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Background: Cartilage degeneration affects millions of people but preventing its degeneration
is a big challenge. Although RNA interference (RNAi) has been used in human trials via silenc-
ing specific genes, the cartilage RNAI has not been possible to date because the cartilage is an
avascular and very dense tissue with very low permeability.

Purpose: The objective of this study was to develop and validate a novel lipid nanoparticle (LNP)-
siRNA delivery system that can prevent cartilage degeneration by knocking down specific genes.
Methods: LNP transfection efficiency was evaluated in vitro and ex vivo. Indian Hedgehog
(Ihh) has been correlated with cartilage degeneration. The in vivo effects of LNP-Ihh siRNA
complexes on cartilage degeneration were evaluated in a rat model of surgery-induced osteoar-
thritis (OA).

Results: In vitro, 100% of chondrocytes were transfected with siRNA in the LNP-siRNA
group. In accordance with the cell culture results, red positive signals could be detected even
in the deep layer of cartilage tissue cultures treated by LNP-beacon. In vivo data showed that
LNP is specific for cartilage, since positive signals were detected by fluorescence molecular
tomography and confocal microscopy in joint cartilage injected with LNP-beacon, but not on
the surface of the synovium. In the rat model of OA, intraarticular injection of LNP-Ihh siRNA
attenuated OA progression, and PCR results showed LNP-Ihh siRNA exerted a positive impact
on anabolic metabolism and negative impact on catabolic metabolism.

Conclusion: This study demonstrates that our LNP-RNAI delivery system has a significantly
chondroprotective effect that attenuates cartilage degeneration and holds great promise as a
powerful tool for treatment of cartilage diseases by knocking down specific genes.
Keywords: cartilage diseases, lipid nanoparticle, RNA interference, delivery system

Introduction
Cartilage is the tough but flexible tissue that covers the ends of bones at joints, and it also
gives shape and support to other parts of the body, such as the ears, nose, and windpipe.
Healthy cartilage helps joint articulation by allowing bones to glide smoothly over each
other. It protects bones by preventing them from rubbing against each other. Injured,
inflamed, or damaged cartilage can cause symptoms such as pain and limited movement,
even leading to joint damage and deformity. Causes of cartilage problems include tears and
injuries, such as sports injuries, genetic factors, and different types of arthritis. Cartilage
diseases affected 52.5 million patients in the United States.' Here, we target osteoarthri-
tis (OA) to validate our lipid nanoparticle (LNP) as a novel cartilage therapeutic tool.
OA, which affects over 200 million people worldwide,? is a degenerative disease
of the articular joints characterized by slow but progressive loss of cartilage that
causes joint pain, stiffness, and loss of mobility.>¢ A previous study showed that an
increase of Indian Hedgehog (/ih) was involved in OA progression in humans.”®
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Further studies demonstrated that /44 blockade could be a
therapeutic approach to prevent or delay articular cartilage
degeneration.>® However, hh gene deletion is currently not
a therapeutic option as it is lethal in animals. To date, several
small compounds have been reported to inhibit /44 signaling.
However, all these have significant side effects including hol-
oprosencephaly, cleft lip and palate, weight loss, hypotension,
and dyspnea, even at relatively low dose in young mice.'*!3
RNA interference (RNA1i), a natural cellular process
that has been identified as a crucial biomolecular means to
regulate gene expression through a highly precise mechanism
of sequence-directed gene silencing, could theoretically be
used to target any disease-associated pathogenic gene of
interest.' Accordingly, RNAi-based therapies targeting those
genes that have been identified to negatively regulate carti-
lage degeneration could facilitate translational therapy for
treating cartilage diseases.'® In addition, several Phase I-II1
clinical trials demonstrated that RNAi-based therapy holds
great promise as a powerful means to silence specific genes
to treat human diseases.'®!” Thus, an efficient way to knock
down a specific gene might be achieved by local delivery of
a specific small interference RNA (siRNA) as an effective
strategy to slow or halt cartilage diseases without side effects
caused by chemical inhibitors. However, cartilage siRNA
delivery has not been possible to date because cartilage is
an avascular and very dense tissue with very low perme-
ability. Furthermore, the lack of an efficient and safe carti-
lage RNAI delivery system has largely limited the clinical
translation of RNAi approach in cartilage diseases. Thus, the
development of a specific delivery system for RNAi-based
therapies that addresses this issue is highly desirable.
Recently, we modified an attractive positively charged
LNP, which is a lipid-based particle with diameter ~67 nm
formed by mixing an ethanol stream containing the lipid
mixture with an aqueous stream containing the siRNA.!820
LNP has been linked with bone formation and used for
anabolic therapy,'®?! but it has never been used in the treat-
ment of cartilage diseases. Indeed, the LNP-siRNA system
showed an exciting and promising silencing effect in vitro.
It also presented many advantages, such as easy preparation
as well as positively charged particles, and small particle size
with narrow distribution, which could contribute to diffusion
through spaces of negatively charged cartilage. The objective
of this study is to determine whether the LNP-siRNA delivery
system is an efficient and safe tool that can be used to knock
down cartilage-specific genes in vivo. We chose 7h/ to test
whether the delivery system can attenuate surgery-induced
OA as a specific therapy for cartilage diseases because of the
evidence linking /ih with OA cartilage degeneration.

