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Abstract

Author Manuscript

The objective of this study was to improve cartilage repair and integration using self-assembling
KLD hydrogel functionalized with platelet derived growth factor-BB and heparin-binding insulin
like growth factor-1 with associated enzymatic trypsin pre-treatment of the native cartilage.
Bilateral osteochondral defects were created at the central portion of the femoral trochlear groove
of 48 skeletally mature, white New Zealand rabbits. One limb received a randomly assigned
treatment and the contralateral limb served as the control. Treated defects were exposed to trypsin
for 2 minutes and filled with self-assembling KLD hydrogel only, or associated to growth factors.
All control limbs received KLD hydrogel alone or received only trypsin but not hydrogel. Ninety
days post-defect creation, the rabbits were euthanized and magnetic resonance imaging,
radiography, macroscopic evaluation, histology and immunohistochemistry of the joint and
repaired tissue were performed. Mixed model analyses of variance were utilized to assess the
outcome parameters and individual comparisons were performed using Least Square Means
procedure and differences with p-value<0.05 were considered significant. Trypsin enzymatic pretreatment improved cellular morphology, cluster formation and subchondral bone reconstitution.
Platelet derived growth factor-BB growth factor improved subchondral bone healing and basal
integration. Heparin-binding insulin like growth factor-1 associated with platelet derived growth
factor improved tissue and cell morphology. The authors conclude that self-assembling KLD
hydrogel functionalized with platelet derived growth factor and heparin-binding insulin like
growth factor-1 with associated enzymatic pre-treatment of the native cartilage with trypsin
resulted in an improvement on the cartilage repair process.
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Clinicians are still seeking a technique that returns damaged cartilage to its original state,
although many consider subchondral bone microfracture the standard of care. However, after
microfracture, the repaired tissue is composed of fibrous cartilage1, 2 coupled with poor
horizontal integration, which may account for the higher re-operation rate long-term (10
years) when compared to more involved or aggressive procedures of cartilage repair such as
osteochondral autograft/allograft and second-generation autologous chondrocyte
transplantation.3 While these advanced techniques have an improved long-term outcome,
they are not without significant challenges. In this study, we explored ways to improve the
repair tissue characteristics as well as the horizontal integration following microfracture.
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Self-assembling peptide hydrogel scaffold has shown promise in augmenting microfracture.4
The self-assembling capacity allows this product to be injected arthroscopically, and its high
water content allows cells to migrate and deposit extracellular matrix. Self-assembling KLD
hydrogel has proven to be biocompatible and stimulate cartilage repair by improving defect
filling and increasing in tissue properties.5 It can also act as a carrier of other molecules if
desired. Safety, feasibility and clinical improvement in cartilage healing have previously
been observed with self-assembling KLD hydrogel using critically sized chondral defects in
a long-term equine model with strenuous exercise.6

