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Comparison of the protective effects of truncated bFGF
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Abstract. Basic fibroblast growth factor (bFGF), an angiogenic
factor, exhibits pro-angiogenic abilities by interacting with
tyrosine kinase receptors and heparin-sulfated proteoglycan
receptors. Here, we designed an N-, C-terminally truncated
basic fibroblast growth factor (tbFGF) for immuno-therapy
of murine lung carcinoma with PCEC hydrogel as adjuvant,
comparing it with the wild-type bFGF. In vitro, tbFGF did
not stimulate NIH-3T3 fibroblast proliferation. In vivo, after
immunization, both tbFGF and bFGF were able to induce a
robust bFGF-specific immune response. The protective anti-
tumor investigation showed a significant inhibition of tumor
growth and reduction of tumor vascularization detected by
immunohistochemical staining and the alginate-encapsulated
tumor cell assay in the tbFGF or the bFGF group. These data
suggested that tbFGF can be used in the immunotherapy
of tumors, without the risks associated with bFGF, which
induces neovascularization in normal tissues.

Introduction

Basic fibroblast growth factor (bFGF/bFGF-2), demonstrated
to be a multifunctional cytokine, belongs to the 23-member
family of the fibroblast growth factors (1,2). All the members
of this family share a homologous core region that is composed
of 120-130 amino acids, which are ordered into 12 antiparallel
B-strands (B1-p12) (3). Fibroblast growth factor (FGF), espe-
cially bFGF, plays a critical role in promoting proliferation,
migration and differentiation of numerous cell types (4-6),
and it also plays an important part in inducing angiogenesis
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and regulating cell apoptosis (7). Furthermore, bFGF, an
angiogenic factor (8,9), induces differentiation and invasion
of several tumor cell lines that include prostate, bladder, renal,
breast, pancreas and lung tumors as well as melanomas (4).

Angiogenesis, the physiological process of primary
vascular plexus formation, has a critical role in tumor growth,
progression and metastasis (10-12). Owing to its induction
of angiogenesis (13) and overexpression in malignant tissue
(14,15), bFGF could be used as a target for tumor immuno-
therapy. However, bFGF is also widely distributed in normal
tissues (16). The use of wild-type bFGF as an antigen for
tumor immunotherapy may present the following problems:
(1) the injected bFGF could be recognized as a self-component
by the body's immune system, which can thus lead to a
decrease in immunogenicity and even unresponsiveness (17)
and (ii) the redundant, free bFGF in the body has the potential
to promote tumor vessel growth. Therefore, we exploited
an N-, C-terminally truncated version of the human bFGF
as an antigen and compared it to normal bFGF. The tbFGF
retained the original bFGF receptor binding domains, which
are the FGF receptor (FGFR) binding domains and also part
of the heparin-binding domain; hence tbFGF may have the
immunogenicity but not the angiogenic activity (18).

Adjuvants are the substances that improve the immune
response against co-inoculated antigens, while not having any
specific antigenic effect (19-21). Hydrogel has been explored
as a drug-delivery system and its role as an adjuvant acting
in vaccine has been widely studied (22-24). Recently, we
prepared a new kind of biodegradable and thermosensitive
hydrogel (poly(e-caprolactone)-poly(ethylene glycol)-poly(e-
caprolactone), PCEC), which showed to be an injectable local
drug delivery system, without signs of toxicity (25).

In this study, we investigated a new kind of cancer vaccine:
the tbFGF loaded in PCEC hydrogel as an adjuvant, which
was suggested to inhibit tumor angiogenesis and to elicit the
anti-tumor effect by means of antibody treatment. Our data
indicate that tbFGF, as a substitute for normal bFGF, can be
used in tumor immunotherapy.

