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Significance: Lymphedema is a common disease that affects hundreds of
millions of people worldwide with significant financial and social burdens.
Despite increasing prevalence and associated morbidities, the mainstay
treatment of lymphedema is largely palliative without an effective cure due to
incomplete understanding of the disease.

Recent Advances: Recent studies have described key histological and patho-
logical processes that contribute to the progression of lymphedema, including
lymphatic stasis, inflammation, adipose tissue deposition, and fibrosis. This
review aims to highlight cellular and molecular mechanisms involved in each
of these pathological processes.

Critical Issues: Despite recent advances in the understanding of the patho-
physiology of lymphedema, cellular and molecular mechanisms underlying the
disease remains elusive due to its complex nature.

Future Directions: Additional research is needed to gain a better insight into
the cellular and molecular mechanisms underlying the pathophysiology of
lymphedema, which will guide the development of therapeutic strategies that
target specific pathology of the disease.
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fibrosis

SCOPE AND SIGNIFICANCE
THE PREVALENCE OF lymphedema

breast cancer survivors as high as
20%.3 Prospective studies looking at

is estimated to be in 250 million
people worldwide.! Primary lym-
phedema is estimated to affect about
1 in 100,000 individuals. Secondary
lymphedema is more prevalent than
primary lymphedema. In the United
states, secondary lymphedema af-
fects ~1 in 1,000 people and cancer-
related therapies represent the most
common cause.”

A systematic review reported the
incidence of lymphedema among
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head and neck cancer and gyneco-
logical cancer reported even higher
incidence rates, 90% and 37%, re-
spectively.? As life expectancy in
cancer survivors is improving, the
number of patients who suffer from
the disease will also increase. Lym-
phedema causes physical and func-
tional discomfort to patients,
negatively impacting quality of life,
as well as a significant burden on
psychosocial wellbeing.*
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Lymphedema involves a complex sequence of pa-
thology and ideal treatment of lymphedema will in-
volve a multimodal approach. To develop such
treatment strategies, understanding the pathophys-
iology is important. This review explores current
understanding of cellular and molecular mecha-
nisms underlying the pathology of lymphedema.

TRANSLATIONAL RELEVANCE

Treatment of lymphedema represents a chal-
lenge because of its complex pathophysiology.
Current evidence suggests that lymphedema in-
volves multiple mechanisms, including inflamma-
tion, immature lymphangiogenesis, adipose tissue
deposition, and fibrosis. However, many aspects of
the disease remain complicated by several fac-
tors. Lymphedema only develops in a subset of
patients following lymphatic injury and in a de-
layed fashion.® It is also difficult to predict the
severity of the disease phenotype in patients who
develop lymphedema. Better knowledge of un-
derlying cellular and molecular mechanisms will
help understand these discrepancies and improve
treatment approaches.

CLINICAL RELEVANCE

Current management of lymphedema, such as
manual lymphatic drainage and compression
therapy, is largely palliative with the aim to reduce
morbidities and control complications. However,
these treatments are not effective in stopping the
progression of the disease because chronic lym-
phedema is characterized as inflammation and
fibroadipose tissue deposition in addition to accu-
mulation of protein-rich fluid. Understanding the
pathology of lymphedema has broad clinical rele-
vance as better insight can help clinicians develop
more targeted therapies that aim at curing the
underlying pathology.

OVERVIEW OF LYMPHEDEMA

Lymphedema is a chronic and progressive
disease caused by lymphatic insufficiency and in-
terstitial edema. It is characterized by the devel-
opment of soft tissue swelling, fibroadipose tissue
deposition, and skin thickening. Lymphedema
carries substantial morbidities, including infec-
tion, functional loss, movement restriction, and
psychosocial impairment.®

Because of a lack of curative treatments for
lymphedema, current management of lymphede-
ma is largely palliative and focuses on controlling
progression and complications. Lymphedema re-

quires lifelong treatments that include exercises,
manual lymphatic drain massage, compression
garments, and skin care. For severe and refractory
cases, excisional or reconstructive surgeries can be
considered for selected patients. Surgical treat-
ment options have become increasingly common
due to advances in microsurgical techniques and are
aimed at restoring physiologic lymphatic drainage.
This includes lymphovenous bypass and vascular-
ized lymph node transfer, which are proven to be
efficacious in numerous studies.”® However, there
are several questions that require further explora-
tion, including but not limited to optimal tech-
niques, timing of intervention, and donor-site
lymphedema.®1°

Development of lymphedema is believed to in-
volve multiple pathological steps with lymphatic
injury as an inciting event that induces down-
stream sequela. Lymphatic injury results in a vi-
cious cycle comprising lymphatic fluid stasis,
chronic inflammation, adipocyte proliferation, and
fibrosis, ultimately leading to a loss of functional
lymphatics (Fig. 1). Nevertheless, lymphatic injury
is not sufficient for the development of chronic
lymphedema. In fact, only a subset of patients de-
velops lymphedema or shows delayed presenta-
tion despite similar modes of injury, implying
complex pathology of lymphedema.!! Although
the pathology of lymphedema remains elusive,
recent research has shed light into some of the
cellular and molecular mechanisms underlying
the disease.

