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Abstract

Autologous stem cells are a promising cell source for cartilage regeneration; however, cell
replicative senescence and joint posttraumatic inflammation provide challenges to bring this
treatment modality to fruition. In this study, we hypothesized that preconditioning with p38
MAPK inhibitor (sb203580) would recharge decellularized extracellular matrix (dECM) expanded
human synovium-derived stem cell (hSDSC) chondrogenesis in an inflammatory environment. We
found that preconditioning with sb203580 greatly enhanced dECM expanded hSDSC proliferation
and chondrogenic potential while supplementation with sb203580 in an induction medium
dramatically retarded hSDSC chondrogenic differentiation, even for dECM expanded cells. We
also found that sb203580 preconditioning enhanced matrix-expanded hSDSC chondrogenic
capacity even in an interleukin-1 (IL-1) induced inflammatory environment. Non-detectable
expression of HLA-DR in the hSDSCs grown on allogeneic dECM indicates the feasibility of
commercial preparation of these dECMs from healthy, young donors for patients who need
autologous transplantation. Our study indicated that p38 MAPK inhibitor has a distinctive priming
effect on dECM mediated stem cell cartilage regeneration. Combined rejuvenation with sh203580
and dECM expansion can precondition hSDSCs’ resurfacing capacity for osteoarthritic patients
with cartilage defects.
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1. Introduction

Cartilage defects do not heal themselves due to a shortage of blood supply. Recently, adult
stem cells have become a promising cell source for autologous cartilage regeneration.
Adipose-derived stem cells (ASCs) have limited chondrogenic ability and bone marrow
stromal cells (BMSCs) tend to undergo endochondral ossification upon chondrogenic
induction [1]. By comparison, synovium-derived stem cells (SDSCs) are a tissue-specific
stem cell for cartilage regeneration [2] and have been successfully used in cartilage
regeneration studies [3-5]. In vitro expansion is a necessary step before in vivo application
and represents a formidable challenge since stem cells are thought to exist in “niches” where
extrinsic signals modulate the intrinsic signals that drive self-renewal and cell fate
determination [6]. Outside of their niche, adult stem cells lose their developmental potential
quickly and tend to either randomly differentiate or undergo apoptosis over time [7].

Decellularized extracellular matrix (dECM) could provide such an in vitro “niche”-like
nanostructured microenvironment in which porcine SDSCs (pSDSCs) were greatly
expanded with enhanced chondrogenic potential [8,9]. Despite success in using adult human
SDSCs (hSDSCs) in this system [10], the rejuvenation effect was not as robust as that using
young pSDSCs [8]. Different species and donor age might cause this discrepancy [7].
Furthermore, posttraumatic joint inflammation, normally accompanying cartilage defects
[11,12], could perhaps lead to reduced efficiency of dECM on the rejuvenation of adult
hSDSCs [13].

The p38 mitogen-activated protein kinase (MAPK) signaling cascade is known to be
involved in various biological responses such as cell proliferation and differentiation [14].
Recently, p38 MAPK was also found to be activated by various pro-inflammatory and
stressful stimuli [15]. There is increasing evidence showing that in vivo application of p38
MAPK inhibitors can decrease inflammation and related damage [16]; unfortunately, these
inhibitors also arrest tissue regeneration [17-19].

To maximize advantages and minimize disadvantages, in this study, a p38 MAPK inhibitor
was used to precondition hSDSCs during cell expansion on either plastic flasks (Plastic) or
dECM followed by chondrogenic induction in a pellet culture system. In comparison, p38
MAPK inhibitor was supplemented in induction medium instead for the assessment of the
direct effect on hSDSC chondrogenesis. Expanded hSDSCs were also evaluated for
chondrogenic capacity in an interleukin-1 beta (IL-1f) induced inflammatory environment.
Lastly, dECM deposited by allogeneic cells were evaluated for eliciting potential immune
issues in hSDSCs after expansion. We hypothesized that preconditioning with p38 MAPK
inhibitor would recharge dECM expanded hSDSC chondrogenesis in an inflammatory
environment.
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2. Materials and Methods
2.1. SDSC culture

Adult human synovial fibroblasts (4 donors, two male and two female, average 43 years old,
all had no known joint disease), referred to as hSDSCs [10,20,21], were obtained from
Asterand (North America Laboratories, Detroit, MI). Human SDSCs were plated and
cultured in a growth medium [alpha minimum essential medium (¢MEM) containing 10%
fetal bovine serum (FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL
fungizone (Invitrogen, Carlsbad, CA)] at 37°C in a humidified 5% CO, and 21% O,
incubator. The medium was changed every three days.

