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Aim: The proposal of this study was to evaluate, in vitro, the potential paracrine effect of human adipose-
derived stem cells (hASCs) to promote lymphangiogenesis in lymphatic endothelial cells isolated from
rat diaphragmatic lymphatic vessels. Materials & methods: ELISA on VEGFA, VEGFC and IL6 in hASC-
conditioned medium; LYVE1 immunostaining; and gene expression of PROX1, VEGFR3, VEGFC, VEGFA
and IL6 were the methods used. Results: In 2D culture, hASC-conditioned medium was able to promote
lymphatic endothelial cell survival, maintenance of endothelial cobblestone morphology and induction to
form a vessel-like structure. Conclusion: The authors’ results represent in vitro evidence of the paracrine
effect of hASCs on lymphatic endothelial cells, suggesting the possible role of hASC-conditioned medium
in developing new therapeutic approaches for lymphatic system-related dysfunction such as secondary
lymphedema.

Lay abstract: This work is addressed to provide, by scientific experiments, information about the possi-
bility of correcting localized swelling of the body caused by an abnormal accumulation of lymph using
culture medium enriched with metabolites, growth factors and extracellular matrix proteins secreted by
a stem cell population. The authors’ results could be an innovative therapeutic approach for regenerative
medicine and may have an important impact on the treatment of lymphatic-related pathologies.
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Human adipose-derived stem cells (hASCs) are mesenchymal stem cells that are isolated from adult adipose tissue,
accessible in large quantities with minimal invasive harvesting procedures and efficiently grown in vitro [1,2]. These
hASCs, because of their self-renewal, multi-lineage differentiation capacity [3,4] and ability to release biologically
active molecules [5–7], are promising as a new therapeutic approach for stem cell-based therapies.

Increasing evidence suggests that stem cells mediate tissue repair through the release, into the site of the lesion,
of factors that can activate, by paracrine effect, specific molecular pathways involved in tissue repair [8]. This
hypothesis is supported by in vitro and in vivo studies showing that many cell types respond to paracrine signaling
by modulating cellular responses, such as survival, proliferation, migration and gene expression. In particular,
hASC transplantation promotes angiogenesis and tissue regeneration, inhibiting processes like fibrosis, apoptosis
and inflammation [9,10].

There is evidence that hASCs secrete several pro-angiogenic factors, such as HGF, VEGFs, PDGF, FGFs, IL6,
Ang1 and 2 and anti-apoptotic and anti-inflammatory factors [5,11–15]. These bioactive factors may be easily collected
in the hASC culture medium (conditioned medium [CM]), which has been reported to have similar effects, in terms
of tissue repair processes, as those exerted by the cells when inoculated into animal models [16,17]. The paracrine
effect of hASCs on angiogenesis and revascularization of ischemic tissue is well documented [18,19], and recent data
suggest their implication in lymphangiogenesis [20].
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The lymphatic system plays a critical role in maintaining tissue fluid homeostasis, lipid absorption and immune
cell trafficking. Extrinsic and intrinsic mechanisms sustain lymph drainage and transport along the lymphatic
network. The extrinsic process depends upon the transmission of mechanical forces arising in tissues surrounding
lymphatic vessels [21–23], whereas the intrinsic process relies on rhythmic, spontaneous contractions of lymphatic
muscle cells in the vessel wall itself [24–26].

Dysfunction in lymphatic vessels leads to impaired drainage, resulting in the development of lymphatic-related
diseases such as lymphedema, a pathological condition characterized by localized fluid retention and tissue swelling
and associated with the risk of recurrent infections, ulcers, fibrosis, lipid accumulation and metastasis of malignant
diseases [27]. Primary lymphedema is a genetic disease that is caused by congenital conditions such as Milroy disease
and leads to incomplete or abnormal vessel formation [28–30]. By contrast, secondary lymphedema is commonly
the result of complications after lymph node dissection (i.e., surgical sentinel lymph node removal) combined with
radiation therapy in cancer treatment [31]. Secondary lymphedema mainly affects the upper and lower limbs and
causes disfiguring conditions and pain, with a significant social impact on a patient’s lifestyle. Current applicable
therapies involve bandaging, massage and compressive techniques [32], which act as extrinsic pumps, increasing
local tissue pressure; however, these are transient solutions that alleviate a patient’s symptoms but do not allow for
the recovery of physiological lymph flow and, in general, lymphatic function. From this perspective, recent research
conducted in animals [33] as well as in a human pilot study [34] has reported the effect of hASC transplantation,
highlighting the regenerative pro-lymphangiogenic effect.

