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Compelling evidence has shown that blocking VEGF via monoclonal antibodies may be beneficial in that
it not only inhibits tumor angiogenesis but also reduces immune suppression and promotes T cell infil-
tration into tumors. Herein, we determined whether our recently generated VEGF165b mutant could be
used as a co-immunization adjunct to augment the peptide cancer-vaccine- induced immune response in
a mouse model of breast cancer. When co-immunized mVEGF165b with the peptide-based cancer vac-
cine (MUC1, a T-cell epitope dominant peptide vaccine from Mucin1), the VEGF antibody titers increased
approximately 600,000-fold in mice. Moreover, the anti-VEGF antibody also reduced the frequency of
Breast cancer . . . . .
Immunization regulatory T cells (Tregs) in both preventive and therapeutic scenarios. Mechanistically, the decrease of
VEGF the Tregs population was associated with a remarkably increased MUC-1-specific IFN-y-producing
CD8" T cells and anti-MUC1 humoral response. Finally, this combination co-immunization produced a
superior antitumor response and significantly prolonged survival of tumor-bearing mice. In conclusion,
our findings suggest that mVEGF165b may be an ideal immunization adjunct to enhance the immune
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efficacy of peptide-based tumor vaccines by overcoming immune tolerance.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Cancer-associated antigens can be designed as tumor vaccines
to generate durable immune responses by eliciting the patient’s
own immune system to treat or prevent cancer recurrence after
surgery [1]. However, the antitumor effect induced by tumor vac-
cines is often hampered by tumor-induced immune tolerance and
immune suppression [2]. Among the immune suppression factors
produced by tumor and tumor-associated cells, VEGF (vascular
endothelial growth factor, VEGF-A) is considered to play an essen-
tial role in tumor-induced immune suppression [3], although
VEGF-A is commonly considered to be a pro-angiogenic factor.
There is accumulated evidence showing that VEGF-A can inhibit
dendritic cell maturation [4] and promote infiltration of
immuno-suppressive cells, such as tumor-associated macrophages
(TAM) and regulatory T cells [4,5], contributing to the overall
immuno-suppressive tumor microenvironment. Additionally,
VEGF-A has also been shown to suppress the migration, activation,
and cytotoxicity of effector T cells [6]. Conversely, evidence from
animal experiments and clinical studies have shown that blocking
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VEGF via monoclonal antibodies or small molecular inhibitors not
only causes inhibition of tumor angiogenesis but also contributes
to the breaking of immune tolerance by decreasing or inhibiting
the functions of the Tregs and other immunosuppressive cells
[7,8]. However, the small molecular inhibitors, such as sunitinib,
acted as anti-angiogenic agents but showed some severe side
effects [9], and Bevacizumab (a recombinant humanized mono-
clonal antibody that blocks angiogenesis by inhibiting VEGF A) is
very costly and needs to be repeatedly administrated. For this rea-
son, using patient’s own immune system to continuously produce
the antibody targeting VEGF is considered as an extremely cost-
effective and attractive regimen.

VEGF-A gene generates different VEGF-A isoforms by mRNA
splicing, and all of them share the exons 1-5 [10,11], which means
vaccination with any VEGF isoform protein could generate anti-
bodies targeting all the VEGF-A isoforms. mVEGF165b is a
VEGF165b mutant which recently generated in our lab through
using pichia yeast expression system, in which the plasmin cleav-
age site is inactivated by changing VEGF165b Arg110 to Pro110.
This alteration extended its half-life in rats to 10 times that of its
native counterpart without any change in bioactivities [12]. Theo-
retically, the prolonged half-life mVEGF165b could allow it to
interact with B cell receptors for a longer period and so produce
more antibody than the native counterpart. In our preliminary
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experiments, the full-length mVEGF165b protein was able to pro-
duce higher titer antibody targeting the native VEGF proteins with-
out any visible side effects.

Hence, we hypothesized that immunization with mVEGF165b
in combination with a tumor-associated antigen could not only
inhibit tumor angiogenesis by neutralizing circulating VEGF-A
but also augmenting immune response induced by targeting the
specific tumor-associated antigen by decreasing immune toler-
ance. Blocking VEGF and other associated antigens has shown pro-
mise for cancer treatment in animal experiments. Kaumaya et al.
(2012) used the B conformational epitope from HER2 and VEGF
as a vaccine to treat breast cancer, and it showed promising results
[13]. Singh et al. (2013) also found that a combined blockade of
HER2 and VEGF prepared by using VEGF-Trap binding to VEGF-A
and the anti-HER2 antibody trastuzumab exerts greater growth
inhibition of HER2-overexpressing gastric cancer xenografts than
individual blockades [14]. However, the above-mentioned
researchers mainly focused on the combined effect of the anti-
angiogenic effect on tumor growth generated by the VEGF-A block-
ade and the anti-tumor response induced by the corresponding
tumor-associated antigens and did not investigate the VEGF block-
ade effect on decreasing the immune suppression.

