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It is generally accepted that adult human bone marrow-derived
mesenchymal stromal cells (hMSCs) are default committed toward
osteogenesis. Even when induced to chondrogenesis, hMSCs typically
form hypertrophic cartilage that undergoes endochondral ossifica-
tion. Because embryonic mesenchyme is obviously competent to
generate phenotypically stable cartilage, it is questioned whether
there is a correspondence between mesenchymal progenitor com-
partments during development and in adulthood. Here we tested
whether forcing specific early events of articular cartilage develop-
ment can program hMSC fate toward stable chondrogenesis. Inspired
by recent findings that spatial restriction of bone morphogenetic
protein (BMP) signaling guides embryonic progenitors toward artic-
ular cartilage formation, we hypothesized that selective inhibition of
BMP drives the phenotypic stability of hMSC-derived chondrocytes.
Two BMP type | receptor-biased kinase inhibitors were screened in a
microfluidic platform for their time- and dose-dependent effect on
hMSC chondrogenesis. The different receptor selectivity profile of
tested compounds allowed demonstration that transient blockade of
both ALK2 and ALK3 receptors, while permissive to hMSC cartilage
formation, is necessary and sufficient to maintain a stable chondro-
cyte phenotype. Remarkably, even upon compound removal, hMSCs
were no longer competent to undergo hypertrophy in vitro and
endochondral ossification in vivo, indicating the onset of a constitu-
tive change. Our findings demonstrate that adult hMSCs effectively
share properties of embryonic mesenchyme in the formation of
transient but also of stable cartilage. This opens potential pharma-
cological strategies to articular cartilage regeneration and more
broadly indicates the relevance of developmentally inspired proto-
cols to control the fate of adult progenitor cell systems.

mesenchymal stromal cells | articular cartilage | developmental
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Recapitulation of embryonic developmental events is receiving
increasing recognition as a strategy to induce robust tissue
regeneration. The paradigm of “developmental engineering” (1)
indeed postulates the importance of instructing developmental
processes rather than engineering replacing grafts to achieve func-
tional tissue regeneration (2). However, it is still uncertain whether
and to what extent specific adult human stem/progenitor cells
conserve the capacity to follow developmental pathways. We and
others previously demonstrated that the fate of human mesenchy-
mal stromal cells (hMSCs) can be sequentially guided toward the
recapitulation of the embryonic endochondral ossification program,
as well as in the molecular regulation of associated processes,
eventually leading to bone formation in vivo (3-7). However, the
design of a reliable strategy to generate stable cartilage by adult
hMSCs, as occurring in articulating surfaces, still remains an open
challenge. Adult MSCs have indeed been proposed to be in-
trinsically committed toward terminal hypertrophic differentiation
upon induction of chondrogenesis. As a consequence, hMSC-
derived cartilaginous templates typically undergo remodeling into
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bone ossicles when transplanted in vivo (8, 9). “Re-programming”
hMSC:s fate by exposure to specific signals has been postulated as a
potential strategy to reverse this tendency and maintain the stability
of cartilage formed by hMSCs (10). In this direction, signaling fac-
tors directly mediating chondrocyte hypertrophy [i.e., parathyroid
hormone-related protein (PTHrP)/Ihh regulatory loop] have been
extensively considered (11-13). However, upon removal of the sig-
nal, cells typically proceed toward hypertrophy in vitro and to en-
dochondral ossification in vivo. This suggests that the regulation of
downstream signals in the hypertrophy route is not sufficient to
modify the intrinsic commitment of hMSCs.