Materials and methods

This study was approved by the Institutional Review Board
and the Institutional Animal Care and Use Committee of the
Rhode Island Hospital (RIH CMTT#: 0111-12). Animals
were cared for according to the Public Health Service Policy
and the Guide for the Care and Use of Laboratory Animals.

LNPs preparation

The LNPs were prepared by spontaneous vesicle formation
with minor modifications.'® Briefly, the lipids, including
Dlin-KC2-DMA, dipalmitoyl phosphatidylcholine (DPPC),
cholesterol, and C16 ceramide-mPEG2000, were solubilized
in ethanol at a concentration of 28.5, 35, 9.5, and 50 mg/mL,
respectively. Then, the lipid solution was mixed with 10 uL
Dlin-KC2-DMA, 2 uL DPPC, 15 puL cholesterol, 2 uL
C16 ceramide-mPEG2000, and 6 puL ethanol. LNP-siRNA
(2.5 uM) was made by injecting 35 UL of lipids’ solution
into 65 UL of siRNA solution (0.2 nmol siRNA mixed in
the 55 uL citrate buffer) drop by drop under ultrasound.
LNP-beacon (glyceraldehyde-3-phosphate dehydrogenase
[GAPDH]) (2.5 uM) was prepared with 0.2 nmol fluo-
rescence molecular GAPDH beacons (a novel fluorescent
oligonucleotide probe only showing a positive signal-
red when it binds to specific GAPDH messenger RNA
[MRNA]); LNP-siRNA (Ihh) (5.0 uM) was prepared with
0.4 nmol Thh siRNA and LNP-siRNA (Ihh+GAPDH) with
0.2 nmol Thh siRNA and 0.2 nmol GAPDH siRNA. Then,
400 uL PBS was added to the mixture and ultracentrifuga-
tion was performed using a Amicon Ultra-0.5 filter device
(Millipore Corporation, UFC501024, Darmstadt, Germany)
at 12,000 g for ~5 minutes. The process yielded ~80 UL
LNP-siRNA/beacon complexes. The hydrodynamic diam-
eters were measured by laser light scattering following
their dilution in distilled water using DELSA 440 SX Zeta
Potential Analyzer (Beckman Coulter Corporation, Brea, CA,
USA) at 25°C. The morphology of LNPs was visualized by
cryo-transmission electron microscopy. The encapsulation
efficiency was assessed by the Quanti-RiboGreen RNA assay
(Molecular Probes, Thermo Fisher Scientific, Waltham, MA,
USA) with or without 0.5% Triton X-100.%

LNP-siRNA/beacon in vitro and ex vivo

transfection experiments

Chicken chondrocytes were isolated from tibia cartilage
and seeded in 24-well culture plates at a concentration of
1x10° cells/well as previously described.”® At 90% conflu-
ence, the cells were cultured overnight under serum-free
conditions and treated with 8§ UL free siRNA (2.5 uM) or
8 UL LNP-siRNA (2.5 uM); siRNA used in this experiment
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is control siRNA from Business Company (Qiagen, Waltham,
MA, USA). Green fluorescence protein, phase-contrast,
three-dimensional (3D) pictures of images obtained by
fluorescence microscopy were acquired after 24-hour treat-
ment, and transfection rates were evaluated using a flow
cytometer (MACSQuant Analyzer; Miltenyi Biotec, Bisley,
UK) by gating fluorescein isothiocyanate-positive events.
The same experiments were repeated using astrocytes, chon-
drocytes cell line C28/12,%* chondrogenic cell line ATDC5,%
breast cancer cell line MCF-7 (American Type Culture Col-
lection, MD, USA), and human OA chondrocytes. A similar
experiment was performed with pig knee cartilage tissues
treated with free beacon or LNP—beacon complexes and
observed by confocal microscopy 48 hours after treatment.
All experiments were repeated three times.

Cell viability measurement

Fluorescein diacetate (FDA) can enter the cells easily and
perform intracellular cleavage by esterase that results in free
fluorescence; hence, quantification of this fluorescence could
reflect metabolic activity of live cells. Propidium iodide (PI)
can get into cells only through the membrane of dead or dying
cells. Thus, FDA—PI double staining method can provide
information about cell viability.?* 1) Chicken chondrocytes
were seeded in six-well culture plates at 80%—-90% conflu-
ence and treated with/without 4% (v/v) LNPs (2.5 uM). Three
freeze-thaw cycles of the chondrocytes were used as a posi-
tive cell death control. The viability of cells was detected by
FDA-PI staining method (Thermo Fisher Scientifc). Briefly,
stock solutions of FDA and PI were prepared at 5 mg/mL
and 40 ug/mL, respectively. Live (green) and dead (red) cells
were observed under a fluorescence microscope. 2) Chicken
chondrocytes were seeded in six-well culture plates and
treated with LNPs (2.5 uM) at different concentrations of
0% (blank), 1% (v/v), 2% (v/v), and 4% (v/v). Twenty-four
hours later, cells were harvested and stained by FDA—PI
for 15 minutes. The percentages of live/dead cells were
quantified by fluorescence-activated cell sorting (FACS)
analysis on a MACSQuant instrument (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany).

