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ABSTRACT 9L rat glioma cells have been used as a model
for brain tumor therapies. It has been reported that in vivo
infection of 9L cells with a replication-defective retrovirus
expressing the herpes simplex thymidine kinase gene resulted
in decreased tumor formation following treatment with the
antiviral drug ganciclonr. the study reported here, rats were
injected either intracerebrally or subcutaneously with 9L
glioma cells expressing a chimeric hygromycin phosphotrans-
ferase-thymidine kinase fusion protein or with unmodified 9L
cells. Tumor formation was decreased in the rats receiving
modified cells, even in the absence of treatment with gacc
vir. Suppression of tumor growth was also observed with cells
modified to express the intracellular selectable marker neomy-
cin phosphotransferase. These results indicate that an intra-
cellular selectable marker, in the absence of pharmacologic
selection, can inhibit tumor growth of 9L cells. The demon-
stration that intracellular marker genes can negatively influ-
ence the survival of transplanited cells has important implica-
tions for in vivo studies that use genetically modified cells.

The median survival ofpatients with a malignant glioma is x1
year following diagnosis, even with aggressive surgery, ra-
diation therapy, and chemotherapy (1). New treatment reg-
imens for gliomas are frequently tested in animal models,
often using the 9L rat glioma cell line. Several reports have
used retroviral vectors to demonstrate in vivo transduction of
C6 or 9L gliosarcoma tumors (2-5). Culver et al. (2) reported
the effective treatment of an experimentally implanted 9L rat
glioma by infection with a retrovirus conferring sensitivity to
the drug ganciclovir. The investigators demonstrated that
intracranially implanted 9L cells could be infected with a
replication-defective retrovirus expressing the herpes sim-
plex virus thymidine kinase (tk) gene following injection of
the tumor with the viral packaging cell line. All animals were
treated with ganciclovir, and 11 of 14 animals that received
the virus-producing packaging cell line did not develop
tumors in the 15-day observation period prior to sacrifice.
Subsequent studies extended these findings and demon-
strated that ganciclovir treatment was necessary for the
prevention of tumor formation during the first 3 weeks after
cell injection (3). These results and related studies (4-7) have
provided the basis for human trials in which intratumor
injection of a packaging cell line that produces an amphotro-
pic retrovirus expressing the tk gene is followed by treatment
with ganciclovir (8). We have attempted to reproduce the
findings of Culver et al. (2) and conclude that foreign gene
products can inhibit tumor formation by 9L cells, indepen-
dent of ganciclovir treatment. This inhibition may be related
to the immune recognition of 9L cells. Consequently, it is
important to reassess both the widespread use of 9L cells as
a model for brain tumor therapy and the prevalent assump-

tion that cells can be genetically engineered without signifi-
cant effects on in vivo growth and immune recognition.

EXPERIMENTAL PROCEDURES
Expression Plasmids and Retroviral Vectors. Retroviral

vectors were based on Moloney murine leukemia virus and
included LHyTK [originally called tgLS(+)HyTK], contain-
ing a cDNA encoding a bacterial hygromycin phosphotrans-
ferase (Hph)/herpes simplex virus thymidine kinase (Tk)
fusion protein driven by the retroviral long terminal repeat
(LTR) (9); LHy (originally called p4gH; S. Lupton and R.
Overell, personal communication) containing an hph cDNA
driven by the retroviral LTR; and LXSN, containing the
bacterial neomycin phosphotransferase (neo) cDNA driven
by an internal simian virus 40 (SV40) early-region promoter
(10). The plasmid tgCMV/HyTK contains an expression
cassette (CMV-HyTK, Fig. 1) that consists of a human
cytomegalovirus (CMV) immediate early promoter followed
by a cDNA encoding an Hph-Tk fusion protein followed by
a SV40 early-region polyadenylylation signal (9). CMV-
HyTK, LHy, and LHyTK were generous gifts from Targeted
Genetics (Seattle, WA).

Cell Culture. Cells were cultured in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum
without antibiotics. 9L cells were obtained from G. Steen
(11). PA317 cells have been described (12). The PA317/LHy
and PA317/LHyTK packaging cell lines used to produce the
retroviral vectors LHy and LHyTK, respectively, were gifts
from Targeted Genetics. Procedures for calcium phosphate-
mediated cell transfection and retroviral vector production
and use were as described (13).

