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Combined Blockade of VEGFR-2 and VEGFR-3 Inhibits
Inflammatory Lymphangiogenesis in Early and

Middle Stages
Don Yuen,' Bronek Pytowski,> and Lu Chen'

Purroste. Lymphangiogenesis (LG) accompanies many corneal
diseases after inflammatory, infectious, or chemical insults and
is a primary mediator of transplant rejection. The purpose of
this study was to investigate whether there is a time window
for therapeutic intervention of corneal LG and whether a
combined blockade of VEGFR-2 and VEGFR-3 effectively sup-
presses early-, middle-, or late-stage LG.

MerHODS. Corneal inflammatory neovascularization was in-
duced by a standard suture placement model in mice. Neutral-
izing antibodies against VEGFR-3 and/or VEGFR-2 were admin-
istrated systemically with the treatment started at postoperative
day 0, day 7, or day 14. Whole mount corneas were sampled
for immunofluorescence microscopic studies using LYVE-1 (a
lymphatic marker) antibodies. Digital images were analyzed by
software.

ResuLts. Both VEGFR-3 and VEGFR-2 were involved in corneal
suture-induced inflammatory LG. Their combined blockade led
to a significant inhibition of both early- and middle-stage LG
while demonstrating no effect on late-stage LG.

Concrusions. Corneal inflammatory LG has a discrete time
window for intervention therapy. Although it is important to
start the treatment as soon as possible, interventions initiated
in the middle of the LG process are still effective. These novel
findings will shed some light on our understanding of inflam-
matory LG and the development of new therapeutic protocols
for LG-related diseases at different stages. (Invest Opbthalmol
Vis Sci. 2011;52:2593-2597) DOI:10.1167/iovs.10-6408

ymphatic research has experienced exponential growth in

recent years largely because of the advancement of tech-
nologies and the discoveries of several lymphatic endothelial
specific molecules, including lymphatic vessel endothelial hy-
aluronic acid receptor-1 (LYVE-1), Prox-1, and VEGFR-3. The
lymphatic network penetrates most tissues in the body, and its
dysfunction has been found in a broad spectrum of disorders,
such as cancer metastasis, inflammation, transplant rejection,
obesity, and hypertension.'~® To date, there is still little effec-
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tive treatment for lymphatic diseases; it is, therefore, a field
with an urgent demand for new therapeutic protocols.

Given its accessible location and transparent nature, the cor-
nea provides an optimal site for lymphatic research. Although the
normal cornea does not have lymphatic vessels, lymphangiogen-
esis (LG; the development of new lymphatic vessels) can be
induced in this tissue after inflammatory, traumatic, chemical, or
infectious damage.””® LG also constitutes the afferent arm of the
immune reflex arc of corneal transplantation immunity,”*'® and,
most recently, it has been demonstrated that LG is a primary
mediator of corneal transplant rejection."’

The VEGF family is the backbone of a complex network
controlling blood and lymphatic vessel processes. A number of
previous studies have shown that VEGFR-3 mediates LG in the
cornea and other tissues, and its inhibition suppresses transplant
rejection, tumor growth, and metastasis."'~'” The specific role of
VEGFR-2 in LG, however, has been much less studied. It is known
that this factor is critically involved in hemangiogenesis (HG; the
development of new blood vessels) and that its inhibition sup-
presses HG and tumor growth.'®>' Most recently, it has been
indicated that VEGFR-2 also plays a role in corneal LG,'*?*??
though the underlying mechanisms still remain largely unknown.

Although results from previous corneal studies on LG are
promising, there is still a large knowledge gap when translating
these results to clinic settings. For example, almost all the previ-
ous studies focused on how to prevent LG by testing an interven-
tion started right before, or on the same day as, a pathologic
stimulation, which happens only infrequently in patients. Indeed,
many patients who need LG treatment miss their first chance to
receive emergent care, possibly because of difficult living condi-
tions, transportation problems, or insufficient knowledge about
the disease process itself. Indeed, LG is a progressive event that
can occur insidiously at its early phases.

