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Although nonoperative and operative treatments for lymphedema (LE) are well

established, these procedures typically provide only partial relief from limb swelling,
functional impairment, and the risk of cellulitis. The lack of a cure for LE, however, is due
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The lymphatic system plays a crucial role in fluid home-
ostasis, immunity, and lipid reabsorption. When lymphatic
injury occurs as a result of lymphadenectomy, especially
when followed by radiation therapy to the surgical field,’
lymphatic fluid flow is obstructed, leading to lymphatic
vessel distention, valve dysfunction, and reflux into the
surrounding soft tissues. This results in a chronic inflamma-
tory process involving the dermis and subcutaneous tissues,
as well as differentiation of fibroblasts into myofibroblasts,
leading to increased collagen deposition and remodeling of
the extracellular matrix.> The development of collateral
lymphatic vessels may be inadequate to remove the lympha-
tic fluid accumulation in the interstitial space, leading to
stasis, setting in motion a vicious cycle toward chronic
lymphedema (LE), resulting in further inflammation,
impaired lymphatic function, progressive fibrosis, and
sclerosis, with eventual obliteration of the lymphatic vessel
lumen and adipose tissue differentiation.~

The absence of LE in some patients despite lymphatic
injury and the delayed development of the disease in others
indicate that genetic and physiological factors interplay
with secondary events to drive the progression from a
subclinical LE steady state into the clinical LE phenotype.
This article reviews the current evidence regarding the
pathophysiology of LE, as well as new and emerging treat-
ment modalities.
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to an incomplete understanding of the underlying pathophysiological mechanisms,
and current research efforts are focusing on elucidating these processes to provide
new, targeted therapies for this prevalent disease for which there is no cure. This article
reviews the current literature regarding the pathophysiological mechanisms that
underlie LE, as well as new and emerging therapies for the condition.

Inflammatory Mechanisms in LE

Lymphatic fluid stasis following lymphatic injury leads to
infiltration of a diverse range of inflammatory cells, includ-
ing lymphocytes, macrophages, neutrophils, and dendritic
cells. Multiple mechanisms are involved in this chronic
inflammatory process, providing several potential targets
for prevention and treatment of LE.

CD4+ Cell T Helper 2 (Th2) Subtype

Current evidence supports the key role of T cells, in particular
CD4* cells, in mediating the inflammatory process seen in
LE,”~11 with positive linear correlation between the num-
ber of CD4™ cells and the severity of disease in lymphede-
matous tissues, as indicated by lymphatic vessel remodeling
and collecting vessel impairment.>'? In the absence of CD4*
cells or where CD4" cells are specifically neutralized by
monoclonal antibodies, LE does not develop.” Interestingly,
lymphatic injury through lymphadenectomy leads to activa-
tion and release of CD4" cells from regional lymph nodes
with increased expression of skin-homing receptors, accom-
panied by an increase in the relevant ligands in lymphede-
matous skin.8 Tacrolimus, which inhibits T cell proliferation
and differentiation when applied topically, prevents the
development of LE,'® and there are plans for a future clinical
trial.
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Specifically, the CD4" cell T helper 2 (Th2) subtype is
essential for the development of lymphatic dysfunction and
fibrosis in mice and humans,'* and lymphatic injury results in a
Th2-biased response with infiltration of large numbers of CD4*
interleukin-4* (IL-47) IL-13" Th2 cells.>' Th2 cytokines,
including IL-4, IL-13, interferon-gamma (IFN-y), and transform-
ing growth factor B-1 (TGF-P1), inhibit collateral lymphatic
vessel formation by downregulating lymphatic endothelial cell
(LEC) genes, resulting in inhibition of LEC survival, proliferation,
migration, and tubule migration, as well as mediation of fibrosis
by differentiation of fibroblasts to myofibroblasts.'"'41>
Monoclonal antibodies to IL-4 or IL-13 can block Th2 differ-
entiation to prevent the development of soft tissue fibrosis and
lymphatic dysfunction resulting from LE.'4~1°

Collectively, these results suggest that CD4™ T cells, more
specifically Th2 helper cells, are required for the develop-
ment of LE and that the Th2 cytokines IL-4 and IL-13 are anti-
lymphangiogenic, contributing to the pathophysiology of LE.
Fibrosis as mediated by Th2 cytokines is critical to the
pathology of LE, likely due to the progressive obliteration
of lymphatic vessel lumen, as well as impairing collateral
lymphatic growth. A clinical trial is currently underway
evaluating the efficacy of a combination of IL-4 and IL-13
monoclonal antibodies in the treatment of early breast
cancer-related upper extremity LE (BCRL).

