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ABSTRACT

It has been hypothesized that transforming growth factor @3(TGF-@)
may prevent immune-mediated glioma cell elimination; however, previous
work has also indicated that increased TGF-fi may lead to reduced
proliferation, induction of apoptosis, and enhancement of Fas-induced

apoptosis. We have investigated the role of TGF-fi in the progression of
malignant glioma using an immunocompetent murine modeL SMA 560
malignant glioma cells were stably transfected with constructs that re
salted in over- or underproduction of active TGF431. Using these cell

lines, we have shown that (a) TGF-@1 inhibits induction of antitumor
cytotoxicity when the tumor cells are given s.c. but not when they are

given intracranially; (b) Fas/APO-! is expressed on SMA 560 cells in vitro
and in vivo, SMA 560 cells are susceptible to TGF4II- and Fas-induced
apoptosis in vitro, and TGF-@i and Faa act synergistically to induce
glioma cell death; (c) increased levels of endogenous TGF-@3! production
by SMA 560 cells lead to increased sensitivity to Faa-mediated apoptosis;
(iO overproduction of endogenous TGF-@3ireduces the rate of s.c. SMA
560 tumor growth and also reduces the tumorigenicity of tumors located
in the central nervous system, with opposite effects observed with under
production of TGF431 using antisense cell lines; and (e) the observed

changes in growth parameters in vivowere associated with increased rates
of apoptosis In TGF-fil-overproducing cells. Taken together, these results
indicate that, despite decreased induction of CTL responses, the dominant
net effect of TGF-@! on the growth of the SMA 560 murine high-grade
glioma in vivo is growth inhibition. This contrasts with results seen with
non-central nervous system malignant tumors in immunocompetent am
mals, in which TGF-@! production provides a major growth advantage.

INTRODUCTION

The TGF-13s3 are a group of ubiquitous multifunctional cytokines
that belong to a family of growth factors, including Mullerian-inhib
iting substances, bone morphogenic proteins, activins, and inhibins
(1â€”7). The isolation of a T-cell suppressive factor from a glioblas
toma cell line led to the cloning of TGF-f32, and it has now been
shown that the TGF-j3 mRNAs are expressed by glioma cells and
normal brain surrounding these tumors (8, 9).

Among their many functions, the role of the TGF-3s in immuno
suppression is clear. One widely held hypothesis is that the TGF-@s
may exert a brain tumor-promoting effect by inhibiting the prolifer
ation and cytotoxic activity of brain tumor-infiltrating lymphocytes,
with additional inhibitory effects on B cells, natural killer cells,
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lymphokine-activated killer cells, and macrophages (1 , 10â€”15).The
reversal of this TGF-f3-induced immunosuppression has been
achieved by the use of antisense strategies in several recent studies
and exploited as one form of experimental vaccine therapy (16â€”20).
Whelan et a!. (21) have shown that an autocrine loop involving
TGF-@ may regulate the in vitro growth of canine glioma cells, and
several studies examining tritiated thymidine uptake by human tumor
samples have now suggested the presence of a TGF-3-dependent
autocrine stimulatory mechanism for some high-grade gliomas, in
volving mainly TGF-(32 (20, 22). Besides stimulating glioma cell
growth, TGF-/3 has been characterized as a potent modulator of
cell-extracellular matrix interactions, leading to production of extra
cellular matrix components by glioma cells in vitro. Paulus et a!. (23)
demonstrated that supplementing endogenous TGF-f31 production by
the Ul38 MG and U373 MG human glioma cell lines with exogenous
TGF-f3 increased collagen and cx5 integrin chain synthesis and aug
mented adhesion of these cells to extracellular matrix substrates.

In contrast to its glioma-promoting activities, TGF-f3 has been
shown to function as an inhibitor of glioma cell growth under a variety
of conditions in vitro. Low-grade gliomas would appear to be almost
universally growth inhibited, and some cultures of high-grade glioma
specimens are also growth inhibited by both TGF-@i and TGF-f32
(20, 22). The human glioblastoma cell line T-MGI was growth inhib
ited by TGF-j3! under anchorage-independent conditions. The anti
proliferative effect of TGF-f3l on this line was potentiated to nearly
total arrest by low doses of retinoic acid or tumor necrosis factor (24).
TGF-f3 also inhibited cell proliferation in the T24 glioma cell line, in
association with cellular changes that were characteristic of apoptosis
(25). Finally, human malignant glioma cell lines and patient samples
have been demonstrated to express the apoptosis-inducing receptor
Fas/APO-l (CD95). Glioma cell lines undergo Fas/APO-l-dependent
apoptosis, and pretreatment with TGF-@ has been shown to enhance
Fas/APO-l antibody-induced glioma cell apoptosis in vitro (26). If
such a mechanism was active in vivo, enhanced endogenous TGF-3
production may lead to increased apoptosis and reduced tumor
growth.

To delineate the role of TGF-j3 in tumor growth and formation, a
number of groups examining non-CNS tumors have either overex
pressed TGF-f3 or inhibited its expression by antisense mRNA cx
pression in tumor cells and evaluated the consequences in vitro and in
vivo. To date, no such study has been performed in an animal model
of malignant glioma.

