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Lymphatic vessel plasticity and stability are of consid-

erable importance when attempting to treat diseases

associated with the lymphatic vasculature. Develop-

ment of lymphatic vessels during embryogenesis is de-

pendent on vascular endothelial growth factor (VEGF)-C

but not VEGF-D. Using a recombinant adenovirus en-

coding a soluble form of their receptor VEGFR-3 (Ad-

VEGFR-3-Ig), we studied lymphatic vessel dependency

on VEGF-C and VEGF-D induced VEGFR-3 signaling in

postnatal and adult mice. Transduction with AdVEGFR-

3-Ig led to regression of lymphatic capillaries and me-

dium-sized lymphatic vessels in mice under 2 weeks of

age without affecting collecting lymphatic vessels or the

blood vasculature. No effect was observed after this pe-

riod. The lymphatic capillaries of neonatal mice also

regressed partially in response to recombinant VEGFR-

3-Ig or blocking antibodies against VEGFR-3, but not to

adenovirus-encoded VEGFR-2-Ig. Despite sustained in-

hibitory VEGFR-3-Ig levels, lymphatic vessel regrowth

was observed at 4 weeks of age. Interestingly, whereas

transgenic expression of VEGF-C in the skin induced

lymphatic hyperplasia even during embryogenesis,

similar expression of VEGF-D resulted in lymphangio-

genesis predominantly after birth. These results indi-

cate considerable plasticity of lymphatic vessels during

the early postnatal period but not thereafter, suggesting

that anti-lymphangiogenic therapy can be safely ap-

plied in adults. (Am J Pathol 2006, 169:708–718; DOI:

10.2353/ajpath.2006.051200)

The lymphatic vasculature collects extravasated fluid,

macromolecules, and cells of the immune system from

the interstitium and after filtration through a series of

lymph nodes returns them back to the blood circulation.

The lymph vessels also absorb and transport dietary

lipids from the intestine.1 In contrast to blood vessels,

lymphatic capillaries start blind ended, have a discontin-

uous basement membrane, and are not covered by peri-

cytes, whereas collecting lymphatic vessels are sur-

rounded by a smooth muscle cell layer. The lymphatic

endothelial cells lack tight interendothelial junctions and

are attached to the surrounding extracellular matrix by

anchoring filaments, while valves serve to prevent lymph

backflow in the absence of a strong propulsive pres-

sure.2 Defects of lymphatic vessel function can lead to

lymphedema, a condition characterized by swelling of

extremities due to fluid accumulation in tissues.3 Lym-

phatic vessels also represent the primary route of meta-

static spread for many types of human cancers,4 and

they are furthermore involved in the regulation of inflam-

matory responses in various pathological conditions.5,6

The mechanisms controlling development of the blood

vasculature are relatively well characterized, but the mo-

lecular mechanisms regulating the growth and function of

lymphatic vessels are only starting to be elucidated. Vas-

cular endothelial growth factor receptor (VEGFR)-3 is

initially expressed in all endothelial cells of mouse em-
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bryos.7 VEGFR-3-deficient mice die at embryonic day 9.5

(E9.5) because of a failure in remodeling of the primary

vascular plexus.8 Later in embryonic development, when

the lymphatic vessels start to sprout at approximately

E10.5, the expression of VEGFR-3 decreases in blood

vessels and becomes restricted almost exclusively to the

lymphatic endothelium.7 The two known ligands of

VEGFR-3, vascular endothelial growth factor (VEGF)-C

and VEGF-D, have been shown to induce primarily lym-

phangiogenesis.9,10 VEGF-C is necessary for the initial

sprouting and migration of lymphatic endothelial cells

from embryonic veins, and mice lacking VEGF-C die pre-

natally,11 whereas VEGF-D is dispensable for embryonic

lymphatic development.12

We have shown that the ligand-binding domain of

VEGFR-3 fused to the Fc-region of human immunoglobulin

� chain (VEGFR-3-Ig) is a potent inhibitor of VEGF-C-in-

duced tumor lymphangiogenesis and lymphatic, but metas-

tasis.13,14 To apply inhibition of ligand-induced VEGFR-3

signaling to prevent lymphatic metastasis in cancer pa-

tients, it would be important to know how this affects the

normal lymphatic vasculature. Here we show that inhibition

of the interaction of VEGFR-3 with its ligands, by adenovi-

rus-encoded soluble VEGFR-3-Ig, recombinant VEGFR-

3-Ig protein, or by inhibitory VEGFR-3 antibodies, causes

systemic regression of normal lymphatic capillaries and

medium-sized lymphatic vessels during the first 2 weeks of

postnatal life. After that time, the lymphatic vasculature be-

comes independent of VEGFR-3 ligands, and the lymphatic

vessels regenerate even in the presence of neutralizing

concentrations of VEGFR-3-Ig. Furthermore, we demon-

strate that whereas transgenic overexpression of VEGF-C

induces lymphangiogenesis during embryogenesis,

VEGF-D stimulates lymphatic vessel growth predominantly

after birth, indicating additional changes related to postna-

tal lymphatic maturation.

