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Abstract
Objective—IGF-1 stimulates cartilage repair but is not a practical therapy due to its short half-
life. We have previously modified IGF-1 by adding a heparin-binding domain and have shown
that this fusion protein (HB-IGF-1) stimulates sustained proteoglycan synthesis in cartilage. Here,
we first examined the mechanism by which HB-IGF-1 is retained in cartilage. We then tested
whether HB-IGF-1 provides sustained growth factor delivery to cartilage in vivo and to human
cartilage explants.

Methods—Retention of HB-IGF-1 and IGF-1 was analyzed by Western blotting. The
requirement of heparan sulfate (HS) or chondroitin sulfate (CS) glycosaminoglycans for binding
was tested using enzymatic removal and cells with genetic deficiency of HS. Binding affinities of
HB-IGF-1 and IGF-1 proteins for isolated glycosaminoglycans were examined by surface plasmon
resonance and ELISA.

Results—In cartilage explants, chondroitinase treatment decreased binding of HB-IGF-1,
whereas heparitinase had no effect. Furthermore, HS was not necessary for HB-IGF-1 retention on
cell monolayers. Binding assays showed that HB-IGF-1 bound both CS and HS, whereas IGF-1
did not bind either. After intra-articular injection in rat knees, HB-IGF-1 was retained in articular
and meniscal cartilages, but not in tendon, consistent with enhanced delivery to CS-rich cartilage.
Finally, HB-IGF-1 but not IGF-1 was retained in human cartilage explants.

Conclusions—After intra-articular injection in rats, HB-IGF-1 is specifically retained in
cartilage through its high abundance of CS. Modification of growth factors with heparin-binding
domains may be a new strategy for sustained and specific local delivery to cartilage.

Insulin-like growth factor-I (IGF-1) is known to be an important anabolic factor in cartilage
homeostasis (1). IGF-1 not only promotes synthesis of aggrecan, link protein, and
hyaluronan (2–4), it also inhibits proteoglycan degradation (5–7). IGF-1 is primarily
produced by the liver and reaches cartilage through the synovial fluid (8–10), acting on
chondrocytes through both autocrine and paracrine mechanisms (11,12). In multiple animal
models of cartilage injury, chondrocytes transfected to overexpress IGF-1 have been
successfully used to enhance cartilage repair (13,14).

While IGF-1 may therefore be a potential therapeutic for cartilage repair, a clinically useful
technique for acellular IGF-1 delivery to cartilage has yet to be developed. A successful
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IGF-1 delivery strategy must overcome two major obstacles. First, IGF-1 has a short half-
life of 8–16 hours in vivo when delivered systemically (15). Second, systemic delivery of
IGF-1 must be minimized since long-term excess circulating IGF-1 has been linked to
increased risk for cancer (16) and high-dose systemic IGF-1 administration causes
significant adverse events (17). Studies delivering IGF-1 directly to the joint through fibrin
constructs (18–20) have been promising, but rapid clearance of IGF-1 from the joint has
prevented intra-articular injections of IGF-1 without a carrier from being effective (9), and
has been a limiting factor in delivery methods proposed to date.

We have focused on the family of heparin-binding growth factors as a model for
sequestration and sustained local delivery of growth factors to cartilage. Basic fibroblast
growth factor (bFGF or FGF-2), vascular endothelial growth factor (VEGF), heparin-
binding epidermal growth factor-like growth factor (HB-EGF), pleiotrophin, midkine, and
platelet-derived growth factor (PDGF) are all members of the heparin-binding growth factor
family and have been extensively studied for their ability to be retained in the extracellular
matrix (ECM) of various tissues through their highly positively charged heparin-binding
domains (21,22). Heparin-binding domains may be particularly relevant for localizing
growth factors in cartilage. In particular, FGF-2 has been shown to bind to isolated highly
negatively charged small leucine rich proteoglycan fibromodulin (23) and to the heparan
sulfate proteoglycan perlecan (24,25) in cartilage. Binding to ECM maintains a reservoir of
FGF-2 that is released from the tissue upon cartilage injury or degradation (23,26,27), and
binding to perlecan has been shown to protect FGF-2 from proteolytic degradation (28,29).

