
Vascular Biology, Atherosclerosis and Endothelium Biology

Blockade of Transforming Growth Factor-�1
Accelerates Lymphatic Regeneration during
Wound Repair

Tomer Avraham,* Sanjay Daluvoy,*
Jaime Zampell,* Alan Yan,* Yosef S. Haviv,†

Stanley G. Rockson,‡ and Babak J. Mehrara*
From the Division of Plastic and Reconstructive Surgery,*

Department of Surgery, Memorial Sloan-Kettering Cancer Center,

New York, New York; the Department of Medicine,† Hadassah-

Hebrew University Medical Center, Jerusalem, Israel; and the

Division of Cardiology,‡ Department of Medicine, Stanford

University Medical Center, Stanford, California

Lymphedema is a complication of cancer treatment oc-
curring in approximately 50% of patients who undergo
lymph node resection. Despite its prevalence, the etiol-
ogy of this disorder remains unknown. In this study, we
determined the effect of soft tissue fibrosis on lym-
phatic function and the role of transforming growth
factor (TGF)-�1 in the regulation of this response. We
determined TGF-� expression patterns in matched bi-
opsy specimens collected from lymphedematous and
normal limbs of patients with secondary lymphedema.
To determine the role of TGF-� in regulating tissue fi-
brosis, we used a mouse model of lymphedema and
inhibited TGF-� function either systemically with a
monoclonal antibody or locally by using a soluble, de-
fective TGF-� receptor. Lymphedematous tissue demon-
strated a nearly threefold increase in the number of
cells that stained for TGF-�1. TGF-� inhibition markedly
decreased tissue fibrosis, increased lymphangiogen-
esis, and improved lymphatic function compared with
controls. In addition, inhibition of TGF-� not only
decreased TGF-� expression in lymphedematous tis-
sues , but also diminished inflammation, migration
of T-helper type 2 (Th2) cells , and expression of
profibrotic Th2 cytokines. Similarly , systemic de-
pletion of T-cells markedly decreased TGF-� expres-
sion in tail tissues. Inhibition of TGF-� function
promoted lymphatic regeneration, decreased tissue
fibrosis , decreased chronic inflammation and Th2
cell migration, and improved lymphatic function.
The use of these strategies may represent a novel
means of preventing lymphedema after lymph

node resection. (Am J Pathol 2010, 177:3202–3214; DOI:

10.2353/ajpath.2010.100594)

Lymphedema is a dreaded complication of cancer man-
agement that results from the disruption of lymphatic
channels. It is estimated that 3 to 5 million Americans
have chronic lymphedema and suffer from chronic swell-
ing, recurrent infections, pain, impaired function, and
decreased quality of life.1–4 Remarkably, despite the
prevalence and morbidity of lymphedema, there is cur-
rently no known cure and treatment remains primarily
symptomatic in nature with the goal of preventing disease
progression. Patients are required to wear tight, uncom-
fortable garments for the rest of their lives and risk wors-
ening of the condition with repeated infections.5

The development of effective treatment options for
lymphedema has been hampered by the fact that the
etiology of this disorder remains poorly understood. Thus,
although it is clear that the initiating event in postsurgical
lymphedema is injury to the lymphatic channels, it is
unknown why some patients develop this complication
while others who are identically treated do not. In addi-
tion, it remains unknown why lymphedema develops in
some patients after seemingly trivial lymphatic injury.6

Similarly, although large studies have identified critical
risk factors for the development of lymphedema such
as radiation, infections, and obesity, it is unknown how
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these factors contribute to the pathophysiology of
lymphedema.7–9

Recent studies have demonstrated that fibrosis plays a
role in the pathogenesis of lymphedema. For example,
we have shown that fibrosis markedly delays lymphatic
regeneration and impairs lymphatic function during
wound repair.10,11 More recently, we have found that
radiation induced tissue fibrosis significantly impairs lym-
phatic function.12 This concept is supported by the fact
that the composition of the extracellular matrix (ECM) is a
critical regulator of hydraulic conductivity of the skin and
an important regulator of interstitial fluid (lymphatic)
flow.13,14 The interaction between tissue conductivity and
interstitial fluid flow is likely regulated, at least in part, by
anchoring filaments that serve as a sensing mechanism for
interstitial fluid accumulation.15 Therefore, the loss of com-
pliance of soft-tissues and lymphatics as is observed in
histological samples obtained from patients with chronic
lymphedema can markedly decrease lymphatic func-
tion leading to obliteration of lymphatic vessels.

The cellular mechanisms that regulate tissue fibrosis
have been investigated in a number of models. Remark-
ably, despite the marked variability in organ systems and
inciting events that have been studied, the mechanisms
that promote tissue fibrosis and replacement of function-
ing parenchyma with scar appear to be conserved.16

These studies have demonstrated critical roles for chronic
inflammatory reactions in response to repeated injury or
persistent irritants leading to differentiation of T-helper cells
along the T-helper 2 (Th2) lineage with resultant expression
of profibrotic cytokines including interleukin (IL)-4, IL-13,
and transforming growth factor (TGF)-�1.17–21 These cyto-
kines then act in concert to promote the expression and
inhibit degradation of extracellular matrix products leading
to tissue fibrosis.

TGF-�1 is a well recognized regulator of extracellular
matrix synthesis.22 Loss of TGF-�1 signaling either in
knockout animals (eg, SMAD3 knockouts) or through the
use of small molecule inhibitors decreases skin fibrosis
resulting from radiation therapy.23,24 In fact, abrogation of
TGF-�1 function decreases fibrosis in virtually every or-
gan system including lung, liver, kidney, skin, and cor-
nea.25–43 Th2 cytokines interact and cooperate with
TGF-�1 in the regulation of tissue fibrosis.44 In addition to
its profibrotic effects, TGF-�1 inhibits lymphatic endothe-
lial cell proliferation, migration, and tubule formation.11,45

These features have led us to hypothesize that increased
expression of TGF-�1 as a result of lymphatic fluid stasis
impairs lymphatic function by promoting tissue fibrosis
and by directly inhibiting lymphangiogenesis.

