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ABSTRACT

Engineered and devitalized hypertrophic cartilage (HC) has been proposed as bone substitute mate-
rial, potentially combining the features of osteoinductivity, resistance to hypoxia, capacity to attract
blood vessels, and customization potential for specific indications. However, in comparisonwith vital
tissues, devitalizedHC grafts have reduced efficiency of bone formation and longer remodeling times.
We tested the hypothesis that freshly harvested stromal vascular fraction (SVF) cells from human ad-
ipose tissue—which includemesenchymal, endothelial, and osteoclastic progenitors—enhance devi-
talized HC remodeling into bone tissue. Human SVF cells isolated from abdominal lipoaspirates were
characterized cytofluorimetrically. HC pellets, previously generated by human bonemarrow-derived
stromal cells and devitalized by freeze/thaw, were embedded in fibrin gel with or without different
amounts of SVF cells and implanted either ectopically in nude mice or in 4-mm- diameter calvarial
defects in nude rats. In the ectopic model, SVF cells added to devitalized HC directly contributed
to endothelial, osteoblastic, and osteoclastic populations. After 12 weeks, the extent of graft vascu-
larization and amount of bone formation increased in a cell-number-dependent fashion (up to, re-
spectively, 2.0-fold and 2.9-fold using 12 million cells per milliliter of gel). Mineralized tissue
volume correlated with the number of implanted, SVF-derived endothelial cells (CD31+ CD34+
CD146+). In the calvarial model, SVF activation of HC using 12million cells per milliliter of gel induced
efficient merging among implanted pellets and strongly enhanced (7.3-fold) de novo bone tissue for-
mation within the defects. Our findings outline a bone augmentation strategy based on off-the-shelf
devitalized allogeneic HC, intraoperatively activated with autologous SVF cells. STEM CELLS

TRANSLATIONAL MEDICINE 2016;5:1–11

SIGNIFICANCE

This study validates an innovative bone substitute material based on allogeneic hypertrophic carti-
lage that is engineered, devitalized, stored, and clinically used, together with autologous cells, intra-
operatively derived froma lipoaspirate. The strategywas testedusinghumancells inanectopicmodel
and an orthotopic implantation model, in immunocompromised animals.

INTRODUCTION

Clinical treatment of challenging bone defects
often requires a suitable bone graft, yet exten-
sive donor site morbidity and complication rates
around 60% [1] pose significant problems for
the use of autologous bone. Commercially avail-
able bone substitute materials typically lack
intrinsic osteoinductive potential, and the long-
term integration into bone defects is not always
achieved [2].

Theuseof engineeredhypertrophic cartilage is
receiving increasing consideration as a possible
bone substitute, because ofmany inherent advan-
tages.Asabradytrophandhypoxia-resistant tissue

[3], it does not require immediate vasculariza-

tion. Moreover, it has some initial mechanical

stability, and it embeds the biological signals

for remodeling into a complete bone organ,

resembling the processes of embryonic bone

development [4]. Although the bone-forming

capacity of engineered hypertrophic cartilage

has been demonstrated in stringent ectopic

implantationmodels as well as in an orthotopic

nonunion model [5–9], clinical translation can

be hampered by the required use of autologous

cells, their known and unpredictable variability

across different donors, and the long times for

in vitro construct generation.
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Devitalization andoff-the-shelf storage of engineered, alloge-
neic hypertrophic cartilage could offer an attractive bone substi-
tute material, on the basis of the assumption that the deposited
extracellularmatrix (ECM)wouldphysiologically deliver a suitable
combination of cytokines andmorphogens to recruit and instruct
endogenous osteoprogenitors at the repair site [10]. Previous
work has shown that the signals necessary for osteoinduction
can be preserved in the ECM, provided a mild but effective devi-
talizationstrategy isused [11]. Yet theefficiencyofbone formation
remains reduced in comparison with the vital tissue. Moreover,
this difference is expected to become increasingly relevant along
with the graft size, because of the time required by host cells to
penetrate and reactivate the matrix, a prerequisite for tissue
remodeling into bone [12].

Inspired by the “developmental engineering” concept of
modularity, whereby “the interfaces betweendeveloping entities
are initially uncoupled” [13], here we investigated the possibility
of using multiple small organoids of engineered and devitalized
hypertrophic cartilage to generate a larger bone volume. The
strategy is based on the rationale that each construct would effi-
ciently develop into bone tissue as an independent module, be-
cause of the large surface-area-to-volume ratio, and the tissues
would then fuse into a monolithic trabecular structure.

