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Embryonic development, lengthening, and repair of most bones
proceed by endochondral ossification, namely through formation of
a cartilage intermediate. It was previously demonstrated that adult
human bone marrow-derived mesenchymal stem/stromal cells
(hMSCs) can execute an endochondral program and ectopically
generate mature bone. Here we hypothesized that hMSCs pushed
through endochondral ossification can engineer a scaled-up ossicle
with features of a “bone organ,” including physiologically remod-
eled bone, mature vasculature, and a fully functional hematopoietic
compartment. Engineered hypertrophic cartilage required IL-1p to
be efficiently remodeled into bone and bone marrow upon subcu-
taneous implantation. This model allowed distinguishing, by anal-
ogy with bone development and repair, an outer, cortical-like
perichondral bone, generated mainly by host cells and laid over
a premineralized area, and an inner, trabecular-like, endochondral
bone, generated mainly by the human cells and formed over the
cartilaginous template. Hypertrophic cartilage remodeling was par-
alleled by ingrowth of blood vessels, displaying sinusoid-like struc-
tures and stabilized by pericytic cells. Marrow cavities of the ossicles
contained phenotypically defined hematopoietic stem cells and pro-
genitor cells at similar frequencies as native bones, and marrow from
ossicles reconstituted multilineage long-term hematopoiesis in le-
thally irradiated mice. This study, by invoking a “developmental en-
gineering” paradigm, reports the generation by appropriately
instructed hMSC of an ectopic “bone organ” with a size, structure,
and functionality comparable to native bones. The work thus pro-
vides a model useful for fundamental and translational studies of
bone morphogenesis and regeneration, as well as for the controlled
manipulation of hematopoietic stem cell niches in physiology
and pathology.
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he term “developmental engineering” has been proposed as an
evolution of classic tissue engineering paradigms, consisting of
designing regenerative strategies guided by the principles of de-
velopmental biology (1). The conceptual transition from the pri-
mary target of engineering tissues to that of engineering processes
recapitulating the stages of tissue development (e.g., based on self-
organization of the cells, activation of specific morphogenetic path-
ways, and typical spatial and temporal arrangement) has the
potential to instruct tissue regeneration to a higher degree of ef-
fectiveness and robustness (1). In the context of skeletal tissue bi-
ology and repair, this principle has inspired the engineering of
hypertrophic cartilage templates as bone substitute materials ca-
pable of autonomously progressing through endochondral ossifi-
cation, the embryonic developmental pathway of long bones and
of the axial skeleton (2). The concept was successfully implemented
not only using murine embryonic stem cells (ESCs) (3) but also
adult human-derived bone marrow (BM) mesenchymal stem/stro-
mal cells (MSCs) (4-6), whose molecular regulation was consistent
with the known signaling pathways of fetal bone development (4).
Beyond the potential advantages of adopting a develo-
pmental engineering strategy for bone regeneration (4), reca-
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pitulation of endochondral ossification could lead to the en-
gineering of a fully functional “bone organ,” defined as an
osseous matrix with mature vascularization and including the
pivotal component of a hematopoietic BM (7). In mouse
models it is well established that osteoblastic/osteoprogenitor
cells have a crucial role in what has been defined as the he-
matopoietic stem cell (HSC) niche (8-10). It was also dem-
onstrated, using human cells, that CD146% skeletal progenitor
cells were able to recreate a hematopoietic microenvironment
upon ectopic implantation in mice (11). Interestingly, using
mouse embryonic limb-derived MSCs it was reported that the
endochondral ossification process is required for the formation
of an adult HSC niche (12), consistent with the onset of he-
matopoiesis at the sites of hypertrophic cartilage remodeling in
long bones during skeletal growth (2). To the best of our
knowledge, despite phenotypical evidence of the presence of
putative HSCs within reconstituted ossicles (12-14), engi-
neering of a human cell-induced bone organ hosting fully func-
tional hematopoiesis has not yet been achieved.

