in
the serum (82 pg/ml). In this patient, we were not able to
reduce Treg or IL-10 secretion, and only a little cyto-
toxicity could be induced. We therefore hypothesize that
patients with massive mucine secretion may have a very
poor prognosis similar to mucin-producing colon can-
cers [31]. Further studies are under way to support this
anecdotal experience.

Interactions between DCs and CIK cells have been
described to lead to an activation of both populations [18].
Furthermore, Pasare et al. [21] reported that DCs could
block suppressor activity of Treg by secretion of IL-6,
which was induced by toll-like receptors upon recognition
of microbial products. Here, we showed that interactions
between CIK cells and DCs are sufficient for blockage of
regulatory properties even in the absence of TLR activa-
tion. Obviously, antigen-pulsed DCs could be used addi-
tionally to induce a specific antitumor response.

In conclusion, we detected some regulatory features
in our established effector cells that were induced by
unspecific TCR activation. This could be prevented by
coculture with DCs. This was shown in five out of six
cases for Treg cells found in the blood of patients with
pancreatic carcinoma, too. CIK cells have good prop-
erties for immunotherapeutical approaches, especially
after coculture with DCs.
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Abstract: Peptide presentation by HLA class I and II antigens regulates

specific antigen recognition by T cells. The present study aimed to investigate

T cell infiltration and its relation to HLA antigen expression in pancreatic

neuroendocrine tumors. Fresh tissue samples were collected from five

insulinomas and six other neuroendocrine tumors (one gastrinoma, one

glucagonoma, two carcinoid, and two neuroendocrine carcinomas). Normal

pancreatic and splenic tissue samples were used as controls. Investigation of

infiltrating lymphocyte populations, as well as staining of HLA class I and II

antigens, were performed by standard immunohistochemistry. The majority

of investigated tumors demonstrated an intratumoral infiltration by CD3þ,

CD4þ and CD8þ T cells that was significantly higher than in normal

pancreatic islets. Only a minority of tumor-infiltrating T cells showed the

CD45ROþ phenotype. The expression of HLA class I antigen was altered in 10

of 11 tumors. A loss of beta�2microglobulin represented the most frequent

type of alteration to HLA class I expression, although the total loss of HLA

class I was found in only one case of neuroendocrine carcinoma. HLA class II

molecules were expressed by endothelial and lymphoid cells and not by tumor

cells. In conclusion most neuroendocrine pancreatic tumors induce a T cell

mediated immune response resulting in an intratumoral infiltration with

CD3þ, CD4þ and CD8þ T cells. Loss of beta-2microglobulin is a frequent

alteration in these tumors, which may influence the normal function of the

HLA class I antigen complex. In contrast to malignant tumors of the exocrine

pancreas, expression of HLA class II was absent in neuendocrine pancreatic

tumor cells.

The major histocompatibility complex (MHC) or the human leukocyte

antigen (HLA) in humans is a polymorphic cell surface complex that

is involved in specific antigen recognition by T cells and rejection of

foreign cells (1). The role of MHC antigens in the induction of an

immune response or immune tolerance is crucial because T cells

can recognize cell-bound antigens (peptides) only in association

with the MHC complex. Two classes of MHC, class I and class II,

act as guidance for T cells. Endogeneously-derived peptides from
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cytosolic proteins are bound by MHC class I antigen. MHC class I

antigen represents a binding site for the TCR/CD8 membrane

receptor of cytotoxic T cells (2), which discriminate between non-

self and self peptides and selectively destroy cells if these peptides

are recognized as foreign. The molecules of MHC class II complex

bind mainly exogeneous peptides (1) and present them for recogni-

tion by T helper cells. MHC class II molecules interact directly with

CD4 membrane receptors and activate the costimulatory function of

these cells (3). The complex interaction between T cells and both

classes of MHC antigens maintains the immunologic integrity of

single cells and protects the organism from neoplastic and virus-

infected cells.

The expression of HLA class I and II antigens in normal tissue and

in most malignant tumors have been characterized previously (4–6).

HLA class I molecules are expressed in virtually all nucleated cells

whereas HLA class II gene expression is confined to few mature cell

types of non-epithelial origin, such as the cells of the immune system

(7). However, malignant transformation is frequently associated with

HLA class II antigen expression by tumor cells, which has the

potential to be recognized by T cells. Therefore, any perturbation in

the expression of HLA may profoundly affect the antitumor activity

of the host immune system. There is extensive evidence that experi-

mental and human tumor cells can have reduced or lost HLA class I

antigen expression. These altered HLA class I phenotypes represent

a major mechanism that helps tumor cells to escape T cell-mediated

immune response (8). The role of altered HLA class II antigen

expression is more complex than class I expression because its

biological relevance is only partially understood. Several tumor

types, such as melanoma (9), breast (10) and gastric cancer (11),

have been shown to express HLA class II antigen in contrast to

normal tissue of primary origin. In contrast, colon cancer is charac-

terized by a reduction of HLA class II antigen compared to high

expression in normal colonic epithelium (12).

Previous investigations have studied the expression of HLA class I

and II antigens (13, 14) and the T cell immune response (15) in

pancreatic cancer. Several immunological mechanisms were sug-

gested, such as the loss of HLA class I haplotype by malignant

tumor cells and the ‘trapping’ of cytotoxic T cells in the surrounding

tumor tissue, which can help the tumor to escape an effective immune

response. In contrast to pancreatic cancer, the expression of HLA

molecules and the T cell-mediated response in pancreatic tumors of

neuroendocrine origin are largely unknown. In the present study, we

investigated these aspects and demonstrate that neuroendocrine

tumors of the pancreas are characterized by a distinct T cell infiltra-

tion which contrasts to normal endocrine tissue and by a higher

expression of HLA class I molecules compared to tumors originating

from exocrine pancreas.

Materials and methods

Patients and tissue samples

Patients admitted to the study were undergoing surgery at the

Department of Surgery of the University of Heidelberg. Fresh tissue

samples were collected from five insulinomas and five other neuro-

endocrine tumors (one gastrinoma, one glucagonoma, two carcinoid,

and two neuroendocrine carcinomas). Eight samples of non-malignant

pancreas were collected from the patients with pancreatic tumors,

these samples being obtained 5–10 cm away from the tumor. Two

splenic tissue samples were used as a control. The tissue samples

were immediately frozen and stored in liquid nitrogen. The clinical

information on operated patients was prospectively documented for

further statistical analysis.

Immunohistochemical staining

Sections of 5 mm were cut, air-dried and fixed in acetone. The slides

were stored at �20�C until further use. The sections were stained by

indirect three-step immunohistochemistry using the LSAB-kit (Dako,

Hamburg, Germany) and counterstained using Mayer’s acid hemalum

(Fluka, Steinheim, Germany). The following clones of purified

monoclonal antibodies were used: W6/32 (monomorphic epitope of

HLA class I antigen), 108–2C5, CATA-1, JOAN-1 (all for polymorphic

epitopes of HLA class I antigen), 246-E8.E7 (beta2-microglobulin),

CR3/43 (HLA-DP, DQ DR), UCHT1 (anti-CD3, T cells), MT310 (anti-

CD4), DK25 (anti-CD8), UCHC-1 (anti-CD45RO), ACT-1 (anti-CD25),

MOC1 (anti-CD56, NK-cells), HB15e (anti-CD83, dendritic cells).

The clones 108–2C5, JOAN-1 and 246-E8.E7 were obtained from

NeoMarkers (Fremont, USA), the clone HB15e was obtained from

Pharmingen (San Diego, USA). All other antibodies were purchased

from Dako GmbH. The extent of expression by tumor cells was

investigated using a scale as described by Ramal et al. (16):

negative¼<25%; heterogeneous¼ 20–80%; positive¼>80% of

tumor cells.

Quantitative analysis of all immunohistochemical stainings was

performed by computer-assisted image analysis. For this, the micro-

scopic fields were randomly chosen using a light microscope (Leica

DMRB, Leica GmbH, Wetzlar, Germany), digitalized by a color video

camera (CF 20/4DX, Kappa GmbH, Gleichen, Germany) and the

histological images saved on a computer. All measurements were

performed using special software (Histo, Department of Experimen-

tal Surgery, University of Heidelberg, Heidelberg, Germany).

For the measurement of lymphocyte density, three or four fields

from every tumor specimen and exocrine tissue (field surface

0.12mm2) were randomly chosen under high magnification (�250).
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The lymphocyte density in pancreatic islets was measured in four

islets of every non-malignant pancreas. The positively stained

lymphocytes were counted and expressed per 1mm2 of tumor surface.

Lymphocyte density that was less than 50 cells/mm2 (maximal value

in normal islets) was identified as low infiltration. Lymphocyte

density that was higher than 50 cells/mm2 was determined as mod-

erate infiltration.

Statistical analysis

All data are given as mean� SEM. Two-sided Fisher’s exact test was

used to compare the differences between the groups. A P-value< 0.05

was considered significant.

Results

Infiltration by T cells

Single or no infiltrating lymphocytes were found in individual pan-

creatic islets. There was no uniform pattern for lymphocyte infiltra-

tion in neuroendocrine pancreatic tumors. Most neuroendocrine

tumors, except three tumors, (Fig. 1) were moderately infiltrated

with CD3þ, CD4þ and CD8þT cells. In these tumors, infiltrating

lymphocytes were localized in the stroma of tumors and homoge-

neously distributed throughout the tumor tissue. One of five insu-

linomas and the glucagonoma, were marked by a moderate

peritumoral infiltration (Table 1), whereas few T cells were detected

intratumorally. The mean infiltration by CD3þ, CD4þ and CD8þT

cells in both insulinomas and other neuroendocrine tumors was

significantly higher than in normal pancreatic islets (P< 0.01; Fish-

er’s exact test) (Figs. 1 and 2). The number of CD45ROþ T cells

(13� 9 cells/mm2 in insulinoma, 20� 17 cells/mm2 in other neuroen-

docrine tumors) was considerably lower than the number of CD8þ

lymphocytes (89� 33 cells/mm2 in insulinoma, 67� 46 cells/mm2 in

other neuroendocrine tumors). Limited numbers of CD83þ dendritic

cells were found in all tumors, whereas only single or no CD56þ and

CD25þ cells infiltrated the tumor tissue. There were no significant

differences in T cell subpopulations between insulinoma and other

neuroendocrine tumors (P> 0.05; Fisher’s exact test) (Fig. 1).

Expression of HLA class I antigen

Expression of HLA class I in non-malignant and neuroendocrine

pancreatic tumor tissue was investigated using antibodies against

the monomorphic and polymorphic determinants of this molecule as

well as against the beta-2microglobulin. The splenic tissue used as a

control showed a high level of HLA class I antigen expression by all

cell types except vascular smooth muscle cells. Non-malignant pan-

creas demonstrated heterogeneous HLA class I antigen expression.

Ductal, endothelial and endocrine cells showed an abundantly posi-

tive expression of HLA class I antigen, whereas exocrine tissue did

not express this molecular complex.

The alteration of HLA class I expression has been found in 10 from

11 tumor samples. In particular, the expression of monomorphic

epitope of HLA class I antigen was completely lost in one case of

neuroendocrine carcinoma only and was reduced in one insulinoma,

as well as in gastrinoma (Table 1). Interestingly, the expression of

beta-2microglobulin was altered in all insulinomas, in gastrinoma,

Fig. 1. Lymphocyte density of CD3þ, CD4þ and

CD8þ cells in normal pancreatic islets (open square),

insulinoma (grey square) and other neuroendocrine

tumors (gastrinoma, carcinoid, neuro-endocrine

carcinoma) (solid square): (*indicates significant

differences compared to normal pancreatic islets;

bars indicate mean� SEM).
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glucagonoma and in one carcinoid (Table 1, Fig. 3). The loss of one

from three investigated polymorphic epitopes of HLA class I antigen

was found in three insulinomas and in one neuroendocrine carci-

noma. Low infiltration by cytotoxic T cells was not associated with

any specific alterations of HLA class I expression (Table 1).

Expression of HLA class II antigen

HLA class II molecules were expressed by endothelial cells and in

part by lymphoid cells in all normal and malignant tissues investi-

gated in the study. In contrast to some other solid tumor types, the

cells of neuroendocrine pancreatic tumors did not express the HLA

class II molecular complex.

Discussion

The present study is the first report which has investigated T cell

infiltration and expression of HLA class I and II antigens in neuro-

endocrine tumors of the pancreas. Insulinoma represents the most

Association between lymphocyte infiltration and expression of HLA class I antigens in normal pancreatic islets and neuroendocrine tumor of the pancreas

T cell infiltration HLA class I (W6/32) beta-2microglobulin

Normal islets (n¼11) low þ þ

Insulinoma (n¼5) moderate (n¼4) þ (n¼4) � (n¼3)

low (n¼1) � (n¼1) � (n¼2)

Gastrinoma (n¼1) moderate � �

Glucagonoma (n¼1) low þ �

Carcinoid (n¼2) moderate þ þ (n¼1)

� (n¼1)

Neuroendocrine carcinoma (n¼2) low (n¼2) þ (n¼1) þ (n¼1)

� (n¼1) � (n¼1)

–¼ total loss

þ/–¼ heterogeneous expression

þ¼positive expression

Table 1

A B

C D

Fig. 2. Immunohistochemical staining of lymphocyte

infiltration by CD8þ T cells in normal pancreatic islets

(A), insulinoma (B), gastrinoma (C) and neuroendocrine

carcinoma (D); (bar 50mm).
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frequent type of neuroendocrine tumors of the pancreas (17). We

demonstrated that insulinomas are characterized by moderate intra-

tumoral infiltration with T cells that were mainly localized in the

tumor stroma. The extent of this infiltration was significantly higher

in insulinoma than in normal exocrine tissue and in normal islets.

Other types of neuroendocrine pancreatic tumors such as gastrinoma

and carcinoid showed a comparable degree of T cell infiltration

compared to insulinoma. Although most neuroendocrine tumors

were moderately infiltrated with CD8þ T cells, the state of lympho-

cyte activation was low as indicated by the low fraction of CD45ROþ

memory cells as well as by the absence of CD25þ lymphocytes. The

T cell immune response in neuroendocrine pancreatic tumors differs

from that in pancreatic cancer as previously described by von

Bernstorff et al. (15). While our study demonstrated a moderate

intratumoral lymphocyte infiltration in most neuroendocrine tumors,

pancreatic cancer was characterized by heterogeneous patterns of

A B

C D

E F

G H

Fig. 3. Immunohistochemical staining of HLA class

I antigen by W6/32 (left column) and antibeta-

2microglobulin antibodies (right column) in insulinoma

(A-B), gastrinoma (C-D), glucagonoma (E-F) and

neuroendocrine carcinoma (G-H). Note positive

staining of normal and tumor cells by W632 and

loss of beta-2microglobulin expression in tumor cells;

arrow-connected pictures are shown for identical

samples (bar 50mm).
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lymphocyte infiltration with cytotoxic lymphocytes not reaching

pancreatic cancer cells in sufficient number and being trapped in

the peritumoral tissue (15).

The alteration of HLA class I antigen is a hallmark of most solid

tumors (16) that has been classified into four phenotypes (8): total

loss, haplotype loss, loss of loci and allelic loss. Previous investiga-

tions demonstrated that most solid tumors such as colorectal (18, 19),

breast (20), cervical (21), head and neck carcinoma (22) and melanoma

(23) show a high rate of alterations of this important molecular

complex. Total and locus losses of HLA class I antigen have pre-

viously been shown to represent a frequent event in pancreatic

carcinoma (13, 14). The prevalence of HLA class I antigen loss has

been found to be comparable to that observed in other types of solid

tumors (>35%) (13). In accordance with these investigations, our

study demonstrated that HLA class I antigen expression was altered

in 10 of 11 neuroendocrine pancreatic tumors. The loss of beta-

2microglobulin expression represented the most frequent alteration

of HLA class I complex. Several studies demonstrated previously

that the loss of beta-2microglobulin is accompanied by the loss of

heavy chain of HLA class I in solid tumors such as melanoma (9) and

colorectal (19) cancer. However, other investigations showed that the

alteration of beta-2microglobulin can occur independently from the

loss of heavy chain of HLA class I antigen (24). We believe that the

loss or reduction of HLA class I antigen by tumor cells can change

the normal antigen presentation and affect the induction of T cell

immune response in pancreatic neuroendocrine tumors.

Autologous dendritic cells pulsed with tumor antigens represent a

promising tool for the immunotherapy of malignant tumors as shown

in the therapy of metastatic renal cell carcinoma (25). Recently,

successful vaccination with tumor cell lysate-pulsed dendritic cells

in patients with neuroendocrine carcinoma of the pancreas was

reported (26). This approach is based on the induction of tumor-

specific cytotoxic cells, and intact expression of HLA class I antigen

on malignant cells is necessary to achieve a high efficacy with this

therapy. As shown in the present study, the expression of HLA class

I antigen can be markedly altered in neuroendocrine carcinoma

which could represent a serious obstacle for development of specific

immunotherapeutic approaches. Patient selection with positive

expression of HLA class I antigen on tumor cells is necessary for

an effective T cell-based tumor-specific immunotherapy.

Another important part of this study was the investigation of HLA

class II in neuroendocrine tumors of the pancreas. This molecule is

expressed by endothelial and lymphoid cells. In contrast to pancre-

atic ductal carcinoma (14) and many other malignant tumors (27),

where tumors cells demonstrated a positive expression of HLA class

II antigen, there was no expression of this molecular complex by

neuroendocrine tumor cells. The increase of HLA class II antigen

expression in malignant tumors may change the immune response

against the cancer cells considerably (27). The favorable prognostic

significance of positive expression of HLA class II antigen has been

shown in most solid malignant tumors such as esophageal (28),

gastric (11), breast (10) and non-small lung carcinoma (29), whereas

HLA-DR antigen expression in malignant melanoma was associated

with an unfavorable prognosis (9). In contrast to the previously

studied tumors, this molecular complex in neuroendocrine tumors

of the pancreas is not expressed.

In summary, we investigated T cell infiltration and expression of

HLA class I and II antigens in neuroendocrine tumors of the pan-

creas. We showed that these tumors induced a cellular immune

response which resulted in a moderate intratumoral infiltration by

CD3þ, CD4þ and CD8þ T cells. HLA class I antigen expression was

lost or reduced in the majority of these tumors while the loss of beta-

2microglobulin represented the most frequent alteration in HLA class

I phenotype. HLA class II antigen seems not to contribute to the

tumor biology of neuroendocrine tumors of the pancreas because of

absence of expression in all investigated tumors.
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Abstract

AIM: There are conflicting data about p53 function on cellular
sensitivity to the cytotoxic action of 5-fluorouracil (5-FU).
Therefore the objective of this study was to determine the
combined effects of adenovirus-mediated wild-type (wt) p53
gene transfer and 5-FU chemotherapy on pancreatic cancer
cells with different p53 gene status.

METHODS: Human pancreatic cancer cell lines Capan-1p53mut,
Capan-2p53wt, FAMPACp53mut, PANC1p53mut, and rat pancreatic
cancer cell lines ASp53wt and DSL6Ap53null were used for in vitro

studies. Following infection with different ratios of Ad-
p53-particles (MOI) in combination with 5-FU, proliferation
of tumor cells and apoptosis were quantified by cell
proliferation assay (WST-1) and FACS (PI-staining). In
addition, DSL6A syngeneic pancreatic tumor cells were
inoculated subcutaneously in to Lewis rats for in vivo studies.
Tumor size, apoptosis (TUNEL) and survival were determined.

