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Vascular endothelial growth factor-3 (VEGFR-3) plays
a critical role in embryonic cardiovascular develop-
ment and is thought to be expressed exclusively on the
lymphatic endothelium, high endothelial venules, and
rarely on adult vascular endothelium. Recent evidence
also suggests expression of VEGFR-3 on some tumor-
associated macrophages. We have studied the expres-
sion of VEGFR-3, its ligand VEGF-C and the co-receptor
neuropilin-2, in normal and inflamed corneas and
characterized the phenotype and distribution of
VEGFR-3� cells. Our data demonstrate, for the first time,
the expression of VEGFR-3 on corneal dendritic cells
(DC) and its up-regulation in inflammation. VEGFR-3�

DC are CD11c�CD45�CD11b�, and are mostly major
histocompatibility (MHC) class II�CD80�CD86�, indi-
cating immature DC of a monocytic lineage. During
inflammation, there is rapid increase in the number of
VEGFR-3� DC in the cornea associated with heightened
membranous expression as compared to a mostly intra-
cellular expression in uninflamed tissue. VEGFR-3� DC
in normal corneas are VEGF-C�neuropilin-2�, but ex-
press VEGF-C in inflammation. Interestingly, similar
cells are absent both in the normal and inflamed skin.
These data demonstrate, for the first time, the expres-
sion of VEGFR-3 and VEGF-C on tissue DC, which impli-
cate a novel potential relationship between lym-
phangiogenesis and leukocyte trafficking in the eye.
(Am J Pathol 2003, 163:57–68)

The development of blood vessels (angiogenesis) has
been studied extensively, whereas the development of
lymphatic vessels (lymphangiogenesis), despite its criti-
cal relevance, has gained relatively little attention until
recently. Lymphangiogenesis is a key process in condi-
tions such as lymphedema, lymphangiectasia, lym-
phangioma, lymphangiosarcoma, and cancer metasta-
sis.1–3 Over the last few years, molecules expressed
specifically by lymphatic endothelial cells have been

characterized,4–8 and knowledge about the lymphatic
system has started to accumulate considerably.9–11

Vascular endothelial growth factor (VEGF) is a se-
creted polypeptide that was initially identified by its ability
to increase permeability of the vasculature.12 It also stim-
ulates endothelial cell and monocyte migration, and pro-
motes survival of the newly formed vessels.13 VEGF be-
longs to the platelet-derived growth factor (PDGF)/VEGF
family, which is a potent inducer of angiogenesis.13,14

The VEGF receptor (VEGFR) family consists of three
members: VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk-1), and
VEGFR-3 (Flt-4). At least five ligands (VEGF-A, VEGF-B,
VEGF-C, VEGF-D, and VEGF-E) and placenta growth
factor (PIGF) bind to one or two of these receptors.
VEGF-A stimulates vascular endothelial cells through
both VEGFR-1 and VEGFR-2,15 and is indispensable for
development of blood vessels.13 VEGF-B binds to only
VEGFR-1 and may be involved in regulation of extracel-
lular matrix degradation, cell adhesion, and migration.16

VEGF-C and VEGF-D do not bind to VEGFR-1, although
both are ligands for VEGFR-2 and VEGFR-3.17–19

VEGF-E, which is a ligand for VEGFR-2, is expressed as
a native protein in mammalian cells and possesses sim-
ilar bioactivities as VEGF-A.20 VEGF-C and VEGF-D, the
only ligands for VEGFR-3,17,21 are distinguished by their
capacity to stimulate the growth of lymphatic vessels.
VEGF-C stimulates lymphangiogenesis in the mature
avian chorioallantoic membrane and in the skin of trans-
genic mice.5,22 In embryos, VEGFR-3 is initially ex-
pressed in all vasculature, but, during development, its
expression in blood vessels decreases and becomes
restricted to the developing lymphatic vessels; therefore
it is thought to be expressed almost exclusively by the
lymphatic endothelium (LE) and is thus considered a
major regulator in lymphangiogenesis.4 Recently, neuro-
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pilins, which mediate axonal guidance during neuronal
development by binding to semaphorins,23,24 have been
found to bind to and mediate signaling for some
VEGF species.25,26 Neuropilin-2 is expressed on a sub-
set of lymphatic vessels and acts as a co-receptor for
VEGF-C.27