Intracerebral Tumors. Male Fischer 344 rats (200 g) ob-
tained from Simonsen Laboratories (Gilroy, CA) were anes-
thetized with pentobarbital (30 mg/kg). For intracranial in-
jection, 9L and 9L/LHyTK cells were suspended at 4 x 107
per ml in serum-free medium, and 4 x 104 cells (1 p1) were
injected as reported by Barker et al. (14) at stereotactic
coordinates 6 mm forward of the frontal zero plane, 3 mm to
the right ofmidline, and 6mm deep. Five days after initial cell
injection, groups that received unmodified 9L cells were
injected at the same location with packaging cells or saline in
the manner described by Culver et al. (2). Packaging cells
were suspended at 6 x 107 per ml in serum-free medium and
3 x 106 cells (50 yl) were infused over 25 min. Ganciclovir
(Syntex Laboratories, Palo Alto, CA) was administered by
intraperitoneal injection beginning 10 days after injection of
the 9L or 9L/LHyTK cells. The doses were 45 mg/kg twice
daily for 5 days or 15 mg/kg twice daily for 14 days in -5 ml
of Ringer's lactate solution.
Subcutaneous Tumors. Male Fischer 344 rats (200 g) ob-

tained from Charles River Breeding Laboratories were anes-

Abbreviations: CMV, cytomegalovirus; LTR, long terminal repeat;
SV40, simian virus 40.
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FIG. 1. Plasmids and retroviral vectors used in this study. Arrow,
start of transcription from Moloney murine leukemia virus LTR; pA,
poly(A) site; HyTK, hph.-k fusion; Hy, hph; SV, SV40 early pro-
moter; Neo, neomycin phosphotransferase gene; CMV, human CMV
immediate early promoter; 4+, extended retroviral packaging signal.

thetized with pentobarbital (25-35 mg/kg). 9L and modified
9L cells were suspended at 5 x 106 per ml in serum-free
medium and 0.1 ml of suspension was injected subcutane-
ously in a shaved region ofthe flank. Ganciclovir at 45 mg/kg
was administered twice daily for 5 days by intraperitoneal
injection beginning 5 days after injection of9L or modified 9L
cells. For assay of in vivo tumor rejection, primary tumors
were ligated and strangulated with waxed dental floss.

Statistics. Tumor size in rats that received subcutaneous
tumor cell injections was compared by using the Wilcoxon-
Mann-Whitney rank sum test because ofthe small sample size
and lack of a valid assumption for a normal distribution (16).

RESULTS
Generation and Testing of Vectors That Confer Gancilovir

Sensitivity. For these experiments we used the LHyTK
retroviral vector (Fig. 1) that encodes a chimeric Hph-Tk
fusion protein (9). The use of a fusion protein virtually
guarantees that selection for the dominant hph marker will
result in expression of the tk marker as well, which is not
always the case for vectors having two protein coding se-
quences expressed from different promoters. PA317 ampho-
tropic retrovirus packaging cell lines that produced the
LHyTK vector or a vector that encodes only Hph (LHy; Fig.
1) were generated by a transfection/infection technique (13).
Both vectors had a titer of about 106 hygromycin-resistant
colony-forming units/ml with NIH 3T3 cells as targets for
infection (data not shown).
To test the ability of the LHyTK vector to confer ganci-

clovir sensitivity, we transduced 9L gliosarcoma cells with
the LHy and LHyTK vectors, selected the cells in hygro-
mycin (400 Aug/mi), and measured survival of pooled popu-
lations (>500 clones each) following exposure to various
concentrations ofganciclovir. A 50%6 reduction in growth rate
of9L/LHyTK cells occurred with ganciclovir at 0.05 pg/ml,
whereas 9L and 9L/LHy cells were unaffected by doses up
to 30 pg/ml (Fig. 2 and data not shown). Survival of 9L/
LHyTK cells was reduced 99% by treatment with ganciclovir
at 1 pg/ml for 1 week (Fig. 2). These results confirm the
ability of the LHyTK vector to confer high sensitivity to
ganciclovir toxicity which is at least as effective as in
previous reports (2, 3, 7).

