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Background: Fibroblast growth factor (FGF)-2 is overexpressed in various tumor tissues. It

affects tumor cell proliferation, invasion and survival, promotes tumor angiogenesis and is tightly

involved in the development of systemic and local immunosuppressive tumor mechanisms.

Purpose: This study aimed to develop an effective vaccine against FGF-2 and to investigate

the effects of anti-FGF-2 immunization on tumor growth and antitumor immune responses.

Methods: A set of thirteen synthesized overlapping peptides covering all possible linear

B-cell epitopes of murine FGF-2 and a recombinant FGF-2 protein were conjugated to virus-

like particles (VLPs) of recombinant hepatitis B core antigen (HBcAg). The VLPs were

immunized through a preventive or therapeutic strategy in a TC-1 or 4T1 grafted tumor model.

Results: Immunization with FGF-2 peptides or full-length protein-coupled VLPs produced

FGF-2-specific antibodies with a high titer. Peptide 12, which is located in the heparin-binding

site of FGF-2, or protein-conjugated VLPs presented the most significant effects on the

suppression of TC-1 tumor growth. The levels of IFN-γ-expressing splenocytes and serum

IFN-γ were significantly elevated; further, the immune effector cells CD8+ IFN-γ+ cytotoxic

T lymphocytes (CTLs) and CD4+ IFN-γ+ Th1 cells were significantly increased, whereas the

immunosuppressive cells CD4+ CD25+ FOXP3+ Treg cells and Gr-1+ CD11b+ myeloid-

derived suppressor cells (MDSCs) were decreased in the immunized mice. In addition, VLP

immunization significantly suppressed tumor vascularization and promoted tumor cell apopto-

sis. In mice bearing 4T1 breast tumor, preventive immunization with FGF-2-conjugated VLPs

suppressed tumor growth and lung metastasis, and increased effector cell responses.

Conclusion: Active immunization against FGF-2 is a new possible strategy for tumor

immunotherapy.

Keywords: fibroblast growth factor-2, virus-like particle, VLP, anticytokine active

immunization, tumor, immune response

Introduction
Neoangiogenesis is necessary for delivering nutrients and oxygen into tumor tissues

to support the fast growth of tumor cells, to transport metabolic waste out of the

tumor, and to support the occurrence of tumor invasion and metastasis.1,2 In addition,

abnormal proliferation of vessels in tumors leads to a hypoxic microenvironment,3,4

which facilitates the production of immunosuppressive cells, including myeloid-

derived suppressor cells (MDSCs), regulatory T cells (Tregs), tumor-associated

macrophages (TAMs) and immature DCs;5 additionally, abnormal vessel proliferation

promotes cell migration, ultimately leading to the cells accumulating in tumor tissues.

The immunosuppressive cells secrete some important cytokines to further promote
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tumor neovascularization, which directly stimulates the pro-

liferation and migration of endothelial cells6 or cooperates

with the cytokines produced by tumor cells7 and other

tumor microenvironment cells. On the other hand, immu-

nosuppressive cells can downregulate the functions of anti-

tumor effector cells through direct action8 or secretion of

some suppressive mediators,9 facilitating the development

of tumor immune suppression and escape.10 Therefore,

targeting tumor angiogenesis represents an important strat-

egy for tumor immunotherapy that aims at cutting off the

tumor nutrition supply and modifying the immunosuppres-

sive tumor microenvironment.