Motivated by these considerations, we have designed a new strategy for local delivery of
IGF-1 in various tissues: we added the heparin-binding domain of HB-EGF to the amino-
terminus of IGF-1 to create a new heparin-binding IGF-1 fusion protein, HB-IGF-1 (30). We
have previously shown that HB-IGF-1 produces long-term delivery of bioavailable IGF-1 to
bovine cartilage explants and a single dose stimulates a sustained increase in proteoglycan
synthesis compared to IGF-1. However, the mechanism by which HB-IGF-1 is retained in
tissues is not yet clear. Heparin-binding domains are all highly positively charged but the
rigidity of their secondary structure varies, leading to different specificities for binding to
heparan sulfate as opposed to other negatively charged sulfated glycosaminoglycans (31,32).
Cartilage extracellular matrix (ECM) contains primarily chondroitin sulfate (CS), while the
pericellular matrix is rich in heparan sulfate (HS) (21,25).

We hypothesized that HB-IGF-1 is retained in cartilage by binding heparan sulfate
proteoglycans in the matrix and at the cell surface. In the present study, we tested this
hypothesis by measuring release of bound HB-IGF-1 following chondroitinase or
heparitinase treatment of cartilage explants, binding of HB-IGF-1 to cells unable to produce
heparan sulfate, and the binding affinities of HB-IGF-1 for isolated heparan sulfate and
chondroitin sulfate. Surprisingly, we found that HB-IGF-1 was retained primarily by binding
to chondroitin sulfate, whereas heparan sulfate was not required. This result led us to test
whether intra-articular injection of HB-IGF-1 allows sustained in vivo delivery preferentially
to CS-rich rat knee cartilage and whether HB-IGF-1 can bind adult human cartilage.

Materials and Methods
Protein Production

HB-IGF-1 and IGF-1 were expressed in E. coli as Xpress and hexahistidine tagged proteins
and were purified by Ni-NTA affinity followed by reverse-phase chromatography, as
previously described in detail (30).
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Binding in Bovine Cartilage with GAG-ase Treatments
Cartilage disks (3 mm diameter, 0.5 mm thick, surface removed, first and second slices)
from calf femoropatellar grooves were cultured in serum-free low glucose-DMEM with 500
nM HB-IGF-1 or IGF-1 for 2 days. At Day 2, disks were washed with PBS and treated for
an additional 48 h with either no enzyme, chondroitinase ABC (E.C. 4.2.2.4, Associates of
Cape Cod, Inc., East Falmouth, MA) (0.4 U/mL), or heparitinase (4:1 mixture of
heparitinase I and II, E.C. 4.2.2.8, Associates of Cape Cod, Inc.) (0.036 U/mL). These
enzymes have been shown to be specific for chondroitin sulfate (33) and heparan sulfate
(34), respectively. Buffers were chosen based on recommendations by the manufacturer.
Chondroitinase buffer was: 0.15 M NaCl, 0.05 M Tris, pH 8.0, 1 mM PMSF, 2 mM EDTA,
5 mM benzamidine HCl, 10 mM N-Ethylmaleimide (NEM). Heparitinase buffer was: 0.1 M
sodium acetate pH 7.0, 10 mM calcium acetate, 1 mM PMSF, 2 mM EDTA, 5 mM
benzamidine HCl, 10 mM NEM. Disks not exposed to enzymes were cultured in PBS with 1
mM PMSF, 2 mM EDTA, 5 mM benzamidine HCl, and 10 mM NEM. To rule out the
possibility that the high abundance of CS in the tissue could sterically block penetration of
heparitinase into cartilage and therefore block heparitinase action, at day 4 half of the
explants treated with chondroitinase were incubated with heparitinase (0.036 U/mL); all
other disks were incubated in enzyme-free solution (n=4) (days 4–6). On Day 6, disks were
flash frozen and protein was extracted by pulverization and by incubation with 100 mM
NaCl, 50 mM Tris, 0.5% TritonX-100, pH 7.0 with protease inhibitor cocktail (Roche,
Basel, Switzerland) rotating at 4 °C overnight. Protein was quantified by BCA assay
(Thermo Fisher Scientific Inc., Rockford, IL) and equal amounts of protein were loaded on a
4–12% SDS-PAGE gel and analyzed by Western blot with anti-IGF-1 (1:500, Abcam Inc.,
Cambridge, MA, recognizes both HB-IGF-1 and IGF-1 (30)). 5 ng of recombinant HB-
IGF-1 was loaded as a protein standard and equal protein of an explant incubated with 500
nM IGF-1 for 2 days without enzyme treatment or washing was loaded as a positive control.
HB-IGF-1 released to the buffer solution was analyzed by ELISA as previously described
(30). Heparitinase activity was confirmed by assaying conditioned buffer solution using an
anti-HS-stub antibody 3G10 (1:500, Associates of Cape Cod, Inc.) by Western blot. This
antibody has been shown previously to only detect neoepitopes generated by heparitinase
cleavage and not by chondroitinase (35). Chondroitinase activity was confirmed by assaying
for GAG loss in treated explants using the DMMB dye binding assay, which showed that
>75% sGAG was removed after 48 h.

