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Adipose-Derived Mesenchymal Stem Cells Exert
Antiinflammatory Effects on Chondrocytes and Synoviocytes
From Osteoarthritis Patients Through Prostaglandin E,
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Andrea Facchini,” Dani¢le Noél,” and Gina Lisignoli'

Objective. To examine the effect of different
sources of Good Manufacturing Practice clinical grade
adipose-derived mesenchymal stem cells (AD-MSCs) on
inflammatory factors in osteoarthritic (OA) chondro-
cytes and synoviocytes.

Methods. AD-MSCs from infrapatellar Hoffa fat,
subcutaneous (SC) hip fat, and SC abdominal fat were
cocultured in Transwells with chondrocytes or synovio-
cytes. Inflammatory factors (interleukin-18 [IL-1f],
tumor necrosis factor «, IL-6, CXCL1/growth-related
oncogene «, CXCLS8/IL-8, CCL2/monocyte chemotactic
protein 1, CCL3/macrophage inflammatory protein 1,
and CCL5/RANTES) were evaluated by quantitative
reverse transcription—-polymerase chain reaction or
multiplex bead—based immunoassay. The role of differ-
ent immunomodulators was analyzed.

Results. All the inflammatory factors analyzed
were down-modulated at the messenger RNA or protein
level independently by all 3 AD-MSC sources or by
allogeneic AD-MSCs used in coculture with chondro-
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cytes or synoviocytes. Inflammatory factor down-
modulation was observed only when AD-MSCs were
cocultured with chondrocytes or synoviocytes that pro-
duced high levels of inflammatory factors, but no effect
was observed in cells that produced low levels of those
factors, thus highlighting a dependence of the AD-MSC
effect on existing inflammation. The immunomodula-
tors IL-10, IL-1 receptor antagonist, fibroblast growth
factor 2, indoleamine 2,3-dioxygenase 1, and galectin 1
were not involved in AD-MSC effects, whereas the
cyclooxygenase 2 (COX-2)/prostaglandin E, (PGE,)
pathway exerted a role in the mechanism of antiinflam-
matory AD-MSC action.

Conclusion. The antiinflammatory effects of AD-
MSCs are probably not dependent on AD-MSC adipose
tissue sources and donors but rather on the inflam-
matory status of OA chondrocytes and synoviocytes.
AD-MSCs seem to be able to sense and respond to the
local environment. Even though a combination of dif-
ferent molecules may be involved in AD-MSC effects,
the COX-2/PGE, pathway may play a role, suggesting
that AD-MSCs may be useful for therapies in osteo-
articular diseases.

Osteoarthritis (OA) is a chronic age-related dis-
ease of the “whole joint” characterized by the slowly
progressive destruction of articular cartilage accompa-
nied by changes to synovium and subchondral bone,
degeneration of ligaments and menisci, and hypertrophy
of the joint capsule (1). In vivo and in vitro studies
indicate that proinflammatory cytokines (interleukin-13
[IL-1pB], tumor necrosis factor « [TNFa], and IL-6) and
chemokines (CXCL1/growth-related oncogene «
[GRO«], CXCLS/IL-8, CCL2/monocyte chemotactic
protein 1 [MCP-1], and CCL5/RANTES) produced by
synoviocytes and chondrocytes, as well as cells from
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other joint tissues, can be measured in the synovial fluids
of OA patients and contribute to the disruption of the
balance between anabolism and catabolism (2-4). Exist-
ing drug therapies for OA provide, at best, symptomatic
relief from pain and fail to prevent cartilage damage and
subsequent destruction of other joint tissues (5).

Human mesenchymal stem cells (MSCs) have
been identified in and can be isolated from a large
number of adult tissues, including bone marrow, adipose
tissue, and umbilical cord blood (6-8). MSCs have
generated considerable medical interest since they have
the potential to differentiate into numerous tissues
(bone, cartilage, and fat) (9). Recent observations have
shown that they also have tissue-regenerative properties,
mainly via secretion of bioactive trophic factors that
exert potent immunomodulatory, proangiogenic, anti-
apoptotic, antifibrotic, and antiinflammatory effects
(10-13). A clear therapeutic potential of MSCs in allo-
immunity, autoimmunity, and inflammation has also
been found in a high number of clinical trials (14-17).

In osteoarticular diseases, preclinical tests in an-
imal models have also suggested that MSCs may lead to
the development of innovative applications for the treat-
ment of these diseases (18). In particular, it has been
shown that intraarticular injections of bone marrow—
derived MSCs (BM-MSCs) or their delivery on a de-
gradable hyaluronan scaffold are effective in preventing
the evolution of OA (19-21) in animal models. Recently,
it has also been shown that intraarticular injections of
adipose-derived MSCs (AD-MSCs) in OA mouse and
rabbit models exert antiinflammatory and chondropro-
tective effects (22,23).

AD-MSCs are an interesting alternative source
that share many properties with MSCs (7,24,25). They
can be more easily collected by liposuction, and their
proportion is several orders of magnitude higher than
that of MSCs (26,27).

Because it is conceivable that soluble mediators
produced by AD-MSCs might play a role in local
inflammatory processes in the joint, we performed an
extensive in vitro analysis of the effects of AD-MSCs in
coculture with human OA chondrocytes and synovio-
cytes. First, we analyzed different inflammatory factors
(IL-1B, TNFe«, IL-6, CXCL1/GRO«, CXCLS/IL-8,
CCL2/MCP-1, CCL3/macrophage inflammatory protein
la [MIP-1a], and CCL5/RANTES) in cell monoculture
and coculture. Then, we examined whether the effects
observed were dependent on AD-MSC sources, patients,
and the degree of inflammation of chondrocytes and
synoviocytes. Finally, we evaluated possible molecules
involved in AD-MSC effects.