In the eye, VEGFR-3 has been detected in the retina,28

and very recently on the ocular surface.29–31 The cornea,
which is normally devoid of blood and lymphatic vessels,
can be vascularized by a number of inflammatory stimuli
such as surgical invasion, infection, contact lens wear, or
burns, through penetration of new vessels from the neigh-
boring conjunctiva which has a luxurious supply of both
blood and lymphatic vessels.32 From an immunological
standpoint, the induction of lymphatic vessels into the
cornea facilitates the delivery of antigen presenting cells
(APC) to draining lymph nodes (LN) which can contribute
to immunogenic inflammation such as rejection of corneal
grafts.33–35 However, despite the critical function of lym-
phatics in ocular immunity, little is known about the mech-
anisms by which leukocytes interface with afferent lym-
phatics. The presence of lymphatic vessels was shown in
vascularized corneas over 30 years ago,32,36–38 and has
recently been confirmed through immunohistochemical
studies with specific markers, including VEGFR-3, in vas-
cularized human corneas and the conjunctiva.29,30 Very
recently, we and others have demonstrated that mono-
cytic cells in the normal and inflamed conjunctiva,29 and
tumor-associated macrophages (TAM) associated with
skin tumors express this receptor,39,40 suggesting that
VEGFR-3 expression is not limited exclusively to the
vascular endothelium as previously thought. These
VEGFR-3� monocytes or macrophages are present,
however, in vascularized tissues and are thought to play
a role in lymphangiogenesis in tissues that unlike the
cornea have a significant endowment of vascular endo-
thelial cells. Very recently we have reported the novel
presence of a heterogeneous population of APC in the
normal cornea that has profoundly revised the paradigm
of corneal DC recruitment and function.41–44 In the epi-
thelium, we have characterized a population of resident
major histocompatibility (MHC) class II-negative Langer-
hans cells (LC) in the corneal center that become acti-
vated after inflammation.41 Another lab has recently iden-
tified a population of resident macrophages in the normal
stroma,45 while we have demonstrated that bone marrow-
derived cells in the stroma consist of several subsets: a
largely immature population of resident myeloid (CD8��)
dendritic (CD45�CD11c�) cells (DC) in the anterior
stroma, and a smaller population of monocytic
(CD11b�CD11c�) macrophages in the posterior stro-
ma,42–44 and have reported their maturation during in-
flammation.43,44 We have established that these DC are
able to gain access to lymphatics and to migrate to
draining LN, and stimulate T cells to corneal alloanti-
gens.46–48 We report herein, for the first time, that DC
residing in the normal uninflamed cornea express
VEGFR-3 and that the expression of this receptor, and its
ligand VEGF-C, increase substantially in inflammation.

Materials and Methods

Animals

Seven to 12-week-old male BALB/c, C57BL/6, and C3H
mice (Taconic Farms, Germantown, NY or from our own
breeding facility) were used in these experiments. Most
experiments were performed on BALB/c mice and exper-
iments on other strains were performed only when noted.
All protocols were approved by the Schepens Eye Re-
search Institute Animal Care and Use Committee, and all
animals were treated according to the Association for
Research in Vision and Ophthalmology Statement for the
Use of Animals in Ophthalmic and Vision Research. For
each antibody staining study in the cornea, unless spec-
ified otherwise, three to five corneas were examined. For
skin experiments, multiple sections derived from the skin
of three mice were used per each double-staining study.
All studies were repeated at least twice for confirmation.

Cauterization of Corneal Surface

Application of electric cautery to the ocular surface is a
standard method of inducing corneal inflammation with-
out associated neovascularization.49–51 Mice were
deeply anesthetized with an intraperitoneal injection of 3
to 4 mg ketamine and 0.1 mg xylazine and placed under
the operating microscope. Using the tip of a hand-held
thermal cautery (Aaron Medical Industries Inc., St. Pe-
tersburg, FL), five light burns were applied to the central
50% of the cornea as an experimental model for corneal
inflammation as previously described,51 followed by ap-
plication of antibiotic ophthalmic ointment. Corneas were
excised at 3, 7, and 14 days after cautery application and
assessed in immunohistochemical studies as described
below.

Induction of Inflammation in Skin

Application of 2,4-dinitro-1-fluorobenzene (DNFB) (0.2%
dissolved in acetone:olive oil (4:1)) is a standard method
of inducing inflammation in skin and was performed as
described previously.52–54 In brief, DNFB (Sigma Chem-
ical Co., St. Louis, MO) was applied epicutaneously to
shaved abdominal skin (50 �l). This induced cutaneous
inflammation at the application site within 48 hours. The
skin was excised after 48 hours and assessed in immu-
nohistochemical studies as described below.

Antibodies

The following antibodies (Abs) were used: purified rabbit
anti-mouse FLT-4 (VEGFR-3), purified rabbit anti-human
FLT-4, purified goat anti-mouse VEGF-C and purified rab-
bit anti-mouse neuropilin-2 (Santa Cruz Biotechnology,
Santa Cruz, CA); purified rat anti-mouse VEGFR-3 (a kind
gift from Dr. Hajime Kubo, University of Helsinki, Helsinki,
Finland); FITC-conjugated rat anti-mouse DEC-205 (Ce-
darlane Laboratories Limited, Ontario, Canada); purified
rabbit anti-mouse LYVE-1 (a kind gift from Dr. David G.
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Jackson, Institute of Molecular Medicine Oxford, Oxford,
UK); FITC-conjugated hamster anti-mouse CD3 (T cell
marker), FITC-conjugated rat anti-mouse CD14 (imma-
ture myeloid marker), FITC-conjugated rat anti-mouse
CD11b (monocyte/macrophage marker); purified (immu-
nohistochemistry) and PE-conjugated (flow cytometry)
hamster anti-mouse CD11c (dendritic cell marker); puri-
fied rat anti-mouse CD45 (leukocyte common marker);
FITC-conjugated hamster anti-mouse CD80 (costimula-
tory molecule; B7–1); PE-conjugated rat anti-mouse
CD86 (costimulatory molecule; B7–2); FITC-conjugated
rat anti-mouse GR-1 (neutrophil marker); FITC-conju-
gated rat anti-mouse CD8� (lymphoid DC marker); FITC-
conjugated mouse anti-mouse IAd (major histocom-
patibility (MHC) class II) and FITC-conjugated mouse
anti-human HLA-DR, DP, DQ. Secondary Abs were
rhodamine-conjugated goat anti-rat IgG, rhodamine-
conjugated donkey anti-rabbit IgG, rhodamine-
conjugated goat anti-rabbit IgG, rhodamine-conjugated
donkey anti-goat IgG, FITC-conjugated donkey
anti-rabbit IgG, FITC-conjugated goat anti-rabbit IgG,
FITC-conjugated donkey anti-goat IgG (Santa Cruz)
and Cy5-conjugated goat anti-hamster IgG. Isotype-
matched control Abs were FITC-conjugated mouse
IgG3, FITC-conjugated rat IgG1, FITC-conjugated rat
IgG2a, FITC-conjugated rat IgG2b, FITC-conjugated
hamster IgG, FITC-conjugated mouse IgG2a, PE-
conjugated rat IgG2a, purified hamster IgG, purified rat
IgG2b, purified goat IgG, and purified rabbit IgG. All
primary and secondary Abs (except where noted) and
isotype matched controls were purchased from BD
PharMingen (San Diego, CA). Anti-Flt-4 blocking pep-
tide was obtained from Santa Cruz. A green-fluores-
cent dye for nuclear acids, YOYO-1 (DNA staining),
was a kind gift from the Ksander Laboratory at the
Schepens Eye Research Institute, Boston.

