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Abstract
Human adipose-derived stromal vascular fraction (hSVF) cells are an easily accessible,

heterogeneous cell system that can spontaneously self-assemble into functional microvas-

culatures in vivo. However, the mechanisms underlying vascular self-assembly and matura-

tion are poorly understood, therefore we utilized an in vitro model to identify potential in vivo

regulatory mechanisms. We utilized passage one (P1) hSVF because of the rapid UEA1+

endothelium (EC) loss at even P2 culture. We exposed hSVF cells to a battery of angiogen-

esis inhibitors and found that the pan-Wnt inhibitor IWP2 produced the most significant

hSVF-EC networking decrease (~25%). To determine which Wnt isoform(s) and receptor(s)

may be involved, hSVF was screened by PCR for isoforms associated with angiogenesis,

with onlyWNT5A and its receptor, FZD4, being expressed for all time points observed.

Immunocytochemistry confirmed Wnt5a protein expression by hSVF. To see if Wnt5a alone

could restore IWP2-induced EC network inhibition, recombinant humanWnt5a (0–150 ng/

ml) was added to IWP2-treated cultures. The addition of rhWnt5a significantly increased EC

network area and significantly decreased the ratio of total EC network length to EC network

area compared to untreated controls. To determine if Wnt5a mediates in vivo microvascular

self-assembly, 3D hSVF constructs containing an IgG isotype control, anti-Wnt5a neutraliz-

ing antibody or rhWnt5a were implanted subcutaneously for 2w in immune compromised

mice. Compared to IgG controls, anti-Wnt5a treatment significantly reduced vessel length

density by ~41%, while rhWnt5a significantly increased vessel length density by ~62%.

However, anti-Wnt5a or rhWnt5a did not significantly affect the density of segments and

nodes, both of which measure vascular complexity. Taken together, this data demonstrates

that endogenous Wnt5a produced by hSVF plays a regulatory role in microvascular self-

assembly in vivo. These findings also suggest that manipulating Wnt signaling could

enhance control of hSVF vascularization in tissue engineering applications.
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Introduction
Providing a mature microcirculation to engineered tissues remains a significant challenge in
tissue engineering and regenerative medicine [1, 2]. To date, vasculatures have been engineered
by using endothelial cells (EC) alone [3] or by including some kind of mesenchymal cell to sta-
bilize the EC networks [4, 5]. Though these systems have provided tremendous insight [6–9], a
more robust cellular vascularization system will be required to achieve successful long-term
vascularization and engraftment of engineered tissue mimics. It is also critical to understand
that a functional microcirculation will be required to meet the metabolic needs of the therapeu-
tic parenchymal cells [10].

Adipose tissue is a unique endocrine and energy storage organ with the ability to increase or
decrease in size, unlike most organs which are relatively weight stable [11]. Rupnick and col-
leagues proposed that adipose vasculature may be maintained in a relatively immature state,
thereby allowing it to dynamically respond to tissue metabolic requirements in dynamic fash-
ion [12]. While adipose tissue was originally digested to isolate adipocytes for study, it was also
noted that the separated non-parenchymal cells, termed the stromal-vascular fraction cells
(SVF), consisted of microvascular EC, perivascular cells, fibroblasts and leukocytes [13]. The
component cells of SVF have been used as a source of EC [14] and multipotent mesenchymal
cells (adipose stromal cells, ASC) [15]. ASC have been shown to produce multiple angiogenic
growth factors and function as perivascular cells [16]. Therefore, non-parenchymal cells iso-
lated from adipose tissue could provide a relatively accessible source of autologous therapeutic
cells.

In spite of the significant work performed investigating the individual cells within SVF, the
functional capabilities of the complete heterogeneous cell population [17–20] are less well-
defined. We and others have demonstrated that implanted SVF spontaneously self-assembles
into a hierarchical and perfused microvasculature in vivo [21–23]. This spontaneous self-
assembly into microvasculatures requires the presence of EC, as their removal eliminates this
activity [21, 22]. This suggests that this heterogeneous mix of cells interacts with each other to
function as a cellular system. We utilized this vascular self-assembly capacity to support the
vascularization of co-implanted model hepatocyte cells [22] and induced pluripotent stem cell-
derived hepatocytes [24]. Though the endogenous cells within SVF possess an inherent capac-
ity for providing a microcirculation, the mechanisms regulating this function are poorly
defined.

Here we demonstrate that Wnt5a signaling regulates human adipose SVF microvascular
self-assembly in vivo. Microvascular morphometric analysis indicates Wnt5a influences
hSVF-EC proliferation while not significantly affecting vascular complexity (e.g. segment num-
ber and nodes). This suggests that Wnt5a could be useful for regulating the functional vascular-
ization of hSVF for therapeutic applications.

