International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine Dove

3

ORIGINAL RESEARCH

Effect of self-assembled peptide—mesenchymal
stem cell complex on the progression
of osteoarthritis in a rat model

Ji Eun Kim'
Sang Mok Lee?
Soo Hyun Kim'
Phil Tatman?
Albert O Gee*
Deok-Ho Kim3®
Kyung Eun Lee®
Youngmee Jung'
Sang Jun Kim?

'Biomaterials Research Center, Korea
Institute of Science and Technology,
Seoul, South Korea; 2Department of
Physical and Rehabilitation Medicine,
Samsung Medical Center, Seoul, South
Korea; *Department of Bioengineering,
“Department of Orthopaedics and
Sports Medicine, °Institute for Stem
Cell and Regenerative Medicine and
Center for Cardiovascular Biology,
University of Washington, Seattle,
WA, USA; ¢Advanced Analysis Center,
Korea Institute of Science and
Technology, Seoul, South Korea

Correspondence: Sang Jun Kim
Department of Physical and Rehabilitation
Medicine, Samsung Medical Center,

8! Irwon-Ro Gangnam-gu,

Seoul 135-710, South Korea

Tel +82 2 3410 6069

Fax +82 2 3410 0057

Email guitarren.kim@samsung.com

Youngmee Jung

Biomaterials Research Center,
Korea Institute of Science and
Technology, 131 Cheongryang,
Seoul, Jongrogu, Republic of Korea
Tel +82 2 958 5343

Fax +82 2 958 5308

Email winnie97 @kist.re.kr

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

7 May 2014

Number of times this article has been viewed

Purpose: To evaluate the efficacy of mesenchymal stem cells (MSCs) encapsulated in self-
assembled peptide (SAP) hydrogels in a rat knee model for the prevention of osteoarthritis
(OA) progression.

Materials and methods: Nanostructured KLD-12 SAPs were used as the injectable hydrogels.
Thirty-three Sprague Dawley rats were used for the OA model. Ten rats were used for the
evaluation of biotin-tagged SAP disappearance. Twenty-three rats were divided into four
groups: MSC (n=6), SAP (n=6), SAP-MSC (n=6), and no treatment (n=5). MSCs, SAPs, and
SAP-MSCs were injected into the knee joints 3 weeks postsurgery. Histologic examination,
immunofluorescent staining, measurement of cytokine levels, and micro-computed tomography
analysis were conducted 6 weeks after injections. Behavioral studies were done to establish
baseline measurements before treatment, and repeated 3 and 6 weeks after treatment to measure
the efficacy of SAP-MSCs.

Results: Concentration of biotinylated SAP at week 1 was not significantly different from those
at week 3 and week 6 (P=0.565). Bone mineral density was significantly lower in SAP-MSC
groups than controls (P=0.002). Significant differences in terminal deoxynucleotidyl transferase
deoxyuridine triphosphate nick-end labeling staining between the control group and all other
groups were observed. Caspase-8, tissue inhibitor of metalloproteinases 1, and matrix metal-
loproteinase 9 were diffusely stained in controls, whereas localized or minimal staining was
observed in other groups. Modified Mankin scores were significantly lower in the SAP and
SAP-MSC groups than in controls (P=0.001 and 0.013). Although not statistically significant,
synovial inflammation scores were lower in the SAP (1.310.3) and SAP-MSC (1.3%0.2) groups
than in controls (2.610.2). However, neither the cytokine level nor the behavioral score was
significantly different between groups.

Conclusion: Injection of SAP-MSC hydrogels showed evidence of chondroprotection, as
measured by the histologic grading and decreased expression of biochemical markers of
inflammation and apoptosis. It also lowered subchondral bone mineral density, which can
be increased by OA. This suggests that the SAP-MSC complex may have clinical potential to
inhibit OA progression.

Keywords: self-assembled peptide, mesenchymal stem cell, osteoarthritis, apoptosis,
chondrogenesis

Introduction

Osteoarthritis (OA), or degenerative arthritis, is a progressive musculoskeletal condi-
tion that involves the deterioration of articular cartilage and subsequent subchondral
bone erosion.! Although the exact pathophysiology of the condition has not been
uncovered yet, it is generally considered to be caused by a combination of cumulative
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mechanical stresses from aging, destructive biochemical
changes taking place in the synovial membrane, and apop-
tosis of chondrocytes.?>”* Clinically, there are several classes
of treatments for OA, including nonpharmacological, phar-
macological, and surgical treatment modalities. However,
these treatments provide largely symptom relief, and do not
halt the progression of the disease.

There have been many trials to halt or delay the progres-
sion of OA using injected materials. They have focused on
the inhibition of the inflammatory process caused by OA.%7
The inflammatory changes are known to be mediated by
multiple cytokines.” However, recent research about OA
pathophysiology suggested more complicated unknown
processes in relation to the progression of OA, not simply
the inflammatory process.® In a recent review,’ the authors
suggested that chondrocyte apoptosis occurs in osteoarthritic
cartilage, and autophagy may play a role in determining this
cellular apoptosis. Recent trials to delay the progression
of OA have focused on the inhibition of this chondrocyte
apoptosis.’

