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Although lymphedema is a common clinical condition, treatment for this disabling condition remains limited and largely
ineffective. Recently, it has been reported that overexpression of VEGF-C correlates with increased lymphatic vessel
growth (lymphangiogenesis). However, the effect of VEGF-C—induced lymphangiogenesis on lymphedema has yet to be
demonstrated. Here we investigated the impact of local transfer of naked plasmid DNA encoding human VEGF-C
(phVEGF-C) on two animal models of lymphedema: one in the rabbit ear and the other in the mouse tail. In a rabbit
model, following local phVEGF-C gene transfer, VEGFR-3 expression was significantly increased. This gene transfer led
to a decrease in thickness and volume of lymphedema, improvement of lymphatic function demonstrated by serial
lymphoscintigraphy, and finally, attenuation of the fibrofatty changes of the skin, the final consequences of lymphedema.
The favorable effect of phVEGF-C on lymphedema was reconfirmed in a mouse tail model. Immunohistochemical
analysis using lymphatic-specific markers: VEGFR-3, lymphatic endothelial hyaluronan receptor-1, together with the
proliferation marker Ki-67 Ab revealed that phVEGF-C transfection potently induced new lymphatic vessel growth. This
study, we believe for the first time, documents that gene transfer of phVEGF-C resolves lymphedema through direct
augmentation of lymphangiogenesis. This novel therapeutic strategy may merit clinical investigation in patients with
lymphedema.
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Although lymphedema is a common clinical condition, treatment for this disabling condition
remains limited and largely ineffective. Recently, it has been reported that overexpression of
VEGF-C correlates with increased lymphatic vessel growth (lymphangiogenesis). However, the effect
of VEGF-C-induced lymphangiogenesis on lymphedema has yet to be demonstrated. Here we inves-
tigated the impact of local transfer of naked plasmid DNA encoding human VEGF-C (phVEGF-C)
on two animal models of lymphedema: one in the rabbit ear and the other in the mouse tail. In a rab-
bit model, following local phVEGF-C gene transfer, VEGFR-3 expression was significantly increased.
This gene transfer led to a decrease in thickness and volume of lymphedema, improvement of lym-
phatic function demonstrated by serial lymphoscintigraphy, and finally, attenuation of the fibrofat-
ty changes of the skin, the final consequences of lymphedema. The favorable effect of phVEGF-C on
lymphedema was reconfirmed in a mouse tail model. Immunohistochemical analysis using lym-
phatic-specific markers: VEGFR-3, lymphatic endothelial hyaluronan receptor-1, together with the
proliferation marker Ki-67 Ab revealed that phVEGF-C transfection potently induced new lymphat-
ic vessel growth. This study, we believe for the first time, documents that gene transfer of phVEGF-C
resolves lymphedema through direct augmentation of lymphangiogenesis. This novel therapeutic
strategy may merit clinical investigation in patients with lymphedema.

J. Clin. Invest. 111:717-725 (2003). doi:10.1172/JC1200315830.

Introduction

Lymphedema is defined as the progressive accumula-
tion of protein-rich fluid in the interstitial spaces that
results from an anatomic or functional obstruction in
the lymphatic system (1). While primary lymphedema
occurs infrequently on a hereditary or idiopathic basis,
secondary lymphedema is common worldwide, prima-
rily due to the increase in radical surgery and radio-
therapy for cancer in developed countries and infec-
tious disease (filariasis) in developing countries (2, 3).
Despite substantial advances in both surgical and con-
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servative techniques, therapeutic options for manage-
ment of lymphedema are limited (3, 4). Pathophysio-
logically, restoration of the lymph-transporting capac-
ity would appear to represent the optimal treatment for
lymphedema. However, no means for accomplishing
new lymphatic channel development currently exists.
Growth of new lymphatic vessels (lymphangiogenesis)
in healthy animals is rapid. The best example of the
natural recovery of lymphatic drainage in animals is the
complete restoration of lymphatic flow after limb reim-
plantation (5-9). Therefore the primary difficulty
found in lymphedema animal models is to develop a
method to sustain lymphedema long enough to allow
evaluation of therapies.