In this study, we first demonstrate that VEGFR-2 is involved in
suture-induced inflaimmatory LG but to a lesser extent than
VEGFR-3. More important, we reveal that there is a discrete time
window for therapeutic intervention of corneal inflammatory LG.
We show that a combined blockade of VEGFR-2 and VEGFR-3
suppresses both early- and middle-stage LG while demonstrating
no effect on late-stage LG. Close correlation between the timing
and outcomes of the treatment is also defined. It is hoped that our
results will provide a useful guide for understanding of the LG
processes and the development of novel therapeutic protocols for
LG-related diseases at various stages.

MATERIALS AND METHODS

Animals

Six- to 8-week-old male BALB/c mice (Taconic Farms, Germantown,
NY) were used for these experiments. All mice were treated in accor-
dance with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, and all protocols were approved by the Animal
Care and Use Committee of the University of California at Berkeley.
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Mice were anesthetized using a mixture of ketamine, xylazine, and
acepromazine (50 mg, 10 mg, and 1 mg/kg body weight, respectively)
for each surgical procedure.

Corneal Inflammatory Neovascularization and
Pharmaceutical Interventions

The standard suture placement model was used to induce inflamma-
tory LG and HG, as described previously.?*~2° Briefly, three 11-0 nylon
sutures (AROSurgical, Newport Beach, CA) were placed into the
stroma of the central corneas without penetrating to the anterior
chamber. Mice were randomized to receive systemic administration of
neutralizing antibodies of VEGFR-2 (800 ug; DC101) and/or VEGFR-3
(700 pg; mF4-31C1; kindly provided by ImClone Systems Incorpo-
rated, Eli Lilly and Company, New York, NY), or their isotype controls
twice a week for 2 weeks, as illustrated in Figure 1. The experiments
were repeated at least twice with a total of 10 mice in each group of
the study.

Immunofluorescence Microscopic Assay

The experiments were performed according to the standard proto-
col.%25-25 Briefly, freshly excised corneas were fixed in acetone for
immunofluorescent staining. Nonspecific staining was blocked with
donkey serum (Jackson ImmunoResearch Laboratories Inc., West
Grove, PA). The samples were stained with purified rabbit anti-mouse
LYVE-1 (Abcam, Cambridge, MA) overnight, visualized by a Cy3-con-
jugated donkey anti-rabbit secondary antibody (Jackson ImmunoRe-
search Laboratories Inc.). Samples were then covered with mounting
medium (Vectashield; Vector Laboratories, Burlingame, CA) and were
examined with an epifluorescence microscope (Axiolmager M1; Carl
Zeiss AG, Gottingen, Germany), and digital images were taken (Axio-
Vision version 4.8; Carl Zeiss AG).

Vascular Quantification

LG was graded using Image] software (developed by Wayne Rasband,
National Institutes of Health, Bethesda, MD; available at http://rsb.
info.nih.gov/ij/index.html), as described previously.?>*® Basically, the
LG area was normalized to the total corneal area to obtain a percentage
coverage score for each sample. The LG area refers to the fraction of
the corneal area in which vessels were present, and the total corneal
area was measured by outlining the innermost vessels of the limbal
arcade. Additionally, corneal HG was examined by a slit lamp with an
integrated digital camera system (SL-D4 and DC-3; Topcon Medical
Systems, Tokyo, Japan) and was graded according to the standard
protocol, as described previously.?”-*° Briefly, quantification was based
on two primary parameters. One was the circumferential extent of 12
areas around the clock. A score of 1 was given to each area if the
vessels were present in the sector. The other was the centripetal
growth of the longest vascular frond in each area. A grade between 0
(no growth) and 2 (at suture site) was given to each area. Scores for
each area were then summed to derive the final index (range, 0-24).
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Statistical Analysis

Data are expressed as the mean *= SEM. The statistical significance of
the difference between each group (7 = 10) was evaluated using the
Mann-Whitney U test, and the comparison between groups was ana-
lyzed by one-way ANOVA test statistical analysis software (Prism;
GraphPad Software, Inc., La Jolla, CA). P < 0.05 was considered
significant.

