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Abstract
BACKGROUND & AIM: Aflibercept known as ziv-aflibercept in the United States is a soluble decoy receptor of both
vascular endothelial growth factor (VEGF) receptor-1 and -2 known to inhibit the binding of VEGF and placental
growth factor (PlGF) to VEGF receptor-1 and -2. Here, we analyzed the mechanisms of the antitumor effects of
aflibercept in mouse hepatoma models. METHODS: In in vitro studies, we determined the effects of aflibercept on
human umbilical vein cell (HUVEC) proliferation and bone marrow (BM) cell differentiation to endothelial progenitor
cells (EPCs). In in vivo experiments, aflibercept was injected intraperitoneally in hepatoma cell tumor-bearing mice,
and its inhibitory effects on tumor growth and BM cell migration to tumor tissues were evaluated. RESULTS:
Aflibercept suppressed phosphorylation of VEGF receptor-1 and -2 in HUVEC and dose-dependently inhibited
VEGF-induced HUVEC proliferation. It suppressed the differentiation of BM cells to EPCs and migration of BM cells
to tumor tissues. It also suppressed tumor growth and prolonged survival time of tumor-bearing mice without side
effects. In tumor tissues, aflibercept upregulated the expression of hypoxia inducible factor1-α, VEGF, PlGF,
fibroblast growth factor-2, platelet derived growth factor-BB, and transforming growth factor-α and reduced
microvascular density. It also reduced sinusoidal density in noncancerous liver tissues. CONCLUSIONS: Our
results demonstrated potent antitumor activity for aflibercept in a mouse model of hepatocellular carcinoma.
These effects were mediated through inhibition of neovascularization, caused by inhibition of endothelial cell
proliferation, EPC differentiation, and BM cell migration to tumor tissues.
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Introduction
Neovascularization is an important process in solid tumor growth [1].
The presence of a highly upregulated angiogenesis process results in
the formation of abnormal and leaky vessel structures, which induce
abnormal blood flow [2,3]. Vascular endothelial growth factor
(VEGF) family members [e.g., VEGFs-A to -E and placental growth
factor (PlGF)-1 and -2] are potent angiogenic factors [4,5]. Recent
studies have suggested that circulating bone marrow (BM)–derived
endothelial progenitor cells (EPC) as well as other BM cells migrate
into tumor tissues to support neovascularization and tumor
development [6–8]. The migration of EPC and other BM cells is
mainly regulated by the local release of VEGF, PlGF, and stromal
derived factor-1 in tumor tissues [7,9,10].
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Hepatocellular carcinoma (HCC) is a common solid tumor and a
major cause of cancer-related death globally [11]. Although the portal
blood supply to HCC is predominant at the early stage of
hepatocarcinogenesis, HCC ultimately becomes a highly vascular
tumor with the development of neoarteries in parallel with tumor
growth [12,13]. Several reports have stressed the role of VEGF in
such neovascularization process [14,15].

Targeting tumor vasculature as adjunct anticancer therapy was first
advocated by Folkman in 1971 [16]. Since then, numerous
antiangiogenic agents have been used clinically and/or preclinically
to investigate the benefits of such approach in various types of tumors.
Because advanced HCC is a hypervascular tumor, antiangiogenic
therapy might be particularly suitable so as to prevent or halt tumor
growth and even promote tumor regression or dormancy. In 2008,
the therapeutic use of sorafenib, an inhibitor of VEGF receptor-2
(VEGFR)-2, platelet-derived growth factor (PDGF), and Raf/MEK/
ERK signaling, was approved for patients with advanced HCC [17].
However, the therapeutic efficacy of sorafinib proved to be limited.

Aflibercept, a new antiangiogenic agent, is a soluble decoy VEGFR
constructed by fusing the second Ig domain of VEGFR-1 and the
third Ig domain of VEGFR-2 with the constant region (Fc) of human
IgG1 [18]. Because PlGF binds specifically to VEGFR-1 and VEGF
binds to VEGFR-1 and -2, aflibercept shows one-to-one high-affinity
binding to all isoforms of VEGF and PlGF [19,20]. Clinical
randomized phase 3 trial using aflibercept has been performed for
several solid cancers except HCC [21,22]. Then, aflibercept has been
approved by the US Food and Drug Administration for metastatic
colorectal cancer in 2012 [23]. This approval is based on the results of
a randomized, double-blind, placebo-controlled, multicenter trial
enrolling patients with metastatic colorectal cancer, which showed
that a statistically significant improvement of overall survival was
observed in patients in the chemotherapy plus ziv-aflibercept group
compared with the chemotherapy plus placebo group (hazard ratio,
0.82) [24].

In the present study, we investigated the antitumor effects and
antiangiogenic mechanisms of aflibercept in a mouse hepatoma
model. The results demonstrated that aflibercept suppressed tumor
development by inhibiting neovascularization through the suppres-
sion of proliferation of vascular endothelial cells, migration of BM
cells to tumor tissue, and differentiation of EPC.

Materials and Methods

Reagents, Cells, and Animals
Human umbilical vein endothelial cells (HUVECs), mouse

hepatoma cell line (Hepa 1-6), and human hepatoma cell line
(HuH-7) were obtained from CAMBREX Bio Science Walkersville
Inc. (Walkersville, MD). Human hepatoma cell lines (KYN-2 and
HAK1-B) were provided by the Department of Pathology, Kurume
University School of Medicine [25,26]. Male 5-week-old nude mice
(BALB/c nu/nu) and C57BL/6 mice were purchased from Kyudo KK
(Fukuoka, Japan). Male 5-week-old C57BL/6-Tg (act-EGFP)
C14-Y01-FM131Osb mice were generous gifts from Professor
Okabe (Genome Information Research Center, Osaka University,
Osaka, Japan) [27]. All mice were acclimatized to the new laboratory
environment and cared for in separate cages. Furthermore, all animals
received humane care according to the criteria outlined in the “Guide
for the Care and Use of Laboratory Animals” prepared by the
National Academy of Sciences and published by the National
Institute of Health. The experimental protocol was approved by the
Laboratory Animal Care and Use Committee of Kurume University.