Recent molecular studies have begun to elucidate the
basis for lymphangiogenesis that can be stimulated by
various cytokines, including VEGF-C (VEGF-2) (10,
11). VEGF-C, the first ligand to be discovered for
VEGFR-3 (Flt4), is a member of the VEGF family of
polypeptide growth factors. VEGF-C binds to endothe-
lial cell receptors VEGFR-2 (Flk1l) and VEGFR-3
(12-15). Although VEGFR-3 plays a critical role for
both vascular and lymphatic endothelial cell develop-
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Figure 1

(a-d) Rabbit ear model of lymphedema: effect of phVEGF-C gene therapy. (a) Postoperative appearance of the dorsal surface of the rabbit
ear. Lymphedema surgery leaves a gap of cartilage crossed only by the skin bridge. (b) A view under a surgical microscope after lifting up the
skin bridge showing neurovascular bundle. Lymphatic vessels were visualized as blue lines (arrows) due to the uptake of Evans blue. Ear thick-
ness (c) and volume (d) show consistent differences between the VEGF-C and saline groups over 12 weeks. *P < 0.05; **P < 0.01. (e-i)
Decreased skin thickness after phVEGF-C transfer in a rabbit lymphedema model. Photos show cross sections of the skin after elastic-tissue
trichrome staining 8 weeks after lymphedema surgery. Compared with normal ears (e and g), operated ears (f and h) had fibrofatty tissue
deposition and thus greater skin thickness. The phVEGF-C-transfected ear shown in h shows less fibrosis and decreased thickness compared
with the saline-injected ear (f), which demonstrates other characteristic features of lymphedema, such as profound epidermal hyperplasia
and papillomatosis. (i) Measurement of skin thickness from histologic sections shows a significant difference between the saline and VEGF-C
groups (P <0.05). *P<0.05; **P < 0.01. Scale bar, 500 pm. Normal-S and Normal-V indicate unoperated ears from the saline and VEGF-C
groups, respectively; LE indicates lymphedema-operated ears.
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ment, its expression becomes limited to the lymphatic
endothelium beginning in the late stages of develop-
ment (16-18). Overexpression of VEGF-C cDNA in the
skin of transgenic mice induced lymphatic endothelial
cell proliferation and hyperplasia of the lymphatic vas-
culature, and recombinant VEGF-C specifically stimu-
lated lymphangiogenesis in chorioallantoic membrane
(11, 19). Recently, direct evidence of the link between
VEGFR-3 and lymphedema has been found: it has been
reported that human hereditary lymphedema is asso-
ciated with heterozygous missense mutation of the Flt4
gene, which leads to insufficient VEGFR-3 signaling
(20, 21). Recently, it was demonstrated that subcuta-
neous injection of adenovirus or adeno-associated virus
encoding VEGF-C could generate lymphatic vessels in
the skin of normal mice (22) and in a mouse model (chy
mouse) of primary lymphedema (23). Although these
studies showed that VEGF-C could induce lymphan-
giogenesis in vivo, they failed to show that this VEGF-
C-induced lymphangiogenesis could improve overall
lymphatic vascular dysfunction and prevent chronic

changes accompanied by lymphedema, which are the
key determinants of whether VEGF-C can be used as a
therapeutic option to treat human lymphedema.
Accordingly, first we sought to establish reliable ani-
mal models of secondary lymphedema. The two animal
models used here provided complementary measure-
ments: the rabbit ear had the advantage of size, which is
conducive to direct measurements and lymphoscintig-
raphy, whereas the mouse tail had advantages for
immunohistochemistry owing to the availability of lym-
phatic vessel-specific Ab’s. Next, using these animal
models, we investigated whether local transfer of naked
plasmid DNA encoding human VEGF-C (phVEGF-C)
could promote lymphangiogenesis and improve physi-
cal, functional, and pathologic aspects of lymphedema.

Methods

All animal protocols were approved by the Institutional
Animal Care and Use Committee of St. Elizabeth’s Med-
ical Center. Investigators for the follow-up examinations
were blinded to the identity of the treatment given.
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Rabbit ear model of lymphedema. We modified several
previous rabbit ear models to overcome the shortcom-
ings of rapid lymphatic regeneration and to provide the
bed for new lymphatic vessel growth (5, 24, 25). To meet
those requirements, we used old (3-4 years of age) New
Zealand White rabbits and created a skin bridge. Before
the operation, the lymphatic vessels were identified by
intradermal injection of 0.2 ml of 1% Evans blue dye at
the dorsal tip of the right ear. A strip of skin, subcuta-
neous tissues, and perichondrium 3 cm wide was cir-
cumferentially excised from the base of the ear, except
for the central portion (1 cm in widch) of the dorsal
skin, i.e.,, a “skin bridge” underneath which runs the
neurovascular bundle (Figure 1b). After the distal edge
of the skin bridge was incised, lymphatic channels were
dissected and the lymphatic stumps were resected under
a dissecting microscope. Other edges of skin were
inversely sutured to the perichondrium to prevent reap-

of 50 uCi. Imaging was performed using a large-field-
of-view Genesys Y camera (ADAC Laboratories, Mil-
pitas, California, USA).