Cell proliferation assay

The cell proliferation assay was performed using BrdU
enzyme linked immunosorbent assay (colorimetric) Kit
(Roche Applied Science, Indianapolis, IN, USA) and
assays were repeated at least three times. Briefly, chicken
chondrocytes were cultured in 96-well plates at a density of
5,000 cells/100 pL/well in complete growth media. After
24 hours, LNPs (2.5 uM) were added to each well at different

concentrations of 0% (blank), 1% (v/v), 2% (v/v), and 4%
(v/v). The cells were labeled using 10 uL BrdU per well
(10 uM BrdU) for 2 hours, before the cell proliferation
assay was performed on days 1 and 2. After incubation with
BrdU, the cell DNA was denatured in one step by adding
FixDenat. Next, the cells were incubated with the anti-
BrdU-POD antibody for 90 minutes at room temperature.
After removal of the antibody conjugate, the cells were
washed and the substrate solution was added. The reaction
product was quantified by measuring the absorbance using a
SpectraMax 190 Absorbance Microplate Reader (Molecular
Devices, Sunnyvale, CA, USA) at 370 nm with a reference
wavelength of 492 nm.

Transfection effects in vivo

A pilot study was performed to determine the transfection
effects in vivo. We first injected 20 UL alcian blue into the
mouse knee joint cavity with an insulin syringe to confirm
that mouse intra-articular injection was a reliable method.
Then, 8-week-old C57BL6 male mice (n=5) were injected
with 20 uL LNP-beacon (2.5 uM) in the right knee joint and
20 uL free beacon (2.5 uM) in the left knee joint. Then, mice
were monitored for 72 hours post-intra-articular injection by
fluorescence molecular tomography (FMT), a noninvasive
and quantitative fluorescence-based technology with high
molecular specificity and sensitivity for 3D tissue imaging
of live animals,”"* at a wavelength of 680 nm to confirm
the LNPs’ transfection reliability. The knee cartilage was
harvested 72 hours after injection to confirm the presence of
beacon in the cartilage cells by confocal microscopy.

A similar study was performed in rats to verify LNP
transfection in vivo. Ten-week-old male Wistar rats (n=10)
were randomized into two groups (n=5/group). Rats in one
group received 20 uL. LNP-beacon (2.5 uM) injection in
the right knee joint and 20 UL free beacon (2.5 uM) injec-
tion in the left knee joint. Rats in the second group received
20 uL. LNP-Cy3-labeled control siRNA (2.5 uM) injec-
tion in the right knee joint and 20 pL Cy3-labeled control
siRNA (2.5 uM) injection in the left knee joint. After
48 hours, the knee joint cartilages and synovium from rats
in the first group were observed under confocal microscope
(wavelength =680 nm), whereas knee joint cartilages in the
second group were observed under fluorescence microscope
(wavelength =570 nm).

LNP-siRNA knockdown experiment

in vivo: a pilot study
To investigate in vivo effects of LNP-siRNA, 10-week-
old male Wistar rats (n=27) were randomized into three
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groups (n=9/group): 1) LNP-GAPDH siRNA (2.5 uM)
24-hour-treatment group; 2) LNP-Ihh siRNA (2.5 uM) 24-hour-
treatment group; 3) LNP-siRNA (Ihh+GAPDH) 24-hour-
treatment group. LNP-siRNA injections were performed on
the right knee joint, while the left knee joint was injected with
2.5 uM siRNA without LNP and served as control. The vol-
ume of each injection was 40 uL. Animals were euthanized
after treatment and GAPDH and /hh genes expression in
the knee cartilage were quantified by real-time quantitative
polymerase chain reaction (QPCR).

Rat anterior cruciate ligament transection
(ACLT) model of OA and treatment with
LNP-Ihh siRNA

To test whether the LNP-siRNA can attenuate surgery-
induced OA and thus serve as a specific therapy method
for cartilage diseases, we first carried out a pilot study
to determine the necessary frequency of intra-articular
injection. Five 10-week-old male Wistar rats received
40 uL LNP-beacon (2.5 uM) intra-articular injection
in the right knee joint and were monitored dynami-
cally by FMT until the positive signal disappeared. Another
nine rats received 40 L LNP-Ihh siRNA (2.5 uM), and
knee cartilage 7/hh gene and its downstream genes were
quantified by real-time qPCR after 1 week. In our formal
study, we chose Thh siRNA as a target gene because of
evidence correlating /hh with OA.° One hundred twenty
10-week-old male Wistar rats (180-230 g) were randomized
into four treatments (n=30 per group): 1) sham operation
and Thh-siRNA (2.5 uM) injection, 2) ACLT and LNP-Ihh
siRNA (2.5 uM) injection, 3) ACLT and LNP-Ihh siRNA
(5.0 uM) injection, 4) ACLT and Thh-siRNA (2.5 uM)
injection. ACLTs and sham operations were performed
on the right knees, as described previously.?” The volume
of each injection was 40 pL. Intra-articular injections
were performed 24 hours following surgery and then
every other week for a total of five injections per knee.
All animals were euthanized 10 weeks after the surgery.
OA-related gene expression was quantified by real-time
gPCR. The extent of OA progression was graded using the
Osteoarthritis Research Society International Osteoarthritis
Cartilage Histopathology Assessment System (OOCHAS).*

Histology

After the rats were euthanized with carbon dioxide, the knee
joints of the right hindlimbs were harvested and immersed in
10% formalin for 72 hours. The specimens were decalcified in
20% ethylenediaminetetraacetic acid solution (pH 7.2). The

tibiae were hemisected in the midsagittal plane and each half
was embedded in a single block of Paraplast X-TRA medium
(Sigma-Aldrich, St Louis, MO, USA). Blocks were trimmed
to expose cartilage using a rotary microtome (Reichert-Jung,
Vienna, Austria). Ten adjacent sections were collected at
intervals of 0, 100, and 200 pum. Two serial 6-um-thick
sections from each interval of 0, 100, and 200 um were
stained with Safranin-O/fast green and the severity of carti-
lage damage was assessed using OOCHAS score (OA score =
grade x stage; range, 0—24).° Three independent blinded
observers scored each section, and the scores for the medial
and lateral tibial plateau were averaged within each joint.