Immunohistochemical Studies

Corneal and limbal (intervening area between cornea and
conjunctiva) tissue were excised, immersed in phosphate-
buffered saline (PBS) and used as whole-mounts; skin was
excised from the ear and abdomen of mice and 8-�m
frozen sections were prepared. Twenty-�m horizontal sec-
tions of human eye bank corneas were also prepared. The
tissues were fixed in acetone for 15 minutes at room tem-
perature (RT) or used unfixed for staining where noted.
Whole-mount corneas or tissue sections were then incu-
bated in 2% bovine serum albumin (BSA) diluted in PBS
(PBS-BSA) for 15 minutes. To block non-specific staining,
whole-mounts or sections were blocked with anti-FcR mAb
(CD16/CD32) for 30 minutes before they were immuno-
stained with primary antibodies or isotype-matched control
antibodies for 2 hours. Afterward, a second FITC- or PE-
conjugated primary antibody, or secondary antibodies were
added and incubated for 60 minutes (all diluted for optimal
concentrations in PBS-BSA). All staining procedures were
performed at room temperature. Whole-mounts or sections
were covered with mounting medium (Vector, Burlingame,
CA) and examined by a confocal microscope (Leica TCS

4D, Heidelberg, Germany). The YOYO-1 anti-nuclear dye,
was added just before covering slides with mounting me-
dium. To ensure specificity, negative controls were per-
formed by omitting the primary antibody, or by using irrel-
evant primary antibodies of the same isotype or by
incubating VEGFR-3 Ab with different concentrations of its
blocking peptide for 2 hours at room temperature before
staining. At least three to five different corneas were exam-
ined per each double staining experiment; representative
data are presented below. All studies were repeated at least
twice for confirmation.

Corneal Stroma Culture and Flow Cytometry

Corneal DC were procured using our standard proto-
col as previously described.42,46 In brief, corneal buttons
were excised and placed into a 6-well plate with 10
buttons per well after the epithelium was removed with a
forceps. Buttons were cultured in 2.5 ml of RPMI-1640
medium with 10% FBS (Hyclone, Salt Lake City, UT), 10
mmol/L HEPES, 0.1 mmol/L nonessential amino acid, 100
units/ml of penicillin, 100 �g/ml of streptomycin (BioWhit-
taker, Walkersville, MD) and 1 � 10 �5M 2-mercaptoetho-
nol (Sigma) and incubated at 37°C for 3 days. The non-
adherent (dendritic) cells were isolated by centrifuging
the culture supernatant, resuspending the cells in PBS
and washing them once in PBS. The final suspension of
non-adherent cells was filtered through a 70-�m nylon
cell strainer to remove corneal fragments and then
washed with cold PBS and counted. Non-adherent cells
were blocked by anti-FcR mAb (CD16/CD32) before cells
were labeled with PE-conjugated hamster anti-mouse
CD11c (BD PharMingen), the above mentioned anti-
VEGFR-3 antibody (Santa Cruz), and its secondary anti-
body (FITC-conjugated donkey anti-rabbit). For the iso-
type control, the cells were labeled with PE-conjugated
hamster anti-mouse CD11c and rabbit IgG instead of
VEGFR-3, using the same secondary antibody. Cells
were washed and analyzed using an Epics XL flow cy-
tometer (Coulter, Miami, FL). The analysis was done by
gating on CD11c-positive cells using appropriate isotype
and cell culture controls to adjust color compensation
and gating parameters. Non-adherent cells of parallel
spleen cell cultures were also used to evaluate relative
VEGFR-3 expression. The splenic cultures were estab-
lished with initially adherent cells from naive BALB/c mice
incubated in culture for 90 minutes, washed, and then 2.5
ml of 10% FBS RPMI-1640 medium was added to the
cultures. The non-adherent cells were collected as de-
scribed above and the harvested cells were treated iden-
tically as cells derived from corneal explants. Cultures
were incubated for 7 days at 37°C.

