
149Copyright © 2018 Sungkyunkwan University School of Medicine

This is an Open Access article 
distributed under the terms of the 
Creative Commons Attribution 
Non-Commercial License (http://
creativecommons.org/licenses/
by-nc/4.0/).

REVIEW  
ARTICLE

Investigative strategies on lymphatic vessel 
modulation for treating lymphedema in future 
medicine

Raghu P. Kataru1, Babak J. Mehrara1, Honsoul Kim2

1Division of Plastic and Reconstructive Surgery, Department of Surgery, Memorial Sloan Kettering Cancer Center, New York, NY, USA
2Department of Radiology, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, Korea

ABSTRACT
Impairment of lymphatic drainage may result in the development of lymphedema, a 
life-long disorder that results in significant morbidity. However, although lymphedema 
is common, current treatments are palliative in nature aiming to decrease swelling and 
control symptoms rather than cure the underlying problem. However, as our under-
standing in lymphatic biology increases, recent translational studies have described 
strategies that induce lymphangiogenesis to correct the underlying pathologic prob-
lem. These strategies can be classified into three categories: Increase the prolymphan-
giogenic drive (exogenous vascular endothelial growth factor C [VEGF-C] protein admin-
istration or VEGF-C gene delivery); suppress inflammation and inhibit production of 
antilymphangiogenic molecules (tacrolimus topical administration or leukotriene B4 
antagonism); or cell therapy. In this review, we will briefly discuss the mechanisms reg-
ulating lymphangiogenesis along with recent translational studies that adopt strategies 
to modulate these mechanisms. We consider these strategies as candidate therapeutic 
options that may be in the near future used for the clinical treatment of lymphedema. 
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INTRODUCTION

The lymphatic system is responsible for maintaining the tissue fluid homeostasis by transport-
ing interstitial fluid, macromolecules, and immune cells back to the intravascular space [1]. 
Impairment of the lymphatic system results in accumulation of interstitial fluid in the extracel-
lular tissue and in extreme cases resulting in lymphedema. This condition can present either 
as a congenital or hereditary form (primary lymphedema) or as an acquired disorder (second-
ary lymphedema). The most common cause of lymphedema in developed countries is second-
ary lymphedema resulting from lymphatic injury during cancer treatment [1,2]. Breast cancer 
is the most common cause of secondary lymphedema since this disease is common and often 
treated with lymph node resection. In fact, it is estimated that more than one in five breast 
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cancer survivors go on to develop lymphedema [3]. Howev-
er, it is important to note that lymphedema also occurs fre-
quently in patients treated for melanoma, sarcoma, or gyne-
cological/urological cancers. World-wide, parasitic infections 
are the most common cause of secondary lymphedema in 
developing countries affecting more than 150 million indi-
viduals. 
 Lymphedema is a debilitating disease resulting in chronic 
swelling of the affected extremity, impaired limb function, 
limited mobility, recurrent infections, decreased quality of 
life, and psychological problems [2,4,5]. Current treatments 
of lymphedema consist primarily of physiotherapy and com-
pression garments aiming to decrease fluid accumulation 
and delay disease progression. However, these treatments 
are palliative in nature and do not promote restoration of 
lymphatic function after injury [1,6]. Consequently, there is 
an increasing demand for strategies that may alter the patho-
genesis of lymphedema and restore the lymphatic function.
 The pathogenesis of lymphedema is complex and al-
though lymphatic injury is the initiating event, additional 
pathologic changes including inflammation and fibrosis are 
necessary for the development of the disease. In some cases, 
collateral lymphatics regenerate and lymphatic function is 
maintained thus preventing development of lymphedema 
[1]. In other cases, however, if the extent of damage is be-
yond the capacity of functional lymphatic recovery then 
these secondary changes are initiated and lymphedema 
eventually develops. This process is modulated by patient 
specific factors such as obesity, history of radiation, infec-
tions, and genetic predispositions. 
 Because lymphatic injury is the initiating event in the de-
velopment of secondary lymphedema, a large number of 
preclinical studies have explored treatments designed to in-
duce lymphangiogenesis as a means of treating lymphede-
ma [4]. Induction of lymphangiogenesis can occur by in-
creasing the expression of prolymphangiogenic growth fac-
tors such as vascular endothelial growth factor C (VEGF-C) re-
ceptor. Other recent studies have shown that collateral 
lymphangiogenesis can occur by inhibiting inflammatory re-
actions which in turn decrease the production of antilymph-
angiogenic molecules. In the current manuscript, we review 
the cellular mechanisms of lymphangiogenesis and discuss 
translational studies using these techniques with the goal of 
developing novel future therapies for the treatment of lymph-
edema. 