Immunohistochemistry (IHC)

To detect the distribution of type II collagen, matrix metal-
loproteinase 13 (MMP-13), type X collagen, and type II
collagen breakdown product in cartilage, we carried out
IHC using the 3,3’-diaminobenzidine (DAB) Histostain
streptavidin-peroxidase (SP) kit (Novex; Life Technolo-
gies, Waltham, MA, USA). Six-micrometer sections were
deparaffinized and rehydrated using conventional methods.
The sections were digested with 5 mg/mL of hyaluronidase
in PBS for 20 minutes. Endogenous peroxidase was blocked
by treating the sections with 3% hydrogen peroxide in
methanol for 30 minutes. Nonspecific protein binding was
blocked by incubation with a serum blocking solution (Li-
Cor, Lincoln, NE, USA). The sections were incubated with
specific antibodies against rat type Il collagen, MMP-13,
type X collagen, or type II collagen breakdown product
(IBEX Technologies, Mont-Royal, QC, Canada) at 4°C
overnight. Thereafter the sections were treated sequentially
with biotinylated secondary antibody and SP conjugates,
and then developed in DAB chromogen (Invitrogen). The
sections were counterstained with hematoxylin (Invitrogen).
Photomicrographs were taken with a Nikon E800 microscopy
(Nikon, Melville, NY, USA).3!

Real-time qPCR

Cartilage samples (tibial plateau and femur condyle) from
15 rats per group were dissected using a scalpel and cartilage
samples from each of three rats were combined together.
Then, these samples were ground with a mortar and pestle
under liquid nitrogen, and total RNA was isolated using
an RNeasy isolation kit (Qiagen, Waltham, MA, USA).”
Total RNA (0.5 ng) was reverse transcribed to comple-
mentary DNA (cDNA) using an iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA, USA). The resulting cDNA
(40 ng/uL) was used as the template to quantify the relative
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content of mRNA using a QuantiTect SYBR Green PCR
kit (Qiagen) with a DNA Engine Opticon 2 Continuous
Fluorescence Detection System (MJ Research, Quebec,
Canada). The rat primer sequences used were 5’-ACA-
GCA-ACA-GGG-TGG-TGG-AC-3’ (forward) and 5’-TTT-
GAG-GGT-GCA-GCG-AAC-TT-3’ (reverse) for GAPDH,;
5’-CAG-GAA-GGA-CCC-ATT-CCG-TC-3’ (forward) and
5-AAG-TCA-CAA-ACC-CAG-GTC-CC-3’ (reverse) for Ihh;
5-AAG-GGA-CAC-CGA-GGT-TTC-ACT-GG-3’ (forward)
and 5’-GGG-CCT-GTT-TCT-CCT-GAG-CGT-3’ (reverse) for
type Il collagen; 5’-CAG-TGC-GAT-GCA-GGC-TGG-CT-3’
(forward) and 5’-CCT-CCG-GCA-CTC-GTT-GGC-TG-3’
(reverse) for Aggrecan; 5’-CCA-GGT-GTC-CCA-GGA-
TTC-CC-3’ (forward) and 5'-CAA-GCG-GCA-TCC-
CAG-AAA-GC-3’ (reverse) for type X collagen;
5’-GGA-CCT-TCT-GGT-CTT-CTG-GC-3" (forward) and
5’-GGA-TGC-TTA-GGG-TTG-GGG-TC-3" (reverse) for
MMP-13; 5’-CCG-CAC-GAC-AAC-CGC-ACC-AT-3’
(forward) and 5"-CGC-TCC-GGC-CCA-CAA-ATC-TC-3’
(reverse) for Runx2; and 5’-CGG-CTA-CCA-CAT-CCA-
AGG-AA-3" (forward) and 5'-GCT-GGA-ATT-ACC-
GCG-GCT-3’ (reverse) for 18S RNA. The results were
normalized to the level of 18s RNA. Relative transcript
levels were calculated according to the equation x =274,
where AAC = ACE - ACC (ACE = Cexp — C 18S,ACC =
CC-C|18S)’

Statistical analysis

Data are expressed as means + standard error of the mean
(SEM). Two-tailed paired #-tests were used to compare
mRNA levels between the LNP-siRNA and free-siRNA
groups. A probability level <5% was considered significant.
The OOCHAS scores in different groups were analyzed
by one-way analysis of variance with multiple pairwise
comparisons made by the Student—-Newman—Keuls method
(three comparisons or more) at a rejection level of 5% unless
otherwise noted. Analyses of variance were also used to
compare the cell viability by FACS test and levels of mRNA
for type II collagen, aggrecan, MMP-13, Runx2, and type
X collagen in the LNP-Thh siRNA treatment experiment.
P-values <0.05 were considered significant. Statistical
analyses were performed using SPSS software.