Expression of retroviral vectors in cells can diminish with
time or the vector can be lost entirely. However, the occur-
rence of ganciclovir-resistant 9L/LHyTK cells was low
(<0.2%) as measured by colony formation in medium con-
taining ganciclovir at 0.3-30 pg/ml (data not shown). In these
experiments, the cells were plated at low density (104 cells per
6-cm dish) so that a bystander effect should be small. To
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FIG. 2. Ganciclovir sensitivity of 9L glioma cells and 9L cells

transduced with the LHyTK retroviral vector. 9L or 9L/LHyTK
cells were seeded at 104 per 6-cm dish on day 1. The culture medium
was replaced with medium containing the indicated concentrations of
ganciclovir on days 2 and 6. The cells were trypsinized and counted
on day 9. Results are given as cells per 6-cm dish; >90%o were viable
by trypan blue exclusion assay.

minimize the generation of ganciclovir-resistant cells with
continued passage, we froze vector-containing cells at low
passage number and used cells within 2 weeks of thawing for
all experiments. Continued selection for hph was not em-
ployed after the initial selection for vector-containing cells.

In Vivo Gene Transfer to 9L Brain Tumors. To determine if
we could confer ganciclovir sensitivity by in vivo retrovirus
infection of 9L brain tumors, 9L cells were injected intra-
cerebrally into syngeneic Fischer 344 rats, followed 5 days
later by injection of PA317/LHy or PA317/LHyTK cells at
the same site. Control groups included injection ofthe in vitro
infected 9L/LHyTK cells, which previously demonstrated
>99%6 sensitivity to ganciclovir. Ganciclovir was adminis-
tered as an intraperitoneal injection to a subset of the animals
at either 45 mg/kg twice daily for 5 days (total dose, 450
mg/kg) or 15 mg/kg twice daily for 14 days (total dose, 420
mg/kg). All groups that received intracerebral wild-type 9L
cells died of brain tumors without a significant survival
difference between groups; however, three of the five rats in
the control groups that received intracerebral injections of
9L/LHyTK cells, with or without subsequent ganciclovir
administration, showed prolonged survival (Fig. 3). Tumor
tissue was examined from two rats that had received 9L/
LHyTK cells and ganciclovir treatment (asterisks, Fig. 3) and
cells grown from these tumors demonstrated loss of hygro-
mycin resistance. Tumor cells from one animal (0, Fig. 3)
were used in a quantitative PCR analysis and shown to have
less than one vector integrant in 105 cells. This demonstrates
that the tumors that grow following ganciclovir therapy have
lost the vector sequences, consistent with the interpretation
that ganciclovir eliminated the t&-expressing cells and a minor
fraction of revertants caused tumor in a delayed time course.
The delayed growth of tumors in the 9L/LHyTK group that
did not receive ganciclovir indicated that the vector alone
inhibited tumor formation.

Effects of Vector Transduction on Subcutaneous Growth of
9L Tumors. We next made a direct comparison of in vivo
tumor growth of 9L and 9L/LHyTK cells. Instead of intra-
cranial injection, subcutaneous injections were used to facil-
itate monitoring of tumor size. Treatment with ganciclovir
significantly decreased tumor formation of the 9L/LHyTK
cells compared with unmodified 9L cells (Fig. 4A), consistent
with previous reports (2-6). However, in the absence of
ganciclovir treatment, the 9L/HyTK cells formed signifi-
cantly smaller tumors than the unmodified 9L cells (Fig. 4B),
indicating that some aspect of the transduction and selection
process resulted in decreased tumor formation in vivo.

9UHyTK CELLS
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FIG. 3. Effect oftreatment on rat survival following intracerebral
injection of tumor cells. Days, days of survival following initial
injection of 9L or modified 9L cells; 10 cell injection, stereotactic
intracerebral injection of indicated tumor cell line; 20 cell injection,
stereotactic injection of indicated packaging cell line or control
medium 5 days after injection of tumor cells; GCV, ganciclovir dose
(-, no treatment; 15, 15 mg/kg twice daily for 14 days; 45, 45 mg/kg
twice daily for 5 days); *, explanted tumor cells showed sensitivity
to hygromycin and resistance to ganciclovir in vitro, indicating that
they no longer expressed the transgene; o, explanted tumor cells
contained less than one transgene per 105 tumor cell as determined
by quantitative PCR (data not shown); arrow, indicates survival
beyond 120 days.

