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UVB irradiation of the skin induces erythema, epider-
mal hyperplasia, vascular hyperpermeability, and
edema formation. Previous studies have revealed that
the cutaneous blood vasculature plays a critical role
in the mediation of photodamage. In contrast, the
role of lymphatic vessels, which play an essential role
in the maintenance of tissue fluid balance, in the
response to UVB irradiation has remained unknown.
We report here that both acute and chronic UVB irra-
diation of murine skin results in prominent enlarge-
ment of lymphatic vessels. Surprisingly, these en-
larged lymphatic vessels were functionally impaired
and hyperpermeable, as detected by intravital lym-
phangiography. The expression levels of vascular
endothelial growth factor (VEGF)-A but not of
the known lymphangiogenesis factors VEGF-C or
VEGF-D, were enhanced in UVB-irradiated epidermis.
Targeted overexpression of VEGF-A in the epidermis
of transgenic mice led to increased enlargement and
leakage of lymphatic vessels after acute UVB irradia-
tion, whereas systemic blockade of VEGF-A signaling
largely prevented lymphatic vessel abnormalities and
photodamage induced by UVB. Together, these findings
identify lymphatic vessels as novel targets for UVB-in-
duced cutaneous photodamage and suggest that VEGF-A
mediates impairment of lymphatic vessel function,
thereby contributing to the adverse effects of UVB irra-
diation on the skin. (4m J Pathol 2006, 169:1496—1503;
DOI: 10.2353/ajpath.2006.060197)

Chronic UVB irradiation (290 to 320 nm) of the skin results
in the degradation of matrix macromolecules, elasto-
sis,"? and enhanced risk for skin cancer.® In contrast,
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acute exposure of human skin to UVB leads to epidermal
hyperplasia, erythema, vascular hyperpermeability, and
edema formation.3* Our previous studies have revealed
that pronounced angiogenesis is induced by acute UVB
irradiation of human and mouse skin.*® Several angio-
genesis factors, including vascular endothelial growth
factor-A (VEGF-A), basic fibroblast growth factor, and
interleukin-8 have been found to be up-regulated in UVB-
irradiated skin,”® whereas the expression of throm-
bospondin-1, a potent endogenous angiogenesis inhibi-
tor, was strongly inhibited by UVB irradiation. ™ Recently,
we have shown that targeted overexpression of VEGF-A
enhances sensitivity to UVB-induced cutaneous photo-
damage,'" whereas transgenic overexpression of the an-
giogenesis inhibitor thrombospondin-1 in the epidermis
completely prevented UVB-induced damage.® Together,
these findings indicate that the cutaneous blood vascu-
lature plays a critical role in the mediation of photodam-
age. In contrast, the role of lymphatic vessels in the
response to UVB irradiation has remained completely
unknown.

The lymphatic vascular system is composed of a
dense network of thin-walled capillaries that drain pro-
tein-rich lymph from the extracellular space. Its major
roles include the maintenance of tissue fluid homeostasis
and mediation of the afferent immune response.'?'® Re-
cent studies have identified VEGF-C and VEGF-D as
specific lymphangiogenesis factors, acting via activation
of the VEGF receptor-3 (VEGFR-3), which is specifically
expressed on lymphatic endothelial cells.’* Targeted
overexpression of soluble VEGFR-3, which prevents
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VEGF-C and VEGF-D from reaching their receptor on
lymphatic endothelium, in the epidermis of transgenic
mice leads to lymphedema.'® More recently, VEGF-A
and hepatocyte growth factor have also been shown to
promote lymphatic vessel formation.’®~"® In addition,
several specific lymphatic markers have been recently
identified, including the homeobox transcription factor
Prox1, the hyaluronan receptor LYVE-1, and the mucin-
type transmembrane glycoprotein podoplanin.’® Be-
cause one of the major functions of lymphatic vessels is
the drainage of tissue fluid from normal and inflamed
tissues,'® we hypothesized that they might also play a
functional role in the cutaneous response to UVB-in-
duced skin damage.