Binding to Chinese hamster ovary (CHO) cell surfaces
Mutant CHO cells unable to produce heparan sulfate (strain pgsD-677) (36) and wildtype
CHO (K1) cells were cultured in F12 medium supplemented with 10% FBS. At confluence,
cells were washed with PBS and incubated in serum-free medium with 100 nM HB-IGF-1
or IGF-1. After 3 hours, cells were washed 3×10 min with PBS and lysed with 50 mM Tris,
150 mM NaCl, 10 mM EDTA, 1% Triton X-100, 1% Igepal CA-630 (Sigma-Aldrich, St.
Louis, MO), 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitor cocktail. Protein was quantified by BCA assay, and equal amounts of
protein were analyzed by Western blot using anti-IGF-1 as described above. 5 ng of
recombinant IGF-1 was loaded as a control.

Biotinylation of Glycosaminoglycans (GAGs)
Heparan sulfate (HS) (bovine kidney, Sigma, #H7640, 0.88 sulfates/disaccharide (37)) and
chondroitin sulfate C (CS) (CS-C from shark cartilage, Sigma, #C4384, 0.99 sulfates/
disaccharide (37)) (0.5 mg) were biotinylated mid-chain with Ez-Link-biotin hydrazide
(Thermo Fisher Scientific Inc.) as previously described (38) and purified following
manufacturer instructions. Biotinylation was confirmed by dot blot using anti-biotin (1:500,
Cell Signaling Technology, Danvers, MA).
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Binding Analysis via Surface Plasmon Resonance
All binding experiments were performed at room temperature at a flow rate of 20 µL/min on
a Biacore2000 system (GE Healthcare, Buckinghamshire, UK). Biotinylated HS and CS
were immobilized on separate flow cells of a streptavidin-coated Biacore chip (GE
Healthcare, Piscataway, NJ) and coated with ~600 RU. Another flow cell was left untreated
as a control. HB-IGF-1 or IGF-1 was injected in running buffer consisting of 0.01M HEPES,
0.15M NaCl, 3mM EDTA, 0.005% Tween20, pH 7.4. KinInject was used to inject each
IGF-1 over the chip with association and dissociation times of 5 min. The surface was
regenerated by flowing 1 M NaCl over the chip between experiments. Three to four
concentrations of each IGF-1, with three repeats at each concentration, were performed for
kinetic analyses. Control flow cell curves were subtracted from all binding curves in order to
account for non-specific binding and refractive index change. Association and dissociation
rate constants (ka and kd respectively) were determined by fitting the measured binding
curves globally with a 1:1 binding model using BIAevaluation software v4.1 and floating
Rmax as a local parameter (39). The equilibrium dissociation constant (KD) was calculated
as kd/ka.

