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Glycosaminoglycan Mimetic Associated to Human
Mesenchymal Stem Cell-Based Scaffolds Inhibit Ectopic
Bone Formation, but Induce Angiogenesis In Vivo
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Tissue engineering approaches to stimulate bone formation currently combine bioactive scaffolds with osteo-
competent human mesenchymal stem cells (hMSC). Moreover, osteogenic and angiogenic factors are required to
promote differentiation and survival of hMSC through improved vascularization through the damaged extra-
cellular matrix (ECM). Glycosaminoglycans (GAGs) are ECM compounds acting as modulators of heparin-
binding protein activities during bone development and regenerative processes. GAG mimetics have been
proposed as ECM stabilizers and were previously described for their positive effects on bone formation and
angiogenesis after local treatment. Here, we developed a strategy associating the GAG mimetic [OTR4120] with
bone substitutes to optimize stem cell-based therapeutic products. We showed that [OTR4150] was able to
potentiate proliferation, migration, and osteogenic differentiation of hMSC in vitro. Its link to tricalcium phos-
phate/hydroxyapatite scaffolds improved their colonization by hMSC. Surprisingly, when these combinations
were tested in an ectopic model of bone formation in immunodeficient mice, the GAG mimetics inhibit bone
formation induced by hMSC and promoted an osteoclastic activity. Moreover, the inflammatory response was
modulated, and the peri-implant vascularization stimulated. All together, these findings further support the
ability of GAG mimetics to organize the local ECM to coordinate the host response toward the implanted
biomaterial, and to inhibit the abnormal bone formation process on a subcutaneous ectopic site.

Introduction

To INDUCE BONE FORMATION, tissue engineering is cur-
rently investigating the feasibility to associate biomate-
rials to stem cell therapeutic products, such as human
mesenchymal stem cells (hMSC) committed to an osteogenic
phenotype.'? One rational challenge in this area is to create
scaffolds that could provide an appropriate extracellular
matrix (ECM) for efficient adhesion, survey, proliferation,
and differentiation of therapeutic cellular products that will
be further applied to an injured tissue. However, perfect
mimicry is difficult to achieve, considering the complex
molecular, cellular, and mechanical processes requiring be-
ing timely coordinated for tissue repair. Synthetic bone
substitutes such as tricalcium phosphate/hydroxyapatite
(TCP/HA) ceramics have been developed because of their
bioactive and osteoconductive properties,3 and bone marrow

MSC loaded on such porous ceramics have shown efficacy
in some clinical trials.*® However, these products still need
to be improved, for example, in vitro process of scaffold
colonization by hMSC, to overcome specific pitfalls for
large-scale implementation of clinical applications. Also,
angiogenesis is crucial for the formation of a functional
microvasculature network supplying the devices in nutri-
ents, allowing cellular survival into the damaged matrix.®”
Thus, tissue engineering strategies aim to recreate complex
niches optimized to stabilize endogenous or therapeutic
growth factors and to preserve or potentiate therapeutic
cells properties.®’

Among the major components of the ECM, sulfated gly-
cosaminoglycans (GAGs), including heparan sulfate (HS)
and chondroitin sulfate species, assure structural scaffold
functions and relevant biological effects on cell growth, mi-
gration, and differentiation.’® These regulatory roles are
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related to their ability to interact with heparin-binding pro-
teins (HBP) and to protect them from proteolytic degrada-
tion, increasing their half-life.*° During osteogenesis, HS
provide matrix-bound or cell surface-bound reservoirs for
specific HBP, including growth factors, such as fibroblast
growth factor-2 (FGF-2)'* and bone morphogenic proteins
(BMP),"® chemokines, cytokines, and enzymes also (for re-
view, see Cool and Nurcombe'"). The structural complexity
of HS, characterized by spatially discrete sulfated domains,
confers to these GAG-specific physical and biochemical
properties for each association with partners of the HBP
famﬂy.15 In injured tissues, enhanced glycanase activity is
supposed to limit the capacity of these endogenous GAGs to
protect HBP and so to alter their regulatory effects.'*

As a new approach to associate the relevance of the che-
mical signatures of GAGs to their biological functions, a
family of glycanase-resistant GAG mimetics, called heparan
mimetics (HM), has been developed as structural and func-
tional analogs of natural GAGs. Structural mimicry is related
to the presence of sulfate and carboxylate moieties along
their polysaccharidic chains.'® These compounds have im-
proved both the efficiency and quality of healing after local
treatment in numerous animal models'”'® and are currently
used as medical devices for the treatment of skin and eye
ulcers.'® From a functional point of view, GAG mimetics are
thought to replace natural GAGs destroyed by matrix en-
doglycosidases in injured tissues in where they stand as
scaffolds that support the activity of HBP.?® Thus, HM were
able to accelerate the spontaneous bone-healing process ob-
served in partial full-thickness calvarial defects®" and to in-
duce the repair of trephine skull defects in rats, in which no
spontaneous healing occurs.”> HM were also able to enhance
endothelization of prothesis® neovascularization after skel-
etal muscular ischemia,?* and reduction in myocardium in-
farct size.® These effects were partly explained by the
interactions with HBP such as FGF-2** or vascular endothe-
lial growth factor (VEGF).?® Recently, we demonstrated that
GAG mimetics modulate stem cell properties, since two
different HM were able to mobilize hematopoietic stem cells
in vivo and to enhance rat MSC clonogenicity, proliferation,
migration, and osteogenic differentiation in vitro, according
to their specific structural signatures.””*®

In this work, we developed a new tissue engineering
product by combining bone substitutes and hMSC with the
sulfated HM [OTRy410], selected for its bone regenerative
effects after local treatment*** and its angiogenic proper-
ties.”® First, we studied the potentiating effect of the HM
[OTR4120] on the ability of hMSC to proliferate, migrate, and
differentiate into an osteogenic phenotype in vitro. Then, we
developed TCP/HA ceramics engrafted with [OTR4;50] and
evaluated the hMSC colonization efficiency on them in vitro.
Finally, we evaluated the interest of [OTR4120] association to
substitutes on bone formation induced by hMSC in an ec-
topic subcutaneous implantation site in immunodeficient
mice. This ectopic model allows testing the osteoinductive,
osteoconductive, and osteogenic abilities of a scaffold to in-
duce bone formation, taken out of a bone matrix microen-
vironment and endogenous pro-osteogenic growth factors
such as BMP that could mask the exact level of efficiency of
the device.