Here, we report that both acute and chronic UVB irra-
diation of the skin results in prominent enlargement of
lymphatic vessels. Surprisingly, these enlarged lym-
phatic vessels are functionally impaired and are hyper-
permeable. Expression levels of VEGF-A, but not of
VEGF-C or VEGF-D, were enhanced in UVB-irradiated
epidermis. Targeted overexpression of VEGF-A in the
epidermis of transgenic mice led to increased enlarge-
ment and leakiness of lymphatic vessels after acute UVB
irradiation, whereas systemic blockade of VEGF-A sig-
naling largely prevented lymphatic vessel abnormalities
and photodamage induced by UVB. Together, these find-
ings indicate that lymphatic vessels may serve as novel
targets for UVB-induced cutaneous photodamage and
that VEGF-A-mediated impairment of lymphatic vessel
function contributes to the adverse effects of UVB irradi-
ation on the skin.

Materials and Methods
UVB Irradiation Regimen

Female hairless Skh1 mice (8 weeks old) were exposed
to UVB irradiation using a bank of four equally spaced
fluorescence lamps (Southern New England UV, Brad-
ford, CT), as described.?® Mice (n = 7 per group) were
sham-irradiated or exposed to UVB irradiation three times
a week for 10 weeks with a starting dose of 40 mJ/cm?
(0.5 minimal erythema dose; MED) and gradual in-
creases in increments of 0.5 MED to a maximum dose of
4.5 MED. The total cumulative dose of UVB was 5.46
Jlecm?. No acute sunburn reactions were observed. In
additional studies, 8-week-old female Skh1 mice, FVB
transgenic mice with skin-specific overexpression of mu-
rine VEGF164 under control of the K14 promoter,®’ or
wild-type (WT) FVB mice (n = 5 per group) were irradi-
ated with a single dose of 40 mJ/cm? (0.5 MED) or 80
md/cm? (1 MED) UVB. In addition, WT mice (n = 5/group)
were treated with 50 pg of an anti-mouse VEGF neutral-
izing antibody (R&D Systems, Minneapolis, MN) or with
50 g of control IgG by intraperitoneal injection at 24
hours before exposure to 54 md/cm? UVB irradiation as
described." All animal studies were approved by the
Massachusetts General Hospital Subcommittee on Re-
search Animal Care.

UVB Impairs Lymphatic Vessel Function 1497
AJP October 2006, Vol. 169, No. 4

Intravital Lymphangiography

Mice (n = 7/group) were anesthetized by using avertin (0.4
g/kg; Sigma, St. Louis, MQO), and 1 ul of a 1% solution of
Evans blue dye in 0.9% NaCl was injected intradermally at
the inner surface of the rim of the ear, using a 10-ul Hamilton
syringe to visualize the lymphatic vessels. Injection of Evans
blue is a standard method to macroscopically visualize
cutaneous lymphatic vessels and lymphatic drainage from
the skin.2272% Mouse ears were photographed at 1, 3, and 5
minutes after the dye injection. We chose these time points
because previous studies had revealed that widespread
filing of the lymphatic network of the ear skin occurred
within 4 minutes after tracer injection.?®

Quantitative Real-Time Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR)

Total cellular RNA was isolated from the whole back skin
of mice at 2 days after the last UVB irradiation (n =
7/group), using the TRIzol reagent (Invitrogen, Carlsbad,
CA) followed by treatment with RQ1 RNase-free DNase
(Promega, Madison, WI), and the whole skin was homog-
enized using Tissue Lyser (Qiagen GmbH, Hilden, Ger-
many). The expression levels of VEGF-A, VEGF-C, and
VEGF-D mRNA were investigated by quantitative real-
time RT-PCR, using the ABI Prism 7000 sequence detec-
tion system (Applied Biosystems, Foster City, CA) as
described.?® The primers and probes for murine VEGF-A,
VEGF-C, and VEGF-D were described previously.'® Each
reaction was multiplexed with glyceralaldehyde-3-phos-
phate dehydrogenase (GAPDH) primers (forward 5'-TC-
ACTGGCATGGCCTTCC-3', reverse 5'-GGCGGGCACG-
TCAGATCCA-8'), and probe (5'-JOE-TTCCTACCCCCA-
ATGTGTCCGTCG-TAMRA-3') as an internal control.

