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Osteoarthritis (OA) can be a debilitating degenerative disease and is the most common form of arthritic disease. There is a
general consensus that current nonsurgical therapies are insufficient for younger OA sufferers who are not candidates for knee
arthroplasties. Adipose-derived mesenchymal stem cells (MSCs) therapy for the treatment of OA can slow disease progression
and lead to neocartilage formation.The mechanism of action is secretion driven. Current clinical preparations from adipose tissue
for the treatment of OA include autologous stromal vascular fraction (SVF), SVF plus mature adipocytes, and culture-purified
MSCs. Herein we have combined these human adipose-derived preparations with Hyaluronan (Hylan G-F 20: Synvisc) in vitro
and measured alterations in cytokine profile. SVF plus mature adipocytes showed the greatest decreased in the proinflammatory
cytokines IL-1𝛽, IFN-𝛾, and VEGF. MCP-1 and MIP-1𝛼 decreased substantially in the SVF preparations but not the purified MSCs.
The purified MSC preparation was the only one to show increase in MIF. Overall the SVF plus mature adipocytes preparation
may be most suited of all the preparations for combination with HA for the treatment of OA, based on the alterations of heavily
implicated cytokines in OA disease progression. This will require further validation using in vivomodels.

1. Introduction

Osteoarthritis (OA) can be a debilitating degenerative disease
and is the most common form of arthritic disease. Onset is
usually in the third and fourth decade of life and has a gradual
worsening prognosis over time.

OA is most prevalent in weight bearing joints; the highest
incidence of the disease occurs in the knee. It is classified
as idiopathic and or secondary. Primary clinical interven-
tion currently involves limited systemic pharmacotherapy
such as analgesics and nonsteroidal anti-inflammatory drugs
(NSAIDs). Controlling mechanical overload through weight
loss and supporting braces can be used autonomously or
in combination with physical therapy. Viscosupplementation

can also be used to treat OA. This aims to replace lost
synovial fluid in an OA knee with Hyaluronan (HA) to
reduce pain and increase mobility by lubricating the joint.
HA is an endogenous polysaccharide found in all tissues and
body fluids of vertebrates. HA is especially abundant in loose
connective tissue and is a major component of cartilage [1]
and the synovium [2]. Aside from its rheological properties,
high molecular weight HA can decrease apoptosis, oxidative
stress, and necrosis [3].

Arthroscopic surgical interventions are used for the
debridement of mechanical cartilage tears, lesions, and
defects, as well as cartilage resurfacing or microfracture to
stimulate fibrocartilaginous repair. However, due to inherent
degenerative factors of OA and the limited capacity of
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conventional therapies to halt disease progression, arthro-
plasties (artificial joint replacement surgery) are commonly
performed for a large proportion of OA patients. The useful
lifetime of an artificial knee joint is between 10 and 20
years. Average time for revision surgery has been reported
at 35 months and is most commonly caused by infection,
instability, and stiffness [4]. For these reasons arthroplasties
are often not recommended for patients under 60. There is
a general consensus that current nonsurgical therapies are
insufficient for younger OA sufferers who are not candidates
for knee arthroplasties [5]. Although current therapies may
provide temporary pain relief and increased mobility, there
is a pressing need for treatments that slow or stop the
degradation of cartilage.

The use of alternative biological therapies, such as mes-
enchymal stem cells (MSCs), for the treatment of OA is
increasing as a result of a gap in healthcare options for
middle age patients [5, 27]. MSCs can differentiate into
mesodermal lineages making them an attractive source for
cell based therapies in musculoskeletal conditions such as
OA [28]. However, differentiation is not the primary mode
of action and in vitro animal models and human data have
demonstrated that a complex set of secretions drive the
anti-inflammatory and regenerative effects that have been
observed [29]. Thus, the secretome of MSCs has become
of particular interest and multiplex cytokine analyses are
used to assess cell populations and the “cytokine profile” is
predictive of in vivo effect [30]. Proinflammatory cytokines
such as Interleukin-1𝛽 (IL-1𝛽) play a pivotal role in the
pathogenesis of OA. IL-1𝛽 can dramatically increase the
expression of matrix metalloproteinases, which contribute to
cartilage degradation in OA. Chondrocytes stimulated with
IL-1𝛽 increase secretion of Nitric oxide and Prostaglandin E2,
which are keymediators essential to inflammation inOA [31].

The role of inflammation in the pathophysiology of OA
has shifted from originally being considered a by-product of
the disease to the current understanding as a key driver of
disease progression [32]. MSCs have an anti-inflammatory
effect and are able to stimulate cartilage proliferation via
paracrine signaling [33]. As such, regenerative therapies using
MSCs are emerging as a suitable treatment for degenerative
musculoskeletal defects.

Surgeons have experimented with possible combination
therapies; most notably Lee et al. showed in a porcine model
using histopathological observation that injection of bone
marrow-derived MSCs suspended in Hyaluronan (Hylan G-
F 20: Synvisc) could home to the site of injury, adhere,
proliferate, and lead to neocartilage formation [34]. One
limitation of this study as concluded by the authors was that
regeneration may have been limited by a dose-dependent
response to the number of MSCs injected.

