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Abstract

The goal of this study was to use bioengineered injectable microgels to enhance the action of bone
morphogenetic protein 2 (BMP2) and stimulate cartilage matrix repair in a reversible animal
model of osteoarthritis (OA). A module of perlecan (PInD1) bearing heparan sulfate (HS) chains
was covalently immobilized to hyaluronic acid (HA) microgels for the controlled release of BMP2
in vivo. Articular cartilage damage was induced in mice using a reversible model of experimental
OA and was treated by intra-articular injection of PInD1-HA particles with BMP2 bound to HS.
Control injections consisted of BMP2 free PInD1-HA particles, HA particles, free BMP2 or saline.
Knees dissected following these injections were analyzed using histological, immunostaining and
gene expression approaches. Our results show that knees treated with PInD1-HA/BMP2 had lesser
OA-like damage compared to control knees. In addition, the PInD1-HA/BMP2-treated knees had
higher mRNA levels encoding for type Il collagen, proteoglycans, and xylosyltransferase 1, a rate-
limiting anabolic enzyme involved in the biosynthesis of glycosaminoglycan chains, relative to
control knees (PInD1-HA). This finding was paralleled by enhanced levels of aggrecan in the
articular cartilage of PInD1-HA/BMP?2 treated knees. Additionally, decreases in the mRNA levels
encoding for cartilage-degrading enzymes and type X collagen were seen relative to controls. In
conclusion, PInD1-HA microgels constitute a formulation improvement compared to HA for
efficient /n vivo delivery and stimulation of proteoglycan and cartilage matrix synthesis in mouse
articular cartilage. Ultimately, PInD1-HA/BMP2 may serve as an injectable therapeutic agent for
slowing or inhibiting the onset of OA after knee injury.

Keywords

Perlecan; Hyaluronic Acid; Heparan Sulfate; Osteoarthritis; Cartilage Repair; Bone
Morphogenetic Protein

Tto whom correspondence should be addressed: Xingiao Jia, University of Delaware, Dept of Materials Sciences, & Engineering, 206

DuPont Hall, Newark, DE 19716, Tel: (302) 831-6553, Fax: (302) 831-4545, xjia@udel.edu, Catherine Kirn-Safran, University of

Delaware, Department of Biological Science 310 Wolf Hall, Newark, DE 19716, Tel: (302) 831-6553, Fax: (302) 831-4545,
kirn@udel.edu.

gCurrent Address for Amit K. Jha: University of California, California Institute for Quantitative Biosciences Institute, Berkeley, CA

94720

Scurrent address for Weidong Yang: University of Pennsylvania, School of Dental Medicine, Dept of Periodontics Philadelphia, PA

Conflict of interest
One or more co-authors of the present manuscript have been named as inventors of one or more U.S. patents and/or applications
relating to the technology described in the manuscript.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Srinivasan et al.

Page 2

1. Introduction

Avrticular cartilage is a viscoelastic tissue essential for the absorption of shocks and normal
distribution of loads. Because of its non-vascularized, non-innervated and sparsely cell
populated nature, this tissue displays poor regenerative capacity[1]. Recently, growth factor
therapy has emerged as a novel strategy for enhancing chondrogenic differentiation and
repairing functional cartilage [2-4]. The heparan sulfate binding growth factor (HBGF) bone
morphogenetic protein 2 (BMP2), which plays a critical role in the establishment of normal
cartilage during development, also was found to enhance the differentiated phenotype of
mesenchymal stem cells in culture [5-7]. In addition, several studies indicate that BMP2
expression is elevated in damaged cartilage during the early stages of spontaneous or
instability-induced OA. This increase in BMP2 levels is believed to enhance reparative
processes and reactivate morphogenetic pathways including synthesis of extracellular matrix
(ECM) components [8,9]. During disease progression, the weakened synthetic machinery of
chondrocytes eventually becomes unable to compensate for the degradation of ECM
components leading to degenerative OA. Therefore, it is apparent that supplementing BMP2
at the initial stages of OA may have a significant inhibitory effect on the development of OA
[3]. Nonetheless, even with the high chondrogenic potency of BMP2, the biggest challenge
lies in developing an efficient delivery system to counteract its short half life and rapid
degradation /n vivo [10,11].