Our data indicate that the GAG mimetic is stably associ-
ated to TCP/HA substitutes and to hMSC. This TCP/HA/
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hMSC/HM combination can effectively modulate the in-
flammatory response and vascularization in vivo. Interest-
ingly, we showed that the mimetic was able to inhibit bone
formation when implanted in an unnatural ectopic subcu-
taneous site, suggesting that GAGs can regulate the osteo-
blastic/osteoclastic balance when the bone substitutes are
ectopically implanted.

Materials and Methods
GAG mimetic, heparin, HS, and growth factors

[OTR4120] was obtained from OTR3, Inc. This derivative of
dextran T40 (Sigma) contains the same degree of substitution
in the carboxylate and sulfate residues than heparin.'® The
fluorescein-labeled derivative [OTR4100]"'C was prepared
from dextran-FITC (Sigma) as previously described.”” He-
parin from porcine intestinal mucosa (Sigma) and HS from
the bovine kidney (Sigma) were used as natural GAG con-
trols and were cell culture grade. Recombinant human FGF-2
was prepared as previously described.*

hMSC culture

hMSC were separated from bone marrow nucleated cells
obtained from patients undergoing routine total hip re-
placement surgery (Percy Military Hospital, Clamart, France)
after informed consent. Primary cells were isolated from the
supernatant of spongious bone fragments and expanded in a
culture medium (CM) based on o-minimum essential med-
ium («-MEM) (Invitrogen) plus 10% fetal calf serum (FCS) as
previously described.”’ The media were routinely changed
twice a week. All experiments were performed with hMSC at
passage 2. Each set of in vitro experiments (proliferation,
migration, alizarin red staining, and flow cytometry analysis)
was performed with the same expanded pool of hMSC from
the same patient. A set of experiments have been performed
three times independently from three hMSC primary cul-
tures obtained from three independent human donors.
In vivo studies have been performed separately with three
distinct hMSC pools isolated from three new patients.

hMSC proliferation assay

hMSC were seeded at 1x 10> cells/cm? in 24-wells plates.
The day after, the CM was changed and supplemented or not
with increasing concentrations (ng/mL) of [OTR4ia0];
100ng/mL doses of T40, HS and Heparin were used as
controls. Five days after, the cell growth rate was measured
by the colorimetric MTT cell assay according to manufac-
turer’s protocol (Sigma) using a standard curve of hMSC.

hMSC migration assay

Migration assays were performed in microchemotaxis
Boyden’s chambers (Corning Costar) as previously de-
scribed.* Briefly, h(MSC were harvested after 24 h of culture
in a migration medium (MM) composed of the RPMI 1640
medium (Invitrogen) and 0.25% of bovine serum albumin
(BSA Fraction V; Sigma). Then, 5x 10° cells were loaded into
the top chamber. The bottom chamber unit containing the
MM was supplemented or not with an increasing concen-
tration of [OTRyip0] and with 5ng/mL FGF-2 or FCS as
controls. The plates were incubated for 12h at 37°C. Then,
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the membranes were stained with May-Griinwald and
Giemsa solutions, mounted, and photographed. The mi-
grated cells were quantified on three separate areas per filter.

In vitro osteogenic differentiation assay

hMSC were seeded at 3 x 10° cells/cm? in six-well plates. The
day after, the medium was replaced by the CM or an osteo-
genic induction medium (OS) composed of a-MEM plus 20%
FCS (v/v), 0.1 uM dexamethasone, 10 mM B-glycerophosphate,
and 0.05mM ascorbic acid (all from Sigma). The media were
supplemented or not with [OTR4120] and changed twice a
week. After 3 weeks, the cells were fixed in absolute ethanol
and stained with 2% alizarin red solution. Alkaline phos-
phatase (ALP) membrane expression was analyzed by flow
cytometry at day 14 using phycoerythrin (PE)-conjugated
monoclonal anti-human ALP antibody (R&D Systems Eur-
ope). PE-conjugated isotypic antibody was used as negative
control. Cell labeling was analyzed with an MACS Quant
cytometer (Miltenyi Biotec).

Quantitative real-time polymerase chain reaction

Total mRNA was extracted with TRIzol® reagent (In-
vitrogen). DNase treatment was performed with a DNA-free
kit (Applied Biosystems/Ambion, Austin, TX), and cDNAs
were synthesized by Superscript® II Reverse Transcriptase
(Invitrogen) according to the manufacturer’s instructions.
The primers were designed by Primer3 output software and
obtained by Eurofins MWG (Germany). The following specific
oligonucleotides were used as reaction primers: glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), NM_002046.3,
forward 5-TGC CTGATGAGACAGAGGTG-3', reverse 5'-
TCCACCTGGACAGGATTAGC-3’; BMP-2, NM_001200.2,
forward 5-TGTGTCCCGACAGAACTCAG-3’, reverse 5-AC
AACCCTCCACAACCATGT-3"; osteocalcin (OC), NM_
1991734, forward 5-GTGCAGAGTCCAGCAAAGGT-3,
reverse 5-TCCCAGCCATTGATACAGGT-3; osteopontin
(OP), NM_001040058.1, forward 5-CGCAGACCTGACATC
CAGTA-3’, reverse 5-ATGGCCTTGTATGCACCATT-3".
cDNA real-time amplification was performed with FastStart
Universal SYBR Green Master (Rox; Roche) by following the
manufacturer’s procedures and monitored with the ABI
Prism 7900 Sequence Detection System (PerkinElmer/
Applied Biosystem). All samples were amplified simul-
taneously in one assay run set with classical cycling and
melting conditions. Amounts of cDNA were normalized to
GAPDH (ACT:CTgene of interest_CTGAPDH)/ since we PreVi'
ously validated that GAPDH gene expression was stable
during hMSC culture under a basal medium (CM) and os-
teoblastic differentiation (OS) with or without [OTRy;50]-
Moreover, we experimentally validated the 100% efficiency
of all our primers in our conditions, with poor (Ct>38) or no
amplification in water control for each couple. Results are
reported as relative gene expression (2~ *<).