One of the first MSCs sources to be isolated came from
bone marrow, however as shown by Kern et al. in a com-
parative analysis between adipose and bonemarrow-derived,
these MSCs may be inferior to adipose-derived MSCs, in
terms of clinical feasibility. It was shown that adipose tissue
had the highest concentration of MSCs and a greater pro-
liferative capacity when compared to bone marrow-derived
MSCs [35]. The above components combined with minimal

invasiveness spearhead adipose tissue as a favorable source of
MSCs in emerging regenerative therapies.

Hyaluronan (HA) shows great potential as an adjunct to
adipose-derived MSC regenerative therapy for the treatment
of OA not only for its ability to provide rheological cush-
ioning but also for the mechanistic biochemical relationship
it forms with MSCs. The relationship with high molecular
weight HA and MSCs is founded in CD44, the primary HA
receptor, and abundantly expressed on the surface ofMSCs. It
has been proposed that the cross-talk between CD44 andHA
may promote rapid resolution of immune responses [36] and
thus enhance the anti-inflammatory effect of MSCs in OA.

In this study we sought to assess the feasibility of a range
of preparations in which adipose-derived mesenchymal stem
cell therapy could be administered in combination with HA
by assessing the secreted soluble protein fraction produced by
MSCs that is the secretome. We employed multiplex analyses
of 48 cytokines involved inOA to assess the suitability of con-
ditions. These conditions include autologous therapies such
as the stromal vascular fraction (SVF), the SVF coinjected
with autologous mature adipocytes, and cultured allogeneic
preparations such as culture purified adipose-derived MSCs.
As adipose-derivedMSC therapymoves closer tomainstream
medicine, secretome data will be a valuable assessment tool
to inform animal studies and human clinical trials in years to
come.

2. Materials and Methods

2.1. Isolation of Human Adipose-Derived Mesenchymal Stem
Cell Populations. This research was approved by the Mac-
quarie University human research ethics committee (Refer-
ence number 5201100385). Human lipoaspirate was obtained
from patients undergoing elective cosmetic liposuction
surgery.The lipoaspirate was digested as previously described
[37]. Briefly, 200mL of fresh lipoaspirate was mixed and
enzymatically digested in prewarmed (37∘C) saline con-
taining 0.5mg/mL collagenase (Lomb Scientific, USA). The
lipoaspirate was then incubated in a 37∘C water bath for 30
minutes and mixed periodically to circumvent layer separa-
tion. The digested lipoaspirate was then passed through an
800 𝜇m mesh to exclude undigested tissue clumps. Finally,
the suspension was centrifuged at 1500×g for 5 minutes to
obtain the pelleted stromal vascular fraction cells (SVF) and
floating adipocytes. At this point, the SVF was either used for
experimentation or propagated to obtain an adherent purified
adipose-derived mesenchymal stem cell (MSC) population.

2.2. Propagation of Adherent Adipose-Derived Mesenchymal
Stem Cells. To obtain a population of adherent MSCs, the
SVF pellet was transferred into three T175 cm2 flasks con-
taining standard culturemedia which consisted of Dulbecco’s
Modified Eagle Medium (DMEM; Invitrogen, USA) supple-
mented with 10% foetal bovine serum (FBS; Bovogen, Aus-
tralia) and 1% penicillin-Streptomycin solution (Invitrogen,
USA). Flasks were incubated for 72 hours at 37∘C with 5%
carbon dioxide. To prevent iron toxicity to adherent MSCs,
the flasks were washed using DMEM with no additives to
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wash away nonadherent cells and the media replaced with
fresh standard culture media. Once the monolayer of MSCs
reached 80% confluency, cells were passaged with enzymatic
digestion using TrypLE express (Invitrogen, USA) and then
resuspended in standard culture media. Cells from each flask
were then transferred to three new T175 cm2 flasks now
termed passage 1. Media changes were performed every 72
hours.

Standardized enumeration of the SVF, dependent on
nucleated cell clusters, was achieved with Trucount tubes
(Becton Dickinson, USA) containing sheath fluid (isoflow;
Becman Coulter, USA) and nucleic acid dyes; propidium
iodide (10 𝜇g/mL; Sigma, USA), Syto11 (1 𝜇M; Invitrogen,
USA), and a defined bead number. The combination of a
charged (propidium iodide (Pi)) and a cell permeate (Syto11)
dye allows for discriminant cell population gating, which are
based on the principal of Pi membrane exclusion and thus
viability can be calculated from defined bead populations
run as standards. Samples were all run on FACSCalibur flow
cytometer (Becton Dickinson, USA).

