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Abstract

Objective—The potential of stem cells to repair compromised cartilage tissues such as in
osteoarthritis (OA) depends strongly on how transplanted cells respond to factors secreted from
the residing OA chondrocytes. This study determines the effect of morphogenetic signals from OA
chondrocytes on chondrogenic differentiation of human mesenchymal stem cells (hMSCs).

Methods—Effect of OA chondrocyte secreted morphogens on chondrogenic differentiation of
hMSCs was evaluated using a co-culture system involving both primary and passaged OA
chondrocytes. The findings were compared against hMSCs cultured in OA chondrocytes
conditioned medium. Gene expression, biochemical assays, and immunofluorescent staining were
used to characterize the chondrogenic differentiation of hMSCs. Mass spectrometry analysis was
used to identify the soluble factors. Numerical analysis was carried out to model the concentration
profile of soluble factors within the hMSC-laden hydrogels.

Results—The hMSCs co-cultured with primary OA chondrocytes underwent chondrogenic
differentiation even in the absence of growth factors; however the same effect could not be
mimicked using OA chondrocytes conditioned medium or expanded cells. Additionally, the co-
cultured environment down-regulated hypertrophic differentiation of hMSCs. Mass spectrometry
analysis demonstrates cell-cell communication and chondrocyte phenotype-dependent effects on
cell-secreted morphogens.

Conclusion—The experimental findings along with the numerical analysis suggest a crucial role
of soluble morphogens and their local concentrations on the differentiation pattern of hMSCs in a
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three-dimensional environment. This concept of utilizing a small number of chondrocytes to
promote chondrogenic differentiation of hMSCs while preventing their hypertrophic
differentiation could be of great of importance in formulating effective stem cell-based cartilage
repair.

Keywords

cell-cell interactions; chondrogenesis; cartilage tissue engineering; hypertrophy; mesenchymal
stem cells

Harnessing the ability of mesenchymal stem cells (MSCs) to undergo chondrogenic
differentiation has a great potential in cartilage tissue engineering. However, utilizing MSCs
for cartilage tissue repair is still a daunting task due to our current inability to efficiently and
reproducibly regulate their tissue specific differentiation in a spatial and temporal manner.
The main concerns involve the extent of cartilage specific matrix formation, heterogeneous
differentiation, and expression of hypertrophic markers4. In native tissue, stem cell
commitment and tissue morphogenesis are regulated by the local environment, comprising
of both soluble and insoluble factors®. In particular, cell-cell interactions have been
implicated in a plethora of biological phenomena spanning embryogenesis, tissue
morphogenesis, and repair®-10. For tissue engineering, the ability of soluble morphogens to
regulate stem cell differentiation can be exploited in various ways such as exogenous
supplementation of cytokines and growth factors or adaptation of co-culture systems that
promote cell-cell interactions either through direct contact and/or diffusion of cell-secreted
soluble factors®: 1115, Despite wide recognition of the functional importance of cell-cell
interactions in stem cell chondrogenesis, the underlying molecular mechanism remains
elusive.

Previous studies have revealed the ability of terminally differentiated chondrocytes isolated
from healthy tissues to direct chondrogenic differentiation of stem cells!2: 13.16-20 pyt the
effect of chondrocytes isolated from diseased tissues on stem cell chondrogenesis is unclear.
The potential of using stem cells to repair compromised tissues (e.g. OA tissue) is highly
dependent upon how these cells respond to the morphogens secreted by the cells residing
within the targeted tissue. Recent findings suggest that articular cartilage contains progenitor
cells with multi-potentiality, a cell source that could potentially contribute to the tissue
repair?l: 22, However, it is widely anticipated that the OA chondrocyte secreted factors such
as the inflammatory factors have a detrimental effect on the residing progenitor cells thus
impeding the in vivo repair process. In this study, we evaluated the effect of OA
chondrocytes-secreted morphogens on chondrogenic differentiation of bone marrow derived
MSCs using a co-culture system, wherein the hMSCs-laden hydrogels and human OA
chondrocytes were not in physical contact but could exchange cell-secreted factors.