To determine whether the decreased tumor formation of
the 9L/LHyTK cells was the result of a property related to
retroviral infection or transduction with a specific selectable
marker, we analyzed tumor formation of 9L cells that were
unmodified, infected by a retroviral vector, or transfected
with different selectable-marker expression plasmids (Table
1). Expression of the LHyTK gene in 9L cells, either by viral
infection or plasmid transfection, resulted in a significant
decrease in tumor formation. The most profound growth-
inhibitory effect was in the group transfected with the CMV-
HyTK plasmid, presumably reflecting higher or more pro-
longed expression of the transgene from the potent CMV
enhancer.

In addition, expression of the neo gene instead of the
hph-tk gene was also associated with decreased tumor
growth (LXSN plasmid, Table 1). At 18 days, only four ofthe
five animals showed tumor growth, and at 49 days the mean
tumor volume was significantly less than in a mock-infected
control (9L/PA317 supernatant). This result indicates that
the growth inhibition is not specific to the LHyTK vector but
is seen following transfection of other selectable markers.

In contrast to decreased tumor growth in animals, in vitro
assays of cell growth showed no difference between the 9L
cells and modified 9L cells. Specifically, 9L, 9L/LHyTK
infected, 9L/LHyTK transfected, 9L/CMV-HyTK trans-
fected, and 9L/LXSN transfected cells were seeded at 104
cells per 6-cm dish and cells were counted in duplicate dishes
at 3, 5, and 7 days after seeding. There was no significant
difference in the cell doubling times, which ranged from 27 to
31 hr (data not shown).
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FIG. 4. Tumor growth following subcutaneous flank inoculation
of 9L and 9L/LHyTK cells. Animals were inoculated with either
unmodified 9L cells (o) or 9L/LHyTK cells (>) and either treated
with ganciclovir (GCV) at 45 mg/kg twice daily on days 5-10
following inoculation (A) or given no ganciclovir treatment (B).
Tumor volume, volume estimated from maximum length and width
measurements by using the formula 0.4ab2, where a is the length and
b is the width (15); day, day following inoculation. Error bars
represent SEM and points without error bars represent SEMs too
small for graphic depiction. Star indicates that the group differs from
the 9L group at the 97.5% confidence interval as determined by the
Wilcoxon-Mann-Whitney rank sum test.

To determine whether the inhibition of tumor formation was
associated with immune recognition ofthe 9L cells, animals that
had been injected with either unmodified 9L cells or 9L cells
expressing the LHyTK gene were injected subcutaneously at a
second site with unmodified 9L cells 3 weeks after the primary
tumors were destroyed by ligation. All groups, including the
animals that had received unmodified 9L cells as the first
injection, demonstrated significantly inhibited tumor formation
when rechallenged with unmodified 9L cells (Table 1). In 20
animals, only two secondary tumors occurred, and they were
both in animals that had a primary inoculum of 9L/LHyTK.
Therefore, the unmodified 9L cells can induce an immune

response in the syngeneic Fischer 344 rats, as previously
reported (17), and the reduced primary tumor formation of 9L
cells modified to express hph-tk or neo may represent a
modulation ofthe balance between tumorgrowth and rejection.

DISCUSSION
Our results indicate that transduction of 9L tumor cells with
a gene coding for an intracellular protein, either Hph-Tk or
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Table 1. Tumor formation of 9L and modified 9L cells following subcutaneous flank injection
Rechallenge with 9L