Proliferation Assay of HUVEC and Hepatoma Cells
HUVEC and hepatoma cells (HuH-7, KYN-2, HAK1-B, Hepa1-6)

were seeded (1 × 103/well) in 96-well plate containing a suitable
medium [EGM-2 supplemented with 5% fetal bovine serum (FBS) for
HUVEC and Dulbecco’s modified Eagle’s medium with 10% FBS for
hepatoma cells]. After 24-hour incubation at 37°C, the media were
replaced with media containing various concentrations of recombinant
VEGF-165 (0, 0.1, 1, 10, 100 pM, 1 nM) (PeproTech, Inc., Rocky
Hill, NJ) or PlGF-2 (0, 0.1, 1, 10, 100 pM, 1 nM) (PeproTech, Inc.)
and 5% FBS for HUVEC cell proliferation assay. To inhibit HUVEC
and hepatoma cell proliferation, the media were replaced with media
containing various concentrations of aflibercept (0, 10, 100 pM, 1, 10,
100 nM) combined with recombinant VEGF-165 (0.2 nM) or PlGF-2
(1.0 nM), and 5%FBS. After 72-hour incubation, cell proliferation was
evaluated by the tetrazolium-based assay (Cell Count Reagent SF;
Nakalai Tesque Inc., Kyoto, Japan). The experiment has been done at
least twice to confirm reproducibility.

Colony-Forming Units (CFU) Assay of EPCs
Bone marrow cells were collected from both femurs of C57BL/6

mice, as reported by Nakamura et al. [28]. EPCs were measured
according to the methods described by Sobrino et al. [29].
Mononuclear cells (5 × 106/well) were seeded on fibronectin-
coated six-well dishes in EndoCult Liquid Medium (StemCell
Technologies, Vancouver, BC, Canada) for 2 days. Then, non-
adherent cells (1 × 106/well) were plated on fibronectin-coated
24-well dishes in a medium containing aflibercept (0, 10 nM).
Colonies formed 3 days later were counted in 10 wells of each group.
To confirm endothelial cell lineage, colonies were incubated with
rabbit anti-mouse CD31 antibody (dilution 1:100; Abcam Japan,
Tokyo, Japan) at 4°C overnight followed by incubation with
fluorescein isothiocyanate (FITC)–conjugated goat anti-rabbit IgG
(dilution 1:100; Dako, Kyoto, Japan). The experiment has been done
at least twice to confirm reproducibility.

Western Blotting of HUVEC and Hepa1-6 Cells
For the investigation of phosphorylation of VEGFR-1 and -2,

HUVEC and Hepa1-6 cells were cultured in serum-free, VEGF-free,
and PlGF-free medium for 6 hours. These cells were preincubated
with aflibercept (0, 3 nM) for 15 minutes. Then recombinant
VEGF-165 or PlGF-2 (0, 1 nM) was added for 5 minutes. Total
protein (10 μg) from each cell lysate was run on 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and blotted onto poly-
vinylidene difluoride membranes. The membranes were incubated
overnight with rabbit anti-human phosphorylated–VEGFR-1 anti-
body (Ty1213) (p-VEGFR-1) (dilution 1:500; R&D Systems, Inc.,
Minneapolis, MN), rabbit anti-human p-VEGFR-2 antibody
(Ty1175) (dilution 1:500; Cell Signaling Technology Inc., Danvers,
MA), rabbit anti-human VEGFR-1 antibody (dilution 1:200; Santa
Cruz Biotechnology, Santa Cruz, CA), and rabbit anti-mouse
VEGFR-2 antibody (dilution 1:200; Santa Cruz Biotechnology) at
4°C. After incubation with donkey anti-rabbit HRP-conjugated
antibody (dilution 1:10,000; GE Healthcare Bio-Sciences GK,
Tokyo, Japan) for 1 hour, the immunoreactive bands were stained
using the enhanced chemiluminescence Western blot analysis system
(Amersham Pharmacia Biotech, Piscataway, NJ).



Table 1. Tumor Growth in Three Different Mouse Xenograft Models and Effects of Treatment
with Aflibercept.

Baseline PBS
Group

Baseline Aflibercept
Group

After 3 Weeks
PBS Group

After 3 Weeks
Aflibercept Group

HAK1-B 73.0 ± 21.0 75.2 ± 11.5 213 ± 71.9 15.4 ± 6.6 *
HuH-7 88.2 ± 6.0 92.1 ± 5.6 1,003 ± 573 75.1 ± 23.7 *
Hepa1-6 80.3 ± 14.6 71.7 ± 13.5 1,025 ± 1,013 60.0 ± 42.9 *

Data are mean ± SD of tumor volume (mm3) of six mice per group.
* P b .05, compared with the PBS group at 3 weeks of treatment.
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Figure 1. Inhibitory effects of aflibercept on cell proliferation and phosphorylation of VEGFR-1 and -2.HUVECs were cultured in media
containing aflibercept (0-100 nM); FBS; and (A) VEGF 0.2 nM, (B) PlGF 1.0 nM, or (C) VEGF, PlGF 0 nM. Seventy-two hours after
incubation, cell proliferation was evaluated by a tetrazolium-based assay. (C) HUVECs were cultured in media containing aflibercept and
VEGF. (1) Control, (2) aflibercept, (3) VEGF, (4) VEGF/aflibercept, (5) PlGF, (6) PlGF/aflibercept. (D) BM-derived mononuclear cells were
collected from both femurs of C57BL/6 mice. The expressions of VEGFR-1, VEGFR-2, VEGF, and PlGF were measured by Western
blotting. (F) Images of colony formation assay of EPC in each control and aflibercept-treated group. Statistical comparisons with the
control, *P b .05, by Mann-Whitney U test, **P b .05, by Kruskal-Wallis test. n.s., not significant.
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Protocols of Tumor Growth Studies of Subcutaneous Tumor
Model

Nude mice were anesthetized and then injected with 5 × 106

HuH-7, HAK1-B, KYN-2, or Hepa1-6 cells subcutaneously into the
dorsal portions. The tumor-bearing mice of HuH-7, HAK1-B, and
Hepa1-6 cells were randomly divided into phosphate-buffered saline
(PBS)–administered groups and 25.0 mg/kg body weight (BW)
aflibercept-treated groups. On the other hand, the tumor-bearing
mice of KYN-2 cells were randomly divided into four treatment
groups: one PBS-administered group and three aflibercept-treated



0

1

2

3

4

T
um

or
 v

ol
um

e 
ra

tio

HHAK1-B

0 3 6 9 12 15 18 21
0

4

8

12

16

20

0 3 6 9 12 15 18 21

T
um

or
 v

ol
um

e 
ra

tio

HuH-7

*
*

***
**

*

*****

(A) (B)

: Control

: Aflibercept, (25 mg/kg BW)

: Control

: Aflibercept, (25 mg/kg BW)

Time (days) Time (days)

*p<0.05 *p<0.05

0

5

10

15

20

25

T
um

or
 v

ol
um

e 
ra

tio

0 3 6 9 12 15 18 21

Hepa 1-6

5

Aflibercept, (12.5 mg/kg)

