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Enzyme Pretreatment plus Locally Delivered HB-IGF-1
Stimulate Integrative Cartilage Repair In Vitro

Paul H. Liebesny, PhD,""" Keri Mroszczyk, MS?” Hannah Zlotnick, SB, Han-Hwa Hung, BS;
Eliot Frank, PhD,' Bodo Kurz, PhD;? Gustavo Zanotto, DVM, MSc,* David Frisbie, DVM, PhD,*
and Alan J. Grodzinsky, ScD'?®

Focal cartilage defects caused by joint injury have a limited capacity to self-repair and, if left untreated, can lead
to the early onset of osteoarthritis. The current standard of care, microfracture surgery, induces an endogenous
repair response, but typically results in poorly integrated fibrocartilage, rather than native hyaline cartilage. The
objective of this study was to test the hypothesis that a self-assembling peptide hydrogel functionalized with the
proanabolic growth factor heparin-binding insulin-like growth factor-1 (HB-IGF-1) may improve integration
between native cartilage and neotissue when combined with a brief enzymatic pretreatment to the defect site.
This enzymatic pretreatment releases proteoglycans from the walls of the surrounding native cartilage in a
controlled manner and, thereby, creates space for newly synthesized repair tissue to anchor and integrate with
adjacent host cartilage. We used an in vitro model in which a cylindrical annulus of native cartilage was
pretreated with trypsin over a 2-min period and then filled with a chondrocyte-seeded [KLDL]; hydrogel
functionalized with proanabolic HB-IGF-1 that had been premixed into the gel. This procedure was deemed to
be clinically tractable in the context of ongoing parallel animal studies as a method to augment the micro-
fracture procedure. The trypsin pretreatment depleted proteoglycan content of adjacent cartilage in a controlled
manner without inducing cell death. The addition of HB-IGF-1 was found to stimulate matrix biosynthesis both
in the surrounding cartilage and the chondrocyte-seeded KLLD scaffold, and to enhance mechanical integration
of neotissue into native matrix.
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Impact Statement

A critical attribute for the long-term success of cartilage defect repair is the strong integration between the repair tissue and
the surrounding native tissue. Current approaches utilized by physicians fail to achieve this attribute, leading to eventual
relapse of the defect. This article demonstrates the concept of a simple, clinically viable approach for enhancing tissue
integration via the combination of a safe, transient enzymatic treatment with a locally delivered, retained growth factor
through an in vitro hydrogel/cartilage explant model.

Introduction

FOCAL CARTILAGE DEFECTS, often caused by traumatic
joint injuries, worsen with time due to the inability of
avascular cartilage tissue to self-repair. To overcome this
lack of vasculature, microfracture surgery attempts to divert
the underlying blood supply and progenitor cells to the de-

fect site by perforating the subchondral bone." While this
temporarily relieves pain, it commonly results in poorly
integrated, fibrotic repair tissue that degrades in 3-5 years
due to biological and mechanical discontinuities at the de-
fect/native interface.>”

To withstand compressive and shear forces and provide a
lasting fix, the repair tissue must integrate with underlying
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bone and surrounding native cartilage and have strong
equilibrium modulus, contributing to the integrative poten-
tial. Achieving successful integration remains a challenge in
neotissue-generating methods such as microfracture surgery
and in surgical implantation techniques using allografts, au-
tografts, or engineered tissue constructs.>® Lack of integration
may be attributed to a variety of factors, including decreased
cellularity or cell viability at the defect boundary, and break-
down of mechanically dissimilar neotissue. Also, the dense
extracellular matrix (ECM) of the native tissue may hinder
cellular ingress from the neotissue. Without a proper integra-
tion strategy, micromotions due to joint loading can generate
stress concentrations at the defect interface and inhibit repair.’

One strategy toward improving lateral integration between
engineered neotissue and surrounding native cartilage is an
enzymatic pretreatment to enhance cellularity and anabolic
activity of cells at the interface.®*'? Studies using collagenase
and hyaluronidase pretreatments demonstrated significant ex-
tracellular matrix biosynthesis, remodeling, and subsequent
enhanced integration,®'° although other studies have dem-
onstrated that disruption of the collagen network can lead to
irreparable damage.'>™" Targeting proteoglycans instead of
collagen via a chondroitinase pretreatment has also been
shown to increase cellularity at the defect interface in vitro'"
and provide a safe method of matrix depletion in an in vivo
rabbit model, where no side effects were observed in the
treated or contralateral joint. Studies using the broader acting
enzyme trypsin have also demonstrated a capacity to enhance
integration without harmful side effects.'''%!