To enhance the reactivation and remodeling of the devital-
ized ECM, we further introduced the use of stromal vascular frac-
tion (SVF) cells, freshly harvested from human adipose tissue and
embeddedwithin a gel alongwith thedevitalized cartilagematrix.
The rationale was based on the fact that SVF cells contain endo-
thelial cells,monocytes, andmesenchymal stromal cells [14],with
the respective capacity to potentially enhance tissue vasculariza-
tion, osteoclast-mediated remodeling, and bone formation. Pre-
vious experiments have demonstrated that SVF cells implanted
subcutaneously in a fibrin gel with hydroxyapatite granules do
not form bone unless they are primed with bone morphogenetic
protein (BMP)-2 [15].

The goal of the present study was thus to test the hypothesis
that the supplementationofhumanSVFcellswithmultiple pellets
of engineered and devitalized hypertrophic cartilage leads to a
composite construct with enhanced capacity to form de novo
bone tissue, both ectopically (i.e., subcutaneously in nude mice)
and orthotopically (i.e., in a calvarial defect model in nude rats).

MATERIALS AND METHODS

All human samples were collected with informed patient consent
and after approval by the local ethical committee, in accordance
with Swiss law. Animal procedures were approved by the Swiss
Federal Veterinary Office (Kantonal permit BS-2590).

Preparation of Devitalized Hypertrophic Constructs

Human bone marrow stromal cells from five donors (35.46 11.3
years, all male) were expanded for two passages in completeme-
dium (a-minimum essential medium, 10% fetal bovine serum,
10 mM HEPES, 1 mM sodium pyruvate, 100 U/ml penicillin, 100
mg/ml streptomycin, 0.29 mg/ml glutamate; all from Invitrogen,
Carlsbad, CA,USA, https://www.thermofisher.com) containing fi-
broblast growth factor-2 (5 ng/mL; R&D Systems, Minneapolis,
MN, USA, https://www.rndsystems.com), as previously described
[16]. Cells from different donors were used in independent exper-
iments. Pellets were prepared by centrifuging 0.53 106 cells in

1.5-ml screw cap Eppendorf tubes at 300g for 5minutes and cul-
tured in serum-free medium (Dulbecco’s modified Eagle’s me-
dium, 1.25 mg/ml human serum albumin, 10 mM HEPES,
1 mM sodium pyruvate, 100 U/ml penicillin, 100mg/ml strepto-
mycin, 0.29 mg/ml glutamate, and ITS-A [10 mg/ml insulin,
5.5 mg/ml transferrin, 5 ng/ml selenium, 0.5 mg/ml bovine se-
rum albumin]; from Invitrogen), supplemented with 10 ng/ml
transforming growth factor-b1 (R&D Systems), 1027 M dexa-
methasone, and 0.1 mM ascorbic acid 2-phosphate (Sigma-
Aldrich, St. Louis, MO, USA, https://www.sigmaaldrich.com)
(chondrogenic medium). After 3 weeks, resulting cartilaginous
pellets were further cultured in hypertrophic medium (serum-
free medium with 50 nM thyroxine, 10 mM b-glycerophosphate,
1028 M dexamethasone, 0.1 mM ascorbic acid 2-phosphate, and
50 pg/ml interleukin-1b; Sigma-Aldrich) for 2 weeks, as has been
previously described [16, 17]. The generated hypertrophic pellets
were devitalized by using three cycles of freezing (2196°C for
10 minutes) and thawing (37°C for 10 minutes) and a final wash
with deionizedwater. All fluidswere removed andpellets stored
at 280°C until further use. To determine variability of pellets
among different batches of preparation, we assessed two pel-
lets of each donor for glycosaminoglycan (GAG) content, as
has beenpreviously described [16], andonepellet of each donor
was processed histologically, as is detailed below.

Isolation of SVF Cells

SVF cells from liposuctions or excision fat were isolated from 12
donors (33.7 6 7.7 years, 2 males and 10 females) as described
previously [18, 19]. Briefly, minced fat tissue was incubated
for 60 minutes in 0.15% collagenase type 2 solution, centri-
fuged and supernatants discarded. Cells were resuspended, fil-
tered through 100 mmmesh filters and counted in a Neubauer
counting chamber using crystal violet. Fluorescence-activated
cell sorting analysis for CD31, CD34, CD146, CD90, CD105 and
CD15 (AbD Serotec, Bio-Rad, Raleigh, NC, USA, https://www.
bio-rad-antibodies.com) was performed, as previously described
[18]. Cells were frozen in fetal bovine serum and 10% dimethyl
sulfoxide and kept in the gaseous phase of liquid nitrogen until
further use. Cells from different donors were used in indepen-
dent experiments.