Immunostains and Computer-Assisted
Morphometric VVessel Analysis

Immunofluorescence analyses were performed on 6-um
cryostat sections of mouse tissues using polyclonal anti-
bodies against murine LYVE-1 (kindly provided by Dr. D.
Jackson, Oxford, UK), murine CD31 (BD Biosciences,
Pharmingen, San Diego, CA), and corresponding second-
ary antibodies labeled with Alexa Fluor488 or Alexa Flu-
or594 (Molecular Probes, Eugene, OR)."” Sections were
examined by a Nikon E-600 microscope (Nikon, Melville,
NY), and images were captured with a SPOT digital camera
(Diagnostic Instruments, Sterling Heights, MI). Morphomet-
ric analyses were performed using IP-LAB software (Scana-
lytics, Fairfax, VA) as described.'! Three different fields of
each section were examined, and the number of vessels
per square micrometer, the average vessel size, and the
relative tissue area occupied by lymphatic vessels were
determined in the dermis in an area within 200-um distance
from the epidermal-dermal junction. The unpaired Student’s
t-test was used to analyze differences in microvessel den-
sity and size. In addition, routine hematoxylin and eosin
stains and immunohistochemistry with a polyclonal anti-rat
VEGF-C antibody (Abcam, Cambridge, UK) were per-
formed as described previously.'?”
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Figure 1. Enlargement of lymphatic vessels after chronic UVB irradiation of
the skin. A and B: Histological examination revealed epidermal hyperplasia,
inflammatory cell infiltration, and edema in UVB-irradiated skin (B) but not
in sham-irradiated skin (A). H&E stains. C and D: Double-immunofluores-
cence stains for CD31 (red) and for LYVE-1 (green) revealed moderate
enlargement of CD31"/LYVE-1" blood vessels in UVB-irradiated skin (D).
LYVE-1-positive cutaneous lymphatic vessels were greatly increased in size,
with irregular shapes and sometimes incomplete endothelial cell lining,
whereas only normal, collapsed lymphatic vessels were found in sham-
irradiated mice (C). Morphometric analyses revealed that the area covered by
lymphatic vessels (E) and the average size of the lymphatic vessels (F) were
significantly increased in UVB-irradiated skin as compared with sham-irradi-
ated skin (P < 0.01), whereas the density of lymphatic vessels was compa-
rable in both groups (G). Scale bars = 100 um.

Results

Chronic UVB Irradiation Leads to Enlargement
of Cutaneous Lymphatic Vessels

To investigate the effect of UVB irradiation on the lymphatic
vasculature, we first performed chronic UVB irradiation of
Skh 1 hairless mice®® with a cumulative dose of 5.46 J/cm?
throughout a period of 10 weeks. Chronic UVB irradiation
resulted in pronounced wrinkle formation as previously re-
ported,® whereas no such changes were detected in sham-
irradiated mice (data not shown). Histological examination
revealed the typical signs of chronic UVB damage, includ-
ing epidermal hyperplasia, inflammatory cell infiltration, and
edema formation (Figure 1, A and B). Double-immunofluo-
rescence stains for the panvascular marker CD31 and for
the lymphatic-specific hyaluronan receptor LYVE-1 re-
vealed moderate enlargement of CD31*/LYVE-1~ blood
vessels (Figure 1, C and D), in agreement with previous
studies.® Surprisingly, LYVE-1-positive cutaneous lymphatic
vessels were dramatically increased in size, with irregular
shapes and sometimes incomplete endothelial cell lining of
the vessel walls, whereas only normal, collapsed lymphatic