The OA chondrocytes promoted chondrogenic differentiation of MSCs while down-
regulating collagen type I and X expression. This effect could not be achieved using
conditioned medium from primary OA chondrocytes or co-culturing with passaged OA
chondrocytes, implicating the importance of intercellular communication and chondrocyte
phenotype for inducing chondrogenic differentiation of MSCs. This is supported by mass
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spectrometry analysis, which identified unique cell secreted factors in the co-culture system.
The concept of utilizing a small number of terminally differentiated cells to promote tissue
specific differentiation of stem cells could find application in engineering various
hierarchically complex tissues and may be explored towards efficacious stem cell-based
therapeutics for cartilage tissue repair.

Materials and Methods

Culture of hMSCs

p7043L hMSC cell line was obtained from Tulane University and expanded till 41" passage
in growth medium [high glucose DMEM (Gibco: Invitrogen, Carlsbad, CA) supplemented
with 16.7% FBS (Premium Select; Atlanta Biologicals, Atlanta, GA), 1% LGlutamine
(Gibco) and 1% penicillin-streptomycin (Gibco)], and used in the experiments.

Isolation of OA chondrocytes

The OA tissue fragments (Scripps Green Hospital, La Jolla, CA) were collected according to
an Institutional Review Board approved protocol. The OA chondrocytes were extracted by
digesting the cartilage chips with type Il collagenase (Worthington Biochemical
Corporation, Lakewood, NJ) for 14 h at 37°C and 5% CO,. The cell suspension was filtered
through 70 pm nylon mesh and the isolated chondrocytes were washed with PBS containing
1% penicillin-streptomycin, followed by chondrocyte culture medium (high glucose DMEM
supplemented with 10mM HEPES (Gibco), 0.1mM non-essential amino acid (Gibco),0.
4 m M L-proline (Sigma), 50 ug/ml ascorbic acid (Sigma), 1% penicillin/streptomycin, 10%
FBS, and 1mM sodium pyruvate (Gibco)). The cell viability was assessed using a trypan
blue (Gibco) exclusion test. For passaged OA cells, the isolated chondrocytes were seeded at
a cell density of 7500 cells/cm? and cultured in chondrocyte medium for 7 days, after which
the medium was changed twice weekly. The cells were trypsinized at 80% confluency.

Encapsulation of hMSCs

A precursor solution was prepared by mixing 10% (w/v) PEGDAZ3 (Mw of PEG: 3400 g/
mol) in sterile PBS containing 1% penicillin/streptomycin. The photoinitiator (Irgacure D
2959, Ciba Specialty Chemicals) solution in 70% ethanol was added to the polymer solution
resulting in a final concentration of 0.05% (w/v). P4 hMSCs were suspended in the above
solution at a density of 20 million cells/mL. 65 pL of this mixture was pipetted into a
cylindrical mold and photopolymerized under 365-nm ultraviolet (UV) light at 4 mW/cm?
for 5 minutes. The resulting cell-laden hydrogels (hMSC constructs) at equilibrium had a
size of 4 mm diameter and 3.4 mm length.

