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Abstract

Rationale: A cell-specific delivery vehicle is required to achieve gene editing of the disease-associated
cells, so the hereditable genome editing reactions are confined within these cells without affecting healthy
cells. A hybrid exosome-based nano-sized delivery vehicle derived by fusion of engineered exosomes and
liposomes will be able to encapsulate and deliver CRISPR/Cas9 plasmids selectively to chondrocytes
embedded in articular cartilage and attenuate the condition of cartilage damage.

Methods: Chondrocyte-targeting exosomes (CAP-Exo) were constructed by genetically fusing a
chondrocyte affinity peptide (CAP) at the N-terminus of the exosomal surface protein Lamp2b.
Membrane fusion of the CAP-Exo with liposomes formed hybrid CAP-exosomes (hybrid CAP-Exo)
which were used to encapsulate CRISPR/Cas9 plasmids. By intra-articular (IA) administration, hybrid
CAP-Exo/Cas9 sgMMP-13 entered the chondrocytes of rats with cartilage damages that mimicked the
condition of osteoarthritis.

Results: The hybrid CAP-Exo entered the deep region of the cartilage matrix in arthritic rats on IA
administration, delivered the plasmid Cas9 sgMMP-13 to chondrocytes, knocked down the matrix
metalloproteinase 13 (MMP-13), efficiently ablated the expression of MMP-13 in chondrocytes, and
attenuated the hydrolytic degradation of the extracellular matrix proteins in the cartilage.

Conclusion: Chondrocyte-specific knockdown of MMP-]3 mitigates or prevents cartilage degradation
in arthritic rats, showing that hybrid CAP-Exo/Cas9 sgMMP-13 may alleviate osteoarthritis.
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Introduction

Since its invention in 2012, the Clustered
Regularly Interspaced Short Palindromic Repeats
(CRISPR) technology has revolutionized gene editing,
impacted biotechnology, and brought hope to the
treatment of genetic diseases. Genome editing has
shown therapeutic potential for treating cancers,
blood disorders, blindness, AIDS, cystic fibrosis,
muscular dystrophy, Huntington’s disease, and, more
recently, even Covid-19 [1-7]. Notwithstanding the
translational potential, clinical applications of the

CRISPR technology still face potential risks such as
off-target effects, immune reactions and increased
risks of cancers, etc.

Delivery of the CRISPR/Cas9 system
constructed ex wvivo precisely into the disease-
associated cells and organisms may minimize these
side effects. Exosomes, cell-derived vesicles with
diameters of 30-150 nm that naturally mediate the
communication and transportation of cellular
contents between cells, have been employed as the
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carrier for the CRISPR/Cas9 system [8-12]. Exosomes
are not designed to deliver plasmids; they must be
engineered to function as efficient delivery vehicles
for large molecules. Increasing the loading efficiency
of the CRISPR/Cas9 system into exosomes has been
one of the focal points. This can be achieved by
engineering  protein-protein  or  protein-RNA
interacting pairs on exosomes and cargos, respectively
[13-15]. Or, the hybridization of exosomes and
liposomes forms hybrid nano-vesicles that can load
significantly larger molecules with a higher amount
than exosomes while maintaining the surface
property of exosomes [16, 17]. On the other hand,
exosomes can be harnessed to achieve targeted
delivery of the cargo to only disease-associated cells
through the cancer tropism effects or specific
cell-surface receptors. For example, Kim and
coworkers reported that cancer-derived exosomes
could transport the CRISPR/Cas9 system specifically
to tumor cells via natural exosome-cell interactions
[12]. Previously, we and others have engineered the
exosome-surface protein to display cell-targeting
peptides and achieve selective delivery of cargos to
chondrocytes or mesenchymal stem cells [18-20].
Gene therapy has now been considered a viable
method for treating osteoarthritis (OA). OA is a
chronic disease associated with the degeneration of
joints such as knees, hips, shoulders, and the spine
[21]. Increasingly prevalent but facing limited
therapeutic options, OA has been defined by World
Health Organization as a priority disease in need of
research for potential therapies [22]. Current
therapeutics such as anti-inflammatory and analgesic
drugs and steroids provide only short-term
alleviation of the symptoms but fail to stop the
degenerative process [23-25] or have significant side
effects during prolonged use [26, 27]. Surgery and
joint replacement are expensive and highly invasive
[22, 43]. As several genes in chondrocytes, the cells
residing in the cartilage, have been identified to be
tightly associated with the pathology of OA, genome
editing is believed to be a potential treatment that
provides a long-term benefit to OA patients [28, 29].
Matrix metalloproteinase 13 (MMP-13) is one of
the therapeutic targets. During the early stage of OA
development, overexpression of MMP-13 causes
extracellular matrix degradation, leading to cartilage
degeneration [30]. Knocking down MMP-13 or
suppressing the enzymatic activity using small
molecule inhibitors have shown beneficial effects in
preventing or reversing cartilage degeneration in OA
[31]. For example, intra-articular (IA) injection of
MMP-13-specific siRNA suppressed the expression of
MMP-13 and delayed cartilage degradation in vivo
[32, 33]. Delivering the therapeutic agents to