The concept of developmental engineering inspired us to
operate at an earlier stage, assessing signaling pathways directly
involved in embryonic articular cartilage development as po-
tential candidates for controlling hMSC fate decision toward
stable chondrogenesis. During embryonic joint development,
chondroprogenitor cells lying in the interzone have been shown
to contribute to either articular or transient cartilage formation
(14) based on a tight regulation of bone morphogenetic protein
(BMP) signaling (15). The precise spatial organization of the
limb mesenchyme indeed results in a band of Noggin-expressing
cells, which insulates proliferating chondrocytes in the distal part
of the interzone from BMP signaling and specifies their
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differentiation toward articular cartilage (14). Indeed, the BMP
antagonist Gremlin-1 was found among the most up-regulated
genes in human adult articular compared with growth-plate
cartilage, suggesting the role of BMP restriction in determining
chondroprogenitor commitment (16). On the other hand, BMP
signaling is involved in many phases of limb development (17,
18), being a key chondrogenic factor (19) but also a trigger for
endochondral ossification (20). Recently, in vitro inhibition of
the BMP pathway was exploited to force pluripotent stem cells,
either embryonic (21) or induced (22), toward articular-like
cartilage in vitro, although with only preliminary evidence of
the in vivo phenotype stability.

In this work, we aim to demonstrate that the fate of adult
hMSCs can be guided toward stable cartilage by forcing envi-
ronmental conditions recapitulating specific events of articular
cartilage development. We hypothesize that selective inhibition
of BMP signaling during in vitro chondrogenic differentiation of
adult hMSC-derived templates is sufficient to prime them toward
a stable articular cartilage phenotype. We tested our hypothesis
by using two BMP type I receptor-biased kinase inhibitors, dif-
fering in their kinase selectivity profile. To screen different doses
and temporal stages of supplementation at a high throughput, we
introduced a miniaturized microfluidic model, recently de-
veloped to allow condensation and subsequent perfusion of 3D
microaggregates in each well, crucial to enabling chondrogenesis
(23). We then demonstrated the long-term efficacy and the ro-
bustness of the selected developmentally inspired protocol both
in vitro and in vivo using macroscale tissue models.

Results

BMP Type | Receptor Kinase Inhibitors with Different Selectivity
Profiles. Compounds A and B are BMP type I receptor kinase
inhibitors with different selectivity profiles. Their activity in
biochemical kinase assays and cellular reporter gene assays for
BMP and TGF-f signaling are listed in Table S1. Both com-
pounds are biased toward ALK2 inhibition. For compound A,
the selectivity for ALK2 over ALK1 is only 5-fold (Fig. 14) and
for ALK2 over ALK3 only 4.1-fold (Fig. 1B). With such small
selectivity windows, efficacious compound concentrations are
expected to always inhibit, at least partially, ALK1 and ALK3 in
addition to ALK2. Compound B is a more potent and selective
inhibitor of ALK2. Its selectivity over ALK1 is 17.2-fold (Fig.
1D) and 75.3-fold over ALK3 (Fig. 1E). Therefore, at compound
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Fig. 1. Representative ICsq curves of both compounds for all assays. (A and D)
Biochemical peptide phosphorylation assay panel. (B and E) Biochemical
autophosphorylation assays. (C and F) BMP (on HuH7 cells) and TGF- (on
HEK293 cells) reporter gene assays (RGA). (G) BMP and (H) TGF-p pathway ac-
tivation in adult hMSCs assessed in response to inhibitor treatment by Western
blot analysis of SMAD1/5/9 and SMAD2/3 phosphorylation, respectively.
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concentrations that are expected to completely inhibit ALK2
(250 nM), the ALK3 receptor kinase is not inhibited (Fig. 1E).

Whereas compounds A and B vary in their ability to inhibit
BMP type I receptors, both compounds only poorly inhibit the
TGF-p type I receptor ALKS in biochemical kinase assays (Fig. 1
A and D and Table S1). Their activity in biochemical assays is
confirmed in cellular reporter gene assays for BMP and TGF-p
signaling. Both compounds potently inhibit BMP6-induced sig-
naling in hepatocellular carcinoma cell line (HuH7) cells. Im-
portantly, at a concentration of 500 nM, almost completely
inhibiting BMP signaling, TGF-p-induced signaling in HEK293
cells is not yet compromised. Only at much higher concentrations
is TGF-f signaling also inhibited in vitro, confirming the com-
pound’s preference for BMP type I receptor inhibition (Fig. 1 C
and F). The specificity in inhibiting BMP signaling was confirmed
also in hMSCs (Fig. 1 G and H), whereby both compounds de-
creased SMAD1/5/9 phosphorylation compared with controls.
Compound A exhibited the highest capacity to down-regulate
BMP signaling compared with similar doses of compound B.
SMAD?2/3 phosphorylation was conversely not affected by the
selected doses.