Chondrogenic differentiation of hMSCs

OA chondrocytes were plated in a 24 well culture plate at a cell density of 7500 cells/cm?
and cultured in chondrocyte medium for 7 days. A transwell insert (0.4 um pore size)
containing the hMSC constructs was fitted into the well containing the monolayer of OA
chondrocytes (Figure S1B). The co-culture was grown in chondrogenic medium (high
glucose DMEM containing 100 nM dexamethasone (Sigma), 50 ug/ml ascorbate-2-
phosphate (Sigma), 40 pug/ml proline (Sigma), 100 ug/ml sodium pyruvate, 1% penicillin
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streptomycin, and ITS-Premix (6.25 ng/ml insulin, 6.25 mg transferrin, 6.25 ng/ml selenious
acid, 1.25 mg/ml bovine serum albumin, and 5.35 mg/ml linoleic acid; BD Biosciences, CA)
with or without 10 ng/ml TGF-B1(Fitzgerald Industries International, MA). In the case of
co-culture conditions, the inserts containing hMSC-laden hydrogels were transferred into
wells containing freshly plated OA chondrocytes every seven days of culture. For
conditioned medium (Figure S1C), the monolayer of primary chondrocytes were cultured
for 7 days following which the medium was replaced with high glucose DMEM (without
FBS) and the conditioned medium was collected after 48 hrs. The conditioned DMEM was
then used to prepare chondrogenic medium by supplementing with chondrogenic inducing
soluble factors as described above. The hMSC-laden hydrogels cultured in chondrogenic
medium containing TGF-B1 in the absence of chondrocytes or chondrocyte-secreted factors
(conditioned medium) were used as control (Fig. S1A). For studies involving PTHrP
(human 1-34 PTHrP) (Sigma) and cyclopamine (LC Laboratories, MA), the chondrogenic
medium was supplemented with 3x10-" M and prespectively. The culture medium was
changed on alternate days.

Histology and Immunofluorescent staining

hMSC constructs were fixed overnight in 4% paraformaldehyde (pH 7.4) at room
temperature and transferred to 70% ethanol at 4°C until processing. hMSC constructs were
then embedded in OCT and cryosectioned into 30-50 um sections that were stained with
Safranin-O. For immunofluorescent staining, sections were blocked in blocking buffer (3%
BSA and 0.1% Triton-X 100 in 1X PBS) for 1 hour and incubated with rabbit polyclonal
antibodies against collagen types Il or X (Fitzgerald Industries International, MA) at 1:300
dilutions. Sections were then incubated with either FITC- or Texas red conjugated goat anti-
rabbit secondary antibody, Alexa Fluor 488 (all 1:250 dilutions) for 1 hour. Nuclei were
counterstained with DAPI (Chemicon, MA) mounting medium and stored in the dark at =20
°C, and images were collected by using a Zeiss fluorescent microscope, Axio Observer Al.
Live-dead assay (Invitrogen) was used for detecting cell viability within the PEGDA
hydrogels?4. The percentage of collagen type X positive cells was estimated by counting the
cells with collagen type X in their periphery relative to the total cells (DAPI staining) in at
least six different fields of images from three samples (n=3) and two independent
experiments.

Biochemical Assays

Hydrogels were collected at different time points, lyophilized, and digested with papainase
solution (1ml/ construct; Worthington Biomedical). The DNA content of the hMSC
constructs was measured using the DNA Picogreen assay kit (Invitrogen) following the
manufacturer's protocol. The GAG content was quantified by using 1,9-
dimethyldimethylene blue spectrophotometric assays at a wavelength of 525nm?2°. Total
collagen content was determined by measuring the hydroxyproline content of the constructs
after acid hydrolysis and reaction with chloramine-T and p-dimethylaminobenzaldehyde as
described?®.
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RT-PCR and Real-Time PCR

Total RNA was extracted with TRIzol and reverse transcribed into cDNA using the
SuperScript First-Strand Synthesis System (Invitrogen). RT-PCR and real-time PCR were
performed as previously described?’. The PCR primers are listed in Supplementary Table 1.

Mass spectrometry analysis

The cells (chondrocytes alone (PO OA or P1 OA), hMSCs alone, hMSC-P0O OA chondrocyte
co-culture, and hMSC-P1 OA chondrocyte co-culture) were cultured for 7 days following
which the medium was replaced with high glucose DMEM (without FBS) and the
conditioned medium was collected after 48 hrs. The conditioned medium was used for mass
spectrometry analysis as described in the Supplementary Text.

