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ible overexpression of murine VEGF-D. Am J Physiol Heart Circ
Physiol 311: H384-H394, 2016. First published June 24, 2016;
doi:10.1152/ajpheart.00208.2016.—Lymphatic vessels modulate tis-
sue fluid balance and inflammation and provide a conduit for endo-
crine and lipid transport. The growth of new lymphatic vessels in the
adult, lymphangiogenesis, is predominantly mediated through vascular
endothelial growth factor receptor-3 (VEGFR-3) signaling. We took
advantage of the unique binding of murine VEGF-D specifically to
VEGFR-3 and generated mice capable of inducible, tissue-specific ex-
pression of murine VEGF-D under a tightly-controlled tetracycline re-
sponse element (TRE) promoter to stimulate adult tissue lymphangio-
genesis. With doxycycline-activated expression, TRE-VEGF-D mouse
crossed to mice with tissue-specific promoters for the lung [Clara cell
secretory protein-reverse tetracycline transactivator (1tTA)] developed
pulmonary lymphangiectasia. In the kidney, (kidney-specific pro-
tein-rtTA X TRE-VEGF-D) mice exhibited rapid lymphatic hy-
perplasia on induction of VEGF-D expression. Crossed with adi-
pocyte-specific adiponectin-rtTA mice [Adipo-VEGF-D (VD)],
chronic VEGF-D overexpression was capable of inducing de novo
lymphangiogenesis in white adipose tissue and a massive expan-
sion of brown adipose tissue lymphatics. VEGF-D expression in
white adipose tissue also increased macrophage infiltration and
tissue fibrosis in the tissue. Expression did not, however, measur-
ably affect peripheral fluid transport, the blood vasculature, or
basal metabolic parameters. On removal of the doxycycline stim-
ulus, VEGF-D expression returned to normal, and the expanded
adipose tissue lymphatics regressed in Adipo-VD mice. The in-
ducible TRE-VEGF-D mouse thus provides a novel murine plat-
form to study the adult mechanisms and therapies of an array of
disease- and tissue-specific models of lymphangiogenesis.

VEGFR-3; lymphangiogenesis; adipose tissue; kidney; lymphangiec-
tasia

NEW & NOTEWORTHY

A new mouse model of inducible murine VEGF-D expression
drives lymphatic expansion. Lung, kidney, or brown adipose
tissue (BAT) VEGF-D overexpression causes lymphatic hyper-
plasia and in white adipose tissue a de novo lymphatic network.
New adipose lymphatics rapidly regress with basal VEGF
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receptor-3 signaling, providing a mechanistic model of adult
lymphatic remodeling.

LYMPHATIC VESSELS ARE AN INTEGRAL part of the body’s circula-
tory system that are gaining an increased appreciation due to
their wide-ranging roles in tissue homeostasis and disease.
Interstitial fluid, macromolecules, and immune cells enter lym-
phatics in the periphery and are transported to draining lymph
nodes. In this capacity, lymphatics play a critical role in modu-
lating tissue fluid balance and inflammation and provide a conduit
for endocrine and lipid transport (27, 34, 37). Changes in lym-
phatic vessel architecture, integrity, and function have been de-
scribed and implicated in congenital and acquired conditions of
aging, inflammatory disease, lymphedema, and lipedema (12, 13,
23, 24, 50). Lymphangiogenesis, the growth of new lymphatic
vessels, has been proposed as a potential therapy to many of
these conditions, but is also a characteristic pathological
response to inflammation, tumor progression, and chronic
lymphatic-related diseases, such as lymphangioleiomyoma-
tosis (35, 53). Models to study adult lymphangiogenesis and
its effects are thus useful to the growing field of lymphatic
research.

The most well-characterized mechanism of lymphatic endo-
thelial cell (LECs) proliferation, and hence lymphangiogenesis,
is through vascular endothelial growth factor receptor-3
(VEGFR-3) phosphorylation on binding its primary ligands,
VEGF-C and VEGF-D (47, 57). VEGF-C and VEGF-D ex-
pression, through direct treatment, adenoviral expression, or
transgenic overexpression, demonstrate the ability to induce
lymphangiogenesis critically through VEGFR-3 activation, but
also potentially induces blood vessel growth and permeability
through binding to VEGFR-2 (11, 32, 40, 47). Interestingly and
importantly, murine VEGF-D binds only to VEGFR-3, afford-
ing an opportunity to specifically target a lymphatic- and
lymphangiogenesis-specific pathway in the adult mouse (4, 5).

Here we describe the generation and characterization of a
novel mouse model with doxycline-inducible expression of
full-length murine VEGF-D, the tetracycline response element
(TRE) VEGF-D (TRE-VD) mouse. Crossed with mice carry-
ing a transgene for cell- or tissue-specific promoter reverse
tetracycline transactivator (rtTA), VEGF-D expression can be
locally induced. We demonstrate that murine VEGF-D over-
expression specifically induces lymphangiogenesis in the tis-
sues of mice carrying rtTA promoter transgenes specific to the
lung, kidney, and adipose tissue, and that lymphatic expansion
regresses once VEGF-D overexpression ends. The TRE-VD
mouse thus provides an excellent novel platform for expanded
studies of lymphatic mechanisms in adult disease.
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MATERIALS AND METHODS