Research on the use of mesenchymal stem cells (MSCs)
for cartilage repair in OA has shown favorable effects of
MSCs on cartilage repair.'®!! The anti-inflammatory and
immunomodulatory properties of MSCs are encouraging
features that have driven research in this area toward potential
clinical application.'> However, only one in vitro study® has
investigated the use of MSCs in relation to a reduction of
apoptosis in OA models.

Direct application of MSCs into the articular cavity
through open surgery represents a substantial morbidity
for patients with OA. Therefore, intra-articular injection
of MSCs is an attractive mode of introducing MSC-based
therapies for OA in the clinical setting. However, suc-
cessful intra-articular administration of MSCs requires
appropriate biocompatible scaffolds to enhance the chon-
drogenesis of MSCs and to increase the half-life of MSCs
after administration.® Another requirement of any clinically
applicable scaffold is biocompatibility of the material, as
foreign materials injected into the joint are degraded by the
host immune system.

Self-assembled peptide (SAP) is a versatile biomate-
rial that is typically composed of alternating hydrophilic
and hydrophobic side groups, allowing self-assembly into
ordered nanostructures that occurs either spontaneously or
in response to an exogenous stimulus.'*!'* The injectable
peptides are organized as 5—10 nm fibers, and assemble into
a three-dimensional scaffold at suitable physiological pH and
osmolality to form a hydrogel.!>!¢ SAP is also biodegradable,

easily processed in vivo by various proteases, and has
superior biocompatibility within the native tissue since the
degradation products of SAP are natural amino acids.

Additionally, SAP has versatility in its functionality
by incorporating specific cellular motifs based on desired
function.!”!® Recent studies have shown that hydrogels
made of the SAP sequences RADA-16 and KLD-12 can
maintain the chondrocyte phenotype'® and stimulate chon-
drogenesis of bone marrow stromal cells in vitro.?*2*> Miller
et al*® reported markedly improved cartilage regeneration
from using KLD-12, known to form a stable 3-sheet in full-
thickness articular cartilage defects. The study showed that
KLD-12 can promote cartilage regeneration without inducing
a significant immune response, thus emphasizing its use as
a potential scaffold for OA.

Therefore, the successful development of an SAP hydro-
gel scaffold, which promotes appropriate articular tissue
response and provides the proper microenvironment for MSC
differentiation, would notably facilitate the application of
MSC:s for therapeutic treatment of OA. In the present study,
we induced OA in a rat knee model, administered intra-
articular injections of MSCs encapsulated in prepared SAP
with a sequence of Ac-KLDLKLDLKLDL-NH2 (KLD-12),
and conducted behavioral and histological analysis on the
OA-induced animals. In addition, we measured the rate of
disappearance from the articular cavity using the biotinylated
KLD-12. In doing so, we examined the residence period of
the SAP-MSC composites on OA in a rat model and deter-
mined the applicability of the KLD-12 SAP hydrogel as a
scaffold. We hypothesized that the SAP-MSC composites
would reduce the rate of cartilage destruction and apoptosis,
thus halting the progression of OA and positively affecting
joint function.

Materials and methods
A total of 38 female Sprague Dawley (SD) rats were used
for this study. Five 5-week-old female SD rats were used for
bone marrow mesenchymal stem cell isolation. Twenty-three
female 12-week-old SD rats weighing between 275 and 350 g
at the beginning of the study period were used for testing
the efficacy of treatments. An additional ten 12-week-old
SD rats were used for estimating the rate of disappearance
of injected compounds. All rats were kept in cages located
in an air-conditioned room, while commercial pellet and tap
water were provided ad libitum. A week of acclimation was
allowed prior to the start of the experiment.

All experimental procedures were performed in accor-
dance with standard operating protocols established by
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the Institutional Animal Care and Use Committee at our
Biomedical Research Institute. All protocols in this study
were approved by the Institutional Review Board of Animal
Experiments at our institutes.

Bone marrow mesenchymal stem cell

isolation and culture

The cells were isolated using a modified protocol that has
been previously described.* Rat bone marrow stromal cells
(rBMSCs) were isolated from the femur and tibia of SD rats
(5 weeks old). Femur and tibia from both knees were isolated
with sterile forceps and surgical scissors, and both ends of the
long bones were cut away. The medullary cavity of remaining
diaphysis was washed with phosphate-buffered saline (PBS;
Corning Cellgro®, Corning, NY, USA) via syringe. Bone
marrow with PBS was obtained by collecting the washings.
Mononuclear cells from the bone marrow were isolated from
PBS by Ficoll-Hypaque density-gradient centrifugation for
20 minutes at 1,500 rpm. The collected mononuclear cells
were plated into culture flasks (Nunc; Thermo Fisher Scientific,
Waltham, MA, USA) and cultured in Dulbecco’s modified
Eagle’s medium/Nutrient Mixture Ham-12 (Corning) con-
taining 10% fetal bovine serum (Corning) and 100 units/mL
penicillin and 0.1 mg/mL streptomycin (Corning) at 37°Cina
humidified atmosphere containing 5% CO,. rBMSCs that had
undergone three passages were used in this study.