The purpose of this study was to determine the role of
TGF-�1 and its interactions with Th2 cytokines on the
regulation of lymphatic repair and tissue fibrosis in re-
sponse to lymphatic fluid stasis. We demonstrate that
TGF-�1 expression is increased in the lymphedematous
limbs of patients as compared with matched biopsy
specimens from their unaffected extremity. Using a
mouse tail model, we demonstrate that systemic or local
inhibition of TGF-�1 markedly improves lymphangiogen-
esis during wound repair, is associated with decreased
expression of IL-4 and IL-13, and significantly decreases

chronic inflammation and tissue fibrosis. Similarly, we
show that antibody depletion of CD3� cells results in
significantly decreased TGF-�1 expression and tissue
fibrosis indicating interaction between chronic T-cell in-
flammatory responses and TGF-�1 expression. Taken
together these findings demonstrate that TGF-�1 plays
an important role in the regulation of tissue fibrosis in
response to lymphedema and that this effect is associ-
ated with a chronic T-cell inflammatory reaction and elab-
oration of IL-4 and IL-13.

Materials and Methods

Human Lymphedema Tissue Analysis

Patients with chronic postsurgical lymphedema were
identified at the Stanford Center for Lymphatic and Ve-
nous Disorders (n � 7). After informed consent, full thick-
ness 5-mm skin punch biopsies were obtained from the
patient’s lymphedematous limb by using standard sterile
technique. Control biopsies were obtained from the iden-
tical location from the contra-lateral nonlymphedematous
limb. These studies were approved by the Institutional
Review Board of Stanford University. Immunohistochem-
ical analysis was performed by using anti-TGF-�1 an-
tibody (Santa Cruz Antibodies, Santa Cruz, CA), and
sections were imaged by using the Mirax Slide Scan-
ner (Carl Zeiss Microimaging, Munich, Germany) as
described below.

Mouse Tail Model of Lymphedema

To study the effects TGF-�1 on tissue changes resulting
from sustained lymphatic fluid stasis, we modified a well
described mouse tail model in 10- to 12-week-old female
C57/BL6 mice (Jackson Labs, Bar Harbor, ME). Briefly, a
2-mm wide circumferential full thickness skin excision
was performed 20 mm from the mouse tail to remove the
superficial lymphatics, and the deep lymphatics were
ligated by using a surgical microscope (StereoZoom
SZ-4; Leica, Wetzlar, Germany).10,11 The wound was then
dressed with an occlusive dressing to prevent wound
desiccation and contamination. It is important to note that
this model differs from the mouse tail model of lymphatic
regeneration described by Swartz and colleague46 be-
cause the wounds are not covered with a collagen matrix.
The lack of collagen gel matrix delays lymphatic regen-
eration resulting in tail edema for a minimum of 9 to 10
weeks. All animal procedures were approved by the Re-
source Animal Research Center Institutional Animal Care
and Usage Committee at Memorial Sloan-Kettering Can-
cer Center (New York, NY).

Modulation of Local TGF-�1 Activity

To systemically inhibit TGF-�1 function, experimental
(n � 8) mice underwent tail excision as described above
and were treated with a monoclonal antibody against
mouse TGF-� (TGFmab; 5 mg/kg diluted in 150 �l of PBS,
intraperitoneally), clone 1D11 (Bio-x-cell, West Lebanon,
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NH). Using this treatment protocol, this antibody has
been used in a variety of studies and has been shown to
be effective in blocking signaling in vivo of all TGF-�
isoforms.47 TGFmab treatment was initiated 24 hours be-
fore tail surgery and then three times per week for 6
weeks. Control animals (n � 8) were treated with a similar
dose of isotype control monoclonal antibody also admin-
istered intraperitoneally.

To evaluate the impact of local TGF-�1 blockade on
lymphatic regeneration, animals underwent tail excision
and the wounds were covered with 1% rat tail collagen
(BD Biosciences, San Jose, CA) containing 1 � 109

plaque forming units of a recombinant adenovirus ex-
pressing a soluble dominant negative TGF-� type II re-
ceptor (Ad-DN-RII) capable of binding all TGF-� isoforms
but incapable of initiating intracellular signaling.48 The
transgene in this construct is expressed under the control
of the constitutively active cytomegalovirus and over-
expression and secretion of the defective receptor by
transfected cells competes with endogenous TGF-�RII
thereby acting in a dominant negative manner to sup-
press TGF-� function. The collagen gel was used in this
portion of the study as a delivery vehicle because pre-
liminary studies using other delivery methods failed to
promote high level tissue transfection. Adenovirus was
not used systemically in these experiments as adenovi-
ruses tend to home to the lung and liver, and as such are
likely to produce unwanted systemic side effects. Control
animals underwent similar tail excision and the wound
was covered either with 1% rat tail collagen containing
PBS or 1 � 109 plaque forming units of a recombinant
adenovirus expressing the bacterial LacZ protein under
the regulation of a cytomegalovirus promoter (Ad-Lac-Z).
Additional control animals were treated with 1% collagen
gel containing 50 ng of recombinant human TGF-�1
(R&D Biosciences, San Jose, CA). Animals (n � 6 to 8)
were evaluated for 6 weeks and sacrificed for analysis.

Depletion of CD3� Cells

To deplete CD3� T cells, experimental (n � 8) mice were
treated with a monoclonal antibody against mouse CD3e
(CD3mab; 20 mg/kg diluted in 150 �l of PBS, intraperi-
toneally), clone 145–2C11 (Bio-x-cell) beginning 5 days
before surgery and every 5 days for 6 weeks following tail
excision as described above. This protocol has been
previously shown to result in effective T-cell depletion
with minimal toxicity.49 Control animals (n � 8) were
treated with a similar dose of isotype control monoclonal
antibody also administered intraperitoneally. Efficiency of
depletion was evaluated by using flow cytometry of single
cell splenic suspensions.