We recently described a murine model using a transplantable cell
line (SMA 560) from a primary brain tumor that arose spontaneously
in an inbred mouse of the VMIDk strain (27). This is the only
experimental model of a spontaneously arising glioma syngeneic in an

inbred animal. In addition, this tumor is of high-grade histology,
retains glial differentiation characteristics and secretes TGF-f3! both
in vitro and in vivo, in a fashion analogous to that of spontaneous
high-grade malignant astrocytomas in the human (27). Importantly,
the VM/Dk strain is an immunocompetent animal strain, a feature
crucial to the investigation of TGF-j3 in the progression of malignant
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glioma. To gain further insights into the role of TGF-@ in malignant
glioma, we have modulated endogenous production of this cytokine
both in vitro and then in vivo through the use of an expression vector
which led to the overproduction of active TGF-f31 and an antisense
vector that inhibited TGF-j31 production.

Our results show that, although overexpression of endogenous
TGF-/31 by tumor cells located in s.c. tissue can inhibit the induction
of cell-mediated immunity directed against the SMA 560 cells, this is
not the case for tumors located in the CNS. Furthermore, either
TGF-f31 or anti-Fas stimulation in vitro led to enhanced apoptosis of
the SMA 560 cells, and stimulation with a combination of these two
factors led to a synergistic effect. Increased TGF-@l expression in
vivo led to markedly reduced tumor growth s.c. and reduced tumori
genicity in the CNS, whereas reduced production ofTGF-f3l led to the
opposite effects. Finally, these changes in in vivo growth parameters
were also associated with significant differences in the rates of apop
tosis between these tumors.

MATERIALS AND METHODS

Tumor Cell Lines and Animal Models. The spontaneous murine astro
cytoma cell line SMA 560 was derived from an intracerebral transplant of a
spontaneous astrocytoma from an inbred VM/Dk mouse (H-2@'; Ref. 28). This

cell line was grown in Zinc Option medium (Life Technologies, Inc., Grand

Island, NY) containing 5% (v/v) FCS and no antibiotics. All cell lines were
shown to be free from Mycoplasma contamination, as described previously
(29). All experiments used 6â€”12-week-old male inbred VMIDk mice. VMIDk
mice were originally obtained from McLaughlin Research Institute (Great
Falls, MT), and an inbreeding colony was established at Duke University. Mice
were maintained in a virus-free environment, in accordance with the Labors
tory Animal Resources Commission standards.

Antibodies. Jo2 (CD95), purified hamster IgG isotype standard and biotin
conjugated mouse antihamster IgG were obtained from Pharmingen (San
Diego, CA). Anti-TGF-@l MAb (l2Al2.D7) was generously supplied by Dr.
G. Y. Gillespie, University of Alabama (30).

Construction of Vectors and Genetic Modification of SMA 560 Cells.
The modified TGF-@l cDNA @lEC2S2has been described previously (31).
This cDNA codes human TGF-j3l, modified at positions 223 and 225 by the
replacement of two cysteine residues with two serines, which results in the
synthesis of a TGF-pl that is largely activated instead of latent. The cDNA

was excised from the plasmid pRK5-@lEC2S2 (kindly provided by Dr. R.
Derynck, University of California, San Francisco, CA) and ligated into the
pClneo mammalian expression vector (Fig. 1; Promega, Madison, WI).

A TGF-j3l antisense vector was generated by inserting a 508-bp KpnL/
BamHI fragment from the coding region of the human TGF-/3l cDNA into the

pClneo vector in a reverse orientation (Fig. 1).

The munne SMA 560 cell line was stably transfected with the pClneo

C2S2 (C2S2), pClneo-TGF-@l antisense, or pClneo vector using previously

described methods (32). 0418-resistant clones were screened by measuring

TGF-f3l secretion.

Measurement of TGF-fll. Production of both active and total TGF-f3l by
transfected SMA 560 cells in vitro was measured by both ELISA and bioassay

using Mv-l-Lu mink lung cells, as described previously (27).

For the measurement of total TGF-@3lplasma levels, groups of four mice
were anesthetized, and blood samples were collected via direct percutaneous
cardiac puncture. Blood samples were drawn into tubes containing 10 mg/mI

EDTA. The blood samples were kept at 4Â°Cafter collection, and the platelet
poor plasma was obtained by centrifugation at 2000 X g for 30 mm with the

brake off. The plasma samples were kept frozen at â€”70Â°Cuntil assay. Plasma
was thawed and activated by 2.5 N acetic acid/lO N urea for 10 mm and then

neutralized by 2.7 N NaOH/l MHEPES before ELISA.
Plasma levels, corrected for tumor size, were determined by: [plasma level

of tumor bearing animal (ng/ml) â€”plasma level of non-tumor-bearing controls
(ng/ml)]/sizeof tumor(cm3).

In Vitro Cytotoxicity Assay. In vitro cell-mediated cytotoxicity assays
were performed using standard procedures, as we described previously (33).

Here, splenocytes obtained from immunized animals, and controls were re
stimulated in vitro for 5 days on monolayers of 1 X 106 irradiated (5000 rad)

and mitomycin C-treated (80 @g/ml)SMA 560 cells prior to the assay.