KLD-12 self-assembling peptide

hydrogel preparation

The KLD-12 SAP (Peptron, Daejeon, South Korea) was syn-
thesized and dissolved in 295 mM sucrose solution to produce
1% KLD-12 peptide gel. The solution was then mixed with
PBS and sonicated with an ultrasonic cleanser for 30 minutes
to prepare 0.5% KLD-12 hydrogel. The detailed methods
have been described previously.® To identify the structure
of KLD-12 SAP, transmission electron microscopy (TEM)
was used. Peptide samples were diluted in distilled water to
a working concentration of 0.01%. After staining with 2%
uranyl acetate, TEM images were acquired (CM30; Philips,
Amsterdam, Netherlands) (Figure 1).

Surgical induction of osteoarthritis

For the OA model, 33 rats were anesthetized with an
intraperitoneal injection of a 1:1 mixture of tiletamine and
zolazepam (Zoletil 50; Virbac, Carros, France) with xylazine
(Rompun; Bayer, Leverkusen, Germany) at a dose of 30 mg
Zoletil and 10 mg Rompun per kilogram of body weight.
The anterior surface of the left hind limb was shaved with

OA knee joint

SAP

Figure | Bone marrow-derived mesenchymal stem cells (BMSCs) encapsulated
in self-assembled peptide (SAP) were injected directly into the articular cavity of
osteoarthritis (OA) knee joints. SAP is characterized by the formation of networks
of peptide B-sheet filaments. Scale bar 50 nm.

an electric clipper, and the skin around the incision area was
cleansed with Betadine. The skin and fascia on the kneecap
region of the left hind limb was vertically incised in the
midline for a distance of approximately 4 cm. The patella
was retracted laterally to expose the articular cavity. The
synovial membrane was excised, and the knee joint was
bent to expose the anterior cruciate ligament. The medial
collateral ligament was also exposed by retracting the pes
anserine muscles aside. Then, the anterior cruciate and medial
collateral ligaments were transected, and the medial meniscus
was completely removed with surgical scissors. The patella
was then relocated back to its original position, and the
fascia and skin were closed with 3—0 polydioxanone suture.
A single dose of antibiotic cream was applied to prevent
postoperative infection.

In vivo SAP disappearance analysis

SAP was tagged with biotin as a molecular tag by chemi-
cal bonding (Peptron). Biotinylated SAP was dissolved in
295 mM sucrose solution to produce 1% peptide gel. The
solution was then mixed with PBS and sonicated with an
ultrasonic cleanser for 30 minutes to prepare 0.5% peptide
gel. The unbound peptides were removed through extensive
washing in accordance with a previously reported protocol.?®
Ten rats were surgically induced to develop OA. The pre-
pared biotinylated SAP (0.2 mL) was injected 3 weeks after
the surgery.

At 1, 3, and 6 weeks after the injection, synovial fluid
was washed with PBS using a syringe while being extracted
with another syringe (as described in the “Cytokine concen-
tration” section). To estimate biotin-labeled incorporation,
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synovial fluid containing the labeled biotin was added to
a mixture of 4-hydroxyazobenzene-2-carboxylic acid and
avidin (Thermo Fisher Scientific). The resulting solution
was added to 96-well plates, and the plates were examined
using a microplate reader. The absorbance was measured
at 500 nm.

In addition, the disappearance rate of biotinylated SAP
was detected by DyLight 594-conjugated streptavidin
(Thermo Fisher Scientific) staining. In each group, two rats
were killed at week 1, four rats at week 3, four rats at week 6.
Nuclei were counterstained with 4”,6-diamidino-2-phenylin-
dole (DAPI; Life Technologies, Carlsbad, CA, USA), and
the samples were examined using fluorescence microscopy
(Eclipse TE2000U; Nikon, Tokyo, Japan).

Injection of MSCs encapsulated

in KLD-12 SAP hydrogel

For the therapeutic efficacy of SAP-MSC, 23 rats were ran-
domly allocated into four groups according to the treatment
method, as follows: group 1 was given an SAP injection
(n=06); group 2 was given an MSC injection (n=6); group 3
was given an SAP-MSC injection (n=6); and group 4 served
as a control group and was not given any injection (n=5).
For groups 2 and 3, the cultured rBMSCs were collected by
trypsin (Corning) treatment and then resuspended in culture
media. The injected concentration of rBMSCs was about
1 X 10° cells/mL. Then, the same volume of cell suspension
was mixed with 1% peptide gel to make a final concentra-
tion of 0.5% peptide gel before injection into the joint. After
palpating the patella with the knee bent, a 26-gauge needle
was inserted approximately 5 mm above the upper margin
of the patella (Figure S1). With verification of no soft-tissue
swelling, 0.2 mL of each compound was injected directly
into the articular cavity. Each injection was administered
3 weeks after the surgical induction of OA.