Animals. New TRE promoter VEGF-D mice were generated. Briefly,
the full-length murine VEGF-D coding sequence (NM_010216) was
cloned from murine inguinal adipose tissue (including the inguinal lymph
node) cDNA preceded by a Kozac sequence of 5'-GCCGCCACC-3’ to
enhance translation. The DNA was inserted into the pTRE-Tight (Clon-
tech) vector, having been cloned with restriction enzyme sites for Nhel
and Xbal and the rabbit 3-globin 3'-UTR placed at the 3’ end. Linearized
DNA was injected into C57Bl/6N embryos by the Transgenic Technol-
ogy Center at UT Southwestern. Genotyping to identify positive founder
lines was performed with primers that bridged the TRE promoter and
inserted mVEGF-D gene: forward, GCTCGTTTAGTGAACCGTCAG,
and reverse, TGCTCGGATCTGTTGTTCAG, respectively.

Positive pTRE-Tight-VEGF-D transgenic lines were mated to
homozygosity with the previously described adiponectin-promoter
(AdipoQ) advanced rtTA mice for adipose-specific expression (46,
51). pTRE-Tight-VEGF-D (TRE-VD) mice were also crossed with
kidney specific protein (KSP)-rtTA (31) (from the George M. O’Brien
Kidney Research Core at UT Southwestern) and Clara cell secretory
protein (CCSP)-1tTA (6) (from The Jackson Laboratory, Bar Harbor,
ME) mouse lines to generate mice with doxycycline (dox)-inducible
VEGF-D expression in the kidney and lung, respectively. All were
continuously backcrossed to C57B1/6J for at minimum three genera-
tions.

For initial founder line characterizations and breeding, both males
and females were utilized (3 mice total per group). All experiments
were performed with male-only littermate mice, all of which were
hemizygous for the TRE-VEGF-D transgene, but were either wild
type or hemizygous for their respective rtTA. Four to five mice per
genotype per group were utilized in all tests. Mice were housed in
pathogen-free conditions with 12:12-h light-dark cycles and ad libi-
tum access to water and food. Experimental dox-containing chow diet
(Research Diets) of either 600 or 200 mg/kg (or 50 and 100 mg/l
water) was supplied to all mice in an experiment, as indicated, to
eliminate any dox artifacts, such that all mice were equally dosed.
Thus, in all studies, all mice carry equal copies of the TRE-VD
transgene and receive dox; the presence or absence of the rtTA
promoter transgene provided our “control” and “test” groups, respec-
tively. All animal study protocols were approved by the Institutional
Animal Care and Use Committee at UT Southwestern and/or Texas
A&M University.

Body composition analysis. Body composition of mice (4 —1tTA, 6
+1tTA) was measured by NMR on a Bruker LF50 BCA-Analyzer
before euthanization. Composition is reported as percentage of total
mass lean, fat, and fluid.

Tissue, protein, and RNA preparation. Following exsanguination
under isofluorane, tissues were harvested and either immediately fixed
in 10% buffered formalin or flash frozen in liquid N> for protein and
RNA extractions. Cells and proteins were extracted by homogeniza-
tion in TNET buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, pH 8.0) with protease and phosphatase inhibitors added
(Roche). For adipose depots, detergent-free buffer was used, the
samples spun to remove excess lipid, 10% Triton X-100 added (for a
final 1%), and pellet rehomogenized. All proteins were normalized to
1 mg/ml in TNET. For gel electrophoresis, samples were heated for 5
min at 95°C in 5X Laemmli buffer containing 100 mM dithiothreitol.
RNAs were extracted using a Qiagen RNeasy Mini Kit, according to
the manufacturer’s instructions (Qiagen, Germantown, MD). Reverse
transcription of 1 pug RNA was done according to the iScript cDNA
Synthesis kit instructions (Bio-Rad Laboratories, Hercules, CA).

Histology and immunofluorescence. Following 24 h in 10% buff-
ered formalin, tissues were rinsed in water and stored in 50% ethanol
until paraffin embedding. Three-micrometer-thick sections were cut
from all tissues. Adipose depots were sectioned to maximize area (and
to include the lymph node, in the case of inguinal adipose), and
kidneys and lungs were sectioned sagittally. Whole mount tissues
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were submersion fixed in 10% buffered formalin for 2 h, followed by
multiple hour-long rinses in 0.1% Triton X-100 in PBS.

Tissue sections were stained by Masson’s trichrome method for
visualizing adipose tissue and matrix density. For immunofluores-
cence, sections were deparaffinized, rehydrated, and subjected to
10-min citrate buffer boiling (Vector Labs, Burlington, CA) antigen
retrieval when necessary. Tissues were labeled with primary antibod-
ies to murine VEGEF-D (goat polyclonal; R&D Systems, Minneapolis,
MN), lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1)
(goat polyclonal; R&D Systems), podoplanin (goat polyclonal;
R&D Systems), Prox-1 (rabbit polyclonal; AngioBio, San Diego,
CA), CD31 (rabbit polyclonal; Abcam, Cambridge, MA), endomu-
cin (rat polyclonal; Santa Cruz Biotechnology, Dallas, TX), and
Ki67 (rabbit polyclonal; Abcam). Secondary detection was by
Alexafluor 488- or 594-labeled donkey or chicken antibodies (Life
Technologies, Carlsbad, CA). Immunofluorescence was imaged
using a Zeiss AxioObserver fluorescence microscopy system and
MRc camera or a Nikon Eclipse E600 microscope, and images
were captured using NIS-Elements imaging software.