First tumor injection" Volume c m cellsd

Implanted cellsa GCVe Dayf Tumorsg (mean ± SEM) Dayh Tumors

None - 18 0/2 0 15 2/2
9L - 18 5/5 296 81 15 0/5
9L + 18 5/5 270 ± 49 15 0/5
9L/LHyTK virus - 18 3/5 70 ± 48* 15 2/5
9L/LHyTK virus + 18 0/5 0* 15 0/5
9L/CMV-HyTK plasmid - 18 1/5 3 ± 2* 15 0/5
9L/LHyTK plasmid - 18 3/5 109 ± 84*
9L/LXSN plasmid - 18 4/5 264 ± 158
9L/PA317 supernatant - 18 5/5 325 ± 53
9L/LHyTK plasmid - 49 3/5 1170 ± 619**
9L/LXSN plasmid - 49 4/5 2060 ± 1140**
9L/PA317 supernatant - 49 5/5 6040 ± 1340

*, Group differed from the control (9L unmodified, no GCV) at the 95% confidence level by the Wilcoxon-Mann-Whitney
rank sum test; **, group differed from the 9L/PA317 supernatant control group at 95% confidence level.
a9L, unmodified; 9L/LHyTK virus, infected with LHyTK (hph/tk-expressing) virus; 9L/LHyTK plasmid, transfected with
plasmid used to produce LHyTK virus; 9L/CMV-HyTK plasmid, transfected with a plasmid expressing hph/tk from the
CMV promoter; 9L/LXSN plasmid, transfected with pLXSN plasmid expressing neo; 9L/PA317 supernatant, cells were
exposed in the presence of Polybrene (4 yg/ml) and at low density with 1 ml of medium conditioned by PA317 packaging
cells at 12- to 24-hr intervals for a total of 10 exposures.
bMale Fischer 344 rats were anesthetized with phenobarbital and injected subcutaneously with 5 x 105 cells.
CMaximum length (L), width (W), and height (H) ofthe tumor were measured twice per week and the volume was calculated
as (4/3 x ff x L x W x H)/8. Note that the volumes differ from those in Fig. 4 because obtaining three measurements
permitted use of a more accurate formula. Mean volumes were calculated by using all animals, including those without
detectable tumors.
dTumors from first injection were ligated on day 18 and 3 weeks later the opposite flank was injected subcutaneously with
5 x 105 unmodified 9L cells.
e+, Intraperitoneal injection of ganciclovir at 45 mg/kg twice daily for 5 days beginning 5 days after tumor implantation;
-, no ganciclovir.

fNo. of days following the first tumor cell injection for the tumor incidence in the next column.
gNumerator is the no. of animals with tumors of >10 mm3; denominator is the no. of animals in the group.
hNo. of days following the second injection of cells for the tumor incidence in the next column.

Neo, can inhibit tumor formation by 9L cells in animals in the
absence of specific pharmacologic selection against the trans-
gene. This effect was observed after either intracerebral or
subcutaneous injection of tumor cells. Inhibition of tumor
growth was not dependent on possible artifacts due to gene
delivery by retroviral vectors, as similar effects were ob-
served following gene delivery by calcium phosphate/DNA
coprecipitation. Although not discussed in their paper, a
similar result was obtained by Barba et al. (ref. 7, figure 3
Right), who observed inhibition of tumor growth in one of
several rats receiving 9L tumor cells expressing the Tk
protein in the absence of ganciclovir selection. The intracel-
lular protein LacZ from bacteria can also function as an
immunogen in the 9L tumor cell model and can protect
against tumor cell growth (18). Thus there is growing evi-
dence from this and previous reports of the ability of novel
intracellular proteins to mediate tumor rejection in the 9L
tumor model.

In addition, several recent reports have demonstrated that
expression of nontranslated RNA molecules can inhibit tu-
mor formation in solid tumors (19-21), but the mechanism by
which the RNA results in the inhibition of tumor growth is
unknown. The ability ofthe rat C6 glioma to form tumors can
be inhibited by the expression of RNA complementary to
insulin-like growth factor I mRNA (19). In this case, the
expression of the antisense RNA enhances the immune
response to the glioma cells, leading to rejection of both
wild-type- and antisense-expressing glioma cells.
While 9L cells were derived from Fischer 344 rats, they are

capable of eliciting an immune response following syngeneic
transplantation (this study and ref. 17). Lymphokine-
activated killer cells can be generated that are cytotoxic for
9L glioma cells by in vivo priming of Fischer 344 rats and
treatment with interleukin 2 (22, 23). Lymphokine-activated

killer cells with cytotoxicity for 9L cells are effective in
combination with chemotherapy in the treatment of9L brain
tumors in vivo (24, 25). The immunogenicity of9L cells in the
Fischer 344 rat strain could be due to a combination of
factors, including (i) genetic changes in the Fischer 344 lab
rats since derivation of the tumor, (ii) genetic changes in the
9L cells during passage, (iii) changes resulting from trans-
formation, (iv) or antigens related to in vitro culture condi-
tions.