To support the growth of hyaline repair tissue and ultimately
tissue integration, scaffold and growth factor (GF) combina-
tions can be implanted into the defect site. The scaffold envi-
ronment determines the ability of cells to differentiate and
produce hyaline cartilage, rather than fibrocartilage. In vitro and
in vivo studies have shown that augmenting microfracture
through the addition of cell-free scaffolds functionalized with
GFs may help foster chondrogenesis of endogenous progenitor
cells, neotissue production by these cells, and subsequent in-
tegration of neotissue with host tissue.'’ %>

Self-assembling peptide hydrogels, such as [RADA],,
[KLDL]s, and peptide-amphiphile nanofibers, which assem-
ble on exposure to physiological pH and ionic strength,?®*’
have been shown to foster chondrogenesis of bone marrow
progenitor cells,”®?° matrix production by primary chon-
drocytes in vitro,”>° and enhanced mechanical integration
as measured by a push-out test,>' as well as a biocompatible
environment for repair in vivo.>***=?

Recent studies have also shown that the addition of a single
dose of the anabolic fusion protein heparin-binding insulin-
like growth factor-1 (HB-IGF-1)** to chondrocyte-seeded
RAD is retained in the hydrogel and enhances matrix bio-
synthesis compared with the cell-seeded scaffold alone or with
a single dose of regular insulin-like growth factor-1 (IGF-1).
Cartilage tissue also retains HB-IGF-1 compared with IGF-1
if delivered by RAD in vitro™ and intra-articularly injected
in vivo.>* We hypothesize that this sustained delivery of HB-
IGF-1 to cartilage may stimulate improved integration through
enhanced matrix biosynthesis of cells at the defect periphery.

In the present study, we hypothesized that a controllable
trypsin pretreatment combined with a single dose of HB-
IGF-1 administered in a hydrogel may enhance integration
between neotissue and native tissue through proteoglycan
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depletion and subsequent matrix biosynthesis in an aug-
mented microfracture approach. To test this hypothesis, we
(1) developed a clinically relevant trypsin pretreatment
strategy, (2) characterized the ability of a trypsin pretreat-
ment combined with HB-IGF-1 to stimulate matrix bio-
synthesis in an in vitro cartilage defect model, and (3)
examined the impact of this combination on integration
through histology and mechanical testing.

Methods
Materials

The self-assembling peptide hydrogel, [KLDL];, with the
sequence AcN-(KLDL)3;-CNH,, hereafter known as KLD,
was donated by 3-D Matrix (Waltham, MA). KLD hydro-
gels were prepared at a final concentration of 0.35% (w/v) in
10% sterile sucrose for all experiments.”®*> HB-IGF-1 was
provided by Dr. Richard Lee (Brigham and Women’s
Hospital, Boston, MA).

Cartilage explant harvest

Middle-to-deep-zone cartilage explant disks (8 or 6 mm di-
ameter, 1.4mm thick) were obtained from the femoropatellar
grooves of immature bovine calves (Research 87, Boylston, MA)
using a biopsy punch. Six and 4 mm concentric circular holes
were punched in the 8 and 6 mm disks, respectively, to create
annuli of cartilage tissue similar to previous studies'’***3°
(Fig. 1A).

These explant annuli were equilibrated for 24-48h in
serum-free, basal medium consisting of high-glucose Dul-
becco’s modified Eagle’s medium (Mediatech, Inc., Man-
assas, VA) supplemented with 100 units/mL penicillin,
100 pg/mL streptomycin, 0.25 pg/mL amphotericin (PSA),
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; Invitrogen, Carlsbad, CA), 0.4 mM proline, 20 pg/
mL ascorbate, ] mM sodium pyruvate, and 0.1 mM nones-
sential amino acids (Sigma-Aldrich). Annuli with an 8 mm
outer diameter were used for enzyme depletion character-
ization (Supplementary Fig. S1) and short-term (<15 days)
in vitro culture models, while 6 mm outer diameter annuli
were used for long-term (4 weeks) in vitro culture models.

Chondrocyte isolation

Chondrocytes were harvested from the same immature
bovine calves from which the cartilage explants were har-
vested. Cartilage tissue from the femoral condyles was col-
lected aseptically and digested with proteinase for 1h and
then with collagenase overnight.**>” The resulting cells were
then encapsulated in KLD for culture on the same day, as
described below.