Materials and Methods

Mice and Adenoviruses

The VEGFR-3�/LacZ, K14-VEGF-C, K14-VEGF-C156S,

and K14-VEGF-D mice have been described previous-

ly.8–10 NMRI nu/nu and nu/� mice were from Harlan

(Horst, The Netherlands). All experiments involving mice

were approved by the Provincial State Office of Southern

Finland and they were performed in accordance with

institutional guidelines. Recombinant adenoviruses en-

coding VEGFR-3-Ig (AdVEGFR-3-Ig), VEGF-C (AdVEGF-

C), �-galactosidase (AdLacZ), and VEGFR-2-Ig

(AdVEGFR-2-Ig) were produced as described.13,15

In Vitro Testing of the Adenoviruses

HepG2 cells were transduced with 100 pfu/cell of Ad-

VEGFR-3-Ig or AdLacZ and metabolically labeled with

100 �Ci/ml [35S]methionine and [35S]cysteine (Redivue

ProMix; Amersham Pharmacia Biotech, Uppsala, Swe-

den). The labeled fusion protein was precipitated with

protein A-Sepharose (Amersham Pharmacia Biotech)

and analyzed by 7.5% sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis (SDS-PAGE) under reducing

conditions. Alternatively, unlabeled conditioned medium

from AdVEGFR-3-Ig-transduced HepG2 cells or, as a

control, polyclonal rabbit antibodies against human

VEGF-C (antiserum 882),16 were used to bind metaboli-

cally labeled VEGF-C from the conditioned media of

HepG2 cells transduced with AdVEGF-C or AdLacZ ad-

enoviruses. The complexes were precipitated, washed,

and analyzed by 12.5% SDS-PAGE under reducing

conditions.

Treatment of Mice with Adenovirus-Encoded

Ligand Traps, Blocking Antibodies, or

Recombinant Proteins

One-, four-, or seven-day-old mouse pups were injected

intraperitoneally with 5 � 108 pfu/30 to 50 �l and mice 14

days or older with 1 � 109 pfu/60 to 100 �l of AdVEGFR-

3-Ig, AdVEGFR-2-Ig, AdLacZ, or a corresponding volume

of phosphate-buffered saline (PBS). Mice were injected

intraperitoneally once a day or every second day with 30

mg/kg or 60 mg/kg of mF4-31C1, a rat monoclonal anti-

body against mouse VEGFR-3 that blocks ligand bind-

ing17; 25 mg/kg of recombinant VEGFR-3-Ig fusion pro-

tein18; 20 mg/kg AFL4, a rat monoclonal antibody against

mouse VEGFR-3 that blocks ligand binding19; or control

(nonblocking rat monoclonal antibodies against mouse

VEGFR-2,19 recombinant VEGFR-1-Ig fusion protein18 or

PBS) in a volume of 20 to 100 �l.

Visualization of Blood and Lymphatic Vessels

Fluorescent whole-mount immunostaining was performed

as described previously20 with polyclonal rabbit antibod-

ies against mouse LYVE-111 and monoclonal rat antibod-

ies against mouse PECAM-1 (BD Pharmingen, San

Diego, CA) using Alexa Fluor 594-conjugated goat anti-

rabbit and Alexa Fluor 488-conjugated goat anti-rat anti-

bodies (Molecular Probes, Eugene, OR) for detection.

Ear tissues were mounted with Vectashield mounting

medium (Vector Laboratories, Burlingame, CA) and

analyzed with a LSM510 Meta confocal microscope

(Carl Zeiss, Heidelberg, Germany). Other tissues were

analyzed with a stereomicroscope (Leica, Wetzlar,

Germany).

Paraffin sections from paraformaldehyde-fixed tissues

were immunostained with monoclonal rat antibodies

against VEGFR-319 or PECAM-1 (BD Pharmingen) or rab-

bit antibodies against LYVE-111 using tyramide signal

amplification kit (NEN Life Sciences, Boston, MA). The

lymphatic vessels of VEGFR-3�/LacZ mice were stained

with X-gal (Sigma-Aldrich). For visualization of functional

lymphatic vessels, fluorescein isothiocyanate-conjugated

dextran (2000 kd; Sigma-Aldrich, St. Louis, MO) was

injected intradermally into the ear or tail, and the uptake

of the dye by lymphatic vessels was analyzed by fluores-

cence microscopy.
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Detection of VEGFR-3-Ig in Serum

The concentration of VEGFR-3-Ig fusion protein in the

serum was determined by specific enzyme-linked immu-

nosorbent assay as described.18 Data are expressed as

average � SD. To test VEGFR-3-Ig binding properties,

serum obtained from AdVEGFR-3-Ig-transduced mice

was used to precipitate metabolically labeled VEGF-C

from the conditioned medium of VEGF-C-transfected

293T cells.

