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Several recent studies have demonstrated that coculture of chon-
drocytes (CHs) with bone marrow-derived mesenchymal stem cells
(MSCs) improves their chondrogenesis. This implies that intercellular
communication dictates fate decisions in recipient cells and/or
reprograms their metabolic state to support a differentiated func-
tion. While this coculture phenomenon is compelling, the differential
chondroinductivity of zonal CHs on MSC cocultures, the nature of
the molecular cargo, and their transport mechanisms remains
undetermined. Here, we demonstrate that juvenile CHs in coculture
with adult MSCs promote functional differentiation and improved
matrix production. We further demonstrate that close proximity
between the two cell types is a prerequisite for this response and
that the outcome of this interaction improves viability, chondro-
genesis, matrix formation, and homeostasis in the recipient MSCs.
Furthermore, we visualized the transfer of intracellular contents
from CHs to nearby MSCs and showed that inhibition of extracel-
lular vesicle (EV) transfer blocks the synergistic effect of coculture,
identifying EVs as the primary mode of communication in these
cocultures. These findings will forward the development of thera-
peutic agents and more effective delivery systems to promote
cartilage repair.
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There are currently no surgical techniques that can treat os-
teoarthritis and restore the native properties of articular

cartilage. As such, tissue-engineering approaches are being de-
veloped with the goal of forming functional biologic replacement
materials. Toward this, various hydrogels and different cell types
have been used to generate cell-laden constructs (1, 2). While
chondrocytes (CHs) have been broadly used in cartilage tissue
engineering, their clinical application is limited due to a scarcity of
healthy tissue. Given these limitations, mesenchymal stem cells
(MSCs) have emerged as an alternative cell source (3–5). MSCs
are attractive due to their potential autologous sourcing and their
capacity to undergo chondrogenesis. However, MSC number and
chondrogenic capacity is attenuated with aging (6). This limits
clinical therapeutics that rely on endogenous recruitment or ap-
plication of exogenously expanded autologous MSCs.
To address this deficiency, several studies have introduced

coculture (CO) systems of MSCs and CHs and have demon-
strated a synergistic improvement in functional outcomes (7–9).
While it is generally believed that molecular factors are passed
from one cell type to another, findings have varied as to the
directionality of this intercellular communication and the un-
derlying mode of communication. In some instances, it is
reported that CHs improve MSC chondrogenesis, while other
studies indicate the opposite, and some report a mutual bene-
ficial effect (7–15). Moreover, while the zonal origin of CHs
(within the depth of the tissue) and the aging of MSCs distinc-
tively define their phenotype and metabolic capacity, the con-
comitant impact of these factors has not been fully investigated

regarding COs. Furthermore, the molecular factors medi-
ating the coculture effect and their delivery mechanisms are
not fully understood. Recent studies have suggested that
cell-derived extracellular vesicles (EVs) can carry proteins, enzymes,
RNA, and DNA (16, 17), and that these vesicular contents
reflect the physiology of releasing cells and convey molecular
information to recipient cells by receptor-mediated endocytosis
(18, 19) or vesicular fusion (20, 21). After internalization, these
received molecular factors reprogram the metabolism and ac-
tivity of recipient cells and so may play an important role
in intercellular communication that occurs during coculture
(22, 23).
In this study, we demonstrate the chondroinductive impact of

CHs from all cartilage zones on cocultured bone marrow-derived
MSCs and specifically demonstrate the role of intercellular dis-
tance on the success of this interaction. We also identify mo-
lecular factors and pathways that are activated as a consequence
of coculture. Finally, we track the movement of intracellular
contents from releasing to recipient cells and show that secretion
and uptake of EVs is essential for this process, explicating the
central delivery mode in this intercellular communication. Col-
lectively, these findings improve our understanding of cocultures
toward the development of therapeutic agents and more effec-
tive delivery systems to promote functional cartilage tissue for-
mation with adult autologous bone marrow-derived MSCs.

Significance

Coculture is a promising strategy in cartilage tissue engineering
given its potential to rejuvenate aged mesenchymal stem cells
(MSCs) to promote functional chondrogenesis. Identifying the
molecular factors mediating this coculture effect, as well as
carriers and delivery mechanisms, will forward the develop-
ment of therapeutics to promote functional cartilage repair by
aged autologous MSCs. This will potentially expand the clinical
indications of microfracture and other procedures that rely on
aged endogenous stem cell populations.
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Results
Coculture of Juvenile Chondrocytes with Adult MSCs Derived from
Bone Marrow Improves Functional Outcomes. All cell-laden con-
struct groups grew well over 56 d, except for the adult MSC
(AMSC)-laden construct group (SI Appendix, Fig. S1). AMSCs
in hydrogels self-aggregated, resulting in a small mass that sep-
arated from the hydrogels (SI Appendix, Fig. S1 C and D). The
AMSC/juvenile chondrocyte (JCH) construct group contracted
slightly early in culture but maintained construct geometry (SI
Appendix, Fig. S1 D–F). Both CHs and MSCs in hydrogels
retained CellTracker signal after 56 d, and the ratio (MSC/CH)
was only slightly lower than on day 0 (Fig. 1 B and C). Me-
chanical properties and glycosaminoglycan (GAG) content for
zonal JCH-laden construct groups [i.e., superficial (S)-, middle
(M)-, and deep (D)-zone CHs] increased with time and depen-
ded on zonal origin; lower properties were achieved with su-
perficial JCHs (300 kPa and 3.2%WW GAG) and higher
properties with deep zone JCHs (610 kPa and 5.7%WW GAG).
These passaged JCHs produced robust matrix in a chemically
defined media containing TGF-β3 (CM+), and construct prop-
erties reached near native levels after 56 d (Figs. 1D and 2A).
Juvenile MSCs alone also grew well (633 kPa and 6.1%WW
GAG), matching the properties of deep-zone CHs. Construct
properties for JMSC/JCH CO groups reflected the zonal origins
of the JCHs, but their combination (541 kPa and 5.1%WW
GAG) did not enhance functional properties. Conversely,
AMSCs cultured alone failed to mature (5 kPa and 1.2%WW
GAG). When cocultured with JCHs, however, these constructs
achieved markedly higher properties and ECM content (422 kPa
and 3.9%WW GAG) (Figs. 1D and 2A). Collagen content was,
however, independent of coculture (SI Appendix, Fig. S2A).

