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Abstract

Vascular endothelial growth factor receptor-2 (VEGFR-2)
has been shown to play a major role in inducing the full
spectrum of VEGF biological response which is essential
for tumor angiogenesis. We have demonstrated that im-
munotherapy of tumors with a vaccine based on quail
homologous VEGFR-2 (qQVEGFR) was effective in provid-
ing both protective and therapeutic antitumor immunity
in several tumor models in mice. The purpose of this
study was to determine whether the combination thera-
py of low-dose gemcitabine with qVEGFR as a vaccine
could inhibit tumor growth to a greater extent. To test
this concept, H22 hepatoma and Lewis lung carcinoma
models were established in BALB/c mice and C57BL/6
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mice, respectively. Mice were treated with either
gqVEGFR as a protein vaccine, gemcitabine, or both
agents together. qVEGFR or low-dose chemotherapy
treatment individually resulted in tumor inhibition to a
certain extent. Remarkably, the combination therapy re-
sulted in synergistic antitumor activity. Histological ex-
amination revealed that there was endothelial deposi-
tion ofimmunoglobulins within tumor tissues from mice
treated with vaccine or combination therapy, especially
intratumor angiogenesis was suppressed more signifi-
cantly for the combination group. Also, ELISPOT analy-
sis showed that mice treated with either qVEGFR alone
or in combination with low-dose chemotherapy pro-
duced similar amount of anti-VEGFR antibody-produc-
ing B cells, which suggested that low-dose gemcitabine
did not suppress the host’s immune response, but po-
tentiated the antitumor activity of the gVEGFR vaccine.
Furthermore, TUNEL staining demonstrated a signifi-
cant increase in the number of TUNEL-positive cells in
the combination group compared with those of other
groups. The observations may provide a new bio-che-
motherapeutic approach for cancer.
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Introduction

New blood vessel formation, or angiogenesis, plays an
important role in both tumor growth and metastasis [1].
As a strategy of cancer therapy, antiangiogenic therapy
attempts to stop new vessels from forming around a tu-
mor and break up the existing network of abnormal cap-
illaries that feeds the cancerous mass [2, 3]. Vascular en-
dothelial growth factor receptor-2 (VEGFR-2) is the main
receptor responsible for the angiogenic activity of VEGF
[4]. Recent results from our laboratory have shown that
immunotherapy of tumors with a vaccine based on quail
homologous VEGFR-2 (QVEGFR) resulted in both pro-
tective and therapeutic antitumor effect through the in-
duction of autoimmunity against VEGFR-2 in mice [5].

It is well known that tumors and metastases originate
as small avascular masses [6]. In the absence of local neo-
vascular formation, tumors may not grow beyond 2-3
mm in diameter [7]. Although antiangiogenic and -vas-
cular therapy have shown both protective and therapeutic
antitumor effect to varying extents [8, 9], cancer therapy
targeting only tumor-existing vessels or tumor angiogen-
esis may not eradicate the tumor completely. Chemother-
apy is one of the mainstays for cancer therapy. However,
acquired drug resistance is one of the major reasons which
account for the limited advances in cancer chemotherapy
[10]. Also, toxicity, sometimes even unbearable, is an-
other major problem in the chemotherapy of cancer.
Thus, it is conceivable that antiangiogenic or -vascular
therapy combined with chemotherapy may exert greater
effect on tumor growth, even eliminate tumor. Recently,
many researches based on this strategy did show better
effect than either therapy alone [11-13].

Gemcitabine is a new deoxycytidine analog that inhib-
its DNA synthesis. After cellular uptake, gemcitabine is
phosphorylated to its active metabolites, which inhibits
DNA chain elongation, leading to DNA fragmentation
and cell death. Gemcitabine has shown cytotoxicity
against a wide range of cancer cell lines in vitro and a
number of murine and human tumors in vivo [14, 15].

In this study, we decided to test the effect of combina-
tion treatment of tumors with low-dose gemcitabine and
qVEGEFR as a vaccine in mice.