T Regulatory Cells

T regulatory cells (Tregs) are downregulated in both murine
models of LE and in humans with LE.> Depletion of Tregs
leads to exacerbation of edema, concomitant with increased
infiltration of immune cells; conversely, expansion of Tregs
significantly reduces LE development.'” These findings sug-
gest that that Treg application may constitute a potential
future treatment modality for LE.'8

Transforming Growth Factor B-1

Findings in murine models of LE as well as in clinical biopsy
specimens have suggested that TGF-1 plays a key role in the
regulation of fibrosis and lymphatic dysfunction in LE.”%-2
Inhibition of TGF-f results in decreased fibrosis and improved
lymphatic vessel function, suggesting that this cytokine plays
an essential role in the development of fibrosis.”'°

Interleukin-6

Chronic LE, in addition to fibrosis, is characterized by adipose
tissue differentiation. Lymphatic fluid stasis can initiate
adipose tissue differentiation.?’ IL-6, a known regulator of
adipose tissue homeostasis, is increased in patients with LE,
and in murine models of LE, IL-6 appears to be an inhibitor of
adipose tissue deposition and may function to limit the
pathologic effects of LE.%? IL-6 may therefore be a potential
target for future treatment to prevent adipose tissue differ-
entiation in chronic LE states and to possibly prevent its
recurrence following debulking surgeries.

Induced Nitric Oxide Synthase
Lymphatic vessel peristalsis is mediated by perilymphatic
smooth muscle cell contraction, and this intrinsic lymphatic
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pumping mechanism is regulated by gradients of nitric oxide
(NO) produced by LEC-derived nitric oxide synthase, leading to
coordinated cell contraction and relaxation.”>?* Patients with
LE have decreased lymphatic pumping pressures.”> The peri-
lymphatic inflammatory cell infiltrate that characterizes LE
upregulates the expression of induced nitric oxide synthase
(iNOS), disrupting the intrinsic NO gradient, thereby decreas-
ing collecting lymphatic contractility and lymphatic fluid
transport. iNOS causes a reduction in the strength of lymphatic
contraction through excessive relaxation of collecting lympha-
tic vessels and inhibition of iNOS-producing cells significantly
restores lymphatic contraction.?® iNOS-induced impairment in
lymphatic transport not only leads to the accumulation of
lymphatic fluid, but also contributes to immunosuppression by
reducing antigen transport to the regional lymph nodes.?*

Macrophages

Although CD4™ cells have a central role in the pathophysiology
of LE, they are not the only cells involved, and the role of
macrophages in acute LE is also key.?”?® In the acute phase of
LE, Th1 and Th17 cells play an important role through macro-
phage activation, subsequent vascular endothelial growth
factor-C (VEGF-C) secretion, and finally, lymphangiogenesis.
CD4* T cells interact with macrophages, leading to VEGF-C
expression, which then promotes the development of imma-
ture lymphatic vessels in initial LE.2> M2 macrophages are
therefore likely key regulators of the regeneration of collateral
lymphatics after lymphatic injury.?® Macrophage depletion
after the establishment of LE, however, results in decreased
lymphatic transport activity and VEGF-C expression, as well as
enhanced tissue fibrosis response, possibly secondary to the
increased CD4" cell accumulation.?®3? In addition, macro-
phages promote the expression of iNOS. These studies suggest
that macrophages play a complex role in the pathophysiology
of LE by directly and indirectly regulating the tissue fibrosis
response, lymphangiogenesis, and lymphatic vessel pumping.

