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Secondary lymphedema is a common complication of lymph node dissection or radiation therapy for cancer treatment.
Conventional therapies such as compression sleeve therapy, complete decongestive physiotherapy, and surgical
therapies decrease edema; they are not curative because they cannot modulate the pathophysiology of lymphedema.
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| 1. Introduction

Lymphedema is caused by a dysfunction of the lymphatic system, resulting in localized interstitial fluid retention and tissue
swelling; it is classified as primary or secondary. Primary lymphedema develops due to inherited hypoplasia/dysplasia or
dysfunction of lymphatic vessels because of some intrinsic factors such as genetic mutations in the signaling pathway for
vascular endothelial growth factor C (VEGF-C), while secondary lymphedema is caused by a dysfunction of the lymphatic
vascular system due to trauma or parasitic infection BBl Although the incidence of secondary lymphedema has been
declining due to advances in surgery, this iatrogenic disorder has a strong negative impact on physical and mental quality
of life (QOL) 4. Additionally, radiation therapy (RT) increases the risk of lymphedema in the upper and lower limbs; for
instance, in breast cancer patients, the risk of lymphedema is five times higher with postoperative RT than with axillary
lymph node dissection alone . Patients with lymphedema typically present with symptoms such as altered mechanical
properties and sensitivity of the skin, increased susceptibility to systemic and local infections, decreased function of the
affected upper or lower limb, and chronic pain and discomfort BI€l. |n addition, patients may have problems with body
image and social acceptability and exhibit low self-esteem €. The protein-rich fluid accumulated in the interstitial space
induces the migration of CD4+ T-helper (Th) cells, low-grade inflammation, remodeling of extracellular matrix,
hyperkeratosis, adipose deposition, and fibrosis EIDEINILNILL  These changes in the edematous limb exacerbate
lymphatic dysfunction, resulting in clinical manifestations of lymphedema.

No curative therapy for lymphedema has been established so far. While conservative therapies (such as manual
lymphatic drainage, complete decongestive physiotherapy, compression sleeve therapy, exercise, and weight reduction)
decrease edema temporarily, they cannot modulate the pathophysiology of lymphedema. Therefore, it is difficult to
maintain their therapeutic efficacy over a lifetime [RMSILAISIIGILT  gyrgical interventions such as lymphovenous
anastomosis/bypass or vascularized lymph node transfer (VLNT) are effective in early-stage lymphedema; however, they
are ineffective in chronic lymphedema with fibrosis due to lymphatic dysfunction in the edematous region 181191[201[21][22]
Recently, pharmacotherapy and cell-based therapy have been developed to treat lymphedema by promoting
lymphangiogenesis, improving lymphatic function, and suppressing fibrosis and inflammatory responses. Several studies
focus on the migration and accumulation of CD4+ T cells in the edematous region as a new target to treat lymphedema
(23]24][25][26][271[28]  \jesenchymal stem/stromal cells (MSCs) exert anti-inflammatory, anti-fibrosis, antioxidant stress, and
immunomodulatory effects and are hence used in studies to establish cell-based therapy to treat wounds 22,
inflammatory bowel diseases B9, diabetes mellitus Y, psoriasis B33l and graft-versus-host disease B4; they are useful
since they promote lymphangiogenesis in lymphedema animal models [22[S61371[38][39][40][41][42][43][44][45]

