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Abstract

We examined the efficacy of suicide gene therapy for nitrosomethylurea-

induced mammary tumors in rats. Individual tumors were directly injected
with a retrovirus-producing cell line that releases retroviral vectors that
transduce the herpes simplex virus type 1 thymidine kinase (HSV1-TK) gene.
HSV1-TK specifically converts the nucleoside analogue ganciclovir (GCV)

into a toxic metabolite. Compared to control rats receiving saline, we ob
served a significant tumor regression of the injected tumors following GCV
administration, accompanied by a stromal inflammation and an extensive
lymphocyte infiltration invading the tumor epithelium. It is noteworthy that
the neighboring uninjected tumors also regressed, demonstrating the occur
rence of a distant bystander effect. This is the first demonstration that
HSV1-TK/GCV can efficiently treat multiple solid tumors directly generated

from an epithelial tissue.

Introduction

The general concept of "suicide" gene therapy is based on the

conferring of a new metabolic property to target cells to enable the
activation of prodrugs in these cells, artificially creating a high ther
apeutic index ( 1). The HSVI-TK1 gene was the first suicide gene used

for gene therapy (2, 3). It encodes an enzyme that allows the conver
sion of nontoxic nucleoside analogues such as acyclovir or GCV into
phosphorylated metabolites that are then incorporated into elongating
DNA, thereby inhibiting DNA synthesis and leading to cell death
(4-6). HSV1-TK has been widely studied and extensively used to kill

tumor cells in vitro. In most cases, the GCV therapeutic index be
tween parental and HSVl-TK-expressing cells is higher than 100. A

major property of this system is the generation of a potent bystander
effect, by which nontransduced tumor cells within a tumor or at a
distance are also killed by the GCV treatment (2, 3, 7-9). These

intratumoral and distant bystander effects are largely immune medi
ated (3, 10-12). HSV1-TK has been successfully used for in vivo

treatment of numerous types of tumors, and many clinical trials using
this strategy have been launched (13). However, it has often been
pointed out that all of the experimental data in animals were obtained
with so-called "transplanted tumors" that are generated upon injection

of cultured tumor cell line. Resulting tumors differ markedly from
solid tumors that spontaneously occur in patients. The mesenchyma-
tous tissue, which might play a role in immune antitumor host re-
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sponse, is missing in transplanted tumors. Chemically induced mam
mary tumors appear to be a more relevant model of cancer for
assessing therapeutics. Indeed, such mammary tumors are generated
from epithelial mammary tissue in the rat by the action of genotoxic
substances such as NMU at the time of ductal cell proliferation during
mammary gland development (14, 15). Most of the tumors are carci
noma with an elevated degree of differentiation. Similar to breast
cancer, the rate of NMU-induced mammary tumor cell proliferation
remains low, usually below 10%,4 and there is no spontaneous tumor

regression during evolution (16, 17). In addition, the multiplicity of
distinct mammary tumors makes this animal system most suited to the
study of the bystander effect. We, thus, aimed to investigate the
efficacy of HSV1-TK/GCV suicide gene therapy in such carcinogen-

induced tumor in rat. Here, we show that these chemically induced
tumor are efficiently treated by HSV1-TK/GCV and that potent in

tratumoral and distant bystander effects are seen.

Materials and Methods

Tumor Induction and Tumor Size Assessment. Female Sprague-Dawley
rats (IFFA CREDO. L'Arbresle, France) were used in this study. Rats were fed

with standard rodent diets (UAR, Villemoisson-sur-Orge. France) and were

housed three per cage. At 50 days of age. all rats received a single s.c. injection
of NMU (Sigma Chemical Co.) at a dose of 25 mg/kg body weight. Beginning
4 weeks after NMU administration, animals were palpated twice weekly to
monitor mammary tumor growth. The two largest diameters of each tumor
were measured with an external caliper. Tumor volume was estimated as:
a X b~l2, where a = larger diameter and b = smaller diameter (3).

Mil Cell Injection and GCV Treatment. Mil is a retroviral vector-

producing cell line derived from packaging cells transfected with the
HSVI-TK expression vector pMTK (3). Ml I cells were used as clinical grade

material produced by GÃ©nopoÃ¯etic(Paris. France). After thawing, they were
washed twice with PBS. adjusted to a concentration of 1 X 10* cells/cm' tumor

and immediately injected into the tumor bed. Five days later, GCV (Roche.
Neuilly-sur-Seine. France) was administered twice a day i.p. at a dose of 150

mg/day/kg body weight for 14 days.
NMU led to tumor formation in all of the 13 treated rats on day 30. These

animals were then randomly separated into four groups (Fig. 1). Rats in group
1 (n = 4) received no treatment and served as control. Rats in group 2 (n = 2)

were injected with Ml 1 packaging cells, without GCV administration. They
were used to study the possible influence of retrovirus-producing cells injec
tion on tumor growth in vim. Rats in group 3 (n = 5) were injected once with
Mil cells, followed by GCV treatment. Rats in group 4 (n = 2) were injected
twice with Ml 1 cells at 5-day intervals and then treated by GCV.