To quantitatively compare lymphatic drainage of
the injected radiotracers, radioactivity within the
ears was counted. The Yy counts at injection sites were
similar in both ears of the saline and VEGF-C groups
(P=0.93). For standardization, the ratio of radioac-
tivity of the operated ear to that of the normal (con-
tralateral) ear, designated the radioactivity index,
was used to compare lymphatic drainage at 4, 8, and
12 weeks (see Figure 2, g-i). The validity of the
radioactivity index was verified by repeated exami-
nation of normal ears (n = 7) for intraindividual vari-
ation, which was 6% (coefficient of variation [cv %]),
and by comparison of the day 1 postoperative lym-
phoscintigrams for interindividual variation (n = 20),
which was 10% (cv %).

proximation of skin edges and
recanalization of the lymphatic ves-
sels. This created a strip of bare carti-
lage, leaving only the skin bridge for
lymphatic growth (Figure 1a).
Preparation of phVEGF-C and gene
transfer protocol in a rabbit model. A total
of 54 rabbits was randomized into
two groups in a blinded fashion for
treatment with phVEGF-C or control
(saline). In the VEGF-C group, 500 Ug
of phVEGF-C in 0.5 ml volume was
injected intradermally and subcuta-
neously at the skin bridge using a 27-
gauge needle on days 1, 6, and 11
after lymphedema surgery.
Measurement of ear thickness and vol-
ume. The thickness of the rabbit ears
was measured 1 cm medial and distal
to the medial border of the skin
bridge with a vernier caliper. The ear
was put in a 50-ml cylinder filled with
water. After removing the ear, the vol-
ume of water displaced by the ear was
measured (25). The thickness and vol-
ume of all ears was measured before
surgery and every week for 6 weeks,
and thereafter every 2 weeks until the
12-week point (n = 12 in each group).
Measurement of skin thickness in bisto-
logic sections. Thickness of the ear skin
at 8 weeks after surgery was measured
in a cross section of the skin just distal
to the skin bridge in paraffin-embed-
ded histologic specimens after elastic-
tissue trichrome staining as described
previously (26) n = 5 in each group).
Lympboscintigraphy and quantitative
analysis. Tc-99m-filtered sulfur col-
loid was injected intradermally into
the dorsal tip of rabbit ears at a dose
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Figure 2

Temporal changes of lymphatic function visualized by lymphoscintigraphy. (a and b) Ori-
entation of the lymphoscintigraphic images. In normal ears, lymphatic flow assumes a lin-
ear pattern and the draining LNs are clearly visible. In the operated ear, the lymphatic pas-
sages were blocked, resulting in backward diffusion and no visualization of LNs. (c and d)
Temporal changes in the saline group. Even at 12 weeks (d), lymphoscintigraphy demon-
strates substantial impairment of lymphatic drainage of the saline-injected ear, indicated
by dermal backflow and faint visualization of the LNs. (e and f) Temporal changes in the
VEGF-C group. In the phVEGF-C-transfected ears, there was remarkable improvement of
draining function. At 12 weeks, a linear passage of radiotracer, decreased dermal backflow,
and increased uptake by LNs were observed. (g and h) Representative lymphoscintigraph-
ic images and calculation of radioactivity index from the saline (g) and VEGF-C group (h).
To quantitatively compare lymphatic drainage, the radioactivity within the ear was count-
ed. Net radioactivity of the ear was obtained by subtracting Y counts at injection sites
(arrows) from the total counts of the ear. The radioactivity index is the ratio of radioactiv-
ity of the operated ear divided by the radioactivity of the normal ear; this was used to com-
pare lymphatic drainage function of the lymphedema ears. Higher ratios indicate more per-
sistent radioactivity and less lymphatic drainage. (i) Comparison between the saline and
VEGF-C groups shows the values were consistently lower in the VEGF-C group at 4, 8, and
12 weeks. *P < 0.05; **P<0.01.
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Figure 3

