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Vascular endothelial growth factor receptor-3
(VEGFR-3) is essential for embryonic cardiovascular
development, but thereafter becomes confined to the
lymphatic endothelium in adult tissues. We have here
studied VEGFR-3 expression in experimental wounds
of pigs and chronic inflammatory wounds of humans.
In healing incisional and punch biopsy wounds made
in the dorsal skin of pigs, angiogenic blood vessels,
identified by use of the blood vascular endothelial
markers vWF and PAL-E and the basal lamina protein
laminin, developed into the granulation tissue stroma
from day 4 onward, being most abundant on days 5
and 6 and regressing thereafter. VEGFR-3-positive ves-
sels were observed in the granulation tissue from day
5 onward. These vessels were distinct from the PAL-
E/laminin/vWEF-positive vessels and fewer in number,
and they appeared to sprout from pre-existing
VEGFR-3-positive lymphatic vessels at the wound
edge. Unlike the blood vessels, very few VEGFR-3-
positive lymphatic vessels persisted on day 9 and
none on day 14. In chronic wounds such as ulcers
and decubitus wounds of the lower extremity of
humans, VEGFR-3 was also weakly expressed in the
vascular endothelium. Our results suggest that tran-
sient lymphangiogenesis occurs in parallel with an-
giogenesis in healing wounds and that VEGFR-3
becomes up-regulated in blood vessel endothelium
in chronic inflammatory wounds. (Am J Pathol 2000,
156:1499-1504)

Angiogenesis, the formation of new blood vessels from
pre-existing ones, is essential in many physiological pro-
cesses such as embryonic development, tissue and or-
gan regeneration, the female reproductive cycle, and
wound healing and inflammation.” It has been also impli-

cated in a wide variety of pathological processes such as
tumor growth and metastasis, psoriasis, and rheumatoid
arthritis. In normal physiology, there appears to be a
carefully maintained balance between blood vessel
growth stimulatory and inhibitory signals, and this bal-
ance is disturbed in pathological angiogenesis.? Vascu-
lar endothelial growth factor (VEGF) is considered to be a
major angiogenic molecule, which also strongly in-
creases vascular permeability.® VEGF binds to its recep-
tors, VEGFR-1 (Flt1) and VEGFR-2 (KDR/FIk1), which are
important in embryonic vasculogenesis but considerably
down-regulated in many adult tissues.” Recently, addi-
tional members of the VEGF gene family have been char-
acterized: placenta growth factor, VEGF-B VEGF-C,
VEGF-D, and VEGF-E.® VEGF-C was discovered as the
ligand for the receptor fms-like tyrosine kinase, Flt4, or
VEGFR-3.%7

VEGFR-3 is essential in embryonic angiogenesis, as
homozygous knockout mice lacking a functional
VEGFR-3 gene die in utero from cardiovascular failure.®
During embryogenesis, VEGFR-3 is expressed in blood
vascular and lymphatic endothelium, whereas in adults, it
is largely restricted to the lymphatic endothelium®'° and
a few fenestrated endothelia of endocrine organs (Par-
tanen TA, Saaristo A, Jussila L, Ora A, Miettinen M, Alitalo
K, submitted). VEGFR-3 is also up-regulated in the endo-
thelium of blood vessels in breast adenocarcinomas’’
and various other tumors.'? This indicates that VEGFR-3
is present in vessels undergoing angiogenesis in tumors
and is thus a potential target for anti-angiogenic therapy.

Although tumor angiogenesis is erratic with abnormally
high vessel permeability, inflammation, vessel growth,
and regression,'® angiogenic processes occur in an or-
ganized fashion in wound healing.’ In wounds, acute
inflammation with increased permeability is followed by
the deposition of a provisional fibrin and connective tis-
sue matrix, proliferation and migration of endothelial
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cells, vessel formation, and remodeling. Most blood ves-
sels regress as the wound is remodeled into scar tissue.
Many factors have angiogenic activity and possibly par-
ticipate in wound repair. These include VEGF, fibroblast
growth factors, transforming growth factors, tumor necro-
sis factor-a, and interleukin-8.'® VEGF has been found in
tissue fluid in wounds,'® and it is up-regulated in the
epidermis  overlying healing wounds,"” whereas
VEGFR-1 and VEGFR-2 are up-regulated in angiogenic
vessels. 819

We studied the presence of VEGFR-3 in the vascula-
ture of healing wounds of the domestic pig, which has
previously been shown to be a valuable model of angio-
genesis.?® We also examined VEGFR-3 expression in the
neovasculature of ulcers and decubitus lesions of the
lower extremity of humans.