Image quantification. Double-blinded image quantitation of immu-
nofluorescence images was performed in ImagelJ software by measur-
ing the area of each image above a set color threshold on the green
(LYVE-1) and red (endomucin) channels of the image to represent
vessel area, not capillary density. For adipose tissue, four to five
images were captured at X 10 from each mouse sample (4 —1tTA, 5
+1tTA; for dox withdrawal study subcutaneous adipose 4 —rtTA, 4
+1tTA and brown adipose n = 8 each) with care taken to avoid tissue
defects, edges, and the inguinal lymph node (in subcutaneous adi-
pose). For kidney (KSP-rtTA), one image was captured in the sinus
from each mouse, and four X10 images were taken at the cortico-
medullary junction (4 —rtTA, 3 +1tTA). Area values were normalized
to the average of the —rtTA group and presented as relative area of
positive label.

Oral glucose tolerance test and lipid clearance. An oral load or 1.4
mol/l glucose solution at 10 wl/g or Intralipid at 10 wl/g was given
following a 3-h fast. Blood samples were collected from the tail tip at
the times indicated in the experiments. Glucose and serum triglycer-
ides were measured by Sigma Diagnostics Glucose reagent and
Infinity reagent (Thermo) spectrophotometric assay, respectively.
Tests were performed 10 days apart on the same group of four —rtTA
and six +rtTA mice.

Quantitative real-time RT-PCR. Power SYBER Green PCR Master
Mix (Applied Biosystems) was used with adipose, kidney, and lung
c¢DNA on an Applied Biosystems 7900 quantitative PCR machine. For
founder characterizations, three mice of each were tested, and Rpsi§
was used as an endogenous control after 10 days of 600 mg/kg dox
induction. Comprehensive analyses in adipose tissues utilized four to
five mice per genotype and Ubc as a universal control. Primer
sequences are listed in Table 1.

Lymph node fluorescence uptake. Fifty-microliter intradermal injec-
tions of 2 mg/ml Texas red dextran (70 kDa; Invitrogen) were made into
each hind footpad. Mice (4 —1tTA, 5 +rtTA) were euthanized 45 min
later by exsanguination under isofluorane, and the popliteal and inguinal
lymph nodes were collected. Nodes were homogenized in 250 pl PBS,
and the fluorescence density at 564 nm was measured on an Optima
fluorescence plate reader. Protein concentration of node homogenates
was measured by BCA. Measured fluorescence values were normalized
to protein concentration and expressed as fluorescence units per milli-
gram protein.

Evans blue injection. Seven mice (3 —rtTA, 4 +rtTA) were
injected intravenously with a 0.5% Evans blue dye solution (in sterile
saline; Sigma) at 100 wl/30 g body wt to assess Evan’s blue-bound
protein flux from blood capillaries. After 30 min, mice were eutha-
nized by exsanguination under isofluorane, and tissues were removed
and weighed. Tissues were dried in a vacuum oven then extracted in
500 I formamide overnight. Evans blue absorbance was measured at
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Table 1. Primer sequences utilized for quantitative RT-PCR analysis of murine subcutaneous adipose tissue

Target Forward Reverse
AdipoQ GGAGATGCAGGTCTTCTT CGAATGGGTACATTGGGAAC
Cdllc CTGGATAGCCTTTCTTCTGCTG GCACACTGTGTCCGAACTC
Cd3e GATGCGGTGGAACACTTTCT ACTGTCCTCGACTTCCGAGA
Collal GCCAAGAAGACATCCCTGAA GTTTCCACGTCTCACCATTG
Col3al ACAGCTGGTGAACCTGGAAG ACCAGGAGATCCATCTCGAC
Coldal ACAAAAGGGTGATGCTGGAG CCTTTGTACCGTTGCATCCT
Colbal GATGAGGGTGAAGTGGGAGA CAGCACGAAGAGGATGTCAA
F4/80 CTGTAACCGGATGGCAAACT CTGTACCCACATGGCTGATG
Fn/Adgrel ACAAGGTTCGGGAAGAGGTT CCGTGTAAGGGTCAAAGCAT
1-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATA
Lyvel CTGACAAGCAGTTTCAGGCTTGGT TTCAGCCCACACTCCGCTATACAT
Resistin/Fizz3 TCGTGGGACATTCGTGAAGA CGGGCTGCTGTCCAGTCTA
Rps18 CATGCAGAACCCACGACAGTA CCTCACGCAGCTTGTTGTCTA
Tnf GAGAAAGTCAACCTCCTCTCTG GAAGACTCCTCCCAGGTATATG
Ubc GCCCAGTGTTACCACCAAGAAG GCTCTTTTTAGATACTGTGGTGAGGAA
Vegfa GGAGATCCTTCGAGGAGCACTT GGCGATTTAGCAGCAGATATAAGAA
Vegfb TGACATCATCCATCCCACTC CCTTGGCAATGGAGGAAG
Vegfc GGTCCACAGACATCATGGAA CAGTGTCAGGCAGCTAACAAG
Vegfd/Figf AAATCGCGCACTCTGAGGA TGGCAAGACTTTTGAGCTTCAA
Vegfr2/Flkl GCCCTGCTGTGGTCTCACTAC CAAAGCATTGCCCATTCGAT
Vegfr3/Flt4 ATCAGAAGATCGGGCGCTGTTGTA TGTGTCATGTCCGCCCTTCAGTTA

Common names and variant names are provided. All sequences were verified through National Center for Biotechnology Information Primer-BLAST, and

single products confirmed with a dissociation step postamplification.

