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Abstract Vascular endothelial growth factor (VEGF) plays
an important role in the progression of various cancers.
The VEGF-specific antibody bevacizumab combined with
chemotherapy was shown to significantly improve progres-
sion-free survival in certain cancers. However, repeated
administration is necessary for effective suppression of
VEGEF, thereby making the therapy expensive and cum-
bersome. Thus, it is urgent to develop alternative reagents
such as VEGF vaccines. Here we report that DTT-VEGEF,
a VEGF-based antigen consisting of the receptor-binding
domain of VEGF and diphtheria toxin T domain (DTT),
not only stimulated neutralizing antibody response, but
also induced type 1 immune response as well as anti-tumor
cytotoxic T lymphocytes in mice when administered with
aluminum hydroxide adjuvant. The antibodies triggered by
DTT-VEGF immunization inhibited the binding of VEGF
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to VEGF receptor and downregulated the serum VEGF
levels in tumor-bearing mice. VEGF-specific IgG2a and
IgG2b antibodies as well as type 1 cytokines were stimu-
lated by DTT-VEGF vaccination. The splenocytes from
DTT-VEGF-immunized mice showed cytotoxic activity
against B16-F10 cells expressing VEGF. Extensive necro-
sis with severe hemorrhage and enhanced CD8" T cell
infiltration were observed in tumors from DTT-VEGF-
immunized mice. The percentages of CD31% vascular
areas in the tumor sections from DTT-VEGF-immunized
mice were significantly lower than those of control mice.
DTT-VEGEF significantly inhibited tumor growth in preven-
tive and therapeutic vaccination settings in mouse models.
Our data suggest that DTT is an effective antigen carrier
to break immune self-tolerance and our vaccine design has
potential to be used for human cancer therapy.
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Abbreviations

Alum Aluminum hydroxide

CFSE Carboxyfluorescein succinimidyl ester
CTLs Cytotoxic T lymphocytes

DCs Dendritic cells

DTT Diphtheria toxin T domain

GST Glutathione S-transferase

H&E Hematoxylin and eosin

IFA Incomplete Freund’s adjuvant

LDH Lactate dehydrogenase

mAbs Monoclonal antibodies

SEM Standard error of mean

VEGF  Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
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Introduction

Vascular endothelial growth factor (VEGF) secreted by
tumor cells is the dominant growth factor promoting tumor
neo-angiogenesis, a critical process in tumor progression and
metastasis [1]. VEGF induces the formation of new blood
vessels by stimulating endothelial cells in the normal vascu-
lature to sprout into tumor. Moreover, high levels of VEGF in
tumor-bearing hosts help cancer cells to evade immunologi-
cal destruction by inhibiting the functions of dendritic cells
(DCs) [2] and T cells [3], promoting the proliferation of regu-
latory T cells [4] and suppressing the infiltration of leukocytes
into tumor tissues [5]. Therefore, stimulating an immune
response against VEGF would have the potential to combine
the benefits of anti-angiogenesis and immunotherapy.

Various regents have been tested to inhibit the function of
VEGEF [1], such as small molecular inhibitors of VEGF recep-
tor (VEGFR) tyrosine kinase, soluble VEGFR, monoclonal
antibodies (mAbs) against VEGF or its receptors. Particularly,
anti-VEGF mAb bevacizumab combined with chemotherapy
has shown clinical benefits in patients with metastatic breast
cancer [6], non-small cell lung cancer [7] and metastatic
colorectal cancer [8]. However, passive immunization with
mAbs has several disadvantages. Repeated administration of
large volume of antibody is necessary for effective suppres-
sion of VEGF as the antibodies are rapidly cleared from the
circulation. MAbs often show immunogenicity themselves,
thereby limiting their long-term use. Once the administration
of mAbs discontinued, it may lead to relapse and regrowth
of tumor, which is often associated with more invasive phe-
notype [9]. Consequently, it has little benefits on the overall
survival. To circumvent these limitations, it is necessary to
develop alternative immunotherapy approaches such as vac-
cines capable of stimulating a long-lasting antibody response
as well as tumor-specific cytotoxic response.

Active immunotherapy strategies using DNA [10-12],
peptide [13] or protein [14-16] vaccines against VEGF
have been tested in preclinical studies. However, these
strategies employed either harsh deliver systems or adju-
vants not suitable for human use. It was shown that strong
incomplete Freund’s adjuvant (IFA) induced sequestration,
dysfunction and deletion of tumor-specific CD8" T cells
at vaccination sites in both mouse models [17] and human
clinical trials [18], and therefore, cancer vaccines adminis-
tered in IFA such as VEGF-kinoids [14] had limited effi-
cacy of stimulating tumor-specific CD8™ T cells.