Bevacizumab is the first humanized monoclonal anti-

body approved by the FDA to clinically treat cancer by

suppressing tumor angiogenesis, which binds to VEGF and

blocks its pathological functions in tumors.11 The combined

use of bevacizumab and other chemotherapeutic drugs has

attained significant efficacy in some cancers, such as meta-

static colon carcinoma.12–14 Bevacizumab has been

approved for the treatment of many cancers, including

colon carcinoma, breast cancer,15 nonsquamous non-small-

cell lung cancer,16 ovarian cancer,17 renal cancers,18 head

and neck cancer,19 and glioblastoma multiforme of the

brain.20 However, drug resistance to bevacizumab or even

tumor recurrence was found after clinical use in some

cancers, which may be attributed to the compensatory upre-

gulation of some other angiogenesis factors.21–23

Fibroblast growth factor-2 (FGF-2) is one of the most

important protumor angiogenesis factors24 and can promote

tumor neovascularization independent of VEGF.25 It was

reported that FGF-2 is a key contributor to bevacizumab

resistance26 and the drug resistance of chemotherapy in

breast cancer and melanoma.27–29 FGF-2 directly stimulates

the survival and proliferation of tumor cells and indirectly

facilitates tumor growth and metastasis by promoting the

proliferation and migration of endothelial cells.30 Many

kinds of FGF-2 signaling inhibitors have been developed

in preclinical studies or clinical trials, including nonspecific

small-molecule tyrosine kinase inhibitors, such as

dovitinib31 and nintedanib,32 as well as specific antagonistic

large protein drugs, such as monoclonal antibodies33 and

soluble receptor fusion proteins.34,35

This current study sought to reveal the potential of active

immunization targeting FGF-2 to modify immunosuppres-

sive mechanisms in tumors and to promote antitumor

immune responses, which may also provide a new optional

approach to block tumor neovascularization and overcome

drug resistance to anti-VEGF treatment.

Materials and Methods
Mouse and Cell Lines
Female C57BL/6 and BALB/C mice (6–8 weeks; 16–18 g;

SCXK [Jing] 2012–0001) were purchased from Vital River

Laboratory Animal Technology, Ltd. (Beijing, China). All

mice were kept in the Central Animal Care Services of

Institute of Medical Biology, CAMS and PUMC under spe-

cific pathogen-free (SPF) conditions. All mice were ran-

domly divided into 5 per group. All protocols followed in

the animal experiments were approved by the Animal Ethics

Committee of Institute of Medical Biology ([2017]16), and

in accordance with the principles of “Guide for the Care and

Use of Laboratory Animals” and “The Guidance to

Experimental Animal Welfare and Ethical Treatment”. All

efforts were made to minimize animal suffering.

TC-1 tumor cells and 4T1 breast tumor cells were provided

by the Tumor Center of the Chinese Academy of Medical

Sciences. The cells were maintained in Roswell Park

Memorial Institute (RPMI)-1640 medium with 10% fetal

bovine serum. TC-1 cells were derived from primary lung

epithelial cells from C57BL/6 mice co-transformed with the

HPV-16 oncoproteins E6 and E7 and the c-Ha-ras oncogene.

Peptides and Vaccine Preparation
The sequence of the mature mouse FGF-2 molecule (154

amino acids, GenBank accession number: 14173) was

divided into 7 connecting peptides with lengths varying

from 18 to 26 aa, and another set of 6 peptides was

designed to overlap half of the two adjacent peptides

from the above 7 peptides (Figure 1A). A total of 13

peptides were synthesized by Sangon Biotech (Shanghai,

People’s Republic of China). The mature FGF-2 protein

was prepared by recombinant technology with thioredoxin

(Trx) fused at the N terminus. The expressed fusion pro-

tein Trx-FGF-2 was purified with a successive chromato-

graphy procedure consisting of cationic exchange, heparin

affinity, and size exclusion chromatography. Preparation of

the carrier HBcAg VLPs was performed as previously

described.36 A lysine was inserted between 78 and 79

amino acids of truncated HBcAg (1–149 amino acid,

GenBank accession number: GQ 377581) using gene engi-

neering methods. The vaccine was prepared by conjugat-

ing peptides and a recombinant protein to HBcAg

VLPs with the coupling agent 1-(3-dimethylaminopro-

pyl)-3-ethylcarbodiimide hydrochloride (EDC) (Sigma-

Aldrich, USA), following the manufacturer’s instructions.
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Tumor Challenge and Mouse

Immunization
A grafted TC-1 tumor model was established as previously

described. Briefly, 1×105 TC-1 tumor cells mixed with

Basement Membrane Matrix (BD Biosciences, San Jose,

CA, USA) were injected subcutaneously (s.c.) into the

right flank of the C57BL/6 mice. For grafted 4T1 breast

tumor model, 1×105 4T1 cells were orthotopically injected

into the fourth mammary gland fat pad of BALB/c mice

under isoflurane inhalation anesthesia.

The protocol for the preventive experiment is shown in

Figure 2A. Mice were first immunized subcutaneously (s.c.)

with 50μg of FGF-2 protein or peptide-conjugatedVLPs, and

carrier VLPs or PBSwas used as controls. The immunization

was performed three times at an interval of two weeks and

then challenged with TC-1 cells two weeks after the last

immunization. For the treatment experiment, mice were

immunized once in advance and then received TC-1

inoculation oneweek later.When the tumor diameter reached

5–6mm, two booster immunizationswere given at an interval

of two weeks. Tumor growth was monitored periodically

(twice a week) using a slide caliper, and tumor volume was

calculated as1/2 length × width2.Mice were euthanizedwhen

the tumor diameter reached approximately 15mm,whichwas

set as the humane endpoint of the experiments based on the

animal care regulations. The protocol is shown in Figure 3A.

