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Abstract We have demonstrated that a single low dose
of cyclophosphamide has an antimetastatic effect on
lymphoma (L-TACB)-bearing rats by modulating the
host immune response. Galectin-1, a member of the
galectin family with specificity for f-galactosides, has
potent immunomodulatory properties by regulating cell-
matrix interactions and T-cell apoptosis. Since galectin-1
is expressed by highly metastatic tumors, in the present
study we investigated the participation of this f-galac-
toside-binding protein in cyclophosphamide-induced
immunomodulation. Inbred “e” rats were s.c. chal-
lenged with L-TACB. After 14 days, half of the animals
received an i.p. injection of cyclophosphamide (10 mg/
kg), and on day 21 tumors and spleens were excised. Cell
extracts were prepared and galectin-1 expression was
determined by Western blot analysis and correlated with
Bcl-2 expression levels and the DNA fragmentation
profile. Expression of galectin-1 was significantly de-
creased in tumors from cyclophosphamide-treated rats
compared to non-treated rats. The same effect was ob-
served regarding expression of Bcl-2 by tumors. In
contrast, expression of Bcl-2 was significantly higher in
spleens from treated animals than in non-treated rats.
This effect correlated with a decreased intensity in the
pattern of DNA fragmentation of spleen cells from
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cyclophosphamide-treated animals. Our results suggest
that a single low dose of cyclophosphamide modulates
the expression of galectin-1 and Bcl-2 by tumors, which
could in turn influence the apoptotic threshold of spleen
mononuclear cells. This mechanism could explain, at
least in part, the antimetastatic effect evidenced in our
tumor experimental model.
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Introduction

Understanding metastasis, the process by which malig-
nant cells spread from the primary growth site to form
secondary tumors in distant organs, is undoubtedly one
of the most challenging goals of cancer research because
metastasis is the main cause of cancer mortality. The
successful completion of each step of the metastatic
cascade is determined by unique properties of metastatic
cells, as well as host-tumor cell interactions [12].

Both experimental and clinical studies revealed that
cyclophosphamide (Cy), an alkylating agent commonly
used in cancer chemotherapy [45], exerts an apparently
paradoxical effect on host immune response [21]. Large
doses of Cy usually bring about an impairment of the
host defense mechanisms, along with a reduction of
primary tumor mass, therefore leading to severe immu-
nosuppression. However, the administration of low
doses of Cy leads to an enhancement of the immune
response, both in experimental animals and humans,
frequently causing tumor rejection [3, 5]. We have pre-
viously shown, in an experimental rat lymphoma model
(L-TACB), that a single low dose of Cy has an anti-
metastatic effect and that this effect can be adoptively
transferred with spleen cells of Cy-treated tumor-bearing
rats. Moreover, this effect does not take place in
immunologically impaired animals [20, 22].

In a search for the molecular mechanisms responsible
for these immunomodulatory and antimetastatic effects,
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we have recently demonstrated that Cy treatment par-
tially restored the lymphoproliferative response of spleen
cells, otherwise reduced during tumor growth, by down-
regulating T-cell-derived IL-10 [23, 24] and modulating
the Th1/Th2 cytokine balance (Matar et al, submitted).

Galectin-1 (Gal-1), an endogenous f-galactoside-
binding protein produced by many types of normal and
neoplastic cells [30, 37], plays key roles in several bio-
logical and pathological processes, such as cell growth
regulation [2, 16,33], cell-matrix interactions [10, 35],
and T-cell apoptosis [27, 34, 43,47]. Clear-cut evidence
now exists that Gal-1 is implicated in malignant trans-
formation and metastasis of human and experimental
tumors [19, 41, 46].

We have demonstrated by using gene therapy strate-
gies that Gal-1 suppressed the inflammatory and auto-
immune response by skewing the balance towards a
Th2-polarized immune response and ultimately by in-
ducing apoptosis of activated T-cells [36]. This effect has
been shown to be mediated mainly by engagement of
CD45, CD43, CD7 lymphocyte receptors [27, 28]. The
presence of Gal-1 in several lymphoid organs, such as
thymus, lymph nodes and spleen, particularly on mac-
rophages, T- and B-cells [6, 32, 34, 49], and at sites of
immune privilege and metastasis [19, 41, 46, 48], confirms
that this f-galactoside-binding protein participates in the
regulation of central and peripheral immune tolerance.