Materials and Methods

Animals and Ethics Statement
All animal procedures were conducted in compliance with University of Louisville School of
Medicine IACUC-approved protocols (IACUC #12060) and NIH guidelines. Animals were
housed in a temperature- and light-controlled (13h light, 11h dark) ALAAC accredited facility.
Food and water was provided ad libitum. Isoflurane gas was administered for anesthesia. Keto-
profen analgesic was delivered subcutaneously at the time of surgery and post-operatively
every 24h for 2d. For the duration of the experiment, animals were observed daily for signs of
discomfort, infection or distress. Regarding sacrifice, animals were anesthetized with Isoflurane
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gas until a surgical plane of anesthesia was reached before undergoing cervical dislocation and
pneumothorax to allow for lacerating the heart and exsanguination.

hSVF Isolation, Long-Term Storage, and General Culture
hSVF cells were isolated from the discarded lipoaspirate of three patients (identifying informa-
tion was unavailable) obtained under IRB exemption #09.0037. The lipoaspirate was acquired
and processed as previously described [22, 23]. The resulting cell pellet was divided and stored
in liquid nitrogen. Thawed cells were resuspended in hSVF Growth Media (hSVF GM: M199,
1X L-glutamine and HEPES (Invitrogen), 10% FBS (VWR International), and EC growth sup-
plement (developed in-house from bovine hypothalamus and augmented with heparin)) and
plated into a 75cm2 NUNC tissue culture flask (Thermo-Fisher Scientific) pre-coated with 1%
gelatin (Sigma-Aldrich). Cells were cultured overnight at 37°C and 5% CO2. A media change
was performed the following morning to remove dead cells, with subsequent media changes
performed every other day. Once confluent, hSVF cells were detached with 0.05% Trypsin-
EDTA (Invitrogen).

In Vitro Network Assembly
hSVF cells from passages 1 through 4 (P1 –P4) were plated at a density of 6x104 cells/cm2 in
hSVF GM. At days 1, 3, and 5 post-plating, all supernatant was aspirated and the cells were
fixed in 1% paraformaldehyde (PFA; Electron Microscopy Sciences) for 10 minutes at RT
before being washed with PBS (Invitrogen) for 5 minutes. All wells were labeled with Ulex
Europaeus Agglutinin-1 (UEA1; Vector Laboratories) directly conjugated to fluorescein for
human EC as well as DAPI nuclear dye (Thermo Fisher). Cells were imaged using an IX81
inverted fluorescence microscope (Olympus).

Inhibitor Treatment
P1 hSVF cells were plated as described and allowed to adhere overnight. The following day, the
media was supplemented with the Wnt inhibitor IWP2 (Tocris Biosciences) (at 0, 6.25, 12.5,
and 25μM; also see S1 Table and S1 Fig for a listing and the effects, respectively, of the other
tested angiogenic inhibitors) [25]. Media changes with IWP2 were performed every other day.
At the end of 5 days post-plating, the cells were processed and imaged as described above.

Cytotoxicity Assay
hSVF cells were cultured in different IWP2 concentrations (0, 6.25, 12.5, 25μM, and 50μM in
hSVF GM) as described above and assayed for cytotoxicity using CCK-8 (Dojindo Molecular
Technologies) according to the manufacturer’s instructions. Absorbance was measured using a
Synergy 4 plate reader (BioTek).

Gene and Protein Expression
Samples from P1 hSVF cell cultures were acquired on days 1, 3, and 5 and processed for
mRNA using QIAShredder and RNeasy kits (Qiagen) according to the manufacturer’s instruc-
tions. cDNA production, RT-PCR, and gel electrophoresis were all conducted as previously
described [24]. RT-PCR reactions (primers can be found in S2 Table) utilized the following set-
tings: 25 cycles, with denaturation at 95°C, annealing at 59°C, and extension at 70°C for 30 sec-
onds. Detected bands were normalized to GAPDH via densitometry analysis with Image J
software (NIH). For detection of protein expression, wells were prepared for fluorescence
microscopy as previously described [24]. Cells were permeabilized in 0.5% Triton X-100 (MP
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Biomedicals) for 10 minutes, blocked in 5% goat serum (Thermo Fisher) for 1 hour, and incu-
bated with anti-humanWnt5a antibody (Abcam) at 1:250 and 4°C overnight. Goat anti-Rabbit
594 secondary antibody (Thermo Fisher) was added the following day at 1:1000 for 1 hour at
RT (refer to S3 Table for further details). Wnt5a was visualized using an IX81 inverted micro-
scope (Olympus) and MPE FV1000 confocal microscope (Olympus).