: Aflibercept, (25 mg/kg)10

15

0 3 6 9 12 15 18 21
0

T
um

or
 v

ol
um

e 
ra

tio

KYN-2

(C) (D)

****** * * * * * *

* * * *

*
**

**

**

: Control

: Aflibercept, (25 mg/kg BW)

: Control
: Aflibercept, (25 mg/kg BW) :start at day 9
: Aflibercept, (6.25 mg/kg BW)
: Aflibercept, (12.5 mg/kg BW)
: Aflibercept, (25 mg/kg BW)

Time (days) Time (days)

*p<0.05

*, **p<0.05

Figure 2. Aflibercept suppresses tumor growth in hepatoma-bearing mice.Data are mean ± SD and expressed relative to the values
immediately after the initiation of treatment (n= 6 per group). (A) HAK1-B cells, (B) HuH-7 cells, (C) Hepa1-6 cells. Initial treatment started
when the average tumor size was 50 to 100 mm3. *P b .05, compared with PBS-treated mice (by Mann-Whitney U test). (D) KYN-2 cells.
Tumor-bearing mice were treated with aflibercept (0-25 mg/kg BW) every 3 days. Gray line represents tumor volume in mice that initiated
aflibercept treatment at day 10. Statistical comparisons with PBS-treated mice, *P b .05, by Mann-Whitney U test, **P b .05, by
Kruskal-Wallis test.
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groups (6.25, 12.5, 25.0 mg/kg BW). Treatment was initiated when
the average tumor size reached 50 to 100 mm3, and included
intraperitoneal injection of aflibercept or PBS every 3 days. To
Table 2. Changes in Tumor Growth in KYN-2 Xenograft Mice Treated with PBS and Three
Different Doses of Aflibercept.

Baseline After 3-Week Treatment

PBS 72.8 ± 14.0 789 ± 354
6.25 mg/kg BW aflibercept 70.3 ± 18.9 299 ± 318 *
12.5 mg/kg BW aflibercept 79.3 ± 15.8 121 ± 57.2 *
25 mg/kg BW aflibercept 73.2 ± 13.4 77.7 ± 53.5 *

Data are mean ± SD (mm3) of six mice of each group.
* P b .05, compared with the PBS group at 3 weeks.
evaluate the therapeutic efficacy of aflibercept in large tumor (i.e.,
equivalent to advanced HCC), treatment with aflibercept was
initiated at 25.0 mg/kg BW in another group of tumor-bearing
mice at day 9. Tumors size was measured by calipers in two
dimensions every 3 days for 3 weeks, and tumor volume was
calculated using the following equation: length × width2 × 0.52. Each
treatment group consisted of six mice. Tumor volume ratio was
calculated by average tumor volume in each measured date/average
tumor volume in the initial treatment date.

Protocols of Growth and Survival Studies of Liver Tumor Model
Nude mice were injected with 2 × 106 KYN-2 cells into the liver.

The mice were randomly divided into PBS-administered group (n =
6) and aflibercept-treated group (25 mg/kg BW, n = 6). Seven days
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later, the mice were treated with aflibercept once every 3 days for 3
weeks. They were subsequently sacrificed at day 28, and tumor
volume was evaluated. Serum levels of alpha fetoprotein (AFP) were
measured at the time of sacrifice by radioimmunoassay.
For survival studies, KYN-2 cells were inoculated into another

group of 12 nude mice, which was later divided at random into the
control group (PBS-administered, n = 6) and aflibercept-treated
group (25 mg/kg BW, n = 6). Mice were sacrificed when the clinical
signs of weakness, anorexia, and/or N20% weight loss were noted.

Assessment of Microvascular Density, Plasma VEGF and
PlGF, and Peripheral Free Aflibercept Levels of Subcutaneous
Tumor Model
Sections of Hepa1-6 cell tumor tissues and nontumor liver tissues

from mice treated with aflibercept (6.25, 12.5, 25 mg/kg BW) or PBS
were incubated overnight with rabbit anti-mouse CD31 antibody at
4°C. Then, the sections were incubated with FITC-conjugated goat
anti-rabbit IgG. CD31-positive blood vessels in tumor tissues and
sinusoids in noncancerous liver tissues were counted in 60 and 25
blindly selected random fields (z-series, 63× oil magnification),
respectively.

Peripheral free aflibercept levels in Hepa1-6 cell tumor-bearing
mice treated with aflibercept (6.25, 12.5, 25 mg/kg BW) were
measured by ELISA [18,19] at the time of sacrifice. Plasma VEGF
and PlGF levels were also measured by ELISA in mice treated with
aflibercept (0, 25 mg/kg BW).

Western Blotting of Tumor Tissues from Subcutaneous Tumor
Model

Hepa1-6 cell tumor tissues were obtained at sacrifice. Total protein
(50 μg) from Hepa 1-6 cell tumor tissues was run on 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis and blotted onto
polyvinylidene difluoride membrane. The membrane was incubated
overnight with rabbit anti-human p-VEGFR-1 antibody, rabbit
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Figure 4. Effects of aflibercept on phosphorylation of VEGFR-1 and -2, and expression of HIF1-α, VEGF, and PlGF in tumor tissues.(A)
Western blot analysis of pVEGFR-1, pVEGFR-2, VEGFR-1, and VEGFR-2 in Hepa1-6 cell tumor tissue. Lanes 1 to 6, tumor tissues of mice
treated with PBS; lanes 7 to 12, tumor tissues of mice treated with aflibercept (25 mg/kg BW). (B) Western blot analysis of HIF1-α, VEGF,
and PlGF expression in Hepa1-6 cell tumor tissue. Lanes 1 to 6, tumor tissues of mice treated with PBS; lanes 7 to 12, tumor tissues of
mice treated with aflibercept (25 mg/kg BW). The quantified graphs were shown. (C) Quantitative real-time PCR analysis of EGF, FGF-2,
PlGF, HGF, VEGF, Ang-1, Ang-2, PDGF-BB, and TGF-α expression.EGF, epidermal growth factor; HGF, hepatocyte growth factor.
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anti-human p-VEGFR-2 antibody, rabbit anti-human VEGFR-1
antibody, rabbit anti-mouse VEGFR-2 antibody, rabbit anti–hypoxia
inducible factor-α (HIF1-α) antibody (Abcam Japan), rabbit
anti-human VEGF antibody (Abcam Japan), rabbit anti-human
PlGF-2 antibody (Abcam Japan), and goat anti-actin antibody (Santa
Cruz Biotechnology) at 4°C. After incubation with donkey
anti-rabbit HRP-conjugated antibody or donkey anti-goat HRP
antibody (dilution 1:2,000; Nacalai Tesque Inc., Kyoto, Japan) for 1
hour, immunoreactive bands were stained by enhanced chemilumi-
nescence Western blot analysis system.