Controlled depletion of sulfated glycosaminoglycan

Following equilibration in basal medium, the annuli were
sealed to the bottom of a 24-well plate using 3% agarose.*®
Fifty microliters of 50 pg/mL> trypsin derived from bovine
pancreas (Sigma-Aldrich) in phosphate-buffered saline
(PBS; pH 7.4) was applied to the center of the annulus for
2 min, aspirated, and followed by a 2-min application of
50 uLL of fetal bovine serum (FBS; Thermo Scientific, Lo-
gan, UT) to neutralize the trypsin. The annulus was then
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FIG. 1. Invitro cartilage defect model. (A) Trypsin pretreatment: cartilage explant disks 6 mm (or 8 mm) in diameter were
cored with a 4 mm (or 6 mm) dermal punch to form annuli and sealed to the bottom of a 24-well plate. The inner surface of
the annuli was treated with trypsin, neutralized with FBS, and rinsed with PBS. Hydrogel/explant construct: KLD self-
assembling peptide was cast into cartilage annuli with or without trypsin pretreatment to the tissue. To assess the release of
HB-IGF-1 from the construct, HB-IGF-1 alone was premixed into KLD before casting. To assess neotissue production and
integration, chondrocyte-seeded KLLD was premixed with and without HB-IGF-1 before casting. Schematic of HB-IGF-1
molecular configuration adapted from Tokunou ef al.>* (B) Time line of long-term and short-term studies. (C) A bevel-edged
cylindrical indenter (3.2-3.6 mm in diameter) was used to shear neotissue cores from constructs placed on a rigid platform
with an opening below the core. The peak failure force was normalized to the interfacial surface area to determine the failure
stress. FBS, fetal bovine serum; HB-IGF-1, heparin-binding insulin-like growth factor-1; PBS, phosphate-buffered saline.

thoroughly flushed with PBS and transferred to basal me-
dium before further use. This trypsin pretreatment dose and
duration were chosen for subsequent culture studies after
extensive characterization (see the Results section and
trypsin dose/time responses in Supplementary Fig. S1).

In vitro integration model

To test the impact of the trypsin pretreatment and HB-IGF-
1-loaded KLD on neotissue/host tissue integration, KLD
premixed with 30x10° chondrocytes/mL, with or without
615 nM HB-IGF-1, was cast into cartilage annuli (8§ mm outer
diameter) that had either been pretreated with trypsin as
previously described or left untreated. These four conditions
of constructs—untreated control, trypsin pretreatment alone,
HB-IGF-1 alone, and HB-IGF-1 plus trypsin pretreatment,
were cultured in basal medium. After 15 days (short-term
culture), the rate of sulfated glycosaminoglycan (sGAG)
synthesis and the overall sGAG content were measured to
assess basal tissue growth in the defect model.

To enhance macro-scale matrix production sufficient for
mechanical testing, a separate set of constructs was cultured in
ITS/FBS medium (basal medium +1% ITS+Premix (BD Bios-
ciences, San Jose, CA) and 0.2% FBS*) for 4 weeks (long-term

culture). To overcome technical challenges due to swelling and
warping of constructs during the long-term culture, the smaller
cartilage annuli (6 mm outer diameter) were used, and con-
structs were allowed to rest freely in the well of a six-well plate
(n=2-4 per well) instead of seating with agarose. The same four
conditions as in the short-term culture experiments were tested
(and the same tissue growth assays were performed), with only
20 puL of volume needed for trypsin pretreatment.

Assessment of cell migration

To assess whether the trypsin pretreatment enhances
migration of KLD-encapsulated chondrocytes into explant
annuli or explant chondrocytes into KLD cores, each cell
source was stained with a distinct fluorescent dye and
constructs were analyzed by confocal microscopy after
12 days of culture. Briefly, explant annuli were submerged
in 20 uM carboxyfluorescein diacetate succinimidyl ester
(CFSE; Thermo Fisher), at 37°C for 2 h, rinsed with PBS,
and washed twice with medium containing 10% FBS for
30 min. Isolated chondrocytes were stained with PKH26
(Sigma) at a concentration of 10uM.*" Explant annuli
stained with CFSE were then exposed to the trypsin pre-
treatment protocol described above (or left untreated as a
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control), and PKH26-stained chondrocytes were then en-
capsulated in KLD with no added HB-IGF-1 and cast into
the annuli cores, as above. Confocal images of the con-
structs were obtained using 488 and 594 nm excitation
lasers following 12 days of culture in ITS/FBS medium.