2.2. dECM preparation

The preparation of dECM was described in our previous study [10,21,22]. Briefly, plastic
flasks (Plastic) were precoated with 0.2% gelatin (Sigma-Aldrich, St. Louis, MO) at 37°C
for 1 h and seeded with passage 3 (P3) SDSCs. After cells reached 90% confluence, 250 uM
L-ascorbic acid phosphate (Wako Chemicals USA, Inc., Richmond, VA) was added for 8
days. The deposited matrix was incubated with 0.5% Triton X-100 containing 20 mM
ammonium hydroxide at 37°C for 5 min and stored at 4°C in phosphate-buffered saline
(PBS) containing 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.25 ug/mL fungizone.

2.3. Morphological characterization of dECM with or without hSDSCs

Representative samples (n=3) were primarily fixed in 2.5% glutaraldehyde (Sigma-Aldrich)

for 2 h, followed by secondary fixation in 2% osmium tetroxide (Sigma-Aldrich) for another
2 h. The samples were then dehydrated in a gradient ethanol series, in hexamethyldisilazane

(HMDS, Sigma-Aldrich) at a ratio of 1:1 with ethanol twice for 1 h each time, in HMDS at a
ratio of 1:2 with ethanol overnight, and in HMDS three times for 4 h each time. The samples
were air-dried for 24 h and gold sputter was added. The images were recorded by a scanning
electron microscope (SEM) (Hitachi, Model S 2400).

2.4. Preconditioning using p38 MAPK inhibitor during cell expansion

Passage 3 hSDSCs were cultured at 3000 cells/cm? for one passage (8 days) on two
substrates: dECM or Plastic. Ten pM of sb203580 (p38 MAPK inhibitor, LC Laboratories,
Woburn, MA) were added 48 h after cell seeding throughout the culture. The groups without
sh203580 preconditioning served as a control. There were four groups: Plastic expansion
alone (Pcontrol), Plastic expansion plus sh203580 (Psb203580), dECM expansion alone
(Econtrol), and dECM expansion plus sb203580 (Esb203580). The cell number in T175
flasks (n=6) from each group was counted using a hemocytometer. For proliferation index
(P1), P3 hSDSCs (before expansion) were labeled with CellVue® Claret (Sigma-Aldrich) at
2x1078 M for 5 min according to the manufacturer’s protocol. After passaging, expanded
cells were collected and measured using a BD FACS Calibur™ flow cytometer (dual laser)
(BD Biosciences, San Jose, CA). Twenty thousand events of each sample were collected
using CellQuest Pro software (BD Biosciences) and Pl was analyzed by ModFit LT™
version 3.1 (Verity Software House, Topsham, ME).
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The following primary antibodies were used to detect expanded hSDSC surface
immunophenotype profiles: Alexa Fluor 488 anti-human CD29 antibody (BioLegend, San
Diego, CA), FITC anti-human CD90 antibody (Biolegend), FITC anti-human CD105
antibody (BioLegend), PE anti-human SSEA4 (the stage-specific embryonic antigen 4)
antibody (BioLegend), and isotype-matched IgGs (Beckman Coulter, Fullerton, CA).
Samples (n=3) of each 2x10° expanded cells were incubated on ice in cold PBS containing
0.1% Chrom-Pure Human 1gG whole molecule (Jackson ImmunoResearch Laboratories,
West Grove, PA) and 1% NaN3 (Sigma-Aldrich) for 30 min. The cells were then incubated
in the dark in the primary antibody for 30 min. Fluorescence was analyzed by a FACS
Calibur (BD Biosciences) using FCS Express software package (De Novo Software, Los
Angeles, CA).

2.5. Chondrogenic induction of expanded hSDSCs with dECM and/or p38 MAPK inhibitor
preconditioning

After in vitro expansion, 0.3x10% of hSDSCs from each group (Pcontrol, Psb203580,
Econtrol, and E203580) were centrifuged at 500 g for 5 min in a 15-mL polypropylene tube
to form a pellet. After overnight incubation, the pellets were cultured for 35 days in a serum-
free chondrogenic medium consisting of high-glucose Dulbecco’s Modified Eagle’s
Medium (DMEM), 40 pg/mL proline, 100 nM dexamethasone, 100 U/mL penicillin, 100
pg/mL streptomycin, 0.1 mM ascorbic acid-2-phosphate, and 1xITS™ Premix [6.25 pg/mL
insulin, 6.25 pg/mL transferrin, 6.25 pg/mL selenous acid, 5.35 ug/mL linoleic acid, and
1.25 pg/mL bovine serum albumin (BSA), from BD Biosciences] with supplementation of
10 ng/mL transforming growth factor beta 3 (TGFB3, PeproTech Inc., Rocky Hill, NJ).
Chondrogenic differentiation was evaluated using histology, immunostaining, and
biochemical analysis.