HistolÃ³gica! and Immunohistochemical Analysis. After completion of
treatment (day 35), animals were anestheti/ed with pentobarbital. Tumors were
removed and fixed in 3% formaldehyde overnight and blocked in paraffin.
They were then cut into 5-7-/j.m sections and stained with H&E.

Fixed and paraffin-embedded tissues were obtained as described above.

Unstained slides were subsequently trypsini/.ed (0.2% trypsin in CaCl solution:

4 C. Lhuillery. unpublished results.
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Fig. 1. Multiple tumor formation in NMU-

injcctcd rats. This picture was taken at day 35 after
NML1 treatment initialion. Note the multiple chem
ically induced tumors (arrows).

Group
Mil
GCV

1234

Fig. 2. Regression of NMU-imiuced mammary tumors treated by HSVI-TK/GCV
suicide gene therapy. Mean tumor volumes (in cm3) were calculated at day 30. taking all

tumors into account for the rats from the control group 1 (no treatment) and taking only
the injected tumors into account in the control group 2 (Mil cell injection only) and
treated groups 3 and 4 [Ml I cell injection(s) followed by GCV administration].

Sigma) and incubated with mouse antirat CDS monoclonal antibody (OX8.
1:200 dilution; Serotec). followed by a streptavidin-biotinylated complex

(StrAviGen Super Sensitive: Biogenex).

Results

Regression of Treated Tumors. The mean tumor volume per rats
in groups 1 (no treatment) and 2 (Ml 1 cells only) steadily increased
to reach ~4 cm3 on day 30 after initiation of the treatment (Fig. 2).

Because tumor growth was not different in groups 1 and 2, M11
retrovirus-producing cells alone did not modify mammary tumor
growth in \'i\'<>.In contrast, in animals treated with both Ml 1 cells and

GCV (groups 3 and 4), the mean tumor volume of the injected tumors
initially increased similarly to those of the control groups and then
regressed upon initiation of the GCV treatment. At day 30, the total
tumor volume was only ~0.4 cm' (Fig. 2). These results clearly

showed that a significant mammary tumor growth inhibition was
obtained with the HSVI-TK/GCV system. There was no significant

difference in tumor regression between rats receiving one or two
injections of Ml 1 cells.

Evidence for a Major "Distant Bystander" Effect. All rats had

multiple tumors of different sizes, of which only one to three were
treated by injection of Mil cells in group 3 and group 4 rats.
Interestingly, the overall tumor volume determination in these animals
showed that both the injected and the noninjected tumors regressed at
the same pace. The total tumor volume reached only ~2 cm'1 com

pared to that of 22 ran in control groups 1 and 2 (Fig. 3/4).
The evolution of both injected and noninjected tumors in GCV-

treated rats is illustrated in Fig. 3S. A single tumor was injected with
Ml 1 cells in a rat that had two measurable tumors at the time of
treatment and a third tumor that appeared after the injection of MI 1
cells just before the initiation of the GCV treatment. We observed that
all these three tumors regressed after GCV treatment initiation. In this

same rat, another tumor became detectable at day 21 and showed a
significant regression at day 35. Similar regression of uninjected
tumors was observed in all of the rats in group 3 and was not seen in
animals from the control groups. Similar results had been obtained
from a previous independent pilot experiment. In two rats that re
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Fig. 3. Evidence for a major distant bystander effect after HSV l -TK/GCV suicide gene
therapy of NMU-induced mammary tumors. A. overall lumor growth according to treat

ment. Total tumor volumes were measured, taking all tumors into account in each group.
Rats in group I did not receive any treatment. Rats in group 2 were only injected with M 11
cells. Rats in group 3 were injected once with Ml I cells and treated with GCV at a dose
of 150 mg/kg/day. Rats in group 4 were injected twice with Ml I cells and similarly
treated with GCV. Day 0 represents the first injection of Mil cells. B. response to
treatment of injected and noninjccled individual tumors in a rat treated wilh injection of
M 11 cells and GCV. This rat from group 3 had four tumors, of which a one (tumor I. left
thoracic) was injected once wilh Mil cells. Tumor 2 (right thoracic), tumor? (peritoneal).
and tumor 4 (left abdominal, at the NMU injection site) were not injected. The rat was
then treated wilh GCV for 14 days.
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Fig. 4. Histological analysis. A, histological section of a mammary gland tumor in a group 1 rat. Tubular and alveolar epithelial formations separated by a marked stromal
desmoplastic reaction containing minimal number of inflammatory cells. H&E staining. B. histological section of a mammary gland tumor in a group 2 rat. High magnification of closely
apposed neoplastic structures among a scant stroma, which is histologically similar to the tumor section in A. A few lymphocytes are infiltrating and confined to the stroma. H&E
staining. C, histological section of a mammary gland tumor in a group 4 rat. Marked, diffuse mononuclear cell infiltrate of the stroma with aggregates of inflammatory cells
encompassing unevenly stained mammary glands. H&E staining. D, histological section of mammary gland tumor in a group 3 rat. High magnification of neoplastic epithelial sheets.
Note the numerous Â¡ntraepithelial lymphocytes dissecting and effacing the tumor epithelium multifocally. H&E staining.