QuantitativeReal-TimePolymeraseChainReaction (PCR)Analysis
Total RNA of Hepa1-6 cell tumor tissues was isolated according to

the Isogen method (Nippon Gene, Tokyo, Japan). One microgram of
total RNA was reverse transcribed by the TaqMan Reverse
Transcription Reagents kit (Applied Biosystems, Foster City, CA)
using random hexamer primers according to the manufacturer's
instructions. The following TaqMan Gene Expression Assays were
purchased: hgf (Assay ID Mm 01135193_m1), plgf (Assay ID Mm
00435613_m1), fgf-2 (Assay ID Mm 00433287_m1), vegf-a (Assay
ID Mm 01281449_m1), angiopoietin (ang)-1 (Assay ID Mm
00456503_m1), ang-2 (Assay ID Mm 00545822_m1), tgf-α
(Assay ID Mm 000446232_m1), and pdgf-bb (Assay ID Mm
00440677_m1). The levels of PCR products were monitored with a
StepOnePlus Real-Time PCR System (Applied Biosystems). The
baseline and threshold values were adjusted according to the
instructions provided by the manufacturer. The abundance of
transcripts was expressed relative to the constitutive expression level
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of glyceraldehyde-3-phosphate dehydrogenase (gapdh: Assay ID
Mm00433859_m1).

Migration of BM-Derived Cells to Tumor Tissues
BM-derived mononuclear cells (5 × 106) of C57BL/6-Tg

(act-EGFP) C14-Y01-FM131Osb mice were injected into irradiated
C57BL/6 mice through the tail vein. Six weeks later, 5 × 106

Hepa1-6 cells were implanted subcutaneously into the dorsal
portions. The tumor-bearing mice were randomly divided into
nontreated group, PBS-administered group, and aflibercept-treated
(25.0 mg/kg BW) group. Before the application of any treatment,
tumors of nontreated mice were fixed with 3.7% (vol/vol)
formaldehyde. After 3-week treatment, tumors of PBS- and
aflibercept-treated mice were harvested and fixed with 3.7%
formaldehyde. Sections of tumor tissues were incubated with
FITC-conjugated goat anti–green fluorescent protein (GFP) antibody
(dilution 1: 100; Abcam Japan) for 1 hour at room temperature.
GFP-positive cells in tumor tissues were counted in 10 blindly
selected random fields (z-series, 63× oil magnification).

Measurement of Serum Alanine Aminotransferase (ALT)
Level, BM Functions, and BW of Liver Tumor Model
Leukocyte count, platelet count, hemoglobin (Hb) level, and

serum ALT level were measured at the time of sacrifice. BW was
evaluated at the time of initial administration and at sacrifice.

Statistical Analysis
All data were expressed as mean ± SD. Differences between groups

were examined for statistical significance using the Mann-Whitney U
test, the Kruskal-Wallis rank test, and the log-rank test. A P value less
than .05 denoted the presence of a statistically significant difference.

Results

Effect of Aflibercept for Endothelial Cell and Hepatoma Cell in
Cell Proliferaton Assay

VEGF at ≥100 pM stimulated HUVEC proliferation. However, PlGF
did not induce cell proliferation when used at concentrations up to 1 nM.
Under 0.2-nM VEGF stimulation, aflibercept dose-dependently sup-
pressed VEGF-induced HUVEC proliferation (IC50 = 34 pM) up to 1
nM, then reached a plateau. Aflibercept had no effect on proliferation of
HUVEC incubated with PlGF and control (without VEGF and PlGF)
(Figure 1,A–C). Aflibercept did not suppress the proliferation of hepatoma
cell lines (KYN-2, HuH-7, HAK1-B, and Hepa1-6) (data not shown).

Aflibercept Suppresses the Phosphorylation of VEGFR-1 and -2
on Endothelial Cells

VEGF stimulation upregulated the phosphorylation of VEGFR-1
and -2 on HUVEC and hepatoma cells. On the other hand, PlGF
stimulation upregulated the phosphorylation of VEGFR-1 only.
Aflibercept significantly inhibited the VEGF-stimulated phosphory-
lation of VEGFR-1 and -2 as well as the PlGF-stimulated
phosphorylation of VEGFR-1 but had no effect on the expression
of total VEGFR-1 or -2 in the same cells (Figure 1D).

Aflibercept Inhibits Differentiation of BM-Derived Cells to EPCs
BM-derived mononuclear cells expressed VEGFR-1 and -2. The

same cells also produced VEGF-A and PlGF (Figure 1E). After 5-day
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culture, BM-derived mononuclear cells differentiated and formed
colonies of EPCs (7.8 ± 2.3 CFU/well). However, aflibercept
significantly inhibited EPC colony formation (3.8 ± 1.1 CFU/well)
(Figure 1F).

Anti-tumor Effect of Aflibercept for Hepatoma Cells in
Subcutaneous Tumor Model

In HAK1-B-, HuH-7-, and Hepa1-6-xenograft models, there were
no significant differences of tumor volume at baseline between
PBS-administrated group and 25 mg/kg BW aflibercept-treated
group. Three weeks later, tumor growth was significantly suppressed
in all mice groups treated with 25 mg/kg BW aflibercept compared
with the respective PBS-administered groups (Table 1). Changes in
tumor volume ratio are depicted in Figure 2, A–C.

In the KYN-2 xenograft model, there were no differences in tumor
volume at baseline between the PBS-administered group and
aflibercept-treated groups. Three weeks later, aflibercept significantly
suppressed tumor growth dose-dependently (Table 2) (Figure 2D). In
another experiment, treatment commenced when the mean tumor
volume was N350 mm3. The tumor volume at baseline was 360.5 ±
168.2 mm3. After 12 days of treatment, it decreased to 230.0 ± 141.3
mm3 in the 25 mg/kg BW aflibercept-treated group (Figure 2D).
These results indicate that aflibercept significantly suppresses tumor
growth of hepatoma cells in a dose-dependent manner and also
suppresses the growth of advanced tumors.

Aflibercept Suppresses Tumor Growth of Hepatoma Cells and
Serum AFP Levels, and Prolongs Survival of Tumor-BearingMice

Although liver tumors were noted in each mouse (Figure 3, A and
B), in mice inoculated with KYN-2 cells, the tumor volume was
significantly lower in 25 mg/kg BW aflibercept-treated mice than
control mice (PBS, 1317 ± 661; aflibercept, 114 ± 115 mm3)
(Figure 3C).

