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Abstract

Transforming growth factor-beta 1 (TGF-p1)-mediated tissue fibrosis is an important regulator

of lymphatic dysfunction in secondary lymphedema. However, TGF-p1 targeting can cause
toxicity and autoimmune complications, limiting clinical utility. Angiotensin Il (Ang 1) modulates
intracellular TGF-B1 signaling, and inhibition of Ang Il production using angiotensin-converting
enzyme (ACE) inhibitors, such as captopril, has antifibrotic efficacy in some pathological settings.
Therefore, we analyzed the expression of ACE and Ang Il in clinical lymphedema biopsy
specimens from patients with unilateral breast cancer-related lymphedema (BCRL) and mouse
models, and found that cutaneous ACE expression is increased in lymphedematous tissues.
Furthermore, topical captopril decreases fibrosis, activation of intracellular TGF-B1 signaling
pathways, inflammation, and swelling in mouse models of lymphedema. Captopril treatment

also improves lymphatic function and immune cell trafficking by increasing collecting lymphatic
pumping. Our results show that the renin-angiotensin system in the skin plays an important role in
the regulation of fibrosis in lymphedema, and inhibition of this signaling pathway may hold merit
for treating lymphedema.
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Introduction

Secondary lymphedema is a common complication of cancer treatment, which affects an
estimated 1 in 1000 Americans.[1] Patients with lymphedema have recurrent skin infections,
pain, and decreased function.[2] Despite its prevalence, the treatment of lymphedema
remains palliative, relying primarily on compression garments and physical therapy.[3]

The lack of effective targeted treatments for lymphedema is largely related to a poor
understanding of the pathophysiology of the disease.

Dermal fibrosis and fibrotic obliteration of lymphatic collectors are histological hallmarks
of lymphedema. Clinical and experimental studies have shown that the degree of

fibrosis positively correlates with the severity of lymphedema.[4-6] Transforming growth
factor beta-1 (TGF-B1) is an important regulator of fibrosis in many pathological

settings, including secondary lymphedema, and contributes to increased fibroblast collagen
deposition, decreased extracellular matrix turnover, and modulated inflammatory responses.
[6-10] Inhibition of TGF-B1 activity in mouse models of lymphedema decreases skin
fibrosis and tissue swelling, and improves lymphatic function.[6, 9, 10] However, long-term
TGF-B1 inhibition can cause toxicity and autoimmune complications limiting the clinical
relevance of this approach.[11] Therefore, other approaches for inhibiting TGF-p1 activity
and inhibiting fibrosis in lymphedema may be more promising.

The renin-angiotensin system (RAS) plays an important role in renal and cardiovascular
physiology and also regulates fibrosis in various organ systems by modulating intracellular
TGF-p1 signaling.[12-14] Angiotensinogen is synthesized in the liver and other tissues and
is converted to angiotensin | (Ang I) by renin. Ang I, an inactive peptide, is converted to
Ang |1 by angiotensin-converting enzyme (ACE) and exerts the physiologic effects of the
RAS. ACE inhibitors or Ang Il receptor antagonists effectively inhibit fibrosis by decreasing
TGF-B1 activity and intracellular SMAD activation in cardiac, renal, and hepatic models of
fibrosis.[15-24] A topical formulation of the ACE inhibitor captopril was also effective in
decreasing skin fibrosis.[25]

Given these findings, we hypothesized that the RAS might also play a role in the
pathophysiology of lymphedema. Thus in this study, we analyzed the RAS in clinical
lymphedema skin biopsy specimens and investigated the potential of ACE inhibition in
treating secondary lymphedema.

Material and Methods

Clinical lymphedema specimens

All procedures were approved by the Institutional Review Board (IRB) at Memorial Sloan
Kettering Cancer Center (MSK) (IRB protocol 17-377). Inclusion criteria included: female,
age 21-75 years, unilateral axillary surgery, and stage I-111 lymphedema. Exclusion criteria
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included pregnant or lactating, history of limb infection, chemotherapy or treatment with
steroids/other immunosuppressive agents in the past 3 months, and recurrent breast cancer.
Full-thickness skin biopsies (5 mm) were harvested from the volar surface of the normal
and lymphedematous limbs at a point located 5-10 cm below the elbow crease. Surgery
was performed under sterile conditions with local anesthesia. A single dose of antibiotics
(cephalexin 1000 mg or clindamycin 600 mg if penicillin-allergic) was administered 30-60
min before the procedure. All patients provided written informed consent.

Mouse models of lymphedema

All experimental animal protocols were reviewed and approved by the Institutional Animal
Care and Use Committee at MSK and were conducted per the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals, the Animal Welfare Act, and the
Animal Scientific Procedures Act. Adult female wild-type (WT; C57BL/6J; #000664) mice
aged 6-8 weeks were purchased from The Jackson Laboratory (Bar Harbor, Maine) and used
for tail surgery and popliteal lymph node dissection (PLND). All mice were maintained in a
pathogen-free, temperature- and light-controlled environment and fed ad libitum.