FORMATION AND ARCHITECTURE OF 
THE LYMPHATIC SYSTEM

The lymphatic system is a blind-ended vascular structure 
which is lined with a single layer of lymphatic endothelial 
cells. Lymphatic endothelial cells are terminally differentiat-
ed cells that are distinct from blood endothelial cells. Mature 
lymphatic endothelial cells express transcription factor/mas-
ter regulator Prox-1, cell surface receptors like VEGF receptor 
3 (VEGFR-3), lymphatic vessel endothelial hyaluronan recep-
tor 1 (LYVE-1) and podoplanin (also known as D2-40) which 
also serve as lymphatic endothelial markers [1]. 
 Development of the lymphatic system in the embryonic 
period starts with the expression of Prox-1 in a subset of en-
dothelial cells of the cardinal vein. Prox-1 expressing lym-
phatic endothelial cells migrate and establish the primary 
lymph sac, from which the peripheral lymphatic vasculatures 
are generated by centrifugal sprouting and then expand to 
establish the lymphatic network. As a result, the lymphatic 
system ultimately forms a blind-ended vascular structure 
forming a one-way conduit [1]. 
 The lymphatic system is a microstructure specialized for 
the absorption and transportation of immune cells and inter-
stitial fluid. In the lymphatic capillaries (i.e., superficial lym-
phatic system), the basement membrane of lymphatic endo-
thelial cells is discontinuous and overlapping flaps are an-
chored simply by discontinuous button-like vascular endo-
thelial (VE)-cadherin junctions (buttons) that serve as entry 
sites of fluid and inflammatory cells. In contrast, the collect-
ing lymphatic channels consist of lymphatic endothelial cells 
that display continuous zipper-like junctions (zippers) which 
tightly seal up the borders and therefore function as simple 
conduits [7,8]. Once the lymph is absorbed, it is transported 
from the lymphatic capillaries into the pre-collecting lym-
phatic vessels that have sparse mural pericytes such as 
smooth muscle cells. The pre-collectors drain into the col-
lecting lymphatic vessels which have a smooth muscle layer, 
basement membrane, valves and continuous zipper-like 
junctions between lymphatic endothelial cells [9].
 According to the anatomic distribution, the lymphatic sys-
tem can be largely divided into extra-nodal lymphatic vessels 
and intra-nodal lymphatic vessels. Extra-nodal lymphatic 
vessels function are conduits to transport fluid centrally 
while lymph nodes (and therefore intra-nodal lymphatic ves-
sels) function as filters receiving lymph from multiple affer-
ent extra-nodal lymphatic vessels [10]. 
 Extra-nodular and intra-nodular lymphatic vessels share 
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many characteristics in common including responsiveness to 
lymphangiogenic signaling molecules. However, these lym-
phatic vessels also have significant differences. One major 
difference that deserves emphasis is the potential for new 
vessels to be formed by lymphangiogenic stimuli and the 
subsequent regression of these vessels when the inducing 
stimulus is removed. Inflammatory lymphangiogenesis of in-
tranodal lymphatic vessels occurs rapidly but regresses after 
the inflammatory stimulus is removed. In contrast, newly 
formed extra-nodal lymphatic vessels tend to persist once 
they have formed [11-14]. These changes are not absolute; 
however, it is clear that differences exist between intra-nodal 
and extra-nodal lymphatics.
 