To understand the compound’s mechanism of action on
hMSCs, the expression of ALK1, ALK2, and ALK3 receptors
was evaluated. Gene-expression analysis revealed the absence of
ALKI in hMSCs, excluding binding to ALK1 as a mechanism
involved in this model (Fig. S14). ALK2 and ALK3 were instead
expressed by postnatal day (PO) hMSCs, but not modulated
during 14 d of treatment in 3D pellet culture (Fig. S1 B-L).

Microfluidic-Based Screening Suggested a Dose- and Timing-Dependent
Effect of ALK Inhibitors on Adult hMSCs Commitment. The dose-
dependent effect of the BMP signaling inhibitors on adult h(MSC
commitment was first assessed at the microscale, by exploiting a
previously developed microfluidic platform (Fig. S24) (23). After
14 d, collagen type II deposition was not affected by any treatment
at any concentration (Fig. 2 4 and D). Gene-expression analysis
indicates a dose-dependent reduction of ACAN, suggesting that
higher doses of both compounds may delay or reduce deposition
of cartilaginous matrix (Fig. 2 B and E). A concentration-
dependent decrease in collagen type X deposition was detected,
with increasing compound concentrations, both at the protein
(Fig. 2 4 and D) and mRNA (Fig. 2 C and F) levels. This effect
was more pronounced upon treatment with compound A, which
resulted in complete loss of staining for collagen type X at the
highest concentration, correlating with a significant decrease (P <
0.05) in COL10AI expression compared with the control. Results
obtained at the microscale level were also confirmed in 3D mac-
ropellet culture (Fig. S3 A-D). Different temporal windows for
compound A supplementation were then considered. A continu-
ous treatment for 14 d in the presence of TGF-f3 resulted in the
most pronounced reduction of hypertrophic matrix deposition
(Fig. S2B), correlating with a consistent low expression of Msx2, a
transcriptional factor downstream of the BMP pathway (Fig. S2C).
Moreover, to investigate the specificity of the BMP type I receptor
LMW kinase inhibitors, 3D pellets were treated with 200 ng/mL of
human recombinant Noggin protein, a BMP antagonist. Such
conditioning led to the generation of a cartilage matrix rich in
collagen type X, thus suggesting that a generic BMP antagonist is
not sufficient to avoid a commitment of hMSCs toward hyper-
trophy (Fig. S4). Thus, a continuous treatment with 500 nM of
compound A, which targets both ALK2 and ALK3, was sufficient
to maintain hMSCs in a stable cartilage phenotype in a short-term
in vitro culture.

ALK2 and ALK3 Inhibition on hMSCs-Derived Constructs Is Sufficient
to Maintain a Stable Cartilaginous Phenotype in Vitro. We investi-
gated how stable the effect of hypertrophy silencing was elicited
by ALK2 and ALK3 inhibition in adult h(MSC-derived constructs.

Three-dimensional hMSC-derived macropellets were incu-
bated in standard chondrogenic medium for 28 d with either
compound supplemented continuously (Fig. S3 E-H), or for the
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75 pm.) (B-F) Quantitative PCR was performed to assess the mRNA levels of ACAN and COL10A1, by extracting the RNA from the microfluidic platform. All

AACt values are normalized relative to GAPDH expression and refer to basal
logarithmic scale (n = 3, *P < 0.05, **P < 0.005).