620 nm and normalized to wet tissue mass, thus expressed as absor-
bance units per milligram tissue.

Statistical analysis and data presentation. In all studies, all mice
carry equal copies of the TRE-VD transgene. The lack or presence of
the cell-specific promoter rtTA designates the control vs. mutant
group, respectively. Four to five mice per group were used in each
experiment; founder identification RNA expressions used two to three
per group. In each experiment, statistical analyses were f-test com-
parisons between the control vs. mutant group using GraphPad Prism
software. Asterisks denote significant differences (*P < 0.05, **P <
0.01, and *** P < 0.01). All data are presented as means = SD.

RESULTS

Generation and characterization of a new inducible VEGF-D
expressing mouse. To inducibly express murine VEGF-D pro-
tein in mammalian cells, the coding sequence for full-length
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VEGF-Dssg (Figf.1; NM_010216) was cloned from murine
adipose tissue cDNA and inserted into a TRE vector containing
a minimal CMV promoter sequence (pTRE-Tight). This TRE-
Figf.1 expression vector was transfected into 293T cells with
or without expression of the rtTA. Cell lysates demonstrated
marked VEGF-D protein expression in the presence of the full
Tet-On genetic system and 1 pg/ml dox in the media (Fig. 1A).
This vector was linearized for pronuclear injection of murine
embryos, and multiple founder lines were established. These
were crossed with mice carrying various promoter-driven rt-
TAs, including CCSP(Scgblal)-rtTA, KSP(Cdhl6)-rtTA, and
adiponectin(AdipoQ)-rtTA mouse lines (Fig. 1B). To test for
functionality and gene expression “leakiness” of the TRE-
VEGF-D3sg (TRE-VD) transgene, mice were crossed with
AdipoQ-1tTA to homozygosity. Two lines demonstrated a
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Fig. 1. Generation and validation of the TRE-VEGF-D mouse. A: transfection of 293T cells stably expressing rtTA demonstrate significant expression of murine
VEGE-D protein only on exposure to doxycycline (dox) assessed by immunoblot. B: transgenic mouse strategy and demonstration of the “Tet-on” dox system
for crossing the TRE-VEGF-D to mice for cell-specific expression using promoters in the lung (Scgblal; CCSP), kidney (Cdhli6; KSP), and adipose (AdipoQ;
adiponectin) tissues. The TRE-Tight gene construct (mFigf./) used to express full-length murine VEGF-Dsg is shown. C: VEGF-D gene expression levels in
AdipoQ-rtTA™'* X TRE-VD™*'* mice in subcutaneous adipose tissue after 7-10 days of 600 mg/kg dox chow diet. The VD3 line was selected and maintained

for all experiments. Values are means = SD. *P < 0.05.
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significant induction of murine VEGF-D RNA expression
when placed on a 600 mg/kg dox-containing chow for 10 days.
Live VD8B was deemed too high of an expresser and bred
poorly. Line VD3 on the pTRE-Tight promoter (Fig. 1C) was
selected due to tight regulation and a physiologically-relevant
(X20) elevation (53).

VEGF-D overexpression in the lung induces pulmonary
lymphangiectasia. As a previous effort to utilize a lymphan-
giogenic growth factor, VEGF-C, in the lung had recently
demonstrated feasibility and induced extensive lymphatic hy-
perplasia without lethality (54), we tested whether the
TRE-VD mouse would also exhibit adult bronchiolar lymp-
hangiectasia. After 1 mo on dox chow, there was no visible
change in mouse behavior and, following euthanization, no
pleural fluid. Lung lysate from CCSP-rtTA*/~ X TRE-VD™/~
mice did, however, demonstrate significantly elevated VEGF-D
mRNA (Fig. 2A). VEGF-D protein expression by immunofluo-
rescence was tightly limited to epithelial club cells identified by
punctate VEGF-D labeling in the epithelium (Fig. 2B). These
levels were sufficient to induce lymphangiectasia in the existing
bronchiolar lymphatic vessels (Fig. 2C) comparable to the re-
sponse to VEGF-C induction (54).

Renal lymphangiectasia resulting from VEGF-D expression
in the kidney. Lymphangiogenesis occurs in the kidney during
inflammatory events, but its impact is yet unknown (55). To test
whether induction of VEGF-D in a quiescent kidney would
induce lymphatic expansion, KSP-rtTA mice were crossed with
the TRE-VD mouse. After dox diet for 1 wk, elevated VEGF-D
RNA was measured in the renal cortex (Fig. 3A), and VEGF-D
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Fig. 2. Pulmonary lymphangiectasia resulting from VEGF-D overexpression in
the lung. A: VEGF-D gene expression in the lung of CCSP-rtTA X TRE-VD
mice. Values are means = SD. *P < 0.05. B: VEGF-D protein expressed
(green) in respiratory club cells by immunofluorescence (DAPI, blue) (arrows
highlight a few location). C: massive lymphatic hyperplasia (LYVE-1, green)
of the bronchiolar lymphatics (DAPI, blue) in CCSP-VD mice. All mice carry
the TRE-VD transgene but are + or — for rtTA. All scale bars = 100 pwm.