Representative pellets (n=3) were fixed in 4% paraformaldehyde at 4°C overnight, followed
by dehydrating in a gradient ethanol series, clearing with xylene, and embedding in paraffin
blocks. Five-um thick sections were histochemically stained with Alcian blue (Sigma-
Aldrich; counterstained with fast red) for sulfated glycosaminoglycans (GAGs). For
immunohistochemical analysis, the sections were immunolabeled with primary antibody
against type Il collagen (Col II; 11-116B3; Developmental Studies Hybridoma Bank, lowa
City, 1A) followed by the secondary antibody of biotinylated horse anti-mouse 1gG (Vector,
Burlingame, CA). Immunoactivity was detected using Vectastain ABC reagent (\Vector)
with 3,3’-diaminobenzidine as a substrate.

Representative pellets (n=4) were digested for 4 h at 60°C with 125 ug/mL papain in PBE
buffer (100 mM phosphate and 10 mM ethylenediaminetetraacetic acid, pH 6.5) containing
10 mM cysteine, by using 200 pL of enzyme per sample. To quantify cell density, the
amount of DNA in the papain digestion was measured using the Quant-iT" PicoGreen®
dsDNA assay kit (Invitrogen) with a CytoFluor® Series 4000 (Applied Biosystems, Foster
City, CA). GAG was measured using dimethylmethylene blue dye and a Spectronic
BioMate 3 Spectrophotometer (Thermo Scientific, Milford, MA) with bovine chondroitin
sulfate as a standard.
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2.6. Treatment using p38 MAPK inhibitor during chondrogenic induction

After in vitro expansion, the pellets from both the Plastic and dECM groups were cultured
for 28 days in a serum-free chondrogenic medium supplemented with 10 pM of sb203580
throughout the culture. The groups without sb203580 treatment served as a control.
Chondrogenic differentiation was evaluated using Alcian blue staining for sulfated GAGs,
immunostaining for type 1l collagen, and biochemical analysis for DNA and GAG amounts
in pellets.

2.7. Preconditioning strategy for hSDSC-based chondrogenesis in an inflammatory
environment

After in vitro expansion, the pellets from both the Plastic and dECM groups were cultured
for 24 days in a serum-free chondrogenic medium. Two dosages of IL-1p, 0.1 and 1 ng/mL,
were applied either throughout the culture (day 0-24), at the early (day 0-15), or late stage
(day 15-24) of chondrogenic induction. Chondrogenic differentiation was evaluated using
Alcian blue staining for sulfated GAGs, immunostaining for type Il collagen, biochemical
analysis for DNA and GAG amounts in pellets, and TagMan® real-time polymerase chain
reaction (PCR) for chondrogenic markers including SOX9 [SRY (sex determining region Y)-
box 9], ACAN (aggrecan), and COL2A1 (type 1l collagen).

After in vitro expansion with or without 10 uM of sb203580, the pellets from both the
Plastic and dECM groups were cultured for 35 days in a serum-free chondrogenic medium
with 1 ng/mL of IL-18. Chondrogenic differentiation was evaluated using Alcian blue
staining for sulfated GAGs, immunostaining for type Il collagen, biochemical analysis for
DNA and GAG amounts in pellets, and real-time PCR for chondrogenic markers in terms of
ACAN and COL2A1 and inflammatory factors including PTGS2 (prostaglandin G/H
synthase and cyclooxygenase), VEGFA (vascular endothelial growth factor A), and MMP13
(matrix metallopeptidase 13).

Total RNA was extracted from pellets (n=4) using an RNase-free pestle in TRIzoI®
(Invitrogen). About 1 ug of mMRNA was used for reverse transcription with a High-Capacity
cDNA Archive Kit (Applied Biosystems) at 37°C for 120 min. Chondrogenic marker genes
[COL2A1 (assay ID: Hs00156568 m1), ACAN (assay ID: Hs00153935 m1), and SOX9
(assay ID: Hs00165814 _m1)] and inflammatory genes [PTGS2 (assay ID:
Hs00153133_m1), VEGFA (assay ID: Hs00900055 m1), and MMP13 (assay ID:
Hs00233992_m1)] were customized by Applied Biosystems as part of the Custom TagMan®
Gene Expression Assays. Eukaryotic 18SRNA (assay ID: Hs99999901 s1) was carried out
as the endogenous control gene. Real-time PCR was performed with the iCycler iQ™ Multi-
Color Real Time PCR Detection (Perkin-Elmer, Waltham, MA). Relative transcript levels
were calculated as x =2724Ct, in which AACt= AE-AC, AE=Ctex,—Ctygs, and
AC:CtCtl—Ctlgs.