Materials and Methods

Vaccine Preparation

The qVEGFR was prepared as described by us previously [5].
Briefly, A PCR-amplified cDNA clone encoding the N-terminal
134-417 amino acid residues of extracellular domains of gVEGFR-
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2 (Quek-1) was inserted into pQE30 expression vector (Qiagen Inc.,
Chatsworth, Calif., USA). The ligated DNA was used to transform
Escherichia coli IM109 strains. The correct transformant was cul-
tured for recombinant protein expression by adding isopropyl-3-D-
thiogalactoside. Recombinant proteins were purified from the bac-
terial lysates by affinity chromatography on a nickel-nitrilotriacetic
acid gel matrix (Qiagen Inc.). Thereafter, the purified proteins were
extensively dialyzed to allow refolding. The refolded proteins were
further purified by ion exchange and gel filtration chromatography,
then lyophilized and stored in 4°C.

Design of Animal Experiment

Female mice at 6-8 weeks of age were transplanted with 1 X
10° live tumor cells. The Lewis lung carcinoma (LL/2) model was
established in syngeneic C57BL/6 mice, and H22 hepatoma model
in syngeneic BALB/c mice. After the tumors had grown for 7 days,
the mice were randomly divided into the following 4 groups of 10
animals each. Group 1, combination of low-dose gemcitabine and
gVEGEFR vaccine, mice received qVEGFR vaccine plus low-dose
gemcitabine as follows: day 0 (7 days after tumor cell injection),
qVEGFR vaccine was injected subcutaneously (s.c.) once a week
for 4 weeks with a dose of 10 pg per mouse. At day 7 (14 days after
tumor cell injection), 20 mg/kg of gemcitabine was injected by in-
traperitoneal (i.p.) route at an interval of every 3 days for a total of
4 doses. Group 2, VEGFR vaccine alone, mice received gVEGFR
vaccine in a scheme as that in group 1, but not gemcitabine. Group
3, low-dose gemcitabine alone, mice received the same dose of gem-
citabine in a scheme as that in group 1, but not gVEGFR vaccine.
Group 4, untreated group, mice received sterile normal saline s.c.
as the scheme of vaccination and i.p. as the scheme of gemcitabine
in the group 1, respectively. Tumor growth was evaluated every 4
days, and tumor volumes were calculated according to the formula:
Tumor volume (mm?®) = /6 X length (mm) x width (mm) x width
(mm). All studies involving mice were approved by the institute’s
Animal Care and Use Committee.

B-Cell ELISPOT Assay

B-cell ELISPOT assay was used to detect and enumerate anti-
VEGFR antibody-producing B cells (APBCs) [16]. Briefly, polyvi-
nylidene-difluoried-bottomed 96-well filtration plates (Millipore
Cor., Bedford, Mass., USA) were coated with 30 pg/ml of recom-
binant mouse VEGFR protein. Mononuclear cells prepared from
spleen were incubated on the plates at 37°C for 4 h. IgG bound to
the membrane was revealed as spots using alkaline-phosphatase-
conjugated anti-mouse IgG antibodies.

Immunohistochemistry

To identify the endothelial deposition of autoantibody, immu-
nofluorescent staining was performed as described previously [5].
Briefly, frozen sections were fixed in acetone, washed with PBS,
and incubated with goat FITC-conjugated antibody against mouse
IgG, IgA, or IgM (Sigma, St.Louis, Mo., USA). Slides were exam-
ined by fluorescence microscopy. For the determination of vessel
density in tumor tissue, the sections were processed and stained
with rat anti-mouse CD31 antibody by an avidin-biotin-peroxidase
method using VECTASTAIN Elite ABC KIT (Vector Laboratories
Burlingame, Calif., USA), following the manufacturer’s instruc-
tions. Microvessel density (MVD) was determined by counting the
number of microvessels per high-power field in the sections as de-
scribed [17].
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Apoptosis Detection

TUNEL staining was performed using an In Situ Cell Death
Detection Kit AP (Roche Molecular Biochemicals, Indianapolis,
Ind., USA) following the manufacturer’s protocol. It is based on the
enzymatic addition of digoxigenin-nucleotide to the nicked DNA
by terminal deoxynucleotidyl transferase. The results were imaged
in a Nikon (ECLIPSE E600) fluorescence microscope and the apop-
totic index was calculated as a ratio of the apoptotic cell number to
the total cell number in each field.