Lymphoscintigraphy

To quantify lymphatic transport 99mTc-sulfur colloid (100
nm particle size; 400 to 800 �Ci in �50 �l) was injected
intradermally 20 mm from the tail tip. Dynamic planar
gamma camera images were acquired in 15- to 600-
second frames for up to 2.5 hours after injection by using

an X-SPECT (Gamma Medica, Northridge, CA) fitted with
low-energy parallel-hole collimators. Resulting dynamic
images were analyzed by using ASIPro (CTI Molecular
Imaging, Knoxville, TN), and region-of-interest analysis
was performed to derive the decay adjusted activity.
Time-activity data were then fit to a flat line, a function
exponentially decreasing to an asymptotic value for the
injection site, or a function exponentially increasing to
an asymptotic value for the individual lymph nodes.

Tail Volume Determination and
Microlymphangiography

Changes in tail volumes were measured by blinded re-
viewers at various time points by using the truncated
cone formula by measuring the circumference of the tail
at 10-mm intervals starting at the distal margin of the tail
excision using a digital caliper.50 A minimum of four to
five animals were evaluated in each group/time point.
Microlymphangiography was performed in the same an-
imals before sacrifice to evaluate the gross structure
of the capillary lymphatics as previously described.51

Briefly, 15 �l of a 10 mg/ml solution of 2000 kDa dextran
conjugated to a fluorescein isothiocyanate molecule was
injected approximately 10 mm proximal to the tip of the
mouse tail under constant pressure. This molecule is too
large to enter blood vessels but can enter lymphatics,
which are designed to transport large molecules in the
interstitial fluid. Capillary lymphatics were then visualized
in the tail by using the Leica MZFL3 Stereoscope (Wet-
zlar, Germany). Bright-field and fluorescent images were
obtained at consistent exposure, gain, and magnification
and overlaid by using Volocity software (PerkinElmer,
Waltham, MA).

Specimen Preparation, Histology, and
Immunohistochemical Staining

Ten-millimeter tail sections centered on the repair site
were harvested, fixed in 4% paraformaldehyde, decalci-
fied in Immunocal (Decal Chemical Corporation, Tallman,
NY), and embedded in paraffin. Five-micrometer longitu-
dinal and cross-sectional histology sections were pre-
pared and stained by using hematoxylin and eosin or Van
Giessen stains using standard techniques and visualized
by using the Mirax Slide Scanner (Carl Zeiss Microimag-
ing). Dermal thickness was determined by using the
Mirax Viewer software (Carl Zeiss Microimaging). Briefly,
a distance of 4 mm was measured distal to the wound
edge in standardized longitudinal histological sections,
and the dermal thickness was measured from the dermal/
epidermal junction to the deep muscles. A minimum of
two measurements were made per animal per group by
two blinded reviewers.

Sirius red (Direct Red 80; Sigma, St. Louis, MO) stain-
ing was performed to evaluate the degree of fibrosis in
the specimens as previously described.52 Birefringence
pattern and hue were evaluated by using polarized light
microscopy to determine collagen density, pattern of
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deposition, and maturity. This analysis is based on the
fact that normal tissues display fine collagen bundles with
a green/yellow birefringence arranged in a random pat-
tern, whereas soft tissue fibrosis results in formation of
thicker bundles of collagen demonstrating orange-red bire-
fringence and deposited in parallel bundles.53 The scar
index is a quantitative analysis of fibrosis and is calculated
by comparing the ratio of orange/red to yellow/green stain-
ing using Metamorph Offline software (Molecular Devices
Corporation, Sunnyvale, CA) in a minimum of three sections
per animal (n � 3 to 5 animals per time point).

Immunohistochemical staining was performed as pre-
viously described.54 Lymphatic vessels were identified
by using podoplanin (Abcam, Cambridge, MA). Other
antibodies used were CD-45 (pan-leukocyte antigen;
R&D Systems, Minneapolis, MN), CD4 antibody, F480
(macrophages), pSmad3, interferon (IFN)-�, IL-13 (all
from Abcam), and �-galactosidase (Biogenesis, Poole,
United Kingdom). Secondary antibody was from
VECTASTAIN ABC Kit (Vector, Burlingame, CA) and de-
veloped by using diaminobenzidine. Negative control sec-
tions were incubated with secondary antibody only. Bright
field images were obtained by using a Leica TCS micro-
scope. Double immunostaining was visualized by using
Nuance Multispectral imaging System (LOT Oriel Group,
Daimstadt, Germany), followed by spectral separation for
fluorescent visualization. Specificity was confirmed by using
single stained sections and negative controls. Cell counts
were performed in three to five high powered fields per
animal (n � 3 to 5/time point) by two blinded reviewers.
�-galactosidase activity was assessed in Ad-Lac-Z trans-
fected tails 1 week after transfection by using the �-gal
staining kit (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol.

Western Blot Analysis

Skin and subcutaneous tissue were isolated from the
tail soft tissues 5 mm distal to the wound. Total cellular
protein was isolated by using the Qiagen DNA/RNA/
Protein mini kit using the manufacturer’s protocol (Qia-
gen, Valencia, CA) and quantified by using the Brad-
ford method. Western blotting was performed as
previously described for CD45, CD4, IL-4, IFN-�, IL-2,
IL-13, TBet, Gata-3, and TGF-�1, vascular endothelial
growth factor (VEGF)-C, VEGF-A, and hepatocyte
growth factor (all from Abcam except for TGF-�1,
which was from Santa Cruz Biotechnology).11 Equal
loading was confirmed by using Actin or tubulin anti-
body (Abcam). For relative expression analysis, NIH
Image J software was used to determine band inten-
sity. Intensity was corrected for tubulin loading for that
particular blot to ensure appropriate comparisons. Immu-
noreactivity was determined by using the Enhanced Chemi-
luminescence (ECL) chemiluminescence detection system
(Amersham, Arlington Heights, IL).