We hypothesized that a functional bone organ can be engi-
neered following a developmental engineering approach, which
implies proceeding through a cartilage intermediate. A hypertro-
phic cartilage template would contain all necessary signals to ini-
tiate bone tissue formation, vascularization, remodeling, and
establishment of a functional BM. To test this hypothesis, we first
developed an upscaled model of endochondral ossification, nec-
essary to study spatial patterns of bone tissue formation and to
generate sufficient space for BM cells, in a quantity allowing for
further analyses. We then used inflammatory regulators to en-
hance tissue remodeling and HSC homing and demonstrated the
functionality of the cells in the ectopically engineered bone organ
by transplantation into lethally irradiated mice.

Results

Development of an Upscaled Endochondral Ossification Model. We
investigated the possibility of scaling up the size of engineered
hypertrophic cartilage tissues while maintaining the previously
reported composition and efficiency of ossification (4). Human
MSCs were thus seeded into collagen-based scaffolds (8-mm di-
ameter, 2 mm thick), as templates for tissue development. During
the last 2 wk, culture medium was further supplemented with IL-
1B (50 pg/mL) to accelerate remodeling of a large cartilage mass
(15). The resulting constructs resembled most features of the
small-scale model, namely a core cartilaginous tissue surrounded
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by a mineralized ring positive for bone sialoprotein (BSP). Fur-
thermore, the construct contained approximately 10-fold greater
amounts of DNA, calcium, and glycosaminoglycans (GAG) and
maintaining an approximately fourfold larger diameter, both in
vitro and in vivo (Fig. S1 A-C). Likely because of mass transfer
limitations in static culture conditions, the construct core in-
cluded areas devoid of cells and matrix. Successful entering of the
endochondral route was mirrored by the marked up-regulation of
several key genes compared with postexpanded MSCs, includin,
collagen type 2 (~10"-fold), type 10 (~10°-fold), and BSP (~10°-
fold) (Fig. S1D). Upon implantation in vivo for up to 12 wk,
samples underwent extensive remodeling, with hypertrophic car-
tilage areas being progressively and almost entirely replaced by
BM and bone at increasing densities of mineralization, as assessed
by histological and micro-CT analyses (Fig. 1). Additionally, the
central construct core was progressively filled with matrix and
ultimately remodeled into trabecular-like bone structures.

Contribution of Grafted Cells to the Bone Organ Formation. The bone
matrix derived by remodeling of the hypertrophic cartilage tem-
plate displayed distinct morphological features in different
regions. After 5 wk in vivo, denser extracellular matrix (ECM) was
deposited in the outer zone, starting from the external ring, and in
the central zone, starting from the inner border of hypertrophic
cartilage and progressing toward the core, as shown by Masson’s
trichrome staining (Fig. 2.4 and B). At the end of the remodeling
process, after 12 wk in vivo, the outer zone presented typical
characteristics of the compact, cortical bone (e.g., elongated os-
teocytes, flattened bone-lining cells, and lamellar-like structures),
whereas the inner zone resembled the cancellous bone (e.g., bigger
cells and trabecular structure with higher surface area) (Fig. 2 C
and D). By analogy with embryonic limb development, where
cortical bone is formed through direct, intramembranous ossifi-
cation and cancellous bone is formed through indirect, endo-
chondral ossification, we termed the outer bone “perichondral
bone” and the inner bone “endochondral bone.” After 5 wk in vivo,
human cells, detected by in situ hybridization (ISH) for human
Alu repeats, were interspersed in the cartilaginous template with
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mouse cells (Fig. 24 and B). After 12 wk in vivo, human cells were
located only in the endochondral bone (Fig. 2D) and colocalized
with Osterix-expressing cells with osteoblast and osteocytes ap-
pearance (Fig. S2 A and B), whereas the perichondral bone was
populated by only mouse cells (Fig. 2C). Consistently with the
typical fate of late hypertrophic chondrocytes during endochon-
dral ossification, after 5 wk in vitro many human BM-derived
mesenchymal stem/stromal cells (hMSCs) expressed the cleaved
form of caspase 3 (Fig. S34). However, after 5 wk in vivo most of
the cells in the cartilaginous template were caspase 3 negative (Fig.
S3B) and Osterix positive (Fig. S3C), suggesting survival and os-
teoblastic differentiation of part of the hMSC embedded in the
cartilaginous template.