MANFERDINI ET AL

MATERIALS AND METHODS

Specimens. Articular cartilage and synovia were har-
vested from the femoral condyles of 19 patients undergoing
total knee replacement (12 women and 7 men, mean * SD age
72 = 10.6 years, mean * SD body mass index 28 *+ 2.01 kg/m?,
mean * SD disease duration 5 * 2.83 years, Kellgren/
Lawrence grade 3/4 [28]). Infrapatellar Hoffa fat and subcuta-
neous (SC) hip fat were obtained from OA patients, and SC
abdominal fat was obtained from patients undergoing liposuc-
tion. The study was approved by the local ethics committee,
and all patients provided their informed consent.

Isolation and characterization of human AD-MSC
cultures. Clinical grade AD-MSCs were isolated from infrapa-
tellar Hoffa fat, SC hip fat, and SC abdominal fat according to
Good Manufacturing Practice as described (29). Briefly, fat
was digested with collagenase at 37°C for 45 minutes and
centrifuged at 600g for 10 minutes. The stromal vascular
fraction was transferred into a CellStack chamber (Corning) at
a density of 4,000 cells/cm? in a-minimum essential medium
supplemented with platelet lysate. On day 8, the cells were
trypsinized and expanded at 2,000 cells/cm* until day 14. Cell
counting and viability testing were performed using trypan
blue exclusion dye on days 8 and 14. Phenotyping was carried
out by flow cytometric analysis for the CD markers CD14,
CD34, CD45, CD73, CD90 (BD PharMingen), and CD13
(eBioscience).

Isolation and culture of chondrocytes and synovio-
cytes. Chondrocytes were isolated following a standardized
procedure (30). Briefly, minced articular cartilage was digested
at 37°C with 0.5% Pronase (Sigma) for 1 hour and 0.2%
collagenase (Sigma) for 45 minutes in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma) with 25 mM HEPES
(Sigma), 100 units/ml penicillin, 100 wg/ml streptomycin (both
from Life Technologies Italia), and 50 pg/ml gentamicin (Life
Technologies). The cells were seeded at a density of 25,000
cells/em? and cultured at 37°C in 5% CO, in complete DMEM
with 10% fetal calf serum (FCS).

Synoviocytes were isolated from synovial tissue as
previously reported (31). Briefly, the synovium was dissected
from the underlying connective tissue, and minced fragments
were cultured in 10 ml Optimem-1 (Life Technologies) sup-
plemented with 15% FCS and 50 pg/ml gentamicin. After 7
days of culture, tissue fragments were removed and the
synoviocytes were maintained in culture. First-passage cells
were used for the experiments.

Cell cocultures. Cocultures were performed by seeding
chondrocytes or synoviocytes in the lower chamber of a 6-well
plate and AD-MSCs in Transwells (0.4-um pore size; Corning)
in DMEM with ascorbic acid (0.17 mmoles/liter), proline (0.35
moles/liter), and sodium pyruvate (1 mole/liter) using a 1:8
cell ratio (further information is available at http://www.ior.it/
en/laboratori/lab-immunoreuma-rig-tis/laboratory-immuno
rheumatology-and-tissue-regeneration/supplementary-figures).
Control cells were monocultures of AD-MSCs, chondrocytes,
and synoviocytes, and as a control coculture chondrocytes were
cocultured (lower chamber) with synoviocytes (upper cham-
ber). On days 2 and 7, both monocultures and cocultures were
detached with trypsin, and cells were labeled with eosin vital
dye and counted. The data were expressed as the number
of viable cells. The cells were harvested on day 7 (further
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Table 1. Oligonucleotide primers used for real-time polymerase chain reaction

Target Product GenBank Primer
gene™ Primers size, bp accession no. efficiency, %
RPS9 Forward: GATTACATCCTGGGCCTGAA 161 NM_001013 94.5
Reverse: ATGAAGGACGGGATGTTCAC
IDO-1 Forward: GATGAAGAAGTGGGCTTTGC 179 NM_002164 102.7
Reverse: CGCTGTGACTTGTGGTCTGT
COX-2 Forward: CAGCACTTCACGCATCAGTTT 129 NM_000963 96.9
Reverse: GCGCAGTTTACGCTGTCTA
CXCLS/IL-8 Forward: CCAAACCTTTCCACCC 153 NM_000584 97.8
Reverse: ACTTCTCCACAACCCT
IL-6 Forward: TAGTGAGGAACAAGCCAGAG 184 NM_000600 96.1
Reverse: GCGCAGAATGAGATGAGTTG
IL-1B Forward: CTGTCCTGCGTGTTGAAAG 177 NM_000576 98.1
Reverse: TGCTTGAGAGGTGCTGATG
TNF« Forward: AGCCCATGTTGTAGCAAACC 149 NM_000594 96.2
Reverse: GGACCTGGGAGTAGATGAGGTA
IFNy Forward: TGTGGAGACCATCAAGGAAGA 155 NM_000619 99.4

Reverse: ACAGTTCAGCCATCACTTGGA

*RPS9 = ribosomal protein S9; IDO-1 = indoleamine 2,3-dioxygenase 1; COX-2 = cyclooxygenase 2; IL-8 =
interleukin-8; TNFa = tumor necrosis factor «; IFNy = interferon-vy.

information is available at http://www.ior.it/en/laboratori/lab-
immunoreuma-rig-tis/laboratory-immunorheumatology-and-
tissue-regeneration/supplementary-figures) for quantitative re-
verse transcription—polymerase chain reaction (qQRT-PCR)
analysis, and supernatant was stored at —80°C.

Cocultures of chondrocytes in micromasses were also
tested to confirm the results in monolayers. Briefly, each
micromass was prepared by centrifuging 250,000 chondrocytes
at passage 1 in a 15-ml tube and maintaining them for 4 days
in an incubator at 37°C in DMEM with 10% fetal bovine serum
and 50 pg/ml ascorbic acid before starting the coculture
experiments. Two chondrocyte micromasses (each with
250,000 cells) were inserted in the lower chamber of a 6-well
plate, maintaining the same 1:8 cell ratio and time point, and
cocultured with AD-MSCs as previously described.