2.3. SVF Seeded with Hyaluronan Treatment. Following on
from the digestion of the fresh lipoaspirate, the pelleted SVF
was resuspended in standard culture media. Viable SVF cells
were all seeded at two million nucleated cells per T175 cm2
flask with or without the addition of adipocytes. Flasks
were always seeded in either two conditions: the control,
which consisted of standard culture media, or treatment,
which consisted of HA media (standard culture media;
hyaluronan (6% (v/v))). In each condition, three subset arms
were tested; SVF and mature adipocytes, SVF alone, and
mature adipocytes alone. Adipocytes were used at 2.5mL
(suspended in saline) and flasks were normalized to 20mL
total containing 17.5mL media and 2.5mL saline equivalent
(with or without adipocytes). Flasks were incubated for 72
hours at 37∘C with 5% carbon dioxide.

2.4. Purified Adherent-MSC Hyaluronan Treatment

2.4.1. Seeding Experiment. Once the flasks reached 80%
confluency at passage 2, cells were stripped off the plastic
and enumerated. ViableMSCs were then seeded at 1.1 million
cells per T175 cm2 flask. Total media contained within the
flasks was standardized to 20mL. Flasks were seeded with
standard culture media or HA media for treatment flasks.
This method approximates the intra-articular coinjection of
HA and MSCs. After 24 hours of incubation, conditioned
media was collected from all flasks. Cells were then stripped
off the plastic and a portion was used for immunophenotypic
characterization.

2.4.2. Media Change Experiment. Once the flasks reached
80% confluency at passage 2, cells were stripped off the plastic
and enumerated. Cells were seeded at 1.1 million cells per
T175 cm2 and incubated in standard culture conditions. On
the third day the media was changed with either standard
culture media in control flasks or HA media for treatment
flasks. After three days, conditionedmediawas collected from

each of the flasks. Cells were then stripped off the plastic and
a portion was used for immunophenotypic characterization.

2.5. Morphology and Differentiation

2.5.1. Morphology. Prior to harvesting the purified adherent-
MSCs were imaged under a Zeiss Primo Vert inverted light
microscope (Zeiss, Australia) using an eye-piece attached,
Canon EOS 5D Mark II Digital SLR camera (Canon, Aus-
tralia).

2.5.2. Differentiation. Adipogenic and osteogenic differenti-
ation media formulations were used as previously described
[38] with slight modification. In brief, cells received media
changes twice weekly for 28 days. Upon termination of
the differentiations, monolayers were washed in PBS and
fixed in 4% paraformaldehyde for 1 hour. To confirm the
multipotency of our MSCs, differentiated adipocytes and
osteocytes were challenged withOil RedO (Sigma, Australia)
and Alizarin Red (Sigma, Australia), respectively.

The adipogenic differentiation was washed with milliQ
water, incubated with 60% isopropanol, stained using three
parts filtered Oil Red O stock (0.3%w/v) with two parts
milliQ water for five minutes at room temperature, and
washed with tap water. The osteogenic differentiation was
washed with milliQ, stained with 2% Alizarin Red S solution
for twominutes at room temperature and washed three times
with milliQ water.

All differentiations were visualized using an Olym-
pus IMT-2 inverted microscope (Olympus, Australia) and
imaged with a mounted Scion VisiCapture Firewire camera
(Scion Corporation, USA).

2.6. Immunophenotypic Characterization. MSC characteri-
zation can be achieved through adherence to cell culture
flasks, differentiation, and immunophenotype. A portion of
the endpoint cells collected was used for MSC immunophe-
notypic characterization. Cells from either control or treated
flasks were diluted in their respectivemedia (standard culture
media or HA media) and centrifuged at 2000×g for 5
minutes. The cells were washed in PBS and resuspended in
PBS with 2% FBS. The cells were stained with the following
antibodies, which were all sourced from BD Biosciences:
CD34 (number 550619), CD45 (number 557059), CD73
(number 550257), CD90 (number 555596), CD105 (number
560839), and IgG1K isotype control (number 551436). Cell
were incubatedwith each of the antibodies for 45minutes and
then washed with ice cold PBS, centrifuged at 2000×g for 5
minutes and resuspended in 1x FACS Lysing Solution (Becton
Dickinson, USA). The cells were all stained with phycoery-
thrin (PE) conjugated antibodies and thus were resuspended
in Syto11 (1 𝜇M) and isoflow to achieve contrast fluorescence.
Stained and unstained control cells were analyzed using
a FACSCalibur flow cytometer (Becton Dickinson, USA).
CD44 has long been recognized as an established receptor
for HA [39]; therefore in addition to the immunophenotypic
MSC characterization above, CD44 (number 550989) was
also tested using the same protocol.
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2.7. Secretome Analysis. Theconditionedmedia was collected
from every flask in this study, centrifuged at 5000×g for
5 minutes, and stored at −80∘C. Upon thawing, the sam-
ples were filtered through 0.2mm Nanosep MF Centrifugal
Devices with Bio-InertH Membrane (Pall Scientific, USA).
Filtrates (50 𝜇L) were analyzed using either the Bio-Plex
Pro Human Cytokine 27-plex or the Bio-Plex Pro Human
Cytokine 21-plex assay (Bio-Rad, USA), according to the
manufacturer’s instructions. The washing steps were per-
formed using the Bio-Plex Pro II magnetic wash station and
the data was acquired using the Bio-Plex 200 system with
version 5.0 software (Bio-Rad, USA). The average concen-
tration of each cytokine in the conditioned medium samples
was calculated from four technical replicates in cultured
MSC experiments. To account for biological variation in
the concentration of secreted cytokines and, in the stromal
vascular fraction, the variable concentration of MSCs, the
data was normalized to fold change of concentration (pg/mL)
of HA treated over control (𝑛 = 3). The fold change was then
averaged and graphed with the upper and lower confidence
intervals set at 95% as error bars. Cytokineswith a fold change
less than one indicate a decrease in concentration with HA
media treatment, a fold change greater than one indicates an
increase in the cytokine with HA treatment. Any cytokines
with a fold change clear of the axis at 1 were reported as
significant (determined numerically).