Among tumor vaccines, peptide-based cancer vaccine was cho-
sen for assessment of the co-immunization effect because of its
weaker immunogenicity [15]. Some peptide vaccines, especially
the short peptide vaccines can cause immunological tolerance of
the immunizing antigens, rather than immunity [16]. Here, we
chose an extensively studied peptide from mucin-1 as the
cancer-associated antigen. Mucin-1 is a single pass type I trans-
membrane glycoprotein that is physiologically expressed on vari-
ous mammalian cells [17]. However, mucin-1 is overexpressed
and aberrantly glycosylated in greater than 90% of human breast
cancers and other cancers [18]. In addition, its under-
glycosylation in cancer exposes a variable number of tandem
repeat regions (VNTR) on the peptide backbone. In recent years,
mucin-1 has been considered a good cancer-associated antigen
for the development of cancer vaccines [19]. Furthermore, the
immuno-dominant peptides from the VNTR region could be recog-
nized by cytotoxic T lymphocytes (CTLs), which are capable of
destroying tumor cells expressing the under-glycosylated form of
MUCT1 [20]. Several mucin-1-based peptide vaccines have been
evaluated in various clinical trials [21,22]. An example is the lipo-
some cancer vaccine termed L-BLP25, which contains a peptide
sequence (STAPPAHGVTSAPDTRPAPGSTAPP, we named the pep-
tide as MUC1) derived from the VNTR region of mucin-1 and has
shown promising efficacy in experimental mouse and clinical trials
[23]. Although the MUC1 peptide was designed to elicit a cell-
based immune response [20], there are also reports that it could
also stimulate a weak humoral response [24].

In the present study, we investigated whether immunization
with mVEGF165b as an adjunct could augment the immune
response for the peptide MUC1 through breakage of the immune
tolerance in a murine prophylaxis and therapeutic breast cancer
model.

2. Materials and methods
2.1. Animals and cell lines

Female BALB/c mice (H29), 6-to-8-week-old, body weight 20 g,
were purchased from Charles River Laboratories (Beijing, China)
and raised in our laboratory animal room under specific
pathogen-free conditions. Animals were housed in a constant room
temperature of 20-25 °C and constant humidity of 35-40% with a
12 h light-dark cycle throughout the experiment and given free

access to food and water. All procedures in the animal experiments
were carried out in accordance with the current regulations and
standards of the Animal Ethics Study Committee of Xinxiang Med-
ical University (Xinxiang, China).

The murine breast cancer strain EMT-6 was purchased from the
American Tissue Culture Collection (Manassas, VA, USA) and rou-
tinely maintained in RPMI1640 (Gibco, Bra, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco-BRL, Carlsbad, CA, USA),
100 U/ml penicillin, and 100 pg/ml streptomycin (Sangon Biotech,
Shanghai, China) at 37 °C with 5% CO, and 95% air humidified incu-
bator. Mucin 1 <cDNA (isoform 9, GenBank accession
NM_001204285.1) was synthesized by Genewiz (Suzhou, China)
and subcloned into pcDNA3.1 P!, EMT6 clones stably overexpress-
ing the mucin 1 isoform 9 were transected with lipofectamine
3000 and screening with 600 pg/ml G418, we then used limited
dilution to obtain the single clones. The level of relative expression
of mucin1 of each screened single clone were quantified by semi-
Q-PCR (Supplementary Fig S1) and fluorescence microscope (Sup-
plementary Fig S2) (using the mucin1 antibody and according flu-
orescence labeled secondary antibody). The screened EMT6 clones
expressing mucinl (clone M5) were chosen as the experimental
cell line and preserved in our laboratory, the d transfection and
screening method were taken from a previous work [25].

The HUVECs and ECM medium were obtained from Sciencell
(San Diego, CA, US), VEGF165b mutant protein were expressed
via pichia yeast and purified in our Lab. VEGF165 protein was pur-
chased from Sino Biological Inc (Beijing, China).