Statistical Analysis

Results

Data are expressed as mean +/- standard deviation (SD). Statistical significant difference
between test groups was determined by one-way ANOVA at a confidence limit of 95%. In
addition, pair wise comparisons were made after ANOVA using Tukey's test. PRISM
software was used for graphing and performing all the statistical analysis; in the figures, “*”
represents p<0.05 and “**” represents p<0.01 in terms of statistical significance

Characterization of OA chondrocytes

OA chondrocytes were isolated from five female donors with age varying from 54 to 72
years as described above. Primary OA chondrocytes expressed collagen type X and ALP
markers in addition to cartilage specific markers such as aggrecan and collagen type Il (see
Supplementary Figure S2A), which is consistent with other reported studies?®2%, The
primary OA chondrocytes took 5-7 days to attach to the tissue culture treated plates and they
retained a round morphology even 6 days after seeding (see Supplementary Figure S2B). In
contrast, passaged OA chondrocytes (P1 OA) attached within 24 hours of culturing (see
Supplementary Figure S2C) and underwent de-differentiation upon ex vivo expansion as
indicated by a reduction in safranin-O and alcian blue staining (see Supplementary Figure
S2D-G). Similarly, PCR analysis showed a down-regulation of collagen type Il and
aggrecan expression in ex vivo expanded OA chondrocytes (data not shown).

Differentiation of hMSCs

Our previous studies have indicated that the morphogens from healthy, primary
chondrocytes can induce chondrogenic differentiation of stem cells1213.27.30 Here we
investigated whether morphogens from OA chondrocytes, isolated from human OA tissues,
also have the potential to direct chondrogenic differentiation of hMSCs. To this end, hMSCs
were encapsulated within poly(ethylene glycol diacrylate) (PEGDA, M;, 3400 g/mol)
hydrogels and co-cultured with primary OA chondrocytes using a transwell co-culture
system with a semi-permeable membrane of pore size 0.4 um (see Supplementary Figure
S1B for schematic).
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Comparison of co-cultured hMSC-laden hydrogels with those grown in the absence of OA
chondrocyte-mediated soluble factors (control; see Supplementary Figure S1A) showed
significant differences in their differentiation pattern, although both the conditions resulted
in chondrogenic differentiation of hMSCs. A time dependent increase in cartilage specific
markers of hMSCs was observed in both culture conditions (see Supplementary Figure S1D-
F). The real-time PCR analysis showed higher expression levels of aggrecan and collagen
type Il for co-cultured hMSCs compared to their respective control cultures (Figure 1A).
These findings were further supported by biochemical assays, which showed higher
glycosaminoglycan (GAG) and collagen contents in co-cultured hMSC constructs compared
to their control counterparts (Figure 1B). Histological analysis of co-cultured hMSCs
displayed dense sulfated extracellular matrix, richly staining for Safranin-O compared to
control cultures (Figure 1C and see Supplementary Figure S1G,H). In addition, the hyaline
nature of the engineered cartilage in co-cultured hMSC constructs was also apparent from
the intense staining for collagen type Il (Figure 1D); figure 1D also shows the collagen type
Il staining for the control hMSC constructs.

Interestingly, co-cultured hMSCs exhibited chondrogenic differentiation even in the absence
of exogenous TGFp1 as revealed by gene expression and cartilage specific extracellular
matrix synthesis (Figure 2). hMSCs co-cultured with OA chondrocytes in the absence of
exogenous TGFp1 showed higher expression levels of aggrecan and collagen type I, while
down-regulating collagen type | expression, compared to their corresponding control
cultures (Figure 2A,B). Biochemical analysis for GAG accumulation (Figure 2B) as well as
proteoglycan and collagen type 11 staining (Figure 2C,D) further support the chondrogenic
differentiation of co-cultured hMSC constructs in the absence of exogenous TGF1. These
findings underscore the potential role of OA chondrocytes-secreted morphogens in
promoting chondrogenic differentiation of hMSCs.