Perlecan/HSPG?2 is a heparan sulfate proteoglycan (HSPG) that represents an essential
component of cartilage ECM [12-15]. The NH,-terminal portion of perlecan (domain 1 or
PInD1) carries HS chains that bind HBGFs and enhance interaction with their signal
transducing receptors [13,16—-18]. Thus, PInD1 can act as a depot for BMP2 storage and
controlled release, protect it from proteolytic degradation and potentiate its biological
activity [19,20]. Previous studies demonstrate that PInD1 can be successfully used /n vitroto
modulate the chondrogenic bioactivity of BMP2 [21]. However, because of its own
diffusion and susceptibility to degradation, PInD1 only can be effectively used as a HBGF
reservoir for /n vivo cartilage repair if immobilized through conjugation to a larger
biocompatible carrier. For this reason, we developed a HBGF delivery system with /n vitro
chondrogenic activity by conjugating PInD1 to hyaluronic acid (HA)-based microgels
(PInD1-HA) [2]. HA is a natural component of articular cartilage that functions as a matrix
organizer by interacting with other matrix molecules such as aggrecan [22]. HA-based
macromolecules are commonly used in the clinic as viscosupplements to enhance joint
mobility and provide temporary relief of knee pain by increasing the viscosity and elasticity
of synovial fluid [23]. However, HA alone does not promote the regeneration of cartilage
ECM and is traditionally not administered in combination with active cartilage repair agents.
Thus, palliative HA injection can temporarily alleviate pain and may allow people to
maintain some level of function until joint replacement is necessary but in younger people
with jobs that require high levels of physical activity, improvement in their ability to
perform their duties following HA injection is not well documented [24,25].

Here, we used PInD1-HA microgels as the carrier for the controlled and slow release of
BMP2 into the knee cavity of mice. We tested the efficiency of this system on articular
cartilage using the papain-induced model of early OA [26]. The goal of this study was to
determine the potential benefits of a single injection of PInD1 added to HA in potentiating
BMP?2 activity for the attenuation of early cartilage damage in an experimental model of
reversible OA prior to permanent cartilage break-down.
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2.1. Preparation of PInD1-HA Microgels

Recombinant human BMP2 (R&D Systems, Minneapolis, MN) stock was prepared at a
concentration of 10pg/ml in saline containing 4mM HCI and 0.1% (w/v) mouse albumin
(Innovative Research, Novi, MI). Recombinant mouse PInD1 was expressed by stably
transfected kidney cells and purified using an immunoaffinity chromatography approach
following established protocols [18,27]. Post-translational modification of PInD1 by heparan
sulfate (HS) was verified by observing a change in its electrophoretic mobility following
heparinase I, 11, and Il and chondroitinase AC treatments [18]. Because the absence of HS
results in loss of BMP-2 binding activity only PInD1 decorated by HS chains was used in
this study [21]. PInD1-HA microgels were prepared as described [2]. Briefly, PInDI was
conjugated to HA microgels via the core protein through a polyethylene glycol (PEG) linker.
The aldehyde groups in HA microgels were passivated by glycine and the residual hydrazide
groups were allowed to react with a large excess of PEG dial dibutyraldehyde. The
generated aldehyde groups were subsequently used for reaction with the lysine amine
residues in the core protein. The PInDI-conjugated HA particles were passivated again with
glycine before being used for BMP-2 loading.

The need for PInD1 bioconjugation to a HA carrier to increase /n vivo retention in the
articular knee cavity, was tested previously by injecting intra-articularly Alexa 568-labeled
PInD1. /n vivo knee imaging showed that PInD1 was clearly visible for 4-6 hours only
when stabilized by a HA carrier (data not shown). Bioconjugation of PInD1 to HA was
performed as described [2]. The presence of glycosaminoglycan modifications was
controlled by staining the microgels with Alcian blue. Additionally, the selective binding
capacity and release of BMP2 were measured using an ELISA assay as described [2].
Finally, PInD1-HA microgel bioactivity was evaluated /7 vitro using a micromass culture
system as described [2]. Once the PInD1-HA microgels passed all these control quality tests,
they were extensively rinsed in 70% (v/v) ethanol and saline, pelleted by centrifugation at
3,000 rpm, and resuspended in sterile saline (Fig. 1) at a concentration of 6mg/ml.
Approximately 1 mg of PInD1-HA microgels was combined with 250ng of BMP2. Both
PInD1-HA control and PInD1-HA/BMP2 mixtures were preincubated for an hour at room
temperature on a rocking platform prior to performing the intra-articular injections.

2.2. Intra-articular Injections

Early OA-like damage was induced by injecting intra-articularly 6pl of a 1% (w/v) papain
solution prepared in a saline solution containing 5mM L-cysteine in the knee of 10-11
week-old C57BL6/J mice. After waiting 7 days for the OA-like damage to develop, the
various test treatments were administered and the knees were allowed to recover for 7 or 14
days, after which the efficiency of each treatment condition to counteract the effects of
papain was evaluated following animal sacrifice. Previous /n vitro characterization of our
delivery system demonstrated that nearly 70% of the initially bound BMP2 was released
from PInD1-HA microgels after 14 days of incubation [2]. Based on this observation, it was
assumed that the majority of the bound BMP2 will be released from carrier microgels after a
14-day /n vivo incubation period. In the initial study, the usefulness of PInD1-HA particles
plus BMP2 to limit joint damage was compared with growth factor-free PInD1-HA particles
or saline at day 7 post-treatment. In subsequent studies, HA particles or BMP2 alone served
as additional control groups, and the knees were dissected 7 days after the treatment
injections. Because knee damage induced by HA or BMP2 did not differ significantly from
saline controls at day 7, only PInD1-HA or saline injections served as controls for day 14
histological scorings (n=9/group except for saline followed by saline control injections
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where n=5). All procedures involving animals were performed in accordance with protocols
approved by the IACUC at the University of Delaware.