PATHOPHYSIOLOGY OF LYMPHEDEMA
Lymphatic injury

Primary lymphedema. Primary lymphedema is
rare and caused by developmental malformation
of lymphatic system. It can be further divided
into three types according to the age of presen-
tation: congenital lymphedema (<2 years of age),
lymphedema precox (between 2 and 35 years of
age), and lymphedema tarda (>35 years of age).
They can be sporadic, familial, or syndrome as-
sociated.?

About 30% of primary lymphedema patients are
thought to have an identifiable genetic mutation.'?
There are more than 20 genes linked to lymphatic
malfunction seen in primary lymphedema.'* Mu-
tations seen in familial primary lymphedema are
frequently associated with the VEGFC/VEGFR-3
signaling pathway. Several types of lymphedema
are known to involve VEGFC, a ligand of VEGFR-3,
or downstream proteins or factors, such as CCBE1,
PTPN14, GATA2, and FOXC2.'* Mutations in FLT4,
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Figure 1. Schematic diagram summarizing pathological progression of lymphedema. Following initial lymphatic injury, lymphatics undergo a cascade of
pathophysiologic events leading to sclerosis and loss of functional lymphatics. Color images are available online.

which encodes VEGFR-3 and FOXC2, a transcription
factor that acts downstream of VEGFR-3, are
responsible for Milroy’s disease, and lymphedema—
distichiasis syndrome, respectively, comprising
a major fraction of patients with hereditary
lymphedema.'®

These genes play an essential role in establish-
ing lymphatic vascular architecture that involves
lymphatic endothelial cells, smooth muscle cells
(SMCs), and lymphatic valves.'® Mechanical or
functional failure of this system leads to interstitial
fluid accumulation, triggering downstream effects
of inflammation and chronic tissue changes.'®

Secondary lymphedema. Secondary lymphe-
dema is acquired as a result of underlying systemic
diseases, trauma, infection, malignancy, or
malignancy-associated treatments.'® Filariasis in-
fection by Wuchereria bancrofti comprises the
majority of secondary lymphedema cases world-
wide. These parasitic nematodes migrate to the
lymphatics and block the lymphatic flow.

In the developed countries, lymphedema occurs
most commonly secondary to cancer-related ther-
apeutic interventions, especially breast, head and
neck, and gynecological cancer. Malignancy-
related therapies include surgical resection of

lymph nodes, directly damaging the lymphatic
system, and radiation therapy, contributing to the
loss of dermal lymphatics and promoting nodal fi-
brosis.'® Lymphatic obstruction or damage seen in
these processes impairs the transport capacity of
the lymphatic system, leading to lymphatic stasis
and upregulating various pathological pathways
that are discussed below.

Lymphatic stasis

Various causes, including lymphatic malforma-
tion and obstruction can lead to the imbalance be-
tween lymphatic transport capacity and interstitial
fluid production. Upregulation of growth factors/
cytokines in addition to mechanical interruption
contributes to persistent lymphatic stasis.

Vascular endothelial growth factor-C. Vascular
endothelial growth factor-C (VEGF-C) plays a
central role in lymphangiogenesis and vascular
permeability through VEGFR3 and VEGFR2 sig-
naling pathways, respectively.!” Its role in lym-
phedema has been extensively studied as a central
growth factor of lymphatic endothelial cells
(LECs), promoting their survival, proliferation,
and migration.'® Mutations in VEGFR-3, such as
seen in Milroy disease, comprises a major fraction
of patients with hereditary lymphedema.'® Several
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studies have reported an increase in the level of
VEGF-C in both experimental and human clinical
lymphedema.'®2°

While VEGF-C is important in the regenera-
tion of collateral lymphatic vessels, high levels of
VEGF-C is shown to cause blood vessel growth
and leakiness, further contributing to edema
formation.?722 In several studies, VEGF-C upre-
gulation in lymphedema leads to lymphatic hy-
perplasia with less-effective drainage function
that results in the accumulation and stasis of
interstitial fluid.*®242°

