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Background and Objective: In the last decade, surgical treatment options for breast cancer-related
lymphedema (BCRL), such as microvascular autologous lymph node transfer (ALNT) and/or lymphatic
venous anastomosis (LVA) have become popular. The results have been promising, but the benefit has been
seen mostly on patients suffering from early stages of lymphedema. BCRL can deteriorate patient well-
being in a significant manner. Our objective is to review the current field of novel regenerative therapies in
association with surgical reconstruction of the lymphatic vasculature and further provide ideas for possible
future improvements in the treatment of lymphedema.

Methods: We searched the PubMed Medline database for regenerative therapies for BRCL during the
years 2000-2022. Articles written in English were included.

Key Content and Findings: Results from ALNT and/or LVA seem to improve with growth factor
therapy and nanofibrillar collagen scaffold insertion, also adipose-derived stem cells (ADSCs) have improved
results in some studies. These methods do not target the fibrofatty tissue in lymphedema, and liposuction
(LIPO) can be added to the treatment.

Conclusions: Regenerative therapies have shown promising results in the treatment of lymphedema in
experimental models. The research has proceeded to clinical studies in several treatment options but to
date no curative treatment has been found. The translation of result of experimental studies to the clinical
practice has not been straightforward. The pathogenesis of BCRL is multifactorial and patients are very

heterogenous, which creates challenges to the researchers in this field.
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Introduction the LNs and vessels and/or postoperative radiotherapy,

Breast cancer is the most common cancer in women (1).
The treatment of breast cancer often includes surgery
in the axillary area, either sentinel lymph node (LN)
biopsy or LN evacuation (2). The iatrogenic damage to

chemotherapy, obesity and formation of seroma can cause
a disruption of lymph flow causing lymphedema (3,4). The
cumulative incidence of clinically manifested lymphedema

after breast cancer treatment can be up to 41.1% (5,6).
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Table 1 The search strategy summary
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ltems Specification

Date of search
Databases and other sources searched PubMed

Search terms used

July 2022, search for updated data August 2023

“Lymphedema” [MeSH] AND “Regenerative therapies” [MeSH]

“Lymph node transfer” [MeSH] AND “Regenerative therapies” [MeSH]

“Lymphedema” [MeSH] AND “Growth factor therapy” [MeSH]

“Lymph node transfer” [MeSH] AND “Growth factor therapy” [MeSH]

Timeframe
Inclusion criteria
Exclusion criteria

Selection process

Jan 01, 2000 to Dec 31, 2022
Research articles, case reports and reviews in English
Papers with low reliability

All authors conducted the selection and approved the literature selection

Chronic lymphedema first manifests with accumulation
of interstitial fluid and pitting edema in the affected arm
and is later accompanied with irreversible accumulation of
fibro-adipose tissue and non-pitting edema (7). The excess
fluid and tissue cause pain and decrease the function of the
affected arm (8).

Despite multiple attempts the pathophysiology of
lymphedema is still not fully understood. Fibrosis and
scarring are known to be the key inhibitors of lymphatic
regeneration (9,10). Transforming growth factor Pl
(TGF-B1) and interleukin 10 (IL-10) are factors in chronic
inflammation and formation of fibrosis, therefore they are
highly interesting to lymphedema researchers (11). An
immunological shift towards a Th2 cytokine response can
potentially induce lymphedema (12-14). Tumor necrosis
factor o (INF-0) and vascular endothelial growth factor C
(VEGF-C) have been shown to have pro-lymphangiogenic
properties. TNF-a, a pro-inflammatory cytokine, stimulate
the production of VEGF-C by fibroblasts (15,16).
Lymphatic stasis is also a known factor behind chronic
inflammation and tissue fibrosis, worsening lymphatic
function (9,12). In a mouse model the gene expression
profiles are similar in lymphedema and inflammation (14,17).

A definitive cure for secondary lymphedema is yet to be
found. The conservative treatment options for lymphedema
do not affect the root cause of the disease—lymphatic
injury. Compression garments and manual lymphatic
drainage aim to prevent fluid accumulation (18-20). More
recently, surgical treatment options have been developed,
including autologous lymph node transfer (ALNT) and
lymphatic venous anastomosis (LVA). These procedures
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require specialized microsurgical techniques and are not
available at every hospital. Additional liposuction (LIPO) is
also needed for some patients to address the excess adipose
tissue and not all patients benefit from these procedures
(19,21-23). Therefore, developing effective, less invasive
treatments, that treat the root cause of the disease or
improve the existing treatment methods, is important.

This review focuses on the novel therapeutic approaches
in the treatment of lymphedema, including bioengineering,
growth factor-based therapies, immunomodulation and
stem cell therapy. Previous reviews have focused mainly
on pharmacological treatments (24). We review the
regenerative options for optimizing the surgical treatment
of lymphedema. Both preclinical studies and clinical trials
are summarized. We present this article in accordance
with the Narrative Review reporting checklist (available at
https://abs.amegroups.com/article/view/10.21037/abs-22-
38/rc).