2.3. Histological Scoring

Knees were fixed in 10% (v/v) formalin and decalcified in a 10% (v/v) formic acid solution.
6pm-thick frontal sections were either stained histologically using a standard Safranin O and
Fast Green staining procedure or immunostained (see below) [28]. The stringent conditions
used prior and during knee sectioning did not permit us to visualize retention of the
microgels in the knee cavity after histological processing. Scoring was done in the four
compartments of the knee using a modified semi-quantitative scoring scale as described
[29]. Briefly, the scores attributed in this study are: score 0 = normal cartilage, score 0.5 =
loss of Safranin O staining with a normal articular surface, score 1 = small fibrillations or
roughened articular surface, and score 2 = fibrillations extending into the superficial lamina.
For each knee analyzed, 12-15 slides encompassing the entire joint were blinded and scored
by two independent observers.

2.4. Immunohistochemistry

Deparaffinized knee sections were treated with Dako (Carpinteria, CA) antigen retrieval
solution for 1 hour and blocked overnight with 3% (w/v) BSA and 2% (v/v) goat serum.
Primary rabbit antibody [anti-mouse aggrecan (Chemicon International Inc., Temecula, CA)
or anti-mouse collagen Il (Biodesign International, Saco, ME)] was incubated for 4 hours at
37°C. After washing in PBS, sections were incubated with Alexa 488 conjugated goat anti-
rabbit secondary antibody (Invitrogen, Carlsbad, CA) and DRAQ5™ (Biostatus,
Leicestershire, United Kingdom) at 37°C for 1 hour, mounted, and viewed under a confocal
microscope.

2.5. Quantitative Real-Time PCR

To examine transcriptional changes in cartilage-specific marker expression, mMRNA was
extracted from knee articular cartilage of both tibiae and femora of 4 papain-damaged knees
treated with either PInD1-HA/BMP2 (combined treatment) or PInD1-HA (carrier only
control) microgels. Mild decalcification was induced in 0.5M EDTA (Sigma-Aldrich, St.
Louis, MO) overnight at 4°C. Articular cartilage tissue was microdissected away from
subchondral bone prior to RNA extraction with the RNeasy® fibrous tissue mini kit (Qiagen,
Valencia, CA) and DNAase treatment (Turbo DNA-free, Ambion Inc, Austin, TX). One g
of mMRNA was used to synthesize cDNA using the iScript™ cDNA synthesis kit (BioRad,
Hercules, CA) and the quantitative PCR reaction was run in triplicate. Primer sets specific
for cartilage markers were purchased from SA Biosciences (Frederick, MD) and included
type Il and X collagens (COL2al and COL10al); aggrecan (ACAN); perlecan, the major
HSPG produced in the pericellular matrix of chondrocytes (HSPG2); and the isoform of
xylosyltransferase found in cartilage (XYLTZL). In addition, the following primers were
used: 1) two aggrecan degrading enzymes, matrix metalloproteinase 3 (MMP3) and
aggrecanase-2 (ADAMTS5), and 2) one enzyme primarily responsible for type 11 collagen
breakdown (MMP13) [30,31]. The relative mRNA fold change in PInD1-HA/BMP2 vs.
PInD1-HA (carrier only) treatments was compared at 1 or 7 days post-injection. These two
time points were selected based upon previous /n vitro kinetic studies of BMP2 release from
PInD1-HA microgels that occurred in two distinct phases with an initial burst occurring
during the first day (10% of cumulative release) followed by a steady controlled release
(3.8%/day) that reached a cumulative release of approximately 50% after seven days [2]. For
this reason, mRNA analysis was conducted without delay (day 1) during the burst phase to
detect transient events responsible for activation of synthesis pathways and in the middle of
the steady linear release phase (day 7) before 100% release was achieved. Four knees were
used in each biological replicates and two biological replicates were performed. Each
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sample was run in triplicate, cycle threshold (Ct) values were obtained for each gene of
interest, and the relative mMRNA mean fold change is the results of two biological replicates.,
This fold change was calculated using the comparative Ct method in which the 2 =& ACT
formula normalized target MRNA amount to GAPDH [32]. Differential gene expression
results are presented in terms of fold-change (PIND1HA-BMP2 over PInD1HA), with 2-fold
and 0.5-fold considered significant cutoffs for a relative increase or decrease in gene
expression, respectively [3].