Author Manuscript

It has been demonstrated that the chondrocytes present in the native cartilage have a limited
capacity to proliferate and migrate. For that reason, undifferentiated mesenchymal stem cells
(MSCs) present in the marrow cavity are often targeted as a cell population to augment
cartilage damage.7 Several growth factors have been studied to stimulate MSC proliferation
and migration into the defect.8 Recently, platelet-derived growth factor (PDGF) and
transforming growth factor B1 (TGF-B1) have been shown to increase MSC migration into
the self-assembling KLD hydrogel. In this same study, heparin-binding insulin like growth
factor 1 (HB-IGF-1) stimulated extracellular matrix (ECM) deposition within the scaffold
and in surrounding cartilage.4 We sought to assess the improved healing with these growth
factors through delivery with self-assembling KLD hydrogel.
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The lack of the neo synthetized cartilage integration with the surrounding cartilage is
believed, by some, to result in instability of the repair tissue, leading to tissue degeneration.7
The lack of cartilage-to-cartilage or horizontal integration is not completely understood;
however, several factors seem to play an important role, including low chondrocyte viability
in the surrounding cartilage, and dense surrounding ECM.9 Horizontal integration could be
improved by utilizing chemotactic agents to attract more viable chondrocytes to this area, or
by enzymatic digestion of the surrounding cartilage. Horizontal integration has been shown
to be highly dependent on collagen deposition and cross-linking10, 11 as well as cellular
repopulation.12 Several proteolytic enzymes have been studied to improve cartilage
integration.13 Recently the authors’ demonstrated that enzymatic pretreatment of cartilage
explants with trypsin for 2 minutes was able to promote proteoglycan depletion on the
surrounding cartilage up to 200 μm, which resulted in increased cellular migration to this
J Orthop Res. Author manuscript; available in PMC 2020 November 01.
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region.14 This enzymatic pretreatment was then followed by a fetal bovine serum (FBS)
rinse to neutralize and remaining trypsin.
The present study evaluated cartilage repair and integration using self-assembling KLD
hydrogel functionalized with PDGF and HB-IGF-1 associated enzymatic pre-treatment of
the native cartilage using trypsin in a rabbit model. We hypothesize that self-assembling
KLD hydrogel functionalized with PDGF and HB-IGF-1 associated enzymatic trypsin pretreatment will result in improved cartilage repair and horizontal (cartilage-to-cartilage)
integration with the surrounding native tissue.

METHODS
Study design

Author Manuscript

The Institutional Animal Care and Use Committees of Colorado State University, protocol #
15–5769A, approved all aspects of this study. White, female, New Zealand rabbits (Western
Oregon Rabbit Company, USA) were used in the present study (N=48). Forty-four skeletally
mature/aged (14 months) rabbit were used in this study, and to compare the effect of rabbit
age, four 7-month-old rabbits were also utilized but not included in the statistical analysis.
Bilateral critically sized defects were created (3 mm diameter x 2 mm deep) in the central
portion of the trochlear groove using a drill bit and customized guide. One leg was randomly
selected to receive the treatment and the contralateral served as a control. Details about
animal management, anesthesia protocol and surgery can be found in supplemental material
(Table S-4 and S-5, and Figure S-1).
Treatments