Increased expression of VEGF-C protein and VEGFR-3 mRNA in the phVEGF-C-transfected ears. (a and b) Western blot of VEGF-C protein
from skin. VEGF-C was detected in its 58-kDa (a) and 31-kDa forms (b). VEGF-C protein expression was significantly higher at and around
the phVEGF-C-transfected lymphedema skin. Prox, Mid, and Dist represent samples obtained from ear skin proximal to the skin bridge, skin
from the bridge itself, and intact ear skin just distal to the skin bridge of the phVEGF-C-transfected ear, respectively. Neg, samples from the
skin bridge of saline-injected lymphedema ear. NL, samples from the bridge site of unoperated contralateral ear. (c and d) Using degenerate
oligonucleotides, RT-PCR was performed for total RNA extracted from mesentery (Mes), lung, kidney, and LNs. The PCR product (470 bp)
from the kidney sample was sequenced. At the protein level, the rabbit (Rb) VEGFR-3 clone displayed 92.9%, 93.6%, and 94.3% identity with
human (Hu), bovine (Bo), and mouse (Mo) VEGFR-3, respectively. (e) New primer sets were designed from the sequenced rabbit VEGFR-3
DNA, yielding a single PCR product of 362 bp. (f) Representative semiquantitative RT-PCR showing higher expression of VEGFR-3 in the lym-
phedema skin transfected with phVEGF-C than in the saline-injected or unoperated skin. (g) Quantification of VEGFR-3 mRNA levels.
(*P<0.001. **P < 0.01). (h and i) The effect of phVEGF-C gene transfer on tyrosyl phosphorylation of VEGFR-3 (h) and VEGFR-2 (i) by
immunoprecipitation with anti-phosphotyrosine Ab followed by Western blot analysis with anti-VEGFR-3 or anti-VEGFR-2 Ab’s, respectively.
Samples transfected with phVEGF-C revealed similar levels of phosphorylated VEGFR-2 compared with the control groups (saline and LacZ).
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Western analysis of VEGF-C transgene expression in tissue.
Samples harvested from the skin bridge and from tis-
sue proximal and distal to the skin bridge of the oper-
ated ears, and from the bridge site of the contralateral
ears were snap frozen in liquid nitrogen 7 days after
the second injection of phVEGF-C (postoperative day
13) (n = 5 in each group). Western analysis was per-
formed as described (27).

Molecular cloning of partial rabbit VEGFR-3 cDNA.
Because the rabbit VEGFR-3 DNA sequence has not
been identified, we sequenced part of the VEGFR-3
cDNA using degenerate oligonucleotides. Degenerate
oligonucleotides were designed from conserved
amino acid sequences NVSDSLEM and WEFPRER,
located at the transmembrane domain of human and
mouse VEGFR-3 (28, 29). The deduced oligonu-
cleotide sequences were 5'-AACGTGAG (CT)GACTC (GC)
(CT)T (AGCT)GA (AG)ATG-3' and 5'-CC (GT)YTC (CT)C
(GT)GGG (AG)AA (CT)TCCCA-3', respectively. A single
PCR product of 470 bp was obtained from all the tis-
sues (see Figure 3d).

Semiquantitative RT-PCR analysis of VEGFR-3. Using sam-
ples harvested from the bridge site of both ears at post-
operative day 13 (n =5 in each group), total RNA was iso-
lated and RT-PCR was performed as described above.
The primer pair used, designed on the basis of the
sequenced cDNA’s for rabbit VEGFR-3, was 5'-TATG-
GTACAAAGATGAGAGGC-3' (sense) and 5'-ACAGGTATTC-
ACATTGCTCCT-3' (antisense). To quantify the VEGFR-3
mRNA, we used the “competimer” quantitative PCR
technique (Ambion Inc., Austin, Texas, USA) according
to the manufacturer’s instructions. To the VEGFR-3
PCR mix, we added a mix of 18S primer pairs and 18S 3'-
end modified primers (competimers) at a ratio of 1:9,
yielding a 488-bp product. PCR was performed as fol-
lows: 94°C, 2 min (once); 94°C, 15 5;50°C,305; 72°C, 1
min (40 cycles); 72°C, 10 min (once). PCR products were
separated on 1.5% agarose gel and quantified by inte-
grated density analysis software (EagleSight Software
3.2; Stratagene, La Jolla, California, USA).

Mouse tail model of lymphedema. Male nude (nu/nu)
mice (Harlan, Indianapolis, Indiana, USA) 12 weeks of
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age were used. A mouse lymphedema model was creat-
ed by modifying a previous model (30).

Gene transfer protocol in a mouse tail model. In total, 115
mice were randomized into five groups: no operation,
VEGF-C, VEGF¢s, LacZ, and saline (n = 23 in each
group). The unoperated group served as negative con-
trol. The other groups underwent the operation as
described. In the VEGF-C group, 100 ug of phVEGF-C
was given in 100 pl volume on days 1, 6, and 11 after
the operation, respectively. The phVEGF¢s plasmid
(18, 31), pGSV-nlsLacZ (32) (a nuclear targeted LacZ
gene plasmid encoding the protein [-galactosidase),
and saline were injected in an identical fashion in the
VEGFj¢s, LacZ, and saline groups, respectively.