Unlike co-culture, hMSC constructs grown in primary OA chondrocytes-conditioned
medium (see Supplementary Figure S1C) showed down-regulation of aggrecan and collagen
type Il gene expressions (Figure 3A), corroborated by Safranin-O staining for proteoglycans
and immunofluorescent staining for collagen type 11 (Figure 3B,C), while exhibiting an up-
regulation of collagen type | expression (Figure 3A). We also evaluated the effect of ex vivo-
expanded P1 OA chondrocytes on chondrogenic differentiation of hMSCs. Similar to
conditioned medium, co-cultures using P1 OA chondrocytes promoted collagen type |
expression of hMSCs, while down-regulating collagen type Il and aggrecan expressions
(Figure 3D).

In addition to promoting chondrogenic differentiation of hMSCs, the co-culture mediated
environment involving primary OA chondrocytes had a significant effect on hypertrophic
differentiation of hMSCs. Detectable levels of collagen type X were observed in the control
cultures after seven days and increased with time (Figure 4A). However, the hMSCs in the
co-culture environment had a minimal collagen type X expression throughout the culture
time (Figure 4A). The gene expression profile was further confirmed by immunofluorescent
staining, which revealed that fewer than 18% of cells were collagen type X positive (Figure
4B). Interestingly, the number of positive cells increased from the periphery towards the
center of the hydrogel to the extent that the majority of the positive cells were in fact
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confined to the center (Figure 4B). Conversely most of the hMSCs in the control cultures
were stained positive for collagen type X (>82%) (Figure 4B).

Next, we evaluated the role of PTHrP (parathyroid harmone-related protein), a known
suppressor of hypertrophic differentiation of MSCs and chondrocytes, on chondrogenic
differentiation of hMSCs31:32, Real-time PCR analysis revealed that co-cultured hMSCs
exogenously supplemented with TGF1 and PTHrP showed higher expressions of aggrecan
and collagen type Il compared to co-cultures containing only TGFp1 (Figure 4C). A similar
trend was observed in the case of non-co-cultured hMSCs constructs (Figure 4C).
Exogenous supplementation of PTHrP down-regulated collagen type X expression in control
cultures (Figure 4D). The effect of PTHrP was easily reversed by supplementing the culture
medium with alkaloid cyclopamine (Figure 4C,D), which has been shown to inhibit
Hedgehog signal transduction3334, In addition to down-regulating cartilage specific
markers, cyclopamine up-regulated collagen type | expression (Figure 4D). As seen from
Figure 4D, the cyclopamine induced up-regulation of collagen type X was significant even
in co-cultures devoid of any PTHrP supplementation. Co-cultured hMSC constructs grown
in presence of exogenous TGFB1 with or without PTHrP showed almost equal amounts of
GAG and collagen (see Supplementary Figure S3A,B). But in the presence of cyclopamine,
the hMSC constructs had significantly lower GAG amounts but similar collagen content (see
Supplementary Figure S3A,B). The similar amounts of collagen in both the cultures could
be attributed to the fact that the collagen measurements do not distinguish between collagen
types I and Il.

In contrast to collagen type X staining where the strongest intensity was found at the center
of co-cultured hMSC constructs, the intensity of Safranin-O staining was highest at the
peripheral regions of the constructs and progressively decreased towards the center (Figure
3B). This trend in Safranin-O staining was especially prominent in the case of hMSC
constructs cultured in conditioned medium. We hypothesize that the observed differentiation
pattern of hMSCs encapsulated within the hydrogels is caused by the local concentration of
soluble morphogens. To examine this hypothesis, we have modeled the concentration profile
of soluble morphogens across the cylindrical hMSC construct (of radius R and height H) by
solving the mass transfer equation;

%:DABVQCAH%A -v-VC, @
where Cp is the concentration of the morphogen, Dag is the diffusion coefficient of the
morphogen in the aqueous solution, and v is the flow velocity of the culture medium. We
assume that the rate of consumption of the morphogen by the cells per unit volume of the
construct Rp is governed by first order reaction kinetics: Ry = —kCa, where K is the
consumption rate constant of the soluble factors by the cells. We also assume that no bulk
flows are generated within the construct (v = 0) and that steady state has been reached, given
that the culture time exceeds the nominal diffusion time.