Author Manuscript
Author Manuscript

The study occurred in two temporal blocks due to the number of animals used. All trypsintreated defects were followed with subsequent inactivation with FBS for 2 minutes. In total,
five treatment combinations and 2 different controls were used (Table 1): 1) KLD+Trypsin
group (24 limbs): Defect exposed to trypsin for 2 minutes, followed by filling the defect
with KLD hydrogel; 2) KLD+HB-IGF-1 group (8 limbs): Defect filled with KLD premixed
with 615nM HB-IGF-1 before assembly; 3) KLD+Trypsin+HB-IGF-1 group (8 limbs):
Trypsin treatment, followed by filling the defect with KLD premixed with 615nM HBIGF-1; 4) KLD+Trypsin+PDGF group (12 limbs): Trypsin treatment, followed by filling the
defect with 100ng/ml of PDGF-BB premixed in KLD and 5) KLD+Trypsin+HBIGF-1+PDGF group (12 limbs): Trypsin treatment, followed by filling the defect with
100ng/ml of PDGF-BB plus 615nM of HB-IGF-1 premixed in KLD. Control defects were
treated with KLD only (24 limbs), which consisted of filling the defect with KLD hydrogel,
gently flushing with saline solution and allowing 5 minutes for hydrogel assembly, or
defects were left empty (8 limbs), or defects received the trypsin treatment and no hydrogel.
Post-operative/ Endpoint procedures
Three months after surgery, all animals were euthanized (Table S-4). The circumferential
measurement of each leg at one centimeter proximal to the patella was recorded as a
measure of muscle mass. Joints were placed in 50 mL conical tube and kept at 4 C° for MRI
analyses.
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Images were acquired using a 2.4 Tesla nuclear magnetic resonance machine (Bruker
Biospec Avance /30 cm). The imaging protocol consisted of transverse and sagittal fatsaturated proton density (PDFS) and spoiled gradient echo (SPGR) sequences; both with
1mm slice thickness and 256 × 256 μm in plane resolution. A board-certified radiologist
read the images and classified subchondral bone reconstitution in a 0 to 100% grading scale,
where 0 was no subchondral bone reconstitution and 100% was complete subchondral bone
reconstitution (at the level of the surrounding tissue). Defect filling was scored using a 0 to 4
grading scale with 0= 100%, 1= 99 – 75%, 2= 74–50%, 3=49–25% and 4= 24–0% of defect
filled. Surface regularity, subchondral bone sclerosis and integrity were scored using a 0 to 4
ordinal grading scale with 0 = normal, 1= slight, 2 = mild, 3 = moderate and 4 being
severely abnormal.
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Radiography
The femorotibial joint was radiographed acquiring cranio-caudal and latero-medial images,
which were scored for osteophyte formation, defect visualization and sclerosis around the
defect using a 0 to 4 ordinal grading scale with 0 = normal, 1= slight, 2 = mild, 3 = moderate
and 4 being severely abnormal.
Gross Pathologic Evaluation of the Joint
Gross evaluation of the repaired tissue was performed by two blinded evaluators using both
previously reported15 and ICRS criteria. Joint appearance was classified as a global score
including inflammation of the synovial membrane and presence of osteophytes.
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Histology and Immunohistochemistry
After the macroscopic evaluation, synovial membrane was harvested and fixed for 48 hours
in 10% formol. A 1.5cm long by 1cm wide and 1cm deep block including the defect and
surrounding normal tissue was harvested from the distal femur with an Exakt bandsaw and
fixed for 72 hours in 10% formol 1% zinc solution (Z-fix, Anathec Ltd., Battle Creek, MI),
followed by decalcification with 10% formic acid (Immunocal, Statlab, Mckinney, TX) for 5
days at room temperature. After complete decalcification, the samples were placed in PBS
solution at 4°C until processed.
The osteochondral defect was equally divided transversely and the distal portions dehydrated
and paraffin embedded for routine histology/immunohistochemistry, while the proximal
portion was embedded in optimal cutting temperature compound (TissueTek OCT Sakura
Finetek USA, Torrance, CA) for immunohistochemistry.

Author Manuscript

For routine histology, 5 μm thick sections were created from paraffin embedded blocks of
each sample and transferred to slides followed by staining with hematoxylin/eosin and
safranin–O/fast green. Two blinded evaluators scored each section using ICRSII16
microscopic score system for cartilage repair. Synovial membrane samples were evaluated
for cellular infiltration, vascularity, intimal hyperplasia, subintimal edema and fibrosis using
a previously described 0–4 score system (0= normal, 1, slight, 2= mild, 3 = moderate, 4
severe).6
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Immunohistochemistry for collagen type II and aggrecan was performed using paraffin
embedded samples, while frozen samples embedded in OCT were used for pro-collagen type
I immunostaining. Paraffin blocks were cut in 5 μm thick sections and mounted on regular
histology slides. An antigen retrieval step was performed with protein kinase (37°C for 17
minutes) for collagen type II and protein kinase (37°C for 15 minutes) plus chondroitinase
ABC (37°C for 30 minutes) (Sigma-Aldrich, Saint Louis, MO) for aggrecan
immunostaining. After the antigen retrieval step, sections were incubated with primary
antibody solution for collagen type II at neat concentration (Collagen II #II-II6B3,
Hybridoma Bank) or aggrecan at 1:100 (Alexis Biochemicals, San Diego, CA). Pro-collagen
type I immunostaining was performed using 8 μm thick sections created from frozen
samples embedded in OCT. The tissues were transferred and mounted on slides using
CryoJane Tape-Transfer System (Leica Biosystems, Buffalo Grove, IL). Slides were
incubated in acetone for 10 minutes at −20°C for tissue fixation. Sections were incubated in
mouse anti pro-collagen type I antibody at neat concentration (Hybridoma Bank Cat#M-38).
For all immunostaining, the endogenous peroxidase was blocked using 0.3% H2O2 in
methanol. Sections were incubated with goat anti-mouse HRP secondary antibody solution
at 1:500 (collagen type II and procollagen type I) or 1:250 (aggrecan) (Jackson
Immunoresearch, Westgrove, PA) and stained with Vector Nova RED (Vector Laboratories,
Burlingame, CA). Control sections were incubated with protein matched negative control
solution and gave no signal. Non-calcified tissues were evaluated blindly by two evaluators
for the percentage of repair tissue stained positive (0=no stain, 1=1–25%, 2=26–50%, 3=51–
75%, 4=76–100%).