Statistical Analysis

Multigroup comparison with similar variance was per-
formed by using one-way analysis of variance with the

Tukey-Kramer posthoc test. Student’s t-test was used for
analyzing differences between two groups. A minimum of
five animals was used in each experimental group. Data
are presented as mean � SD unless otherwise noted with
P � 0.05 considered significant.

Results

Lymphedema Is Associated with Increased
Local Expression of TGF-�1

Immunohistochemical localization of TGF-�1 was per-
formed in matched skin biopsy specimens from lymphed-
ematous and normal contra-lateral limb (Figure 1, A–C).
Biopsy specimens from lymphedematous limbs demon-

Figure 1. Lymphedema is associated with increased expression of TGF-�1.
A: Immunohistochemical analysis of matched skin biopsy specimens from
lymphedematous and normal limbs of patients demonstrates increased in-
tracellular and extracellular staining for TGF-�1 in lymphomatous tissues.
Representative figures from two patients are shown at 40� magnification. B:
Number of TGF-�1� cells/High Power Field in lymphomatous and normal
tissues (mean � SD; *P � 0.04). C: Fold change in number of TGF-�1�

cells/HPF in lymphedematous versus normal limbs (mean � SD; *P � 0.02).
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strated a nearly threefold increase in the number of
TGF-�1 positive cells as compared with specimens
obtained from the normal limb (P � 0.05). In addition,
two blinded reviewers consistently noted markedly
more interstitial staining for TGF-�1 in the papillary and
reticular dermis of lymphedematous skin samples for
TGF-�1 when matched tissue sections were analyzed
side-by-side.

Systemic TGF-�1 Blockade Improves
Lymphatic Function and Decreases Tissue
Fibrosis

Treatment with systemic TGFmab was well tolerated with
no evidence of toxicity or wound healing complications.
Serial measurement of tail volumes demonstrated that
animals treated with TGFmab had significantly less tail
lymphedema as determined by percent change from
baseline tail volumes compared with isotype control start-
ing at 1 week following surgery and persisting in weekly
measurements for 6 weeks (Figure 2A). On average,
TGFmab treated animals had a 50% to 60% decrease in

their tail volumes as compared with isotype control
treated mice (P � 0.001; Figure 2A). These changes in
tail volume were grossly apparent at the 6-week time
point with isotype treated animals demonstrating signifi-
cant lymphedema, fibrosis, and tail contracture resulting
in a fixed curved appearance of the tail (Figure 2B). In
contrast, TGFmab treated animals had significantly less
edema and a more normal appearing, supple tail with no
evidence of fibrosis or contracture.

Decreased tail lymphedema in TGFmab treated ani-
mals was associated with markedly improved lymphatic
transport as assessed by microlymphangiography dem-
onstrating transport of a fluorescein isothiocyanate-la-
beled high molecular weight dextran molecule across the
tail excision site (Figure 2C). In contrast, isotype treated
animals demonstrated pooling of the fluorescein isothio-
cyanate-labeled molecule distal to the site of tail excision.
This finding was confirmed by lymphoscintigraphy dem-
onstrating a nearly ninefold greater uptake of Tc-99 la-
beled sulfur colloid by the lymph nodes at the base of the
tail 2 hours following intradermal injection near the tip of
the tail (P � 0.0001; Figure 2D).

Figure 2. Systemic TGF-�1 blockade decreases
tail lymphedema and improves lymphatic regen-
eration. A: Tail volume measurements in isotype
control and TGFmab-treated animals (mean �
SEM; *P � 0.05). B: Representative photographs of
isotype- (left) and TGFmab (right)-treated ani-
mals. Note improved wound repair, minimal
edema, and lack of tail curvature indicative of
fibrosis in TGFmab-treated animals as com-
pared with controls. C: Representative microlym-
phangiography demonstrates flow of fluorescent-
tagged large molecular weight dextran across the
wound only in the TGFmab-treated animals. In
contrast, isotype controls demonstrate pooling of
fluorescence distal to the wound. D: Tc99 lympho-
scintigraphy demonstrating nearly ninefold greater
lymphatic transport to lymph nodes at the base of
the tail in TGFmab-treated mice as compared with
isotype control (mean � SEM; *P � 0.0001). Rep-
resentative lymphoscintographs are presented (ar-
rowhead: injection site near tip of tail; arrow:
lymph node). E and F: Quantitation of podopla-
nin-positive lymphatic vessels demonstrates nearly
twofold increase in number of vessels in tail tissues
located distal to the zone of lymphatic disruption
in mice treated with TGFmab as compared with
isotype controls (mean � SD; P � 0.0001). Repre-
sentative 20� micrographs demonstrating scarce
and dilated podoplanin positive vessels (arrow) in
isotype-treated mice and abundant collapsed lym-
phatics (arrowheads) in TGFmab-treated mice. G
and H: Quantitation of vWF-positive blood vessels
(arrows), demonstrates a nonsignificant trend to-
ward lower numbers of blood vessels in the TG-
Fmab-treated animals.
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Consistent with the known anti-lymphangiogenic prop-
erties of TGF-�1, improved lymphatic function in TGFmab
treated animals was associated with augmented lym-
phatic regeneration. Tail sections from TGFmab treated
animals had a nearly fivefold increase in the number of
podoplanin positive lymphatic vessels as compared with
isotype treated controls (P � 0.0001; Figure 2E). In ad-
dition, consistent with improved lymphatic function ob-
served in our microlymphangiography and lymphoscin-
tigraphy analyses, we noted the presence of collapsed
lymphatics in TGFmab treated animals and abnormally
dilated, ectatic lymphatics in isotype controls (Figure 2F).
TGFmab treatment resulted in a moderate, though not
statistically significant, decrease in the number of micro-
vascular blood vessels (Figure 2, G and H).