2.8. Potential immune issues in hSDSCs after expansion on dECM deposited by either
allogeneic or xenogeneic cells

Human SDSCs were expanded on either Plastic or dECM deposited by either hSDSCs
(HECM) or pSDSCs (PECM) followed by the evaluation of surface marker expression for
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CD45 using anti-CD45 APC (BD Biosciences) and HLA-DR [major histocompatibility
complex (MHC), class Il, DR] using anti-human HLA-DR FITC (eBioscience, San Diego,
CA), and isotype-matched 1gGs (Beckman Coulter). Samples (n=5) of each 3x10° expanded
cells were incubated on ice in cold PBS containing 0.1% Chrom-Pure Human IgG whole
molecule (Jackson ImmunoResearch Laboratories) and 1% NaN3 (Sigma-Aldrich) for 30
min. The cells were then incubated in the dark in the primary antibodies (both HLA-DR and
CD45 simultaneously) for 30 min. The fluorescence data were analyzed by a BD
LSRFortessa" (BD Biosciences), collected using BD FACSDiva 8.0 Software (BD
Biosciences) at 10,000 events/sample. The results were analyzed using FCS Express 4
software (De Novo Software).

2.9. Statistics

3. Results

Numerical data are presented as the mean and the standard error of the mean. A Mann-
Whitney U test and a linear model with contrast analysis were used for pairwise comparison
in biochemistry and real-time PCR data analysis. All statistical analyses were performed
with SPSS 13.0 statistical software (SPSS Inc., Chicago, IL). A p value less than 0.05 was
considered statistically significant.

3.1. Preconditioning using sb203580 further promoted proliferation of dECM expanded

cells

SEM data (Fig. 1A) showed that dECM deposited by hSDSCs was composed of randomly
arranged fine matrix fibers and expansion on dECM yielded hSDSCs with a tiny fibroblast-
like shape compared to a flattened and broad shape when grown on Plastic. Flow cytometry
data (Fig. 1B) indicated that, despite a slight increase of proliferation index in hSDSCs when
grown on Plastic, preconditioning using sb203580 presented a 2.62-fold increase in dECM
expanded hSDSCs compared to a 1.65-fold increase in dECM expansion alone. Proliferation
index data were confirmed by cell number change (Fig. 1C), in which preconditioning using
sb203580 presented a 2.00-fold increase in dECM expanded hSDSCs compared to a 1.41-
fold increase in dECM expansion alone. Flow cytometry data (Fig. 1D) also showed that
mesenchymal stem cell (MSC) surface markers (CD29, CD90, and CD105) were down-
regulated at the median in dECM expanded hSDSCs; when combined with sb203580
preconditioning, the expression of the above markers presented a slight increase.
Interestingly, sb203580 preconditioning increased SSEA4 expression in both percentage and
median of Plastic expanded hSDSCs followed by dECM expansion with the co-
preconditioning of sb203580 and dECM expansion having the largest.

3.2. sb203580 preconditioning enhanced dECM expanded hSDSC chondrogenic potential
while use of sb203580 in the induction phase arrested hSDSC chondrogenic differentiation

To determine whether p38 MAPK inhibitor preconditioning played a role in hSDSC
expansion and chondrogenic potential, 10 uM of sh203580 was added to culture medium for
hSDSC expansion on either Plastic or dECM. Both dECM expansion and sb203580
preconditioning alike led to chondrogenically differentiated 35-day pellets of a larger size
with more intense staining of sulfated GAGs and type Il collagen (Fig. 2A) and higher cell
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viability (DNA ratio adjusted by day 0) and GAG amount (chondrogenic marker) (Fig. 2B)
compared to the corresponding Plastic group. Co-preconditioning with dECM and sb203580
yielded the largest hSDSC pellets (Fig. 2A) with the highest cell viability and GAG amount
followed by the dECM group with the Plastic group having the lowest viability (Fig. 2B).

To determine whether p38 MAPK inhibitor played a role in hSDSC chondrogenic
differentiation, 10 uM of sh203580 was supplemented in a serum-free chondrogenic
medium. Due to a dramatic decrease in pellet size from both the Plastic and dECM groups,
chondrogenic induction was ended at day 28. Despite enhanced chondrogenic staining in the
pellets from the dECM group, the addition of sb203580 in the induction medium
significantly decreased both staining and size of pellets in both groups, even as early as day
14 (Fig. 3A). The above findings were corroborated by biochemical analysis data, in which
sb203580 arrested cell viability and reduced both GAG amount per pellet and ratio of GAG
to DNA in both the Plastic and dECM groups (Fig. 3B).