2.8. Experimental Schematic. See Figure 1.

3. Results

3.1. Multipotent MSC Validation. Previously published data
from our lab demonstrated methods used within this study
to both isolate and culture/propagate the SVF and obtain
adherent-MSC populations [37, 38]. These were in accor-
dance with the Mesenchymal and Tissue Stem Cell Commit-
tee of the International Society forCellularTherapy statement
[40]. Herein we have supplemented media used to grow
MSCs with HA media in an attempt to quantify the effects
on the secretome.

Cultured MSCs were tested for immunophenotypic
expression with and without HA media treatment. The
MSC profile was maintained for the duration of the study.
Monolayers from both the control and HA treated MSCs
presented with equivalent differentiation potential. Figure 2
shows no detectable difference in morphology and dif-
ferentiation potential between MSCs cultured in standard
culture media and HA media. The differentiated MSCs were
tested with either Alizarin Red S, which stains positive for
calcium deposits confirming osteogenic potential, or Oil Red
O, which stains positive for lipid accumulation confirming
adipogenic potential. The consistency in the take-up of both
stains used to test differentiated cell monolayers indicates the
differentiation potential is maintained.

In addition to differentiation potential, immunopheno-
typic expression on the control and HA treated MSCs is
depicted in Figure 3. The presence of CD73, CD90, and
CD105 and the absence of hematopoietic markers CD34 and
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Figure 2: Morphology and differentiation potential of control and treated MSCs. MSCs cultured in either standard culture media or HA
media. No detectable differences were seen in themorphology of control (a)MSCs andHA treated (f) monolayers. Osteogenic differentiation
of control MSCs (b) and of the HA treated (g) at 10x magnification. Adipogenic differentiation of control (c) and of the HA treated (h) at 10x
magnification. At 20x magnification no detectable differences in Alizarin Red S staining were observed in the osteogenic differentiation of
control MSCs (d) and HA treated (i). At 20x magnification no detectable differences in Oil Red O staining were observed in the adipogenic
differentiation of control MSCs (e) and HA treated (j).



6 Stem Cells International

PE

(a)

PE

(b)

PE

(c)

PE

(d)

PE

(e)

PE

(f)

Figure 3: Immunophenotypic expression of control and HA treated MSCs. Immunophenotypic expression of MSCs cultured in either
standard culture media or HAmedia. Each of the histograms depicts the IgG iso-type control (black dashed lines), control media (red dashed
lines), and HAmedia (blue dashed lines). Maintenance ofMSC profile was confirmed with the lack expression in the haematopoietic markers
CD34 (a), CD45 (b), and positive expression of CD73 (c), CD90 (d), and CD105 (e) in both the control and HA treated MSCs. CD44 (f), the
major receptor for HA, showed no major increases in immunophenotypic expression.

CD45 indicated the presence of replicative and self-renewal
capacity of MSCs of both the control and the HA media
treated. CD44 is a major receptor for HA; as such it was also
tested.The number of CD44+ cells in the control and the HA
media treatment showed no major quantifiable difference in
the tested replicates.

3.2. Alterations of Secretion Profile in HA Media Treatment.
In this study we sought to profile changes in the secretome to
ascertain the effects of combining HA with MSCs. Changes
in the secretions profile can be an indication of positive or
negative effect in the context of OA; that is, increase in the
anti-inflammatory cytokines may be considered positive or
an increase in proinflammatory cytokines may be negative.
All the cytokines were represented as a percentage of the
control, that is, fold change (fold Δ). The average fold change
of three biological replicates for each of the cytokines was
plotted as an average ± the upper and lower confidence

intervals at 95%. The horizontal axis was set at one (i.e.,
no change), and any point with error bars that cleared one
was considered a significant difference from the control
(determined numerically; see Table 1 for numerical summary
of cytokine data).