ExogenousWnt5a Treatment
hSVF was plated and allowed to adhere overnight in hSVF GM. The next day, hSVF cells were
treated with 25μM IWP2 and varying concentrations of recombinant humanWnt5a (0, 0.75,
7.5, 75, and 150 ng/ml; R&D Systems) for an additional 4 days. As a comparison, recombinant
humanWnt3a was added to 25μM IWP2 in hSVF GM at the same concentrations. Media
changes were performed every other day. At the end of day 5 post-plating, all of the wells were
labeled with UEA1-Fl and quantified as previously described.

Wnt5a-Specific Neutralization and In Vivo Analysis
Based on the in vitro results, a representative donor hSVF population was used for Wnt5a neu-
tralization and in vivo experimentation. P1 hSVF cells were cultured as described in hSVF GM
containing 0, 5, 10, or 20μg/ml of anti-Wnt5a antibody or normal goat IgG isotype control
antibody (R&D Systems; of note, though the anti-Wnt5a antibody used here is specific for
mouse and rat, others have successfully used it to neutralize humanWnt5a [26, 27]). Media
changes occurred every other day. At the end of day 3, all of the wells were labeled with
UEA1-Fl and quantified as previously described.

To validate Wnt5a’s role in vivo, hSVF was incorporated into 3 mg/ml collagen-I constructs
as previously described [22, 23]. One of three treatments was incorporated into each construct:
(A) 20 μg/ml IgG isotype control antibody, (B) 20 μg/ml anti-Wnt5a antibody, or (C) 7.5 ng/
ml recombinant humanWnt5a. Constructs were placed bilaterally in the subcutaneous dorsum
of 9 Rag1-/- immune compromised C57BL6 mice (Jackson Laboratories) as previously
described [22, 23]. After 2 weeks, animals were sacrificed and the constructs explanted. Con-
structs were fixed in 4% PFA for 1 hour, washed, permeabilized in 0.5% Triton X-100 (MP Bio-
medicals) for 15 minutes, and blocked with 5% goat serum (Thermo Fisher) for 1 hour.
Constructs were incubated in 1:500 UEA1-Fl overnight. The following day, they were washed
and incubated with DAPI (1:10000) for 10 minutes. Imaging was conducted via fluorescence
confocal microscopy (Olympus MPE FV1000).

2-D (In Vitro) Image Analysis
Fluorescence images were analyzed using Image J software (NIH) with the Neuron J plugin
(ImageScience.org). Images were assessed for total EC network length and EC area. Sheets of
EC were not considered to be discrete segments and were omitted from total EC network
length calculations, though they were incorporated into EC network area measurements. With
regards to calculating the EC area, images were first given a color threshold to identify all
UEA1+ structures. A size threshold of 0.065 cm2 was then applied to remove background
noise. Resulting areas in a field-of-view were automatically quantified; images containing bla-
tant outliers (for e.g., UEA1+ particles not associated with a vascular structure) were manually
excluded from EC area calculations. Regarding calculations and graphical representation, we
normalized in vitro rhWnt5a, rhWnt3a, and anti-Wnt5a quantitative data to their respective 0
ng/ml or 0 μg/ml treatment controls. This was done to account for the inherent differences
between three different hSVF isolations from three patients. Examples of length and area mea-
surements are shown in S2 Fig.
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3D (In Vivo) Image Analysis
Z-stacks of confocal images were combined into a 3D composite image using AMIRA 6.0 soft-
ware (FEI Visualization Sciences Group). After measuring UEA1+ volume, we converted
UEA1+ signals into a skeleton and measured total EC network length, segments, and nodes.
Network segments were considered to be structures with easily discernible origins and end
points. The longest measurable vascular structure devoid of branching vessels was considered
to be one segment. Likewise, each branch point was considered to be one node. All image
manipulation and measurement was conducted according to instructions present in the
AMIRA 6.0 User Guide.

Statistics
Passaging, angiogenic inhibitor, rhWnt5a and rhWnt3a experiments were conducted in tripli-
cate, with one experiment per donor lipoaspirate. Anti-Wnt5a and in vivo experimentation uti-
lized cells from one representative donor. Error is presented as the mean ± standard error of
the mean (SEM). Significance was determined using the Student’s t-test (p< 0.05) and verified
by one-way ANOVA with follow-up Holm-Sidak or Tukey comparison tests, as determined by
SigmaPlot (Systat Software). Outliers were identified using Chauvinet’s criterion [28].

Results

hSVF EC Networks Are Reduced with Increasing Culture
hSVF was cultured to assess potential mechanisms regulating its vascular self-assembly in vivo
[22, 29]. After several days of culture, we observed the appearance of network-like structures in
our cultures. Labeling of the cells with UEA1 (a lectin that binds human endothelium) and
DAPI confirmed the presence of extensive EC networks in hSVF surrounded by an abundant
stromal support system (Fig 1A).

