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Fig. 1. Inhibition of ES cell growth after 6 days of continuous in vitro treatment with
different doses of suramin. A, results are expressed as percentage of growth inhibition
compared to controls. B, reversal of growth inhibition of TC-71 cells treated with alR3
antibody or suramin by IGF-I. Data are from one experiment, representative of two
different experiments.

Table 1 Effects of treatments on proliferative rate and apoptosis of TC-71 cell line
BrdUrd

Treatment” labeling index” Apoptosis®
None 4.1 £26 1.1 £03
MOPC-21 (1 pg/ml) 40.2 = 3.0 0.7 0.1
alR3 (1 pg/ml) 310+ 224 44 *0.1°
Suramin (33 pug/mi) 352+ 1.8¢ 67x127

“ Cells were treated for 72 h before analysis.

b Average * SD of three independent experiments.

¢ Percentage of apoptotic nuclei. Average * SD of three independent experiments.
4 Significantly different by Student’s 7 test, P < 0.05.

¢ Significantly different by Student’s  test, P < 0.001.

apoptotic. The percentage of apoptotic nuclei was evaluated out of a total of
1000-2000 nuclei.

Motility Assay. Motility assay was made using Transwell chambers
(Costar, Cambridge, MA) with 8-um pore size, polyvinylpyrrolidone-free,
polycarbonate filters (Nucleopore, Pleasanton, CA). IMDM plus 10% FCS
alone, or IMDM plus 10% FCS with IGF-I (100 ng/ml; United Biomedical,
Inc., Lake Placid, NY), were placed in the lower compartment of the chamber,
after which 10° cells in IMDM plus 10% FCS with or without suramin (250
pg/ml), alR3 antibody (1 pg/ml), or the class-matched IgG MOPC-21 (1

ung/ml) were then seeded in the upper compartment and incubated for 18 h at
37°C. Cells migrated toward the filter to reach the lower chamber base and
were counted after Giemsa staining. All of the experiments were made in
triplicate.

In Vivo Treatment with «IR3 Antibody or Suramin. Female athymic
4-5-week-old Crl/nwnu (CD-1) BR mice (Charles River Italia, Como, Italy)
were used. Tumorigenicity was determined after s.c. inoculation with 5 X 10°
cells. Twenty-four h after cell inoculation, the animals were randomized into
control and treated groups. In the latter groups, each mouse received an s.c.
injection of aIR3 monoclonal antibody (50 ug/injection) or suramin (50
pglinjection or 500 pg/injection) in proximity to the tumor, every 3 days
starting from the day after tumor implantation. Control mice received a s.c.
injection of PBS or of MOPC-21 (50 ug/injection; additional control group for
alR3 treatment). The treatment period consisted of eight injections. Tumor
growth was assessed once weekly by measuring tumor volume, calculated as
@6 X [/(ab)]®, where a and b are the two maximum diameters. For ethical
reasons, mice were killed and necropsied when tumor volume was 5 cc.
Tumors were fixed in 10% buffered formaldehyde for at least 48 h and
processed for histological examination. Sections of the tumors were stained
with H&E and analyzed microscopically. The presence of apoptotic nuclei was
assessed by morphological criteria (16). The number of pulmonary metastases
was determined by counting with a stereomicroscope after staining with black
India ink.

To evaluate the ability of suramin to inhibit the metastatic ability of TC-71
cells in the skeleton, 2.5 X 10° viable cells were injected i.v. into a tail lateral
vein; 24 h later, animals were divided into two groups and treated with suramin
(1 mg/injection) or PBS (control). The injections were done i.p. every 3 days
starting from the day after tumor-cell inoculation. The experimental design
consisted of 20 injections. The volume of bone metastases was assessed
weekly, as described above for primary tumors. For ethical reasons, mice were
killed when bone metastases achieved a tumor volume of 5 cc. Histological
sections obtained from the bone neoplastic masses were stained with H&E and
analyzed microscopically.