In this study, we fused the receptor-binding domain of
VEGEF to diphtheria toxin T domain (DTT). The resulting
protein DTT-VEGF was used to immunize mice. To our
surprise, DTT-VEGF immunization not only stimulated
strong neutralizing antibody response, but also induced
type 1 immune response as well as anti-tumor cytotoxic T
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lymphocytes (CTLs) when coadministered with aluminum
hydroxide (Alum) adjuvant. The vaccination reduced tumor
vascular growth, enhanced CD8" T cell tumor infiltration
and inhibited tumor growth.

Materials and methods
Mice and cell lines

Female C57BL/6 and BALB/c mice were purchased from
Slaccas Laboratory Animal Inc. (Shanghai, China) and
housed under pathogen-free conditions. Murine B16-F10
melanoma cell line and CT26 colon cancer cell line were
purchased from the Cell Bank, Chinese Academy of Sci-
ences (Shanghai, China) and were cultured in o-MEM
and RPMI 1640 (Life Technologies, Carlsbad, CA, USA),
respectively, supplemented with 10% FCS and 100 Units/ml
penicillin and 100 pg/ml streptomycin (Life Technologies).
All applicable international, national and/or institutional
guidelines for the care and use of animals were followed.

Vector construction

The DNA fragments coding the amino acid residues 8§—-109
of human VEGF ¢ [VEGF(8-109)] and 202-378 of diph-
theria toxin were chemically synthesized with BamH I
and Xho 1 site at 5’ and 3’ ends, respectively. The DNA
fragments were cloned in pGEX6p-1, respectively, to get
expression plasmids pGEX-DTT and pGEX-VEGEF. The
DTT template was amplified by PCR using primers DTT-F
and DTT-R (Supplementary Table 1). The VEGF template
was amplified by PCR using primers VEGF-F and VEGF-R
(Supplementary Table 1). The above templates were mixed
and amplified by PCR using primers DTT-F and VEGF-
R to produce the DTT-VEGF recombinant sequence. The
PCR product was double-digested by BamH I and Xho 1
and subsequently inserted in the plasmid pGEX6p-1 to
generate expression plasmid pGEX-DTT-VEGEF.

Protein expression, purification and structure modeling

The glutathione S-transferase (GST)-tagged proteins were
expressed in Escherichia coli BL21 and purified by GST
affinity chromatography (GE healthcare, Little Chalfont,
UK). The GST tag was removed by PreScission Protease
(GE healthcare) treatment. The proteins were stored at
—70 °C in PBS until use.

The fusion protein DTT-VEGF was modeled using
Ab Initio Domain Assembly Server (http://ffas.sanford-
burnham.org/AIDA/) and visualized in Discovery Studio
3.0 (Accelrys, San Diego, CA).
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DTT-VEGF adsorption by the Alum adjuvant
and immunization

Alum (1.3% Alhydrogel) (Sigma-Aldrich, St. Louis, MO,
USA) was serially diluted with PBS and mixed with equal
volumes of DTT-VEGF (300 pg/ml) at room temperature
for 30 min. Unadsorbed protein was quantified by measur-
ing the absorbance at 280 nm of the supernatant after cen-
trifugation of the antigen—adjuvant mixture at 12,000 rpm
for 5 min. Adsorption rate was calculated using the follow-
ing equation: adsorption rate = 1 — protein amount in the
supernatant/total amount of input protein.

Mice were immunized three times subcutaneously at
2-week intervals with 200 w1 of the vaccine formulation
unless otherwise stated.

ELISA for antibody titer

Maxisorp 96-well plates (Thermo Scientific, Waltham,
MA) were coated overnight at 4 °C with 100 ul of 0.1 pg/
ml human VEGF s (Sino Biological Inc. Beijing, China) or
0.1 pg/ml mouse VEGF 4, (Sino Biological Inc.) in sodium
carbonate buffer, pH 9.6. After washing and blocking,
diluted mouse sera were added to wells and incubated for 1 h
at room temperature. Bound antibodies were detected using
1:10,000 dilutions of goat anti-mouse Ig-specific subclass
antibodies conjugated to HRP (Shanghai Immune Biotech
Co. Ltd., Shanghai, China). Absorbance was determined at
450 nm using an EnSpire 2300 ELISA reader (PerkinElmer,
Waltham, MA, USA). Antibody titers were represented as
the reciprocal of the highest dilution with an absorbance of
greater than 0.2 after subtracting the background.

Competitive ELISA for measurement of inhibition
of the binding of VEGF to its receptor

Plates were coated overnight at 4 °C with 0.1 pwg/ml human
VEGF ¢, followed by blocking with 3% skim milk. Diluted
mouse sera were added and incubated for 1 h at room tem-
perature. Then, 100 wl of 500 ng/ml human VEGFR2/FC
(Sino Biological Inc.) was added and incubated for another
40 min. Wells were then washed and incubated with rab-
bit anti-human Fc IgG conjugated to HRP (Sino Biological
Inc.). The bound antibody was detected as above antibody
titer assay. Inhibition of VEGF/VEGFR2 interaction was
calculated according to: inhibition = [1 — (A5, immune
sera/A 50, buffer control)] x 100%.