Figure 2. Enhanced leakiness of lymphatic vessels in chronic UVB-irradiated
skin. Evans blue dye was injected intradermally into the rim of mouse ears.
At 1 and 3 minutes after ink injection, markedly dilated lymphatic vessels
were visualized in chronically UVB-irradiated mouse skin (D, E), as com-
pared with sham-irradiated mice (A, B). After 5 minutes, Evans blue dye had
extravasated from lymphatic vessels in chronically UVB-irradiated skin (F),
whereas no such leakage was observed in sham-irradiated mice (C).

vessels were found in sham-irradiated mice (Figure 1, C
and D). Computer-assisted morphometric analyses con-
firmed that the average dermal area occupied by lymphatic
vessels (2.5-fold increase over sham-irradiated mice, P <
0.01) and the average size of dermal lymphatic vessels
(2.1-fold increase, P < 0.01) were significantly increased in
UVB-irradiated skin compared with sham-irradiated mice
(Figure 1, E and F). In contrast, the density of lymphatic
vessels was comparable in both groups (Figure 1G).

Impaired Function and Increased Leakiness of
Lymphatic Vessels after Chronic UVB Irradiation

To further investigate the effects of chronic UVB irradia-
tion on the function of cutaneous lymphatic vessels,
Evans blue dye was injected intradermally into the rim of
mouse ears. At 1 and 3 minutes after ink injection, mark-
edly dilated lymphatic vessels were visualized in chron-
ically UVB-irradiated mouse skin compared with sham-
irradiated mice (Figure 2, A, B, D, and E). After 5 minutes,
Evans blue dye had extravasated from lymphatic vessels
in chronically UVB-irradiated skin, whereas no such leak-
age was observed in sham-irradiated mice (Figure 2, C
and F). These findings indicate that the enlarged lym-
phatic vessels after UVB irradiation are leaky and func-
tionally impaired.

Chronic UVB Irradiation Leads to Up-Regulation
of VEGF-A, but Not of VEGF-C or VEGF-D
Expression

To investigate whether chronic UVB irradiation resulted in

up-regulation of any of the known lymphangiogenesis
factors, VEGF-A,?® VEGF-C, or VEGF-D'* by epidermal
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Figure 3. Up-regulation of VEGF-A, but not of VEGF-C or VEGF-D mRNA expression in chronic UVB-irradiated epidermis. A—C: Quantitative real-time TagMan
RT-PCR analysis of total RNAs isolated from the epidermis of the ear skin at 48 hours after the chronic UVB irradiation. VEGF-A mRNA expression was up-regulated
in UVB-irradiated epidermis compared with sham-irradiated controls (A, P < 0.01). In contrast, VEGF-C and VEGF-D mRNA expression levels were comparable
in both groups (B, C). D-F: By immunohistochemistry, VEGF-C protein was detected at comparable levels in the sham-irradiated (D) and the UVB-irradiated
epidermis (E). F: Absence of specific staining after omission of the primary antibody. Scale bars = 100 um.

keratinocytes, we next isolated total RNAs from the epi-
dermis of the ear skin, followed by quantitative real-time
TagMan RT-PCR analysis of mRNA expression. We found
a 2.2-fold up-regulation of VEGF-A mRNA expression in
UVB-irradiated epidermis, compared with sham-irradi-
ated controls (P < 0.01; Figure 3A). In contrast, VEGF-C
and VEGF-D mRNA expression levels were comparable
in both groups (Figure 3, B and C). Comparable results
were obtained when total RNA isolated from whole
skin lysates, including both epidermis and dermis, was
examined (data not shown). By immunohistochemistry,
VEGF-C protein expression was detected at comparable
levels in the normal and the UVB-irradiated epidermis
(Figure 3, D-F).