This study demonstrates that 9L cells can induce an
immune response sufficient for a second challenge to be
rejected by the rat and raises the ancillary question as to
whether this model system is relevant to presumably less
immunogenic human tumors. Previous studies (2, 3) noted
that tk gene expression was required in only a fraction of the
9L tumor cells for the entire tumor to be eliminated following
ganciclovir treatment. This phenomenon has been referred to
as a "near-neighbor" killing effect mediated by ganciclovir
toxicity. Since in vivo viral transduction is not efficient
enough to infect all tumor cells, the justification for human
trials by this method presupposes a similar near-neighbor
toxicity on nontransduced tumor cells (8). However, given
the potential immunogenicity of 9L cells, demonstrated in
this and other studies, it is plausible to suggest that the in vivo
elimination of wild-type tumor cells is mediated by an im-
mune response enhanced either by cells expressing the
transduced gene or by cells killed by a pharmacologic agent.
Some of the animals that received the 9L/LHyTK cells as

a primary flank inoculum had a higher incidence of tumor
formation when rechallenged with 9L cells (Table 1, 9L/
HyTK-virus). This decreased immunity to unmodified 9L
cells suggests, but does not prove, that the marker gene may
be a target antigen in the 9L/LHyTK cells. To determine if
this is the case, it would be necessary to demonstrate that

Proc. Nad. Acad Sci. USA 91 (1994)
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animals challenged with 9L/LHyTK contain T cells with
reactivity to transduced 9L cells but not unmodified 9L cells.
However, because of the small number of animals that
developed secondary tumors, this could simply reflect vari-
ance within the groups.
One of the primary goals of this study was to reproduce

previous results (2, 3) that showed regression of 9L brain
tumors following injection of retrovirus packaging cells that
produce a retroviral vector expressing herpes simplex virus
Tk. While we attempted to reproduce these earlier studies as
closely as possible, including the numbers of cells injected,
the timing of treatments, and the model system employed,
several factors may have contributed to our inability to
reproduce the earlier work. First, while we used stereotactic
procedures to ensure that the vector-producing cells were
delivered to the same site as the 9L cells, cell migration and
extravasation cannot be accurately controlled and could
significantly alter the results. Second, we have not used
exactly the same retroviral vector and cells that were em-
ployed in the previous study. The retrovirus used by Culver
et al. (2) was developed by Genetic Therapy (Gaithersburg,
MD) and was produced by using PA317 cells (12). We
requested, but were unable to obtain, the vector-producing
cells for the purpose of reproducing the study of Culver et al.
(2). We have shown that cell transduction with the LHyTK
virus used here makes the cells at least as sensitive to
ganciclovir as transduction by other published vectors that
express tk, but we cannot be sure that some poorly defined
property of the vectors is important for the previously
observed antitumor effects. Finally, the dose of ganciclovir
used in this study is less than that used in one of the previous
studies (150 mg/ml twice daily; ref. 2), since we found that at
this dose three of five otherwise untreated rats died, suggest-
ing that this dose is near the LD50 for Fischer 344 rats.
However, the dose used here is comparable to that used in
subsequent studies (3, 7).
The main conclusion of this work is that intracellular

transgenes can profoundly affect the survival of 9L cells
following transplantation. The most likely reason is that the
expression of the novel protein enhances the immune re-
sponse against the tumor, although we have not demon-
strated that the effect of the transgene is directly mediated by
an immune response. The broader implication of the study is
that the introduction of foreign genes-including selectable
markers such as tk, neo, and hph-may modulate the immune
response to recipient cells. We have demonstrated that this
can result in rejection of a syngeneic, although still immu-
nogenic, cell line. It remains to be determined whether
nonimmunogenic transplants are similarly affected, and
whether these effects can be harnessed for the treatment of
human tumors.
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