The above equation yields the following simplified equation in cylindrical coordinates by
further assuming that the construct is isotropic in the 0 direction;
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and use the following four boundary conditions:
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where Cyik is the concentrations of the morphogen at the periphery, i.e., r = Rand z= H/2
direction. Note that symmetry conditions at the center of the constructs impose the
remaining two boundary conditions. We used the finite difference method to solve the above
equations and obtain the concentration profile. The analyses indicate a decrease in
concentration of soluble morphogens from the periphery to the center in both the radial and
axial direction of the cylindrical h(MSC constructs (Figure 5A). The computed concentration
profiles correlates strongly with the observed staining pattern, thus confirming our
hypothesis that the local morphogen concentration dictates the differentiation of hMSCs
within the hydrogel.

We next employed mass spectrometry analysis to identify protein based unique soluble
factors present in different cultures and also to determine the effect of chondrocyte
phenotype on cell-secreted morphogens. The candidate identification should shed light onto
the molecular mechanisms underlying the chondrogenic induction of hMSCs in a co-culture
system. We employed a combinatorial approach: (i) chondrocytes alone (PO OA or P1 OA),
(if) hMSCs aloneg, (iii) hMSC-P0O OA chondrocyte co-culture, and (iv) hMSC-P1 OA
chondrocyte co-culture. The total number of identified factors was higher in the co-cultures
compared to cells cultured alone; 9 and 10 factors for PO and P1 OA chondrocytes alone,
respectively, 9 factors for P4 hMSCs alone, 26 factors for hMSCs- P1 OA chondrocytes co-
culture, and 60 factors for hMSCs-PO OA chondrocytes co-culture (see Supplementary
Table 2). Some of the soluble factors in hMSCs- P1 OA chondrocytes co-culture were found
to be cartilage specific extracellular matrix proteins such as hyaluronan and proteoglycan
fractions. A Venn diagram analysis was used to identify the factors that are distinct from
those that are shared amongst the cultures. As seen from Figure 5B, there were 53 proteins
unique to the hMSC-P0 OA chondrocytes co-culture, 14 in hMSC-P1 OA chondrocyte co-
culture, 4 in hMSC alone with respect to the PO OA chondrocytes, 3 in hMSC alone with
respect to the P1 OA chondrocytes, 3 in PO OA chondrocytes alone, and 4 in P1 OA
chondrocytes alone. Among the 53 unique factors identified in the hMSC-P0O OA
chondrocyte co-culture system, 44 candidates were extracellular histones (different isoforms
of H2A and H2B), and the remaining candidates were extracellular matrix proteins and
growth factors.

Discussion

Although MSCs are entering clinical trials for orthopedic applications, the use of MSCs for
cartilage repair is hindered by various factors such as the quality and quantity of MSC-
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derived matrix and expression of hypertrophic markers by MSCs undergoing
chondrogenesis34. A number of studies have demonstrated the effect of chondrocytes-
secreted morphogens from healthy chondrocytes on chondrogenic differentiation of stem
cells?3.18.20.27 1n contrast, this study reports a comprehensive and systematic evaluation of
the effect of OA chondrocytes-secreted morphogens on chondrogenic differentiation of
hMSCs. We evaluated the effect of OA chondrocyte phenotypes (PO versus P1) and
intercellular communication (co-culture vs. conditioned medium) on the differentiation of
hMSCs. We also identified the culture condition dependent cells-secreted morphogens using
mass spectrometry. Taken together the results from the various culture conditions and a
simple diffusion model within a 3D construct, we propose that the differentiation of hMSCs
within a three-dimensional environment is dependent upon the soluble morphogens and their
spatial concentration.