3.3. dECM expansion protects chondrogenically induced hSDSCs from IL-1f induced
inflammatory stress

To determine whether dECM expanded hSDSCs had the ability to resist inflammatory
stress, two doses of 1L-1p, 0.1 and 1 ng/mL, were used to treat chondrogenically induced
hSDSCs after expansion on either dECM or Plastic. Continuous treatment with IL-1f8 from
day 0 to day 15 of chondrogenic induction yielded small pellets with less intensive staining
of sulfated GAGs and type 1l collagen compared to the untreated control in both the dECM
and Plastic groups, particularly for treatment with 1 ng/mL of IL-10 (Fig. 4A). Without
IL-1p treatment, dECM expanded hSDSCs yielded pellets with higher GAG amount per
pellet and ratio of GAG to DNA than those from Plastic expansion. With IL-1f3 treatment,
both GAG amount per pellet and ratio of GAG to DNA decreased in a dose-dependent
fashion; however, dECM expanded hSDSCs yielded pellets with a significantly higher ratio
of GAG to DNA than those from Plastic expansion (Fig. 5A).

Continuous treatment with IL-1f from day 0 to day 24 of chondrogenic induction yielded
pellets with a dramatic decrease in both size and chondrogenic staining when 1 ng/mL of
IL-1P was applied; there was no significant difference when 0.1 ng/mL of IL-1 was used,
particularly for dECM expanded cells (Fig. 4B). Interestingly, treatment with IL-1f3 from
day 15 to day 24 of chondrogenic induction yielded pellets with a significant improvement
in both size and chondrogenic staining for both dECM and Plastic expansion even in the
presence of 1 ng/mL of IL-1f (Fig. 4C). The above histology result was supported by
quantification data. Biochemical analysis data showed that continuous treatment with 1
ng/mL of IL-1p yielded pellets with a significant decrease in both DNA ratio and ratio of
GAG to DNA (Fig. 5B). However, treatment with 1 ng/mL of IL-1f from day 15 to day 24
of chondrogenic induction yielded pellets with a significant increase in both DNA ratio and
GAG amount compared to the corresponding group with continuous IL-1p treatment (Fig.
5B). The above protein level data were also consistent with the mRNA data using real-time
PCR for chondrogenic marker genes including SOX9, ACAN, and COL2A1 (Fig. 5C).
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3.4. sb203580 preconditioning promotes dECM rejuvenated hSDSCs’ ability against
inflammation during chondrogenic induction

The above results indicated that continuous treatment with 1 ng/mL of IL-1p from day 0 to
day 24 of chondrogenic induction yielded pellets with diminished chondrogenic
differentiation in hNSDSCs from dECM expansion compared with the corresponding control
without IL-1p treatment. In this study, we assumed that co-preconditioning using dECM and
sb203580 would retard the diminished chondrogenic differentiation of dECM expanded
hSDSCs in the presence of a high concentration of IL-1p. Continuous treatment for 35 days
with 1 ng/mL of IL-1P reduced the difference in chondrogenic capacity in hSDSCs from
dECM and Plastic expansion. Compared to the slight increase in pellet size observed in
Plastic expanded cells, preconditioning using sb203580 dramatically increased both size and
chondrogenic staining in the 35-day IL-1p treated pellets from dECM expanded hSDSCs
(Fig. 6A). This histology result was also supported by both biochemical analysis and real-
time PCR data. dECM expanded cells yielded pellets with a higher amount of GAG and a
higher ratio of GAG to DNA compared to those from Plastic expanded cells in the presence
of 1 ng/mL of IL-1f (Fig. 6B) despite no difference in ACAN and COL2A1 (Fig. 6C).
Preconditioning using sh203580 dramatically increased both GAG amount and ratio of GAG
to DNA (Fig. 6B) as well as ACAN and COL2A1 (Fig. 6C) in hSDSC pellets from both
dECM and Plastic expansion with the co-preconditioning group being the highest.

To determine whether sb203580 preconditioning had any inhibitory effect on inflammation
during subsequent chondrogenic induction, real-time PCR data (Fig. 6D) showed that,
without sb203580 preconditioning, dECM expanded hSDSCs yielded 35-day pellets with a
significantly lower VEGFA level compared to those from Plastic expanded cells. With
sh203580 preconditioning, dECM expanded hSDSCs yielded pellets with significantly
lower levels of PTGS2, MMP13, and VEGFA; a notable increase in these gene expressions
occurred in pellets from Plastic expanded hSDSCs.