Lymphocyte proliferation assay
Mouse splenocytes were cultured in RPMI 1640 medium

containing 10% FCS at a concentration of 1 x 10° cells/well,
followed by stimulation with VEGF(8-109) protein (50 pg/

ml) for 3 days. Con A (2 pg/ml) was used as positive con-
trol. Unstimulated splenocytes from immunized mice was set
as negative control. Cell proliferation was measured using
CCK-8 Kit (Beyotime Institute of Biotechnology, Nanjing,
China). Stimulation index was defined as the ratio of absorb-
ance,s,,, of stimulated cells to that of unstimulated cells.

In another set of experiments, splenocytes were first
labeled with carboxyfluorescein succinimidyl ester (CFSE)
(Molecular Probes, Eugene, OR, USA) and then cultured
in RPMI 1640 medium containing 10% FCS, IL-2 (20
U/ml) and VEGF(8-109) (50 pg/ml). Anti-CD3/CD28-
microbeads (Life Technologies) were used as positive
control. Three days after culture, the cells were harvested
and stained with anti-CD4-PE (GK1.5) (eBiosciences, San
Diego, CA, USA) or anti-CD8-PE (53-6.7) (eBiosciences)
Ab and analyzed by flow cytometry. Flow cytometry data
were acquired by EpicsXL (Beckman Coulter, Brea, CA,
USA), and data were analyzed using FlowJo software (Tree
Star, Ashland, OR, USA). CD4- or CD8-positive cells were
gated for generating the CFSE division profiles.

CTLs Kkilling assay

Splenocytes were stimulated with VEGF(8-109) (50 pg/
ml) for 3 days in the presence of 20 U/ml of recombinant
human IL-2 (Peprotech, Rocky Hill, NJ, USA) and used as
effector cells. VEGF-expressing B16-F10 cells [12] were
used as target cells. Effector and target cells were mixed at
various ratios in a final volume of 100 pl. After incubation
for 4 h at 37 °C, 50 wl of the cultured media was collected
to assess the amount of lactate dehydrogenase (LDH) using
the CytoTox96 non-radioactive cytotoxicity assay kit (Pro-
mega, Madison, WI, USA).

Dendritic cells preparation

Bone marrow-derived DCs were obtained by cultur-
ing bone marrow cells of naive C57BL/6 mice in culture
medium containing GM-CSF (20 ng/ml) and IL-4 (20 ng/
ml) (Peprotech) for 6 days as previously described [19].
DCs were pulsed with VEGF(8-109) (100 pg/ml) over-
night and termed DCyggp

Cytokines assay

Cytokines in mice sera were analyzed by a multiplex
Luminex beads (Bio-Rad Laboratories, Hercules, CA,
USA) according to the manufacturer’s protocol, including
the following cytokines: VEGEF, type 1 (GM-CSF, IFN-vy,
IL-2, IL-12p70 and TNF-a), type 2 (IL-4, IL-5 and IL-10).

For intracellular cytokine staining, CD4" or CDS8T
T cells were purified from the immunized mice by using
negative selection kit (StemCell, Vancouver, BC, Canada)
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and then cocultured with irradiated (4000 rads) DCyggp in
the presence of GolgiStop (BD Biosciences, Mississauga,
Ontario, Canada) for 6 h. Cells were then surface-stained
with anti-CD4-FITC (GK1.5) (eBiosciences) or anti-CD8-
FITC (53-6.7) (eBiosciences) Ab followed by intracellular
staining with anti-IFN-y-PE (XMG1.2) (eBiosciences),
anti-IL-4-PE (11B11) (eBiosciences) or anti-IL-5-PE Ab
(TRFKS) (eBiosciences) using Cytofix/Cytoperm Kit (BD
Biosciences), and were analyzed by flow cytometry.

In vivo evaluation of anti-tumor effect

In the preventive vaccination setting, C57BL/6 mice were
immunized three times subcutaneously at 2-week intervals.
One week after the second immunization, the mice were
injected subcutaneously into the right flank with 1 x 10°
B16-F10 tumor cells or 3 x 10° CT26 tumor cells. In the
therapeutic vaccination setting, mice were first challenged
with 1 x 10° B16-F10 tumor cells, then immunized with
200 pl of the antigen—adjuvant preparation at the sec-
ond day and boosted twice at weekly intervals. Days
to tumor appearance, tumor volumes and survival were
recorded. The length and width of tumors were meas-
ured three times a week with a caliper, and the volume of
the tumors was calculated using the formula: tumor vol-
ume = (width? x length)/2. For ethical reason, mice bear-
ing tumor with 2 cm in diameter were killed and recorded
as dead. All animal experiments were repeated twice.