Isoflurane (Henry Schein Animal Health; Dublin, OH) was used for anesthesia, and the
depth of anesthesia was checked at least every 15 min by monitoring tail reflex and
respiratory rate. Mice were euthanized by carbon dioxide asphyxiation per protocols
recommended by the Guidelines on Euthanasia by the American Veterinary Medical
Association.

The tail model of lymphedema was performed using our previously published methods.[26,
27] Briefly, a 2-mm circumferential portion of the skin and superficial lymphatic vessels
were excised 2 cm from the tail base, after which the deep collecting lymphatic vessels
were ligated. Identification of these vessels is aided by the injection of Evans blue dye
(Sigma-Aldrich; St. Louis, MO) into the distal tail before surgery.

The PLND model was also performed using our published methods.[26, 28] Briefly, an
incision was made over the popliteal fossa, and the popliteal lymph node and surrounding fat
(including the afferent and efferent lymphatics) were excised. The incision was closed with
continuous 3-0 non-absorbable sutures.

Captopril treatment

Topical captopril was formulated with the Research Pharmacy Core Facility at MSK. Five
percent captopril (Tokyo Chemical Industry; Tokyo, Japan) was dissolved in Aquaphor®
(Beiersdorf; Hamburg, Germany) using 2.5% glycerin as a levigating agent. Aquaphor® with
2.5% glycerin without captopril was used as the control.

The initiation and duration of captopril treatment in the tail and PLND models were based
on our previous studies.[29, 30] 4 mg of 5% captopril cream or vehicle control was applied
circumferentially to the tail skin distal to the area where skin and lymphatics were excised.
In the PLND model, we applied 2 mg of 5% captopril cream to the medial aspect of

the hindlimb covering the area extending between the popliteal area and the foot. Topical
treatment for both the tail model and animals treated with PLND was initiated 2 weeks
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after surgery and performed once daily for 4 weeks (tail model) or 2 week (PLND model)
thereafter. In the tail model, tissue analysis was performed 6 weeks after surgery based on
previous reports indicating that the peak of pathology in terms of edema and fibrosis in this
model is observed at that time point.[27, 31-36]

Tail volume measurements

Tail volume measurements were performed using our published method with the truncated
cone formula V= 1/4n (G, G, + G, C3 + C3Cy).[29] Tail diameters were measured in a
standard fashion at 1 cm increments starting at the surgical site using a digital caliper
(VWR; Radnor, Pennsylvania).

Western blot

Protein was isolated from clinical biopsy samples using the T-PER™ Tissue Protein
Extraction Reagent (Thermo Scientific; Waltham, MA) and quantified using the Bradford
method. Western blotting was performed using rabbit polyclonal anti-Acel (1:1000;
#ab28311) from Abcam (Cambridge, MA), rabbit polyclonal anti-Ang 11 (1:250; #251229)
from Abbiotec (Escondido, CA) and goat polyclonal anti-VEGF C (C-20) (1:100;
#SC1881) from SantaCruz Biotechnology (Santa Cruz, CA). Loading controls included
GAPDH (monoclonal anti-GAPDH; 1:1000; #MAB 374; Millipore Sigma; Burlington, MA)
and B-actin (1:1000; #3700; Cell Signaling Technology, Inc.; Danvers, MA). Enhanced
chemiluminescence (ECL) detection system was used to detect immunoreactivity. Image

J software was used for quantification of band intensity. Relative expression analysis was
performed using GraphPad Prism software version 9.3.

Histology and immunohistochemistry

Tail and hindlimb tissues were harvested 1 cm distal to the surgical site for histological
and immunohistochemical analysis. Tissues were fixed in 4% paraformaldehyde (Sigma-
Aldrich) at 4°C overnight, decalcified using 5% ethylenediaminetetraacetic acid (EDTA;
Santa Cruz Biotechnology; Santa Cruz, CA), embedded in paraffin, and sectioned at 5 um.

H&E staining was performed using a standard protocol with Mayer’s hematoxylin (Lillie’s
Modification; Dako North America; Carpinteria, CA) and eosin Y solution (Thermo Fisher
Scientific; Waltham, MA). After staining, the tissue sections were dehydrated with alcohol,
extracted with xylene (Sigma-Aldrich), and then mounted with VectaMount Permanent
Mounting Medium (Mector Laboratories, Inc.; Burlingame, CA).