Materials and Methods

Experimental Wounds

Five young adult domestic pigs were used for the wound
experiments. After their skin was shaved and cleaned,
the anesthetized pigs were wounded on one side of the
back with 20 incisions or punch biopsies. The incisions
were 3 cm long and cut through the whole epidermis and
dermis. Punch biopsy wounds (diameter 6 mm) were
made with a circular cut or a punch biopsy tool (Fray
Products Corp., Buffalo, NY). Incisional wounds were
sutured and punch biopsies were allowed to heal by
secondary intention. Hemostasis was assured by apply-
ing gentle pressure when necessary. The pigs were
anesthetized with i.v. ketamine hydrochloride 20 mg/kg,
atropine sulfate 0.05 mg/kg, and diazepam 0.1 mg/kg.
Adequate pre- and postoperative pain medication (di-
clofenac 75 mg i.m.) was given during the wounding and
the harvesting on different days. Triplicate samples were
processed for 10% neutral formalin fixation or 4% para-
formaldehyde fixation or were snap-frozen in liquid nitro-
gen. Wounds displaying swelling or infection were ex-
cluded from the experiments. After the experiments, the
animals were allowed free access to food and drink. After
all harvesting procedures the pigs were given a lethal
dose of pentobarbital i.v., and then disposed of accord-
ing to rules set by the Helsinki University Central Hospital
(HUCH) ethics committee. The experiments were ap-
proved by the HUCH ethics committee and by the Pro-
vincial State Office of Southern Finland.

Human Samples

Samples of granulation tissue from a human decubitus
lesion, a diabetic ulcer, and a leg ulcer were obtained
with the patients’ consent from four patients undergoing
plastic surgery in the HUCH Department of Plastic Sur-
gery. The skin samples were snap-frozen in liquid nitro-
gen and processed like the other frozen samples.

Immunohistochemistry

The cryosections and paraffin-embedded sections were
processed as previously described.?! Primary antibodies
used included monoclonal anti-VEGFR-3 (clone 9D9F9,
affinity-purified, 1.1 ug/ml), monoclonal PAL-E (a molec-
ularly undefined endothelial antigen specific for blood
vascular endothelium, excepting arterioles and arter-
ies,?® 0.15 ug/ml, Monosan, Uden, The Netherlands),
monoclonal anti-laminin (1:3000, clone LAM-89, Sigma,
St. Louis, MO), monoclonal anti-smooth muscle a-actin
(1:7000, clone 1A4, Sigma), or polyclonal anti-factor VIII-
related antigen/von Willebrand factor (vVWF; 1:300, DAKO
Immunoglobulins, Glostrup, Denmark). Negative controls
were done by omitting the primary antibody, by using
irrelevant primary antibodies of the same isotype (nega-
tive control 1gG1, DAKO), or by using a 20-fold molar
excess of the extracellular portion of VEGFR-3. In some
samples the Tyramide Signal Amplification kit (NEN Life
Sciences, Boston, MA) was used. Results were viewed
with an Olympus light microscope and photographed.
For quantification, vessels were counted from 4 to 7
square grids (area = 0.16 mm?, 40X magnification) and
the mean value score and SD were calculated.

Results

The specificity of the monoclonal anti-VEGFR-3 antibod-
ies was verified by immunoprecipitation. Anti-VEGFR-3
precipitated protein bands of 195 kd and 125 kd from pig
lymph nodes, corresponding to the VEGFR-3 full-length
protein and to the proteolytically processed form,? re-
spectively (data not shown).

