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Abstract

Accumulating evidence on the association of VEGF-C with lymphangiogenesis and
lymph node metastasis implicates lymphatic vessels as a potential target in anti-
cancer therapy. To evaluate whether blocking VEGF-C and VEGFR-3 signaling can
inhibit multi-organ metastases, a mouse metastatic mammary cancer model was sub-
jected to gene therapy using a soluble VEGFR-3 expression vector (psVEGFR-3). We
showed that psVEGFR-3 significantly diminished cell growth in vitro with or without
added VEGF-C, and significantly reduced primary tumor growth and tumor metasta-
ses to wide-spectrum organs in vivo. Although apoptotic cell death and angiogenesis
levels did not differ between the control and psVEGFR-3 groups, cell proliferation
and lymphangiogenesis in the mammary tumors were significantly decreased in the
psVEGFR-3 group. Furthermore, lymphatic vessel invasion was significantly inhib-
ited in this group. Real-time RT-PCR analysis revealed significantly high expression
of the Vegfr3 gene due to gene therapy, and the transcriptional levels of Pcna and
Lyvel tended to decrease in the psVEGFR-3 group. Immunofluorescence staining
indicated that phospho-tyrosine expression was considerably lower in tumor cells
of psVEGFR-3-treated mammary carcinomas than those of control tumors. Double
immunofluorescence staining indicated that phospho-tyrosine”/LYVE-1" (a lymphatic
vessel marker) tended to decrease in psVEGFR-3-treated mammary carcinomas com-
pared with control mice, indicating a decline in the activity of the VEGF-C/VEGFR-3
axis. These findings showed that a blockade of VEGF-C/VEGFR-3 signaling caused by
sVEGFR-3 sequestered VEGF-C and prevented the side-effects of anti-angiogenesis

and suppressed overall metastases, suggesting their high clinical significance.
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1 | INTRODUCTION

Cancer fact sheets from the World Health Organization show that
cancer is a leading cause of death worldwide, accounting for an esti-
mated 9.6 million deaths in 2018; that is, approximately 1 in 6 deaths
are attributed to cancer.! Breast cancer is the second-most preva-
lent type of cancer worldwide in women of all ages and was ranked
fifth as the cause of overall cancer mortality in 2018, when an es-
timated 2.09 million new cases corresponded to 22% of all cancers
reported globally.! The increasing incidence of breast cancer among
women under 40 y of age?? is of significant concern. As the lethality
of breast cancer is attributed to its high propensity for metastasis to
the lymph nodes, lungs, and bones,* anti-metastatic therapies are of
paramount importance.

The VEGF family participates in developmental vasculogene-
sis, physiological angiogenesis/lymphangiogenesis, and associated
pathological conditions.>® Members of the VEGF family promote
the formation of new blood and lymphatic vessels in tumor tissues,
enabling the spread of tumor cells.” Within the VEGF family, VEGF-C
has been reported to induce lymphangiogenesis by activation of
VEGFR-3 (VEGF-C receptor) that is expressed in lymphatic endothe-
lial cells.®” VEGF-C has been reported to enhance lymphatic metas-
tasis and is associated with lymphangiogenesis in animal models, %
while clinical studies indicate an association between VEGF-C over-
expression in tumors with lymph node metastasis and poor progno-
sis in breast cancer patients.***®

Blocking VEGFR-3 signaling using anti-VEGFR-3 anti-
body,“'18 small interfering RNA (siRNA),Y?2 or soluble VEGFR-3
(SVEGFR-3)?%%> has been reported to suppress tumor lymphan-
giogenesis and lymph node metastasis in animal cancer models.
sVEGFR-3 binds and sequesters VEGF-C, thereby blocking VEGFR-
3-mediated signaling. In a previous study, we developed a mouse
mammary cancer model that demonstrated metastasis of wide-spec-
trum organs,z"”27 therefore, in the current study, we attempted the
suppression of multi-organ metastasis by sVegfr3 therapy in a mouse

model of metastatic mammary cancer.

2 | MATERIALS AND METHODS
2.1 | Vectors

The sVegfr3 (nucleotides 91-2413 from murine FIt4 NM_008029)
sequence and the interleukin-2 signal sequence for secretion
(pBLAST2-mFIt4 vector) were inserted into the pUNO1 expres-
sion vector (InvivoGen Inc.). The plasmid vector is regulated by
the elongation factor-la/human T cell leukemia virus type 1 long
terminal repeat hybrid promoter and includes bla® (blasticidin re-
sistance gene). To generate the empty control vector, the sVegfr3
gene was deleted from the pBLAST2-mFIt4 vector by digestion with
Agel/Nhel. These vectors are referred to as psVEGFR-3 and pVec
(control), respectively, in this study. The vectors were isolated from

Escherichia coli (DH5a strain) and purified by a modified alkaline

lysis procedure using an endotoxin-free Plasmid Maxi Kit (Qiagen,
GmbH, Hilden, Germany) and further purified using centrifugal fil-
ters (Ultrafree-MC, Millipore).