Immunohistochemistry

Tumors were fixed in 4% phosphate-buffered formalin for
24 h and then embedded in paraffin. The 5-pm sections
were cut and stained with hematoxylin and eosin (H&E).
Immunohistochemical detection of antigens in 5-pm par-
affin sections was performed using the MaxVision TM kit
(Fuzhou maixin Biological Inc., Fuzhou, China). The fol-
lowing primary antibodies were used: rabbit polyclonal to
CD31 (ab28364, Abcam, Cambridge, UK), rat anti-mouse
CD8a (53-6.7) (Santa Cruz Biotechnology Inc., Dallas,
TX, USA). Microvessel areas were quantified using Image
J (http://rsbweb.nih.gov/ij/) from five vessel hot-spot areas
of each tumor section under 200 x magnification. The per-
centages of CD8™ cells were also quantified using Image J.

Statistical analysis

Student’s T test or Mann—Whitney U test was used to com-
pare the difference of two independent data. Cumulative
survival time was calculated by the Kaplan—-Meier method
and analyzed by the Log-rank test. Probability values of
p < 0.05 were considered statistically significant. Data are
presented as mean = standard error of mean (SEM).
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Results
Design and expression of VEGF antigen

The VEGF gene has up to eight exons. Alternative exon
splicing produces four major VEGF isoforms with the
length of 121, 165, 189 and 206 amino acid residues,
respectively. All four isoforms have an identical N-termi-
nal domain (VEGF-110) [20]. The first seven residues, as
well as the last residue of VEGF-110, are disordered in
solution. VEGF(8-109) were crystallized and determined
as the receptor-binding domain of VEGF [21]. Removal of
the C-terminal domain of VEGF is associated with a sig-
nificant loss in its bioactivity [22]. We hypothesized that
immune response elicited by VEGF(8-109) may be capable
of targeting all isoforms of VEGF and may have less risk
of promoting tumor progression than intact VEGF does. To
break the immune tolerance of VEGEF, we selected DTT as
an antigen carrier. The non-toxic mutant of diphtheria toxin
CMR g, as a carrier protein has been used for many years
and has an excellent safety record [23]. Interestingly, the
DTT contains three universal T helper cell epitopes (resi-
dues 271-290, 321-350 and 351-370) that were recog-
nized by CD4™ T cells of more than 80% of human popula-
tion [24]. To enhance the immune response to a particular
epitope of an antigen, one rational strategy is to eliminate
other potentially immunogenic domains that could ‘dilute’
the immune response. Therefore, we eliminated the N-ter-
minal catalytic domain and C-terminal receptor-binding
domain of diphtheria toxin, which contain multiple immu-
nodominant B cell epitopes [25], and thus, only the T
domain of diphtheria toxin was used as the antigen carrier.
As DTT possesses a cysteine residue at the position of 201
of diphtheria toxin [26], we chose residues from 202 to 378
to avoid the formation of disulfide bonds between the DTT
and VEGF which is a member of the cystine knot growth
factor family. We fused VEGF(8-109) to the C terminus
of DTT, named the resulting molecule as DTT-VEGF
(Fig. 1a).

To improve the protein solvability, a hydrophilic Asp—
Asp—Asp-Asp-Lys (DDDDK) sequence was fused to the
N terminus of DTT-VEGF (Fig. 1b). DTT-VEGF and two
control proteins, VEGF(8-109) and DTT, were expressed
in E. coli as GST fusion proteins. After the removal of the
GST tag, 2.5-mg DTT-VEGF was obtained from one liter
of culture with purity of more than 95% (Fig. 1c). The
gel filtration chromatography profile of the purified DTT-
VEGEF protein contained multiple peaks (Supplementary
Figure 1a). Each peak fraction displayed a single band with
same molecular weight on reducing SDS-PAGE (Supple-
mentary Figure 1b). However, the fractions had different
sizes on native-PAGE (Supplementary Figure 1c), indicat-
ing DTT-VEGEF proteins are heterogeneous.
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Fig.2 DTT-VEGF immunization elicits neutralizing anti-VEGF
antibody response. a The adsorption of DTT-VEGF to Alum adju-
vant. The DTT-VEGF protein was mixed with different concentra-
tions of Alum. The proteins adsorbed to Alum were determined
by subtracting the proteins in the supernatant. b, ¢ C57BL/6 mice
(n = 5) were immunized three times with DTT-VEGF formulated
with Alum at 2-week intervals. Sera were collected 1 week after
each immunization. Anti-hVEGF,¢s IgG titer kinetics was deter-
mined by ELISA (b). Sera collected 1 week after third immunization
were diluted 100 times and tested for human VEGF 45 and mouse
VEGF  4,-specific IgG by ELISA (¢). d C57BL/6 mice (n = 5) were
immunized three times at 2-week intervals with DTT-VEGF for-
mulated with Alum or PBS, respectively, Anti-hVEGF,¢; 1gG were