Pharmacokinetics of mF4-31C1 and

VEGFR-3-Ig

Female nu/nu mice were injected intraperitoneally with

20 mg/kg of mF4-31C1. Two mice per group were bled

at the indicated times after treatment. Plasma concen-

tration of mF4-31C1 was determined using an enzyme-

linked immunosorbent assay. Briefly, 96-well Maxi-sorp

microtiter plates (Nunc, Roskilde, Denmark) were

coated with the extracellular domain of mouse

VEGFR-3 fused with secreted human alkaline phospha-

tase (sR3-AP).17 Plasma samples, serially diluted in

blocking buffer (PBS containing 5% freeze-dried milk),

were added to the wells and incubated at room tem-

perature for 1 hour. Bound mF4-31C1 was detected

with donkey anti-rat IgG-horseradish peroxidase con-

jugate (Amersham Pharmacia Biotech) using TMB per-

oxidase substrate (KPL, Gaithersburg, MD). The

change in optical density was measured using a mi-

croplate reader (Molecular Devices, Sunnyvale, CA).

Pharmacokinetic parameters were calculated by non-

compartmental analysis using the WinNonlin program

(Pharsight Corporation, Mountain View, CA). To deter-

mine the systemic half-life of VEGFR-3-Ig in mice, 10

�g of recombinant VEGFR-3-Ig protein were injected

intravenously into three female C57BL/6 mice in a vol-

ume of 200 �l, and blood samples were collected from

the tail vein at the indicated time points. Serum VEGFR-

3-Ig concentration was quantified by enzyme-linked

immunosorbent assay.18 Data are expressed as aver-

age � SD.

Quantitation of Lymphatic Vessels

At E14.5, we quantified the number of X-gal-stained skin

lymphatic vessels at 0.3, 0.6, and 0.9 mm distance from

the dorsal midline as well as the skin area covered by

X-gal-positive lymphatic vessels on the dorsal side of

K14-VEGF-D � VEGFR-3�/LacZ, K14-VEGF-C � VEGFR-

3�/LacZ, and VEGFR-3�/LacZ embryos. At P1, P7, and P14,

the area covered by lymphatic vessels in the skin of

K14-VEGF-C, K14-VEGF-D, and wild-type littermate mice

was quantified from photomicrographs of LYVE-1-stained

skin sections (six photomicrographs/mouse) using the

Image-Pro Plus program (Media Cybernetics, Silver

Spring, MD). Data are expressed as average � SD.

Quantitative Reverse Transcriptase-Polymerase

Chain Reaction (RT-PCR)

For the determination of the relative expression levels of

VEGF-C and VEGF-D in the K14-VEGF-C, K14-VEGF-D,

and wild-type littermate mice, RNA was extracted from

whole embryos at E14.5 and from ventral skin at E17.5

using the RNeasy mini kit (Qiagen, Hilden, Germany).

Reverse transcription was performed from 0.5 �g of total

RNA with the QuantiTect reverse transcription kit (Qia-

gen), and 1/20 of the reverse transcription reaction was

used as a template in the quantitative PCR reaction per-

formed with the DyNAmo HS SYBR Green qPCR kit

(Finnzymes, Espoo, Finland) using the ABI 7500 SDS

real-time PCR instrument (Applied Biosystems, Foster

City, CA). The oligonucleotide primers used were the

following: 5�-GGCTGGCAACATAACAGAGA-3� and 5�-

GTGGCATGCATTGAGTCTTT-3� for human VEGF-C, 5�-

CTTGCTGGAACAGAAGACCA-3� and 5�-TACAGACA-

CACTCGCAACGA-3� for human VEGF-D, and 5�-ACA-

ACTTTGGCATTGTGGAA-3� and 5�-GATGCAGGGATG-

ATGTTCTG-3� for mouse GAPDH. Relative expression of

human VEGF-C and VEGF-D were normalized to mouse

GAPDH expression.

Results

AdVEGFR-3-Ig Establishes Long-Term Inhibition

of VEGF-C and -D in Vivo

We used a recombinant adenovirus, AdVEGFR-3-Ig, to

inhibit VEGFR-3 signaling in mice of different ages. Ad-

VEGFR-3-Ig-transduced cells secreted a protein of the

expected size (Figure 1A), which was able to bind

VEGF-C (Figure 1B). Also, the VEGFR-3-Ig fusion protein

in the serum of mice transduced intraperitoneally with

AdVEGFR-3-Ig 1 week after birth, and analyzed at 2 or 4

weeks of age, was able to bind VEGF-C (Figure 1C). The

systemic half-life of VEGFR-3-Ig in C57BL/6 mice was

determined to be between 2 to 3 days (Figure 1D).