Results
Characterization of LNPs
The LNPs delivery system was prepared as showed in

Figure 1A. The encapsulation efficiencies of LNPs were
above 95% (Figure 1B Y-axis), which suggested that LNPs

protected and facilitated the transfection of most siRNAs.
The hydrodynamic diameters of LNPs measured by laser
light scattering were 6714.3 nm (Figure 1B X-axis),
and the representative morphology of LNPs is shown in
Figure 1C. Basic characteristics of LNPs we modified are
in agreement with those of Belliveau et al, who reported
that encapsulation efficiencies of LNPs are unaffected and
remain >95%."

Effectiveness of LNPs transfection in vitro

and ex vivo

LNP-siRNA and free siRNA were utilized to compare the
transfection efficiency. It was shown that none of the chon-
drocytes were transfected in the free siRNA group, while
almost all the chondrocytes were transfected in the LNP-
siRNA group (Figure 2A). Meanwhile, 3D images showed
that the transfected siRNAs by LNPs were located in the
cytoplasm (Figure 2B). Moreover, it was verified by flow
cytometry analysis that transfection rate was close to 0 in
the free siRNA group and almost 100% in the LNP-siRNA
group, indicating that LNP can deliver siRNA into the cyto-
plasm of chondrocytes with high efficiency (Figure 2C).
We also treated astrocytes, chondrocytes cell line C28/12,
chondrogenic cell line ATDCS, and breast cancer cell line
MCEF-7 with LNP-siRNA, and the results were similar to
those obtained using chicken chondrocytes (Figure S1).
To test the penetration of LNPs in large animal cartilage, a
full thickness of cartilage from pig tibia was incubated with
either free beacon or LNP-beacon for 48 hours. A 20-um
frozen section was then analyzed for beacon fluorescence
under confocal microscope. The results showed that red
fluorescence, a positive signal for beacon, could be detected
by confocal microscope in the superficial zone and deep
layer of the pig cartilage in the LNP-beacon-treated group.
In contrast, no fluorescent signal could be detected in the
free-beacon group, which served as control, suggesting that
LNPs had an excellent penetration power in the pig cartilage
and LNPs could deliver beacon into cartilage cells ex vivo
(Figure 2D).

Effect of LNPs on cell toxicity and

proliferation

To determine the LNP toxicity, chicken chondrocytes were
incubated with LNPs. The live and dead cells were detected
by FDA live and PI dead stain (green: live; red: dead; blue:
nuclear). The results showed green chondrocytes in the
LNPs-treated group and in the blank group, indicating that
a high dose of LNPs (40 uL/mL) did not induce cell death
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Notes: LNPs were produced by mixing lipids’ solution and siRNA solution drop by drop under strong vortex, and ethanol was removed by ultracentrifugation (A).
The encapsulation efficiencies of LNPs were above 95% (B). The diameter of LNPs was 67+4.3 nm (C).

Abbreviations: LNP, lipid nanoparticle; siRNA, small interference RNA.

(Figure 3A). To further study toxicity, chicken chondrocytes
were incubated with different doses of LNPs for 24 hours
and then stained by FDA—PI. The relative amounts of live
and dead cells were quantified by FACS. We found that
more than 90% of the cells were live cells in the blank
and LNPs-treated groups (Figure 3B). Furthermore, the
percentages of live cells in the 1% (v/v) and 2% (v/v) LNP
groups were significantly higher than those in the blank
group, and the percentage of live cells in the 4% (v/v) LNP
group was not significantly different from that in the blank
group. In addition, the percentages of dead cells in the 1%
(v/v) and 2% (v/v) LNP groups were significantly lower
than those in the blank group, and the percentage of dead
cells in the 4% (v/v) LNP group was not significantly dif-
ferent than that in the blank group (Figure 3C). To test the
influence of LNP on cell proliferation, chondrocytes were
incubated with different concentrations of LNPs, and cell
proliferation levels were accessed using a Cell Prolifera-
tion BrdU Kit. The data showed that proliferation levels in
groups treated with LNPs were significantly higher than in

the blank group on day 1, but similar among all five groups
on day 2 (Figure 3D).

Effectiveness of LNP transfection in vivo

To further test our delivery system in vivo, we first investi-
gated the reliability of our method of mouse intra-articular
injection by alcian blue. Gross observation showed that
alcian blue adhered to the cartilage and synovial membrane
in the joint cavity (Figure S2), suggesting good penetration
of the injection. Then, LNP-beacon and free beacon were
injected into mice joints for our pilot study. We detected a
positive signal by FMT at a wavelength of 680 nm in the
LNP-beacon-injected knee (ie, right knee) at different time
points (2, 6, 24, and 72 hours) after injection. In contrast,
there was no signal in the free-beacon-injected knee (ie,
left knee) (Figure 4A). All the mice were euthanized after
72 hours and knee joint cartilage specimens were further
observed by confocal microscopy. We were not able to
detect fluorescent signal in the free-beacon-injected knee
joint cartilage, while we found obvious red fluorescent
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Figure 2 LNPs transfection efficiency.

Notes: There was no fluorescent signal in the free siRNA-treated chondrocytes, while almost every LNP-siRNA chondrocyte fluoresced green (A); magnification x10. Three-
dimensional images showed that all the fluorescent signals were actually located in the cytoplasm (B), indicating that LNPs can effectively deliver siRNA into the chondrocytes.
Flow cytometry analysis further showed that transfection rate was close to 0% in free siRNA-treated group, and almost 100% in the LNP-siRNA-treated group (C).
Cartilage tissue cultures showed that fluorescent signal was not only present in the superficial zone but also in the deep layer of the LNP-beacon-treated pig cartilage, whereas

no signal was detected in control samples (D); magnification x4.