H387

A 4 B

@

Fold Change
»

-
1

0-
KSP-rtTA

- +
dox (mg/kg) 600 600

D E
107 O 1A 5 49 O 1A
. HTA . HiTA
3 81 ' 3 3 '
S 1
T e
2 2 27
B 4 k-
[]
X 2 & 1

0
Endocmucin  LYVE-1 Endocmucin LYVE-1

Fig. 3. Rapid renal lymphangiectasia upon induction of kidney-specific
VEGF-D overexpression. A: VEGF-D gene expression in the renal cortex of
KSP-rtTA X TRE-VD mice. B: VEGF-D protein expressed in tubular epithelial
cells by immunofluorescence (green; DAPI, blue). C: massive lymphatic
hyperplasia (LYVE-1, green) of the renal collecting lymphatics that run along
the renal artery and vein (DAPI, blue). All scale bars = 100 wm. D: quantified
endomucin+ and LYVE-1+ areas (normalized to —rtTA) on images of the
renal sinus from 4 mice demonstrate lymphatic expansion. E: endomucin+ and
LYVE-1+ areas in the renal cortex identify no changes in the cortical
vasculature. All mice carry the TRE-VD transgene but are + or — for rtTA.
Values are means = SD; n = 4 —rtTA and 3 +rtTA mice. *P < 0.05.

protein was highly expressed specifically in renal tubular epithe-
lial cells (Fig. 3B). A massive expansion of the large collecting
lymphatic vessels at the renal cortex was discovered in KSP-
rtTA™~ X TRE-VD*'~ mice (Fig. 3C). Image quantification of
LYVE-1+ area confirmed this significant lymphangiectasia (Fig.
3D). While an increase in lymphatics in the cortex was seen in
some mice at this time, the change in the collecting lymphatics
was the most striking pathological change in the lymphatic vas-
culature (Fig. 3E).

Inducible VEGF-D expression drives de novo lymphangio-
genesis in adipose tissues. Adipose tissue circulation and
vascular adaptation to changes in adipose physiology are crit-
ical in regulating systemic metabolism (37, 46). Past strategies
have targeted the blood vasculature of adipose tissue, but, with
TRE-VD mouse, we sought to specifically target lymphatic
endothelium. AdipoQ-rtTA™~ X TRE-VD'~ mice (Adipo-
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VD) were supplied a range of dox doses, from 50 to 600 mg/kg
chow or water (equivalent to 50—600 mg/l in water), for 10
days, and VEGFD RNA expression was measured in the
subcutaneous white adipose inguinal depot [subcutaneous ad-
ipose tissue (SQAT)] or the interscapular brown adipose
(BAT) depot. Dox induced a dose-responsive increase in
VEGFD RNA levels in both depots, with a more significant
effect in BAT (Fig. 4A). Removal of 600 mg/kg dox chow from
mice for 2 mo resulted in a normalization of VEGF-D expres-
sion (Fig. 4A). The SQAT depot was mostly a lymphatic by
LYVE-1 immunofluorescence (Fig. 4B), but 600 mg/kg dox
chow for 2 mo (no cellular response was seen at 10 days) drove
marked de novo lymphangiogenesis in adipose tissue with
LYVE-17 structures throughout the tissue (and not only adja-
cent to the lymph node). Quantitation of vessel density dem-
onstrated the significant increase in lymphatic endothelium
with no change in blood endothelium (Fig. 4C). The effect of
VEGF-D induced lymphatic hyperplasia was even more pro-
nounced in the highly-vascularized BAT depot (Fig. 4, D and
E). Expanded lymphatics were also podoplanin+ and Prox-1-+
structures (Fig. 4F). Whole-mount immunofluorescence in
BAT (Fig. 4G) identified the increase in LY VE-1+ labeling to
be new hypertrophic lymphatic vessel structures. Despite in-
ducing significant VEGF-D RNA, lower doses of dox or times
less than 1 mo failed to elicit de novo lymphangiogenesis in
either adipose tissue depot (data not shown). Confirming the
VEGFR-3 specificity, no new lymphatic vessels were found in
the adipose tissue of the previously described AdipoQ-rtTA X
TRE-VEGF-A (46) (Fig. 4H) The Adipo-VD mouse thus dem-
onstrated that controlled, inducible adult adipose tissue lymp-
hangiogenesis was possible.