RESULTS: Ad-p53 gene transfer combined with 5-FU
significantly inhibited tumor cell proliferation and
substantially enhanced apoptosis in all four cell lines with
an alteration in the p53 gene compared to those two cell
lines containing wt-p53. In vivo experiments showed the
most effective tumor regression in animals treated with
Ad-p53 plus 5-FU. Both in vitro and in vivo analyses revealed
that a sublethal dose of Ad-p53 augmented the apoptotic
response induced by 5-FU.

CONCLUSION: Our results suggest that Ad-p53 may
synergistically enhance 5-FU-chemosensitivity most strikingly
in pancreatic cancer cells lacking p53 function. These findings
illustrate that the anticancer efficacy of this combination
treatment is dependent on the p53 gene status of the target
tumor cells.

Eisold S, Linnebacher M, Ryschich E, Antolovic D, Hinz U, Klar E,
Schmidt J. The effect of adenovirus expressing wild-type
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INTRODUCTION
Pancreatic cancer is a very aggressive tumor with a poor prognosis.
Unfortunately, the majority of the patients are diagnosed at an
advanced disease status and are not suitable for potentially
curative resection. Intrinsic limitations of chemotherapy are
the endogenous or acquired resistance of tumor cells to anti-
cancer drugs and their toxicity to normal tissues, the latter being
responsible for the occurrence of severe side effects. For these
reasons, new approaches for the treatment of pancreatic cancer
patients have to be developed.
      The p53 tumor suppressor gene is functionally inactivated
in about 50% of all human malignancies including up to 60% of
pancreatic cancers[1]. The tumor suppressor activity of p53 is
mainly mediated through its ability to induce cell growth arrest
or apoptosis in response to a variety of stress signals, whereas
a lack of functional p53 usually leads to increased genomic
instability, deregulated cell proliferation, accelerated tumor
progression, and elevated cellular resistance to anticancer
therapy[2]. Expression of wt- p53 has been shown to be required
for 5-FU- induced apoptosis and to greatly potentiate 5-FU-
cytotoxicity[3,4]. Several reports have suggested that the p53
status of the tumor cells may be an important response determinant
to 5-FU- based chemotherapy[5,6]. In contrast, other studies
have failed to demonstrate any relationship between p53 expression
and 5-FU chemotherapy[7,8]. Gene therapy by adenovirus mediated
introduction of the wild-type human p53 gene into tumors
that are deficient in functional p53 has shown a significant
tumor suppressing effect in preclinical studies and in clinical
trials[9-13]. Furthermore, these tumor suppressing activities of
p53 reintroduction have been reported to be enhanced by
combination with many chemotherapeutic drugs or ionizing
radiation in various human tumors[14,15]. However, the influence
of the de novo expressed exogenous p53 on cellular sensitivity
toward DNA-damaging agents is still not clear[16-19].
       The goal of the present study was to determine in vitro and
in vivo, whether reintroduction of wt-p53 protein into pancreatic
cancer cells could increase the sensitivity to 5-FU chemotherapy.
Therefore, we tested pancreatic cancer cells with different p53
status. Our results demonstrate that wt-p53 gene transfer in
pancreatic cancer cells with loss of p53 function has a significant
impact on 5-FU-chemosensitivity leading to potential tumor
regression both in vitro and in a pancreatic cancer model of
immunocompetent rats.

MATERIALS AND METHODS
Cell lines and culture conditions
The human pancreatic cancer cell lines, Capan-1, Capan-2,
PANC1 were provided by the Tumorbank, DKFZ, Heidelberg,
Germany. FAMPAC was established in our laboratory from a
43 year old female with familial pancreatic cancer[20]. The rodent
pancreatic cancer cell lines, AS (BSp73AS) and DSL6A, were
originally derived from a spontaneous pancreatic adenocarcinoma
of a BDX rat[21] and from a primary pancreatic carcinoma of an
azaserine-treated Lewis rat[22] respectively. All cells were grown



in Dulbecco’s modified Eagle’s medium (DMEM; Gibco BRL)
supplemented with 100 mL/L heat inactivated fetal calf serum
(FCS, Gibco BRL), 100 units/mL penicillin, 100 µg/mL streptomycin
(Gibco BRL) and incubated at 37 in a humidified atmosphere
with 50 mL/L CO2.

Adenoviral vectors
The AdEasy system[23] was used for construction and propagation
of the human wt- p53 (Ad-p53) adenoviruses. The shuttle vector
pAdTrack-CMV and the adenoviral backbone plasmid
pAdEasy-1 were kindly provided by Bert Vogelstein (Howard
Hughes Medical Institute and Kimmel Cancer Center at Johns
Hopkins University, Baltimore, MD 21 231). The cDNA coding
for human p53 was a gift from Martin Scheffner (ATV, DKFZ,
69120 Heidelberg, Germany). The control adenoviral vector
expressing cytosine deaminase (Ad-CD) was kindly provided
by Zhuangwu Li (NIH/NCI Bldg.10/Rm. 12N226, 9000
Rockville Pike, Bethesda, MD 20 892) and the AdlacZ vector
was a gift from Petra Klein-Bauerschmitt (ATV, DKFZ, 69120
Heidelberg, Germany). Recombinant adenoviruses were
propagated in 293 cells, harvested, aliquoted and stored as
described[24]. Adenovirus titer in plaque-forming units (p.f.u.)
was determined by plaque formation assays on 293 cells. The
multiplicity of infection (MOI) was defined as the ratio of p.f.u.
per total number of cancer cells to be infected. Adenoviruses
were administered in phosphate buffer (20 mmol/L NaH2PO4,
pH 8.0, 130 mmol/L NaCl, 2 mmol/L MgCl2, 20 g/L sucrose).

βββββ-galactosidase expression
Pancreatic cancer cells were infected with AdlacZ in a variety
of MOI ranging from 1 to 100, in 1 mL of medium in 25-cm3 tissue
culture flasks under routine conditions. After 24 h infected cells
were fixed in 960 mL/L ethanol and stained with X-gal solution.
The percentage of positively blue stained cells was determined
by scoring five random high power fields per 25-cm3 flask.

Western blotting
The expression of p53 protein was assayed in all six pancreatic
cancer cell lines before and after Ad-p53- infection. Cells were
transduced with 102 MOI Ad-p53 and harvested at 24h. The
protein lysates were separated by electrophoresis on a 100 g/L
SDS/acrylamide gel and transferred to a PVDF membrane. The
membrane was blocked in 200 mL TTBS, 50 g/L skimmed milk,
1 g/L Tween-20 for 1 h, incubated with primary p53 DO7
antibody (DAKO, Cambridgeshire, UK) for 1 h. After washing
in TTBS the membrane was incubated with horseradish
peroxidase (HRP) conjugated anti-mouse IgG for 45 min. Signals
were detected using the enhanced chemiluminescence system
(ECL, Amersham Life Science Ltd, Bucks, UK).

WST-1 cell viability assay
Cells were seeded at a concentration of 5-10×103 cells/well in
100 µL culture medium into 96-well microtiter plates. After a 12 h
incubation period, cells were infected either with Ad-p53 in a
variety of MOIs (10-2-102) or treated as controls with Ad-CD.
After 24 h cells were washed with PBS and treatment with 5-
fluorouracil (5-FU, Medac, Hamburg, Germany) at the concentration
of 5µL/mL was started for a period of 48 h. All dilutions were
performed in culture medium. Cells were washed with PBS and
10 µL/well of the cell proliferation reagent WST-1 (Boehringer
Mannheim, Germany) was added in 100 µL cell culture medium
for 4 h. Absorbance of the samples was analysed using a
bichromatic ELISA reader at 450 nm and 690 nm. Relative
proliferation (A/Ao) was defined as the ratio of absorption
measured in Ad-p53- infected and/or 5-FU treated cells or Ad-
CD- infected cells (A) compared with the absorption measured
in untreated control cells (Ao). All experiments were performed
in triplicate.

FACS analysis
Cells were plated at a density of 105 per 25-cm3 flask and infected
with viral vectors at an MOI of 1 for 24 h. After 24 h cells were
washed with PBS and treatment with 5-fluorouracil (5-FU,
Medac, Hamburg, Germany) at the concentration of 5 µL/mL
was started for a period of 48 h. The cells were harvested and
washed with PBS. The apoptotic fraction of treated or untreated
cells was determined by FACS analysis (FACSCalibur, Becton
Dickinson) following permeabilisation and propidium iodide
(PI) staining of the cells. Briefly, 250 µL of PI staining solution
(1 g/L TritonX-100, 50 µg/mL PI in PBS, pH 7.4) was added to
5×105 cells and analysed within 1 h using the CellQuest software.
The proportion of apoptotic cells was calculated for each group:
mock infected, Ad-CD, 5-FU, Ad-p53 and Ad-p53+ 5FU. Cell
debris and fixation artefacts were excluded by appropriate gating.
All experiments were performed in triplicate.

Animal experiments
Male Lewis rats, purchased from Charles River WIGA Laboratories
(Sulzfeld, Germany), were kept in isolators and received food
and water ad libitum. Animal experiments were performed under
NIH and institutional guidelines established for the Animal
Care Facility at the University of Heidelberg. A total of 106 DSL6A
tumor cells were injected in 100 µL of PBS/animal subcutaneously
(sc.) into the abdominal wall of 4 wk-old rats. Eight weeks after
tumor cell inoculation, when the tumor nodules had an average
size of 8 mm×8 mm, the treatment as indicated was started and
repeated twice a week for 1 mo. 5-FU (5 mg/kg bm) was given intra-
peritoneally (ip.) and Ad-p53 or Ad-CD infections (108 infective
units) were injected intratumorly (it.). The animals were separated
by randomisation into 5 groups of 8 rats each namely mock
infected, Ad-CD (1×108 infectious particles it.), 5-fluorouracil
(5 mg/kg bm ip.), Ad-p53 (1×108 infectious particles it.) and Ad-
p53+5-FU. Tumor size (mm2) was determined by measuring the
largest and smallest diameter as tumor length (mm)×tumor width
(mm). When the tumor size reached >600 mm2, animals were
sacrificed. Tumor size and survival rate were documented weekly.

TUNEL assay
Tumor tissues were fixed in 40 g/L neutral formaldehyde or
snap frozen in liquid nitrogen and stored at -80 . Sections (5µm)
were stained with hematoxylin and eosin using standard
procedures. At least 6 representative tumors of each group of
treated or untreated animals were analysed for apoptosis.
Immunohistochemical detection and quantification of apoptosis
in formalin fixed tumor tissue sections were performed using
the ‘In situ cell death detection kit, AP’ (Roche Diagnostics,
Mannheim, Germany). The sections were stained and analysed
microscopically according to the manufacturer’s instructions.

Reverse transcriptase- PCR analysis
From snap frozen tumor tissue total RNA was extracted using
RNAzol (Cinna/Biotech, Friendswood, TX). cDNA was then
generated using the cDNA cycle kit for RT-PCR (Invitrogen, San
Diego, CA, USA). To assay expression of the p53 transgene from
Ad-p53 in infected tumors, the following primers were generated
to amplify a 294 bp product which is specific for Ad-p53: forward
primer: 5’ GGTGCATTGGAACGCGGA TT 3’, reverse primer: 5’
GGGGACAGAACGTTGTTTTC 3’. PCR was performed by an initial
heating step at 95  for 5 min, followed by 35 cycles at 95  for
1 min, at 58  for 1 min and at 72  for 1 min and a final extention
step at 72  for 5 min. The PCR products were separated on 1%
agarose gels and visualized by ethidium bromide staining and
UV light.

Statistical analysis
Statistical analysis was performed using SPSS software (Release
11.0.1, SPSS Inc.). The rate of cell viability and the rate of
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apoptotic cells were expressed as mean±SE and 95% confidence
interval. The 95% confidence intervals of the means were used
to analyse the rate of cell viability and the rate of apoptotic cells
between two groups of each cell line. Differences between means
without overlap of the confidence intervals were described as
statistically significant. Tumor size in rats was given as mean±SD.
Normal distribution of tumor size in different groups was judged
by the Shapiro-Wilk test. ANOVA was performed to analyse the
therapeutic effects after 4 cycles and at study end between the
groups with respect to tumor size. Two-sided P-values were
reported and an effect was considered statistically significant at
P< 0.05.

RESULTS
Adenovirus mediated gene transfer efficacy in pancreatic cancer
cells
The efficacy of Ad-p53 gene transfer into pancreatic cancer
cell lines was assessed as the percentage of X-gal stained positive
cells 24 h after infection with AdlacZ. There was a variation in
transduction efficacy as summarised in Table 1. An MOI of 50
resulted in 73-95% of cells stained blue in the tested cell lines.

Table 1  p53 status, transduction efficacy and IC50 value of 5-FU
in pancreatic cancer cell lines; mean±SD

      Cell line    p53 status      β-gal1%        5-FU-IC50

         value1 µg/mL

Human

     Capan-1     159 GCC GTC     92 (4.5)  8.25 (0.45)

     Capan-2      wild type      95 (7.2)  5.75 (0.55)

     FAMPAC   175 CGC CAT     82 (7.8)  8.00 (0.45)

     PANCL      273 CGT CAT     82 (7.8)  9.50 (0.75)

Murine rat

     AS      wild type      73 (5.3)  6.55 (0.45)

     DSL6A        Null      83 (6.2)  7.75 (0.55)

1β-gal was the percentage of X-gal positive cells 24 h after
AdlacZ infection at a multiplicity of infection of 50. 2IC50 val-
ues were defined for each cell line as the 5-FU concentration
leading to 50% growth inhibtion. Results are expressed as
mean±SD from three independent experiments.

p53 status and p53 protein expression after Ad-p53 infection in vitro
To determine the p53 status of the tested cell lines, we reviewed
the literature (Capan-125, Capan-225, PANC126) or analysed cell
samples (FAMPAC27) for mutations in exons 5-8 of p53. For the
rat pancreatic cancer cell lines, DSL6A and AS, the p53 status
was determined by PCR-SSCP analysis followed by direct
sequencing[28]. Despite repeated attempts, the DSL6A cell line
failed to give rise to amplified products for tested exons 5-8 of
p53, suggesting a homozygous deletion of the loci. All exons could
be amplified from normal control DNA of AS cells. The mutation
status of the pancreatic cancer cell lines is outlined in Table 1.
      The expression of p53 protein was confirmed by Western
blot analysis. The antibody used reacted with both wild type
and mutant p53. This was done to confirm the expression after
Ad-p53 infection and to establish the baseline protein
expression patterns. These in vitro experiments demonstrated
for all cell lines detectable amounts of p53 protein 24 h after
infection with Ad-p53 indicating an efficient translation. As
indicated in Figure 1  the quantity of p53 was increased following
infection with Adp53, with the exception of Capan-1 and
FAMPAC cell lines showing a strong baseline overexpression
of mutated p53.

Figure 1  Expression of p53 protein before (-) and after infec-
tion with Ad-p53 (+) in pancreatic cancer cell lines.

Effect of p53 gene transduction on in vitro pancreatic tumor
cell proliferation
To establish defined conditions for the in vitro experiments, all
six pancreatic cancer cell lines were transduced with different
multiplicity of infection (MOI = p.f.u./cell) of the Ad-p53 vector
in the range from 10-2 to 102. To test the effect of the p53 recombinant
adenoviruses on tumor cell growth, we assayed the cell viability
using a colorimetric cell proliferation test. Infection with the
control vector Ad-CD had no significant effect on cell growth
(data not shown). In contrast, we observed that Ad-p53 infection
dose dependently resulted in significantly decreased cell
viability. A significant inhibitory effect on tumor cell growth
was achieved at MOI ³ 1 in all tested cell lines with an alteration
of p53, whereas lower levels of Ad-p53 virus particles had no
effect. Capan-2 cells containing wt-p53, were less sensitive
and a similar inhibitory effect was only achieved with a higher
MOI of 10. The rat pancreatic cancer cell line, AS containing
wt-p53, revealed only a small effect on tumor growth (Figure 2).

Figure 2  Decreased in vitro growth rate in pancreatic cancer
cell lines 24 h after infection with Ad-p53. Data points repre-
sent means from 9 samples of viable cells in three indepen-
dent experiments; bars, SD.

Efficacy of combined Ad-p53 and 5-FU therapy on tumor cell
growth in vitro
To investigate whether the reintroduction of wt-p53 protein
could enhance the tumor inhibitory effect of 5-FU treatment, all
six pancreatic cancer cell lines were infected with Ad-p53 at
MOI 1, which revealed an intrinsic antiproliferative activity by
itself. 5-FU at the concentration of 5 µg/mL was chosen for the
combination experiments and was given 24 h after Ad-p53
infection. In preliminary dose escalation studies, the IC50 values
of each cell line were determined and listed in Table 1. Low
dose FU (5 µg/mL) given alone reduced cell viability most
significantly to wt-p53 containing Capan-2 cells and AS cells
compared to the other tested cell lines. The antiproliferative
effects of the combination of Ad-p53 and 5-FU were next
evaluated and non-functional p53 pancreatic cancer cell lines
were most sensitive to the cytotoxic action of the combined
treatment. This growth inhibitory effect was highly significant
compared to either administration of p53 gene transduction or
5-FU treatment alone. For Capan-2 cells containing wt-p53, the
combined antiproliferative effect of the two drugs was only 9%
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more than with 5-FU chemotherapy alone. In wt-p53 containing
AS cells, Ad-p53 infection could not enhance the 5-FU
antiproliferative action to a significant level (Table 2).

Effect of Ad-p53 gene transduction and 5-FU treatment on
apoptotic cell death in vitro
To determine whether Ad-p53 mediated increase of 5-FU
cytotoxic action was due to enhanced apoptosis, we analyzed
DNA-fragmentation by fluorometric analysis of propidium
iodide stained pancreatic cells. Cells treated with 5-FU (5 µg/mL)
showed a percentage of dead cells between 8% and 16%, which
was slightly above that of native cells or cells infected with the
Ad-CD control vector. In cells transduced with the p53 gene
(MOI 1), the percentage increased up to 25%. p53 gene
transduction followed by 5-FU chemotherapy, caused a marked
increase of apoptotic cell death. These findings were consistent
showing the highest apoptotic rate for the pancreatic cancer cell
lines with an altered p53 (47-58%), and the lowest apoptotic rate
in wt-p53 containing cell lines (18-20%) as indicated in Figure 3.

Figure 3  Percentage of apoptotic cells of human and rat pan-
creatic carcinoma cell lines either infected with Ad-CD con-
trol vector or Ad-p53 (MOI 1) 24 h prior±5-FU chemotherapy
(5 µg/mL) given for 48 h. Points represent means from 9
samples in three independent experiments; bars, 95% CI.

In vivo effects of combined treatment on tumor growth in rat
pancreatic cancer
Subcutaneous DSL6A tumors generated in 4-wk-old male Lewis
rats were treated by intratumoral injection with adenoviral
vectors and/or 5-FU chemotherapy given intraperitoneally twice
a week for 1 mo. Details of the onset and cessation of treatment
were indicated in the methods section. To determine if p53
recombinant adenoviruses could induce p53 mRNA expression,
RT-PCR analysis was performed in the generated DSL6A
tumors. Non- infected and Ad-p53 infected tumors were
removed and p53 transgene expression was confirmed 24 h

after the last injection. As shown in Figure 4, a 294 bp band was
detected only in Ad-p53 infected tumors.
      Tumor growth was measured regularly during the 4 wk
following treatment. Animals in both control groups showed an
extensive tumor proliferation, and after 6 cycles of therapy tumor
size was above 600 mm2, so that treatment was stopped and animals
were killed according to the protocol. During the first four cycles
of treatment, in animals with 5-FU monotherapy tumor growth
was significantly reduced compared to the controls (157±54 mm2

vs 410±65 mm2, P<0.0001). Ad-p53 treatment alone (72±19 mm2,
P<0.0001) or the combination Ad-p53 plus 5-FU (61±8 mm2,
P<0.0001) demonstrated local tumor growth control. However, within
the following four cycles of therapy we observed an increasing
tumor size in animals treated only with 5-FU (580±58 mm2) or
Ad-p53 (347±52 mm2) alone compared to the combination of
Ad-p53 plus 5-FU (67±14 mm2, P<0.0001). As shown in Figure 5,
the combination of Ad-p53 and 5-FU demonstrated the most
potent inhibitory effect on tumor growth, but none out of the 8
animals was tumor free at the end of the treatment.