Physiological Response of the Endochondral Ossification Model to IL-
1B. Inflammatory signals are known to play a critical role in bone
tissue development and repair. Considering that IL-1f and TNF-a,
the two master regulators of the inflammatory process during
fracture repair, have a common mode of action (16), we inves-
tigated in more detail the response of the system to IL-1p, a well-
characterized proinflammatory cytokine. Pretreatment of hyper-
trophic cartilage with IL-18 before implantation resulted after
5 wk in vivo in more abundant accumulation of matrix metal-
lopeptidase 13 (MMP-13) and of DIPEN (the cryptic epitope of
aggrecan, typically exposed upon its degradation) (Fig. 34). The
enhanced remodeling was paralleled by a higher extent of oste-
oclast recruitment, as assessed by tartrate-resistant acid phos-
phatase (TRAP) staining (Fig. 3B), a lower amount of Safranin-
O-positive residual cartilage, and larger areas of BM (Fig. 3 C and
D). Quantification of cytokines in the supernatants after in vitro
culture indicated a statistically significant increase (P < 0.05) of
stromal cell-derived factor-1 (SDF1), IL-8, macrophage-colony
stimulating factor (M-CSF), monocyte chemotactic protein-1
(MCP-1), and MMP-13 in response to IL-1p, substantiating the
findings observed in vivo and validating the biological function-
ality of the system (Fig. S4). Quantification of cytokines retained
in the samples after 5 wk of in vitro culture also showed an in-
crease of M-CSF (56-fold), MCP-1 (26-fold), receptor activator of
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Fig. 1. Characterization of engineered endochondral bone tissue formation. Engineered hypertrophic cartilage templates underwent extensive remodeling
in vivo into bone and BM. (A) Representative sections (Safranin O and Masson'’s trichrome) and 3D reconstructed microtomographic images of samples
cultured for 5 wk in vitro and implanted ectopically in nude mice for 5 and 12 wk. (Scale bar, 1 mm.) (B) Quantitative histomorphometric data (n = 9) of
cartilage, bone, and BM. (C) Quantitative morphometric data (n = 4) of mineral volume and density (P < 0.05).
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Fig. 2. Perichondral and endochondral bone is formed over the hypertrophic cartilage templates. (A) After 5 wk, the outer part of the construct displayed
invasion by abundant host-derived cells, deposition of dense ECM, and only few human cells left in the cartilaginous template (Left, Masson’s trichrome
staining; Right, ISH for human Alu repeats, highlighting human cells in blue and mouse cells in pink). (B) After 5 wk in vivo, in the inner part of the construct
denser ECM was deposited over the cartilaginous template where abundant human cells (blue cells) are present. (C) After 12 wk in vivo, the outer part of the
construct was completely remodeled into cortical-like bone and BM, as shown by H&E staining. Importantly, ISH demonstrates presence of only host-derived
cells (pink cells). (D) After 12 wk in vivo, trabecular-like bone was formed in the inner construct areas, and human cells could still be located within the mature

bone tissue. (Scale bars, 100 pm.)

nuclear factor kappa-B ligand (RANKL) (29-fold), MMP-13 (12-
fold), and osteoprotegerin (OPG) (sixfold) compared with un-
treated controls. In particular, the establishment of an environ-
ment prone to remodeling was confirmed by a 4.3-fold increase in
the RANKL/OPG ratio (17).

Development of Mature Vascularization. Because angiogenesis is
a process critically required in the endochondral ossification route,
we next assessed the pattern of vascularization of hypertrophic
cartilage upon implantation. After 5 wk in vivo, staining for CD31
indicated that blood vessels had penetrated only the outer part of
the constructs, corresponding to the areas positive for collagen
type 10, whereas cartilaginous regions not overtly hypertrophic
were still avascular (Fig. 44 and Fig. S54). Consistent with the
physiology of blood vessels maturation (18), mural NG2 pro-
teoglycan (NG2)* pericytes surrounded the newly formed vas-
cular structures (Fig. 4B). At 12 wk the constructs, now consisting
predominantly of BM and bone/osteoid tissues positive for col-
lagen type 1 (Fig. 4C and Fig. S5B), included vessels with a si-
nusoid-like structure, consistently stabilized by a-smooth muscle
actin (a-SMA) (Fig. 4D). Collectively, these data indicate a co-
ordinated progression of implant remodeling and vasculariza-
tion, driven by the onset of hypertrophy and thus consistent with
patterns observed in the growth plate and during bone repair
through callus formation (2, 16).