The transwell co-culture system described here allows for cell-cell communication in the
form of soluble factors without direct cell-cell contact thus mimicking to a certain extent the
in vivo cartilage environment in which the transplanted cells will be surrounded by native
chondrocytes residing within the tissue. hMSCs co-cultured with PO OA chondrocytes
exhibited higher levels of cartilage-specific markers and produced more extracellular
matrices compared to control cultures. The co-culture condition was sufficient to induce
chondrogenic differentiation of hMSCs even in the absence of any exogenous growth
factors, which are generally required for chondrogenic differentiation of hMSCs. This is in
contrary to the hypothesis that the OA chondrocyte secreted factors inhibit chondrogenic
differentiation of progenitor cells. This could be due to various reasons such as the context
dependency where the OA cells are isolated from their degenerated tissue environment.

A number of studies have demonstrated that MSCs undergoing chondrogenic differentiation
typically become hypertrophic chondrocytes®: 24, In contrast to control cultures
supplemented with exogenous TGFpB1, hypertrophic markers such as collagen type X were
rarely detected in hMSCs co-cultured with PO OA chondrocytes under similar conditions.
This observation is in agreement with other studies that showed suppression of collagen type
X expression in differentiating MSCs in the presence of healthy cartilage-derived

factorsl4 20, An exogenous supplementation of PTHrP down-regulated the collagen type X
expression in control cultures. This effect could be easily reversed by cyclopamine
treatment, showing agreement with previously reported studies that demonstrated the role of
PTHTrP in chondrocyte hypertrophy through activation of Hedgehog signaling32 35,

The effect of co-culture could not be recapitulated by exposing hMSCs to PO OA
chondrocytes-conditioned medium. Similarly, co-culture with P1 OA chondrocytes was also
insufficient to mimic the results of PO OA co-culture. This could be attributed to various
reasons such as changes in the concentration of secreted factors and/or altogether different
cell-secreted morphogens. The culture condition dependent differentiation of hMSCs along
with their spatial differentiation pattern suggests that the differentiation of hMSCs within the
3D hydrogel is dependent upon both cell secreted factors and their local concentration
within the hydrogel. The possible effect of local concentration of soluble factors on
differentiation of MSCs may also explain the reported results demonstrating osteogenic36:37
and chondrogenic differentiation12-14.38 of MSCs in response to the chondrocyte secreted
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morphogens. Indeed a recent study by Mo et al. reported that the differentiation of MSCs to
cartilaginous vs. osseous phenotype was dependent upon the ratio of MSCs to
chondrocytes3®. An increased ratio (1:2) was shown to lead to chondrogenesis over
osteogenesis, suggesting a possible role of concentration of chondrocytes-secreted factors on
directing chondrogenic differentiation of co-cultured MSCs.

Our mass spectrometry analysis indicated a culture condition dependent difference in the
cells-secreted morphogens. In addition to a large number of matrix proteins and growth
factors, the PO OA chondrocyte co-culture contained a significant number of extracellular
histones. Studies have shown that besides their structural role in chromatin, histones exhibit
hormone-like activities when they are present in extracellular and extranuclear
environments#%41, Brown et al reported that histones H2A and H2B possess growth
hormone (GH)-releasing activity in vitro; growth hormones have been shown to play an
important role in cartilage tissue formation*2. Extracellular and extranuclear functions of
histones have also been demonstrated in various disease models such as leukemia, arthritis,
etc?3-45, A number of studies have implicated extracellular H2A and H2B in thyroid
hormone signaling#146. Thyroid hormones play an important role in hypertrophic
differentiation of chondrocytes and matrix calcification?”-4°. The role of PTHrP on thyroid
hormone mediated hypertrophy of chondrocytes has been demonstrated by a number of
studies31:50, Given the unique but large number of histones in the PO OA co-culture and
their role in enhancing the secretion of growth hormone (GH) and thyroid hormone
signaling, we surmise that the extracellular histones observed in co-culture conditions might
be one of the factors contributing to the observed chondrogenic differentiation of hMSCs
when co-cultured with PO OA chondrocytes. However, a definitive explanation for the
mechanism and the role of extracellular histones requires further investigation. It is also
important to note that a number of other morphogenic factors — growth factors, hormones,
and extracellular matrix components — could have contributed to the observed
chondrogenesis of hMSC:s either individually and/or synergistically with other morphogens.
Furthermore, it could also be possible that the mass spectrometry analysis could not detect
some of the morphogens due to their half-life or due to the sensitivity of the measurement
used.