Detection of Fas/Apo-l and GFAP Expression. For flow cytometric
analysis of SMA 560 glioma cells in vitro, cells were mechanically scraped off

the culture dishes, and in the case of s.c. tumor cells, were obtained by excision

and mechanical dissociation. Unfixed cells were then washed in PBS contain

ing 1% BSA and 0.01% sodium azide and labeled with either Jo2 (1 @g/l06

cells) or isotype control MAb (1 @g/l06 cells; 4Â°C, 1 h). Detection was

performed using biotin-conjugated mouse antihamster IgG (I j.@g/l06 cells;

4Â°C,1 h) and, finally, strepavidin-FITC (Vector Laboratories, Burlingame,
CA; 1 @g/l06cells; (4Â°C,1 h). Each step was separated by two washes in PBS
containing 1% BSA and 0.01% sodium azide. Labeling for GFAP was per
formed on ethanol-fixed cells that were derived from s.c. tumors using previ
ously described methods (27, 34, 35).

Measurement of Apoptotic Cells. DNA fragmentation in apoptotic cells
was detected using previously described methods (36â€”38).Briefly, cells were
stained for total DNA content with propidium iodide (Boehringer Mannheim,

Indianapolis, IN) after permeabilization, and the â€œsub-01â€•peak, representing
apoptotic cells, was identified. For these assays, 2.5 X l0@ SMA 560 cells/

wellll2-well plate were cultured in triplicate, either alone or in the presence of
io2 (1 j.tg/ml), isotype control (1 @.tg/ml),TGF-(3l (2 ng/ml), or a combination

of these. Cells were harvested after 48 h and permeablized in 70% ethanol at

4Â°Cfor at least 18 h. Cells were then washed once in PBS and stained for 30
mm at 37Â°Cin PBS containing propidium iodide (5 @g/ml)and RNAase A (1
unit/mI; Life Technologies). Triplicate samples were then analyzed immedi

TGF-@31C2S2eDNA

3' TGF-@l1C2S2 5'
Mature

C Precursor TGF -@31EcoRl I . .@ Hind III,\
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Fig. 1. Schematic diagram of the pClneo-C2S2 and pClneo-TGF [31
antisense vectors. CMVI.E., Cytomegalovirus immediate-early enhancer
and promoter; Neo, neomycin phosphotransferase driven by a SV 40
enhancer and early promoter;fI on, phage fi region; SV4O Late poly A,
SV4Olate polyadenylation signal. 5, sites of the two serine substitutions
for cysteines; C, cysteine; SS, signal sequence.
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Table I TGF-fJI secretion by SMA560 clones in vitro and in vivo
Culture supernatants were collected and assayed by both ELISA and bioassay as described. Plasma was collected from groups of four mice by direct cardiac puncture and assayed

by ELISA. For detection of both active and latent forms (total), supernatants were acidified and neutralized before theassays.In

vitroInvivoClones

Active form (ng/ml) Total (ng/ml) Plasma Total (nglml)Plasma corrected (ng/ml/cm3tumor)1.17

16.31.4
16.055.4â€•33.08.7

33.66.3
51.018.6â€•151.90.0â€•

5.6a0â€•
4.3 10.10.0I

0.7

TGF-p AND Fas INDUCE APOPTO5I5 IN GLIOMA

RESULTS

As described in the â€œIntroduction,â€•the role of glioma-derived
TGF-j3 in the progression of malignant glioma is unclear. On the one
hand, it is hypothesized that TGF-@3may prevent immune-mediated
glioma cell elimination by inducing apoptosis of tumor-infiltrating
lymphocytes in vivo. In contrast, previously published data has mdi
cated that increased TGF-f3 may lead to a reduction in viable glioma
cell number through reduced proliferation and/or induction of apop
tosis and that Fas-induced apoptosis is also enhanced by increased
TGF-f3. Thus, we decided to explore the role of these competing
processes in tumor growth by modulation of endogenous production
of this cytokine in vitro and then in vivo in an immunocompetent
animal model.

Generationof SMA560 CellsOver-andUnderproducingTGF
131. As we have described previously, the SMA 560 cell line produces
TGF-31, both in latent and active forms (27). SMA 560 cell lines
over- and underexpressing TGF-j31 were generated by stable trans
fection as described in the â€œMaterialsand Methods.â€•Table 1 sum
marizes the characteristics of the SMA 560-derived cell lines that
were selected for further analysis. SMA 560 clones, transfected with
the parent vector pClneo lacking any cDNA insert (pClneo), made a
similar amount of TGF-@l as did the untransfected parent line. Over
producing clones C2S2 A2 and C2S2 D4 made between 5- and 6-fold
more active TGF-/31 and between 2 and 4 times more total TGF-(31
than that produced by the parent line. Antisense.4 and antisense.5
made no detectable active TGF-@l and made 3â€”4times less total
TGF-f3l than did the parent line.

Reduction in Endogenous Production of TGF-j31 by SMA 560

CellsEnhancesInductionof CytotoxicResponsesfor s.c. but not
CNS Vaccination. A series of experiments was performed to exam
inc the role of TGF-@l on the induction of cell-mediated immune
responses against SMA 560 cells. A single immunization with
1 X l0@ antisense.5, C2S2 D4, or pClneo cells was compared to
ummmunized animals. Cytotoxic activity was then tested with stand
ard chromium release assays using the SMA 560 parent cell line as
targets.