Immunoprecipitation of receptor phosphorylation. To inves-
tigate the effect of VEGF-C overexpression on phospho-
rylation of VEGFR-2 and VEGFR-3, immunoprecipita-
tion and Western blot analysis was performed in the
mouse tail model. Lysis of tissues, immunoprecipitation,
and Western blot analysis were performed as described
(31, 33). Aliquots of protein extracts (1 mg) were incu-
bated for 2 hours at 4°C with 3 ug of mAb against phos-
photyrosine (Upstate Biotechnology Inc., Lake Placid,
New York, USA), followed by incubation with 40 pl of
protein G-agarose beads (Roche Diagnostics GmbH,
Mannheim, Germany) overnight at 4°C. Immunopre-
cipitates of tyrosine-phosphorylated proteins were sep-
arated by 7.5% SDS-PAGE and electrotransferred onto
PVDF membranes. The membranes were
immunoblotted overnight at 4°C with a rab-

Immunobistochemistry and morphometric analysis. The
skin from the bridge area was harvested 3 weeks after
plasmid/saline injections. Skin sections were stained
using a rat mAb against mouse VEGFR-3 (34) and a
rabbit polyclonal Ab against the lymphatic marker
lymphatic endothelial hyaluronan receptor-1 (LYVE-1),
a receptor for hyaluronan and a homologue to the
CD44 glycoprotein (35).

In double fluorescent immunohistochemistry of
LYVE-1 and Ki-67, LYVE-1 staining was performed with
the use of Texas red-streptavidin (NEN Life Science Prod-
ucts Inc., Boston, Massachusetts, USA), and Ki-67 stain-
ing was performed with rabbit polyclonal Ab against
Ki-67 (Novocastra Laboratories Ltd., Newcastle, United
Kingdom) and Cy2-conjugated goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories Inc., West Grove,
Pennsylvania, USA). Endothelial cells were identified by
immunohistochemical staining for platelet endothelial
cell adhesion molecule-1 (PECAM-1 or CD31) with a rat
mADb against mouse CD31 (BD Biosciences, San Diego,
California, USA) (36) in mouse tissues and with a mouse
mAb against human CD31 in rabbit tissues.

Statistical analysis. All results were expressed as
mean + SEM. Statistical analysis was performed with
an unpaired Student ¢ test for comparisons between
two groups and ANOVA followed by Scheffe’s pro-
cedure for more than two groups. P values < 0.05
were considered to denote statistical significance.
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Figure 5

(a-j) phVEGF-C induces proliferation of lymphatic endothelial cells. Double immunohistochemistry using LYVE-1 and Ki-67 in active lym-
phangiogenesis site from skin sections. In a, d, and g, LYVE-1 staining of lymphatic vessels (arrows) in the dermis. In b, e, and h, green flu-
orescence (white arrowheads) depicts the nuclear staining of Ki-67. In ¢, f, and i, double fluorescence (yellow arrowheads) demonstrates
Ki-67* nuclei (green) in lymphatic vessels (red). Lymphatic vessels in normal skin (c) are shown negative for Ki-67. In the LacZ group, some
of the lymphatic vessels contain Ki-67* nuclei (f). White arrows in f show Ki-67- lymphatic vessels. In phVEGF-C-transfected skin, most of
the LYVE-1-positive lymphatic vessels are positive for Ki-67 (i), indicating that active cell division occurs in the lymphatic vessels. (j) Num-
ber of Ki-67* nuclei are 2.5 times higher in the VEGF-C group. *P < 0.01 compared with normal; **P < 0.01 compared with saline and LacZ.
Scale bar, 100 pm. (k-u) phVEGF-C does not increase capillary density in two animal models of lymphedema. Immunohistochemistry with
CD31 (PECAM-1) in a rabbit ear (k-n) and a mouse tail (p-t) model of lymphedema on skin sections from the normal (k and p), saline (I
and q), LacZ (mand r), VEGF-C (n and s), and VEGF¢s (t) groups. Vascular endothelial cells are stained red (black arrows). o and u show
quantification of capillary density. Only the VEGF;6s group in the mouse tail model demonstrated significantly higher capillary density than
the other groups. *P < 0.01 vs. saline, LacZ, and VEGF-C. Scale bar, 100 um.

Results

VEGF-C gene therapy induces remission of lymphedema.
Seeking to establish an appropriate animal model,
initial experiments using young (6-8 months old) rab-
bits showed expedited regression of lymphedema such
that we could not properly evaluate the effect of gene
transfer. In the older rabbits (3-4 years old), a substan-
tial degree of lymphedema developed and was sus-
tained for more than 12 weeks.