Figure 4  Gel electrophoresis for PCR products from DSL6A
tumors removed from Lewis rats 24 h following the last
treatment. (P) positive control, vector DNA; (N) negative con-
trol (RT minus control); (C) Ad-CD control virus treated tu-
mor (Ad-CD); (T) Ad-p53 infected tumor.

Figure 5  Efficacy of Ad-p53 infection and 5-FU as single agents
vs the combination of both on tumor growth of Lewis rats
challenged with DSL6A tumor cells. Arrowheads indicate treat-
ment application. 1All animals were killed after 6 cycles of
therapy because the tumor size was above 600 mm2.
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Table 2  In vitro growth of different pancreatic cancer cell lines after indicated treatment 1measured by WST-1 cell viability assay2; %
mean (95% CI)

Cell line        Control Ad-CD-control       Ad-p53         5-FU  Ad-p53+5-FU

Human
Capan-1 97.8 (96.0-99.5) 91.9 (86.6-97.6) 55.0 (51.3-58.6) 72.9 (70.4-74.4) 30.7 (28.9-32.4)
Capan-2 97.9 (95.7-100.0) 91.3 (88.2-94.5) 75.0 (71.3-78.6) 55.6 (53.1-58.0) 51.2 (48.0-54.4)
FAMPAC 98.0 (95.9-100.1) 93.3 (90.5-96.2) 48.6 (44.7-52.4) 70.6 (68.0-73.1) 31.7 (29.6-33.8)
PANCL 98.4 (97.1-99.8) 95.0 (92.2-97.8) 64.7 (59.8-69.5) 73.9 (71.6-76.2) 33.8 (31.5-36.0)

Murine rat
AS 99.0 (97.6-100.4) 97.9 (95.7-100.0) 92.3 (88.9-95.8) 56.8 (52.2-61.3) 53.1 (48.2-58.0)
DSL6A 98.8 (97.5-100.0) 94.0 (90.8-97.2) 64.2 (60.5-67.9) 69.4 (66.0-72.9) 32.8 (29.3-36.2)

1Cells were either infected with Ad-CD control or Ad-p53 (MOI 1) 24 h prior±5FU chemotherapy (5 µg/mL) given for 48 h. 2The
data represents the ratio of the colorimetric values of viable cells treated as indicated (A) compared with the untreated control cells
(Ao). Results are expressed as mean with 95% confidence interval (CI) from more than 9 samples in three independent experiments.
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Detection of apoptosis in tumor tissues after treatment
Since our in vitro data indicated that the tumor- inhibitory
effects of the combined treatment of Ad-p53 plus 5-FU were
significantly mediated by induction of apoptosis, we assessed
the tumor tissue sections for DNA degradation using the
TUNEL assay. Analyses of tumor sections of each group
revealed a slight increase of apoptotic cells in rats treated with
5-FU compared to both control groups, mock or Ad-CD infected.
Adenoviral p53 gene transduction significantly increased the
number of apoptotic cells in comparison to single 5-FU
chemotherapy. As shown in Figure 6, in situ quantification
revealed the highest number of cells undergoing apoptosis in
tumors treated with Ad-p53 plus 5-FU.

Figure 6  Ad-p53 mediated sensitisation of tumors to apoptosis
in response to 5-FU in vivo. Formalin-fixed tissue sections were
analyzed by TUNEL labelling. Original magnification ×200.

DISCUSSION
A number of previous studies have shown that the restoration
of wt-p53 may increase or decrease drug sensitivity, indicating
that p53 status may influence the response of human cancers
to chemotherapy in a cell- and drug specific manner[3,16,17,29].
However, what is currently lacking is critical information on the
cytotoxicity and target response to such a combined modality
therapy. In this study we investigated a panel of human pancreatic
cancer cell lines with well characterised defects in the p53 gene
to identify differences following treatment with Ad-p53 vector
and 5-FU chemotherapy. Because high concentrations of p53
were difficult to reach in patients by vectors available so far,
and high doses of 5-FU could not be used in vivo due to their
side effects, we evaluated the efficacy of low concentrations of
p53 infection and low doses of 5-FU.
       In our in vitro study infection with Ad-p53 alone produced
tumor growth suppression in all pancreatic cancer cell lines
ranging from highly significant to almost absent. The most
prominent growth inhibitory effect was observed in the
pancreatic cancer cell lines with an alteration of the p53 function.
These findings may not only relate to the endogenous p53
status, but also to differences in transduction efficiency of cell
lines to the expression of β3 integrins and coxsackie virus and
adenovirus receptors (CAR) on tumor cells[30]. Ad-p53 infection
at a low concentration (MOI 1) induced only a small number of
apoptotic cells in the tested pancreatic cancer cell lines. These
results are in agreement with those of other authors showing
that levels of p53 expression that inhibited proliferation may

not be sufficient by themselves to induce cell death[10,31-33].
The reduced cell proliferation observed after Ad-p53 infection
might be rather attributed to a persistent S phase depletion and
G0/G1 accumulation without induction of apoptosis.
       However, the key question in our study was to correlate the
exogenous p53 expression with the response to 5-FU based
chemotherapy. Like a number of other studies the p53
replacement into tumor cell lines with altered p53, revealed the
most effective tumor growth inhibition[9-12]. Our data clearly
support other in vitro studies, which have reported that loss of
p53 function could reduce cellular sensitivity to 5-FU[3,4,34].
These synergistic effects are less conclusive in cases of p53
transgene overexpression in wt-p53 tumors. Only a small, but
not significant advantage of the combination regimen was
achieved in the human Capan-2p53wt cells, whereas the murine
ASp53wt cells failed to such a treatment. Since from the clinical
point of view apoptotic death is the final outcome that can
define the success of therapy, we screened for the induction of
apoptosis in relation to the different treatment schedules. Our
data demonstrated, that the combination regimen of Ad-p53
plus 5-FU was able to significantly increase the number of
apoptotic cells in the pancreatic tumor cell lines with an altered
p53 gene. Likewise to our findings some reports have shown,
that high level expression of p53 could cause some cancer cells
to undergo apoptosis, whereas others simply undergo prolonged
cell cycle arrest[10,31]. To overcome the resistance to p53 mediated
apoptosis several reports have shown a significant advantage
of Ad-p53 gene therapy in combination with DNA damaging
agents[10,14,15,32].
       A foremost concern with such a strategy is whether sufficient
chemosensitisation can be accomplished with relatively few
supplemental gene therapy treatments during 5-FU based
chemotherapy. Experimental studies reported a rate of gene
transduction between 5% and 15% using immunohistochemical
analysis[9]. Therefore we used a subcutaneous pancreatic tumor
model to allow assessment of the efficacy of this approach. In
immunocompetent Lewis rats, combination of intratumoral Ad-
p53 infection of implanted pancreatic DSL6Ap53null tumors with
additional systemic 5-FU chemotherapy resulted in a significant
retardation of tumor growth. These combined effects clearly
exceeded those achieved by administration of either agent alone.
In contrast to all other treatment modalities, the combination
regimen Ad-p53 plus 5-FU revealed no further in vivo tumor
growth during the time of treatment. The reason for incomplete
tumor regression may be related to the low p53 transduction
rate and limited spread within the tumor. Our in vivo data point
to an enhancement of 5-FU mediated apoptosis in DSL6A tumors
as a result of adenoviral mediated p53 gene transfer. This is in
line with our in vitro findings, which strongly suggest that the
sensitisation is mediated by enhancing the apoptotic response
of neoplastic cells to 5-FU treatment. Similar anticancer therapy
approaches using combined administration of adenovirus
mediated p53 gene therapy and chemotherapeutic drugs have
been evaluated. In some tumors, inactivation of p53 correlated
with an increased resistance to radiation and several antineoplastic
drugs and transduction of the wt-p53 gene increased the
sensitivity[3,16,17,32]. In contrast, in other tumors the expression of
exogenous wt-p53 reduced sensitivity, while the disruption of
p53 function increased sensitivity[35-37]. A number of clinical studies
have found that p53 overexpression, a surrogate marker for p53
mutations, correlated with resistance to 5-FU[5,6,38,39], but other
studies found no correlation[40,41]. Such conflicting findings might
in part, be due to the wide variation in immunohistochemical
protocols, and the use of different antibodies to detect p53.
Other techniques, such as DNA sequencing, might provide a
more objective assessment of the p53 status. At present, despite
the in vitro evidence for p53 involvement in downstream
signalling in response to 5-FU, the clinical value of p53 as a
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predictive marker for 5-FU based chemotherapy remains a matter
for debate.
      In conclusion, our results confirm the feasibility of sensitising
pancreatic cancer cells to 5-FU chemotherapy in vivo using
adenovirus mediated p53 gene therapy. In tumors, where
sustained expression of wt-p53 cannot be achieved or the levels
of expression are insufficient to significantly induce apoptosis,
wt-p53 can be used as a therapeutic agent in combination with
conventional antineoplastic drugs. Our results have confirmed
that this enhanced cytotoxicity is mostly provided by driving
significant numbers of neoplastic cells into apoptosis. Therefore,
the assessment of endogenous p53 status by DNA sequencing,
which may correlate with the response to 5-FU chemotherapy
may have an important role in defining patients who are most
likely to benefit from 5-FU chemotherapy or combination
treatment in the future[42].
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BACKGROUND. A novel pancreatic carcinoma cell line, FAMPAC, was identified

from investigation of poorly differentiated pancreatic adenocarcinoma cells found

in a patient with a familial predisposition to pancreatic carcinoma. A gene respon-

sible for familial pancreatic carcinoma has not been identified to date.

METHODS. The FAMPAC cell line was characterized by its morphology, growth rate,

tumorigenicity, and chromosomal analysis. Three known tumor suppressor genes,

p16/CDKN2, BRCA2, and p53, all of which are important in the development of

pancreatic carcinoma and frequently are involved in a variety of cancer syndromes,

were analyzed.

RESULTS. FAMPAC cells grew as an adhering monolayer in culture medium sup-

plemented with 10% fetal bovine serum and formed tumors rapidly in nude mice.

The doubling time ranged from 24 to 48 hours. Karyotype analysis demonstrated

the complexity of chromosomal deletions and rearrangements. The cells were

negative for ductal differentiation markers such as cytokeratin 7 and MUC1,

indicating poor differentiation. Analysis of FAMPAC cells revealed overexpression

of the mutated p53 gene (exon 5, codon 175: CGC 3 CAC), the presence of a

homozygous deletion in the p16 gene, and the presence of wild-type BRCA2 in the

tested hot spots.

CONCLUSIONS. To the authors’ knowledge, FAMPAC is the first established human

pancreatic carcinoma cell line associated with a familial background. FAMPAC is a

tumorigenic cell line with a complex molecular pattern of mutations. These find-

ings may be useful in understanding the mechanisms responsible for the devel-

opment of sporadic or hereditary forms of pancreatic carcinoma. Cancer 2004;100:

1978 – 86. © 2004 American Cancer Society.

KEYWORDS: pancreatic carcinoma cell line, hereditary, genetic, p53, p16, BRCA2.

I t is known that hereditary genetic factors play a significant role in
approximately 5% of all cases of pancreatic carcinoma. Several

reports have shown familial clustering of this malignancy; these re-
ports indicate that there is an important familial effect on pancreatic
carcinoma risk. Germline alterations of oncogenes and tumor sup-
pressor genes may predispose patients to the hereditary form of
pancreatic carcinoma.

Although it is known that different cancer syndromes lead to
pancreatic carcinoma involving p53, p16, and BRCA2, a susceptible
gene responsible for familial pancreatic carcinoma has not been
identified to date. In familial melanoma, individuals who inheriting a
mutant allele of p16 are at increased risk of developing pancreatic
carcinoma, although such mutations account for only a small pro-
portion of familial pancreatic carcinoma cases.1 Germline mutations
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in the BRCA2 gene predispose carriers to the develop-
ment of breast carcinoma, ovarian carcinoma, and a
variety of other malignancies. In some families carry-
ing BRCA2 mutations, mutation carriers with pancre-
atic carcinoma have been noted.2 It is believed that
germline mutations in the Von Hippel–Lindau (VHL)
gene and in mismatch repair genes, as well as in
hereditary chronic recurrent pancreatitis, account for
a proportion of hereditary pancreatic carcinoma.3 The
prognosis is almost uniformly unfavorable. In the cur-
rent report, we document the isolation of a new pan-
creatic carcinoma cell line, FAMPAC, from a patient
with a family history of pancreatic carcinoma.

MATERIALS AND METHODS
Case Report
A woman age 43 years was admitted to the hospital
due to epigastric pain, emesis, 10 kg weight loss in the
preceding weeks, and loss of appetite. Laboratory tests
showed increased levels of �-glutamyltransferase (115
units [U] per liter), alkaline phosphatase (277 U/L),
serum lipase (433 U/L), and the tumor marker CA19.9
(116 U/mL; normal level, � 37 U/mL). Abdominal
tomography revealed a tumor measuring 9 –10 cm in
greatest dimension in the head of the pancreas, with
accompanying duodenal compression. The tumor ap-
peared to infiltrate the abdominal vessels, greater
omentum, intestinum, and mesenteric lymphatic
nodes (Fig. 1).

With the preoperative suspicion of an advanced
pancreatic carcinoma with peritoneal seeding, we per-
formed an explorative laparotomy to evaluate the pos-

sibility of a bypass procedure. A scarcely displaceable
tumor of the pancreatic head with infiltration of the
mesenteric and portal veins was found, along with
metastases of the liver and peritoneum. Histologic
examination of tissue samples from the primary tumor
and the infiltrated greater omentum and a sample of
the malignant hemorrhagic ascites revealed a poorly
differentiated adenocarcinoma. Due to the size of the
tumor load, a bypass procedure was not possible. The
patient died within 1 week after surgery. The patient’s
family history revealed that her father (at age 69 years)
and her sister (at age 51 years) also died of pancreatic
carcinoma, suggesting a strong hereditary back-
ground.

Cell Culture
Tumor tissue was obtained from the primary pancre-
atic adenocarcinoma. The connective tissues were re-
moved, and the tumor tissue was rinsed three times
with phosphate-buffered saline (PBS) and then
ground with a stainless steel mesh. No enzymatic dis-
sociation of the tumor cells was performed. The dis-
persed tumor cells were suspended in RPMI 1640 me-
dium supplemented with penicillin (100 U/mL),
gentamicin (2.5 �g/mL), and 10% fetal bovine serum
(FBS). Cells were maintained at 37 °C in a humidified
atmosphere of 5% CO2 in air, and media were replaced
every 3–5 days.

Doubling Time
A suspension of 5 � 104 cells was plated onto 35 mm
plastic dishes in culture medium. The number of cells
was counted in duplicate at 24-hour intervals for 5
days. The doubling time of the cell population was
then estimated from the logarithmic growth curve.

Tumorigenicity
Suspensions containing 106 viable FAMPAC cells were
injected subcutaneously into the left flanks of patho-
gen-free athymic BALB/c nude mice ages 5– 8 weeks.
The cells were suspended in 50 �L serum-free RPMI-
1640 (Gibco) using a 255⁄8-gauge needle attached to a 1
mL syringe. The injected mice were monitored bi-
weekly for the appearance of palpable subcutaneous
tumors.

Fluorescence-Activated Cell Sorter (FACS) Analysis of
Marker Genes
Fluorescence in permeabilized FAMPAC cells (perme-
abilization kit obtained from DAKO, Hamburg, Ger-
many) was quantified by FACS analysis (FACSCalibur;
Becton Dickinson, Franklin Lakes, NJ) for the marker
genes cytokeratin (CK; DAKO), CK7 (BioCarter, Ham-
burg, Germany), MUC1 (NeoMarkers, San Diego, CA),

FIGURE 1. Computed tomography scan of a woman age 43 years with a

large tumor mass in the head of the pancreas.
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chromogranin A (NeoMarkers), synaptophysin (Neo-
Markers), and thropomyosin (Sigma, Munich, Ger-
many). In brief, 5 � 105 permeabilized cells were
washed 3 times in PBS, resuspended in a medium
containing the primary antibody (1:50 dilution in
PBS), and then incubated for 15 minutes at room
temperature. Next, cells were again washed three
times with PBS and then incubated with a goat anti-
mouse immunoglobulin G fluorescein isothiocyanate
(FITC)-conjugated antibody (1:100 dilution). Cell flu-
orescence was analyzed within 1 hour using CellQuest
software (Becton Dickinson). Cell debris and fixation
artifacts were excluded by appropriate gating. The well
differentiated pancreatic carcinoma cell line DAN-G
was used as a control.

Cytogenetics
Cell culture and cytogenetic techniques are described
in detail elsewhere.4 Exponentially growing cultures of
FAMPAC cells were harvested, and cytogenetic analy-
sis was performed in accordance to the mitotic activ-
ities observed. GTG banding was applied.5 Chromo-
somes were described according to the International
System for Human Cytogenetic Nomenclature.6

Molecular Analysis
High–molecular weight genomic DNA was extracted
from the FAMPAC cell line using a DNA extraction kit
(Qiagen, Hilden, Germany). Tumor DNA was evalu-
ated for p16/CDKN2 mutations using single-strand
conformational variant analysis and direct sequencing
of variants as described by Bartsch et al.7 To find
abnormalities in the cancer-predisposition gene
BRCA2, we analyzed the hot-spot mutations associ-
ated with pancreatic carcinoma. The following exon
fragments were tested, as suggested by various au-
thors: nucleotide (nt) 2806delAAAC (exon 11), nt
8535delAG (exon 20), nt 9433delGT (exon 22), and nt
6174delT (exon 11).8 –10 Mutations of the p53 gene
were assessed in exons 5– 8, which contain the coding
sequence for the central portion of the protein. Poly-
merase chain reaction (PCR) analysis was performed
using nested primers after initial amplification of a
PCR fragment containing exons 5– 8, and PCR prod-
ucts were sequenced completely according to the
method described by Erber et al.11

p53 Immunocytochemistry
For immunocytochemical analysis, cells were seeded
on glass slides; within 2 days of seeding, cells already
were attached. To detect expression of p53, the mono-
clonal antibody DO-7 (DAKO), which recognizes mu-
tant and wild-type p53, was used as the primary anti-
body according to the manufacturer’s instructions.

Slides were incubated with the first antibody over-
night. Next, after washing with PBS, cells were incu-
bated with FITC-labeled anti-mouse antibodies (DI-
ANOVA, Hamburg, Germany) for 1 hour, washed with
PBS again, and analyzed using a fluorescence micro-
scope. Capan-2 cells, which contain wild-type p53;
Capan-1 cells, which carry a mutation in the p53 gene
(codon 159: GCC3GTC) that leads to p53 protein
overexpression; and Saos-2 cells, which do not express
the p53 protein, were used as controls.