Enzyme-Linked Immunosorbent Assay

(ELISA)
Measurements of FGF-2-specific IgG antibodies (BioLegend,

Inc., San Diego, CA, USA) were performed by an ELISA.

Briefly, 1 μg/mL of FGF-2 protein was coated onto the micro-

plates overnight at 4°C, and then, serum samples at a 1:1000

dilution were loaded and incubated for 1 hr at room tempera-

ture. Further, HRP-conjugated goat anti-mouse IgGwas added

and incubated for another 1 hr; finally, the reaction was

Figure 1 Immunization with FGF-2 peptide- or protein-conjugated VLPs elicited specific antibody responses. A set of overlapping peptides was designed to cover all possible

linear B cell epitopes of the mouse FGF-2 molecule. The mice were immunized subcutaneously with FGF-2 protein- or peptide-conjugated HBcAg VLPs three times at two-

week intervals. (A) Amino acid sequences of the FGF-2 protein and synthetic peptides; (B) IgG responses induced at one week after the second immunization; (C) IgG

responses induced at one week after the third immunization (n = 5/group).
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developed using TMB Single-Component Substrate Solution

(Solarbio, Beijing, China). Between each step, 5 microplate

washes were performed. OD450 values were detected with an

ELISA reader.

The concentration of IFN-γ in the serum was also deter-

mined by ELISA using the double antibody sandwich

method, according to the manufacturer’s instructions. The

paired capture and biotinylated detection antibodies were

purchased from (Affymetrix eBioscience, Inc., San Diego,

CA, USA). Briefly, the capture antibodies were coated onto

microplates at 4°C overnight, and 100 μL of serum samples

at a 1:50 dilution were loaded and incubated at 37°C for

1 hr, followed by 1 hr incubation with biotinylated detection

antibodies. Then, HRP-labeled streptavidin (Beyotime,

Shanghai, China) was added and incubated for 1 hr at

37°C. Finally, TMB Single-Component Substrate Solution

(Solarbio, Beijing, China) was used to develop the assay at

37°C, and 1 M HCl was added to stop the reaction. OD450

values were obtained with an ELISA reader.

Enzyme-Linked Immunospot Assay

(ELISPOT)
The mice were sacrificed at the end of the experiment, and

the spleens were isolated, weighed and dispersed using

a 70 μm cell strainer (Becton, Dickinson and Company

FalconTM, USA). Then, the lymphocytes were isolated

using mouse lymphocyte separation medium (DAKEWE

Biotechnology Co., Ltd., Shenzhen, China) according to

the manufacturer’s instructions. Antigen-specific IFN-γ-
producing lymphocytes were detected using an ELISPOT

kit (DAKEWE Biotechnology Co., Ltd., Shenzhen, China)

following the manufacturer’s protocol. Briefly, splenocytes

were plated into 96-microwell plates at 3×105 cells per

well and incubated with 5 μg/mL of an HPV16 E7 peptide

(E749-57) or irradiated 4T1 cell lysates (1×105/mL) for

16–20 hr at 37°C and 5% CO2. The cells stimulated with

PMA and ionomycin were used as positive controls, and

the cells incubated with medium only were used as nega-

tive controls. Spots were counted using an ELISPOT

reader system (AID Diagnostika GmbH, Straßberg,

Germany), and the results were calculated as the mean

number of IFN-γ-positive cells per 3×105 splenocytes ±

standard error of the mean (SEM).

Flow Cytometry
Surface staining and intracellular staining for spleen lympho-

cytes were performed according to the manufacturer’s proto-

cols. Briefly, 1×106 lymphocyteswere stimulated for 7 hrswith

5 μg/mL E749–57 peptide or 2 μL cell activation cocktail

Figure 2 Preventive immunization with FGF-2 protein- or peptide-conjugated VLPs significantly inhibits the growth of TC-1 graft tumors. A graft tumor model of TC-1 cells

was employed, and FGF-2-specific IgG responses were induced before the inoculation of tumor cells. (A) The protocol applied in the mouse model; (B) the expression level

of FGF-2 in tumor tissues; (C) tumor growth dynamically monitored twice a week. *Represents a comparison with the HBcAg control (ns no significant, *p < 0.05,

**p < 0.01, and ***p < 0.001; n = 5/group); (D) representative pictures of the size of tumor masses; (E) statistical analyses of tumor weight.
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(BioLegend, Inc., San Diego, CA, USA), which is composed

of phorbol 12-myristate 13-acetate (PMA) and ionomycin, and

cytokine release was blocked by adding brefeldin

A (BioLegend, Inc., San Diego, CA, USA) for the last 4 hrs

of culture. Cells were harvested, washed and stained with

phycoerythrin (PE)-anti-mouse CD8 for cytotoxic

T lymphocytes (CTLs), FITC-anti-mouse CD4 for Th1 cells,

FITC-anti-mouse CD4 and allophycocyanin (APC)-anti-

mouse CD25 for Tregs, or FITC-anti-mouse CD11b andAPC-

anti-mouse Gr-1 monoclonal antibodies (mAbs) for MDSCs.