2.2. Immunization procedure

Thirty-five 6-8-week-old BAL B/c mice were divided randomly
into five groups (PBS group (P), adjuvant group (A), mVEGF165b
group (V), MUC1 peptide group (M) and mVEGF165b combination
with MUC1 peptide group (V+ M), n=7 per group). The P and A
groups were injected with PBS and adjuvant (complete Freund’s
adjuvant (product# F5881)) and incomplete Freund’s adjuvant
(product#F5506) were from SIGMA-ALDRICH (USA) alone, the V
group received 50 ng mVEGF165b (expressed and purified by our
laboratory, the dose of mVEGF165b as antigen was established in
our preliminary experiment. we set a series of doses dose, specifi-
cally 15, 25, 50, 75 and 100 pg in our pre-experiment, the results
also showed the anti-body targeting VEGF165 titer did not increase
with the additional increase in the dose of mVEGF165b (50 pg), so
50 ug mVEGF165b was thought to be a suitable dose). The M group
received 7.5 pg MUC1 peptide (synthesized by China Peptides
(Shanghai, China), the amount of MUC 1 peptide based on the
molar ratio VEGF165: MUC1 =1:1), the V+M group received a
mixture of 50 pg mVEGF165b and 7.5 ng MUCI1. Each antigen was
solubilized in 100 ul PBS and mixed with adjuvant to a final volume
of 200 pl. The mix was injected subcutaneously in the lymph node
area of the four armpits once a week for 4 consecutive weeks. Each
injection site received 50 pl volume (first immunization with com-
plete Freund’s adjuvant (CFA), the remaining time using incom-
plete Freund’s adjuvant (IFA)). Blood samples were obtained via
fundus venous plexus.

Sera were collected weekly for immunoassay after the initial
immunization for later analysis of antibodies and other assays.

2.3. Detection antibodies against VEGF165 and MUC1

An ELISA was carried out to detect the anti-VEGF165 and anti-
MUCT antibody titer in the immune sera, as described by Yankai
et al. [26]. Briefly, 96-well flat-bottomed ELISA plates (Costar,
USA) were coated with 100 pl/well VEGF165 proteins (10 pg/well)
and 100 pl/well BSA-MUCT1 (10 pg/well, the MUC1 peptide coupled
with BSA), then incubated overnight at 4 °C, at the same time, the
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wells coated with BSA served as negative controls. Plates were
blocked with PBS containing 5% (w/v) nonfat milk powder (Sangon
Biotech, Shanghai, China) and then incubated with 100 pl/well dif-
ferent dilution folds of sera collected from immunized animals in
the different vaccinated groups and the controls. A secondary
HRP-conjugated goat anti-mouse IgG (Solarbio Life Science, Beijing,
China) was used for substrate reaction, Absorbance was measured
at a wavelength of 450 nm. Each measurement was performed in
duplicate.

Western blot analysis was performed to assess the anti-sera tar-
geting VEGF165 in the corresponding groups according the con-
ventional methods excepting that the loading buffer containing
VEGF165 was added without reducing agents, while the loading
buffer containing BSA-MUC1 contain reducing agents.

2.4. ADCC assay

HUVECs were seeded in a 96-well plate (1 x 10 cells/well) and
cultured in M199 medium (100 pl/well) containing 5% FBS plus
50 ng VEGF165 (Sino Biological Inc, Beijing, China) overnight. Then,
1 pl, 5 pl, and 10 pl of the immune sera from the groups containing
mVEGF165b and the PBS group were added, followed by incuba-
tion at 37 °C for 24 h and then 10 pl guinea pig serum was added
and taken as the source of complement. At the end of incubation,
20 pl 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT, 5 mg/mL) was added. Cells were cultured for 24 h at
37 °C. Finally, the medium was discarded and 100 pl DMSO was
added for cell lysis to measure absorbance at 570 nm. Each exper-
iment was carried out in triplicate and the mean value was taken
as the representative value for each experiment. The inhibition rate
(IR) was calculated according to the following formula: IR (%) =[1 -
(absorption value of experimental group / absorption value of con-
trol group)] x 100%. EMT-6 cells were used as the parallel control.

2.5. Preventive scenario

One week after the final immunization as described in immu-
nization procedure, BALB/c mice were implanted subcutaneously
with 5 x 10> EMT-6 cells overexpressing Mucin1 (isoform 9) on
the right flank. When tumors were palpable, tumor volumes were
measured with Vernier caliper every other day until death
occurred. Tumor volumes were calculated using the following for-
mula: tumor volume (cm?) = length x width? x 0.52. The life span
of the animals was also recorded.