For immunofluorescent staining, cut sections were rehydrated, and heat-mediated antigen
unmasking was performed with sodium citrate (Sigma-Aldrich) in a 90°C water bath.
Non-specific binding was blocked with 2% bovine serum albumin and 20% donkey serum
in phosphate-buffered saline for one hour at room temperature. Tissues were incubated
overnight with varying combinations of primary antibodies at 4°C. The primary antibodies
used included rabbit monoclonal anti-ACE (1:100; #ab75762), rabbit polyclonal anti-Ang
11 (1:200; #251229) from Abbiotec, rabbit polyclonal anti-collagen 1 (1:100; #ab34710),
rat monoclonal anti-F4/80 (1:100; #ab16911), and rabbit polyclonal anti-Ki67 (1:100;
#ab15580) from Abcam (Cambridge, MA); rabbit polyclonal anti-CD3 (1:100; #A0452)
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from Dako (Glostrup, Denmark); goat polyclonal anti-LYVE-1 (1:400; #2125), and goat
polyclonal anti-podoplanin (1:100; #AF3244) from R&D Systems (Minneapolis, MN);
mouse monoclonal anti-alpha smooth muscle actin (a-SMA) (1:100; #A2547) from Sigma-
Aldrich and Rabbit monoclonal anti-Smad3 (#ab52903) from Abcam (Cambridge, MA).
The following morning, the sections were washed and then incubated with corresponding
fluorescent-labeled secondary antibody conjugates (1:1000; Life Technologies; Thermo
Fisher) at room temperature for 5 hours, followed by 4,6-diamidino-2-phenylindole (DAPI;
#D1306, Molecular Probes/Invitrogen; Eugene, OR) for 10 min for nuclear staining. Stained
sections were mounted with Mowiol (Sigma-Aldrich).

Mounted sections were scanned with a Zeiss Mirax slide scanner (Munich, Germany) and
analyzed with Pannoramic Viewer (3D Histech; Budapest, Hungary). Two blinded reviewers
performed all analyses using a minimum of 3 high-powered fields per specimen. Type |
collagen deposition and ACE expression were quantified as a percentage of the positively
stained dermis and subcutaneous tissues within a fixed threshold to total tissue area

using Metamorph Offline Software (Molecular Devices; Sunnyvale, CA).[37] Fibroadipose
thickness was measured as the width of tissues bounded by the reticular dermis and deep
fascia in four standardized regions of tail cross-sections. Cell counts and lymphatic vessel
area were quantified in standardized areas measuring 0.25 mm2. Cells were considered
perilymphatic if they were measured within 50 pm of a lymphatic vessel. A comparison of
a-SMA accumulation was performed by evaluating the points of greatest thickness in each
cross-section.

Quantitative PCR (qPCR)

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) according to

the manufacturer’s instruction, and complementary DNA (cDNA) was prepared by using
Maxima™ H Minus cDNA Synthesis Master Mix (Thermo Scientific; Rockford, IL).
Quantitative PCR (gPCR; ViiA7; Life Technologies; Carlsbad, CA) was performed in
duplicates using predesigned primer sets (Quantitect Primer Assays; Qiagen, Germantown,
MD). Relative mRNA expression was analyzed and normalized to housekeeping genes, -
actin or GAPDH. Relative mRNA expression was log-transformed to adjust for distribution,
and statistical analysis was performed using paired T-tests.

Near-infrared (NIR) lymphangiography

NIR lymphangiography was performed to evaluate lymphatic collecting vessel pumping
function using a modification of previously published techniques.[38] Before the procedure,
hair was removed from the hindlimbs using a depilatory cream to allow optimal lymphatic
vessel visualization. Subsequently, 15 ul of 0.15 mg/ml indocyanine green (ICG; Sigma-
Aldrich) was injected intradermally in the first webspace of the dorsal hindlimbs, after
which mice were allowed to freely ambulate for 20 min to promote uptake of ICG into the
lymphatic vasculature. Mice were then anesthetized and placed on a heating pad for imaging
with a custom-made EVOS EMCCD camera (Life Technologies; Carlsbad, California) with
a LED light source (CoolLED; Andover, United Kingdom) mounted on a SteREO Lumar
microscope.v12 (Zeiss; Jena, Germany). Static images were obtained for each hindlimb
every 8 seconds over a 30-min period. Using these images, lymphatic pumping in a
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standardized region of interest over the dominant collecting lymphatic vessel was analyzed
with Fiji software (NIH; Bethesda, MD). After subtracting the background fluorescent
intensity, fluctuations in intensity within the lymphatic vessel were plotted over time, with
each fluctuation corresponding to a lymphatic contraction. The initial 10 min of each image
series were excluded to avoid inaccuracies from inadvertent lymphatic stimulation due to
positioning. Lymphatic contractions per minute were quantified as packet frequency.[38]