Viability staining and histology

To assess the viability of the annuli and KLLD-encapsulated
chondrocytes, sections of the explant and gels were stained
with 4 pg/mL fluorescein diacetate (FDA; live cells) and
35 pg/mL propidium iodide (PI; dead cells). The sections were
viewed using a Nikon Eclipse TE-300 fluorescence micro-
scope at the commencement and completion of culture. Ad-
ditional samples fixed in 10% neutral-buffered formalin were
prepared for histological assessment. Samples were stained
with toluidine blue to visualize GAG content,28 or examined
for collagen type II content by immunohistochemistry, as
described previously.?®

Analysis of matrix production and cell proliferation
after short- and long-term culture

One day before the end of short-term and long-term
cultures, 5 puCi of 358 _sulfate (Perkin Elmer, Waltham, MA)
was added to the medium to enable assessment of sGAG
synthesis rates.*> At the end of the cultures, cartilage annuli
and neotissue cores were separated and digested overnight
in 0.1 mg/mL groteinase—K (Roche Applied Science, In-
dianapolis, IN). 8 Total sGAG accumulation was measured
by DMMB dye binding, and DNA content was measured by
Hoechst dye binding, as described previously.**™* Total
sGAG accumulation and **S-incorporation rates were each
normalized to the maximum value for their respective ani-
mal before data were pooled among animals.

FIG. 2. Trypsin pretreatment creates
space for cell invasion. (A) Control and (B) A
trypsin pretreated cartilage annuli stained
with toluidine blue show clearance of pro-
teoglycan content on trypsin pretreatment.
(C, D) Intratissue chondrocytes of cartilage
annuli were stained with CFSE (green) and
isolated chondrocytes were stained with
PKH26 (red) before KLD encapsulation and
casting into cartilage annuli. (C) No cells
from the KLD core invaded the untreated
control explant annuli, nor did any in-
tratissue chondrocytes depart the untreated
control cartilage annuli for the KLD annuli
following 12 days of culture. (D) Pro-
teoglycan content of cartilage annuli sub-
jected to 2min of 50 pg/mL trypsin
pretreatment was sufficiently depleted at the
annuli interface to allow invasion of chon-
drocytes from the KLD core (red cells) by
12 days of culture, while chondrocytes ini-
tially in the cartilage explant (green) re-
mained in the cartilage tissue. Scale

bars =100 um. CFSE, carboxyfluorescein
diacetate succinimidyl ester.
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Mechanical assessment of neotissue/host
tissue integration

Before digestion for biochemical analysis, the strength of
integration between the hydrogel-neotissue core and the
cartilage explants following 4 weeks of culture was mea-
sured using a push-out test.'?%?%3% The hydrogel-neotissue
was pushed out from the explant with a bevel-edge cylin-
drical indenter, while the cartilage annulus was supported
on a rigid, annular platform with a 4 mm inner diameter
(Fig. 1C). Indenters of diameters ranging from 3.2 to
—3.6mm were selected on a per-construct basis to fit the
final inner diameter of the construct as closely as possible,
due to swelling and growth of the samples over the extended
culture time.

The tests were performed using a Dynastat mechanical
spectrometer (IMASS, Hingham, MA) by driving the push-
out rod on top of the hydrogel disc through the cartilage
explant at 10 um/s, with displacement and load monitored at
a sample frequency of 20 Hz. The maximum force achieved
before separation of the tissues was normalized by the lat-
eral area of the core, with the resulting value considered
representative of the interfacial strength.*”

Statistical analyses

Values are reported as mean + standard error of the mean.
Comparisons use general linear mixed effects models with
animal as a random variable and Tukey’s HSD post hoc test
(p<0.05; IMP 11; SAS, Inc., Cary, NC).

Results

Trypsin pretreatment induces controlled removal
of sGAG from medial surface of cartilage annuli

Histomorphological analysis of the cartilage annuli sub-
jected to trypsin pretreatment indicated that GAG content

Control Enzyme Pretreated

Explant B

Edge Explant
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could be selectively removed from the edge of the defect
(Fig. 2A, B). Control annuli that were not exposed to trypsin
showed no signs of GAG depletion. At 50 and 500 pg/mL
(Supplementary Fig. S1), trypsin induced sGAG depletion
that increased with longer incubation times, with faster ki-
netics at 500 pg/mL than 50 pg/mL. After 2 min, 50 pg/mL
of trypsin consistently depleted ~200um of sGAG, and
was selected as our final trypsin pretreatment protocol for
further studies.