Based on prior experience working with rodent and human SVF cells, we observed that
high-passage SVF cells lose their ability to form vasculatures in vivo [22]. Therefore, we wanted
to determine if this phenomenon also occurred in vitro. We performed an analysis of EC net-
work formation as a function of passage, using hSVF cells from passages 1 through 4. Fig 1B
shows that EC network density increased within a given passage over 5 days. Conversely, the
overall EC density decreased with increasing passage. We observed significant reductions in
normalized EC network length at day 5 as the passage number increased (Fig 1C). Normalized
to P1, which exhibited the highest total EC length, P2, P3, and P4 cells exhibited lengths that
were 0.59 ± 0.02 (p< 0.001), 0.44 ± 0.03 (p< 0.001), and 0.26 ± 0.09 (p = 0.001) times as large,
respectively. Thus, successive culturing decreases the hSVF EC networking capacity.

While lower passages of hSVF achieved a greater quantified total EC network length by day
5 (Fig 1C), this self-assembly appears to be dependent on the number of UEA1+ EC within the
culture at time of plating. As our analysis depends on having quantifiable EC networks, all sub-
sequent in vitro and in vivo experiments utilized P1 cells due to their observed higher EC net-
working potential.

Wnt Signaling Is Implicated in hSVF EC Network Self-Assembly
To identify the mechanisms regulating the self-assembly of adipose-derived hSVF into EC net-
works, we treated hSVF cultures with angiogenic inhibitors for the following signaling path-
ways: VEGF-R2 (ZM323881), PDGF-Rβ (AG1296), HGF receptor / cMet (SU11274), the TGF-
β type-I receptor/Alk5 (SB431542) (S1 Fig and S1 Table), and Wnt palmitoylation (IWP2) (Fig
2). In our preliminary tests, IWP2 significantly decreased the total EC length at the two highest
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concentrations (25 and 50μM; data not shown). Because the role of Wnt signaling in vessel
assembly is not as well characterized as it is in cancer, stem cell, and developmental biology, we
focused our efforts here.

Before proceeding, we sought to determine if our preliminary findings were due to
IWP2-induced cytotoxicity (Fig 2A). At 50μM of IWP2, cell death was determined to be due to
cytotoxic effects (1.05 ± 0.08 AU with p� 0.001), while the 25μM and lower concentrations
yielded absorbance readings that were not significantly different from control cultures. The
25μM IWP2 dose was used for all subsequent experiments.

Fig 1. Culture reduces hSVF vascularization potential. (A)Within 5 days of culture, hSVF displayed complex UEA1+ EC networks. Scale = 10x, 200μm.
(B) hSVF networks increase in complexity over time in low passage culture, but rapidly lose EC networking capacity with subsequent passaging. Scale = 10x,
200μm. n = 3 donors. (C) The average total hSVF EC length at day 5 was quantified and normalized to measurements of P1, day 5. Significant decreases in
total hSVF EC length are seen by day 5 as a function of increasing passage (***p� 0.001). Bars shown as mean ± S.E.M.

doi:10.1371/journal.pone.0151402.g001
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We next wanted to determine the effect of varying IWP2 concentrations on hSVF-EC net-
work formation (Fig 2B.i). Treatment of hSVF with 6.25 or 12.5μM IWP2 showed no changes
in EC network formation compared to control cultures. However, treating hSVF cells with
25μM IWP2 significantly reduced their total EC network length, yielding a total length only

Fig 2. Wnt mediates hSVF vascular self-assembly. (A) The CCK-8 cell cytotoxicity assay demonstrated
that IWP2 concentrations� 25μMwere not cytotoxic, whereas 50μMwas cytotoxic (***p� 0.001). All
subsequent experiments utilized 25μM. (B) (i.) Increasing IWP2 concentrations reduced hSVF UEA1+ EC
networking. Scale = 10x, 200μm. (ii.) 25μM IWP2 significantly decreased the total network length with respect
to control (***p� 0.001). n = 3 donors. NS = not significant. Bars shown as mean ± S.E.M.

doi:10.1371/journal.pone.0151402.g002

Wnt5a Mediates hSVF Assembly

PLOS ONE | DOI:10.1371/journal.pone.0151402 March 10, 2016 7 / 19



0.75 ± 0.12 times that of the untreated control (p< 0.001; Fig 2B.ii). These findings demon-
strate that the inhibition of endogenous hSVFWnt signaling has a downstream effect of reduc-
ing EC self-assembly and total EC network length.