Methods

We searched the PubMed Medline database for articles
written in English during the years 2000-2022. Included
studies were all peer-reviewed articles, original articles, case
reports and literature reviews (Table 1).

Novel therapies
Bioengineering

In recent years, tissue engineering has had promising results
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in the field of immunology in developing artificial lymphatic
networks and LNs. These innovations offer potential for
correcting lymphatic vascular network defects, addressing
immunodeficiency, autoimmune diseases, infections, and
malignancies (25,26). For example, lymph vessel grafts
could be used to surpass iatrogenic defects or congenital
blockages of the lymphatic circulation (27).

The process of bioengineering blood vessels is already
well known. Although it can partly be utilized for the
lymphatic vasculature, lymph vessels possess certain unique
characteristics (28). Lymphatic vessel is defined by both
low pressure and lack of pressure pulses, illustrated by
the lower strength and elasticity. Collecting lymphatics
feature unidirectional flow maintenance via valves (26,27).
Furthermore, the microarchitecture of the lymphatic
microcapillaries differs from that of arterioles and
venules (28). Other relevant features are biocompatibility,
ability for biofunctionalization and endothelialization,
adequate mechanical resilience, flexibility, resistance to
fatigue and kinking and, furthermore, suture retention.
Ensuring patient safety necessitates noncarcinogenic,
nontoxic and nonallergenic grafts (27).

Three-dimensional (3D) matrices and scaffolds

In general, most approaches for developing tissue-
engineered lymphatic grafts utilize biomaterial-based
3D matrices, scaffolds (25,27). These structures facilitate
interaction between the scaffold, cells, growth factors,
and cytokines, fostering an environment for lymphatic
endothelial cell (LEC) growth and regeneration (25). The
challenge lies in achieving self-organization of endothelial
cells into functional networks in vive, particularly for
creating artificial replacements with intraluminal valves for
collecting lymphatic vessels (27).

The scaffolds can be natural, manufactured from modified
natural-origin proteins and decellularized, or produced using
synthetic polymers (25,27). Synthetic scaffolds can be either
biodegradable or nonbiodegradable (25,27).

Research has demonstrated that z vitro lymphatic capillary
formation is possible by embedding LECs in a 3D matrix and
applying an interstitial flow to enhance proliferation. These
cultured grafts could be implanted /2 vivo to reconstruct
the lymphatic network. In a study on rats using fibrin
hydrogel containing LECs, these bioengineered lymph
capillaries achieved lymph perfusion and connection
with host vessels (28). Another study (29) on rats using a
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decellularized dermal matrix showed rapid ingrowth of
lymphatic (and blood) vessels into the matrix, with only
minor inflammatory response due to the decellularization
process. These findings suggest potential for functional
reconstruction. However, recreation of lymphatic networks
with adequate support structures (e.g., valves and smooth
muscle coverage) necessary for unidirectional lymph flow is
significantly more complex (30).

VEGF-C

In terms of lymphatic vascular network replacement by
tissue engineering, lymphangiogenesis-inducing growth
factors have been utilized with promising results in various
animal models (30,31). Of all the candidates, VEGF-C
has an established position in lymphedema research. It
has been demonstrated to be essential in adult lymphatic
vessel regeneration and is widely considered as the primary
growth factor of choice for therapeutic applications
involving LECs (32,33). VEGF-C therapy has been
demonstrated to induce the growth of capillary lymph
vessels, which are thought to stabilize into true collecting
lymph vessels via an intrinsic differentiation and maturation
program (32). Consequently, the use of lymphangiogenic
growth factors possesses significant potential as an adjunct
to engineered biomaterials. They could be administered
locally or systemically to induce lymph vessel formation
and to provide greater biocompatibility for the various
biomaterials (27).

Nanofibrillar collagen scaffold

BioBridge' (Fibralign Corporation, Union City, CA,
USA) is a nanofibrillar collagen scaffold, which can enhance
lymphangiogenesis by providing the regenerating lymph
vessels a mechanical structure to follow. It presents potential
applications in existing surgical procedures for lymphedema,
such as ALNT, LVA and LIPO (34).

BioBridge" treatment protocol has been provided and
demonstrated both in a preclinical and clinical setting in
a study by Nguyen ez /. (29) The study was made with
a rat model, supplemented by human case reports, and

™ o enhance the

demonstrated the capacity of BioBridge
results of ALNT and LVA and also prevent lymphedema.
The design involved three groups: a prevention group that
underwent lymphadenectomy and received simultaneous
BioBridge™ treatment; a treatment group that, after
developing lymphedema following a lymphadenectomy,

received the combination of BioBridge'" treatment with
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seeded adipose-derived stem cells (ADSC); a control group
with no treatment after lymphadenectomy. The rats in the
treatment group exhibited a greater reduction in the volume
of the affected limb and backflow in magnetic resonance
imaging (MRI) lymphangiography and an increase in the
number of collecting lymph vessels in MRI lymphangiography
compared to the control group. Similarly, the prevention
group showed a lower incidence of lymphedema. Similar
promising results were seen in human case reports (29).