Effects of exogenous prostaglandin E, (PGE,) on
chondrocytes and synoviocytes. Chondrocytes and synovio-
cytes were seeded in 6-well plates and untreated or treated
with PGE, (Sigma) at 3 different concentrations (40 pg/ml, 400
pg/ml, and 4,000 pg/ml) for 24 hours, 48 hours, 72 hours, and
7 days. The cells were harvested for qRT-PCR analysis, and
supernatant was stored at —80°C.

Blocking experiments were performed by treating cells
for 6 hours with PGE, (400 pg/ml) or with IL-18 (10 units/ml)
in the presence or absence of 10 uM PGE, receptor EP,
antagonist (EP,; Sigma). When indicated, cells were preincu-
bated with EP, for 30 minutes before the addition of PGE, or
IL-1B.

Real-time RT-PCR analysis. Total RNA was ex-
tracted from human AD-MSC, chondrocyte, and synoviocyte
monocultures and cocultures using RNA PURE reagent (Eu-
roClone) according to the manufacturer’s instructions and
then treated with DNase I (DNA-free Kit; Ambion). Reverse
transcription was performed using SuperScript VILO (Life
Technologies) reverse transcriptase and random hexamers,
following the manufacturer’s protocol. Forward and reverse
oligonucleotides for PCR amplification of IL-18, TNFa, IL-6,

CXCLS/IL-8, cyclooxygenase 2 (COX-2), indoleamine 2,3-
dioxygenase 1 (IDO-1), and interferon-y (IFNvy) are shown in
Table 1. Real-time PCR was run in a LightCycler Instrument
(Roche Molecular Biochemicals) using SYBR Premix Ex Taq
(Takara) with the following protocol: initial activation of
HotStar Taqg DNA polymerase at 95°C for 10 minutes, then 45
cycles of 95°C for 5 seconds and 60°C for 20 seconds. Ampli-
fication efficiency (E) of each amplicon was determined using
10-fold serial dilutions of positive control complementary
DNAs (cDNAs) and calculated from the slopes of the log input
amounts (from 20 ng to 2 pg of cDNA) plotted versus the
crossing point values, according to the formula E = 107"/slope,
All primer efficiencies were confirmed to be high (>90%) and
comparable (Table 1). For each target gene, messenger RNA
levels were calculated, normalized to ribosomal protein S9
according to the formula 272, and expressed as a percentage
of the reference gene.

Cytokine quantification. The concentrations of IL-1,
TNFea, IL-6, CXCL1/GRO«a, CXCLS8/IL-8, CCL2/MCP-1,
CCL3/MIP-1a, CCL5/RANTES, IL-1 receptor antagonist (IL-
1Ra), IL-10, and fibroblast growth factor 2 (FGF-2) were
simultaneously evaluated on days 2 and 7 using multiplex
bead-based sandwich immunoassay kits (Bio-Rad) following
the manufacturer’s instructions. PGE, and galectin 1 concen-
trations were measured using enzyme-linked immunosorbent
assays (R&D Systems) according to the manufacturer’s in-
structions.

Statistical analysis. Statistical analysis was performed
using mainly nonparametric tests since the data were not
normally distributed and had a strongly asymmetric distribu-
tion (Friedman’s nonparametric analysis of variance and
Dunn’s post hoc test for paired data, Kruskal-Wallis test and
Dunn’s post hoc test for unpaired data, and Mann-Whitney U
test for unpaired two-group data). Parametric tests were also
used for data with normal and symmetric distributions. De-
pending on the distribution, values were expressed as the
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Figure 1. Characterization of Good Manufacturing Practice clinical grade adipose-derived mesenchymal stem cells (AD-MSCs; ASC) and
evaluation of coculture conditions. A-D, AD-MSCs from 3 different sources (infrapatellar Hoffa fat [IP Hoffa-ASC], subcutaneous hip fat [SC
Hip-ASC], and subcutaneous abdominal fat [SC Abdo-ASC]) were characterized at both passage 0 (p.0) and passage 1 (p.1) as number of harvested
cells/em? (A), percentage of colony-forming unit-fibroblast (CFU-F) colonies (B), and percentage of positive cells (C and D). Values are the mean +
SD. E, Viability of isolated chondrocytes, synoviocytes, and AD-MSCs grown in Dulbecco’s modified Eagle’s medium with ascorbic acid, proline,
and sodium pyruvate was analyzed on both day 2 and day 7. Values are the mean = SD. F-H, Morphology of chondrocytes (F), synoviocytes (G),
and AD-MSCs (H) was evaluated on day 7. Original magnification X 100. I, A schematic of the coculture system is shown.

median and interquartile range, as the median and range Statistical Software (StatSoft) was used for analysis. P values
(minimum-maximum), or as the mean * SD. CSS Statistica less than 0.05 were considered significant.
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Figure 2. Adipose-derived mesenchymal stem cells (AD-MSCs; ASC) down-modulate the main osteoarthritis inflammatory factors and chemokines
of chondrocytes (Chon.) or synoviocytes (Syn.). A, Interleukin-13 (IL-18), tumor necrosis factor o (TNFa), IL-6, and CXCLS8/IL-8 gene expression
of chondrocytes or synoviocytes cocultured with AD-MSCs and in control coculture (chondrocytes plus synoviocytes). B, IL-6 and CXCLS8/IL-8
release from monoculture of chondrocytes, synoviocytes, or AD-MSCs, from chondrocytes or synoviocytes cocultured with AD-MSCs, or from
control coculture. C, IL-1B3, TNFe, IL-6, and CXCLS/IL-8 gene expression of chondrocytes in micromasses (wmass) cocultured with AD-MSCs. D,
IL-6 and CXCLS8/IL-8 release from chondrocytes in micromasses either cultured alone or cocultured with AD-MSCs. Values in A and C are the
median and interquartile range (IQR). * = P < 0.05 versus chondrocytes, synoviocytes, or chondrocytes in micromasses cultured alone. In B and
D, data are shown as box plots. Each box represents the IQR. Lines inside the boxes represent the median. Whiskers represent the minimum and
maximum values. * = P < 0.05; #* = P < 0.001; s = P < 0.0001 for chondrocytes, synoviocytes, or chondrocytes in micromasses cocultured with
AD-MSCs versus chondrocytes, synoviocytes, or chondrocytes in micromasses cultured alone. ND = not detectable.