Trypsin pretreatment stimulates migration
of KLD-encapsulated cells into surrounding
cartilage annuli

Intratissue chondrocytes and KLD-encapsulated chon-
drocytes were stained with the fluorescent dyes CFSE
(green) and PKH26 (red), respectively, to determine if the
trypsin pretreatment impacted the ability of cells to cross the
defect interface. Confocal analysis of constructs cultured for
12 days showed no translocation of either cell source across
the interface in the nontrypsin-treated control (Fig. 2C). In
the trypsin pretreated constructs, however, cells originally
encapsulated in KLD (red) penetrated the explant annuli
after 12 days, although chondrocytes initially in cartilage
(green) remained in the annuli (Fig. 2D). This suggests that
proteoglycan depletion by the trypsin created space for
hydrogel-encapsulated cells to infiltrate the cartilage tissue.
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However, chondrocytes initially in cartilage remained en-
capsulated within their pericellular and ECM and were not
yet able to leave the explant by 12 days.

Premixed HB-IGF-1 and trypsin pretreatment
increased GAG content in chondrocyte-seeded
hydrogel cores and increased biosynthesis in cartilage
annuli over 15 days in basal medium

Chondrocyte-seeded, KLD hydrogels were cast into the
center of cartilage annuli to investigate the capacity of the
combination of trypsin pretreatment and a single dose of
HB-IGF-1 premixed into KLD to stimulate matrix deposi-
tion. Following 15 days of culture, cartilage annuli showed a
significant increase in sulfated proteoglycan synthesis rate in
constructs that had received HB-IGF-1 compared with those
that had not, as well as a difference between those that had
received the combination of HB-IGF-1+trypsin pretreatment
compared with those receiving only HB-IGF-1 (Fig. 3A).
Cartilage annuli exposed to trypsin pretreatment alone
showed a decrease in overall SGAG content compared with
the untreated control (as expected, since trypsin removed
sGAG), although the addition of HB-IGF-1 restored cartilage
annulus sGAG content to that of untreated controls (Fig. 3C).

Biochemical analysis of KLD-neotissue cores showed
no differences in *>S-incorporation rate between condi-
tions (Fig. 3B), but did show significantly higher sGAG
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FIG. 3. A single dose of HB-IGF-1 premixed into KLD stimulates proteoglycan biosynthesis in explant annuli and GAG
deposition in hydrogel cores over 15 days of culture in basal medium. Chondrocyte-seeded KLD hydrogels, premixed with or
without HB-IGF-1 and cast into cartilage annuli with or without trypsin pretreatment, were separated from their corresponding
explant at day 15 of culture following 1 day of 35S supplementation of the medium. Explants and gels were digested in
proteinase K and separately assessed for proteoglycan synthesis rates via >>S incorporation (A, B) and sGAG deposmon via
DMMB (C, D). N=3 animals, n=6-8 per ammal *Indicates significantly different from the control group. SIndicates sig-
nificantly different from the trypsin group. “*Indicate significantly different from all other groups. sGAG, sulfated glycos-
aminoglycan. Color images are available online.



1196

deposition in constructs that received HB-IGF-1 compared
with those that did not (Fig. 3D). Additional experiments
using acellular KLLD showed that a significant portion of the
HB-IGF-1 premixed into the scaffold was delivered laterally
to the cartilage annuli (Supplementary Fig. S2).

HB-IGF-1 stimulates GAG deposition in chondrocyte-
seeded KLD neotissue cores and surrounding cartilage
annuli over 4 weeks

To quantify the integration strength between the cartilage
annuli and the neotissue core via mechanical push-out tests
after long-term culture, constructs were maintained in ITS/
FBS medium for 4 weeks to increase neotissue production.*’
While live/dead staining revealed dead cells at the cut edges
of explant annuli, as previously shown by Redman et al.,*®
we observed that the complete tissue cross-section showed
high cell viability in all treatment conditions at 4 weeks,
indicating that trypsin-pretreatment did not induce cell death
(Supplementary Fig. S3).