| 2. Pathophysiology of Secondary Lymphedema

In most regions of the body, lymph flows against a hydrostatic pressure gradient created by extrinsic and intrinsic pump
forces arising from the surrounding skeletal muscle and/or lymphatic collecting vessel network €. In lymphedema, fluid
stasis is caused by lymphatic pump dysfunction due to contractile dysfunction, chronic inflammation, fibrosis, abnormal
lymphangiogenesis, barrier dysfunction, or valve defects 827, The protein-rich fluid that accumulates triggers an
inflammatory response and exacerbates lymphedema. Although details of the mechanisms remain unclear, the activation
of dendritic cells (DCs) and subsequent activation of CD4+ T cells, especially Th2 cell maturation, have been
hypothesized as key factors in the inflammatory response (Figure 1) [L11148],
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Figure 1. Scheme of lymphedema development after lymph node dissection. (1) In normal conditions, lymph flow is
generated due to intrinsic pump force by a lymphatic collecting vessel network and extrinsic pump force by surrounding
skeletal muscles. (2) In the early phase of lymphatic injury, damage-associated molecular patterns (DAMPS) are released
from injured cells and these molecules promote lymphangiogenesis. M2 macrophages secrete vascular endothelial
growth factor C (VEGF-C) and serve as lymphatic endothelial cell (LEC) progenitors. Dendritic cells (DCs) are activated at
the injured site, and invade into lymphatic vessels along the concentration gradient of the C—C chemokine ligand (CCL) 21
secreted by LECs. (3) Activated DCs flow into draining lymph nodes and activate helper T (Th) cells. Expressions of
cutaneous leukocyte antigen (CLA), C—C chemokine receptor (CCR) 4, CCR9, and CCR10 are increased at the surface of
activated Th cells. These cells enter systemic circulation. (4) Activated Th cells, guided by adhesion molecules and CCLs,
infiltrate the injured site and secrete inflammatory cytokines. M1 macrophages also accumulate at the injured site and
cause inflammatory responses. (5) Low-grade inflammatory responses, fibrosis, adipose deposition, and unfunctional
lymphangiogenesis (valve defect and contractile dysfunction) occur in the chronic phase of lymphedema. These
responses impair lymphatic function and exacerbate lymphedema.

In the early phase (~6 weeks) of lymphatic injury, endogenous danger signals such as high mobility group box 1 (HMGB1)
and heat-shock protein 70 are expressed in endothelial cells, adipocytes, and other stromal cells at the injury site [L1[26],
These proteins promote lymphangiogenesis via toll-like receptor signaling and the blockade of HMGB1 activity with
glycyrrhizin inhibited inflammatory lymphangiogenesis in the mouse tail lymphedema model L2814950] - Fyrthermore,
macrophages are recruited, and they accumulate in the lymphedematous region, especially in the early phase BU52]
while M2 macrophages secrete VEGF-C to promote superficial lymphangiogenesis 23!, Shimizu et al. reported that bone
marrow-derived M2 macrophages may serve as lymphatic endothelial cell (LEC)-progenitors after adipose-derived
regenerative cell (ADRC) treatment in mouse tail lymphedema models B8l Therefore, innate immune responses may
promote lymphangiogenesis and suppress the development of lymphedema in the early phase of lymphatic injury.

In this early phase, DCs accumulate in the injured skin and activate acquired immunity 23, The expression of C-C
chemokine receptor (CCR) type 7 increases on the surface of activated DCs, which migrate according to the



concentration gradient of C-C chemokine ligand (CCL) type 21 secreted by LECs. Furthermore, after reaching the
lymphatic vessels, activated DCs invade them using intercellular adhesion molecule 1 and/or vascular cell adhesion
molecule 1 and flow into the draining lymph nodes B4BSIESIENGE] |n [ymph nodes, naive CD4+ T cells are activated by
DCs, and increase the expression of cutaneous leukocyte antigen (CLA), CCR4, CCR9, and CCR10. Furthermore, after
entering the bloodstream, activated CD4+ T cells infiltrate the edematous region using adhesion molecules such as E-
selectin (a CLA ligand) and migrate toward chemokine ligands for CCR4 (CCL17) and CCR 10 (CCL27). The expression
of these adhesion molecules and chemokines increases in the vasculature and keratinocytes of lymphedematous tissue,
respectively [22159]6016162]63] 5 hsequently, inflammatory cytokines such as interferon (IFN)-y, interleukin (IL)-4, IL-13,
and transforming growth factor (TGF)-f3 (secreted from the activated CD4+ T cells) promote infiltration of the inflammatory
cells, exacerbate fibrosis by collagen deposition, and directly inhibit lymphangiogenesis by suppressing the proliferation,
differentiation, and migration of LECs [L[241[641[65][66][671[68](691[70] Therefore, the activation of CD4+ T cells through antigen

presentation by DCs is the key process in the development and exacerbation of lymphedema. This hypothesis is

supported by studies using the mouse tail lymphedema models, in which CD4 knockout mice were less likely to develop
lymphedema 22! and the depletion of regulatory T cells (Tregs) exacerbated lymphedema [231.