Real-Time Reverse Transcriptase–PCR Detection of p53
Transcripts
A total of 106 cells were collected in 300 �L lysis buffer
(MagnaPure mRNA Isolation Kit I; Roche Diagnostics,
Mannheim, Germany), and mRNA was isolated using
the MagnaPure-LC device (Roche Diagnostics) ac-
cording to the mRNA-I standard protocol. An 8.2 �L
aliquot of RNA was reverse-transcribed in a thermo-
cycler using avian myeloblastosis virus reverse tran-
scriptase (RT) along with oligo(deoxythymidine) as a
primer (First Strand cDNA Synthesis Kit; Roche) ac-
cording to the manufacturer’s protocol. p53-specific
primer sets optimized for the LightCycler (RAS, Mann-
heim, Germany) were developed and purchased from
SEARCH-LC GmbH (Heidelberg, Germany). PCR was
performed using the LightCycler FastStart DNA Sybr
Green I kit (RAS) according to the protocol provided in
the parameter-specific kits. To control for specificity
of the amplification products, a melting curve analysis
was performed. No amplification of nonspecific prod-
ucts was observed. The copy number was calculated
from a standard curve obtained by plotting known
input concentrations of four different plasmids at log
dilutions against the PCR cycle number at which the
detected fluorescence intensity reached a fixed value.
To correct for differences in the total RNA content, the
calculated copy numbers were normalized according
to the average expression of two housekeeping genes,
cyclophilin B and �-actin. Thus, values were reported
as input-adjusted copy numbers per �L cDNA. Multi-
plying this value by 3000 provides an estimate of the
total number of transcripts in 106 cells.

RESULTS
Morphologic and Growth Characteristics
The FAMPAC cell line was generated from a human
adenocarcinoma of the pancreas via a combination of
mechanical disruption and differential media cultiva-
tion. Initially, contaminating fibroblastic cells prolif-
erated, surrounding the tumor cell colonies. However,
once tumor cells adapted to the in vitro conditions,
they proceeded to grow rapidly. During serial pas-
sages, the number of fibroblastic cells gradually de-

1980 CANCER May 1, 2004 / Volume 100 / Number 9



creased, and these cells eventually were completely
replaced by tumor cells.

Table 1 summarizes the biologic characteristics of
the FAMPAC cell line. FAMPAC cells were maintained
in the presence of 10% FBS. The population-doubling
time ranged from 24 to 48 hours. All cells adhered
tightly to the flask in a formation that resembled a
monolayer sheet. FAMPAC cells had polygonal,
cuboid, or round-oval appearance, as is shown in Fig-
ure 2A. Because there is no specific marker for pan-
creatic ductal adenocarcinoma or ductal differentia-
tion, we used a panel of antibodies directed against
various antigens. FACS analysis of FAMPAC cells re-
vealed no detectable expression of CK, CK-7, or
MUC1, indicating a poorly differentiated cell line. The
neuroendocrine markers chromogranin and synapto-
physin also yielded negative findings. Injection of
FAMPAC cells (1 � 106 cells) into nude mice resulted
in the formation of palpable tumors within 4 weeks. A
representative hematoxylin and eosin–stained section
is shown in Figure 2B. However, metastatic foci in the
internal organs were not observed, even when the
nude mice were sacrificed at 3 months. Histologic
analysis of the primary tumor, depicting a poorly dif-
ferentiated adenocarcinoma with a predominantly
diffuse growth pattern, is shown in Figure 2C. A num-
ber of tumor cells contain periodic acid–Schiff-posi-
tive cytoplasmic vacuoles (red staining), and in some
areas, there is a tendency toward gland formation.

Evidence of Chromosomal Deletions on Cytogenetic
Analysis
Of 46 metaphases that were analyzed, 22 were karyo-
typed to investigate structural chromosomal aberra-
tions. The modal chromosome number ranged from
41 to 49. All metaphases showed structural abnormal-
ities. A representative karyogram is shown in Figure 3.

TABLE 1
Morphologic and Biologic Characteristics of the FAMPAC Cell Line

Characteristic

Organism Homo sapiens, white female age 43 yrs
Source of tumor cells Adenocarcinoma of the pancreas, primary tumor
Morphology Epithelial
Grading Poorly differentiated
Tumorigenic Yes, in nude mice (adenocarcinoma)
Biosafety level 1
Freeze medium Medium/10% dimethylsulfoxide
Culture medium RPMI-1640; 10% fetal bovine serum
Subculturing Every 3–5 days
Split-ratio growth 1:4 to 1:6 recommended
Doubling time 24–48 hrs
Properties Adherent epithelioid cells growing in monolayers

FIGURE 2. (A) Morphologic examination of the FAMPAC cell line by phase-

contrast microscopy. (B) Hematoxylin and eosin–stained FAMPAC xenograft

tumor from nude mice. (C) Periodic acid–Schiff–stained primary tumor sample

obtained from an intraoperative tissue biopsy. Original magnification �20

(A,B); �64 (C).
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The composite karyotype is as follows: 45– 48, X,�3,
�5,�der(5)1,�der(5)2,�der(5)add(p14),�7,�10,�2der
(10)add(p15)add(q26), der(12)add(p13),der(12)add
(p11),�13, �13, �der(13)add(p11),�14,der?(14),�15,
i(15q),der(16)(q�),�19,�20,�21,�22,� 3 � 5 mar.

Genetic Alterations of the FAMPAC Cell Line
p16
Despite repeated attempts, the FAMPAC cell line
failed to give rise to amplification products for tested
exons 1 and 2 of p16/CDKN2, suggesting a homozy-
gous deletion of the locus. Both exons could be am-
plified from normal control DNA. Representative ex-
amples of DNA sequence changes are shown in Figure
4A. Additional control PCR studies were performed to
confirm the quality of the tumor DNA in two separate
tumor samples using numerous primer sets for dinu-
cleotide repeat polymorphisms.

BRCA2
To determine the involvement of BRCA2 in the FAM-
PAC cell line, we analyzed the hot-spot mutations
associated with pancreatic carcinoma. The FAMPAC
cell line revealed no alterations at the tested exon
fragments: nt 2806delAAAC exon 11, nt 8535delAG
exon 20, nt 9433delGT exon 22, and nt 6174delT exon
11. For example, Figure 4B shows the PCR reaction
products obtained using the primer set 6174delT. The
Capan-1 cell line, which contains the 6174delT muta-
tion, was used as a positive control.

p53
To examine whether the FAMPAC cell line carries a
p53 mutation, we performed PCR cycles using nested
primers after initial amplification of a PCR fragment
containing exons 5– 8, which were sequenced com-

pletely, and the detected mutation was confirmed by
sequencing the opposite strand. We found a point
mutation (G-to-A substitution) in exon 5 at codon 175,
which changed from CGC (Arg) to CAC (His) (Fig. 5A).
The expression of p53 protein was confirmed by West-
ern blot analysis. The antibody used reacts with both
wild-type and mutant p53. Figure 5B shows that the
mutated p53 protein produced strong immunocyto-
chemical nuclear staining. This p53 overexpression
was attributable to increased transcription of p53. Re-
al-time RT-PCR detection of p53 transcripts revealed a
significantly higher level in FAMPAC cells (3978 tran-
scripts/�L cDNA) compared with wild-type-contain-
ing Capan-2 cells (59 transcripts/�L cDNA).

DISCUSSION
In recent years, many investigations have suggested
that 5–10% of patients with pancreatic carcinoma may
have a hereditary form of the disease. The first case
reports of pancreatic carcinoma in multiple family
members from the same generation, which raised the
possibility of hereditary susceptibility to pancreatic
carcinoma, were published by MacDermott et al. in
1973,12 with subsequent reports by other investiga-
tors.13–17 In addition, familial aggregation studies con-
ducted by Ghadirian et al.,18 Fernandez et al.,19 and
Silverman et al.20 demonstrated that a family history
of pancreatic carcinoma is 2.8 –13.0 times more com-
mon among patients with pancreatic carcinoma com-
pared with control individuals, even after adjustment
for environmental risk factors and diabetes mellitus. A
recent study conducted by Tersmette et al.21 demon-
strated that the risk of developing pancreatic carci-
noma among first-degree relatives was increased sig-
nificantly, by a factor of 18 in kindreds with 2 affected
family members and by a factor of 57 when � 3 family
members were affected. These data suggest that first-
degree relatives of patients with familial pancreatic
carcinoma represent a high-risk group.

In the current study, we report the identification
of the FAMPAC cell line in a woman age 43 years who
had pancreatic carcinoma. Her family history was
highly suspicious for a genetic predisposition toward
pancreatic carcinoma. The patient’s father (at age 69
years) and sister (at age 51 years) died of pancreatic
carcinoma, while additional tumors and cancer syn-
dromes were not detected in her family. The patient’s
family history also was negative for the presence of
diabetes mellitus and chronic pancreatitis. Consent to
identify germline mutations by analyzing DNA iso-
lated from the peripheral blood was denied by family
members.

Based on clinical criteria, three groups of patients
with inherited pancreatic carcinoma can be identified.

FIGURE 3. Typical G-banded karyotype of FAMPAC cells. Arrowheads indi-

cate structural aberrations.
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The first group includes families, such as the one in
the current study, that exhibit an accumulation of
pancreatic carcinoma only. The second group consists
of families with genetic syndromes associated with
pancreatic carcinoma, including familial breast carci-
noma (germline mutations in the BRCA2 gene),8 –10

familial atypical multiple-mole melanoma (FAMMM;
germline mutations in the p16 tumor suppressor
gene),22,23 the Peutz–Jeghers syndrome (germline mu-
tations in the STK11/LKB1 gene),24 and hereditary
nonpolyposis colorectal carcinoma (germline muta-

FIGURE 4. (A) Homozygous deletion of p16/CDKN2 in the FAMPAC cell line

(fifth and sixth lanes from left). Primer set was designed specifically for

amplification of exon 2. (B) Lack of alteration of the BRCA2 fragment examined

in the FAMPAC cell line using a primer set that was specific for exon 11

nucleotide (nt) 6174delT (first and second lanes from left). All amplification

products were evaluated on a nondenaturing polyacrylamide gel. wt: wild-type.

FIGURE 5. (A) Electropherogram revealing a p53 mutation at codon 175. The

nucleotide change from CGC (Arg) to CAC (His) is indicated by an arrow. wt:

wild-type sequence. (B) Immunocytochemical analysis using the anti-p53

antibody (DO-7) revealed strong nuclear staining of FAMPAC cells.
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tions in one of the DNA mismatch repair genes).25 The
third group includes patients with hereditary pancre-
atitis and germline mutations in the cationic trypsino-
gen gene.26

We were encouraged to pursue the current study
because during the past 20 years, the establishment of
only a limited number of human pancreatic carci-
noma cell lines has been reported.27–29 To date, the
majority of research has involved only a handful of
pancreatic carcinoma cell lines or limited amounts of
available tumor tissue. FAMPAC cells grew rapidly in
cell culture and revealed poorly differentiated charac-
teristics. The absence of CK, CK-7, and MUC1 may be
considered a sign of dedifferentiation in this cell line.
With the exception of 10% FBS, no other supplements
(e.g., growth factors, lipids, insulin, or transferrin) re-
ported in the literature were necessary for FAMPAC
cell proliferation.30,31 This lack of dependence on
growth factors (except for FBS) and the formation of a
xenograft tumor in nude mice point to the tumorige-
nicity of this cell line. The long-term culture of tumor
cells may be problematic, because a variety of biologic
and genetic rearrangements can occur over time.32,33

However, our results, which were obtained using early
passages of the FAMPAC cell line (� 30 passages), may
provide a reliable assessment of the properties of the
original tumor tissue. In accordance with the large
number of published reports, the karyotype of the
FAMPAC cell line demonstrated many morphologic
chromosomal rearrangements and contained several
marker chromosomes. Studies performed by Johan-
son et al.34 and Griffin et al.35 revealed cytogenetic
abnormalities in 65– 85% of primary pancreatic carci-
nomas examined. Using a related approach, Hahn et
al.36 noted a high frequency of allelic loss at chromo-
somes 1p (67%), 9p (89%), 17p (100%), and 18q (89%)
and a moderate frequency of allelic loss (40 – 60%) at
3p, 6p, 6q, 8p, 10q, 12q, 13q, 18p, 21q, and 22q.

After identifying the FAMPAC cell line, we also
were interested in ascertaining possible alterations in
the tumor suppressor genes p53, p16, and BRCA2, as
such alterations may play a role in familial pancreatic
carcinoma. The p53 tumor suppressor gene plays a
central role in cell cycle regulation and DNA repair
and may be the most commonly mutated gene in
human tumors. Alterations in the p53 gene appear to
be relatively late events in neoplastic progression and
are especially involved in tumors of high malignant
potential. A high frequency of loss of heterozygosity
for chromosome 17p (� 95%) and sequence alter-
ations in the p53 gene in up to 75% of pancreatic
carcinomas have been reported.37 Moore et al.38 found
inactivating mutations of p53 in 21 of 22 (95%) pan-
creatic carcinoma cell lines, with G-to-A transitions

representing the most common mutation type
(28.5%). In the FAMPAC cell line, we identified a spe-
cific substitution in exon 5, codon 175: G3A.33 In
accordance with the high rate of immunocytochemi-
cally detectable p53 in ductal pancreatic adenocarci-
noma (60%), we found a significantly increased level
of p53 transcripts, leading to overexpression of the p53
gene product.

The p16 tumor suppressor gene (also known as
p16INK4, CDKN2, or MST1) encodes the cyclin-Cdk
inhibitor, which plays a role in cell cycle control and
has been found to be inactivated in nearly 100% of
pancreatic carcinomas.37 Three different mechanisms
of inactivation are operative in this tumor type. First,
smaller mutations account for 40% of tumors; second,
the loss of both alleles (i.e., homozygous deletion) also
is found in approximately 40% of tumors; and third,
the silencing of p16 gene expression via hypermethyl-
ation accounts for the remaining 20% of tumors. The
FAMPAC cell line failed to amplify products from ex-
ons 1 and 2 of the p16 gene, suggesting a homozygous
deletion of the locus. In contrast, the karyotype anal-
ysis revealed no alteration on the short arm (p) of
chromosome 9. One possible explanation for these
contradictory findings is that mutations in the p16
gene may be selected by or induced on tissue cul-
ture.39,40 p16 germline mutations have been detected
in 10 –25% of melanoma-prone kindreds, including
families with the FAMM phenotype. Several studies
have demonstrated an increased risk of pancreatic
carcinoma (with relative risk ratios as high as 22)
among melanoma-prone kindreds with p16 muta-
tions,41– 44 but to date, no increase in pancreatic car-
cinoma risk has been described in such families with-
out p16 germline mutations.

The BRCA2 gene is considered a candidate tumor
suppressor gene not only for early-onset breast carci-
noma but also for pancreatic carcinoma. In a study of
41 pancreatic carcinomas and cell lines, Goggins et
al.10 reported a low frequency of BRCA2 mutations
(9.8%). Ozcelik et al.45 analyzed 39 Ashkenazi Jewish
patients with sporadic pancreatic carcinoma and
found 6174delT mutations in 4 patients (10%). Mur-
phy et al.46 found BRCA2 germline mutations in 5 of 29
families (17%) in which � 3 relatives had pancreatic
carcinoma. Recently, Hahn et al.47 examined the
BRCA2 germline status of 26 families with familial
pancreatic carcinoma and found that 3 families car-
ried germline frameshift mutations in the BRCA2 gene
and that 2 additional families harbored mutations that
were designated previously as unclassified variants of
BRCA2. These studies indicate that the BRCA2 tumor
suppressor gene may play at least an occasional role in
the genesis of pancreatic carcinoma. In the current
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study, we analyzed all published BRCA2 hot-spot mu-
tations except for the nt 999delT mutation, which was
reported by Thorlacius et al.48 in a small population;
none of these alterations were detected.

Cell lines represent a commonly used source of
material and have been characterized with respect to
a number of different chromosomal and genetic ab-
normalities. In the current report, we have presented
the first analysis, to our knowledge, of the newly es-
tablished pancreatic carcinoma cell line FAMPAC,
which is associated with a family history of pancreatic
carcinoma. Although the gene or genes responsible for
familial pancreatic carcinoma have not yet been iden-
tified, we believe that this cell line can provide a useful
tool for further defining the role of various genes in
tumor cell transformation and progression of malig-
nancy.
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Based on several case-control studies, it has been esti-
mated that familial aggregation and genetic susceptibility
play a role in up to 10% of patients with pancreatic cancer,
although conclusive epidemiologic data are still lacking.
Therefore, we evaluated the prevalence of familial pancreatic
cancer and differences to its sporadic form in a prospective
multicenter trial. A total of 479 consecutive patients with
newly diagnosed, histologically confirmed adenocarcinoma of
the pancreas were prospectively evaluated regarding medical
and family history, treatment and pathology of the tumour. A
family history for pancreatic cancer was confirmed whenever
possible by reviewing the tumour specimens and medical
reports. Statistical analysis was performed by calculating
odds ratios, regression analysis with a logit-model and the
Kaplan-Meier method. Twenty-three of 479 (prevalence
4.8%, 95% CI 3.1–7.1) patients reported at least 1 first-degree
relative with pancreatic cancer. The familial aggregation
could be confirmed by histology in 5 of 23 patients (1.1%, 95%
CI 0.3–2.4), by medical records in 9 of 23 patients (1.9%, 95%
CI 0.9–3.5) and by standardized interviews of first-degree
relatives in 17 of 23 patients (3.5%, 95% CI 2.1–5.6), respec-
tively. There were no statistical significant differences be-
tween familial and sporadic pancreatic cancer cases regard-
ing sex ratio, age of onset, presence of diabetes mellitus and
pancreatitis, tumour histology and stage, prognosis after pal-
liative or curative treatment as well as associated tumours in
index patients and families, respectively. The prevalence of
familial pancreatic cancer in Germany is at most 3.5% (range
1.1–3.5%) depending on the mode of confirmation of the
pancreatic carcinoma in relatives. This prevalence is lower
than so far postulated in the literature. There were no sig-
nificant clinical differences between the familial and sporadic
form of pancreatic cancer.
© 2004 Wiley-Liss, Inc.

Key words: familial pancreatic cancer; prevalence; epidemiology

Pancreatic ductal adenocarcinoma (PC) is the 5th leading cause
of cancer death in Germany, causing nearly 11,000 deaths in
2002.1 Despite recent advances in surgery, chemo- and radiation
therapy, the prognosis remains poor with an overall 5-year survival
rate of less than 5%. However, curative resection in early-stage PC
can result in 5-year survival rates of up to 40%.2 The identification

of individuals at high risk for developing PC and the development
of appropriate screening tests for these individuals would offer the
best chance of reducing the high mortality rates of this disease. It
has been suggested that various environmental and lifestyle risk
factors,3 occupational exposures4 and medical conditions5 predis-
pose to PC. However, cigarette smoking is the only environmental
risk factor that has been consistently associated with the develop-
ment of PC.6,7 In addition, several case-control studies demon-
strated that a family history of PC is an important risk factor for
developing PC, with risks ranging from 2.7–16%, even after ad-
justing for environmental risk factors and diabetes mellitus.8–14

This risk increases with the number of affected individuals within
a kindred.15 Until the late 1980s, only case reports have suggested
that PC aggregates in some families.16–18 The first systematic
study of a larger cohort of families with PC was published only in
1989.19 Afterwards, several registries for familial pancreatic can-
cer (FPC) were established in the United States20–22 and Eu-
rope23,24 to collect and analyse these rare families. FPC is a very
heterogeneous and yet not well-defined hereditary tumour entity.
At present there is no standardized definition for FPC, but most
authors apply the term to families with at least 2 first-degree
relatives with confirmed PC in the absence of an accumulation of
other cancers that are known to be familial.15,25 Besides the iso-
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lated aggregation of PC in a majority of families, several heredi-
tary disorders predispose to PC. These include hereditary pancre-
atitis, Peutz-Jeghers syndome, familial atypical multiple mole
melanoma (FAMMM), familial breast and ovarian cancer and
possibly HNPCC.26 However, a recent segregation analysis found
evidence for involvement of a major gene in the aetiology of PC.27

Several authors estimated that there may be an inherited com-
ponent to PC in patients with pancreatic cancer, ranging from
5–16%, although conclusive epidemiologic data are still lack-
ing.11,20,22,28 Therefore, we evaluated the prevalence of FPC in a
prospective multicenter trial and analysed differences between
familial and sporadic PC cases with respect to age of onset,
medical history, histology, prognosis and associated tumours in
index patients and their relatives.