Gousopoulos et al. showed that overexpression
of VEGF-C led to exacerbation of lymphedema
with increased immune cell infiltration and vas-
cular leakage while loss of VEGF-C had opposite
effects, indicating that VEGF-C actively contrib-
utes to edema formation.?® Macrophages are
thought to be a major cell type expressing VEGF-
C during lymphangiogenesis. Lymphatic injury
promotes recruitment of macrophages that upre-
gulates VEGF-C/VEGFR3 signaling pathway and
enhances lymphangiogenesis during initial
stages of lymphedema.'* Early lymphangiogen-
esisin the setting of lymphedema is characterized
as excessive generation of immature and leaky
lymphatic vessels, which contributes to later de-
velopment of lymphedema.?¢

Development of chronic lymphedema was his-
torically thought to result from impaired develop-
ment of collateral lymphatic vessels.?’ Therefore,
the role of VEGF-C in lymphatic regeneration has
promoted multiple studies that investigate VEGF-C
as a potential candidate for lymphedema treat-
ment. Several studies have reported that exoge-
nous administration of VEGF-C or VEGF-C gene
therapy ameliorates secondary lymphedema of
animal models with lymphatic regeneration.?®-3!

However, other studies demonstrated that
exogenous VEGF-C does not improve function-
ality in the long term and therefore does not have
lasting effects on lymphatics despite early lym-
phatic hyperplasia.??33 These results indicate
both harmful and beneficial roles of VEGF-C in
secondary lymphedema. As VEGF-C is consid-
ered as a promising therapeutic target for lym-
phedema, controlling vascular side effects and
exploring long-term therapeutic efficacy need to
be addressed.?*

Upregulation of inflammatory pathway
Inflammation plays a critical role in the pathology
of lymphedema. Lymphatic injury and stasis lead to
inflammatory cell infiltration around dermis and
subcutaneous tissues. Infiltration of inflammatory

cells, such as macrophages and CD4" Th2 lympho-
cytes and subsequent release of cytokines, including
1L-4, IL-13, TGF-$, and IFN-y, are a hallmark of
chronic inflammation in lymphedema.’ These cel-
lular and molecular mechanisms are not only limited
to inflammatory pathway but serve multiple func-
tions in the progression of lymphedema.

Macrophages. Several studies have shown
that lymphedema results in a significant increase
in the number of macrophages.>*3” Macrophages
play opposing and complex roles in inflammation,
lymphatic function, and fibrosis with different
spatial and temporal relationships.®® Macrophages
are traditionally classified into M1 and M2 sub-
types with pro- and anti-inflammatory functions,
respectively.

As previously stated, macrophages are a key
regulator of VEGF-C and therefore lymphatic re-
generation. Studies have shown increased macro-
phage infiltration, especially M2 subtype, following
lymphatic injury.?”*® Conditional depletion of
macrophages after lymphatic injury led to in-
creased CD4" cell infiltration, decreased VEGF-C
expression, impaired lymphatic function, and in-
creased fibrosis.?”*? These results indicate that
macrophages have a role in initial lymphangio-
genesis to alleviate fluid accumulation by pro-
moting collateral lymphatic formation.

On the contrary, Ogata et al. reported upregu-
lation of VEGF-C from macrophages and for-
mation of poorly functional lymphatic vessels.?
Furthermore, the authors have demonstrated that
macrophage-depleted mice showed greatly re-
duced early lymphangiogenesis and diminished
lymphedema development. Other studies also re-
ported macrophages as proinflammatory and pro-
fibrotic.** Macrophages are also known to express
iNOS and IL-6, which will be further described in
the later sections.?” These results indicate that
subpopulations of macrophages may have opposing
roles in the progression of the disease. Further
studies are needed to elaborate more detailed
mechanisms of macrophages in different stages of
lymphedema.*?

CD4" T lymphocytes, Th2 subtype. CD4" T
cells, specifically Th2 subtype, play a central
role throughout the pathologic processes of lym-
phedema, including inflammation, impaired lym-
phangiogenesis, and fibrosis. Several studies have
shown an increased number of infiltrating CD4" T
cells, predominantly Th2 subtype, in lymphede-
matous tissues in animal and human lymphede-
ma.26:35:36:4344 Thege studies collectively indicate a
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critical role of CD4" Th2 cells in inflammation and
contribution to lymphedema development and
progression. These studies have shown a positive
linear correlation between the number of infil-
trating CD4" cells and severity of disease.

Th2 cells inhibit lymphatic growth and pro-
mote fibrosis by increasing collagen produc-
tion and expression of profibrotic growth factors.
Several authors have found that animals lacking
all types of T cells (nude mice) or CD4" T cells
(knockout mice) or cytokines produced by CD4"
cells, IL4, or IL13 (neutralizing antibodies), fail to
develop lymphedema after injury with decreased
tissue fibrosis and improved lymphatic func-
tion.3%3%45 This response is specific to CD4" T
cells and was not observed in other cell types such
as CD8" and CD25" cells.?® These findings were
supported by Garcia Nores et al., who demon-
strated that in CD4-knockout mice, the adoptive
transfer of CD4" T cells lead to edema, deposition
of fibroadipose tissue, and impaired lymphangio-
genesis.*?