Considerable progress has been made in the identification of the molecular mechanisms that regulate lymphangio-
genesis, although some of the signaling pathways still need to be clarified. The first powerful pro-lymphangiogenic
factor that was discovered was VEGFC, which, by binding to VEGFR3 [35–37], plays a pivotal role in promoting
lymphatic endothelial cell (LEC) survival and organization into functional lymphatic vessels [38,39]. Moreover,
VEGFC, through the activation of VEGFR3, improves lymphedema-inducing endothelial cell proliferation and
migration, inhibits apoptosis and restores lymph flow by ameliorating the lymphatic pump activity of the collecting
vessels [20,40–42]. The role played by VEGFR3 in lymphatic system development and physiological function has
been demonstrated in animal models [43] and is supported by evidence that, in humans, mutation of the VEGFR3
gene induces primary lymphedema (LMPH1A, OMIM 153100) [44,45]. Moreover, a recent study has shown that
VEGFR3 is implicated in the regulation of spontaneous lymphatic contractility, highlighting its pivotal role as a
potential pharmacological target [46].

Recent works, reporting the paracrine effect of hASCs on LECs, represent a good starting point for investigating
the role of the hASC paracrine effect on lymphangiogenesis [41,42,47–49]. From this perspective, the aim of the
current study was to evaluate the paracrine effect of CM, derived from cultured hASCs (hASC-CM), on primary
LEC culture. The authors’ main interest was to assess whether any beneficial effect exerted on cultured LECs could
be due to hASC-CM as a combination of complementary growth factors.

The hASCs were obtained from the adipose tissue of healthy subjects, and primary LEC culture was derived from
rat diaphragmatic lymphatic networks. In this work, instead of using LECs derived from human dermal lymphatic
vessels, LECs were isolated from microlymphatic vessels obtained from rat muscular diaphragmatic specimens. This
choice was related to the tissue of origin, which is strictly connected to the surrounding interstitium and deeply
affected by its mechanical features, which are different from those of the dermis [21,23,50].

The authors’ data showed that hASC-CM was able to promote LEC survival and maintenance. Furthermore,
the current evidence supports the concept that hASC-CM may potentially be used to treat, improve or prevent
lymphedema.

Methods
Samples
All subjects gave their informed consent to be included in this study, and all procedures were performed in
accordance with the Ospedale di Circolo Ethical Committee and the European Communities Council Directive of
EU/63/2010. The Italian Ministry of Health (192/2013) approved the experimental study.

Human adipose tissue was obtained by surgical intervention on healthy young women (n = 3; age:
33.4 ± 5.3 years) who underwent breast reduction because of gigantomastia. All subjects were nonsmokers,
had not experienced any great weight loss from dieting (BMI: 25.6 ± 2.6 kg/m2), had no history of metabolic
disorders and were not taking medications at the time of the medical procedure.
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hASC isolation & culture
The hASCs were isolated from human mammary adipose tissue according to Gronthos and Zannettino [51]

following a modified protocol [52]. Briefly, the stromal vascular fraction was obtained after collagenase type II
digestion (3 mg/g tissue; Sigma-Aldrich, Milan, Italy) at 37◦C for 1 h in agitation. After filtration (100-μm cell
strainers), the solution was centrifuged at 180 relative centrifugal force (RCF) for 10 min at room temperature
(RT). The resulting pellet was washed with erythrocyte lysing buffer (154 mM NH4Cl, 10 mM KHCO3 and
1 mM EDTA). Cells were then seeded in T25 flasks in complete DMEM:DMEM/nutrient mixture F12 at 1:1
(Sigma-Aldrich) supplemented with 2 mM L-glutamine, 1% penicillin-streptomycin, 0.1% gentamicin and 10%
fetal bovine serum (FBS) and incubated at 37◦C and 5% CO2. After 6 h, culture medium was replaced with fresh
medium to remove non-adherent cells. The hASCs were subsequently cultured in T75 flasks and used at the fifth
passage, at 70–80% confluence, for all experiments.

Cytogenetic analysis of hASCs
To define genome stability, hASC cytogenetic analysis was performed at passages two, four, ten and 12. Chromo-
somes from hASCs were prepared by standard cytogenetic protocol. Briefly, hASCs were cultured in T25 flasks in
5 ml of DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were then treated for 3 h with
20 μl of 10 μg/ml colcemid solution (Euroclone, Milan, Italy), detached by trypsin/EDTA treatment, diluted in
DMEM plus 10% FBS to block protease digestion and centrifuged at 200 RCF for 5 min at RT. Supernatant was
removed and pellet suspended dropwise in KCl 56% hypotonic solution for 15 min. The hASCs were recovered by
centrifugation and resuspended gently dropwise in standard methanol/acetic acid 3:1 fixative solution. The fixing
process was repeated twice, then cells were incubated at 4◦C for 3 h and placed on microscope slides. Slides were left
overnight at RT and then stained with quinacrine mustard solution (DDK Italia, Milan, Italy) for 3 h. Metaphase
pictures were acquired using a Leica DM5000B fluorescent microscope and karyotype reconstructed using Leica
Chantal software (Leica Microsystems Srl, Milan, Italy).