Acute UVB Irradiation Induces Enlargement and
Hyperpermeability of Cutaneous Lymphatic
Vessels

We next investigated whether a single dose of acute UVB
irradiation might be sufficient to impair lymphatic vessel
function. We studied lymphatic function at 2 days after
irradiation. This time point was chosen because our pre-
vious studies with this acute UVB irradiation model re-
vealed that up-regulation of VEGF-A and down-regulation
of thrombospondin-1, as well as the UVB-induced histo-
logical alterations, were most pronounced at 2 days after

irradiation.' Two days after a single dose of 40 mJ/cm?
UVB irradiation (0.5 minimal erythema dose; MED), visu-
alization of cutaneous lymphatic vessels by intradermal
Evans blue dye injection revealed that the lymphatic ves-
sels were indistinguishable from those in nonirradiated
skin and that they were not hyperpermeable (Figure 4,
A-F). In contrast, irradiation with a dose of 80 mJ/cm? of
UVB (1 MED) resulted in enlargement of cutaneous lym-
phatic vessels (Figure 4, G and H), and pronounced
leakiness was observed (Figure 4l). Differential immuno-
fluorescence analyses of skin sections revealed a dra-
matic enlargement of LYVE-1" lymphatic vessels, but
only moderate enlargement of CD31*/LYVE-1~ blood
vessels, after UVB irradiation with 80 md/cm? (Figure 4L).
However, no such changes were observed in nonirradi-
ated skin or in skin irradiated with a UVB dose of 40
mJ/cm? (Figure 4, J and K).

Increased Enlargement of Lymphatic Vessels in
UVB-Irradiated VEGF-A Transgenic Mice

Because we found that the mRNA expression of VEGF-A
was up-regulated by epidermal keratinocytes after UVB
irradiation, we next investigated whether epidermis-de-
rived VEGF-A might directly promote the UVB-induced
enlargement and leakiness of lymphatic vessels. There-
fore, transgenic FVB mice that overexpress murine
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Figure 4. Acute UVB irradiation induces enlargement and hyperpermeability of cutaneous lymphatic vessels. Two days after a single dose of 40 mJ/cm? UVB
irradiation (0.5 MED), visualization of cutaneous lymphatic vessels by intradermal Evans blue dye injection (D-F) revealed that the lymphatic vessels were
indistinguishable from those in nonirradiated skin (A—=C). Irradiation with a dose of 80 mJ/cm? UVB (1 MED) resulted in enlargement of cutaneous lymphatic
vessels (G, H), and pronounced leakiness (I). Differential immunofluorescence analyses of skin sections for LYVE-1 (green) and CD31 (red) revealed marked
enlargement of LYVE-1" lymphatic vessels after UVB irradiation with 80 mJ/cm? (L). No such changes were observed in nonirradiated skin (J) or in skin irradiated

with 40 mJ/cm? (K). Scale bar = 100 wm.

VEGF-A164 under control of the keratin 14 promoter®’
and FVB WT mice were exposed to a single dose of 40
md/cm? UVB—previously shown to induce ear swelling in
VEGF-A transgenic mice''—or were sham-irradiated.
Differential immunofluorescence analyses of ear sections
at 2 days after UVB irradiation revealed comparable num-
bers and sizes of CD31*/LYVE-1" blood vessels and of