Cytokine concentration in synovial fluid

At 6 weeks after the injection, we modified the method
described in a previous study to acquire synovial fluid.?’
An empty syringe and a syringe filled with 0.5 mL of PBS
were prepared. The needles of both syringes were inserted
into the articular cavity. PBS was infused into the articular
cavity and constantly withdrawn at the same time. A diagram
of this technique and a detailed description are presented in
the Figure S2. The collected samples were analyzed with a
Milliplex® MAP magnetic bead-based rat cytokine/chemokine
panel (Millipore, Billerica, MA, USA). Concentrations of
interleukin (IL)-1P and tumor necrosis factor (TNF)-o. were

measured to evaluate the proinflammatory effect of each
treatment, and IL-4 was measured for the anti-inflammatory
effect. The tests were run twice per sample, and the average
values of those measurements were recorded at an outside
lab with a specialty in cytokine biochemical analysis (Koma
Biotech, Daejeon, South Korea).

Micro-CT analysis

Six weeks after the injection, 23 rats were killed with a
9:1 mixture of ketamine and Rompun (5 mL/kg). The hind
limbs of the dead rats were dissected and immediately fixed in
formalin 6 weeks after the injection. Samples were imaged using
a micro-computed tomography (CT) scanner. We used a scan-
ning time of 0.21 seconds, with settings of 80 kVp, 500 LA, and
30 calibrations. Axial and transaxial fields of view of 30.74 mm
were acquired. Bone mineral density was calculated at the lat-
eral femoral condyle area of each sample. A semiquantitative
method using the degree of osteophytes and joint destruction
was introduced to grade the degree of OA changes (Figure S3).
This method has been described in a previous study®® in terms
of quantification of the degree of cartilage loss and osteophytes,
but did not include the subchondral sclerosis and cysts in our
study, which was different from the previous study.?®

Histological and immunofluorescent
analysis

The histological analysis of knee joints in 23 rats was per-
formed 6 weeks after the injection, as described by Appleton
et al.” The collected tissue samples were fixed in 10% (w/v)
buffered formalin, decalcified by hydrogen chloride ethylene-
diaminetetraacetic acid solution, and embedded in paraffin
and then sectioned in the sagittal plane under the midline
at 6 um thickness. Collagen was stained using Masson’s
trichrome, and sulfated glycosaminoglycan was stained with
Alcian blue. To observe the nucleus and cytoplasm, we also
conducted hematoxylin and eosin staining. Light microscopic
photographs of stained slides were taken.

A modified Mankin scoring system was used to evaluate
the degree of degeneration. The components for evaluation
included 1) cartilage structure (0—06), 2) cartilage cells (0-3),
3) Alcian blue staining (0—4), and 4) tidemark integrity (0—1).
This was referenced from a previous article.*

Synovial inflammation was scored based on the synovial
lining and cellularity, as described in a previous study.?! The
synovial inflammation score is 0 when the lining cell layer
is one or two cells thick, 1 when three to five cells thick,
2 when six to eight cells thick, and 3 over nine cells thick
and/or severe increase in cellularity.

submit your manuscript

144

Dove

International Journal of Nanomedicine 2014:9 (Suppl 1)


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Effect of self-assembled peptide—-MSC on osteoarthritis

Matrix metalloproteinase (MMP)-9, caspase-8, tissue
inhibitor of metalloproteinases (TIMP)-1, and collagen type II
(Santa Cruz Biotechnology, Dallas, TX, USA) were detected
by immunofluorescence staining. Alexa Fluor 488 goat
antimouse immunoglobulin (Ig)-G, Alexa Fluor 594 rabbit
antimouse IgG, Alexa Fluor 488 chicken antigoat IgG, and
Alexa Fluor 594 donkey antirabbit IgG (Life Technologies)
were used for secondary antibodies. Nuclei were also coun-
terstained with DAPI, and the stained tissues were examined
using fluorescence microscopy (Eclipse TE2000U).

TUNEL assay

Apoptosis of chondrocytes in three rats from each group was
detected by the DeadEnd™ fluorometric terminal deoxy-
nucleotidyl transferase deoxyuridine triphosphate nick-end
labeling (TUNEL) system (Promega, Madison, WI, USA) at
week 6 after the injection and observed by fluorescent micros-
copy (Eclipse TE2000U). To identify the apoptosis ratio of
cells, we counted the total number of nuclei and the number of
TUNEL-positive nuclei in three fields at 200X magnification
with a blinded rater in the border zone. TUNEL-positive cell
density (%) was expressed as the ratio of TUNEL-positive
nuclei to the total number of nuclei.

Behavioral analysis
The following tests were conducted immediately before the
injection, and 3 and 6 weeks after the injection.