ELISA Analysis of Binding to Biotinylated GAGs
Coating, blocking and washing buffers, secondary antibody, substrate, and stop solutions
were purchased from KPL, Inc. (Gaithersburg, MD). Streptavidin-coated microplates (R&D
Systems, Inc., Minneapolis, MN) were coated with biotinylated HS and CS at 20 µg/mL
overnight at 4 °C. Plates were blocked for 15 min at room temperature before incubation
with 0–500 nM HB-IGF-1 or IGF-1 for one hour. Plates were washed three times and
incubated with rabbit anti-IGF-1 (10 µg/mL) (Abcam Inc.) for one hour at room temperature
to detect protein bound to the biotinylated GAGs. After additional washes, anti-rabbit HRP
(1:500) was applied for one hour at room temperature. Following final washes, color was
developed by addition of ABTS peroxidase substrate solution. Absorbance was measured at
405 nm after quenching the wells with stop solution.

Rat Intra-articular Injection
10 µg HB-IGF-1 in 50 µl saline (14.3 µM), 10 µg IGF-1 in 50 µl saline (17.4 µM), or 50 µl
saline alone was injected into the right knee joint of 2-month-old male Sprague-Dawley rats.
After 24 hours, we harvested articular cartilage, medial meniscus, patella, and patellar
tendon from the injected joint as well as a sample of the quadriceps muscle. Tissues were
weighed, pulverized while frozen in liquid nitrogen, and extracted with 10 µl lysis buffer
(100 mM NaCl, 50 mM Tris, 0.5% Triton X-100, 5 mM EDTA, 1 mM PMSF, and protease
inhibitor cocktail (Roche)) per mg of tissue. Portions of extracts with equal total protein
mass were analyzed by Western blot. 5 ng of recombinant HB-IGF-1 or IGF-1 were loaded
as standards. All animal procedures were approved by the Harvard Medical Area Standing
Committee on Animals.

Human Cartilage Binding Assay
Joints from 4 human subjects were obtained postmortem from the Gift of Hope Organ and
Tissue Donor Network (Elmhurst, IL). Cartilage disks (3 mm diameter, 0.8 mm thick, with
and without intact superficial zone was used) were harvested from femoropatellar grooves of
26-year old (Collins grade 0) (40), 49-year old (Collins grade 0), and 42-year old female
(Collins grade 2) knee joints and from a 28-year old (Collins grade 0) male knee joint and
cultured in 1% ITS serum-free high glucose DMEM (41) supplemented with 500 nM HB-
IGF-1 or IGF-1. After 48 h (Day 0), disks were washed with PBS and incubated in IGF-1
free medium. Disks were collected on Days 0, 1, 2 and 4. Protein was extracted from
pulverized disks with lysis buffer containing nonionic detergent as described above for
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bovine cartilage. Portions of extracts containing equal amounts of total protein were
analyzed for IGF-1 by Western blot. 5 ng of recombinant HB-IGF-1 or IGF-1 was loaded as
standards. Procedures were approved by the Office of Research Affairs at Rush–
Presbyterian–St. Luke’s Medical Center and the Committee on Use of Humans as
Experimental Subjects at Massachusetts Institute of Technology.

Statistical Analyses
All data are presented as mean ± standard error of the mean. Surface plasmon resonance
binding constants were log-transformed and evaluated by Student’s t-test without assuming
equal variances. Densitometry data for HB-IGF-1 binding to human cartilage were rank-
transformed and evaluated by paired t-test. Densitometry data for HB-IGF-1 binding to
CHO cells were rank-transformed and evaluated by Student’s t-test without assuming equal
variances. HB-IGF-1 loss to medium ELISA data were analyzed by one-way ANOVA.
Immobilized GAG ELISA data were analyzed by two-way ANOVA followed by Posthoc
Tukey tests. All tests were performed with acceptance level α=0.05.

Results
HB-IGF-1 Is Retained in Cartilage Explants through Binding to Chondroitin Sulfate

To determine which GAG was more important for HB-IGF-1 retention in cartilage, we first
tested whether removal of HS or CS affects HB-IGF-1 retention in cartilage explants (Fig
1A). As shown previously (30), cartilage explants incubated with IGF-1 in the medium for
two days retained no IGF-1 in the tissue after 4 days of incubation in the absence of
exogenous IGF-1 (Fig 1B). In contrast, in the absence of enzymatic treatment, HB-IGF-1
was strongly retained in cartilage explants. Unexpectedly, treatment with heparitinase had
no effect on the retention of HB-IGF-1 in the cartilage, whereas treatment with
chondroitinase ABC caused a substantial decrease in HB-IGF-1 remaining in the tissue.
While some HB-IGF-1 remained in the explants after treatment with chondroitinase,
treatment of these explants with heparitinase did not reduce retention of HB-IGF-1 any
further (Fig 1B, “C’ase+H’ase”). ELISA of conditioned solution confirmed that significantly
more HB-IGF-1 was released from chondroitinase-treated cartilage than from heparitinase-
treated cartilage, indicating comparatively low amounts of HB-IGF-1 bound to heparan
sulfate ex vivo (Fig 1C).