2.6. Therapeutic scenario

BALB/c mice were implanted subcutaneously with 1 x 10° EMT-
6 cells overexpressing MUC1 (isoform 9) on the right flank, and
then divided randomly into five groups (n = 7 per group). Five days
later, when the tumor volume was approximately 4-5 mm?>, the
mice were immunized with the same dose and treatments as in
the preventive procedure, three days later after every immuniza-
tion, each mouse received 100 ul PD1-PDL1inhibitor 1 (concentra-
tion 500 pg/ml; i.p.) (MCE Cat. No. HY-19991), and the tumor size
was measured by Vernier caliper every other day until death
occurred. Apart from the PD1-PDL1 inhibitor, the immunization
procedure was similar as in the preventive scenario. Tumor vol-
umes were calculated using the following formula: tumor volume
(cm®) = length x width? x 0.52. The life spans were monitored.

2.7. Flow cytometry
Mice were immunized four times using the same doses and

same way as in the preventive scenario, one week after the third
and fourth immunization, the mice were sacrificed and the spleen

cells were homogenized and suspended in RPMI1640 complete
medium supplemented with 5% FBS.

One hundred microliter fresh blood per mouse in 1.5 ml antico-
agulation tube was obtained from the tumor-bearing mice one
week after the second and the third immunization in the therapeu-
tic scenario and incubated with red blood lysis buffer at room tem-
perature for 3 min (eBioscience 1 x lysis buffer), centrifuged at 4 °C
(300g for 5 min), then the supernatant was discarded, sample was
washed with 400 ul RPMI1640 medium containing 3% FBS, and
centrifuged 300g for 5 min at 4 °C. The supernatant was discarded
again; the freshly isolated white blood cells were washed with
RPMI1640 and finally resuspended in 100 pl.

For the Tregs analysis, the freshly isolated spleen cells in the
preventive setting and white blood cells in the therapeutic scenario
were inoculated with surface marker (Anti-Mouse CD4 BV605
(Biolegend Cat. No. 100548 (San Diego, CA, US)), Anti-Mouse
CD25 APC (eBioscience Cat. No. 17-0251-82 (eBioscience, Ltd.,
UK)), Anti-Mouse CD3 PerCP-eFluor® 710 (eBioscience Cat. No.
46-0032-82 (eBioscience, Ltd., UK)) 30 min at 37 °C, and then the
cells were fixed and permeabilized using Fixation and Permeabi-
lization Buffer Set (eBioscience Cat. No. 88-8824), then stained
with Anti-Mouse/Rat Foxp3 PE (eBioscience Cat. No. 12-5773-82
(eBioscience, Ltd., UK)) according to the manufacturer’s protocol,
the fluorescence and the data were analyzed using Flow]o software
(version 7.6).

For the CD8 IFN-vy secreting cells: the freshly isolated spleen
cells from the preventative scenario were cultured in IMDM med-
ium with 10% FBS, 100 U/ml penicillin and 100 pg/ml strepto-
mycin. Next, cells were stimulated in the presence of Brefeldin A,
MUC1 peptide, and mIL2 (Sino Biological Inc (Beijing, China))
24 h, then stained with the surface marker Anti-Mouse CD8a PE-
Cyanine7 (eBioscience Cat. No. 25-0081(eBioscience, Ltd., UK)),
and fixed and permeabilized, finally stained with PE anti-mouse
IFN-y (eBioscience Cat. No.12-7311, (eBioscience, Ltd., UK). Fluo-
rescence and the data were analyzed using Flow]o software (ver-
sion 7.6).

2.8. CTLS killing assay

Splenocytes from different vaccinated groups after three-
rounds of vaccination as in the preventive scenario were stimu-
lated with MUC1 (1 x 1073 pmol/ml) for 4 days in the presence
of 20 U/ml of recombinant mIL-2 (Sino Biological Inc., Beijing,
China) and used as effector cells. Mucin1-expressing EMT6 cells
were used as target cells. Effector and target cells were mixed at
various ratios (100:1, 50:1, 25:1, 1:1) in a final volume of 100 pl.
After incubation for 4 h at 37 °C, 120 pl of the cultured media
was collected to assess the amount of lactate dehydrogenase
(LDH) using LDH Cytotoxicity Assay Kit (Beyotime Institute of
Biotechnology, Shanghai, China).