To investigate the effect of phVEGF-C gene transfer
on this lymphedema model, we measured ear thick-
ness and volume over a 12-week period. Ear thickness
was consistently smaller in the VEGF-C group than in
the saline group. The difference between the groups
was statistically significant beginning at 2 weeks and
was maintained for the duration of the study (2 weeks:
4.5+0.3vs.5.4+0.2mm,P<0.05;3 weeks: 3.9 +0.2 vs.
4.6 + 0.3 mm, P<0.05; 8 weeks: 2.8 +0.2vs. 3.6 + 0.3
mm, P < 0.05; 10 weeks: 2.6 + 0.2 vs. 3.5 + 0.3 mm,
P<0.05; 12 weeks: 2.4 £ 0.2 vs. 3.3 £ 0.2 mm, P < 0.01)

(Figure 1c). Similarly, ear volume was consistently
smaller in the VEGF-C group than in the saline group
for the duration of the study (2 weeks: 33.1 + 2.2 vs.
38.2+1.5ml, P<0.05;3 weeks: 29.4 + 1.5vs. 34.1£ 1.0
ml, P < 0.05; 4 weeks: 26.5 + 1.8 vs. 31.7 + 1.7 ml,
P<0.05; 8 weeks: 18.3 £2.3vs.26.3+1.9ml, P<0.05;
10 weeks: 17.1 + 2.1 vs. 25.5 + 1.8 ml, P < 0.01; 12
weeks: 14.6 + 2.3 vs. 24.5 + 1.3 ml, P < 0.01) (Figure 1d).
The VEGF-C group had significantly thinner skin
than the saline group at 8 weeks (2.8 + 0.2 vs. 3.8 £ 0.2
mm, P < 0.05).

Lymphoscintigraphy demonstrates enhanced lymphatic drain-
age after VEGF-C gene transfer. In normal ears, lymphatic
flow assumes a linear pattern, and the draining LNs are
clearly visible at the base of the skull. (Figure 2b). Imag-
ing performed at day 1 after surgery showed successful
surgical blockade of lymphatic egress in all animals (Fig-
ure 2, c and e). Follow-up lymphoscintigraphy at 4, 8,
and 12 weeks showed dynamic changes of radiotracer
clearance from the operated ears that was more efficient
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in the phVEGF-C-transfected ear than in the saline-
injected ear. Images at 12 weeks revealed that the saline-
injected ear still showed a dermal backflow pattern with
faint visualization of LNs, while the phVEGF-C-trans-
fected ear shows a linear pattern of lymphatic drainage
and clear visualization of LNs (Figure 2, d and ).

Quantification of lymphatic drainage (Figure 2, gand
h) over the study period revealed consistently lower
retention of radioactivity in the VEGF-C group than in
the saline group; this achieved statistical significance at
8 weeks (radioactivity index, 3.8 + 0.4 vs. 5.0 = 0.5,
P <0.05) and 12 weeks (radioactivity index, 2.2 + 0.3 vs.
4.2+ 0.4, P <0.05) (Figure 21).

Transgene expression of ppVEGF-C in a rabbit ear model. To
assess transgene expression of injected phVEGF-C in ear
skin, we performed Western blotting of VEGF-C protein.
In our experiments, two different bands were detected
using two anti-VEGF-C Ab’s. A 58-kDa band corre-
sponds to the earliest processed form, while a 31-kDa
band represents the major secreted form of VEGF-C
polypeptides. Densitometric analysis of multiple exper-
iments revealed that expression of the 58-kDa VEGF-C
isoform in the phVEGF-C-transfected bridge was 2.6
times and 3.2 times higher than that in the saline-inject-
ed and the normal skin, respectively (P < 0.01) (Figure
3a). Expression of the 31-kDa VEGF-C isoform in the
phVEGF-C-transfected bridge was 3.6 times and 3.9
times higher than that in the saline-injected and the nor-
mal skin, respectively (P < 0.01) (Figure 3b).

Gene transfer of phVEGF-C increases VEGFR-3 expression.
A partial 470-bp rabbit VEGFR-3 cDNA was cloned by
RT-PCR using degenerate oligonucleotide primers
(GenBank accession number AF453570). The amino
acid sequence displayed 92.9%, 93.6%, and 94.3% iden-
tity with human, bovine, and mouse VEGFR-3 (Figure
3c). We investigated VEGFR-3 expression using RT-PCR,
revealing a nearly 1.7-fold induction of VEGFR-3
mRNA levels by VEGF-C compared with saline control
(P <0.01, Figure 3g).