After surface staining, cells stained for CTL, Th1, and Treg

markers were fixed with fixation/permeabilization buffer for

IFN-γ staining or transcription factorfix/perm buffer for Foxp3

staining (BioLegend, Inc., San Diego, CA, USA) according to

the manufacturer’s protocol. The cells were then followed for

intracellular staining with an APC-conjugated anti-mouse

IFN-γ mAb or a PE-conjugated anti-mouse Foxp3 mAb. All

mAbs were purchased from BioLegend. Cells were analyzed

by BD Accuri C6 (BD Biosciences, San Jose, CA, USA), and

the data were analyzed using FlowJo Software vX (Tree Star,

Inc., San Diego, CA, USA).

Immunofluorescence
The isolated tumor tissues were fixed in formalin,

embedded in paraffin and sectioned. After dewaxing and

hydration, the slides were immersed in EDTA antigen

retrieval buffer. Then, the slides were incubated with

a fluorescence-labeled anti-CD31 or anti-caspase-3 anti-

body (Abcam, plc, Cambridge, UK) overnight at 4°C in

a wet box. The objective tissue was covered with second-

ary antibody (Abcam, plc, Cambridge, UK) and incubated

at room temperature for 50 min in dark conditions. After

that, the slides were incubated with DAPI solution at room

temperature for 10 min in the dark. Finally, images were

collected by fluorescence microscopy, and pixels of the

positive area were analyzed.

Statistical Analysis
The differences between experimental groups were ana-

lyzed by one-way analysis of variance (ANOVA) followed

by Tukey’s multiple comparison test (GraphPad Software,

San Diego, CA, USA). Values are reported as the mean ±

Figure 3 Therapeutic immunization with FGF-2 protein- or peptide 12-conjugated VLPs suppresses the growth of established tumors. Effective IgG antibody responses were induced

after the tumor size reached a diameter of 5–6mm, and the carrier or PBS was used instead of FGF-2 protein- or peptide 12-conjugated VLPs as the controls. (A) The protocol applied

in the mouse model; (B) the FGF-2-specific IgG responses from the third immunization; (C) tumor growth was dynamically monitored once a week (***p < 0.001; n = 5/group).
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SEM. Results with p < 0.05 were considered statistically

significant. *p < 0.05, **p < 0.01, and ***p < 0.001.

Results
Immunization with FGF-2 Peptides or

Protein-Conjugated VLPs Elicited Specific

Antibody Responses
A set of synthetic peptides covering all possible linear

B cell epitopes of the FGF-2 molecule is shown in

Figure 1A. The sera collected from the mice immunized

with FGF-2 peptides or recombinant protein-conjugated

VLPs presented a specific reaction with coated commer-

cially derived FGF-2 protein in ELISA. One week after

the second immunization, peptides 9, 8, 5 and 3 elicited

specific antibody responses with a level comparable to or

even higher than that induced by FGF-2 protein-

conjugated VLPs; peptides 13, 11, and 7 also produced

apparent antibody responses; compared to the control, the

other peptides except for peptide 6 showed slight antibody

responses (Figure 1B). After the third immunization,

almost all peptides elicited obvious specific antibody

responses but with varied reaction strengths (Figure 1C).

Most of the peptides, except for peptides 2, 4, 6, and 7,

produced a comparable antibody response to that induced

by FGF-2 protein-conjugated VLPs. The antibody

responses elicited by peptides 13, 11, 12, 10, and 1 were

elevated dramatically from a quite low level after

the second immunization to a level similar to that pro-

duced by protein-conjugated VLPs after the third

immunization.