LYVE-1" lymphatic vessels in sham-irradiated and UVB-
irradiated WT mice (Figure 5, A and C). Sham-irradiated
VEGF-A transgenic mice already showed a slight in-
crease in lymphatic vessel size compared with WT mice
(Figure 5B). Importantly, lymphatic vessels were dramat-
ically enlarged after UVB irradiation of VEGF-A trans-
genic mice (Figure 5D), associated with increased ear
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Figure 5. Increased enlargement of lymphatic vessels in UVB-irradiated
VEGF-A transgenic mice. VEGF-A transgenic mice and WT mice were ex-
posed to a single dose of 40 n’lj/cr‘ﬂ2 UVB irradiation (C, D) or were
sham-irradiated (A, B). At 2 days after UVB irradiation, double-immunoflu-
orescence stains of ear sections for CD31 (red) and LYVE-1 (green) revealed
comparable numbers and sizes of CD31"/LYVE-1" blood vessels and of
LYVE-1" lymphatic vessels in sham-irradiated and UVB-irradiated WT mice
(A, ©). Sham-irradiated VEGF transgenic mice showed a slight increase in
lymphatic vessel size (B) as compared with WT mice (A). Lymphatic vessels
were dramatically enlarged in UVB-irradiated VEGF transgenic mice (D),
associated with edema formation. E: Morphometric analyses showed a 1.3-
fold increase of lymphatic vessel size in sham-irradiated VEGF transgenic
mice compared with WT mice (P < 0.05), and a 1.9-fold enlargement after
UVB irradiation (P < 0.01). F: The density of lymphatic vessels was compa-
rable in all groups. Scale bars = 100 wm.

thickness and edema formation. Computer-assisted mor-
phometric analyses confirmed a 1.3-fold increase of lym-
phatic vessel size in sham-irradiated VEGF transgenic
mice compared with WT mice (P < 0.05) and a further
significant 1.9-fold enlargement after UVB irradiation
(P < 0.01; Figure 5E). The density of lymphatic vessels
was comparable in all groups (Figure 5F).

Systematic Blockade of VEGF-A Inhibits the
UVB-Induced Enlargement of Lymphatic
Vessels

We next investigated whether systemic blockade of
VEGF-A might prevent the UVB-induced lymphatic vessel
enlargement. WT FVB mice were exposed to a single
dose of 54 md/cm? UVB irradiation 1 day after intraperi-
toneal injection of a blocking antibody against VEGF-A or
of an equal amount of control IgG. Double-immunofluo-
rescence stains for CD31 and LYVE-1 at 2 days after UVB
irradiation demonstrated pronounced enlargement of
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LYVE-1-positive lymphatic vessels, as well as moderate
dilation of CD31*/LYVE-1" blood vessels in mice treated
with control IgG (Figure 6, A and C). In contrast, systemic
treatment with a VEGF-A blocking antibody completely
prevented the enlargement of lymphatic and blood ves-
sels (Figure 6, B and D).

Discussion

Our results reveal that UVB irradiation of the skin leads to
enlargement and leakage of lymphatic vessels and that
UVB-induced VEGF-A plays an important role in mediat-
ing the impairment of lymphatic function that is associ-
ated with edema formation—in addition to its known func-
tion as a permeability factor for blood vessels. Thus,
VEGF-A appears to promote UVB-induced edema forma-
tion by exerting two distinct but synergistic effects, ie,
promotion of fluid leakage from cutaneous blood vessels,
and impairment of fluid drainage via lymphatic vessels. In
support of these conclusions, systemic blockade of
VEGF-A inhibited enlargement of lymphatic and blood
vessels and reduced the UVB-induced cutaneous
damage.