2.2 | Cellline and animals

Mammary tumors arising from BJMC3879 cell implantation have a

high metastatic predilection for the lymph nodes and Iungs,2°'28

a
trait retained through culture. To monitor in vivo progression and
dissemination, we conducted a stable transfection of the BJMC3879
parent cell line with luc2 (improved firefly luciferase gene) and gener-
ated the BJMC3879Luc2 mammary carcinoma cell line.?? Mammary
carcinomas induced by BJMC3879Luc?2 inoculation have a mutant
p53 protein.?” BJMC3879Luc2 cells used in this study were main-
tained in Dulbecco’s modified Eagle’s medium with 10% FBS and
penicillin-streptomycin and grown at 37°C in an incubator contain-
ing 5% CO, in air.

Five-wk-old female BALB/c mice (n = 30) were purchased from
Japan SLC, Inc. Five animals were housed per plastic cage on wood
chip bedding with free access to water and food under controlled
temperature (21 + 2°C), humidity (50 + 10%), and lighting (12 h: 12 h,
light : dark cycle). All animal experiments were approved by the
Institutional Review Board of the Osaka Medical College (approval
no. 21051) and were performed according to procedures outlined in
the Guide for the Animal Care and Use of Laboratory Animals of the
Osaka Medical College.

2.3 | Study in vitro

We incubated BJMC3879Luc2 cells (1 x 10 cells) with mouse re-
combinant VEGF-C (0-200 ng/mL) in a 96-well plate in vitro to clarify
the proliferative activity of VEGF-C on mammary carcinoma cells.
Cell growth was determined after 24 h of VEGF-C addition using
water-soluble tetrazolium (WST-1), as described by the manufac-
turer (TaKaRa Bio) and with use of a microplate reader (Bio-Rad).
We then validated psVEGFR-3 vector function by transfecting
BJMC3879Luc2 cells with psVEGFR-3 or pVec (control) using a
Nucleofector (amaxa Biosystems GmbH) with or without VEGF-C
addition (100 ng/mL). Cell growth was determined 48 h post-trans-
fection as described above.

2.4 | Gene therapy with sVegfr3 in vivo

We inoculated BJIMC3879Luc2 cells (2.5 x 10° cells/0.3 ml in PBS) sub-
cutaneously into the right inguinal region of 30 female BALB/c mice. At
2 wk post-inoculation, when the resulting tumors were 0.4-0.5 cm in
diameter, the animals were allocated into 2 groups of 10 mice each (the
psVEGFR-3 or control pVec groups) to prevent variations in tumor size.
The 10 remaining mice were euthanized. Following this, we injected

psVEGFR-3 or pVec (0.5 pg/uL saline) directly into the tumors using a
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27-gauge needle while the animals were under isoflurane anesthesia.
In vivo gene electrotransfer was performed immediately afterwards by
applying a conductive gel (Echo Jelly; Aloka Co., Ltd.) topically to the
unshaved skin over the tumor and to the surface of small platinum ‘for-
ceps’ electrode plates. Electric pulses were then delivered directly into
the tumor via the plate electrodes (CUY650-10; Bex Co., Ltd.) using
a CUY21EDIT square-wave electropulser (Bex Co., Ltd.) generating 8
pulses with a pulse length of 20 ms at 100 V.28 Vector injection and
gene electrotransfer were performed once a week for 6 wk. As the
tumors grew, a volume of <150 pl of vector solution was introduced
into the larger masses, while smaller tumors that were 0.6-0.7 cm in di-
ameter were infused until we detected leakage of the vector solution;
approximately 50-75 pg of plasmid/tumor was administered, depend-
ing on tumor size.

Individual body weights were recorded weekly, along with mea-
surement of each mammary tumor using digital calipers. Primary
tumor volumes were then recorded based on the following formula:

maximum diameter x (minimum diameter)? x 0.4.%!

2.5 | Bioluminescence imaging in vivo

At experimental week 6, 6 mice from each group were anesthetized
by isoflurane inhalation using an anesthesia system (SBH Designs Inc.).
Each anesthetized mouse received an intraperitoneal injection of 3 mg
p-luciferin potassium salt (Fujifilm Wako Pure Chemical Co.) in PBS
prior to bioluminescence imaging using a Photon Imager (Biospace
Lab). After 10 min, the mice were placed on a heated platform main-
tained at 37°C inside the Photon Imager. Photon emission was dynami-
cally measured during acquisition for 5 min using the Photon Imager.
An elliptical region of interest (ROI) was drawn over the tumor and
metastatic locations for image analysis and total photon counts were

calculated using Photovision software (Biospace Lab).