RESULTS

AD-MSC characterization and evaluation of co-
culture conditions. AD-MSCs from infrapatellar Hoffa
fat, SC hip fat, and SC abdominal fat were isolated
according to Good Manufacturing Practice clinical
grade procedures and characterized at passages 0 and 1.
As shown in Figure 1, the number of harvested cells and
the percentage of colony-forming unit-fibroblast colo-
nies were similar in the 3 sources, with no significant
changes from passage 0 to passage 1. Flow cytometric
analysis showed a high expression of CD13, CD73, and
CD90 at both passages 0 and 1 and a very low or absent
expression of CD14 and CD45. CD34 was expressed at
passage 0 but was significantly down-modulated at pas-
sage 1.

To evaluate coculture conditions, we performed

preliminary experiments to select a culture medium that
did not induce proliferation of chondrocytes, synovio-
cytes, and AD-MSCs until day 7. DMEM with ascorbic
acid, proline, and sodium pyruvate was chosen since, as
shown in Figure 1E, it did not induce cell proliferation
from day 2 to day 7. Moreover, the cells were all viable
until day 7 and did not show any morphologic changes
(Figures 1F-H). We used a Transwell system to avoid
cell-cell contact (Figure 1I). On the basis of these
results, the following experiments were performed on
day 7.

AD-MSCs exert antiinflammatory effects on both
chondrocytes and synoviocytes. First, the expression and
release of the major inflammatory factors IL-183, TNF e,
IL-6, and CXCLS/IL-8 were analyzed on day 7. As
shown in Figure 2A, AD-MSCs in coculture with these
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Figure 3. Effects of AD-MSCs on the chemokines CXCL1/growth-related oncogene a (GRO«), CCL2/monocyte chemotactic protein 1 (MCP-1),
CCL3/macrophage inflammatory protein la (MIP-1a), and CCL5/RANTES. We tested the release of the chemokines from monoculture of
chondrocytes, synoviocytes, or AD-MSCs, from chondrocytes or synoviocytes cocultured with AD-MSCs, or from control coculture. Data are shown
as box plots. Each box represents the IQR. Lines inside the boxes represent the median. Whiskers represent the minimum and maximum values.
x* = P <0.05; #x = P <0.001; ==+ = P < 0.0001 for chondrocytes or synoviocytes cocultured with AD-MSCs versus chondrocytes or synoviocytes

cultured alone. See Figure 2 for other definitions.

chondrocytes or synoviocytes significantly decreased the
expression of IL-1B8, IL-6, and CXCLS8/IL-8 on both
chondrocytes and synoviocytes. TNFa was not detected
on chondrocytes, and its expression was not modulated
on synoviocytes. Conversely, control cocultures of
chondrocytes/synoviocytes showed opposite results. The
analysis in the culture supernatants of these factors
showed no production of IL-18 and TNFa. AD-MSCs in
coculture with chondrocytes or synoviocytes significantly
decreased the release of IL-6 and CXCLS/IL-8 on both
chondrocytes and synoviocytes (Figure 2B). Coculture
experiments with chondrocytes in micromasses were also
performed to confirm our data in monolayers. As shown
in Figure 2C, expression of IL-1B, TNFe«, IL-6, and
CXCLS/IL-8 was significantly down-modulated; the in-
hibition of IL-6 and CXCLS/IL-8 production was also
confirmed (Figure 2D). In addition, IL-18 and TNF«
were not produced under these conditions. The analysis
of other inflammatory chemokines (CXCL1/GROa,
CCL2/MCP-1, CCL3/MIP-1a, and CCLS5/RANTES)

confirmed the same trend (Figure 3) under all culture
conditions tested, whereas in the control coculture no
modulation or up-regulation of these factors was found.

AD-MSCs from different sources or patients
down-modulate inflammatory factors on both chondro-
cytes and synoviocytes. We then evaluated whether the 3
AD-MSC sources used for the experiments (infrapatel-
lar Hoffa fat, SC hip fat, and SC abdominal fat) and
whether different allogeneic AD-MSCs (from SC ab-
dominal fat from 3 donor patients) exerted different
antiinflammatory effects in coculture. All 3 sources of
AD-MSCs (Figure 4A) and the different allogeneic
AD-MSCs (Figure 4B) used in coculture with chondro-
cytes dampened the same percentages of IL-6, CXCLS8/
IL-8, and CCL2/MCP-1; the same trend was also ob-
served with synoviocytes (data not shown).

Dependence of the effect of AD-MSCs on existing
inflammation. As shown in Figure 2B, chondrocytes and
synoviocytes in monoculture produced a wide range of
IL-6 (median [minimum-maximum] 3,192 pg/ml [239-
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Figure 4. Effects of AD-MSCs are independent of sources and donors but depend on inflammation. A, Release of IL-6, CXCLS/IL-8, and
CCL2/monocyte chemotactic protein 1 (MCP-1) was independently down-modulated by AD-MSCs from the 3 sources used (infrapatellar Hoffa fat
[Hoffa ASC], subcutaneous hip fat [Hip ASC], and subcutaneous abdominal fat [Abdo ASC]). B, Release of IL-6, CXCLS/IL-8, and CCL2/MCP-1
was independently down-modulated by allogeneic AD-MSCs (from subcutaneous abdominal fat from donor patients a, b, and c). C, AD-MSC
modulation of IL-6 and CXCLS8/IL-8 release was dependent on existing inflammation (High and Low) in chondrocytes and synoviocytes. Values in
A and B are the median and IQR. *#x = P < 0.0001 versus chondrocytes cultured alone. In C, data are shown as box plots. Each box represents
the IQR. Lines inside the boxes represent the median. Whiskers represent the minimum and maximum values. #* = P < (0.001; s = P < 0.0001
for chondrocytes or synoviocytes cocultured with AD-MSCs versus chondrocytes or synoviocytes cultured alone. See Figure 2 for other definitions.