The BioBridge™ treatment has also been examined
in a porcine model of acquired lymphedema model. The
study compared different treatment approaches, including
BioBridge' alone, BioBridge"™ with ALNT, standalone
surgery, and BioBridge™"' combined with exogenous VEFG-
C-growth factor (35). The number of collecting lymph
vessels increased significantly in all the porcines treated
with BioBridge™
in lymphatic drainage, estimated using bioimpedance as a

. However, a significant improvement

marker of extracellular fluid accumulation, was seen only
in the experimental treatment group (35). These results
collectively emphasize the beneficial impact of BioBridge ™.
Nanofibrillar collagen scaffold—BioBridge TM—clinical
studies

In addition, Deptula er al. reported a new triple therapy
algorithm for optimizing the treatment protocol of late stage
(II-III) lymphedema for each patient, treated individually
with the BioBridge™ (36). The study was retrospective,
and patients were offered different treatment protocols
according to stage of lymphedema and lymphatic mapping.
The patients with mostly fibroadipose component of
lymphedema (stage III) first underwent a debulking LIPO.
After a year, lymphatic mapping was performed in order
to determine the treatment protocol. For the patients with
blocked distal superficial lymphatics, LVA was offered, and
for those with a history of a cellulitis, also ALNT. Patients
with no targetable blocked distal superficial lymphatics were
offered ALNT. In contrast, patients with both fibroadipose
and fluid component of lymphedema (late stage II) were
offered the combination of a LIPO and ALNT or LVA.
Additional LIPO was performed when needed, while in the
case of excess fluid volume, BioBridge™ scaffolds placed
percutaneously into the subcutaneous layer were utilized.
The 14 treated patients had a 28.5% reduction in median
excess volume (29% to 0.5%) during the first 14.4 months
after the first stage surgery and furthermore improved an
additional 1.5% after the triple therapy treatment with
BioBridge ™ after 24.6 months of follow-up. These results
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were statistically significant, P<0.01 (36). Dr. Nguyen’s
group have also reported a retrospective cohort study in
stage I-1II patients with similar results regarding volume
reduction, new lymphatic collectors and reduced dermal
backflow. These studies are limited by the retrospective
nature and the small number of patients with varying
lymphedema stages (37).

Interestingly, the underlying mechanism behind the
benefit from the BioBridge™
under discussion. It can be speculated that the improvement

treatment in LVA patients is

may not be only due to the formation of new collecting
lymph vessels, but also due to the scaffolds creating a path
of lesser resistance, hence improving the lymph flow, as

discussed by Shuck er a/. (38).

Furthermore, the BioBridgeTM

scaffolds have also been
shown to enhance the function of endothelial cells by
increasing the cell survival and inhibiting inflammation
(34,39). This could affect the results since inflammatory
response is known to have a role in the formation of

lymphedema (40,41).

Replacement of LNs

Similar to bioengineered lymph vessels, creating artificial
LNs often involves biomaterial-based 3D scaffolds
resembling the extracellular matrix seen in animal tissue.
These scaffolds are manufactured from modified natural
origin or synthetic polymers. They can be cell-free and
contain, for example, a mixture of different cytokines and
growth factors. After implantation, the scaffold forms
a foundation for an artificial organ, aiming to attract
progenitor cells for LN development, ultimately simulating
a natural LN (26,30).

In a mouse model, collagen gel scaffolds seeded with
dendritic cells and lymphotoxin-a (LT-a)-expressing
thymic stromal cells successfully generated functional
artificial lymphoid organs. These organs exhibited cellular
reorganization, lymphocyte chemoattraction, clustering,
high endothelial venule ingrowth, and antigen-specific
antibody production (30). Another promising, but more
complex strategy involves using patient-derived induced
pluripotent stem cells (iPSC) to replace the scaffolds
and establish primary cultures for LN formation, which
can then be implanted. Combining these methods could
optimize the results (26).

The use of artificial LNs could reduce donor-site
morbidity and improve recovery after ALNT, potentially
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substituting axillary or inguinal LNs removed due to
malignancies. Bridging the defect between the LN and the
lymph vessels with bioengineered lymph vessel grafts is an
interesting possibility in the future (28,30,39,42).