As shown in Fig. 2, cytotoxicity induced by s.c. immunization with
the SMA 560 cells was inversely related to TGF-@3l production, with
the greatest killing from splenocytes harvested from animals immu
nized with the antisense line and the least from splenocytes harvested
from animals immunized with the C2S2 cell line. Similar data have
been described previously (16).

As we were interested in the role of endogenous TGF-@3l produc
tion in the progression of orthotopic glioma, we also tested the
antitumor cell-mediated immune responses generated by intracerebral
tumor. Although measurable killing occurred with all three cell lines,
in contrast to the results with s.c. immunizations, we found that

ately by flow cytometry. Data are reported as the mean and SD of triplicate
cultures.

Analysis was performed using a FACSort (Becton Dickinson).
In Vitro Cell Proliferation/Cytotoxicity Assay. Viable cell number was

measured at 24, 48, and 72 h by assaying for the cleavage of the terazolium salt
MU by viable cells in culture (In Vitro Cell Proliferation Kit; Boehringer
Mannheim). The relative viable cell numbers in the presence of Jo2 (1 @g/ml),
isotype control (1 p@g/ml),TGF-(31 (2 ng/ml), and a combination of these were

also determined with a MTT assay. Cytotoxicity was expressed as percentage

of viable cell number and was calculated from the relative loss of absorbance
units compared to cultures treated with isotype control antibody. Where
indicated, anti-TGF-f31 or isotype control MAb (100 ,@g/ml)was added to
cultures of the C252 A2 cell line at the start of the cultures. Data represent
means and SDs of triplicate assays.

In Vivo s.c. Tumor Growth Studies. Mice were given SQ injections of
tumor cells on day 0. The width and length of each tumor were measured every

other day. Experiments were continued until the greatest diameter of a tumor
was 2.0 cm. Tumor volume was expressed as: [longest diameter X (shortest
diameter)2]/2. To evaluate the effects of neutralizing TGF-(31 antibody on

tumor growth, mice inoculated with the C2S2 D4 cells received 200 @gof the

anti-TGF-j3 antibody 12A12.D7 or an isotype-matched control MAb every

other day, from day 0 to day 40.
Injections in the Brain. SMA 560 cells were harvested by trypsiniza

tion, washed twice in DPBS, mixed with an equal volume of 10% meth

ylcellulose in Zinc Option medium and loaded into a 250-p.l syringe

(Hamilton, Reno, NV) with an attached 25-gauge needle. The tip of the

needle was positioned at the bregma, 2 mm to the right of the cranial

midline suture and 4 mm below the surface of the skull using a Kopf

stereotactic frame (David Kopf Instruments, Tujunga, CA). Cells (1 X l0@)

in a volume of 5 p@lwere then implanted into the right caudate nucleus of
the brain of VMIDk mice.

TUNEL of in Vivo Tumors. TUNEL assays were performed on formalin

fixed, paraffin-embedded tissue sections of s.c. and intracranial tumors from
triplicate animals sacrificed at day 16 after tumor inoculum. Briefly, sections

were dewaxed and rehydrated by standard methods, endogenous peroxidase
activity was blocked with 0.03% H2O2 in methanol (30 mm at room temper

ature), and sections were permeablized with 20 @.tg/mlproteinase K (Boeh

ringer Mannheim). End labeling was performed using 0.1 nmol/slide FITC

12dUTP (Boehringer Mannheim) and 10 units/slide TdT in 50 p1 of TdT
buffer (Boehringer Mannheim). Detection was performed using the Converter

POD and 3,3'-diaminobenzidine-substrate solution supplied in the In Situ Cell
Death Detection Kit, (Boehringer Mannheim).

Statistical Analysis. Survival estimates and median survivals were deter
mined using the method of Kaplan and Meier (39). Survival data was corn

pared using the Wilcoxon logarithmic rank test. To compare numbers of

apoptotic cells in tissue sections given a hypothesized ordered alternative
hypothesis, the Jonckeere-Terpstra test was used. The Jonckeere-Terpstra test
is a nonpararnetric test that can be used to compare three or more groups that
generate continuous or ordinal data. The Student's t test was used for calcu
lating the significance of other data. Statistical significance was determined at

the 0.05 level.

Parent
pClneo
C2S2 A2
C2S2 04
antisense.4
antisense.5
No tumor

a@ <@ when compared to control mice with no tumors.

b Levels were below minimal detectable range by either bioassay (0.04 ng/ml) or ELISA (1.0 ng/ml).
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in 47% of the lower forward and side scatter population, correspond
ing to the smaller cells (Fig. 3B). No relative increase was observed in
the level of Fas expression or the percentage of Fas-positive cells in
vitro in either quiescent or in proliferative populations, as determined
by propidium iodide cell cycle analysis (data not shown), or as a
function of TGF-@l endogenous production by antisense and overex
pressing clones or exogenous exposure.

The Fas expression of cells derived from s.c. tumors was also
determined. GFAP expression was found on 79% of these cells,
substantiating the glial origin of the tumor cells examined (Fig. 30.
Of the cells derived from s.c. tumors, 48% were Fas positive (Fig.
3D). Modulation of endogenous TGF-@3l had no effect on the level of
Fas expression or on the percentage of Fas-positive cells in vivo.