MECHANISMS REGULATING LYMPHAN-
GIOGENESIS

In healthy adults the lymphatic system is stable when ho-
meostasis is maintained and lymphangiogenesis, or expan-
sion of the lymphatic network occurs in response to a variety 
of circumstances including acute inflammation, tissue repair, 
and around some tumors [10,15]. 
 Several signaling pathways have prolymphangiogenic ef-
fects. However, the vast majority of studies aiming to treat 
lymphedema in preclinical models have focused on the 
VEGF-C/VEGFR-3 signaling pathway. VEGF-C stimulation reg-
ulates lymphatic endothelial cell proliferation, differentia-
tion, tubule formation, and migration [1,10]. Over-expression 
of VEGF-C in transgenic mice results in lymphangiogenesis 
and expansion of the superficial lymphatic system. These 
lymphatic vessels are functional and can induce physiologic 
changes such as decreasing the severity of acute skin inflam-
mation and edema in response to inflammatory stimuli 
[16,17], suggesting that VEGF-C probably can be exploited as 
an ideal therapeutic target for lymphedema. Interestingly, 
treatment with anti-VEGFR-3 antibodies (mF4-31C1) that in-
hibit VEGF-C signaling failed to suppress lymphatic vessels 
that had been already induced by inflammatory stimuli [7]. 
Although such phenomenon may be context dependent, 
these observations indicate that newly formed lymphatic 
vessels may be stable and persistent.
 VEGF-A is another growth factor that has potent prolymph-
angiogenic effects. However, VEGF-A, unlike VEGF-C works in 
a context dependent manner and in some cases it is unclear 
whether the effects of VEGF-A are direct or indirect [18,19]. 
VEGF-A also regulates lymphatic vessel remodeling, as mice 
overexpressing VEGF-A display enlarged lymphatic vessels 

[20]. Other signaling pathways such as tumor necrosis factor 
α [18,21], toll-like receptor signaling [22], COX-2, and prosta-
glandin E2 receptor signaling [23,24] also have shown to 
have prolymphangiogenic effects under certain conditions.
 Signaling pathways that have antilymphangiogenic effects 
have also been discovered. Interferon γ (IFN-γ), a cytokine 
produced by a variety of cells including T-cells and in some 
cases macrophages has potent antilymphangiogenic effects 
by modulating the Janus kinase/signal transducers and acti-
vators of transcription (JAK-STAT) pathway. This cytokine is 
particularly important for post-inflammatory regression of 
the expanded intra-nodal lymphatic vessels [12]. Similarly, T 
helper type 2 (Th2) cytokines including interleukin 4 (IL-4), IL-
13 [25], and transforming growth factor β1 (TGF-β1) [26-28] 
as well as other extracellular molecules (e.g., endostatin [29], 
and thrombospondin [30]) have also been shown to have 
potent antilymphangiogenic effects [31]. Leukotriene B4, an 
inflammatory mediator that has increased expression in 
lymphedematous tissues also has significant antilymphan-
giogenic effects; however, the effects of this molecule are bi-
modal promoting lymphangiogenesis at low concentrations 
and antilymphangiogenic effects at high concentrations [32]. 
 Recent reports have suggested that lymphangiogenesis is 
regulated by a balance between prolymphangiogenic and 
antilymphatic mechanisms. B lymphocytes [33,34], CD11b 
macrophages [17,35], and fibroblast-type reticular stromal 
cells [36] are important sources of prolymphangiogenic mol-
ecules including VEGF-C and VEGF-A. In contrast, T-cells are a 
main source of Th1 and Th2 cytokines with potent anti-
lymphangiogenic effects [12]. Thus, a variety of cells can acti-
vate diverse signaling pathways that have effects on lym-
phatic endothelial cells and the balance of which can regu-
late promote or impair lymphatic vessel regeneration [10,12, 
31]. Therefore, strategies that either enhances the prolymph-
angiogenic drive or attenuate the anti-lymphatic forces may 
be potential targets for therapeutic intervention.
 