Preventive Immunization with FGF-2

Protein- or Peptide-Conjugated VLPs

Significantly Inhibits the Growth of TC-1

Graft Tumors
A grafted tumor model of TC-1 cells that persistently

express and present HPV16 E6 and E7 antigens was

employed to assess whether anti-FGF-2 active immuniza-

tion could significantly affect tumor growth and antitumor

immune responses (Figure 2A). We first showed that, in

this model, the expression level of FGF-2 in tumor tissue

increased with tumor growth (Figure 2B), implying possi-

ble roles of FGF-2 in the development of TC-1 tumors. All

immunized mice were challenged with TC-1 cells two

weeks after the last immunization with VLPs. The results

showed that the mice immunized with VLPs conjugated

with the peptides 12, 5, 2, 3, 11, 1 and 13 generated the

most significant suppression on tumor growth, and com-

pared to the carrier or PBS control, the other peptide-

conjugated VLPs except for peptide 8 and 9 also produced

tumor suppression efficacy to some extent (Figure 2C).

The tumor masses were carefully isolated and weighed.

Representative pictures of tumor masses are shown in

Figure 2D, and the statistical analyses of tumor weight

are shown in Figure 2E. The results of the tumor weight

measurements were consistent with those of the tumor

volume measurements. Among all the peptides, peptide

12 had the most significant tumor-suppressive effect,

which was close to that obtained by immunization with

FGF-2 protein-conjugated VLPs.

Preventive Immunization with FGF-2

Protein- or Peptide 12-Conjugated VLPs

Promotes the Antitumor Cellular

Immune Response and Decreases the

Level of Immunosuppressive Cells in

TC-1 Bearing Mice
The responses of Th1/CTL cells and their relative effector

molecules, such as IFN-γ, are key components of adaptive

antitumor immunity. The ELISPOT assay showed that immu-

nization with FGF-2 protein- or peptide 12-conjugated VLPs

produced significantly increased levels of HPV16 E7 peptide-

stimulated IFN-γ-expressing splenocytes than did immuniza-

tion with the carrier VLPs (Figure 4A and B). Consistent with

the ELISPOT results, an increased IFN-γ level was found in

the sera of immunized mice by ELISA (Figure 4C). In addi-

tion, compared to the carrier, FGF-2 protein- or peptide

12-conjugated VLPs elicited an increased frequency of IFN-

γ+ CD8+ CTLs (Figure 4D) and IFN-γ+ CD4+ Th1 cells

(Figure 4E). The results strongly indicate that active immuni-

zation targeting FGF-2 has the potency to promote antitumor

cellular immune responses.

In addition, we also analyzed the frequency of Tregs

and MDSCs, which play key roles in the initiation and

development of tumor immune suppression. Compared to

immunization with the carrier, immunization with FGF-2

protein- or peptide 12-conjugated VLPs significantly

decreased the CD4+ CD25+ Foxp3+ and CD11b+ Gr-1+

cell frequencies (Figure 5), indicating that the targeting

of FGF-2 through an active immunization approach may

also affect the production of immunosuppressive Tregs

and MDSCs.
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Figure 4 Preventive immunization with FGF-2 protein or peptide 12-conjugated VLPs promotes the responses of antitumor cellular immune responses. The

isolated splenocytes were cultured and stimulated with the antigenic peptide E749–57, and then ELISPOT and flow cytometry analyses were performed. (A)

Representative picture of ELISPOT showing the responses of IFN-γ+-expressing lymphocytes; (B) statistical analyses on the results of ELISPOT; (C) the IFN-γ
level in serum detected by ELISA; (D) percentage of CD8+ IFN-γ+ lymphocytes in splenocytes (right) and representative flow cytometry dot plots

for each group (left); (E) percentage of CD4+ IFN-γ+ lymphocytes in splenocytes (right) and representative dot plots (left) (*p < 0.05, **p < 0.01, and

***p < 0.001; n = 5/group).
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Preventive Immunization with FGF-2

Protein- or Peptide 12-Conjugated VLPs

Decreases Vascular Formation in Tumor

Tissue and Promotes Tumor Cell

Apoptosis in TC-1 Bearing Mice
Tumor growth requires a large amount of neoangiogen-

esis to provide adequate nutrition, and the excessive

abnormal proliferation of blood vessels facilitates the

formation of the hypoxic microenvironment of tumor

tissue, which further promotes the development of

tumor immune suppression and immune escape. FGF-2

is a key tumor angiogenesis factor, and active immuni-

zation against FGF-2 has the potential to affect tumor

vascularization. Immunofluorescence analyses showed

that immunization with FGF-2 protein- or peptide 12-

conjugated VLPs significantly decreased the content of

CD31-positive cells, which were labeled with a red

fluorescent marker, indicating that the amount of vascu-

lature in tumor tissue was reduced in the immunized

Figure 5 Preventive immunization with FGF-2 protein- or peptide 12-conjugated VLPs decreases the level of immunosuppressive cells. (A) Percentage of CD25+ Foxp3+

cells in CD4+ splenocytes (right) and representative dot plots (left); (B) percentage of Gr-1+ CD11b+ MDSCs in isolated splenocytes (right) and representative dot plots