TGF-131and Faa Act Synergisticallyto Induce Apoptosisof
SMA 560 Cells in Vitro. The sensitivity of SMA 560 cells to Fas

antibody stimulation and TGF-@3l was tested in vitro by exposing
SMA 560 cells to TGF-@1, the Jo2 anti-Fas antibody, or a combina
tion of these two. An increasing proportion of cultured cells, treated
with either Jo2 or TGF-@l, demonstrated the rounding and detach
ment from the monolayer characteristic of apoptosis, from 12 to 48 h
of exposure. The rate of apoptosis was measured by both the increase
in apoptotic cell number, detected as sub-G1-staining cells, indicating
loss of low molecular weight DNA during apoptosis, and by meas
tiring the reduction in viable cells from culture with an MU assay
(Fig. 4). A small (2 Â±0.8%) but significant increase in apoptotic cells
was detected by flow cytometry with exposure to Jo2 alone. TGF-@3l

exposure led to a 51 Â±4% increase in apoptotic cells, and the
combination of Jo2 and TGF-j3l led to a synergistic 125 Â±5%
increase in apoptotic cells (Fig. 4A1).

Significant inhibition of cell growth was noted (17 Â±6% and
13 Â±3%) (Fig. 4A2) when the SMA 560 parent line was exposed to
Jo2 and TGF-fJl in vitro, respectively, and the combination of Jo2 and
TGF-@3lhad an effect slightly above additive when compared to either
factor alone, with a 32 Â±3.9% reduction in viable cell number at 48 h.

Increased Endogenous Production of TGF431 Leads to In
creased Sensitivity to Faa-mediated Apoptosis. Fig. 4B1 shows the
differential rates of apoptosis at 48 h, induced by exposure of selected

A. Subcutaneous

B. Intracranial

20.0%

0 . 40@ 80@120

EffectorTarget
Fig.2. TGF-@loverexpressiondecreasesinductionoflytic activityagainstSMA560

cells for s.c. immunization (A) but not intr@ranial immunization (B). Triplicate VM/Dk
mice were immunized with 1 X lO@antisense.5 cells (â€”), pClneo cells (0) or C2S2 04
cells (A), or they were not immunized (0). Seven days later, splenocytes were isolated
and restimulated for 5 days with irradiated SMA 560 parent cells. Cytotoxic activity was
then measured by chromium release assay using the SMA 560 parent cells as targets. as,
points ofsignificant differences in lysis (P < 0.05) when compared to pClneo immunized
animals. Data points, mean of triplicate animals tested; bars, 1 SD.

modulation of endogenous of TOF-@1 by intracerebral tumors re
sulted in no statistical differences in antitumor cell-mediated immune
responses (Fig. 2B).

Fas/APO-1 Is Expressed on SMA 560 Cells in Vitro and in Vivo.
Flow cytometry using the anti-Faa MAb Jo2 revealed constitutive
expression of Fas in 22% of all SMA 560 cultured cells (Fig. 3A) and

A SMA 580 Cultured cells
.1 Total Population
ti Anti-Faa (Jo2)

B SMA 560 CUltured cells
Small Cells
Anti-Faa (Jo2)11

1.4

z

Q

Fig. 3. Constitutive expression of Fas/APO-l by the SMA 560 cell
line in vitro and in vivo. SMA 560 cells were analyzed by flow cytornetry
after labeling with anti-Faa (Jo2), anti-OFAP, or isotype control MM,S.
Faa was expressed in 22% ofall SMA 560 cultured cells (A) and in 47%
of the smallercells (B). Faa expressionwas foundon 48% of cells
derived from s.c. tumors (D). GFAP expression was found on 79% of
these cells (C), substantiating their glial origin. In each panel the mac
tivities of the SMA 560 cell lines with the specific antibody (open
regions) are compared to reactivities to isotype-matched controls (shad
ed regions). Data show'i are from the parent line. No significant differ
ences in Faa expression were seen with TGF-@l endogenous production
or exogenous exposure.

C SMA560s.c.Tumor
Anti- GFAP

0 101 io2
fluorescence Intensity
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Al 560 Parent cells

Fig. 4. TGF-f3l and Fas mediate apoptosis of SMA 560 cell lines in
vitro. SMA 560 cell lines were cultured for 48 h with the anti-Fas
antibody Jo2 (I @&g/ml),TGF-[3l (2 ng/ml). or a combination of the two.
Al and B!, data are expressed as percentage increase in apoptotic cell
number compared to control cultures treated with an isotype control
antibody. Untransfected SMA 560 cells had an absolute baseline rate of
apoptosis of 22% under these conditions, which was unchanged when
they were treated with an isotype control antibody. The other cell lines
had the following absolute baseline rates of apoptosis: pClneo, 19%;
C2S2 A2, 29%; antisense.5, 19%. Viable cell number was determined
using an MTT assay (A2 and B2). These data are expressed as percent
ages of viable cell number and were calculated from the relative loss of
absorbance units compared to cultures treated with isotype control anti
body. All assays were performed in triplicate; bars, SD. Treatment of
parent SMA 560 cells with Jo2 or TGF-(3l individually (Al, P = 0.05
andP = 0.002,respectively)andsynergistically(P = 0.001)enhanced
apoptosis and decreased cell growth (A2, P = 0.01 for combination). Fax
ligation also significantly enhanced apoptosis in the TGF-[3l-overpro
ducing C2S2 A2 cell line. but not in the TGF-[3l antisense.5 line (BI,
P = 0.05 and P = 0.03 versus vector control, respectively). Addition of
anti-TGF-[3lMAb(100 @g/ml)to theC2S2A2cell lineat the startof
the culture abrogated io2-mediated growth inhibition to the same levels
as the antisense cell line (B2).