initial 14 d only, followed by incubation in standard chondro-
genic medium (“recovery” phase) (Fig. S3 I-L). All constructs
treated for 28 d or for 14 d + 14 d of recovery displayed a car-
tilaginous extracellular matrix rich in GAG and collagen type 11,
although chondrogenesis was less pronounced for tissues treated
with compound A. Regarding early hypertrophic commitment,
compound A treatment was the only condition leading to con-
structs negative for collagen type X after 28 d of treatment (Fig.
S3E). Interestingly, no collagen type X was deposited even after
removal of the compound, suggesting the stability of the estab-
lished effect (Fig. S3I). To further prove the sustained effect of
initial ALK2/ALK3 inhibition on favoring the generation of
stable cartilage, compound A- and compound B-treated hMSC-
derived macropellets were forced toward hypertrophy, following
a previously established protocol (4). Hypertrophic induction
after preincubation with compound A led to deposition of a
cartilaginous extracellular matrix rich in GAG and collagen type
I, but with negative collagen type X immunostaining (Fig. 34).
Collagen type X was instead detected in constructs treated with
compound B and in the control (Fig. 3 B-D). Alizarin red
staining indicated the presence of calcified areas in all condi-
tions, but upon compound A treatment. Quantitative RT-PCR
analyses indicated that compound A treatment did not change
COL2A1I expression compared with compound B and control
(Fig. 3E), while it significantly reduced COL10AI and MMP13
expression compared with control (Fig. 3 F and H). [HH ex-
pression was also reduced, even if not statistically significantly
(Fig. 3G). Taken together, these data indicate that inhibition of
both ALK2 and ALK3 receptors (achieved by compound A
treatment) is sufficient to prevent hMSCs from expressing both
early and late hypertrophic markers in vitro.

Simultaneous Inhibition of ALK2 and ALK3 Down-Regulates the BMP
Pathway and Triggers the Activation of Genes Characteristic for
Articular Cartilage in Adult Human MSCs. The modulation of key
players of the BMP pathway was monitored upon treatment with
BMP type I receptor inhibitors. Among endogenous BMP an-
tagonists, GREM was up-regulated by both compounds, with
compound A inducing the most pronounced increase. hMSCs
cultured in standard chondrogenic medium instead down-
regulated GREM during the whole culture period (Fig. 44).
NOG uniformly increased and no significant differences were
detected among the different conditions, suggesting that Noggin
is not modulated by inhibiting ALK2 and ALK3 (Fig. 4B). BMP2
was strongly up-regulated in standard chondrogenic conditions
compared with treatment with compound A (Fig. 4C). This trend
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expression in day 0 hMSCs; all fold-changes in transcript levels are shown in

was confirmed by detection of secreted BMP2 protein in the
culture medium using a specific ELISA, which was consistently
reduced by compound A treatment (Fig. S5).

To characterize the nature of the hMSC-derived cartilaginous
tissues obtained by treatment with the different compounds,
gene-expression changes of a panel of articular or transient
cartilage signature genes were assessed by quantitative RT-PCR.
Expression of Lubricin (PRG4) and Wnt antagonist Frizzled-
related protein (FRZb), typical genes expressed in articular
chondrocytes (16), was increased in compound A-treated cells
(Fig. 4 D and E). Interestingly, FRZb expression was down-
regulated in the control conditions compared with basal levels
during the whole culture period. GDFS5, a gene associated with
joint interzone development (14), was up-regulated upon treat-
ment with compound A (Fig. 4F). COL2A1 expression was up-
regulated in all conditions compared with basal levels, with
compound A-treated constructs showing the least increase of
COL2A1 (Fig. 4G). Expression of genes associated with the
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Fig. 3. (A-D) In vitro maturation and stability of 3D macropellets derived from
adult hMSC cultured in chondrogenic medium, either alone or supplemented
compound A or B, and forced after 14 d of treatment toward hypertrophy.
Samples were histologically analyzed for GAG, collagen type II, and collagen
type X deposition and Alizarin red. All images were taken at the same mag-
nification. (Scale bar, 300 pm.) Quantitative RT-PCR analyses on (E) COL2AT1, (F)
COL10A, (G) IHH, and (H) MMP13 confirmed the immunohistochemistry stain-
ing. All AACt values are normalized relative to GAPDH expression and refer to
basal expression in day 0 hMSCs; all fold-changes in transcript levels are shown
in logarithmic scale (n = 3, *P < 0.005, ***P < 0.001). Ctrl, control.
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Fig. 4. Gene-expression levels of BMP antagonists (A) GREM and (B) NOG
and of (C) BMP-2. (D-G) Expression of articular cartilage related genes PRG4,
FRZb, GDF5, COL2A1. (H-L) Expression of growth plate development asso-
ciated genes COL10A1, IHH, MMP13, VEGF, PTHRP. All AACt values are
normalized relative to GAPDH expression and refer to basal expression in
day 0 hMSGs; all fold-changes in transcript levels are shown in logarithmic
scale (n = 3; *P < 0.05, **P < 0.005). Ctrl, control.