Heparan Sulfate is Not Required for Retention of HB-IGF-1 on Cell Monolayers
To confirm that heparan sulfate is not required, we tested retention of HB-IGF-1 and IGF-1
to mutant Chinese hamster ovary (CHO) cells (strain pgsD-677) that are unable to make HS
due to a genetic defect in HS chain polymerization (36). The mutant cells upregulate
synthesis of CS and thus produce similar amounts of total sulfated GAG as the wild-type
cells (36). HB-IGF-1 was retained in the wildtype CHO cells after washing, whereas no
IGF-1 was retained (Fig 2A,B). However, HB-IGF-1 was also retained in the HS-deficient
cells, confirming that HB-IGF-1 can be retained by binding to CS in the absence of HS (Fig
2A,B).

HB-IGF-1 but not IGF-1 Binds Immobilized Glycosaminoglycans (GAGs)
In order to quantify the binding affinities of HB-IGF-1 and IGF-1 for immobilized CS and
HS, we used surface plasmon resonance. Comparable levels of biotinylated HS and CS were
attached to a streptavidin-coated Biacore chip. A representative sensorgram is shown in Fig
3A, demonstrating that while IGF-1 does not bind to either GAG (response units (RU) <10),
HB-IGF-1 binds to both HS and CS. Kinetic analysis of the surface plasmon resonance
curves confirmed that although HB-IGF-1 bound HS significantly more strongly (KD = 21 ±
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6 nM) than CS (KD = 160 ± 12 nM) (p = 0.012). This difference in KD values resulted from
significantly different association rate constants, (ka = 16×104 ± 6.6×104 (1/M·s) for HS vs.
ka = 1.5×104 ± 0.06×104 (1/M·s) for CS, p=0.035); the dissociation rates kd were similar
(2.7×10−3 ± 0.93×10−3 (1/s) for HS vs. 2.5×10−3 ± 0.16×10−3 (1/s) for CS), p=0.85).

The relative differences in binding affinities of HB-IGF-1 and IGF-1 to HS and CS were
confirmed by a sandwich ELISA. Binding of HB-IGF-1 to immobilized HS and CS
increased with concentration, with more binding to HS at the same given concentration of
HS or CS contained in each well (Fig 3B). Therefore, although HB-IGF-1 binds HS with
higher affinity, the data suggest that binding to CS would dominate in cartilage tissue, where
CS is ~500–1000 more abundant than HS (25,42).

HB-IGF-1 Is Preferentially Retained in Cartilage after Intra-articular Injection
The ability of HB-IGF-1 to bind CS led us to hypothesize that it would be retained
preferentially in the GAG-rich cartilage tissues if delivered by intra-articular injection.
Consistent with this hypothesis, we found that one day after intra-articular injection in a rat
knee, HB-IGF-1 remained strongly detectable in articular cartilage extracts (Fig 4, Articular
Cartilage), despite stronger immunoreactivity of the IGF-1. HB-IGF-1 was also slightly
detectable in extracts of the fibrocartilaginous meniscus (Fig 4, Meniscus). In contrast, HB-
IGF-1 was not detectable in patella, patellar tendon, or muscle extracts (Fig 4). IGF-1 was
not detectable in any of the tissues one day after injection (Fig 4).