HB-IGF-1 restored the trypsin-induced sGAG depletion
in the cartilage annuli following trends observed at 15 days
in basal medium (Fig. 4C), although no significant differ-
ences were observed in the sulfated proteoglycan synthesis
rate between conditions at 4 weeks (Fig. 4A). This suggests
that by this time point, the effect of HB-IGF-1 had subsided.
Biochemical analysis of KLD-neotissue cores showed no
differences in **S-incorporation rate between conditions at
4 weeks (Fig. 4B), but it did show significantly higher
sGAG deposition between conditions that received HB-IGF-
1+trypsin pretreatment compared with the untreated control
(Fig. 4D). These results demonstrate that the initial effects
of HB-IGF-1 and trypsin pretreatment were still observable
after 4 weeks of culture in an enhanced medium.

FIG. 4. A single dose of
HB-IGF-1 premixed into
KLD GAG deposition in ex-
plant annuli and hydrogel
cores over 4 weeks of culture
in ITS/FBS medium.
Chondrocyte-seeded KLLD

T
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0.84

*S-Sulfate L
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HB-IGF-1 stimulates integration of chondrocyte-seeded
KLD neotissue cores and surrounding cartilage annuli over
4 weeks by histological and mechanical assessment

Histological assessment of constructs cultured in ITS/FBS
medium for 4 weeks revealed a clear recovery of trypsin-
depleted proteoglycan content with the addition of HB-IGF-1
(Fig. 5B, D), while untreated control samples showed a clear
demarcation of the explant/core interface with little trans-
interfacial staining (Fig. 5A). Constructs treated with both
trypsin and HB-IGF-1 (Fig. 5D) showed a clear recovery of
the proteoglycan content lost due to trypsin pretreatment alone
(Fig. 5B), and the highest degree of trans-interfacial staining
of toluidine blue. Collagen type II immunohistochemistry of
constructs cultured in ITS/FBS medium for 4 weeks showed
little variance between conditions (Fig. SE-H). All conditions
showed a sharp interface between the explant annuli and hy-
drogel core, indicating that the trypsin pretreatment did not
disrupt the collagen network of the native tissue.

Mechanical push-out tests to assess integration between
neotissue cores and surrounding cartilage annuli after 4 weeks
in ITS/FBS were performed as shown in Figure 6A. Overall
values of failure stress were higher for these constructs than
those cultured for 15 days in basal medium (data not shown).
Push-out tests showed a statistically significant effect of HB-
IGF-1 on integration strength but did not show differences
between specific groups (Fig. 6B and Table 1). These results
suggest that delivery of HB-IGF-1 via KLD is critical to
enhancing mechanical integration in our in vitro model.

Discussion

Therapeutic techniques to stimulate cartilage regenera-
tion, including microfracture surgery, the current standard of
care, often yield poor lateral integration between neotissue
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at the repair site and the surrounding native cartilage."*’
Efforts have been made to engineer improved repair using
GF-functionalized scaffolds to stimulate tissue growth, or
enzymatic roughening of the defect wall to enhance inte-
gration,>*"*° but neither has been successful alone. Here,
motivated by an augmented microfracture strategy for car-
tilage repair, we tested the effects of the proanabolic GF
HB-IGF-1 and a trypsin pretreatment, separately and in
combination, on integration between native cartilage and
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FIG. 6. HB-IGF-1 stimulates enhanced mechanical inte-
gration. Groups receiving HB-IGF-1 had a significantly higher
failure stress than groups that did not (p=0.0430) (A), and the
HB-IGF-1-alone group had significantly higher failure stress
than the control group (p=0.0480) (B). See Figure 1C for
schematic. Color images are available online.
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FIG.S5. The combination of HB-IGF-1 and
trypsin pretreatment enhances toluidine blue
staining across the explant annuli/hydrogel
interface following 4 weeks of culture in
ITS/FBS medium. Chondrocyte-seeded
KLD hydrogels, premixed with or without
HB-IGF-1 and cast into cartilage annuli with
or without trypsin pretreatment, were fixed
in formalin and processed for toluidine blue
staining (A-D) and collagen type II immu-
nohistochemistry (E-H) as described in the
Methods section. The bulge into and hole in
the explant in (F, H), respectively, are due to
the previous existence of a blood vessel in
the native tissue.

neotissue produced in a chondrocyte-seeded KLD hydrogel.
We demonstrated that a single, premixed dose of HB-IGF-1
in KLD stimulates matrix biosynthesis, both in the sur-
rounding cartilage and the hydrogel scaffold, over both
short-term and long-term cultures (Figs. 3 and 4). Further-
more, mechanical assessment via push-out tests showed that
HB-IGF-1 increased integration strength compared with
conditions that did not receive the GF (Fig. 6). Taken to-
gether, these data suggest that a single dose of HB-IGF-1
premixed into KLD can be delivered to surrounding carti-
lage where it stimulates improved lateral integration via
matrix biosynthesis, and that such biosynthesis is com-
plemented by the addition of a trypsin pretreatment.