RESULTS

Both VEGFR-3 and VEGFR-2 Are Involved in
Corneal Inflammatory LG

We first set out to study whether VEGFR-2 is involved in
suture-induced inflammatory LG in the cornea using VEGFR-3
as a reference control. To approach this, mice after suture
placement (day 0) were randomized to receive systemic ad-
ministration of VEGFR-2 or VEGFR-3 neutralizing antibodies or
their isotype control antibodies twice a week for 2 weeks.
Corneas were sampled by the end of the treatment for immu-
nofluorescence microscopic assays. As shown in Figure 2, our
results showed that single blockade of VEGFR-3 or VEGFR-2
suppressed LG in terms of the invasion area, indicating that
both factors are involved in the process. Nevertheless, the
effect of the VEGFR-2 blockade was less significant than that of
the VEGFR-3 blockade.

Combined Blockade of VEGFR-2 and VEGFR-3
Suppresses Early-Stage LG

We next investigated the effect of the combined blockade of
VEGFR-2 and VEGFR-3 on early-stage LG. To approach this, the
experiments were preformed as described except that com-
bined antibodies of VEGFR-2 and VEGFR-3, or their isotype
control antibodies, were administered to the mice. As shown in
Figures 3A and 3B (left panels), this combined blockade led to
a significant reduction of corneal LG when the treatment
started on day O of the suture placement.

Combined Blockade of VEGFR-2 and VEGFR-3
Suppresses Middle-Stage LG

We next examined whether the combined blockade was also
effective in inhibiting middle-stage LG, which mimics a pa-
tient’s condition when the chance for emergent care has been
missed and the cornea is already invaded by some vessels. To
study this, the combined antibodies or their isotype controls
were administered systemically twice a week for 2 weeks with
the treatment started on day 7 after suture placement. At this
time with the suture placement model, the cornea was already
occupied by a certain degree of LG.>° As shown in Figures 3A
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FIGURE 2. VEGFR-2 and VEGFR-3 are both involved in corneal inflamma-
tory LG. (A) Representative immunofluorescence micrographs showing
that VEGFR-2 or VEGFR-3 single blockade significantly inhibited corneal
LG. Treatment started at day O of the suture placement (early interven-
tion). Scale bars, 100 um. (B) Summarized data from repetitive experi-
ments showing the blockade of VEGFR-3 led to a more significant sup-
pression of corneal LG than that of VEGFR-2. **P < 0.001.

and 3B (middle panels), surprisingly, it was found that the
combined strategy was also effective in suppressing middle-
stage LG, though to a slightly less extent.
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FIGURE 3. Effect of combined treatment on early-, middle-, and late-stage
LG. (A) Representative immunofluorescence micrographs demonstrating
VEGFR-2 and VEGFR-3 combined blockade significantly inhibited both early-
and middle-stage but not late-stage LG. Scale bars, 100 um. (B) Summarized
data from repetitive experiments. **P < 0.001; *P < 0.05. n.s., not
significant.

Critical Time Window for Intervening Lymphangiogenesis

2595

Il Early Intervention
n.s. Middle Intervention
[ Late Intervention

70 -

60

50

40

30

20

L
0

Treatment

Invasion Area (%)

Control

FIGURE 4. Effect of timing on treatment outcomes of LG. Summarized
data from a series of studies showing a correlation between the timing
and outcomes of treatment. Treatment efficacy decreased as the delay
time increased. **P < 0.001. n.s., not significant.