hASC characterization
The hASC characterization was performed by inverted phase contrast microscopy and flow cytometry analysis, as
described by Cherubino et al. [2], and immunostaining and quantitative PCR, as reported by Borgese et al. [53]. For
cytofluorimetric analysis, the authors used a series of monoclonal antibodies specific for staminal markers CD44,
CD90 and CD105; differentiation marker CD45; and major histocompatibility molecules HLA class I (HLA-
A,B,C) and II (HLA-DR). For immunostaining, CD44 antibody was used as a stemness marker and ADIPOR1
antibody as an adipogenic differentiation marker [53].

For quantitative PCR, CD44 and CD90 genes were used as positive stemness markers, whereas FABP4, ACRP30
and ACSS2 genes were taken as differentiation markers. According to the method described by Palombella et al. [52],
GAPDH and β2M were used as reference genes. The relative quantification was calculated using the 2−��Ct

method as previously reported [2,52].

hASC-conditioned medium
The hASCs were cultured as previously described until passage five. When the hASCs reached 70–80% confluence,
the medium was removed, and the cells were washed twice with PBS and maintained for 48 h in FBS-free DMEM
(serum starvation). The CM, derived from three independent hASC donor cultures, was then collected, centrifuged
at 3000 RCF for 10 min to avoid contamination of cell fragments and stored at -80◦C until use [54]. The paracrine
effects of the three different hASC-CMs were separately evaluated and, to reduce the variability inherent in primary
hASC cultures derived from different subjects, results were expressed as mean ± standard error (SE).

ELISA on hASC-CM
To evaluate the proteins secreted by hASCs, an ELISA (BioVendor, Brno, Czech Republic) was performed on
the CM following the manufacturer’s instructions. The most common pro-angiogenic VEGFA [55] and pro-
lymphangiogenic VEGFC [37] factors, as well as the pleiotropic cytokine IL6 [56], were evaluated. Data were pooled
and expressed as mean ± SE.
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Table 1. Experimental conditions used for LEC growth.
Culture media

DMEM0.1% DMEM + 0.1% FBS

DMEM10% DMEM + 10% FBS

hASC-CM Conditioned hASC medium with added DMEM + 0.1% FBS (1:1)

DMEM: Dulbecco’s modified Eagle medium; FBS: Fetal bovine serum; hASC-CM: Human adipose-derived stem cell-conditioned medium; LEC: Lymphatic
endothelial cell.

Rat diaphragmatic LEC isolation, culture & characterization
All the experiments involving animals were approved by the University of Insubria Ethical Committee and by
the Italian Ministry of Health in accordance with the Italian D.Lgs 26/2014. Experiments were performed on
adult Wistar rats of both sexes (n = 12; age: 2–12 months; body weight: 321 ± 44 g) deeply anesthetized
with an intraperitoneal injection of 75 mg/kg ketamine (Lobotor; Acme Italia Srl, Milan, Italy) and 0.5 mg/kg
medetomidine (Domitor; Pfizer Italia s.r.l., Milan, Italy) cocktail in saline. In vivo fluorescent staining of the pleural
diaphragmatic lymphatic network was performed as previously described [25]. Briefly, diaphragmatic lymphatics
were stained in vivo by an intraperitoneal injection of 0.8 ml 2% fluorescein isothiocyanate-conjugated high-
molecular-weight (250 kDa) dextran (FD250S; Sigma-Aldrich) in saline solution, allowing a precise discrimination
between lymphatic and blood vessels, as the latter appeared darker and not fluorescent. After 60 min, animals were
tracheotomized, paralyzed with a single bolus of 2 mg/ml pancuronium bromide (P1918; Merck, Italy) in saline
solution administered through the jugular vein and mechanically ventilated (Harvard Apparatus Inspira, Vanden
Abeele, QC, Canada). The chest wall was then opened, the pleural diaphragmatic surface was exposed and
the fluorescein isothiocyanate-filled lymphatic network was visualized under a stereo microscope (SV11; Carl
Zeiss S.p.A., Milan, Italy) equipped with light-emitting diode epifluorescence. Then, immediately after animal
suppression, fluorescent diaphragmatic lymphatics (microlymphatic vessel mean diameter approximately 150 μm)
belonging to superficial collecting lymphatics, mainly located at the far muscle periphery of the costal margin,
were carefully dissected from surrounding tissue. Smaller lymphatic capillaries and vessels belonging to lymphatic
lacunae appeared fainter and were not considered. Excised lymphatics were placed on 2D, thin, collagen-coated
Petri dishes (354236; BD Biosciences, CA, USA) of 50 μg/ml and cultured in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin. To avoid contamination of LEC cultures by lymphatic smooth muscle cells
or other connective tissue cells, 50 μM dibutyryl-cAMP [57] and 1 μg/ml hydrocortisone acetate [58] were added
to the growing medium and then maintained for the first growing step. LECs were maintained at 37◦C and 5%
CO2, and culture medium was changed every 3 days of culture.