AdVEGFR-3-Ig Induces Postnatal Lymphatic

Vessel Regression

To determine whether the lymphatic vasculature of post-

natal mice depends on ligand-induced VEGFR-3 signal-

ing, VEGFR-3�/LacZ mice were transduced intraperitone-

ally with 5 � 108 pfu of AdVEGFR-3-Ig or AdLacZ or a

corresponding volume of PBS at days 1, 7, or 14 after

birth. An initial lymphatic vessel network is present on day

1 after birth (see Figure 6, I and L).18,21 The mice treated

with AdVEGFR-3-Ig at the age of 1 or 7 days were almost

completely devoid of lymphatic capillaries and medium-

sized lymphatic vessels in the intestine, mesenterium,

diaphragm, stomach, and heart, when analyzed 1 week

after the injection. Only a few thin remnants of lymphatic

vessels, likely without a lumen, and some isolated lym-

phatic endothelial cells remained in these tissues, as

determined by whole-mount �-galactosidase staining

710 Karpanen et al
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(Figure 2, A–H; and data not shown). However, large

collecting lymphatics, for example the thoracic duct,

were not affected. This may reflect the expression of

VEGFR-3 in lymphatic capillaries but not in collecting

lymphatic vessels.22 Only occasional thin lymphatic ves-

sels were detected in the skin sections of the AdVEGFR-

3-Ig-treated mice by immunohistochemical analysis with

antibodies against the lymphatic endothelial markers

LYVE-1, VEGFR-3, or podoplanin (Figure 2I and data not

shown). On the contrary, lymphatic vessels were abun-

dant in the skin of AdLacZ- and PBS-treated control mice

(Figure 2J). However, the blood vessels of the AdVEGFR-

3-Ig-treated mice appeared normal in number and size,

as analyzed by immunohistochemical staining with anti-

bodies against the pan-endothelial marker platelet endo-

thelial cell adhesion molecule 1 (PECAM-1) (Figure 2, K

and L).

Despite the massive regression of the lymphatic vas-

culature, and in some cases almost complete lack of

lymphatic capillaries and medium-sized lymphatic ves-

sels, no signs of lymphedema, chylous fluid accumula-

tion, or growth retardation were observed in the Ad-

VEGFR-3-Ig-transduced mice (data not shown). The

average VEGFR-3-Ig level in the sera of the mice that

were treated with AdVEGFR-3-Ig at the age of 1 or 7 days

was 572 � 138 ng/ml (n � 18) 1 week after injection.

Similar regression of the lymphatic vessels occurred in

wild-type C57BL/6 littermates when analyzed by immu-

nohistochemical staining of the skin, diaphragm, and

intestine (data not shown), which indicates that the re-

gression of lymphatic vessels in the VEGFR-3�/LacZ mice

was not because of VEGFR-3 haploinsufficiency. In wild-

type NMRI mice slightly more lymphatic vessels per-

sisted than in the C57BL/6 mice, indicating variability

related to the genetic background (data not shown).

AdVEGFR-3-Ig also induced postnatal regression of

the hyperplastic lymphatic vessels in transgenic mice

expressing a VEGFR-3-specific mutant form of VEGF-C in

the skin under control of the keratin 14 promoter (K14-

VEGF-C156S) (Supplemental Figure 1, A–F; see http://

ajp.amjpathol.org). This indicates that the abnormal, en-

larged lymphatic vessels caused by an excessive

amount of a VEGFR-3 ligand are dependent on continu-

ous VEGFR-3 signaling during the postnatal period.

In addition to VEGFR-3, the fully processed, mature

form of VEGF-C binds to and activates VEGFR-2, which is

expressed predominantly in blood vessels and collecting

lymphatic vessels.22 The exact role of VEGFR-2 in the

lymphatic vasculature is unknown, although there is

some indication of its involvement in lymphangiogenesis

when stimulated either by VEGF or the mature form of

VEGF-C.22–24 Treatment of postnatal mice with Ad-

VEGFR-2-Ig did not have any apparent effect on blood or

lymphatic vessels in the skin or diaphragm (Supplemen-

tal Figure 2, A and B; see http://ajp.amjpathol.org; and

data not shown). The failure of VEGFR-2-Ig, which was

Figure 1. AdVEGFR-3-Ig establishes long-term inhibition of VEGF-C in vivo. A: AdVEGFR-3-Ig- or AdLacZ-transduced cells were metabolically labeled and the
conditioned media were precipitated with protein A Sepharose. B and C: Metabolically labeled VEGF-C was precipitated with VEGFR-3-Ig produced by
AdVEGFR-3-Ig-transduced cells or with the 882 polyclonal VEGF-C antiserum (B) or using serum from nude mice transduced intraperitoneally with AdVEGFR-3-Ig
or AdLacZ 1 week after birth and analyzed at the age of 2 or 4 weeks (C). The bound proteins were analyzed by 7.5% (A) or 12% (B and C) SDS-PAGE under
reducing conditions. D: Concentration of VEGFR-3-Ig in the circulation of C57BL/6 mice as a function of time after a single intravenous injection of 10 �g of the
recombinant protein. Dashed line indicates half of the protein concentration obtained 5 minutes after injection.