Results

VEGFR-3 Expression on Dendritiform Non-
Endothelial Cells in the Normal Corneal Stroma

To screen for VEGFR-3 expression in the normal non-
vascularized cornea, whole-mounts were initially single-
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stained with anti-VEGFR-3 Ab. Immunofluorescence
studies showed expression of VEGFR-3 on cells in the
peripheral cornea and limbus but not the center of the
cornea (Figure 1A). These cells were located in
the stroma and had a dendritiform shape (Figure 1B).
Stainings with secondary antibody alone, or with isotype
control instead of VEGFR-3 primary antibody, were neg-
ative. To further confirm that the results were not due to
non-specific staining, a specific blocking peptide was
used; VEGFR-3 staining was found to be specific since
increasing concentrations of the blocking peptide abro-
gated all staining for VEGFR-3 (data not shown). To alle-
viate any lingering doubt that VEGFR-3 staining is asso-
ciated with cellular structure, we double-stained corneas
with VEGFR-3 and YOYO-1 (which stains all cell nuclei).
Confocal microscopy of corneas showed VEGFR-3� den-
dritiform nucleated cells in the stroma, interspersed be-
tween cells that were not stained with VEGFR-3 (Figure
2), most probably representing stromal keratocytes. Our
results with the VEGFR-3 antibody from Santa Cruz were
compared with a monoclonal antibody to VEGFR-3 that
was used in prior publications55 and showed identical
results (data not shown).

VEGFR-3� Cells in the Corneal Stroma
Represent Bone Marrow-Derived Dendritic Cells

The normal uninflamed corneal stroma is endowed with
resident bone marrow-derived dendritic cells and mac-
rophages, in addition to keratocytes, as recently
shown.42–46 We therefore used a number of antibodies to
phenotype the VEGFR-3� cells and to specify which of
the stromal cells express this receptor. Double-staining
for VEGFR-3 and CD45 (pan-leukocyte marker) demon-
strated that VEGFR-3� cells were uniformly CD45� (Fig-

ure 3A); therefore bone marrow-derived, and not kerato-
cytes. When staining was performed for VEGFR-3 and
CD11c (dendritic cell maker),56–60 we found VEGFR-3�

cells being mostly CD11c� (Figure 3B), and were located
almost exclusively in the anterior stroma, indicating that
the recently identified resident corneal DC express this
receptor. VEGFR-3� DC (CD45�CD11c�) were located
exclusively in the peripheral cornea and the limbus, while
resident DC in the paracentral and central areas of
the stroma did not express VEGFR-3 (Figure 3B). In ad-
dition, we double-stained for VEGFR-3 and CD11b
(monocyte/macrophage marker). Results demonstrated

Figure 1. VEGFR-3 expression on cells in the periphery of the corneal stroma. Confocal micrographs demonstrate VEGFR-3� dendritic shaped cellular structures
in the periphery (right) of the cornea, while the central areas (left) do not demonstrate such cells (A). Higher magnification, confirming the dendritic morphology
of VEGFR-3� cells in the cornea (B). Magnification, (A) �200, (B) �1000.

Figure 2. VEGFR-3 expression by dendritiform cells in the corneal stroma.
Micrograph of double-stained cornea staining VEGFR-3 (red) and YOYO-1
(green) expression. Significant numbers of dendritic VEGFR-3� cells (ar-
rows) are present in the corneal stroma; these cells are nucleated (yellow)
and are present amid VEGFR-3� cells (green). Magnification, �400.
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that VEGFR-3� cells were uniformly CD11b�, in accord
with our previous findings that corneal DC are CD11b�

and of a monocytic lineage.42–44 Moreover, to confirm the
lineage of these DC, we performed double-staining
experiments for VEGFR-3 and DEC-205 or CD14.
VEGFR-3� DC were uniformly negative for both DEC-205
and CD14 (data not shown). The negative expression of
DEC-205 confirmed the myeloid monocytic lineage of
stromal DC since DEC-205 is a reliable marker for lym-
phoid or plasmacytoid, but not myeloid DC.61–67 However,
a very small population of VEGFR-3�CD11b�CD11c� cells
in the posterior stroma, representing monocytes/macro-
phages was also identified. VEGFR-3� cells were further
uniformly negative for GR-1 (neutrophil marker), CD3 (T cell
marker) and CD8� (lymphoid DC marker). Studies in
C57BL/6 and C3H mice demonstrated presence of similar
VEGFR-3� cells in the corneal stroma (data not shown).

Our in vivo results showed that at least two populations
of partially differentiated resident bone marrow-derived
cells reside in the corneal stroma: dendritic cells and
macrophages. Both cell types are known to migrate from
tissue explants.68 While dendritic cells or LC are known to
be non-adherent in culture and to float into the superna-
tant, macrophages are known to adhere to plastic.68 To
further confirm the in situ results, normal corneas were
excised, stripped of their epithelium to deplete LC, and
placed in culture, using our standard protocol.42,46 The
non-adherent dendritic cells were harvested, and sub-
jected to two-color staining (CD11c and VEGFR-3) for
flow cytometric analysis. Similarly derived non-adherent
spleen cells were used also. Eighty to 85% of CD11c�

corneal DC expressed VEGFR-3 after 3 days in culture
(data not shown), similar to these cells’ acquisition of
MHC class II expression in culture.46 Non-adherent
spleen cells, in contrast, did not express any VEGFR-3.