These strategies demand in-depth understanding of
lymphoid organogenesis and immunological signaling.
They offer results exceeding the potential of natural
lymphoid organs and immune cells. Artificial lymphoid
organs may be of great benefit in treating autoimmune
diseases, immunodeficiencies and cancer, but their role in
the surgical treatment of chronic lymphedema remains
still to be determined (26). Presently, these artificial organs
do not increase lymph flow, but they mark progress in the
alternatives for the treatment of lymphedema (28,30,39,42).

Growth factor-based treatment

VEGF-C

VEGF-C has been shown to ameliorate lymphedema,
induce lymphangiogenesis and enhance the survival,
function and lymphatic network integration of the
transplanted LNs (30). The use of VEGF-C treatment
aims at restoring the normal anatomy and function of both
collecting and capillary lymphatics. As a result, lymph fluid
drainage increases, edema alleviates, mechanical tension
decreases and inflammation mitigates. Also, the density
of lymphatic capillaries is increased locally, resulting in
accelerated immune cell trafficking to the draining LNs.
This enhances the protective immune response around the
surgical wound and availability of cytokines and growth
factors (42).

VEGF-C can be delivered as a recombinant protein, viral
vector or naked plasmid. It can be administered directly
or released on-demand from bioengineered matrices
or biodegradable microparticles (30). Therapy with
recombinant VEGF-C-expressing adeno-associated virus is
considered as the most efficient method of delivering genes
in vivo and it has been tested using various experimental
animal models (31,33,42-47).

VEGF-C—clinical studies Lymfactin®

Lymfactin is an adenovirus type 5-based gene therapy
(Lymfactin®), involving the expression of human VEGF-C,
and it has been used in combination with ALNT
(Figure I). The medicinal product Lymfactin® was provided
by Herantis Pharma. A phase I study by Hartiala er 4l
combined Lymfactin® therapy with ALNT in order to
treat upper limb lymphedema (48). Fifteen patients were
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recruited between June 2016 and February 2018, three
receiving a lower dose [1x10" viral particles (vp)] and 12
patients a higher dose (1x10" vp) of Lymfactin®, respectively.
The results demonstrated Lymfactin to be safe and well-
tolerated with no dose-limiting toxicities (48). In the higher
dose group, an average reduction of 46% in the excess upper
limb volume after a 12-month follow-up and the transport
index was improved in 7/12 patients (49). At baseline,
before the treatment, removal of compression garments
for 7 consecutive days resulted in a significant increase in
upper limb swelling (105.7+161.0 mL, P<0.05). However, at
12 months postoperatively, removal of the garments resulted
in a lesser and statistically not significant increase in the
swelling (84.4+143.0 mL, P>0.05). Lymphedema Quality of
Life Inventory (LyQoLI) questionnaire showed a significant
and sustained improvement of quality of life (QOL) (49).

Consequently, a double-blind, randomized multicenter
phase II study with Lymfactin® [5 centers: Finland (Helsinki,
Turku, Tampere) and Sweden (Stockholm, Uppsala)]
has been conducted (clinical trial registration number
NCT03658967). The results regarding the therapeutic
efficiency, safety and tolerability of Lymfactin® in 39
patients with BCRL are ready to be published. Volumetry,
LyQoLI and lymphoscintigraphy showed a positive effect
of an ALNT in both groups compared to the baseline,
but without differences between the groups at 12 months.
Noteworthy, there was a significantly greater improvement
in the bioimpedance ratio, which measures the fluid
component of lymphedema, in the Lymfactin® group
compared to placebo group (P<0.05). No differences in
adverse events were detected between the groups. These
results indicate Lymfactin® treatment to be beneficial.
Limitations of the study include the varying lymphedema
stages of the patients. As Lymfactin® targets only the fluid
component of lymphedema, in patients with late-stage
lymphedema the treatment can not result in total reduction
of the excess volume (48).

Hepatocyte growth factor (HGF)

HGEF has also been investigated regarding its role in
lymphangiogenesis (50). HGF is now known to be able
to regulate tissue and organ regeneration and modulate
cell morphology. It can also stimulate cell motility and
migration, and regulate cell growth and death (51). HGF
is highly interesting growth factor in the clinical setting
due to the diverse potential in prognostic and therapeutic
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Figure 1 Operation and treatment protocol. (A) Donor and recipient sites of the axilla and groin area. (B) Lymphatic tissue from the lower
abdominal wall is harvested as a vascularized free flap. (C) Scar tissue removal is performed from the axilla and the thoracodorsal vessels
are prepared for anastomosis. (D) Lymfactin® is injected into the distal edges of the lymphatic flap and the flap is inserted into the axilla to
replace the excised scar tissue. Blood vessels are anastomosed. (E) An initial growth of lymphatic capillaires is expected to follow with (F)
maturation of true collecting lymphatic after several months.
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implications.