Biomaterial functionalization and colonization

Cube-shaped (4x4x4mm) bone substitutes (Ceraver)
were made of TCP (65%) and HA (35%) with a mean pore
size of 500 pm. To immobilize a GAG mimetic on TCP/HA,*
the biomaterials were incubated 36 h at 50°C with [OTR4120]
solutions at 10 or 50mg/mL in phosphate-buffered saline
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(PBS) 1xor with PBS 1xalone (GAG-free control). Functio-
nalized scaffolds were washed twice with NaCl 1M to
eliminate the mimetics unbound to the bone substitutes. To
colonize the biomaterials, 5x10° hMSC were incubated with
the scaffolds in 100 pL for 3 h at 37°C. Cell-free scaffolds were
incubated under similar conditions. Cell colonization was
performed 1 day before in vivo implantation.

Biomaterial cell-loading measurement

Cell-loaded biomaterials were washed with PBS 1xand
incubated with a lysis solution containing a Tris-EDTA
buffer 1x, 0.1% Triton X-100, and 0.2mg/mL proteinase K
(Roche Applied Science) at 50°C 12 h. The samples were then
treated with 3 freeze/thaw cycles under strong shaking and
sonication. A fixed volume of each sample was incubated
with the PicoGreen® dye from the Quant-iT" PicoGreen
dsDNA kit (Invitrogen). Optical densities (OD) associated to
DNA amount were analyzed with a Fluoroscan II (Labsys-
tems, Thermo Fisher Scientific) at 480 and 520 nm, for excit-
ing and emission wavelengths, respectively. OD was then
reported to the total number of hMSC, as compared to a
standard curve of DNA amount prepared with an increasing
number of hMSC according to the same Picogreen protocol.

GAG mimetic quantification

GAG mimetics were quantified in the coated biomaterials
before their in vivo implantation (day 0) and at their recovery
from animals 30 days after the implantation procedure.
Surrounding connective tissues were eliminated by 0.2mg/
mL proteinase K (Sigma) and 0.1% Triton X-100 treatments,
during 24h at 56°C. Natural GAGs were eliminated with
4mU chondroitinase ABC (Sigma) and nitrous acid succes-
sive treatments.>* Selective quantification of GAG mimetic
linked to bone substitutes were performed by the dimethyl
methylene blue (DMMB) assay.>*

In vivo ectopic implantation

Four experimental groups of bone substitutes, functiona-
lized or not and colonized or not, were subcutaneously im-
planted into 7 weeks old female immunodeficient nude mice
(RjNMRI-nu; Janvier): (1) TCP/HA alone; (2) TCP/HA/
OTRy120; (3) TCP/HA/hMSC and (4) TCP/HA/OTRy120/
hMSC. Three independent experiments were performed with
four biomaterials per condition: two biomaterials per mice
were implanted on two mice per group. Mice were an-
esthetized with 100 mg/kg ketamine (Virbac Santé Animale)
and 10 mg/kg xylasine (Bayer). Biomaterials were implanted
along the dorsal axis of the back skin in subcutaneous
pockets created by 7 mm incisions. 8 weeks after implanta-
tion, mice were sacrificed, the back skin was incised and the
connective tissues separated to expose the bone substitutes
and the surrounding vascularization network. This protocol
was approved by the Ethical Committee for animal experi-
ments of the Army Biomedical Research Institute of Bre-
tigny-sur-Orge. The nursery is entitled by the French
Ministere de I’Agriculture and regularly controlled by the
Nursery Facility Committee for conformity with European
regulations on animal experiments. Panoramic digital views
were obtained with a numerical color camera (PowerShot
A650 IS; Canon). A binocular magnifier associated to a
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camera (E8400; Nikon) was used to take four pictures for
numerical segmentation analysis of the vessel tree. All bio-
materials were recovered and fixed in 70% ethanol for his-
tological analysis.

Histological analysis of bone substitutes sections

Biomaterials were dehydrated by gradient ethanol, cleared
by xylene and embedded in methyl methacrylate resin
(Merck). Sections with thickness of 5 pm were obtained using
a Polycut E microtome (Leica) and then deplastified in 2-
methoxyethyl acetate solution (Carlo Erba), dehydrated in
graded ethanol solutions and cleared in water. Sections were
stained with toluidine blue (pH 3.8) and visualized using
standard light microscopy. ALP activity was detected using
naphtol AS-TR phosphate and fast blue RR salt (Sigma) in
Tris 0.1M (pH 9), MgCl,, dimethylformamide (Merck).*!
Enzymatic activity of tartrate-resistant acid phosphatase
(TRAP) was detected using naphthol AS-TR phosphate, so-
dium tartrate, and fast red TR salt (all from Sigma) dissolved
in acetate buffer 0.1 M (pH 5.2) with dimethylformamide.*
Masson’s trichrome staining was performed according to
standard procedures.