2.6. Statistical Analyses

3. Results

The histological scores obtained at different time points from different knees (n=9) were
analyzed using the Kruskal-Wallis statistical test as described on Dr. John H. McDonald’s
website (University of Delaware, Newark, DE) [33]. Bonferroni correction was performed
for multiple comparisons and p values less than 0.0083 (0.05 divided by 6 groups) and
0.0167 (0.05 divided by 3 groups) were considered significant at day 7 and day 14,
respectively. In addition, scores for three experimental groups (PInD1-HA/BMP2, PInD1-
HA, saline) were compared between day 7 and day 14 using the Kruskall-Wallis test
followed by Bonferroni correction and p values below 0.0083 were considered significant.

3.1. Effect of BMP2-loaded PInD1-HA Microgels on Damaged Articular Cartilage in Mice

The efficacy of the various treatments in counteracting the damage produced by papain was
evaluated by histological scoring (Figs. 2 and 3). Seven days post-treatment, PInD1-HA/
BMP?2 injected knees had significantly lesser OA-like damage than the knees treated with
PInD1-HA (p= 1.1 x 107, Fig. 3) or the knees treated with saline (p= 1.3 x 107>, Fig. 3).
The majority of coronal knee sections obtained 7 days after a single injection of PInD1-HA/
BMP2 microgels showed a smooth and thick articular cartilage surface with chondrocytic
clusters of normal appearance surrounded by intense Safranin-O staining (Fig. 2B). This
result was seen in around 90% of the animals tested (8 out of 9 injected knees). Remarkably,
severe damage induced by papain including proteoglycan loss and initial delamination of the
superficial layer that were observed prior to treatment (day 0, Fig. 1S) were entirely reversed
by a single intra-articular injection of PInD1-HA/BMP2 microgels when analyzed at day 7
post-treatment (Fig. 2B). In addition, the morphology of PInD1-HA/BMP?2 treated knees at
day 7 was not distinguishable from knees that were injected twice with a saline solution in
place of papain at day minus 7 and in place of the treatment at day 0 (Fig. 2A-B and Fig. 3,
p=0.824).

In contrast, control saline (Fig. 2C) and PInD1-HA (Fig. 2D) treatments of papain-damaged
knees resulted in obvious proteoglycan depletion and small fibrillations in approximately
80% (7/9 knees) and 70% (6/9 knees) of the individuals tested, respectively. Additional
control treatments consisting of an injection of either HA or BMP2 microgels in the absence
of PInD1 did not reverse proteoglycan loss (Fig. 2E-F, in 7/9 and 8/9 knees respectively).
Papain-damaged knees treated with HA (Fig. 2E, with fibrillation in 4/9 knees) had a
significantly higher OA score compared to knees treated with PInD1-HA/BMP2 (Fig. 2B)
indicating the lack of chondrogenic repair activity (Fig. 3, p= 2.78 x 1075). The same
observation was made following BMP2 treatment (Fig. 3, BMP2 vs. PInD1-HA/BMP2; p=
3.2 x 10~7) where scores were slightly more severe and cartilage fibrillation occurred in 7/9
knees (see arrows in Fig. 2F). Interestingly, chondrocyte clusters were seen near the joint
surface in the eroding proteoglycan-depleted region of PInD1-HA treated knees relative to
PInD1-HA control treatments (see arrows in Fig. 2D).
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3.2. Effect of PInD1-HA/BMP2 Microgels on Articular Cartilage Transcript Levels

3.2.1. Cartilage Synthesis Markers—Transcripts levels of ECM components were
measured in articular cartilage of papain damaged knees treated with either PInD1-HA/
BMP2 or growth factor free control PInD1- HA particles (Fig. 4A). As early as one day
post-treatment, the mRNA level for the a1 chain of the major fibrillar component of
cartilage, type Il collagen (COL2al), was slightly, but significantly, increased 2-fold in
cartilage extracted from knees treated with PInD1-HA/BMP2 relative to control (PInD1-HA)
knees. This positive effect continued with time and a 6-fold increase in type Il collagen
MRNA levels was seen at day 7 post-treatment in PInD1-HA/BMP?2 treated knees when
compared to control (PInD1-HA) samples.

Transcript levels of the major cartilage proteoglycan, aggrecan, were about 2.5-fold greater
in PInD1-HA/BMP2 versus control (PInD1-HA) knees at day 7. We also examined the
mMRNA levels of perlecan itself, the most abundant HSPG present in cartilage. The relative
mMRNA level of perlecan was significantly higher in the PInD1- HA/BMP?2 treated knees
relative to PInD1-HA treated knees at day 7. The relative levels of transcripts encoding for
the enzyme that initiates glycoaminoglycan chain extension by adding the first sugar group
to proteoglycans, xylosyltransferase 1 (XYLT1) [34] also was measured. PInD1-HA/BMP2
treated knees demonstrated an increase in mMRNA encoding for this enzyme in the early post-
treatment phase (day 1). The increase remained significant at day 7 when compared to
control (PInD1-HA) knees.