Maturational State and Distribution of VEGFR-
3� DC in Normal Versus Inflamed Corneas

To characterize the maturational state and distribution of
VEGFR-3� stromal DC, in normal versus inflamed cor-

neas, we performed double-staining of corneas for
VEGFR-3 and MHC class II or B7 costimulatory markers
CD80 (B7–1) and CD86 (B7–2). Double-staining for MHC
class II and VEGFR-3 demonstrated that the majority of
VEGFR-3� cells were MHC class II-negative (Figure 4A).
As early as 72 hours after induction of inflammation,
VEGFR-3� DC were present in the central areas of the
cornea and increased in numbers through day 14 when
these cells could be located throughout the cornea (Fig-
ure 4B). However, even during inflammation, the majority
of VEGFR-3� DC remained MHC class II-negative (Figure
4B). When normal uninflamed corneas were double-
stained for VEGFR-3 and B7 costimulatory markers,
VEGFR-3� DC were found to be mostly CD80� (Figure
4C) and CD86� (data not shown). During inflammation,
similar to class II expression, a majority of VEGFR-3�

cells in the corneal center remained CD80� (Figure 4D)
and CD86� (data not shown). Double staining for CD11c
and VEGFR-3 in inflamed corneas confirmed that most
VEGFR-3� cells in inflamed corneas were CD11c� DC,
but that they were now present in both the periphery and
center of the corneal stroma (Figure 4E).

VEGFR-3 Expression in Human Corneas

To investigate whether our findings in the murine cornea
also applied to the human cornea and might be relevant
in clinical settings, horizontal sections through human
eye bank corneas were double-stained for HLA-DR and
VEGFR-3 and analyzed as whole-mounts using confocal
microscopy. The results showed that the human cornea,
like the murine cornea, is endowed with VEGFR-3� cells
(Figure 4F). These cells were present exclusively in the
peripheral stroma, and nearly half were HLA-DR negative.

VEGFR-3 Expression in Normal and Inflamed
Murine Skin

Finally, since the cornea shares embryological origins
with the skin, in that it is partially ectodermally derived,

Figure 3. Myeloid dendritic cells in the corneal stroma express VEGFR-3. Whole-mounted corneas were double-stained with CD45 (green) and VEGFR-3 (red).
Confocal micrograph of the anterior stroma shows VEGFR-3� dendritic cells being CD45� (yellow) (A). CD11c (red) expression of these VEGFR-3� (green) cells
provides evidence that they are dendritic cells, and that VEGFR-3 expression is limited to the periphery of the cornea (right), while corneal DC in central areas
(red) are VEGFR-3� (lower left) (B). Additionally, CD11b expression (green) of VEGFR-3� cells indicates the monocytic lineage of these cells (C). Magnification,
(A and C) �400. (B) �160.
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and both tissues are richly endowed with DC, we evalu-
ated the skin for VEGFR-3 expression. Initial immunoflu-
orescence studies of skin double-stained with VEGFR-3
and CD11c showed no co-staining (data not shown).
VEGFR-3 in the skin was limited to the lymphatic endo-
thelium and skin leukocytes were uniformly VEGFR-3
negative, confirming previous data.4 To confirm the find-
ings that VEGFR-3 expression was limited to the lym-
phatic endothelium, we double-stained skin sections with
VEGFR-3 and LYVE-1, a specific marker for lymphatic
endothelium.8 Results showed double-staining of lym-
phatic endothelium in the skin for both antibodies (Figure
5A), while leukocytes, including DC, did not stain for
either antibody. Since VEGFR-3� DCs were found in in-
creased numbers in inflamed corneas, we next evaluated
inflamed skin to exclude the possibility that skin DC ex-
press VEGFR-3 in inflammation. However, in contrast to
the cornea, where inflammation increases VEGFR-3 ex-
pression by DC, VEGFR-3 expression was still limited to
lymphatic endothelium that co-stained with LYVE-1 (Fig-
ure 5 B). Our results with the VEGFR-3 antibody from
Santa Cruz were compared with a monoclonal antibody
to VEGFR-3 that was used in prior publications55 and
showed identical results (data not shown).

VEGFR-3 Staining in Corneal DC Is Intracellular
in Normal Corneas and Is Expressed on the
Surface in Inflamed Corneas

Because the data presented above were procured from
acetone-fixed tissue, it was not clear to us whether the
VEGFR-3 expression on corneal DC was intracellular or
on the cell surface. Accordingly, we stained unfixed cor-
neas with VEGFR-3 to prevent penetration of the antibody
into the cytoplasm. Unfixed whole-mount corneas stained
with VEGFR-3 failed to demonstrate its expression (Fig-
ure 6A), suggesting that corneal DC did not express this
receptor on their surface. To confirm this, we stained
fixed whole-mount corneas with VEGFR-3 and performed
serial confocal sections through single VEGFR-3� cells.
Our results with acetone fixation, that renders the cellular
membrane permeable to antibodies, showed VEGFR-3
staining, but serial confocal sections showed granular
staining pattern confined to the cytoplasm (Figure 6B).
Moreover, when we stained unfixed inflamed corneas, we
detected membranous staining of VEGFR-3 (Figure 6C),
indicating that inflammation up-regulates the expression
of this receptor on the cell surface.