To evaluate the efficacy of coculture, mechanical properties
and biochemical content were plotted on an X–Y plane based on
expected vs. actual properties (Figs. 1E and 2B and SI Appendix,
Fig. S2B). MSC/CH cocultures made of all juvenile cells (hollow)
showed no synergistic effect, with expected contributions from
each cell type. Conversely, there was a marked synergistic effect
when AMSCs were cocultured with JCHs (AMSC/JCH, solid).
Middle- and deep-zone CHs mixed with AMSCs produced
greater construct properties in both CO groups. As above, col-
lagen content showed no synergy (SI Appendix, Fig. S2B). Alcian
Blue staining for proteoglycan (PG) and immunostaining for
chondroitin sulfate (CS) and type II collagen (COL II) were
evident for all groups, except for AMSC-laden constructs (Fig.
2C and SI Appendix, Fig. S2 C and E).

Close Proximity Is Required for a Positive Coculture Response. To
assay the impact of spatial relationships between cell types,
AMSCs and JCHs were either well distributed throughout con-
structs or separated from one another (Fig. 3B). AMSCs in the
“fused” and “distanced” groups aggregated together, resulting in
the formation of several small masses or a single mass with a
70% decrease in diameter (Fig. 3C and SI Appendix, Fig. S3).
Conversely, the “mixed” configuration maintained initial con-
struct geometry with only mild contraction (−25%) (Fig. 3D).
Mechanical properties and GAG content for the mixed group
increased with time, reaching 240 kPa and 3%WW by day 56,
while properties in the fused and distanced groups (combined
from both sublayers) were significantly lower (36 kPa and 1.5%
WW for the fused group and 2 kPa and 1.4%WW for the dis-
tanced group) (Fig. 3 E and F). The equilibrium modulus of the
mixed group was 6.7 (P < 0.001) and 120 times (P < 0.001)

0

100

200

300

400

500

600

700

800

900

0 100 200 300 400 500 600 700 800 900

A
ct

ua
l E

Y
(k

P
a)

Expected EY (kPa)

0

300

600

900

JM
S

C
 : 

JC
H

A

Labeling

Bone/Marrow

ExpansionIsolation

Juvenile bovine MSC

SZ
MZ

DZ

Cartilage

Bone/Marrow

Juvenile bovine CH

Bone/Marrow

Adult bovine MSC

D-MS-M M-MS M D
JMSC

CH : JMSC (1:4)JCH

D

Juvenile MSC : JCH

S-M (0.7)
M-M (1.0)
D-M (1.0)

D56D28

Adult MSC : JCH

S-M (4.6)
M-M (3.7)
D-M (3.2)

D56D28

B

JM
S

C
: J

C
H

S-M M-M D-M

0
1
2
3
4
5

M
S

C
/C

H
ra

tio

0
1
2
3
4
5

M
S

C
/C

H
ra

tio

A
M

S
C

: J
C

H

S-M M-M D-M

D0 D56 D0 D56M-MS-M D-MMSCCH

E

0

300

600

900

A
M

S
C

 : 
JC

H

E
Y

(k
P

a)

S M D S-M M-M D-M MSC

D56D28

*

*
* **

*

*

*
*

*

*

*

C

D-MS-M M-MS M D
AMSC

CH : AMSC (1:4)JCH

Fig. 1. Impact of zonal CHs cocultured with juvenile
MSCs (JMSCs) or AMSCs. (A) Zonal CHs (S, M, and D),
and JMSCs and AMSCs were expanded and labeled
with CellTracker (MSC, green; CH, red). Zonal CHs
were mixed with JMSCs or AMSCs (MSC:CH, 4:1). (B
and C) Mixed cell populations were well distributed
within the constructs with stable ratios through 56 d
of culture (B, JMSC/JCH; C, AMSC/JCH). (D) Equilib-
rium modulus (EY; in kilopascals). (JMSC/JCH, Top;
AMSC/JCH, Bottom; light bar, day 28; dark bar, day
56; n = 4/group, *P < 0.05). (E) Efficacy of coculture
(solid, AMSC/JCH; hollow, JMSC/JCH; circle, S–M; tri-
angle, M–M; square, D–M).
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higher than the fused and distanced groups, respectively. Simi-
larly, GAG content for the mixed group was two times higher
than the other groups (P < 0.001). The mixed group showed
robust PG deposition throughout the construct at day 56, whereas
the fused and distanced groups showed dense matrix deposition
only in areas where JCHs were located (Fig. 3G). Interestingly,
AMSCs, lacking close contact with JCHs in the fused and dis-
tanced groups, produced very little matrix, whereas AMSCs near
the border of JCHs produced some matrix in the fused group.
These findings support the notion that JCHs and AMSCs must be
in close proximity for the coculture response.