Immune cell trafficking analysis

DC migration was assessed following PLND using a modification of previously reported
methods.[39] Briefly, 20 ul of type | isomer FITC (diluted as 5 mg/ml; Sigma-Aldrich)

was mixed 1:1 with acetone and dibutyl phthalate (Sigma-Aldrich) and circumferentially
painted on the distal hindlimb footpad skin. After 18 hours, the mice were sacrificed, and
the draining inguinal lymph nodes (the nodes just proximal to the excised popliteal lymph
nodes) were collected for analysis. Single-cell suspensions were created by mechanically
dissociating and enzymatically digesting the inguinal lymph nodes with a combination

of DNase I, Dispase Il, and collagenase D (Roche Diagnostics; Indianapolis, IN).
Endogenous Fc receptors were blocked with rat monoclonal anti-CD16/CD32 (#14-0161-85;
eBioscience; San Diego, CA), after which the cells were stained with Armenian hamster
anti-CD11c antibodies (N18; #117309; BioLegend; San Diego, CA). Cells were also
incubated with DAPI to allow for the exclusion of dead cells. Single-stain compensations
were created using hindlimb tissue in which FITC was not injected and UltraComp eBeads™
(#01-2222-42, Affymetrix, Inc.; San Diego, CA). Flow cytometry was performed to identify
CD11c*FITC* DCs using a Fortessa flow cytometer (BD Biosciences; San Jose, CA) with
BD FACS Diva. Data were analyzed with FlowJo software (Tree Star; Ashland, OR).

Statistical analysis

Results

Data were analyzed and displayed using GraphPad Prism software version 9.2.0 (GraphPad
Software; San Diego, CA). Differences between the two groups were assessed with the
paired (clinical samples) and unpaired (mice samples) Student’s t-test, while comparisons
over time were conducted using a two-way analysis of variance with Tukey’s multiple
comparisons test. Normal distribution was assessed, and parametric or non-parametric tests
were used when appropriate. Data are presented as mean + standard deviations, and £< 0.05
was considered significant.

Lymphedematous tissue has increased ACE and Ang Il expression

Using matched tissue obtained from the lymphedematous and contralateral upper extremities
from 8 patients with breast cancer-related lymphedema (BCRL) (Table 1), we analyzed

the expression of ACE and Ang Il protein (Figures 1a, b). Higher ACE expression was
detected in the lymphedematous versus normal tissue in 7 out of 8 patients, with an

average increase of 2.3-fold (Figure 1a, p=0.001). Although western blotting for Ang

I was technically difficult, presumably due to lower tissue expression of the protein,

we found higher Ang 11 expression in lymphedematous versus normal tissue in 5 of 8
patients evaluated, although this difference was not statistically significant overall (Figure
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la p=0.09). Using immunofluorescence (IF), we noted increased expression of ACE in

the lymphedematous tissues compared with normal skin in 13 out of 14 patients, with an
average increase of 2.4-fold (Figure 1b, p=0.0002). Higher Ang Il expression was detected
in the lymphedematous tissues of 11 out of 14 patients, with an average increase of 1.4-fold
(Figure 1b, p=0.04). Analysis of gene expression (Figure 1c) also showed higher expression
of angiotensinogen (2.9-fold, p=0.03), ACE (2.6-fold, p=0.01), and angiotensin Il receptor
type | (AT1R; 1.8-fold, o= 0.04) in lymphedematous versus normal tissue.

Topical captopril decreases lymphedema, fibrosis, and inflammation in a mouse tail model
of lymphedema

We next tested the hypothesis that activation of the RAS in the skin plays a role

in the pathophysiology of lymphedema using a mouse tail model of lymphedema. We
developed a topical formulation of the ACE inhibitor captopril (5%) based on a case

report using topical captopril to treat burn keloids in a single patient.[25] Two weeks

after tail skin and lymphatic excision, mice were randomized to treatment with topical
captopril or vehicle control (Aquaphor alone) once daily for 4 weeks. Treatment with topical
captopril decreased tail swelling compared to control treatment, and these differences were
statistically significant beginning 2 weeks after treatment (Figure 2a, b; p0.001). By 6
weeks post-excision, captopril-treated mice had essentially no tail swelling; in contrast,
control-treated mice still displayed significant tail edema. Comparing the area under the
curve (AUC), there was a significant decrease (2.1-fold) in captopril-treated mice compared
with controls (Figure 2c; p<.0001). These volumetric changes correlated with more edema
and subcutaneous adipose tissue deposition in control mice (Figure 2d). Treatment with
captopril resulted in 2.5-fold less fibroadipose tissue deposition compared with control
treatment (Figure 2e; p=0.003).