2.9. Hematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC)

Three weeks after tumor cell inoculation, tumors in preventa-
tive procedures (n=3 per group) were extracted and then fixed
with 4% paraformaldehyde, dehydrated and paraffin-embedded,
and then cut into 4-pm-thick sections. For immunohistochemistry,
the sections were finally deparaffinized and rehydrated into PBS.
Sections were stained with H&E (Zhongshan Biotech, Beijing,
China) according to the manufacturer’s instructions. H&E sections
were examined by independent observers from Department of
Pathophysiology of the Xinxiang Medical University (Xinxiang,
China). For IHC staining, antigen retrieval was carried out with
citrate buffer (pH 6.5) for 30 min at 92-98 °C. The sections were
stained to identify CD8 T Cells with anti-CD8" antibodies
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(bs-0648R, Bioss Antibodies, Beijing, China); followed by goat anti-
rabbit IgG antibody. Antibody binding was visualized using DAB
(3,3’-diaminobenzidine) (Zhongshan biotech, Beijing, China) and
signal amplification was achieved via the avidin-biotin complex.
Tissue was designated into three distinct compartments: benign
glands, tumor centers, and tumor interfaces. Six randomly selected
fields (original magnification 40x,) from each compartment were
then captured from each slide with NIS-Elements software (Nikon).
Representative mounted sections stained for CD8* T cells in the
tumor center were counted randomly (n = 3 per group, 3 represen-
tative slides per tumor) for further analysis. Positive cells were
counted in the tumor centers using Image Pro Plus 5.0 software,
and cell counts per view were determined.

2.10. Influence of immunization with mVEGF165b plus peptide MUC1
combination on wound healing and fertility

Six female mice were vaccinated with mVEGF165b and MUC1
peptide combination as described above in the preventive scenario,
with six other female mice left untreated and used as control. One
week after the final vaccination, three mice from each group from
the vaccinated and untreated groups were anesthetized and then
sprayed with 75% ethanol to prevent infection, and about 0.5 cm?
wounds were made on the hind limbs with eye scissors in a sterile
environment. Wounds were wrapped with a sterile bandage, and
days of wound healing were monitored daily.

The other three vaccinated female mice were mated with male
mice and were checked for their farrowing rate.
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2.11. Statistical analysis

The statistical analysis was carried out using the GraphPad soft-
ware (version 6.0). Data were analyzed by one-way or two-way
ANOVA with the same software and Bonferroni post-tests was used
for all other comparisons. The results are expressed as mean + SEM.
P values of < 0.05 were considered statistically significant.

3. Results

3.1. Immunization with mVEGF165b as adjunct generates a high-titer
anti-VEGF antibody targeting native VEGF165

To determine the impact of immunization with mVEGF165b on
anti-VEGF antibody, we used Western blot and ELISA to evaluate
the immune sera from the corresponding immunization groups.
ELISA results showed that one week after the third immunization
the preventive scenario, the anti-VEGF level attained plateau
(peak), approximately 600,000-fold (and almost same in the V
and V + M group) (Fig. 1a). In the therapeutic scenario, the titer tar-
geting VEGF165 achieved beyond 200,000-fold in mVEGF165b
group and mVEGF165b + MUC1 group after one week after the
fourth immunization (Fig. 1b).

Western blot results showed that the immune sera from the
groups that contained mVEGF165b in the preventive scenario, even
upon 1000-fold dilution, had a visible apparent band indicative of
binding with native VEGF165 (Supplementary Fig. S3).
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Fig. 1. Determination and function analysis of anti-sera elicited by mVEGF165b. (a) IgG antibody titer against human VEGF165 in mice immunized with mutant VEGF165b by
ELISA the preventive scenario. ND; not detected. (b) IgG antibody titer against human VEGF165 in mice immunized with mutant VEGF165b by ELISA the therapeutic scenario.
Each column represents the average titer calculated from duplicate samples of individual mice (n = 3) and the values represent mean + SEM. ND; not detected. (c) In vitro
antisera-mediated antibody-dependent cell-mediated cytotoxicity (ADCC) against HUVECs proliferation. PBS group; 1% immune sera; 5% immune sera; 10% immune sera.
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3.2. Immune sera from groups containing mVEGF165b inhibit
VEGF165-mediated HUVEC proliferation

To evaluate the inhibitory effect of sera from immunized mice
with mVEGF165b groups on the proliferation of HUVECs in vitro,
cultured HUVECs were incubated with 1%, 5%, and 10% immunized
serum from the mice immunized with mVEGF165b and
mVEGF165b + MUC1 groups. MTT results showed that anti-sera
at 1%, 5% and 10% could inhibit the VEGF165-mediated HUVEC pro-
liferation (Fig. 1¢). Taking the inhibition rate from PBS group as 0%,
the rates of inhibition were 9.8% (1% anti-sera), 15.3% (5% anti-
sera) and 35.2% (10% anti-sera), respectively. However, the anti-
VEGEF sera also showed there was no significant inhibition against
the proliferation of EMT6 expressing-Mucin 1 compared to sera
from the PBS and the adjuvant group, although we found the pro-
liferation of EMT6 cells could be induced by VEGF autocrine path-
way [25].