In a panel of all major pig tissues VEGFR-3 localized to
lymphatic vessels, as has been previously shown in hu-
man skin samples.?* VEGFR-3 was also found in few
fenestrated endothelia in endocrine glands, in the ductus
thoracicus, and in liver sinusoids. In the majority of pig
tissues studied, though, VEGFR-3 localized predomi-
nantly to a subset of vessels that were negative for PAL-E,
laminin, smooth muscle actin, and vWF, and thus pre-
sumably lymphatic vessels (Figure 1). For instance, in the
ileum, VEGFR-3 was detected in the lacteals (arrowheads
in Figure 1, A-D) and in lymphatic ducts but not in the
blood vessels (arrows in Figure 1, A-D). In pharyngeal
mucosa and in lymphatic tissue near the pharyngeal
tonsils, VEGFR-3 was also stained in the lymphatic ves-
sels (Figure 1, E and F) and in the myocardium, in
perivascular lymphatic vessels (Figure 1, G and H). In the
pig dermis, the VEGFR-3-stained lymphatic vessels (Fig-
ure 11) were PAL-E-negative (Figure 1J) and smooth mus-
cle actin-negative (Figure 1L). In the skin, the lymphatic
vessels stained only very weakly for laminin (Figure 1K),
as previously described for human tissues.?®

In the skin, the incisional wounds and the punch bi-
opsy wounds healed by ingrowth of granulation tissue
and re-epithelialization. During the inflammatory phase
on days 1 to 3, the vascular ingrowth had not yet pene-
trated the granulation tissue (data not shown), but from
day 4 onwards, angiogenic blood vessels negative for
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VEGFR-3 (arrow in Figure 2A), but positive for PAL-E
(Figure 2B) and laminin (Figure 2C) invaded into the
granulation tissue. On day 5, many blood vessels and
fewer VEGFR-3-positive but PAL-E-negative vessels (ar-
rowheads, Figure 2, E and ) negative also for laminin and
smooth muscle actin (data not shown) were observed
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Figure 1. Immunoperoxidase staining of serial sections of normal pig tissues. In pig ileum (A—=D), VEGFR-3 stains vessels (arrowheads) that do not stain for
the vascular endothelial marker PAL-E (arrows). The star (B) denotes the central artery of the villus. In pig lymphatic tissue of the tonsilla (E and F) and in the
myocardium (G and H) the VEGFR-3-stained vessels (arrowheads) do not stain for vWF (arrows). In normal skin (I-L), VEGFR-3-positive vessels are negative
for PAL-E and for smooth muscle actin and stain only very slightly for laminin (arrowheads, I-L), whereas PAL-E-, laminin-, and smooth muscle actin-positive
blood vessels do not stain for VEGFR-3 (arrows, I—K). Scale bars, 100 um (A, B, E=H), 200 um (C and D), 300 um (I-L).

especially in the peripheral parts of the granulation tis-
sue. The blood vessels remained VEGFR-3-negative dur-
ing their further maturation on days 7 to 14 (arrows in
Figure 2, F-H). In distinction, the VEGFR-3-positive ves-
sels were often single, dilated vessels traversing the
wound close to the blood vessels (arrowheads in Figure
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Figure 2. Analysis of VEGFR-3-positive vessels and blood vessels in wound healing. The angiogenic vessels at the leading edge on day 4 stained with VEGFR-3
(A), PAL-E (B), laminin (C), or control antibodies (D). Granulation tissue on days 5, 7, 9, and 14 stained for VEGFR-3 (E—H) and PAL-E (I-L). Note that the
VEGFR-3-positive vessels (arrowheads) do not stain for PAL-E (arrows) and vice versa. Sprouting of the VEGFR-3-positive vessel in granulation tissue of a day
7 punch biopsy wound stained for VEGFR-3 (M) and vWF (N). Note absence of VEGFR-3 on blood vessel endothelium (arrows) and the very slight staining of
VvWF in lymphatic endothelium. New lymphatic vessel (arrowheads) and blood vessel (arrows) sprouting from pre-existing vessels at the edge of a day 5 punch
biopsy wound stained for VEGFR-3 (0) and PAL-E (P). The continuous line in O and P marks the wound edge. Scale bars, 50 um (A—=D, M, N) and 70 wm (E—L,
0, P).