Calculation of Synergistic Indexes

Mean values of tumor volume, MVD, and cell apoptosis were
used for calculation of correspondent synergistic indexes using the
methods described before [18]. Briefly, the observed relative ratio
of tumor volume, MVD, and cell apoptosis in each treatment group,
was obtained by dividing its mean value by that in the untreated
control group. The expected relative ratio of the combination treat-
ment group was obtained by timing the observed relative ratio of
the low-dose gemcitabine treatment group to that of gVEGFR vac-
cine treatment group. Then the correspondent synergistic index of
tumor volume and MVD was obtained by dividing the expected
relative ratio by the observed relative ratio, whereas the synergistic
index of apoptosis was obtained by dividing the observed relative
ratio by the expected relative ratio. The example for calculation of
synergistic index of tumor volume was more detailed in table 1. An
index of greater than 1 indicates a synergistic effect; otherwise an
index of less than 1 indicates a less than additive effect.

Statistic Analysis

For comparison of individual time points, ANOVA and an un-
paired Student’s t test were used. Survival curves were constructed
according to the Kaplan-Meier method. Statistical significance was
determined by the log-rank test. p values <0.05 were considered
significant.

Results and Discussion

Combination of Low-Dose Gemcitabine and

qVEGFR Inhibited Tumor Growth Synergistically

and Led to Prolonged Survival

The treatment began on the 7th day after the mice were
transplanted with tumor cells. QVEGFR or low-dose
gemcitabine treatment resulted in tumor inhibition to a
certain extent. Remarkably, the combination therapy re-
sulted in significant antitumor activity (fig 1). Mice treat-
ed with either low-dose gemcitabine or qVEGFR showed
an appreciable decrease in mean tumor volume com-
pared with those of control group during treatment pe-
riod, but without complete tumor regression. After treat-
ment, the tumor residues of mice of low-dose chemother-
apy group grew progressively again and tumor-bearing
mice died successively due tolarge tumor burden. In com-
parison with the low-dose chemotherapy group, the mice
immunized with QqVEGFR had a relatively smaller mean
tumor volume and longer survival. However, in combina-

Combination Therapy Induces Synergistic
Antitumor Activities

Table 1. Synergistic indexes of combination treatment calculated
by relative ratio of tumor volume (RRTV)?

Day® Gem- qVEGFR  Combination treatment  Index?
citabine RRTV
RRTV expected® observed expected RRTV/

RRTV RRTV observed RRTV

Lewis lung carcinoma model

30 0.17 0.33 0.05 0.13 0.38

34 0.35 0.40 0.14 0.16 0.87

38 0.85 0.44 0.37 0.17 2.18

42 1.26 0.52 0.65 0.18 3.61

46 1.37 0.56 0.77 0.19 4.05

H22 hepatoma model

30 0.18 0.32 0.05 0.13 0.38

34 0.35 0.39 0.14 0.17 0.82

38 0.80 0.45 0.36 0.21 1.71

42 1.51 0.58 0.88 0.25 3.52

46 1.58 0.69 1.09 0.29 3.89

2 RRTV = (mean tumor volume experimental)/(mean tumor
volume untreated on day 30). ® Day after tumor cell transplanta-
tion. ¢ (RRTV of gemcitabine) x (RRTV of qVEGFR vaccine).
4 Obtained by dividing the expected RRTV by the observed RRTV.
An index of greater than 1 indicates a synergistic effect; an index
of less than 1 indicates a less than additive effect.

For example, the observed mean tumor volumes (mean value
of 10 mice in the Lewis lung carcinoma model; shown in fig. 1a) on
day 30 after tumor cell injection were: 466.1 (combination treat-
ment group); 1,152.3 (QVEGFR vaccine group); 619.3 (gemcitabi-
ne treatment group) and 3,529.5 (untreated control group).