3.3. Immunization with mVEGF165b decreases the frequency of
CD3*CD4*CD25"Foxp3 Tregs

To determine whether the higher titer anti-sera targeting
VEGF165 elicited by mVEGF165b could decrease Treg frequency,

H. Zhang et al./Vaccine 37 (2019) 2090-2098

flow cytometry was used to monitor the number of Tregs in the
spleens among the vaccinated and control group in the preventa-
tive scenario. As shown in Fig. 2a and 2b, compared with the vac-
cinated groups without mVEGF165b (PBS, Adjuvant and MUC1
groups), mice immunized with the mVEGF165b alone or combined
with MUC1 showed that the splenic Tregs frequencies decreased
significantly after the third immunization in the preventative sce-
nario. Additionally, Tregs frequencies in the blood in the therapeu-
tic scenario significantly reduced after the second immunization
(Fig. 2c and d).

3.4. Co-immunization mVEGF165b as an adjunct augment the immune
response elicited by MUC1

In order to evaluate whether the immunization with
mVEGF165b could enhance the immune response induced by
MUC1, mice were treated as described in the Methods section
and flow cytometry was used to monitor IFN-y secreting CD8" T
cell frequencies of the splenocytes in the vaccinated groups’ mice.
Results showed that only mice in the group vaccinated with
mVEGF165b + MUC1 could induce a significantly higher IFN-vy-
secreting CD8" T cell frequencies compared with the other groups
(P<0.05) (Fig. 3a and b). Additionally, anti-MUC1 sera titers
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Fig. 2. Frequency of Tregs in splenocytes and blood from experimental groups in preventative and therapeutic scenarios determined by flow cytometry. Mice (n = 3/group)
were treated as described in Methods. Splenocytes and white blood cells were harvested from the euthanized mice and incubated with anti-CD4-BV605, anti-CD25-APC and
anti-Foxp3-PE for Tregs (CD4'CD25*FoxP3") separately according to the protocol (eBioscience Cat. No. 12-5773-82). Representative Treg cells in CD4" splenocytes (a) and
blood white cells (c) (%) in the indicated groups are shown, representative dot plots of three individual experiments in each group are shown (b and d). The values are
presented as mean + SEM. P was determined by independent t test when compared to the mice immunized with PBS. Asterisks () indicate statistical significance, where

'P<0.05.
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Fig. 3. Frequency of IFN-y-secreting CD8" in splenocytes from experimental groups in preventative procedure determined by flow cytometry. Mice (n = 3/group) were treated
as described the Methods. Splenocytes were harvested from the euthanized mice on day 21 and stimulated with the presence of Brefeldin A, MUC1 peptide, and mIL 2 24 h,
then stained with the surface marker anti-Mouse CD8a PE-Cyanine7, and fixed and permeabilized, finally stained with PE anti-mouse IFN-vy. Representative dot plots of three
individual experiments in each group were shown (a). IFN-y-secreting CD8 in CD8+ splenocytes (%) in the indicated groups are shown (b). The values are presented as
mean + SEM. P was determined by independent t test when compared to the mice immunized with PBS group. (c) IgG antibody titer against BSA-MUC1 in mice immunized
with mutant VEGF165b + MUC. Each point represents the average titer calculated from duplicate samples of individual mice (n = 3) and the values represent mean + SEM.ND;

not detected. Asterisks (*) indicate statistical significance, where *P < 0.05, “P < 0.01.

detected in the V+M group much were higher than the MUC1
group in the preventive scenario. That also show co-
immunization with mVEGF165b also could also enhance the
humoral response elicited by MUC (Fig. 3c). The ELISA results
showed the titer to MUC1 was approximately 8000-fold in V+ M
group and while 2000 in the M group after the fourth immuniza-
tion in the preventive scenario (Fig. 3c).

To verify the cellular response induced by co-immunized
VEGF165 with MUCT, the direct cytolytic activity of splenocytes
of mice from different groups was analyzed 1 week after the third
immunization using LDH release assay. The splenocytes from mice
immunized with mVEGF165 + MUC1 group demonstrated a signif-
icantly higher level of cytotoxic activity against EMT6 cells stably
expressing Mucin1 than those from the mice in other groups
(P<0.05) (Fig. 4).