Author Manuscript

Statistical Analyses

Author Manuscript

Data analyses were performed using SAS version 9.4 (Cary, NC). The effect of Trypsin was
analyzed as a main effect independently or averaging over all other effects. The effect of
Growth Factor (HB-IGF1 and/or PDGF-BB) was analyzed as a main effect as well as their
interaction in animals that had KLD and Trypsin in the contralateral limb. The main effect of
KLD hydrogel was analyzed for animals that had trypsin as contralateral limbs. For the three
previously described analyses (Trypsin, Growth Factor and KLD hydrogel) the model
included subject as a random effect. Further, when a main or interaction effect had p-value <
0.05, individual comparisons were performed using Least Square Means (LSMeans)
procedure and differences with p-value <0.05 were considered significant. LSMeans and
95% confidence limits are reported.

RESULTS
Author Manuscript

Magnetic Resonance Imaging
Trypsin pre-treatment was associated with improved (13%) subchondral bone reconstitution
(trypsin= 46.11 (38.70 – 53.52, LSMeans (95% CI)) and control= 33.20 (22.76 – 43.65);
p=0.047) (Figure 1). MRI defect filling was on average between 50 to 75% category with
trypsin resulting in slightly more defect filling compared to controls (trypsin= 1.9 (1.6 – 2.1)
and control= 2.5 (2.1 – 2.9); p=0.008). Overall, reparative tissue had a mildly irregular
surface with trypsin treated defects having slightly smoother surface than control (trypsin=
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2.0 (1.7 – 2.2) and control= 2.5 (2.1 – 2.9); p=0.014). No significant growth factor main
effect or interactions were observed (Table S-1).
Radiography
Trypsin pre-treatment did not result in statistically significant differences for any parameters
evaluated by radiography. However, PDGF-BB mildly increased subchondral bone healing,
defined as decreased defect visualization on radiography (PDGF-BB= 1.43 (1.01 – 1.84) and
control= 2.05 (1.64 – 2.45); p= 0.0170). Osteophytes were not radiographically observed in
defects treated with self-assembling KLD hydrogel, however some were present on control
defects (KLD hydrogel= 0.08 (−0.13 – 0.30) and control= 0.71 (0.32 – 1.10); p=0.008)
(Table S-1).
Gross Pathologic Evaluation of the Joint

