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Vascular endothelial growth factor receptor (VEGFR)-2
is a major stimulator of hemangiogenesis (HA),
whereas VEGFR-3 stimulates lymphangiogenesis (LA).
Contrary to this understanding, we demonstrate that
implantation of pellets containing VEGFR-3-specific
ligands (VEGF-C156S and recombinant murine VEGF-D)
into the corneal stroma induce not only LA but also
robust HA characterized by blood vessels that are
positive for VEGFR-3 expression. The implantation of
pellets containing VEGFR-3-specific ligands also leads
to the recruitment of VEGF-A-secreting macrophages.
Depletion of these infiltrating macrophages using clo-
dronate-liposome administration shows a significant
reduction in HA as well as LA. Blockade of either
VEGFR-2 or VEGFR-3 signaling reduces both HA and
LA; however, the percent reduction of HA is greater
in the VEGFR-2 blockade group. In addition, in the
VEGFR-3 blockade group, the percent reduction of HA
is significantly greater with VEGFR-3-specific ligands
than that by VEGF-A or VEGF-C. Collectively, our data
suggest that VEGFR-3-specific signaling can induce
new blood vessels, to which macrophages contribute
a major role, and signify its potential as an additional
therapeutic target to the existing VEGF-A/VEGFR-2 sig-
naling-based antiangiogenesis strategies. (4mJ Pathol
2009, 175:1984—1992; DOI: 10.2353/ajpath.2009.080515)

Vascular endothelial growth factors (VEGFs), the key regu-
lators of vasculogenesis, exert their effect via specific trans-
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membrane tyrosine kinases, which include VEGF receptor
(VEGFR)-1 (Flt-1), VEGFR-2 (KDR or Flk-1), and VEGFR-3
(Flt-4)."3 VEGF-A binds to both VEGFR-1 and VEGFR-2
and regulates hemangiogenesis (HA), whereas VEGF-C
and VEGF-D bind to VEGFR-3 and regulate lymphangio-
genesis (LA).>* VEGF-C can also directly bind to VEGFR-2
and induce HA.® Furthermore, VEGF-D and VEGF-C can be
proteolytically processed and bind VEGFR-2 in addition to
VEGFR-3.#

The major function of VEGFR-2 is the stimulation of
blood vascular endothelial cell survival/growth and pro-
motion of HA.#* VEGFR-2 is highly expressed in vascular
endothelial progenitors in early embryogenesis.® During
later stages of vascular development, VEGFR-2 expres-
sion declines but can be up-regulated under conditions
of pathological angiogenesis such as in tumors and in
inflammation. During early embryogenesis, VEGFR-3
MRNA is expressed by most of the endothelial cells, and
VEGFR-3 gene inactivation results in embryonic death
because of abnormal remodeling of the primary vascular
plexus.” In the later stages of development, VEGFR-3
expression becomes gradually restricted to lymphatic
vessels (LVs),® although fenestrated blood capillaries of
some adult organs continue to express low levels of
VEGFR-3.° VEGFR-3 is also expressed by some subsets
of bone marrow-derived cells, including monocytes,
macrophages, and dendritic cells.'®'? The major func-
tional role of VEGFR-3 during the postnatal period is
thought to be limited to the induction of LVs.>*'3 It is
reported that signaling via VEGFR-3 alone is sufficient for
lymphangiogenic signals, because mutant VEGF-C1568S,
which only activates VEGFR-3'*'® but not VEGFR-2, in-
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duces a similar phenotype to nonmutant VEGF-C-trans-
genic mice.'®1”