Leukotriene B4

Leukotriene B4 (LTB4) levels are significantly elevated in
human postsurgical LE patients.>' LTB4 in LE is produced
by macrophages.>? Favorable results were observed in a
murine LE model using ketoprofen>> to specifically antag-
onize LTB4, reversing LE and improving lymphatic vascular
function, as well as diminishing macrophage, neutrophil, and
CD4* T cell infiltration into the lymphedematous tissue.>'-34
LTB4 antagonism may therefore represent a promising
approach for the treatment of LE, and a phase 2 randomized,
double-blind, placebo-controlled multicenter study is cur-
rently underway to investigate the effectiveness of an inhi-
bitor of leukotriene A4 hydrolase (LTA4H), the biosynthetic
enzyme for LTB4, in patients with leg LE.

Systemic Inflammatory Response

Interestingly, one study using near-infrared fluorescent ima-
ging (NIRFLI) found lymphatic architecture abnormalities in
both the affected and normal arm in patients with unilateral
BCRL, and the percentage of aberrant lymphatics increased
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with time after initial onset of LE, suggesting that the inflam-
matory response in LE is systemic.35‘39 Supporting this find-
ing, in a murine model of acute inflammation, systemic lymph
propulsive frequency (pumping) and velocity measured using
NIRFLI dramatically decreased after a lipopolysaccharide
(LPS)-mediated inflammatory insult, before gradually return-
ing to normal values after several days. Changes were not only
local, 042 but systemic (i.e., occurring on both sides of the
mouse), despite inflammatory insult on only one side. IL-1 B,
TNF-q, and IL-6 cytokines were found to be elevated in serum
during lymphatic pumping cessation and were found to sys-
temically decrease lymphatic pulsing frequency and velocity
following intradermal administration, and this process was
ameliorated by pre-treatment with an iNOS inhibitor, suggest-
ing a nitric oxide-mediated mechanism.** These results sug-
gest that systemic anti-inflammatory treatments may be
beneficial in the treatment of LE.

Mesenchymal Stem Cell Therapy

Studies have demonstrated that mesenchymal stem cells can
differentiate into lymphatic endothelial-like cells in specia-
lized in vitro culture conditions and can increase drainage of
interstitial fluid when injected in vivo.*> For this reason,
bone marrow- (BM-MSCs) or adipose tissue-derived
mesenchymal stem cells (AT-MSCs) may provide a therapeu-
tic benefit in patients with LE.

Bone Marrow-derived Mesenchymal Stem Cells
BM-MSCs have been investigated for the treatment of LE. In one
study, patients with upper extremity BCRL who underwent
intramuscular and subcutaneous injection with autologous
BM-MSCs into the axillary region and upper arm were com-
pared with controls who underwent complex decongestive
therapy (CDT).*® The investigators found that the volume
reduction was higher and pain scores were lower in patients
treated with BM-MSCs compared with the control group during
a 12-month follow-up. A similar study found no significant
differences in volume reduction between the autologous BM-
MSC and control group treated with CDT at 12 weeks follow-up;
however, pain and sensitivity were reduced.*’

Adipose Tissue-Derived Mesenchymal Stem Cells

Recent studies have suggested that the use of AT-MSCs may
have benefit in patients with LE. In a small pilot study using
AT-MSCs injected directly into the axillary region and com-
bined with a scar-releasing fat graft procedure in patients
with BCRL with 6 months follow-up, a small volume reduc-
tion was noted, but was not significant. Half of the patients,
however, reduced their use of conservative management,
and patient-reported outcomes improved significantly over
time.*® In another study, BCRL patients with pitting edema
of the hand and forearm underwent lipofilling under the
axillary vein. Limb volume was significantly reduced in the
majority of patients within a 24-month follow-up, and
symptoms, including arm heaviness, numbness, and func-
tional impairment of the upper limb in daily activities, were
reduced.* In an interesting study using a murine hindlimb
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model of LE, only combination treatment with vascularized
lymph node transfer with adipose-derived stem cells
demonstrated a significant reduction in hind paw volume,°
suggesting possible clinical benefit in augmenting the out-
comes of vascularized lymph node transfer.