Batch images statistical analysis procedure
of vessel tree segmentation

Pictures of the capillar network were analyzed using an
Image] software program developed to quantify elements
associated to the vascularization tree. Images were pre-
treated to improve tree image detection. Briefly, background
signal, lightning shadings and reflections were removed.
Then, the channel exhibiting the maximum of absorbance at
the vessels locations was segmented.*® The resulting binary
images, once reduced to the minimal structural level, were
analyzed as a sum of segments, branches and nodes. A
segmentwas classically delimited by two nodes. A branch
was defined by one node and one extremity. Each detected
segment and branch was characterized by its length and each
image analysis was summarized as object counts and length
parameters recorded into a batch table.”’

Statistical analysis

Results were expressed as mean of values+standard de-
viation (SD) of the mean from triplicate (in vitro) or qua-
druplicate (in vivo) values per condition per experiment,
obtained from at least three independent in vitro and in vivo
experiments. Statistical analyses were performed using the
Student’s t-test (unpaired two-tailed).

Results

[OTR,120] potentiates proliferation and migration
properties of hMSC in vitro

Addition of [OTRyiz0] at increasing doses in the CM of
hMSC induced significant increase in the cell proliferation
rate (Fig. 1A), as illustrated during the first 5 days with a
maximal 50% increase obtained with the 1000 ng/mL dose.
[OTR4120] was as efficient as HS or heparin (100ng/mL)
whereas dextran T40 showed no effect. Moreover [OTRy;20]
induced a 3.5-fold increase in migrating cells per field with
100ng/mL dose (Fig. 1B), as compared to control cells in
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FIG. 1. The glycosaminoglycan (GAG) mimetic [OTR4;20]
potentiates the human mesenchymal stem cell (hMSC)
in vitro proliferation and migration properties. (A) hMSC
proliferation was quantified using MTT assay after 5 days of
treatment without (CT) or with increasing doses (ng/mL) of
the GAG mimetic [OTRy;50] solubilized into culture medium
and compared to 100ng/mL of dextran (T40), natural he-
paran sulfates (HS) and Heparin (Hep). (B) The migration
capacity of hMSC toward soluble [OTRy120] was analyzed in
the Boyden chambers assays for 12h. Controls were per-
formed in absence of fetal calf serum (FCS) as negative CT,
and with 20% FCS and 5ng/mL fibroblast growth factor-2
(FGF-2) as positive CT. Means+tstandard deviation (SD)
were obtained from triplicate per condition and per experi-
ment, and from three independent experiments (*p<0.05;
**p <0.01; **p<0.001).

FCS-free medium (CT). This increase was similar to that
obtained with FGF-2 (threefold), whereas a maximal fivefold
increase was obtained with 20% FCS positive control. These
results indicate that [OTRy4150] is able to induce proliferation
and migration properties of hMSC.

[OTR120] induces osteogenic differentiation
of hMSC in vitro

We tested the ability of [OTR40] to stimulate osteogenic
phenotype on hMSC cultured in basal control (CM) or os-
teogenic (OS) medium for 21 days, as compared to the same
conditions in absence of HM. Alizarin red staining of
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calcium-rich deposits (Fig. 2A), indicative of functional os-
teocytes, was low in CM whereas additions of [OTRgj20]
induced a clear increase in red staining intensity. In OS
condition, the staining was strong and addition of [OTR4;20]
had no effect. Similar effect was observed by flow cytometry
analysis of cells expressing ALP marker at day 14 (Fig. 2B). In
CM, 40% of cells were positive for ALP expression (ALP™)
and addition of [OTR4120] (100ng/mL) induced a twofold
increase in ALP™ cells. In OS condition 96% of cells were
ALP* and addition of [OTR4120] had no effect on this high
level of expression. Next, the expression of osteogenic genes
was analyzed by quantitative real-time polymerase chain
reaction at day 7 and 14 of culture (Fig. 2C, D). Osteogenic
gene expressions progressively increased between day 7 and
14 in OS medium. The treatment by [OTRy120] significantly
induced the expression of BMP-2 in CM as well as in OS
conditions. This inductive effect was also significant at day 7
for late markers, such as OC and OP that were not already
induced in cells under the OS condition, suggesting that
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GAG mimetic treatment accelerate osteogenic gene expres-
sions. Finally at day 14, [OTRy4;20] treatment induce osteo-
genic gene expression to a lower extend than those obtained
by OS medium, correlating results obtained with Alizarine
Red staining and Flow cytometry analysis. Altogether, these
results establish that [OTRyp0] is able to induce an osteo-
genic phenotype on hMSC in the absence of osteogenic
medium.

[OTR120] coating on TCP/HA ceramics improve
their colonization by hMSC in vitro

TCP/HA ceramics were functionalized with 10 mg/mL or
50mg/mL [OTRyj20] solutions (A and B respectively), cor-
responding to 4 or 20 ug of mimetic incubated per cm” of
ceramic surface respectively. DMMB assay performed at day
0 (Fig. 3A) indicated coated [OTRg4jz0] concentrations of
3.6+0.4ng/cm? (TCP/HA/OTRy;20-A) and 6.0+0.7 ng/cm?
(TCP/HA /OTRy120-B) on the ceramic surface. These rate are