On the basis of our current understanding, VEGFR-3-
specific ligands, VEGF-C156S, and recombinant murine
VEGF-D (rmVEGF-D)'®~'® should principally induce new
LVs without significant concurrent blood vessel (BV) for-
mation. Herein, we present data demonstrating that con-
trary to our expectations, VEGF-C156S and rmVEGF-D
induce not only LVs but also significant BVs. Moreover,
these newly formed blood vascular endothelial cells ex-
press copious VEGFR-3. Previously, VEGFR-3 expres-
sion has been shown only in neovascularization related to
vascular tumors and some nonvascular tumors.’® 2" In-
duction of new BVs by VEGFR-3-mediated signaling
alone has not yet been reported, even though one study
previously reported the de novo expression of VEGFR-3 in
pre-existing iris BVs injected with VEGF-A.2? This is im-
portant, because the contribution of VEGFR-3 to HA
sheds light on potential limitations to most current anti-
angiogenic strategies that rely solely on blockade of
VEGF-A or VEGFR-2. Our study also demonstrates that
innate immune cells, particularly macrophages, are re-
cruited in response to VEGFR-3 stimulation and contrib-
ute significantly to angiogenesis. Herein, we delineate the
mechanisms of VEGFR-3* newly formed BVs through
VEGFR-3-specific signaling and demonstrate the effects
of macrophage depletion as well as selective blockade of
VEGFR-2 and VEGFR-3 on angiogenesis induced by
VEGFR-3-specific ligands VEGF-C156S and rmVEGF-D.

Materials and Methods

Animals

Male 6- to 8-week-old BALB/c mice were used as recip-
ients for VEGF pellets. All animals were anesthetized
before any surgery and treated in accordance with the
Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and
Vision Research. All experiments described herein were
conducted under Institutional Animal Care and Use Com-
mittee approval.

VEGF Pellet Implantation

Mutant recombinant human VEGF-C156S and rmVEGF-D,
which have specific affinity for VEGFR-3 but not for
VEGFR-2 in the mouse, were used to test VEGFR-3 spe-
cific stimulation.*'®'® VEGF-A and VEGF-C were used
as controls to compare with VEGFR-3-specific ligands.
Pellets containing 80 ng of VEGF-A (a gift from BRB
Preclinical Repository, National Cancer Institute, Be-
thesda, MD), VEGF-C, VEGF-C156S, or -D (R&D Sys-
tems, Minneapolis, MN) were prepared as described pre-
viously.?® Briefly, an initial half thickness linear incision
was made at the center of cornea using a disposable
ophthalmic microknife. A lamellar pocket incision was
then made parallel to the corneal plane using a Von
Graefe knife and advanced to the temporal limbus at
lateral canthal area. The pellets were positioned into the
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pocket 1.0 mm apart from the limbal vascular arcade,
and tetracycline ophthalmic ointment was applied to the
eye after pellet implantation.

Biomicroscopic Examination

Eyes were examined by slit lamp biomicroscopy on post-
operative day 7, and photographs were taken at the
same time point. Slit lamp photographs were taken using
retroillumination technique after dilating the pupil with
2.5% phenylephrine hydrochloride (AK-dilate, Akorn, NJ)
and 1% tropicamide (Tropicacyl, Akorn, NJ) ophthalmic
solutions.

Immunohistochemistry and Morphometry of HA
and LA

After taking pictures under the slit lamp, five mice per
group were sacrificed at day 7 postimplantation. Corneal
flat mounts were prepared for immunohistochemical
staining with FITC-conjugated CD31 (Santa Cruz Bio-
technology, Santa Cruz, CA) and lymphatic vessel endo-
thelial hyaluronan receptor-1 (LYVE-1) (abcam, Cam-
bridge, MA), and rhodamine-conjugated secondary
antibody to LYVE-1. Low magnification power (X2) digital
pictures of immunostained corneal flat mounts were
taken with the fluorescent microscope and the area cov-
ered by CD31"9"/LYVE-1~ BVs and CD31'°%/LYVE-1"eh
lymph vessels were calculated using NIH Image software
(Image J 1.34). HA and LA were evaluated by measuring
the percentage of the total corneal area covered by BVs
and LVs. To compare the inhibitory effect of macrophage
depletion, VEGFR-2 blockade, or VEGFR-3 blockade on
HA and LA, the percent reduction of BV and LV was
calculated by comparing to mean values of BV and LV of
control groups.