VEGFR-3� DC Co-Express VEGF-C during
Inflammation

We double-stained normal and inflamed corneas for
VEGFR-3 and VEGF-C expression. Immunofluorescense
studies of whole-mount uninflamed corneas demon-
strated no VEGF-C expression in the normal cornea (data
not shown). This finding is in accord with previous pub-
lished data showing the absence of VEGF-C expression
in normal corneas.30,31,69 However, VEGF-C expression
was detectable as early as 72 hours after induction of
inflammation, both in the periphery (Figure 7A) and in the
center of the cornea on DC (Figure 7B). VEGFR-3� DC
uniformly co-expressed VEGF-C and serial confocal sec-
tions through these cells showed that VEGF-C expression
was not limited to the membrane alone but was also
expressed in a similar pattern as VEGFR-3 in the cyto-
plasm.

Neuropilin-2 Is Not Expressed by Corneal or
Skin DC and Lymphatic Endothelium

We stained normal corneal whole-mounts for neuropi-
lin-2, a co-receptor for VEGF-C, and VEGFR-3. Results
demonstrated that corneas uniformly did not express

Figure 4. Immature VEGFR-3� DC are present throughout the inflamed cornea. Stacked optical sections of the anterior stroma show that the majority of VEGFR-3�

DC (red) do not express MHC class II (green) in normal corneas, and are exclusively located in the peripheral cornea (A). During inflammation, VEGFR-3� DC
(red) are also present in the corneal center as early as 72 hours after induction of inflammation, but are mostly negative for MHC class II (green) expression (B).
Corneas double-stained with VEGFR-3 (red) and CD80 (green) show that VEGFR-3� cells are mostly CD80� (C). After induction of inflammation, large numbers
of VEGFR-3� cells are also present in the corneal center (red), but generally do not co-express the maturation marker CD80 (green) (D). Double staining with
CD11c (red) and VEGFR-3 (green) in inflamed corneas shows that the VEGFR-3 expression is present both in the periphery (upper right) and the center (lower
left) of the cornea and that most DC now express VEGFR-3 (yellow) (E). Double-staining of human eye bank corneal sections with VEGFR-3 (red) and HLA-DR
(green) confirms the presence of VEGFR-3 on stromal cells in the human cornea (F). Magnification, (A, B, E) �160, (C, D, F) �400.

Figure 5. VEGFR-3 expression is limited to lymphatic endothelium in normal
and inflamed skin and absent on skin DC. To determine whether VEGFR-3 is
also expressed on DC in the skin, we examined normal skin tissue sections
that were double-stained for VEGFR-3 (red) and LYVE-1 (green) (A).
VEGFR-3 was present and co-stained with LYVE-1 on lymphatic vessels
(yellow), but was not expressed by leukocytes, including DC. Similar stain-
ings with VEGFR-3 (red) and LYVE-1 (green) in inflamed skin (B) did not
induce novel expression of VEGFR-3 on DC. The expression of VEGFR-3 and
LYVE-1 was limited to lymphatic endothelium (yellow) that co-stained
for both antibodies. Magnification, (A and B) �200 (Epidermis is on the top).
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neuropilin (data not shown), and DC in the periphery
stained solely for VEGFR-3. Further, we investigated the
expression of neuropilin-2 in inflamed corneas. Although
the VEGFR-3 expression increased in corneal DC, neu-
ropilin-2 was not expressed in the corneal tissue during
inflammation. Lastly, we double-stained skin sections
with VEGFR-3 and neuropilin-2. VEGFR-3� vessels were
negative for neuropilin-2, confirming previous data.27

However, there was positive staining for neuropilin-2 in
the proximity of hair shafts in the skin epidermis, which
did not express VEGFR-3. Hence, neither skin nor cor-
neal DC expressed neuropilin-2.

Discussion

The present study demonstrates, for the first time, that
VEGFR-3 which has been described to be predominantly
a lymphatic endothelial marker in adult tissues and tu-

mors, is also expressed by corneal dendritic cells.
Whereas the significance of VEGFR-3 and VEGF-C in
lymphangiogenesis and tumors has been extensively in-
vestigated in recent years (see reviews9–11,70–77), their
expression on non-endothelial cells is just starting to
evolve. VEGFR-3 was initially reported as the first specific
LE marker in adult tissues.4 In adults, VEGFR-3 was later
also found to be expressed in a subset of capillary en-
dothelia, although it is absent in all large blood vessels.78

Wilting et al79 were the first group to observe the expres-
sion of VEGFR-3 on non-endothelial cells in the cornea
and podocytes of kidney glomeruli of 4-day-old quail
embryos, but did not identify the cellular origin of these
cells. More recently, Mimura et al,31 Cursiefen et al,30 and
our group29 have reported on VEGFR-3 expression by non-
endothelial cells in the ocular surface. Mimura et al31 initially
detected VEGFR-3 and VEGF-C gene expression in neo-
vascularized rat corneas with RT-PCR. They also reported

Figure 6. VEGFR-3 staining is intracellular in uninflamed corneas, but membranous in inflamed corneas. To localize the cellular expression of VEGFR-3, we
stained unfixed whole-mount corneas with VEGFR-3. Unfixed tissue failed to express VEGFR-3 (A). Similar staining of acetone-fixed corneal whole-mounts,
however, showed granular cytoplasmic staining as shown with serial confocal sections of a single cell (B). Staining of unfixed inflamed corneas demonstrated
VEGFR-3 expression on the cell surface (C). Magnification, (A–C) �1000.