Primary LECs started to spread out from tissue samples after about 3 days of culture, showing the typical
cobblestone LEC morphology [59–61]. Once LECs reached an adequate number, lymphatic tissue specimens were
carefully removed from the culture dish, and the cells were left to grow up to a 70–80% subconfluent mono-
layer. LEC lymphatic profile was assayed by immunostaining using the typical lymphatic markers: LYVE1, the
membrane glycoprotein podoplanin and the transcription factor PROX1, as reported by Marcozzi et al. [61]. LEC
cultures were also verified to be free of lymphatic smooth muscle cell contamination by lymphatic smooth muscle
actin immunostaining (data not shown).

LEC treatment with hASC-CM
Primary diaphragmatic LEC cultures obtained from 12 rats were cultured separately (n = 12 primary LEC
cultures) and grown until they reached 70–80% confluence (passage zero). LEC cultures were then maintained
for 24 h in DMEM0.1% (serum starvation). After serum starvation, images of Petri dishes were captured and
then LECs were manually counted to assess the starting conditions (t0). For each LEC culture, the Petri dishes
were randomly divided into different groups and maintained for 48 h (t48) in culture conditions as controls
or hASC-CM treatment, as reported in Table 1. For each individual hASC-CM treatment, four primary LEC
cultures were randomly exposed to hASC-CM #1, hASC-CM #2 or hASC-CM #3 individually. For any LEC
culture, three Petri dishes were tested for the same hASC-CM, and four fields per hASC-CM were manually
counted (total fields = 48 for each hASC-CM) using the ImageJ software (NIH, MD, USA) Cell Counter plugin
(https://imagej.nih.gov/ij/plugins/cell-counter.html) [62]. The resulting cell number was normalized per area unit
(cells/mm2) to obtain cell density. The cell counting at t0 and t48 was not intended to evaluate cell proliferation but
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Table 2. Primers used in this work.
Gene name Accession number Primer sequence 5′–3′ Melting

temperature
(◦C)

Rn GAPDH AF106860.2 Fw CATCACCATCTTCCAGGA 59.8

Rev GACTCCACGACATACTCA 59.5

Rn β2M NM 012512.2 Fw GGTGACCGTGATCTTTCT 60.4

Rev GGCGAGAGTACACTTGAA 60.4

Rn RPL13 NM 031101.1 Fw GAGGTGCCCTACAGTTAG 60.2

Rev TTCTTGTGGATACCAGCC 60.5

Rn PROX1 NM 00107201.1 Fw CCAAGGTTCAGAGCAGGATG 60.8

Rev CATGGCATCTTCATACGAGTTC 59.6

Rn VEGFR3 AF402786.1 Fw GTCTTCTTCTGGGTCCTCCTCC 62.7

Rev GGGTCCATGATGATGGACAG 61.2

Hs VEGFA† NM 001025366.2 Fw CAAGTGGTCCCAGGCTGC 62.9

Rev CTGGAAGATGTCCACCAGGG 62.8

Hs VEGFC† NM 005429.4 Fw TGTGTCCGTCTACAGATGT 61.9

Rev GGCAGGAAGTGTGATTGG 62.2

Hs IL6† M14584.1 Fw ACTCACCTCTTCAGAACG 60.4

Rev CCTCTTTGCTGCTTTCAC 60.0

†For these genes, primers were designed in a conserved region between human and rat.

to assess baseline reference conditions to point out the hASC-CM paracrine effect following treatment. Moreover,
primary LEC cultures developed from the same rats were used as controls and randomly grown in either DMEM0.1%

(n = 5) or DMEM10% (n = 5) for 48 h. For each control, two Petri dishes from five LEC cultures were used, and
two fields per culture were manually counted (n = 20 total fields).

RNA extraction & quantitative PCR analysis
Total LEC mRNA was isolated using the Miniprep kit (Zymo Research, Italy) according to the manufacturer’s
protocol. The extracted RNA was quantified using the QuantiFluor R© RNA system (Promega, WI, USA), and its
quality and integrity were assessed by 1% agarose gel electrophoresis. The RNA was reverse transcribed using the
iScript™ cDNA synthesis kit (Bio-Rad, Segrate, Italy), and the cDNA was stored at -20◦C until use.