20,295 pg/ml] and 867 pg/ml [42-18,212 pg/ml], respec-
tively) and CXCLS/IL-8 (median [minimum-maximum]
1,466 pg/ml [233-31,630 pg/ml] and 565 pg/ml [95-
22,274 pg/ml], respectively), so a statistical analysis was
performed to determine whether AD-MSCs were equally
effective in inhibiting inflammatory factors indepen-
dently of these factors’ basal release. Based on this
analysis, the monocultures of both chondrocytes and
synoviocytes were divided into 2 groups based on
whether they produced high or low levels of inflamma-
tory factors. As shown in Figure 4C, we found that the
effects of AD-MSCs depended on the existing basal
inflammation of chondrocytes or synoviocytes. In partic-
ular, the production of IL-6 and CXCLS/IL-8 was down-
modulated only when AD-MSCs were cocultured with
chondrocytes or synoviocytes producing high levels of
inflammatory factors; no effect was observed in chon-
drocytes or synoviocytes producing low levels of inflam-
matory factors. The same trend was also found when we
analyzed the other inflammatory factors (data not shown).

Involvement of COX-2 and PGE, in antiinflam-
matory effects of AD-MSCs. To understand the mecha-
nism responsible for the antiinflammatory effects of
AD-MSCs, we first tested different immunomodulators
(IL-10, IL-1Ra, FGF-2, IDO-1, and galectin 1). We did
not find any modulation or production of these factors
(data not shown); therefore, we analyzed COX-2 and
PGE,, which were also reported to be involved in the
antiinflammatory effect of MSCs (32,33). As shown in
Figures 5A and C, COX-2 expression was significantly
down-modulated only in chondrocytes and synoviocytes
producing high levels of inflammatory factors when
cocultured with AD-MSCs.

Conversely, compared to PGE, release in mon-
oculture of chondrocytes or synoviocytes, PGE, release
was higher only in chondrocytes and synoviocytes pro-
ducing high levels of inflammatory factors when cocul-
tured with AD-MSCs (Figures 5B and D). However,
more PGE, was produced by AD-MSC monocultures
than by chondrocyte coculture with AD-MSCs, whereas
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Figure 5. Cyclooxygenase 2 (COX-2) and prostaglandin E, (PGE,) are involved in antiinflammatory effects of AD-MSCs. A and B, COX-2
expression (A) and PGE, release (B) in chondrocyte and synoviocyte monocultures producing high or low levels of inflammatory factors and
cocultured with AD-MSCs. C and D, COX-2 expression (C) and PGE, release (D) in control coculture. Values in A and C are the median and IQR.
#xx = P < (0.0001 versus chondrocytes or synoviocytes cultured alone. In B and D, data are shown as box plots. Each box represents the IQR. Lines
inside the boxes represent the median. Whiskers represent the minimum and maximum values. # = P < 0.05 for chondrocytes or synoviocytes
cocultured with AD-MSCs versus chondrocytes or synoviocytes cultured alone. E, Time course analysis of COX-2 and IL-6 expression on
chondrocytes treated for different periods of time with different concentrations of exogenous PGE,. Values are the median and IQR. * = P < 0.05
versus basal level. F, Release of IL-6 and CXCLS/IL-8 from chondrocyte and synoviocyte samples treated for 7 days with different concentrations
of exogenous PGE,. G, Release of IL-6 and CXCLS8/IL-8 from chondrocytes treated for 6 hours with PGE, (400 ng/ml) or IL-18 (10 units/ml) with
or without PGE, receptor EP, antagonist (EP,). In F and G, values are the median and IQR. In F, = = P < 0.05 versus basal level. In G, PGE,
significantly reduced IL-6 and CXCLS/IL-8 release in IL-1B-treated cells (* = P < 0.05). See Figure 2 for other definitions.

more PGE, was produced by monocultures of synovio- tested reduced both COX-2 and IL-6 expression only
cytes than by synoviocyte coculture with AD-MSCs. after a long period of stimulation (starting from 72 hours
Time-dependent effect of exogenous PGE, on until day 7). Moreover, on day 7 also at the protein level
COX-2 and PGE, in chondrocytes and synoviocytes. To (Figure 5F), IL-6 production was found to be inhibited
test whether PGE, was responsible for the down- only by the lowest concentrations of PGE, (40 pg/ml and
modulation of inflammatory factors on chondrocytes 400 pg/ml) used on chondrocytes and synoviocytes,
and synoviocytes, these cells were treated with exoge- whereas CXCLS/IL-8 was also inhibited at the highest
nous PGE, at 3 different concentrations (40 pg/ml, 400 concentration (4,000 pg/ml) on chondrocytes.
pg/ml, and 4,000 pg/ml). These concentrations were Subsequently, to establish a specific involvement
chosen on the basis of the results of PGE, release of PGE, in the inhibition of inflammatory factors, we
previously tested in AD-MSC monoculture supernatant treated cells with PGE, (400 pg/ml) or with IL-1B (to
(~400 pg/ml) (Figure 5B). As shown in Figure SE, mimic an inflammatory condition) in the presence of a

exogenously added PGE, at the lowest concentration specific PGE, receptor antagonist (EP,). As shown in
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Figure 5G, PGE, significantly reduced IL-6 and CXCLS8/
IL-8 release in IL-1pB-treated cells. Moreover, when
blocking cells with EP,, we did not find an increase in
IL-6 or CXCLS8/IL-8 release whether we stimulated cells
with IL-18 or PGE,.

DISCUSSION

MSCs have been identified and isolated from
different tissues (bone marrow, adipose tissue, umbilical
cord vein) (6-8) and have important immunomodula-
tory properties in vitro in coculture with mononuclear
cells (T and B cells, natural killer cells, plasma cells, and
dendritic cells) (13,34-36) as well as in vivo in various
clinical trials (14-17). A recent report (18) suggested the
possible use of MSCs in osteoarticular diseases. Based
on these findings, we analyzed in vitro the effects of
AD-MSCs on both chondrocytes and synoviocytes ob-
tained from OA patients.