Author Manuscript
Author Manuscript

Pre-treatment with trypsin demonstrated a slight but significant reduction in muscle atrophy
(based on the circumferential measurement of each leg at one centimeter proximal to the
patella) (trypsin= 13.33 (13.20 – 13.47) and control= 13.17 (13.03 – 13.31); p< 0.05), mild
improvement of cartilage firmness (trypsin= 0.86 (0.68 – 1.03) and control= 1.17 (0.93 –
1.41); p= 0.0322) and a shift from yellow/white to white repair tissue color (trypsin= 5.20
(5.08 – 5.32) and control= 5.84 (5.66 – 6.01); p= 0.0001), as well as slightly improvement
on total cumulative macroscopic score (trypsin= 17.32 (16.42 – 18.21) and control= 18.79
(17.59 – 19.99); p= 0.0391). Even though the defects treated with trypsin resulted in slightly
higher values of joint inflammation (trypsin= 0.41 (0.24 – 0.58) and control= 0.07 (−0.13 –
0.28); p= 0.0027) and synovial membrane proliferation (trypsin= 0.86 (0.64 – 1.07) and
control= 0.48 (0.19 – 0.77); p= 0.032), these values were still under the “slightly affected”
category. PDGF-BB treated joints showed slightly more joint inflammation compared to
joints that did not received PDGF-BB (PDGF-BB= 0.60 (0.32 – 0.87) and control= 0.24
(−0.02 – 0.51); p=0.0314). Joints which had the defects filled with self-assembling KLD
hydrogel were closer to normal in appearance while defects not filled with KLD evidenced
slight inflammation (KLD hydrogel= 0.16 (−0.08 – 0.42) and control= 1.0 (0.55 – 1.44);
p=0.002) (Table S-2). Qualitatively, young animals demonstrated improved cartilage
integration compared to older), however formal statistical analyses were not performed due
to low numbers of animals included.
Histology

Author Manuscript

Synovial membrane—There is a main effect for trypsin enzymatic pre-treatment in
reducing the grade of the synovial membrane intimal hyperplasia by about half (Trypsin =
0.55 (0.31 – 0.78) and control = 0.96 (0.62 – 1.30); p= 0.05). All the other parameters were
not statistically significantly different (Table S-3).
Osteochondral histology—Trypsin pre-treatment improved cell morphology in 20%
(trypsin= 79.83 (73.48 – 86.17) and control= 59.83 (50.86 – 68.8); p= 0.0005) (Figure 2)
and slightly decreased (less than 10%) the number of cell clusters observed (trypsin= 88.41
(85.04 – 91.78) and control= 82.00 (77.23 – 86.76); p= 0.0317). A trend (p=0.059) for
trypsin treatment to improve tissue morphology was also observed, (trypsin= 51.49 (45.38 –
57.61) and control= 41.47 (32.90 – 50.05). However, trypsin pre-treatment slightly increased
J Orthop Res. Author manuscript; available in PMC 2020 November 01.
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(less than 10%) repaired tissue vascularization (trypsin= 92.08 (87.74 – 96.42) and control=
99.58 (93.67 – 105.5); p= 0.035).
PDGF-BB resulted in 23% improvement on chondrocyte cell morphology (PDGF-BB=
88.62 (76.97 – 100.28) and control= 65.21 (55.13 – 75.29); p= 0.0037) and 16% increase in
basal integration of the repair tissue with the underlying bone (Figure 3) compared to defects
not treated with PDGF-BB (PDGF-BB= 86.12 (75.39 – 96.85) and control= 70.69 (61.40 –
79.97); p=0.0337).