Since Gal-1 has been associated with the invasive and
metastatic potential of several tumor cells [14, 19, 46], in
the present study we explored the participation of Gal-1
in Cy-induced immunomodulation in a rat experimental
lymphoma model. Furthermore, because the response of
a cell to a death/proliferation signal is determined by a
preset “‘rheostat” represented by the relative protein
levels of members of the Bcl-2 family [1], we also in-
vestigated whether metastasis inhibition by Cy is corre-
lated with a modulation of Bcl-2 expression levels. Our
results show that a single low dose of Cy induces a
modulation of Gal-1 expression by lymphoma cells, with
simultaneous up-regulation of spleen Bcl-2, associated
with a decrease in spleen cell apoptosis.

Materials and methods

Animals

Adult male and female IIM e/Fm rats from the Institute of Ex-
perimental Genetics, Faculty of Medical Sciences, National Uni-
versity of Rosario breeding facilities, were used for this study [7].
Animals were fed with commercial food and water ad libitum and
were maintained in a 12-h light/dark cycle. All the experiments
were developed during the first half of the light cycle. The animals
were treated in accordance with the guidelines issued by the
Canadian Council on Animal Care.

Drugs and reagents
Cyclophosphamide (Cy) (Endoxan-Asta, Labinca SA, Argentina)

was dissolved in sterile distilled water to a concentration of 20 mg/
ml and injected at a dose of 10 mg/kg of body weight. Protease

inhibitors, DNase-free RNase, Proteinase K, NP-40, 2-mercapto-
ethanol, molecular weight markers were from Sigma Chemical Co
(St. Louis, Mo.). Electrophoretic reagents were from BioRad
(Richmond, Calif.). All other chemical reagents were commercially
available analytical grade.

Antibodies

Anti-Gal-1 polyclonal Ab was prepared in rabbits as previously
described [15]. Anti-Bcl-2 polyclonal Ab was from Santa Cruz
Biotechnol (Bcl-2, AC21;UK) Horseradish peroxidase-conjugated
goat anti-rabbit IgG was purchased from Sigma Chemical Co.
(St. Louis, Mo.).

Tumor

Lymphoma TACB (L-TACB) is a poorly differentiated B-cell
lymphoma, which arose spontaneously in an inbred e rat [13]. It is
maintained by serial subcutaneous grdftmg by trocar of 1 mm?®
L-TACB fragments (approximately 10° cells) in syngeneic rats.
When L-TACB is s.c. injected, lymph nodes are the exclusive sites
of metastatic growth.

Experimental model

The experimental model is illustrated in Fig. 1. Briefly, rats (n=06)
were implanted s.c. with L-TACB by trocar on day 0. Half of the
animals were i.p. inoculated with Cy (10 mg/kg) on day 14 (treated
group), and the remaining rats received no further treatment
(control group). After 7 days (day 21), treated and control rats were
sacrificed and their tumors and spleens were removed. Single-cell
suspensions were prepared in PBS by mechanical disruption.

Western blot analysis

To analyze Gal-1 or Bcl-2 expression, tumor or spleen cells were
obtained as described above, medium was carefully removed and
cells were washed twice with PBS at room temperature. Then, cell
pellets were mixed gently with 1 ml ice-cold lysis buffer (PBS
containing 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 142.5mM KCl, 5SmM MgCl,, 10 mM HEPES,
pH 7.2) with freshly added protease inhibitor cocktail (0.2 mM
PMSF, 0.1% aprotinin, 0.7 pg/ml pepstatin, 1 pg/ml leupeptin)

day 0: day 14: day 0:
L-TACB s.c. Cy (10mg/kg) i.p L-TACB s.c.
treated control
day 21:
group splanna:nd tumor group
extirpation
Cell suspensions

Gaki Apoptosis

{Westem biat) (Genomic ONA

Fig. 1. Experimental model



and incubated for 30 min on ice. Samples were finally centrifuged
at 15,000 g for 20 min at 4 °C and the supernatant fluid, repre-
senting the whole cell protein lysate, stored at —70 °C until use.
Protein concentration was estimated by using the micro-BCA
Protein Assay reagent kit (Pierce, Rocford, Ill.).