2.6 | Preparation for histopathological analyses

At necropsy (after week 6), we harvested the primary tumors and
lymph nodes from the axillary and inguinal regions of all mice, along
with any other lymph nodes that appeared abnormal, and fixed the
tissues in 10% phosphate-buffered formalin solution. Lungs, kid-
neys, adrenals, ovaries, and other tissues/organs that appeared ab-
normal were routinely excised and immersed in the formalin solution
for paraffin embedding. The lungs were inflated with the fixative be-
fore excision. All FFPE tissues were cut in sequential 4-um sections
for histopathological analysis using hematoxylin and eosin (H&E) and

immunohistochemical staining.

2.7 | Immunohistochemistry

We conducted antigen retrieval (autoclaved for 10 min at 110°C)

using a Tris-EDTA buffer (pH 9.0) for all immunohistochemical
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staining procedures. The primary antibodies used were as fol-
lows: anti-PCNA rabbit polyclonal antibody (Proteintech Group,
Inc.), anti-CD31 rabbit polyclonal antibody (Lab Vision), anti-
podoplanin hamster monoclonal antibody (AngioBio Co.), and
anti-LYVE-1 rabbit polyclonal antibody (Acris Antibodies GmbH).
We incubated the slides with the corresponding biotinylated sec-
ondary antibodies using an established labeled streptavidin-bio-
tin method (Dako Co.), with exposure to 3,3'-diaminobenzidine)
(DAB) and hematoxylin counterstain for visualizing the immuno-
complexes formed.

Lymphangiogenesis is induced by VEGF-C via VEGFR-3 phos-
phorylation. The tyrosine kinase receptor for VEGF-C is VEGFR-3
and it is expressed in lymphatic endothelial cells.? However, as re-
liable antibodies against mouse phosphorylated VEGFR-3 are not
commercially available, we double stained FFPE primary tumor
sections with immunofluorescence using mouse monoclonal an-
ti-phospho-tyrosine (p-Tyr; Santa Cruz Biotechnology Inc.) and
rat monoclonal anti-LYVE-1 (Acris Antibodies GmbH) antibodies.
Unstained sections underwent antigen retrieval as mentioned above
prior to incubation with primary antibodies. The slides were exposed
to secondary antibodies anti-mouse Alexa Fluor 594 (for p-Tyr) and
anti-rat Alexa Fluor 488 (for LYVE-1) (Molecular Probes) with nu-
clear staining by mounting in medium containing DAPI (Vector
Laboratories). LYVE-1" or p-Tyr'/LYVE-1" was quantified and ex-

pressed as number per cm? tumor area.

2.8 | Apoptosis and cell proliferation

We examined FFPE primary tumor sections for quantitative analy-
ses of apoptotic cell death using TUNEL staining (Fujifilm Wako Pure
Chemical Co.). TUNEL-positive cells were enumerated only in viable
tumor regions peripheral to the central necrotic areas. We counted
TUNEL-positive cells in each of 4 randomly selected microscopic
fields (~130 000 pmz/field) of viable tissue at x200 magnification.
The results are expressed as numbers of TUNEL-positive cells per
cm?.

Primary mammary tumors were evaluated for cell proliferation
as determined by PCNA-positive nuclear staining. We counted the
numbers of PCNA-positive cells in each of 4 randomly selected mi-
croscopic fields (35 200 me/fieId) of viable tissue at high power
(x400); cell proliferation was quantitatively expressed as number

per mm?.

2.9 | Blood microvascular and lymphatic vessel
densities, and lymphatic vessel invasion

CD31 and podoplanin (or LYVE-1) are markers for blood vessel en-
dothelium and lymphatic endothelium, respectively. CD31-positive
blood microvessels in primary tumor sections were enumerated
as previously described.3? Briefly, the slides were scanned at low-

power (x100) magnification to identify areas with the highest
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number of CD31-positive vessels and 5 areas of the highest micro-
vascular density were selected for quantitation under higher (x200-
400) magnification.

To determine the lymphatic vessel density in primary tumors, we
counted the number of podoplanin- or LYVE-1-positive lymphatic
vessels in the whole tumor section and expressed as numbers per
cm?. Although carcinoma cells were not entirely detected in the
lumen of tumor blood vessels, dilated lymphatic vessels frequently
contained migrating tumor cells within the lumina (lymphatic ves-
sel invasion). To determine the number of lymphatic vessel invasion
in primary tumors, we counted the number of podoplanin-positive
lymphatic vessels containing intraluminal tumor cells in whole tumor
sections and expressed as numbers per cm?.