3.5. Allogeneic dECM expanded hSDSCs exhibited a non-detectable HLA-DR expression

Flow cytometry was also used to determine whether expansion of hSDSCs on Plastic,
HECM (allogeneic substrate), or PECM (xenogeneic substrate) increased HLA-DR
expression. After subtracting the respective unstained negative controls (Fig. 7A/B) from the
percent HLA-DR-positive values for both Plastic (Fig. 7C) and dECM substrates (Fig.
7D/E), the percent HLA-DR-positive cells in each population were 1.08% for Plastic
expanded hSDSCs (Fig. 7C), 0.81% for HECM expanded hSDSCs (Fig. 7D), and 6.48% for
PECM expanded hSDSCs (Fig. 7E). These cells also exhibited a similar trend when
comparing the mean fluorescence intensity (MFI) values: the Plastic group was 474.19, the
HECM group was 357.23, and the PECM group was 583.29. Additionally, all hSDSC
samples were CD45 negative, ensuring there was no persisting contamination in the hSDSC
populations with HLA-DR+ immune cells following their isolation from synovial tissue.

4. Discussion

Cartilage tissue engineering has emerged as a potential therapeutic option for cartilage
repair; however, once transplanted into the joints, cells or premature cartilage often face an
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inflammatory environment, making cartilage resurfacing challenging [13]. Among the
proinflammatory cytokines, IL-1f acts as an important mediator of increased ECM
degradation by stimulating a number of events, such as an increase of MMPs and nitric
oxide production [23] and by suppressing type Il collagen and proteoglycan synthesis [24].
In osteoarthritic joints, the IL-1f concentration was reported to range from 1-10 pg/mL [25].
Xie et al. reported that the mean concentration of IL-1 in synovial fluid from early
osteoarthritis in dysplastic hips was 55 (SD 12), ranging from 24 to 74 pg/mL [26]. Attur et
al. reported that 5 ng/mL of IL-1f could significantly suppress proteoglycan synthesis from
both human and bovine chondrocytes [27]. Yudoh et al. reported a significant reduction in
production of type Il collagen by rabbit chondrocytes incubated in the presence of 10 ng/mL
of IL-1P [28]. Thus, in this study, IL-1f was added into chondrogenic medium to simulate
the inflammatory environment often encountered in joint capsule; 0.1 ng/mL of IL-1f was
chosen to represent a relatively low concentration despite the fact that this dose is still higher
than the reported pathological concentration of IL-1f in osteoarthritis [25]. One ng/mL of
IL-18 was chosen to represent a relatively high concentration.

In this report, we found that dECM expansion could maintain an advantage over Plastic
expansion in chondrogenic capacity of hSDSCs in the presence of a low concentration (0.1
ng/mL) of IL-1P. However, this advantage was diminished when a high concentration (1
ng/mL) of IL-18 was applied during chondrogenic induction. Interestingly, premature tissue
pellets from dECM expanded hSDSCs could, to a certain degree, resist the decline of
chondrogenic differentiation resulting from a high concentration of IL-1f. This finding is
consistent with a previous report in which more mature cartilaginous tissue was more
resistant to 1 ng/mL of IL-1[ exposure [29]. Previous investigations showed that
inflammatory-related genes such as MMP13, PTGS2, and VEGF were upregulated in the
presence of IL-1f but were blocked by application of sh203580 [30-32]. In this study,
despite a higher expression in the preconditioning group by sb203580, these inflammatory
genes were significantly downregulated in chondrogenically induced hSDSCs when a co-
preconditioning strategy with dECM expansion was applied. This finding might be
attributable to the anti-inflammatory function of sb203580 [16,33] and antioxidant
characteristics of dECM during cell expansion [10].

Consistent with previous reports [34,35], we found that the use of sb203580 in the induction
medium significantly diminished TGF mediated hSDSC chondrogenic differentiation. It is
well known that TGFp induces chondrogenic differentiation classically through the SMAD
pathway and also via p38 MAPK signaling [36]. For instance, TGFp induced rapid
phosphorylation of SMAD2, extracellular signal-activated kinase 1/2 (ERK1/2), and p38
MAPK in ATDCS cells; however, incubation with sb203580 repressed TGFp-induced
ACAN, suggesting an important role for transcriptional cross-talk between the TGFf} and p38
MAPK pathways in expression of early chondrocyte differentiation [37]. A recent study
suggested that, following activation by TGFB, MAPKSs (in particular the p38 MAPK
pathway) were involved in the control of post-translational modification of SMADs by a
direct phosphorylation or through their downstream effector molecules [38]. Another report
indicated that SOX9 is likely a downstream target of the p38 MAPK pathway because the
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increased activity of the SOX9-dependent COL2A1 enhancer in primary chondrocytes was
abolished by sb203580 [39].