First, we found that Good Manufacturing Prac-
tice clinical grade AD-MSCs isolated from 3 different
sources (infrapatellar Hoffa fat, SC hip fat, and SC
abdominal fat) were able to down-modulate the release
and expression of the main OA inflammatory factors
(IL-1B, IL-6, and CXCLS/IL-8). Moreover, we also
found a significant down-modulation of other chemo-
kines (CXCL1/GROe«, CCL2/MCP-1, CCL3/MIP-1a,
and CCL5/RANTES) directly involved in the progres-
sion of the disease. It has been reported that CXCLS8/
IL-8 is one inducer of cartilage hypertrophy (37),
whereas CXCLS/IL-8, CXCL1/GRO«, CCL2/MCP-1,
and CCLS/RANTES are other selective inducers of
matrix degradation (38,39). It is well known that low-
density chondrocytes in monolayer lose their original
phenotype and receptor profiles; therefore, to confirm
these data we also evaluated chondrocytes grown in
3-dimensional micromasses, since they better mimic the
cartilage-like structure. Consistent with monolayer data,
we found that the major inflammatory OA factors were
down-modulated with the same trend, indicating that the
effects were independent from the culture conditions.

We then found that antiinflammatory effects of
AD-MSCs were strictly dependent on the degree of
inflammation of OA chondrocytes and synoviocytes, as
also reported in an acute asthma lung model (40). It has
been reported that in vitro human MSCs require activa-
tion, and activating stimuli appear to include proinflam-
matory cytokines (IL-18, IFN+y, TNFa) or interaction
with monocytes (11,34). Under the present culture con-
ditions, AD-MSCs, chondrocytes, and synoviocytes in
monoculture and coculture did not produce IL-1B,
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TNFa, and IFNy, so AD-MSCs might be activated by
other factors specifically produced by inflamed chondro-
cytes and synoviocytes. Moreover, these AD-MSC ef-
fects were not dependent on the main immunomodula-
tory factors found to be involved in the immunosuppressive
effect of BM-MSCs, such as IL-10, IL-1Ra, galectin 1,
FGF-2, and IDO-1, since AD-MSCs did not produce or
modulate these factors, thus suggesting a different path-
way.

The inflammatory cascade is driven by a variety
of enzymes, among which COX is prominent and cata-
lyzes the formation of prostaglandins and thromboxanes
from arachidonic acid. COX has at least 2 isoforms, a
constitutive form (COX-1) and an inflammation-
induced form (COX-2) (41). The present data show that
in coculture, COX-2 expression by chondrocytes and
synoviocytes was inhibited by AD-MSCs, thus suggesting
a direct involvement of this pathway in the antiinflam-
matory effect exerted by these cells.

It has been reported that increased anabolic
activity in OA cartilage may be associated with cytokine-
induced synthesis of PGE,, whose feedback regulates
COL2AL transcription in a positive manner (42), which
would in turn permit subsequent inhibition by cytokine-
induced factors (43,44). It has also been shown that
human OA cartilage explants express COX-2 and spon-
taneously produce PGE, (45,46) and their expression is
modulated by proinflammatory cytokines, but PGE, is
also produced by AD-MSCs (32). The present data
showed that COX-2 inhibition was specifically associ-
ated with PGE, increase when AD-MSCs were cocul-
tured with inflamed chondrocytes or synoviocytes. These
results seem paradoxical, since it has been shown that
COX-2 and PGE, increase or decrease is dependent on
the degree of inflammation, but the increase of PGE,
measured in the coculture was not due to a synergistic
effect but was mainly dependent on the basal release of
these cells in monoculture. In fact, the increase in PGE,
secretion in the coculture was mainly associated with
AD-MSCs, and it is well known that PGE, plays a key
role in the immunosuppressive properties of AD-MSCs
(32).

PGE, is reported to have both anabolic and
catabolic effects on chondrocytes and synoviocytes (45—
47); therefore, to confirm that PGE, was involved in the
antiinflammatory effects exerted by AD-MSCs, 3 differ-
ent concentrations of PGE, were tested, ranging from
~0.011 nM to ~11 uM. We showed that COX-2 and
IL-6 inhibition was evident only after a long period of
stimulation and mainly using PGE, in the nM range (but
not in the uM range), which, as reported (48), is the
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physiologic concentration detected in the synovial fluid.
We also confirmed a specific role of PGE, in modulating
these effects under inflammatory conditions, with block-
ing and rescue experiments specifically involving its
receptor EP,. It is interesting to note that PGE, in
chondrocytes and synoviocytes plays a significant physi-
ologic role in tissue homeostasis (49). Moreover, PGE,
has been shown to inhibit in a dose-dependent manner
the expression of matrix metalloproteinase 13, type X
collagen, vascular endothelial growth factor, and alka-
line phosphatase genes (50), consistent with data previ-
ously found in a collaborative work (Maumus M, et al:
unpublished observations). These antiinflammatory ef-
fects might also be dependent on other factors released
by AD-MSCs (51); a proteomic profiling of these cells in
monoculture and coculture should help to reveal the
role of other important molecules.

In conclusion, these data show that the antiin-
flammatory effects of AD-MSCs are probably not de-
pendent on AD-MSC adipose tissue sources or donors
but rather on the inflammatory status of OA chondro-
cytes and synoviocytes. AD-MSCs seem to be able to
sense and respond to the local environment; the com-
plexity of this antiinflammatory effect may be due to a
combination of different molecules. However, the COX-
2/PGE, pathway might be one of the modulators that
plays a role in this mechanism of action.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Dr. Lisignoli had full access to all of
the data in the study and takes responsibility for the integrity of the
data and the accuracy of the data analysis.

Study conception and design. Jorgensen, Facchini, Noél, Lisignoli.
Acquisition of data. Manferdini, Maumus, Gabusi, Filardo, Peyrafitte,
Bourin, Fleury-Cappellesso.

Analysis and interpretation of data. Manferdini, Gabusi, Piacentini,
Jorgensen.