As the lymph nodes and lungs were the organs with greater
metastasis in the present model, and secondary invasion into
blood vessels in these organs were possibly attributed to cancer
spread, the number of blood vessels that contained intraluminal
tumor cells were counted histopathologically using H&E-stained
slides.

2.10 | Real-time RT-PCR analysis

We specifically microdissected only visible mammary carcinoma tis-
sues from FFPE tumors using a laser microdissector (LMD7000; Leica
Microsystems) as described previously,?’ to avoid including necrotic
and mesenchymal tissues in real-time RT-PCR analysis. FFPE primary
tumor tissues were analyzed using real-time RT-PCR.?” Total RNA
was extracted from FFPE tumor samples using the RNeasy FFPE Kit
(Qiagen, GmbH) and cDNAs were synthesized using a Primer Script
RT Reagent Kit with gDNA Eraser (Takara Bio). We subsequently
amplified the resulting cDNAs using a Thermal Cycler Dice Real-
time System (Takara Bio) and SYBR Premix Ex Taqgll (TaKaRa Bio).
Amplification cycles were as follows: an initial step at 95°C for 30 s,
followed by 45 cycles of 5 s at 95°C, 10 s at 58°C, and 20 s at 72°C.
The primer sequences are presented in Table 1. Relative gene expres-
sion was normalized to the housekeeping gene Gapdh (AC,) and was
calculated as fold change compared with controls using the 2744
method.®

2.11 | Statistical analysis

Mann-Whitney U-test (an unpaired group and non-parametric analy-
sis) was used to compare the quantitative data in the control and
psVEGFR-3 groups. Student t test with the Welch method, which
accounts for insufficient homogeneity of variance, was performed to
analyze the quantitative data between the control and psVEGFR-3
groups. Data were expressed as mean + SD and differences were

considered statistically significant for P < .05.

3 | RESULTS
3.1 | Studyinvitro

Figure 1A shows that BJMC3879Luc2 cell growth was increased
significantly by VEGF-C at >0.1 ng/mL, but diminished at 200 ng/
mL. The maximum effective VEGF-C dose was 100 ng/mL.
Subsequently, BJMC3879Luc2 cells were transfected with ps-
VEGFR-3 or control (pVec) vectors with or without VEGF-C addition
(100 ng/mL). The growth of BJMC3879Luc2 cells transfected with
psVEGFR-3 was significantly decreased compared with pVec alone
and significantly reduced in cells transfected with psVEGFR-3 and
VEGF-C compared with pVec and VEGF-C (Figure 1B). In addition,
the growth of cells significantly increased when transfected with
pVec + VEGF-C compared with pVec alone (Figure 1B).

3.2 | Body weights and tumor growth

One mouse in the psVEGFR-3 group died at week 2 due to an acci-
dental overdose of anesthetic during gene electrotransfer and was
excluded from analysis. At weeks 5 and 6, 3 animals from the pVec
group (control) died due to widespread metastasis of mammary
carcinoma. As shown in Figure 2A, the body weights did not differ
statistically between the groups throughout the experiment.

Primary tumor volumes are presented in Figure 2B. Compared
with control mice, the tumor volumes suppressed significantly from
weeks 2 through 6 in the psVEGFR-3 group.

TABLE 1 Mouse primer sequences for

Genes Forward primer sequences (5'—3’) Reverse primer sequences (5'>3’) real-time PCR using FFPE samples
Gapdh TGGCCTTCCGTGTTCCTACC AGCCCAAGATGCCCTTCAGT

Vegfrl CTATCGGCTGTCCATGAAA ATCCTCGGTTGTCACATCT

Vegfr2 TGATTTCACCTGGCACTC GTATTCCCCTTGGTCACTC

Vegfr3 GCATGTGCCCAGTATTGT ACGCTGCACAGATAACGAC

Vegfa CACTGGACCCTGGCTTTA TCAATCGGACGGCAGTAG

Vegfc AACGTGTCCAAGAAATCAG TGGATCACAATGCTTCAGT

Vegfd ACTTGGTGCAGGGCTTCAGG CATCGCCACAGCTTCCAGTC

Pcna TGGAGAGCTTGGCAATGG CCTCAGAGCAAACGTTAGGTG

Lyvel AAGCCTATTGCCACAACTCATC TTGCGGGTGTTTGAGTGTC

Cd31 GCCAACAGCCATTACGGTTA

GGACACTTCCACTTCTGTGTATTC
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FIGURE 1 Proliferative activities of mammary carcinoma cells transfected with sVefr3 gene and VEGF-C in vitro. A, Growth of
BJMC3879Luc? cells is significantly increased by >0.1 ng/mL, but depressed by 200 ng/mL. Maximum effective dose is 100 ng/mL. B, Cell
growth is significantly diminished by transfection with psVEGFR-3 compared with pVec (control) and with psVEGFR-3 + 100 ng/mL VEGF-C
compared with pVec + VEGF-C. In addition, cell growth is significantly increased by pVec + VEGF-C compared with pVec alone. Data
represent means + SD. **P < .01 compared with pVec or pVec + VEGF-C; tp<.01 compared with pVec