chondrocytes, however, is a challenge. The cartilage
matrix often rejects the therapeutics, and the synovial
fluid in the joint flushes away drugs administered to
the joint. The dense cartilage matrix poses a thick
physical barrier and impedes the infiltration of
biomolecular medications [34, 35]. Encapsulation of
the therapeutics in nano-sized carriers can protect the
molecules from unwanted degradation, increase the
penetration into the cartilage matrix and increase the
bioavailability [36, 37]. Here we report a
chondrocyte-specific IA delivery of a genome editing
tool, a CRISPR/Cas9 plasmid, explicitly targeting the
MMP-13 by hybrid exosome derived by fusion of
exosomes and liposome to treat OA in a rat model
(Figure 1).

Results

Chondrocyte-targeting hybrid exosomes

We first developed chondrocyte-targeting
exosomes, which contain a surface-displayed
chondrocyte-affinity peptide (CAP) through genetic
engineering of the exosomal membrane protein,
lysosomal-associated membrane protein 2b (Lamp2b)
in dendritic cells (DC). Because the N-terminus of
Lamp-2b extends out of the exosome membrane,
fusing a targeting peptide at this end does not
compromise the expression and function of Lamp2b
[38, 39]. A CAP-FLAG-Lamp2b plasmid was
constructed and delivered into dendritic cells. A
FLAG tag was inserted between the CAP sequence
and Lamp2b for a facile tracing of the exosomes.
Exosomes purified by ultracentrifugation from the
genetically modified dendritic cells carry the
CAP-FLAG-Lamp2b protein and are thus called
CAP-Exo. To house the CRISPR/Cas9 plasmid, we
next constructed hybrid exosomes by fusing CAP-Exo
with liposomes formed by Lipofectamine 2000. The
resultant hybrid CAP-Exo vesicles contain exosomal
marker proteins CD9, CD81, and CD63, similar to
exosomes (Figures 2A-B), while having a larger size
than exosome or liposome, based on nanoparticle
tracking analysis (NTA) and transmission electron
microscope (TEM) (Figures 2C-D). The hybrid
CAP-Exo also showed higher stability than exosomes
as their size remained constant for at least 24 days,
whereas exosomes gradually aggregated (Figure 2E).
The hybridization of exosomes and liposomes also
changed the zeta potential of the particles (Figure S1).
The fusion of exosomes and liposomes was also
supported by a FRET assay (Figure S2). Therefore,
membrane fusion of exosomes with liposomes results
in hybrid exosomes with larger sizes, higher stability,
and yet the same surface proteins.

https://lwww.thno.org
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Figure 1. Schematic illustration of chondrocyte-specific genome editing by hybrid exosomes.
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Figure 2. Characterization of the exosomes. (A) Western blotting analysis of DC lysate and DC-derived exosome, un-transfected or transfected with a CAP-lamp2b
plasmid carrying a FLAG tag. (B) Immunoblots of cell lysates, CAP-Exo, and hybrid CAP-Exo show the expression of exosome markers (CD9, CD81, and CDé63). (C)

Hydrodynamic sizes of CAP-Exo, liposome, and hybrid CAP-Exo measured by NTA analysis. (D) TEM images of CAP-Exo, liposome, and hybrid CAP-Exo. Scale bar: 200 nm. (E)
Stability of CAP-Exo, liposome, and hybrid CAP-Exo measured by the size change over 24 d at 4 °C.
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Figure 3. Intracellular uptake by chondrocytes. (A) Confocal images of chondrocytes envisage the internalization of Dil-labeled exosomes, liposomes, or hybrid
exosomes. Briefly, rat chondrocytes were incubated with Dil-labeled vesicles (red) at 108/mL for 2 h and imaged using a confocal laser scanning microscope. Cell nuclei were
labeled by DAPI (blue). Data represent the mean * SD from three independent experiments. **p < 0.01 compared to the Exo group. Scale bar, 10 ym. (B) Quantification of the

mean intensity of the fluorescent signals using Image ).