Figure 7. VEGFR-3� DC uniformly co-express VEGF-C during inflammation. Staining of inflamed corneal tissue with VEGFR-3 (green) and VEGF-C (red)
demonstrates that VEGFR-3� DC uniformly co-express the ligand VEGF-C both in the periphery (A) and the center (B) of corneas. Magnification, (A) �160, (B)
�400.
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VEGF-C expression on infiltrating (not resident) “inflamma-
tory” cells. Later, Cursiefen et al30demonstrated the expres-
sion of VEGFR-3 and VEGF-C on LE in neovascularized
human corneas with immunofluorescence microscopy and
reported expression of VEGF-C and VEGFR-3 on uniden-
tified “inflammatory” cells in neovascularized, but not
normal, corneas; however these cells were not pheno-
typed. Very recently, we have characterized VEGFR-3�

non-endothelial cells in the normal and inflamed conjunc-
tiva as monocytic bone marrow-derived cells.29 Interest-
ingly, VEGFR-3 expression has also been demonstrated
on CD11b� cells (presumably tumor-associated macro-
phages) in the skin adjacent to melanomas, but not in the
normal skin.40 To exclude the possibility that inflamed
skin may harbor DC that express VEGFR-3, we evaluated
both normal and inflamed skin tissue, but could not de-
tect VEGFR-3 expression on any leukocytes, including
DC. Moreover, the expression of VEGFR-3 on lymphatic
endothelium was confirmed by co-staining with LYVE-1.
In addition, expression of VEGF-C, VEGF-D, and
VEGFR-3 on tumor-associated macrophages has also
been reported in human cervical cancer.39 Finally,
VEGFR-3 expression has been demonstrated on blood
monocytes and on immature DC derived from blood
monocytes in vitro.39,80 Given that the non-endothelial
VEGFR-3� cells in our study collectively exhibited iden-
tical expression (or lack of expression) of multiple cell
surface markers (CD45�, CD11c� CD11b�, GR-1�,
CD3�, CD8��, DEC-205�, and CD14�), we believe that
they are monocytic bone marrow-derived myeloid DC
that are identified as CD11c�CD11b�CD8a�DEC-
205�.61–67 To our knowledge, we are the first group to
report the expression of VEGFR-3 and VEGF-C on resi-
dent DC in normal as well as inflamed tissues in vivo. Our
findings are not strain-specific and preliminary experi-
ments in human eyes confirm the presence of such
VEGFR-3� cells in the human eye. We caution, however,
that we have not phenotyped VEGFR-3� human ocular
cells as thoroughly as we have in the mouse, since de-
tailed phenotyping in the human cornea requires exten-
sive experimentation with freshly procured tissues from
healthy donors, a difficult task that has not been com-
pleted by us given that normally available eye bank eyes
for research purposes have been retained in medium for
some time before their release, and DC are known to
migrate out of tissues into the medium.68

Our novel data presented herein indicate that
VEGFR-3 and VEGF-C are, in addition to their expression
on vessels during lymphangiogenesis, cancer metasta-
sis, and tumors and normal tissues as previously de-
scribed,9–11,70 also expressed on non-lymphoid tissue
dendritic cells. Further, we show that after induction of
inflammation the number of VEGFR-3� corneal DC in-
creases significantly and that their presence is not limited
to the peripheral cornea, but rather extends throughout
the corneal stroma, while similar findings could not be
reproduced in inflamed skin. The absence of MHC class
II and B7 costimulatory molecules on most of these cells
indicates that they are predominantly immature, and that
the up-regulation of VEGFR-3 and VEGF-C expression in
inflammation by these cells may reflect a pathway inde-

pendent from that which regulates acquisition of MHC
class II expression, since corneal DC are known to rap-
idly up-regulate MHC class II expression in inflamma-
tion.46 The absence of VEGF-C in normal corneas, using
our antibody, corresponds with previous findings show-
ing no expression of VEGF-C in normal corneas.30,31,69

Further, our finding that resident corneal DC express
VEGF-C in inflammation is novel, and represents a fea-
ture previously related to uncharacterized invading “in-
flammatory” cells in the cornea.30,31 In fact, we have
preliminary evidence (based on collaboration with Claus
Cursiefen and Wayne Streilein), based on RT-PCR and
Western blotting that corneal DC express both the
VEGF-C gene and protein in inflamed, but not normal,
corneas. Neuropilin-2 that has been recently identified as
a VEGF-C co-receptor,27 has been suggested to be re-
quired for the formation of small lymphatic vessels and
capillaries.81 However, neuropilin-2 was not expressed
on corneal DC or skin lymphatic endothelium. Previously,
neuropilin-2 has been detected as a VEGF-C co-receptor
in intestinal lymphatic vessels, but not in the skin.27 In the
aggregate, our findings complement the published data,
suggesting that there are tissue-specific differences in
VEGF-C-mediated signaling.