FIGURE 2 Body weights, primary
mammary tumor volumes, and photon
counts of the tumors in mice receiving
intratumoral gene through control pVec
or psVEGFR-3. A, Body weights were
similar between groups throughout the
study. B, From weeks 2-6, gains in tumor
volumes were significantly suppressed in
psVEGFR-3-treated mice versus pVec-
treated controls. C, Bioluminescence
imaging at week 6 in 6 representative
mice from each group. D, Bioluminescence
imaging indicated reduction in metastasis
expansion in the sVEGFR-3 group
compared to the control group. Data
represent the mean + SD. *P < .05; **
P<.01

3.3 | Bioluminescent imaging
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3.4 | Histopathological analysis

Bioluminescent imaging signals indicated metastatic growth in the The primary mammary tumors induced by BJMC3879Luc2 cell inoc-
mandibular, axillary, and inguinal lymphatic regions in both the ulation uniformly appeared to be adenocarcinomas with infrequent
control and therapeutic groups (Figure 2C). However, metastatic glandular formation; we observed no histopathological differences
expansion mice from the psVEGFR-3 group was significantly lower among groups (data not shown). Figure 3A,B shows representative

compared with that in control animals (Figure 2D).

lymph node metastases. The number of metastasis-positive lymph
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FIGURE 3 Metastasis to lymph nodes
and lungs in mammary carcinomas. A,
Metastasis to a lymph node in a control
mouse. Metastatic carcinoma cells filled
the subcapsular space (asterisk) and
invaded into the sinusoid space (arrows).
B, Lymph node from a mouse in the
psVEGFR-3 group. Metastatic carcinoma
cells were detected in the subcapsular
sinus (asterisk) and were absent in
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nodes per mouse was significantly reduced in the psVEGFR-3 group
compared with the control group (Figure 3C).

The macroscopic view of histopathology lung slides from all
animals indicated numerous larger metastatic foci in the control
group (Figure 3D, left panel), and fewer and smaller foci were ob-
served in the psVEGFR-3 group (Figure 3D, right panel). Metastatic
lung foci were less abundant and smaller in the psVEGFR-3 group
than the control group (Figure 3E,F). The multiplicity of the
lung metastasis 21 mm per mouse was significantly reduced in
the psVEGFR-3 group compared with that in the control group
(Figure 3G).

Metastatic foci were observed in adrenals, ovaries, and kidneys
as well. When evaluating the number of affected organs, unilateral

metastasis in bilateral organs such as kidneys was counted as 1, and

group (right panel). E, Metastatic foci in
the lungs of a control mouse observed
by light microscopy. Many metastatic
foci and small to large nodules were
observed. F, Metastatic foci in the lungs
of a mouse in the psVEGFR-3 group.
Metastatic foci were fewer and much
smaller. G, Multiplicity of lung metastatic
foci measuring 21 mm was significantly
reduced in the psVEGFR-3 group. (A, B,
D-F) H&E staining; Scale bars: (A, B, E,

F) 100 pm; (D) 1 cm. Data represent the
mean * SD. *P < .05; ** P < .01. Numerals
in parentheses indicate the number of
animals examined

bilateral metastases were counted as 2. The average number of all
organs with metastasis per mouse was significantly lower in the
psVEGFR-3 group compared with the control group (Figure 4A). In
this model, lymph nodes and lungs were the organs with higher me-
tastasis and secondary invasion into blood vessels in these organs
is possibly attributed to spread of cancer. Cancer cells present in
the lumen of the blood microvessels in the lymph nodes were ob-
served in both the control (Figure 4B) and psVEGFR-3-treated groups
(Figure 4C). The average number of blood microvessel invasions
per metastatic lymph node was similar in both groups (Figure 4D).
Although the pulmonary vein was frequently filled with cancer cells
in both groups (Figure 4E,F), the average number of blood vessel in-
vasions in the lungs was significantly lower in the psVEGFR-3 group
than in the control group (Figure 4G).
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FIGURE 4 Multi-organ metastasis and
blood vessel invasion in lymph nodes and 16
lungs A, Average number of organs with
metastasis per mouse was significantly
reduced in the psVEGFR-3 group. Blood
microvessels in lymph nodes invaded by
cancer cells (arrows) in a control mouse
(B) and a mouse treated with psVEGFR-3
(C). D, Average numbers of invaded blood
microvessels in lymph nodes are similar