Histological analysis showed that captopril treatment decreased ACE expression (Figure

3a; 1.7-fold, p=0.0006), the number of phosphorylated Smad3* cells (pSmad3*; Figure

3b; 2.2 fold, p=0.008), and type | collagen deposition (Figure 3c; 1.7-fold, p=0.03)

in the tail skin. The expression of pSmad3, a pivotal intracellular effector of TGF-B,
decreased both in the epidermis and dermis. Lymphatic capillaries and collecting vessels

in captopril-treated mice were markedly less dilated and had decreased surrounding collagen
deposition compared with control-treated mice. In addition, treatment with captopril resulted
in lymphangiogenesis and 2.3-fold more LYVE-1* lymphatic vessels that crossed the area
of lymphatic ablation compared with control mice (Figure 3d; £=0.0005). These findings
were supported by our Western blot studies demonstrating that captopril treatment increased
VEGF-C protein in tail tissues (12.5-fold increase, p=0.0001; Supplementary figure 1).

Hyperkeratosis is a histological hallmark of lymphedema, and TGF- activity regulates
keratinocyte proliferation.[40] Consistent with this, we found that treatment with topical
captopril decreased the number of proliferating keratinocytes (Figure 3e; 1.6-fold decrease,
p=0.01) in the tail skin epidermis compared with control treatment.

The fibrotic process in lymphedema is closely tied to chronic inflammation resulting from
lymphatic stasis. The inflammatory infiltrate is comprised of T cells and macrophages,
which tend to cluster around lymphatic vessels.[3, 26, 27, 31, 41, 42] Consistent with
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this, we found that treatment with topical captopril significantly decreased accumulation of
perilymphatic CD3* T cells (1.9-fold) and F4/80" macrophages (1.4-fold) compared with
control-treated mice (p=0.04) (Figure 4a, b).

Topical captopril improves lymphatic function after lymph node dissection

Mouse tail lymphatics have low-level pumping capacity making it difficult to assess changes
in collecting lymphatic function after tail surgery.[43] In contrast, lymphatic collectors

in the mouse hindlimb display strong contractions that can be quantified using ICG
lymphography.[44, 45] Therefore, we used a mouse PLND model to assess the potential

for topical captopril to improve lymphatic pumping.[28, 46, 47] Beginning two weeks

after PLND, mice were treated with topical captopril or vehicle control ointment for 2
weeks. As expected, PLND did not result in significant tail swelling (not shown).[26,

48] Nevertheless, consistent with our findings using the tail model of lymphedema, we
found that expression of ACE was significantly decreased in the dermis of captopril-treated
compared with control-treated mice (Figure 5a; 1.6-fold, p=0.02). Similarly, captopril
treatment resulted in lymphangiogenesis and higher numbers of LYVE-1* vessels (Figure
5b; 2.3-fold, p<0.0001). Lymphatic channels in captopril-treated mice were less dilated

than in control-treated mice, suggesting improved outflow of interstitial fluid (Figure 5b,
far right; 2.7-fold, p=0.01). High-power views of the collecting lymphatics in the distal
hindlimb showed that lymphatic smooth muscle coverage was decreased in captopril-treated
mice (Figure 5c; 1.5-fold, p=0.02).

Analysis of collecting lymphatic pumping function using Indocyanine Green (ICG)-
lymphography showed that captopril treatment significantly increased the number of pumps/
minute (i.e., packet frequency) following PLND (Figure 5d, e; 5-fold, p<0.0001). Consistent
with improved lymphatic function, we also found that captopril treatment significantly
increased trafficking of dermal dendritic cells to the inguinal lymph node (Figure 5f; 5-fold,
p=0.002).

Discussion

In this study, we show that the expression of ACE is significantly increased in
lymphedematous skin both in human clinical samples and mouse models of the disease.
Inhibition of this response with topical captopril significantly decreased the pathology of
lymphedema in mouse models by decreasing fibrosis, intracellular Smad3-phosphorylation,
inflammation, and improving lymphatic function. These findings suggest that the RAS in the
skin plays an important role in the regulation of fibrosis in lymphedema, and inhibition of
this signaling pathway may hold merit for treating lymphedema.

Although there are no prior reports on the role of the RAS in primary or secondary
lymphedema, previous studies have shown that this system, acting through Ang Il, plays

an important role in fibrosis in other organ systems by regulating extracellular matrix
deposition, inflammation, and fibroblast proliferation.[14, 49-51] Once thought to act

only systemically, locally acting, autologous RASs exist in almost all tissues of the body
including the cardiovascular, renal and respiratpry systems, brain, liver, fat and skin.[52-54]
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Our findings are also consistent with previous studies demonstrating an important role for
the RAS in the regulation of hypertrophic scarring.[55-57] Finally, our finding that topical
captopril decreases fibrosis in lymphedema aligns with studies demonstrating that blockade
of the RAS attenuates architectural injury to inhibit fibrosis in the liver, colon, kidney, skin,
and heart.[14, 25, 55, 56, 58-62]