Quantitative PCR was performed using iTaq™ universal SYBR R© green supermix (Bio-Rad). The Beacon Designer
program (Bio-Rad) was used to design specific primers (Table 2).
Each sample was prepared as reported by Rossi et al. [63]. Briefly, 1 μl (5 ng) of cDNA, 1 μl of forward and reverse
primer mix (6 μM), 7.5 μl of SYBR R© green supermix (2x) and water to a final volume of 15 μl were run in the
CFX96 thermal cycler (Bio-Rad). Thermal cycle provided the following settings: 5 min at 95◦C, 10 seconds at 95◦C
and 30 seconds at 60◦C for 40 cycles. Each experiment was performed in triplicate, and results were normalized
with three reference genes, GAPDH, β2M and RPL13, according to the method described by Palombella et al. [52]

and quantified using the 2−��Ct method.
The lymphatic master regulatory gene, PROX1 [64], and VEGFR3 were selected as lymphatic markers, whereas

VEGFC, VEGFA and IL6 were chosen as pro-lymphangiogenic and/or pro-angiogenic indicators. Data for hASC-
CM-treated LECs were normalized with respect to gene expression in cells grown in DMEM10% medium.

Analysis of LEC morphology & cell density
To evaluate morphology and cell density for LECs maintained in DMEM0.1% and DMEM10%, 20 fields from five
randomly selected Petri dishes were considered. For hASC-CM-treated LECs and for the samples at t0, 48 fields
from 12 different replicates were examined. The fields were manually counted as described earlier, and the resulting
cell number was normalized per area unit (cells/mm2). Freehand selections, corresponding to 2D culture vessel-like
structure (VLS) areas, were measured using ImageJ software (NIH).
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Figure 1. ELISA quantification of VEGFA, VEGFC
and IL6. (A) VEGFA, VEGFC protein evaluation
in human adipose-derived stem cell-conditioned
medium. (B) IL6 protein evaluation in human
adipose-derived stem cell-conditioned medium.
Results given in pg/ml, are expressed as mean ±
SE. n = 3 subjects.

LEC immunostaining for LYVE1 antibody
To assess the lymphatic nature of newly formed VLS areas, LECs cultured in hASC-CM for 48 h were immunos-
tained with the specific lymphatic marker LYVE1 [65], a membrane protein that better identifies the bays of VLS
areas. Briefly, LECs were fixed with 4% paraformaldehyde, washed in PBS and permeabilized with ice-cold methanol
and subsequently with 0.5% Triton X-100 (Sigma-Aldrich) in PBS. After 1 h in blocking solution (1% bovine
serum albumin plus 5% goat serum in PBS) at RT, LECs were incubated overnight with anti-LYVE1 antibody
LYVE-1 (P-14) (sc-31290; Santa Cruz Biotechnology, Inc., Heidelberg, Germany) at 4◦C. Samples were washed
in PBS and then incubated 2 h with anti-goat secondary antibody conjugated with Texas Red (sc-2783; Santa
Cruz Biotechnology, Inc.) at RT, in the dark. Finally, LECs were washed in PBS and mounted with Fluoroshield
with 4′,6-diamidino-2-phenylindole (F6057; Sigma-Aldrich), and images were collected using an IX51 microscope
(Olympus Italia, Milan, Italy).

Statistical analysis
Statistical analysis was performed using SigmaPlot 10 (Systat Software, Inc., CA, USA) using paired or unpaired
Student’s t-test and analysis of variance after data normality distribution check. Data were expressed as mean
values ± SE and were considered significantly different at p < 0.05.

Results
hASC characterization
The hASCs used in this study, previously characterized by flow cytometry and immunostaining [2,53], displayed
the classic spindle-shaped aspect with fibroblast-like morphology (Supplementary Figure 1). Furthermore, they
presented a high capacity for adhesion to the culture flasks and high proliferation potential and exhibited the same
immunophenotypic profile of those previously used (Supplementary Figure 2) [53]. In addition, up to the 12th
passage, hASCs showed a normal karyotype, confirming the genomic stability essential for gene expression and
safety (Supplementary Figure 3) [66].

ELISA on hASC-CM
ELISA was performed on each CM from hASCs obtained from three different subjects, then data were pooled and
expressed as mean ± SE (Figure 1). Results showed that the amount of VEGFC (135.4 ± 4.8 pg/ml) was comparable
in the analyzed samples, whereas the amount of VEGFA (328.6 ± 71.4 pg/ml) and IL6 (1642.8 ± 357.1 pg/ml)
was variable among individuals.