Immunohistochemical Study for Detection of
Innate Immune Cells

Seven days after pellet implantation, five mice per group
were sacrificed, and corneal flat mounts were prepared
for immunohistochemical staining of macrophages with
rat anti-mouse F4/80 (GeneTex, San Antonio, TX) and
neutrophils with rat anti-mouse NIMP-R14 (abcam). The
F4/80 antigen is expressed on a wide range of mature
tissue macrophages and a subpopulation of dendritic
cells.?* The monoclonal antibody NIMP-R14 has a high
specificity for murine neutrophils.®® Digital pictures of
immunostained whole-mount corneas were taken with a
confocal microscope, and the numbers of recruited F4/
80" and NIMP-R14" cells (macrophages and neutro-
phils, respectively) per high magnification power field
(X400) were counted manually. To compare the inhibi-
tory effect of macrophage depletion, VEGFR-2 blockade
or VEGFR-3 blockade in innate immune cell recruitment,
the percent reduction of enumerated cell number was
calculated by comparing to mean values of control
groups.
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Depletion of Macrophages with Clodronate
Liposome

Depletion of macrophages in vivo was achieved with dichlo-
romethylene diphosphonate-liposome (CL,MDP-lip) as de-
scribed previously.?®*® Clodronate (Roche Diagnostics,
Mannheim, Germany) was encapsulated in liposomes as
described earlier.?® Briefly, phosphatidylcholine (Lipoid,
Ludwigshafen, Germany) and cholesterol (Sigma Chemi-
cal, St. Louis, MO) were dissolved in a mixture of methanol
and chloroform. The lipids were mixed with clodronic
acid dissolved in PBS. Resuspension of liposomes was
achieved by water sonication at room temperature, and
resultant liposomes were washed in an ultracentrifuge. Sys-
temic macrophage depletion was achieved by CL,MDP-lip
(200 pl = 1 mg) via i.p. administration at 4 days and 24
hours before pellet implantation and then at every 24 hours
after implantation for 1 week. Subconjunctival (SCj) injec-
tions of 50 ug (10 wul) CL,MDP-lip were performed to de-
plete local macrophages. Control groups received i.p. and
subconjunctival administration of PBS liposomes.

Flow cytometric analysis was performed to evaluate the
efficacy of systemic macrophage depletion. Briefly, white
blood cells were separated from EDTA-anticoagulated
whole blood by gradient separation technique. The white
blood cells were labeled with a rat anti-mouse F4/80 anti-
gen-FITC conjugate (eBioscience, San Diego, CA) and rat
anti-mouse CD 45 antigen-rhodamine conjugate (eBio-
science). CD457F4/80" cells in peripheral blood de-
creased from 10 to 1% by repeated i.p. injection of clodr-
onate liposome. Local corneal depletion of macrophages
was evaluated by counting F4/80™ cells under X400 high-
power field confocal photomicrographs of flat mount cor-
neas. The enumerated numbers of F4/80* cells in cornea
showed significant reduction up to 70% in clodronate lipo-
some-treated mice. The inhibitory effect of clodronate lipo-
some on HA and LA was evaluated by calculating the
percent reduction of BV and LV by comparing to mean
values of control groups.

VEGFR Neutralization with Blocking Antibodies

DC101, a monoclonal anti-VEGFR-2 blocking antibody,?°3°
and mF4-31C1 (31C1), an antibody to murine VEGFR-
3,213 were used to block each receptor. Both of these
blocking antibodies were supplied by Imclone Systems
(New York, NY) based on our signed material transfer
agreement. One milligram (0.5 ml) of anti-mouse VEGFR-2
(DC101) and/or anti-mouse VEGFR-3 (mF4-31C1) was
injected via the i.p. route at day O (between anesthesia
and pellet implantation) and days 2, 4, 7, 10, and 13 to
neutralize the function of each receptor. The same
amount of rat IgG was injected as an isotype control in
control mice. Mice were grouped according to the VEGF
ligand used; each group was further subdivided based
on the treatment received (N = 5 per subgroup): control
group, DC101 treatment group, mF4-31C1 treatment
group, and DC101 plus mF4-31C1 treatment group. The
inhibitory effect of DC101 and/or mF4-31C1 on HA and

LA was evaluated by calculating the precent reduction of
BV and LV in each treated eye.