DTT-VEGF immunization elicits neutralizing antibody
response

As the concentration of Alum can affect antigen adsorption
and consequently the immunogenicity of the vaccine [27],
the concentration of Alum was optimized. We found that
0.8 mg/ml of Alum efficiently adsorbed 80% of the antigen

determined at 1 week after third immunization. e C57BL/6 mice
(n = 5) were immunized with DTT-VEGF or DTT, respectively, at
2-week intervals. Sera were collected 1 week after second immuniza-
tion. VEGF 45 and VEGR, binding inhibition by sera (1:100 dilution)
was assessed with competitive ELISA (**p < 0.01, Student’s 7 test). f
C57BL/6 mice (n = 5) were challenged subcutaneously with 1 x 10°
B16-F10 tumor cells. One day later, the mice were immunized three
times at weekly intervals. Tumor volumes were measured twice
a week. Sera were collected when tumor volume reached 500 mm®
(DTT-VEGF group on day 18, DTT group on 15, respectively, after
tumor challenge), and the VEGF levels were determined by Luminex
technology (*p < 0.05; Mann—Whitney U test). One representative
experiment of two is shown

(Fig. 2a). Therefore, 0.8 mg/ml of Alum was used for this
study. High titers of IgG to human VEGF,45 (hWEGF,45)
were generated one week after the second immuniza-
tion with DTT-VEGF + Alum (Fig. 2b). These IgGs also
showed cross-reactivity to mouse VEGF,q, (mVEGF,¢,)
(Fig. 2c). In contrast, VEGF(8-109) was not able to trig-
ger antibody response (Fig. 2c), indicating that DTT helps
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Fig.3 DTT-VEGF immunization stimulates cellular immune were harvested and stained with anti-CD4-PE or anti-CD8-PE Ab and

response. C57BL/6 mice (n = 3) were immunized with DTT-VEGF
or DTT, respectively, at 2-week intervals. a One week after the third
immunization. Splenocytes were stimulated in vitro with VEGF(8-
109) or ConA for 3 days. Cell proliferation was measured with
CCK-8 method. b In vitro CFSE-labeled T cell proliferation assay.
Splenocytes from immunized mice were labeled with CFSE and then
stimulated with VEGF(8-109) (50 pg/ml). Anti-CD3/CD28 activation
beads were used as positive control. Three days after culture, the cells

to break immune self-tolerance. DTT-VEGF administered
with Alum elicited much higher anti-VEGF antibody
response than that with PBS (Fig. 2d).

VEGFR2 is the major signal transducer for VEGF-
mediated angiogenesis [28]. We found that the binding of
VEGF/VEGFR2 was inhibited by 40% using sera from
DTT-VEGF-immunized mice (Fig. 2e), indicating that
DTT-VEGF immunization elicited VEGF-specific neu-
tralizing antibody response. In tumor-bearing mice, DTT-
VEGF-vaccinated mice had lower serum VEGF compared
with control mice (Fig. 2f), suggesting that tumor released
VEGF was downregulated by circulating anti-VEGF neu-
tralizing Abs in DTT-VEGF-immunized mice.

DTT-VEGF immunization stimulates cellular immune
response

When the splenocytes from DTT-VEGF-immunized mice
were stimulated with VEGF protein in vitro, a remarkable
increase in cell proliferation was observed with stimula-
tion index of ~2.0 in comparison with that of the control
splenocytes (~1) (Fig. 3a). CFSE dilution profiles revealed
that both CD4% T cell proliferation and CD8" T cell prolif-
eration were stimulated by VEGF (Fig. 3b), indicating that
DTT-VEGF immunization can generate a heightened T cell
activation and memory.

To further confirm the activation of cellular immune
response, the direct cytolytic activity of splenocytes of
mice vaccinated with DTT-VEGF was analyzed 1 week
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were analyzed by flow cytometry. CD4- or CD8-positive cells were
gated for generating the CFSE division profiles. Percentages denote
the fraction of cells that have undergone at least one division. ¢ VEGF
stimulated spleen cells from DTT-VEGF- or DTT-immunized mice
were used as effector cells. VEGF-expressing B16-F10 tumor cells
were used as target cells. In vitro cytotoxicity was assessed with LDH
release method (**p < 0.01, *p < 0.05, Student’s T test). One repre-
sentative experiment of two is shown

after the third immunization using LDH release assay.
The splenocytes from mice immunized with DTT-VEGF
showed a significantly higher level of cytotoxic activity
against B16-F10 cells expressing VEGF than those from
the mice immunized with DTT (Fig. 3c).