ceived two or three injections of M11 cells and GCV, remarkable
regressions of the treated tumors (two/two) and of uninjected control
tumors (four/four) were observed (similar to those presented in Fig.
3). In one rat that received two Mil cell injections and GCV, we
observed a stabilization of the treated tumor and a progression of the
control one.

Inflammation and Lymphocytic Infiltration in Tumors of
Treated Rats. We performedhistological analysis on tumorsections
for all animals. In tumor sections of rats in control groups 1 and 2, we
found a minimal or mild stromal inflammation, composed predomi
nantly of lymphocytes and few macrophages. This type of inflamma
tion is common in chemically induced mammary gland tumors in rats
(Fig. 4, A and B). In contrast, there was a significant increase in the
severity of the inflammation in tumor sections of rats in groups 3 and
4. An uncommon finding was that there was an extensive lymphocytic
infiltration into the tumor epithelium in tumor sections of rats in
groups 3 and 4 (Fig. 4, C and D), with no significant differences
between these groups.

Preliminary immunohistochemical evaluation with an antirat CDS
antibody demonstrated that â€”¿�80%of the intraepithelial and stromal
mononuclear cell infiltrate was composed of CDS-positive lympho
cytes (data not shown).

Discussion

The HSV1-TK/GCV suicide gene therapy was widely shown to be
very effective for the in vivo treatment of a variety of transplanted

tumors ( 1). A significant but partial regression of mammary tumors
arising in transgenic mice harboring a neu oncogene under the control
of a mouse mammary tumor virus regulatory sequences has also been
reported (18). Using the direct injection of retroviral vectors produc
ing cells into the tumor bed, we found that HSV l-TK/GCV is as

efficient for the treatment of chemically induced mammary tumors in
animals as it is for the treatment of transplanted tumors. This efficacy
was not due to the injection of the xenogeneic packaging cells them
selves because no significant effect could be observed in the absence
of GCV treatment. The regression of tumors injected with the pack
aging cells demonstrate the existence of a profound intratumoral
bystander effect occurring in these chemically induced tumors, as well
as in transplanted tumors. This effect, initially observed HIvitro, has
been mostly explained by the transfer from cell to cells of phospho-
rylated GCV and by an apoptotic signal spread (8). However, in vivo
it seems that the bystander cell killing is mostly immune mediated
(8-11). In most transplanted tumor model, a strong lymphocytic
infiltration was observed after HSVl -TK/GCV treatment and was also

seen in our treated tumors.
Recently, the existence of a distant bystander effect was revealed.

In various transplanted tumor models, regression of untransduced
tumors growing at a distance from HSV l-TK-transduced tumors was
seen (9). This effect also appears to be immune mediated, although in
some instances, it could be observed in immunocompromised animals
(19). It is noteworthy that our experiments demonstrate that such a

3531

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/16/3529/2467570/cr0580163529.pdf by guest on 19 M

ay 2023



SUICIDE GENE THERAPY OF CHEMICALLY INDUCED TUMORS

distant bystander effect also acts on chemically induced tumors. An
extensive inflammation and lymphocytic infiltration was found in
treated animals, with no significant difference in intensity between the
injected tumors and noninjected tumors. These observations suggest
that the distant bystander effect is immune mediated, but its precise
mechanism remains to be elucidated. Such a phenomenon may be of
major importance for the treatment of tumors at multiple sites in
human patients. In conclusion, our study provides the first demon
stration that HSV1-TK/GCV suicide gene therapy is effective for the

treatment of multiple chemically induced tumors in animals. Because
this tumor model is much closer to human cancers than a transplanted
tumor model, our study might lead to the contemplation clinical trials
in recurrent or metastatic breast cancer, when tumor tissue is present
on the chest wall. The existence of a possibly immune mediated
distant bystander effect in this setting suggests that the combination of
suicide and immunomodulatory genes could also improve the treat
ment efficacy.
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