a
0

I
a
a

.@

0

clones of the SMA 560 line to the Jo2 antibody. Once again, there was
a small but significant increase in apoptotic cells detected by flow
cytometry with Jo2 alone in both the parent line and, in these exper
iments, also in the pClneo line. The baseline rate of apoptosis of the
TGF-@3l-overproducing C2S2 line was elevated, and this cell line
showed an additional 29 Â±5.2% increase in apoptotic cells upon
stimulation with Jo2. In contrast, the antisense cell line was resistant
to Fas-mediated apoptosis, with no measurable increase in apoptosis
after stimulation with Jo2 (Fig. 4A1).

A significant inhibition of cell growth was noted in the SMA 560
parent line (21 Â±1.9%) and the pClneo line (25 Â±1.9%) when cells
were exposed to Jo2, a range not significantly different from that in
the previous experiment (Fig. 4B2). In accordance with the apoptosis
data, the C2S2 clone was also more sensitive to Jo2, leading to a
34 Â±5.8% inhibition of cell growth, which was statistically the same
as that of the SMA 560 parent cells treated with a combination of both
Jo2 and TGF-@l. However, no detectable inhibition of cell growth
could be induced in the antisense line upon exposure to Jo2. Finally,
the inhibition of cell growth seen upon exposure of the C2S2 line to
the Jo2 antibody could be reversed to a level (7.9 Â±3.2%) that was
not significantly different from untreated cells or the antisense line by
the addition of anti-TGF-@l-blocking antibodies to the culture super
natant. These results confirm that this enhanced sensitivity to Fas
mediated apoptosis seen in the TGF-@3-l-overproducing C2S2 line
was indeed mediated by TGF-@l exposure. The addition of anti-TGF
al-blocking antibodies to the culture supernatant of the C2S2 line in
the absence of the Jo2 antibody did not lead to any change in cell
growth, most probably due to low levels of TGF-f3l in culture
supematants at the low cell densities used for these experiments (data
not shown).

Growth of SMA 560 Cell Lines in Vitro. The SMA 560 TGF-f31
variants showed no visible alteration in morphology or adherence in
cell culture. Also, no differences were noted in the in vitro growth
rates, as determined by MTT assay, other than for the C2S2 A2 clone,
which grew significantly faster in vitro than did the other lines (Fig.

5). This slight increase in growth rate was independent of TGF-j3l
production because only low levels were produced at the cell densities

examined, and the addition of anti-TGF (31 did not affect the growth

rate. Cell cycle analysis was performed by propidium iodide staining
on the pClneo, C2S2 A2, and antisense.4 clones in separate experi
ments. No significant difference in the proportion of cells in active
cell cycle was noted between these clones. In contrast to these data,
exogenous TGF-f3l was able to inhibit the growth of SMA 560 parent

In Vitro Growth

Fig. 5. In vitro growth rates of parental, control transfected, and TGF-[3l over- and
underproducing SMA 560 cells in culture. SMA 560 cells were harvested and resuspended
in Zinc Option medium with 5% FCS at 5 X 10@cells/mi. The suspension was then
aliquoted into 96-well plates (100 s.d/well), and growth was measured at 24, 48, and 72 h
by MU assay. All cell lines grew at the same rate, except the C2S2 A2 clone, which had
a significantly increased growth compared to the other clones at 24 and 48 h (#, P < 0.05).
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cells at concentrations of 2 ng/ml (Fig. 4A) and higher (data not
shown).

Both the C2S2 clones produced levels of active TGF-j3l in excess
of 2 ng/ml when cultured at high cell density in serum-free conditions.
However, the in vitro assays of growth rates and apoptosis of these
clones were performed under conditions containing serum and at
relatively low cell number, in which no active TGF-@l was detectable
in the supernatant. These data explain the absence of inhibition of in
vitro growth that was seen with the C2S2 lines and the lack of an
effect when the anti-TGF-f31-blocking antibodies are present in the
culture supernatant of the C2S2 lines.

Differences in Endogenous TGF-I31 Production by the SMA
560 Cell Lines Are Maintained in Vivo. To verify that the differ
ences in TGF-@1 production seen in vitro were maintained in vivo, we
measured plasma levels of TGF-@31in groups of s.c. tumor-bearing
mice at day 16 after tumor inoculum. As shown in Table 1, measur
able plasma levels of TGF-@31were only detected in the pClneo and
C2S2 tumor-bearing mice. Because the tumors at day 16 were of
varying size (see below), the production of TGF-@1 was corrected for
tumor size. TGF-@1 production per cm3 of tumor tissue was highest
in the C2S2 D4 cell line-derived tumors, intermediate for the pClneo
tumors, and undetectable in the antisense.5 tumors.