MATERIAL AND METHODS

From July 1999 to December 2001, 565 consecutive patients
with newly suspected PC, who were treated in 18 German medical
or surgical departments, were enrolled in a prospective controlled
multicenter trial. After informed consent, all patients were inter-
viewed using a standardized questionnaire with regard to family
structure and family history, previous episodes of pancreatitis,
presence of diabetes mellitus and previous cancers. In addition, the
operative procedure, tumour histology, including TNM stage, were
also documented. If preoperative imaging determined nonresect-
ability of the tumour, a percutaneous needle biopsy of the pancre-
atic tumour was taken to confirm histology. The follow-up was
calculated by an additional standardized questionnaire 3 months
after the last patient was included in the study. The family history
was considered positive for PC when at least 2 first-degree rela-
tives were affected with ductal adenocarcinoma of the pancre-
as.29,30 A reported family history for PC was verified by consulting
the original pathology specimen and medical records whenever pos-
sible. The family history of patients without retrievable medical
records of affected relatives was confirmed by a standardized tele-
phone interview of at least 2 first-degree relatives. All PC patients
who reported a positive family history were genetically counseled by
one experienced geneticist (M.S.-F.), and a 3-generation pedigree was
prepared. A full medical history was taken, and all tumours within
each family including age of onset were documented.

In addition, 17 familial PC cases that were at least confirmed by
standardized interviews of 2 first-degree relatives were compared
to 456 sporadic PC cases regarding sex ratio, age of diagnosis,
associated diabetes mellitus or pancreatitis, histology of PC, prog-
nosis, synchronous or metachronous cancers as well as other
tumours in the family as reported by the patients. The study
protocol was approved by the Ethics Committee of the Philipps-
University Marburg and the local Ethics Boards of participating
medical centers.

Statistics
The prevalence estimation of familial PC has been performed

for several grades of confirmation of family history; the percentage
is given with the respective 95% confidence interval according to
Clopper-Pearson. For comparison of familial and sporadic cases,
odds ratios have been calculated based on 2�2 tables for the
variables gender, medical history, family history and treatment.
The odds ratio on the variables age and UICC result out of
logit-regression analysis. For comparison of the respective groups
concerning second primary tumours, the Fisher exact test was
performed. Finally, survival curves for both groups have been
estimated using Kaplan-Meier, allowing for censored data. The
survival times were compared by using the log-rank test.

RESULTS

Forty-one (7.3%) of the 565 patients had pancreatic tumours
other than ductal adenocarcinoma. In 22 (3.9%) patients, histologic
examination of the pancreatic tumour was not possible, 10 (1.8%)

patients had finally denied to participate in the study, and another
13 (2.3%) patients were excluded for other reasons such as incom-
plete follow-up. Thus, 479 (275 men and 204 women) patients
could be analysed. Of those, 421 (88%) patients were enrolled by
surgical departments and 58 (12%) patients by medical depart-
ments. The median age at diagnosis was 63 (range 31–85) years.
Twenty-three (4.8%) patients (95% CI 3.1–7.1) reported a family
history positive for PC. The positive family history could be
confirmed by histology in 5 (1.1%) patients (95% CI 0.3–2.4) and
by histology or medical records in 9 (1.9%) patients (95% CI
0.9–3.5). Four patients denied further evaluation of their family,
and in 1 patient medical and pathologic records did not confirm the
family history. In 9 patients, medical records of at least 1 addi-
tional affected family member were not retrievable, since the date
of death was on average 16 years ago. However, in 8 of these
patients, the family history of PC was confirmed by at least 2
first-degree relatives during a standardized telephone interview.
Thus, 17 (3.5%) of the 23 patients (95% CI 2.1–5.6) had a
convincing history for familial PC, and in 6 patients the family
history could not be confirmed (Table I).

A total of 479 patients were enrolled in the multicenter trial of
whom 23 had a positive family history for PC. In 17 of these 23
potentially familial cases, the family history could be confirmed at
least by a standardized telephone interview of multiple family
members, so that these 17 patients were considered as a test group
(group I). The control group (group II) included the remaining 456
patients without a family history for PC. The average number of
first-degree relatives in the whole collective was 6.51 (ranging
from 2 to16, total number 3,117) and 6.39 (ranging from 2 to14,
total number 147) in the subgroup of patients with a positive
family history.

Group I included 9 (52.9%) men and 8 (47.1%) women com-
pared to 264 (57.9%) men and 192 (42.1%) women in group II
(OR 0.82, 95% CI 0.27–2.49). The median age at diagnosis was 61
(range 42–73 years) in group I and 63 (range 31–85) years in
group II, revealing no statistically significant difference (OR 0.96,
95% CI 0.91–1.01). In group I, 3 (17%) patients had diabetes
mellitus and 2 (11%) patients a history of at least 1 previous
pancreatitis episode compared to 136 (30%) and 52 (11.5%) pa-
tients of group 2 (OR for diabetes 0.50, 95% CI 0.09–1.83; OR for
pancreatitis 1.03, 95% CI 0.11–4.64). None of the patients of
group I had synchronous or metachronous other tumours. Of group
II, 42 (9%) patients had second primary malignant tumours. These
included, for example, cancers of the colon or rectum (n � 7),
kidney (n � 6), breast (n � 6), basal cell carcinoma (n � 4),
endometrium (n � 3), prostate (n � 3), testis (n � 3), thyroid (n �
3), neuroendocrine cancer of the midgut (n � 3) and lung cancer
(n � 1), respectively.

In group I, there were 1 (5.9%) patient with UICC stage I, 1
(5.9%) patient with stage II, 5 (29.4%) patients with stage III and
10 (58.8%) patients with stage IV tumours compared to 19 (4.2%),
52 (11.4%), 108 (23.7%), 277 (60.7%) patients of group II, re-
spectively. Regarding tumour grading, there were no differences

TABLE I – PREVALENCE OF FAMILIAL PANCREATIC CANCER (FPC) IN
GERMAN PANCREATIC CANCER PATIENTS (N � 479)

No. of
FPC cases Percentage1

95%
confidence

interval

Confirmed by histologic records 5 1.05 0.34–2.42
Confirmed by medical or

histologic records
9 1.88 0.86–3.54

Confirmed by telephone
interview, medical or
histologic records

17 3.55 2.09–5.63

Positive family history reported
by the case proband

23 4.81 3.07–7.13

1Percentage given with regard to the overall study population of 479
patients with pancreatic cancer.
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between both groups. Fifteen (88.2%) patients of group I had
ductal adenocarcinomas, and 1 (5.9%) patient each had a papillary
or adenosquamous variant of PC compared to 448 (98.2%), 6
(1.3%) and 2 (0.4%) patients of group II, respectively. Eight
(47.1%) patients of group I underwent potential curative resection,
including Whipple procedures (n � 6) or distal pancreatectomy
(n � 2), and 9 (52.9%) patients underwent palliative surgery or
other palliative treatment. Of group II, 208 (45.6%) patients had
resections with curative intent, including 178 Whipple procedures,
26 distal pancreatectomies and 4 total pancreatectomies, whereas
248 (54.4%) patients were palliatively treated. Thus, there were no
statistically significant differences between the groups regarding
these parameters as summarized in Table II.

The overall median survival times were 283 (range 178–infin-
ity; 25% quantile 178, range 104–329) days for group I and 322
(range 286–377; 25% quantile 143, range 120–175) days for
group II. For curatively resected patients, the median survival
times could not be determined because too many of those patients
survived the follow-up period and had to be censored. The 25%
quantile was 329 days for group I and 286 (range 218–323) days
for group II, respectively. For palliatively treated patients, the
median survival time was 178 (range 104–223) days in group I and
195 (range 174–226) days for group II. Thus, there was no
statistical significant difference in prognosis between familial and
sporadic pancreatic cancer cases, since the respective log-rank test
(p-value for potentially curatively treated patients 0.39; for pallia-
tively treated patients 0.50) showed no significant difference be-
tween both groups.

The comparison of the family history between familial (group I)
and sporadic PC cases (group II) revealed no differences regarding
the rate of other tumours and tumour types in first-degree relatives
(OR 2.63, 95% CI 0.84–9.67). In 12 (70.6%) families of group I
occurred other cancer types than PC such as breast cancer (3
families), gastric cancer (2 families), colon cancer (2 families),
lung cancer (2 families) and blood malignancies (2 families). Of
group II, 217 (47.5%) patients reported additional cancers in their
families. The 5 most frequent cancers were gastric cancer (50
families), breast cancer (50 families), lung cancer (41 families),
colon cancer (39 families) and ovarian and endometrial cancer (29
families), respectively. None of the families of groups I and II fulfilled
the criteria of known hereditary tumour syndromes (Table III).

DISCUSSION

Studies of family histories of cancer have contributed to our
knowledge about susceptibility to cancer. PC also clusters in
families, although the major gene defects have not yet been iden-
tified. There is a large difference between estimates of familial risk
for PC and the proportion of familial cases. The range in the
reported familial risk spans from the nonsignificant (RR 1.25) to
the highly significant (RR 18),10,15,31,32 and the proportion of
familial cases from 2.7% to 16%.8–14 One major reason for this
discrepancy may be that the majority of previous studies relied on
reported cancers rather than cancers confirmed by medical records

in the family, which may entail considerable false reporting. In our
present study, 23 of 479 (4.8%, 95% CI 3.1–7.1%) PC patients
reported a family history for PC, which could be confirmed by
pathology or medical records in 9 patients (1.9%, 95% CI 0.9–
3.5%). This prevalence is much lower than reported by all previous
studies.8–13 However, the presented data are confirmed by a recent
epidemiologic study from Sweden. Using the Swedish Family
Cancer database on 10.2 million individuals and 21,000 PC cases
that were confirmed by medical records, a familial proportion of
PC of 2.7% and a population-attributable prevalence of 1.1% was
calculated.14 The gold standard is to validate a reported history of
cancer by review of medical records and death certificates. How-
ever, despite extensive efforts, medical documentation of poten-
tially affected family members could be obtained in our study in
only 60% of the cases as reported by other groups.33–36 The
prevalence of familial PC among all PCs is probably underesti-
mated by only considering cases confirmed by medical records
because true cases will be excluded. The prevalence is certainly
overestimated by considering all cases with a positive family
history reported by the index case because the reported history
may be wrong as it was for 1 potential familial case of our study.
However, the accuracy of reporting cancers in first-degree relatives
has been found to be generally correct, in particular if the cancer
diagnosis was independently confirmed by several family mem-
bers. Love et al.34 observed that the family history of PC was
reported accurately in 71% of cases. Thus, the best approximation
to the true prevalence of familial PC might be also to include those
cases that could be confirmed by standardized interviews of first-
degree relatives. Based on this approach, the prevalence of familial
PC in Germany would be 3.5% (95% CI 2.1–5.6%), which is much
lower than postulated in the literature.

We also evaluated possible differences between familial and
sporadic PC cases. As in previous studies,15,20,22 we could not
observe a significant difference regarding gender ratio and age of
onset (Table II). However, since we only calculated the index
patients of FPC families who were parents of affected offspring in
some cases, we might have missed an earlier age of onset due to
the phenomenon of anticipation, as it was recently described for
some FPC families.25,37 Diabetes mellitus and pancreatitis are both
associated with PC, although neither the nature nor the sequence of
the possible cause-effect relation has been established. The asso-
ciation between diabetes mellitus and PC has been evaluated in
more than 30 studies, generally indicating a positive relation-
ship.31,38,39 According to 2 recent studies, the presence of diabetes
among patients with PC varies from 13–60%.38,40 In addition, 1
large FPC kindred was described in whom insulin-dependent di-
abetes mellitus preceded the onset of PC.41 Our study is the first to
demonstrate that there is no statistical significant difference re-
garding the presence of diabetes mellitus in familial and sporadic
PC patients. It is well known that hereditary pancreatitis predis-
poses to the development of PC, with a cumulative lifetime risk of
about 40%.42 However, none of the patients in our present study
fulfilled the criteria for hereditary pancreatitis. The relationship
between nonfamilial pancreatitis and PC remains unclear. A pre-

TABLE II – CHARACTERISTICS OF PATIENTS WITH FAMILIAL AND SPORADIC PANCREATIC CANCER

Group I FPC Group II Sporadic PC Odds ratio 95% CI p-value

Gender (M/F)1 9/8 264/192 0.82 0.28–2.5 0.87
Age of onset1 61 (42–73) 63 (31–85) 0.96 0.92–1.01 0.12
Diabetes1 3/17 136/456 0.50 0.09–1.84 0.42
Pancreatitis1 2/17 52/456 1.03 0.11–4.65 1.00
Curative treatment1 8/17 208/456 1.07 0.35–3.17 1.00
UICC I–IV1 1 StI,1 StII,5 StIII,10

StIV
19 StI,52 StII,108

StIII,277 StIV
1.00 0.57–1.77 1.00

Histologic Variants2 2/17 8/456 0.06
Second primary tumours2 0/17 42/456 0.38
1Odds ratios and p-values are calculated by logit-regression analysis and Clopper-Pearson test.– 2Calculated after Fisher exact test.– St I–IV,

UICC stages.
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vious autopsy study found evidence for pancreatitis in 10% of
patients with PC.43 Our study confirms this observation, since 11%
of patients reported at least 1 episode of pancreatitis with no
difference between familial and sporadic cases.

There was also no statistically significant difference between
familial and sporadic PC cases regarding the subtype of the PC, as
suggested earlier by others.20,22,28 However, 1 (5.8%) of the 17
patients with FPC (group I) had the extremely rare adenosquamous
variant of PC. The prevalence of adenosquamous PC is considered
to be less than 1% among all PC cases as observed in our sporadic
cases (group II) with 0.6%. The occurrence of adenosquamous
ductal PC was previously reported in some FPC families.22,44 There-
fore, larger series of FPC cases have to be analysed to clarify whether
the adenosquamous variant is more common in FPC cases.

It is known from various hereditary cancers that the prognosis of
a familial tumour might be better than its sporadic counterpart. In
our study, we found no significant difference in survival between
familial and sporadic PC cases, even when stratified for potential
curative and palliative treatment. This finding is concordant with 2
previous retrospective studies.20,22 The fact that we could observe
no significant differences between familial and sporadic PC cases
regarding presence of diabetes, histologic type and prognosis may
be due to the relatively small number of familial cases (n � 17),
which results in a reduction of statistical power. However, it will
be a major challenge to collect an adequate number of familial and
sporadic PC cases in a prospective controlled trial to overcome this
problem, since familial PC is rare.

It was surprising that none of the 17 FPC index patients had
second primary tumours, since Hruban et al.20 observed additional
primary cancers in 23% of familial PC index patients in the United
States. This discrepancy might be partially explained by the anal-
ysis of different populations and the less stringent mode of con-
firmation of FPC in the study of Hruban et al.20 In 2 previous
studies, sporadic PC patients revealed second primary tumours in
18.9%20 and 23%,45 respectively. The most frequent second pri-
maries in both studies were colon, bladder, breast, endometrial,
prostate and kidney carcinomas. In our study, only 9% of sporadic
PC patients (group II) had second primary cancers. In accordance
with aforementioned studies, colon, kidney, breast, endometrial,
prostate and urinary tract cancers were the most frequent second
primary tumours. In addition, we found a relatively frequent as-
sociation between basal cell carcinomas of the skin and PC (4
patients). Most likely, some of these associations were due to
chance. However, the frequent association between breast cancer
and PC may be caused by BRCA2 mutations, since it has been
shown that some BRCA2 mutation carriers metachronously de-
velop PC and breast cancer.29,46,47 The association between basal

cell carcinoma and PC might represent a distinct new tumour
syndrome as recently suggested.48

The comparison of the family history between familial and
sporadic PC cases revealed no differences regarding the rate of
other tumours and tumour types in first-degree relatives. This is in
contrast to a previous study by Hruban et al.20 that reported a
significantly higher rate of other cancers in FPC families than in
families of sporadic PC cases (27% vs. 12%, p � 0.001). However,
in accordance with this study, the most frequent tumour types
observed in relatives of both familial and sporadic cases in our
study were gastric, breast, lung and colon cancer. These were
completed by blood malignancies in FPC families (group I) and
endometrial cancer in sporadic families (group II). These data
underscore the findings of Hemminki and Li in sporadic PC,
although they could not detect an increased standard incidence
ratio for gastric cancer.14 These authors first noted the association
of lung cancer and PC in families of familial and sporadic PC cases
that was confirmed by our data. We also noted a novel association
of blood malignancies and PC in FPC families, which was not as
strong in families of sporadic PC cases. It would be interesting to
evaluate whether mutations in the Fanconi anemia genes might
contribute to this association.49

In summary, we provide for the first time to our knowledge prev-
alence data for FPC in Germany. The prevalence is at most 3.5%
(range 1.1–3.5%) depending on the mode of confirmation of PC in
relatives. This prevalence is much lower than postulated so far in the
literature. We could not identify statistically significant differences
between familial and sporadic PC cases regarding gender rate, age of
onset, presence of diabetes mellitus and pancreatitis, histology and
prognosis. The identified accumulation of gastric cancer and PC and
lung cancer and PC in families of both sporadic and familial PC cases
as well as blood malignancies and PC in some FPC families offer new
aspects that need to be evaluated.
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cytes showed no specific cytotoxic activity against DSL6A 
cells. There was only a trend towards a minor NK cell activa-
tion.  Conclusions:  Albeit the present study failed to induce 
protective antitumor immunity, the initial finding of reduced 
tumor growth argues for the development of multimodal 
therapeutic options to overcome negative impacts of ad-
vanced malignant disease or chemotherapy-related anergy 
and immunosuppression.  Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 Gene therapy is currently employed as a promising 
treatment option for many human diseases. It encom-
passes potential for treatment of cancers that have resist-
ed conventional therapies  [1, 2] . The use of suicide gene 
transfer for the therapy of cancer has been studied exten-
sively. Several enzyme/prodrug systems, such as herpes 
simplex thymidine kinase,  Escherichia coli  cytosine de-
aminase (CD) and varicella zoster thymidine kinase, 
have been used for the treatment of tumors both in ani-
mal models and clinical studies  [3–6] . Targeted expres-
sion of these foreign enzymes allows for selective activa-
tion of a non-toxic prodrug in tumor target cells. The 
producer cell as well as surrounding cells are subsequent-

 Key Words 
 Suicide system  �  Cytosine deaminase  �  5-Fluorocytosine  �  
Antitumor immune response  �  Syngeneic rat tumor 
model  �  Pancreatic cancer 

 Abstract 
  Background:  Experimental gene transfer can make tumors 
more immunogenic, leading to local regression and induc-
ing immunological memory sufficient to permit resistance 
to a tumor rechallenge. However, this rarely had any signifi-
cant impact on large established tumors.  Methods:  To 
 analyze potential immunological effects, we used weakly 
immunogenic pancreatic carcinomas in syngeneic, immu-
nocompetent Lewis rats and performed in situ adenoviral 
mediated cytosine deaminase (CD) gene transfer followed 
by administration of the prodrug, 5-fluorocytosine (5FC). In 
order to reflect the clinical situation, such treated tumors 
were surgically resected and animals were rechallenged 
with parental DSL6A pancreatic tumor cells. Tumor growth 
and cytotoxic activity of immune cells were determined.  Re-
sults:  CD/5FC treatment of the DSL6A cells revealed signifi-
cant induction of apoptosis in vitro and slowed down tumor 
progression in syngeneic hosts. Furthermore, we observed 
neither significant change in tumor growth nor protective 
immunity in the rechallenged animals. Analysis of T lympho-
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ly killed. This phenomenon is known as bystander effect. 
Furthermore, it has been shown that these suicide gene 
products themselves may act as superantigens and induce 
an immune response with additional antitumoral poten-
tial  [1, 7] . 