Adult Bone Marrow-Derived MSCs in Coculture Internalize Factors
Released from JCHs to Alter Their Transcriptional Profile. To in-
vestigate pathways involved in the coculture effect, we evaluated
the molecular profiles of AMSCs that were mixed with JCHs
(i.e., CO group) and compared them to AMSCs that were cul-
tured alone (i.e., AMSC group) (Table 1). Cells within the
AMSC group were labeled with CellTracker Green (G) and
treated with TGF-β3 (TGF+) or were maintained in the absence
of TGF-β3 (TGF–). These AMSCs retained their initial green
label (G), regardless of TGF-β3 (90% retention) (Fig. 4 B and
C). In the CO group, however, some AMSCs (∼50%) retained

their original green label, while others became double positive
(DP), a 40∼50% shift in the population. To further investigate
this phenomenon, we examined constructs at early time points to
determine when and how they began to manifest this DP char-
acteristic. Constructs were first observed after 15 h, and no ex-
change of intracellular contents was observed (SI Appendix, Fig.
S4). By day 3 in coculture (CO), however, many AMSCs con-
tained red speckles (indicated as CO±_DP). When these DP
cells were reconstructed in 3D, we observed areas of overlap,
where red speckles appeared within otherwise green AMSCs
(Fig. 4D). This suggests the transfer of intracellular contents
from the JCHs to the AMSCs. By day 7, red speckles were more
numerous in the green cells (i.e., AMSCs), and some originally
red cells (i.e., JCHs) had decreased in staining intensity, sug-
gesting a loss of red dye.
To explore the impact of transfer of these cellular contents,

molecular profiling and principal-component analysis (PCA)
were performed. This analysis showed no coculture effect in the
absence of TGF-β3 (CO− vs. TGF−) (Fig. 4E). Conversely, in
the presence of TGF-β3, the AMSC group (TGF+) shifted in its
response (TGF+ vs. TGF−). Likewise, those cells in the CO
group supplemented with TGF-β3 (CO+) further shifted in ex-
pression compared with the AMSC group (TGF+). Interestingly,
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Fig. 2. PG content of zonal CH/MSC cocultures. (A)
GAG content (%WW; JMSC:JCH, Top; AMSC:JCH,
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Table 1. Abbreviations and definition of cell types and experimental groups

Abbreviation Definition

CH CH isolated from fetal (FCH), juvenile (JCH), or adult (ACH) cartilage
Zonal CH CH isolated from superficial (S), middle (M), or deep (D) zone cartilage
MSC MSC isolated from fetal (FMSC), juvenile (JMSC), or adult (AMSC) bone marrow
AMSC AMSC cultured alone and with (TGF+) or without (TGF−) TGF-β3
Coculture

group (CO)
AMSC in coculture with JCH and with (CO+) or without (CO−) TGF-β3

TGF±_G AMSC cultured alone that remained green throughout culture and with (TGF+_G) or without (TGF−_G) TGF-β3
CO±_G AMSC in coculture (CO) that remained green throughout culture and with (CO+_G) or without (CO−_G) TGF-β3
CO±_DP AMSC in coculture (CO) that took on red speckles in culture (i.e., became DP) and with (CO+_DP) or without (CO−_DP) TGF-β3
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within the CO group, AMSCs that were DP (CO+_DP) differed
from those that remained green (CO+_G). To further define
these differences, we evaluated the fold change in the CO groups
(CO+_DP or CO+_G) compared with the AMSC group (CO+_DP/
TGF+ or CO+_G/TGF+) and identified the 30 genes with the
greatest positive and negative fold changes (a total 60 genes) from the
microarray analysis (SI Appendix, Tables S1 and S2). Interestingly,
genes showing the highest fold changes were distinct between these
groups, based on whether the AMSCs from coculture were DP (i.e.,
contained red speckles, CO+_DP) or remained green (CO+_G). DP
coculturedMSCs (CO+_DP) had higher expression of factors related
to cartilage matrix formation and homeostasis (SI Appendix, Tables
S3 and S4). Expression in cocultured AMSCs that remained green
(CO+_G) were 5- to 44-fold lower. This suggests that the pres-
ence of red speckles in AMSCs (making green cells DP) resulted
in an increase in chondrogenic activity in these cocultured AMSCs
(Fig. 4F).

To further investigate the effect of TGF-β3 and/or molecular
factors secreted from JCH on AMSCs, we sorted genes based on
biological themes, enriched function-related clusters, and their
expression levels, as shown in the Venn diagrams (SI Appendix,
Fig. S5 and Tables S5–S8). In the presence of TGF-β3 alone,
there was an increase in genes related to cartilage extracellular
matrix production (ACAN, CHAD, COMP, and COL12A1),
mineralization (AMTN, MATN2, and POSTN), and antiin-
flammatory/fibrosis (ASPN, CCL20, CXCL3, DEFB1, and
MXRA5) (SI Appendix, Fig. S5 A and E). Furthermore, in the
CO group, with TGF-β3 and molecular factors secreted from
JCHs (i.e., AMSCs that were cocultured with TGF-β3 and were
also DP), there were additional increases in expression of matrix
proteins (COL2A1, HAPLN1, IGFBP5, and MIA) and a reduc-
tion in expression of apoptosis/inflammation (CCL5, IL1RAP,
HP, PENK) and hypertrophy (GPR39) markers (SI Appendix,
Fig. S5B and Tables S1–S6). Interestingly, AMSCs in coculture
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that remained green (with no intracellular transfer from cocultured
CHs) did not show differences in expression of cartilage matrix
proteins compared with AMSCs cultured with TGF-β3 alone (SI
Appendix, Fig. S5C and Table S7).