(left) (*p < 0.05, and ***p < 0.001; n = 5/group).
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mice in comparison with that in the mice receiving the

carrier (Figure 6A). Suppressing vascularization or

increasing antitumor immune responses may induce

tumor cell apoptosis. Thus, we also analyzed the

apoptosis level of tumor tissue cells by labeling caspase

3 with a green fluorescent marker. The results showed

that the area and strength of green fluorescence were

significantly increased in the immunized mice compared

Figure 6 Preventive immunization with FGF-2 protein- or peptide 12-conjugated VLPs decreases vascular formation in tumor tissue and promotes tumor cell apoptosis. (A)

Representative pictures for anti-CD31-stained tumor tissue sections analyzed by an immunofluorescence assay (40×, bar=50um) (left) and statistical analyses on the area of

blood vessels expressing CD31 with ImageJ software (right); (B) Representative pictures for anti-caspase 3-stained tumor tissue sections analyzed by an immunofluorescence

assay (40×, bar=50um) (left) and statistical analyses on the caspase 3-positive area with ImageJ software (right) (**p＜0.01, and ***p＜0.001; n=5/group).
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with those in the control mice, indicating that the apop-

tosis of tumor cells was significantly increased after

targeting FGF-2 through an active immunization

approach (Figure 6B).

Therapeutic Immunization with FGF-2

Protein- or Peptide 12-Conjugated VLPs

Suppresses the Growth of Established

TC-1 Tumors
To further investigate whether active immunization against

FGF-2 still has the potential to affect antitumor immune

responses when a tumor has been fully established, a brief

experiment with a therapeutic immunization approach was

conducted. In this experiment, effective antibody

responses were induced after the tumor size reached

a diameter of 5–6 mm, and the carrier or PBS was used

as the controls (Figure 3A). Mice immunized with

FGF-2 protein- or peptide 12-conjugated VLPs still

produced high tiered FGF-2-specific antibody responses

(Figure 3B), and the titer reached 1:64,000. Compared

with the control mice, the immunized mice showed

a significant suppression of tumor growth (Figure 3C).

The results indicated that active immunization against

FGF-2 with VLPs was still capable of effectively breaking

B cell immune tolerance and eliciting a high level of FGF-

2-specific antibody responses; additionally, the antibody

responses had effectively intervened in the further growth

of established tumors, even when tumor immune suppres-

sion had already developed.

Preventive Immunization with FGF-2

Protein-Conjugated VLPs Suppresses the

Primary Tumor Growth and Lung

Metastasis in the 4T1 Model
We further tested the effects of anti-FGF-2 active immu-

nization in a model of orthotopically grafted 4T1 breast

tumor. A preventive immunization was conducted as the

protocol shown in Figure 2A. The dynamic measurement

of tumor size showed that the mice immunized with

FGF-2 protein-conjugated mice significantly suppressed

the growth of primary tumors inoculated in the mammary

gland fat pad compared to the mice receiving carrier or

PBS (Figure 7A). At the experimental endpoint, tumors

were carefully isolated and weighed. The results showed

Figure 7 Preventive immunization with FGF-2 protein-conjugated VLPs suppresses the primary tumor growth and lung metastasis in the 4T1 model. (A) Dynamic

monitoring of the changes in tumor size; (B) tumor weight; (C) lung nodule number; (D) representative images of lung metastatic nodules stained with Indian ink; (E) IFN-γ-
expressing splenocytes detected by ELISPOT; (F) the percentage of CD8+IFN-γ+ lymphocytes in splenocytes (*p < 0.05, and **p < 0.01; n = 5/group).
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that the vaccinated mice had significantly slighter tumors

than the control mice (Figure 7B). In addition, the India

ink staining of the lungs showed that there were signifi-

cantly reduced metastatic nodules in the lungs of the

vaccinated mice (Figure 7C), and representative pictures

were shown (Figure 7D). Further analyses by ELISPOT

showed that the level of IFN-γ expression in splenocytes

was significantly increased in the immunized mice

(Figure 7E), which was supported by the result that the

percentage of CD8+IFN-γ+ T lymphocyte in splenocytes

was higher in the immunized mice than in the control mice

(Figure 7F).