FIG. 2. The GAG mimetic
[OTRy120] potentiates the
hMSC in vitro commitment to
the osteogenic lineage. h(MSC
were expanded in a control
(culture medium [CM]) or
osteogenic (OS) medium
supplemented or not with
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FIG. 3. The GAG mimetic [OTR4150] functionalizes trlcalc1um phosphate/hydroxyapatite (TCP/HA) bone substitutes.
Scaffolds were engrafted with 4 or 20 ug of [OTR4120] per cm? of the TCP/HA- -developed surface, TCP/HA/OTR4120 [A], and
[B] scaffolds, respectively, or with phosphate-buffered saline 1 X (negative control), and colonized by hMSC before in vivo
implantation. Four weeks later, the scaffolds were harvested and treated enzymatically to eliminate protems and endogenous
glycans (GAG mimetics are resistant to these treatments). (A) The output of [OTR,;20] amount (ng/cm?) covalently engrafted
and quantified by the dimethyl methylene blue (DMMB) assay at day 0 before implantation (DO black plots) and 30 days after
in vivo implantation (D30 white plots) (1=6; ***p <0.001). (B) Colonization efficiency of scaffolds by hMSC (means of cell
number +SD) remaining into the scaffolds after 3h of in vitro incubation before in vivo implantation (D0) and quantified with
the fluorescent DNA probe Plcogreen accordmg to a standard curve of cells (n=8; *p<0.01; *p<0.001). (C-H) In vivo
localization and stability of [OTR4120] FITC engrafted on bone substitutes (F, G, H) compared to the control scaffolds without a
GAG mimetic (C, D, E). Scaffolds were treated for DMMB assay (C, F) and embedded in methyl methacrylate for analysis by
phase-contrast microscopy (D, G) and fluorescence microscopy (E, H). Red dotted line indicates outline of the scaffold. Ma,
macropores; Mi, micropore; Ic, interconnection; Sc, scaffold; Mm, methyl methacrylate; Bo, border. Black scale bar: 1000 um,
white scale bar: 500 pm. Color images available online at www liebertpub.com/tea

explained as the linkage reaction occur between the phos-
phate groups on the ceramic and the polysaccharides bearing
a reactive reducing end, only available in 0.1% of the total
amount of molecules.'®®® Then these TCP/HA/OTR4120
scaffolds were analyzed for their ability to modulate hMSC
colonization in vitro (Fig. 3B). Whereas only 42% of total cells
(5% 10° hMSC) were found on control scaffolds, cell coloni-
zation efficiency reached 80% for TCP/HA/OTRyy20-A and
90% for TCP/HA/OTR4129-B. These results highlight that
[OTR4120] efficiently improve colonization of hMSC in func-
tionalized scaffolds.

[OTR,120] engraftment on TCP/HA ceramics
is stable in vivo

To make sure the stability of the [OTRyjz0]-engineered
scaffolds as a matrix for extended period of time in vivo,
TCP/HA substitutes functionalized with the [OTRg00]f ¢
were subcutaneously implanted on immuno-deficient mice
and compared to GAG-free substitutes as controls. The im-
mobilized [OTRy100]" € was quantified by the DMMB assay
(Fig. 3A) after optimized enzymatic and chemical removal of
endogenous GAGs 30 days after in vivo implantation (D30).
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The [OTR4120]"'7C amounts were quantified at 3.2+0.3ng/
cm?(TCP/HA/OTRy120-A)and 5.4 +0.4ng/cm?*(TCP/HA /
OTRy4120-B) at D30 (Fig. 3A, white plots), which are similar values
to those obtained before implantation (D0) (Fig. 3A, black plots).
Macroscopic observation post-DMMB assay confirmed that no
more endogenous GAGs were detected on control scaffolds that
were colorless (Fig. 3C), whereas the GAG mimetics were still
present on the functionalized scaffolds at D30, as revealed by the
strong purple staining of the DMMB dye (Fig. 3F). Moreover,
fluorescent analysis of the scaffold sections showed a homoge-
nous distribution of the coated [OTR 720 "*¢ (Fig. 3H) colocalized
with both macropores and micropores (Fig. 3G), whereas no
fluorescence was observed ona GAG-freescaffold (Fig. 3E). These
results clearly demonstrated the GAG mimetics immobilized on
the scaffolds are stable for atleast 1 month in vivo and are resistant
to potential mammalian glycanase digestion.

Effect of [OTR4120] and hMSC associated to scaffolds
on osteoformation in vivo

Four groups of scaffolds were analyzed for ectopic bone
formation 8 weeks after implantation into nude mice: (1)

TCPIHA

TCPIHAIOTR 1420
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TCP/HA alone; (2) TCP/HA/OTRu120; (3) TCP/HA /hMSC;
and (4) TCP/HA/OTR4120/hMSC. Masson’s trichrome
staining was used to reveal the matrix organization and
collagenic deposition, with bone formation characterized by
green round nodules growing from the margin and con-
nected to the biomaterial (Fig. 4A). ALP activity staining
(ALP™) was used to reveal osteoblastic precursor cells in
purple, characterized by a fibroblast-like shape and a dense
accumulation, and classically found around forming bone
nodules (Fig. 4B). In parallel, bone nodule formation and
ALP" areas were semiquantitatively evaluated (Table 1).
Collagen deposition was noted around the TCP/HA/
OTRy129 scaffolds as compared to TCP/HA alone (Fig. 4A).
Similar collagen deposits were observed over the bone for-
mation areas in the TCP/HA /hMSC sites; they were further
increased in the TCP/HA/OTR4120/hMSC scaffolds (Fig.
4A). No bone nodule formation or ALP* cell accumulation
was noticed in the TCP/HA and TCP/HA/OTRyo scaf-
folds (Fig. 4A, B respectively, and 0/12 values on Table 1). In
contrast, bone nodules were observed, essentially located at
the periphery of the constructs or into the most peripheral
pores and interstices, in most the TCP/HA /hMSC scaffolds

FIG. 4. The GAG mimetic [OTR4120] immobilized on the TCP/HA substitutes inhibits bone formation induced by hMSC in
the ectopic site. Controls and/or functionalized and/or cellularized scaffolds were implanted on mice and harvested after 8
weeks for histological study. (A) Masson’s trichrome stain revealed the collagenic fibrillar tissue (arrow). (B) ALP activity
staining showed violet areas with osteoblastic precursor cells (stars). (C) Toluidine blue staining indicated the host inflam-
matory response (arrow). (D) Tartrate-resistant acid phosphatase (TRAP) staining highlighted the red foci of osteoclastic cells
(stars). Bn, bone nodule; Sc, scaffold; Bo: border. Scale bar: 200 pm. Pictures are representative of =12 samples (2 substitutes
per mice x 2 mice x 3 independent experiments). Semiquantitative analysis of this histological study was reported in Table 1.