Preparation of Grafts

SVF cells were thawed and counted, and the appropriate amount
was resuspended in 40ml fibrinogen (100mg/ml; Tisseel, Baxter,
Deerfield, IL, USA, http://www.tisseel.com/). Control samples
contained no SVF cells. Multiple devitalized hypertrophic pellets
(12 to 24, depending on the experiment, but constant for all
groups in one experiment) were mixed with this solution, and
40 ml of thrombin (400 units per milliliter with 40 mM CaCl2;
Baxter) were added. Polymerization was allowed to occur for
30 minutes at 37°C, followed by immediate implantation.

Ectopic and Orthotopic Implantation

For ectopic implantations, grafts were inserted into subcutaneous
pouches of nude mice (CD-1 nude/nude; Charles River Laborato-
ries, Ashland, OH, USA, http://www.criver.com/) at four pouches
per mouse, with duplicate grafts per donor and experimental
group. The operation was performed with isoflurane (Attane Iso-
flurane; Provet AG, Lyssach, Switzerland, http://www.provet.ch/)
anesthesia and buprenorphine (Temgesic; Reckitt Benckiser AG,
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Wallisellen, Switzerland, http://www.rb.com/) analgesia, and ani-
mals were checked periodically. After 12 weeks, mice were eutha-
nizedwith CO2, and explants were assessed, as is described below.
Ourpreviousexperiencewith similar-sizedgrafts [4] suggested that
12 weeks would be sufficient for the remodeling of the cartilage
pellets into bone.

For orthotopic implantations, nude rats (Rowett nude;
Charles River Laboratories) were anesthetized using isoflurane,
and the calvaria were exposed by dissection of the subcutane-
ous tissue and periosteum. Bilateral 4-mmdefects were created
in the central area of each parietal bone by using a saline-cooled
trephine bur. The defect was refined using a piezoelectric knife
in order not to injure the dura mater. The sites were constantly
irrigated with sterile NaCl 0.9% to prevent overheating of the
bone margins and to remove the bone debris. Grafts were
molded into the defect by using a small spoon and spatula. In-
cisions were closed in a double layer by sutures and clamps,
whichwere removed after 10 days. Animals were carefullymon-
itored for behavioral abnormalities after the operation. After
4 weeks, the rats were euthanized with CO2, followed by decap-
itation, and the calvaria were stored and assessed as described
below.

Microtomography

After explantation, samples were fixed in 4% paraformaldehyde
overnight and then transferred to phosphate-buffered saline.
Microtomography was performed by using a tungsten x-ray
source at 70 kV and 260 mA with an aluminum filter of 0.5 mm
(Nanotome; GE, Fairfield, CT, USA, http://www.ge.com/). Trans-
mission images were acquired for 360° with an incremental step
size of 0.25°. Volumes were reconstructed using a modified Feld-
kamp algorithm at a voxel size of 2.5–15 mm. Manual threshold-
ing, segmentation, and three-dimensional (3D) measurements
were made with the ImageJ [20] software with the BoneJ [21]
and 3DShape [22] additions.

Histology

Samples were decalcified using a 7% EDTA 30% sucrose solution
(Sigma-Aldrich) and either embedded in paraffin for histological
staining or frozen in optimal cutting temperaturemedium for im-
munofluorescence. Sections (5- to 10-mm thick) were stained
with hematoxylin and eosin (H&E), Masson trichrome, or
Safranin-O. In situ hybridization for human Arthrobacter luteus
(ALU) sequences was performed, as has been described previ-
ously [11], to detect the presence of human cells. Tartrate resis-
tant acid phosphatase (TRAP) staining was performed, as has
been described previously [23], to identify osteoclasts. Immuno-
histochemistry and immunofluorescence were performed by us-
ing primary antibodies for DIPEN (1042002, MDBiosciences, St.
Paul, MN, USA, http://www.mdbiosciences.com/), type X colla-
gen (ab49945), type II collagen (ab34712), MMP13 (ab39012),
MMP9 (ab38898), CD31 (ab28364), human calcitonin receptor
(ab175297; all from Abcam, Cambridge, UK, http://www.abcam.
com/), and human CD34 (CBL496; Dako, Glostrup, Denmark,
http://www.dako.com). Secondary antibodies labeled with Alexa
Fluor 488, Alexa Fluor 546, or Alexa Fluor 647 (Invitrogen) were
used, and 49,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich)
was used to stain nuclei in fluorescence images. Immunohisto-
chemistry was done with biotinylated secondary antibodies
(Dako) and the Vectastain ABC kit (Vector Laboratories,

Burlingame, CA, USA, https://vectorlabs.com/). The Olympus
BX61, BX63, Zeiss LSM 710, and Nikon A1R microscopes were
used to acquire images.