Intercellular Communication in CH/MSC Cocultures Is Mediated by
EVs. In the earlier study, we noted that AMSCs became DP
with culture duration, while JCHs tended to remain red (Fig.
4D). Recent studies have suggested that one mechanism for in-
tercellular communication is through the formation and transfer
of EVs. To determine whether the improvement in AMSC
chondrogenesis resulted from trafficking of molecular factors
through EVs, we used Pitstop2 to block clathrin-mediated
endocytic pathways (SI Appendix, Fig. S6). When treated with
Pitstop2, the number of AMSCs that had taken on red speckles
(i.e., became DP) was notably reduced (2.3 times; 47–19%; P <
0.0001) (Fig. 5 B and C), while the number of AMSCs that
remained green increased (32–59%; P < 0.0001). No changes
were observed in JCHs regardless of Pitstop2 treatment (20–
22%; P = 0.998). Additionally, the equilibrium modulus of JCH-
and AMSC-only constructs did not change markedly with
Pitstop2 treatment (389–309 kPa, P < 0.615, and 4.3–3.5%WW
GAG, P < 0.016 for JCHs; 34–0 kPa and 0.4–0.35%WW GAG,
P < 0.09 for AMSCs) (Fig. 5D and SI Appendix, Fig. S6). Con-
versely, when Pitstop2 (25 μM) was introduced into the CO
group, construct properties markedly decreased (195–43 kPa;
4.5-fold decrease; and 2.4–1.9%WWGAG) compared with those
in coculture without Pitstop2 inhibition. The synergistic effect of
cocultures was thus lost in the presence of Pitstop2 (Fig. 5E),
suggesting that clathrin-mediated endocytosis is essential for the
positive coculture effect to occur.

Discussion
In this study, we determined the extent to which different zonal
CHs mixed with MSCs in 3D culture promoted MSC chondro-
genesis, as a function of MSC age. JCHs seeded in HA hydrogels
and cultured with TGF-β3 retained their native production levels
and zonal characteristics, even after extensive culture expansion.
We also found that juvenile MSCs in HA hydrogel grew well on
their own, achieving functional properties equivalent to those
of middle- or deep-zone CH-laden constructs. Given this al-
ready robust growth, no significant increases were observed in
juvenile CH/MSC cocultures, with measured (actual) properties
mostly matching expected properties based on a simple mixture

analysis. This result showed that coculturing with JCHs did not
improve juvenile MSC chondrogenesis, indicating that young
MSCs do not require additional chondrogenic induction via
coculture.
Unlike juvenile MSCs, AMSCs failed to mature in chemically

defined media containing TGF-β3, and instead aggregated to-
gether in the hydrogel. When these AMSCs were placed in co-
culture with JCHs (AMSC/JCH) in the presence of TGF-β3,
however, a synergistic enhancement was observed. These results
are consistent with studies using human MSCs from aged pa-
tients (7–9), where the chondrogenic capacity of aged MSCs was
lower than young MSCs. AMSCs thus appear to be more sen-
sitive to molecular factors secreted from JCHs in the coculture
system. Taken together, these findings show that a small pop-
ulation of JCHs cultured with AMSCs can rejuvenate the
chondrogenic capacity of AMSC population. This is consistent
with recent single-stage cell-based cartilage regeneration studies
using chondron/MSC cocultures [i.e., instant MSC product ac-
companying autologous chondron transplantation (IMPACT)].
In that study, Bekkers et al. (15) optimized the mixture ratio of
chondrons and MSCs and showed that, when the mixture ratio of
chondrons reached 50%, GAG content markedly increased.
From this, it appears that the optimal fraction is between 10 and
50%, which is consistent with our findings and other reports in
the literature.
To better understand the operative conditions of coculture, we

next queried how the distance between the two cell populations,
which may be critical for this intercellular communication, me-
diated the coculture effect. We tested conditions in which mo-
lecular factors would travel through the HA network itself
(direct) or through the tissue culture media (indirect). Based on
our data and experimental framework, if molecular factors from
CHs could travel over a long distance, then all configurations
tested (i.e., mixed, fused, and distanced) should have had similar
results in terms of rejuvenating AMSCs and increasing matrix
production. We found that constructs with mixed cell pop-
ulations maintained their initial geometry, had improved me-
chanical properties, and had better histological appearance,
whereas AMSC layers in the fused and distanced groups aggre-
gated, with layers that gradually separated from one another.
This suggests that the molecular factors operative in JCHs and
AMSC coculture cannot traverse a great distance. Diffusion prop-
erties vary depending on the material and also changes as cells
produce matrix with time in culture (24). Our HA hydrogels
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begin with a very low polymer density (1%) and so are permissive
of the diffusion of large molecules. In other studies, it has been
shown that factors derived by injected MSCs can influence the
whole joint, across a greater distance. It may be, in that cir-
cumstance, that MSCs release factors with longer half-lives to
act on a number of joint tissues (including CHs) (13). In the
context of coculture under chondrogenic conditions, our results
support the idea that proximity is essential for intercellular
communication (25–27).
To determine the molecular factors and pathways mediating