RESULTS

In Vitro Effects. The in vitro effects of suramin were analyzed in
comparison with the previously reported results obtained with the
IGF-IR neutralizing antibody aIR3 (13). In particular, similar to what
was observed after aIR3 treatment, continuous in vitro exposure to
suramin (100 ng/ml-100 pg/ml) for 6 days induced a relevant dose-
dependent blockage of cell growth in all of the ES cell lines (Fig. 14).
Exposure of TC-71 cells to exogenously added IGF-I (10-100 ng/ml)
reversed the growth inhibition of @IR3 or suramin (Fig. 1B), demon-
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Fig. 2. Motility response of TC-71 cells after treatment with MOPC-21 antibody, alR3
antibody, or suramin. Cells (20,000) were incubated in the upper compartment of a
Transwell chamber with IMDM plus 10% FCS supplemented with MOPC-21 antibody (1
pg/ml), alR3 antibody (1 ug/ml), or suramin (250 ug/ml). In the lower compartment,
IMDM plus 10% FCS or IMDM plus 10% FCS plus IGF-I (100 ng/ml) was used as the
source of chemoattractant. Col. P the ber of migrated cells (mean * SE).
Three independent experiments were performed. *, P < 0.05.

4128

Downloaded from cancerres.aacrjournals.org on December 6, 2021. © 1998 American Association for Cancer
Research.


http://cancerres.aacrjournals.org/

IGF-IR BLOCKAGE INHIBITS EWING'S SARCOMA IN NUDE MICE

100 Percentage of tumor-free mice
—H‘
L
Lo P=0.05
% |
_:_I
wd
o
al
o
0 —y T T T T 1
0 20 40 60 80 100 120
Days since inoculation
treatment

Fig. 3. Treatment of athymic mice with alR3 antibody after the inoculation with TC-71
cells prolonged the tumor-free period and decreased the incidence of tumor formation. The
animals received s.c. injection of alR3 [50 ug/injection (—)], of the class-matched IgG
MOPC-21 [50 pg/injection (- - -)], or of PBS (— —) every 3 days, starting at 24 h after
tumor cell s.c. inoculation. The tumor-free period is the time between the injection of
tumor cells and the appearance of measurable xenografts.
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Fig. 4. Histological features of TC-71 d the
typical monomorphous characteristics of ES with some mitotic figures. B, alR3-treated
tumors showed, scattered among intact nuclei, the presence of several apoptotic nuclei as
evidenced by nuclear cond ion and apoptotic body formation at the periphery of the
lesion near the site of injection.

strating the specific blockage of IGF-IR function. A consistent reduc-
tion in the S-phase rate and a significant induction in apoptosis were
observed either after aIR3 treatment or after suramin treatment (Table
1). Moreover, suramin and aIR3 were both able to affect the migra-
tory ability of TC-71 cells. In fact, a remarkable inhibition of the in
vitro migration of ES cells after a chemotactic stimulus was observed
with both treatments (Fig. 2).

In Vivo Effects of aIR3 Treatment. To analyze the effects of the
IGF-IR-neutralizing aIR3 antibody on the in vivo growth of ES,
randomized athymic mice that were s.c. injected with TC-71 cells
were locally treated with aIR3 (50 pgfinjection), MOPC-21 (50
pg/injection), or PBS. Treatment started 24 h after the injection of
5 X 106 cells, a dose that is able to produce tumors in all untreated
animals. The time of appearance of detectable tumors (>0.03 cc) in
the three groups is shown in Fig. 3. At the end of treatment, the
number of tumor-free animals was 5 (56%) of 9 in the aIR3 group, 0
of 4 in the MOPC-21 group, and O of 8 in the PBS group. Moreover,
by considering the mice in which tumors developed, we observed a
growth inhibitory effect of aIR3 treatment. In fact, the mean volume
of tumors at the end of treatment was 2.9 = 1.2 cc versus 1.4 * 0.5
cc in controls and alR3-treated mice, respectively. With regard to
mice that were found to be tumor-free after aIR3 treatment, only one
developed a tumor after the end of the treatment. Histological exam-
ination of tumor specimens in treated animals showed the presence of
apoptotic cells at the periphery of tumors, particularly in the proximity
of the site of injection of aIR3 (Fig. 4).