Expression of T cell-derived cytokines, including
IL-4 and IL-13, contributes to progression of lym-
phedema by impairing LEC survival, proliferation,
migration, and tubule formation and also down-
regulates Proxl and LYVE1.*® Savetsky et al.
showed that antilymphangiogenic effects of 1L4
and IL13 occurred despite the presence of prolym-
phangiogenic growth factors such as VEGF-C.
These studies suggest that CD4" T cell activation
and Th2 differentiation could be a potential ther-
apeutic target for lymphedema. Gardenier et al.
observed that topical tacrolimus, an anti-T cell
agent, improved lymphatic function and lym-
phangiogenesis in animal models of lymphedema.
The authors suggested that increased lym-
phangiogenesis with tacrolimus was promoted by a
decrease in antilymphangiogenic mechanisms by T
cells and their cytokines.*’

Transforming growth factor-betal. Transforming
growth factor-betal (TGF-$1), a multifunctional
cytokine produced by inflammatory cells, is a well-
known regulator of fibrosis in virtually every organ
system. TGF-f1 is markedly increased in the lym-
phedematous limb compared with a normal limb.*®
It is involved in various stages of lymphedema
progression from suppression of collateral lym-
phatic vessel formation during acute phase to fi-
brosis in the chronic phase.*®

Similar to IL-4 and IL-13, TGF-f1 has been
shown to suppress LEC proliferation, migration,
and tubule formation.’®®! These cytokines fur-
ther decrease responsiveness of LECs to prolym-

phangiogenic growth factors.*® Inhibition of TGF-
p1 improved lymphatic regeneration as well as
decreased inflammation and Th2 cell migration
after lymphatic ablation.*® Taken together, TGF-
f1, similar to Th2 cytokines, exerts both direct and
indirect roles in inhibiting lymphangiogenesis.

Interferon-y.  Interferon (IFN)-y, a key Th1 cy-
tokine, has an antilymphangiogenic role similar to
TGF-f in lymphedema. Kataru et al. showed that
IFN-y treatment, through JAK-STAT pathway,
downregulates Prox1, LYVE-1, and podoplanin in
LECs and thus strongly inhibits lymphangiogen-
esis.”® Separate studies have supported these
findings by showing that neutralization of IFN-y
reduces fibrosis and adipogenesis and increases
lymphangiogenesis.?5:33

Regulatory T cells. Regulatory T cells (Tregs)
are immunoregulatory cells that mediate immune
responses through various cytokine signaling path-
ways. Several authors have noted a significant in-
crease in the infiltration of Tregs and Foxp3, a
transcription factor specifically expressed by Treg,
in lymphedematous skin of both animals and hu-
mans.>¢5%53 Gousopoulos et al. showed that manip-
ulating Tregs can control the pathology and external
manifestations of inflammation. In the study, de-
pletion of Tregs in mice led to the exacerbation of
edema and the increased expression of profibrotic
cytokines, such as IL-13, IL-4, IFN-y, and TGF-p.

On the contrary, Treg amplification before lym-
phedema surgery resulted in a reduction in mice
tail swelling and a decrease in macrophage infil-
tration.’* Despite its role of limiting lymphedema,
Treg is also known to cause suppression of innate
and adaptive immune responses. Clinically, this
may contribute to recurrent soft tissue infections
that are commonly seen in lymphedema patients.”®
The experimental reduction of Tregs at the site of
lymphatic injury restores, although not com-
pletely, these immune responses through signifi-
cant increases in dendritic cell activation and T
cell-mediated responses.’® Taken together, these
findings suggest that Tregs have an important role
in the homeostatic immune response and the re-
striction of pathologic changes in lymphedema in
contrast to CD4" Th2 cells.

Induced nitric oxide synthase. The contraction
and dilation of lymphatic vessels under normal
condition is regulated by nitric oxide (NO) gradients
produced by endothelial nitric oxide synthase in
LECs.%® NO is produced at specific locations and
times, which allows for a robust and fluid contraction
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cycle. In contrast, inflammatory cells upregulate
induced nitric oxide synthase (iNOS) after lymphatic
injury.®® While this influx of CD11b" macrophages
that carry iNOS acts as a potential self-protection
mechanism from autoreactive responses, it also dis-
rupts the intrinsic NO gradient, thereby inhibiting
lymphatic contractility and lymph transport.*®

Several animal studies have demonstrated that
iNOS inhibition and knockout mice are associated
with continued strong lymphatic contractions
during inflammatory conditions.’®*” However, al-
though iNOS inhibition increases the frequency of
lymphatic pumping and promotes dendritic cell
migration, it does not entirely reverse lymphatic
defects.5”