Fig.3. Effect of IL-1B on endochondral bone formation. (A) Increased MMP-
13 accumulation is evident after 5 wk in vivo in IL-1p-treated samples. (B)
This is also paralleled by an enhanced aggrecan remodeling, as demon-
strated by increased DIPEN staining. (Scale bar, 200 pm.) (C) Increased host-
derived osteoclast recruitment is shown by TRAP staining. (Scale bar, 1 mm.)
(D) Notable reduction in cartilaginous ECM and increase in BM content are
demonstrated by the Safranin O staining.
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Development of a Functional HSC Niche. We then investigated
whether generated ossicles, previously reported to include regions
with morphological features of BM foci (4), could induce homing
and maintenance of phenotypically and functionally defined HSC
(Fig. 54). In vitro-manufactured constructs were implanted into
B6.Cg-Foxnlnu/J CD45.2* mice. After 12 wk, ossicles and femurs
from transplanted and untreated mice were recovered, crushed,
and analyzed by FACS. Interestingly, frequencies of putative
HSC (LKS*CD34~CD135-CD150%), megakaryocyte-erythroid
progenitors (MEP: LKS™CD347), and common myeloid /gran-
ulocyte-macrophage progenitors (CMP/GMP: LKS"CD34%) (19)
in constructs displayed a similar distribution as found in femurs
from control mice and mice carrying engineered ossicles (Fig. 5 B
and C). The hematopoietic functionality of the recovered ossicle-
derived cells was then assessed by transplantation in C57BL/6
CD45.1%/CD45.2* lethally irradiated mice in a competitive set-
ting using CD45.1" support cells. As early as 1 mo after trans-
plantation, peripheral blood contained more than 80% ossicle-
derived cells (Fig. 5D), consisting predominantly of B cells and
myeloid-lineage cells (Fig. SE). Relative frequencies of donor and
competitor-derived blood cells displayed a dose-dependent cor-
relation, as assessed by administering different numbers of ossi-
cle-derived cells (Fig. 5F). Sequential bleeding at 1, 2, and 3.5 mo
after transplantation confirmed the long-term self-renewing ca-
pacity of the ossicle-derived HSC, with stable engraftment and
multilineage reconstitution (Fig. 5E). Relative frequencies of the
different lineages were comparable to the control, demonstrating
a similar functionality of HSC derived from the native femur or
the ectopically engineered ossicles (Fig. 5E). Femoral BM of re-
cipient mice, cytofluorimetrically analyzed 3.5 mo after trans-
plantation, demonstrated a consistent contribution of donor-
derived CD45.2* cells within the compartments of phenotypic
HSCs (LKS*CD347), multipotent progenitors (LKS*CD34%),
CMP/GMP (LKS~CD34%), and MEP (LKS™CD347) (Fig. 5F).
Moreover, the efficiency of reconstitution of these pools was
similar in the mice transplanted with femur-derived or with dif-
ferent doses of ossicle-derived cells. These data prove the capacity
of the engineered hypertrophic cartilage tissues to support and
drive the homing and maintenance of functional HSCs.

Discussion

Adherent MSCs isolated from human postnatal BM have long
been identified as having the capacity to ectopically generate
“miniature ossicles,” including bone matrix and hematopoietic
tissue architectures and reproducing physiological and patholog-
ical processes of skeletal elements (20). The present study reports
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Fig. 4. In vivo vascularization of the implanted hypertrophic cartilage templates. (4) After 5 wk only the outer region of the engineered tissue was vas-
cularized, as shown by CD31 staining. (B) Vessels were already stabilized by NG2* pericytes. (Scale bars, 100 pm.) (C) After 12 wk tissues were deeply
vascularized, and the BM displayed sinusoid-like vascular structures with a partially SMA-positive wall, indicative of mature stabilization (D). (Scale bars, 20 pm.)

that adult hMSCs can be further manipulated to ectopically en-
gineer a full-fledged “bone organ,” at a size, structure, and degree
of biological functionality comparable to that of native bones. The
claim regarding the functionality of the implant is based on (i) the
recapitulation of typical processes of bone tissue development
and remodeling, coupled with the formation of a mature vascular
network, (ii) the physiological response to inflammatory signals,
known to regulate resorption, and of the cartilage intermediate,
and (i) the establishment of large BM spaces, capable of hosting
and sustaining fully functional HSCs.