3.3. Stromal Vascular Fraction. The stromal vascular fraction
(SVF) alone prepared from fresh lipoaspirate via enzymatic
digestion is currently used in autologous therapy for the
treatment of OA. When the SVF alone was combined with
HA, proinflammatory cytokine IL-1𝛼 (Figure 4), increased
21% on the first day and significantly on the third day of
culture by 34%. IL-12 decreased significantly on the first day
by 33% (Figure 4) but later recovered on the third day of
culture with a 15% decrease. IL-17 decreased significantly by
30% (Figure 4) when combined with HA on the first day of
culture but on the third day increased by 17%.
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Figure 4: Fold change in concentration of proinflammatory cytokines detected across experiments Average fold change in concentration
(𝑛 = 3) ± upper and lower confidence intervals at 95% (𝑦-axis). Conditions (𝑥-axis): stromal vascular fraction on day 1 (SVF D1), stromal
vascular fraction onday 3 (SVFD3), stromal vascular fraction plusmature adipocytes on day 1 (SVF+ adipoD1), stromal vascular fraction plus
mature adipocytes on day 3 (SVF + adipo D3), seeding experiment with purified MSCs (MSC seeding), and media change experiment with
purified MSCs (MSC media). Conditions were all cultured in either standard culture media or HA media. Cytokines with a fold change less
than one indicate a decrease in concentration with HA media treatment; a fold change greater than one indicates an increase in the cytokine
with HA treatment. Macrophage migration inhibitory factor (MIF), tumor necrosis factor-beta (TNF-𝛽; lymphotoxin-alpha), interleukin-
1𝛼 (IL-1𝛼), interleukin-1𝛽 (IL-1𝛽), interleukin-12 (IL-12), interleukin-17 (IL-17), and interferon-gamma (IFN-𝛾). IL-1𝛼 was not detected in
the MSC media condition. IL-17 was only detected in one biological replicate in the MSC media condition. IL-1𝛽 was only detected in one
biological replicate in the SVF condition on day 3.
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Figure 5: Fold change in concentration of anti-inflammatory and dual role cytokines detected across experiments. Average fold change in
concentration (𝑛 = 3) ± upper and lower confidence intervals at 95% (𝑦-axis). Conditions (𝑥-axis): stromal vascular fraction on day 1 (SVF
D1), stromal vascular fraction on day 3 (SVF D3), stromal vascular fraction plus mature adipocytes on day 1 (SVF + adipo D1), stromal
vascular fraction plus mature adipocytes on day 3 (SVF + adipo D3), seeding experiment with purified MSCs (MSC seeding), and media
change experiment with purifiedMSCs (MSCmedia). Conditions were all cultured in either standard culture media or HAmedia. Cytokines
with a fold change less than one indicate a decrease in concentration with HA media treatment, and a fold change greater than one indicates
an increase in the cytokine with HA treatment. Interleukin-10 (IL-10), interleukin-2 (IL-2), and interleukin-6 (IL-6).

FGF-𝛽 is one of six detected growth factors across the
range of conditions tested. On the third day of culture, the
SVF increased FGF-𝛽 secretion by 20% on the third day
(Figure 6). Also on the third day of culture the SVF decreased
secretion of GM-CSF significantly by 81% (Figure 6). VEGF
also decreased on the first and third day culture by 21% and
19%, respectively, but not significantly (Figure 6).

Chemokines are chemotactic cytokines responsible for
homing and immune cell recruitment. RANTES in the first
day of culture in the SVF decreased by 23% but not signifi-
cantly (Figure 7). The SVF on day one decreased secretion of
MCP-1 by 21% and then significantly on the third day by 36%
(Figure 7). MIP-1𝛼 decreased by 17% on the first day of SVF
culture and then significantly on the third day of culture by
33% (Figure 7).

3.4. Stromal Vascular Fraction Plus Adipocytes. Aside from
the stromal vascular fraction (SVF), another by-product
of the enzymatic digestion of adipose tissue is mature
adipocytes. A combination of the SVF and adipocytes can be
used to treat knee OA.This therapy is available commercially
for use in the autologous setting and has been used in a
placebo control trial. In this study, SVF plus adipocytes

were combined with HA and in the first day IL-𝛽 decreased
significantly by 41% but then later recovered on the third day
to just a 11% decrease (Figure 4). Also another very significant
decrease was observed on the first day of culture, and the SVF
plus mature adipocytes decreased the secretion of IL-12 by
52%when combined with HA, and this later recovered on the
third day to just a 22% decrease (Figure 4).

Anti-inflammatory cytokine IL-10 decreased significantly
on the first (60%) and on the third day (40%) of the SVF plus
adipocytes combined with HA culture (Figure 5). The SVF
plus adipocytes combined with HA also decreased secretion
of IL-2 significantly on the first day by 31.5% and again on the
third day significantly by 26% (Figure 5).