Effect of hASC-CM on LEC culture
LEC morphology at t0 and t48 is shown in Figure 2. In detail, LEC morphology evaluated at t0, after serum
starvation for 24 h, as baseline condition, is displayed in panels A, C and E. Morphology of LECs after 48 h of
treatment (t48) in DMEM0.1% or DMEM10% is represented in panels B and D. By contrast, LECs in hASC-CM are
shown in panels F and G. It is worth noting that at t48, LECs cultured in DMEM0.1% and DMEM10% seemed to
lose the typical endothelial cobblestone morphology, whereas hELISA quantification of VEGFA,VEGFC (panel a)
and IL6ASC-CM-treated LECs maintained their correct morphology. In addition, at t48, only hASC-CM-treated
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t0 t48 h

Figure 2. Effect of human adipose-derived stem cell-conditioned medium treatment on lymphatic endothelial
cell culture. (A, C & E) Representative images of cells after 24h of serum starvation (t0). (B) Cells maintained in
Dulbecco’s modified Eagle medium (DMEM)0.1% for 48h of culture (t48). (D) Cells maintained for 48h of culture in
DMEM10%. (F & G) Cells maintained for 48h of culture in human adipose-derived stem cell-conditioned medium. (G)
Lymphatic endothelial cells maintained in human adipose-derived stem cell-conditioned medium were able to
organize vessel-like structure (*). Scalebar 200 μm.

LECs showed the predisposition to form VLS areas in 2D cell cultures. The mean area covered by the branching
points of these structures was measured in different fields and was about 1.53*105 ± 4.5*104 μm2 (n = 16 VLS
areas).
Results on cell density are depicted in Figure 3. The cell counting assay was intended to measure hASC-CM effect
on LEC survival and possible role in prevention of cell dedifferentiation. After serum starvation for 24 h (t0),
LEC density was found to be similar in all samples (p = 0.87) and was 1129 ± 71 cells/mm2 for DMEM0.1%,
1116 ± 57 cells/mm2 for DMEM10% and 1167 ± 66 cells/mm2 for LECs subsequently treated with hASC-CM.
At t48, LECs grown in DMEM0.1% showed a very significant decrease (∼90%) in cell density (138 ± 6 cells/mm2

vs corresponding t0; p < 0.01; n = 5). Moreover, at t48, even LECs grown in the standard condition DMEM10%

showed a significant decrease (∼50%) in cell density (553 ± 49 cells/mm2 vs corresponding t0; p < 0.01; n = 5). By
contrast, LECs maintained in hASC-CM for 48 h showed a slight, although not significant, increase in cell density
(1303 ± 114 cells/mm2 vs corresponding t0). Furthermore, hASC-CM had a major beneficial effect on LECs
compared with those maintained in the standard condition DMEM10% (1303 ± 114 cells/mm2 for hASC-CM vs
553 ± 49 cells/mm2 for DMEM10%; p < 0.01; n = 17). This effect was even more evident when compared with
LECs grown in DMEM0.1% (p < 0.01; n = 17).
Figure 4 shows the effect for hASC-CM #1, hASC-CM #2 and hASC-CM #3 at t48 with respect to t0. All hASC-
conditioned media exerted a positive paracrine effect on cultured LECs, promoting cell survival, maintaining LEC
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Figure 4. Evaluation of lymphatic endothelial cell density.
hASC-CM: Human adipose-derived stem cell conditioned
medium.
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phenotype and preventing cell dedifferentiation. Only hASC-CM #2 was able to induce an increase (p < 0.05;
n = 4) in cell density at t48.
To confirm the lymphatic nature of the 2D newly formed VLS area, an immunostaining assay was performed using
the specific lymphatic marker anti-LYVE1 antibody. As reported in Figure 5, red positively stained cells confirmed
the lymphatic features of those new structures developed from organized LECs. As shown in inset a’, corresponding
to the square of the main panel, the red signal delimited the borders of VLS. Inset a’ (corresponding to higher
magnification of square a) highlights the red staining delimiting the borders of VLS.

Quantitative PCR on LECs treated with hASC-CM
Figure 6 represents the relative gene expression of lymphatic markers (PROX1 and VEGFR3), growth factors
(VEGFC and VEGFA) and pleiotropic cytokine IL6 evaluated at t48 in LECs maintained in DMEM10% or grown
in hASC-CM. Considering that hASC-CM, grown in DMEM0.1% FBS, resulted in an extreme cell density reduction
(∼-90%) in 48 h, this condition was not suitable for performing gene expression comparison; consequently, the
authors decided to consider DMEM10%, the optimal standard growing condition, the control. Data showed that
hASC-CM treatment induced a significant increase in the expression of the lymphatic markers PROX1 (∼threefold
vs DMEM10%; p < 0.01; n = 12) and VEGFR3 (∼fivefold vs DMEM10%; p < 0.05; n = 12). An interesting,
although not significant, decrease in the expression of VEGFC (∼-90% vs DMEM10%) was also found. Conversely,
no significant differences were found for the expression of VEGFA and IL6.
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a’

a

Figure 5. Immunostaining assay of lymphatic endothelial cells and vessel like structures. Representative image of
positive LYVE1 expressing cells (red staining) in t48 human adipose-derived stem cell conditioned medium treated
lymphatic endothelial cells. Blue DAPI staining indicates nuclei. (a’) shows higher magnification of (a), which
highlights the red staining delimiting the borders of vessel-like structure.
* = newly formed vessel-like structure.
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Figure 6. Gene expression evaluation. Prox1 and VegfR3
expression were significantly upregulated by hASC-CM
treatment.
**p < 0.01 and *p < 0.05, respectively vs DMEM10%, unpaired
t-test, n = 12.
DMEM: Dulbecco’s modified Eagle medium; hASC-CM: Human
adipose-derived stem cell conditioned medium.