Materials and methods

Preparation of bFGF, truncated bFGF peptide and loading
on PCEC hydrogel. Both the human bFGF and the tbFGF
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Figure 1. Identification of the truncated bFGF (tbFGF) peptide and its proliferative bioactivity. (A) Recombinant tbFGF was identified by Coomassie Blue
staining (panel 1) and Western blot analysis (panel 2) with anti-bFGF antibody. (B) The bioactivity of tbFGF and bFGF was measured in NIH-3T3 cells by a
proliferation assay. Compared to the EDs, of normal bFGF (approximately 50 ng/ml), the EDj, of tbFGF was not detected.

peptide can validly bind FGFRs on the cell surface because of
their structures including the bFGF receptor binding site and
part of the heparin-binding site. The two recombinant peptides
were synthesized according to previous reports (26,27).
Briefly, the bFGF and tbFGF cDNA sequence were inserted
in the prokaryotic expression plasmid pQE30 (Qiagen Inc.,
Valencia, CA, USA) to get 6xHis and tbFGF fusion protein.
The two recombinant proteins were expressed in TG-1 as
an inclusion body. The pellet was lysed by high pressure
(APV 2000, Denmark) after a series of pre-treatments. The
supernatant were successively applied to SP-ion-exchange
chromatography and Ni-chelating sepharose affinity chroma-
tography. The purity of bFGF and tbFGF can be reached 99%.
At the same time, the proteins were loaded on thermosensitive
hydrogels prepared as previously described (28).

Cell culture. Lewis lung carcinoma LL/2 cells and NIH-3T3
cells were purchased from the American Type Culture
Collection (ATCC; Rockville, MD, USA). These cells grew
in DMEM supplement with 10% FBS, 100 IU/ml penicillin
and 100 ug/ml streptomycin. All cells were cultured in an
atmosphere of 5% CO, at 37°C.

Animals and immunization. Female C57BL/6J mice were
purchased from the Laboratory Animal Centre of Sichuan
University (Chengdu, China). Mice (6-weeks old) were immu-
nized by hypodermic injection with bFGF/tbFGF (20 pg/dose)
with hydrogel, or normal saline (NS) on 0, 2 and 4 weeks. The
serum samples were collected on 0, 1,2, 3,4, 5 and 6 weeks.

ELISA determination of anti-bFGF antibody. ELISA was
used to measure bFGF-specific antibody responses. Briefly,
96-well microtiter plates (Falcon) were coated overnight at
4°C with 0.5 ug/well of bFGF in sodium carbonate buffer,
pH 9.6. After the plates were washed by PBST (1% Tween
in PBS) and blocked with 5% skim milk dissolved in PBST,
serial dilutions of serum from mice were added to the wells
and incubated for 2 h at 37°C. Bound antibodies were detected
with HRP-conjugated goat anti-mouse IgG antibodies diluted
1:5000, and visualized using a substrate-chromogen solution.
Enzyme activity was measured at an absorbance of 450 nm in
a Bio-Rad microtiter plate reader.

CD31. A monoclonal rabbit anti-mouse immunoglobulin was
used in the specific staining for endothelial cells. Briefly,
tumor samples were fixed in acetone, incubated and stained
with an antibody reactive to CD31 as previously described
a7).

Alginate-encapsulated tumor cell assay. To explore the effect
of bFGF or tbFGF on anti-angiogenesis in vivo, the alginate-
encapsulated tumor cell assay were performed as previously
described (29,30). LL/2 cells were resuspended in a 1.5% solu-
tion of sodium alginate and added dropwise into a swirling
solution of 250 mM calcium chloride at 37°C. Alginate beads
containing ~I1x10° tumor cells per bead were implanted
subcutaneously (s.c.) into an incision made in the dorsal side
of the immunized female C57BL/6J mice. Twelve days after
the implantation, mice were injected intravenously (i.v.) with
100 pl of a 100 mg/kg FITC-dextran solution (Sigma). The
beads were exposed surgically and photographed at 20 min.
The uptake of FITC-dextran was quantified against a standard
curve of FITC-dextran.

Results

The proliferative bioactivity of tbFGF. Recombination of
tbFGF was verified by Coomassie Blue staining (Fig. 1A
panel 1) and Western blotting (Fig. 1A, panel 2) with an anti-
bFGF antibody. The molecular weight of tbFGF was 10.9 kDa,
which was in accordance with the theoretical value. Compared
to bFGF, tbFGF did not show any proliferative bioactivity in
NIH-3T3 cells in vitro, even with the tbFGF concentration of
10 pg/ml in the culture medium (Fig. 1B).