WNT5A and FZD4 Are Expressed in hSVF
Since IWP2 blocks Wnt palmitoylation [25] and all Wnt isoforms are palmitoylated [30], we
next wanted to determine which Wnt isoforms were expressed in hSVF. We used mRNA iso-
lated from hSVF cultures at days 1, 3 and 5 to identify Wnt isoforms associated with angiogen-
esis via PCR [31–40] (S3A Fig). In each experimental replicate,WNT5AmRNA was
consistently present with stable levels of expression at all time points (Fig 3A). To determine if
Wnt5a protein was present in hSVF, we immunolabeled cultures with anti-Wnt5a antibody
and UEA1+ (Fig 3B). We found that Wnt5a was abundant in the hSVF culture (Fig 3B.i), and
that Wnt5a was not detectable in the fluorescent secondary antibody-only control (Fig 3B.ii).

Given that Wnt5a was present in hSVF cultures, we next wanted to determine which Wnt5a
receptors were expressed in hSVF (S3B Fig). Wnt5a has been shown to interact with a number
of receptors, including Frizzled-4 [41], -5 [26, 36, 42], and ROR2 [43, 44]. The hSVF mRNA
isolated from hSVF cultures at days 1, 3, and 5 was also assessed for the expression of these
receptors. In certain replicates, we noticed weak expression of FZD5 and ROR2 (S3B Fig).
However, in all replicates, FZD4 was consistently expressed at all time points (Fig 3C). These
findings confirm that Wnt5a and its receptor, FZD4, are expressed within cultured hSVF and
suggest a possible mechanism for regulating hSVF EC vascular self-assembly.

Recombinant Wnt5a Mediates the Self-Assembly of hSVF EC Networks
in IWP2-Treated Cultures
To determine the specific role of Wnt5a in the self-assembly of hSVF EC networks, we exposed
hSVF cultures to a combination of 25μM IWP2 and varying concentrations (0–150 ng/ml) of
exogenously supplied recombinant humanWnt5a protein (rhWnt5a; Fig 4). Since IWP2 (a)
inhibits the release of all endogenous Wnt isoforms from hSVF cells without affecting cognate
receptors and (b) impairs hSVF EC networking, we wanted to determine if the selective addi-
tion of rhWnt5a alone would restore hSVF EC network assembly.

After five days of exposure to rhWnt5a and IWP2, hSVF cultures were labeled with UEA1
(Fig 4A), allowing us to quantify the magnitude of hSVF EC networking. As expected, the addi-
tion of 25μM IWP2 alone (negative control, with no supplemental rhWnt5a) inhibited EC net-
work assembly. Supplementing the cultures with as little as 0.75 ng/ml rhWnt5a yielded
significant increases in UEA1+ EC area (Fig 4B) compared to cultures given IWP2 alone,
resulting in a 2.44 ± 0.36-fold increase (p� 0.01). The 7.5 ng/ml concentration elicited the larg-
est increase in area, measuring 3.34 ± 0.87 times (p� 0.05) larger than cultures treated with
IWP2 alone, while 75 ng/ml elicited a 2.93 ± 0.76-fold increase (p� 0.05) and 150 ng/ml
yielded an increase of 2.98 ± 0.72 fold (p� 0.05). ANOVA analysis further indicated that treat-
ment with any concentration of rhWnt5a was significant compared to controls lacking
rhWnt5a, but that there were no significant differences between the various rhWnt5a
treatments.

Interestingly, while addition of rhWnt5a significantly increased UEA1+ EC area in the pres-
ence of IWP2, it also promoted the aggregation of EC into sheet-like structures. To quantita-
tively characterize this, the total EC network length was measured in each field-of-view and
normalized this length to the measured EC area in that same field-of-view (Fig 4C). Compared
to cultures given IWP2 alone, the addition of 0.75 ng/ml rhWnt5a yielded ratios that were only
0.51 ± 0.06 times as large (p� 0.001). Similarly, the 7.5, 75, and 150 ng/ml concentrations
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exhibited ratios that were 0.56 ± 0.08 (p� 0.001), 0.72 ± 0.1 (p� 0.05), and 0.55 ± 0.09
(p� 0.001) times that seen with the control. Thus, considering that rhWnt5a increased EC
area and reduces the ratio of total EC length to EC area, rhWnt5a appears to specifically play a
role in modulating hSVF vascular network assembly in an EC proliferation-dependent process.