=

No. of organs with
metastasis/mouse
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between groups. Pulmonary vein with
invading cancer cells (arrows) in a control
mouse (E) and a mouse treated with
psVEGFR-3 (F). G, Average number of
pulmonary vein invasions is significantly
lower in the psVEGFR-3 group. (B, C, E,
F) H&E staining; Scale bars: (B, C, E, F)
50 pm. Data represent the mean + SD. **
P < .01. Numbers in parentheses indicate
the number of animals examined

3.5 | Apoptosis and cell proliferation

Representative TUNEL-positive apoptotic cells in the primary mam-
mary tumors are presented in Figure 5A,B. Results of quantitative
analyses of apoptosis in mammary carcinomas are presented in
Figure 5C. The number of TUNEL-positive cells in the pVec (control)
and psVEGFR-3 groups were comparable (Figure 5C).

Cell proliferation in primary mammary carcinomas was exam-
ined using PCNA immunohistochemical analysis (Figure 5D,E). The
PCNA-positive rates of the mammary tumor cells were significantly
lower in the psVEGFR-3 group compared with that in the control
group (Figure 5F).
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3.6 | Blood microvascular and lymphatic vessel
densities, and lymphatic vessel invasion

Blood microvascular density, as determined by immunohisto-
chemical analysis of the blood vessel endothelial cell marker CD31
(Figure 6A,B), was comparable between the pVec (control) and ps-
VEGFR-3 groups (Figure 6C).

Lymphatic vessel density, as determined by immunohistochem-
ical analysis of the lymphatic vessel epithelial marker podoplanin
or LYVE-1 (Figure 6D,E), was significantly lower in the psVEGFR-3
group compared to that in the control group (Figure 6F) (refer to
Figure 9A for LYVE-1). Carcinoma cells detected within the lumina
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FIGURE 5 Apoptosisand cell
proliferation in primary mammary
carcinomas. Number of TUNEL-positive
apoptotic cells was similar between the
control (A) and the psVEGFR-3 (B) groups.
Graphic representation of these data
(C). Number of PCNA-positive cells was
significantly lower in the psVEGFR-3
group (E) compared with the control
group (D). Graphical representation of
these data (F). A, B, TUNEL reaction; D,
E, PCNA immunohistochemistry; Scale
bars: (A, B, D, E) 50 pm. Data represent
the mean £ SD. *P < .05. Numbers in

(A)
©
% 100 T
> 80
T
O 60
o
®) Z 40
S 20
S
z o0
(F)

6000 +----

No. of PCNA* cells/mm?
3
=
o

pVec
(5)

* psVEGFR-3I parentheses indicate the number of
(5) animals examined

of dilated tumors lymphatic vessels in both control (Figure 6D) and
psVEGFR-3-treated mice (Figure 6E) indicated lymphatic vessel inva-
sion. However, as shown in Figure 6G, the average number of lym-
phatic vessel invasions was significantly reduced in the psVEGFR-3
group compared with the control group.

3.7 | Real-time RT-PCR analysis

Real-time RT-PCR analysis was conducted using FFPE primary mam-
mary carcinomas. Relative expression of the Vegf receptor (Vegfr) fam-
ily is presented in Figure 7A. Significantly high levels of Vegfr3 were
observed in the psVEGFR-3 group and considered to result from the
gene introduction from the psVEGFR-3 vector. There was no differ-
ence in Vegfrl and Vegfr2 levels between the groups. There were no

differences in the levels of Vegfa, Vegfc, and Vegfd between groups

pVec . pPsVEGFR-3

(6)

(Figure 7B). Relative levels of Pcna and Lyvel tended to decrease
in the psVEGFR-3 group; however, it was statistically insignificant
(Figure 7C). Relative levels of Cd31 were similar between groups
(Figure 7C). The data on Pcna, Lyvel, and Cd31 closely corresponded
with the immunohistochemical findings (refer to Figure 9A for LYVE-1).

3.8 | Tyrosine phosphorylation and LYVE-1*
lymphatic vessels

Immunofluorescence staining for detecting tyrosine phosphoryla-
tion indicated that p-Tyr expression was lower in tumor cells from
psVEGFR-3-treated mammary carcinomas than in those from
pVec-treated mammary carcinomas (Figure 8A,B). As indicated in
Figure 9A, a significant reduction in LYVE-1" lymphatic vessels was

observed in psVEGFR-3-treated mammary carcinomas compared
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FIGURE 6 Angiogenesis, (A)
lymphangiogenesis, and lymphatic vessel

invasion in mammary carcinomas. Number

of CD31-positive blood endothelial

cells was similar between the control

(A) and the psVEGFR-3 (B) groups.