Discussion
Aberrant lymphatic vessel growth and lymphatic vessel dysfunction are associated with pathological conditions
such as inflammation, lymphedema and tumor metastasis; therefore, lymphatic vessels are an attractive target for
therapeutic intervention. Secondary lymphedema occurs as a result of damage to the lymphatic system, typically
after breast or pelvic surgery. No cure has been established, and current therapeutic options remain limited and
largely ineffective.

An intricate balance of growth factors and biomechanical cues controls the mechanisms by which the lymphatic
vasculature network is formed, remodeled and adapted to physiological and pathological conditions [67,68]. In this
context, the role of hASCs has been extensively demonstrated in regenerative medicine, but thus far their paracrine
effect on lymphatic vessels remains incompletely understood. The evidence supports the hypothesis that growth
factors, secreted by hASCs, could represent an easily accessible source of pro-lymphangiogenic molecules, able to
bring clinical benefits to the treatment of secondary lymphedema [40–42,49].

In this work, the authors evaluated the effects of the bioactive molecules released by hASCs, using their culture
medium to grow primary rat diaphragmatic LECs. These LECs, even deriving from a different source tissue and
organ, showed typical cobblestone morphology and express characteristic markers also found in other primary and
commercial cell lines. ELISA of hASC-CM highlighted that hASCs released VEGFC (Figure 1A), a growth factor
heavily involved in the mechanisms underlying proper lymphatic function.

Recent evidence has demonstrated that exogenous VEGFC administration significantly improves edema res-
olution by increasing the growth of functional lymphatic capillaries [69,70] and collecting vessels [35], supporting
the key role of the VEGFC/VEGFR3 signaling pathway in lymphangiogenesis [38,46,69]. As reported by Takeda
et al. [41], culturing human dermal LECs with murine ASC-CM results in better cell proliferation, migration and
tube formation than basal medium supplemented with VEGFC alone [70]. Moreover, hASC-CM proves to be
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even more potent in in vitro lymphangiogenesis assays, promoting proliferation, migration, tube formation and
sprouting [42].

The cell density analysis aimed to evaluate whether hASC-CM had any positive effect on LEC maintenance
and could prevent cell dedifferentiation. The authors’ experimental conditions confirmed the beneficial effect of
hASC-secreted factors on LEC survival, morphology maintenance and integrity, even compared with the standard
growing condition DMEM10% (Figure 2D & F). Moreover, LECs cultured for 48 h in DMEM0.1% showed a
significant reduction in cell density (∼90%) (Figure 3), probably due to a high level of cell mortality and/or cell
differentiation reinforcing the significant positive effect exerted by hASC-CM on cultured LECs. The positive
effect exerted on LEC density was also evident when the three hASC-conditioned media were individually tested
(Figure 4). However, considering all data together as a unique hASC-CM treatment (Figure 3), the overall slight
increase was not significant. Results suggest a promising role for hASC-CM as a whole, as a combination of
growing factors, in developing new therapeutic approaches for lymphatic system-related dysfunction. Similar to
what was reported by Podgrabinska et al. [71], treatment with hASC-CM promoted LEC organization in VLS areas
(Figure 2G) in 2D cultures, suggesting that VEGFC in the hASC-CM is crucial for LEC organization. LECs exposed
to hASC-CM within 48 h were able to line up, forming round structures (VLS areas) delimited by elongated LECs,
though these structures were far from functional. Although hASC-released growing factors provided an adequate
environment for inducing LECs to form vessel-like structures in vitro, further experiments will be required to
confirm the ability of LECs to organize 3D tube-like structures, via the use of a collagen gel “sandwich” assay or
Matrigel R©(Thermo Fisher Scientific Inc. Monza MB, Italy), when exposed to hASC-CM. Immunofluorescence
results confirmed the lymphatic nature of newly formed VLS areas derived from hASC-CM-treated LEC cultures
(Figure 5).