Fig 3. WNT5A and FZD4 are highly expressed in hSVF cultures. (A) RT-PCR demonstrates the robust
expression ofWNT5A at days 1, 3 and 5. Normalization ofWNT5A expression toGAPDH indicates uniform
expression of transcripts over 5 days. n = 3 donors. (B) (i.) EC were labeled with UEA1 (green), nuclei with
DAPI (blue), and the entire culture with anti-Wnt5a 1° + AF594 2° antibodies (red). Robust Wnt5a expression
was seen throughout the culture. Scale = 20x, 100μm. (ii.) A negative control run in parallel used only the
AF594 2° antibody to rule out non-specific fluorophore binding. Scale = 20x, 100μm. (C)WNT5A receptor
expression was also tested by RT-PCR (also see S3B Fig). FZD4was consistently expressed, while
densitometry shows no change in FZD4 transcripts over 5 days. n = 3 donors. NS = not significant. Bars
shown as mean ± S.E.M.

doi:10.1371/journal.pone.0151402.g003
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Wnt signaling is divided into canonical and non-canonical pathways, which utilizes β-cate-
nin or non-β-catenin pathways, respectively, to transduce the signal [45]. Wnt5a can bind to a
variety of receptors but is generally categorized as a non-canonical Wnt [27, 46]. To determine
if the same effect on hSVF EC networking could be produced by a different Wnt isoform, we
repeated the experiment above using the prototypical canonical Wnt, Wnt3a, at the same

Fig 4. Exogenous recombinant Wnt5a mediates hSVF vascular self-assembly during IWP2 inhibition.
hSVF cultures were treated with 25μM IWP2 and given increasing concentrations of rhWnt5a. (A)
Representative images of UEA1+ (green) hSVF EC networks are seen for all conditions. Scale Bar = 4x,
500μm. (B) rhWnt5a significantly increased the total UEA1+ area compared to the control (*p� 0.05;
**p� 0.01). (C) Compared to the 0 ng/ml rhWnt5a control, supplemental rhWnt5a produced areas of hSVF
EC sheeting, which is characterized by lower ratios of total EC length to EC area. n = 3 donors. Bars shown
as mean ± S.E.M.

doi:10.1371/journal.pone.0151402.g004
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concentrations as those used for the rhWnt5a in vitro experiment (Fig 5A). Here we deter-
mined that Wnt3a supplementation did not significantly increase networking area (Fig 5B) or
the ratio of EC network length to EC area of IWP2-treated cultures (Fig 5C). Further, ANOVA
analysis confirmed that treatment with any concentration of Wnt3a did not yield a significant

Fig 5. IWP2-treated hSVF EC networks are not affected by supplemental rhWnt3a. (A) hSVF was
treated with 25μM IWP2 for 5d and given varying concentrations of rhWnt3a. Representative images of
UEA1+ (green) hSVF EC networks are seen for all conditions. Scale Bar = 4x, 500μm. (B) rhWnt3a
supplementation yielded no significant changes to network area compared to the IWP2 control. (C) The
normalization of total UEA1+ EC network length to the total UEA1+ EC area was not significantly affected by
exogenous rhWnt3a addition. n = 3 donors. NS = not significant. Bars shown as mean ± S.E.M.

doi:10.1371/journal.pone.0151402.g005
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outcome. These findings suggest that Wnt5a alone can partially restore the assembly of hSVF
EC vascular structures when endogenous Wnt release is prevented. It also demonstrates that
the effect on network assembly is not necessarily mediated by all Wnt isoforms, since Wnt3a
substitution was ineffective.

Wnt5a Mediates hSVF Microvascular Self-Assembly In Vivo
Our data supports that Wnt5a plays a specific role in hSVF microvascular self-assembly in
vitro. Therefore, we wanted to determine its role in the self-assembly that we and others have
reported in vivo [21, 22, 24]. We initially exposed hSVF cultures to varying concentrations (0–
20 μg/ml) of Wnt5a neutralizing antibody (referred to as anti-Wnt5a) [26] in vitro to deter-
mine an appropriate concentration for use in vivo (S4 Fig). Compared to the negative control
(0 μg/ml), there were no significant differences were observed with 5 or 10 μg/ml anti-Wnt5a.
However, treatment with 20 μg/ml anti-Wnt5a significantly reduced the total EC length
(0.68 ± 0.06 fold, p� 0.05; S4A Fig) and segment number (0.52 ± 0.09 fold, p� 0.05; S4B Fig).
The addition of an IgG control antibody at the same concentrations did not affect total EC
length or segment number (data not shown).