Spontaneous lung metastases were observed in 43% of the animals
in the control group, whereas mice locally treated with aIR3 did not
develop metastases.

In Vivo Effects of Suramin. Compared to controls, local injection
of suramin significantly delayed the time of appearance of primary
tumors, at the dose of both 50 ug/injection and 500 ug/injection (Fig.
5). Only a slight dose-dependent effect was observed. In fact, the
number of tumor-free animals was 1 (20%) of S in the group treated
with suramin 500 pg/injection, O of 5 in the group treated with
suramin 50 pg/injection, and O of 10 in the PBS-treated group. In
animals developing a tumor, a growth-inhibition effect of suramin was
generally observed, as shown by the in vivo growth curve of TC-71
cells in individual mice (Fig. 6, A and B). Mean tumor volume was
2.8 * 0.8 cc versus 1.8 * 1.6 in controls and suramin-treated mice,
respectively.

Spontaneous lung metastatic spread occurred in 40% of mice in the
control group and in only 10% of mice treated with suramin. Systemic
delivery of suramin remarkably delayed the occurence of bone me-
tastases in animals inoculated i.v. with TC-71 cells (Fig. 7). In fact, at
the end of the treatment, the number of metastasis-free animals was 11
(61%) of 18 in the group of animals treated with suramin, and 7 (41%)
of 17 in the PBS-treated group. Moreover, treatment with suramin
also resulted in a lower number of bone metastases. In fact, after 43
days from cell inoculation, when mice started to be killed for ethical
reasons, the total number of bone metastases was 11 (controls) versus

Percentage of tumor-free mice

P<0.05

treatment Days since inoculation

Fig. 5. Treatment of athymic mice with suramin after the inoculation with TC-71 cells
prolonged the tumor-free period and decreased the incidence of tumor formation. Animals
received s.c. injection of suramin [S00 ug/injection (—) or 50 ug/injection (- - -)] or PBS
(— —) every 3 days starting at 24 h after s.c. tumor cell inoculation. The tumor-free
period is the time between the injection of tumor cells and the appearance of measurable
xenografts.
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3 (suramin-treated). No toxicity was recorded in animals treated with
suramin.

DISCUSSION

In the past decade, it has become evident that growth factors are
involved in the growth regulation of a variety of cancer types. Treat-
ment modalities based on growth factor-receptor interactions or on
interference with their signal transduction pathways, therefore, seem
to be promising therapeutic possibilities, especially for those neo-
plasms such as ES in which conventional chemotherapy, although
successful in many cases, has clearly shown an impasse. In a previous
study (13), we identified the IGF-IR-mediated loop as an important
autocrine circuit for ES. Inactivation of IGF-IR suppresses the in vitro
growth of ES cells and significantly inhibits their migratory ability
after the chemotactic stimulus of IGF-I or IGF-II, which suggests that
the inhibition of the IGF-IR signaling pathway may be used as a
specific therapeutic target for ES. In this study, we demonstrated that
the use of a neutralizing anti-IGF-IR antibody is effective not only in
vitro but also in vivo. After s.c. injection of TC-71 ES cells into
athymic mice, all of the animals developed tumors, with a remarkably
high growth rate that reflects the extremely aggressive behavior of ES.
Injection of aIR3 monoclonal antibody in close proximity to the
xenografts resulted in a complete regression of the tumor in about
one-half of treated mice and inhibited the growth rate of the tumor in
the remaining treated animals. Moreover, spontaneous lung metasta-
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Fig. 6. In vivo growth curve of TC-71 tumors in control group (A) and suramin-treated
groups (B; +, 50 pgfinjection; *, 500 ug/injection). Each line corresponds to a single
animal.
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Fig. 7. Delayed app e of bone after sy ic treatment with suramin.