Graphical representation of these data

(C). Number of podoplanin-positive

lymphatic endothelial cells (D, E) was

significantly reduced in the psVEGFR-3

group. Graphic representation of B)
these data (F) (also refer to Figure 9A). ¥
Podoplanin-positive lymphatic vessels of
mammary tumors were often dilated and

filled with carcinoma cells (arrows, D, E),

indicative of lymphatic vessel invasion.

The number of lymphatic vessel invasions

was significantly lower in the psVEGFR-3

group than in the control pVec group.

Graphical representation of these data (G).

A, B, CD31 immunohistochemistry; (D, E)
Podoplanin immunohistochemistry; (A, B, (>
D, E) Scale bars: 50 um. Data represent

the mean + SD. *P < .05. Numbers in

parentheses indicate the number of

animals examined

(E)

with pVec-treated mammary carcinomas (Figure 8C,D). Tyrosine
phosphorylation in lymphatic vessels (arrows; p-Tyr*/LYVE-1* in
Figure 8E-H) tended to reduce in primary mammary carcinomas from
psVEGFR-3-treated mice (Figure 8F,H) compared with those from
pVec-treated mice (Figure 8E,G; graphically shown in Figure 9B).

4 | DISCUSSION

The present study showed that sVegfr3 gene therapy suppressed
multi-organ metastasis in a mouse model of metastatic mammary
cancer. The inhibition of primary tumor growth and metastasis was
associated with reduction in cell proliferation, lymphatic vessel
density, lymphatic vessel invasion, and tyrosine phosphorylation in
tumor lymphatic vessels. In fact, psVEGFR-3 significantly diminished
cell growth with or without VEGF-C addition in vitro. These findings
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are attributed to a blockade of VEGFR-3/VEGF-C signaling as a re-
sult of sVEGFR-3 binding to VEGF-C.

Human breast cancers primarily metastasize to lymph nodes,
lungs, liver, and bone, and such extensive and intractable metastasis
leads to death. Tumor size and nodal status are practical parameters
for prognosis estimation.3* Once breast cancer tumors reach a di-
ameter of 24 cm, the chances of tumor recurrence and/or metastasis
significantly increases.®* Therefore, sVegfr3 gene therapy that can
suppress both tumor growth and multi-organ metastasis would have
significant clinical implications. Furthermore, lymph node metasta-
sis is one of the worst negative prognostic factors for patients with
breast cancer.®® The significant reduction in the overall numbers of
organ metastases involving lymph nodes substantiates the effec-
tiveness of sVegfr3 gene therapy.

Dissemination of cancer cells can occur in different modes, such

as in local tissue invasion and/or migration via blood and lymphatic
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vessels. The most common pathway of the initial dissemination
of several solid malignancies occurs through the lymphatics, and
lymph nodes act as bridgeheads of metastatic spread.3® Malignant
cells move into the bloodstream to reach distant sites as well, with
subsequent lymph/blood crossover events. Mammary cancer pref-
erentially metastasized to the lymph nodes and lungs of our model
mice. We frequently observed cancer cells in the lumen of the pul-
monary vein in the lungs, and the number of blood vessel invasions
in the lung was significantly lower in the psVEGFR-3 group. This in-
dicated that sVegfr3 inhibited secondary cancer spread and helped
to suppress multi-organ metastasis. Alternatively, sVEGFR-3 se-
creted into the bloodstream might bind and sequesters circulating
VEGF-C, thus inhibiting the settlement of cancer cells in metastatic
organs. Notably, significantly decreased amounts of sVEGFR-3 in
the bloodstream correlate with lung cancer patients.®” Blood ves-
sel invasion was observed in the metastatic lymph nodes as well,

however there was no difference between the groups.

pVec psVEGFR-3
(5) (5)

VEGF-C overexpression correlates with lymph node metasta-
sis in a variety of human neoplasms, including breast cancers.3®%
Several studies in animal models have demonstrated that VEGF-C
accelerates tumor lymphangiogenesis and leads to metastatic
spread of tumor cells to lymph nodes and distant organ metastasis.*®
Therefore, tumor cell-derived VEGF-C enhances lymph node me-
tastasis. Conversely, downregulation of VEGF-C with siRNA inhibits
tumor growth?°?2 and lymph node metastasis.'?2%4°

VEGFR-3, the VEGF-C receptor, is frequently expressed in lym-
phatic endothelial cells,** and the VEGF-C-dependent activation of
VEGFR-3 induces lymphangiogenesis driven by the keratin 14 pro-
moter in the skin of transgenic mice,42 while disruption of VEGFR-3
signaling by receptor mutations results in lymphatic hypoplasia.43
In addition, inhibition of VEGFR-3 activation by blocking antibodies
suppresses lymph node metastasis in animal models of cancer and
is associated with a reduction in tumor lymphangiogenesis.!1844