Based on these in vitro findings, we utilized 20 μg/ml anti-Wnt5a in subsequent in vivo
experiments to determine if Wnt5a modulated hSVF microvascular assembly in that setting as
well. hSVF cells were incorporated into 3D collagen-I constructs containing either 20 μg/ml
IgG isotype control antibody, 20 μg/ml anti-Wnt5a neutralizing antibody, or 7.5 ng/ml
rhWnt5a (Fig 6). After two weeks of implantation, the constructs were explanted, processed
and analyzed as described in the Materials and Methods (Fig 6A). Each experimental condition
was quantified for length density (i.e., a ratio of the total EC length to the 3D scan volume; Fig
6B) as well as the ratios of segment (Fig 6C) and node (Fig 6D) numbers to length density.
Thus, length density is a measure of assembly, while the segment and node ratios serve to char-
acterize hSVF vascular complexity.

IgG controls exhibited an average length density of (3.81 ± 0.1) x 10−5 μm/μm3. Treatment
with anti-Wnt5a significantly reduced the length density ((2.25 ± 0.16) x 10−5 μm/μm3;
p� 0.05), while rhWnt5a significantly increased this ratio ((6.17 ± 0.43) x 10−5 μm/μm3;
p� 0.05). Thus, compared to the IgG control, anti-Wnt5a reduced total vascular length by
approximately 41 ± 5.6%, while rhWnt5a increased overall vascular length by approximately
62 ± 15%.

With regards to vascular complexity, the addition of anti-Wnt5a to 3D implants did not sig-
nificantly affect the ratio of segments to length density ((1.24 ± 0.13) x 107 segments/μm/μm3;
p = 0.56) compared to IgG controls ((1.34 ± 0.07) x 107 segments/μm/μm3). Anti-Wnt5a also
bore no significant effect on the ratio of nodes to length density, with (1.31 ± 0.02) x 107 nodes/
μm/μm3 (p = 0.22) compared to the (1.24 ± 0.07) x 107 nodes/μm/μm3 seen with the IgG con-
trol. Additionally, rhWnt5a did not significantly influence complexity either ((1.28 ± 0.34) x
107 segments/μm/μm3 (p = 0.86) and (1.06 ± 0.27) x 107 nodes/μm/μm3 (p = 0.67)). These
results also correlate with the qualitative observation that 3D implants did not contain EC
sheet-like aggregations.

ANOVA analysis indicated that the anti-Wnt5a and rhWnt5a treatments only imparted sig-
nificant effects on the EC length within a 3D construct. Thus, this data demonstrates that in a
3D implant, the supplementation of rhWnt5a in vivo significantly increased the overall length
of the hSVF microvasculature, while the specific blockade of Wnt5a with a neutralizing anti-
body significantly reduced hSVF cells’ capability to form a microcirculation. Together, these
findings support a role for Wnt5a in mediating hSVF microvascular self-assembly in vivo.
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Fig 6. Wnt5a drives hSVF ECmicrovascular assembly in vivo. (A) 3D collagen-I constructs containing
hSVF an IgG isotype control, Wnt5a neutralizing antibody (anti-Wnt5a), or rhWnt5a (3 animals per treatment;
1 representative donor cell line was used) were implanted for 2w. Images show 2w constructs in situ.
Constructs were then labeled with UEA1 (green) and imaged by confocal microscopy. Scale bar = 20x,
100μm. (B) Anti-Wnt5a treatment significantly reduced the length density compared to the IgG control
(*p� 0.05), while rhWnt5a addition significantly increased this ratio (*p� 0.05). (C) Normalization of
segment number to length density showed no significant affect with either the anti-Wnt5a or the rhWnt5a
treatments compared to IgG controls. (D) The ratio of node number to length density also showed no
significant difference between the IgG control, the anti-Wnt5a treatment, and treatment with rhWnt5a.
NS = not significant. Bars shown as mean ± S.E.M.

doi:10.1371/journal.pone.0151402.g006
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Discussion
The main and novel findings of this report are that (a) the complete heterogeneous cellular
mixture that comprises human adipose SVF (hSVF) spontaneously forms endothelial networks
in vitro, but loses this capacity with serial cell culture due to a reduction in system endothelium,
(b) in vivo hSVF microvascular self-assembly can be modeled in vitro by the endogenous het-
erogeneous hSVF cellular mixture and (c) the self-assembly of hSVF microvascular networks
in vivo is regulated by Wnt5a signaling that mediates proliferation but not microvascular
complexity.

Koh and colleagues demonstrated that the formation of vascular networks by mouse SVF
depended on the presence of EC [21]. We previously reported that the removal of EC from rat
SVF yields a significantly altered vascular interaction [22]. Here, we show that the depletion of
endogenous UEA1+ hSVF-EC reduces its spontaneous EC networking. While it seems obvious
that the depletion of endogenous EC from SVF results in a decreased capacity for spontaneous
vascular self-assembly, this finding emphasizes that the heterogeneous mixture of the different
cell types within SVF work together as an interdependent system. It also suggests that once
endogenous EC are depleted, their function is not significantly replaced by other differentiating
cells residing within the same system. These findings support the hypothesis that the heteroge-
neity of SVF is crucial to its biological activity. However, the mechanisms regulating this func-
tionality are poorly defined.