Discussion
Targeting a pathological self-molecule with monoclonal

antibodies or soluble receptors has been proven to be

effective in preclinical animal model studies,34,35,37,38

and this strategy has been used to clinically treat severe

human diseases.39 Active immunization presents some

advantages over passive administration with monoclonal

antibodies, especially because it provides persistent anti-

body responses with only several immunizations.40,41

Active immunization targeting FGF-2 is emerging as

a promising strategy of anti-tumor angiogenesis. FGF-2

protein adjuvanted with a liposome-saponins formulation

or loaded with biodegradable nanoparticles in thermosen-

sitive hydrogel, or a N- and C- terminally truncated FGF-2

fragment adjuvanted with cationic liposome-DNA com-

plex was reported, respectively, to successfully induce

FGF-2 -specific antibody responses in mice and produced

suppression on the growth and lung metastasis of B16

melanoma,42 Lewis lung carcinoma,43 or CT26 colonic

carcinoma.44 The studies used human-derived FGF-2 as

antigen, which has high homogenicity with mouse FGF-2.

To utilize carrier effects of immunogenic protein and pro-

vide sufficient help of heterogeneous Th epitopes for over-

coming self-tolerance, Zhang HL constructed fusion

protein consists of a nontoxic mutant of diphtheria toxin

CRM197 and human FGF-2 and induced effective anti-

tumor effects.45 In this current study, we used mouse-

derived FGF-2 antigen instead of exogenous human

FGF-2 to elicit a robust antibody response in mice by

employing VLPs as a powerful vaccine carrier. For

a cytokine target such as FGF-2, an antibody against

even a linear epitope likely has the capability of effectively

inhibiting the signal transduction of the cytokine by pro-

moting the clearance of abnormally accumulated target

molecules or by blocking its binding to the receptor.46 In

this study, potential linear B cell epitopes of mouse FGF-2

were screened by synthesizing a set of overlapping pep-

tides covering the whole sequence of FGF-2 molecules.

Theoretically, a peptide with 5–6 amino acids can consti-

tute the smallest B cell epitope;47 however, according to

our previous experiences,48,49 a peptide with a length of

11–15 amino acids holds a great chance to elicit a high

titer of antibodies with a high affinity. In this study, we

designed and synthesized peptides with a length between

18 and 29 aa and obtained a set of 13 peptides with

a peptide overlapping two adjacent peptides to avoid miss-

ing any possible linear epitopes at the joint. With this

design, we can quickly obtain useful antigenic peptides

and avoid the time and labor-consuming task of directly

identifying peptides with 11–15 aa, and we still hold the

feasibility of deducing the smaller antigenic peptides if

needed. To rapidly identify the candidate peptides, we

simply coupled the peptides to a recombinant VLP carrier

consisting of modified HBcAg with an introduced lysine

present in the immunodominant domain to provide free

NH2- groups and to facilitate the coupling of FGF-2 pep-

tides. VLPs have unique structural and immunological

characteristics, including nanoscale size, a highly repeti-

tive and ordered presentation of epitopes and an enclosure

of nucleic acid immunostimulators, which convey high

immunogenicity to the presented peptides and help elim-

inate B cell tolerance to self-proteins and induce specific

antibody responses.50,51 To serve as a control, a full-length

recombinant FGF-2 protein was also conjugated to VLPs.

To display the importance of employing VLPs as a carrier

for self-antigen, in our experiment we compared the anti-

body response and tumor growth suppression induced by

Trx-FGF-2 and HBcAg/Trx-FGF-2 (Figures 1 and 2). The

reason why Trx-FGF-2 was used here instead of FGF-2 is

that without the help of heterogenous Th epitope which

was provided by Trx, mouse FGF-2 was not able to break

self-tolerance and induce antibody responses in mice.

Compared to the use of a linear epitope, the use of full-

length recombinant FGF-2 as an antigen provides an

increased opportunity to obtain effective intervening

effects since the protein antigen includes spatial conforma-

tion epitopes and more potential epitopes. However, full-

length FGF-2-based recombinant VLP is difficult to obtain

since the capability of VLP assembly was easily damaged

by the insertion of exogenous fragments especially long

peptides, leading to a dramatical loss of VLP immuno-

genicity. In addition, the antibodies induced by the pep-

tides located in the important activity domains of FGF-2
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are capable of directly blocking the binding of FGF-2 to its

receptors, given that the avidity is strong enough. In

a summary, VLP presented peptides hold the potentials

to mount an immune response even higher than full-

length molecules.

In this study, we first used a preventive immunization

strategy to assess whether targeting FGF-2 by employing

peptides or protein-conjugated VLPs can prevent the

growth of subsequently inoculated tumors. The results

showed that almost all the peptides induced FGF-2-specific

antibody responses, among which peptides 1, 3, 5, 8, 9, 10,

11, and 13 induced comparable antibody levels to those

induced by full-length FGF-2 protein-conjugated VLPs.