Statistical Analysis

The two-tailed Student’s t-test was used to compare the
blood/LVs area and the numbers of infiltrating innate
immune cells in VEGF implanted eyes between the groups.
Each experiment consisted of five mice per group and
was performed at least twice. A P value <0.05 was con-
sidered as significant.

Results

Induction of Both BVs and LVs by VEGF-C156S
and rmVEGF-D

Pellets of VEGF-C, VEGF-C156S, and rmVEGF-D were sur-
gically implanted into the corneas of BALB/c mice. The
angiogenic response of corneas stimulated by 80 ng of
VEGF-C156S and rmVEGF-D reached levels that approxi-
mated those of VEGF-C (Figure 1, A and B). Quantitatively
no significant difference was observed in the densities of
HA or LA among the three different VEGFs (Figure 1C).

VEGF-C156S-Induced Newly Formed Blood
Vascular Endothelial Cells Express VEGFR-3

To determine whether the endothelial cells of the newly
formed BVs induced by VEGFR-3-specific ligands express
VEGFR-3, we double-stained the flat-mount corneas for
LYVE-1 and VEGFR-3 1 week after VEGF-C156S pellet im-
plantation. VEGFR-3"SMLYVE-1~ vascular structures could
be easily identified (Figure 2). These vascular structures
had a more linear architecture than VEGFR-3M9"/LYVE-1hioh
Vs and expressed CD31 (data not shown), confirming their
BV identity.

Recruitment of VEGF-A-Secreting Macrophages
to the Corneal Stroma after Implanting
VEGF-C156S and rmVEGF-D Pellets

To determine whether innate immune cells infiltrate the cor-
neal stroma after implantation of VEGF-containing pellets,
we harvested corneas 1 week after VEGF-C, -C156S, and
rmVEGF-D pellet implantation and prepared flat mounts to
stain for macrophage-specific F4/80 and neutrophil-specific
NIMP-R14 expression. Abundant numbers of cells were
recruited to the corneal stroma, especially around the pellet
site and in the corneal periphery, near the limbus (Figure
3A). To verify whether these F4/80" cells and NIMP-R14™*
cells secrete VEGF-A, flat-mount corneas were prepared
and double-stained with VEGF-A and F4/80 or NIMP-R14. A
majority (~80%) of F4/80-labeled cells were found positive
for VEGF-A (Figure 3B), but none of the NIMP-R14 cells was
costained with VEGF-A (data not shown). For comparison of
cell recruitment as a result of the different VEGF implants,
cells were manually counted under high-magnification con-
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Figure 1. Corneal blood and lymph vessel growth by VEGFR-3-specific stimulation via VEGF-C156S or rmVEGF-D pellet implants. A: Pellets containing 80 ng of
VEGF-C156S or rmVEGF-D induced comparable neovascularization to VEGF-C as detected by biomicroscopy. Pellets containing VEGF-A and BSA were implanted
as positive and negative controls, respectively. B: Immunohistochemical staining of flat mount corneas (X100 magnification) revealed similar densities of
CD31M"LYVE-1" blood vessels (green) and CD31'°VLYVE-1"#" (red) lymph vessels in VEGF-C, VEGF-C156S (VEGF-Cm), and rmVEGF-D pellet-implanted
corneas. The growth of the vessels can be seen from the left toward the pellets implanted in the avascular cornea, toward the right of the figures. C: For quantitative
comparison of HA and LA induced by different ligands, fluorescent micrographs under low magnification power (X2) were analyzed with NIH software (Image
J 1.34). The area of vessels was measured in mm? and then analyzed as percentage of the total corneal area covered by vessels. Graphs represent mean values
(=SEM) of five mice in each group. No significant difference was observed in the area covered by either blood vessels or lymphatic vessels among the different

VEGF pellet-implanted groups.