Soft tissue fibrosis is a pathological hallmark of
lymphedema. As such we investigated the impact of
systemic TGF-� blockade with TGFmab on fibrosis. H&E
stained tail sections demonstrated markedly decreased
dermal fibrosis and thickening in TGFmab treated ani-
mals as compared with isotype controls (Figure 3A). Con-
sistent with our gross observations, TGFmab treated an-
imals had evidence of mild edema and dermal thickening
in the distal portions of the tail that was approximately
50% greater than normal mouse tail skin (Figure 3B). In
contrast, isotype treated animals had a nearly twofold
increase in dermal thickness (P � 0.0001). These find-
ings were reflected in a significant decrease (nearly two-
fold) in soft tissue scarring in TGFmab treated animals as
assessed using Sirius red staining (Figure 3C; P �
0.0052). TGFmab treated animals had a predominately
yellow-green birefringence pattern of randomly arranged
collagen fibers staining consistent with decreased scar-
ring, whereas isotype treated animals had significant ac-
cumulation of parallel arranged, predominantly red-or-
ange fibers consistent with more severe fibrosis.

Systemic TGF-�1 Blockade Reduces
Lymphedema Induced Chronic Inflammation

Lymphedema is clinically associated with chronic mono-
nuclear inflammation. Consistent with this fact we found
that isotype treated animals had a significant infiltration of
CD45 positive leukocytes in the lymphedematous portion of
the tail. In addition, leukocyte infiltration followed gradients
of lymphatic stasis with nearly threefold increase in the
number of inflammatory cells located distal to the site of
lymphatic occlusion (Figure 4A; P � 0.001 comparing prox-
imal to distal). This finding demonstrates that the changes in
inflammatory cell infiltration are due to lymphatic fluid stasis
and do not merely reflect changes in wound healing. Treat-
ment with TGFmab resulted in a significant decrease in
overall inflammation (P � 0.001). This effect was most no-
table in the distal (ie, lymphedematous) portion of the tail
resulting in a nearly threefold decrease in the number of
CD45� leukocytes. We have previously found that the
nearly 70% of CD45� leukocytes in lymphedematous tis-
sues are also CD4� positive (T. Avraham, unpublished
data). Similarly, in the current study we found a large num-
ber of CD4� cells in the lymphedematous portion of the tail

of isotype treated animals. In contrast, animals treated with
TGFmab had significantly decreased numbers of CD4�

cells in this region of the tail (more than twofold decrease;
P � 0.0001; Figure 4B).

Th2 cells have been implicated in the regulation of
tissue fibrosis in a large number of fibroproliferative dis-
orders. Therefore, to determine the effect of TGF-� block-
ade on Th1 and Th2 inflammatory responses, we local-
ized putative Th1 cells by co-localizing CD4 and IFN-�.
Similarly, we identified putative Th2 cells by co-localizing
CD4 and IL-13. This analysis demonstrated that treat-
ment with TGFmab significantly decreased the number of
Th1 cells present in the lymphedematous portion of the
tail (nearly twofold; P � 0.001; Figure 4C). More impor-
tantly, we found that treatment with TGFmab resulted in a

Figure 3. Systemic TGF-�1 blockade decreases tissue fibrosis secondary to
lymphatic fluid stasis. A: Representative cross-sectional histology of isotype-
(left) and TGFmab-treated animals 6 weeks after surgery. Twofold magnifi-
cation of both sections is shown. Note marked increase in ECM deposition,
hypercellularity, and dilated lymphatics in isotype-treated animals. B: Dermal
thickness measurement in isotype- and TGFmab-treated animals (mean �
SD; *P � 0.001). Representative figures of high-power (20�) views of
longitudinal sections from isotype- (top) and TGFmab- (bottom) treated
animals. C: Scar index calculation in isotype- and TGFmab-treated animals in
tissues distal to the zone of lymphatic obstruction harvested 6 weeks after
surgery (mean � SD; *P � 0.01). Representative 20� micrographs demon-
strate a predominantly red/orange birefringence (consistent with increased
fibrosis) in isotype-treated animals (top). In contrast, TGFmab-treated ani-
mals demonstrate primarily a yellow/green birefringence, indicating normal
ECM deposition.

TGF-�1 and Lymphedema 3207
AJP December 2010, Vol. 177, No. 6



near complete loss of Th2 response as compared with
isotype controls (nearly a fivefold decrease; P � 0.001;
Figure 4D).

Our immunohistochemical findings were confirmed
by Western blot analysis of lymphedematous portions

of the tail demonstrating marked decreases in the ex-
pression of not only TGF-�1, but also CD4, IL-4, and
IL-13 (Figure 4E). Interestingly, local levels of F4/80, a
macrophage antigen, were unchanged by 6 weeks of
TGFmab treatment suggesting that the effects of