VEGF-C/D Dependency of Postnatal Lymphatics 711
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produced and circulating in the blood at comparable

levels to VEGFR-3-Ig, to affect the vessels of postnatal

mice could in part depend on the lower binding affinity of

VEGFR-2 for both VEGF-C (kd, 410 pmol/L)16 and for

VEGF (75 to 250 pmol/L)25 as compared to that of

VEGFR-3 for VEGF-C (135 pmol/L)16 or of VEGFR-1 for

VEGF (25 pmol/L).25

Lymphatic Vessels Become Independent of the

Ligand-Activated VEGFR-3 Pathway after the

First Two Postnatal Weeks

When the VEGFR-3�/LacZ mice were transduced with Ad-

VEGFR-3-Ig at the age of 2 weeks or older and the

lymphatic vessels were analyzed 1 week after the injec-

tion, no regression of the already formed lymphatic ves-

sels or inhibition of further lymphangiogenesis was ob-

served (Figure 3, A–H). The level of VEGFR-3-Ig in the

sera of these mice was 562 � 78 ng/ml (n � 5) at the time

of analysis, which would neutralize �100 ng/ml of VEGF-

C.18 The VEGFR-3-Ig in the sera of these mice was func-

tional as demonstrated by its ability to precipitate

VEGF-C, and no detectable amounts of potentially neu-

Figure 2. Adenovirally encoded soluble VEGFR-3 causes lymphatic vessel
regression in mice under 2 weeks of age but has no effect on the blood
vasculature. VEGFR-3�/LacZ mice were transduced intraperitoneally with 5 �

108 pfu of AdVEGFR-3-Ig or PBS on day 7 after birth and analyzed 1 week
thereafter. The lymphatic vessels were visualized by �-galactosidase staining
in the heart (A and B), stomach (C–F), and colon (G and H). The lymphatic
and blood vessels in skin sections were visualized by immunohistochemistry
using antibodies against the lymphatic-specific marker LYVE-1 (I and J, red)
or the pan-endothelial marker PECAM-1 (K and L, red) of AdVEGFR-3-Ig-
transduced and control mice, respectively. The vessels with wide lumens
indicated with arrows in J and L are lymphatics, which are absent in I and
K. Similar results were observed when the mice were injected at day 1 after
birth and analyzed at the age of 7 days. Scale bars � 50 �m.

Figure 3. Lymphatic vessels become resistant to inhibition of VEGFR-3
signaling after the first 2 postnatal weeks. �-Galactosidase staining of hearts
(A and B), ears (C and D), and tail skin (E and F) and immunohistochemical
staining of skin sections using antibodies against LYVE-1 (G and H, red) and
PECAM-1 (I and J, red) of VEGFR-3�/LacZ mice transduced intraperitoneally
with AdVEGFR-3-Ig or PBS, respectively, at the age of 2 weeks and analyzed
1 week thereafter. Scale bars � 50 �m.
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tralizing antibodies against VEGFR-3-Ig were observed

by Western blotting (data not shown).

Lymphatic Vessels Start to Regenerate during

the Fourth Postnatal Week Despite Neutralizing

Levels of VEGFR-3-Ig in the Serum

To avoid possible immune reactions against the adenovirus

or the human protein and to allow longer observation times,

the following experiments were done in nu/nu mice, which

were transduced with AdVEGFR-3-Ig or AdLacZ 4 to 7 days

after birth. At the age of 2 weeks, the functional lymphatic

vessels in the ear, tail, and hind limb were visualized by

fluorescent lymphangiography. In the ears of the AdVEGFR-

3-Ig-treated mice, the tracer remained at the site of the

injection or, in some cases, was taken up by a single thin

lymphatic vessel, suggesting that the ears of the AdVEGFR-

3-Ig-treated mice contained no or only few functional lym-

phatic vessels (Figure 4A). This was further confirmed by

whole mount immunofluorescent staining for LYVE-1 (Figure

4E). In the tail of the AdVEGFR-3-Ig-treated mice, most of

the small lymphatics were missing, but the fluorescent dex-

tran was still drained through the main collecting lymphatic

vessels, which appeared thinner than the ones in the control

mice (data not shown). The para-aortic and axillary lymph

nodes were smaller than those of the control mice, but the

thoracic duct appeared unaffected (data not shown). In the

diaphragm, almost complete regression of the lymphatic

vessels was observed (data not shown).

Lymphatic vessels of nu/nu mice transduced with Ad-

VEGFR-3-Ig at the age of 4 days had started to regenerate

when the mice were 4 weeks of age despite the presence of

480 � 202 ng/ml (n � 5) of functional VEGFR-3-Ig in their

sera (Figure 4, B and F, and Figure 1C). In the ear fluores-

cent dextran was taken up by a few thin lymphatic vessels

(Figure 4B). The regeneration of the lymphatic vessels was

confirmed in whole-mount immunohistochemistry of the

ears, mesenterium, and diaphragm as well as by staining of

skin sections (Figure 4F and data not shown). In the ear skin

and in the diaphragm, lymphatic regeneration seemed to

occur by enlargement and sprouting of the remnants of the

regressed lymphatic vessels (Figure 4F and data not

shown).