Our recent study demonstrated that dECM deposited by young and healthy hSDSCs could
rejuvenate older hSDSCs in chondrogenic potential [22], indicating that allogeneic dECM
can be a promising approach to expand patient hSDSCs for autologous transplantation. To
solve the immune concerns in hSDSCs after expansion on allogeneic dECMs, expression of
HLA-DR was used as an indicator since HLA-DR is known to be involved in graft rejection
and other adverse immune events [40,41]. The flow cytometry data showed no increase in
HLA-DR expression in the HECM (allogeneic control) expanded cells compared to the
Plastic group (negative control); however, there was a greater than 6-fold increase in the
percent HLA-DR-positive expression when hSDSCs were expanded on PECM (xenogeneic
control) versus Plastic or HECM substrates. Not only does the PECM-expansion of hSDSCs
seem to produce more HLA-DR+ cells than the Plastic or HECM-expansion, but the MFI
values also suggest that these PECM-expanded cells seem to express more HLA-DR per
cell. These increases in HLA-DR+ expression could be troubling for future clinical use of
PECM substrates for hSDSC expansion strategies, as studies have demonstrated the ability
of MHC class Il-positive antigen-presenting cells, and more recently synovial fibroblasts, to
cause T-cell activation [42,43]. In order to verify that all hNSDSC populations were void of
immune cells whose presence could create false positives for HLA-DR expression, CD45
expression was also examined. All hSDSCs, regardless of expansion condition, were
comparatively negative for CD45 expression, leading us to conclude that the hSDSCs were
the cells expressing HLA-DR. Compared to potential immunogenicity from PECM-
expanded hSDSCs, allogeneic HECM-expansion seems a potentially more attractive
strategy for future clinical use; however, further in vivo studies will be necessary to
investigate this issue.

5. Conclusion

This study is the first to investigate p38 MAPK inhibitor for its preconditioning in hSDSC
proliferation and chondrogenic potential as well as its inhibitory effect on hSDSC
chondrogenic differentiation. The joint preconditioning effect of p38 MAPK inhibitor and
dECM expansion on hSDSC chondrogenesis in the presence of IL-1f was also explored. We
found that preconditioning with sb203580 favored hSDSC proliferation and chondrogenic
capacity, which was enhanced in combination with dECM expansion; however, the
application of sb203580 in the induction medium suppressed the growth of chondrogenic
pellets in both the Plastic and dECM groups. The inhibitory effect of IL-1 on chondrogenic
differentiation of expanded hSDSCs was in a dose- and phase-dependent manner. Despite
the fact that pre-differentiated hSDSCs acquired an enhanced capacity against inflammatory
insult, expanded hSDSCs could only survive chondrogenic induction in the presence of a
low dose of IL-1p; interestingly, we found that sb203580 preconditioning could enhance
matrix expanded hSDSC chondrogenesis even under stimulation by a high dose of IL-1f.
This preconditioning strategy could enhance the successful rate of implantation of
undifferentiated stem cells or premature tissue constructs in treating cartilage defects in
which a harsh inflammatory environment exists. Non-detectable expression of HLA-DR in
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hSDSCs grown on allogeneic dECM indicates the feasibility of commercial preparation of
these dECMs from healthy, young donors for patients who need autologous transplantation.
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Preconditioning using sb203580 enhanced proliferation of dECM expanded hSDSCs. (A)
Scanning electron microscopy was used to characterize surface topography of both Plastic
and dECM (scale bar: 20 um) and morphology of expanded hSDSCs (scale bar: 200 pm).
(B) Human SDSCs were expanded on either dECM or Plastic for one passage (8 days) with
or without preconditioning of sh203580. Flow cytometry was used to measure proliferation
index of expanded cells. (C) A hemocytometer was used to measure cell numbers in T175
flasks (n=6) from each group. (D) Flow cytometry was used to measure both percentage and
median fluorescence intensity of MSC surface markers (CD29, CD90, and CD105) and

SSEA4 of expanded cells.
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Fig. 2.
Preconditioning using sh203580 enhanced chondrogenesis of dECM expanded hSDSCs.

Human SDSCs expanded on either dECM or Plastic for one passage (8 days) with or
without preconditioning of sb203580 were followed by a 35-day chondrogenic induction in
a pellet system. (A) Pellets were photographed before histology; Alcian blue (Ab) was used
to stain sulfated GAGs and immunohistochemical staining (IHC) was for Col I1. (B)
Biochemical analysis was used for DNA and GAG amounts in chondrogenic pellets. Cell
proliferation and viability were evaluated using DNA ratio (DNA amount at days 35 and 14
adjusted by that at day 0). Chondrogenic index was evaluated using ratio of GAG to DNA.
Data are shown as average + SD for n = 4. * p < 0.05 suggests a statistically significant
difference. NS indicates no significant difference.
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Human SDSCs expanded on either dECM or Plastic for one passage were followed by a 28-
day chondrogenic induction in a pellet system with or without preconditioning of sb203580.
(A) Pellets were photographed before histology; Alcian blue (Ab) was used to stain sulfated
GAGs and immunohistochemical staining (IHC) was for Col Il. (B) Biochemical analysis
was used for DNA and GAG amounts in chondrogenic pellets. Cell proliferation and
viability was evaluated using DNA ratio (DNA amount at days 28 and 14 adjusted by that at
day 0). Chondrogenic index was evaluated using ratio of GAG to DNA. Data are shown as
average + SD for n = 4. * p < 0.05 suggests a statistically significant difference.