Serum AFP level was also significantly lower in the
aflibercept-treated group than the control (PBS, 31,237 ± 12,929;
aflibercept, 1422 ± 881 ng/ml).
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The survival time of aflibercept-treated mice (range, 60-69 days;
median survival time, 68 days) was significantly longer than that of
PBS-administered group (40-61 days; 52 days) (Figure 3D). In this
study, all tumor-bearing mice died of tumor progression.

Aflibercept Suppresses Phosphorylation of VEGFR-1 and -2
and Neovascularization, and Upregulates Expression of HIF1-
α and Angiogenic Growth Factors
Treatment with 25 mg/kg BW aflibercept upregulated plasma

levels of VEGF (PBS, 0.010 ± 0.008; aflibercept, 0.087 ± 0.045 nM)
and PlGF (PBS, 0.0084 ± 0.0064; aflibercept, 0.266 ± 0.010 nM). In
tumor tissues of Hepa1-6 cells, aflibercept significantly suppressed the
phosphorylation of VEGFR-1 and -2 and upregulated the expression
of HIF1-α, VEGF, and PlGF (Figure 4, A and B). Real-time PCR
analysis showed that treatment with 25 mg/kg BW aflibercept
significantly upregulated the expression of fibroblast growth factor-2
(FGF-2), PlGF, VEGF, PDGF-BB, and transforming growth factor
(TGF)–β mRNAs. It also downregulated the expression of Ang-2
mRNA (Figure 4C).
Quantitative analysis of the number of tumor vessels showed that

aflibercept dose-dependently suppressed neovascularization compared
with the control (Figure 5, A–C). In nontumor liver tissues,
aflibercept also reduced sinusoidal density dose-dependently
(Figure 5D).
Peripheral free aflibercept level at sacrifice was 73.0 ± 34.8, 184 ±

139, and 454 ± 273.6 nM in 6.25, 12.5, and 25 mg/kg BW
aflibercept-treated mice, respectively (n = 3).

Aflibercept Inhibits Migration of BM-Derived Mononuclear
Cells to Tumor Tissues
GFP-positive BM-derived cells were identified in tumor

tissues of Hepa1-6 cells (Figure 6A). The mean number of such
cells was 100 ± 12/high-power field at baseline, but aflibercept
significantly suppressed the migration of these cells to tumor tissues
(Figure 6B).
Effects of Aflibercept on Leukocyte Count, Hb Levels, Platelet
Count, Serum ALT, and BW in Tumor-Bearing Mice

Treatment with aflibercept did not significantly alter leukocyte
count, platelet count, and Hb levels compared with the control
(Figure 7, A–C). Serum ALT levels and BW were not significantly
different in mice free of tumors and in PBS-administered and
25 mg/kg BW aflibercept-treated tumor-bearing mice (Figure 7, D
and E).

Discussion
The following were the main findings of the present study: 1)
aflibercept significantly suppressed VEGF-induced endothelial cell
proliferation, 2) aflibercept dose-dependently suppressed tumor
growth, 3) the latter effect was mediated through inhibition of
tumor-related neovascularization, and 4) aflibercept did not alter
proliferation of hepatoma cells. These results suggest that the
anticancer effects of aflibercept in our mouse model are mediated
through inhibition of VEGFR signaling-induced tumor
neovascularization.

Neovascularization in solid tumors is induced by several
mechanisms, such as sprouting, intussusceptions, and/or co-option
of local vasculature, and incorporation of BM-derived cells, such as
EPCs [1,8]. The possible mechanisms of vascular growth inhibition
of aflibercept are the following: 1) direct suppression of endothelial
cell proliferation, 2) inhibition of differentiation of BM cells to EPC,
and 3) inhibition of BM cell migration to tumor tissues. VEGFR-1
binds to VEGF with affinity of approximately 10 times that of
VEGFR-2, but its signal-transducing properties are extremely weak
[30]. Deletion of VEGFR-1 in the mouse embryo is lethal because of
vascular overgrowth and disorganization induced by upregulation of
VEGFR-2 signaling [31], whereas loss of the tyrosine kinase domain
of VEGFR-1 alone produces a nearly healthy phenotype with normal
vasculature [32]. In the present study, PlGF did not stimulate
endothelial cell proliferation as reported in the previous study [33].
These findings imply that although VEGF and PlGF phosphorylate
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VEGFR-1, VEGFR-2 signaling by VEGF mainly promotes endo-
thelial cell proliferation [30]. VEGF (0.2 nM)-induced proliferation
of HUVEC was completely inhibited by 1 nM of aflibercept in our in
vitro study. Because aflibercept binds to VEGF at a rate of 1:1 [19],
the concentration of peripheral free aflibercept in aflibercept-treated
mice (6.25 mg/kg BW) was sufficient to induce complete suppression
of endothelial cell proliferation. If this is true, why were the
suppressive effects of aflibercept on tumor neovascularization and
tumor growth dose-dependent? Two possibilities exist. The first is the
difference in concentrations of aflibercept and VEGF in peripheral
blood compared with those in tumor tissues. The other is that
aflibercept does not completely bind to VEGF in the presence of even
sufficient concentrations of aflibercept.
Circulating EPC levels are significantly elevated in patients with
advanced HCC compared with patients with early resectable HCC,
patients with liver cirrhosis, and healthy controls [34]. We also
reported previously that EPCs injected into the circulation migrated
to tumor tissues of hepatoma cells and participated in neovascular-
ization [35]. Whyte et al. reported that VEGF-A was strongly induced
by Notch [36]. Coordinated Jagged-1–mediated Notch signaling and
VEGF signaling direct cell differentiation to EPCs in the BM [37]. In
our in vitro study, the addition of aflibercept to media containing
VEGF inhibited the differentiation of BM-derived cells to EPCs.
Aflibercept binds to VEGF, leading to inhibition of VEGF signaling
in BM-derived cells, with subsequent suppression of BM cells
differentiation to EPCs.
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In the present study, BM-derived cells migrated to tumor tissues.
Previous studies showed that the proportions of tumor-associated
macrophages (TAM) and cancer-associated fibroblasts (CAF) were
BM derived [38,39]. CAF, TAM, and other BM-derived cells
participate in tumor neovascularization [8]. CAF and TAM secrete
numerous growth factors, including VEGF, and participate in
neovascularization, EPC recruitment, and tumor cell survival
[40–42]. In the present study, BM-derived cells expressed
VEGFR-1 and -2 and also produced PlGF and VEGF. PlGF
produced in tumor tissues participates in the recruitment of
VEGFR-1+ angiocompetent BM-derived cells, which mostly indi-
rectly promote neovascularization by secreting angiogenic factors
[43]. In comparison, VEGF mainly recruits VEGFR-2+ EPCs from
the BM to sites of tumor neovascularization [5]. In our in vivo study,
serum aflibercept level was high enough to bind to VEGF and PlGF
in the circulation. Thus, it seems that aflibercept binds to VEGF and
PlGF and then inhibits the mobilization and recruitment of
BM-derived cells to tumor tissues.
Our results also showed that aflibercept upregulated HIF1-α