REFERENCES

1. Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoar-
thritis: a disease of the joint as an organ [review]. Arthritis Rheum
2012;64:1697-707.

2. Sellam J, Berenbaum F. The role of synovitis in pathophysiology
and clinical symptoms of osteoarthritis. Nat Rev Rheumatol
2010;6:625-35.

3. Goldring MB, Otero M, Tsuchimochi K, Ijiri K, Li Y. Defining the
roles of inflammatory and anabolic cytokines in cartilage metab-
olism. Ann Rheum Dis 2008;67 Suppl 3:iii75-82.

4. Scanzello CR, Goldring SR. The role of synovitis in osteoarthritis
pathogenesis. Bone 2012;51:249-57.

5. Hunter DJ. Pharmacologic therapy for osteoarthritis—the era of
disease modification. Nat Rev Rheumatol 2011;7:13-22.

10.

11.

12.

13.

14.

15.

20.

21.

22.

23.

24.

25.

MANFERDINI ET AL

. Prockop DJ. Marrow stromal cells as stem cells for nonhemato-

poietic tissues. Science 1997;276:71-4.

. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, et al.

Multilineage cells from human adipose tissue: implications for
cell-based therapies. Tissue Eng 2001;7:211-28.

. Lee OK, Kuo TK, Chen WM, Lee KD, Hsieh SL, Chen TH.

Isolation of multipotent mesenchymal stem cells from umbilical
cord blood. Blood 2004;103:1669-75.

. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R,

Mosca JD, et al. Multilineage potential of adult human mesenchy-
mal stem cells. Science 1999;284:143-7.

Caplan Al, Correa D. The MSC: an injury drugstore. Cell Stem
Cell 2011;9:11-5.

Prockop DJ, Oh JY. Mesenchymal stem/stromal cells (MSCs): role
as guardians of inflammation. Mol Ther 2012;20:14-20.
Hoogduijn MJ, Popp F, Verbeek R, Masoodi M, Nicolaou A,
Baan C, et al. The immunomodulatory properties of mesenchymal
stem cells and their use for immunotherapy. Int Inmunopharma-
col 2010;10:1496-500.

Djouad F, Bouffi C, Ghannam S, Noel D, Jorgensen C. Mesen-
chymal stem cells: innovative therapeutic tools for rheumatic
diseases. Nat Rev Rheumatol 2009;5:392-9.

Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis 1, et
al. Mesenchymal stem cells for treatment of steroid-resistant,
severe, acute graft-versus-host disease: a phase II study. Lancet
2008;371:1579-86.

Duijvestein M, Vos AC, Roelofs H, Wildenberg ME, Wendrich
BB, Verspaget HW, et al. Autologous bone marrow-derived
mesenchymal stromal cell treatment for refractory luminal
Crohn’s disease: results of a phase I study. Gut 2010;59:1662-9.

. Connick P, Kolappan M, Crawley C, Webber DJ, Patani R,

Michell AW, et al. Autologous mesenchymal stem cells for the
treatment of secondary progressive multiple sclerosis: an open-
label phase 2a proof-of-concept study. Lancet Neurol 2012;11:
150-6.

. Le Blanc K, Mougiakakos D. Multipotent mesenchymal stromal

cells and the innate immune system. Nat Rev Immunol 2012;12:
383-96.

. Jorgensen C, Noel D. Mesenchymal stem cells in osteoarticular

diseases. Regen Med 2011;6:44-51.

. Murphy JM, Fink DJ, Hunziker EB, Barry FP. Stem cell therapy

in a caprine model of osteoarthritis. Arthritis Rheum 2003;48:
3464-74.

Grigolo B, Lisignoli G, Desando G, Cavallo C, Marconi E, Tschon
M, et al. Osteoarthritis treated with mesenchymal stem cells on
hyaluronan-based scaffold in rabbit. Tissue Eng Part C Methods
2009;15:647-58.

Diekman BO, Wu CL, Louer CR, Furman BD, Hueber JL, Kraus
VB, et al. Intra-articular delivery of purified mesenchymal stem
cells from C57BL/6 or MRL/MpJ superhealer mice prevents
post-traumatic arthritis. Cell Transplant 2012. E-pub ahead of
print.

Ter Huurne M, Schelbergen R, Blattes R, Blom A, de Munter W,
Grevers LC, et al. Antiinflammatory and chondroprotective ef-
fects of intraarticular injection of adipose-derived stem cells in
experimental osteoarthritis. Arthritis Rheum 2012;64:3604-13.
Desando G, Cavallo C, Sartoni F, Martini L, Parrilli A, Veronesi
F, et al. Intra-articular delivery of adipose derived stromal cells
attenuates osteoarthritis progression in an experimental rabbit
model. Arthritis Res Ther 2013;15:R22.

Rodriguez AM, Elabd C, Amri EZ, Ailhaud G, Dani C. The
human adipose tissue is a source of multipotent stem cells.
Biochimie 2005;87:125-8.

Awad HA, Wickham MQ, Leddy HA, Gimble JM, Guilak F.
Chondrogenic differentiation of adipose-derived adult stem cells
in agarose, alginate, and gelatin scaffolds. Biomaterials 2004;25:
3211-22.



ANTIINFLAMMATORY EFFECTS OF AD-MSCs

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Aust L, Devlin B, Foster SJ, Halvorsen YD, Hicok K, du Laney T,
et al. Yield of human adipose-derived adult stem cells from
liposuction aspirates. Cytotherapy 2004;6:7-14.

Strem BM, Hicok KC, Zhu M, Wulur I, Alfonso Z, Schreiber RE,
et al. Multipotential differentiation of adipose tissue-derived stem
cells. Keio J Med 2005;54:132—-41.

Kellgren JH, Lawrence JS. Radiological assessment of osteo-
arthrosis. Ann Rheum Dis 1957;16:494-502.

Bourin P, Peyrafitte JA, Fleury-Cappellesso S. A first approach for
the production of human adipose tissue-derived stromal cells for
therapeutic use. Methods Mol Biol 2011;702:331-43.