Abbreviations: GFP, green fluorescent protein; LNP, lipid nanoparticle; siRNA, small interference RNA.

signals in the LNP-beacon-injected knee joint cartilage,
which indicated that only beacon carried by LNP could
penetrate through the cartilage and get into cartilage cells
in vivo (Figure 4B).

In our formal study, there was no signal in the free-beacon
knee joint cartilage (left) observed by confocal microscopy,
while red positive signals could be observed in the LNP-
beacon knee joint cartilage (right) (Figure 4C). Furthermore,
there were no positive signals in the synovial membranes
from both free-beacon- and LNP-beacon-injected knee
joints, indicating that LNPs cannot function in the synovial
membrane and that LNP constitutes a specific siRNA delivery
tool for cartilage (Figure 4D). In addition, to further validate
this result, Cy3-labeled control siRNA was also used in our
study. We did not detect a positive fluorescence signal in the
Cy3-labeled control siRNA-injected knee joint cartilage by
fluorescence microscopy, while we obtained the red positive
signals in the LNP-Cy3-labeled control siRNA-injected knee

joint cartilage, which further confirmed that LNPs could take
siRNA into the cartilage cells in vivo (Figure 4E).

To knock down a specific gene in vivo, we injected LNP-
GAPDH siRNA or LNP-Ihh siRNA into the rat right knee
joint, and GAPDH siRNA or Thh siRNA into the left knee
joint to serve as control. Real-time qPCR results showed
that GAPDH/Ihh mRNA level in the LNP-GAPDH siRNA
and Thh siRNA groups decreased by 51.8% and 79.7%,
respectively, when compared with the GAPDH siRNA
and Ihh siRNA groups alone 24 hours after intra-articular
injection (Figure 4F). This result indicates that LNP-siRNA
could not only get into cartilage cells in vivo, but could
also exert its impact on a specific gene. We further knocked
the /hh and GAPDH genes down together by LNP-siRNA
(Ihh+GAPDH). The data showed that Thh mRNA level
decreased by 41.6% and GAPDH by 19.5%. Nevertheless,
type II collagen mRNA level was increased; MMP-13 and
type X collagen mRNA levels were decreased (Figure S3).
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Figure 3 Effect of LNPs on cell toxicity and proliferation.
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Notes: Green fluorescence indicates live cells and red fluorescence indicates dead cells. We did not detect dead cells in the blank or LNPs-treated groups. All cells in the
freeze-thawed group were dead (A); magnification x10. Fluorescence-activated cell sorting data showed that 1% (v/v) and 2% (v/v) LNP groups increased cell viability (B and
C). LNPs were even able to promote cell proliferation after 24 hours of treatment, but there was no statistically significant difference among the blank and LNPs-treated

groups after 48 hours of treatment (D). Compared with blank, *P<<0.01.

Abbreviations: FDA, Fluorescein diacetate; LNP, lipid nanoparticle; Pl, propidium iodide; siRNA, small interference RNA.

Time duration of LNP-RNAI in the rat
knee joint

To determine the frequency of LNP-RNAI treatment, we
monitored LNP-beacon signal dynamically in the rat knee
joint until the fluorescence disappeared. We found that
fluorescence could be detected as soon as 4 hours after
injection at a volume of 18.65+1.59 pmol, and the fluores-
cence intensity reached its climax (29.18+1.39 pmol) on
day 2. After that, the FMT value decreased gradually until
it disappeared on day 8 (Figure 5SA and B). Subsequently,
we found that Thh mRNA level decreased by 44.1% 7 days
after treatment with LNP-Thh siRNA, and type II collagen
mRNA level was enhanced, while type X collagen mRNA
level was depressed. These findings indicated that LNP-Thh
siRNA could get into cartilage cells in vivo and exert a posi-
tive impact on anabolic metabolism and a negative impact

on catabolic metabolism and this effect was durable for at
least 1 week (Figure 5C).

Attenuation of post-traumatic OA
pathogenesis using intra-articular

LNP-Ihh siRNA in a rat ACLT OA model

Based on the result of LNP-beacon and Thh mRNA
(Figure 5), we took them as references, and treated ACLT
OA every other week for a total of five treatments. We found
a significant decrease in the OA score in LNP-IThh siRNA-
treated rats as compared with rats that underwent free Thh
siRNA treatment, along with stronger Safranin O staining,
more cellularity but less chondrocyte cloning, and less cleft
progression (Figure 6A). OOCHAS scores in both LNP-
Ihh siRNA-treated groups suggested mild degeneration
(mean = SD, 6.67£0.58 in the 0.1 nmol group and 2.67%0.29
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Figure 4 siRNA could be delivered into cartilage cells by LNPs and functioned in vivo.