VEGF-C and VEGF-D induce migration of endothelial
cells5,17,21,82,83 and Kaposi sarcoma cells84 by ligating
VEGFR-3. Recently VEGF-C has also been shown to be
chemotactic for tumor-associated macrophages through
VEGFR-3.40 Interestingly, the cytokines interleukin-1 (�
and �) and tumor necrosis factor-�,85 as well as trans-
forming growth factor-� (TGF-�),86 all amply expressed
in corneal inflammation,87 are known to up-regulate
VEGF-C. The up-regulation of VEGF-C through proinflam-
matory cytokines could explain the expression of VEGF-C
on stromal DC in inflammation, and their absence in
normal tissue, and could provide a molecular basis for
the relationship between lymphangiogenesis and inflam-
mation, similar to what has been described for angiogen-
esis and inflammation through VEGFR-1.88 Blockade of
VEGFR-3 signaling has shown to inhibit lymphangiogen-
esis in the mouse cornea.69 Presence of VEGF-C alone
however, is apparently not always sufficient to induce the
formation of functional lymphatic vessels, since in the
cautery model used herein we observe corneal stromal
inflammation without accompanying induction of new
vessels.

The lymphatic system which serves as an important
pathway for APC trafficking is a critical component of the
immune system, and the critical relevance of the eye-
lymphatic axis in the induction of corneal immunity has
been shown recently by Yamagami and Dana.34,35 Very
recently we have shown that the normal cornea, in con-
trast to longstanding dogma, is indeed endowed with a
heterogenous population of APC, including DC, that are
able to migrate to draining LN after corneal transplanta-
tion.41,42,44,46 After induction of inflammation, these resi-
dent DC are able to undergo maturation and up-regulate
expression of MHC class II, B7 costimulatory markers
(CD80, CD86), and CD40, as they acquire T cell stimu-
latory capacity.43,44 The total numbers of corneal DC also
increase in inflammation as the resident population is
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supplemented by newly recruited DC that infiltrate the
cornea from the surrounding conjunctival and limbal vas-
culature.43,44 Interestingly, however, the trafficking mech-
anisms of ocular DC to the draining LN remain so far
unknown, but the present findings, together with the fact
that VEGF-C is chemotactic for VEGFR-3� cells, suggest
a potential role for signaling through VEGFR-3 in ocular
surface APC trafficking. In fact, it is tempting to speculate
that our data may hint at a potential link between lym-
phangiogenesis and immunity. This model would pro-
pose that increased secretion of proinflammatory cyto-
kines during inflammation leads to increased expression
of VEGFR-3 and VEGF-C, with signaling through
VEGFR-3 leading to concurrent lymphangiogenesis and
DC recruitment. VEGF-C could also promote the molec-
ular interactions of APC with LE cells, thereby facilitating
APC entry into the lymphatics, similar to the promotion of
the metastatic spread of tumor cells via lymphatics as
shown recently.2,3 Supporting this hypothesis is the fact
that VEGF-A is chemotactic for monocytes, which have
been shown capable of expressing VEGFR-1.89 The ex-
pression of VEGFR-3 on blood monocytes and tumor-
associated macrophages, and the lack of expression of
VEGFR-3 on skin leukocytes, however, suggest that the
function of VEGFR-3 ligation, apart from inducing lym-
phangiogenesis, varies from tissue to tissue. Since the cor-
nea is normally devoid of blood or lymph vessels, and yet
corneal DC need to perform their critical function as “senti-
nels” of the immune system, it is indeed possible that these
DC have acquired unique mechanisms to allow their
egress from the ocular surface to lymphoid reservoirs.

Taken together, these studies contribute to the emerg-
ing picture that in addition to its role in lymphangiogen-
esis, VEGF-C and VEGFR-3 expression may be involved
in other processes including immunity. Targeting this
pathway by selective targeting of VEGFR-3-ligand inter-
actions in the eye may provide a novel mechanism for
regulating antigen-presenting cell trafficking in the eye.
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11. Karkkainen MJ, Mäkinen T, Alitalo K: Lymphatic endothelium: a new
frontier of metastasis research. Nature Cell Biol 2002, 4:2–5

12. Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF:
Tumor cells secrete a vascular permeability factor that promotes
accumulation of ascites fluid. Science 1983, 219:983–985

13. Ferrera N, Davis-Smyth T: The biology of vascular endothelial growth
factor. Endocr Rev 1997, 18:4–25

14. Dvorak HF, Brown LF, Detmar M, Dvorak AM: Vascular permeability
factor/vascular endothelial growth factor, microvascular permeability,
and angiogenesis. Am J Pathol 1995, 146:1029–1039

15. Mustonen T, Alitalo K: Endothelial receptor tyrosine kinases involved
in angiogenesis. J Cell Biol 1995, 129:895–898

16. Olofsson B, Jeltsch M, Eriksson U, Alitalo K: Current biology of
VEGF-B and VEGF-C. Curr Opin Biotechnol 1999, 10:528–535

17. Joukov V, Pajusola K, Kaipainen A, Chilov D, Lahtinen I, Kukk E,
Saksela O, Kalkkinen N, Alitalo K: A novel vascular endothelial growth
factor, VEGF-C, is a ligand for the FLT4 (VEGFR-3) and KDR
(VEGFR-2) receptor tyrosine kinases. EMBO J 1996, 15:290–298

18. Kukk E, Lymboussaki A, Taira S, Kaipainen A, Jeltsch M, Joukov V,
Alitalo K: VEGF-C receptor binding and pattern of expression with
VEGFR-3 suggests a role in lymphatic vascular development. Devel-
opment 1996, 122:3829–3837
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