Number of rears

An open-field acrylic box with dimensions 0f 30 x 30 x 30 cm?
was placed in a room with minimum noise. The floor of the
box was covered with foam stamp pads, and the four sides
were covered with white paper. Individual rats were placed
in the box and left there for 30 minutes. The rats got their
paws stained with ink from a foam stamp pad and left foot-
prints on the paper when they stood on their hind limbs and
touched the walls of the box with their forelimbs (Figure S4).
The papers with footprints were collected after the test and
scanned. The scanned images were analyzed with a medical
imaging software program (ImagelJ version 1.45; National
Institutes of Health, Bethesda, MD, USA). The number of
distinct particles above 5 cm from the bottom of the paper was
counted by the software. The number of rears was estimated
by dividing the number of particles by 14, which was derived
from the fact that there were seven distinguishable particles
found per footprint and two footprints per rear. This method
is similar to the method used in a previous study,*? and the
details are described in Figures S5 and S6.

Maximum stride length

An open-field acrylic tunnel with dimensions of 30 x
30 x 100 cm? was prepared. The floor of the box was covered
with a series of white papers. Both ends of the tunnel were
temporarily closed off by acrylic plate, and an entry was made
by removing the plate covering one end. Individual rats got
their paws dipped in ink, and were placed in the tunnel and
observed for 30 seconds. The distance from each footprint
was manually compared, and the largest stride length was
selected for the individual data.

Statistical analysis

Statistical analysis was performed using SPSS 20.0 (IBM,
Armonk, NY, USA) in order to evaluate the correlation
between the various treatments and the experimental results.
In order to statistically evaluate the data from behavioral
analysis, repeated-measures analysis of variance (ANOVA)
was conducted to determine whether there were significant
differences between treatment groups and different time
points. For other experiments, y?, Kruskal-Wallis, and
post hoc Mann—Whitney U tests with Bonferroni correc-
tion were also used to determine the differences between
groups. The threshold value for statistical significance was
set at P<<0.05.

Results

To investigate peptide disappearance in the synovial joint,
biotinylated SAP concentration was quantitatively analyzed.
As shown in Figure 2, the concentration of biotinylated
SAP was 3.39 nM/mL in the SAP group at week 1, which
decreased to 2.55 nM/mL at week 3 and 2.57 nM/mL at
week 6. These values showed no significant difference
(P=0.565 in Kruskal-Wallis test), which indicated that SAP
remained in the synovial joint until 6 weeks.

The concentration of IL-1f3 in the joint fluid was 1.224+0.74
(mean =+ standard error of mean) ng/mL in the control group,
1.47£1.15 ng/mL in the MSC group, 0.15+0.11 ng/mL in the
SAP group, and 1.5940.61 ng/mL in the SAP-MSC group.
The SAP group showed the lowest concentration of IL-1p,
although the difference was not significant (P=0.135). TNF-o
and IL-4 could not be evaluated any more, because they were
lower than 0.01 ng/mL in all groups, which was below the
level of the acceptable error range.

Five rats showed grade 4 OA change, seven rats showed
grade 3, three rats showed grade 2, and one rat showed grade 1
in micro-CT images (Table 1). No difference between groups
was found (P=0.783). The bone mineral densities were
1,067.0£12.2 in the control group, 990.2+13.7 in the MSC
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Figure 2 Disappearance rate of biotinylated self-assembled peptides (SAPs) was detected by DyLight 594-conjugated streptavidin staining. Biotinylated SAPs decreased over
time but still remained at week 6. The concentration of biotinylated SAPs at week | (n=2) was not significantly different from those at week 3 (n=4) and week 6 (n=4). Scale

bar 100 um.
Abbreviation: DAPI, 4,6-diamidino-2-phenylindole.

group, 1,033.3+17.4 in the SAP group, and 979.4+2.9 in the
SAP-MSC group. Kruskal-Wallis and post hoc Bonferroni
correction tests showed a significant difference between the
control and SAP-MSC groups (corrected P=0.002). All the
micro-CT findings are presented in Figure S7.

In the immunofluorescence assay, diffuse positive stain-
ing for caspase-8 and TIMP-1 were found in the control
group, whereas localized or minimal staining was observed
in other groups (Figure 3). MMP-9 was diffusely stained in
the control group but not in the SAP and SAP-MSC groups
(Figure 4). Collagen type II detected by immunofluorescence
staining was less abundant in the control group compared to
the normal and MSC groups (Figure 4).

TUNEL assay revealed that 35.5% of chondrocytes in
cartilage underwent apoptosis in the negative control group,
while only 14.1% in the MSC group, 9.0% in the SAP group,
and 7.0% in the SAP-MSC group underwent apoptosis.
Significant differences between the control group and other
groups were found in Kruskal-Wallis (P=0.012) and post
hoc Bonferroni correction tests (Figure 5).