The following numbers shown in row 1 of table 1(under Lewis
lung carcinoma model) were calculated based on the above value:
0.17=619.3/3,529.5 (the observed relative ratio of the gemcitabine
treatment group); 0.33 = 1,152.3/3,529.5 (the observed relative ra-
tio of the qVEGFR vaccine treatment group); 0.05 =0.17 x 0.33
(the expected relative ratio of the combination treatment group);
0.13 = 466.1/3,529.5 (the observed relative ratio of the combina-
tion treatment group); 0.38 = 0.05/0.13 (the synergistic index of the
combination treatment group).

tion treatment group, complete tumor eradication was
observed in 3 of 10 mice bearing Lewis lung carcinoma
and 1 of 10 mice bearing H22 hepatoma (fig. 1 a, b). The
tumor growth inhibition in mice which received combi-
nation therapy was remarkable and was maintained even
at day 100 after tumor cell injection. The relative ratio of
tumor volume of the combination group showed a syner-
gistic relationship about 38-40 days later after tumor cell
transplantation (table 1) in both tumor models. In addi-
tion, the survival of the tumor-bearing mice treated in the
experiment showed similar results to that of the tumor
growth (fig. 1 c, d).
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Fig. 1. Antitumor effect of qVEGFR in 80 4 80
combination with gemcitabine in 2 murine
tumor models. Mice (10 mice in each group) = o
treated with qVEGFR in combination with S 60
gemcitabine (@), VEGFR (@), gemcitabi- 2
ne alone (M), or saline (A) at day 7 after s.c. 2 40 40
inoculation of 1 x 10° LL/2 (a and ¢) and @
hepatoma cells (b and d). The results are
expressed as mean + SEM. * Indicated sig- 20 20 7
nificant difference when compared with the
untreated group (p < 0.05). Also, combined 0 0 . . —
therapy with qVEGFR and gemcitabine re- 10 20 30 40 50 10 20 30 40 50
sulted in the prolongation of the survival c Days after tumor cell injection d Days after tumor cell injection

compared with the control groups in both
tumor models (p < 0.01, by log-rank test).

The mice treated with low-dose chemotherapy plus
gVEGFR have been investigated for potential toxicity.
There was no more significant body weight loss between
combination and single-agent group. The only side effect
observed in mice treated with gemcitabine was less feed-
ing, which was both minor and transient, compared with
mice which received no chemotherapy. No adverse con-
sequences were indicated in other gross measures such as
ruffling of fur, lifespan, and behavior. Furthermore, no
pathological changes in liver, lung, kidney, spleen, brain
and heart, etc. were found by microscopic examination.

Combination Therapy Had No Inhibitory Effect on

Anti-VEGFR Antibody Formation

Anti-VEGFR APBCs were detected by ELISPOT. The
number of APBCs was elevated in the spleens of mice
immunized with qVEGFR, compared with those in non-

84 Oncology 2005;69:81-87

immunized groups. At the same time, the number of
APBCs of mice belonging to the combination group was
comparable with that of mice belonging to qVEGFR im-
munized group, which suggested that low-dose chemo-
therapy had no inhibitory effect on mice immune re-
sponse to qVEGFR immunization (fig. 2a). To identify
the possible deposition of autoantibodies within tumor
tissues, we investigated the tissues by immunofluores-
cence staining. There was the endothelial deposition of
IgG within tumor tissues from qVEGFR-immunized
mice (fig. 2b, ¢), but not from nonimmunized mice
(fig. 2d, e). Also, no IgM- or IgA-specific fluorescence was
found. In addition, no dectectable deposition of autoan-
tibodies was found within the major organs, such as kid-
ney, liver, spleen, brain, etc., in the immunized or nonim-
munized mice.

Hou et al.
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Fig. 2. The identification of autoantibodies on the endothelial cells by fluorescence microscopy and the analysis
of anti-qVEGFR antibody-producing B cells by ELISPOT assay. Mice burdened with LL/2 tumor were killed
on day 35 after tumor cell injection. Quantification of the number of B cells secreting antibodies specific for
qVEGFR were analyzed by ELISPOT, as described in Materials and Methods. Data was represented as the mean
+ SD values for each group (a). The deposition of autoantibodies on the endothelial cells from mice immunized
with qVEGFR was observed by immunofluorescent staining without using primary antibody (b and ¢). No fluo-
rescent signal was detected within the tumor tissues from control groups (d and e).
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Fig. 3. Inhibition of angiogenesis within tumors from combination-treated mice was estimated by immunohisto-
chemical analysis. The frozen sections of LL/2 tumor tissues were obtained from mice treated with gVEGFR and
gemcitabine (a), gVEGFR (b), gemcitabine alone (c), and saline (d). Vessel density (e) was determined by count-
ing the number of the microvessels per high-power field (hpf) in the section with an antibody reactive to CD31,
as described in Materials and Methods.
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Fig. 4. Induction of tumor cell apoptosis by the combined therapy with qVEGFR and gemcitabine. Apoptosis
was estimated by TUNEL assay, as described in Materials and Methods. The frozen sections of LL/2 tumor tis-
sues were obtained from mice at day 35 after tumor cell injection. Apoptotic tumor cells were elevated within
tumor tissues obtained from mice treated with qVEGFR in combination with gemcitabine (a), compared with
control groups (b-d). The apoptotic index was calculated as a ratio of the apoptotic cell number to the total cell