initiation of hypertrophy and angiogenesis/vascularization—
namely COL10A1, IHH, MMP13, and VEGFA—was significantly
higher in hMSC-derived constructs cultured in standard chon-
drogenic medium, compared with compound A-treated samples
(Fig. 4 H-K). PTHRP exhibited instead a variable trend (Fig.
4L), which would be challenging to interpret due to its in-
volvement in complex feedback loops (20). Thus, inhibition of
ALK2 and ALK3 contributed to the in vitro generation of
hMSC-derived constructs with increased expression of genes
related to articular cartilage development and function, while
downregulating expression of genes associated with growth-
plate development.

Preincubation with an ALK2/ALK3 Inhibitor in Vitro Favors a Stable
Cartilaginous Phenotype of hMSC-Derived Constructs upon Ectopic
Implantation in Vivo. To assess whether an in vitro preincubation
with BMP type I receptor inhibitors is sufficient to prevent
remodeling of hMSC-derived cartilaginous constructs in vivo,
compounds A and B pretreated and control samples were
implanted ectopically in immunodeficient mice.

Upon retrieval (8 wk after implant), constructs displayed dif-
ferent morphologies. In vitro pretreatment with compound A
favored the maintenance of stable cartilaginous matrices after
8 wk of implantation, characterized by high GAG content and
absence of bone remodeling (Fig. 54 and Fig. S64). Constructs
treated in vitro with compound B progressed differently
depending on the concentration used. The higher concentration
(500 nM) resulted in a reduction of GAG accumulation over
time; however, this still did not lead to complete cartilage
remodeling during the observation timeframe (Fig. 5B and Fig.
S6B). Constructs treated with the lower concentration (250 nM)
underwent a clear remodeling, resulting after 8 wk in complete
cartilage resorption and bone formation (Fig. 5C and Fig. S6C).
As expected, in the control condition a complete remodeling of
the tissue was observed, with the cartilage entirely replaced by
bone and bone marrow after 8 wk (Fig. 5D and Fig. S6D). Taken
together, these data indicate that in vitro inhibition of both
ALK2 and ALK3, achieved with 500 nM of compound A, is
sufficient to prevent hMSCs-derived cartilaginous constructs
from remodeling in vivo. Instead, even complete inhibition of
ALK?2 alone with only marginal or no inhibition of ALK3, as
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seen with 500 and 250 nM of compound B, respectively, can only
delay the remodeling process.

Simultaneous ALK2 and ALK3 Inhibition Prevents hMSCs from Bone
Remodeling by Activating a Protective Mechanism Against Vascularization.
Immunofluorescence staining for vessel invasion (CD31, *SMA and
DAPI) (Fig. 6 A-D) revealed different patterns of vasculature 8 wk
after construct implantation. Constructs pretreated with 500-nM
compound A remained avascular after 8 wk in vivo (Fig. 64). Con-
sistent with the observed bone remodeling (Fig. 5 C and D), both
samples pretreated with ALK2-selective doses of compound B
(250 nM) and control constructs resulted in efficient vascularization,
exhibiting deep-vessel colonization (Fig. 6 C and D). Samples pre-
treated with compound B at high doses showed formation of vessels
principally localized at the periphery (Fig. 6B). To further elucidate
the underlying mechanism, the effect of in vitro pretreatment on
regulating vascularization was assessed. Chondromodulin, an anti-
angiogenic factor stabilizing the chondrocyte phenotype (24), was not
expressed by hMSCs cultured in standard chondrogenic medium,
which committed them toward hypertrophy (Fig. 6H). In vitro pre-
treatment with either compound A or high doses of compound B
induced Chondromodulin expression in hMSCs after 14 d (Fig. 6 E
and F). Nasal chondrocytes, which were shown to readily differentiate
into articular cartilage in vitro (25), were used as a positive control. In
chondrogenic medium, nasal chondrocyte-derived constructs form
stable cartilaginous-like matrices and high levels of Chondromodulin
were confirmed (Fig. S7). Interestingly, Chondromodulin was still
detectable in compound A pretreated constructs even 8 wk after
implantation in vivo (Fig. 64), while absent with all other conditions
(Fig. 6 B-D). In addition, gene-expression levels of leukemia in-
hibitory factor (LIF), whose deficiency has been reported to enhance
vascular endothelial growth factor (VEGF) levels in developing
neonatal bone (26), were significantly higher in compound A treated
constructs compared with both compound B treatments and control
(Fig. 61). VEGF amounts secreted by hMSCs were unaltered by any
of the culture conditions, suggesting that ALK2 or ALK3 inhibition
does not prevent the expression of proangiogenic factors (Fig. &/).
Taken together, these data suggest the initiation of a protective
mechanism against vascularization of the cartilaginous constructs
upon inhibition of ALK2 and ALK3 during the early differentiation
events.