In summary, we have demonstrated that the primary OA chondrocytes enhance
chondrogenic differentiation of hMSCs in co-culture experiments. Results from this study
demonstrate the effects of both cell secreted factors and their local concentration on
differentiation pattern of hMSCs in a three-dimensional environment. The culture condition
dependent differentiation of MSCs provides new insights into how tissue specific soluble
factors may be directed to engineer complex tissues from stem cells that exhibit a
differentiation potential towards multiple tissues. Additionally, these findings suggest the
potential of harnessing OA chondrocytes-MSCs interaction for improved cartilage tissue
regeneration. The culture models and methodologies adopted in this study can be easily
extended to other tissue systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chondrogenic differentiation of hMSCs co-cultured with PO OA chondrocytes. Gene

expressions for aggrecan and collagen type Il (A) as a function of culture time.
Quantification of glycosaminoglycan and collagen content (B) normalized to DNA.
Safranin-O for control and co-culture (C) and collagen Il for control and co-culture (D)
staining after 21 days of culture, indicating cartilage tissue formation. Scale bar: 100 pum.
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absence of TGF-B1. Comparative gene expressions with control cultures as a function of
culture time: (A) aggrecan, (A) collagen type I, and (B) collagen type I. (B) Quantification
of glycosaminoglycan normalized to DNA. Safranin-O for control and co-culture (C) and
collagen type I staining for control and co-culture (D) of the hMSC constructs after 21 days

of culture; scale bar is 100 um.
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Figure 3.
Chondrogenic differentiation of hMSCs in PO OA chondrocyte conditioned medium and P1

OA chondrocyte co-culture system. Real-time PCR for aggrecan, collagen type 11, and
collagen type I (A) of hMSCs constructs cultured in PO OA chondrocyte conditioned
medium as a function of culture time. Safranin-O (B) and collagen type Il (C) staining of
hMSC constructs grown in PO OA chondrocyte conditioned medium after 21 days of
culture; scale bar is 100 um. Real-time PCR for aggrecan, collagen type 11, and collagen
type I (D) of hMSCs co-cultured with P1 OA chondrocytes as a function of culture time.
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Collagen I

Chondrogenic differentiation of hMSCs co-cultured with PO chondrocytes in various
supplements. Gene expression profile for collagen X (A) is quantified as a function of
culture time. (B) Positive collagen type X staining for control and co-cultured hMSC
constructs at 21 day of culture. The C and P in the co-culture staining indicate the center and
the periphery of the cylindrical construct, respectively and the arrow indicates the radial
direction. Scale bar: 100 um. Relative gene expressions for aggrecan and collagen type 1l
(C), collagen type X and collagen type | (D) after 21 days of culture.
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Figureb5.
Diffusion Modeling and Mass Spectrometry Analysis. Normalized concentration profile of a

generic morphogen is shown as a contour map for cross sections at increasing heights from
the center of the gel (A). Venn diagram (B) showing comparison of soluble factors between
the groups: (i) P4 hMSC : PO OA : PO OA-hMSC and (ii) P4 hMSC : P1 OA : P1 OA-
hMSC. The italized numbers of smaller font size exclusively compare soluble factors
between PO and P1 OA chondrocytes.
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