DTT-VEGF immunization induces type 1 immunity

The antibody subclass analysis (Fig. 4a) showed that DTT-
VEGF coadministered with Alum stimulated higher levels
of IgG2a and IgG2b than that coadministered with PBS.
High levels of IgM were only observed in mice immu-
nized with DTT-VEGF in PBS. IgG1 level was slightly
higher in Alum group, but it did not reach statistical sig-
nificance. I1gG3 was not induced in either formulation.
These results demonstrated that Alum adjuvant not only
enhanced the antibody response of DTT-VEGF, but also
promoted the antibody maturation from IgM to IgG sub-
class. Of note, the ratios of Ig2a/IgG1 and Ig2b/IgG1 for
mice immunized with DTT-VEGF formulated with Alum
were greater than 1, while these ratios were less than 1 for
mice immunized with DTT-VEGF in PBS, suggesting that
formulation of DTT-VEGF with Alum enhanced type 1
immunity. We further performed flow cytometric analyses
to measure intracellular cytokine expression. CD4™ T cells
(0.6%) (Fig. 4b), as well as 0.4% of CD8™ T cells (Fig. 4c),
from DTT-VEGF-immunized mice expressed IFN-y after
stimulation with DCypgr. However, neither IL-4-producing
(Fig. 4b, ¢) nor IL-5-producing (data not shown) T cells
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Fig. 4 DTT-VEGF immunization induces type 1 immune response.
a C57BL/6 mice (n = 5) were immunized with DTT-VEGF formu-
lated with Alum or PBS three times at 2-week intervals, and sera
were collected one week after the last immunization. Ig subclass
was determined by ELISA. ***p < 0.001; **p < 0.01, Student’s T
test. b, ¢ C57BL/6 mice (n = 3) were immunized with DTT-VEGF
or DTT, respectively, at 2-week intervals. One week after the third
immunization. CD4" (b) or CD8" (c) T cells were purified from the
immunized mice and then were cocultured with irradiated DCyggp
in the presence of GolgiStop; 6 h later, the cells were harvested and
stained with anti-CD4-FITC or anti-CD8-FITC Ab. After permea-
bilization, the cells were stained for intracellular cytokine and ana-
lyzed by flow cytometry. The value in each panel represents the

specific to VEGF were detectable, suggesting a type 1 bias
response to this vaccine. DTT-VEGF immunization signifi-
cantly promoted the production of type 1 cytokines such as
GM-CSF, IFN-y and IL-2 (Fig. 4d). After tumor challenge,
significantly higher levels of IFN-y, IL-2 and GM-CSF
were observed in DTT-VEGF-immunized mice compared
to DTT-immunized mice (Fig. 4e).

percentage of cytokine-producing cells in the total CD4% or CD8"
T cell population. ***p < 0.001, **p < 0.01. Student’s T test. d, e
C57BL/6 mice (n = 5) were immunized with DTT-VEGF or DTT,
respectively, at 2-week intervals. One week after the third immuniza-
tion, the mice were challenged with 1 X 10° B16-F10 tumor cells.
Sera were collected 1 d before and 14 d after tumor challenge, and
the cytokines levels were quantified using Luminex technology.
The relative cytokine levels before tumor challenge were defined as
the fold change compared to the unimmunized mice (d). The type
1 cytokine levels in the sera after tumor challenge are shown in e.
*p < 0.05, Mann—Whitney U test. One representative experiment of
two is shown

No adverse tissue damage following DTT-VEGF
immunization

DTT-VEGF-immunized mice survived with normal
growth, and the wound of tail healed normally after blood
collection (data not shown), suggesting the lack of adverse
effects associated with circulating anti-VEGF neutralizing
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Fig. 5 DTT-VEGEF vac-
cine inhibits tumor growth. a
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three times at 2-week intervals.
One week after the second
immunization, the mice were
challenged subcutaneously with
1 x 10° B16-F10 tumor cells.
*#%¥p < 0.001, Log-rank test.

b Survival rates of mice after
the tumor challenge in thera-
peutic vaccination. C57BL/6 0.0~
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mice (n = 8) were challenged 1'5 2'0 2'5 3'0
subcutaneously with 1 x 10

B16-F10 tumor cells. One day

later, the mice were immunized c
three times at weekly intervals. 1400 -
*p < 0.05, Log-rank test. c—g
BALB/c mice (n = 10) were
vaccinated with three immuni-
zation of DTT-VEGF or DTT
at 2-week intervals. Immunized
mice were challenged subcu-
taneously with 3 x 10° CT26
tumor cells 1 week after the

—&—DTT

Tumor volume,mm?3

Time after tumor inoculation (d)

—e—DTT-VEGF

40 16 20 24 28 32 36 40
Time after tumor inoculation (d)

=DTT-VEGF =

25 ootT

Tumor weight (g)

second immunization. Tumors 0 v
volumes were measured at 5 7 9
indicated times (c¢). Tumors
were excised and weighted

(d). ***p < 0.001, **p < 0.01,
Mann—Whitney U test. Mac-
roscopic appearance of CT26
tumors (e). Scar bar 1 cm. H&E
staining of CT26 tumor sections
shows necrosis in tumors from
DTT-VEGF-immunized mice
(f). Scar bar 100 pm. Hema-
toxylin staining shows mitosis
(indicated by arrows) in tumors
from DTT-immunized mice (g).
Scar bar 50 pm. Data are rep-
resentative of three independent
experiments

Abs. Moreover, H&E staining of liver, spleen and kidney
sections did not show any differences between the non-
immunized and the DTT-VEGF-immunized mice (Supple-
mentary Figure 2a—c), indicating that DTT-VEGF immuni-
zation is safe.