Sodium dodecyl sulfate-polyacrylamide gel -electrophoresis
(SDS-PAGE) was performed in a Miniprotean II electrophoresis
apparatus (BioRad, Richmond, Calif.), as described by Laemmli
[18]. Briefly, lysates corresponding to tumors or spleens from Cy-
treated or non-treated rats (50 pg of protein each) were diluted in
sample buffer and resolved on a 15% separating polyacrylamide
slab gel. After electrophoresis, the separated proteins were trans-
ferred onto nitrocellulose membranes and probed with a 1:1000
dilution of the anti-Gal-1 Ab, as described [10] or a 1:2000 dilution
of the anti-Bcl-2 polyclonal antibody (Santa Cruz Biotechnol, UK).
Blots were then incubated with a 1:3000 dilution of a horseradish
peroxidase-conjugated goat anti-rabbit IgG, developed using en-
hanced chemoluminiscence detection and finally exposed for 3-5
min to Amersham Hyperfilm (Uppsala, Sweden). Recombinant
Gal-1 (rGal-1) was used as a positive control for immunodetection.
Control of specific immunoreaction was performed by incubation
of the blots with a rabbit preimmune serum without detecting any
reactivity. The anti-Gal-1 Ab was monospecific, since it did not
recognize other galectins, such as recombinant galectin-3, in
Western blot assays. Equal loading and extract degradation were
checked by Ponceau S staining and by using an anti-o-tubulin
(DM 1A) mAb. Rainbow protein molecular weight markers were
from BioRad (Richmond, Calif.). The immunoreactive protein
bands were analyzed with a Fotodyne Image Analyzer (Fotodyne,
Inc., Hartland, Wis.). Results were expressed as relative densito-
metric values by means of the Image Quant software.

DNA fragmentation assay

Spleen cells of Cy-treated or non-treated rats were also processed
for DNA fragmentation assay, as previously described [34, 36]. In
brief, cells were harvested, washed with TNE buffer (10 mM Tris-
HCI, pH 7.5, 100 mM NaCl, 2 mM EDTA, pH 8) and lysed by the
addition of 0.5% SDS. Cells lysates were incubated at 56 °C for 3 h
in the presence of 100 pg/ml proteinase K. DNA was further pu-
rified by successive phenol-chloroform extractions and mixed with
3 M sodium acetate (pH 5.2) and absolute ethanol. The mixture
was incubated overnight at —20 °C and the purified DNA was
washed, resuspended in TE buffer (10 mM Tris-HCl, 1 mM
EDTA, pH 7.5) and treated with 5 ml of 1 mg/ml DNase free-
RNase A for 1 h. Samples were finally resuspended in loading dye
and resolved on a 1.5% agarose gel in Tris-Borate-EDTA buffer
containing 0.5 pg/ml ethidium bromide.

Statistical analysis

Mann-Whitney test was used to examine the differences between
groups.

Results

To explore the cellular and molecular mechanisms im-
plicated in Cy-induced inhibition of lymphoma metas-
tasis, we analyzed expression of Gal-1 by Western blot
analysis using a specific polyclonal antibody, on tumors
and spleens obtained from Cy-treated or non-treated
rats following the experimental model described in
Fig. 1. As clearly shown in Fig. 2A, lymphoma cells
from three representative non-treated rats expressed
high levels of Gal-1 (lanes 1, 2, 3; control group). As has
been previously described, the anti-Gal-1 polyclonal Ab
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recognized not only the 14.5 kDa protein band, but also
the homodimeric 29 kDa band. Previously, it has been
reported [4, 8, 36, 48] that, even under reducing condi-
tions, scarce amounts of the 29 kDa band persist, since
the subunits self-associate by hydrogen bonding. Inter-
estingly, Gal-1 expression was found to be markedly
downregulated in tumor cells obtained from Cy-treated
L-TACB-bearing rats (Fig. 2A; lanes 4, 5, 6) in com-
parison with tumor cells derived from non-treated ani-
mals (Fig. 2A; lanes 1, 2, 3), as illustrated by the
densitometric profile (P <0.05). Recombinant Gal-1 was
used as a control of positive immunoreaction (lane 7).
Equal protein loading in each lane of the gels was
checked by Ponceau S staining and by stripping the fil-
ters and re-blotting with DM la, an anti-a-tubulin
polyclonal Ab (data not shown). This result suggests
that Gal-1 expression correlates with the metastatic
potential of lymphoma cells and that Cy-induced inhi-
bition of lymphoma metastasis also involves inhibition
of Gal-1 expression.

However, treatment with Cy of L-TACB-bearing rats
was not able to significantly modify Gal-1 expression by
spleen cells (Fig. 2B). Although a trend was observed
towards increased Gal-1 expression by spleen cells fol-
lowing Cy treatment, immunoreactivity was heteroge-
neous, as shown by the densitometric profile in three
representative samples (lanes 4, 5, 6).