CANDIDATE STRATEGIES FOR TREATING 
LYMPHEDEMA BASED ON TRANSLA-
TIONAL RESEARCH

Current concepts in the pathophysiology of lymphedema 
suggest that treatments that preserve lymphatic function 
and improve collateral lymphatic formation may be effective 
treatments for this disease (Fig. 1). These approaches can be 
categorized as interventions that: (1) promote the prolymph-
angiogenic drive; (2) suppress inflammation and antilymph-
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angiogenic mechanisms; and (3) provide the building blocks 
for lymphatic vessel regeneration (cell therapy). 

Strategies to enhance the prolymphangiogenic drive
Treatment with exogenous VEGF-C protein or VEGF-C gene 
therapy
Given the central role of VEGF-C in regulating lymphangio-
genesis, many experiments have reported the use of recom-
binant VEGF-C or VEGF-C gene therapy for the treatment of 
lymphedema in preclinical models. In a study using the rab-
bit ear surgical model of lymphedema, a single injection of 
recombinant human VEGF-C protein at the site of lymphatic 
excision and along the neurovascular bundle successfully in-
duced a marked lymphangiogenic response, increased 
drainage of interstitial fluid as assessed by radionucleotide 
lymphoscintigraphy, and decreased swelling and dermal 
thickness [37]. 
 Gene therapy with recombinant viruses that express 
VEGF-C have also been reported. For example, delivery of 
VEGF-C using a recombinant adenovirus to a mouse model 
of primary lymphedema resulting from a heterozygous inac-
tivating mutation in VEGFR3 gene (Chy mice) successfully in-
duced the growth of functional lymphatic vessels in the skin 
[38]. 
 Other studies have shown that VEGF-C gene therapy sub-
stantially increases the expression of VEGF-C locally, pro-
motes a significant lymphangiogenic response, and de-
creased the severity of acute and chronic lymphedema in the 
rabbit ear and the mouse tail models of lymphedema [39]. 
Another study investigated the effects of VEGF-C or VEGF-D 
gene therapy with an adenovirus gene transfer vector follow-

ing axillary lymph node dissection and reported that this 
treatment resulted in rapid and robust growth of lymphatic 
capillaries. Moreover, this treatment resulted in the regener-
ation of lymphatic vessels that underwent remodeling to re-
semble the collecting lymphatic vessels [40]. VE-cadherin 
and Zonula occludens-1 (ZO-1) expression in lymphatic ves-
sels were discontinuous when examined 2 weeks after treat-
ment while more uniform junctions were observed at 2 and 6 
months. Two weeks after treatment, most of the newly gen-
erated lymphatic vessels had high levels of LYVE-1 expression 
indicating a lymphatic capillary phenotype. However, exam-
ination at 2 and 6 months demonstrated decreased expres-
sion of LYVE-1 in the newly formed lymphatic vessels. Finally, 
at 2 weeks most lymphatic vessels lacked smooth muscle 
cell coverage, but at 2 and 6 months most lymphatic vessels 
became partially covered by smooth muscle cells and devel-
oped lymphatic valves. [40]. Collectively, these results indi-
cate that VEGF-C gene therapy is capable of not only induc-
ing robust lymphangiogenesis, but also promoting matura-
tion of the newly formed lymphatic vessels. 
 Some researchers have combined VEGF-C gene therapy 
with lymph node transfer in mouse and domestic pig mod-
els, of which approach induced robust lymphangiogenesis, 
improved lymphatic function, and increased survival of the 
transferred lymph node [41,42].

Strategies to suppress inflammation and decreasing 
antilymphangiogenic mechanisms
The basic rational for this strategy is derived from the fact 
that some inflammatory responses interfere with lymphatic 
repair and function in lymphedematous tissues. This concept 

Fig. 1. Schematic drawing of investigative strategies for treating lymphedema which reset the balance between prolymphangiogenic drive 
and suppress inflammation and/or antilymphangiogenic drive to expand the lymphatic system. VEGF-C, exogenous vascular endothelial 
growth factor C; IFN-γ, interferon γ; IL, interleukin; LT B4, leukotriene B4. 