Notes: Fluorescent signals could be detected by fluorescence molecular tomography in the LNP-beacon-treated mouse knee joint (red rectangles). In contrast, no fluorescent
signal could be detected in the free-beacon-treated mouse knee joint (yellow rectangles) (A). The LNP-beacon-treated cartilage was further observed by confocal microscopy,
and red signals were located in all of the cartilage tissue layers. In contrast, no signal was detected in the free-beacon-treated cartilage; magnification x10 (B). Similar to mice
cartilage data, red signals were present in the LNP-beacon-treated rat knee joint cartilage, whereas no signal was found in the free-beacon-treated rat knee joint cartilage;
magnification x10 for panels on the left and magnification x20 for the insets (C). No positive signal could be detected by confocal microscope from either LNP-beacon-treated
or free-beacon-treated rat knee joint synovial membrane; magnification x10 (D). Fluorescent signals could be detected by fluorescence microscopy in the LNP-Cy3-labeled
siRNA-treated rat knee cartilage. In contrast, no fluorescent signal was detected in the free Cy3-labeled siRNA-treated rat knee cartilage; magnification x10 (E). After
24 hours of in vivo treatment with LNP-GAPDH siRNA or LNP-lhh siRNA, cartilage GAPDH mRNA decreased by 51.8% and lhh mRNA decreased by 79.7% (F).
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Ihh, Indian Hedgehog; LNP, lipid nanoparticle; siRNA, small interference RNA.

in the 0.2 nmol group; P<<0.001), while cartilage damage  siRNA-treated groups than in the ACLT and free-lThh siRNA
in rats that underwent ACLT and free-Ihh siRNA treatment  group (Figure 6C). Real-time qPCR results indicated that
was significantly more severe (14.6713.06; P<<0.01). Car- intra-articular LNP-Ihh siRNA injection enhanced the levels
tilage from rats that underwent the sham operation had the ~ of mRNA for type II collagen and aggrecan, and suppressed
least amount of damage (0.33+0.29; P<<0.01) (Figure 6B). the levels of mRNA for MMP-13, Runx2, and type X colla-
IHC results showed that MMP-13 and type X collagen were  gen in our rat model of ACLT (Figure 6D). Type II collagen
elevated in cartilage from the ACLT and free-Ihh siRNA  mRNA levels in rats that underwent ACLT and free-Ihh
group when compared with LNP-Ihh siRNA-treated cartilage ~ siRNA treatment were significantly lower than those in rats
(at 0.1 and 0.2 nmol). This was accompanied by increased OA  thatunderwent ACLT and received LNP-Ihh siRNA (2.5 and
damage in the ACLT and free-Ihh siRNA group. In contrast, 5.0 nM), as well as that in rats that underwent sham opera-
type II collagen content was higher and type I collagen deg-  tion and free-Ihh siRNA treatment. Aggrecan mRNA levels
radation was more inhibited in cartilage from the LNP-Ihh  in rats treated with LNP-Ihh siRNA (5.0 nM) and rats that
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Figure 5 LNP-siRNA lasts for 7 days at least in the rat knee joint.

Notes: Fluorescent signals were monitored dynamically by FMT. There was no signal in the left knee (red ovals). In contrast, fluorescent signals lasted for 7 days and reached
climax at day 2 in the right knee (yellow ovals) (A). Quantitative data indicated that fluorescence signals could be detected after 4 hours and reached climax on day 2, then
decreased gradually (B). Seven days after LNP-lhh siRNA in vivo treatment, cartilage Ihh mRNA decreased by 44.1% and type Il collagen mRNA level significantly increased,
while type X collagen mRNA level decreased. Values are mean * standard error of the mean. *P<<0.01 versus siRNA (Ihh) treatment group (C).

Abbreviations: FMT, fluorescence molecular tomography; lhh, Indian Hedgehog; LNP, lipid nanoparticle; siRNA, small interference RNA.

underwent sham operation with free-Ihh siRNA treatment
were significantly higher than in rats that underwent ACLT
and free-Thh siRNA treatment. In contrast, levels of mRNA
for MMP-13, Runx2, and type X collagen in rats that under-
went ACLT and free-Thh siRNA treatment were the highest
among the four groups (Figure 6D).

Discussion

The treatment of articular cartilage disease is a major problem
in clinical practice because of the tissue’s limited self-repair
capacity.’? Efforts have been focused on gene therapy to pro-
vide a better outcome for cartilage diseases. Currently, RNAi
is widely used in the treatment of many diseases including
amyloid disease, infectious diseases, myeloid leukemia,
bone metabolic disorders, and so on.?!'3*5 However, there
is no available cartilage-specific targeting delivery system
for siRNA delivery in the treatment of cartilage metabolic
disorders, because cartilage is a relatively solid and com-
pact tissue that is not easily penetrated by small molecules.
In this study, we modified LNP, a positively charged siRNA
delivery system, to specifically target articular cartilage, a
negatively charged tissue, and to facilitate the delivery of
therapeutic cargos to the chondrocytes. This delivery system

could establish the foundation for translating RNAi-based
therapies from basic science to clinic applications in the field
of orthopedic medicine.

In our in vitro and in vivo studies described here, the
LNP we modified had a very small diameter of 6714.3 nm,
relative to other RNA nanocarriers,*3* and a high encap-
sulation efficiency that remained >95%. These qualities
provided a strong base for siRNA delivery and implied the
potential to penetrate through the articular cartilage. Our
findings demonstrated that LNPs could deliver siRNA into
many kinds of cells in culture with a high transfection rate of
almost 100%, as well as into porcine cartilage tissue cultures.
We further demonstrated that siRNA could be delivered
by LNPs into the knee joint to knock down specific genes.
It should be noted that our data showed no toxicity of LNPs;
in fact, LNPs even promoted cell proliferation and inhibited
cell death when used in a moderate concentration. Therefore,
LNP may constitute an ideal delivery system with high safety
and efficiency for therapeutic use.