Kajiya et al. (51) found that LECs display elevated levels
of HGF receptors compared to blood vascular cells. While
the expression of HGF receptors is limited in normal
lymphatic vessels, it increases in regenerating endothelium
during tissue repair and in activated vessels during skin
inflammation. Treating LECs with HGF boosts cell
growth, migration, and tube formation. This highlights
HGF’ importance in lymphatic vessel growth and proposes
HGF receptor as a potential target for managing irregular
lymphatic growth (51).

Saito et al. (52) examined the therapeutic potential
of HGF in treating lymphedema. The researchers
demonstrated that HGF treatment promoted cell growth,
migration, and signaling pathways in LECs. Gene transfer
of HGF in a rat model of lymphedema reduced swelling and
increased expression of lymphatic markers. These findings
highlight HGF’s potential for enhancing lymphangiogenesis
and treating lymphedema. However, no further studies on
the exploitation of HGF have followed probably owing to
the multiple other effects of HGF which makes it inspecific
for lymphedema treatment (52).

Immunomodulation

TGF-p1
The inhibition of lymphangiogenesis-inhibiting signals
might offer a worthy alternative for VEGF-C and other
growth factors, particularly due to concerns about potential
contributions to tumor growth or metastasis (33,53).
Despite the normal or increased expression of VEGF-C or
other lymphangiogenic cytokines in certain pathological
circumstances, lymphatic function can be impaired based on
multiple studies (12-14). Therefore, it has been suggested
that other physiological mechanisms could either directly
or indirectly inhibit lymphangiogenesis (30). TGF-p1,
a potent anti-lymphangiogenic agent, is noteworthy. It
diminishes LEC proliferation and migration, disrupts
lymphatic tubule formation and downregulates lymphatic-
specific gene expression (33). TGF-B1 inhibition has been
shown to enhance lymphatic repair during wound healing and
synergistically amplify the lymphangiogenic effect of VEGF-C
(30,53). Consequently, TGF-p1 inhibition could promote
lymphangiogenesis and present an alternative to VEGF-C and
other growth factors in clinical situations (30,33,54).

TGF-P1 also functions as an anti-inflammatory cytokine,
regulating tissue fibrosis and scarring in the later stages
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of wound healing, thus linking lymphangiogenesis with
inflammatory pathways. IL-10, another anti-inflammatory
cytokine, guards against TGF-Bl-induced fibrosis (40).
Elevated IL-10 levels have been discovered after ALNT in
humans and it could influence the effects of ALNT (53). An
additional example how inflammatory pathway can intrude
with VEGF pathway in order to induce lymph vessel
growth is TNF-o, which can stimulate lymphangiogenesis
directly via tumor necrosis factor receptor 1 or indirectly
by activating inflammatory macrophages that produce
VEGEF-C (47). Furthermore, interferon gamma (INF-y)
can inhibit lymphangiogenesis irrespective of VEGF-C
(and -A) (29). Intriguingly, the anti-lymphangiogenic
effect of both TGF-B1 and INF-y are related to T-cell
inflammation, thus establishing a connection between
lymphangiogenesis and inflammation (30).

Th2 inhibition

Lymphedema has been associated with a fibrotic Th2
type inflammatory response orchestrated by Th2 type
CD4 helper T cells and macrophages (12,13). It has
been suggested that macrophages have an anti-fibrotic
role in lymphedema and regulate Th2 differentiation
either directly or indirectly (55). Notably, recent research
by Ghanta et 4l. provided evidence that lymphedema-
associated macrophages are a substantial source of VEGF-C
and that impaired macrophage response after lymphatic
injury leads to compromised lymphatic function (55). In
addressing this intricate interplay, neutralizing antibody
inhibition of Th2 differentiation through interleukin 4
(IL-4) or interleukin 13 (IL-13) emerges as a possibility.
These cytokines are necessary for differentiation of naive
CD#4" cells to the Th2 lineage. In a mouse tail model,
inhibiting Th2 differentiation has been effective in both
treatment and prevention of lymphedema. Mice treated in
this manner have decreased fibroadipose tissue deposition,
ameliorated inflammation, improved lymphatic collecting
vessel pumping capacity, decreased lymphatic leakiness,
and overall improved lymphatic function (13,14). By
targeting the Th2 inflammatory response, this approach
holds potential for addressing the complex mechanisms
underpinning lymphedema progression.

Th2 inbibition—clinical studies

An experimental drug, QBX258, was studied by Mehrara
et al. (56) in a phase I, open-label trial. It consists of two
humanized monoclonal antibodies that inhibit IL-4 and
IL-13. Patients with BCRL were treated once a month
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with an intravenous infusion of QBX258 for 4 months.
Outcomes were analysed both immediately and 4 months
after the withdrawal of the treatment. QBX258 treatment
was demonstrated to be safe, and most adverse events were
minor and self-limited. Treatment with QBX258 improved
QOL measurements and alleviated both skin stiffness and
histologic changes in the lymphedematous arm. However,
no significant improvements in the arm volumes or
bioimpedances were found. Notably, no randomized study
has yet been conducted (56).