Bi-directional balance of lymphangiogenesis modulation

VEGF-C protein injection [37]
VEGF-C gene therapy [38-42]

Therapeutic cell transplantation [52-59]

Pro-lymphangiogenic drive (VEGF-C)

Anti-inflammatory/lymphangiogenic drive 
(IFN-γ, IL-4, IL-13, LT B4)

Tacrolimus topical treatment [47]
IL-4 and IL-13 neutralization [49]

Ketoprofen, inhibition of LT B4 [32,50]
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is supported by the fact that recent studies have shown that 
the expression of lymphangiogenic growth factors such as 
VEGF-C are actually significantly increased in lymphedema-
tous tissues and may, in fact play a role in increasing the se-
verity of lymphedema by increasing fluid extravasation [43]. 
These findings suggest that antilymphangiogenic mecha-
nisms actively oppose lymphatic regeneration and that this 
effect may play a more important pathologic role in lymph-
edema. Thus, inhibition of these responses can alter the bal-
ance of lymphatic repair and improve collateral lymphatic 
formation without increasing the expression of lymphangio-
genic growth factors.

Topical tacrolimus
Tacrolimus is an U.S. Food and Drug Administration approved 
macrolide produced by the soil bacterium Streptomyces 
tsukubaensis that impairs T-cell differentiation and prolifera-
tion. The drug has been widely used to prevent rejection of 
transplanted organs and can also be used topically to treat 
cutaneous inflammatory/fibrotic diseases including atopic 
dermatitis, psoriasis, and localized scleroderma [44-46].
 Topical administration of tacrolimus is effective in prevent-
ing and treating lymphedema in preclinical mouse lymph-
edema models resulting in a significant increase in collateral 
lymphatic formation, decreased inflammation, and decreased 
fibrosis [47]. The fact that tacrolimus is delivered topically is 
important since this mode of delivery can decrease the po-
tential for systemic toxicity resulting from immunosuppres-
sion or renal injury.
 Interestingly, the study demonstrated that formation of 
collateral lymphatics occurred without concomitant increas-
es in the expression of VEGF-A or VEGF-C. Instead, treatment 
with tacrolimus suppressed the production of antilymphan-
giogenic cytokines including TGF-β1, IFN-γ, IL-4, and IL-13 
[47] supporting the concept that suppressing antilymphan-
giogenic stimuli is a potent means of increasing lymphangio-
genesis and increasing lymphatic function.

IL-4, IL-13 neutralizing therapy
Th2 cytokines (IL-4 and IL-13) have potent in vivo and in vitro 
antilymphangiogenic effects [25,48]. Recombinant IL-4 or IL-
13 significantly decreased lymphatic endothelial cell prolifer-
ation, differentiation, and tubule formation in vitro. In contrast, 
blockade of Th2 cytokine function significantly increased in-
flammatory lymphangiogenesis in a corneal lymphangiogene-
sis model. Consistent with these findings, the authors 
demonstrated that inhibition of IL-4 or IL-13 with neutralizing 

antibodies prevents the initiation and progression of lymph-
edema in a mouse tail model. This treatment significantly 
decreased fibrosis, decreased edema and fat deposition, and 
increased lymphatic function without altering the expression 
of prolymphangiogenic growth factors [49]. Even if IL-4 neu-
tralization was started 3 weeks after surgery at a period when 
lymphedema had been already established, tissue inflam-
mation, fibrosis and lymphedema still markedly decreased 
while the lymphatic function markedly improved [49]. Inter-
estingly, the expression of VEGF-A or VEGF-C did not increase 
indicating that Th2 cytokine inhibition improved the lym-
phatic function in a lymphangiogenic growth factor indepen-
dent manner [49].

Leukotriene B4 inhibition
One research group reported that ketoprofen (an nonsteroidal 
anti-inflammatory drug inhibitor of cyclooxygenase) and a 
more narrowly targeted agent bestatin (leukotriene A4 hydro-
lase inhibitor) can induce treatment effect on lymphedema in 
a mouse model [32,50]. Leukotriene B4 was reported to have a 
bimodal, concentration-dependent effect and that high con-
centrations of leukotriene B4 interfered with lymphatic vessel 
repair [32]. In a mouse lymphedema model leukotriene B4 an-
tagonism was sufficient to effectively reverse edema and re-
store the lymphatic architecture and function [32]. 