Effects of increased VEGF-D expression in adipose tissues
beyond lymphangiogenesis. While VEGF-D overexpression
elicits clear lymphangiogenesis in adipose tissue depots,
VEGEF-D also serves as a macrophage chemoattractant (20) in
adipose tissue, potentially resulting in adipose tissue inflam-
mation and the metabolic syndrome (39). Real-time RT-PCR
analysis of genes related to the VEGF family and its receptors
demonstrated only a significant increase in VEGF-D expres-
sion in SQAT RNA (Fig. 5A). LYVE-1, as marker of LECs
was also increased. Expression of adipose tissue macrophage
markers F4/80 and CDI1c were also significantly increased.
Supporting immunofluorescence identified very few Mac-2+
adipose tissue macrophages in control SQAT, while large
numbers were labeled in positive Adipo-VD mouse tissue (Fig.
5B). While Mac-2+ cells were often nearby new LYVE-1+
structures, the labels did not overlap. Commiserate with in-
creasing immune cell numbers, gene expression of white adi-
pocyte markers adiponectin and resistin was significantly re-
duced (Fig. 5C). Increased levels of IL-6, fibrillary collagens,
and fibrin were not statistically elevated, but matched the
variability and overall increase in adipose tissue fibrosis visu-
alized by trichrome staining (Fig. 5D). Macrophage density,
along with fibrosis, was interrelated in each mouse tissue
examined (Fig. 5E). The systemic implications of adipose
tissue inflammation and VEGF-D expression were then tested.

Systemic effects of adipose tissue VEGF-D expression.
VEGFR-3 signaling affects vascular function, and changes in
adipose tissue physiology result in systemic changes in metab-
olism. Lymphatic hyperplasia and VEGFR-3 signaling can

INDUCIBLE VEGF-D TO PROMOTE ADIPOSE TISSUE LYMPHANGIOGENESIS

result in poorly functioning lymphatic vessels and increased
vascular permeability (9, 15, 18).

In the Adipo-VD mouse, no significant reduction or en-
hancement was measured in the amount of 70-kDa fluorescent
dextran, a size that partitions to lymphatics, that was trans-
ported from the mouse footpad, through the popliteal lymph
node, and on to the inguinal lymph node (Fig. 6A4). Intravenous
Evans blue dye injections were used to measure systemic
Evans blue-bound protein flux in a range of adipose and
nonadipose tissues. No differences were measured in the
amount in Evans blue extravasation in any tissue with VEGF-D
expression (Fig. 5B). Similarly, and unlike specific VEGF-A
overexpression in adipose tissue (46), no fluid accumulation
was measured by NMR body composition analysis with height-
ened VEGF-D (Fig. 6C). Adipo-VD was well-tolerated: no
Adipo-VD mice died, despite being supplied 600 mg/kg dox
chow for up to 4 mo.

Body composition measures revealed no change in adiposity
(Fig. 5C), important for assessing basal metabolic changes in
Adipo-VD mice. No change in body weight was measured in
Adipo-VD mice, even after nearly 3 mo of VEGF-D induction
in adipose tissue (Fig. 6D). Despite the marked adipose tissue
macrophage infiltration that has demonstrated the potential to
impact systemic glucose clearance (1, 20, 33), no significant
differences were measured in glucose levels in Adipo-VD mice
during oral glucose challenge (Fig. 6E). Similarly, fasted oral
triglyceride clearance was not significantly impacted (Fig. 6F).
Thus we did not measure any transport or metabolic changes
under the otherwise homeostatic condition of standard chow
feeding with adipose tissue VEGF-D overexpression and lym-
phangiogenesis.

Basal VEGF-D levels permit lymphatic regression in SQAT.
In mouse models wherein lymphangiogenesis was induced
through transgenic or inflammatory means, the ability of lym-
phatic hyperplasia to resolve or new vessels to regress has
varied from next to nothing to nearly complete (7, 10, 28, 54).
Adipo-VD mice were provided 600 mg/kg for 2 mo, ample to
drive the previously described lymphatic hyperplasia, then
returned to standard chow diet for 2 mo. Immunofluorescence
labeling identified few remaining LYVE-1+ structures in
SQAT (Fig. 7A), with structures only made up of a few LECs,
not uncharacteristic of native tissue. Image quantitation con-
firmed a reduction in LYVE-1+ area (Fig. 7B). Tissue sections
from some mice revealed these LYVE-1+ cells to be sur-
rounded by, colocalizing with, or integrating with Mac2+
macrophages and newly formed adipose tissue crown-like
structures (Fig. 7C). These cells were also podoplanin+ (Fig.
7D), confirming that they were likely remnants of the de novo
lymphatics induced in white adipose tissue. In interscapular
BAT, many large hyperplastic lymphatic structures remained
(Fig. 7E). Regression varied highly from mouse-to-mouse (Fig.
7F). BAT thus exhibits a more pronounced, and more pro-
longed, lymphatic hyperplasia following a period of VEGF-D
induction.