3.2.2. Cartilage degradative enzymes and marker of hypertrophy—We also
measured the mRNA levels of degrading enzymes responsible for the breakdown of
cartilage ECM components and type X collagen (COL10al), a marker for chondrocyte
hypertrophy and pathological calcification of articular cartilage (Fig. 4B). The mRNA levels
of both MMP3 and MMP13 were decreased significantly in the knees treated with PInD1-
HA/BMP2 compared to the control (PInD1-HA) knees at day 1 and day 7 after treatment
injections. The mRNA levels of ADAMTSS5 were also significantly decreased at both day 1
and day 7 between the PInD1-HA/BMP?2 treated and the control PInD1-HA treated knees.
The level of transcripts encoding for the a1 chain of type X collagen, was significantly
decreased by nearly 5-fold at day 7 in PInD1- HA/BMP?2 treated vs. PInD1-HA injected
knees.

3.3. Comparative Analysis of ECM Protein Distribution in PInD1-HA/BMP2 treated Knees

3.3.1. Type Il collagen Immunoreactivity—Potential changes in the expression pattern
of the major fibrillar component, type Il collagen, was assessed by comparing
immunostained sections of papain-damaged knee sections harvested 7 days after treatment
with either BMP2-loaded PInD1-HA particles or saline (Fig. 5). There was no obvious
difference in the intensity of the type Il collagen-specific signal detected at the joint
interface of PInD1-HA/BMP2-treated knees (Fig. 5C) and the articular cartilage remaining
in knees treated with saline or control PInD1-HA particles (Fig. 5D and data not shown).
Thus, the global decrease of signal seen in control (PInD1-HA) knees relative to PInD1-HA/
BMP2 can be attributed to a decrease in the amount of articular cartilage tissue present in
this region. Conversely, the presence of healthy articular cartilage in the superficial layer of
PInD1-HA/BMP2-treated knees was accompanied by a concomitant increase in the overall
extent of collagen type Il-positive tissue when compared to control (PInD1-HA) conditions
(compare C and D in Fig. 5).

3.3.2. Aggrecan Immunoreactivity—To correlate the higher levels of aggrecan

transcripts in PInD1-HA/BMP2 treated articular cartilage with corresponding protein
expression, we performed immunolabeling of treated knees with an antibody directed
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against the aggrecan molecule (Fig. 6). The articular cartilage of knees treated with PInD1-
HA/BMP2 (Fig. 6D and G) showed higher expression of aggrecan than control knees treated
with PInD1-HA (Fig. 6, compare D and G to E and H) or saline (Fig. 6, compare D and G to
F and I). In contrast, aggrecan signal in growth plate cartilage remained unchanged among
all three experimental conditions and was used a positive control for antibody
immunoreactivity (Fig. 6D-F).

3.4. PInD1-HA Microgels Prolong BMP2 Cartilage Repair Activity in vivo

To determine if PInD1-HA microparticles can prolong the chondrogenic effect of BMP2 on
articular cartilage over a longer period of time, we compared the histological appearance of
papain-damaged knees dissected 14 days after a single intra-articular injection of either
PInD1-HA/BMP2, PInD1-HA, or saline (Fig. 7B-D). The analysis of the histological scores
showed that PInD1-HA/BMP2-treated knees had lesser OA-like damage than the knees of
the two control (PInD1-HA and saline) groups (Fig. 7A). Although PInD1-HA/BMP2 and
PInD1-HA treatments significantly increased between day 7 and day 14, these scores
followed the same trends as the scores obtained after 7 days of treatment and PInD1-HA/
BMP?2 treated knees at day 14 still displayed significantly less damage than knees treated
with either PInD1-HA or saline (p= 6.1072 and p=0.005, respectively).

4. Discussion

Despite its established anabolic effect during both chondrogenesis and the pathogenesis of
OA, BMP2 usefulness in cartilage repair has been limited due to its short in vivo half life
and known side effects when administered at high doses [2,35]. Indeed, when injected under
its soluble form into the knee cavity it rapidly loses its bioactivity due to clearance through
systemic passive diffusion/clearance, and/or inhibition via specific BMP antagonists and
proteases [10,11,36,37]. Additionally, burst induction from repetitive high dose injections or
sustained overexpression through adenoviral genetic insertion of TGFP family members are
known to result in adverse side effects on adjacent joint tissues including induction of an
inflammatory response, synovial fibrosis, and formation of de novo osteophytes at sites of
tendon insertions or at the periosteal joint margins [35,38,39]. The objective of the current
study was to highlight the benefits of controlled BMP2 delivery via PInD1-HA microgels for
the inhibition of cartilage break-down during reversible OA. The use of an early model of
OA for testing the in vivo repair effect of controlled BMP2 release was favored because 1)
less severe preclinical models are better systems to evaluate novel therapies effective at
slowing disease progression prior to severe cartilage damage [40], and 2) BMP antagonists
are upregulated during advanced stages of OA [37].