Color images available online at www .liebertpub.com/tea
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TABLE 1. SEMIQUANTITATIVE ANALYSIS OF HISTOLOGICAL STUDIES

Device TCP/HA TCP/HA/OTR 120 TCP/HA/hMSC TCP/HA/RMSC/OTR 4129

Bone nodule+n=12 0/12 0/12 9/12 0/12

ALP areas+n=12 0/12 0/12 12/12 2/12

Inflammation index 1.91+£0.15% 1.28+0.18 246+0.17% 1.96+0.26

TRAP +areas per device 20+5 45+72 46+67 95+3P

The numbers of scaffolds exhibiting bone nodules and ALP-positive areas have been reported. The inflammatory tissue responses
developed around each biomaterial have been semiquantitatively analyzed considering the cell layer thickness and the density of
inflammatory cells on the periphery and inner pores. The intensity was reported on an inflammation index (scaled between 0 and 3).
Osteoclastic activity was analyzed semiquantitatively by counting the number of TRAP+ cell foci per device. Values are means+SD from
n=12 samples (2 scaffolds x2 micex3 independent experiments; *p <0.05; ®p<0.01).

hMSC, human mesenchymal stem cells; TCP/HA, tricalcium phosphate/hydroxyapatite; ALP, alkaline phosphatase; TRAP, tartrate-

resistant acid phosphatase; SD, standard deviation.

(9/12, Table 1) (Fig. 4A). All of them (12/12, Table 1) were
clearly associated with ALP™ cells (Fig. 4B). A decrease in the
number of ALP* areas per sample (2/12, Table 1) along with
a decrease in their size and staining intensity (Fig. 4B) oc-
curred in the presence of [OTR40]. Further, no bone nodule
was observed with this scaffold (Fig. 4A and 0/12 Table 1).
Therefore, in the ectopic implantation site, the GAG mimetic,
associated to ceramics, induced collagenic deposition with-
out formation and calcification of the osteoid matrix even in
the presence of hMSC.

Effect of [OTR,120] and hMSC associated to scaffolds
on the inflammatory response

Toluidine blue staining highlighted a layer of various cells
types with cytological features of hematopoietic cells, in-
cluding macrophages, giant cells, and neutrophils, around
each type of implanted scaffold (Fig. 4C). These cells were
observed in contact with all the TCP/HA surfaces, on which
they initiated a resorption process, creating Howship-like
cavities (Fig. 4C). However, the different constructs exhibited
variations in the thickness and density of macrophages ac-
cumulation that we evaluated semiquantitatively according
to a relative inflammation index (II) value at the periphery
and in the macropores (Table 1). TCP/HA alone presented a
dense layer of cells (Fig. 4C) quoted as 1.91 II value (Table 1).
Association of hMSC to the scaffold (TCP/HA/hMSC) in-
creased the II value to 2.46 (Table 1 and Fig. 4C); the mac-
rophages were found between the substitute and the ALP*
layer (Fig. 4B). However, when the scaffolds were functio-
nalized with the mimetic, TCP/HA /OTRy12 (Fig. 4C, 1.28 11
value) and TCP/HA /hMSC/OTRy15 (Fig. 4C, 1.96 1 value),
decreased inflaimmatory responses were observed in com-
parison with TCP/HA (Fig. 4C, 1.91 1I value) and TCP/HA/
hMSC (Fig. 4C, 2.46 II value), respectively.

Many cells in contact with the TCP/HA scaffold exhibited
features of multinucleated giant cells Then, an histoenzy-
matic approach with TRAP staining was performed to
characterize (Fig. 4D) and semiquantitatively evaluate (Table
1) a possible active participation of such clastic cell foci to
resorption lacunas formation at the surface of the ceramic
scaffold. A TRAP-positive (TRAP ") staining was confirmed
on the TCP/HA scaffolds with a homogeneous repartition
around the biomaterial (Fig. 4D) and with a mean of 20
TRAP™ foci per block (Table 1). The stained foci were two-
fold increased when the substitutes were associated with

hMSC or [OTR4iz0] (Fig. 4D and Table 1). A comparative
survey of serial sections with ALP and TRAP staining indi-
cated that clastic TRAP" areas (Fig. 4D) were found in the
ALP-negative regions (Fig. 4C) and inversely. On TCP/HA/
hMSC/OTRyi0 scaffolds, the TRAP* areas were clearly in-
creased in intensity (Fig. 4D) and number, that is, fourfold
compared to control (Table 1). These results suggest that the
GAG mimetic association to scaffold stimulates the resorp-
tion foci.

Effect of [OTR4120] associated to scaffolds
and hMSC on vascularization network

Once scaffolds had been removed from the animals,
macroscopic differences were observed on the capillary bed
surrounding the implantation site (Fig. 5A). The vasculari-
zation tree around TCP/HA was composed of few vessels,
which failed to join the bone substitute. The addition of
hMSC increased the skin vasculature network around the
TCP/HA /hMSC implant. When [OTR4120] was associated to
the bone substitute, with or without hMSC, the vasculari-
zation network was denser. Moreover, in the presence of a
mimetic, the vessel tree ramifications were more markedly
orientated toward the functionalized substitutes, as com-
pared to the TCP/HA/hMSC substitutes. On the light of
these observations, we developed software to automatically
analyze the vascularization tree extent after numerical cap-
tures (Fig. 5B, C). Two categories of objects, segments and
branches, were defined to proceed to the analysis of the
number and length of each ramification degree. Angiogen-
esis associated with hMSC engraftment was characterized by
an increase in the number of segments and branches (Fig.
5D). However, functionalization of the scaffold with
[OTR4120], alone or in association with hMSC, significantly
increased the number of terminal branches and segments,
indicating that the GAG mimetic increased the ramification
level. Same results were obtained on the lengths of each el-
ement (data not shown). These results validate the angio-
genic potential of the GAG mimetic that allows important
vascularization around the functionalized scaffold.