HB-IGF-1 Is Retained in Human Cartilage
To examine whether HB-IGF-1 may be relevant as a strategy for clinical delivery of growth
factors to cartilage, we tested whether HB-IGF-1 could also be retained in post-mortem
adult human cartilage explants. Human knee cartilage obtained from three Collins grade 0
donor joints (both male and female) and one Collins grade 2 joint (female) was incubated
with 500 nM HB-IGF-1 or IGF-1 for two days, washed with PBS, and incubated in no-
IGF-1 medium for an additional 0, 1, 2, or 4 days. Binding of IGF-1 was only detectable
immediately after washing out the IGF (Fig 5A, Day 0). In contrast, HB-IGF-1 was retained
after further incubation for up to 4 days (Fig 5A). Analysis of Western blots from the four
donor cartilages by densitometry demonstrated that retention of HB-IGF-1 was significantly
higher than IGF-1 after 1, 2, and 4 days of incubation (Fig 5B).

Discussion
We demonstrate here that adding a heparin-binding motif to IGF-1 converts it from a short-
acting growth factor to one that can be locally delivered and retained in articular cartilage in
vivo. Contrary to our initial expectations, HB-IGF-1 does not require heparan sulfate for
retention in either cell culture or in cartilage explants. While we show that HB-IGF-1 does
have a higher affinity for heparan sulfate, its affinity for chondroitin sulfate is within an
order of magnitude. Therefore, in cartilage, where CS concentrations are 500–1000 times
higher than HS (25,42), binding to CS dominates and retention of HB-IGF-1 is independent
of HS.

These results led us to hypothesize that HB-IGF-1 could be preferentially delivered and
retained in articular cartilage due to its high concentration of sulfated glycosaminoglycans
(1). We tested this hypothesis in rats and showed that after intra-articular injection, HB-
IGF-1 remains bound to the CS-rich articular cartilage, but not to the adjacent patella,
patellar tendon, or muscle tissue. In contrast, unmodified IGF-1 is not able to bind either CS
or HS, and was not detectable in either tissue after intra-articular injection. Finally, we
demonstrated that HB-IGF-1 is retained in adult human cartilage whereas unmodified IGF-1
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is not. Taken together, the results suggest that modification of growth factors with heparin-
binding domains may be a clinically relevant strategy for local delivery to cartilage.

Our finding that HB-IGF-1 is retained primarily by chondroitin sulfate contrasts with the
extensive work demonstrating that the heparin-binding domain of FGF-2 binds primarily to
heparan sulfate proteoglycans in cartilage (24,25). This is likely explained by differences in
the binding specificities of the heparin-binding domains. In general, specificity for HS
depends on not only the heparin binding domains, but also on the secondary and/or tertiary
structure of the native proteins. The heparin-binding domain we used here to make HB-
IGF-1 came from HB-EGF. Structure-function analysis of HB-EGF has shown that in
addition to the heparin-binding domain, a portion of the EGF-like domain (32) is required
for binding specifically to heparan sulfate. Similarly, FGF-2 affinity for HS has been shown
to depend on the spatial distribution of basic amino acids within the heparin-binding loops
of this molecule and on the specific conformation and topological arrangement of these
loops (43). Since we added only the heparin-binding domain of HB-EGF to IGF-1, it is
likely that charge plays a primary role in the interactions of HB-IGF-1, allowing it to bind
other negatively charged glycosaminoglycans such as CS.

There may be additional mechanisms that contribute to the differences seen here between
HB-IGF-1 and unmodified IGF-1. We have previously shown that insertion of the HB
domain to the amino terminus of IGF does not affect signaling through the IGF receptor
(30). However, insertion of the HB domain may also increase bioavailability of IGF by
decreasing its affinity for the IGF binding proteins (IGFBPs). In cartilage, endogenous
IGF-1 binds primarily to IGFBPs, and not to ECM constituents (44,45), potentially
decreasing its availability. Increased levels of IGFBPs may be one reason for the decreased
response of cartilage from osteoarthritic patients to IGF-1 (1,46–49). However, deletion of
just the first three amino acids of IGF-1 decreases binding to IGFBPs by 100-fold (50),
suggesting that the interaction may be very sensitive to alterations at the amino terminus of
IGF-1 where the HB domain is inserted. Further studies will therefore be required to address
whether HB-IGF-1 has altered binding to IGFBPs.