Figure 4. Systemic TGF-�1 blockade reduces
lymphedema induced chronic inflammation. A:
Quantification of the number of CD45� leuko-
cytes/HPF in tissues located proximal or distal to
the zone of lymphatic obstruction in isotype-
(white bars) or TGFmab-treated animals (black
bars; mean � SD; *P � 0.001). Representative 20�
micrographs are shown to the right. B: Quantifi-
cation of CD4� cells/HPF in tissues located prox-
imal or distal to the zone of lymphatic obstruction
in isotype- (white bars) or TGFmab-treated ani-
mals (black bars; mean � SD; *P � 0.001). Repre-
sentative 20� micrographs are shown to the right.
Note gradients of inflammation with more CD4�

cells present distal to the zone of obstruction and
reduction in cell number resulting from TGFmab
treatment. C and D: Quantification of presumptive
Th1 (IFN-��/CD4�) and Th2 (IL-13�/CD4�) cells
in TGFmab- or isotype-treated animals 6 weeks
after tail excision (mean � SD; *P � 0.001). E:
Representative Western blot analysis of tail soft
tissues localized distal to the zone of lymphatic
obstruction 6 weeks after surgery. Treatment with
TGFmab resulted in marked reductions in expres-
sion of CD4, IL-4, IL-13, and TGF-�1. In contrast,
only modest differences were noted in the expres-
sion of F4/80, VEGF-C, or VEGF-A. All experi-
ments were performed in duplicate. F: Represen-
tative Western blot analysis of tissues located distal
to the zone of lymphatic obstruction in isotype- or
CD3-depleted mice. Again, note decreased expres-
sion of CD4, IL-4, IL-13, and TGF-�1. All experi-
ments were performed in duplicate.
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TGF-� blockade on inflammatory changes is specific to
chronic T-cell inflammatory reactions. Similarly, we did
not find significant differences in the expression of
VEGF-C at the 6-week time point suggesting that the
effects of TGF-� blockade act independently from
VEGF-C. This hypothesis is supported by our previous
studies demonstrating that the anti-lymphangiogenic
effects of TGF-�1 did not rely on alterations of VEGF-C
expression. Finally, consistent with our finding that
TGF-� blockade caused a mild decrease in microvas-
cular blood vessels, we found a moderate reduction of
VEGF-A expression in tissues harvested from animals
treated with TGFmab.

In light of the association between TGF-�1 expres-
sion and chronic T-cell infiltration, we sought to deter-
mine if T-cells contributed to local TGF-�1 expression.
We did this by performing our surgical model and
depleting T-cells by using monoclonal CD3 antibody.
T-cell depletion was confirmed by flow cytometric anal-
ysis of splenocytes from treated and control animals
demonstrating a near complete loss of CD3� cells by
Fluorescence Activated Cell Sorting (FACS) analysis
(not shown). Interestingly, CD3 depletion resulted in
marked reduction of local TGF-�1 expression (Figure
4F). Additionally, we noted marked reductions in the
expression of CD4 antigen as well as Th2 cytokines
IL-4 and IL-13. In contrast, we found only minimal
differences in the expression of the Th1 cytokine IFN-�.
Taken together, these findings suggest a complex interplay
between local TGF-� expression and T-cell inflammatory
reactions such that each process can potentiate the other
leading to a Th2-biased inflammatory reaction.

Local Delivery of a Dominant Negative
Adenovirus Expressing a Soluble, Defective
Type II TGF-� Receptor Is Efficient and
Markedly Decreases Local TGF-� Function

Similar to our previous studies using recombinant adeno-
viruses, we found high levels of tissue transfection with
virtually every cell infected when analyzed by gross and
immunohistochemical localization of �-galactosidase in
Ad-Lac-Z treated mice 1 week after surgery (Figure 5, A
and B).55 Transfection with Ad-DNRII resulted in a signif-
icant decrease in the number of phosphorylated Smad3
(PSmad3) cells as compared with no virus and Ad-Lac-Z
controls (Figure 5C; P � 0.001). Importantly, there was no
difference in the number of pSmad3 positive cells when
comparing no virus and Ad-Lac-Z transfected tissues. As
expected, delivery of recombinant TGF-�1 resulted in a
significant increase in the number of pSmad3 positive
cells. When tissues were examined 6 weeks after sur-
gery, animals treated with Ad-DNRII continued to have
fewer pSmad3 positive cells as compared with controls;
however, this difference was not statistically significant.
This finding is not surprising given our previous studies
demonstrating that adenoviral transfer results in signifi-
cant gene transfection for approximately 2 weeks (Figure
5D).55 Interestingly, and consistent with the known auto-

regulatory mechanisms regulating TGF-�1 expression,
animals treated with recombinant TGF-�1 continued to
have significantly increased numbers of pSmad3 positive
cells even 6 weeks after surgery.56

Local Blockade of TGF-�1 Activity Improves
Lymphatic Function and Reduces Fibrosis

Consistent with our previous reports, delivery of exoge-
nous TGF-�1 to the wound resulted in significantly in-
creased tail lymphedema at all time points examined
(Figure 6A).11 Comparison of the groups after 1 week did
not demonstrate significant changes in tail volume mea-
surements suggesting that changes in local TGF-� func-
tion do not have significant effects on early tissue edema.
However, beginning at the 2-week time point and con-
tinuing to the 6-week postoperative time period, animals
treated with Ad-DNRII demonstrated significantly de-
creased (two- to threefold) tail volumes as compared with
Ad-Lac-Z or no virus treated mice (P � 0.001). De-
creased tail volumes in Ad-DNRII animals was associ-
ated with improved lymphatic transport as assessed
by lymphoscintigraphy demonstrating significant differ-
ences in maximal decay adjusted nodal uptake between
the TGF-�1 and dominant negative groups (1.3% vs
3.4%, P � 0.01; Figure 6B). Although the Ad-DNRII
treated animals had a nearly 35% increase in nodal up-
take as compared with no virus or Ad-Lac-Z controls, this
difference did not achieve statistical significance.

Consistent with our systemic blockade of TGF-�, we
found that local inhibition of TGF-� with Ad-DNRII re-
sulted in significant increases in the number of lymphatic
vessels distal to the zone of lymphatic occlusion (nearly a
50% increase as compared with no virus or Ad-Lac-Z
controls; P � 0.05; Figure 6, C and D). In contrast,
treatment with recombinant TGF-�1 resulted in marked
reductions in the number of lymphatic vessels in this
area. These findings are likely not a virus specific effect
since we found no statistically significant differences be-
tween the no-virus and Ad-Lac-Z controls.