the coculture effect, we carried out genome-wide analyses of
fluorescently labeled AMSC populations (Table 1). AMSCs
cultured alone mostly retained their initial green label regardless
of the presence or absence of TGF-β3. However, in the CO
groups, 50% of AMSCs became DP, while the remainder stayed
green (G). Confocal microscopy confirmed that red speckles
from JCHs appeared in green AMSCs, but not vice versa, sug-
gesting directional transport of intracellular contents. Microarray
analysis showed a shift in expression patterns in AMSCs in the
presence of TGF-β3 compared with the absence of TGF-β3. AMSCs
cocultured with JCHs (CO+) shifted in their expression com-
pared with AMSCs that were chondrogenically induced with
TGF-β3 alone. Interestingly, those AMSCs that were cocultured
but remained green (no intracellular transfer) were distinct from
those that had become DP (with evidence of intracellular
transfer).
Analysis of expression profiles from DP AMSCs in coculture

compared with AMSCs cultured alone identified altered regu-
lation of a number of genes related to cartilage matrix formation,
homeostasis, and anti-apoptosis/inflammation. We also noted
that expression of PPARγ was lower in DP AMSCs in coculture
compared with in AMSCs alone. Moreover, increased expression
of GPR39 and RGS2 in the DP group may have contributed to
AMSC chondrogenesis by blocking hedgehog signaling that
causes heterotopic ossification (28, 29) or suppressing hyper-
trophic differentiation (30) (SI Appendix, Tables S3 and S4).
These data suggest that, for AMSCs, the combined provision of
TGF-β3 and factors secreted/transferred from JCHs supports a
more robust and stable chondrogenesis than does TGF-β3 alone.
Unlike AMSCs, juvenile MSCs have a very robust chondro-

genic capacity in the presence of TGF-β3, and tissue-engineered
constructs formed from these young cells achieve functional
properties that are nearly equivalent to those obtained from
JCHs (Figs. 1 and 2). This suggests that TGF can activate
pathways in juvenile MSCs that are reactivated in AMSCs only
with coculture. To directly assess this, we compared the results of
adult, TGF-β3–treated, cocultured, DP MSCs with data pre-
viously generated using juvenile MSCs cultured in the presence
of TGF-β3 for a similar time period (31). Based on this, we
identified 30 genes with the greatest positive and negative fold
changes using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) gene ontology software (SI Ap-
pendix, Fig. S7 and Tables S9–S12).
Results from this analysis are shown in Venn diagrams (SI

Appendix, Figs. S5 A and B, and S6C) and tables (SI Appendix,
Tables S5, S6 and S9), grouping gene function and expression
levels based on their response to TGF-β3 and/or CH-derived
molecular factors in the adult and juvenile MSCs. In the pres-
ence of TGF-β3, there were several genes expressed in both adult
and juvenile MSCs involved in cartilage matrix production and
suppression of inflammation, indicating that many genes im-
portant for cartilage formation are stimulated by TGF-β3, re-
gardless of the age-related decline in matrix-forming capacity of
the MSCs. Furthermore, there was an increase of genes that
promote matrix production and proliferation/mitosis, and also
those that suppress inflammation/apoptosis and angiogenesis.
Interestingly, however, in the presence of TGF-β3, there was a
simultaneous regulation of genes that promote and suppress

bone turnover/formation in juvenile MSCs (SI Appendix, Fig.
S7C and Table S9).
Likewise, in the presence of TGF-β3, AMSCs showed a mixed

expression of genes that promote chondrogenesis/cartilage ho-
meostasis and inhibit calcification, fibrosis, adipogenesis, and
apoptosis/inflammation. Simultaneously, TGF-β3 promoted hy-
pertrophy/bone formation, matrix degradation, and angiogenesis
in these AMSCs. These findings indicate that AMSCs retain
their multipotent capacity and that even AMSCs can be activated
by TGF-β3 toward chondrogenesis. However, chondrogenic in-
duction with TGF-β3 seems to excessively activate not only
chondrogenic but also osteogenic signals in these adult cells (SI
Appendix, Fig. S5A and Table S5).
Conversely, when these AMSCs also took up molecular factors

from juvenile CHs in coculture, additional genes were expressed
that promote chondrogenesis while attenuating inflammation
and ossification (SI Appendix, Fig. S5B and Table S6). This finding
suggests that when CH-derived molecular factors are internalized
by AMSCs, chondroinductive signals become more predominate,
rejuvenating their chondrogenic capacity and maintaining carti-
lage homeostasis. Whether these CH-derived molecular factors
offset a loss in AMSC capacity or trigger AMSCs to regain their
more immature function is not clear, but AMSCs under the in-
fluence of CH-derived factors remain quite distinct from juvenile
MSCs, as shown in the PCA analysis (SI Appendix, Figs. S5E
and S7D).
While it is generally believed that there is a synergistic effect in

coculture between CHs and MSCs, there have been differing
reports with regard to the directionality of this intercellular
communication. Several studies (including ours) have shown that
a small number of CHs (20%) rejuvenate a larger number of old/
infirm MSCs by transferring molecular contents secreted from
CHs to MSCs (7–9, 32, 33). Conversely, others have shown that
bioactive factors secreted from MSCs help CHs to form func-
tional matrix (10, 11, 14, 15, 34). Early work by Caplan and
Dennis (14) suggested a dual role of MSCs. First, MSCs are able
to differentiate into several phenotypes and produce the ap-
propriate extracellular matrix (e.g., bone, cartilage, muscle, etc.).
Second, bioactive factors secreted from MSCs can influence host
cells and/or the tissue environment by suppressing fibrosis and
apoptosis and increasing angiogenesis, mitosis, and differentia-
tion. Indeed, studies in the heart suggest that, for some cell types,
the directionality is most certainly from the MSC to the recipient
cell (14).
Our studies do not rule out the influence of MSCs on recipient