Mice received i.p. injections of suramin (1 mg/injection, —) or PBS (- - -) every 3 days
starting at 24 h after i.v. tumor cell inoculation.

ses were never observed in alR3-treated mice. Our results indicate
that IGF-IR signal transduction also plays a critical role in the in vivo
regulation of ES cell growth and are consistent with previous in vivo
studies that have demonstrated a significant growth inhibition of
xenografts derived from breast cancer, melanoma, and rhabdomyo-
sarcoma cells after treatment with aIR3 antibody (17-19).

Despite the specificity of this approach, the potential of anticancer
strategies based on the blockage of IGF-IR by the delivery of a murine
antibody is of limited practical value in clinical settings because of the
emergence of immune responses, the short half-life of the peptide in
the bloodstream, and the remarkable costs. An attractive alternative
may be the use of suramin. This molecule was originally synthesized
as a powerful antiprotozoal drug, but it has been recently reconsidered
for its anticancer properties and used for the treatment of adrenal and
prostate cancer (20—22). Suramin exhibits multiple activities against
tumor cell proliferation both in vitro and in vivo (15), but the main
mechanism of action of this drug is an interference with the binding
of several growth factors to their receptors, including IGF-I and
IGF-IR (23). A number of studies have shown the in vitro growth
inhibitory effects of suramin in tumor cell lines of different histogen-
esis (15), all revealing that suramin has reversible inhibitory effects.
In ES, we observed a dose-dependent in vitro growth inhibition in all
of the cell lines. In TC-71 cells, suramin decreased the growth rate,
because of a reduction of cell proliferation as well as an induction of
apoptosis. Moreover, suramin also inhibited the migratory ability of
ES cells at doses that are below the concentration of 300 pg/ml, the
maximum plasma concentration that can be achieved without severe
acute toxicity (21). In vivo, peritumoral injection of suramin signifi-
cantly inhibited the growth of TC-71 cells with a slight dose-depen-
dent effect, confirming its antitumoral action, both on primary tumors
and on lung metastases. Moreover, after i.p. delivery, suramin seemed
to be active also against bone metastases, as shown by a delayed
appearance and a reduction in the amount of secondary tumors in the
skeleton.

In vivo, both suramin and aIR3 antibody can presumably inhibit
tumor cell proliferation through a cytotoxic mechanism, as they do in
vitro. In fact, in addition to the reported inhibitory effects on the cell
cycle following the in vivo treatment with aIR3 or suramin (19, 24),
we also observed an induction of apoptosis after blockage of IGF-IR
in agreement with previous observations by Resnicoff et al. (25) in a
different tumor model. Inhibition of IGF-IR, either by specific anti-
bodies or by suramin, may also affect an early step in the sequence of
events that lead to tumor formation, such as migration and adhesion to
the extracellular matrix. Suramin has been shown to inhibit laminin-
and thrombospondin-mediated cell adhesion (26), two proteins that
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are found in the extracellular matrix and are involved in cell attach-
ment, spread, and migration. In this study, we were able to show that
the blockage of the IGF-IR-mediated circuit inhibits the migratory
ability of ES cells.

In conclusion, this study further supports the finding that inhibition
of ES growth may be successfully achieved in vivo by targeting
IGF-IR-mediated signal transduction. The IGF-IR-mediated circuit
regulates a crucial pathway in ES cell growth to be targeted for
innovative therapeutic strategies. Because ES cells seem to be partic-
ularly sensitive to suramin, both in vitro and in vivo, this agent may be
advantageously used in combination with conventional cytotoxic
drugs.
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