3.5. The intratumor tissue from the mVEGF165b + MUC1 combination
shows greater CD8" T cell infiltration

Considering that inhibition of VEGF could modulate immune
cell infiltration [27], we next investigated whether the anti-VEGF
sera elicited by mVEGF165b could promote the T cell infiltration
into tumors. Since we found that immunization with
mVEGF165b + MUC1 combination could yield a greater percentage
antigen-specific IFN-y-secreting CD8* cells in the spleen, we
explored whether there existed a corresponding higher CD8" dis-
tribution in the tumors. We found that there was no difference
on the CD8" distribution between benign glands and tumor inter-
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Fig. 4. . CTL activity against mucinl-expressing EMT6 cells. Mice were vaccinated
three times as described in preventive scenario, then spleen cells from each
vaccinated group were used as effector cells. Mucin1-expressing EMT6 cells were
used as target cells. In vitro cytotoxicity was assessed with LDH release method
(Asterisks (*) indicate statistical significance, where *P < 0.05.). One representative
experiment of two is shown.

faces among each vaccinated group; however, there was a signifi-
cantly greater number of CD8" in the tumor centers of mVEGF165b
+MUC1 group compared with A, P and M groups (P<0.01), V
groups (P<0.05) (Fig. 5). Additionally, the tumor from the
mVEGF165b group also showed a significantly greater T cell infil-
tration compared with A, P and M groups (P < 0.05).
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Fig. 5. The CD8 T cell infiltration into tumor centers. CD8 T cell staining of murine breast cancers overexpressing MUC1, showing infiltration of CD8 -lymphocyte clusters
infiltrating in the center of breast cancers of various experimental groups. The arrow denotes the CD8*-positive cells, only cells along or within tumor centers were counted.
Asterisks (") indicate statistical significance, where P < 0.05, P < 0.01. Scale bars under 100-fold magnification are 10 um, Scale bars under 400-fold magnification are 40 pm.

3.6. mVEGF165b + MUC1 combination immunization induces a
stronger anti-tumor effect in both the preventative and therapeutic
scenarios

Given that MUC1 immunization has been used to treat Mucin1-
overexpressing tumors in animal experiments and clinical trials to
treat Mucinl-overexpressing tumors, we evaluated whether co-
immunization with mVEGF165b could induce a robust anti-
tumor response in both the preventative and therapeutic scenarios.
As depicted in Fig. 6a and 6b, MUC1 vaccination alone was associ-
ated with no apparent anti-tumor activity, while immunization
with mVEGF165b + MUC1 combination showed a stronger inhibi-
tory effect in both scenarios compared with the control groups
and those immunized with mVEGF165b or MUC1 alone and also
prolonged the life-span of the tumor-bearing mice (for the thera-
peutic scenario, an extra PD1-PDL1 inhibitor injected 3 days after
each immunization) (Fig. 6¢ and 6d). We also found that immu-
nization with mVEGF165b + MUC1 could significantly reduce the
tumor area in a mouse breast lung metastasis model under preven-
tive scenario compared with other groups (P < 0.05) (Supplemen-
tary Fig S5).

3.7. Using mVEGF165b as immunization adjunct does not affect wound
healing and fertility in mice

Considering that the angiogenesis plays a vital role in the pro-
cess wound healing and embryonic implantation, we evaluated
the impact of immunization with mVEGF165b on the process of
wound healing and embryonic implantation. Compared with the
control group, we found no obvious changes on the wound healing
timespan and farrowing rate between the vaccinated groups con-
taining mVEGF165b and the control group. Furthermore, there
were also no obvious changes on the fur, body weight, and appetite
in the two groups. Results from H&E sections from the main organs
including heart, lung, stomach and liver also showed no pathomor-
phological changes or differences between the two groups. How-
ever, the volumes of the spleens from the mVEGF165-vaccinated
groups were significantly larger than in those lacking mVEGF165b
(Supplementary Fig. S4).

4. Discussion

The efficacy of cancer vaccines can be hampered by tumor
immune suppression. VEGF has been shown to exhibit immuno-
suppressive properties in addition to its pro-angiogenic activities

[4,6,8,28]. In this way, neutralizing circulating VEGF or inhibiting
the VEGF-VEGEFR signal axis have been demonstrated to be benefi-
cial in counteracting tumor-induced immune suppression and
inhibiting tumor angiogenesis [7]. Terme et al. (2013) and WADA
et al (2009) found that using bevacizumab, a monoclonal antibody
targeting VEGF-A specifically, could inhibit tumor-induced regula-
tory T cell proliferation [29,7]. There is growing amount of evi-
dence that reducing Tregs ratio and attenuating their suppressive
activity can promote the antitumor immune response [30,31]. In
the present study, Herein, mVEGF165b was used as an adjunct to
yield a high-titer anti-VEGF antibody, the latter lower immune tol-
erance by decreasing Tregs frequencies and augment the frequen-
cies of antigen-specific IFN-y secreting T cells and humoral
immune response elicited by peptide tumor vaccine MUC1. Addi-
tionally, the antibody targeting VEGF generated by mVEGF165b
also promoted the infiltration of T cells. All in all, using
mVEGF165b as an adjunct improve the anti-tumor immune
response.