Quantification of Histological Features

H&E-stained sections were used for the histological quantifica-
tion of bone, as has been described previously [24]. Briefly, six
central sections per graft, covering a total depth of 750mm, were
analyzed. The total area of the graft and the area of each pellet
weremanually selected, and a thresholdwas set to segment bone
from other tissues. The bone area was then quantified as a per-
centage of the selected area. Osteoclasts weremanually counted
under high magnification on total areas of sections stained for
TRAP and human calcitonin receptor, using four central sections
per graft to cover adepthof 450mm.For vessel quantification, the
vessels in two representative photographs of four sections per
graft, covering a total depth of 450mm,were identified by immu-
nofluorescence for CD31 and human CD34 and manually traced.
At least four grafts per group were analyzed.

Statistical Analysis

The data were visualized and analyzed with GraphPad Prism
version 6 software. Parametric analysis of variance with the
appropriate post hoc tests as well as linear regressions were
performed. We considered p values below .05 to indicate sta-
tistically significant differences.

RESULTS

DevitalizedHypertrophic Constructs ActivatedWith SVF
Cells Form Ectopic Bone

Hypertrophic cartilage pellets engineered from human bone
marrow-derived mesenchymal stromal cells (between 300 and
800 pellets for each of the five donors used) were rather uniform
in size (average pellet diameter: 1.060.2mm),with variableGAG
content (GAG/pellet: 15.8 6 9.5 mg). Positive staining for GAG,
type II, and type X collagen (Fig. 1A) were consistent with previ-
ously reported morphological and molecular features [16]. SVF
cells from thedifferent donors displayed a typical phenotypic het-
erogeneity (Fig. 1B), with the largest variability observed for the
percentage of CD90 expressing cells (39.6%–86.2%of the isolated
cells). After freeze/thaw devitalization, 12 pellets were sus-
pended in a fibrin gel with or without the addition of human
SVF cells (6 million cells per milliliter of gel) and implanted into
nude mice (Fig. 1C).

After 12 weeks, control grafts in cell-free fibrin gel displayed
depletionof glycosaminoglycans andonly limited, scatteredareas
of remodeling into bone tissue (Fig. 2A). Instead, SVF-activated
grafts contained abundant osteoidmatrix, embedding large areas
occupied by bone marrow. In situ hybridization for human ALU
sequences indicated that the SVF-activated grafts still contained
human cells surrounding the pellets after 12weeks in vivo, in con-
trast to the nonactivated, devitalized grafts (Fig. 2A). However,
instances of human cells surrounded by osteoidmatrix were rare.
A closer immunohistochemical analysis showed that both the ac-
tivated and nonactivated grafts were undergoing matrix metallo-
proteinase (MMP)-driven degradation of cartilagematrix, leading
to aggrecan cleavage, as signaled by detection of themajorMMP
cleavage siteDIPEN (Fig. 2B). Thus, aggrecan depletion did not ap-
pear to be directly related to the efficiency of bone and bone

Todorov, Kreutz, Haumer et al. 3

www.StemCellsTM.com ©AlphaMed Press 2016

 by Janko M
rkovacki on A

ugust 26, 2016
http://stem

cellstm
.alpham

edpress.org/
D

ow
nloaded from

 
Published Ahead of Print on July 26, 2016 as 10.5966/sctm.2016-0006. 

http://www.rb.com/
http://www.ge.com/
http://www.mdbiosciences.com/
http://www.abcam.com/
http://www.abcam.com/
http://www.dako.com
https://vectorlabs.com/
http://stemcellstm.alphamedpress.org/


marrow development, which occurred to a markedly higher ex-
tent following SVF cell-based activation.

The Number of SVF Cells Correlates With Ectopic
Bone Quantity

We then assessed a possible dose response in the effect of SVF
cells. In up to 12 million cells per milliliter of gel, we identified
a clear correlation between the number of SVF cells at implanta-
tion, and the resulting total amount of mineralized tissue, mea-
sured by microtomography (R2 = 0.347, p = .01; Fig. 3A), or of
bone matrix, quantified in histological sections (R2 = 0.546, p =
.0025; Fig. 3B). With 12million SVF cells, the amount of bone for-
mation was 2.9-fold higher (by histological measurements) than
was theoneobtained in thenonactivated grafts. It shouldbehigh-
lighted that quantification of the total space covered by bone
structures, including bone marrow cavities embedded within
the osteoid trabeculae (Fig. 3C), would lead to evenmoremarked
differences in the effect of SVF cells. The amount of bone forma-
tion was similar or even reduced by graft activation with more
than 12 million SVF cells per milliliter of gel. Changes in the total
amount of bone formation with the number of SVF cells were not
associated with an increase in the amount of bone per pellet (Fig.
3D), but with an increase in the percentage of pellets including
bone tissue (Fig. 3E). This result suggests a role of SVF cells in in-
creasing the reproducibility of pellet remodeling.