Several lines of evidence suggest that Ang |1 regulates fibrosis by modulating intracellular
TGF-p1 signaling or by promoting TGF-p1 production.[10, 15, 56, 63-72] Angll functions
mainly through stimulation of two subtype receptors, angiotensin receptor 1 (AT1) and
angiotensin receptor 2 (AT2).[73] While Angll induces fibrosis via the AT1 receptor,
stimulation of the AT2 receptor may have regenerative effects and act to decrease fibrosis.
[74] Binding of Ang Il to the AT1 receptor activates the ERK/p38/MAPK pathway resulting
in Smad2 and Smad3 phosphorylation. The activated Smad2 and Smad3 complex with
Smad4 translocate into the nucleus leading to the transcription of TGF-$, procollagen I,
procollagen 11, and fibronectin. Direct activation of TGF-f and subsequent Smad signaling
are also induced by Angll-AT1 binding.[75, 76] Ang Il stimulation induces TGF-f1 mRNA
and protein expression by cardiomyocytes and cardiac fibroblasts and treatment with ACE
inhibitors decreases TGF-B1 levels in hypertrophied and infarcted myocardium.[64—69]
Ang IlI-mediated TGF-p1 signaling plays an important role in pulmonary fibrosis and is
thought to play a role in transition of normal lung fibroblasts to myofibroblasts in a TGF-p1
dependent manner.[70] The expression of Angll and TGF-B1 is also increased in fibrotic
skin disorders including hypertrophic scars, keloids, and scleroderma.[56, 71, 72]

A recent study by our group demonstrated increased TGF-B1 and pSmad3 expression and
signaling in breast cancer-related lymphedema samples. These finding were confirmed in
immunohistochemistry, mRNA analysis and Western blotting.[10] Inhibition of TGF-p1
activity with neutralizing antibodies, dominant negative adenoviral vectors, or topical
pirfenidone is effective for decreasing the pathology of lymphedema in the mouse tail
model.[6, 9, 10, 29] These approaches, similar to our findings with captopril, decrease
fibrosis and inflammation and increase lymphatic function. Importantly, long-term treatment
with ACE inhibitors is well-tolerated [77] in contrast to long-term inhibition of TGF-p1
activity, which results in disturbances in immune responses, generation of autoreactive

T cells, and autoimmune disorders.[78] Thus, inhibiting Ang Il, leading to subsequent
downstream profibrotic signaling pathways’ inhibition may represent a novel and clinically
translatable alternative.

We found that topical captopril markedly improved lymphatic pumping and transport

of immune cells in mouse models of lymphedema. Treatment resulted in decreased
accumulation of type | collagen fibers around capillary lymphatics and decreased
accumulation of a-SMA™* cells around collecting lymphatic vessels, suggesting that physical
changes in the lymphatic network resulting from progressive fibrosis rather than direct injury
to the lymphatic vasculature contribute to the lymphatic dysfunction of lymphedema. This
finding is supported by clinical studies demonstrating progressive fibrosis of lymphatic
collectors with worsening lower extremity lymphedema.[5] The important role of fibrosis

in the pathophysiology of lymphedema is also supported by the finding that inhibition

of radiation-induced fibrosis with small molecule inhibitors of TGF-B1 is more effective
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than radioprotective measures designed to prevent direct radiation-induced injury to the
lymphatic system.[79] Although the exact cellular mechanisms by which fibrosis decreases
lymphatic function remain unknown, it is likely that these changes in the extracellular
matrix disturb anchoring filament-mediated uptake of interstitial fluid by initial lymphatic
vessels. Alternatively, increasing stiffness of the collecting or capillary lymphatic vessels
may decrease the potential for propelling lymphatic fluid forward, as suggested by studies
on isolated lymphatic vessels.[80-82] These interesting possibilities represent an attractive
avenue for future research to better understand the pathophysiology of lymphedema.

TGF-B1 is not only a key regulator of fibrosis but is also an important immune modulator.
The findings of our study support our previous studies, showing that increased TGF-p1
activity resulting from lymphatic injury also modulates T cell and macrophage inflammatory
responses.[6, 10] Whether or not this outcome is due to a direct effect on inflammatory

cells or reflective of the decreased interstitial fluid accumulation from improved lymphatic
function remains unclear. However, our findings suggest that these responses are tightly
linked, and we have previously shown that depletion of CD4* T cells significantly decreases
tissue TGF-PB1 expression.[6, 26, 27, 31] Ang Il inhibition has a multitude of effects

on many cell types and it is possible that the results we noted in our study were not

entirely due to anti-inflammatory changes. For example, inhibition of ang Il may have
effects on blood flow or vascular permeability. However, an exhaustive analysis of vascular
changes is beyond the scope of this study and less likely to show significant changes since
our previous studies with anti-inflammatory treatments for lymphedema have shown no
significant changes in vascular permeability.[83] Analyzing the other potential effects of
Angll inhibition, however, may be important in future preclinical studies.