Leukotriene B4. Leukotriene B4 (LTB4) is a
lipid mediator in the innate immune response that
promotes pathological inflammation by recruiting
neutrophils, macrophages, and CD8" cytotoxic T
cells.”® Increased levels of plasma LTB4 are ex-
hibited in both experimental and human clinical
lymphedema.?® Studies have shown that concen-
trations of lymph LTB4 are in the prolym-
phangiogenic range immediately following
surgery, suggesting its role in lymphatic repair,
but subsequently rise to antilymphangiogenic lev-
els.’®% Tian et al. showed that at the antilym-
phangiogenic levels, LTB4 inhibits VEGFR3 and
Notch signaling pathways, which are important for
lymphangiogenesis and lymphatic maintenance,
and therefore exacerbates lymphatic dysfunction.

Several authors have demonstrated that LTB4
antagonism, specifically with ketoprofen, in ex-
perimental murine lymphedema can ameliorate
inflammation and reverse fibrosis.?®%° Ketoprofen
is a nonsteroidal anti-inflammatory agent (NSAID)
that inhibits the 5-lipoxygenase (5-LO) pathway
from which LTB4 is formed, thus reversing edema
and promoting VEGF-C-mediated lymphangio-
genesis.®® Clinical pilot studies by Rockson et al.
showed potential therapeutic benefits of ketoprofen
in humans with both primary and secondary lym-
phedema. Targeted anti-inflammatory therapy
with ketoprofen in the trial resulted in a reduction
in skin thickness and an improvement in histo-
pathology, including dermal thickness, intracel-
lular mucin deposits, collagen accumulation, and
perivascular inflammation.®? LTB4 antagonist
represents a promising approach to treating
lymphedema.

Adipocyte differentiation and proliferation
Adipose tissue deposition has been observed in
both experimental and clinical lymphedema, which

contribute to the swollen appearance of limbs.%5

The pathology of adipose tissue mimics that seen in
obesity, where adipocytes undergo hypertrophy or
hyperplasia due to an imbalance in regulatory
cytokines.52

Macrophage. Following initial lymphatic injury,
the subsequent imbalance of cellular and inflamma-
tory components of adipose tissue exacerbates the
natural response to lymphedema. One significant
feature of lymphedema is infiltration of immune
cells, including macrophages. Macrophages are gen-
erally classified as M1 and M2 subtypes, which rep-
resent pro- and anti-inflammatory, respectively. M1
and M2 are thought to represent two extremes of
phenotypes that macrophages assume. M2 macro-
phages are generally more prevalent in lean adipose
tissue, whereas M1 macrophages are detected to a
greater degree in obese adipose tissue and low-grade
chronic inflammation.®*

Lymphedematous tissues express a lower num-
ber of M2 macrophages compared with M1, and
this imbalance may contribute to impaired im-
mune function in lymphedema.®® Macrophages
interact with adipose tissue and contribute to adi-
pose tissue inflammation by producing inflamma-
tory mediators, including hypoxia-inducible factor
l-alpha (HIF-1u), interleukin-6 (IL-6), and adipo-
nectin.®® The interaction of these tissue dependent
signals and their relationship to lymphedema will
be described in the following sections.

Hypoxia-inducible factor-1o. The development
of hypoxia and subsequent activation of HIF-1«
initiates immune cell migration and fibrosis, fur-
ther contributing to pathological changes seen in
lymphedema.®®% HIF-1u, a transcription factor
involved in angiogenesis and tumor growth, has
been largely targeted by oncological studies.®”

While its role in lymphangiogenesis has been
less extensively studied, a lymphatic stasis in
mouse model exhibited the expression HIF-1o by
macrophages in the early inflammatory response.
Inhibition of HIF-1« resulted in decreased signs of
lymphatic regeneration during the first 6 weeks of
wound healing.%® However, the role of HIF-1« in
clinical lymphedema requires further investiga-
tion. In a study of lymphedematous tissue of nine
patients, HIF-1a was only expressed at similar
levels as in normal tissue.®®

While animal studies established the role of
HIF-1« in the early lymphatic response, this tran-
scription factor may not necessarily be expressed at
later stages of lymphedema, which presents clini-
cally as a chronic condition. Large-scale studies
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may be required due to the heterogeneous nature of
clinical studies compared with controlled animal
studies. Perhaps detection of HIF-1a may be used
as a supplemental tool to confirm early stages of
lymphedema.