SVF Cells Contribute to Osteoclast-Mediated
Matrix Resorption

The number of implanted SVF cells correlated significantly with
the density of TRAP-positive osteoclasts, histologically quantified
after 12 weeks in vivo (R2 = 0.31, p = .03; Fig. 4A, 4B). Immunoflu-
orescence staining for the human isoform of calcitonin receptor
identified somemultinucleated positive cells in the vicinity of the
osteoidmatrix evenafter12weeks invivo (Fig. 4C). Thenumberof
human origin osteoclasts correlated with the amount of SVF cells
(R2 = 0.32, p = .02) and represented an average of 18% of total
osteoclasts when using the highest number of SVF cells (Fig.
4D). These data suggest that activation of devitalized hypertro-
phic cartilage by SVF cells may enhance its resorption and that
SVF cells could not only attract resident osteoclasts but also offer
a source for them.

Specific SVF Subpopulations of Endothelial Lineage
Correlate With Total Bone Quantity

Considering the phenotypic heterogeneity of freshly isolated SVF
cells, we addressed whether the amount of mineralized tissue
could be correlated with the delivered dose of specific SVF sub-
populations. Therefore, we analyzed data generated from graft
activation by different SVF preparations (n = 9 donors) against
cytofluorimetric analysis of their phenotype, performed in paral-
lel using the markers CD31, CD34, CD146, CD90, CD105, and

Figure 1. Startingmaterial andexperimental setup. (A):Representative stainingof devitalized hypertrophic cartilage pellets. Scale bars = 200mm.
(B): Marker expression across stromal vascular fraction donors; boxes represent median with interquartile range; whiskers represent 97.5th
and 2.5th percentiles. (C): Experimental setup for the generation of grafts, ultimately tested by implantation subcutaneously (nude mouse,
ectopic model) or in calvarial defects (nude rat, orthotopic model). Abbreviations: CII, type II collagen (red/pink = positive); CX, type X collagen
(red/pink = positive); MSC, mesenchymal stem cells; Saf-O, Safranin-O; SVF, stromal vascular fraction.
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CD15. The ratio of mineralized volume to total volume correlated
most strongly with the number of implanted CD31, CD34, CD146
triple-positive cells (R2 = 0.4756, p = .013; Fig. 5A), which identify
endothelial cells. No correlation was found with CD90 (R2=
0.0226, p = .608; Fig. 5B), CD105 (R2 = 0.0450, p = .467), or
CD15 (R2 = 0.0616, p = .392) positive cells. Staining for DAPI, type
X collagen, and CD31 indicated that the activated grafts displayed
a more advanced colonization of the hypertrophic matrix with
uniformly organized vascular network than did the nonactivated
grafts after 12 weeks in vivo (Fig. 5C, 5D). Quantification of the
total length of vessels per square millimeter of section showed
that grafts activated with 6 or 12 million cells per milliliter of
gelwere significantlymore vascularized (up to1.9-fold) thanwere
nonactivated grafts (Fig. 5E). Immunohistochemistry for the hu-
man isoform of CD34 allowed us to identify that some of the en-
dothelial cells lining thevesselswereofhumanorigin (Fig. 5F). The
percentage of vessels including human CD34+ cells (average of
52%) and the percentage of vessel lengths formed by them (aver-
age of 29%) did not vary with the number of SVF cells seeded (Fig.
5G, 5H).

SVF-Activated Constructs Enhance Early Orthotopic
Bone Formation and Bridging to Host Bone

To evaluate the orthotopic bone-regenerative capacity of SVF-
activated grafts, we implanted devitalized hypertrophic cartilage

pellets with or without (control) additional SVF cells (12 million
per milliliter of gel) into 4 mm of rat calvarial defects (Fig. 1C).
At the time of implantation the pellets were in contact with each
other and with the rat calvarium. After 4 weeks, calcified volume
inside the defects was nearly identical (Fig. 6A). However, more
rigorous histological analysis revealed that the percentage
of defect area filled by bone matrix was up to 7.3-fold larger
in the SVF-activated graft than in the nonactivated grafts
(p , .0001; Fig. 6B), with osteoid formation also reaching
the center of the defect (Fig. 6C, 6D). Higher-magnification as-
sessments indicated that bone formation in the SVF-activated
group was developing by (a) remodeling of the pellets into tra-
becular bone organoids and (b) merging of those modular
structures with each other and with the rat calvarium sur-
rounding the defect (Fig. 6E). Both processes could not be rec-
ognized in the nonactivated grafts, also because of theminimal
amounts of bone formed at the time point of observation. Pel-
let merging was observed in all orthotopic activated grafts, in
31% of ectopic activated grafts, and in none of the orthotopic
or ectopic nonactivated grafts. In general, the size and shape of
the pellets in both groups were almost identical to those of the
grafts at implantation. In some areas of implants activated by
SVF cells, human origin cells could be observed inside the os-
teoid matrix, including the areas corresponding to newly
formed bone marrow sinusoids (Fig. 6F).