Consistent with previous reports, the single administration of soluble BMP2 in the current
study neither induced side effects (expansion of the synovial membrane/subchondral bone
sclerosis/osteophyte formation etc.) nor enhanced cartilage repair. For this reason, PInD1
bearing HS chains was bioconjugated to a biocompatible carrier (HA microgel) to
potentiate/prolong BMP2 action after injection in mouse knee cavities. In our system,
binding of BMP2 to HS chains could serve two roles as it both protects BMP2 from being
degraded and may enhance its opportunity to bind with cellular receptors through the
formation of functional ternary complexes in a similar fashion to that described for FGF2
[41,42]. Although it is not well understood if the folded core protein portion of PInD1 itself
plays a direct role in the modulation of BMP2 activity, it is important for: 1) covalent
conjugation to the carrier microgels due to the presence of surface lysines and 2) proper
spacing of at least two appropriately spaced surface HS chains that facilitate the controlled
release of BMP2 [2]. Recently, another member of the TGFB superfamily, Activin A, was
found to specifically bind to perlecan via HS chains interactions that regulate its localization
within tissues [43]. Although Activin A binds HS of perlecan via its cleavable N-terminal
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pro-region, BMP-2 and BMP-4 were reported to interact with proteoglycans in a HS-
dependent fashion through a highly conserved region of their mature NH,-terminal portion
[44]. This form of non-covalent highly specific binding is important in retaining the growth
factor bioactivity that could easily be compromised through covalent chemical bonds and is
likely to increase its half life, as demonstrated by prolonged /n vitroand in vivo effects [2].
Indeed, injection of BMP2 in combination with PInD1-HA microgels carrying HS chains in
papain-damaged knees significantly improved histological scores when compared to all
other treatments including free BMP2.

The significant score improvement observed in PInD1-HA/BMP2 treated knees observed at
day 7 was still evident, albeit diminished, 14 days post-injection. These results extend
previous /n vitro findings that PInD1-HA potentiates BMP2 and helps in spatial and
temporal presentation of BMP2 for approximately two weeks [2]. It can be speculated that
the release kinetics of BMP2 from PInD1-HA microparticles are governed by the
equilibrium between the endogenous BMP?2 released from the degrading cartilage matrix
and those bound to the PInD1-HA particles. Such dynamic model would support stimulation
of repair pathways and prevention of interaction between active BMP2 molecules and their
natural antagonists. While this idea requires further investigation, it is clear from the data
obtained during a two-week period that PInD1-HA microgels injected in the absence of
BMP?2 are not responsible for knee damage worsening and that injection of these microgels
in combination with BMP2 induces an anabolic response in articular cartilage.

Comparative analysis of mMRNA levels in articular cartilage following treatment with PInD1-
HA microgels in the presence or absence of BMP2 indicates that BMP2 release from these
biomaterials rapidly increases the relative level of transcripts encoding for both aggrecan
and its modifying enzyme (XYLT1) during cartilage repair processes [34]. These initial
transcriptional events soon were followed by a significant increase in the relative levels of
both type Il collagen and perlecan mRNAs. The fact that BMP2 efficiently delivered via
PInD1-HA microgels increased the steady state of mMRNA encoding for ECM components,
strongly implies that the repair mechanisms involved under our experimental conditions
primarily consist of de novo synthesis of cartilage matrix by resident chondrocytes. In
addition, the small but significant decrease of the relative mRNA levels encoding for MMP3
and MMP13 upon PInD1-HA/BMP2 treatment suggests that our BMP2 delivery system also
may reduce early OA onset by inhibiting articular cartilage matrix degradation. This data
contrasts with other reports in which BMP2 stable overexpression via adenoviral integration
leads to an initial catabolic response by chondrocytes and boosts matrix turnover [3]. Thus,
the lack of catabolic effect accompanied by increased matrix synthesis under our treatment
conditions indicates that controlled delivery of BMP2 induces a seemingly exclusive
anabolic effect that may protect new and resident cartilage against further destruction by
MMPs. Consistent with our results, /n vitro studies conducted in chondrocyte progenitors
demonstrated that the close homolog of BMP2, BMP4, can strongly down-regulate MMP3
and MMP13 gene expression [45]. In comparison, the relatively low but significant decrease
of MMP3 and MMP13 gene expression obtained under our experimental conditions may be
attributed to the low amount of chondrocytic stem cells present in adult articular cartilage.

The significant and continuous increase in aggrecan transcript levels during the course of the
experiments is accompanied by a transcriptional inhibition of ADAMTS5, the aggrecan-
specific protease [30]. Whereas up-regulation of Adamis5 gene expression is a well-
accepted indicator of early disease progression, moderate down-regulation of ADAMTS5
transcripts during the initial phase post injection actually may be important for normal
cartilage turnover and the creation of space for organized deposition of newly synthesized
ECM components [3]. Finally, reduction of both MMP13 and type X collagen mMRNA levels
in treated versus control (PInD1-HA) knees indicated that the global reparative effect of

Biomed Mater. Author manuscript; available in PMC 2013 April 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Srinivasan et al.