Leukotriene B4 (LTB4) and ketoprofen

Also worth mentioning, previous research has demonstrated
that histopathology in experimental lymphedema can be
reversed with ketoprofen, a nonsteroidal anti-inflammatory
drug (NSAID) (57). Inhibition of 5-lipoxygenase
metabolite, LT'B, is thought to be the reason for this effect.
Low LTB, concentrations have been shown to promote
lymphangiogenesis both in iz vitro and in vive experimental
animal models, whereas lymphatic growth and function
are impeded at high concentrations. Interestingly, LTB,
concentration increase has been seen in both experimental
animal model and lymphedema patients. It is speculated that
during the initial wound-healing period, LTB, produced at
low concentrations has an important function in promoting
angiogenesis/lymphangiogenesis. A shift from initial
lymphangiogenesis-stimulating into anti-lymphangiogenic
effect is seen when increase in LTB, concentration
occurs. This is why LI'B, is a promising drug target in the
treatment of acquired lymphedema (57).

LTB4 and Ketoprofen—clinical studies

The beneficial effects of ketoprofen in the treatment of
lymphedema have been reported by Rockson er al. (58).
The study hypothesis was first tested in an open-label
exploratory trial, followed by a placebo-controlled trial of
34 patients. No serious adverse events were detected. The
patients treated with ketoprofen had a reduction in skin
thickness, improvement in histopathology and reduction
in plasma granulocyte-colony stimulating factor (G-CSF)
expression when compared to the placebo group. However,
arm volumes and bioimpedance results were similar between
the groups (58). While treatment with ketoprofen in this
study was reported to be safe with no serious adverse events,
it is important to note that prolonged NSAID use is limited
due to known toxicities [Food and Drug Administration
(FDA), 2021; U.S. Prescribing information, 2021a].

Another anti-inflammatory drug treatment with
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acebilustat might be one of future possibilities (59).
Acebilustat inhibits leukotriene A, (LTA,) hydrolase
and modulates LTB,. Rockson ez #/. has just launched a
clinical phase II study comparing acebilustat to placebo
(Clinical Trials.govNCT05203835).

Stem cell therapy—preclinical models

In recent years, research has shown that the administration
of ADSCs promotes lymphatic vascular network formation
and alleviates lymphedema in rodent models of secondary
lymphedema (60-62). In a study by Huang ez 4. (39), ADSCs
acquired a lymphatic phenotype due to the sustained release
of VEGF-C. However, several studies have concluded that
ADSCs do not differentiate into lymphatic vessel cells,
but rather release VEGF-C, which strongly promotes
lymphangiogenesis (60,61,63-65). Using an x-irradiated
mouse model of secondary lymphedema, Yoshida
et al. reported an increased number of lymphatic vessels,
increase in both VEGF-C and VEGFR-3 expression, and
restoration of lymphatic function in a transplanted ADSC-
count-dependent manner (66). In contrast, Takeda et al.
reported that culturing human dermal LECs resulted in
better cell proliferation, migration, and tube formation in
ADSC-conditioned endothelial basal medium compared
to basal medium supplemented with VEGF-C alone (67).
Ogino et al. found that ADSC transplantation accelerated
LEC proliferation, increased lymphatic vessel numbers, and
mitigated fibrosis of the surrounding interstitial tissue (68).
Therefore, it has been suggested that ADSCs secrete not
only VEGF-C, but also other lymphangiogenic growth
factors with synergistic effects, although the interplay
between these growth factors on lymphangiogenesis remain
to be elucidated (69).

Stem cell therapy—clinical studies

Fat can be used as a whole fat graft, i.e., no separation
of cells is performed. However, for many regenerative
purposes, the stromal vascular fraction (SVF) or ADSCs
are isolated and used alone or in combination with fat
grafting. There are some preliminary studies exploiting
fat grafting or ADSCs either alone or in combination with
ALNT (70). Maruccia ez al. (70) compared ALNT to ALNT
with fat grafting of the scar. ALNT with scar release and
subcutaneous fat grafting at the wrist level was performed,
without any scar removal to the axillary area. Their results
showed a higher circumference reduction rate in ALNT +
fat graft group (n=21) when compared to the ALNT group
(n=18) (70). Toyserkani ez 4l. have published several articles
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on combined fat grafting and ADSC treatment (71-75). In
their first case report, a decrease in volume and increase
in patient reported outcomes was observed. In their pilot
study of 10 patients, a single injection of ADSCs alleviated
lymphedema, based on patient-reported outcome measures,
and no serious adverse events occurred (71). Five patients
were able to reduce their use of conservative management.
However, lymphoscintigraphic evaluation showed no
improvement after ADSC treatment and no change in the
excess arm volume was observed (71,72,75,76). Interestingly,
there is another ongoing clinical trial (NCT02981485)
regarding fat grafting in the treatment of lymphedema in
China, but the records have not been updated (77).