Koh and colleagues demonstrated VEGF was required for SVF vascular assembly [21].
CD31-/CD34+ cells (isolated from SVF by differential attachment on untreated tissue culture
plastic) were shown to produce multiple angiogenic growth factors, including VEGF, and pro-
vide perivascular support when cultured or implanted with exogenous microvascular EC [16].
Our data supports these findings and also demonstrates that Wnt5a regulates hSVF microvas-
cular self-assembly in vivo. ThoughWnt biology has been extensively studied in other contexts,
its functions in EC biology and angiogenesis have only recently been investigated [40, 47–50],
with defined roles for canonical and non-canonical Wnt isoforms [36, 40, 47] in vasculariza-
tion. Our data demonstrates that Wnt5a is highly expressed in hSVF. Though the cell popula-
tion(s) that produces Wnt5a remains to be identified, it most likely originates from non-
endothelial cells and acts in a paracrine manner. We also showed robust expression of FZD4
receptor transcripts in hSVF. Wnt5a has been shown to utilize this receptor in EC [41], but it
can also signal through FZD5 [36] and ROR2 [44, 51]. Thus, the downstream signaling events
also need to be defined. Lastly, though more work is required to understand how the hSVF cel-
lular system functions to self-assemble a microvasculature, our data identifies Wnt5a signaling
as a target to potentiate this process.

Much work as been performed to isolate and characterize the adipose stromal cell (ASC)
[15, 52, 53]–partly because of its similarity in function to bone marrow mesenchymal stem
cells (MSC) and also because of its relative ease of access [54–58]. ASC are isolated by serial
culture and have been shown to be adipogenic, chondrogenic, osteogenic and myogenic, simi-
lar to bone marrow MSC [15]. We have demonstrated that by using the entire endogenous
SVF cell system, we can generate a microcirculation that supports the engraftment and func-
tion of implanted parenchymal cells [10, 24, 59]. Though certain lineages contained within adi-
pose SVF may be advantageous for specific applications, our data illustrates the utility of the
entire endogenous SVF cell mixture as a potential therapeutic system [60].

In this report, our goal was to define mechanisms controlling hSVF spontaneous EC micro-
vascular network formation in vivo. Our findings are novel, as this is the first identification of
Wnt5a as a regulator of hSVF vascular assembly. This work underscores the fact that adipose
SVF is a potential regenerative cell system. Understanding how the mixture of heterogeneous
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cell types within hSVF works together could enhance efforts to better vascularize tissues or pro-
mote the engraftment of engineered therapeutic cells [22, 24].

Supporting Information
S1 Fig. hSVF EC network quantification after inhibitor treatment. hSVF was treated with
small molecule inhibitors to identify potential pathways mediating vascular self-assembly. For
each inhibitor tested, UEA1+ network length was normalized to the untreated control (also see
S1 Table). The VEGF-R2 and PDGF-Rβ inhibitors significantly reduced total hSVF EC net-
work length at their two highest concentrations (�p� 0.05), whereas no significant differences
were seen with any concentration of the TGF-β/Alk5 or HGF/cMet inhibitors.
(TIFF)

S2 Fig. EC network tracing and area determination. (A) Image J was used to convert stan-
dard UEA1+ EC images to 8-bit. Images were then traced to measure total EC length using the
NeuronJ plugin. (B) 8-bit images were also used for area measurement. Images were processed
for size threshold (shown in red) and enumerated as described in the Materials and Methods.
(TIFF)

S3 Fig.WNT andWNT5A-Receptor PCR Screening. (A) Day 1 hSVF cDNA was initially
screened by PCR using primers for Wnt isoforms associated with angiogenesis. Of these,
WNT5A was most strongly expressed, whileWNT7B was expressed to a lesser degree (arrows).
(B)OnceWNT5A was identified,WNT5A receptors underwent similar screening, with a focus
on FZD4, FZD5, and ROR2. FZD4 was consistently expressed for all experiments, while FZD5
and ROR2 expression was inconsistent.
(TIFF)

S4 Fig. Wnt5a neutralizing antibody inhibits hSVF total EC length and segments. The larg-
est concentration of anti-Wnt5a (20 μg/ml) significantly reduced the (A) hSVF EC total length
(�p� 0.05) and (B) number of segments (�p� 0.05). This concentration was used to examine
Wnt5a’s role in hSVF vascular self-assembly in vivo. In both (A) and (B), values obtained for
length and segments with each treatment were normalized to the 0 μg/ml control. NS = not sig-
nificant.
(TIFF)
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