number in each field (e).

Combination Therapy Resulted in Synergistic

Inhibition of Tumor Angiogenesis

Angiogenesis within tumor tissue was estimated by
counting the number of microvessels on the section
stained with an antibody reactive to CD31. The combi-
nation treatment with low-dose chemotherapy and
gVEGEFR (fig. 3a) resulted in synergistic inhibition of an-
giogenesis in tumors (synergistic index = 1.07), compared
with either agent alone or normal saline (fig. 3b—d). Sim-
ilar findings were confirmed in 2 tumor models.

Combination Therapy with Low-Dose Gemcitabine

and qVEGFR Increased Tumor and Endothelial Cell

Apoptosis

VEGE is a very specific mitogen for vascular endothe-
lial cells. It also functions as a potent antiapoptotic factor
for endothelial cells in newly formed vessels [19]. Inhibi-
tion of VEGF/VEGFR signal transduction by anti-
VEGEFR antibody induced by qVEGFR immunization
resulted in increased endothelial cell apoptosis. Also,
gemcitabine has been identified as an apoptosis-inducing
agent [20, 21]. Thus, in comparison with single agent
alone or normal saline (fig. 4b—d), the combination ther-
apy (fig. 4a) resulted in more apoptosis of both endothe-
lial (data not shown) and tumor cells which could be de-
tected by TUNEL staining under fluorescence micro-
scope. The apoptotic index was calculated as a ratio of
the apoptotic cell number to the total cell number in each
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field (fig. 4e). The apoptotic index showed a significant
synergistic effect (the synergistic index = 1.54). These re-
sults suggest that the increased apoptosis of tumor and
endothelial cell may play an important role in the en-
hanced antitumor activity of combination therapy.

The mechanism responsible for the interaction be-
tween qVEGFR and low-dose chemotherapy may in-
volve a synergistic antiangiogenic effect and synergistic
apoptosis of both tumor and endothelial cells. On one
hand, previous study from our laboratory has proved that
the protein vaccine QqVEGFR could induce both protec-
tive and therapeutic antitumor immunity. Autoimmune
response against mouse VEGFR-2 (Flk-1) may be pro-
voked in a cross-reaction by the immunization with
gVEGEFR vaccine, and the induction of the autoantibody
response to Flk-1, which is responsible for VEGFR-in-
duced antitumor activity, may involve CD4+ T lympho-
cytes. On the other hand, being cytotoxic agents, low-dose
chemotherapy with gemcitabine could interfere with
DNA synthesis and induce DNA breakage, thus cause
tumor cell apoptosis [13-15, 20].

Our data indicated that low-dose gemcitabine and xe-
nogeneic qVEGFR vaccine could potentiate each other’s
antitumor activities, which were demonstrated in the syn-
ergistic indexes of MVD and cell apoptosis. It has been
reported that gemcitabine could result in downregulation
of tumor-cell-produced VEGF by way of inducing tumor
cell apoptosis [21]. Also, gVEGFR immunization in-
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duced the response of autoantibodies to Flk-1. The above
two effects may contribute to the synergistic inhibition of
tumor angiogenesis. On the other hand, autoantibodies
against Flk-1 induced by qVEGFR immunization could
block the VEGF/VEGEFR signal transduction and might
lead to the apoptosis of endothelial cells [19]. Thus, tumor
cells could not acquire necessary oxygen and nutrients,
which would result in more tumor cell apoptosis. There-
fore, the interaction between qVEGFR and low-dose

side effects.

gemcitabine showed a significant synergistic effect in the
increased amount of cell apoptosis.
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