Growth factor secretions were also measured from the
SVF plus adipocytes when combined with HA. 𝛽-FGF on
the first day of culture decreased significantly by 21% but
later recovered by the third day culture to no change from
the control (Figure 6). 𝛽-NGF decreased significantly on the
first day of culture by 27.5% but on the third day of culture
was not significant and only decreased by 14% (Figure 6).
VEGF secretion by the SVF plus adipocyte preparation when
combined with HA decreased significantly by 50% and 29%
on the first and third day of coculture, respectively (Figure 6).
G-CSF also decreased significantly on the first day by 50% but
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Figure 6: Fold change in concentration of growth factors detected across the experiments. Average fold change in concentration (𝑛 = 3)
± upper and lower confidence intervals at 95% (𝑦-axis). Conditions (𝑥-axis): stromal vascular fraction on day 1 (SVF D1), stromal vascular
fraction on day 3 (SVFD3), stromal vascular fraction plusmature adipocytes on day 1 (SVF + adipoD1), stromal vascular fraction plusmature
adipocytes on day 3 (SVF + adipo D3), seeding experiment with purified MSCs (MSC seeding), and media change experiment with purified
MSCs (MSC media). Conditions were all cultured in either standard culture media or HA media. Cytokines with a fold change less than one
indicate a decrease in concentration with HA media treatment, and a fold change greater than one indicates an increase in the cytokine with
HA treatment. Hepatocyte growth factor (HGF), fibroblast growth factor-basic (FGF-𝛽), nerve growth factor-beta (𝛽-NGF), granulocyte
macrophage colony-stimulating factor (GM-CSF), vascular endothelial growth factor (VEGF), and granulocyte colony-stimulating factor
(G-CSF). GM-CSF was not detected across all biological replicates in the MSC media condition.

then later recovered on the third day to decrease secretion not
significantly by 20% (Figure 6).

MIP-1𝛽 is one of six detectable chemokines across all the
preparations. Secretion ofMIP-1𝛽 by the SVF plus adipocytes
when combinedwithHAdecreased on the first day but on the
third day increased significantly by 16.5% (Figure 7). MCP-1
decreased significantly on the first day when combined with
HA by 25% on the third day and recovered to just a 10%

decrease, and it was however only detected in one of three
biological replicates (Figure 7). Finally MCP-3 decreased
significantly by 18% on the first day when combined with HA
but on the third day recovered with no observable change
(Figure 7).

3.5. Culture Purified MSCs. The final preparation tested in
this study and a likely future therapeutic in MSC therapy
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Figure 7: Fold change in concentration of chemokines detected across the experiments. Average fold change in concentration (𝑛 = 3) ± upper
and lower confidence intervals at 95% (𝑦-axis). Conditions (𝑥-axis): stromal vascular fraction on day 1 (SVFD1), stromal vascular fraction on
day 3 (SVFD3), stromal vascular fraction plusmature adipocytes on day 1 (SVF + adipoD1), stromal vascular fraction plusmature adipocytes
on day 3 (SVF + adipo D3), seeding experiment with purifiedMSCs (MSC seeding), andmedia change experiment with purifiedMSCs (MSC
media). Conditions were all cultured in either standard culture media or HA media. Cytokines with a fold change less than one indicate a
decrease in concentration with HA media treatment, and a fold change greater than one indicates an increase in the cytokine with HA
treatment. Chemokine ligand-1 (CXCL-1) aka growth-regulated peptide alpha (GRO𝛼), CC-Chemokine ligand-4 (CCL-4) aka macrophage
inflammatory protein-1 beta (MIP-1𝛽), CC-Chemokine ligand-5 (CCL-5) aka regulated on activation normal T cell expressed and secreted
(RANTES), CC-chemokine ligand-2 (CCL-2) akamonocyte chemotactic protein-1 (MCP-1), CC-chemokine ligand-7 (CCL-7) akamonocyte
chemotactic protein-3 (MCP-3), and CC-chemokine ligand-3 (CCL-3) aka macrophage inflammatory protein-1-alpha (MIP-1𝛼). MCP-3 was
not detected across all biological replicates in the MSC media condition. MCP-1 was only detected in one of three biological replicates in the
SVF + adipo D3 condition.

is the culture purified and expanded MSC population. In
the MSC seeding experiment the combination with HA saw
a significant increase in a major proinflammatory cytokine
MIF by 49% but then a nonsignificant decrease after 3 days
in the MSC media experiment of 21% (Figure 4). TNF-𝛽
secretion by purified MSCs in the MSC seeding experiment
increased significantly by 52% when combined with HA but

on the third day recovered to a 17% increase (Figure 4). IL-
1𝛼 increased in the MSC seeding experiment by 34% but not
significantly (Figure 4). There was no detectable IL-1𝛼 in the
MSC media experiment.

IL-6 is considered a dual role cytokine and in the MSC
seeding experiment increased by 10.5% but then decreased
significantly in theMSCmedia experiment by 16% (Figure 5).
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Culture purified MSCs in combination with HA also
secrete appreciable amounts of growth factors. FGF-𝛽
increased significantly in the MSC seeding experiment by
25.5% but decreased in theMSCmedia by 16.5% (Figure 6). In
the MSC seeding experiment 𝛽-NGF decreased significantly
by 21.5% but in the MSC media experiment decreased
nonsignificantly by 14% (Figure 6).