Cell therapy
Post-natal lymphangiogenesis is known as a process that ex-
pand lymphatic networks through proliferation and migra-
tion of pre-existing lymphatic endothelial cells. But it has 
been recently reported that under certain circumstances, cir-
culating progenitor cells may become incorporated into the 
growing lymphatic vessels and directly transdifferentiate 
into lymphatic endothelial cells (lymphovasculogenesis) 
even at the post-natal period [1,51]. This implies that supple-
ments of therapeutic cells may promote the growth of lym-
phatic vessels if they can function as lymphatic endothelial 
cell precursors. 

Embryonic stem cell and induced pluripotent stem cells-
based therapy
Compared with progenitor cells, embryonic stem cells (ESCs) 
and induced pluripotent stem cells (iPSCs) have great plurip-
otentiality and proliferative capacity. Indeed, ESC and iPSC 
are attractive sources of therapeutic cells for regenerative 
medicine [52]. 
 VEGFR-2 positive cells derived from ESC can successfully 



154 http://pfmjournal.org

Investigative strategies for treating lymphedema

differentiate into lymphatic endothelial cells by the stimula-
tion of VEGF-C and angiopoietin 1 [52,53]. Similarly, induced 
pluripotent stem (iPS) derived endothelial cells purified based 
on CD31 expression showed a marked increase in LYVE-1 and 
podoplanin expression when supplemented with VEGF-C and 
angiopoietin 1 during culture, indicating successful lymphatic 
differentiation [52,54]. These observations support the notion 
that ESC and iPSC can serve as a source of therapeutic cells 
that can be used for lymphatic vessel regeneration.
 However, several issues must be considered prior to de-
signing ESC or iPSC based cell therapies. The transplanted 
ESCs or iPSCs can potentially give rise to tumors (teratomas) 
and is a risk that cannot be neglected. In addition, ESCs can 
elicit immune responses and immunosuppressive treatment 
is necessary to prevent rejection. This treatment may in-
crease the risk of complications such as wound healing, in-
fection, tumor formation, and drug-associated toxicity [52]. 
Using iPSC may avoid these complications; however, this 
treatment may be complicated by the risk of viral integration 
into host chromosome thus causing a host of other potential 
problems [52]. 

Mesenchymal stem cell therapy
Non-hematopoietic origin mesenchymal stem cells (MSC) such 
as bone marrow derived MSCs and adipose-derived stem cell 
(ASC) can serve as a source of lymphatic endothelial cells [52]. 
The treatment of lymphatic endothelial cell supernatant or pu-
rified recombinant VEGF-C to murine bone marrow derived 
MSC and human peripheral blood-derived MSCs induced up 
regulation of Prox-1 mRNA level as well as enhanced surface 
expression of podoplanin, VEGFR-2 and VEGFR-3, indicating 
that these cells have acquired lymphatic characteristics [55]. A 
mouse tail lymphedema model which was injected with this 
MSC not only demonstrated the regeneration of LYVE-1 and 
podoplanin positive lymphatic vessels, but also improvement 
of edema and restoration of lymphatic drainage [55].
 In addition to bone marrow derived MSCs, ASCs are consid-
ered as a potential source of stem cells that may be ideal for 
lymphatic regeneration therapy. When stimulated with 
VEGF-C, ASC expressed a significant level of Prox-1, VEGF-C, 
and VEGF-A, whereas the expression of stem cell markers de-
creased [52,56]. Moreover, it has been suggested that ASC can 
induce lymphangiogenesis not only through direct differenti-
ation but also by a paracrine factor-mediated manner [52]. 
ASC can produce various lymphangiogenic factors including 
VEGF-C and the conditioned medium from ASC culture has 
been reported to be capable of inducing lymphatic endotheli-