Since lymphoma tumors express high levels of Bcl-2,
which protect cells from apoptosis, and Gal-1 induced
T-cell apoptosis through a Bcl-2-, but not Bcl-xL-de-
pendent pathway [38], we also investigated how Cy
treatment modulated expression of this anti-apoptotic
protein in our experimental model. As shown in Fig. 3A,
Bcl-2 expression was downregulated in tumor samples
obtained from Cy-treated animals (lanes 4, 5, 6) in
comparison to non-treated rats (lanes 1, 2, 3) (P <0.05).
This result indicates that Cy treatment may also mod-
ulate the apoptotic threshold of lymphoma cells by
downregulating Bcl-2 expression levels. In contrast, Bcl-
2 was upregulated in spleen cells from Cy-treated ani-
mals, as shown by the densitometric profile in Fig. 3B
(lanes 4, 5, 6) (P <0.05). This effect was accompanied by
a reduction in the intensity of the DNA fragmentation
profile of spleen cells from Cy-treated animals (Fig. 3C,
treated group vs. control group). This finding supports
the idea that Cy treatment could also induce immuno-
modulation by increasing survival of spleen mononu-
clear cells.

Discussion

The results presented in this study provide the first ex-
perimental evidence regarding Gal-1 and Bcl-2 as mo-
lecular targets of the immunomodulatory effects of
single low-dose Cy in an experimental rat lymphoma
model. While Gal-1 and Bcl-2 were downregulated in
tumors after treatment with Cy, an opposite effect was
observed in spleen cells following this treatment, where
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Gal-1 was not significantly affected and Bcl-2 was up-
regulated.

Many chemotherapeutic agents are being successfully
used in the treatment of several types of cancer.
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However, their cytotoxic action affects not only neo-
plastic cells, but also undesired targets, such as normal
rapidly proliferating cells. Thus, the bone marrow is a
dose-limiting organ in the administration of high-dose
chemotherapy and immunosuppression is the most
common side-effect of this kind of treatment [11]. The
scarcity in therapeutic resources for preventing or
treating metastasis, has stimulated the proposal of sev-
eral modalities of biological treatment including immu-
notherapy, which are now under investigation [26].
Several cytotoxic antineoplastic drugs normally used in
cancer treatment, such as Cy, can shift the balance from
immunosuppression to immunopotentiation, depending
on the dose and the administration schedule [21].

We have previously demonstrated in a rat lymphoma
model that a single low dose of Cy has an antimetastatic
effect [20, 22]. This treatment restored the lymphopro-
liferative response of spleen cells, otherwise reduced
during tumor growth. The levels of Th2 cytokines (i.e.
IL-10) and immunosuppressive agents, such as TGF-f
and NO produced by spleen cells, decreased after Cy
treatment [23]. We found that reduction of IL-10 pro-
duction after treatment was, in part, responsible for the
antimetastatic effect of Cy [24]. Recently, we have
demonstrated that low-dose Cy induced a Th2/Thl shift
in the cytokine profile of lymphoma-bearing rats [25].

Galectin-1, an endogenous f-galactoside-binding
protein, has recently emerged as a potent immuno-
modulatory protein [30, 40]. By virtue of its ability to
interact with specific glycoconjugates, this protein has
been implicated in several biological processes, such as
cell proliferation, cell adhesion, apoptosis, metastasis
and immunoregulation [2, 36]. Galectin-1 induced
apoptosis of activated, mature T-cells and particular
subsets of immature thymocytes [28, 29, 34, 43, 47].
Through its ability to inhibit T-cell effector functions,
this carbohydrate-binding protein has shown potent
anti-inflammatory and immunoregulatory effects in vivo
[36, 39, 42]. In this sense, we have recently shown by
gene and protein therapy strategies that Gal-1 can sup-
press the inflammatory and autoimmune response in an

<

Fig. 2A, B Single low-dose cyclophosphamide modulates Gal-1
expression in lymphoma-bearing rats. Extracts corresponding to
tumor cells (A) or spleen cells (B) from Cy-treated (lanes 4, 5, 6) or
non-treated rats (lanes 1, 2, 3) were prepared and processed for
Western blot analysis. Briefly, samples were lysed in the presence of
protease inhibitors and equal amounts of protein (50 ug) were
subjected to SDS-PAGE on a 15% polyacrylamide slab gel and
immunoblotted with a rabbit anti-Gal-1 polyclonal Ab (1:1000).
Blots were then incubated with a 1:3000 dilution of a horseradish-
peroxidase-conjugated goat anti-rabbit IgG and developed using
enhanced chemiluminiscence detection. Recombinant Gal-1 was
used as a positive control of immunodetection (/ane 7). Control of
specific immunoreaction was performed by incubation of blots with
a rabbit preimmune serum. Immunoreactive protein bands were
semi-quantified by densitometry and expressed as relative densito-
metric values. Equal loading and absence of extract degradation
were checked using an anti-¢-tubulin (DM 1A) mAb. Results are
representative out of three independent experiments with n=3
animals per group for each experiment. (*P <0.05)