Author Manuscript

The addition of PDGF-BB and HB-IGF-1 resulted in a significant effect over HB-IGF-1
alone (p=0.0100). Specifically, with respect to improvement in tissue morphology (HBIGF-1 + PDGF-BB= 66.25 (50.07 – 82.42) and HB-IGF-1= 36.25 (20.07 – 52.42); p=0.01)
as well as chondrocyte morphology (Figure 4 and 5): (HB-IGF-1 + PDGF-BB= 96.25 (78.88
– 113.62) and HB-IGF-1= 50.00 (32.63 – 67.36); p=0.0046). Also, the combination of HBIGF-1 and PDGF-BB resulted in about 20% less subchondral bone abnormalities/marrow
fibrosis compared to HB-IGF-1 alone (HB-IGF-1 + PDGF-BB= 92.23 (80.75 – 103.71) and
HB-IGF-1= 72.50 (61.01 – 83.98); p= 0.0174).
Chondrocyte clustering was observed to be significantly greater when the defects were
treated with HB-IGF-1 or PDGF-BB alone compared to control defects. When these growth
factors were combined there was no statistical difference when compared to controls
(control= 91.14 (85.74 – 96.54), HB-IGF-1= 80.00 (70.89 – 89.10), PDGF-BB= 80.90
(72.52 – 89.27) and HB-IGF1 + PDGF-BB= 88.01 (78.60 – 97.42); p= 0.032) (Table S-3).
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Even though formal statistical analysis was not performed comparing animals by age, young
animals demonstrated on average, more reparative tissue matrix metachromasia and
decreased vascularization.
Immunohistochemistry—There is a main effect of trypsin or PDGF-BB to induce more
pro-collagen type I immunostaining compared to control (trypsin= 2.19 (1.83 – 2.55) and
control= 1.43 (0.92 – 1.95); p= 0.0187) (PDGF-BB= 2.56 (1.92 – 3.20) and control= 1.71
(1.12 – 2.30); p=0.055) (Figure 6). Defects treated with self-assembling KLD hydrogel had
significantly more aggrecan than those left empty (KLD hydrogel= 3.72 (3.40 – 4.04) and
controls= 2.87 (2.34 – 3.40); p= 0.0092). Aggrecan and collagen type II immunostaining did
not demonstrate any statistically significant differences based on presence of growth factors
(Table S-3).

DISCUSSION
Author Manuscript

Some of the reasons for cartilage repair failure are related to the poor quality of the neosynthetized tissue, which usually consists of more fibrocartilage than hyaline cartilage, and
the poor integration of the neo cartilage to the surrounding tissue.7 In the present study,
trypsin pre-treatment of the osteochondral defect resulted in slight improvement of the
defect filling, subchondral bone reconstitution and surface regularity observed on MRI, as
well as slight improvement cartilage firmness and color on gross appearance; and mild
improvement in cell morphology and cluster formation histologically. Considering all of
these findings together, along with the reduced muscle atrophy observed with trypsin treated
J Orthop Res. Author manuscript; available in PMC 2020 November 01.
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defects, the authors’ believe trypsin pre-treatment induced an overall modest improvement in
cartilage repair which led to better use (evidence by decreased muscle atrophy) of the treated
limb compared to the contralateral limb.
Recently our group demonstrated that enzymatic pre-treatment of cartilage explants with
trypsin for 2 minutes were able to promote proteoglycan depletion extending from the center
of the cartilage annuli in about 200 μm thick, dramatically influencing cellular migration and
promoting better cartilage horizontal integration in an in vitro model.14 Trypsin enzymatic
pre-treatment of the cartilage results in proteoglycan depletion in a time dependent manner,
not affecting collagen network17 and results in increased cell volume and total proteoglycan
deposition on partial thickness cartilage defects in rabbits.18 Furthermore, chondrocyte
proliferation was shown to increase post intra-articular injection of trypsin in rabbits.19

Author Manuscript

The trypsin pretreatment mildly increased synovial membrane proliferation and slightly
increased macroscopic joint inflammation (scale: normal, slight, mild, moderate or severe
categories). These findings were in contrast to previous reports where trypsin was injected
intra-articularly at a much higher concentration (100x more concentrated than in this study).
18–20 In these reports, trypsin did not result irritation of the synovial membrane
macroscopically. In the present study, our macroscopic results differ from our histologic
findings where trypsin resulted in less histologic synovial membrane intimal hyperplasia,
suggesting lack of active inflammation. Without histologic abnormalities the level of
macroscopic change most likely is not of clinical significance.