A variety of enzyme pretreatments have been studied for
their impact on cartilage repair integration, including, but
not limited to, chondroitinase,'!*'3> hyaluronidase,36 and
trypsin.' "1 The¥ have been shown to increase cell adhesion
to native tissue'"'>1%%9-52 and cell density at the defect
edge”>%>* without negatively affecting proteoglycan depo-
sition.” A critical aspect of implementing an enzymatic
pretreatment is controlling the intended degradation, as ir-
reparable structural damage can occur if molecules such as
collagen are disrupted.’*'> Chondroitinase is highly tar-
geted, as it restricts degradation to chondroitin sulfate (CS)
GAG chains. While it has a very specific target, the duration
of chondroitinase exposure to tissue is difficult to control
since it cannot be neutralized. Furthermore, at a high
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TABLE 1. PUusH-OuUT TEST P-VALUES OF ALL PAIRWISE
COMPARISONS FROM A TUKEY Post Hoc TEST
FoLLOWING A LINEAR MIXED EFFECTS MODEL

WITH ANIMAL AS A RANDOM VARIABLE

Condition Control Trypsin HB-IGF-1 HB+T
Control —

Trypsin 0.1098 —

HB-IGF-1 0.0480 0.9901 —

HB+T 0.0755 0.9786 0.9992 —

HB-IGF-1, heparin-binding insulin-like growth factor-1.

molecular weight of 120kDa, its size limits its ability to
diffuse through tissue. The more broadly acting serine
protease, trypsin, is only 23 kDa in size, and cleaves at the
C-terminal side of lysines and arginines. As this cleavage is
more nonspecific than chondroitinase, it will generally de-
plete both GAG-containing proteoglycans, but importantly,
bovine trypsin (unlike human trypsin-2) will leave collagen
intact.>*

Another key advantage of trypsin is that it can be neu-
tralized by serum, so the duration of the enzyme exposure to
the tissue is much more controllable. Taken together, tryp-
sin’s small size and broad enzymatic activity allow it to
rapidly clear out ECM proteoglycans yet leave the native
collagen network intact, while its ability to be neutralized
by serum provides a high level of control for in vitro and
potential clinical application. The results presented here
demonstrate that cartilage exposed to 2 min of a 50 pg/mL
dose of bovine trypsin followed by 2min of serum neu-
tralization resulted in an ~200 pm of at least partial SGAG
depletion. This short-duration treatment lends itself to
clinical translation.

Confocal images of cartilage/hydrogel constructs at 12 days
also clearly showed that this trypsin pretreatment created
space for cells to traverse the defect interface from the hy-
drogel into the native cartilage (Fig. 2). The addition of HB-
IGF-1 to the KLD may further promote cell migration of
neotissue cells into the native cartilage. Overall, endogenous
cells in an augmented microfracture setting may have the
ability to cross the interface of defects subjected to the trypsin
pretreatment, potentially stimulating enhanced integration.

The pronounced effect of trypsin and HB-IGF-1 on sul-
fated proteoglycan synthesis rate and deposition over both
short-term and long-term culture provide insight into their
role in enhancing neotissue/native tissue integration. As
hypothesized, cartilage annuli exposed only to a trypsin
pretreatment showed reduced sGAG content over both
15 days and 4 weeks in culture. The addition of a single
premixed dose of HB-IGF-1 to the KLD core in the
HB-IGF-1+trypsin condition, however, was capable of stim-
ulating a full recovery of overall sSGAG content in the cartilage
annuli to the level of the untreated control (Figs. 3C and 4C).
This result demonstrates that the HB-IGF-1 delivered to the
cartilage annuli from KLD (Supplementary Fig. S2) stimu-
lates the anabolic growth of a new matrix that had been de-
pleted of SGAGs by a trypsin pretreatment.

Further insight into the kinetics of this process can be
inferred when comparing the short-term and long-term
cultures. The increased >>S-incorporation rate at 15 days
(Fig. 3A) but not 4 weeks (Fig. 4A) in cartilage annuli ex-
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posed to HB-IGF-1 indicates that GF’s ability to restore
sGAG content lost during trypsin pretreatment (Figs. 3C and
4C) occurs at earlier time points rather than later ones.