DTT-VEGF vaccination inhibits tumor growth
In preventive vaccination, the survival of B16-F10 tumor-

bearing mice was significantly prolonged in the DTT-
VEGF-immunized group when compared to three control
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Time after tumor cell inoculation (d)

13 15 17
Time after tumor cell inoculation (d)

f

groups (Fig. 5a). The mean survival time increased from
less than 25 days in the control groups to 35 days in the
DTT-VEGF group. In the therapeutic vaccination, a signif-
icantly prolonged survival was also observed in the mice
immunized with DTT-VEGF (Fig. 5b). The mean survival
time of the DTT-VEGF group was 32 days, while that of
the control groups were 25 days.

Murine colorectal CT26 tumor which expresses much
lower level of VEGF compared to B16-F10 cells [4, 12]
was used to confirm the anti-tumor effect of the DTT-
VEGF vaccination. Immunization with DTT-VEGF
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DTT -VEGF

b
DTT -VEGF DTT

Fig. 6 DTT-VEGF vaccine reduces tumor vascular growth and
enhances T cell infiltration. CT26 tumors (n = 5) were collected at
day 14 after tumor challenge as in Fig. 5d, sectioned and immuno-
histochemically stained. a Immunohistochemical staining of CD31"
cells. Scale bar 20 pm. Quantification of CD31" blood vessels (mean

resulted in significant inhibition of growth (Fig. 5¢). Tumor
weights of DTT-VEGF-immunized mice were much less
than that of DTT-immunized mice (Fig. 5d). Moreover,
tumors from DTT-treated mice were surrounded by large
and branched blood vessels, which were not seen in DTT-
VEGF-immunized mice (Fig. 5e). Furthermore, tumor sec-
tions from DTT-VEGF-immunized mice showed extensive
necrosis and hemorrhage, which were not seen in tumor
sections from DTT-treated mice (Fig. 5f). In contrast,
extensive mitosis was observed in tumors from DTT-treated
mice (Fig. 5g). To rule out the possibility that the differ-
ences of tumor micromorphology are due to differences
in tumor size, tumors were collected when the diameters
reached 1 cm for H&E staining. The above differences of
tumor micromorphology were also observed between the
DTT-VEGF-immunized mice and DTT-treated mice (Sup-
plementary Figure 3a-b).

DTT-VEGF vaccination reduces tumor vascular growth
and enhances T cell infiltration

To investigate how the anti-VEGF immune response affects
the tumor vasculature, the CD31" tumor blood vessels
were analyzed by immunostaining. Small vessels without
lumen were seen in the tumor from DTT-VEGF-immunized
mice, while disorganized vessels with large lumen formed
in the tumor from the DTT-immunized mice (Fig. 6a). Fur-
thermore, the CD31% positive vascular areas in the tumor

Vascular area (%)
o N H (o)) <
I

DTT-VEGF DTT

isotyp
T

CD8* area /field (%)
o = N W A 00O

DTTVEGF DTT

% of CD31-covered area/field &= SEM) is shown in the bar graph
on the right. b Immunohistochemical staining of CD8" cells. Scale
bar 100 wm. Quantification of CD8" cells (mean % of CD8"-cov-
ered area/field = SEM) is represented in the bar graph on the right.
**p < 0.01, Mann—Whitney U test

sections from DTT-VEGF-immunized mice were sig-
nificantly less than that from DTT-treated mice (Fig. 6a).
VEGF has been shown to suppress the expression of adhe-
sion molecules in tumor vascular endothelium involved in
leukocyte trafficking [5], and thus, counteracting VEGF
may make tumors more vulnerable to immune system. To
evaluate whether the anti-VEGF immune response could
promote immune cells infiltration to tumor tissue, we
analyzed the amount of CD8" T cells in the tumors from
DTT-VEGF-and DTT-vaccinated mice, respectively. The
number of CD8%-positive cells in the tumor from DTT-
VEGF-immunized mice was significantly higher than that
from DTT-treated mice (Fig. 6b). These results suggest that
the decrease of tumor volume was at least in part caused by
reduced tumor vasculature and increased T cell infiltration.

Discussion

Cancer vaccines targeting a single protein mutated or over-
expressed in cancer cells have been of limited success in
clinic trials [29]. This is partly due to the fact that tumor
tissues have extensive heterogeneity at genetic and epige-
netic levels [30], and vaccines targeting single tumor-asso-
ciated antigen can only achieve short-term tumor shrink-
age, but little benefit on the overall survival rates [31].
Moreover, it is still time- and labor-consuming to identify
the mutation suitable for developing promising cancer
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vaccine. For example, by combining mass spectrometry
and exome sequencing, >1300 amino acid changes were
identified; however, only three mutations were validated as
immunogenic neo-antigens [32]. Targeting the tumor vas-
culature with vaccines may be more effective than target-
ing tumor cells due to the genetic stability of endothelial
cells and the amplifying inhibit effect thereof [33]. VEGF-
mediated signaling is the key step in tumor vasculature for-
mation. VEGF-based gene therapy [10-12] and endothelial
cell-based vaccines [34] have been tested to inhibit tumor
angiogenesis. However, protein vaccines have potential
advantages with respect to antigen specificity, manufac-
turing feasibility and safety. In this study, we show that a
rationally designed VEGF protein vaccine is highly immu-
nogenic and can induce strong anti-tumor immunity in
mouse models.