In addition to having rather small particles, the LNP is
an ionizable cationic delivery system, while proteoglycans,
the major molecular components of the extracellular carti-
lage, are negatively charged (representative proteoglycan
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Figure 6 Intra-articular LNP-lhh siRNA can attenuate the pathogenesis of surgery-induced OA.

Notes: There was less surface damage with stronger Safranin O staining in articular cartilage specimens from LNP-lhh siRNA-treated animals as compared with those from
untreated controls (A). Quantitative data indicated that cartilage damage was reduced in rats that received LNP-lhh siRNA as compared to ACLT rats with free lhh siRNA
treatment (B). Type Il collagen expression in articular cartilage was higher in the LNP-Ihh siRNA-treated and the sham-operated rats, than in rats that underwent ACLT and
free lhh siRNA treatment. In contrast, degraded collagen Il, MMP-13, and type X collagen staining were elevated in rats that underwent ACLT and |hh-siRNA treatment with
respect to the LNP-Ihh siRNA-treated and sham-operated rats, which is consistent with reduced OA damage. The bigger inset boxes are original picture (magnification x10).
The smaller inset boxes are the parts shown in the panels (magnification x20). (C). Real-time polymerase chain reaction indicates that intra-articular LNP-lhh siRNA inhibits
catabolism and enhances anabolic metabolism. Values are the mean =* standard error of the mean. *P<<0.01 versus the ACLT and Ihh siRNA treatment group (D).
Abbreviations: ACLT, anterior cruciate ligament transection; lhh, Indian Hedgehog; LNP, lipid nanoparticle; MMP-13, matrix metalloproteinase 13; OA, osteoarthritis;
siRNA, small interference RNA.

molecules include aggrecan, versican, decorin, and perlecan
among many).** Thus, theoretically, LNP in the knee joint
will be attracted toward the negatively charged proteoglycans
and in this way provide a cartilage-specific delivery system.
Furthermore, we have actually demonstrated in our in vivo
study that LNP can be only accumulated and function in the
extracellular matrix of cartilage, but not in the synovium.

As LNP is a cartilage-specific siRNA delivery system
and increased /hh has been correlated with OA, we knocked
down /hh to demonstrate whether this system is efficient to
treat cartilage diseases. We demonstrated that supplementa-
tion of LNP-Ihh siRNA is a promising therapeutic strategy to
inhibit cartilage degeneration by knocking down /A4, which
depressed cartilage degradative enzymes in an ACLT OA
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model. Our findings are in agreement with those of Lin et al,
who report that inhibition of /44 signaling has the potential to
prevent surgically induced OA by transgenic mice.> These
findings support LNP as an effective tool for RNAi therapy
in cartilage diseases.

A potential limitation of this study is that surgical transec-
tion of the ACL may not be as traumatic as an ACL injury
sustained during physical activity. Bone bruises and chondral
lesions frequently occur in the latter, and these concomitant
injuries may also play a role in the development of post-
traumatic OA. Nonetheless, the animal model of ACLT has
been frequently used to study OA, and it mimics human OA
both macroscopically and biochemically.?*! In summary, our
data indicate that our novel LNP-siRNA delivery system is
an effective, promising, and powerful tool to knock down
cartilage-specific genes and in this manner provide additional
therapeutic approaches for cartilage disease therapy. LNP-Ihh
siRNA therapy has a chondroprotective effect and attenuates
the pathological progress of OA in a rat model.
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Figure S| LNPs transfection efficiency.

Notes: Fluorescence signals were obvious in the LNP-control siRNA-treated cells including astrocytes, chondrocytes cell line C28/12, chondrogenic cell line ATDCS, and
breast cancer cell line MCF-7. In contrast, there were no fluorescent signals when these cells were treated with free control siRNA.

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; LNP, lipid nanoparticle; siRNA, small interference RNA.

Figure S2 Validated mouse intra-articular injection.

Notes: Twenty microliters of alcian blue solution was injected with an insulin syringe into the mouse knee joint cavity (A). The mouse was sacrificed after 24 hours and
the knee joint cavity was opened by a scalpel. Gross observation showed that alcian blue adhered to the cartilage and synovial membrane in the joint cavity, indicating that
intra-articular injection was feasible for the study (B).
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Dove LNP-lhh siRNA attenuates cartilage degeneration
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Figure S3 Targeted multiple genes in vivo.

Notes: Cartilage Ihh and GAPDH genes were knocked down together by LNP-siRNA (Ihh+GAPDH) in vivo. lhh mRNA level decreased by 41.6% and GAPDH mRNA level
decreased by 19.5%. Type Il collagen mRNA level increased significantly, but there was no difference in the aggrecan mRNA levels of LNP-siRNA (lhh+GAPDH)-treated
cartilage and free siRNA (Ihh+GAPDH) cartilage. In contrast, MMP-13 and type X collagen mRNA levels significantly decreased in our treatment groups. Values are the
mean £ standard error of the mean. *P<<0.0| versus the ACLT and |hh siRNA treatment group.

Abbreviations: ACLT, anterior cruciate ligament transection; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Ihh, Indian Hedgehog; LNP, lipid nanoparticle;
mRNA, messenger RNA; MMP-13, matrix metalloproteinase |3; siRNA, small interference RNA.
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