Previous studies have shown that ACE inhibition decreases tumor-induced
lymphangiogenesis.[84, 85] In contrast, we found that that captopril treatment increased
lymphangiogenesis and formation of collateral lymphatics in the mouse tail model of
lymphedema and after popliteal lymphadectomy. This discrepancy may be related to

our observation that captopril treatment increased VEGFC expression. In addition, it is

also likely that the anti-inflamatory effects of captopril decrease the expression of anti-
lymphangiogenic cytokines (e.g., TGF-B1, interferon gamma, interleukin 4, interleukin 13)
after lymphatic injury.[86, 87] This hypothesis is supported by previous studies showing that
lymphangiogenesis in lymphedema is regulated by a balance between lymphangiogenic and
anti-lymphangiogenic cytokines.[86—88] In fact, it is important to note that the expression
of VEGFC is jncreased in lymphedematous tissues and in the serum of patients with
lymphedema suggesting that the pathophysiology of lymphedema is not due to a deficiency
in lymphangiogenic cytokine expression.[88] Thus, even though ACE inhibition may have
an anti-lymphangiogenic effects, these changes may be offset by decreased inflammation
and decreased expression of anti-lymphangiogenic growth factors such as TGF-B1.[10, 26,
27, 31, 83, 89]

Conclusions

The skin RAS is activated in lymphedema, and local inhibition of this response with
a topical ACE inhibitor is effective in preclinical mouse models of lymphedema. As
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captopril is an FDA approved medication that has an established safety profile after oral
administration, our current study sets the stage for future preclinical studies to evaluate
systemic absorption, safety, efficacy and patient selectiom for this treatment for secondary
lymphedema.
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Brief Commentary
Background:

Transforming growth factor-beta 1 (TGF-p1)-mediated tissue fibrosis is an important
regulator of lymphatic dysfunction in secondary lymphedema. However, TGF-g1
targeting can cause toxicity and autoimmune complications, limiting clinical utility.
Angiotensin Il (Ang 11) modulates intracellular TGF-B1 signaling, and inhibition of Ang
I production using angiotensin-converting enzyme (ACE) inhibitors, such as captopril,
has antifibrotic efficacy in some pathological settings.

Translational Significance:

The angiotensin-renin system in the skin plays an important role in the regulation of
fibrosis in lymphedema, and inhibition of this signaling pathway using toical ACE
inhibition may hold merit for treating lymphedema in the clinical setting.
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Figure 1. Expression of ACE is increased in clinical lymphedema skin biopsy samples.

a) Western blot analysis and quantification of ACE and Ang Il expression in matched tissue
obtained from the lymphedematous (LE) and contralateral normal (N) upper extremities of
patients with breast cancer-related lymphedema (BCRL). Patient number is shown above
each matched pair and separated by dotted lines. Each dot in the plots represents the average

of two separate western blots. Data are mean + standard deviation. Statistical analysis was
performed using a matched t-test (*p<0.05).
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b) Representative immunofluorescent images (left) and quantification (right) of ACE and
Ang Il in matched biopsies obtained from the lymphedematous (LE) and normal (N) upper
extremities of patients with BRCL. Each dot in the graph represents the average of 2 high
powered views (HPF; 40x) for each patient. Data are mean + standard deviations. Statistical
analysis was performed using a matched t-test (* p<0.05).

c) Gene expression of angiotensinogen, ACE, and angiotensin receptor | (AT1R) in matched
biopsies obtained from the lymphedematous (LE) normal (N) upper extremities of patients
with BRCL. Each dot in the graph represents the average of gPCR performed in triplicate
for each patient and quantified using the delta delta method. Data are mean * standard
deviations. Statistical analysis was performed using a matched t-test on log normalized
values (* p<0.05).
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Figure 2. Topical captopril decreases edema and fibrosis in the mouse tail model of lymphedema
6 weeks after surgery.

a) Representative images of tail skin after treatment with control or topical captopril
beginning 2 weeks after surgery. The red dotted box is the area analyzed using histology

in H&E section shown in Figure 2d and Figures 3 and 4.

b) Quantification of tail volume changes using the truncated cone formula in mice treated
with control or topical captopril. The red arrow indicates the time point when treatment was
initiated. Statistical analysis was performed using a two-way ANOVA (* p<0.05).

¢) Comparison of the area under the curve (AUC) in tail volume graph comparing captopril
and control treated mice. Statistical analysis was performed using a t-test(**** p<0.0001).
d) Representative H&E staining of distal tail cross-sections in captopril and control treated
mice. Brackets indicate fibroadipose thickness.

e) Quantification of tissue fibroadipose thickness in captopril and control treated mice. Each
dot represents the average of 4 measurements for each mouse (n=7) used in the experiment.
Data are mean + standard deviation. Statistical analysis was performed using the Student’s t
test (**** p<0.0001).