expression in tumor tissues, in addition to the expression of VEGF,
PlGF, FGF-2, PDGF-BB, and TGF-α. Aflibercept-induced suppres-
sion of neovascularization in tumor tissues should result in reduced
local blood supply, leading to a worsened state of tumor tissue
hypoxia. Hypoxic condition triggers upregulation of angiogenic
factors through upregulation of HIF1-α. Upregulated FGF-2,
PDGF-BB, and TGF-α might somewhat induce neovascularization.
Because VEGF is a major mediator of tumor neovascularization [8]
and serum aflibercept concentration was high enough to completely
bind to VEGF and PlGF in tumor-bearing mice, strong inhibition of
VEGF and PlGF signaling seems to suppress tumor neovasculariza-
tion as a whole. Aflibercept downregulated Ang-2 expression. In the
absence of VEGF, Ang-2 is known to promote endothelial cell
apoptosis and vessel regression [44,45]. Based on the inhibitory effect
of aflibercept on VEGF signaling, tumor tissue might downregulate
Ang-2 expression to resist the antiangiogenic effect of aflibercept.
In the orthotopic liver tumor xenograft model, which mirrors the

clinical course of hepatoma more accurately than the subcutaneous
xenograft model, aflibercept did not only induce the suppression of
tumor growth without severe side effects but also improved survival.
In addition, aflibercept also suppressed the growth of large tumors.
These findings suggest that aflibercept is potentially useful for patients
with advanced HCC. However, in this study, we used xenograft
HCC models and thus could not evaluate the effects of liver cirrhosis
on treatment outcome. In fact, the results showed that aflibercept
reduced sinusoidal density in the noncancerous liver tissue. In our
mouse hepatoma model, noncancerous liver tissue was normal. Thus,
aflibercept had no effect on liver function even though sinusoidal
density and sinusoidal blood flow were diminished. Further
investigation using HCC model with liver cirrhosis is required before
any clinical application of aflibercept is possible.
In recent clinical studies on the use of aflibercept in patients with

brain tumors, the most common side effects that resulted in
discontinuation of aflibercept were fatigue, thromboembolic compli-
cations, wound healing complications, and central nervous system
ischemia [46]. Coleman et al. reported that the side effects associated
with aflibercept included grade 1 and 2 hypertension and grade 2
proteinuria in patients with ovarian cancer and fallopian tube cancer.
We did not experience any severe adverse events in tumor-bearing
nude mice [47]. These differences could represent species differences.
Aflibercept is not a multisignaling inhibitor, like sorafenib, but only
inhibits VEGFR-1 and -2 signaling. Accordingly, it might have less
severe side effects compared with other antiangiogenic multimolec-
ular targeting agents.

In conclusion, we have demonstrated in the present study that the
antitumor effects of aflibercept in mouse hepatoma model are based
on inhibition of neovascularization through the suppression of
endothelial cell proliferation, BM cell differentiation to EPCs, and
BM-derived cell migration to tumor tissues.

Acknowledgements
The authors would like to thankDr. JohnRudge andDr.DonnaHylton
from Regeneron Oncology and Angiogenesis for kindly providing
aflibercept, Dr. Tasha N. Sims from Translational Science, Clinical
Oncology, Regeneron pharmaceuticals, Inc., for helpful discussions.

This study was partly supported by JSPS KAKENHI Grant
Number 25461018 to T.T. and 15K21555 to H.I. from the Ministry
of Education, Science, Sports and Culture of Japan.
References
[1] Weis SM and Cheresh DA (2011). Tumor angiogenesis: molecular pathways and

therapeutic targets. Nat Med 17, 1359–1370.
[2] Jain RK (2005). Normalization of tumor vasculature: an emerging concept in

antiangiogenic therapy. Science 307, 58–62.
[3] Greenberg JI, Shields DJ, Barillas SG, Acevedo LM, Murphy E, Huang J,

Scheppke L, Stockmann C, Johnson RS, and Angle N, et al (2008). A role for
VEGF as a negative regulator of pericyte function and vessel maturation. Nature
456, 809–813.

[4] Hicklin DJ and Ellis LM (2005). Role of the vascular endothelial growth factor
pathway in tumor growth and angiogenesis. J Clin Oncol 23, 1011–1027.

[5] Ellis LM and Hicklin DJ (2008). VEGF-targeted therapy: mechanisms of
anti-tumour activity. Nat Rev Cancer 8, 579–591.

[6] Pollard JW (2004). Tumour-educated macrophages promote tumour progres-
sion and metastasis. Nat Rev Cancer 4, 71–78.

[7] Grunewald M, Avraham I, Dor Y, Bachar-Lustig E, Itin A, Jung S, Yung S,
Chimenti S, Landsman L, and Abramovitch R, et al (2006). VEGF-induced
adult neovascularization: recruitment, retention, and role of accessory cells. Cell
124, 175–189.

[8] Kerbel RS (2008). Tumor angiogenesis. N Engl J Med 358, 2039–2049.
[9] Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N, Kleinman

ME, Capla JM, Galiano RD, Levine JP, and Gurtner GC (2004). Progenitor cell
trafficking is regulated by hypoxic gradients through HIF-1 induction of SDF-1.
Nat Med 10, 858–864.

[10] Fischer C, Jonckx B, Mazzone M, Zacchigna S, Loges S, Pattarini L,
Chorianopoulos E, Liesenborghs L, Koch M, and De Mol M, et al (2007).
Anti-PlGF inhibits growth of VEGF(R)-inhibitor-resistant tumors without
affecting healthy vessels. Cell 131, 463–475.

[11] Starley BQ, Calcagno CJ, and Harrison SA (2010). Nonalcoholic fatty liver disease
and hepatocellular carcinoma: a weighty connection. Hepatology 51, 1820–1832.

[12] Kudo M (2006). Early detection and characterization of hepatocellular
carcinoma: value of imaging multistep human hepatocarcinogenesis. Intervirology
49, 64–69.

[13] Kudo M, Hatanaka K, Inoue T, and Maekawa K (2010). Depiction of portal
supply in early hepatocellular carcinoma and dysplastic nodule: value of pure
arterial ultrasound imaging in hepatocellular carcinoma. Oncology 78(Suppl. 1),
60–67.