Gene transfer of ppVEGF-C increases phosphorylation of
VEGFR-3 in a mouse tail model. We investigated the
effect of phVEGF-C gene transfer on the tyrosyl
phosphorylation of VEGFR-3 and VEGFR-2 by
immunoprecipitation with anti-phosphotyrosine Ab
followed by Western blot analysis with anti-VEGFR-3
and anti-VEGFR-2 Ab’s, respectively. Phosphorylat-
ed VEGFR-3 (195 kDa) in the phVEGF-C-transfect-
ed samples was 1.6 times and 1.8 times higher than in
the samples from the saline and LacZ groups, respec-
tively (P < 0.05) (Figure 3h). Gene transfer of
PhVEGF;¢s did not increase phosphorylated VEGFR-3
compared with the controls. Phosphorylated VEGFR-2
in the phVEGF¢s-transfected sample was 2.0, 1.8,
and 1.6 times higher (235-kDa band) than in the
samples of the saline, LacZ, and VEGF-C groups,
respectively (P < 0.05) (Figure 3i). Phosphorylated
VEGFR-2 was slightly higher in the phVEGF-C-
transfected samples than in the control groups
(saline and LacZ) but was not statistically significant.

Gene transfer of phVEGF-C improves lymphedema in a
mouse tail model. To determine whether the effect of
phVEGEF-C could be reproduced in another lym-
phedema model, similar experiments were performed
in a mouse tail model (30) (Figure 4a). In the
VEGF-C group, compared with the saline, LacZ, and
VEGF 65 groups, the tail thickness was consistently
smaller beginning at 3 weeks (3 weeks: 4.05 + 0.08 vs.
4.37+0.07,4.32 + 0.08, and 4.30 + 0.07 mm, P < 0.05;
4 weeks: 4.01 £ 0.09 mm vs. 4.42 + 0.08, 4.31 + 0.08,
and 4.28 + 0.07 mm, P < 0.05; S weeks: 4.00 + 0.07
mm vs. 4.35 + 0.08,4.28 + 0.08, and 4.28 + 0.08 mm,
P <0.05), respectively.

Gene transfer of phVEGF-C promotes lymphatic vessel
growth in a mouse tail model. The VEGF-C group showed
higher density of LYVE-1-positive lymphatic vessels
than the other groups (VEGF-C, 85 + 7 per mm?; saline,
38 + 4 per mm?; LacZ, 42 + 5 per mm? VEGF 45,46 + 5
per mm?, P < 0.01) (Figure 4, b-f and 1). Skin sections
stained with VEGFR-3 Ab showed similar results
(VEGF-C, 81 + 8 per mm?; saline, 37 + 4 per mm?; LacZ,
43 + 5 per mm?; VEGF¢s, 44 £ 5 per mm?, P < 0.01) (Fig-
ure 4, g-k and m). After phVEGF-C transfection, lym-
phatic vessels appeared hyperplastic (Figure 4, e and j).
In sections at 3-week follow-up, the number of lym-
phatic vessels containing Ki-67* nuclei was 2.5 times
higher in the VEGF-C group than in the saline or LacZ
groups (VEGF-C, 58 + 7 per mm?; saline, 23 + 3 per
mm?; LacZ, 26 + 4 per mm?, P < 0.01) (Figure 5, a-j).

Blood capillary density analysis. Rabbit ear and mouse
tail skins were stained for an endothelial cell marker,
CD31 (36). In the rabbit lymphedema model, capillary
density was not significantly different among the
saline (193 + 18 per mm?), LacZ (198 + 22 per mm?), or
VEGF-C (201 + 20 per mm?) groups (Figure 5, k-o).
Similar findings were observed in the capillary densi-
ty of operated mouse tail groups (saline, 172 + 18 per
mm? LacZ, 181 + 19 per mm?; VEGF-C, 189 # 20 per
mm?, P value not significant) (Figure 5b, F-K). How-
ever, the VEGF 65 group (302 = 27 per mm?) showed
significantly higher capillary density than the saline,
LacZ, or VEGF-C groups (P < 0.01).

Discussion
Chronic lymphedema is a disabling condition charac-
terized by thickening of the skin due to fibrofatty dep-
osition in underlying tissues as well as disfiguring
swelling of affected limbs. In most cases of secondary
lymphedema in humans, depletion of lymphatic vessels
is the culprit in its pathogenesis (1-4). Here we show
that phVEGF-C gene therapy, by promoting lymphan-
giogenesis, favorably modulates all the phenotypic
changes associated with secondary lymphedema. We
believe the present study is the first to document
improvement in the clinical and pathologic features of
lymphedema resulting from enhancement of lymphat-
ic drainage by phVEGF-C gene therapy.