Histological analysis of cross-sections of the tails dem-
onstrated decreased tissue swelling and ECM deposition
in Ad-DNRII treated animals as compared with no-virus
and Ad-Lac-Z treated animals (Figure 6D). These find-
ings were confirmed by dermal thickness measurements
demonstrating a more than 30% decrease in Ad-DNRII
treated animals as compared with no-virus treated mice
(Figure 6E; P � 0.05). In fact, the dermal thickness of
Ad-DNRII treated animals was similar to normal, unoper-
ated mice (not shown). Again, we found no significant
differences between no-virus and Ad-Lac-Z groups, but
we did find a significant increase in dermal thickness in
mice treated with recombinant TGF-�1.

Analysis of fibrosis by the scar index demonstrated
significantly increased scarring in animals treated with
recombinant TGF-�1 (Figure 6F; P � 0.001 as compared
with all other groups). However, we did not find signifi-
cant differences between the no-virus and Ad-Lac-Z
groups as compared with Ad-DNRII treated animals. This
finding may be due to the fact that the application of
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collagen gel dressings significantly decreases scarring
in this model and is associated with diminished TGF-�1
expression.11 Thus, it may be difficult to demonstrate
significantly decreased scarring in a situation where
scarring is already diminished.

Discussion

Fibrotic disorders are among the most common causes
of human disease and affect virtually every organ sys-
tem.16 It is estimated that nearly 45 million people die
annually as a result of complications arising from fibro-

proliferative disorders.57 These disorders often result
from chronic injury or irritation, and, similar to lymphed-
ema, are characterized by chronic inflammation and re-
placement of functional tissue parenchyma by scar.16 We
have hypothesized that sustained lymphatic fluid stasis
acts as a chronic irritant leading to immune dysfunction
and eventual tissue fibrosis. Progressive tissue fibrosis
and lymphatic dysfunction, together with the loss of the
deep collecting system resulting from surgical disruption,
eventually result in the development of clinically apparent
lymphedema. This hypothesis is supported by the finding
that experimental lymphedema promotes the coordi-

Figure 5. Adenoviruses can promote high-level transgene expression in mouse tail wound. A: A portion of tail transfected with Ad-Lac-Z was stained for
�-galactosidase activity 1 week after surgery and transfect. The intense bluish staining, particularly at the wound, indicates increased activity and effective
transfection. B: Immunohistochemistry for �-galactosidase demonstrated extensive expression in the peri-wound region 1 week after surgery and transfection with
LacZ adenovirus. (Red Box: region of intense staining is magnified) C and D: Quantification of pSmad3� cells/HPF in nonvirus, Ad-Lac-Z, Ad-DNRII, and
recombinant TGF-�1 treated animals 1 (C) and 6 (D) weeks after surgery/transfection. Representative 40� images are shown to the right. Note significant
decrease in the number of pSmad3� cells/HPF in Ad-DNRII treated animals 1 week after surgery (mean � SD; *P � 0.001). By 6 weeks, the only significant
difference among groups was the number of PSmad-3 positive cells in the recombinant TGF-�1 treated group; *P � 0.001.
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nated expression of pro-inflammatory and profibrotic
molecules as well as our previous studies demonstrating
that sustained by not transient lymphatic fluid stasis pro-
motes significant tissue fibrosis.10,58 Furthermore, ana-
tomical studies of patients with lymphedema have con-
sistently demonstrated evidence of lymphatic and soft
tissue fibrosis particularly in the areas of the extremity
with the greatest degree of lymphatic fluid stasis.59,60 The
fibrosis theory of lymphatic dysfunction provides a ratio-
nale for the fact that postsurgical lymphedema usually
occurs in a delayed fashion often 1 to 5 years after the
initial surgical insult since lymphatic dysfunction resulting
from tissue fibrosis would take time to develop and reach
a critical threshold. This concept is additionally sup-
ported by the fact that clinical risk factors for lymphed-
ema such as radiation, obesity, or infection either directly
or indirectly increase the potential for fibrosis and that
inhibition of this process experimentally markedly im-
proves lymphatic transport function.7,9

TGF-� is a highly conserved member of the TGF su-
perfamily. There are three known isoforms of this mole-
cule of which TGF-�1 and TGF-�2 have been implicated
in the regulation of fibrosis. A large number of clinical and
laboratory studies have implicated TGF-�1 in the regula-
tion of fibrosis in various organ systems. Indeed, TGF-�1
is a well recognized regulator of extracellular matrix syn-
thesis and is consistent with our finding that TGF-�1
expression is markedly increased in tissue samples har-
vested from the lymphedematous limb as compared with
the normal limb of patients with postsurgical lymphede-
ma.22 Inhibition of TGF-� function decreases fibrosis in
virtually every organ system.25–43 More recently, we have
shown that inhibition of radiation induced tissue fibrosis
by blocking TGF-� function markedly improves lymphatic
transport function.12 These studies support our current
findings that inhibition of TGF-� function significantly
decreases tissue fibrosis resulting from lymphatic fluid
stasis and is associated with more rapid lymphatic