Conclusions

Surgical procedures, such as ALNT and LVA, have
yielded positive, but varying results in the treatment of
lymphedema. LIPO is an efficient debulking method at
late stages of lymphedema. The experimental studies have
combined these surgical treatments with the induction of
lymphangiogenesis by lymphatic scaffolds or growth factors
(BioBridge", Lymfactin®). Both methods have obtained
promising results in animal models. However, in the human
studies BioBridge™ has not yet advanced to randomized
prospective studies to prove efficacy. Lymfactin® was first
investigated in a prospective phase I trial with promising
results on both volume reduction, lymphoscintigraphy and
QOL compared to baseline. Further, it was investigated in
a randomized prospective phase II trial and showed positive
effects in favor of the Lymfactin® group only for the tissue
dielectric constant (TDC) ratio, not the above-mentioned
primary outcome measures. There have also been concerns
regarding the potential of VEGF-C in promoting growth
of possible dormant tumor cells or metastasis. VEGF-C
is naturally expressed by the LNs. Although VEGF-C
expression is associated with a poor prognosis and increased
metastasis risk in some cancer types, for breast cancer, the
data is controversial and in some studies VEGF-C has
even been associated with a better survival rate (78-80).
In the Lyrnfactin® trial, the drug was administered on the
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operating table, ex vivo to minimize distant effects.

Studies targeting the inflammatory component of
lymphedema (Th2 inhibition, LTB, inhibition) have also
shown positive effects in experimental models. In clinical
studies they have shown reduction in skin thickness, but not
a reduction in the excess volume of the arm compared to
baseline.

Therapies that include ADSCs are still scarce, but based
on preclinical data, they are likely to affect in two ways:
by promoting lymphangiogenesis and also by modulating
inflammation through secretion of IL-10 (81,82). ADSCs
potentially can also modulate the fibrotic component of
lymphedema, since they are used in hypertrophic scar
treatment. However, the clinical studies are limited and the
results less impressive than the preclinical studies.

Although considerable progress in lymphedema research
has been made, the clinical trials have not resulted in a major
breakthrough (7able 2). In experimental models, the defect
in the lymphatic system and the following edema are very
homogenous as opposed to patients. In the human patient,
the pathophysiology of lymphedema after surgery and
radiation includes fibrosis, inflammation, an extensive defect
in the lymphatic system followed by lack of functionality
in the lymphatics and at late stages, the accumulation
of adipose tissue. The radiation induced scarring in the
axilla is often extensive. As the problem is multifactorial,
a multimodality approach seems to be the most feasible
solution. A combination treatment with modulation
of immune responses, induction of lymphangiogenesis
combined with scar release and, also reconstructive surgery,
would address several pathophysiology targets at once.
ADSC treatment seems to also be a promising option.
Clinical studies thus far are limited by the small number of
patients and the comparison of studies is difficult because
of the varying treatment, measurement, and follow-up
protocols.

There are promising novel therapies arising for BRCL.
However, clinical studies are still scarce and experience from
the above-mentioned clinical studies should be exploited to
improve the quality, methodology and patient selection for
future clinical trials.
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Clinical study Study subjects Study setting Measurements Follow-up Outcomes Limitations
BioBridge™, nanofibrillar collagen scaffold, (Preclinical) Rat model + Prevention group: BioBridge™ with lymphadenectomy; Volumetry, MRI lymphangiography (number 4 months A greater reduction in the volume of the affected limb; Only 2 human patients in clinical
Nguyen et al. 2022 (clinical) 2 human cases Treatment group: lymphedema patients receiving of collecting lymph vessels), incidence of backflow and an increase in the number of collecting lymph setting, short follow-up period

BioBridge™ with ADSCs; control group: no treatment  lymphedema between prevention and control vessels in MRI lymphangiography were observed in the

after lymphadenectomy group treatment group compared to the control group, both in rats

and humans

BioBridge™ + triple therapy algorithm, 14 patients Triple therapy algorithm for optimizing the treatment Lymphatic mapping, Volumetry 24.6 months Statistically significant reduction of volume of the affected arm Retrospective, small number of
nanofibrillar collagen scaffold, Deptula protocol of late stage (II-Ill) ymphedema treated in patients receiving BioBridge™ patients
et al. 2022 individually (ALNT and/or LVA and/or BioBridge™ and/

or LIPO)
BioBridge™, nanofibrillar collagen scaffold, 29 patients (18 treatment, ALNT and/or LVA with or without delayed implantation Volumetry, Indocyanine green lymphatic 29 months Volume reduction, new lymphatic collectors and reduced Retrospective, small number of
Nguyen et al. 2021 11 control) of nanofibrillar collagen scaffold (BioBridge™) mapping dermal backflow were seen in patients treated with patients