At the age of 8 weeks, the lymphatic vasculature in the

skin, diaphragm, and mesenterium had widely regener-

ated. However, both the function (Figure 4C) and the

organization (Figure 4G) of the regenerated lymphatic

vessels appeared abnormal when compared to skin lym-

phatic vasculature in control mice of the same age (data

not shown; Figure 4H). In these mice, fluorescent dextran

was taken up by fewer lymphatic vessels and more slowly

than in the control mice, and the lymphatic vessels ap-

peared leaky (Figure 4C, arrows). Furthermore, dextran

backflow occurred from the precollecting lymphatic vessels

to the smaller capillaries, suggesting defective valves in the

regenerated lymphatic vasculature (Figure 4C, arrow-

heads). The blood vessels of the AdVEGFR-3-Ig-treated

mice were not affected at any age (Figure 4, E–H).

Effects of VEGFR-3-Blocking Antibodies and

Recombinant VEGFR-3-Ig

To exclude any contribution by responses against adeno-

viruses, we investigated if the lymphatic vessel regres-

Figure 4. Lymphatic vessels start to regrow 4 weeks after birth despite neutralizing VEGFR-3-Ig levels in the serum. Fluorescent dextran lymphangiography in the
ear skin (A–D) as well as whole-mount LYVE-1 (red) and PECAM-1 (green) staining of the ears (E–H) of nu/nu mice injected intraperitoneally with AdVEGFR-3-Ig
(A–C and E–G) or AdLacZ (D and H) at the age of 1 week and analyzed at the indicated time points. Scale bars: 1 mm (A–D); 500 �m (E–H).

VEGF-C/D Dependency of Postnatal Lymphatics 713
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sion could be reproduced by antibodies blocking VEGFR-3

signaling. The mF4-31C1 rat antibodies that block mouse

VEGFR-317 or, as a control, nonblocking rat antibodies

against mouse VEGFR-219 or PBS were injected intraperi-

toneally into nu/nu mice starting on day 4 after birth. Eight

days thereafter the lymphatic vessels were analyzed by

immunohistochemistry in diverse organs. Partial regression

of lymphatic vessels was detected in the ear skin and

diaphragm at a dose of 30 mg/kg injected every second

day (Figure 5, A–D). Increasing the dose to 30 mg/kg or

even to 60 mg/kg daily did not result in a more complete

lymphatic vessel regression (data not shown), suggesting

that 30 mg/kg every second day is a saturating dose. The

systemic half-life of mF4-31C1 was found to be rather long,

more than 5 days in nu/nu mice (Figure 5E). Partial regres-

sion of the lymphatics could also be observed in the mes-

enterium, stomach, and diaphragm of VEGFR-3�/LacZ mice

injected intraperitoneally with a daily dose of 25 mg/kg of

recombinant VEGFR-3-Ig protein (Figure 5G and data not

shown) or of nu/nu mice injected daily with 20 mg/kg of

AFL4 rat antibodies against mouse VEGFR-3 (Figure 5I and

data not shown).

VEGF-D Transgene-Induced Lymphatic

Hyperplasia Occurs after Birth

We next analyzed the relative contributions of VEGF-C

and VEGF-D to embryonic lymphangiogenesis. VEGF-C

is necessary for the initial development of the lymphatic

vasculature,11 whereas lymphatic development occurs

normally in VEGF-D-deficient mice.12 In K14-VEGF-C and

K14-VEGF-C156S mice, the first signs of lymphatic hy-

perplasia are detected at E13.5, and at E14.5 the cuta-

neous lymphatic vessels of these embryos are clearly

hyperplastic.22 To investigate the ability of VEGF-D to

stimulate lymphatic hyperplasia during embryogenesis,

we crossed K14-VEGF-D, and as a control, K14-VEGF-C

mice with VEGFR-3�/LacZ mice. Interestingly, no signs of

lymphatic hyperplasia were observed in the K14-VEGF-

D � VEGFR-3�/LacZ mice when compared to control

VEGFR-3�/LacZ littermates at E14.5, the age when the

cutaneous lymphatic vessels of K14-VEGF-C � VEGFR-

3�/LacZ mice were already hyperplastic (Figure 6, A–F). At

E14.5, the fold increase in the number of lymphatic ves-

sels at 0.6 mm distance from the dorsal midline as com-

pared to the VEGFR-3�/LacZ littermates (n � 3) was

0.79 � 0.27 in K14-VEGF-D � VEGFR-3�/LacZ embryos

(n � 7, P � 0.5), and 2.15 � 0.67 in K14-VEGF-C �

VEGFR-3�/LacZ embryos (n � 6, P � 0.01). The fold

increase in the lymphatic vessel area on the dorsal side

as compared to the VEGFR-3�/LacZ littermates (n � 7)