CHs but do strongly suggest that CHs support the MSC pop-
ulation, particularly in the aged/infirm scenario. Indeed, when we
cocultured juvenile MSCs and JCHs, we saw no synergistic ef-
fect, whereas there was a synergistic effect when AMSCs were
cocultured with JCHs. We previously reported and show here
again that the chondrogenic capacity of MSCs is attenuated with
aging in pellet culture and 3D hydrogels (6, 32). This indicates
that the directionality of intercellular communication may depend
on chondrogenic capacity (where AMSCs have little chondrogenic
capacity), rather than implying that MSCs are unable to impact
host cells and/or tissues.
To test this concept, we carried out another set of studies using

fetal MSCs (FMSCs) cocultured with adult CHs (ACHs) with
same mixture ratio (FMSC:ACH, 1: 4). FMSCs possess the
highest chondrogenic potential, and ACHs possess the least
matrix-producing capacity. As expected, FMSCs alone generated
engineered cartilage with greater mechanical properties and
GAG content than those formed from ACHs alone. In coculture,
however, there was no synergistic effect over 28 d. Furthermore,
no vesicular exchange was observed in either direction. These
results are similar to that of JCH/JMSC cocultures, in which both
grew well on their own, with no synergistic effect (SI Appendix,
Fig. S9). This supports that, in our hands, the directionality of
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transfer is from the CHs to the recipient MSCs, where, in AMSCs,
factors from JCHs can rejuvenate function.
Other important molecular factors include miRNAs (22),

which have been implicated in intercellular communication.
These small noncoding RNAs can be delivered to recipient cells
via EVs. Recent studies have shown that EVs specifically target
recipient cells to deliver protein, mRNAs, and lipids and also
initiate downstream signaling pathways (35, 36). While data from
previous studies are somewhat conflicting, it appears that
MIR29A is induced by the Wnt signaling pathway and down-
regulates expression of fibrillar collagens and proinflammatory
factors (37), indicating a potential role in coculture. Interest-
ingly, it has also been reported that MIR29A is down-regulated
by TGF-β1 and delays MSC chondrogenesis (38). This is con-
sistent with our microarray data, which showed that AMSCs in
coculture with JCHs expressed eightfold greater MIR29A than
those cultured with TGF-β3 alone. As described by Guérit et al.
(38), the action of MIR29A may be to maintain an undifferentiated
and proliferative pool of MSCs. If so, then the effect of coculture
(mediated by MIR29A) would be to enhance proliferation of un-
differentiated AMSCs concurrently during chondrogenic differen-
tiation. This would ultimately result in more cells in the construct
differentiating and producing matrix in the long term. Based on our
first set of studies (Figs. 1E and 2B), coculture of JCHs with AMSCs
resulted in constructs with higher mechanical properties and bio-
chemical content at 8 wk, and these values consistently increased
with time in culture. This may suggest that while TGF-β3 can induce
differentiation, doing so in that absence of secreted factors results in
commitment of the entire progenitor pool, exhausting their reserve
capacity to divide and ultimately produce matrix.

The above findings strongly suggest that EVs are secreted
from JCHs and are internalized by the AMSCs to change their
phenotype. To validate this hypothesis, we blocked key in-
tercellular communication mechanisms and determined whether
such blockade would influence the coculture phenomenon. Re-
sults from these studies showed that the equilibrium modulus of
cocultured constructs decreased substantially with inhibition of
clathrin-mediated endocytosis. Furthermore, confocal micros-
copy showed a reduction in the number of AMSCs that had
become DP.
As a next step, direct isolation and identification of EV con-

tents will be important to fully explicate the mechanism of this
coculture response. It will also be important to determine
whether other released factors that are not trafficked via EVs
play a role in this process. For example, Vonk et al. (13) showed
that MSC-conditioned media depleted of EVs could still atten-
uate proinflammatory signaling and promote matrix deposition,
although to a much lesser extent than when EVs were present. It
will also be important to assess the role of EVs in an in vivo
scenario. Here, we used a chemically defined medium that pro-
vides a supportive growth environment, but “conflict” signals in
the native joint environment may pose additional challenges
(39). Our data support that DP AMSCs have higher expression
of antiinflammatory/apoptotic and proliferation/mitosis-related
factors (SI Appendix, Tables S1–S11), and therefore EV-mediated
factors may help in the transition MSC-based cartilage to the in
vivo space.
Caplan et al. first defined the “trophic effect” of MSCs as cells