 In experimental animal models, these properties of 
CD have been combined with a variety of secreted im-
munostimulatory cytokines  [8–10] . Tumor cells modi-
fied in such a way were often rejected by immuno-
competent syngeneic hosts and induced immunological 
resistance to a subsequent secondary challenge with un-
modified parental tumor cells. CD-containing adenovi-
rus (AdCD) treatment may be a trigger for the whole im-
mune system, helping to overcome tumor-related im-
mune suppression, thereby allowing for the initiation of 
a fertile tumor-specific immune response. Here, we in-
vestigated the therapeutic potential of the CD suicide 
gene system in a syngeneic pancreatic tumor model of 
immunocompetent Lewis rats. Considering the weak in-
trinsic immunogenicity of clinically presented cancers, 
the experiments described here were designed to be more 
reliable on the clinical situation of established solid tu-
mors. Established pancreatic tumors were first trans-
duced with AdCD and treated with 5-fluorocytosine 
(5FC), before residual tumors were surgically removed. 
R0-resected animals were subsequently rechallenged 
with wild-type tumor cells and tumor regrowth was doc-
umented. All animals repeatedly developed solid tumors 
thus demonstrating that this experimental therapeutic 
approach was not successful in generating protective im-
munity against weak or non-immunogenic DSL6A tu-
mor cells. Analysis of the CD8+ and CD4+ lymphocyte 
subpopulations showed no specific cytotoxic activity to-
wards DSL6A cells. There was, however, a minor reaction 
of NK cells. In general, these results indicate that in vivo, 
CD-modified tumor cells may play only a limited role in 
circumstances which are not optimal for the activation of 
the immune system. Despite the lack of CD8+ and CD4+ 
T-cell-mediated immune responses, the data strengthen 
the potential of natural killer (NK) cell provided non-
specific lytic activity against pancreatic cancer cells in 
this setting. 

 Materials and Methods 

 Cell Lines and Culture Conditions 
 The rodent pancreatic cancer cell line, DSL6A, was originally 

derived from a primary pancreatic carcinoma of an azaserine-
treated Lewis rat  [11] . The DSL6A cells are poorly immunogenic, 
non-metastatic and exhibit highly aggressive tumor growth in 

Lewis rats. The YAC cell line is derived from a mouse lymphoma 
which does not express MHC class I molecules and is known for 
its sensitivity to NK cells. All cells were grown in RPMI 1640 me-
dium (Gibco BRL, Eggenstein, Germany) supplemented with 10% 
heat-inactivated fetal calf serum (Gibco BRL), 100 units/ml peni-
cillin, 100  � g/ml streptomycin (Gibco BRL) and incubated at 
37   °   C in a humidified atmosphere with 5% CO 2 . 

 Adenoviral Vectors and Gene Transfer 
 The AdEasy system  [12]  was used for construction and propa-

gation of the AdCD. The shuttle vector pAdTrack-CMV and the 
adenoviral backbone plasmid pAdEasy-1 were kindly provided by 
Bert Vogelstein (Howard Hughes Medical Institute and Kimmel 
Cancer Center at Johns Hopkins University, Baltimore, Md., 
USA). The cDNA coding for CD was a gift from Karin Haack (De-
partment of Surgery and Division of Molecular Diagnostics and 
Therapy, University of Heidelberg, Germany). Recombinant ad-
enoviruses were propagated in 293 cells, harvested, aliquoted and 
stored as described  [13] .   Adenovirus titer was determined by 
plaque formation assays on 293 cells. The multiplicity of infection 
(MOI) was defined as the ratio of plaque-forming units per total 
number of cancer cells to be infected. Adenoviruses were admin-
istered in phosphate buffer (20 m M  NaH 2 PO 4 , pH 8.0, 130 m M  
NaCl, 2 m M  MgCl 2 , 2% sucrose). AdCD gene transfer was assessed 
by Western blot analysis using the anti-CD monoclonal antibody 
16D8F2   for subsequent in vitro and in vivo studies  [14] . 

 In vitro Drug-Sensitivity Assay 
 Cells were plated at a density of 10 5  per 25-cm 3  f lask and in-

fected with AdCD after 12 h with increasing MOIs (10 –2 –10 2 ) or 
mock infected. 24 h later, cells were washed with PBS and exposed 
to different concentrations (0–50 m M ) of 5FC (Sigma, Munich, 
Germany). Treatment with 5FC was continued for 2 days with 
daily media changes. The cells were then harvested and washed 
with PBS. The fraction of apoptotic cells was determined by FACS 
analysis (FACSCalibur, Becton Dickinson) following permeabili-
zation and propidium iodide (PI) staining of the cells. Briefly,
250  � l of PI staining solution (0.1% Triton X-100, 50  � g/ml PI in 
PBS, pH 7.4) was added to 5  !  10 5  cells and analyzed within 1 h 
using the CellQuest software. The proportion of apoptotic cells 
was calculated and cell debris and fixation artifacts were excluded 
by appropriate gating. All experiments were performed in tripli-
cate. 

 Animal Experiments 
 Male Lewis rats, purchased from Charles River WIGA Labo-

ratories (Sulzfeld, Germany), were kept in isolators and received 
food and water ad libitum. Animal experiments were performed 
under NIH and institutional guidelines established for the Ani-
mal Core Facility of the DKFZ (Deutsche Krebsforschungszen-
trum) in Heidelberg. A total of 10 6  DSL6A tumor cells were in-
jected in 100  � l of PBS/animal subcutaneously into the abdomi-
nal wall of 4-week-old rats. Six weeks after tumor cell inoculation, 
AdCD particles (10 8  infectious units) were injected into the pal-
pable tumor nodules (intratumorally). The prodrug was admin-
istered intraperitoneally with 500 mg 5FC/kg body weight (stock 
concentration 50 mg 5FC/ml PBS). The treatment was given twice 
a week for 2 months. The animals were separated by randomiza-
tion into the following groups with 8 rats each: (A) mock infected, 
(B) + 5FC (500 mg/kg b.w. intraperitoneally), (C) + AdCD (1  !  
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10 8  infectious units, intratumorally) and (D) AdCD + 5FC. Tumor 
size (mm 2 ) was determined by measuring the largest and smallest 
diameter as tumor length (mm)  !  tumor width (mm). When the 
tumor size reached  1 600 mm 2 , animals were sacrificed. Tumor 
size and survival rate were documented weekly. 

 For tumor rechallenge experiments, 6 rats of each group (A–
D) with well-established subcutaneous tumors were treated for 4 
weeks as indicated and tumors were resected without macroscop-
ic visible tumor mass. All tumor-free animals were rechallenged 
with 10 6  DSL6A tumor cells after another 4 weeks subcutane-
ously into the back side, apart from the first tumor inoculation. 
Further tumor growth and survival was examined every week. 

 Western Blotting 
 The expression of CD protein was assessed in DSL6A pancre-

atic cancer cells before and after AdCD infection using the anti-
CD monoclonal antibody 16D8F2. Cells were either in vitro 
transduced with AdCD (MOI 10) and harvested 48 h later or sub-
cutaneous DSL6A tumors were infected with AdCD (10 8  infec-
tious units) twice a week and removed thereafter. Protein lysates 
were separated by electrophoresis on a 10% SDS/acrylamide gel 
and transferred to a PVDF membrane. The membrane was 
blocked in 200 ml TTBS, 5% skimmed milk, 0.1% Tween-20 for
1 h and incubated with primary 16D8F2 antibody for 1 h. After 
washing in TTBS, the membrane was incubated with horseradish 
peroxidase-conjugated anti-mouse IgG for 45 min. Signals were 
detected using the enhanced chemiluminescence system (ECL, 
Amersham Life Science Ltd, Bucks., UK). 

 Chromium Release Assay 
 For the preparation of peripheral blood lymphocytes, hepa-

rinized blood was drawn from the medial angle of the eyes or was 
taken from sacrificed animals. Blood sampling was started 10–12 
weeks after tumor inoculation for at least 6 rats of each group. 
Briefly, lymphocytes were purified using a Ficoll gradient. Fresh 
lymphocytes (effector cells) were incubated 6 h with 1  !  10 3   51 Cr-
labeled (sodium 51-chromate 100  � Ci for 60 min) DSL6A or YAC 
cells as targets at different effector to target cell ratios (100 ! , 33 ! , 
10 ! , 3 ! ). Supernatants were measured in a gamma counter (1282 
Compugamma, LKB-Wallac, Stockholm, Sweden) and percent-
age of specific lysis was calculated according to the equation: Spe-
cific lysis = (experimental cpm – spontaneous cpm)/(maximum 
cpm – spontaneous cpm)  !  100% (cpm – counts per minute). 
Experiments were performed in triplicates. 

 Immunohistochemistry 
 Tissues were snap-frozen in liquid nitrogen and stored at

–80   °   C. Acetone-fixed 6- � m cryostat sections were washed in 
PBS, treated with 3% hydrogen peroxide for 5 min and washed 
again with PBS. Blocking was performed with rabbit serum 
(Dako, Germany; 1:   5 dilution in PBS) for 20 min at 37   °   C. After 
washing with PBS, tissue sections were overlaid with biotinyl - 
ated anti-rat CD4 (Pharmingen Germany, OX 38, 1:   10 dilution; 
0.5  � g/ml), anti-rat CD8 (Pharmingen Germany, OX 8, 1:   10 dilu-
tion; 0.5  � g/ml) or anti-NK cell (Pharmingen Germany, NKR-
P1A, 1:   10 dilution; 0.5  � g/ml) antibodies for 2.5 h at 37   °   C. Fol-
lowing PBS washing, streptavidin-conjugated horseradish perox-
idase (Dako) was incubated for 10 min at room temperature.
For signal detection, sections were rinsed with PBS and subse-
quently incubated with high-sensitivity substrate-chromogen 

AEC (Dako) for 30–40 min. Counterstaining was performed with 
hematoxylin. Cells positive for CD4, CD8 and NK surface mark-
ers were counted in three representative areas of each tumor. 

 TUNEL Assay 
 Tumor tissues were fixed in 10% neutral formalin or snap-fro-

zen in liquid nitrogen and stored at –80   °   C. Sections (5- � m) were 
stained with hematoxylin and eosin using standard procedures. 
At least 6 representative tumors of each group of treated or un-
treated animals were analyzed for apoptosis. Immunohistochem-
ical detection and quantification of apoptosis in formalin-fixed 
tumor tissue sections were performed using the ‘In situ cell death 
detection kit, AP’ (Roche Diagnostics, Mannheim, Germany). 
The sections were stained and analyzed microscopically accord-
ing to the manufacturer’s instructions. 

 Statistical Analysis 
 Statistical analysis was performed using SPSS software (Re-

lease 11.0.1, SPSS Inc.). The rate of apoptotic cells was expressed 
as mean with 95% confidence interval. The 95% confidence inter-
vals of the means were used to analyze the rate of apoptotic cells 
with respect to the different treatment schedules. Differences be-
tween means without overlap of the confidence intervals were de-
scribed as statistically significant. Tumor size in rats was given as 
mean  8  SD. Normal distribution of tumor size in different groups 
was judged by the Shapiro-Wilk test. ANOVA was performed to 
analyze the therapeutic effects after 4 cycles and at the study end 
between the groups with respect to tumor size. Two-sided p values 
were reported and an effect was considered statistically signifi-
cant at p  !  0.05. 

 Results 

 In vitro Effect of AdCD Gene Transfer on the 
Sensitivity of DSL6A Cells to 5FC 
 To allow for standardization of AdCD application, the 

percentage of cells that stained X-gal-positive after treat-
ment with AdlacZ control vector was assessed. A MOI of 
10 resulting in 30–40% of positively stained DSL6A cells 
was chosen for all subsequent analysis. No morphological 
alterations or differences in cell growth were observed 
after AdCD gene transfer (data not shown). The overall 
toxicity of 5FU on parental DSL6A cells and on DSL6A/
CD cells was equal with a 50% inhibitory concentration 
(IC 50 ) of 5  �  M . However, only DSL6A/CD cells were ef-
ficiently killed upon exposure to the prodrug 5FC (IC 50  
50  �  M ). As shown in  figure 1 a, AdCD-mediated 5FC cy-
totoxicity was due to a 20- to 50-fold enhanced apoptosis 
in comparison to the controls (p  !  0.001). 

 CD Protein Is Expressed in AdCD-Transduced DSL6A 
Tumor Cells 
 As a prerequisite of prodrug treatment success, CD 

protein must be expressed in DSL6A tumors treated with 



 Eisold   /Antolovic   /Schmidt   /Wiessner   /
Klar   /von Knebel-Doeberitz   /Linnebacher    
  

 Eur Surg Res 2006;38:513–521 516

AdCD. To determine if this is the case, a Western blot 
analysis was performed. As shown in  figure 2 , the 52-kD 
CD protein was readily detectable in AdCD-transduced 
DSL6A tumor cells in vitro as well as in vivo. This indi-
cates that CD protein is not only expressed in vitro but 
that a substantial amount of CD gene product must be 
expressed in AdCD-transduced DSL6A tumors. 

 In vivo Prodrug Gene Therapy with CD Gene 
 Consistent with the in vitro findings, in vivo admin-

istration of AdCD into DSL6A cells together with sys-
temic treatment of 5FC resulted in a local suppression of 
tumor growth in Lewis rats within the first 4 weeks of 
treatment. This antitumor effect was significantly differ-
ent compared to that in the control group (68  8  18 vs. 
415  8  75 mm 2  ,  p  !  0.001). Rats treated either with AdCD 
alone (310  8  65 mm 2 ) or only with 5FC (400  8  72 mm 2 ) 
also showed an extensive tumor proliferation. After 6 

weeks, tumor size was mostly above 600 mm 2  and the 
animals were sacrificed. 

 However, initially successful CD gene therapy com-
bined with the prodrug 5FC was not sufficient to prevent 
tumor growth in the following 4 weeks. As illustrated in 
 figure 3 , after a total time of 8 weeks of treatment there 
was no significant difference between Lewis rats with 
AdCD-modified tumors with or without concomitant 
5FC treatment (455  8  123 mm 2  vs. 530  8  111 mm 2 , p  1  
0.05). Taken together, AdCD gene transfer combined 
with 5FC treatment resulted in a local tumor control in 
vivo due to the induction of tumor apoptosis (shown in 
 fig. 1 b) triggered by the conversion of 5FC to the toxic 
metabolite 5FU. However, this antiproliferative effect was 
transient and surviving tumor cells obviously gained the 
capability to progress despite continuous treatment. 
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  Fig. 1.  Induction of apoptosis by 5FC after AdCD infection in vitro 
( a ) and in vivo ( b ). Apoptotic cells were determined by FACS anal-
ysis. About 10 6  DSL6A cells were left untreated, or were treated 
with 5FC (50  � g/ml), or AdCD (MOI 10), or AdCD + 5FC. Trip-
licate samples were harvested after 48 h, permeabilized with Tri-
ton X-100 and stained with propidium iodide. Percentage of apop-
totic DSL6A cells is shown in the top of each dot blot. Results are 
representative of those obtained in three separate experiments. 

Apoptotic cells within DSL6A tumor masses were identified by 
TUNEL labeling. Areas of apoptotic cells are indicated by high 
frequency of dUTP incorporation. Formalin-fixed tissue sections 
were prepared from tumors isolated at the end of the study. Rep-
resentative tumor tissues from untreated, or 5FC (500 mg/
kg b.w.) or AdCD (10 8  infectious units) or AdCD + 5FC-treated 
animals are shown. Arrowheads indicate an area of apoptotic 
cells. Orig. magnif.  ! 100. 
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 Characterization of the Immunomodulatory Potential 
of the CD/FC Prodrug System 
 To investigate the potential antitumoral immunity of 

CD-modified DSL6A cells, tumor growth was analyzed 
after tumor rechallenge in this rat model of pancreatic 
carcinoma. Therefore, 6 animals of each group with the 
treatment modalities A–D were rendered tumor-free by 
complete surgical removal of tumors before tumor re-
challenge experiments were performed. Surprisingly, tu-
mor growth was similar in all groups (A–D) and was not 
even rendered in animals in the CD/FC prodrug treat-
ment group ( table 1 ). The tumor proliferation kinetics 
were comparable to that observed in the control groups 
in the first tumor challenge experiments. In conclusion, 
these results suggest that treatment with the CD/FC pro-
drug system is not suited to induce systemic immunity 
against weakly immunogenic DSL6A cells. 

 In order to test whether the anticipated weak antitu-
moral effects enrolled cell-mediated immune responses 
and in especially cytotoxic T lymphocytes, chromium re-
lease assays were performed. As illustrated in  figure 4  
neither PBLs isolated from controls nor from rats with 
AdCD  8  5FC-treated tumors efficiently lysed unmodi-
fied DSL6A target cells. An obvious higher reactivity was 
seen when using AdCD-transduced DSL6A as target 
cells, but again, there were no differences between the 
lymphocytes of the treatment groups. However, a minor 

trend towards higher reactivity of PBLs isolated from an-
imals of the AdCD-treated groups was observed. To rule 
out a possible non-specific lytic activity mediated by NK 
cells, additionally MHC class I-negative YAC cells were 
used as targets. And indeed, the observed minor back-
ground cytotoxcity was mostly due to NK cell activity. In 
general, our experiments clearly demonstrate that in vivo 
AdCD gene transfer does not induce a tumor-specific 
CTL response in our syngeneic pancreatic cancer model 
of immunocompetent rats. 

 These negative data were further supported by immu-
nohistochemical findings. As shown in  figure 5 , no CD4+ 
and CD8+ cells were detectable in both DSL6A as well as 
DSL6A/CD tumors independent of concomitant FC 
treatment. Nevertheless, a few NK cells could be detected 
in CD-modified tumors indicating a possible antitumor-
al activity of these cells. 

52 kD

1 2 3 4 5 6

  Fig. 2.  Expression of CD protein. Lanes: (1) protein molecular 
weight standard, (2) recombinant CD protein (positive control), 
(3) uninfected DSL6A cells, (4) DSL6A cells transduced with 
AdCD (MOI 10) in vitro, (5) uninfected subcutaneous DSL6A tu-
mor, and (6) subcutaneous DSL6A tumor treated with AdCD (10 8  
infectious units). 

  Fig. 3.  Effect of in vivo CD gene transfer and 5FC treatment on 
DSL6A tumor growth. The treatment regimen started 6 weeks 
after tumor cell inoculation and was performed twice a week. Rats 
received either 5FC alone (500 mg/kg b.w., intraperitoneally), 
AdCD alone (10 8  infectious units, intratumorally), AdCD + 5FC 
or were left untreated. Plotted are the mean tumor sizes ( 8  SD) 
that were determined weekly. All animals were killed when the 
tumor size reached  1 600 mm 2 . 
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 We conclude that beside the pharmacological bystand-
er effect of 5FU transiently controlling tumor growth, 
there is no evidence of an additional induction of antitu-
moral immunity that could contribute to first growth 
control or regression of established tumors and second 
protect treated animals from a secondary tumor chal-
lenge. 