2, E and F). Simultaneously, sprouting was also observed
from the pre-existing VEGFR-3-positive vessels along-
side blood vessels in the granulation tissue (arrowheads
in Figure 2, M and N) and from pre-existing lymphatic
vessels at the wound edge (arrowheads in Figure 2, O
and P). Quantitation of the number of VEGFR-3-express-
ing vessels in comparison with the number of PAL-E-

positive blood vessels after day 5 of healing in incisional
wounds (PPI) and punch biopsy wounds (PSI) is shown in
Figure 3. This analysis shows that the VEGFR-3-positive
vessels were fewer in number than the blood vessels and
they regressed earlier than did the blood vessels. On day
9, very few VEGFR-3-positive vessels remained and none
could be detected in the granulation tissue on day 14



PAL-E(PS)) W
PAL-E(PPI) O
VEGFR-3 (PSI) A
VEGFR-3 (PPI) A

o

<

Vessels/field
w A W
S

_ NI
o O

2 5 8 11 14

Figure 3. Vessels were counted on days 5, 6, 7, 9, and 14 in incisional
wounds (PPI) and in punch biopsy wounds (PSI) from 4 to 7 square grids
(area = 0.16 mm?) in a magnification field (40X), and the mean value score
and SD were calculated. Only vessels with a lumen or consisting of more
than a single endothelial cell were calculated. The granulation tissue did not
develop into the wound area until day 4 to 5.

(Figure 2H), although the remaining blood vessels were
stabilized at this point (Figure 2L). Very weak staining for
VvWF was observed in lymphatic vessels (Figure 2N).

In human skin samples (Figure 4), faint expression of
VEGFR-3 was detected in the endothelium of the PAL-E-
and laminin-positive blood vessels in a decubitus wound
(Figure 4, A-C), in a diabetic leg ulcer (Figure 4, D-F) and
in a nondiabetic leg ulcer (Figure 4, G-l), suggesting that
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Figure 4. Inmunoperoxidase staining of serial sections of a decubitus lesion
(A—CQ), a diabetic leg ulcer (D—F), and a nondiabetic leg ulcer (G=D). Blood
vessels (arrows) stain very weakly for VEGFR-3 (A, D, and G) and strongly
for PAL-E (B, E, and H) and laminin (C, F, and I). Scale bars, 100 um (A—F)
and 200 pm (G=D.
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VEGFR-3 is up-regulated in vessels involved in chronic
inflammation. The endothelium of capillaries in healthy
skin of a skin transplant patient did not express VEGFR-3
(data not shown). Few PAL-E-, laminin-, and smooth mus-
cle actin-negative, but VEGFR-3-positive, vessels were
observed in these chronic inflammatory states. These
lymphatic vessels were located within the deeper layers
of the chronic wounds (data not shown).

Discussion

We show here that angiogenic blood vessels are nega-
tive for VEGFR-3 during normal blood vessel regenera-
tion in wounds. In contrast, we and others have shown
that VEGFR-3 is up-regulated in blood vessel endothelia
in the tumor stroma.""'? Taken together, these findings
suggest that in tumors VEGFR-3 is induced by factors
that are not present in wound healing angiogenesis and
that VEGFR-3 expression in wound healing angiogenesis
differs from that of VEGFR-1 and VEGFR-2.

Earlier studies have shown at least some lymphatic
vessel sprouting in experimental rabbit ear wounds.?627
The growth of new lymphatics has also been demon-
strated in autotransplants of the rat small bowel?® and of
the rat hindleg.?® In the present work we analyzed wound
healing in pig skin and found that VEGFR-3-positive lym-
phatic vessels appear in the wound concurrently with
blood vessels but regress earlier. To our knowledge this
is the first time lymphangiogenesis has been demon-
strated by immunohistochemistry in healing wounds. The
transient presence of the VEGFR-3-positive vessels may
be an integral part of normal wound healing and the
relative absence of lymphatic vessels in the chronic
wounds studied may be one of the reasons for their
impaired healing. On the other hand, the low levels of
VEGFR-3 detected in the blood vascular endothelium of
chronic wounds may depend on, eg, growth factor or
cytokine signals similar to those that have been found to
up-regulate VEGFR-3 in tumor vessels.'"'2

Lymphangiogenesis may be an important yet poorly
studied phenomenon in both wound healing and in tumor
angiogenesis. The rapid growth and regression of lym-
phatic vessels shown here suggests that tumors may be
able to induce their growth. However, lymphatic vessels
cannot in general penetrate the tumor stroma because of
increased interstitial pressure.*® Tumor lymphangiogen-
esis may be a process operating via similar mechanisms
to the wound lymphangiogenesis demonstrated here.
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