Author Manuscript

In the current study, the combination of HB-IGF-1 and PDGF-BB seems to mitigate the
negative impact of HB-IGF-1 on cell and tissue morphology. The authors chose this
combination of growth factors because PDGF and IGF-1 have been reported to be the most
potent agents capable of induction of bone marrow-MSC migration when 16 chemokines
where assessed.21 Similarly, in an in vitro rabbit model this combination also showed
superior chemotactic effects on MSC’s compared to either growth factor alone.22 The
authors believe this is the first example of an in vivo application of these growth factors in a
cartilage repair model, which supports our in vitro work.4

Author Manuscript

In the current study PDGF-BB alone was noted to have a significant effect improving
radiographic subchondral bone healing (30%) and histologic basal integration (16%) of the
repair tissue when compared to controls. PDGF has been shown to induce bone repair23, but
also inhibit endochondral differentiation.24 Subchondral bone reconstitution is mainly
derived by two different mechanism of bone production: endochondral and direct
intramembranous ossification.7 Thus, given PDGF’s capacity to improve intramembranous
ossification and our observed improved subchondral bone healing and increased basal
integration the authors credit these observations to PDGF.
Ultimately, we would expect reformation of the tidemark with improved bone healing,
which was not observed in the current study. However, the current study period of 12 weeks
was most likely too short to have expected significant tidemark reformation as this has been
reported to take 24 weeks7 in other work. A longer-term study would be needed to better
address this effect.
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In the current study, a significant increase in osteophyte formation was observed with
PDGF-BB treatment when compared to control, but its noteworthy this difference was
slightly and may be of questionable clinical significance. Such findings of increased
osteogenic activity on the subchondral bone have been previously reported.25 In this way, it
is possible that the slight increase in osteophyte formation may be related to a higher
subchondral bone activity, since no other signals of active inflammation or instability were
noticed in the current study outcome parameters (radiographic and histologic).

Author Manuscript

Surprisingly, no significant main effects of HB-IGF-1 on proteoglycan deposition were
observed. Insulin Growth Factor-1 has been studied in cartilage repair and has been reported
both in vitro and in vivo to significantly improve chondrogenesis and cartilage integration.
26–29 Our group has reported that HB-IGF-1 is strongly retained in articular cartilage post
intra-articular injection30 and leads to sustained proteoglycan biosynthesis in cartilage
explants.31 Interestingly, an in vitro kinetics study showed that 84% of the HB-IGF-1 that
was premixed into a KLD hydrogel was released within the first four days of culture4;
however, this HB-IGF-1 seems to be bound by surrounding cartilage annuli instead of being
released in the media14. Further studies are necessary to elucidate the lack of effect in the
present study.
When assessing the effect of KLD hydrogel we observed a 32% increase (3.7 vs 2.8) in
aggrecan deposition and a 90% improvement (0.1 vs 1) in macroscopic joint observation
when compared to defects not treated with KLD hydrogel. These findings are consistent
with our previous studies.5, 6
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We used MRI, as it can be potentially used as a non-invasive imaging modality in future
studies, to quantitatively describe the healing process in hopes that this technique may be
used in future human patients. MRI outcomes demonstrate a 39% improvement of
subchondral bone healing with trypsin treatment compared to control (46 vs 33,
respectively). Similarly, we also observed a 24% improvement (1.9 vs 2.5) in defect filling
and 20% improvement (2.0 vs 2.5) in surface regularity with trypsin treatment in a similar
comparison. These results suggest an improvement with trypsin treatment as well as
usefulness of the MRI outcomes.
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The authors have been utilizing older rabbits, at least 12 months old, to assess cartilage
healing techniques as we believed that younger rabbits have a greater propensity to heal and
maybe provide overly optimistic outcomes. In the current work we included four (N=4) 7month-old rabbits. Due to the low numbers statistical analyses were not attempted but rather
qualitative data assessed. Young adult (7-month-old) rabbits tended to have improved scores
when compared to the older rabbits. Some of the most striking improvements were in
cartilage integration (macroscopically), and histologic matrix metachromasia as well as
vascularization. Previous reports support our subjective findings that seven to eight-monthold New Zealand white rabbits have a decreased healing of full thickness cartilage defect,
compared to 5 (adolescent) and 3 (immature) month-old.32 The authors are unaware of other
publications comparing 7 (skeletally mature) to 14-month-old (aged) rabbits as done in the
current study.
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The authors utilized the current rabbit model to help ascertain the best treatment group(s) to
assess in a large (equine) animal model. It was accepted that using the rabbit as a test species
included inherent limitations as highlighted by a robust intrinsic healing capacity (90% of
the defect area and 80% of defect volume were reconstituted across all treatment/control
groups). Despite limitations in the current study, it did offer insight to treatments resulting in
significant improvements to guide further studies.