was 1.33 � 0.17 in K14-VEGF-D � VEGFR-3�/LacZ em-

bryos (n � 7, P � 0.02), and 2.31 � 0.17 in K14-VEGF-

C � VEGFR-3�/LacZ embryos (n � 2; P � 0.01). At this

stage the K14-VEGF-D mice expressed the transgene at

even higher levels than the K14-VEGF-C mice as deter-

Figure 5. Intraperitoneally injected blocking antibodies against VEGFR-3 or recombinant VEGFR-3-Ig induce a partial regression of lymphatic vessels. A–D: nu/nu
mice were injected intraperitoneally with mF4-31C1 blocking antibodies against VEGFR-3 at a dose of 30 mg/kg (A and B) or with PBS (C and D) every 2nd day
starting at day 4 after birth. Eight days later the diaphragm (A and C) and the ears (B and D) were analyzed by fluorescent whole-mount staining with LYVE-1
antibodies (red). Similar results were obtained when a dose of 60 mg/kg every day was used. E: Pharmacokinetics of mF4-31C1 in nu/nu mice. F–H:
VEGFR-3�/LacZ mice were either transduced with AdVEGFR-3-Ig at a single dose of 5 � 108 pfu (F) or injected intraperitoneally with recombinant VEGFR-3-Ig
proteins (G) or control proteins (H) at a dose of 25 mg/kg once a day starting 1 day after birth and the mesenteric lymphatic vessels were stained with X-gal at
the age of 7 days. I and J: nu/nu mice were injected intraperitoneally with AFL4 blocking antibodies against VEGFR-3 (I) or with control antibodies (J) at a dose
of 20 mg/kg once a day starting 1 day after birth and the lymphatic vessels in the stomach were stained in whole mount with VEGFR-3 antibodies at the age of
7 days. Scale bars � 500 �m.
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mined by quantitative RT-PCR (data not shown), confirm-

ing that the lack of the lymphatic phenotype in the K14-

VEGF-D embryos at E14.5 is not because of delay in

transgene expression. The first signs of hyperplasia in the

cutaneous lymphatic vessels of K14-VEGF-D mice were

detected on day 1 after birth (Figure 6, G–I), and at the

age of 7 days the lymphatic vessels of K14-VEGF-D mice

were indistinguishable from those of K14-VEGF-C mice

(Figure 6, J–L). At P7, the fold increase of the lymphatic

area as compared to the one in wild-type littermates (n �

9) was 7.08 � 0.17 in K14-VEGF-D mice (n � 6, P �

0.001) and 6.60 � 0.59 in K14-VEGF-C mice (n � 4, P �

0.001). These results suggest that postnatal lymphatic

maturation involves the acquisition of sensitivity to VEGF-

D-induced growth signals.

Discussion

This study demonstrates that the lymphatic vasculature of

postnatal, but not of adult mice is dependent on ligand-

stimulated VEGFR-3 signals. Inhibition of this signaling

results in regression of lymphatic capillaries and medi-

um-sized lymphatic vessels during the first 2 weeks after

birth. However, the lymphatic vasculature starts to regen-

erate independently of VEGF-C and VEGF-D by the age

Figure 6. VEGF-D promotes lymphangiogenesis predominantly after birth. A–F: Whole-mount �-galactosidase staining of K14-VEGF-D � VEGFR-3�/LacZ,
K14-VEGF-C � VEGFR-3�/LacZ, and control VEGFR-3�/LacZ mice at E14.5. G–L: Immunohistochemical staining for LYVE-1 (red) in the skin sections of
K14-VEGF-D and K14-VEGF-C mice as well as in their wild-type littermates at days 1 (G–I) and 7 (J–L) after birth. Note the progression of lymphatic hyperplasia
between P1 and P7 in the K14-VEGF-D skin (G and J). Scale bars: 1 mm (A–F); 50 �m (G–L).
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of 4 weeks. Surprisingly, we also found that the postnatal,

but not embryonic, lymphatic vessels are sensitive to the

induction of hyperplasia by human VEGF-D.

Mice heterozygous for VEGF-C deficiency,11 mice har-

boring an inactivating mutation in the VEGFR-3 gene, the

Chy mice,26 as well as mice expressing VEGFR-3-Ig un-

der a keratin promoter in the skin18 are born essentially

without lymphatic capillaries and medium-sized lym-

phatic vessels, whereas their large collecting lymphatic

vessels appear normal. However, in these mice, lym-

phatic vascular regeneration occurs in the visceral or-

gans but not in the skin starting at 2 weeks of age.

Postnatal regeneration of lymphatic capillaries in most

tissues, including the skin, has also been observed in

mice deficient of neuropilin-2,27 which acts as a co-re-

ceptor for VEGF-C.26 It is as yet not known from where the

lymphatic regeneration occurs in these various mice. The

large lymphatic vessels in the neuropilin-2-deficient mice

and the lymphatic remnants in the AdVEGFR-3-Ig-treated

mice could serve as origins of lymphatic sprouting. In con-

trast, the lymphatic vessels are almost completely absent

from the skin of the heterozygous VEGF-C gene targeted

mice, Chy mice, and K14-VEGFR-3-Ig mice.