M1 macrophages also infiltrate the lymphedematous region and exacerbate lymphedema by inducing adipose deposition
and chronic inflammation via IL-6 2172 |n addition, M1 macrophages strongly express inducible nitric oxide synthase
(iNOS) and disturb nitric oxide homeostasis maintained by endothelial nitric oxide synthase (eNOS), resulting in
attenuated lymphatic vessel pumping 22731, These reports suggest that the innate immune system, especially M1
macrophages, is involved in aggravating lymphedema as an inflammatory reaction in the chronic phase.

| 3. Pharmacotherapy for Lymphedema

Doxycycline, ketoprofen, ubenimex, selenium, synbiotic supplement, tacrolimus, anti-IL-4/I1L-13 antibody, fingolimod, and
TGF-B inhibitors have been studied for their suppression of inflammatory and oxidative stress. The reported
pharmacological mechanisms of these agents are summarized in Figure 2.
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Figure 2. Pharmacological mechanisms of therapeutic agents for lymphedema.

3.1. Doxycycline

Doxycycline, a tetracycline antibiotic, is an anti-Wolbachia drug used for filarial lymphedema. Mand et al. reported that a
6-week course of doxycycline at 200 mg/day improved mild to moderate lymphedema for two years, independent of
ongoing filarial infection 4. The efficacy of doxycycline is probably due to its non-antibiotic effects such as the direct
inhibition of inflammation and angiogenesis (72,



3.2. Leukotriene B4 Inhibitors (Ketoprofen, Ubenimex)

Ketoprofen is a non-steroidal anti-inflammatory drug. The efficacy of ketoprofen has been demonstrated in a mouse tail
lymphedema model and patients with lymphedema. In a mouse lymphedema model, the subcutaneous injection of
ketoprofen decreased tail volume and suppressed histological changes such as epidermal thickening and neutrophil
infiltration, while increasing the expression of tumor necrosis factor-a (TNF-a). In contrast, pegsunercept, a modified
soluble form of TNF-a receptor R1, increased tail volume, histologically exacerbated the disease, and reduced TNF-a
expression. The expression of VEGF-C in this model showed a correlation with TNF-a expression, suggesting that
ketoprofen could induce TNF-a-dependent VEGF-C expression followed by lymphangiogenesis 8. In a clinical study,
patients with lymphedema received 75 mg oral ketoprofen three times daily for four months 4. This treatment
significantly improved the histopathology scores (dermal thickness, collagen thickness, intercellular mucin deposits, and
perivascular inflammation); however, the volume of the limbs and content of the extracellular fluid were not affected. The
mechanism of action of ketoprofen in lymphedema is the inhibition of 5-lipoxygenase activity, which produces leukotriene
B4 (LTB4), rather than the inhibition of cyclooxygenase activity 778 |n a mouse tail lymphedema model, the
intraperitoneal injection of ubenimex (2 mg/kg), a leukotriene A4 hydrolase inhibitor, improved lymphatic collecting vessel
pumping, but did not affect the tail volume and leukocyte population in draining lymph nodes 2. However, the long-term
administration of ketoprofen may be inappropriate because of side effects such as acute kidney injury and gastric ulcer
due to the non-selective inhibition of physiological cyclooxygenase activity. In contrast, ubenimex inhibits the production of
LTB4 selectively. Therefore, ubenimex may be more suitable than ketoprofen for long-term treatment.

3.3. Selenium

The oral and intravenous administration of sodium selenite is effective in the treatment of lymphedema associated with
breast cancer and head and neck cancer. In these patients, selenium decreased edema volume and improved the clinical
stage of lymphedema. The antioxidant properties of selenium contribute to its efficacy in lymphedema; however, the
experimental evidence is unclear BUBLEZ |y 3 recent study, the intravenous administration of sodium selenite improved
lymphoedema and elevated the serum levels of corticosterone, LTB4 dimethylamide (endogenous LTB4 antagonist), and
prostaglandin E3 in breast cancer-related lymphedema patients B3, Elevated levels of these anti-inflammatory
substances may be a factor in the therapeutic efficacy of selenium.