CONCLUSION

Author Manuscript

Trypsin enzymatic pretreatment of the surrounding cartilage resulted in modest positive
effects of several parameters evaluated in this study (muscle atrophy, defect filling,
subchondral bone reconstitution, surface regularity, cartilage firmness and color, cell
morphology and cluster formation). The combination of both growth factors seems to have
more beneficial effects than when each growth factor is used alone. Further studies in a longterm, large animal model are warranted to further investigate the potential clinical benefits of
these findings.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Trasnverse PDFS MRI image showing improved subchondral bone reconstitution (arrows)
of the reparative tissue treated with trypsin (B), compared to its contralateral control (A),
MRI score for main effect of trysin on subchondral bone reconstitution, grading scale 0–
100%, where 0% is no subchrondral bone reconstitution and 100% is subchondral bone
reconstituted to the level of surrounding tissue. Error bar represents standard error. Different
letters mean statistical siginificant difference (C).
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Figure 2.

Improved cell morphology of a reparative tissue treated with trypsin (A) compared to its
control not treated with trypsin (B). H&E stainning, 10x and 40x magnification.
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Figure 3.

Improved basal integration on defect exposed to PDGF-BB (A) compared to its control not
treat with PDGF-BB (B). Lack of basal integration is demosntrated by the space between
subchondral bone and repairative tissue (arrows). H&E stainning, 20 x magnification. Scale
bar 500μm, histology score for main effect of PDGF-BB on basal integration. ICRSII
grading scale: 0–100%, where 0 is completely abnormal and 100% is completely normal.
Error bar represents standard error. Different letters mean statistical siginificant difference
(C).
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Representative histological images for main effect and interaction of HB-IGF1 and PDGFBB on tissue morphology and chondrocyte morphology. Control (A, B, C), PDGF-BB (D, E,
F), HB-IGF1 (G, H, I) and HB-IGF1 + PDGF-BB (J, K. L). Staining and magnification as
follow: SOFG 10x (A, D, G, J), H&E 40x (B, E, H, K) and H&E under polariezed
microscopy 10x (C, F, I, L).
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Figure 5.

Histology score for main effect and interaction of HB-IGF1 and PDGF-BB on tissue and
chondrocyte morphology. ICRSII grading scale: 0–100%, where 0 is completely abnormal
and 100% is completely normal. Error bar represents standard error. Different letters mean
statistical siginificant difference.

Author Manuscript
Author Manuscript
J Orthop Res. Author manuscript; available in PMC 2020 November 01.

Zanotto et al.

Page 18

Author Manuscript
Author Manuscript

Figure 6.

Representative images showing more pro-collagen type I (magnification 10x)
immunohistostaining on defects treated with trypsin or PDGF-BB compared to control.
Images of collagen type II (magnification 4x) immunohistochemistry are provided for
reference.
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Table 1:
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Study design, treatment and control groups.
Treated limbs

Contra-lateral control limbs

Number of animals

KLD + Trypsin

KLD

8

KLD + HB-IGF1

KLD

8

KLD + Trypsin + HB-IGF1

KLD

8

KLD + Trypsin + PDGF-BB

KLD + Trypsin

8

KLD+ Trypsin + HB-IGF1+ PDGF-BB

KLD + Trypsin

8

KLD + Trypsin + PDGF-BB

Trypsin

4

KLD+ Trypsin + HB-IGF1+ PDGF-BB

Trypsin

4
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