Chemokine secretion by culture purifiedMSCs in combi-
nation with HA was also measured. GRO𝛼 decreased signif-
icantly in the MSC seeding experiment by 6% but inversely
significantly increased in the MSC media experiment by 12%
(Figure 7). RANTES secretion did not change in the MSC
seeding experiment; however in the MSC media experiment
it decreased by 33.5% when combined with HA (Figure 7).
MCP-1 showedno appreciable change in secretion in theMSC
seeding experiment but decreased significantly by 9.5% in the
MSCmedia experiment when combined with HA (Figure 7).

4. Discussion

Biological therapeutics such as MSC therapy are gaining
acceptance for the treatment of inflammatory conditions,
including musculoskeletal ailments such as OA.

It is likely thatMSC therapywill be administeredwith vis-
cosupplementation such asHA, which has extensive evidence
for therapeutic efficacy inOA. In this studywe used a number
of adipose MSC preparations that are currently in commer-
cial use or undergoing clinical trial for the treatment of OA.
We cocultured the different cell preparations with HA to
investigate the effects on the secretome. We found that MSCs
maintained differentiation potential when cocultured with
HA.These results are consistent with [34] although enhanced
adipogenic potential was observed in the HA treated MSCs
(data not shown). Immunophenotypic expression was char-
acteristic of multipotent mesenchymal stem cells following
coculture, and additionally, no observable changes could be
observed in the expression of the hyaluronan receptor CD44.

Changes in the cytokine profile may be an indication
of therapeutic efficacy reflective of combining HA and
MSCs. We therefore profiled proinflammatory cytokines in
an attempt to measure the effects of HA on MSCs either in
stromal vascular fraction (SVF), SVF plusmature adipocytes,
and culture MSC populations. Significant reductions in a
well-established proinflammatory cytokine and interferon
gamma in the SVF plus adipocyte preparation (Figure 4)
suggest that this is a favorable preparation, although the
fold change of all other preparations trended downward also.
Interleukin-12 also trended downward for all preparations
and significantly for the SVF, SVF plus adipocytes, and the
MSCmedia. Interleukin-12 is expressed in the OAmilieu [41]
by infiltrating immune cells such as mature dendritic cells
[42]; however MSCs are known to inhibit the maturation
of dendritic cells [43] and thus a combination with HA for
this cytokine may be desirable.TheMSC seeding preparation
was intended tomodel co-intra-articular injection of purified
MSCs with HA. The significant increase in macrophage
migration inhibitory factor (MIF) (Figure 4) may contraindi-
cate the combination of purified MSCs with HA. Animal
models have shown a correlation with reduced severity of

OA and depletion of MIF [44]. MIF acts in local tissue to
increase neutrophil and macrophage migration to regions of
inflammation. Recent investigations have shown that TNF-
𝛽 (lymphotoxin-alpha) initiates an inflammatory response in
human chondrocytes as a consequence of increase NF-𝜅B
signaling [45]. Figure 4 shows that there is both a significant
increase of TNF-𝛽 in both the SVF alone and MSC seeding
preparations, although the SVF plus adipocytes increased but
not significantly, further supporting the SVF plus adipocytes
as an ideal preparation. The secretion of interleukin-1 alpha
(IL-1𝛼) trended upward for most preparations, however only
significantly for the SVF alone preparation. Interleukin-1
family of cytokines have long been implicated in degradation
of the knee joint cartilage in OA [9], pending in vivo trials,
and this increase may amplify endogenous interleukin-1
secretion in the OA joint much to the detriment of MSC
therapy. Interleukin-1 beta (IL-1𝛽) is heavily implicated in
cartilage catabolism [46]. Collagen-induced arthritis models
in mice have shown that HA alone can reduce IL-1𝛽 mRNA
expression in articular cartilage [47]. Here we have shown
minimal changes in purified MSC secretion of IL-1𝛽 when
combined with HA; however when the SVF plus mature
adipocytes were exposed to HA there was a significant 41%
(Figure 4) decrease in secretion of IL-1b as opposed to an
increase in secretion when the SVF alone was combined with
HA. This may contraindicate the use of the SVF alone in
combination with HA but encourage the addition of mature
adipocytes.