Our current results indicate that the VEGF-C/VEGFR-3

pathway is absolutely required for the maintenance of

lymphatic vasculature during the first few weeks after

birth. Later on the survival of lymphatic vessels becomes

independent of VEGFR-3 ligands and their signals, indi-

cating that a process of lymphatic capillary maturation

occurs in postnatal mice at �2 weeks of age. After that,

the regrowth of lymphatic vessels occurs without

VEGFR-3 ligands, indicating that a VEGF-C- and VEGF-

D-independent mechanism that induces lymphatic

growth must exist in mice older than 2 to 3 weeks. Although

the VEGF-C/VEGFR-3 pathway is not needed after this

stage for the growth of the lymphatic vessels, it is apparently

functional, because lymphangiogenesis can be stimulated

by VEGF-C, when delivered for example via an adenovi-

rus.15,22 Possible postnatal factors responsible for the

VEGF-C/VEGF-D/VEGFR-3-independent pathway include

VEGF,23,24 HGF,28 and the angiopoietins,20,29,30 which

have all been shown to stimulate lymphangiogenesis.

Previous studies have indicated that isolated lymphatic

endothelial cells can survive and proliferate to some ex-

tent without VEGFR-3 ligand stimulation on fibronectin but

not on uncoated tissue culture plates.31 This suggests

that the extracellular matrix provides important growth-

promoting signals for lymphatic vessels. Furthermore, it

was shown that integrin �1 can directly interact with

VEGFR-3 and modulate its phosphorylation, thus affect-

ing lymphatic endothelial cell migration.32,33 Integrin

�9�1-deficient mice die 6 to 12 days after birth because

of chylothorax caused by a failure of lymphatic vessels,

which indicates a crucial function for integrin �9�1 in

lymphatic development.34 Indeed, integrin �9�1 was

shown to directly bind VEGF-C and VEGF-D and to pro-

mote endothelial cell adhesion and migration.35 The mo-

lecular mechanism of postnatal lymphatic maturation and

of the VEGFR-3 ligand-independent form of lymphangio-

genesis could involve such stabilizing signaling by the

extracellular matrix, possibly mediated by integrins. How-

ever, it remains to be elucidated why the matrix signals

would become activated only a few weeks after birth and

why they cannot compensate for the lack of ligand-stim-

ulated VEGFR-3 signaling during embryogenesis and the

immediate postnatal period. The fact that VEGF-D is not

able to induce lymphangiogenesis during embryogene-

sis suggests that VEGF-D-induced VEGFR-3 activation

might depend on such additional maturation signals for

lymphatic endothelial cells.

VEGF gene deletion or daily administration of VEGFR-

1-Ig in postnatal mice has been shown to result in endo-

thelial cell apoptosis, leading to severely reduced num-

bers of blood vessels and increased postnatal lethality.36

The susceptibility of the blood vascular endothelial cells

to VEGF depletion is lost, or at least greatly decreased,

after the 4th postnatal week, suggesting a process of

blood vessel maturation that results in VEGF-indepen-

dent survival of blood vascular endothelial cells.36,37 In

the adult, VEGF seems to be required mainly for active

angiogenic processes, such as corpus luteum develop-

ment and wound healing, and to be responsible for an-

giogenesis in several pathological conditions, such as

tumor growth and arthritis.25 VEGF has also been impli-

cated for the survival of fenestrated blood capillaries.38

Coverage of the blood vessels by pericytes starts early,

during late embryonic development, indicating that it

cannot be the only mechanism of vessel maturation. Be-

cause the ablation of the VEGF gene during the first

postnatal week leads to death in 38% of the pups,36 it

would be interesting to know if the blood vessels of the

surviving mice can regenerate independently of VEGF in

a similar manner to the regeneration of lymphatic vessels

without VEGF-C and VEGF-D.

Spread through lymphatic vessels into regional lymph

nodes is commonly the first step in the dissemination of

human cancer. A correlation between VEGF-C expres-

sion by the primary tumor and metastasis to the sentinel

lymph nodes has been reported for several types of

human cancers.39 Overexpression of VEGF-C and

VEGF-D in experimental tumors has been shown to in-

duce tumor lymphangiogenesis and to promote tumor

metastasis.13,40–42 Furthermore, VEGF-C/D-induced tu-

mor lymphangiogenesis and lymphatic metastasis can

be inhibited by blocking the interaction of VEGFR-3 with

its ligands.13,14,41 It is not known if active lymphangio-

genesis occurs in human tumors or if overexpression of

VEGF-C by the tumor cells promotes lymphatic metasta-

sis by some more subtle means, for example by facilitat-

ing interaction of the tumor cells with the lymphatic en-

dothelium or by priming the lymph nodes for metastatic

tumor cells. In any case, our study suggests that the

blocking of VEGF-C and VEGF-D should be a safe

method to inhibit tumor metastasis because normal lym-

phatic vessels are not affected by such treatment in

adults.
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