secreting bioactive factors to influence nearby cells and/or tissue
(14). This is indisputable, and the data above strongly support
that finding. However, our data support a broader definition,
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where molecular factors secreted from one cell population are
transferred to the other, and the directionality of intercellular
communication might be determined in a “need-based variable
flow.” For example, Strassburg et al. (12) showed the biodirec-
tional exchange of membrane components during the coculture
of MSCs and nucleus pulposus cells. Our data, for older/infirm
MSCs, support that the transfer resulting in synergistic impact
(through exchange of membrane-bound EVs) is in the direction
of JCHs to AMSCs. Future studies will explore whether EVs can
influence AMSC functionality directly (by providing missing
components to the recipient cells) or indirectly (by reactivating
debilitated anabolic pathways). Moreover, we will also investi-
gate whether the EV transfer is a selective on-demand secretion
and/or reception or rather is the consequence of a random release/
intake. Furthermore, it will be interesting to determine whether
intercellular communication efficiency and the actual vesicular
contents are altered by changes in cell or macromer density of the
surrounding hydrogels. Finally, it will be important to determine
the specific molecular factors mediating the coculture effect, and
which of these are conveyed exclusively by EVs. Delivery of such
factors may be used in the development of cell-free therapeutics
for cartilage repair.
Taken together, this work demonstrated that JCHs retain their

chondrogenic capacity (with zonal characteristics) in the pres-
ence of TGF-β3 and that rejuvenation of MSCs cocultured with
JCHs is age dependent. Additionally, we show that the coculture
phenomenon is only operable when cells are close to one an-
other. Studies blocking intercellular communication suggest that
EVs released from JCHs shuttle molecular factors to AMSCs
using clathrin-mediated endocytosis and that the contents of
these EVs activate anabolic signaling pathways while suppressing
catabolic activity in recipient cells (Fig. 6). This in turn enables
aged MSCs to rejuvenate and perform as though they were younger
CH-like cells. Identifying the molecular factors and vesicular
pathways that underlie coculture might lead to biologics or other
therapeutics to improve functional tissue engineering using aged
autologous MSCs, and may ultimately obviate the need for such
complicated coculture systems, increasing the likelihood for
clinical translation.

Materials and Methods
Isolation of Zonal CHs and MSCs. CHs and MSCs were isolated from bovine
stifles [juvenile (J), 1–2 mo; Research 87; adult (A), >1 y; Animal Technologies]
(Fig. 1A). Full-thickness juvenile cartilage segments were excised from the
femoral condyle and divided into three layers (40, 41). The topmost 100-μm
layer at the articular surface was separated and taken as the superficial zone
(S). The segment from the bony surface to the tidemark was removed and
discarded. The remaining “top” half of the tissue segment was considered as
the middle zone (M), and the “bottom” half as the deep zone (D). These
separated zonal cartilage tissues were minced and digested with collage-
nase. MSCs were isolated from juvenile (JMSC) or adult (AMSC) bone marrow
as described previously (6). These zonal CHs and MSCs were separately
maintained in serum-containing medium (10% FBS) (39). Cells of both types
were expanded in culture through passage 3. Cells were trypsinized,
washed, and labeled with CellTracker (Molecular Probes; CHs, red; MSCs,
green) before encapsulation.

Gel Synthesis and Cell Encapsulation. Methacrylated hyaluronic acid (MeHA)
was synthesized as described previously (42). Briefly, 1% (wt/vol) sodium
hyaluronate (65-kDa HA; Lifecore) was reacted with methacrylic anhydride
(Sigma) on ice at pH 8.0 for 6 h followed by dialysis (6-kDa Mr cutoff;
Spectrum Labs) for 7 d to remove unreacted byproducts. Then, the MeHA
solution was lyophilized and stored at −20 °C. The final macromer products
were confirmed by 1H NMR to obtain a methacrylation level of ∼30%. To
form gels, lyophilized MeHA was dissolved at 1% (wt/vol) in PBS with 0.05%
(wt/vol) photoinitiator (Irgacure I2959; CibaGeigy).

Establishment of Zonal CH and MSC Cocultures. To determine whether zonal
CH identity differentially contributed toMSC fate and/or how aging impacted
MSC response in coculture, CellTracker-labeled zonal JCHs were mixed with

juvenile MSCs or AMSCs (zonal CH:MSC, 1:4). A mixture of 1 wt% MeHA and
cells (60 million cells per mL) was added to a gel casting device (Hoefer) and
exposed to UV (365 nm) for 10min. Cylindrical cores (Ø4 mm × 2.25mm) were
removed from the resulting HA gel sheets using a sterile biopsy punch. These
constructs were then cultured in chemically defined media (CM) with 10 ng/mL
TGF-β3 (CM+; R&D Systems) (39). Media was changed thrice weekly for up to 8 wk.

Mechanical Analysis. To determine construct mechanical properties, un-
confined compression testing was performed as previously described (1). The
equilibrium modulus was determined via a stress relaxation test. After stress
relaxation, a 1% sinusoidal deformation was applied at 1.0 Hz to obtain the
dynamic modulus.

Biochemical Analysis. After mechanical testing, construct wet weight was
measured followed by papain digestion. GAG content was determined using
the 1,9-dimethylmethylene blue assay (43). Collagen content was extrapo-
lated from orthohydroxyproline (OHP) content assessed by reaction with
chloramine T, using a 1:7.14 (OHP:collagen) ratio (44).