Nevertheless, it was obvious that the efficacy of tumor

suppression was not only attributed to the high level of

antibody response. For example, peptides 12, 2, 3, 5, and

11 produced the most significant suppression of tumor

growth, but these peptides, especially peptide 2, did not

induce an antibody level as high as some other peptides

did. Among these peptides, peptides 8 and 9 produced the

highest antibody responses but failed to induce significant

tumor suppression. Published data showed that peptides 12,

2, 3, and 5 are located either in the receptor-binding site or

the heparin-like polysaccharide-binding site of FGF-2, both

of which are important structural domains for FGF-2 func-

tion exertion. In addition, our preliminary analyses indi-

cated that the antibodies elicited by these peptides had

a high affinity for binding to FGF-2 molecules. This

strongly indicated that the location of antigenic peptides in

the original molecule and the affinity of the induced anti-

body might be pivotal for the induced antibody to effec-

tively block the signaling of the target cytokine.

Our interest in this study is not limited to understanding

the anti-angiogenesis effects of targeting FGF-2; we put

more emphasis on discussing the effects of blocking FGF-

2 signaling on antitumor immune responses. Therefore, we

analyzed the level of IFN-γ, the key antitumor effector

molecule, and the responses of IFN-γ-expressing effector

cells. We showed that active immunization against FGF-2

increased the levels of IFN-γ in the serum and IFN-γ-
expressing lymphocytes in isolated splenocytes; in addition,

we displayed that the frequency of key antitumor effector

cells IFN-γ+ CD4+ Th1 cells and IFN-γ+ CD8+ CTLs in

splenocytes was elevated significantly. The above results

indicated that immunization against FGF-2 significantly

induced antitumor cellular immune responses. Further, we

found that an FGF-2 blockade dramatically reduced the

production of immunosuppressive CD11b+ Gr-1+ MDSCs

and CD4+ CD25+ Foxp3+ Treg cells. The enhanced anti-

tumor cellular immune responses and decreased level of

immunosuppressive cells may account for the significant

suppression of tumor growth in the vaccinated mice. As

mentioned before, FGF-2 is an important pro-angiogenesis

factor in tumors; we detected the level of CD31, a key

marker of endothelial cells, and the results showed that

targeting FGF-2 significantly repressed tumor neovascular-

ization. Correspondingly, tumor cell apoptosis was

increased in mice receiving anti-FGF-2 immunization.

Next, we performed a brief therapeutic experiment in

which the effective antibody response was induced only

after the tumor was fully established. As mentioned above,

once tumor immunosuppression is developed, the produc-

tion, migration and maintenance of the antitumor activity of

effector cells (such as Th1/CTLs) might be significantly

suppressed, finally leading to tumor growth without effective

immunological surveillance. Thus, the therapeutic study

mimicked the clinical situation better and was more challen-

ging than the preventive experiment. Furthermore, the ther-

apeutic study may provide more convincing information for

evaluating the roles of FGF-2 in established tumors and

demonstrating the possible antitumor efficacy of targeting

FGF-2 through a strategy of active immunization. The results

indicated that even in the presence of fully established

tumors, peptides or protein-conjugated VLPs still held the

ability to facilitate antitumor immunity and suppress tumor

growth.

Finally, by employing another model of mouse tumor,

orthotopically grafted 4T1 breast tumor, we further indicated

the application potential of anti-FGF-2 active immunization

in the immune intervention of various tumors. The results

demonstrated that targeting FGF-2 still significantly sup-

pressed both primary tumor growth and lung metastasis of

4T1 tumor in the vaccinated mice, which was accompanied

with significantly enhanced effector cell responses.

Conclusion
In summary, this study demonstrated that targeting FGF-2

through active immunization was achieved using recombi-

nant VLPs as an antigen delivery platform. Antigenic

peptides providing an effective blockade of FGF-2 signal-

ing were identified; peptides or protein-conjugated VLPs

suppressed tumor neovascularization and tumor growth

and promoted tumor cell apoptosis; the conjugated VLPs

boosted antitumor Th1/CTL and decreased immunosup-

pressive MDSC and Treg responses. The results confirmed

that FGF-2 played important roles in tumor development
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and that targeting FGF-2 with active immunization might

be an effective intervention strategy for the treatment of

cancers where FGF-2 plays a pro-tumorigenic role.

It was predictable that targeting FGF-2 through active

immunization might be more promising when combined

with other treatment strategies, such as anti-VEGF immu-

notherapy or chemotherapy.
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