Anti-bFGF immune response of tbFGF. C57TBL/6] mice were
given subcutaneous injection near axillas for three times at
2-week intervals (0, 2 and 4 weeks) per mouse per injection,
with 20 pg of bFGF or tbFGF with 25wt% PCEC copolymer
(28). Sera were collected from each immunized mouse at 0, 1,
2,3,4,5 and 6 weeks after immunization, and bFGF-specific
total serum IgG antibody titers were assayed by ELISA
(Fig. 2A). The expression level of bFGF-specific antibody in the
hydrogel/bFGF group or the hydrogel/tbFGF group exhibited a
significant and sustained increase after the first immunization.
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Figure 2. Induction of the expression of the bFGF-specific antibody and protective anti-tumor immunity. Mice (5/group) were immunized with 20 ug bFGF
with PCEC hydrogel (m), 20 ug tbFGF with PCEC hydrogel (a), or NS (#) three times at 2-week intervals (0, 2 and 4 weeks). (A) Sera were collected for
6 weeks, and the bFGF-specific antibody was determined by ELISA using the normal bFGF-coated plates. (B) After the last immunization, mice were chal-
lenged s.c. with 5x10° LL/2 cells. There was a great difference in tumor volume between the experimental groups (HY-bFGF, HY-tbFGF) and the control

group (NS).
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Figure 3. Induction of the therapeutic anti-tumor immunity. C57BL/6J mice were immunized with HY-bFGF, HY-tbFGF or NS as described. The mouse
lung metastasis model was established by i.v. injection of 2x10°> LL/2 cells. Mice were sacrificed 28 days after tumor cell inoculation and lung weights and
the number of lung metastases were assessed. Representative lungs from (A) normal saline (NS), (B) HY-bFGF and (C) HY-tbFGF. (D) Lung weight and (E)
number of lung metastases. The lungs from HY-bFGF and HY-tbFGF-treated mice showed significant difference compared to the NS group. There was no

distinct difference between the HY-bFGF and the HY-tbFGF groups.

The anti-bFGF titers in animals receiving hydrogel/bFGF and
hydrogel/tbFGF were not significantly different, but much
higher than those in the normal saline (NS) group.

Antitumor immunity effects of bFGF and tbFGF in vivo. To
investigate the protective anti-tumor immunity, the C57BL/6J
mice were immunized by s.c. injection of hydrogel/bFGF,
hydrogel/tbFGF or normal saline (NS) alone at 2-week
intervals for three times. After the last immunization, the mice
of all groups were challenged with 5x10° LL/2 cancer cells by
s.c. injection or 2x10° LL/2 cancer cells by i.v. injection. There
was a significant anti-tumor effect in the hydrogel/bFGF and
hydrogel/tbFGF groups, but not in the NS group (Fig. 2B).
There was no significant difference between the hydrogel/
bFGF and the hydrogel/tbFGF groups.

In the LL/2 Lewis lung metastasis model, the immunity
with hydrogel/bFGF or hydrogel/tbFGF showed a remarkable

suppression on the formation, growth and development of lung
metastasis. The lung weight and numbers of lung metastasis in
the hydrogel/bFGF or hydrogel/tbFGF groups were obviously
lower than those in the NS group. However, there were no
significant differences between the hydrogel/bFGF and the
hydrogel/tbFGF groups (Fig. 3).

Inhibition of angiogenesis. Angiogenesis of tumor sections
was compared between hydrogel/bFGF, hydrogel/tbFGF and
the NS group. The hydrogel/bFGF or hydrogel/tbFGF group
resulted in apparent inhibition of angiogenesis compared to
the control group (Fig. 4A-C). The number of microvessels
also showed a distinct decrease in immunohistochemical
staining of sections stained with an antibody reactive to CD31
(Fig. 4D).

To further investigate the effect of angiogenesis inhibition,
the alginate-encapsulation tumor cell assay was used to
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Figure 4. Inhibition of tumor angiogenesis in vivo. The immunized C57BL/6J mice were sacrificed 28 days after injection with LL/2 cells. Sections of frozen
LL/2 tumor tissues obtained from mice immunized with (A) NS, (B) HY-bFGF or (C) HY-tbFGF, respectively. Vessel density was determined by counting
the number of the microvessels per high-power field (D) in tumor tissue stained with antibodies to CD31. Vascularization of alginate implants. Mice were
immunized as above. Alginate beads containing 1x10° LL/2 cells per bead were implanted s.c. into the backs of mice on day 7 after the last immunization.
After 12 days, beads were surgically removed (E-G), and FITC-dextran was quantified (H). The beads were from the mice treated with (E) NS, (F)HY-bFGF,
or (G) HY-tbFGF groups, respectively. Compared to the NS group, both vessel density and FITC-dextran uptake showed a significant decrease in both the