 Discussion 

 Suicide gene therapy is widely applied for the treat-
ment of malignant tumors, selective killing of parasites, 
control of HIV infection, allogeneic bone marrow trans-
plantation, and vascular smooth muscle cell proliferation 
 [1, 2, 6, 15] . The mechanisms of antitumor response by 

Weeks after second
tumor cell inoculation

A
(n = 6)

B
(n = 6)

C
(n = 6)

D
(n = 6)

p

2 681.1 881.4 681.3 982.4 n.s.
4 1582.7 1282.2 1683.4 1884.9 n.s.
6 60810.8 58810.4 4589.5 50813.5 n.s.
8 310855.8 289852.0 255853.6 205855.4 n.s.

10 475885.5 510891.8 5008105 4258115 n.s.

After 4 weeks of pretreatment with (A) control, (B) 5FC (500 mg/kg b.w., intraperi-
toneally), (C) AdCD (108 infectious units, intratumorally) or (D) AdCD + 5FC, tumors 
were completely removed (R0) and 4 weeks later a second tumor inoculation with 106 
DSL6A cells was performed subcutaneously into the back side, apart from the first tumor 
inoculation. The mean tumor sizes (8 SD in mm2) at various time points after the sec-
ond tumor cell inoculation are shown. Calculation was performed with the largest and 
smallest diameters considered as tumor length (mm) ! tumor width (mm). n.s. = Not 
significant.

  

  Table 1.  In vivo growth of pancreatic 
tumors in Lewis rats after DSL6A tumor 
cell rechallenge 
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  Fig. 4.  Cytotoxicity of peripheral lymphocytes from treated (5FC alone, AdCD alone, AdCD + 5 FC) and un-
treated control animals. Cytotoxicity was determined by standard 6-hour  51 Cr release assay using DSL6A cells 
( a ) and DSL6A/CD cells ( b ) as specific targets and YAC cells ( c ) as NK-sensitive target cells, respectively. Dif-
ferent effector/ target cell ratios were tested as indicated. Bars = SD. 
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suicide gene therapy were found to be related to both the 
activity of the toxic drug metabolites and the induction 
of antitumor immunity  [5, 7] . The term ‘bystander effect’ 
that is used in this regard describes the collateral killing 
of non-transfected tumor cells surrounding a transfected 
cell. 

 Here, we studied the immunomodulatory potential of 
the CD/5FC suicide system on tumor growth using a syn-
geneic animal model of pancreatic carcinoma. Of note, 
we performed these animal experiments in a setting that 
reflects the clinical situation as far as possible. First, tu-
mors were allowed to establish before treatment started, 
second, treatment was carried out in a neoadjuvant man-
ner, third, tumors were surgically removed (R0), and 
fourth, residual tumor disease in form of dormant cells 
and/or micrometastasis was simulated by a second tumor 
challenge. Unfortunately, but not surprisingly, our results 
demonstrated that AdCD/5FC treatment is neither suf-
ficient to sustainably prevent growth of established tu-
mors nor to protect animals from a secondary tumor 
challenge. However, this is in contrast to many published 

animal studies  [3, 8, 16, 17]  and possible explanations for 
these negative results will be discussed. 

 The sensitivity of CD-modified tumors to 5FC is re-
lated to enzyme activity, 5FC dose given and time course 
of treatment. Tumor cells can survive CD/5FC treatment 
if either the levels of CD expression are low or the dose or 
duration of 5FC treatment are inadequate  [16, 18] . In the 
experiments described here, the CD gene was under tran-
scriptional control of a CMV promoter, a type of general 
purpose viral promoter, and in vivo application was di-
rectly into tumors. Like in similar approaches  [14, 19] , 
successful induction of CD expression was achieved in 
vitro and in vivo. The magnitude of CD enzyme activity 
in our system was comparable to other CD-modified tu-
mors that have been successfully eliminated in vivo using 
5FC  [16, 20] . The amount of 5FC used as well as the in-
traperitoneal application of the prodrug have been dem-
onstrated previously to be the most efficient treatment 
regimen in animal studies using the CD/5FC system  [20, 
21] . We could demonstrate that CD/5FC act in vitro 
mostly due to induction of apoptosis in CD-expressing as 

Anti-CD4

DSL6A

DSL6A/CD

Anti-CD8 Anti-NK

  Fig. 5.  Immunohistochemistry of tumor-infiltrating lymphocytes. Cryostat sections of DSL6A tumors and DSL6A/CD-
modified tumors were stained with anti-CD4 or anti-CD8. Additionally, NK cells were stained with a specific anti-rat NK 
antibody. Arrowheads indicate infiltrating NK cells. Orig. magnif.  ! 100, insert magnif.  ! 400. 
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well as non-expressing cells. This confirms that CD/5FC 
exerts a classical bystander effect. Our in vivo data addi-
tionally indicated that this approach leads to a transient 
tumor growth control but not to a complete eradication 
of solid pancreatic tumors. Despite a long-term treatment 
of up to 8 weeks, single DSL6A cells obviously escaped 
from growth control and started aggressive growing. 
This phenomenon mirrors the clinical situation of pan-
creatic cancer  [22, 23] . 

 Many experimental studies have shown that gene 
transfer can make a variety of tumors more immuno-
genic, leading to local regression of solid tumors and of-
ten inducing resistance to a subsequent rechallenge with 
wild-type tumor cells  [24, 25] . The proportion of animals 
protected against further challenge with parental cells 
varied in different animal models (ranging from 37% up 
to 100%)  [3, 4, 16] . However, prodrug treatment inducing 
a massive destruction of CD-modified cells seemed to be 
crucial for induction of protective immunity resulting in 
tumor rejection. Contrary to that, in our study, animals 
receiving a secondary tumor cell challenge were not pro-
tected against unmodified parental tumor cells. 

 While immunological recognition of the CD protein 
will not lead to direct rejection of wild-type tumors which 
do not express CD, it was hypothesized that the protein 
may function as a superantigen of sorts leading to poly-
clonal activation of lymphocytes  [3, 8] . Subsequent cross-
presentation of cell debris-derived tumor antigens by in-
flammatory lymphocytes is held responsible for the in-
duction of a specific antitumoral and protective immune 
response  [26] . In accordance with what has been observed 
in different CD-transduced tumor models  [3, 16] , the im-
mune reaction in the DSL6A model was not potent 
enough to cause rejection of preexisting and fast-growing 
tumors. 

 The cytotoxicity data clearly demonstrate that CD/
5FC-mediated death of DSL6A tumor cells does not lead 
to activation of cytotoxic T lymphocytes. We observed an 
increase of cytotoxic efficacy towards DSL6A tumor cells 
when pretreated with AdCD in vitro. However, this effect 
was unspecific and more likely due to an increase in sen-
sitivity of target cells towards lymphocytes in the cyto-
toxicity experiments. As another cytotoxic effector cell 
population, we analyzed NK cells. Here, we observed low 
cytotoxic activity contributed by these immune effector 
cells, and this cytotoxic activity was only marginally in-
creased by CD modification. Similarly, our immunohis-
tochemical studies showed no local inflammatory re-
sponse and especially no infiltration of CD4+ and CD8+ 
T lymphocytes in tumor masses modified by CD/5FC 

treatment. However, several tumors were occasionally in-
filtrated by NK cells. As DSL6A cells do express MHC-
class I molecules (data not shown), the lack of CTL activ-
ity cannot be explained by immune escape in form of 
weak or missing MHC class I expression. Therefore, we 
conclude that CD most likely represents no superantigen 
in this experimental system of immunocompetent Lewis 
rats. This may be explained by the simple absence of po-
tent T-cell epitopes in the CD protein in the context of 
MHC molecules expressed by Lewis rats. Another pos-
sible explanation for this finding could be that the in vivo 
conversion of 5FC to the toxic 5FU metabolite establishes 
an immunosuppressant microenvironment  [16] . 

 For the induction of an effective immune response, it 
would be necessary to additionally activate CD4+ lym-
phocytes. DSL6A cells are MHC class II negative (data 
not shown), and consequently they cannot directly acti-
vate CD4+ cells. The signals for both the induction and 
effector phases of CD4+ memory cells  [27, 28]  must be 
provided by inflammatory cells that are instrumental for 
CD4+ T-lymphocyte activation. The absence of any of 
those immune cells in established DSL6A tumors is pos-
sibly the most important finding of the present study. 
This mostly explains the missing protection of animals 
from a secondary tumor challenge with wild-type DSL6A 
cells  [29, 30] . 

 Clearly, our data show that a significant increase in 
immunogenicity does not necessarily follow gene trans-
duction. An increase in the therapeutic efficacy of the 
CD/5FC system has been achieved by combining CD ex-
pression with proinflammatory molecules favoring Th1 
responses  [31]  such as granulocyte-macrophage colony-
stimulating factor  [9] , interferon- �   [17] , interleukin-2 
 [32]  or interleukin-6  [8] . 

 Taken together, the findings of the present study are 
allegeable by the consideration that they were obtained 
with an aggressive and poorly or non-immunogenic ad-
enocarcinoma similar to spontaneously arising malig-
nant pancreatic tumors. Considering the notoriously 
weak immunogenicity of such clinically apparent can-
cers, it is now clear that immunotherapy alone will not be 
of use as first-line therapy of bulk tumor disease. How-
ever, it seems promising to apply immunotherapeutic 
treatments as additive components of multimodal thera-
pies to improve prognosis of pancreatic tumor patients, 
in particular in situations of residual tumor disease 
 [33] . 
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Induction of protective immunity against syngeneic rat
cancer cells by expression of the cytosine deaminase
suicide gene
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The use of the cytosine deaminase (CD)/5-fluorocytosine suicide system as a cancer gene therapy approach enables selective killing
of CD-modified cells as well as the ablation of non-modified tumor cells due to a bystander effect that has been suggested to involve
the immune system in vivo. Using a stable CD transfectant of the tumorigenic rat adenocarcinoma cell line AS (AS/CD), an
antitumoral response against the CD expressing cell line as well as the parental cell line could be induced by stepwise vaccinations
in syngeneic animals. AS/CD tumor regression occurred independently of 5-fluorocytosine treatment and was sufficient to protect
37% of the animals against subsequent challenge with tumorigenic doses of the parental AS cell line. Immune rats contained
lymphocytes able to specifically lyse CD modified as well as unmodified AS tumor cells in vitro, most likely contributing to the in
vivo antitumoral reaction. Thus, the CD suicide system seems to be suitable not only for a local tumor gene therapy but also for the
application as therapy of metastatic tumors and minimal residual disease. Cancer Gene Therapy (2000) 7, 1357–1364

Key words: Suicide system; cytosine deaminase; 5-fluorocytosine; antitumoral immune response; syngeneic rat tumor model.

Selective killing of cancer cells using suicide systems
like the herpes simplex-thymidine kinase/ganciclovir

system or the bacterial cytosine deaminase (CD)/5-
fluorocytosine (5FC) system is an attractive strategy for
cancer gene therapy.1–4 CD, which is not expressed in
mammalian cells, converts the nontoxic prodrug 5FC
into the highly toxic substance 5-fluorouracil (5FU).5,6

Therefore, cells genetically modified to express the CD
suicide gene can selectively produce 5FU and its metab-
olites, which upon inhibition of DNA replication and
incorporation into RNA finally cause cell death.7

In addition to this suicidal effect on gene-modified
cells, toxicity is also exerted on adjacent, CD-negative
cells. This so-called “bystander” effect has been de-
scribed in vitro and in vivo.2,8 –10 In contrast to the
thymidine kinase suicide system, whose toxic metabo-
lite is phosphorylated (ganciclovir-monophosphate)
and whose bystander effect was shown to depend upon
gap junctions,11 the toxic metabolite of the CD suicide
system, 5FU, can diffuse through the cell membrane,
thereby causing cellular toxicity to neighboring
cells.9,12 For gene therapy approaches, the bystander

effect is important, because not all tumor cells can be
reached by current gene transfer systems. In vivo
experiments have shown that only a small percentage
of CD-expressing cells can cause short-term tumor
regression, but recurrence of tumors was observed
subsequently.9,13,14 Diffusion of 5FU itself cannot
account for the ablation of a tumor mass consisting
predominantly of unmodified cells. Several studies
have suggested that part of the bystander effect in vivo
can be assigned to the development of an antitumoral
immunity that might contribute to tumor regres-
sion.15–18 In thymidine kinase-expressing tumors, in-
filtrates of mononuclear cells, such as macrophages
and T lymphocytes, were observed.16,19 Similarly,
CD41 and CD81 lymphocytes are required for rejec-
tion of CD-expressing tumors and protection against
further tumor challenges.17,20 Moreover, the antitu-
moral reaction could be enhanced by combining the
suicide gene with the expression of cytokine
genes.21–24

In the present study, we established a strategy for
inducing antitumoral immunity. Using the rat pancreatic
carcinoma cell line AS, we were able to show that this
syngeneic, poorly immunogenic tumor can be eliminated
upon expression of CD in the absence of the prodrug.
This vaccination strategy protected AS/CD-vaccinated
animals against subsequent challenges with CD-modi-
fied as well as parental tumor cells. Moreover, we were
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able to confirm an immune response by detection of
tumor cell-specific cytotoxic T lymphocytes (CTLs) in
these animals.

MATERIALS AND METHODS

Cell lines

The parental tumor cell line AS (BSp73AS) was originally derived
from a spontaneous pancreatic adenocarcinoma of a 26-month-
old BDX rat.25 The AS cells are poorly immunogenic, nonmeta-
static, and exhibit highly aggressive tumor growth in BDX rats.
Sp6S is a syngeneic sarcoma cell line of BDX rats. The YAC cell
line is derived from a mouse lymphoma that does not express
major histocompatibility complex (MHC) class I molecules and is
known for its sensitivity to natural killer (NK) cells. All cells were
grown in RPMI 1640 medium (Life Technologies, Eggenstein,
Germany) supplemented with 10% heat-inactivated fetal calf sera
(Life Technologies), 100 U/mL penicillin, 100 mg/mL streptomy-
cin (Life Technologies), and 4 mM L-glutamine (Life Technolo-
gies).

Vectors and gene transfer

The construction of the eukaryotic expression plasmid
pUHD10-1/CD (CMV-CD), coding for CD, as well as all
transfection procedures were performed as described previ-
ously.26 Briefly, AS/CD and AS/neo cells were obtained by
cotransfection of plasmid pSV2neo27 with pUHD10-1/CD or
pUHD10-1. Selection was performed with 0.8 mg/mL G418
(Life Technologies). CD-expressing clones were identified by
flow cytometry (with a fluorescence-activated cell sorter
(FACS)) using the anti-CD monoclonal antibody (mAb)
16D8F2.26 Subcloning of CD transfectants was performed by
limiting dilution, and the resulting clones were examined again
for CD expression using a FACS. One AS/CD clone with high
CD expression and one AS/neo clone were chosen for subse-
quent in vitro and in vivo experiments.

In vitro drug-sensitivity assay

AS/neo or AS/CD cells (5 3 102) were plated on 96-well plates
in triplicate and exposed 24 hours later to different concentra-
tions (0–50 mM) of 5FC or 5FU (Sigma, München, Germany).
Treatment with 5FC or 5FU was continued for 6 days with
daily medium changes. The relative number of viable cells was
determined using the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphe-
nyltetrazoliumbromide (MTT) (Sigma) assay.28 Color precip-
itates were measured in an enzyme-linked immunosorbent
assay microplate reader (EAR340AT; SLT Lab Instruments,
Grödig, Austria) at 560 nm with a reference filter of 620 nm.
The percentage of viability was calculated according to the
following equation: % viability 5 100% 3 ([absorbance of cells
incubated with 5FU/5FC-containing medium]/[absorbance of
cells incubated with medium alone]).

Animal experiments

For the in vivo experiments, 10- to 12-week-old female BDX
rats (WIGA, Sulzfeld, Germany) were used. Two independent
experiments were performed, with three animals per group in
the first experiment and five animals per group in the second
experiment. A total of 5 3 106 tumor cells were resuspended in
200 mL of phosphate-buffered saline (PBS) and inoculated
subcutaneously (s.c.). This tumor cell dose is about two orders
of magnitude above the number of cells required to generate

AS tumors in 50% of these animals.25 Tumor size (cm2) was
determined by measuring the largest and smallest diameter as
tumor length (cm) 3 tumor width (cm). If tumor size reached
3 cm in diameter, animals were euthanized. At 11 days after
the first inoculation of AS/CD or AS/neo tumor cells, 500 mg
of 5FC/kg body weight (stock concentration of 50 mg of
5FC/mL PBS) was administered intraperitoneally (i.p.) once
daily for 2 weeks followed by administration once in 2-day
intervals in the third week. Control animals received PBS (i.p.)
only. At 50 days after the first tumor cell challenge, surviving
animals were inoculated again with tumor cells. The second
tumor cell challenge was performed three weeks after the
complete AS/CD tumor regression. The rats received inocula-
tions of 5 3 106 AS/CD cells into the left flank and 5 3 106 AS
cells into the right flank. Animals that survived the second
tumor cell challenge were inoculated for the third time with
5 3 106 AS cells into the left flank. The third challenge, 106
days after the first tumor challenge, was performed 4 weeks
after the complete regression of the AS tumors. After the
second and third challenges, no 5FC treatment was performed.
For each of the three experimental steps, untreated naive
animals were used as controls to determine the tumorigenicity
of AS cells. Tumor growth was examined two to seven times
weekly as described above. Animals were monitored until they
had to be sacrificed due to tumor size or until preparation of
lymphocytes from surviving rats at the end of the experiment.

For the preparation of peripheral blood lymphocytes (PBLs)
for chromium release assay, heparinized blood was drawn or
the spleens were taken from sacrificed animals and lympho-
cytes were purified using a Ficoll gradient. Cells were stored in
liquid nitrogen in 10% dimethylsulfoxide (Merck, Darmstadt,
Germany)/fetal calf serum.

Immunohistochemistry

Tissues were snap-frozen in liquid nitrogen and stored at
280°C. Acetone-fixed 6-mm cryostat sections were washed in
PBS, treated with 3% hydrogen peroxide for 5 minutes, and
washed again with PBS. Blocking was performed with rabbit
sera (Dako, Hamburg, Germany; 1/5 dilution in PBS) for 20
minutes at 37°C. After washing with PBS, tissue sections were
overlaid with biotinylated anti-rat CD4 (0.5 mg/mL OX 38;
PharMingen, Hamburg, Germany; 1/10 dilution) or anti-rat
CD8 (0.5 mg/mL OX 8; PharMingen; 1/10 dilution) antibodies
(Abs) for 2.5 hours at 37°C. After PBS washing, streptavidin-
conjugated horseradish peroxidase (Dako) was incubated for
10 minutes at room temperature. For signal detection, sections
were rinsed with PBS and subsequently incubated with high-
sensitivity substrate-chromogen 3-amino-9-ethylcarbazole
(Dako) for 30–40 minutes. Counterstaining was performed
with hematoxylin.