Discussion

In this study, we demonstrate that the GAG mimetic
[OTR4120] modulates the proliferation, migration, and oste-
ogenic differentiation of hMSC in vitro, in agreement with
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FIG. 5. The GAG mimetic [OTR4150] immobilized on the TCP/HA substitutes potentiates the in vivo vascularization of the
devices. (A) Macroscopic views of the capillary network surrounding each series of constructs. White bar: 5mm. (B, C)
Automatic computerized vessel tree segmentation decomposed the capillary areas in a sum of objects discriminating inter-
mediary (segments) and terminal (branches) degrees of ramification before (B) and after (C) modelization. Black scale bar:
2mm. (D) Automatic computerized quantification of the vascular element number. Data are mean values+SD from n=12
samples (4 cardinal areas per scaffold X2 scaffolds per mice x2 mice per conditions x2 independent experiments; *p <0.05;
**p <0.01). Color images available online at www liebertpub.com/tea

our previous results on rat MSC.*® Such modulating effects
on hMSC properties could be due to a cooperative or pro-
tective effect of GAG mimetics on HBP present in the serum
or secreted by MSC, such as FGF-2 and BMP. Accordingly,
GAG mimetic derivatives were previously shown to modu-
late FGF-2, BMP-2, and TGF-8 activities on the MC3T3-E1
osteoblastic cell line derived from murine calvaria, possibly
by regulation of these growth factor interactions with their
membrane receptors.®’ Identification of associated factors is
in progress to highlight the potential pathways involved in
the GAG mimetic-promoting effects on primitive bone-
forming cells such as MSC.

Since [OTR4120] was able to stimulate human mesenchy-
mal and endothelial cell* properties in vitro, we hypothe-
sized that its association with bone substitutes could be of
interest to mimic the matrix environment necessary for ef-
fective cell growth and differentiation during the bone for-
mation process. Thus, we developed a methodology to

engraft the polysaccharide to biphasic TCP/HA porous ce-
ramics. Functionalized TCP/HA/OTRyp was prepared
with the mimetic distributed inside the pores and the inter-
connections of the synthetic substitutes as well as on the
outside surface. The biological interest of this strategy was
demonstrated by the significant increase in scaffold coloni-
zation by hMSC before implantation in mice. The analysis of
[OTR 4100l C-functionalized scaffolds harvested from ani-
mals demonstrated the mimetic stability for at least 1 month
in vivo, and its resistance to host’s proteases, glycanases, and
inflammation mediators. Thus, we hypothesized that en-
grafting the linear sulfated GAG to bone substitutes would
constitute an anchorage point for cells and a storage site for
HBP. Then, as we demonstrated a chemoattractant effect of
the soluble GAG mimetic on hMSC, we suggested that such
properties could be retained by the engrafted GAG mimetic,
resulting in improved migration of hMSC and increased cell
colonization efficiency. Our results demonstrate that GAG
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mimetics can be stably bound to the TCP/HA bone substi-
tutes, resulting in functionalized medical devices with en-
hanced interactions with cells.

Ectopic osteoformation was further analyzed in immu-
nodeficient mice after subcutaneous transplantation of
TCP/HA bone substitutes, functionalized or not with the
mimetic [OTR4150,] and associated or not with hMSC. In-
flammatory response with formation of macrophage giant
cells in the implantation site has already been reported in
similar models, and could play a role on the transition to a
chronic inflammatory reaction.® The cubic shape of the
scaffolds could have perpetuated traumas and could ex-
plain such reaction. Interestingly, the TCP/HA/OTR4129
scaffolds were associated with a decrease in inflammation
and an increase in collagen thickness, as previously de-
scribed.***' The anti-inflammatory effect of GAG mimetics
has been related to their ability to increase collagen I and
reduce collagen III accumulation and matrix metallo-
proteinase (MMP)-2 and MMP-9 proform inactivation, re-
sulting in fibrosis reduction.’’** Previous works on
crosslinking of natural GAG to collagen I matrices indicate
that GAG protect porous lamellar matrix structures and
modulate the host-tissue response through inhibition of
giant cells and macrophage infiltrations.*> Moreover, the
presence of HS in these matrices also promoted angiogen-
esis. Thus, our data attest that GAG mimetics can readily be
associated to bone substitutes to create an optimized matrix
environment with enhanced biocompatibility and growth
factor signaling capacity.