Conclusons. We have generated and characterized a novel
mouse model of inducible murine VEGF-D expression to
target VEGFR-3 signaling on adult lymphatic vasculature to
promote lymphangiogenesis. We took advantage of the unique
signaling of murine VEGF-D specific to VEGFR-3, which is
largely limited to LECs in the adult mouse (5), coupled with a
dox-inducible “Tet-On” system of cell-specific promoter-
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Fig. 4. Dose-dependent VEGF-D expression and lymphangiogenesis in adipose tissue of Adipo-VD mice. A: VEGF-D gene expression in the subcutaneous
(SQAT; open bars) and interscapular brown adipose tissues (BAT; solid bars) in Adipo-VD mice demonstrate a doxycycline (dox) dose dependence when
supplied in chow or drinking water. Removal of dox (“out”) drops expression to basal levels. B: de novo lymphangiogenesis in the inguinal subcutaneous adipose
depot of Adipo-VD mice after 2 mo of 600 mg/kg dox chow diet with no change in blood capillary density (LY VE-1, green; endomucin, red; DAPI, blue). C:
quantitation of endomucin+ and LYVE-1+ areas (normalized to —rtTA) in subcutaneous adipose depot sections. n = 4 —rtTA and 5 +rtTA mice. D: BAT
in Adipo-VD mice exhibits massive lymphatic hyperplasia (LY VE-1, green; DAPI, blue). E: endomucin+ and LYVE-1+ areas (normalized to —rtTA) quantified
from BAT sections of n = 4 —rtTA and 5 +rtTA mice. Values are means = SD. *P < 0.05. **P < 0.01. ***P < 0.001. F: new lymphatics are also podoplanin+
(green) and Prox1+ (red) in BAT of Adipo-VD mice (DAPI, blue). G: whole-mount LYVE-1 (green) immunofluorescence in BAT demonstrates the transition
from small lymphatics to large hyperplastic lymphatic structures with no expansion of the blood capillaries (CD31, red). H: in a similar mouse transgenic
approach, overexpression of VEGF-A under the adiponectin promoter only increases blood capillary (endomucin, red) density with no effect on lymphatics
(LYVE-1, green; DAPI, blue). All scale bars = 100 pwm.
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Fig. 5. Gene expression, inflammation, and fibrosis in Adipo-VD mouse white adipose tissue. A: quantitative RT-PCR analysis of genes in the VEGF family
demonstrate only a significant increase in VEGF-D expression in inguinal subcutaneous adipose tissue. LYVE-1, VEGFR-3, podoplanin (Pdpn), and Prox1 are
indicative of lymphatic endothelial cells, and macrophage markers F'4/80 and CD11c were also significantly elevated. B: Mac2 (red) immunofluorescence labels
show only rare adipose crown-like structures in —rtTA tissue (arrow), but significant numbers of macrophages (arrows) in positive Adipo-VD mice near, but
not colocalized with, new lymphatic structures (LY VE-1, green; DAPI, blue). Scale bars = 50 pwm. C: white adipocyte genes for adiponectin and resistin were
significantly reduced by quantitative RT-PCR analysis in Adipo-VD white adipose tissue, while proinflammatory and profibrotic matrix collagens and fibronectin
gene expression tended to increase. Values are means = SD; n = 4 —rtTA and 5 +rtTA mice. *P < 0.05. **P < 0.01. D: trichrome staining of white adipose
tissue shows marked fibrosis in positive Adipo-VD mice. Scale bars = 200 wm. E: in Adipo-VD subcutaneous adipose tissues, the relative density of trichrome
staining was proportional to the appearance of Mac2+ macrophage (red) labeling in serial sections (LYVE-1, green; DAPI, blue). Scale bars = 100 wm.

driven rtTA expression and generated a new TRE-VEGF-D
mouse. In the lung and kidney, VEGF-D induces massive
lymphatic hyperplasia of the existing lymphatic vessels. In the
Adipo-VD mouse, prolonged VEGF-D overexpression induced
de novo lymphangiogenesis, the appearance of new lymphatic
vessel structures, in SQAT and hyperplasia in BAT. Interest-
ingly, removal of the excess VEGFR-3 signaling resulted in
adipose lymphatic vessel regression. In all models, the tissue’s
blood vascular density remained normal. We have, therefore,
demonstrated this model’s utility in inducing lymphatic-spe-
cific hyperplasia in several organs.

The cell source of lymphatics in development and injury has
recently become a source of debate (22, 26, 29, 43); the

presence or ability of “different” LECs to participate in VEGF-
D-mediated lymphangiogenesis is also, therefore, likely to be
tissue dependent. Rapid lymphangiectasia of the collecting
vessels in the lung and kidney would suggest the response to be
from the existing endothelium. In adipose tissue, the appear-
ance of de novo lymphatic structures requires at least 1 mo (we
assessed at 10 days and 2 mo) and suggests a lymphvasculo-
genesis or lymphagioblast-like mechanism, as has been previ-
ously reported in other systems examining postnatal and adult
lymphatic expansion and regrowth (17, 21, 26, 36, 45). A
return to basal VEGF-D expression resulted in a regression of
the new lymphatic structures in adipose tissue, similar to the
regression observed in the skin and cornea during the resolu-
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tion of inflammation (10, 19, 28). While this is not surprising,
given the transient nature of the hyperplasic signal in this
model, in the adult intestine, continued VEGFR-3 signaling via
VEGF-C was absolutely necessary to maintain even the normal
adult lymphatic vasculature in an elegant study utilizing an
adult model of inducible systemic VEGF-C deletion (30). This
regression is in contrast to models of airway lymphatic hyper-
plasia, induced by either inflammation or VEGF-C/D expres-
sion methods, which exists even once the driver is removed (7,
54). The ability to grow lymphatic vessels, the mechanism by
which expansion occurs, and the potential for regression thus
appear to be varying degrees of VEGFR-3, developmental
period, and tissue dependent (3, 25). The TRE-VD mouse,
coupled with the array of cell-specific promoter mice available,
allows for a future temporal examination of these mechanisms
in nearly any vascularized tissue.