BioBridge™

Lymfactin®, adenovirus type 5-based gene 15 patients Lymfactin® treatment combined with ALNT with or Safety, adverse events and toxicities 12 months Lymfactin® is safe and well-tolerated with no dose-limiting Short follow-up, small number of
therapy, VEGF-C, phase |, Hartiala et al. without breast reconstruction toxicities patients
2020
Lymfactin®, adenovirus type 5-based gene 15 patients Lymfactin® treatment combined with ALNT with or Volumetry with and without compression 24 months Significant reduction in excess volume at 12 months, TI Small number of patients, no control
therapy, VEGF-C, phase Il, Leppapuska without breast reconstruction garment use, lymphoscintigraphy (Tl), LyQoLlI reduced in 11/12 patients at 12 months, LyQoLl also showed group
et al. 2022 a significant positive effect
Lymfactin®, adenovirus type 5-based gene 39 patients (19 Lymfactin, A double-blind, randomized, placebo-controlled Volumetry, LyQolLl, Tissue bioimpedance 12 months Volumetry, LyQoLI and Tl showed a positive effect in both Small number of patients

therapy, VEGF-C, phase I, Rannikko et al.

(in writing)

Experimental drug (QBX258), Inhibition of
Th2 type expression of cytokines, phase |,

Mehrara et al. 2021

Ketoprofen, open-label exploratory trial
+ double-blind, placebo-controlled trial,
Rockson et al. 2018

Stem cell therapy, ADSCs, preliminary
study, Maruccia et al. 2019

Stem cell therapy, fat grafting with ADSCs,
case reports + pilot study, Toyserkani et al.

2019

20 placebo)

9 patients

(Exploratory) 21 patients
+ (placebo-controlled) 34
patients: 16 treatment, 18
placebo

41 patients (21 fat grafting

of the scar + ALNT; 18 ALNT

alone)

(Case report) 1 patient +
(pilot study) 10 patients

multicenter phase Il study with Lymfactin® treatment
combined with ALNT with or without breast
reconstruction

Phase |, open-label trial utilizing QBX258, an
experimental drug consisting of two humanized
monoclonal antibodies that inhibit IL-4 (VAK296) and
IL-13 (QAX576)

Patients with either primary or secondary lymphedema

received ketoprofen 75 mg by mouth 3 times daily for
4 months

ALNT with only scar release and subcutaneous fat
grafting was performed at the wrist level, without any
scar removal

Fat grafting and ADSC injection in treatment of
lymphedema

(TDC, Delfin), Lymphoscintigraphy (T1)

Adverse events, volumetry, QOL, skin
tonometry, bioimpedance (TDC) and
expression of cytokines, 5 mm skin biopsies
from the normal and lymphedematous limbs
before and after treatment

Changes in histopathology, skin thickness,
volumetry, and tissue bioimpedance (TDC);
systemic inflammatory mediators

Circumference of the arm, lymphoscintigraphy,
QOL

Patient reported outcomes, volumetry,
lymphoscintigraphy, use of compression
garments

4 months of treatment
+ 4 months after the
treatment

4 months

Mean 29-32 months

Case report: 4 months; Alleviated patient reported outcomes and lesser symptoms

pilot study: 12 months

groups compared to the baseline, but without differences
between the groups at 12 months. TDC reduction was
significantly greater in the Lymfactin® group compared to

placebo group.

QBX258 is safe, and most adverse events were minor and
self-limited. Improved QOL measurements and alleviated both
skin stiffness and histologic changes. Significantly decreased
keratinocyte hyperplasia, mast cell infiltration, and the

expression of Th2 inducing cytokines in the skin.

Reduction in skin thickness, improvement in histopathology
and reduction in plasma granulocyte (G-CSF) expression were
observed when compared to the placebo group. However,
volumetry and bioimpedance results were similar between the

groups

A higher circumference reduction rate in ALNT + fat graft

group, when compared to the ALNT group

Short follow-up time, not randomized

Short follow-up time, small number of
patients

Small number of patients, proper
scar release was not performed and
fat grafting and ADSC injection was
performed subcutaneously without
an incision into the axilla

Short follow-up time, small number of
patients

MRI, magnetic resonance imaging; ADSC, adipose-derived stem cell; ALNT, autologous lymph node transfer; LIPO, liposuction; LVA, lymphatic venous anastomosis; LyQoLl, Lymphedema Quality of Life Inventory; VEGF-C, vascular endothelial growth factor C; Tl, transport index; TDC, tissue dielectric
constant; IL, interleukin; QOL, quality of life; G-CSF, granulocyte-colony stimulating factor.
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