Interleukin-6. Another key regulatory hormone
of adipose homeostasis is IL-6, which has been ob-
served to be elevated in lymphedema. Similar to
the previously described inflammatory mediator
HIF-1o, IL-6 was also shown to be primarily ex-
pressed by macrophages while regulated by CD4" T
cells.*>7°

In patients with lymphedema and animal mod-
els, levels of IL-6 as well as its downstream medi-
ators were significantly increased.*? Loss of IL-6
resulted in increased adipose deposition, which
suggests that the mechanism of IL-6 in response to
inflammation serves to decrease adipose deposi-
tion.*? In a recent study, IL-6 was measured in
adipose tissues of mice to demonstrate that in-
flammation precedes adipogenesis, whereas the
latter begins 3 weeks after lymphatic injury.”!
These findings elucidate a modulatory role of IL-6
in response to inflammation and lymphedema-
associated adipose deposition.

Adiponectin, PPAR-y, and CEBP-n. Several
studies noted that the lymphatic structures inter-
act with surrounding adipose tissue. In animal
models, lymphatic obstruction and stasis results in
subcutaneous fat deposition with increased num-
ber of adipocytes and lipid accumulation.®®"? Sev-
eral studies have shown that lymphatic fluid stasis
is associated with increased expression of adipo-
nectin and adipogenic transcription factors, in-
cluding proliferator-activated receptor gamma
(PPAR-y) and CCAAT/enhancer-binding protein-
alpha (CEBP-a).

One significant transcription factor is adipo-
nectin, an endocrine hormone primarily secreted
from adipose tissue that exerts organ-specific oxi-
dative and anti-inflammatory effects.”® In the
context of lymphatic biology, adiponectin is a late
marker of activated adipocytes and elevated con-
centrations were observed in both animal lym-
phedematous tissue and serum of patients with
lymphedema.’®" In a study with both mouse tail
and axillary lymph node dissection lymphedema
models, adiponectin expression was characterized
by a gradient pattern, with greatest degree of ex-
pression observed just distal to the site of lym-
phatic injury.”® In a study of one hundred patients
with chronic lymphedema, adiponectin was de-
tected at nearly two-fold.™

While adiponectin may be a marker specific to
adipocytes, an adiponectin-knockout mouse lym-
phedema model demonstrated that supplemental
adiponectin resulted in reduced thickness of in-
jured tails and increased lymphatic endothelial cell
viability through the AMP-activated protein ki-
nase pathway.”® In this study, the authors sug-
gested that adiponectin functions to promote
lymphangiogenic cellular responses to lymphede-
ma. The proliferation of adipose tissue in response
to lymphatic injury suggest a pivotal role for adi-
pocyte involvement in wound healing and lym-
phatic regeneration.

Fibrosis and sclerosis of lymphatic vessels

Fibrosis is one of the hallmarks of secondary
lymphedema and has a significant impact on long-
term outcomes due to its disfiguring and irreversible
effects. Lymphedema has been described as a fi-
broproliferative disorder because of its highly vari-
able sequelae and progressive nature.”® In addition,
once fibrosis has initiated, the excessive deposition of
extracellular matrix components will continuously
progress.

Transforming growth factor-f. TGF-f1 exhibits
a wide range of biological functions, including the
upregulation of fibrosis by promoting extracellular
matrix synthesis.””~"® As previously noted, TGF-51
is secreted by many cell types, including macro-
phages and Th2 cells. TGF-$1 promotes fibrosis
through various pathological mechanisms.”® Acti-
vated TGF-f1 can directly upregulate the expres-
sion of profibrotic cytokines, such as connective tissue
growth factor.”®®® TGF-1 can also form a complex
with fibroblasts by binding to type II and III recep-
tors and then phosphorylate its downstream effector,
Smad.”™ Lastly, TGF-f1 can inhibit fibroblast expres-
sion of matrix metalloproteinase-1 through Smad3
and Smad4, which prevents the degradation of col-
lagen.®!

Mast cell. Although it is well known that the
inflammatory response is integral to understanding
fibrosis, Di et al. proposed a mechanism that is cen-
tered around mast cells and chymase-mediated TGF-
P1 activation. The authors elucidated the role of mast
cells in fibrosis by analyzing skin biopsies of patients
with stage II or III lymphedema in the lower limb.
Lymphedematous limbs demonstrated an increased
number of mast cells near blood and lymphatic ves-
sels compared with that of control limbs.5?