Anti-inflammatory cytokines and growth factors play a
crucial role in the regenerative potential of MSCs. As such,
a decrease in anti-inflammatory cytokines as a result of the
combination with HA may not be desirable in the context of
trophic efficacy. Interleukin-10 decreased significantly in both
SVF plus adipocytes and cultured MSC media preparation
(Figure 5). Interleukin-10 secretion by MSCs has been pro-
posed to be a cytokine involved in the inhibition of immune
cell, Th17, and differentiation [48]. Therefore a downward
trend in the preparation when combined with HA, as seen
in Figure 5, may not be desirable for MSC therapy as it
may hinder the immunomodulatory capacity. Basic fibroblast
growth factor (FGF-𝛽) increased significantly in the cultured
MSC seeding preparation (Figure 6) which could suggest that
increased proliferative capacity of MSCs as FGF-𝛽 is a potent
mitogen. It may also play a synergistic role in regenerating
cartilage in OA with MSCs. Animal models of cartilage
defects have shown recombinant human FGF-𝛽 alone poten-
tiates articular cartilage resurfacing after just 6 weeks [21].
However other studies suggest that endogenous FGF-𝛽 stim-
ulates the expression of matrix metalloproteinase-13 [22], an
enzyme which degrades type II collagen present in articular
cartilage. Granulocytemacrophage colony-stimulating factor
(GM-CSF) significantly increased in the SVF alone prepa-
ration (Figure 6). This change may negatively affect MSC
therapy for the treatment of OA as GM-CSF is a keymediator
in inflammation and arthritic pain [24]. Animal studies of
experimental osteoarthritis using knockoutmice showed that
the development of OA was strictly dependent on GM-CSF
[49]. Nerve growth factor-beta (𝛽-NGF) showed a downward
trend in most preparations and significantly in the SVF plus
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adipocytes and the cultured MSC seeding preparations (Fig-
ure 6).𝛽-NGF in human osteoarthritic-derived chondrocytes
shows increased mRNA expression when compared to chon-
drocytes from healthy donors [23] suggesting that the combi-
nation of HA with MSCs might be beneficial with decreased
overall levels of 𝛽-NGF. Vascular endothelial growth factor
(VEGF) is expressed in osteoarthritic-derived chondrocytes
and shown to increase osteochondral angiogenesis in OA
patients [25]. Animal models have shown that intra-articular
injection of recombinant VEGF causes cartilage degradation
as in OA [50]. VEGF showed a downward trend across
all preparations and decreased significantly in the SVF
plus adipocyte and cultured MSC media preparations when
combined with HA (Figure 6). Colony stimulating factors are
pivotal in influencing cartilage metabolism; a combination
of IL-1𝛽 and granulocyte colony stimulating factor (G-CSF)
significantly increased nitrite levels by cartilage explants
[26]. In the SVF plus mature adipocytes preparation G-
CSF secretion decreased 50% when combined with HA, the
other preparation showed no appreciable changes.This again
reiterates the SVF plus mature adipocyte preparation as an
ideal combination with HA.

Chemokines are chemoattractant cytokines that play
a pivotal role in regulating migration and infiltration of
immune cell populations. In a study of OA-derived chon-
drocytes it was found that monocyte chemotactic protein-1
(MCP-1) induced matrix metalloproteinase-3 expression and
inhibited proteoglycan synthesis [19]. MCP-1 in OA-derived
subchondral bone marrow stromal cells also showed consti-
tutive expression [51]. MCP-1 secretion decreased across all
preparations and significantly for the SVF alone and SVF
plus mature adipocytes by 35% and 25%, respectively. This
suggests that a combination of these preparations with HA
may synergistically work to reduce immune cell recruitment.
Macrophage inflammatory protein-1-alpha (MIP-1𝛼) showed
increased expression in OA-derived bone marrow stromal
cells when challenged with IL-1𝛽 [51]. Therefore modulating
levels of MIP-1𝛼 is desirable for the treatment of OA.
Secretion of this chemokine decreased across both the SVF
alone and SVFplus adipocyte preparation but not appreciably
in the purified MSC preparations.

5. Conclusion

In this study we investigated a range of adipose-derived mes-
enchymal stem cell preparations, some of which are currently
used for autologous therapy and some of which will become
important for future off-the-shelf allogeneic preparations. As
the mode of action of MSCs is driven by the secretion of
immunomodulatory and trophic factors, we assessed changes
in the secretion of cytokines in the conditioned media when
cells were cocultured with HA. When cocultured with HA,
SVF plus mature adipocytes showed the greatest decrease in
the proinflammatory cytokines IL-1𝛽, IFN-𝛾, and the growth
factorVEGF,which has been identified as a negative influence
in OA. Two chemokines, MCP-1, and MIP-1𝛼 decreased
substantially in the HA SVF preparations, with and without
adipocytes, but not the purified MSCs. Both the SVF alone
and purified MSC populations also had small but significant

increases in TNF-𝛽 when cocultured with HA. There was
an increase in TNF-𝛽 in the HA coculture of SVF and
adipocytes, but this was not significant.

The purified MSCs cocultured with HA were the only
preparation to show increasedMIF, amajor proinflammatory
cytokine, which is correlated with OA severity.The increased
concentration was observed at the initial stage of cell seeding
and MIF was below the control concentration by the media
change at day three. It is unknown what effect a transient
spike of MIF may have on OA pathology and this would be
ideally tested in an animal model.

As shown in previous in vitro and in vivo studies from
our group, the mixed population of cells in adipose SVF plus
adipocytes produces a distinct and therapeutically superior
cytokine profile. In this study the SVF plusmature adipocytes
preparation appears to be most suited of all the preparations
for combination with HA.
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