Lymphatic expansion is characteristic in inflammatory mod-
els with an upregulation of lymphangiogenic factors in the
tissue (7, 38, 55). Some level of VEGFR-3 signaling and
lymphangiogenesis, however, appears to be necessary to re-
duce inflammation under challenge (3, 48). The role of lym-
phatics in regulating tissue inflammation is highly relevant to
the global obesity epidemic, wherein adipose tissue inflamma-
tion, notably infiltrating immune cells, are thought to drive the
metabolic syndrome (1, 33, 52). The interaction of lymphatic
vessels with surrounding adipose tissue is thus of paramount
interest. Defective lymphatic function, or lymph “leaking”
from the lymphatic vasculature, has been demonstrated to be

pro-adipogenic, leading to local and systemic depot expansion,
and hence may play a role in obesity and the metabolic
syndrome (2, 16, 23, 38, 56). A recent study by Karaman and
colleagues (20) clearly demonstrated that VEGFR-3 signaling
was partially responsible for the recruitment of proinflamma-
tory macrophages to adipose tissue in diet-induced obesity;
blockade of these cells improved the metabolic phenotype. The
Adipo-VD model exhibited not only increased macrophage
infiltration, but also fibrosis. What role macrophages play in
the fibrosis directly or in the mechanisms of adipose tissue
lymphangiogenesis remains to be examined. It is also possible
that the increased lymphatic vasculature provides a route for
the cells, or that it is locally dysfunctional and involved in
the inflammatory and fibrotic process; again, this remains to
be tested. It is noteworthy that the apparent inflammation in
white adipose tissue did not result in a blatant insulin-
insensitive phenotype. The ability of adipocytes to safely
partition excessive dietary lipid protects from the metabolic
syndrome rather than adipose macrophages directly (44, 49).
How increased lymphatic vascularization may impact other
adipose tissue functions, and its impact in obesity, will be an
interesting application of this inducible VEGF-D model in
understanding metabolic and adipose tissues pathologies.
VEGFR-3 signaling may not only induce hyperplasia, but
also impact lymphatic vessel fluid and cell transport in a host
of tissue systems (8, 14, 15, 41, 42). The Adipo-VD mouse did
not display systemic edema, assessed by total body fluid
accumulation. However, the quality of local lymphatic function
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Fig. 7. Regression of adipose tissue and the newly formed adipose tissue lymphatics following removal of doxycycline (dox). A: the extensive lymphatic
expansion in subcutaneous adipose tissue following 2 mo of 600 mg/kg dox diet (LYVE-1, left) regresses if mice are returned to standard chow diet for 2 mo
(right; imaged from 2 mice). Few lymphatic vessel structures are found in subcutaneous white adipose tissue once VEGF-D is no longer overexpressed (DAPI,
blue). B: quantitation of endomucin+ and LYVE-1+ areas demonstrating reduced lymphatic density. n = 4 mice each. C: LYVE-1+ cells localize with newly
forming crown-like structures (Mac2, red; arrows) in white adipose tissue or appear as single cells (arrows) after 2 mo of regression in two different mice (DAPI,
blue). D: podoplanin+ cells (green) also incorporate and colocalize with Mac2+ macrophage labeling (red) in cells and crown-like structures (arrows; DAPI,
blue). E: in brown adipose tissue of Adipo-VD mice, the massive lymphatic hypertrophy after VEGF-D overexpression (left; LYVE-1, green) regresses with
removal of dox chow (right; imaged from 2 mice), but numerous large LYVE-1+ structures still remain (DAPI, blue). All scale bars = 100 wm. F: quantitation
of endomucin+ and LYVE-1+ areas highlights the variability in lymphatic regression in brown adipose. Values are means = SE; n = 8 mice each. *P < 0.05.

to clear interstitial fluid or traffic immune cells from the
hyperplastic areas or the impact of excess VEGF-D on collect-
ing lymphatic vessel contractility was not directly tested.
Assessment of blood capillary effects by Evans blue flux alone
may not fully reveal changes in fluid flux (e.g., increased
extravasation, but also increased lymphatic uptake, resulting in
no net difference in Adipo-VD mice). Whether lower levels of
dox, and thus lower levels of excess VEGF-D (that did not lead
to pathological lymphangiogenesis in the tissues tested) do not
still impact lymphatic function is unknown. A bigger question
may be why the lymphangiogenic effects were so digitized at
a specific dox/VEGF-D level: an answer to which will have to
be determined through a careful dose and temporal time course

in each tissue model. The limitations of the TRE-VD model
may be that its signaling impact on large vessels precludes the
ability to grow new lymphatic vasculature in a tissue, as seen
in the KSP-VD model. Similarly, any benefits of an increased
lymphatic vasculature may be offset by the proinflammatory
effect of VEGF-D, typical problems in characterizing any
transgenic approach.

In summary, we have developed a novel mouse model of
inducible murine VEGF-D overexpression that has demon-
strated utility in multiple organ systems to drive lymphatic
hyperplasia. In adipose tissue in particular, the ability of
VEGF-D signaling through VEGFR-3 is sufficient to induce de
novo lymphangiogenesis and a vasculature that regresses upon
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removal of the signal. This highlights the utility of this specific
TRE-VD platform for further studies of the roles of lymphatic
transport, LEC biology, and the development and maintenance
of lymphatic vasculature in health and disease.
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