In addition, biochemical analyses revealed that
there were significantly higher levels of both chy-
mase, a chymotrypsin serine protease released by
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Figure 2. Cellular and molecular mechanisms involved in the pathology of lymphedema. Lymphatic stasis promotes upregulation of inflammatory response
and adipose deposition. Inflammatory cells, especially macrophages and CD4* T cells, and their cytokines contribute to lymphatic leakiness, lymphatic
dysfunction, and fibrosis. Arrow indicates mechanisms that contribute to the progression of chronic lymphedema. Dotted line indicates mechanisms that

counteract the progression of the disease.

mast cells, and TGF-f1, a key mediator of tissue
fibrosis.®? The authors speculated that fibrosis ob-
served in the lymphedematous limbs could be due
to the biochemical pathways involving chymase
and TGF-f1. Previous studies have demonstrated
that mast cells initially release an inactive complex
containing mature TGF-$1, latency-associated
peptide TGF-f1 (LAP TGF-f1), and latent TGF-f-
binding protein (LTpP).33% Chymase subse-
quently disrupts the noncovalent bonds between
mature TGF-f1 and LAP TGF-f1, which then re-
leases the biologically active TGF-f1. Taken to-
gether, these findings suggest that mast cells and
its associated enzyme, chymase, play a crucial role
in promoting TGF-f1-mediated fibrosis.

Loss of functional lymphatics

The lymphatic system is responsible for main-
taining fluid homeostasis in the body by collecting
interstitial fluid and draining it to the central cir-
culation. Various intrinsic and extrinsic mecha-
nisms work collectively to achieve tissue fluid
homeostasis. Extrinsic factors originate from sur-
rounding tissues, ranging from pulsatile arterial

blood flow to skeletal muscle contractions.®® Ex-
trinsic forces are variable throughout the body and
less reliable than intrinsic forces. The intrinsic
mechanism involves a sophisticated system of
myogenic and valvular activities that actively re-
spond to local physical stimuli and modulate lymph
transport.®® The main components of the intrinsic
mechanism are intraluminal valves and phasic
contractions of SMCs, which are fundamental for
maintaining forward propulsion of lymph.8”

Lymphatic valves. Lymphatic valves serve to
prevent backflow of lymph and break up the total
hydrostatic pressure into a series of smaller pres-
sure gradients to aid lymphatic contractions.®
Following lymphatic injury, accumulation of lym-
phatic fluid and ineffective clearance result in di-
lation of lymphatic vessels and exacerbation of
lymphatic stasis, contributing to valvular incom-
petence. Various lymphatic imaging modalities,
including lymphoscintigraphy have demonstrated
increased vessel diameter and dermal backflow in
patients with lymphedema, further supporting
valvular incompetence in lymphedema.®®
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Several in vitro and in vivo studies have demon-
strated a crucial role of shear stress from unidirec-
tional lymph flow in the development of lymphatic
valves.®® 2 These studies suggest that mechan-
otransduction in response to lymph flow as well as
upregulation of transcriptional factors, such as
Prox1 and Foxc2, cooperatively regulate the forma-
tion and maintenance of lymphatic valves.®® Inter-
estingly, several studies have identified single
nucleotide polymorphisms in these genes in pa-
tients who developed cancer-related lymphedema,
suggesting a potential role for genetic predisposition
in clinical lymphedema development.®?

As the progression of lymphedema is character-
ized by markedly reduced or absent lymph flow,
impaired mechanical stimuli from altered lymph
flow may contribute to degeneration and apoptosis
of lymphatic valves.®® However, studies that assess
valvular defects or regression in clinical lymphe-
dema are lacking and thus, further investigation in
lymphedema patients is necessary.

Smooth muscle cells. As lymphedema pro-
gresses, contractile function of SMCs is progres-
sively lost and tissue remodeling occurs. As
mentioned previously, inflammatory response in
lymphedema is associated with an increased gradi-
ent of iNOS, which produces NO, a potent inhibitor
of lymphatic contractions. In addition, lymphatic
injury produces increased outflow resistance in the
downstream lumen. Modi et al. used lymphoscinti-
graphy to quantify lymphatic contractility in pa-
tients with breast cancer-related lymphedema and
observed that lymphatic contractile force is weak-
ened proportional to the degree of edema. Similar to
cardiac failure, increase in lymphatic afterload
leads to the failure of lymphatic contractility.®*
Furthermore, studies have shown that SMCs
transform to a synthetic form, losing their inherent
contractile ability and instead contributing to col-
lagen fiber synthesis.?”%® These phenotypic changes
of SMCs are followed by buildup of collagen fibers
and remodeling of the surrounding tissue. In the
end stage, the buildup of fibrotic components leads
to the narrowing or even complete occlusion, “lym-
phaticosclerosis” of lymphatic vessels.”