Figure 6. Local blockade of TGF-�1 activity
decreases tail edema, increases lymphangiogen-
esis, and decreases tissue fibrosis. A: Tail volume
measurements in nonvirus, Ad-Lac-Z, Ad-DNRII,
and recombinant TGF-�1 treated animals at var-
ious time points after surgery (mean � SD; **P �
0.01). B: Lymphoscintigraphy with Tc99 demon-
strated modest, though nonsignificant, increase
in nodal uptake in Ad-DNRII-treated animals.
In contrasts, animals treated with recombinant
TGF-�1 demonstrated markedly decreased lym-
phatic uptake (mean � SEM; *P � 0.001). C:
Quantification of the number of podoplanin�

lymphatic vessels in the various experimental
groups 6 weeks after surgery. Mean � SD; *P �
0.002; **P � 0.001. Representative 20� micro-
graphs are shown to the right. D: Histological
analysis of cross-sections of the tails demonstrat-
ing decreased ECM deposition and cellularity in
Ad-DNRII-treated animals as compared with
other groups. Representative 20� micrographs
are shown. TGF-treated animals had greater
swelling and lymphatic dilation compared with
all other groups; 20� micrographs are pre-
sented. E: Quantitation of dermal thickness in
distal tail sections 6 weeks after surgery. Treat-
ment with Ad-DNRII decreased dermal thickness
as compared with other groups. Mean � SD;
*P � 0.05. Treatment with recombinant TGF-�1
markedly increased dermal thickening; **P �
0.001. F: Quantitation of scar index by using
Sirius red staining and computerized polarized
light microscopy. Treatment with recombinant
TGF-�1 significantly increased fibrosis; *P �
0.001. No significant differences were noted in
the other groups.
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regeneration and markedly improved lymphatic func-
tion. The use of anti-fibrotic strategies may therefore
represent a means of preventing the development of
lymphedema by preventing the initiation of secondary
tissue changes (ie, fibrosis) that further decrease lym-
phatic transport function.

TGF-� expression has been shown to be intimately
associated with inflammation and to be produced by a
variety of inflammatory cells.16,61 In addition, TGF-� has
important regulatory roles in T-cell differentiation and de-
velopment.62 In the setting of tissue fibrosis, TGF-� ex-
pression has been associated with chronic T-cell inflam-
mation.63 Our finding that inhibition of TGF-� function
decreases the expression of Th2 cytokines (IL-4 and
IL-13) and markedly decreases not only the overall num-
ber of inflammatory cells (CD45�), but particularly Th2
cells is consistent with these studies. Furthermore, we
found that the interaction between TGF-� and T-cell in-
flammatory reactions is bi-directional as depletion of
CD3� cells markedly decreased the expression of TGF-
�1. These findings are further supported by our previous
studies demonstrating that inhibition of Th2 differentiation
using an IL-4 monoclonal antibody markedly decreased
tissue expression of TGF-� with resultant decrease in
fibrosis (T. Avraham unpublished data). Taken together,
these findings demonstrate that TGF-� and Th2 cytokines
act in concert to regulate tissue fibrosis secondary to
lymphatic fluid stasis. Similar mechanisms are thought to
contribute to tissue fibrosis resulting in a number of other
organ systems. For example, recent studies using IL-13
transgenic mice in which TGF-�1 activity was inhibited
have shown that subepithelial lung fibrosis resulting from
Th2 polarized responses and increased IL-13 expression
result as a consequence of IL-13 induction of TGF-�1 by
tissue macrophages as well as by promoting expression
of matrix metalloproteinases that cleave the latency as-
sociated peptide component of TGF-�1.44 Other studies
have shown that radiation induced tissue fibrosis occurs
as a consequence of interactions between IL-4 and
TGF-� expression.16 Thus, it is clear that the mechanisms
governing tissue fibrosis in response to lymphedema are
complex and require addition study.

In the current study we noted that inhibition of TGF-�
function not only decreased fibrosis but also resulted in
lymphangiogenesis as evidenced by increased numbers
of lymphatic vessels. Interestingly, this effect was not
associated with marked alterations in the expression of
lymphangiogenic cytokines including VEGF-A, VEGF-C,
and hepatocyte growth factor. These findings are consis-
tent with our previous study demonstrating that TGF-�
can directly impair lymphatic endothelial cell proliferation
and tubule formation but does alter the expression of
VEGF-C.11 In addition, Oka et al45 have shown that TGF-�
impairs inflammatory lymphangiogenesis and down-reg-
ulates expression of lymphatic markers such as LYVE-1.
These findings demonstrate that inhibition of lymphatic
function resulting from increased expression of TGF-�
result not only from fibrosis but also from direct effects of
TGF-�1 on lymphatic vessels. In addition, these findings
have important clinical implications in patients with can-
cer, since we show that it is possible to improve lym-

phatic function without delivering lymphangiogenic cy-
tokines. The use of lymphangiogenic cytokines in this
setting may potentially increase the incidence of tumor
recurrence or lymphatic metastasis since overexpression
of these factors has been shown to be associated with
poor prognosis and increased metastatic potential in a
variety of cancer types.

Prolonged systemic inhibition of TGF-�1 has been
associated with immune deficiency and other potential
toxicities.64 Therefore, the finding that either systemic
or local inhibition of TGF-� function significantly im-
proves lymphatic regeneration, decreases fibrosis, and
increases lymphatic function. Furthermore, these im-
provements can be seen even with a short course of
treatment since adenoviral gene delivery typically pro-
motes transgene delivery for only a limited time in vivo.
These findings are likely due to autoregulation of TGF-�
expression since it is known that TGF-� can up-regulate
its own expression in a variety of settings.65 This hypoth-
esis is supported by our finding that application of re-
combinant TGF-� to the wounds resulted in increased
numbers of PSmad-3 positive cells as long as 6 weeks
postoperatively. Thus, short-term inhibition of TGF-�
function may improve lymphatic regeneration and di-
minish fibrosis thereby avoiding the potential toxicities
associated with long-term treatments.

In summary, we have shown that blockade of TGF-�
results in improved lymphatic regeneration and function
following surgical lymphatic ablation. These findings are
associated with inhibition of T cell responses, and spe-
cifically a shift away from a Th2 response. The fact that
TGF-� levels are elevated in clinical samples of lymphed-
ema suggests that our animal model accurately reflects
the physiological findings associated with lymphedema.
Therefore, inhibition of fibrotic mechanisms in general, or
TGF-� function in particular may represent a novel means
of preventing lymphedema clinically.
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