Biomaterials. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhang et al.

Page 17

g A Day 0-15 B Day 0-24 C Day 15-24
st
Pellet GAG Col ll Pellet GAG Col Il
(before histology) (Ab) (IHC) (before histology) (Ab) (IHC)

® 0
o ole o
p o e o
99
o000 0
eeBo 0O

Pellet GAG
(Ab)
Plastic

0 ng/mL

3
3

: T

| g

g

I £

g

3 g

4 ‘g\

@ ::
I0
E=

»

0.1 ng/mL

=
3|

1 ng/mL

O

=
=}

0.1 ng/mL

® ® o
® O ¢

3|
3|
=
=

[N
m
(2]
o |2
é
3
3
i '3 .3 |
| -3 3

1 ng/mL

o
%,
n

3
B3

Fig. 4.
Chondrogenic induction of dECM-expanded hSDSCs in the presence of IL-1f. Human

SDSCs were expanded on either Plastic or dECM for one passage followed by a pellet
culture in a serum-free chondrogenic medium supplemented with either 0.1 or 1 ng/mL of
IL-1p treatment for 15 days (A), 24 days (B), or the later stage between the 15t and 24t
days (C). Chondrogenic induction without IL-1p treatment served as a control. Alcian blue
(Ab) was used to stain sulfated GAGs. Immunohistochemistry staining (IHC) was used to
detect collagen 11 (Col II).
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Chondrogenic induction of dECM-expanded hSDSCs in the presence of IL-18. Human

SDSCs were expanded on either Plastic or dECM for one passage followed by a pellet

culture in a serum-free chondrogenic medium supplemented with either 0.1 or 1 ng/mL of
IL-1p treatment for 15 days (A), 24 days, or the later stage between the 15t and 24t days
(B). Biochemical analysis was used for DNA and GAG amounts in the chondrogenically-

induced pellets. Cell proliferation and viability was evaluated using DNA ratio (DNA

amount adjusted by that at day 0). Chondrogenic index was evaluated using a ratio of GAG
to DNA. (C) Real-time PCR was used to evaluate chondrogenic marker gene expression
(SOX9, ACAN, and COL2A1) in day 24 pellets. Data are shown as average + SD forn = 4. *

p < 0.05 compared with the corresponding Plastic group. # p < 0.05 compared with the

corresponding group with the same dose treatment of IL-1p.
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Fig. 6.

359-day-chondrogenic induction of dECM-expanded hSDSCs preconditioned with sbh203580
in the presence of 1 ng/mL IL-1p. Human SDSCs were expanded on either Plastic or dECM
for one passage with or without preconditioning using sb203580 followed by a 35-day pellet
culture in a serum-free chondrogenic medium supplemented with continuous treatment of
IL-1B at 1 ng/mL. (A) Alcian blue (Ab) was used to stain sulfated GAGs.
Immunohistochemistry staining (IHC) was used to detect collagen Il (Col II). (B)
Biochemical analysis was used for DNA and GAG amounts in the 35-day chondrogenically-
induced pellets. Chondrogenic index was evaluated using a ratio of GAG to DNA. (C) Real-
time PCR was used to evaluate chondrogenic marker gene expression (ACAN and COL2A1)
in day 35 pellets. (D) Real-time PCR was used to evaluate inflammatory marker gene
expression (PTGS2, MMP13, and VEGFA) in day 35 pellets. Data are shown as average +
SD for n = 4. * p < 0.05 compared with the corresponding Plastic group. # p < 0.05
compared with the corresponding group without sb203580 treatment.
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Fig. 7.

F|?)W cytometry analysis of CD45 and HLA-DR surface marker expression following cell
expansion. Unstained Plastic-expanded (A) and dECM-expanded (B) hSDSCs were used as
negative controls. CD45 and HLA-DR surface marker expression was analyzed for each
sample of hSDSCs expanded on Plastic (C), HECM (D), and PECM substrates (E).
Additionally, a separate macrophage/monocyte population was analyzed for CD45
expression (F) as a positive control.
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