Figure 2. Ectopic bone formation. Grafts based on devitalized hypertrophic cartilage pellets were embedded in fibrin gel without or with stro-
mal vascular fraction cells fromadipose tissue and implanted subcutaneously in nudemice. (A):Representative hematoxylin andeosin,Masson-
Tri-Chrome, andSafranin-O (Saf-O) staining and in situhybridization for humanALU sequences (darkblue =positive) after 12weeks in vivo. Saf-O
stainings areblue-greenbecauseof lackof glycosaminoglycans and counterstainingwith fast green.Osteoidmatrix andbonemarrowarevisible.
Scale bars = 200 mm. (B): Stainings for metalloproteinase (MMP)13 and MMP9, as well as for the N-terminal neoepitope at the major MMP
cleavage site (DIPEN) after 12 weeks in vivo (red/pink = positive). Scale bars = 50 mm. +, osteoid matrix; ⋆, bone marrow. Abbreviations:
ALU, Arthrobacter luteus; H&E, hematoxylin and eosin; Masson,Masson’s trichrome;MMP,metalloproteinase; Saf-O, Safranin-O; SVF, stromal
vascular fraction.
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DISCUSSION

In this study we investigated the bone-forming capacity of con-
structs generated by the combination of devitalized engineered
hypertrophic cartilage pellets with freshly isolated SVF cells from
human adipose tissue. SVF activation of the hypertrophic

cartilage strongly enhanced its bone-formation efficiency, tested
in subcutaneous ectopic implantation and calvarial defect mod-
els. Thedensity of SVF cellswas correlatedwith that ofosteoclasts
in the grafts, and the percentage of SVF-derived endothelial line-
age cells was correlated with the amount of deposited mineral-
ized matrix.

Figure 3. Effect of stromal vascular fraction (SVF) cell number. Following ectopic implantation, the amount ofmineralized bone volume, quan-
tified bymicrotomography (A)or the area coveredby bone tissue, assessed inhistological slides stainedby hematoxylin and eosin (H&E) (B), was
expressed as fold difference of thenonactivated grafts andplotted versus thenumber of embedded SVF cells (n=5–6grafts assessedper group).
p,p, .05,mean and standard error of themean. (C):Representativemicrotomography sections, with pixelsmarked in red corresponding to the
selected density threshold (top panels) and H&E-stained sections (bottom panels) used to generate the data displayed in panels A and B. Scale
bars = 500mm. Percentage of osteoidmatrix area per total pellet area (D) and percentage of implanted pellets with osteoidmatrix formation (E)
(n = 5–6 grafts assessed per group). pp, p, .01, mean and standard error of the mean. +, osteoid matrix; ⋆, bone marrow. Abbreviation: SVF,
stromal vascular fraction.
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The concept of usingmultiple pellets formedby chondrogenic
differentiation of human mesenchymal stem cells (MSCs) for the
engineering of bone substitutematerials has beenpreviously pro-
posed for the treatment of segmental bone defects in immuno-
deficient mice [7] or rats [5]. In both studies, the cartilage
grafts resulted in the generation of vascularized bone tissue,
thereby supporting the idea that recapitulation of endochondral
ossification is a valid strategy for bone repair at orthotopic sites.
However, despite the overall good performance, limited integra-
tion across the implantedpelletswas observed [7], indicating that
scaling up bone graft materials by the principle of bringing to-
gether smallermodulesmay require further improvement.More-
over, the implantation of living tissues required the use of
autologous cells, with associated cost and logistics issues.

In this context, the possibility of using engineered and then
devitalized hypertrophic cartilage pellets described here would
offer the distinct advantage of having “off-the-shelf” units, possi-
bly engineered by allogeneic cells. Our results indicate that the
MSC-deposited, cell-free extracellular matrix does contain the
cues to trigger bone and bone marrow formation and that its ef-
fect is strongly potentiated by the activation through living pro-
genitors derived from fat tissue. Interestingly, we observed
highly efficient integration among the different pellets and with
the surroundingboneareas in anorthotopic environment. Thegel
embedding the pellets could facilitate the ingrowing cells and the
seeded SVF cells to interconnect the structures during the

remodeling process. The fact that merging was more limited
in an ectopic environment and absent if no SVF cells were
seeded indicates that SVF cells had an effect on graft remodel-
ing, which was enhanced by factors or cells present at a site of
bone injury.