Rational antigen design is crucial to the development
of protein vaccine. A potential limitation for some protein
vaccines is the lack of sufficient T cell epitopes to help the
antibody responses. Our data demonstrate that the universal
T helper epitopes in DTT are helpful for the VEGF anti-
body affinity maturation. Increasing evidences showed that
the VEGEF level was associated with tumor progression and
aggressiveness [35], and thus, treating cancer patients with
intact VEGF could encounter safety issues when apply-
ing for human vaccine clinical trials. The receptor-binding
domain VEGF(8-109) is a safer vaccine than intact VEGF
as it lacks mitogenic potencies to endothelial cell [22].
Considering that strong adjuvants such as IFA may induce
sequestration, dysfunction and deletion of tumor-specific
CD8™ T cells at vaccination sites [17, 18] and that strong
adjuvants may lead to severe adverse reactions when used
in human trails, Alum, which has been approved for use
in humans and has vast health implications [36], was used
as adjuvant in the our VEGF vaccine formulation. Hope-
fully, there might be few obstacles for the translation of this
approach into clinical applications.

Type 1 response is characterized by enhanced secretion
of IFN-y, TNF-a and IL-12, and the induction of IgG2a
and CTLs, while type 2 response is characterized by the
secretion of IL-4 and IL-5 [37]. It is generally considered
that type 1 response inhibits tumor growth, while type 2
promotes tumor growth [38]. Patients with metastatic mela-
noma exist in a state of systemic type 2 dominant immune
homeostasis that could be at least in part mediated by
tumor-derived VEGF [39]. Profound tumor-specific type 2
bias was also found in patients with malignant glioma [40].
Hence, combining VEGF-targeting therapy with vaccine
strategies to skew tumor antigen-specific T cell response
toward type 1 bias may provide more survival advantage.
Alum adjuvant is in limited use in cancer vaccines due
to their tendency to skew the immune response toward a
type 2 response [36]. However, it was recently shown that
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injection of Alum alone into mice carrying H22 hepatocar-
cinoma triggered anti-tumor CD8™ T cell response [41]. We
showed that DTT-VEGF administered with Alum induced
type 1 response characterized by the induction of VEGF-
specific I[gG2a and IgG2b antibodies, type 1 cytokines and
tumor-specific cytotoxic response, highlighting its poten-
tial as an effective vaccine for human cancers. Since we
observed the increase of type 1 cytokines in DTT-VEGF-
immunized mice, but not in the DTT-immunized mice, it
can be inferred that the immune response elicited by VEGF
might promote type 1 cytokine production. This result is
consistent with previous report that blocking VEGF with
bevacizumab combined with chemotherapy promotes type
1 inflammatory response [42].

Tumor-infiltrating CD8* T cells have a positive asso-
ciation with prognosis in cancer patients [43, 44]. One
challenge for developing therapeutic cancer vaccine is to
improve the effective trafficking of cancer-specific T cells
to the tumor sites. Considerable work to unravel mecha-
nisms for T cell trafficking has revealed that pro-angiogenic
factors such as VEGF were able to downregulate intercel-
lular adhesion molecule 1 on the surface of endothelial
cells and subsequently suppress leukocyte infiltration [5].
It is therefore reasonable to hypothesize that inhibition of
VEGF signaling pathway may circumvent this problem.
It has been shown that lower doses of an anti-VEGFR2
antibody resulted in vascular normalization and facilitated
CD4%1 and CD8* T cell tumor infiltration [45]. Consist-
ently, we found that DTT-VEGF immunization reduced
tumor angiogenesis and enhanced CD8™ T cell infiltration.

It remains elusive how the type 1 immune response and
VEGF-specific CTLs are stimulated with the Alum-formu-
lated DTT-VEGF vaccine. It is possible that DTT-VEGF
antigen may be delivered into the DCs via endocytic uptake
with the help of Alum adjuvant [46]. The properties of
membrane insertion and translocation of DTT [47] in the
low pH environment of endosome may facilitate the deliv-
ering of VEGF epitopes to MHC class I pathway, thereby
stimulating cytotoxic activity. However, clarification of
these details needs further analyses. If it is confirmed, this
study may show a general vaccine strategy of targeting
other cancer antigens.

In conclusion, DTT-VEGF fusion protein administered
with Alum adjuvant inhibits tumor growth by promoting
type 1 immune response and CD8" T cell infiltration in
addition to anti-angiogenesis, indicating its potential as a
promising cancer vaccine.
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