al cell proliferation, migration, and tube formation [52,57]. 
 In a study using a mouse hind limb lymphedema model, lo-
cal transplantation of ASC successfully induced lymphangio-
genesis [58]. This study suggested that the amplitude of re-
generation was somewhat dependent on the number of ASCs 
delivered. Thus, while transplantation of 1×104 ASC resulted 
in the regeneration of only capillary lymphatic vessels, trans-
plantation of 1×106 ASC resulted in the regeneration of the 
collecting lymphatic vessels suggesting that this treatment 
may be effective in regenerating the entire lymphatic tree [58].
 One study further refined the MSC cell therapy by delivering 
the cells in a gelatin hydrogel containing VEGF-C in the form of 
a 3D scaffold matrix to support human adipose-derived stem 
cells (hADSC) and cultivate a microenvironment for differenti-
ation. They demonstrated that the gelatin hydrogel scaffold 
maintained sustained release of VEGF-C for 4 weeks. Co-appli-
cation hADSC and VEGF-C containing gelatin hydrogel achieved 
superior treatment efficacy of a mouse hindlimb lymphedema 
model compared to that of administrating either hADSCs or 
VEGF-C containing hydrogel alone [59].
 

DISCUSSION

Various investigative methods have adopted different strate-
gies to enhance lymphangiogenesis and lymphatic function 
in order to rebuild the damaged lymphatic system and there-
fore eventually cure lymphedema. Accumulating evidence 
indicates that various methods to modulate the lymphatic 
system are available, and that at least in animal models 
these are successful in treating lymphedema. However, hu-
man have much more complex and vast lymphatic systems 
and it is unclear whether the encouraging results observed in 
these translational studies will be reproducible in the treat-
ment of lymphedema patients. It is clear that extensive vali-
dation in safety issues and technical aspects are mandatory 
before these investigative methods can be applied to human 
patients, but hopefully they will expand our treatment op-
tions and ultimately cure lymphedema.
 Each strategy has its own advantages and drawbacks. Ad-
ministrating exogenous recombinant VEGF-C probably is the 
most simple and straightforward approach. But, the biologi-
cal half-life and durability of recombinant protein is limited 
[52]. In addition, VEGF-C is known to promote tumor growth 
and metastasis [60] therefore delivery of large doses of this 
cytokine to a patient with a history of cancer may be prob-
lematic. VEGF-C gene therapy is even more problematic in 
this regard since VEGF-C expression is maintained for a lon-
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ger period of time and there is a risk of systemic spillage of 
virus along with unexpected potential morbidities associat-
ed with chromosomal integration of viral genes [52]. ESC and 
iPS induced lymphatic endothelial progenitor cells have 
demonstrated many advantages for investigative cell thera-
py, but several substantial hurdles remain. Of note, the risk 
of potential teratoma formation originating from the trans-
planted stem cells is particularly problematic [52]. Mean-
while, MSC/ASC transplantation seems to be more practical 
for human application in a few aspects. (1) MSCs are easily 
isolated and expanded enabling autologous transplantation; 
(2) MSCs do not have a significant risk of malignant transfor-
mation [52,61]; (3) MSCs may act via diverse mechanisms to 
improve lymphangiogenesis and lymphatic repair.
 The anti-lymphatic regulatory mechanism by T lympho-
cytes has been recently discovered [12], and recent studies 
have focused to induce lymphangiogenesis based on a strat-
egy of suppressing the anti-lymphatic drive. For example, top-
ical tacrolimus administration can effectively induce lymph-
angiogenesis and resolved lymphedema in mouse models 
[47]. Of note, tacrolimus is already used in clinically as a topi-
cal agent to treat dermatologic diseases [44-46] and as a sys-
temic agent in patients who receive organ transplantation to 
prevent graft rejection [62,63].
 

CONCLUSION

In conclusion, translational studies provide accumulating evi-
dence that experimental methods to expand the lymphatic sys-
tem and improve lymphatic function may be promising strate-
gies for treating lymphedema. Although further validation is 
necessary before these investigative methods can be applied 
clinically, we believe that they can expand our treatment op-
tions and possibly even cure lymphedema in the future.
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