HY-bFGF and HY-tbFGF immunized groups.

quantify the angiogenesis in alginate implants by assaying the
uptake of FITC-dextran into the beads. Compared with the
NS group, vascularization of alginate beads was apparently
reduced in the hydrogel/bFGF or hydrogel/tbFGF immunized
mice (Fig. 4E-H). Nevertheless, no distinct difference was
observed between the hydrogel/bFGF and hydrogel/tbFGF
groups. These data suggest that tumor angiogenesis was
inhibited in the hydrogel/bFGF or hydrogel/tbFGF immunized
mice, which led to suppression of tumor growth.

Discussion

Angiogenesis, formation of new blood vessels, is the key factor
in both physiological and pathological processes involving
neovascularization, such as, embryogenesis (31-33), wound
healing (34), and tumor growth (4-6). bFGF, a potent angio-
genic mitogen, plays a critical role in cancer development
(35). Endogenous bFGF expression can seriously influence
the initial period of tumor growth and angiogenesis in human
endometrial adenocarcinoma as determined in a system which
could express conditional bFGF (36). Furthermore, it has been
proven that exogenous bFGF could induce a host-inflamma-
tory response related to bFGF-induced tumor growth and
metastasis, which may be dependent on endogenous VEGF-A
@3nN.

Hori et al have shown that an anti-bFGF monoclonal anti-
body, 3H3, a specific inhibitor of bFGF, exhibited a powerful
immuno-neutralizing activity and inhibited angiogenesis and
solid tumor growth (38). Owing to the overexpression and
release from tumor cells themselves or from stromal cells,
bFGF may promote proliferation of tumor cells. This may be
the reason that bFGF exerts an oncogenic effect as has been
demonstrated in mouse models (39). Therefore, immuno-
therapy based on the bFGF may be an effective way for the
tumor treatment, without ignoring the fact that abundance of

VSMC/EC

| Angiogenic Synergy and Vessel Stability |

Figure 5. Simplified model illustrating the different effects of bFGF and
tbFGF on angiogenesis. Both bFGF and tbFGF are recognized by FGF
receptor (FGFR), but only the bFGF can activate the signaling pathway
of FGFR by phosphorylation, which plays an important role in regulating
angiogenesis. Lacking a partial structure of bFGF, tbFGF binds to the FGFR
as well. However, it does not take part in angiogenesis.

bFGF may promote tumor growth through induction of new
vessel formation.

Furthermore, administration of exogenous bFGF can
induce many kinds of responses in vivo. bFGF has been shown
to induce rapid neovascularization in the kindey capsule,
cornea, or the skin (9,40,41). This is a major problem when
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using normal bFGF for immunotherapy. In our study, tbFGF
did not show any proliferation of NIH-3T3 cells in vitro, but a
completely opposite result was observed with bFGF (Fig. 1B).
Both hydrogel/bFGF and hydrogel/tbFGF induced the expres-
sion of bFGF-specific antibodies (Fig. 2), which suggests that
tbFGF could be a substitute for bFGF in immunotherapy.

The anti-tumor effect of immunotherapy with bFGF or
tbFGF was very similar. In those two groups, tumor growths
were depressed. Analyzing tumor microvessels with CD31
immunohistochemistry analysis and the alginate-encapsulated
assay showed an obvious reduction of microvessel density in
the bFGF and tbFGF groups, compared to the NS group
(Fig. 4).

The mechanism of tbFGF used as an antigen applied to
tumor immunotherapy may be interpreted as follows (Fig. 5):
(i) the same structure of bFGF and tbFGF may be responsible
for the immunogenicity of tbFGF; (ii) although the FGFR can
recognize and bind to tbFGF, the signaling pathway which
induces angiogenesis is inhibited owing to the deficiency in
the structure compared to the normal bFGF.

In conclusion, the present study has shown that the
PCEC hydrogel may be used as an effective carrier for
immunotherapy of tbFGF. Moreover, owing to the strong
immunogenicity and effective anti-tumor effect of tbFGF,
tbFGF may find wide use in tumor immunotherapy.
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