UVB-induced cutaneous photodamage is character-
ized by epidermal hyperplasia, degradation of matrix
proteins, and dermal elastosis.?® Edema formation is one
of the most prominent features of UVB-induced photo-
damage and has been attributed to the increased per-
meability of blood vessels. Surprisingly, we also found
enhanced leakiness of the lymphatic vascular system in
UVB-irradiated skin. Under normal conditions, most lym-
phatic vessels of the skin are collapsed. In the presence
of increased interstitial fluid pressure, often caused by
increased leakage from blood vessels, lymphatic vessels
are pulled open by anchoring filaments that directly con-
nect the lymphatic endothelial cells with elastic fibers in
the extracellular matrix.° This is thought to facilitate fluid
drainage via the lymphatic vascular system. However,
overextension of lymphatic vessels can also cause im-
paired fluid transport function,®° therefore contributing to
enhanced edema formation. Our studies indicate that
both vascular hyperpermeability and reduced lymphatic
drainage can be caused by the same molecule, VEGF-A,
that has been shown to be potently up-regulated in epi-
dermal keratinocytes, both in vitro and in vivo, after UVB
irradiation.>® These findings are in agreement with our
recent results that cultured lymphatic endothelial cells
react to VEGF-A stimulation via VEGFR-2'® and that
VEGF-A transgenic mice develop persistent lymphatic
vessel enlargement after experimental induction of skin
inflammation.™® They are also in agreement with previous
findings that adenoviral delivery of the murine VEGF-A164
gene to mouse skin results in the increased formation of
enlarged, nonfunctional lymphatic vessels.?® It is of inter-
est that injection of Evans blue dye into UVB-irradiated
skin resulted in the visualization of more superficial lym-
phatic vessels than in the nonirradiated skin. This is likely
attributable to impaired Evans blue drainage via deeper
lymphatic vessels, with a resulting backflow to superficial
lymphatics.?* Taken together, our results suggest a new
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Figure 6. Blockade of VEGF-A inhibits the UVB-induced enlargement of lymphatic vessels. WT mice were exposed to a single dose of 54 mJ/cm? UVB irradiation
1 day after intraperitoneal injection of a blocking antibody against VEGF-A or control IgG. A and C: Double-immunofluorescence stains for CD31 (red) and LYVE-1
(green) at 2 days after UVB irradiation reveal enlargement of LYVE-1-positive lymphatic vessels (arrowheads), as well as moderate dilation of CD31"/LYVE-1~
blood vessels (arrow) in mice treated with control IgG. B and D: Anti-VEGF-A treatment prevented the enlargement of lymphatic and blood vessels. Scale bars =

100 pm.

concept for the biological mediation of UVB-induced
damage, with an important functional role of lymphatic
vessels, in addition to blood vessels.

How can we improve lymphatic function in the skin
and/or prevent UVB-induced lymphatic impairment? Pre-
viously, VEGF-C and VEGF-D have been identified as
potent lymphangiogenesis factors, acting via VEGFR-3
and, likely, VEGFR-2 on lymphatic endothelium.™* In fact,
blockade of VEGF-C and VEGF-D via transgenic overex-
pression of a soluble VEGFR-3 resulted in lymphedema,
and transgenic overexpression of VEGF-C or of a mutant
VEGF-C that only activates VEGFR-3 led to increased
lymphatic vascularization of the skin."®®" Results ob-
tained in tissue repair models indicate that VEGF-C in-
deed promotes the enhanced formation of functional lym-
phatic vessels that efficiently drain lymph fluid from the
skin,®? although a recent report found no long-term ef-
fects of VEGF-C application.®® Because we did not de-
tect any major changes of VEGF-C or VEGF-D expression
after UVB irradiation, the predominant influence of
VEGF-A over VEGF-C and VEGF-D signaling might lead
to the functional lymphatic impairment observed after
UVB irradiation of the skin. This concept is further sup-
ported by our recent findings that blockade of VEGFR-3
prolonged UVB-induced edema formation and inflamma-
tion.®* Further studies are needed to investigate whether
enhanced production of VEGF-C (or VEGF-D) may coun-
teract these effects of VEGF-A in cutaneous photodam-
age or in skin inflammation and might ameliorate UVB-
induced lymphatic impairment and edema formation.

Moreover, additional modulators of lymphatic function,
including hepatocyte growth factor, angiopoietin-1 and
-2, ephrin B2, and podoplanin, have been recently iden-
tified,"”3°738 and it will be of great interest to investigate
their modulation after UVB irradiation and their biological
impact on the photodamage reaction. Finally, future in-
vestigations are needed to study whether UVB-induced
impairment of lymphatic vessel function might facilitate
the metastatic spread of skin cancers, such as malignant
melanomas, to sentinel lymph nodes and beyond.'83°
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