Combined Blockade of VEGFR-2 and VEGFR-3
Yields No Effect on Late-Stage LG

To further investigate whether the combined blockade of
VEGFR-2 and VEGFR-3 can interfere with late-stage LG, we
performed another experiment and started the treatment on
day 14 after suture placement. Results from this study showed
that this significant delay in treatment abolished the inhibitory
effect of the intervention, as shown in Figures 3A and 3B (right
panels). Taken together, our data from all three stage studies
have revealed that timing is a crucial factor in determining the
treatment outcome of corneal LG. This trend of decreased
treatment efficacy with increased time delay is presented in
Figure 4.
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FIGURE 5. Effect of combined treatment on early-, middle-, and late-

stage HG. (A) Representative slit-lamp micrographs at the end of the
study demonstrating VEGFR-2 and VEGFR-3 combined blockade only
inhibited early HG. Scale bars, 200 um. (B) Summarized data from
repetitive experiments. **P < 0.001. n.s., not significant.
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Combined Blockade of VEGFR-2 and VEGFR-3
Suppresses Only Early-Stage HG

Finally, we investigated whether corneal HG, a process also
induced by inflaimmation, is affected by the combined treat-
ment and how it differs from LG. As demonstrated in Figure 5,
it was revealed that, in contrast to LG, HG responded to the
combined intervention only at its early stage. No significant
difference was observed for middle- or late-stage HG between
the treatment and control groups.

DISCUSSION

In this study, we provide the first evidence showing that
corneal inflammatory LG has a discrete time window for
intervention therapy. At least two important conclusions
can be drawn from our data: combined blockade of VEGFR-2
and VEGFR-3 is effective in suppressing corneal LG at its
early and middle stages; though it is important to initiate
treatment as soon as possible, any interventions falling
within the therapeutic time window should still be effec-
tive. However, a significant time delay will result in a loss of
treatment efficacy.

VEGFR-2 is an emerging factor for LG research.'*?%*?3 Our
data derived from the suture placement model are consistent
with recent findings showing that corneal LG induced by
VEGF-C or VEGF-D pellets is regulated by VEGFR-2."*?? Given
that the doses of the growth factors used in the micropocket
assays are much higher than physiological levels, results from
the present study should more closely mimic patients’ condi-
tions and thus provide additional data supporting VEGFR-2
interference as an adjunctive treatment for LG. Additionally,
because the VEGFR-2 pathway also plays a major role in
HG,'*'82! a process accompanies LG and contributes to tis-
sue injury after myriad corneal insults, combined blockade of
VEGFR-2 and another key lymphatic receptor, such as
VEGFR-3, will maximize the treatment effect when significant
inhibition on both processes is pursued.

Moreover, this study also provides a new guideline for
modulating corneal LG. Because LG is a progressive process, it
is imperative to determine appropriate strategies for interven-
tion therapy. Our finding that the combined blockade strategy
is almost equally effective in suppressing early- and middle-
stage LG bears broad implications. Most important, it will help
to define a suitable population for treatment, which is larger
than previously assumed. As indicated by this study, this pop-
ulation should include patients not only immediately after
corneal damage but also those who have missed the chance for
emergent care and are still in the middle of LG processes.
Although it is yet to be determined how the combined treat-
ment suppresses middle-stage LG, it is plausible to hypothesize
that the outcome is a net effect of a prevention of LG progres-
sion, a disturbance of LG maturation or induction of LG regres-
sion, or both. Further analysis of this exciting finding may,
therefore, yield crucial insight into the mechanisms of various
aspects of LG.

Last, LG is a primary mediator of corneal transplant rejec-
tion. In the high-risk setting in which grafting is performed in
the inflamed and lymphatic-rich beds, the rejection rate can be
as high as 90%.7%'° At this stage, there is little effective
treatment. Unfortunately, many patients who are in need of
corneal transplantation fall into this category. Our study indi-
cates that we may be able to modify or normalize the high-risk
grafting beds, particularly when they are still at the early or
middle stages of LG, by the combination strategy to improve
the survival rate of high-risk transplants; this warrants further
investigation.
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