Grigolo B, Roseti L, Neri S, Gobbi P, Jensen P, Major EO, et al.
Human articular chondrocytes immortalized by HPV-16 E6 and
E7 genes: maintenance of differentiated phenotype under defined
culture conditions. Osteoarthritis Cartilage 2002;10:879-89.
Lisignoli G, Grassi F, Piacentini A, Cocchini B, Remiddi G,
Bevilacqua C, et al. Hyaluronan does not affect cytokine and
chemokine expression in osteoarthritic chondrocytes and synovio-
cytes. Osteoarthritis Cartilage 2001;9:161-8.

Yanez R, Oviedo A, Aldea M, Bueren JA, Lamana ML. Prosta-
glandin E2 plays a key role in the immunosuppressive properties of
adipose and bone marrow tissue-derived mesenchymal stromal
cells. Exp Cell Res 2010;316:3109-23.

Foraker JE, Oh JY, Ylostalo JH, Lee RH, Watanabe J, Prockop
DJ. Cross-talk between human mesenchymal stem/progenitor cells
(MSCs) and rat hippocampal slices in LPS-stimulated cocultures:
the MSCs are activated to secrete prostaglandin E2. J Neurochem
2011;119:1052-63.

Kronsteiner B, Wolbank S, Peterbauer A, Hackl C, Redl H, van
Griensven M, et al. Human mesenchymal stem cells from adipose
tissue and amnion influence T-cells depending on stimulation
method and presence of other immune cells. Stem Cells Dev
2011;20:2115-26.

Ghannam S, Bouffi C, Djouad F, Jorgensen C, Noel D. Immuno-
suppression by mesenchymal stem cells: mechanisms and clinical
applications. Stem Cell Res Ther 2010;1:2.

Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V,
Cazzanti F, et al. Human mesenchymal stem cells modulate B-cell
functions. Blood 2006;107:367-72.

Merz D, Liu R, Johnson K, Terkeltaub R. IL-8/CXCL8 and
growth-related oncogene o/CXCL1 induce chondrocyte hypertro-
phic differentiation. J Immunol 2003;171:4406-15.

Olivotto E, Vitellozzi R, Fernandez P, Falcieri E, Battistelli M,
Burattini S, et al. Chondrocyte hypertrophy and apoptosis induced
by GRO« require three-dimensional interaction with the extracel-
lular matrix and a co-receptor role of chondroitin sulfate and are
associated with the mitochondrial splicing variant of cathepsin B.
J Cell Physiol 2007;210:417-27.

Borzi RM, Mazzetti I, Cattini L, Uguccioni M, Baggiolini M,
Facchini A. Human chondrocytes express functional chemokine

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

1281

receptors and release matrix-degrading enzymes in response to
C-X-C and C-C chemokines. Arthritis Rheum 2000;43:1734—-41.
Bonfield TL, Nolan Koloze MT, Lennon DP, Caplan Al Defining
human mesenchymal stem cell efficacy in vivo. J Inflamm (Lond)
2010;7:51.

Appleton I, Tomlinson A, Willoughby DA. Induction of cyclo-
oxygenase and nitric oxide synthase in inflammation. Adv Phar-
macol 1996;35:27-78.

Goldring MB, Otero M, Plumb DA, Dragomir C, Favero M, El
Hachem K, et al. Roles of inflammatory and anabolic cytokines in
cartilage metabolism: signals and multiple effectors converge upon
MMP-13 regulation in osteoarthritis. Eur Cell Mater 2011;21:
202-20.

Tan L, Peng H, Osaki M, Choy BK, Auron PE, Sandell LJ, et al.
Egr-1 mediates transcriptional repression of COL2A1 promoter
activity by interleukin-18. J Biol Chem 2003;278:17688-700.
Okazaki K, Li J, Yu H, Fukui N, Sandell LJ. CCAAT/enhancer-
binding proteins 8 and & mediate the repression of gene transcrip-
tion of cartilage-derived retinoic acid-sensitive protein induced by
interleukin-1p3. J Biol Chem 2002;277:31526-33.

Attur M, Al-Mussawir HE, Patel J, Kitay A, Dave M, Palmer G, et
al. Prostaglandin E, exerts catabolic effects in osteoarthritis carti-
lage: evidence for signaling via the EP4 receptor. J Immunol
2008;181:5082-8.

Nishitani K, Ito H, Hiramitsu T, Tsutsumi R, Tanida S, Kitaori T,
et al. PGE2 inhibits MMP expression by suppressing MKK4-JNK
MAP kinase—c-JUN pathway via EP4 in human articular chondro-
cytes. J Cell Biochem 2010;109:425-33.

Pillinger MH, Rosenthal PB, Tolani SN, Apsel B, Dinsell V,
Greenberg J, et al. Cyclooxygenase-2-derived E prostaglandins
down-regulate matrix metalloproteinase-1 expression in fibroblast-
like synoviocytes via inhibition of extracellular signal-regulated
kinase activation. J Immunol 2003;171:6080-9.

Kaneyama K, Segami N, Sato J, Fujimura K, Nagao T, Yoshimura
H. Prognostic factors in arthrocentesis of the temporomandibular
joint: comparison of bradykinin, leukotriene B4, prostaglandin E2,
and substance P level in synovial fluid between successful and
unsuccessful cases. J Oral Maxillofac Surg 2007;65:242-7.

Li X, Ellman M, Muddasani P, Wang JH, Cs-Szabo G, van Wijnen
Al, et al. Prostaglandin E, and its cognate EP receptors control
human adult articular cartilage homeostasis and are linked to the
pathophysiology of osteoarthritis. Arthritis Rheum 2009;60:
513-23.

Li TF, Zuscik MJ, Ionescu AM, Zhang X, Rosier RN, Schwarz
EM, et al. PGE2 inhibits chondrocyte differentiation through PKA
and PKC signaling. Exp Cell Res 2004;300:159-69.

Salgado AJ, Reis RL, Sousa NJ, Gimble JM. Adipose tissue
derived stem cells secretome: soluble factors and their roles in
regenerative medicine. Curr Stem Cell Res Ther 2010;5:103-10.