The bone organ model was engineered by activating hMSCs
toward an endochondral ossification route and thus by invoking
a “developmental engineering” paradigm. The autonomous, self-
organized progression of the processes, recapitulating bone de-
velopment (4), was critically required (i) to promote osteogenesis
in the absence of priming by a ceramic-based scaffold, and (i) to
induce efficient vascularization in the absence of cocultured en-
dothelial cells. At 12 wk after implantation, these features allowed
the formation of bone matrix by active donor cells down to the core
of the grafts, namely at approximately 4 mm from the outer edges.
The endochondral ossification route thus seems to address the
issues of vascularization of the engineered tissue and cell survival,
which are considered as key bottlenecks for a coherent clinical
exploitation of cell-based bone regeneration strategies (21).

The host origin of the perichondral bone vs. the contribution of
human cells in the central endochondral bone could be related to
the spatial patterns of composition and vascularization of the car-
tilaginous template. Formation of the endochondral bone would be
driven by the implanted cells, capable of surviving the hypoxic
condition of an avascular environment and of switching on the ex-
pression of the master osteoblastic transcription factor Osterix (22).
Because Osterix expression in the central region was associated
with hypertrophic chondrocytes, our findings would argue for the
direct contribution of terminally differentiated cartilage cells to
endochondral bone formation. Instead, formation of the peri-
chondral bone would be driven by host osteoprogenitor cells, col-
onizing the construct from the outer surface through the network of
ingrowing blood vessels, and primed to intramembranous bone
formation by the external mineralized layer, containing BSP. The
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formation of bone tissue by two distinct processes, namely endo-
chondral and intramembranous, resembles the distinct responses
taking place during fracture healing (16). This feature, recognized
thanks to the use of a model upscaled in size, suggests the possible
use of engineered hypertrophic cartilage as a surrogate of fracture
callus, in pathologies where this does not form efficiently (e.g.,
atrophic nonunions). Moreover, the recruitment of resident cells
for bone formation at the implant periphery warrants further
investigations on the nature of the delivered instructive signals,
which could develop the perspective of engineering decellularized
ECMs based on hypertrophic cartilage to induce endogenous
regeneration of bone tissue (23).

The use of IL-1p during the last phase of in vitro culture was
introduced with the double intent of demonstrating a physiological
response of the system to inflammatory signals and accelerating
resorption of the large mass of hypertrophic cartilage. In line with
the known effect on growth plate and fracture callus cartilage (16),
in our model IL-1p induced (i) enhanced MMP-13-mediated
endogenous ECM preprocessing; (i) enhanced host osteoclast-
mediated ECM remodeling by increased M-CSF levels and
RANKIL/OPG ratios; (iii ) faster vascularization, despite a minimal
reduction in VEGF content (15); and (iv) larger regions of BM,
possibly because of an increased synthesis of SDF1, IL-8, M-CSF,
and MCP-1. Instead, IL-1p did not induce a reduction of bone
mass by increased bone resorption (24), because its administration
was temporally confined to the phase preceding bone matrix de-
position. Further studies are required to validate the functionality of
the engineered bone organ in the context of an immunocompetent
model at an orthotopic site, where loading and inflammation would
further regulate bone development and homeostasis.