[14] Miura H,Miyazaki T, KurodaM, Oka T,Machinami R, Kodama T, ShibuyaM,
Makuuchi M, Yazaki Y, and Ohnishi S (1997). Increased expression of vascular
endothelial growth factor in human hepatocellular carcinoma. J Hepatol 27,
854–861.

[15] Torimura T, Sata M, Ueno T, Kin M, Tsuji R, Suzaku K, Hashimoto O,
Sugawara H, and Tanikawa K (1998). Increased expression of vascular
endothelial growth factor is associated with tumor progression in hepatocellular
carcinoma. Hum Pathol 29, 986–991.

[16] Folkman J (1971). Tumor angiogenesis: therapeutic implications. N Engl J Med
285, 1182–1186.

http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0005
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0005
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0010
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0010
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0015
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0015
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0015
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0015
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0020
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0020
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0025
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0025
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0030
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0030
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0035
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0035
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0035
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0035
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0040
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0045
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0045
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0045
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0045
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0050
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0050
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0050
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0050
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0055
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0055
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0060
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0060
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0060
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0065
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0065
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0065
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0065
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0070
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0070
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0070
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0070
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0075
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0075
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0075
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0075
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0080
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0080


424 Antiangiogenic Effects of Aflibercept in a Mouse Model of HCC Torimura et al. Neoplasia Vol. 18, No. 7, 2016
[17] Llovet JM, Di Bisceglie AM, Bruix J, Kramer BS, Lencioni R, Zhu AX, Sherman
M, Schwartz M, Lotze M, and Talwalkar J, et al (2008). Design and endpoints of
clinical trials in hepatocellular carcinoma. J Natl Cancer Inst 100, 698–711.

[18] Holash J, Davis S, Papadopoulos N, Croll SD, Ho L, Russell M, Boland P,
Leidich R, Hylton D, and Burova E, et al (2002). VEGF-Trap: a VEGF blocker
with potent antitumor effects. Proc Natl Acad Sci U S A 99, 11393–11398.

[19] Rudge JS, Holash J, Hylton D, Russell M, Jiang S, Leidich R, Papadopoulos N,
Pyles EA, Torri A, and Wiegand SJ, et al (2007). VEGF Trap complex
formation measures production rates of VEGF, providing a biomarker for
predicting efficacious angiogenic blockade. Proc Natl Acad Sci U S A 104,
18363–18370.

[20] Ciombor KK, Berlin J, and Chan E (2013). Aflibercept. Clin Cancer Res 19,
1920–1925.

[21] Rougier P, Riess H, Manges R, Karasek P, Humblet Y, Barone C, Santoro A,
Assadourian S, Hatteville L, and Philip PA (2013). Randomised, placebo-con-
trolled, double-blind, parallel-group phase III study evaluating aflibercept in
patients receiving first-line treatment with gemcitabine for metastatic pancreatic
cancer. Eur J Cancer 49, 2633–2642.

[22] Tannock IF, Fizazi K, Ivanov S, Karlsson CT, Fléchon A, Skoneczna I, Orlandi
F, Gravis G, Matveev V, and Bavbek S, et al (2013). Aflibercept versus placebo in
combination with docetaxel and prednisone for treatment of men with metastatic
castration-resistant prostate cancer (VENICE): a phase 3, double-blind
randomised trial. Lancet Oncol 14, 760–768.

[23] FDA approves aflibercept (Zaltrap) for metastatic colorectal cancer. Oncology
(Williston Park) 26, 842 [873].

[24] Van Cutsem E, Tabernero J, Lakomy R, Prenen H, Prausová J, Macarulla T,
Ruff P, van Hazel GA, Moiseyenko V, and Ferry D, et al (2012). Addition of
aflibercept to fluorouracil, leucovorin, and irinotecan improves survival in a phase
III randomized trial in patients with metastatic colorectal cancer previously
treated with an oxaliplatin-based regimen. J Clin Oncol 30, 3499–3506.

[25] Yano H, Maruiwa M, Murakami T, Fukuda K, Ito Y, Sugihara S, and Kojiro M
(1988). A new human pleomorphic hepatocellular carcinoma cell line, KYN-2.
Acta Pathol Jpn 38, 953–966.

[26] Yano H, Iemura A, Fukuda K, Mizoguchi A, Haramaki M, and Kojiro M (1993).
Establishment of two distinct human hepatocellular carcinoma cell lines from a
single nodule showing clonal dedifferentiation of cancer cells. Hepatology 18,
320–327.

[27] Okabe M, Ikawa M, Kominami K, Nakanishi T, and Nishimune Y (1997).
'Green mice' as a source of ubiquitous green cells. FEBS Lett 407, 313–319.

[28] Nakamura T, Torimura T, Sakamoto M, Hashimoto O, Taniguchi E, Inoue K,
Sakata R, Kumashiro R, Murohara T, and Ueno T, et al (2007). Significance and
therapeutic potential of endothelial progenitor cell transplantation in a cirrhotic
liver rat model. Gastroenterology 133, 91–107.e101.

[29] Sobrino T, Hurtado O, Moro MA, Rodríguez-Yáñez M, Castellanos M, Brea D,
Moldes O, Blanco M, Arenillas JF, and Leira R, et al (2007). The increase of
circulating endothelial progenitor cells after acute ischemic stroke is associated
with good outcome. Stroke 38, 2759–2764.

[30] Ferrara N, Gerber HP, and LeCouter J (2003). The biology of VEGF and its
receptors. Nat Med 9, 669–676.

[31] Fong GH, Rossant J, Gertsenstein M, and Breitman ML (1995). Role of the
Flt-1 receptor tyrosine kinase in regulating the assembly of vascular endothelium.
Nature 376, 66–70.
[32] Hiratsuka S, Minowa O, Kuno J, Noda T, and Shibuya M (1998). Flt-1 lacking
the tyrosine kinase domain is sufficient for normal development and angiogenesis
in mice. Proc Natl Acad Sci U S A 95, 9349–9354.

[33] Iwamoto H, Zhang Y, Seki T, Yang Y, Nakamura M,Wang J, Yang X, Torimura
T, and Cao Y (2015). PlGF-induced VEGFR1-dependent vascular remodeling
determines opposing antitumor effects and drug resistance to Dll4-Notch
inhibitors. Sci Adv 1, e1400244.

[34] Yang ZF and Poon RT (2008). Vascular changes in hepatocellular carcinoma.
Anat Rec (Hoboken) 291, 721–734.