experimental model of rheumatoid arthritis [36]. Inves-
tigation of the molecular mechanisms implicated in this
process revealed that Gal-1 treatment could skew the
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balance towards a Th2-polarized immune reaction and
increased T-cell susceptibility to activation-induced cell
death. This effect was antigen specific and required sig-
naling via the T-cell receptor (TCR) [31]. Recently,
Chung et al [9] showed that Gal-1 acts by antagonizing
T-cell responses requiring complete TCR signal trans-
duction, while enhancing those functions requiring only
partial TCR-{ chain phosphorylation, such as apoptosis
and cytokine modulation. Previous studies also showed
that Gal-1 expression correlated with the acquisition of
metastatic phenotype in several types of tumors, such as
glioma and prostate carcinoma [19, 41, 46].

In this study we provide experimental data supporting
the concept that Cy treatment inhibits Gal-1 expression
by lymphoma cells. Since Cy treatment induced a bias
towards a Th1 response and Gal-1 is conversely involved
in a Th1/Th2 shift [36], one might speculate that Cy
would reduce Th2 cytokine production through down-
regulation of Gal-1. Moreover, it might be also specu-
lated that Gal-1 could be expressed in lymphoma cells as
a mechanism of immune escape to induce immunological
unresponsiveness by inducing apoptosis of activated
T-cells. Supporting this hypothesis, we have found that
Bcl-2 upregulation by spleen cells, which indicates
decreased apoptotic activity, tightly correlated in each
animal with downregulation of lymphoma Gal-1.

Interestingly, while Bcl-2 expression levels were sig-
nificantly higher in spleen cells from Cy-treated com-
pared to non-treated animals, the opposite effect was
demonstrated for tumor cells. Thus, changes in the
expression of the antiapoptotic molecule [17], along with
other changes yet to be determined, would decrease the
apoptotic threshold of tumor cells, but will protect
immune cells from death. Therefore, immune cells will
be able not only to increase their life-span and survive,
but also to switch from a Th2- towards a Thl-cytokine

<

Fig. 3A-C Single low-dose cyclophosphamide modulates Bcl-2
expression and the apoptotic profile in tumor and spleen cells from
lymphoma-bearing rats. Extracts corresponding to tumor cells (A)
or spleen cells (B) from Cy-treated (lanes 4, 5, 6) or non-treated rats
(lanes 1, 2, 3) were prepared and processed for Western blot
analysis. Briefly, samples were lysed in the presence of protease
inhibitors and equal amounts of protein (50 pg) were subjected to
SDS-PAGE on a 15% polyacrylamide slab gel and immunoblotted
with an anti-Bcl-2 polyclonal Ab (1:2000). Blots were then
incubated with a 1:3000 dilution of a horseradish-peroxidase-
conjugated goat anti-rabbit IgG and developed using enhanced
chemiluminiscence detection. Immunoreactive protein bands were
semiquantified by densitometry and expressed as relative densito-
metric values. Equal protein loading and absence of extract
degradation were checked using an anti-a-tubulin (DM 1A) mAb.
Results are representative out of three independent experiments
with n=3 animals per group in each experiment. (*P <0.05). (C):
DNA fragmentation assay of spleen cells obtained from a
representative L-TACB-bearing rat (control group) or Cy-treated
L-TACB-bearing rat (treated group). Following different treat-
ments, samples were harvested, washed and genomic DNA was
extracted. Briefly, samples were diluted in loading buffer and
resolved on a 1.5% agarose gel. The relative mobility of
oligonucleosome-length DNA fragments reflects integer multiples
of 180200 bp
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profile, which would proceed the antimetastatic immune
response.

The present study allows a further step towards a
deeper understanding of the mechanisms of action in-
volved in metastasis treatment with low doses of che-
motherapeutic agents [44]. These treatments have the
clear advantage of being non-toxic in comparison to
high-dose chemotherapy protocols. Further under-
standing of the cellular and molecular mechanisms im-
plicated in Gal-1 and Bcl-2 modulation by Cy, may have
important implications for the therapeutic modulation
of immunosuppression and inhibition of metastasis
development.
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