BV: VEGFR-3"ehLYVE-1-
LV: VEGFR-3MghLYVE-1high

Figure 2. Expression of VEGFR-3 by VEGF-C150S induced new blood vessels. A representative portion (boxed area) of newly formed vessels invading the cornea
after 1 week post-VEGF-C156S pellet implantation, and the same area from the normal cornea without pellet implantation was photographed after double
immunostaining of the whole-mount cornea with VEGFR-3 (red) and LYVE-1 (green). Merged images of LYVE-1 and VEGFR-3 represent lymphatic vessels
(VEGFR-3"#"LYVE-1"#") in yellow-green color, whereas LYVE-1" tubular structures in red color (marked with white arrows) represent VEGFR-3-positive blood
vessels. Negative controls stained with isotype-matched antibodies showed no staining.
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Figure 3. Abundant numbers of F4/80" macrophages and NIMP-R14" neutrophils are recruited to the corneal stroma. A: Fluorescent micrographs of immunohisto-

chemically stained (F4/80 or NIMP-R14) flat-mount corneas showed that abundant numbers of innate immune cells are recruited to the corneal stroma, especially near
the limbus (marked with arrows) and around the pellet. Two weeks after implantation of VEGF-C and VEGF-C1568S pellets, F4/80" macrophages reached peak levels
of infiltration. Neutrophils identified with the specific marker NIMP-R14 were relatively smaller in size and showed maximal infiltration at week 1 postimplantation of
VEGF-C and VEGF-C1568 pellets. B: Double staining of F4/80 with VEGF-A after VEGF-C1568 pellet implantation showed that a majority of the F4/80™ cells (green) are
costained with VEGF-A (red) as shown in merged images (yellow; marked with arrows). C: F4/80" and NIMP-R14™ cells were counted manually under high
magnification power (X400) confocal fluorescein micrographs at 2 and 1 week, respectively. Graphs represent mean values (SEM) of five mice in each group, and no

significant difference in the numbers of infiltrating cells was found among different VEGF pellet-implanted groups.

focal scanning. There were no significant differences in
the numbers of macrophages and neutrophils infiltrating
the cornea among the VEGF-C, -C156S, and rmVEGF-D
groups (Figure 3C).

Diminution of HA by Depletion of Macrophages
in VEGF-C156S and rmVEGF-D-Implanted
Corneas

Since recruited F4/80" cells were verified to secrete
VEGF-A, we investigated whether the HA observed with
VEGFR-3 stimulation was mediated by macrophages. Sys-
temic and local depletion of macrophages by clodronate
administration (Figure 4A) inhibited both HA and LA in all
VEGF-A, -C, -C156S, and rmVEGF-D pellet-implanted cor-
neas (Figure 4, B and C), although the reduction of BVs did
not reach a statistically significant level in VEGF-A-mediated
HA. The inhibition of HA as a result of macrophage deple-
tion was significantly greater in VEGF-C156S- and rmVEGF-
D-induced groups compared with the inhibition observed in
the VEGF-A and VEGF-C groups (Figure 4, B and C). There
was no significant difference in the percent reduction of LA
among different VEGF-implanted groups.

Functional Relevance of VEGFR-2 versus
VEGFR-3 in Angiogenesis Induced by
VEGFR-3-Specific Ligands