Histological Analysis. Constructs were fixed in 4% paraformaldehyde and
embedded in paraffin. Sections (8 μm thick) were deparaffinized and stained
with Alcian Blue. Immunohistochemistry was performed to visualize COL I,
COL II, and CS. Primary antibodies for COL I (MAB3391; 10 μg/mL; Millipore)
and COL II (II-II6B3; 10 μg/mL; DSHB), and CS (C8035, 1:150; Sigma) were used.

Assessment of Coculture Efficacy. To determine whether coculture of zonal
CHs and MSCs in MeHA hydrogels improved outcomes over CHs or MSCs
alone, we determined the efficacy of coculture by computing the ratio of the
actual (y axis) to the expected (x axis) outcomes based on the relative con-
tribution of each cell type and their individual performance. Expected values
were calculated based on the rule of mixtures, where the expected outcome
was the sum of 20% of the performance of zonal CHs on their own and 80%
of the performance of MSCs on their own (Expected = 0.2 × ActualCH + 0.8 ×
ActualMSC). In cases where there was a “synergistic” effect, the actual mea-
sured value of the construct was greater than expected (actual > expected),
and these samples were located above the diagonal line on the plot. In cases
where there was a “negative” effect (actual < expected), samples were located
below the line on the plot. Finally, in cases where the two cell types were
“independent” of one another (no synergistic effect, actual = expected), the
samples fell along the line.

Influence of Intercellular Distance on Coculture Outcomes. To investigate how
far molecular factors might travel from releasing to recipient cells within a 3D
environment, JCHs and AMSCs were seeded in constructs at varying distances
to provide increasing separation between the two cell populations: these
included mixed, fused, or distanced configurations (Fig. 3A). JCHs and AMSCs
were isolated, expanded (passage 2), and seeded in 1% (wt/vol) MeHA
hydrogels (60 million cells per mL; AMSC:JCH, 4:1) at varying distances. First,
mixed populations were seeded as a single mixture in one layer to provide
the shortest possible distance. Second, JCH- and AMSC-seeded layers were
fused by creating a bilayered construct. Finally, JCH- and AMSC-seeded
layers were constructed as a trilayered “barrier” construct, with an acellu-
lar MeHA gel segment interposed between the cell-laden layers in the
middle of the construct (AMSC–acellular HA gel–JCH). The AMSC-laden layer
was four times greater in volume than the JCH-seeded layer for fused and
distanced groups (Fig. 3B). These constructs were cultured in CM+ for 56 d.
Due to the delamination of sublayers for the distanced group, mechanical
and biochemical analyses of sublayers were performed separately, and re-
spective values were combined.

Molecular Profiling of MSCs During Coculture. To investigate molecular factors
and/or pathways that might mediate the coculture effect, we evaluated
genome-wide changes inmRNAexpression inAMSCs. Toenable sortingofdistinct
cell populations, AMSCs (green) and JCHs (red) were labeled with CellTracker
(Molecular Probes) (Fig. 4A). AMSCs alone or mixed cell populations (AMSC:JCH,
4:1) were encapsulated at 20 × 106 cells per mL in 1% MeHA. Constructs (Ø4 ×
0.75 mm) were cultured in CM with or without TGF. To ensure a transport of
equal amount of nutrient to all cells within the constructs and to facilitate
construct digestion and reisolation of cells, construct volume and cell density
were reduced. On day 10, constructs were minced and digested with hyal-
uronidase (42) to reisolate cells from constructs. Reisolated cells underwent FACS.

Sorting resulted in AMSC populations that remained green in coculture
(CO_G) or had become DP (CO_DP) as well as those that were cultured alone
and remained green (TGF_G) in the presence (+) or absence (−) of TGF-β3
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(Table 1). RNA was isolated from these populations (microRNeasy mini kit;
Qiagen) and subjected to microarray analysis (Bovine Genome 1.0st;
Affymetrix) by the Penn Microarray Facility as described previously (31).
The study was repeated three times with mixed donor sets used in each
replicate. The Ingenuity software was used to identify pathways associ-
ated with coculture. Fold change was compared across four groups (CO+
vs. TGF+, TGF+ vs. TGF−, CO− vs. TGF−, and CO+ vs. TGF−) to assess how
the molecular factors secreted from JCHs altered the expression profiles of
AMSCs in coculture compared with AMSCs alone with or without TGF-β3.
To further investigate the effect of TGF-β3 and/or molecular factors se-
creted from JCHs on the rejuvenation of AMSCs, we used the list of
30 genes with the greatest positive and negative fold changes (a total
60 genes) from the microarray analysis, and sorted based on biological
themes, enriched functional-related gene clusters, and expression levels.
For this, we used the DAVID, version 6.8, publicly available bioinformatics
resource (https://david.ncifcrf.gov/). Next, using the function-related gene
clusters identified in DAVID, we chose three to five subcategorized groups

with the greatest number of associated genes and organized these themes
using a Venn diagram.

Probing Mechanisms of Intercellular Communication. To identify whether in-
tercellular communication occurred through the trafficking of EVs, we first
inhibited clathrin-mediated vesicular formation using Pitstop2 (Abcam). Cell-
laden constructs (JCH, AMSC alone or mixed) were cultured in CM+ with
Pitstop2 (0 or 25 μM) for 42 d (Fig. 5A).

Statistical Analysis. Statistical analysis was performed using the SYSTAT
software (version 10.2; SYSTAT Software). Significance was determined by
two-way ANOVA with Tukey’s post hoc test (P < 0.05). Data represent the
mean ± SD.
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