Chromium release assay

PBLs were cultured in cell culture medium (see above) supple-
mented with 2 mM N-2-hydroxyethylpiperazine-N9-2-ethanesul-
fonic acid (pH 7.3) (Roth, Karlsruhe, Germany), 2 3 1025 M
b-mercaptoethanol (Merck), and T-cell growth factor (cell cul-
ture supernatant of mitogen-treated rat spleen cells, 1:10). PBLs
were prestimulated in vitro for 5 days by incubation with irradi-
ated (300 Gy) AS or AS/CD tumor cells (ratio of PBLs to tumor
cells of 20:1). Prestimulated PBLs (effector cells) were incubated
for 5.5 hours with 1 3 103 51Cr-labeled (sodium 51-chromate; 100
mCi for 60 minutes) AS, AS/CD, Sp6S, or YAC target cells at
different effector to target cell (E:T) ratios (403, 13.33, 4.43,
1.53). Supernatants were measured in a g counter (1282 Com-
pugamma; LKB-Wallac, Stockholm, Sweden) and the percentage

1358 HAACK, LINNEBACHER, EISOLD, ET AL: PROTECTIVE IMMUNITY BY CD-MODIFIED CELLS

Cancer Gene Therapy, Vol 7, No 10, 2000



of specific lysis was calculated according to the following equa-
tion: Specific lysis 5 ([experimental cpm 2 spontaneous cpm]/
[maximum cpm 2 spontaneous cpm]) 3 100%. Each experiment
was performed in triplicate.

Statistics

All results were obtained from two independent experiments
with three and five rats per group, respectively, and data were
accumulated. The significance of differences in tumor size was
determined by a “two-sided” Wilcoxon rank-sum test. The
statistical analysis of the survival rates was performed by a
log-rank test. P values of ,.05, after correction according to
Bonferroni-Holm, were considered significant.

RESULTS

In vitro characterization of the AS/CD tumor cell line

A stably transfected AS/CD clone whose CD expression
has been demonstrated by FACS and Western blot
analysis26 was chosen for subsequent in vitro and in vivo
studies. No morphological alterations or differences in
cell growth were observed in the AS/CD or AS/neo
control clone when compared with the parental AS cell
line (data not shown). When we examined the overall
5FU toxicity, all three cell lines (AS, AS/CD, and
AS/neo) were equally sensitive to 5FU, with a 50%
inhibitory concentration (IC50) of 4 mM (Fig 1). How-
ever, only AS/CD cells were efficiently killed upon
exposure to the prodrug 5FC (IC50 of 40 mM); thus,
these cells were 675-fold more sensitive than the AS/neo
or parental AS cells (IC50 of 27 mM; Fig 1). As
determined by flow cytometry analysis, all three cell lines
were shown to express MHC class I and intercellular
adhesion molecule 1 (ICAM-1), but lacked expression of
MHC class II molecules (data not shown).

Tumorigenicity of the AS/CD cell line in vivo

As a first step of our immunization strategy, two groups
of rats were inoculated s.c. with AS/neo (control group)
or AS/CD cells. Within 6 days, all animals developed
palpable tumors. At day 11, when tumor sizes had
reached ;3 cm2, each group of rats was split in half and
treatment of each subgroup with PBS or 5FC was
initiated (Fig 2, top panel). Tumor growth in AS/neo
animals continued and was unaffected by 5FC or PBS
treatment (Fig 3). However, all animals that had re-
ceived AS/CD tumor cells survived (Fig 2, top panel)
because after initial tumor growth, complete regression
was observed (Fig 3). Although, the overall outcome
(i.e., tumor regression) was the same for both 5FC- and
PBS-treated AS/CD tumor-bearing animals, the regres-
sion rate was slightly more effective in 5FC-treated rats
(day 19) compared with PBS-treated rats (day 25). This

Figure 1. In vitro 5FC/5FU sensitivity of CD-expressing AS clones.
AS/CD and AS/neo cells were exposed to different 5FC or 5FU
concentrations for 6 days, and viable cells were determined by MTT
assay. The number of surviving cells in the percentage of the cells
that were incubated without 5FC/5FU is indicated in relation to the
concentration of 5FC or 5FU. The experiments were performed in
triplicate, and the SEM is indicated.

Figure 2. AS/CD-based in vivo immunization strategy. Inoculation of
different tumor cells and growth of the corresponding tumors is
indicated by different gray scales. Rats that had to be killed due to
tumor size are depicted upside-down. 5FC treatment of the animals
only was performed after inoculation of AS/neo or AS/CD cells during
the first part of the experimental strategy. Numbers of animals in each
experimental group are indicated by roman numerals. Animals that
survived tumor cell load because of complete tumor regression were
additionally inoculated (day 50) with AS and AS/CD tumor cells. Rats,
surviving this second tumor challenge were inoculated a third time (day
106) with AS cells only. Control groups in the second and third part of
the animal experiment consisted of rats without previous tumor cell
inoculation. For each group of rats, the proportion of animal survivors
and animal deaths in comparison with the total number of rats in each
treatment group is indicated.
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difference reached statistical significance starting at day
14 (P , .05). The administration of 5FC was well
tolerated, without any signs of systemic toxicity. Surviv-
ing rats remained tumor-free until the next tumor cell
inoculation was performed 3 weeks after cessation of
5FC treatment. These results suggest that AS/CD cells
have a restricted tumorigenic potential in syngeneic rats,
and that complete tumor regression occurs indepen-
dently of but can be accelerated by prodrug treatment.

Rejection of AS/CD cells and delayed tumor growth of
AS tumors

To examine whether this antitumoral reaction depends
upon CD expression or also might be directed against
unmodified parental AS tumor cells, each of the 16 AS/CD
vaccinated and surviving rats was subjected to a second
tumor challenge involving inoculation of AS/CD and AS
cells. A group of eight previously untreated naive rats
received the same tumor cell treatment and served as the
control group. All of these control animals developed both
AS and AS/CD tumors (Fig 2, middle panel). Within ;13
days, AS/CD tumors stopped growing and started to re-
gress, similar to the animals that had received AS/CD
during the first challenge (Fig 2, top panel). However,
complete regression of AS/CD tumors could not be ob-
served in these control animals because they had to be
sacrificed due to the size of the rapidly growing AS tumors
(Fig 4). In contrast to these control rats, all animals (16 of
16 rats) that survived the first AS/CD tumor challenge
immediately rejected the AS/CD cells after the second
tumor challenge (Fig 2, middle panel), whereas AS tumor
cell inoculation caused tumors in all rats. The growth rate
of AS tumors in pretreated rats was significantly delayed
when compared with the AS tumors in the control animals

(P , .001), and pretreated rats survived up to 3 weeks
longer (21–37 days versus 14 days) (Fig 4). More impor-
tantly, in 6 of 16 rats (37%), the AS tumors finally
regressed completely and the rats survived (Fig 4). Tumor
regression was complete on day 23 after the second tumor
cell challenge.

Immunity against parental AS tumor cells

Because all rats that had survived AS/CD tumor cell
challenge in the first part of the experiment apparently
were immune against rechallenge with the same cells,
but only a fraction (6 of 16) of these animals survived
inoculation of tumorigenic doses of parental AS cells, we
examined tumor growth in those six rats when rechal-
lenged with AS cells (Fig 2, bottom panel). All of these
pretreated rats rejected inoculated AS cells and re-
mained tumor-free for at least 23 months after this third
tumor challenge when the experiment was terminated
and the rats were killed. In naive control animals,
inoculation of the same dose of AS cells caused rapid
tumor growth; animals had to be killed after 13–16 days
due to tumor size. These results suggest that systemic
immunity against parental AS cells can be induced by
genetically modified AS/CD cells.

Cytotoxic T-cell activity directed against AS cells

To investigate whether the antitumoral effect observed in
our animal experiment might involve cellular immune
responses, chromium release assays were performed for
detection of CTLs. AS cells were efficiently lysed (up to
20%) at different E:T ratios by PBLs isolated from rats that
had survived AS/CD and AS tumors, whereas PBLs of
control rats failed to lyse these target cells (Fig 5). The
same results were observed when AS/CD target cells were
used (data not shown). Efficiency of lysis was identical for

Figure 3. Effect of CD expression on AS tumor growth. The growth of
AS/neo and AS/CD tumors and their response to 5FC or PBS treat-
ment is indicated. The treatment regimen was started at day 11 after
tumor cell inoculation and continued for 3 weeks. The average tumor
size (6 2 3 SE) at various timepoints after tumor inoculation is plotted.

Figure 4. Pretreatment with AS/CD prolongs survival of rats after
challenge with parental AS cells. At 3 weeks after complete AS/CD
tumor regression, surviving rats and naive control rats were inocu-
lated s.c. with AS and AS/CD cells into opposite animal flanks (50
days after first tumor challenge). The frequency of surviving animals
is plotted against time after the second tumor cell challenge.
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both AS and AS/CD target cells and was dependent upon
prestimulation of PBLs, but there was no difference among
the AS or AS/CD cells used for prestimulation (data not
shown). We further analyzed whether part of this lytic
activity was nonspecific and eventually mediated by NK
cells. Using MHC class I-negative YAC cells as targets, a

complete lack of or only a low level of lysis (9%) of YAC
cells was conferred by PBLs of control animals or pre-
treated rats, respectively, indicating that the specific cyto-
toxicity was mediated predominantly by MHC-restricted
CTLs rather than by NK cells. Similarly, PBLs of treated
rats were unable to lyse the syngeneic sarcoma cell line
Sp6S when used as target cells (Fig 5). These data demon-
strate that in rats challenged with AS/CD or AS cells,
cytotoxic T cells can be induced that are capable of lysing
not only CD-modified but also genetically unmodified
parental AS tumor cells.

Lymphocyte infiltration of AS and AS/CD tumors

We also examined the infiltration of CD41 and CD81

cells in parental and genetically modified tumors. A
representative staining pattern of these tumors is shown
in Figure 6. CD41 cells, albeit few, were detected in both
AS as well as AS/CD tumors independent of 5FC or PBS
treatment. Instead, massive infiltration of CD81 lym-
phocytes was found only in AS/CD tumors. These in vivo
results support the in vitro cytotoxicity data, demonstrat-
ing a major role of AS-specific CD81 lymphocytes in AS
and AS/CD tumor regression after vaccination. More-
over, the data also demonstrate the requirement of CD
for the activation of AS-specific CTLs.

DISCUSSION

The goal of this study was to examine the immunomodu-
latory potential of the CD/5FC suicide system on tumor

Figure 5. Cytotoxic response to AS cells. Specific lysis of AS, Sp6S,
or YAC target cells by prestimulated CTLs, obtained from treated
rats that had rejected AS/CD and AS tumors or from untreated
control rats, is shown. Different E:T cell ratios used in chromium
release assays are indicated.

Figure 6. Immunohistochemical staining for CD41 and CD81 cells. Cryostat sections of AS tumors (A,B) and AS/CD tumors (C,D) stained with
anti-CD8 mAb (A,C) and anti-CD4 mAb (B,D) are shown.
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growth using the rat pancreatic AS tumor cell line in
syngeneic animals. Our results clearly demonstrate that
CD expression is sufficient to increase the immunoge-
nicity of AS cells leading to complete AS/CD tumor
regression independent of 5FC treatment in all animals.
Concomitantly, 37% of these AS/CD “primed” animals
were protected against subsequent challenges with un-
modified parental AS cells, and the presence of tumor-
specific CTLs in these animals strongly suggests the
induction of systemic immunity.

The AS tumor model has been well described and it is
known that neither excision of a primary tumor nor
vaccination with irradiated AS cells exerts any protective
effect, (i.e., the immunogenicity of the AS tumor by itself
is too weak to induce a protective immune response).29

Our observation that CD-modified tumors regressed
without prodrug treatment is in contrast to most in vivo
studies employing the CD suicide system. In these
studies, CD-mediated conversion of 5FC to 5FU was an
essential requirement for efficient killing of both genet-
ically modified and unmodified tumor cells and was
observed in athymic nude mice as well as in immuno-
competent animals.17,30–33 One could argue that the
discrepancy between our data and those reported by
others might be attributable to an unusual high expres-
sion level of CD in the AS/CD clone used in the present
study. However, the specific CD activity measured for
AS/CD cells in vitro was found to be ;21 nmol/
minute/mg (K.H., unpublished results). This level of CD
expression is similar in magnitude to other CD gene-
modified tumors that can be eliminated in vivo with 5FC,
thus ruling out the unusually high CD expression level as
the main reason for the observed immune response in
our experimental model system. Alternatively, the mode
of 5FC administration or impaired 5FC uptake of these
tumor cells might account for the observed difference.
This is highly unlikely, because the amount of 5FC used
as well as the i.p. application of the prodrug have been
demonstrated previously to be the most efficient treat-
ment regimen in animal studies using the CD/5FC
suicide gene/prodrug system.32 Thus, we have to assume
that in our system, CD expression significantly increased
the immunogenicity of AS cells. Because transfection of
AS cells with the neomycin phosphotransferase gene
(neo) exerted no effect on tumor growth or tumor
rejection, it is obvious that not all foreign antigens have
immunomodulatory capacities. Yet the phenomenon is
not unique for the CD gene (i.e., other bacterial proteins
such as b-galactosidase also have been shown to induce
immune responses in vivo and in vitro).34 AS/CD cells
were not rejected immediately when inoculated into
naive animals. The transient tumor growth will be asso-
ciated with a longer persistence of the immunogen,
which may be required for establishment of a strong
antitumoral reaction, eventually leading to complete
AS/CD tumor regression in 100% of inoculated animals.

We subsequently asked whether this response is CD-
specific or whether by transfection with the CD gene an
immune response against the parental AS cells is also
induced. In fact, in more than one-third of AS/CD-primed

rats that received a challenge of parental AS cells, the AS
tumor regressed. Because this antitumoral response was
augmented by subsequent tumor cell challenges, CD must
have triggered an AS-specific immune response. Protective
immunity against genetically unmodified parental tumor
cells has been reported in other studies using the thymidine
kinase or CD suicide genes, but antitumoral responses in
most of these reports were related to prodrug-dependent
ablation of suicide gene-modified tumors.15,17,18,35 The
proportion of animals that were protected against further
challenge with the parental cells varied in different animal
models ranging from 37% (our results), to 48% to 80%,35

and up to 100%.17 A massive destruction of CD-modified
cells by prodrug treatment was involved in the induction of
such protective immunity in one of these studies.17 In our
study, 5FC treatment only exerted a weak therapeutic
effect, which was visible as a slightly increased rate of
AS/CD versus AS tumor regression. Nonetheless, because
four of these six animals belonged to the group of rats
receiving 5FC treatment, we cannot rule out a minor
contribution of FC treatment to the therapeutic effect.
Instead, in the CD systems described so far, protection
against parental cells essentially depended upon prodrug
conversion. Using immunosuppression studies, Consalvo et
al17 clearly demonstrated that upon CD tumor regression,
an immune memory against parental tumor cell challenge
was mediated by CD41 and CD81 T cells. Although, 5FC
failed to cause CD tumor regression in CD81-depleted
animals, the memory elicited in tumor-bearing mice again
depended upon the 5FC-mediated regression of CD-ex-
pressing tumors. However, no immune response could be
induced by immunization with CD-expressing tumor cells
only. Similarly, Mullen et al35 presented evidence that
animals preimmunized with syngeneic, non-malignant,
CD-expressing cells rejected unrelated CD-expressing cells
in the absence of prodrug treatment. However, no protec-
tion against unmodified parental tumor cells was observed.
Although these findings differ from our observation that
CD in and of itself suffices for the induction of a protective
immune response against the parental tumor in 38% of the
animals, the aforementioned studies as well as our report
clearly point toward an involvement of the immune system
in CD-induced tumor regression. Additional evidence is
provided by recent reports that demonstrate an increase in
the therapeutic efficacy of CD by combined expression with
immunomodulatory molecules such as granulocyte-mac-
rophage colony-stimulating factor,36 interferon-g,23 or in-
terleukin-6.22 Interestingly, prodrug treatment even antag-
onized the CD-mediated immunogenicity in the absence of
such cytokine gene expression,23 suggesting that before
application the antitumoral efficacy of 5FC treatment has
to be evaluated for each treatment modality.

We also want to stress the point that by vaccination
with CD-modified tumor cells, we clearly induced a
long-lasting memory response. While in other studies,
follow-up of treated animals was terminated after sev-
eral weeks,17,34,35,37 in our experiments no tumors were
observed even after 2 years, so that the rats reached
normal life span. Because in several other studies tumor
recurrence was observed after a period of dorman-
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cy,13,14,38 this is an important observation that further
strengthens the efficacy of the CD-induced, tumor-
specific immune response.

With respect to the mechanism underlying this highly
efficient antitumoral response, we can clearly state that
CD81 CTLs are dominating the effector phase of the
response. This was shown by in vitro cytotoxicity and most
convincingly by the massive infiltration of CD81 cells into
the solid tumor mass. The tumor cells themselves express
MHC class I molecules at a high level and, in addition,
ICAM-1 as a costimulatory/coligation molecule for CD81

effector cells. Some investigators reported up-regulation of
cytokines39 or MHC class I expression37 in vitro upon
transfection with the herpes simplex virus-thymidine kinase
suicide gene as a possible means of facilitating induction
and/or the effector phase of the response. This has not
been the case in our system, where expression of MHC
class I molecules was not modified by transfection (i.e., AS,
AS/neo, and AS/CD tumor cells before their inoculation
into animals revealed equally high expression levels of
MHC class I molecules and ICAM-1). Thus, the observa-
tion that only AS/CD tumors but not the parental AS
tumor regressed in the naive animal cannot be due to
different susceptibilities of AS/CD versus AS for CTL
effector cells. The finding that CTLs specific for the paren-
tal AS tumor could be induced in vitro when appropriate
cytokines were provided strengthens the interpretation.
NK cells as yet another cytotoxic effector cell apparently
did not play a major role. Lysis of an NK target was low,
and the cytotoxic activity was not increased after vaccina-
tion with AS/CD tumor cells nor was it augmented during
tumor regression. Furthermore, the long-lasting memory
observed in our system also argues instead for a T-cell-
mediated response. Whether a humoral response (e.g., via
an Ab-dependent cellular cytotoxicity mechanism) was
involved remains to be clarified. Preliminary results indi-
cate the presence of CD-specific Abs only in the sera of rats
that rejected AS/CD tumors (K.H., unpublished observa-
tions). However, according to the low efficacy of NK cells,
a major role of a humoral response in AS tumor regression
after AS/CD vaccination does not appear likely.

Having clarified (a) the importance of CD81 cells in the
effector phase of the AS/CD-induced immune response
and (b) the essential requirement of AS/CD vaccination for
the activation of AS/CD- and AS-specific CTLs, there
remains the question of induction of response. Several
groups have demonstrated the participation of CD41 and
CD81 T cells as well as of granulocytes and macrophages
during regression of suicide gene-modified tumors and
during the reaction against subsequent challenges with
parental tumor cells using the thymidine kinase16,19,39 or
CD suicide systems.17,20 Without question, activation of
CD41 helper T cells is a “conditio sine qua non” for the
activation of a memory CTL response. In fact, we observed
a minor infiltrate of CD41 cells in AS as well as in AS/CD
tumors. However, an AS-specific response only was ob-
served in the latter case, and previous studies failed to
observe activation of CD41 cells specific for the AS
tumor.40 Therefore, the most likely explanation will be that
in our system, expression of the CD gene is essentially

required for the activation of the T helper compartment
and that a supply of helper factors by CD-specific helper T
cells suffices for bystander activation of AS-specific CD81

CTLs.
In conclusion, our data suggest that nonimmunogenic

rat pancreatic AS tumor cells can become highly immuno-
genic by expression of the CD antigen, thereby inducing a
long-lasting antitumoral immune response against geneti-
cally modified as well as against unmodified parental tumor
cells. Our stepwise immunization strategy successfully pro-
tected more than one-third of the animals solely based on
the CD-mediated and almost 5FC-independent antitu-
moral response. The availability of an AS-derived metas-
tasizing cell line25 will further allow us to investigate
whether this approach is also capable of eliminating met-
astatic disease in our animal model system.
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