SUMMARY

Recent research advances have shed light into
cellular and molecular mechanisms involved in
the pathophysiology of lymphedema (Fig. 2).
Although the exact sequence remains to be fur-
ther elucidated, lymphedema occurs with lym-
phatic injury as an inciting event with a series

Table 1. Summary of pathologic events and associated cellular
and molecular factors in lymphedema

Cellular or

Molecular
Pathologic Events Factors Pathology References
Lymphatic stasis ~ VEGF-C Promote excessive generation ~ 2024263236
of immature and leaky
lymphatics during initial
stages of lymphedema
Promote vascular permeability -2
Upregulation of Macrophage Promote VEGF-C expression, ¥
inflammatory antifibrotic
pathway Proinflammatory, profibrotic M
CD4* Th2 cell  Promote chronic inflammatory 26353644
response
Antilymphangiogenic 4
TGF-B1 Antilymphangiogenic 48-51
IFN-y Antilymphangiogenic »
iNOS Impair contractile function of 56,57.97
lymphatics
LTB4 Inhibit VEGFR3, s
Antilymphangiogenic
Treg Ameliorate inflammation, 5354
fibrosis, and lymphatic
function
Adipocyte Macrophage  Promote adipose tissue 36637398
differentiation Inflammation
and proliferation 1L-6 Reduce adipose tissue 2
deposition
HIF-1 Promote inflammation 9
Fibrosis TGF-p Profibrotic 4851
Mast cell Profibrotic through chymase %

85,87,100
87,95,100

Loss of functional | Lymphatic valve Dysfunction and degeneration
ymphatics SMC Loss of contractile function and
tissue remodeling

of downstream events, including lymphatic sta-
sis, inflammation, adipose tissue deposition, and
fibrosis (Table 1). These changes further exac-
erbate lymphatic stasis, setting up a vicious
cycle.

Inflammation mediated by macrophages and Th2
cells is considered a critical event in chronic lym-
phedema development. Macrophages are involved in
various stages of lymphedema: promoting lym-
phangiogenesis through VEGF-C; impairing con-
tractile capacity of lymphatics through iNOS; and
contributing to adipose tissue inflammation through
HIF-1¢, adiponectin, and IL-6.

Although VEGF-C shows great potential to
improve lymphedema by promoting lymphangio-
genesis, this mechanism has undesirable effects of
development of immature and leaky collateral
lymphatics during early stages of lymphedema.
Another important regulator of inflammation,
CD4" T lymphocytes produce cytokines, IL-4, IL-
13, IFN-y, and TGF-f1, and contribute to antil-
ymphangiogenesis and fibrosis. Several studies
have attempted to explore other types of cells or
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cytokines that may contribute to this
process, including a recent study by Di
et al., which elucidated the role of mast
cells in TGF-B1-mediated fibrosis. Re-
sulting lymphatic stasis and inflamma-
tion drives adipocyte differentiation and
proliferation. The deposition of adipose
tissue is known to contribute to tissue
swelling. Interestingly, activated adipo-
cytes and adipocyte-specific marker,
adiponectin, may be involved in lym-
phatic regeneration and therefore

TAKE-HOME MESSAGES

e The pathology of lymphedema involves a complex sequence of events
involving lymphatic stasis, leaky lymphatic vessel formation, chronic in-
flammation, adipose tissue deposition, fibrosis, and loss of functional
lymphatics.

o Chronic inflammation mediated by macrophages and CD4" Th2 cells, and
their cytokines plays a central role in the pathology of lymphedema.

e Lymphatic stasis and inflammation result in valvular dysfunction, im-
paired contractility, and tissue remodeling.

e A better understanding of the pathology will lead to the development of
effective therapeutic strategies.

wound healing. The intrinsic function of
lymphatics is also altered with the pro-
gression of lymphedema, including valvular and
contractile functions.

Despite recent advances in the knowledge, our
current understanding of pathological events in
lymphedema is still limited.

Further investigation is warranted to determine
how various inflammatory responses interact with
each other in the pathogenesis of this debilitating
disease. The cells and molecules described in this
review have been explored as potential therapeutic
targets for lymphedema. Nevertheless, determin-
ing the best treatment strategy remains a chal-
lenge given complex pathophysiological changes
and various clinical manifestations in each patient.
Given its complex nature, understanding vari-
ous mechanisms underlying the pathology will
facilitate the development of novel therapeutic
approaches for lymphedema.
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Abbreviations and Acronyms

HIF-1 = hypoxia-inducible factor-1
IFN-y = interferon-gamma
IL-13 = interleukin-13
IL.-4 = interleukin-4
IL.-6 = interleukin-6
iNOS = inducible nitric oxide synthase
LEC = lymphatic endothelial cell
LTB4 = leukotriene B4
SMC = smooth muscle cell
TGF-p1 = transforming growth factor-betal
Th1 =T helper 1
Th2 =T helper 2
Tregs = T regulatory cells
VEGF-C = vascular endothelial growth
factor C
VEGFR2 = vascular endothelial growth
factor receptor 2
VEGFR3 = vascular endothelial growth
factor receptor 3