Endogenous TGF-@31 Production Reduces the Rate of s.c. Tu
mor Growth of the SMA 560 Cell Line. To determine whether
differences in endogenous TGF-f31 production influence tumor
growth in immunocompetent animals, VMIDk mice were injected s.c.
with 5 X iO@cells of antisense, pClneo, or C2S2 clones. The slowest
tumor growth was noted in animals inoculated with the C2S2 D4 cell
line, and the largest tumors were noted in the antisense.5 cell line (Fig.
6A). Significant differences between the mean sizes of tumors derived
from these two cell lines were noted at all time points tested. Mean
tumor volumes from either of the C2S2 cell lines were significantly
smaller than those derived from either of the two antisense cell lines
from day 13 onward and from the pClneo cell line by day 15. These
studies demonstrate a clear inverse relationship between mean tumor
volumes and TGF-j31 production for s.c. SMA 560 tumors.

TGF-@1-neutralizing MAbs Enhance the Rate of s.c. Tumor
Growth of the SMA 560 C2S2 D4 Cell Line. To confirm that the
differences in tumor volumes observed were due to the action of

TGF-fJl, in separate experiments we compared the growth rates of s.c.
C2S2 D4 cell line-derived tumors in these animals treated with
TGF-3l-neutralizing MAbs or isotype control MAbs. s.c. tumor
growth was significantly enhanced by the administration of systemic
anti-TGF-f3l (Fig. 6B), confirming a role for TGF-f31 in inhibiting
SMA 560 tumor growth.

Endogenous TGF-@31 Production Reduces the Tumorigenicity
of SMA 560 Cells in the CNS. To determinewhether endogenous
TGF-@l production by SMA 560 cells could alter tumorigenicity in
the CNS, mature VMIDk mice were injected intracerebrally with each
of the cell lines described. Parent cells or pClneo cells were univer
sally fatal, with median survivals of 25 and 22 days, respectively (P
was not significant; Fig. 7). Down-regulation of TGF-13l production
in both antisense clones led to decreases in median survival, to 16 and
18 days for clones antisense.4 and antisense.5, respectively
(P < 0.002 versus pClneo). Conversely, overexpression of TGF-@l
by the C2S2 cell lines led to both an increase in median survival and
a significant number of animals surviving to 100 days. The C2S2 A2
cell line led to a median survival of 43 days (P < 0.001 versus
pClneo), with one of five animals surviving at 100 days when the
experiment was stopped. All animals survived beyond 100 days in the
case ofC2S2 D4 cell line (P < 0.001 versus pClneo). No tumor could
demonstrated at postmortem examination in any animal surviving
until day 100.

cv@E

I

Fig. 6. TGF-[3l production inhibits the growth of SMA 560 tumors in vito. A, tumors
were formed by inoculating 5 X 10' cells/mouse. When mean tumor sizes were compared:
#, C2S2 04 versus antisense.5, P < 0.02 at all time points measured; @,C2S2 04 orC2S2

A2 versus antisense.4 or antisense.5, P < 0.05 at days 13 and 15; @,C2S2 04 or C2S2
A2 versus pClneo, P < 0.05 by day 15. Because several animals in the antisense
tumor-bearing groups required euthanization due to large tumors by day 15, no compar
isons in tumor size are made beyond this time point in these groups. B, growth inhibition
by endogenous TGF-[31 could be reversed by neutralizing TGF-[3l MAbs. In separate
experiments, tumors were formed by inoculating 5 X l0@ cells/mouse. The test group
received an i.p. dose (200 @.&g)of purified MAb l2Al2.D7 every other day; the control
group received 200 i.tg of an isotype control MAb. #, P < 0.05.

Increased Production of Endogenous TGF-fil Leads to In
creased Apoptosis in Vivo. Elevated levels of endogenous TGF-f3l
production were associated with increasing numbers of apoptotic cells in
vivo in s.c. tumors (Fig. 8). The C2S2-derived tumors contained signif
icantly more apoptotic cells per mm2 (80 Â±24) than did the pClneo
derived tumors (46 Â±6), which, in turn, contained more apoptotic cells
than did tumors derived from the antisense clones (36 Â±10). Thus, the
rate of apoptosis in these cells lines is: C2S2 > pClneo > antisense
(P = 0.0014; Jonckheere-Terpstra test for comparing ordinal data).
Similar results were also observed in intracranial tumors. Analysis of
intracranial tumors was performed at day 16 to make comparisons be
tween groups prior to the death of the antisense animals. However, at this
time point, only very small tumors are found in the C2S2 group, pre
cluding adequate statistical comparisons.

DISCUSSION

A marked increase in production of the TGF-(3s has been docu
mented in many human tumors. A plausible hypothesis for these
observations is that higher levels of the TGF-13s provide some form of
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nially. These data would suggest that, although it may be beneficial to use

TGF-fJ antisense strategies in the setting of s.c. vaccine therapy, the role
of TGF-f3 in reducing the immunodetection of CNS glioma may not be
a Criticalstep in the pathogenic process as such immunodetection may be
relatively poor in this compartment from the outset.