[35] Torimura T, Ueno T, Taniguchi E, Masuda H, Iwamoto H, Nakamura T, Inoue
K, Hashimoto O, Abe M, and Koga H, et al (2012). Interaction of endothelial
progenitor cells expressing cytosine deaminase in tumor tissues and 5-fluor-
ocytosine administration suppresses growth of 5-fluorouracil-sensitive liver
cancer in mice. Cancer Sci 103, 542–548.

[36] Whyte JL, Ball SG, Shuttleworth CA, Brennan K, and Kielty CM (2011).
Density of human bone marrow stromal cells regulates commitment to vascular
lineages. Stem Cell Res 6, 238–250.

[37] Kwon SM, Eguchi M, Wada M, Iwami Y, Hozumi K, Iwaguro H, Masuda H,
Kawamoto A, and Asahara T (2008). Specific Jagged-1 signal from bone marrow
microenvironment is required for endothelial progenitor cell development for
neovascularization. Circulation 118, 157–165.

[38] Direkze NC, Hodivala-Dilke K, Jeffery R, Hunt T, Poulsom R, Oukrif D, Alison
MR, and Wright NA (2004). Bone marrow contribution to tumor-associated
myofibroblasts and fibroblasts. Cancer Res 64, 8492–8495.

[39] Murdoch C, Muthana M, Coffelt SB, and Lewis CE (2008). The role of myeloid
cells in the promotion of tumour angiogenesis. Nat Rev Cancer 8, 618–631.

[40] Ostman A and Augsten M (2009). Cancer-associated fibroblasts and tumor
growth–bystanders turning into key players. Curr Opin Genet Dev 19, 67–73.

[41] Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R,
Carey VJ, Richardson AL, and Weinberg RA (2005). Stromal fibroblasts present
in invasive human breast carcinomas promote tumor growth and angiogenesis
through elevated SDF-1/CXCL12 secretion. Cell 121, 335–348.

[42] Ding Y, Song N, and Luo Y (2012). Role of bone marrow-derived cells in
angiogenesis: focus onmacrophages and pericytes.CancerMicroenviron 5, 225–236.

[43] Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, De Mol M, Wu
Y, Bono F, Devy L, and Beck H, et al (2001). Synergism between vascular
endothelial growth factor and placental growth factor contributes to angiogenesis
and plasma extravasation in pathological conditions. Nat Med 7, 575–583.

[44] Hardee ME and Zagzag D (2012). Mechanisms of glioma-associated
neovascularization. Am J Pathol 181, 1126–1141.

[45] Daly C, Eichten A, Castanaro C, Pasnikowski E, Adler A, Lalani AS,
Papadopoulos N, Kyle AH, Minchinton AI, and Yancopoulos GD, et al
(2013). Angiopoietin-2 functions as a Tie2 agonist in tumor models, where it
limits the effects of VEGF inhibition. Cancer Res 73, 108–118.

[46] de Groot JF, Lamborn KR, Chang SM, Gilbert MR, Cloughesy TF, Aldape K,
Yao J, Jackson EF, Lieberman F, and Robins HI, et al (2011). Phase II study of
aflibercept in recurrent malignant glioma: a North American Brain Tumor
Consortium study. J Clin Oncol 29, 2689–2695.

[47] Coleman RL, Sill MW, Lankes HA, Fader AN, Finkler NJ, Hoffman JS, Rose
PG, Sutton GP, Drescher CW, and McMeekin DS, et al (2012). A phase II
evaluation of aflibercept in the treatment of recurrent or persistent endometrial
cancer: a Gynecologic Oncology Group study. Gynecol Oncol 127, 538–543.

http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0085
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0085
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0085
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0090
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0090
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0090
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0095
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0095
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0095
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0095
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0095
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0100
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0100
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0105
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0105
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0105
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0105
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0105
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0110
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0110
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0110
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0110
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0110
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0115
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0115
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0120
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0120
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0120
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0120
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0120
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0125
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0125
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0125
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0130
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0130
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0130
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0130
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0135
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0135
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0140
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0140
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0140
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0140
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0145
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0145
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0145
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0145
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0150
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0150
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0155
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0155
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0155
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0160
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0160
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0160
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0165
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0165
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0165
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0165
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0170
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0170
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0175
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0175
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0175
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0175
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0175
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0180
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0180
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0180
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0185
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0185
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0185
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0185
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0190
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0190
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0190
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0195
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0195
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0200
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0200
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0205
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0205
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0205
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0205
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0210
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0210
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0215
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0215
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0215
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0215
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0220
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0220
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0225
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0225
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0225
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0225
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0230
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0230
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0230
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0230
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0235
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0235
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0235
http://refhub.elsevier.com/S1476-5586(16)30038-0/rf0235

	Antiangiogenic and Antitumor Activities of Aflibercept, a Soluble VEGF Receptor-1 and �-�2, in a Mouse Model of Hepatocellu...
	Introduction
	Materials and Methods
	Reagents, Cells, and Animals
	Proliferation Assay of HUVEC and Hepatoma Cells
	Colony-Forming Units (CFU) Assay of EPCs
	Western Blotting of HUVEC and Hepa1-6 Cells
	Protocols of Tumor Growth Studies of Subcutaneous Tumor Model
	Protocols of Growth and Survival Studies of Liver Tumor Model
	Assessment of Microvascular Density, Plasma VEGF and PlGF, and Peripheral Free Aflibercept Levels of Subcutaneous Tumor Model
	Western Blotting of Tumor Tissues from Subcutaneous Tumor Model
	Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis
	Migration of BM-Derived Cells to Tumor Tissues
	Measurement of Serum Alanine Aminotransferase (ALT) Level, BM Functions, and BW of Liver Tumor Model
	Statistical Analysis

	Results
	Effect of Aflibercept for Endothelial Cell and Hepatoma Cell in Cell Proliferaton Assay
	Aflibercept Suppresses the Phosphorylation of VEGFR-1 and �-�2 on Endothelial Cells
	Aflibercept Inhibits Differentiation of BM-Derived Cells to EPCs
	Anti-tumor Effect of Aflibercept for Hepatoma Cells in Subcutaneous Tumor Model
	Aflibercept Suppresses Tumor Growth of Hepatoma Cells and Serum AFP Levels, and Prolongs Survival of Tumor-Bearing Mice
	Aflibercept Suppresses Phosphorylation of VEGFR-1 and �-�2 and Neovascularization, and Upregulates Expression of HIF1-α and...
	Aflibercept Inhibits Migration of BM-Derived Mononuclear Cells to Tumor Tissues
	Effects of Aflibercept on Leukocyte Count, Hb Levels, Platelet Count, Serum ALT, and BW in Tumor-Bearing Mice

	Discussion
	Acknowledgements
	References