While a high percentage of the HB-IGF-1 in the system
was delivered to the surrounding cartilage annuli, it still had
a measurable effect on the matrix production within the
chondrocyte-seeded KLD hydrogel cores. Although >°S-
incorporation rate in the hydrogel core did not vary among
conditions at 15 days or 4 weeks, conditions, including HB-
IGF-1, had a significantly higher amount of sGAG deposi-
tion (Figs. 3D and 4D). These data suggest that a single dose
of HB-IGF-1, premixed into a chondrocyte-seeded KLD
hydrogel and cast into a cartilage annulus, has a positive
effect on matrix synthesis and accumulation within the hy-
drogel core, but it likely occurs before the 15-day time
point. This is consistent with previous work demonstrating
the ability of a single, premixed dose of HB-IGF-1 in a
chondrocyte-seeded RAD hydrogel to stimulate matrix
production over 6 and 10 days.?® Importantly, the trypsin
pretreatment had no negative effects on the system in terms
of matrix biosynthesis (Figs. 3 and 4) or cell viability
(Supplementary Fig. S3).

Histological assessment of constructs cultured for 4 weeks
in the ITS/FBS medium did not demonstrate significant visual
differences between conditions. A slight increase in toluidine
blue staining across the interface under the trypsin+HB-IGF-1
condition was observed, although little difference in collagen
type Il deposition was seen (Fig. 5). While overall histological
staining for proteoglycan content and type II collagen in the
hydrogel core was significantly lower than the surrounding
native tissue, this early time result has been previously ob-
served in a similar in vitro defect model that demonstrated good
mechanical integration.22 Furthermore, as these constructs
were only cultured for 4 weeks, compared with months-long
development process of the native tissue, weaker histological
staining for matrix components in the hydrogel core compared
with the native tissue is reasonable. It is also important to note
that these studies were performed using tissue from juve-
nile tissue and tissue from adult animals may yield a different
response.

The impact of HB-IGF-1 and trypsin on matrix biosyn-
thesis provides insight into the underlying mechanism of
cartilage defect repair, but successful integration of neotissue
with native tissue can only truly be assessed with mechanical
testing. The push-out test configuration and analysis im-
plemented in the present study have been used in previous
studies (Fig. 6A).'"-2223%% The results presented here
demonstrate that HB-IGF-1 induced significantly improved
integration at 4 weeks compared with GF-free conditions, as
measured by failure stress (Fig. 6B). The magnitudes of the
failure stresses are also comparable with those of previous
studies conducted for 3 weeks> and 6 weeks.*?

While the effect of combining a trypsin pretreatment with
HB-IGF-1 did not reveal an increased level of mechanical in-
tegration in these studies, it did have a positive effect on early
matrix biosynthesis, and it did not decrease mechanical inte-
gration strength. Previous in vivo studies have clearly demon-
strated that acellular or cell-seeded hydrogels alone implanted
into cartilage defects do not integrate well.?*3247-3657 Thyg,
since there was a positive early matrix biosynthesis and no
negative effect in our in vitro model attributable to trypsin,
we believe combining trypsin pretreatment remains a viable
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prointegrative approach that may be revealed in longer term
in vivo studies.

While beyond the scope of the work presented here, two
such studies are indeed now underway utilizing our previ-
ously developed 12-week rabbit defect model** and a 1-year
equine defect model,** but now incorporating trypsin pre-
treatment combined with KLD-HB-IGF-1 defect fill. As
components of native synovial fluid may neutralize the
enzymatic effect of trypsin, it is important to note that
such clinically relevant in vivo studies include a brief
preflush with saline. In addition, the concentration of HB-
IGF-1 utilized here (615nM) is approximately 30-600
times higher than the reported synovial fluid concentra-
tions of IGF-1,® providing a window that may be large
enough to see a detectable effect of very local delivery to
immediately adjacent tissue for integration in vivo.

Conclusion

This work has demonstrated that a single, premixed
dose of HB-IGF-1 in a chondrocyte-seeded KLD hydro-
gel, in combination with a trypsin pretreatment, improves
neotissue/native tissue integration in an in vitro cartilage
model. This novel approach of combining an enzymatic
pretreatment with a proanabolic GF that is retained over
time has generated significant progress toward a viable
integrative repair strategy. This approach is currently
being applied in vivo in an animal model of augmented
microfracture.
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