DMSO Ctrl

Masson Trichrome Safranin O

H&E

Fig. 5. Development of hMSCs-derived cartilage tissues following 8 wk of
ectopic implantation in vivo. Safranin O staining identifies GAG deposition;
Masson Trichrome and H&E staining allow identify the presence of bone
remodeling and bone marrow. (A) Compound A pretreatment was the only
condition allowing the maintenance of a cartilaginous matrix still rich in
GAG after 8 wk. (B-D) All of the other conditions exhibited a progression
toward remodeling in bone. All images were taken at the same magnifica-
tion (n = 3 donors). (Scale bar, 300 um.)
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Fig. 6. Effect of treatments with compounds A and B on vascularization

in vitro and in vivo. (A-D) After 8 wk in vivo, construct vascularization was
assessed by immunofluorescence staining for CD31 (red), «aSMA (gray), and
Chondromodulin (green). (Scale bar, 300 pm.) (E-H) Chondromodulin stain-
ing after 14 d of pretreatment in vitro. All images taken at the same mag-
nification. (Scale bar, 300 um.) (/) Quantitative RT-PCR was performed to
assess the mRNA levels of LIF in all conditions. All AACt values are normal-
ized relative to GAPDH expression and refer to basal expression in day
0 hMSCs; all fold-changes in transcript levels are shown in logarithmic scale
(n =3, *P<0.05, **P < 0.005). (J) VEGF secreted by hMSCs was measured by
ELISA at day 2, day 7 and day 14 of culture. Ctrl, control.

Discussion

Following the concept of developmental engineering (1), we
investigated in this study the role of BMP signaling on the dif-
ferentiation of adult mesenchymal progenitor cells, namely
hMSCs, toward articular cartilage. The combination of (i) a
microfluidic system for time- and dose-dependent screening of
soluble factors on 3D microaggregates and of (ii) synthetic
compounds selectively and specifically silencing the BMP path-
way by targeting ALK2 and ALK3 receptors allowed us to suc-
cessfully design a strategy effective in guiding hMSCs toward
stable articular-like cartilage, both in vitro and in vivo. We also
postulate the role of ALK2 and ALK3 inhibition in triggering a
protective mechanism against vascularization, eventually favor-
ing the maintenance of stable and avascular cartilage tissue.
Recently, the achievement of an organized cartilage template
based on hMSCs was reported by recreating in vitro the native ar-
ticular cartilage spatial organization. However, the only partial in-
hibition of hypertrophic markers achieved in this model suggests
that key players are still missing to drive hMSCs toward stable
cartilage (27). In this direction, few studies have recently focused on
manipulating key signaling factors involved in growth-plate devel-
opment. Exposure to Wnt3a (either alone or in combination with
FGF2) was indeed shown to enhance MSCs undifferentiated pro-
liferation, while priming cells toward a more efficient chondrogenic
differentiation (28, 29). While providing promising results in
forming stable cartilage, the expression of hypertrophic markers
could not be completely inhibited by following these approaches.
Sequential exposure to FGF-2, -9, or -18 was also reported as a
strategy to delay, but not to avoid hypertrophic differentiation of
hMSCs (30). PTHrP/Ihh regulatory loop inhibition was also pro-
posed. However, both continuous (11) and intermittent (12, 13)
supplementation of PTHrP was not sufficient to diminish exoge-
nously induced enhancement of hypertrophy in hMSC and finally
resulted in unstable in vivo cartilage formation. To overcome these
issues, instead of working on downstream signals of the hypertrophy
route, our approach focused on earlier stages considering signaling
pathways directly involved in articular cartilage fate specification
during embryonic development (14, 17). Recent evidence demon-
strated the requirement of a BMP signaling restriction during mouse
articular cartilage development, achieved through up-regulation of
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BMP inhibitors in specific spatial location (14, 15). Moreover, BMP
inhibition was exploited together with manipulation of other sig-
naling pathways to guide embryonic and induced pluripotent stem
cells differentiation through mesoderm intermediates to a final
chondrocyte population (21, 22). In this study, we translate this
concept to an adult human population of mesenchymal pro-
genitor cells, being in an advanced stage of commitment and
typically considered intrinsically programmed on a default pathway
to osteogenesis.