Modified Mankin scores acquired from histologic find-

ings were 11.0£0.9 in the control group, 7.010.4 in the

Table | Group distribution of osteoarthritic changes in micro-
computed tomography

Group Number of animals in each osteoarthritis grade
Grade | Grade 2 Grade 3 Grade 4

Control 0 2 | |

MSC 0 0 3 |

SAP | 0 2 |

SAP-MSC 0 | | 2

Abbreviations: MSC, mesenchymal stem cell; SAP, self-assembled peptide.

MSC group, 4.0£0.8 in the SAP group, and 5.0£1.5 in the
SAP-MSC group (Figure 6). The scores in the SAP and
SAP-MSC groups were significantly lower than the negative
control group. The Kruskal-Wallis score was significant for
each group (P<0.05), while the adjusted post hoc P-values
for the SAP and SAP-MSC groups compared to the control
group were reported as 0.001 and 0.013. However, there was
no significant difference in modified Mankin scores between
the SAP and SAP-MSC groups or between the control and
MSC groups.

Synovial inflammation scores were 2.6+0.2 in the con-
trol group, 1.8+0.5 in the MSC group, 1.310.3 in the SAP
group, and 1.3+0.2 in the SAP-MSC group, and were not
significantly different (P>0.05) (Figure 7).

The number of attempted rears increased 3 weeks after
the injection in all groups except the negative control group.
However, 6 weeks after the injection, all groups returned to
their initial level of activity, except the MSC group, which
surpassed this activity level. The SAP-MSC and MSC groups
showed an increased maximum stride length 6 weeks after
the injection, while other groups showed a decrease of maxi-
mum stride length (Figure 8). Repeated-measures ANOVA
testing revealed that there was no significant temporal
change in either the number of attempted rears (F=3.661,
df=2, P=0.071) or maximum stride length (F=0.395, df=2,
P=0.537). There was no difference between the groups in
the number of attempted rears (F=1.246, df=3, P=0.321) or
maximum stride length (F=1.762, df=3, P=0.188).

Discussion
From this study, we found that the modified Mankin scores
were lower in the SAP and SAP-MSC groups compared
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Normal Control

DAPI

Casp-8

TIMP-1

Merge

MSC

SAP

SAP-MSC

Figure 3 Casp-8 and TIMP-1 were detected by immunofluorescence staining. Diffuse positive staining for Casp-8 and TIMP-1 were found in the control group, whereas

localized or minimal staining was observed in other groups. Scale bar 100 pum.

Abbreviations: Casp, caspase; TIMP, tissue inhibitor of metalloproteinases; DAPI, 4’,6-diamidino-2-phenylindole; MSC, mesenchymal stem cell; SAP, self-assembled peptide.

to the negative control group. This indicates that SAP and
SAP-MSC treatment may have had a role in decelerating the
progression of OA in our animal models. This appears to be
partly due to the protective effect of SAP and MSC from
chondrocyte apoptosis and their curb of the abnormal increase
of subchondral bone mineral density caused by OA.

In our results, the SAP and SAP-MSC groups showed
better histologic findings than the negative control group,

Normal Control

DAPI

MMP-9

Col ll

Merge

MSC

which suggests that SAP by itself plays a functional role in
the delay of OA progression. When we separately analyzed
for proteoglycan content on the modified Mankin scoring
system, we showed improved Alcian blue staining in the
SAP (0.5£0.3) and SAP-MSC (1.5%0.3) groups versus the
negative control group (2.5+0.3). We postulate that this
may be one component of SAP function that is achieved
through increasing chondrocyte proteoglycan synthesis.

SAP SAP-MSC

Figure 4 MMP-9 and Col Il were detected by immunofluorescence staining. MMP-9 was diffusely stained in the control group, but not in the SAP and SAP-MSC groups. The
Col Il detected by immunofluorescence staining was less abundant in the control group compared to the normal and MSC groups. Scale bar 100 pm.
Abbreviations: MMP, matrix metalloproteinase; Col Il, collagen type II; DAPI, 4’,6-diamidino-2-phenylindole; MSC, mesenchymal stem cell; SAP, self-assembled peptide.
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Figure 5 Apoptosis of chondrocytes in three rats from each group was detected by the DeadEnd Fluorometric TUNEL system. A significant difference of chondrocyte
apoptosis between the control group and other groups was found (means + standard error of mean). *P-value is less than 0.05.
Abbreviations: TUNEL, terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling; MSC, mesenchymal stem cell; SAP, self-assembled peptide.
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Figure 6 (A-D) Representative figures (magnification ratio 200x) are presented, and modified Mankin scores in the control (n=5), MSC (n=6), SAP (n=6), and SAP-MSC (n=6)
groups are shown as means + standard error of mean.

Notes: The scores in the SAP and SAP-MSC groups were significantly lower than that in the control group. From the left upper quadrant, figures show reduction in Alcian blue
staining (A\), destroyed cartilage structures (B), destroyed tidemark (C), and clusters of cartilage cells (D). Scale bar 50 um. *P-value is less than 0.05.