Although we have shown that retention of HB-IGF-1 is accompanied by extended
stimulation of biosynthesis in cartilage explants (30), further in vivo studies of HB-IGF-1
distribution, kinetics, and effects will be needed to establish its potential therapeutic value.
In particular, despite the strong retention of HB-IGF-1 in cartilage, it will be necessary to
verify whether HB-IGF-1 significantly raises IGF-1 levels in the circulation after relevant
doses. We anticipate that treatment with HB-IGF-1 would likely be most helpful before
extensive cartilage damage and proteoglycan loss occurs, and where acute rather than long-
term therapy may be useful, such as in traumatic joint injuries.

In conclusion, HB-IGF-1 may be a new therapeutic for sustained and relatively specific
local delivery of IGF-1 to cartilage through its preferential retention in CS-rich tissues.
Modification of growth factors by addition of heparin binding domains may therefore be a
novel strategy for targeted delivery to cartilage after intra-articular injection.
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Figure 1.
Retention of HB-IGF-1 in bovine cartilage explants following enzymatic digestion of
glycosaminoglycans. (A) HB-IGF-1 or IGF-1 was incubated with cartilage disks for two
days (Day 0 to Day 2) followed by treatment with no enzyme, chondroitinase (C’ase), or
heparitinase (H’ase) for an additional two days (Day 2 to Day 4). At Day 4, a subset of
chondroitinase-treated disks was incubated with heparitinase (C’ase+H’ase) for two days
while all remaining disks were kept in enzyme-free medium. (B) Western analysis of HB-
IGF-1 or IGF-1 remaining in the cartilage tissue at Day 6. The blot shown is representative
of four repeats. (C) ELISA of HB-IGF-1 released to the medium following 48-hour enzyme

Miller et al. Page 11

Arthritis Rheum. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment of cartilage explants (Days 2–4 for No enzyme, C’ase, and H’ase conditions; Days
4–6 for C’ase + H’ase). mean ± SEM, * vs. No enzyme, n=4, p<0.001.
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Figure 2.
Retention of HB-IGF-1 on cells lacking heparan sulfate. (A) HB-IGF-1 (HB-IGF) and IGF-1
(IGF) were incubated with mutant CHO cells unable to produce heparan sulfate (pgsD-677)
and wildtype CHO cells (WT), then washed in PBS. Western analysis of the cell lysates for
IGF showed that HB-IGF-1 remained bound to cells with or without the presence of heparan
sulfate, whereas IGF-1 binding was not detectable. (B) Densitometry of Western blots from
four repeated experiments, each normalized to wild-type HB-IGF-1 binding. mean ± SEM, *
vs. WT HB, p<0.005.
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Figure 3.
Binding analysis of HB-IGF-1 and IGF-1 to isolated glycosaminoglycans. (A)
Representative sensorgram for Biacore kinetic analysis over HS or CS surfaces using 250
nM HB-IGF-1 or IGF-1. HB-IGF-1 is shown in the top two curves (black) with
corresponding equilibrium dissociation constants, KD, determined from a minimum of three
concentrations used during three experimental repeats. IGF-1 (bottom two curves, grey) was
unable to bind either surface (RU < 10). (B) Sandwich ELISA detecting absorbance at a
given HB-IGF-1 (solid line, black) or IGF-1 (dashed line, grey) concentration resulting from
binding HS or CS. Representative of two repeats, each with duplicate wells. n=2, mean ±
SEM, * vs. CS, p<0.05.
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Figure 4.
Retention of HB-IGF-1 in vivo. Western blot showing retained IGF-1 (IGF) or HB-IGF-1
(HB-IGF) in rat articular cartilage, meniscus, patella, patellar tendon, or muscle extracts one
day after intra-articular injection of IGF-1, HB-IGF-1, or saline.
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Figure 5.
Retention of HB-IGF-1 in human cartilage explants. Human cartilage (grade 0 to 2) was
incubated with HB-IGF-1 or IGF-1 for two days (Day -2 to 0), washed, and incubated in
IGF-free medium for 4 days (Days 0–4). (A) Amount of HB-IGF-1 or IGF-1 remaining in
cartilage after 0–4 days. The experiment was performed on cartilage from four donors and a
representative Western blot is shown. (B) Analysis of four Western blots by densitometry,
normalized to the density of 5 ng of the respective protein standard. mean ± SEM, * vs.
IGF-1, p<0.05.
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