Page 9

PInD1-HA/BMP2 biomatrices on articular cartilage do not activate developmental program
associated with cartilage growth plate terminal differentiation [30,36]. Altogether, our gene
expression data shows that BMP2 delivered through PInD1-HA triggers both anabolic (by
increasing the transcription of proteoglycans and type Il collagen) and protective responses
(by lowering matrix degradation).

The replenishment of proteoglycans such as aggrecan with large negatively charged
polysaccharide chains is essential for the restoration of the viscoelastic properties of normal
functional hyaline cartilage with ability to resist compressive loads [30]. Therefore, our
aggrecan expression data strongly favors a reversion of the early OA damage induced by
papain. While Col2a1 gene expression was significantly upregulated, signal specific for type
Il collagen protein remained unchanged in proteoglycan-depleted regions of the articular
cartilage superficial layer. During early OA, the loss of aggrecan is initiated at the joint
surface and progresses to the deeper zones before degradation of the collagen fibrillar
meshwork [30]. Similarly, the original collagen matrix might not have been destabilized
under our experimental conditions and the lack of obvious change in the intensity of type Il
collagen-specific signal among treatments is likely due to the difficulty of visualizing de
novo expression above baseline levels [30]. This idea is supported by the fact that the type I1
collagen triple helix is remarkably stable (half-life in cartilage =100 years) [46].

5. Conclusions

In summary, we demonstrated that single injection of BMP2 complexed to PInD1-HA based
microgels in papain-damaged knees can increase the mRNA levels of articular cartilage
matrix components, reverse proteoglycan loss and cartilage erosion, and inhibit cartilage
degradative pathways and hypertrophy. Although our experimental design allowed us to
study the early effects of bioactive microgels, one of the limitations of this study is that
papain is a reversible model of OA that prevents the exploration of the long term effect of
single or multiple injections of active microgels. Indeed, self repair mechanisms occur and
replenishment of proteoglycans become visible around one month post-papain injection
[26]. During the two-week period of our studies, histological scores obtained with PInD1-
HA/BMP?2 increased between day 7 and day 14, suggesting the need for a second injection
at or before day 14 to prolong the repair effect of BMP2-releasing microgels. However,
because of the reversibility of the papain model during the time window that follows a
second set of injections this idea is not testable using the current experimental design and
will require the use of more severe animal models in which duration of the experiment is
longer to test whether the observed anabolic response can overcome wear caused by altered
knee biomechanics and normal daily activities. Importantly, our data shows that BMP2 only
promotes a strong and sustained anabolic response on compromised cartilage when
delivered in a controlled manner that mimics its natural mode of release from the cartilage
matrix. Thus, covalent modification of HA with bioactive molecular complexes of native
cartilage may constitute a new promising therapeutic option to control the anabolic response
of articular cartilage chondrocytes and slow degradative processes in patients susceptible to
develop OA at relatively young age. Problems associated with knee injury in young patients
exposed to intense daily activities (athletes, military trainees, etc.) include the formation of
fibrocartilage at sites of injury followed by progressive degeneration and development of
severe OA [47]. Future studies will investigate if multiple injections (weekly intra-articular
injections over a period of at least 1.5 months during the acute degradative phase preceding
full-thickness articular cartilage damage) of BMP2-releasing PInD1-HA microgels can help
preserve the normal structure of hyaline cartilage and slow disease progression in more
severe instability-induced models of knee OA. Yet, recent recommendations for the use of
preclinical models in the study and treatment of OA [40] pointed out that less severe animal
models (such as papain) are required to better evaluate potential therapies for use in human
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OA as overly severe experimental models (surgical knee destabilization, iodoacetate intra-
articular knee injections) may only constitute tools to study mechanisms involved in
irreversible disease progression. In conclusion, the current study shows for the first time that
the PInD1-conjugated, HA-based microgels can enhance BMP2 bioactivity /in vivoand are
promising injectable materials for the targeted delivery of HBGFs without the initiation of
side effects often seen following repetitive administration of growth factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Injectable PInD1-HA microgels visualized following hydration in saline buffer..
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Fig. 2.

Histological sections of mouse knees processed 7 days post repair or control treatments and
stained with Safranin-O and Fast Green. Knees treated with PInD1-HA/BMP2 showed a
normal smooth articular cartilage appearance (B) and showed no OA damage when
compared with papain-damaged knees treated with either saline (C), PInD1-HA (D), HA
(E), or BMP2 (F). Proteoglycan depletion indicated by a loss of Safranin-O staining is
marked by asterisks. An increase in chondrocyte clusters was observed in the proteoglycan-
depleted region of articular cartilage of PInD1-HA-treated knees (see arrows in D). Such
clusters are absent in BMP-2 treated knees where articular cartilage fissures and
delamination is observed (see arrowheads in F). No obvious difference is seen between
control knees (A) injected twice with saline (in place of papain and the repair treatment) and
the papain-injected knees treated with PInD1- HA/BMP2 microgels (B). T, tibia; F, femur;
m, meniscus. Scale bar represents 50 um
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Fig. 3.