To compare the relative contribution of VEGFR-2 versus
VEGFR-3 to HA and LA, we evaluated the effects of
selective blockade of VEGFR-2 and/or VEGFR-3 on HA
and LA in VEGF-A, VEGF-C, and VEGF-C156S pellet-
implanted corneas. We observed that both VEGFR-2 and
VEGFR-3 blockade suppress HA as well as LA (Figure 5,
A and B). The percent reduction of BVs was significantly
greater in the VEGFR-2 blockade group than in the
VEGFR-3 blockade group in VEGF-A and VEGF-C pellet-
implanted corneas. However, no significant difference
was observed in the case of VEGF-C156S pellet-im-
planted corneas (Figure 5C), confirming the functional
relevance of VEGFR-3-specific signaling in HA induction.
Indeed, the inhibition of HA by VEGFR-3 blockade was
significantly greater in VEGF-C156S pellet-implanted cor-
neas as compared with those in the VEGF-A or VEGF-C
implanted corneas (Figure 5C). There was no significant
difference in the inhibition of LA between VEGFR-2 and
VEGFR-3 blockade among the different VEGF implants
(Figure 5D).
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In the present study, we show that the VEGFR-3-specific
ligands VEGF-C156S and rmVEGF-D induce not only LVs
but also BVs. Indeed, VEGF-C156S and rmVEGF-D almost
rival VEGF-C in the degree of HA and LA. To explain this, we
hypothesized that direct ligation and downstream signaling
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Figure 4. Antiangiogenic effects of macrophage depletion. A: Intraperito-
neal injection of clodronate effectively depleted the F4/80" cells both
locally in cornea (IHC, panel 1) and systemically in peripheral blood (FACS
plots, panel 2). Representative micrographs (panel 3) taken 1 week after
VEGF-C156S pellet implantation showed significant reduction of both blood
vessels (CD31M8"LYVE-1", green) and lymphatic vessels (CD31'°VLYVE-1"i8h,
red) in clodronate liposome-treated eyes as compared with untreated eyes.
B: Slit lamp photographs taken 1 week after pellet implantation showed that
systemic macrophage depletion by CL,MDP-lip has an inhibitory effect on
corneal vasculogenesis induced by all four proangiogenic growth factors:
VEGF-A, VEGF-C, VEGF-C156S, and rmVEGF-D. C: The area of blood vessels
and lymphatic vessels was measured in mm? and then analyzed as the percent
reduction in vessel area by comparing to the mean values of vessel area in
control groups (no treatment). The percent reduction of blood vessels was
significantly higher in the VEGF-C150S and rmVEGF-D groups as compared
with those in the VEGF-A and VEGF-C. The difference in percent reduction of
lymphatic vessels was not statistically significant among the different VEGF-
implanted groups (*P < 0.05). Graphs represent mean values (=SEM) of five
mice in each group.

of VEGFR-3 can induce BVs in addition to LVs. Verification
of VEGFR-3 expression by new BVs induced by VEGFR-3-
specific ligands is supportive of this hypothesis. To our
knowledge, this is the first report showing that VEGFR-3-
specific signaling induces growth of VEGFR-3" newly formed
BVs in a nontumor setting, although other studies have
reported the expression VEGFR-3 in tumor vessels. 92"
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Figure 5. Antiangiogenic effects of VEGFR blockade. Systemic administra-
tion of either anti-VEGFR-2 (a-VEGFR-2)- or anti-VEGFR-3 (a-VEGFR-3)-
blocking antibodies inhibit formation of both blood vessels and lymphatic
vessels. A: Slit lamp photographs taken 1 week after corneal pellet implan-
tation in control and treatment groups show that neutralization of either
VEGFR-2 or VEGFR-3 causes suppression of neovascularization, although the
inhibitory effects were more evident in eyes treated with VEGFR-2 blockade.
B: Representative immunofluorescence photomicrographs (X100 magnifica-
tion) taken 1 week after VEGF-C156S pellet implantation with or without
treatment confirm that both VEGFR-2 and VEGFR-3 have an inhibitory effect
on both blood vessels (green) and lymphatic vessels (red). C: The area of
blood vessels was measured in mm? and then analyzed as the percent
reduction in vessel area by comparing to the mean values of vessel area in
untreated group. Suppression of HA in VEGFR-2 blockade-treated eyes was
significantly greater in VEGF-A and VEGF-C induced neovascularization as
confirmed by morphometric analysis. The difference in the inhibition of
VEGF-C156S induced HA between VEGFR-2 blockade- and VEGFR-3 block-
ade-treated eye was not statistically significant. D: The area of lymphatic
vessels was measured in mm? and then analyzed as the percent reduction in
vessel area by comparing to the mean values of vessel area in untreated
group. Inhibition of LA was not significantly different between the VEGFR-2
and VEGFR-3 blockade-treated groups (*P < 0.007; **P < 0.05). Graphs
represent mean values (£SEM) of five mice in each group.