VEGF-C Therapy

Vascular endothelial growth factor-C is a critical regulator of
lymphangiogenesis, and through VEGF receptor 2 and 3
signaling regulates a wide range of effects in LECs, including
differentiation, survival, and migration. Experimental LE
models using exogenous delivery of VEGF-C at supraphysio-
logical doses or gene therapy delivery with adenoviral vec-
tors have demonstrated lymphangiogenesis and decreased
edema in the treatment groups.’'>? Using a murine model,
the therapeutic effects of different VEGFs, in combination
with lymph node transfer, were examined at 3 months
postoperatively. The VEGF-C group demonstrated the great-
est lymphangiogenic response of all of the growth factors.>
In another study examining axillary wound exudate samples
in patients following lymph node transfer, the levels of the
anti-inflammatory and anti-fibrotic cytokine IL-10, as well
as VEGF-C, were increased.”* Of note, expression of VEGF-C is
markedly increased in lymphedematous tissues, suggesting
that formation of collateral lymphatics in this scenario is
actively inhibited,?” possibly by T cell-derived cytokines
decreasing the responsiveness of LECs to lymphangiogenic
growth factors.'® In addition, in a porcine LE model using
aligned nanofibrillar collagen scaffolds positioned across the
area of lymphatic obstruction, coating the scaffold with
VEGF-C impeded the functional therapeutic response, with
the development of nonfunctional vascular proliferation in
the presence of VEGF-C-coated threads.

Clinical translation of VEGF-C (or any other lymphangio-
genic growth factors) therapy in cancer survivors, however,
has been limited by the concern of potential to increase
tumor metastasis and malignant behavior in a variety of solid
tumors by regulating infiltration and migration of tumor-
associated macrophages, in addition to other effects on the
tumor microenvironment.>>>¢ A phase I multicenter clinical
study in patients with BCRL is currently underway to assess
the safety and efficacy of using a VEGF-C adenoviral vector in
combination with vascularized lymph node transfer. Another
pilot study took a different approach, using a VEGF-C inhi-
bitor in patients with BCRL, and found that interstitial fluid
pressure and extracellular fluid volume were reduced fol-
lowing treatment.’’ Although the mean difference in excess
arm volume did not significantly change, half of the patients
met the endpoint of a >25% reduction in excess arm volume
4 weeks after initiating treatment. Patients, however, experi-
enced a greater-than-expected toxicity at the dose used, and
further studies using lower doses are required.

Fabricated Scaffolds

Mechanically crossing the region of the obstruction of lym-
phatic flow by lymphangioplasty has long been of interest as
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a treatment for LE.>-0 Using aligned nanofibrillar collagen
scaffolds positioned across the area of lymphatic obstruc-
tion, in a porcine model of acquired LE, a study compared
outcomes using the scaffolds either alone, in conjunction
with autologous lymph node transfer, or supplemented with
exogenous VEGF-C, with a control group.®! At 3 months post
implantation, immunofluorescence staining demonstrated a
significant increase in lymphatic collectors within close
proximity to the scaffolds, and bioimpedance spectroscopy
demonstrated a significant reduction in extracellular fluid,
as well as quantifiable lymphatic collectors visualized by
contrast-enhanced computed tomography, in the groups
with the scaffolds, and groups with scaffolds and lymph
node transfer. Following the encouraging results of this study,
a clinical trial of using the scaffold in conjunction with
vascularized lymph node transfer surgery is currently under-
way. Tissue-engineered solutions for LE, therefore, represent a
very interesting future direction for LE treatment.®'-6°

Conclusion

Exciting advances in our understanding of the pathophysiol-
ogy underlying LE have led to several new and emerging
therapies that hold promise for the treatment of LE. Further
understanding of the genetics and the complex interplay
with secondary mechanisms will lead to further targeted
therapeutic options to alleviate suffering in patients with
this prevalent disease for which there is currently no cure.
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