Box and whisker plot showing the median (central line), 25-75 percentile (boxes) and the
entire range of scores obtained 7 days after treatment of saline or papain-damaged knees
(n=5 for control injected twice with saline; n=9 for all the other groups). ** indicates
p<0.001 when compared to PInD1-HA/BMP2. No statistical difference is seen between the
scores obtained in control knees injected with saline twice and the papain-injected knees
treated with BMP2-loaded PInD1-HA particles (p=0.824).
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Relative fold change in articular cartilage mRNAs

>

10 4 = Day 1
9 1 o Day 7
8 4
7 -

6 4

5 4

4 -

3 -

3 HIN EEEE b
0 : .

COL2a1 ACAN HSPG2 XYLT1

B

(PIND1-HA +BMP2 vs. PInD1-HA)
NN

| 1o J_
= j B

MMP13 MMP3 ADAMTSS COL10a1

o
(=]
1

e
f -
L

o
N
L

o

Fig. 4.

Effect of the combined administration of BMP2 and PInD1-HA particles on mRNA levels of
articular cartilage ECM components and ECM-modifying enzymes. Fold changes in mMRNA
levels are shown for knees treated with BMP2-loaded PInD1-HA particles relative to knees
treated with growth factor free particles (control PInD1-HA) on days 1 and 7 following
intra-articular injections. mMRNA levels of the a1 chain of type Il collagen (COL2al),
aggrecan (ACAN), perlecan (HSPG2) and xylosyltransferase 1 (XYLT1) were significantly
increased in knees treated with PInD1-HA/BMP2 compared with control (PInD1-HA) knees
whereas the opposite was seen with matrix degrading enzymes (MMP13, MMP3, and
ADAMTS5) and the a1 chain of type X collagen (COL10al). Each fold change value equal
or higher to 2 (above the dashed line in A) and equal or lower to 0.5 (below the dashed line
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in B) is considered statistically significant, when PInD1-HA/BMP?2 is compared with control
PInD1HA. Error bars represent standard deviations.
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Fig. 5.

The extent of the type Il collagen signal (green) is diminished in the articular cartilage of
saline (D) versus PInD1-HA/BMP2 (C) -treated knees after 7 days of treatment. For each
group, consecutive coronal knee sections were stained with Safranin O/Fast Green (A, B)
and immunostained with an antibody specifically directed against type 11 collagen (green in
C, D). A and B are the adjacent histological stains for C and D, respectively. DRAQ5™ was
used as nuclear stain (blue in C, D). Growth plate (GP) cartilage served as an internal
positive control for type Il collagen immunodetection. Asterisks indicate the presence of a
healthy articular cartilage of high cellularity in the superficial layer of PInD1-HA/BMP2-
treated knees. F, Femur; T, Tibia; m, meniscus. Scale bars represent 100.m.
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Fig. 6.

Articular cartilage of knees treated with PInD1-HA/BMP2 showed increased expression of
aggrecan relative to control (PInD1-HA or saline) knees after 7 days of treatment. For each
group, consecutive coronal knee sections were stained with Safranin O/Fast Green (A-C)
and immunolabeled with an antibody specifically directed against aggrecan (D-F). The
aggrecan-specific immune signal (green) was noticeably increased in knees treated with
PInD1-HA/BMP2 (D and G) when compared with control knees treated with PInD1-HA (E
and H) or saline (F and I). A, B, C are the adjacent histological stains for D, E and F,
respectively. DRAQ5™ was used as nuclear stain (blue in D-F). Growth plate (GP) cartilage
served as an internal positive control for aggrecan immunodetection in osteoarthritic knees
that displayed severe depletion of proteoglycans at their articular cartilage surface (see
arrows in panel D-F). Scale bars represent 100m for either A-F or G-I. F, Femur; T, Tibia,
m, meniscus.
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Fig. 7.

Box and whisker plot showing the median (central line), 25 to 75 percentile (boxes) and the
entire range of scores obtained 14 days after treatment of papain-damaged knees (A, n=9 for
each group). ** indicates p<0.001 when compared to PInD1-HA/BMP2. Representative
histological sections from papain-damaged mouse knees processed 7 days post repair (B,
PInD1-HA/BMP2) or control (C, PInD1-HA,; D, saline) treatments and stained with
Safranin-O and Fast Green. Proteoglycan depletion in the superficial articular cartilage layer

is marked by an asterisk. Femur; T, Tibia, m, meniscus.
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