3.4. Synbiotic Supplements

Synbiotic supplements, dietary supplements combining probiotics and prebiotics, reduce inflammatory markers such as C-
reactive protein (CRP) and TNF-a B4l In overweight and obese patients with breast cancer-related lymphedema, a 10-
week combination of low-calorie diet and synbiotic supplementation resulted in significant reductions in edema volume,
serum leptin, and serum inflammatory marker levels (high-sensitivity CRP, IL-13 and TNF-a). However, after adjusting for
baseline edema volume, inflammatory marker levels, and body mass index, only serum leptin and TNF-a levels were
found to be significantly lower in the synbiotic supplementation group than in the low-calorie diet and placebo capsule
group 3. Although the same research group has reported antioxidant effects and improvement in QOL score with the
same dietary combination, the efficacy of synbiotic supplementation for lymphedema has not yet been determined [E&I87],

3.5. CD4+ T Cell Suppressants (Tacrolimus, Anti-IL-4/IL-13 Antibodies, Fingolimod)

Treatment with tacrolimus ointment and anti-IL-4/IL-13 antibodies has been shown to suppress the activation and
differentiation of CD4+ T cells [Z427[28] Tacrolimus ointment is used to treat cutaneous inflammatory diseases such as
atopic dermatitis. In CD4+ T cells, tacrolimus binds to FK-506-binding protein 12, and the complex inhibits the
phosphatase activity of calcineurin, thereby reducing the transcription of IL-2 88 CD4+ T cells cannot survive in the
presence of tacrolimus because optimal autocrine IL-2 signaling is essential to limit the apoptosis of effector CD4+ T cells
and to sustain their transition to and persistence as memory cells 82, The local administration of tacrolimus in a mouse
model with tail lymphedema showed protective and therapeutic efficacy by reducing soft tissue thickness, suppressing
inflammatory cell infiltration and inflammatory cytokine expression, and increasing the formation of lymphatic-collecting
vessels at the injured site. Furthermore, the recovery of lymphatic functions by tacrolimus, including lymphatic pumping,
was observed in a popliteal lymph node dissection model [24],

The inhibition of Th2 differentiation with IL-4- or IL-13-neutralizing antibodies prevents the initiation and progression of
lymphedema by inhibiting tissue fibrosis and improving lymphatic function in another mouse tail lymphedema model 22,
Additionally, a report detailed the efficacy of monthly intravenous QBX258 infusion, a combination of two monoclonal
antibodies neutralizing IL-4 and IL-13, in eight patients with breast cancer-related lymphedema [28l. Four infusions of
QBX258 reduced histological epidermal thickness and suppressed keratinocyte proliferation, type Ill collagen deposition,



mast cell infiltration, and Th2-inducible epithelial-derived cytokine (IL-33, IL-25, and thymic stromal lymphopoietin)
expression. QBX258 also improved skin stiffness and patient QOL scores immediately after treatment; however, these
improvements returned to baseline four months after the treatment was discontinued. Furthermore, treatment with
QBX258 did not decrease the limb volume [28].

Fingolimod (FTY720), a modulator of the sphingosine-1-phosphate receptor, suppresses the emigration of lymphocytes
from lymph nodes. In a mouse model with popliteal lymph node dissection, the administration of fingolimod (dissolved in
drinking water) from the day of surgery increased CD4+ T cells in inguinal lymph nodes, but decreased them in the skin of
the hindlimb 22, In another mouse tail lymphedema model, fingolimod suppressed the increase in edema volume and
fibroadipose thickness from 1 to 6 weeks after lymphatic dissection [,

3.6. TGF-B Inhibitors (Anti-TGF-B Antibody, Vactosertib, LY-364947)

TGF-B is one of the key mediators in tissue fibrosis; it inhibits functional lymphatic regeneration in the lymphedematous
region. The inhibition of TGF-B signaling by monoclonal antibodies or small-molecule drug EW-7197 (vactosertib, an
inhibitor of TGF- receptor type 1) enhanced lymphangiogenesis and lymphatic function by inhibiting fibrosis in a mouse
tail lymphedema model R Fyrthermore, LY-364947, a selective inhibitor of TGF-B receptor type 1, markedly
suppressed tissue fibrosis and improved lymphatic dysfunction, which was induced by irradiation (with 15 Gy radiation) on
the mouse tail [24],
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