One relevant contribution of SVF cells was demonstrated to
be related to the endothelial subpopulation that they include.
In fact, SVF-activated grafts displayed a qualitatively more uni-
formly organized and quantitatively larger vascular network.
Moreover, a quantitative correlation could be established be-
tween the amount of mineralized matrix formed and the den-
sity of delivered endothelial cells, phenotypically identified as
expressing CD31, CD34, and CD146 [25–27]. Surprisingly, the
amount of SVF cells did not correlate with the amount of human
cells contributing to the vasculature after 12 weeks, despite the
previously recognized role of SVF cells in establishing functional
endothelial structures within engineered tissues [19, 28]. Our
findings thus suggest the formation of a transitory human vascu-
lature, followed by pruning and replacementwith host vessels, or
a paracrine role of the SVF-derived endothelial cells, leading to
more efficient activation of resident endothelial/osteoblast line-
age cell populations. Regardless of the effective mechanism,
which should be addressed by analyzing early time points, our
findings suggest that the number of endothelial cells in SVF prep-
arations could be used as a quality control parameter, to ensure
efficient graft activation.

Figure 4. Osteoclast characterization. (A): The density of osteoclasts, assessed by tartrate resistant acid phosphatase staining (TRAP), was
plotted versus the number of embedded stromal vascular fraction (SVF) cells (n = 3 grafts assessed per group). (B):Representative TRAP staining
(arrow = multinucleated osteoclast). Scale bars = 50 mm or 500 mm (inset). (C): Staining for human calcitonin receptor (green fluorescence)
indicates the direct contribution of SVF cells to osteoclast formation. Scale bar = 50 mm. (D): Human osteoclasts as percentage of the total
number of identified osteoclasts (n = 4–6 grafts per group). Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; hCTR, green fluorescence;
SVF, stromal vascular fraction.
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Figure 5. Contribution of stromal vascular fraction (SVF) cell lineages. Plots of mineralized tissue volume per total tissue volume versus the
percentage of embedded CD31+ CD34+ CD146+ (R2= 0.4756, p = .013) (A) or CD90+ SVF cells (R2 = 0.0226, p = .608) (B). Dots represent single
grafts. (C, D):Representative immunofluorescence staining for type X collagen, CD31, and 49,6-diamidino-2-phenylindole of devitalized samples
without (C) or with (D) SVF activation after 12 weeks in vivo. Scale bars = 200 mm. (E): Vessel length density calculated as total length of visible
vessels per square millimeter of section (n = 5–6 grafts per group). p, p, .05, mean and standard error. (F): Immunohistochemistry and im-
munofluorescence staining for human CD34, identifying positive cells (arrows) between remnants of hypertrophic matrix. Scale bars = 50 mm.
Percentage of vessels with human cells (G) and percentage of vessel length covered by human cells (H) (n = 5–6 grafts per group, mean and
standard error). Abbreviations: CX, type X collagen; DAPI, 49,6-diamidino-2-phenylindole; HM, hypertrophic matrix;MV,mineralized tissue vol-
ume; SVF, stromal vascular fraction; TV, total tissue volume.
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An increasing number of delivered SVF cells was associated
with a higher density of chondroclasts/osteoclasts in the grafts.
These cells were in part (5%–18% of the total) of human origin,
thusderived from themonocytic populationof theSVFand inpart
from the host, likely recruited thanks to the enhanced blood ves-
sel invasion. A moderate increase in the density of osteoclasts
from baseline values, achieved by the delivery of 12 million SVF

cells per milliliter of gel, could have been pivotal at early stages
in enhancing the efficiency of hypertrophic cartilage remodeling,
leading to bone formation. In fact, osteoclasts would mediate re-
lease of cytokines and morphogens contained in the devitalized
hypertrophic cartilage [11], in turn activating resident osteopro-
genitor cells. On the other hand, a larger increase in the density of
osteoclasts, corresponding to the delivery of 24 million SVF cells