Furthermore, blocking of VEGFR-3 signaling by sVEGFR-3 reduced
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FIGURE 8 Tyrosine phosphorylation (A) (B)
in mammary carcinoma cells and

tumor lymphatic vessels. Membranous
expression of p-Tyr in cancer cells was
strong in mammary tumors from a control
mouse (A), while the expression was lower
in a mouse treated with psVEGFR-3 (B).
The number of LYVE-1* lymphatic vessels
was much lesser in a mouse receiving
psVEGFR-3 (D) than in a control mouse (C)
(refer to Figure 9A; a significant reduction
of the number in the psVEGFR-3 group).
p-Tyr*/LYVE-1" (arrows in E and F)
demonstrate a decreasing trend in mouse
receiving psVEGFR-3 (F) compared

with that in a control mouse (E). (G, H)
represent higher magnification of an

inset in (E) and (F), respectively. A, B,
p-Tyr immunofluorescence staining; (C,

D) LYVE-1 immunofluorescence staining; (E)
(E-H) Merged images of p-Tyr (A, B),

LYVE-1 (C, D) and DAPI nuclear staining.

(G, H) Higher magnification of (E) and (F),
respectively. Scale bars: (A-F) 100 pm; (G,

H) 200 pm
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lymphangiogenesis and lymph node metastasis, >

while angio-
genesis was unaffected.?® Therefore, newly formed lymphatic cap-
illaries, as well as preexisting afferent lymphatic vessels, served as
a route for the dissemination of tumor cells during lymph node me-
tastasis.>1%114> Additionally, this study revealed that SVEGFR-3 sig-
nificantly reduced lymphangiogenesis while angiogenesis remained
unaffected. sVEGFR-2, an endogenous soluble isoform of the VEGF-C
receptor, was reported to function as a specific inhibitor of lymphatic
vessel growth,*® a subsequent study revealed that sVEGFR-2 sup-
pressed tumor growth and lymph node metastasis in a mouse mam-
mary model specifically through inhibition of lymphangiogenesis
by sequestering VEGF-C, while it did not affect angiogenesis.26 As
VEGF-A maintains blood vessel integrity, prolonged systemic admin-
istration of anti-VEGF-A agents in cancer is accompanied by side-ef-
fects (due to lack of normal VEGF functioning) such as increased risk
of arterial hypertension and embolism.*” It influences the survival of
blood vessels in healthy tissues*® as well. Therefore, SVEGFR-3 ther-
apy may prevent side-effects through anti-angiogenesis.

Expression of VEGFR-3 in cancer cells has been reported in
human breast cancer tissues*”>° as well, indicating that VEGFR-3
overexpression enhances breast cancer cell proliferation, motility, and
survival.*’ Furthermore, recent studies have revealed that VEGFR-3
expression is detected in various types of cancers and contributes to
tumor progression and lymphatic metastasis.”* These findings indi-
cated that VEGF-C/VEGFR-3 signaling participates in different types
of cancers linked with mammary cancer. In this connection, VEGFR-3
expression in the BJMC3879 mouse mammary carcinoma cell line
used in this study is detected by western blots®° as well.

Tyrosine kinases in the lymphatic endothelium are involved in
processes such as maintenance of existing lymphatic vessels, growth
and maturation of new vessels, and function.>? VEGFR-3, a tyrosine
kinase receptor, is activated by its ligand VEGF-C that results in
phosphorylation of tyrosine residues.'® Tyrosine phosphorylation is
also known to regulate receptor kinase activity and signal transduc-
tion in cancer cells.*®*® Therefore, VEGFR-3 is an attractive target
for cancer therapy that delays cancer progression. In the present
study, expression of p-Tyr in mammary cancer cells was reduced in
the sVEGFR-3 group compared with that in the control pVec group
as observed through immunofluorescence staining. As reliable an-
ti-mouse VEGFR-3 phosphorylation antibodies for FFPE section are
commercially unavailable, we conducted double immunofluores-
cence staining with p-Tyr and LYVE-1 to detect tyrosine phosphor-
ylation in tumor lymphatic vessels. The number of p-Tyr*/LYVE-1*
vessels tended to be reduced in tumors treated with psVEGFR-3
compared with the control. In addition, primary tumors contained
significantly fewer LYVE-1* lymphatic vessels in the sVEGFR-3 group.
These findings indicate that sVegfr3 therapy influenced VEGF-C/
VEGFR-3 signaling.

In conclusion, sVegfr3 gene therapy significantly suppressed
multi-organ metastasis and several parameters of tumor metastasis
in a mouse model of mammary cancer. Our findings have prognostic
significance for human cancers in terms of the development of novel

clinical therapeutic methods for treating of human metastatic diseases.
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