Abbreviations: MSC, mesenchymal stem cell; SAP, self-assembled peptide.
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Figure 7 Representative figures (magnification ratio 200x) were presented for thickened synovial membrane infiltration of inflammatory cells in the control group (A) and
reduced changes in the SAP-MSC group (B). Synovial inflammation scores in the control (n=5), MSC (n=6), SAP (n=6), and SAP-MSC (n=6) groups are shown as means +
standard error of mean.

Abbreviations: MSC, mesenchymal stem cell; SAP, self-assembled peptide.
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Figure 8 Behavioral results before, 3 weeks after, and 6 weeks after the injection were described in all groups (five rats in the control group and six rats in other groups).
There was neither group nor time difference in the number of attempted rears (P=0.071 in time and P=0.321 in group) or maximum stride length (P=0.537 in time and

P=0.188 in group).
Abbreviations: MSC, mesenchymal stem cell; SAP, self-assembled peptide.

Interestingly, MSCs by themselves did not show any thera-
peutic efficacy on the histology of OA progression. This
may be explained by the fact that MSCs without an appro-
priate scaffold have limitations in their efficacy.® Also, with
regard to SAP by itself, it could be thought that the nanofi-
brous structure of SAP offered 3-D microenvironments to
the cells. SAP can support cell attachment, migration, and
differentiation of a variety of cells by providing a suitable
microenvironment for cells to adhere to.**** Yoshimi et al
reported that MSCs maintained their own potential by
increasing attachment and survival rates of transplanted
cells in the 3-D microenvironment by SAP and promot-
ing tissue regeneration.** Therefore, SAP provided 3-D
microenvironments within the OA sites, which promoted
remodeling of the cartilage and attaching surrounding cells
as well as MSCs.

From the results of the biotin analysis, we were able to
show that SAP stayed in the joint cavity for 6 weeks after the
injection. This shows promise, as previous studies have shown
that arthritic changes in SD rats develop within 6 weeks after
the resection of the anterior cruciate ligament and medial
meniscus.*® Thus, this persistence of SAP at 6 weeks postin-
jection in SD rats is enough time to show the effect of SAP
or SAP-MSC on the progression of arthritis. We did not study
the status of MSCs and SAP-MSC in the joint cavity using
cell markers, but considering that injected MSCs were still
detected at 8 weeks in the rat joint cavity in a previous study,”’
we believe our MSCs and SAP-MSC would have been present
in the joint cavity 6 weeks after the injection.

Immunofluorescent staining revealed the SAP, MSC,
and SAP-MSC groups decreased expression of caspase-8
and TIMP-1. Caspase-8 was adopted as a parameter of

chondrocyte apoptosis, MMP-9 as a parameter of extra-
cellular matrix breakdown, and TIMP-1 as an inhibitor of
MMP-9 during the progression of OA.***° Moreover, our
results from the TUNEL assay provided evidence that sup-
ported the inhibition of apoptosis in the SAP, MSC, and
SAP-MSC groups. This suggests that both SAP and MSCs
have a function in protecting chondrocytes from apoptotic
pathways. The inhibition of cell apoptosis is consistent with
results from a previous study*' that revealed the cytoprotec-
tive effect of MSCs in SAP scaffolds.

MSCs alone showed significant decrease of chondro-
cyte apoptosis, but not in histologic grade compared to the
negative control. The disagreement between these results
can be attributed in part to additional mechanisms of OA
progression that supersede chondrocyte apoptosis and the
histologic findings. This notion is supported by many recent
publications that document the significance of subchondral
bone and synovial membrane changes in relation to the
progression of OA.236:4243

In contrast to a previous study by McErlain et al,* in
which they noted decreased subchondral bone mineral
density in an OA rat model, our OA rat model showed that
subchondral bone mineral density was increased. This might
be due to different ages of rats used in the study and differ-
ent methods to produce the OA model. McErlain et al used
3-week-old rats and performed transection of the anterior
cruciate ligament with partial medial meniscectomy, while
our model was created using 12-week-old rats and added
transection of the medial collateral ligament to generate a
more severe model of OA in terms of increased bone mineral
density. Considering that late-stage OA clevates markers for
bone formation®® and involves an increase in subchondral
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bone density,* this result is plausible. The SAP-MSC group
showed attenuation of an increase in subchondral bone
density compared to the control group, which means that
SAP-MSC shows positive subchondral bone turnover in the
OA rat model.