By using two ALK2-biased BMP type I receptor kinase inhibi-
tors, we were able to selectively silence the BMP signaling pathway
on 3D hMSC-based cultures, while minimizing unwanted off-tar-
get effects (i.e., inhibition of the TGF-p pathway). The exploita-
tion of such synthetic low molecular-weight compounds gave us a
more reproducible effect compared with the supplementation of a
native BMP antagonist (e.g., Noggin), which might trigger nega-
tive feedback loops (17, 31), in turn making the system more
complex and less predictable. Moreover, a microfluidic platform
for generating, culturing and conditioning 3D hMSC-derived
micromasses (32) allowed us to design an efficient and fine-tuned
BMP inhibition strategy. Specifically, the most efficacious doses
and timing of inhibitors were preselected based on their capacity
to down-regulate hypertrophic markers, while maintaining high
levels of cartilage-specific markers, in hMSC-derived micromass
cultures. Notably, the microscale model was highly predictive of
results subsequently obtained at the macroscale and in vivo. This
confirms the potential of such microfluidic platforms as a powerful
tool to initially set up differentiation protocols in a more efficient
and medium-throughput fashion.

The different selectivity profiles of the two tested compounds
allowed to unravel the contribution of ALK2- and ALK3-mediated
signaling toward guiding hMSC commitment. Recent findings
demonstrated how a synergistic inhibition of ALK2 and ALK3 is
essential for reducing heterotopic ossification, a progressive for-
mation of ectopic bone in soft tissue (33). In accordance, we
demonstrated that inhibition of only ALK2 by using selective doses
of compound B is not sufficient to sustainably silence the hyper-
trophic phenotype in hMSC-derived 3D constructs. Conversely,
dual inhibition of ALK2 and ALK3, achieved by either nanomolar
doses of compound A or by micromolar doses of compound B (Fig.
S8) reduced the expression of hypertrophic markers and contrib-
uted to the maintenance of an articular-like cartilage phenotype of
hMSC-derived constructs. Interestingly, a pretreatment for 14 d
in vitro was sufficient for stabilizing this antihypertrophic effect, in
accordance with previous reports (33). This suggests the possible
induction of permanent modifications triggered within hMSCs by
inhibition of ALK2 and ALK3, warranting further investigations to
elucidate the responsible mechanism.