Transl Res. Author manuscript; available in PMC 2024 July 01.

@ Control
@ Captopril

@ Control
@ Captopril



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 20

@ Control

@ Captopril
ook

Control Captopril

60+

ACE Area (%)
=

20+

pSmad3”* cells (n)

Type | Col Area (%)

100pm -

12+ *okk

LYVE-1* Vessels (n)

Figure 3. Topical captopril decreases ACE expression, SMAD phosphorylation, fibroadipose
deposition, and hyperkeratosis in the mouse tail model of lymphedema.
a-e) Representative immunofluorescent images (left) and quantification (right) of ACE (a),

pSmad3 (b), collagen I (Col-I; c), LYVE-1 (d), and Ki67 (e) in captopril and control treated
mice 6 weeks after tail surgery. Each dot represents the average of 3 high powered views
for each animal used in the analysis (n=7). Data are mean + standard deviation. Statistical
analysis was performed using the Student’s t-test (*p<0.05, **p<0.01, ***p<0.001).
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Figure 4. Topical captopril decreases inflammation in a mouse tail model of lymphedema.
a-b) Representative immunofluorescent images (left) and quantification (right) of LYVE-1

and CD3* (a) and F4/80* (b) cells in captopril and control treated mice 6 weeks after tail
surgery. Each dot represents the average of 3 high powered fields for each animal (n=5) used
in the analysis. Statistical analysis was performed using the Student’s t-test (*p<0.05).
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Figure 5. Topical captopril increases lymphangiogenesis and lymphatic function following PLND.
a) Representative immunofluorescent images (left) and quantification (right) of ACE in the

skin of captopril or control treated mice 4 weeks after PLND. Each dot represents the
average of 3 high power fields per animal (n=8) used in the study. Statistical analysis was
performed using the Student’s t-test (*p<0.05).

b) Representative immunofluorescent images (left) and quantification (right) localizing
LYVE-1* lymphatic vessels in the skin of captopril or control treated mice 4-weeks after
PLND. Quantification of LYVE-1" vessel diameter is also shown in the bar graphs on the
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right. For the lymphatic vessel number, each dot represents the average number of lymphatic
vessels in 3 low power fields (10x) per animal (n=4) used in the study. For the lymphatic
vessel area, each dot represents the average of all vessels included in the images of 3 low
power field per animal (n=5) used in the study. Statistical analysis was performed using the
Student’s t-test (*p<0.05, ****p<0.0001).

c) Representative immunofluorescent images localizing podoplanin (Podo) and a-SMA in
collecting lymphatic vessels of captopril or control treated mice 4-weeks after PLND (left).
Quantification of perilymphatic a-SMA thickness is shown to the right. Each dot represents
the average thickness of a-SMA area in 4 quadrants of a collecting lymphatic for each
animal (n=4) in the study. Statistical analysis was performed using the Student’s t-test
(*p<0.05).

d) Representative graphs depicting changes in near infrared fluorescence (NIR) in a
collecting lymphatic vessel over time in captopril or control mice. Each peak represents

a packet frequency.

e) Quantification of NIR collecting lymphatic vessel packet frequency in captopril and
control treated mice. Each dot represents the average of 3 recordings in each mouse (n=7).
Statistical analysis was performed using the Student’s t-test (*p<0.0001).

f) Quantification of dendritic cell trafficking in captopril and control treated mice. FITC-
acetone was painted on the distal hindlimb skin and the percentage of FITC*CD11c* DCs
in ipsilateral inguinal lymph nodes was quantified. Each dot represents the average of two
flow-cytometry experiments for each mouse (n=6). Statistical analysis was performed using
the Student’s t-test (**p<0.01).
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Patient | Age (years) | Gender | Body mass Volume LDEX score | History of Hypertensive
index (kg/m?) | Differential hypertension therapy history
1 62 Female | 29.9 30.0 19 No No
2 56 Female | 23.7 32.3 47.8 No No
3 43 Female | 25.4 25.2 32 No No
4 50 Female | 28.9 79.6 89.6 No No
5 56 Female | 32.3 15.8 14.9 No No
6 70 Female | 29.69 142.2 429.6 No No
7 56 Female | 33.3 14.8 13.8 No No
8 53 Female | 24.6 63.3 70.3 No No
9 52 Female | 23.4 21.1 28 No No
10 66 Female | 26.9 3.4 10.2 No No
11 51 Female | 27.8 33.6 52.7 No No
12 66 Female | 29.2 34.7 74.4 No No
13 51 Female | 29.8 211 11.3 No No
14 50 Female | 26.5 259 27.3 No No
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