Quantitative PCR analysis indicated that the gene expression of PROX1, the lymphatic master regulatory gene
that drives lymphatic identity and maintenance [72], is promoted in LECs grown in hASC-CM. The same result
was also found for VEGFR3, the receptor that responds to VEGFC (Figure 6). These outcomes suggest a possible
paracrine effect of hASCs via the release of VEGFC, and this hypothesis is supported by the high reduction in
VEGFC gene expression (Figure 6) in LECs after hASC-CM. As reported in the literature, the best known signaling
system for lymphangiogenesis involves the secreted glycoprotein VEGFC, which acts via VEGFR3 expressed on the
surface of LECs [39,40]. Moreover, VEGFC influences the functional relationship between PROX1 and VEGFR3,
establishing a feedback loop necessary to maintain the identity of LECs [73,74]. From this perspective, the authors’
results suggest that LECs possess an autocrine VEGFC/VEGFR3 loop that probably becomes redundant and then
downregulates with the addition of exogenous VEGFC. Thus, the authors hypothesize that, in these experimental
conditions, VEGFC plays a pivotal role in enhancing this regulatory mechanism. Although it is known that IL6 also
induces VEGFC expression in LECs [56], the signaling mechanisms involved in IL6-mediated VEGFC induction
in LECs remain incompletely understood.

The current evidence indicates that hASC-CM may be used to influence the properties of LECs and improve
lymphatic vessel function, and this could be considered one step toward using hASC-CM to improve or prevent
lymphatic-related pathologies such as secondary lymphedema. Preliminary results obtained in this work (Figures 2
& 3) demonstrate the critical role played by hASC-CM as a whole, as a combination of secreted factors, in LECs
derived from a particular area of the body, such as the diaphragm–muscular tissue located inside the thermal core.
Thus, the use of a combination of complementary growth factors, such as those present in hASC-CM, could be
more advantageous compared with the addition of single growth factors or even stem cell transplantation. In this
regard, the absence of an hASC-CM immune response could solve some issues and difficulties associated with
the use of cell transplants Therefore, hASC-CM could represent an option for therapeutic lymphangiogenesis in
pathological conditions. In addition, hASC-CM is easier to maintain and transport, and the secretome can be
pooled and stored for long-term use [5,75]. Nevertheless, an in-depth characterization of CM could provide clues as
to specific molecules and mechanisms pivotally involved in the paracrine effect exerted on LECs.

Conclusion
The study provides evidence of an hASC paracrine effect on LECs and emphasizes the advantages of secretome
derivatives for stimulating the in vitro lymphangiogenesis process. The authors’ results suggest that the major hASC
paracrine effect on LECs is probably exerted by enhancing the VEGFC/VEGFR3 lymphatic endothelial loop.
Certainly, further studies will be necessary to elucidate the mechanisms by which the hASC secretome influences
LEC gene expression, proliferation, migration and organization into capillary-like structures. Nevertheless, the use
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of hASC-CM, as a combination of complementary growth factors, could be an innovative therapeutic approach
for regenerative medicine and may have an important impact on the treatment of lymphatic-related pathologies.

Future perspective
The use of stem cells for both autologous and heterologous transplants might cause ectopic growth, tumorigenesis
and immune system reactions. By contrast, the adoption of a cell-free therapy would significantly reduce the
risks and overcome the difficulties associated with direct cell injection. The (stem) cell-free therapy is based on
biologically active factors secreted by stem cells, and the use of a combination of interdependent growth factors,
such as those present in hASC-CM, may have substantial advantages compared with the use of single growth
factors.

The stem cell secretome, in addition to avoiding cell therapy side effects, has substantial advantages in manu-
facture, storage and standardization, making it a promising type of biopharmaceutical. Even though an exhaustive
characterization of the components of the conditioned culture medium, which also includes the microvesicle frac-
tion, must be done, this emerging therapeutic treatment is a very encouraging, innovative therapeutic approach for
regenerative medicine and may have an important impact on the treatment of lymphatic-related pathologies.

Summary points

• Human adipose-derived stem cells were used as a model to evaluate the paracrine effect on lymphatic
endothelial cells (LECs).

• LECs used in this research were primary cultures isolated from rat diaphragmatic lymphatic vessels.
• The study was conducted using a multidisciplinary approach based on immunohistochemistry, gene expression

and ELISA.
• Human adipose-derived stem cell-conditioned medium was able to promote LEC survival and morphology

maintenance.
• Human adipose-derived stem cell-conditioned medium has similar effects, in terms of tissue repair processes, to

those exerted by the cells when inoculated into animal models.
• The conditioned media, which showed the same behavior, were obtained from cells derived from three different

subjects, individually cultured and tested.
• The authors’ results suggest that LECs possess an autocrine VEGFC/VEGFR3 loop that probably becomes

redundant and then downregulates with the addition of exogenous VEGFC.
• The results presented here are intended to add new information to the body of knowledge regarding the

potential of cell-free devices in the therapeutic approach to the treatment of lymphatic-related pathologies.
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