Admittedly, the percentage of Treg cells is fairly constant in
naive mice, and only after the third immunization in the preventa-
tive scenario did the frequency of Tregs decrease. Nevertheless, in
the therapeutic scenario, after the second immunization, the fre-
quency of Treg cells of the tumor-bearing mice decreased. This is
consistent with a previous report that showed the percentage of
Tregs tended to decrease in the tumor-bearing mice [7]. It may
explained that VEGFR-1 or -2 is only expressed in a small propor-
tion of Tregs in healthy mice, while their expression was elevated
in tumor-bearing mice [7].

VEGF has also been shown to be a main molecule in the
immuno-suppressive tumor microenvironment by inhibiting den-
dritic cell maturation [4], immunosuppressive accumulation of
tumor-associated macrophages (TAM) and Tregs [32,22]. Addition-
ally, VEGF-A has also been shown to suppress the migration and
activation of CTLs [6]. In theory, VEGF antibody elicited by mutant
VEGF165b should have an inhibitory effect on the above-
mentioned immuno-suppressive cells in tumors not just on Tregs;
However, additional studies are needed to address this hypothesis.

In the therapeutic scenario, we used the mVEGF165b combined
with MUCI, resulting in significant retardation of the tumor
growth compared with the PBS, MUC1, and adjuvant groups. How-
ever, this mVEGF165b and MUC1 combination did not significantly
augment mice survival rates. Meanwhile extra i.p. administration
of PD1-PDL1 inhibitors 3 days after each vaccination significantly
increased the survival rates of the mVEGF165b group and
mVEGF165b + MUC1 group. We deduced that without PD1-PDL1
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Fig. 6. Administration of the mVEGF165b and MUCT significantly slow down tumor growth and prolong the survival rates in both the preventative and therapeutic scenarios.
(a) Tumor mean volume kinetics + standard deviation of the mean (+SEM) in the preventive scenario (n = 7). (b) Survival rates various groups in the preventive scenario. (c)
Tumor mean volume kinetics + standard deviation of the mean (+SEM) (n = 7) in the therapeutic scenario. (d) Survival rates various groups in the therapeutic scenario.

Asterisks () indicate statistical significance, where P < 0.05.

inhibitors, the CTLs elicited by vaccine could be exhausted or
become anergic by the tumor immuno-suppressive microenviron-
ment, whereas PD1-PDL1 signaling inhibition prolonged the bioac-
tivity of cytotoxic T cells. Duraiswamy et al. (2014) demonstrated
that dual blockade of PD1 and CTLA-4 combined with a tumor vac-
cine could effectively restore the T cell rejection function in tumors
[33]. Further, Moynihan et al. (2016) combined IL-2 and anti-PD1
and a powerful T cell vaccine in an optimized order and eradicated
large, established tumors in mice [34]. These results indicate that
blockage of PD1 function after tumor vaccine immunization can
achieve a significant therapeutic benefit. Therefore, successful
immune therapy not only requires the induction of an effective T
cell response but also a response that can maintain the activity
of T cells in the tumor deposits. Slingluff (2011) also suggested that
a peptide vaccine combined with other immunologically active
agents to block immunoregulatory mechanisms might be an essen-
tial prerequisite for successful immune therapy [35].
Unexpectedly, the vaccination with the combination of
mVEGF165b and MUC1 did not attain optimal anti-tumor efficacy
because our main aim was to explore whether mVEGF165b could
be used an adjunct to decrease the immuno-suppressive status
with a peptide vaccine. We only optimized the amount of
mVEGF165b but not the amount of MUC1 in the combination. In
addition, in theory, immunization with any VEGF-A-related iso-
forms or mutants should achieve similar effects to those of
mVEGF165b because all VEGF-A isoforms possess exons 1-5; thus,
their differences lie in the presence or absence of exons 6-8 [36].
In conclusion, our study offers direct evidence that co-
immunized mVEGF165b with a peptide-based vaccine could aug-
ment the MUC1 induced T cell response and humoral immune

response through decrease of the immuno-tolerance and enhance-
ment of the infiltration of CD8" cells into the tumor center. The
other advantage of using mVEGF165b as an adjunct to generate
anti-VEGF antibody to decrease Tregs percentages could be in its
prevention of the occurrence of autoimmune-mediated side effects
often associated with total Treg depletion by other small molecule
inhibitors. In the future, we consider that mVEGF165b or other
VEGF A isoforms could be used as an ideal adjunct with other types
of tumor vaccines due to its dual anti-tumor efficacy. In all, our
study provides a potentially promising combinatorial regimen for
cancer immunotherapy.
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