The marrow component of the engineered bone organ, occu-
pying the majority of its volume, was demonstrated to include
phenotypically and functionally defined HSCs at a comparable
frequency to normal bones of the same mice. These unprecedented
findings validate the physiological nature of the in vivo-established
ossicle and reinforce the evidence of self-organization ability of
hMSC-based hypertrophic cartilage templates into functional he-
matopoietic niches. Interestingly, the increased amount of host-
derived BM in response to IL-1p seemed to mirror the enhanced
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Fig. 5. Homing and maintenance of functional mouse HSCs in the implanted templates. (A) In vitro manufacturing and in vivo remodeling. Three months

after implantation, cells were harvested from untreated, treated femur, or in vivo-remodeled templates and transplanted into lethally irradiated congenic
animals. (B) Representative profile of HSCs and progenitors in treated femur or in vivo-remodeled ossicles 3 mo after in vivo implantation (C) Summary of
cytofluorimetric analysis of BM HSCs and progenitors (n = 3-4). (D) Representative profile of peripheral blood analysis. (E) Time-course analysis of donor
engraftment and lineage distribution in peripheral blood of repopulated recipients (n = 3-5). (F) Summary of cytofluorimetric analysis of BM HSCs and
progenitors in recipient mice 3.5 mo after transplantation (n = 3-5). Error bars represent SDs of n = 3-4 measurements.

osteoclast recruitment, as recently outlined in the context of HSC
niches in a murine model (25). The developed system, although
requiring further investigations to specify the mode of establish-
ment (e.g., a direct vs. indirect niche effect of the human cells in
triggering homing of the mouse HSC), offers the opportunity to
address a variety of critical questions at the interface between HSC
biology and regenerative medicine. The model can be exploited to
dissect cues that regulate HSC engraftment, by engineering
marrow environments with defined and genetically controlled
properties (e.g., by knockin/out of specific factors, possibly de-
fined by high-throughput screening systems) (13, 26). In fact, the
capacity of the ectopic marrow to attract and retain rare circu-
lating HSCs advocates its function as a “stem cell trap,” ultimately
providing a tool to investigate the physiological factors and
mechanisms underlying the still debated concept of the HSC
niche. Furthermore, on the basis of the concept of mutual influ-
ences between the BM microenvironment and leukemia cells (27,
28), the possibility of establishing a human origin BM microen-
vironment in humanized hematopoietic murine models (29-31)
has a large relevance to investigate the development and pro-
gression of blood cell malignancies. Last but not least, the gener-
ation of an extramedullary bone organ, accessible to advanced
imaging techniques (e.g., intravital confocal microscopy) (14),
opens the perspective to investigate and exploit processes underlying
the efficient expansion of HSCs for therapeutic purposes (13).
In conclusion, we have reported an upscaled model based on
adult human cells that displays morphological, phenotypic, and
functional features of a “bone organ.” The system can be used in
fundamental investigations of the biology of bone development
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and of HSC niches, as well as in translational studies related to
restoration of bone tissue and of normal hematopoiesis.

Materials and Methods

All human samples were collected with informed consent of the involved
individuals, and all mouse experiments were performed in accordance with
Swiss law. All studies were approved by the responsible ethics authorities
and by the Swiss Federal Veterinary Office. MSCs were expanded for two
passages (accounting for an average of 13-15 doubling), to minimize the
loss of chondrogenic potential, and characterized by flow cytometry for
putative MSC markers, with results consistent with our previous report (4).
Cells were then seeded onto type | collagen meshes at a density of 70 x 10°
cells’‘em® and cultured in chondrogenic conditions for 3 wk in a serum-free
chondrogenic medium, followed by 2 wk in a serum-free hypertrophic me-
dium (4). Samples were implanted in s.c. pouches of nude mice (four samples
per mouse) and retrieved after 5 or 12 wk. The resulting in vitro and in vivo
tissues were analyzed histologically, immunohistochemically, biochemically
(glycosaminoglycans, DNA, protein content), by real-time RT-PCR, and by
microtomography. Tissue development in vivo was evaluated histologically,
immunohistochemically, and by microtomography. Total BM cells, obtained
from long bones of control or treated mice (CD45.2%) or from the engi-
neered ossicles by crashing/collagenase digestion, were treated with red
blood cell lysis buffer and transplanted into lethally (9.5 cGy)-irradiated
congenic animals (CD45.1/2%). Blood samples were collected from the
transplants and analyzed by flow cytometer after staining with antibodies
against CD45.1/2 allotype, B (CD19), T (CD3¢), and myeloid lineage markers
(CD11b/Gr-1). The survival and contribution to bone formation by MSC was
evaluated with ISH for human Alu sequences. A more complete and detailed
description of the methods is included in S/ Materials and Methods.
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