Figure 6. Bone repair capacity. Devitalized hypertrophic cartilage pelletswere embedded in fibrin gel without orwith stromal vascular fraction
(SVF) cells from adipose tissue and implanted in rat calvarial defects. (A): Mineralized volume quantified by microtomography (n = 9 grafts
assessed per group). (B): Bone area assessed in histological sections, expressed as percentage of total defect area (n = at least 24 sections
assessed per group). pppp, p, .0001. (C, D):Representative three-dimensionalmicrotomography reconstructions (left) and hematoxylin/eosin
(H&E) staining (right) of the calvarial defects filledwith devitalized grafts, implantedwithout (C) orwith (D) activation by SVF cells after 4weeks.
Dotted circles indicate thedefect borders (4mmdiameter). Scale bars =500mm. (E):Microtomography (left) andH&Estaining (middle and right)
displaying the bridging between hypertrophic matrix and bone of the calvarium, or the fusion of single pellets (right) in activated grafts. White
bar = 850mm; black bars = 500mm. Dotted lines indicate the edge of the calvarium. (F): In situ hybridization for Arthrobacter luteus sequences
showing thepresence of human cells (dark blue, positive) in the explants. Scale bar = 200mm.Abbreviations: C, calvarium; dev, fibrin gelwithout
stromal vascular fraction; dev + SVF, fibrin gel with stromal vascular fraction; P, hypertrophic matrix; SVF, stromal vascular fraction.
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per milliliter of gel, was associated with reduced bone formation.
It is possible that excessive graft colonization by osteoclasts at
early time points, as previously observed upon delivery of vascu-
lar endothelial growth factor [29], would disrupt bone homeosta-
sis toward excessive degradation, ultimately resulting in more
limited net amounts of bone matrix. In future studies, the timing
and extent of osteoclast activity, both from the SVF donor and
host, will need to be more thoroughly investigated.

Although SVF cells contain progenitors for osteoblasts, their
direct contribution to the osteoid formation appeared marginal.
The fact that SVF cell delivery strongly enhanced the total density
of osteoblastic cells ultimately forming abundant bone matrix
suggests their role in recruiting local osteoprogenitors from
the host through the paracrine effect of trophic factors. An
analog mode of action was recently proposed for Wharton jelly-
derivedmesenchymal progenitors, upon implantation in a calva-
rial defect [30]. Importantly, ectopic implantation of freshly
harvested SVF cells in combination with calcium phosphate-
based materials was previously reported to yield dense con-
nective tissue but no bone formation [31], unless BMP-2 was
additionally delivered [15]. These findings underline the strong
regulatory/inductive role of the devitalized hypertrophic extra-
cellular matrix in comparison with ceramic materials in the pro-
cess of ossification. Cell populations derived from SVF culture,
commonly referred to as adipose stromal cells (ASC), typically
lose both endothelial and monocytic lineages and retain pre-
dominantly mesenchymal/osteoblast progenitors [19]. In light
of the observed role of endothelial cells in our grafts and the al-
most complete absence of humanosteoblasts, it will be relevant
to test the hypothesis that ASC would not improve bone-forming
efficiency unless amethod for endothelial lineage cell preservation/
expansion is used.

In our study, hypertrophic cartilage matrix was engineered,
starting from bone marrow-derived MSC and subsequently
devitalized. Gawlitta et al. previously proposed the use of decel-
lularized xenogenic cartilage-derived matrix particles, also in-
corporated within a gel material in combination with MSC
[32], and found that it induced no increase in bone tissue forma-
tion. The difference from our findings may be related to the use
of articular as opposed to hypertrophic cartilage, whereby the
former is phenotypically stable and developmentally not com-
petent to support bone formation. The general approach of us-
ing engineered instead of native tissue as a source of devitalized
extracellular matrix could be associated with additional advan-
tages. In fact, an engineered matrix may be customized and
enriched in defined factors (e.g., osteoinductive, angiogenic,
or chemotactic cues) by using (a) specific culture medium sup-
plements, (b) cells transduced to undergo apoptosis upon expo-
sure to chemical agents, thereby achieving a devitalization with
better preservation of the matrix [11] or (c) customized cells

lines engineered to express larger amounts of the target factors
[10]. Finally, it would be tempting to speculate that a devitalized
extracellular matrix can be most effective in instructing forma-
tion of bone if it does not derive from the fully developed tissue
but rather from the earlier stages of its development, as is the
case for hypertrophic cartilage [33].

CONCLUSION

Our findings support a novel strategy for bone repair or augmen-
tation, whereby allogeneic hypertrophic cartilage is engineered,
devitalized, and then clinically used as an off-the-shelf material in
combination with autologous SVF cells, intraoperatively derived
from a lipoaspirate. Manufacturing of hypertrophic cartilage
could take place within bioreactor systems, whereby biological
processes could be monitored, controlled, automated, and stan-
dardized [34]. Toward clinical fruition, further studies are neces-
sary in more relevant animal models, which should include the
critical factors of immunocompetence and mechanical loading.
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