Decreased immunofluorescent staining of TIMP-1 in the
SAP-MSC group also supports the positive effect of SAP-
MSCs on subchondral bone turnover, as this molecule has
been reported to be upregulated in OA subchondral bone.*
The injection of MSCs alone was not as effective as the
injection of SAP-combined MSCs. This is postulated to be
aresult of inadequate regenerative action of undifferentiated
MSCs. Without an adequate microenvironment to enhance
the chondrogenesis of MSCs, the MSCs could decline in
their cartilage-regeneration abilities, thus having a smaller
contribution to the delay of OA progression. This result was
consistent with a previous study that revealed that an intra-
articular injection of properly differentiated bone marrow-
derived MSCs decreased bone mineral density and delayed
progression of OA.*

Although not statistically significant, IL-1P levels and
synovial inflammation scores were lower in the SAP and
SAP-MSC groups than in the MSC group. In general, the
SAP group was the only group that had a large decrease of
IL-1B and synovial inflammation score over the control.
This suggests an ability of SAPs to attenuate the immune
response by anti-inflammatory properties, but appears to be
negated by the addition of MSCs. Paradoxically, MSC and
SAP-MSC injections slightly increased IL-1B levels over
the control in our study. We surmise that this was due to an
immune response generated by the use of allogenic MSCs,
which might cause the increase of IL-13.*” However, we could
not use autogenic MSCs from the bone marrow because of
the small size of SD rats. TNF-c, the other minor proinflam-
matory cytokine in OA, was not detected in our study, which
might be due to its low level in OA articular tissue.*

We found no significant difference between groups from
the behavioral tests in our study. This can be explained,
because the number of attempted rears and maximum stride
length of OA-induced animals are also affected by the pain and
decreased proprioception evoked by OA.3? Neither SAP nor
MSC:s are likely to ameliorate pain or improve proprioception,
according to our study. Although SAP decreased the level of a
typical proinflammatory cytokine, IL-[3, in our study, it might
be insufficient to improve the activity level of rats with OA.

In this study, we did not investigate the fate of injected
MSCs. Even though several studies were conducted on the
effect of SAP on MSCs in in vitro studies,*! the fate of

MSCs injected into the joint cavity will be different according
to the microenvironments, as stem cells have high susceptibil-
ity to diverse microenvironments, including mechanical strain,
shear stress, and cell—cell interaction, and will show altered
differentiation and paracrine effects.’>> Wang> suggested
the migration of injected MSCs from the injection site to the
cartilage defect through the evidence of Prussian blue-positive
and bromodeoxyuridine-labeled cells entering into the defect,
which can be applied to our study. Further study investigat-
ing the fate of MSCs through in vivo tracking may suggest a
molecular basis to support the results of our study.

Conclusion

In this study, we showed that MSCs encapsulated in SAP
have several desirable properties that decelerate the progres-
sion of cartilage destruction in OA in a rat knee model. The
mechanism for this effect appears to be due to the prevention
of chondrocyte apoptosis, alteration of subchondral bone
mineral density, a reduction trend of inflammation due to
SAPs, and a potential chondrogenic mechanism for tissue
regeneration supported by increased glycosaminoglycan
synthesis. Although preliminary in nature, these findings
suggest a role for SAP-MSC complexes as disease-modifying
agents for the treatment of OA.
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Supplementary materials

Figure S| Intra-articular injection (0.2 mL) of SAP, MSC, and SAP-MSC was

administered directly into the articular cavity. After palpating the patella with the Figure S2 Synovial fluid extraction. Needles of two syringes were inserted into
knee bent, a 26-gauge needle was inserted about 5 mm above the upper margin of an articular cavity of killed animals. Phosphate-buffered saline was infused into the
the patella. With verification of no soft-tissue swelling, each compound was injected articular cavity and constantly withdrawn by the other syringe. The rate of infusion
directly into the articular cavity. and withdrawal was manually but carefully controlled in order to prevent any leakage
Abbreviations: MSC, mesenchymal stem cell; SAP, self-assembled peptide. of synovial fluid into the surrounding soft tissue.

Grade 1 OA Grade 2 OA Grade 3 OA Grade 4 OA
(bony spur) (bony spur with (bony spur with
focal defect) general defect)

Figure S3 Osteoarthritis (OA) grade was rated using micro-computed tomography (CT). All grades were rated by a blinded subject.

Figure S4 An open-field acrylic box with dimensions of 30 x 30 x 30 cm?® was placed in a room with minimum noise. The bottom consisted of several foam stamp pads. The rats
got their paws covered in ink and left footprints on the paper when they stood on their hind limbs and touched the walls of the box with their forelimbs.
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Figure S5 (A-D) Estimating the number of rears attempted with Image] software. (A) The papers containing rat footprints are scanned and saved as image files. (B) The
saved image files were digitally smoothed by using the “Smooth” function under the “Process” menu in Image]. (C) The images were changed to 8-bit images by selecting
“Type” and “8-bit” under the “Image” menu. The threshold level of the images was set to 230 for binary image acquisition by clicking “Adjust” and “Threshold” under the
“Image” menu. (D) The number of distinct particles above 5 cm from the bottom of the image was counted by first making rectangular selections in the images and using
“Analyze particles” under the “Analyze” menu. The number of rears was estimated by dividing the number of particles by 14.

W

Figure S6 Sample footprints of rodents. Procedure the same as Hasler et al.'
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Figure S7 (Continued)
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Figure S7 Micro-computed tomography images of rat knee joints. The Inveon system was used. The scanned images were exported and analyzed using Inveon Research
Workplace. Regions of interests were drawn on trabecular bones for three-dimensional visualization.
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