Despite enhancing tumor cell immunogenicity with antisense
TGF-f3 and reducing tumor cell immunogenicity with TGF-(3 over
expression, the overall effect of modulating TGF-f3 was to increase
growth in s.c. tumors in the case of antisense TGF-f3 and to decrease
growth in s.c. tumors in the case of TGF-@3-overexpressing cell lines.

We have provided evidence showing that at least part of this effect is
due to the enhanced rate of apoptosis seen with production of TGF-f3.
Weller et a!. (26) have demonstrated that TGF-@ enhances Fas
mediated apoptosis in vitro in human glioma, and we have found a
similar phenomenon in this murine tumor. We speculate that TGF-(3
may act to sensitize the SMA 560 cells to the effects of Faa ligand in
vivo, although this remains to be formally demonstrated.

It has been suggested by several in vitro studies examining the
tritiated thymidine uptake of fresh tumor samples that the majority of
low-grade gliomas may be negatively growth regulated by the

TGF-f3s and that this growth regulation may change to one of auto
crime stimulation in some high-grade tumors (20, 22, 26). This growth
control is not strictly determined because a number of high-grade
glioma specimens have been shown to remain growth inhibited by
TGF-@ (20, 22, 26). The rates of apoptosis were not measured in these
studies. The SMA 560 is a histologically high-grade tumor, and the
dominant effect of TGF-13 is to induce apoptosis; yet, it also increases

the relative number of cells in active cell cycle (data not shown).
Despite this increase in the proliferative fraction of cells, the overall
effect of TGF-j3 on SMA 560 cells is growth inhibition.

The pleiotropic nature of the TGF-@s has led to a variety of
observations in different model systems, both supporting and coun

tering the hypothesis that the TGF-@s are tumor growth promoters. A
number of studies using models of tumors arising outside the central
nervous system have examined the effect of modulating endogenous
TGF-f3. Studies using iinmunocompetent animal systems to examine
the effect of overexpression of TGF-j3 concur that more TGF-@ leads
to an increased tumorigenicity and rates of tumor growth (31, 40, 41).
Incontrast,Wueta!. (42)haveshown,usingacoloncarcinomamodel

120

@40

0

TGF-@AND FaxINDUCEAPOPTOSI5IN GUOMA

Fig. 7. TGF-@l production by intracranial SMA 560 cells prolongs survival in vivo.
VM/Dk mice received an intracerebral challenge with I X l0@SMA 560 clones trans
fected to produce differing amounts of TGF-@l. Survival was significantly prolonged by
overexpression of TGF-f3l. Median days of survival, range, number of animals, and
significance compared to pClneo animals based on logarithmic rank analysis for each
group were as follows: pClneo, 22, 24â€”26,n = 10; antisense.4, 16, 14â€”17,n = 6,
P < 0.0002; antisense.5, 18, 16â€”18,n 5, P < 0.0002; C2S2 A2, 43, 37â€”>lOO,n 6,
P < 0.0001; C2S2 04; >100, all animals >100, n = 5, P < 0.0001.

growth advantage to the tumor cells in vivo (9). An alternate inter
pretation of these data is that the overexpression of the TGF-@3smay
reflect an aberrant response to the loss of its effective function in
controlling tumor cell growth.

The role of TGF-@ in glial tumors has been examined in a number
of studies in vitro and, as discussed in the introduction, evidence from
these studies exists to both support and refute the hypothesis that
TGF-f3 is a growth-promoting factor in glial tumors. Our study rep
resents the first examination of the role of TGG-@3in progression of a
high-grade glial tumor in an immunocompetent animal system. In

fact, with our experimental model system, we have provided evidence
that the balance of the different effects of TGF-(3 on glial tumorige
nicity and growth provides a disadvantage to tumor cell growth.

In a similar fashion to Fakhrai et a!. (16), we have shown that
inhibition of TGF-@ expression significantly enhances tumor cell immu
nogemcity when the tumor cells are given in s.c. tissue. However, this
was not the case when tumor cells are given as an immunization intracra
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Fig. 8. Endogenous TGF-@l production increases
apoptosis in SMA 560 cells. TUNEL assays were
performed on formalin-fixed, paraffin-embedded
sections of s.c. tumors as described. Enhanced apop
tosis was seen in SMA 560 tumors derived from
C2S2 TGF-f3l-overproducing clones (A) as com
pared to pClneo control tumors or antisense TGF
al-derived tumors (B). Scale bar, 100 .tm.
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in nude mice, that decreased TGF-@ leads to a higher incidence of
tumors,whichmustbe interpretedin the absenceof the profound
immunomodulatory functions of TGF-@3.It has been previously sug
gested that increased TGF-f3 synthesis provides a major advantage for
tumor growth in a normal in vivo environment (31).

The effects of TGF-@1 on tumorigemcity and growth in vivo are the
result of the final equilibrium of a variety of factors, including effects
on cell cycle regulation, induction of apoptosis, and immunodetection
and the effects of TGF-(3 on regulation of the tumor microenviron
ment through modulating such factors as the production of extracel
lular matrix components. We have shown here that the dominant net
effect of TGF-(31 on the in vivo growth of this murine high-grade
glioma is one of growth inhibition. This is in contrast to other
non-CNS tumors, in which TGF-@ provides a major growth advan
tage. Further studies are required to more clearly define the role of this
cytokine in the growth of human high-grade glial tumors.
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