Our study also confirms data by previous studies regard-
ing the function of VEGFs as chemoattractants for immune
cells. 3425 |ndeed, it is known that certain bone marrow-
derived cells, including macrophages, monocytes, and
dendritic cells, express VEGFR-3.7°7"2 VEGFR-3 has also
been shown to modulate adaptive immunity in an experi-
mental model of transplantation via mediating chemotaxis
of antigen-presenting cells.’ Macrophages are known to
express several VEGFRs, including constitutive expression
of VEGFR-1, -3, and inducible expression of VEGFR-2. All of
these VEGFRs have been implicated in the recruitment of
macrophages in various inflammatory settings. 0123639
Depletion of macrophages through administration of
clodronate liposome®® 28 clearly inhibits both HA and LA
regardless of the specific VEGF species mediating the re-
sponse, although the inhibitory effect in VEGF-A-mediated
HA does not reach statistically significant levels. Interest-
ingly, the inhibitory effect of HA, calculated as the percent
reduction of BVs, is more dramatic in VEGFR-3-specific
ligands than that in VEGF-A. This signifies that the contribu-
tion of macrophages is definitely more crucial in HA in-
duced by VEGFR-3-specific ligands. Macrophages are
known to be arich source of VEGF-A, which can induce and
amplify the angiogenic (HA) response.®®

Although inhibition of HA via macrophage depletion
significantly suppresses the angiogenic response, it is
unable to completely prevent angiogenesis. Thus, to de-
termine whether direct VEGFR-3 stimulation can function
in a hemangiogenic pathway independent of VEGFR-2,
we selectively blocked VEGFR-2 and/or VEGFR-3. By ana-
lyzing the inhibitory effects of VEGFR-2 and/or VEGFR-3
blockade on HA and LA, we determined the relative contri-
bution of VEGFR-2 and VEGFR-3 to HA and LA. Morpho-
metric analysis of BVs and LVs in control and treatment
groups showed that VEGFR-2 blockade is significantly a
stronger inhibitor of HA than VEGFR-3 blockade regardless
of the specific VEGF species mediating the response.

Recently, there have been several reports that support
the possible involvement of VEGFR-3 in HA in tumors.
Alitalo et al*® showed that VEGFR-3 is involved in angio-
genesis and growth of some tumors. Similarly, Kubo et
al*' have also reported that VEGFR-3 monoclonal anti-
body inhibits tumor xenograft growth in mice. Although it
is not clear whether direct ligation and downstream sig-
naling of VEGFR-3 can stimulate HA completely indepen-
dent of VEGFR-2, it is clear through our studies that
VEGFR-3 can directly functionally contribute to HA.
Taken together, our data suggest that HA induced by
VEGFR-3-specific signaling results in part from coopera-
tive functioning of VEGFR-2 and VEGFR-3. For example,
VEGFR-3 signaling could possibly induce nascent BVs,
and these immature vessels could mature with the aid of
VEGFR-2 signaling induced by VEGF-A produced by
macrophages, which are recruited through chemoattrac-
tion to VEGFR-3-specific ligands. The findings of Veikkola
et al*? also lend support to this notion. They have shown
that human umbilical vein endothelial cells when grown in
cell culture express VEGFR-3, which is down-regulated
when grown in co-culture with perivascular smooth mus-
cle cells, retaining their in vivo phenotype, suggesting
VEGFR-3 signaling might be important in the generation



of nascent BVs and its role becomes redundant as the
vessels mature.*® Tammela et al*® have recently demon-
strated that VEGFR-3 is highly expressed in angiogenic
sprouts, and genetic targeting of VEGFR-3 or blocking of
VEGFR-3 signaling with monoclonal antibodies results in
decreased sprouting, vascular density, vessel branch-
ing, and endothelial cell proliferation in mouse model of
retinal HA.*® These findings are in accord with the con-
clusion derived from our data.

Taken together, our data suggest that signaling
through VEGFR-3-specific ligands can induce HA and
that macrophages contribute a significant role. Whereas
macrophages are also present in VEGF-A-mediated HA,
their depletion has the greatest inhibitory effect on
VEGFR-3-mediated HA. Although, we have not investi-
gated the direct role of VEGFR-3 expression on BVs in
HA, the recent report by Tammela et al*® has demon-
strated that angiogenic sprouting is impaired without
VEGFR-3 signals, and VEGFR-3 can drive angiogenesis
even in conditions of therapeutic targeting of VEGFR-2.43
These findings have potentially significant indications for
antiangiogenesis strategies in that they highlight the rel-
evance of non-VEGF-A-mediated mechanisms in HA.
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