In two animal models, we demonstrate significant at-
tenuation of lymphedema by phVEGF-C gene transfer.
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The effect prevailed over the chronic phase as well as the
acute phase of lymphedema. This improvement was
also confirmed in histologic sections, which reflect
chronic fibrofatty changes more accurately. Prevention
or reduction of fibrotic change is one of the most
important goals of therapy for lymphedema, since this
secondary change can drive lymphedema into a vicious
cycle by increasing interstitial solid pressure (by fibro-
fatty deposition) and thus collapsing already reduced or
impaired lymphatic vessels (3-5, 24, 25). That the
improvement in the physical indices of lymphedema
was the actual result of improved lymphatic drainage
was documented by quantitative lymphoscintigraphy.
Although VEGF-C plasmid transgene expression is usu-
ally limited to less than 30 days (27), our results indicate
that once the lymphatic connection is reestablished, the
recovery of drainage function can be maintained.

VEGF-C protein expression was documented in situ
after phVEGF-C gene transfer. We detected the par-
tially processed form (58 kDa) and major secreted
form (31 kDa) of VEGF-C (37, 38) after local gene
delivery. VEGF-C is produced as a 61-kDa prepropep-
tide form which undergoes multistep proteolytic mat-
uration. The secreted 31-kDa form predominantly
activates VEGFR-3 (37). VEGFR-3 mRNA expression
was very low in normal skin, slightly higher in the
saline-injected experimental ears, and strongly upreg-
ulated following phVEGF-C gene transfer. We also
directly measured the number of lymphatic vessels
using lymphatic-specific markers. LYVE-1 or VEGFR-3
staining confirmed augmentation of lymphangiogen-
esis in phVEGF-C-transfected mouse tails. The hyper-
plastic nature of proliferating lymphatic vessels was
consistent with previous reports (19, 22). Ki-67 stain-
ing documented that proliferating lymphatic endothe-
lial cells exist in more than half the lymphatic vessels
in phVEGF-C-transfected skin, suggesting a potent
lymphangiogenic effect of phVEGF-C.

As VEGF-C is also known to activate VEGFR-2 and
thus to induce angiogenesis in vitro and in ischemic
tissues (15, 32), we evaluated capillary density from
both animal models and found it was slightly higher
in the VEGF-C group but not significantly different
from that of the saline or LacZ control groups. The
apparent absence of fully processed 21-kDa product of
VEGEF-C, which has potent angiogenic activity, and
thus the weak activation of VEGFR-2 phosphoryla-
tion, could explain the lack of obvious angiogenesis in
these animal models. These findings are compatible
with previous reports that claimed no discernible angio-
genesis in transgenic mice overexpressing VEGF-C
in the skin (19) and in normal mouse skin that was
transfected with adeno-VEGF-C (22). Physiologic
function of any ligand is dependent on the temporal
and spatial expression of its specific receptors. In the
case of VEGF-A-induced angiogenesis, the absence of
ischemia-induced regional upregulation of VEGFR-2
has been shown to result in nullification of the angio-
genic effect of transient overexpression of VEGF-A (39,

40). To further address the concern that increased
angiogenesis might improve lymphedema, we investi-
gated the effect of VEGF-A (phVEGF¢s) plasmid gene
transfer in the mouse tail model and found that aug-
menting angiogenesis but not lymphangiogenesis did
not improve lymphedema.

The potential clinical relevance and limitations of our
study derive from certain features of the design and the
findings. First, the models are pathophysiologically
similar to the secondary forms of human lymphedema.
The models we used do not represent the entire spec-
trum of lymphedema found in humans, especially the
primary form of lymphedema, which is an inherited
developmental disorder of the lymphatic system. How-
ever, pathophysiologically our models are approxima-
tions of secondary lymphedema, which comprises most
cases of lymphedema and results primarily from surgi-
cal removal of lymphatic vessels and lymph nodes in
industrialized countries (1-4). Additionally, in our
models, we used gene therapy in an acute/subacute
stage of lymphedema. Therefore, whether this gene
therapy can be effective in chronic cases is uncertain. As
there are concerns about the potential enhancement of
tumor growth and metastasis by VEGF-C in tumor
models (41), we need to consider the potential advan-
tages and dangers of using local VEGF-C therapy in
patients with lymphedema caused by cancer treatment.
This issue can be resolved after performing experiments
adopting tumor implantation and treatment such asa
combination of surgery, chemotherapy or radiation,
and local VEGF-C gene transfer. Third, the approach of
gene therapy using naked plasmid DNA (phVEGEF-C)
has been used in early clinical trials and has an accu-
mulating record of safety (42). Finally, to the best of our
knowledge, this study represents the first experimental
proof of a beneficial effect of VEGF-C gene therapy on
lymphedema per se. Our findings clearly indicate a
favorable effect of phVEGF-C-induced lymphangio-
genesis on lymphedema and thus represent a novel
therapeutic paradigm for the treatment of this other-
wise difficult-to-manage condition.
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