Simultaneous inhibition of ALK2 and ALK3 by compound A
clearly resulted in a reduced expression of genes associated with
endochondral ossification. The result could lead to the in-
terpretation that such treatment induces a delay in chondro-
genesis, rather than a specific reprogramming toward stable
cartilage. However, the former possibility is not consistent with the
findings that compound A resulted in (i) significantly higher ex-
pression of genes characterizing articular cartilage (e.g., Greml,
PRG4, and FRZb) (Fig. 4), and most importantly, (if) long-term
in vivo stability of the generated cartilage matrix (Fig. 5). Thus, we
may conclude that cartilaginous-like constructs obtained through
continuous dual inhibition of ALK2 and ALK3 in vitro contained
all of the “biological instructions” necessary to prevent entering
the endochondral ossification pathway. We also considered that
the process of hypertrophic cartilage remodeling into bone in an
ectopic in vivo environment is typically associated with invasion by
new vessels. Chondromodulin is a protein expressed in the avas-
cular zone of prehypertrophic cartilage and its expression de-
creases during chondrocyte hypertrophy and vascular invasion
(24). Interestingly, in vitro hMSCs expressed Chondromodulin
only upon a dual inhibition of ALK2 and ALK3, and maintained
high-expression levels even after implantation in vivo. A previous
study demonstrated the importance of silencing vascularization for
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generating stable cartilage templates, by genetically modifying
hMSCs to continuously produce soluble VEGF receptor-2 (sFlk1)
(34). We here demonstrated that an in vitro pretreatment tar-
geting ALK2 and ALK3 is sufficient to trigger a protective
mechanism against vascularization within hMSC-derived con-
structs, which eventually concurs in stabilizing their cartilagi-
nous phenotype in vivo.

The implantation of hMSC-derived constructs primed toward
articular cartilage in an orthotopic in vivo model will demon-
strate if this system can potentially be used as a cartilage re-
generation strategy. In perspective, our study may open the
possibility to use hMSC-derived and primed tissues as grafts for
cartilage tissue engineering. Similarly, hydrogel-based strategies
could be envisaged, in which the BMP type I receptor kinase
inhibitors are delivered directly at the site of the injury, poten-
tially in combination with mobilization of progenitor cells from
subchondral bone, which typically include MSC populations.

In conclusion, we demonstrate that restriction of BMP sig-
naling can program adult hMSC to stable chondrogenesis, in-
cluding protection from vessels invasion, and thus revert the
postulated default commitment to osteogenesis. The strategy,
which is inspired by recapitulation of critical aspects of normal
articular cartilage formation during embryonic development, can
be exploited to design pharmacological cartilage regeneration
approaches, as well as to generate adult hMSC-based models of
cartilage development, physiology, and possibly pathology. As a
broader perspective, our achievements indicate that adult
hMSCs share regulatory processes of embryonic mesenchyme,
and strengthen the validity of developmental engineering as a
paradigm to control the fate of adult progenitor cell systems.
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Materials and Methods

All human samples were collected with informed consent of involved indi-
viduals, and mouse experiments were performed in accordance with Swiss
law. All studies were approved by the ethics board of the canton Basel,
Switzerland and by the Swiss Federal Veterinary Office. hMSCs were ex-
panded for two passages (average of 13-15 doubling), to minimize the loss
of chondrogenic potential according to previously described protocols (35).
BMP type | receptor kinase inhibitors with different selectivity profiles
(compounds A and B) were obtained from Novartis Pharma AG, Basel and
they may be provided upon request under a material transfer agreement
specifying nondisclosure conditions, and restrictions regarding the use of the
materials and the results obtained therewith. The dose- and timing-de-
pendent effects of inhibitors were tested by culturing hMSC-derived
micromasses for 14 d in a previously developed microfluidic platform (23).
Micromasses were analyzed by immunofluorescence directly within the
platform and RNA was extracted for quantitative RT-PCR analyses. Cells were
then either cultured in a 3D scaffold-free macroscale pellet model (0.25 x 108
cells per pellet) or seeded onto type | collagen meshes at a density of 7 x 10°
cells/cm?® and cultured for up to 4 wk in serum-free chondrogenic medium,
supplemented or not with compound A or B. After 2 wk of pretreatment
in vitro, samples were implanted in the subcutaneous pouches of nude mice
(four samples per mouse) and retrieved after 8 wk postimplantation. The
generated tissues were analyzed histologically, immunohistochemically, and
by quantitative RT-PCR; specific ELISAs were used to quantified the amounts
of secreted proteins. A more complete and detailed description of the
methods is included in S/ Materials and Methods.
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