This ectopic subcutaneous bone formation model was
validated with the TCP/HA substitute colonized with hMSC
that can induce bone nodule formation and ALP* expression
in a dense accumulation of osteoblastic cells. This observa-
tion also outlines the necessity to provide, in situ, osteoblastic
progenitors to stimulate osteoformation. It was also shown
that chemokine and growth factors secreted by MSC enhance
wound healing through paracrine pathways inducing the
recruitment of macrophages and endothelial cells.* In our
TCP/HA samples, active ceramic resorption occurred in
relatively small lacunae, excavating the smooth granule
surface. This step, previously observed during the integra-
tion of various bone graft or bioceramics substitutes, is
thought to gradually prepare the surface for collagen fibril
and calcifiable matrix deposition®* preliminary to subsequent
bone formation. Mono- or plurinucleated cells responsible
for such degradation had the morphological appearance
of foreign-body giant cells and were positive for TRAP
activity.46 Interestingly, no bone nodule was observed in the
TCP/HA (+/- hMSC) scaffolds functionalized with
[OTR4120], suggesting that this GAG mimetic inhibits any
osteoblastic activity of engrafted hMSC in this ectopic model,
whereas clastic activity was clearly increased. GAG, and
particularly heparin, has been reported to influence osteo-
clastogenesis, but data remain very controversial, showing
inhibitory®”™* or stimulatory effects,”*”' depending, for in-
stance, on the doses, molecular weight, and sulfation pat-
terns of the heparanoids. Preliminary in vitro experiments
performed in our laboratory have indicated that [OTRy;20] is
able to accelerate and potentiate differentiation of medullar
monocyte/macrophage mononuclear cells toward multinu-
cleated osteoclastic cells, under M-CSF and RANK-L treat-
ment, comforting in vivo observation.
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In contrast with these in vivo data suggesting resorption
activity of a GAG mimetic in an ectopic site, previous
studies reported a strong bone formation ability of GAG
mimetics in orthotopic models. Indeed, in periodontitis and
craniotomy-defect models, GAG mimetic treatments stim-
ulated bone formation by promoting osteoprogenitor pro-
liferation and differentiation and reduced bone resorption
along with a decrease in TRAP" preosteoclast recruit-
ment.2#2 These osteoclastic effects (in ectopic model) ver-
sus osteoblastic effects (in orthotopic ones) could be linked
to the physicochemical states of the GAG mimetic, de-
pending whether they are free in solution or linked to
protein core or scaffolds. We can hypothesize that GAG
mimetics immobilized on scaffolds could have induced
mobilization of hematopoietic progenitors, and monocytes,
from the circulation, as previously shown after their intra-
peritoneal injection in mice.”” GAG mimetics could act also
as a reservoir of tissue-specific HBP, produced by either the
therapeutic hMSC or the resident stem cells. In orthotopic
models, GAG mimetics could be associated to tissue-spe-
cific distributions and concentrations of pro-osteogenic HBP
and could stimulate bone formation, whereas pro-osteo-
genic HBP are lower, or even null in the ectopic model.
Lastly, our results agree the reports in where GAG mimetics
are described as tissue homeostasis regulators. In the or-
thotopic models, the GAG mimetics regenerated the injured
tissues. In contrast, in the ectopic model, it is possible that
the subcutaneous implantation induced a foreign-body re-
action progressively eliminating the [OTR4;5¢]-coated scaf-
fold, cellularized or not with hMSC, and reconstitute the
original dermal tissue. This assumption would be in ac-
cordance with the conclusions of Luong-Van et al.,*® which
tested the association of natural HS with polyprolactone
scaffold and predifferentiated hMSC in a similar ectopic
model. If so, according to the homeostatic regulatory
properties of a GAG mimetic, it would be preferable to
implant the loaded substitutes within or close to bone tissue
to enhance bone formation. The relevance of our in vitro
data on the ability of [OTR4120] to potentiate hMSC osteo-
genic properties and scaffold colonization suggests that
GAG mimetics may provide a microenvironment suitable to
enhance growth factor signaling, and ultimately bone for-
mation if macroenvironment is permissive. It encourages
testing further the TCP/HA/hMSC/OTRy;z-combined
biomaterials in orthotopic bone regeneration models.

While the involvement of GAGs and particularly of HS
activity on bone development was extensively validated,
only few studies have already reported the successful use of
natural HS molecules for bone therapeutic applications. The
application of bone-derived HS into a mid-diaphyseal fem-
oral fracture increased the trabecular bone volume by 20%.>
However, in an ectopic model, the survival of the implanted
cells was affected by the host response to the implant re-
gardless of the presence of HS.?® Whatever the discrepancies
observed when using HS alone or associated to bone sub-
stitutes with therapeutic cells, it highlights the importance of
the implantation site in the host response.

Another key point for future regenerative devices con-
cerns the local angiogenic response after scaffold implan-
tation. It is noteworthy that [OTR4i20] alone is able to
modulate the vascular tree to the same extent as hMSC, but
with a better organization. Modulation of angiogenesis by
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GAG mimetics was previously observed in other lesion
models* and was further validated by its ability to poten-
tiate VEGF activity on endothelial cell properties. Here, we
hypothesized that GAG mimetics are able to potentiate
local VEGF or other angiogenic factors, secreted by resident
or implanted cells.

Conclusion

Intelligent scaffolds are necessary to optimize bone for-
mation. Most current strategies are based on specific
growth factor induction of osteogenesis and angiogenesis.
However, such therapeutic use of growth factors is limited
by their susceptibility to degradation, the need to maintain
prolonged local release at efficient levels, and the cost. Our
results suggest that the GAG mimetic [OTR4;50] could be an
alternative, since this stable compound, recognized to pro-
tect and potentiate HBP, is able to modulate hMSC prop-
erties in vitro. We showed here that engrafted to a biphasic
ceramic scaffold, this mimetic improved the efficiency of
hMSC scaffold colonization, which is a key parameter for
successful biomaterial engraftment. Moreover, in vivo data
showed an increased bone remodeling activity associated to
GAG-engrafted scaffolds. This remodeling activity is asso-
ciated to a modulated inflammatory response, which lead to
inhibit bone formation on an ectopic dermal site. This work
offers new perspectives for studying the effect of GAG
mimetics on osteoclastic and angiogenic progenitors. In
conclusion, our results indicate that GAG mimetics could
find potential applications in bone therapy, since in addi-
tion to constitute matrix scaffolds to restore the injured
ECM, they can effectively regulate key hMSC properties,
angiogenesis process and bone remodeling, according to
their ability to regulate tissue homeostasis. Further inves-
tigations in the orthotopic site will complete our knowledge
on the GAG mimetic effect on bone formation and repair
processes.
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