Intracellular uptake of CAP-Exo by
chondrocytes

To determine if hybrid CAP-Exo could
efficiently enter primary chondrocytes, we
fluorescently labeled the exosomes or liposomes with
Dil, a long-chain lipophilic carbocyanine dye that
labels membrane-containing vesicles. When the
Dil-labeled hybrid CAP-Exo were incubated with
primary chondrocytes, fluorescent signals were
observed inside chondrocytes showing a successful
uptake of the vesicles in the cells. Cells treated with
vesicles carrying the CAP sequence (CAP-Exo and
hybrid CAP-Exo groups) showed significantly higher
signals than cells treated with exosomes without
surface-functionalized CAP sequence (Exo group) or
hybrid exosomes without CAP (hybrid Exo group)
(Figures 3A-B). Together with the data from flow
cytometry (Figure S3), these results indicate that the
CAP sequence plays a critical role in the uptake of
exosomes in chondrocytes.

Knockdown of the MMP-13 gene in
chondrocytes

MMP-13 is a protease responsible for the
degradation of the type II collagen of the extracellular
matrix. Its overexpression by chondrocytes correlates
with cartilage degeneration and is recognized as an
early marker of OA. Selective ablation of the MMP-13
gene thereby suppresses the degradation of the
extracellular matrix and reverses the degeneration
process in OA. To knockout MMP-13 at the genome
level, we designed a CRISPR/Cas9-based MMP-13
targeted gene-editing system Cas9 sgMMP-13. The
Cas9 sgMMP-13 includes a single guide RNA
(sgRNA), which guides the Cas9 protein to the
genomic locus of MMP-13 (Figure 4A, Figure 5S4, and
Table S1). The sgRNA sequence was inserted in the

pSpCas9 plasmid to produce the Cas9 sgMMP-13
plasmid. The plasmid was mixed with Lipofectamine
2000 in an Opti-MEM medium at room temperature
for 15 min and later incubated with exosomes for 12 h
at 37 °C. The plasmid-loaded vesicles were then
incubated with primary rat chondrocytes. The
MMP-13 level measured by qRT-PCR in chondrocytes
indicated the MMP-13 knockdown (Figure 4B). The
hybrid CAP-Exo group exhibited the most effective
suppression of the MMP-13 level. These results
suggest that the hybrid CAP-Exo is a more effective
vehicle for the delivery of the Cas9 sgMMP-13
plasmid than others. To further prove that the surface
proteins mediate the IA delivery of the hybrid
CAP-Exo, we treated hybrid CAP-Exo with proteinase
K, which non-selectively degrades all the proteins on
the surface of exosomes. Proteinase K treatment
significantly abolished the MMP-13 inhibition (Figure
4C), indicating the surface proteins of the hybrid
CAP-Exo play a critical role in chondrocyte delivery
of the plasmid.

IL-1B is known to induce OA-like symptoms in
chondrocytes, so we used IL-1f treatment to increase
the expression level of MMP-13 in chondrocytes to
mimic the pathology of OA. Hybrid CAP-Exo loaded
with the Cas9 sgMMP-13 plasmid significantly
decreased the protein level of MMP-13, as shown by
both immunoblotting and immunofluorescent studies
using an anti-MMP-13 antibody (Figures 4D-E).
Inhibition of MMP-13 also suppresses collagen
degradation. Using an anti-collagen II antibody,
immunoblotting and immunofluorescent studies
proved that knocking down MMP-13 upregulated
type II collagen (Figures 4D-E). These experiments
show that the hybrid exosome-delivered Cas9
sgMMP-13 system knocks down MMP-13 in
chondrocytes and prevents the degradation of type II

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 11 4870

collagen, demonstrating the potential of hybrid  CAP-Exo showed noticeable cytotoxicity or hemolytic
exosomes in the treatment of OA. Sequencing analysis ~ property, consistent with their cellular origin.
showed that a 182-nt sequence at the targeted Notably, the hybrid vesicles, hybrid Exo, and hybrid
MMP-13 genomic loci was deleted (Figure S5). Lastly, = CAP-Exo also showed minimal cytotoxicity or
we evaluated the cytotoxicity and hemolytic property = hemolytic property (Figure S6). This data show that
of the carriers. The liposome showed some toxicity to  fusing exosomes with liposomes will mitigate the
chondrocytes (about 65% viability) and caused  toxicity of the latter and give a biocompatible delivery
hemolysis to erythrocytes (3%). Neither Exo nor  vehicle.
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Figure 4. Exosome-mediated delivery of the Cas9 sgMMP-13 to knock down MMP-13 in chondrocytes. (A) Schematic illustration of the design of the Cas9
sgMMP-13 system. (B) MMP-13 mRNA level measured by qRT-PCR in rat chondrocytes incubated with Cas9 sgMMP-13 only (negative control group, NC), exosome/Cas9
sgMMP-13 (Exo), liposome/Cas9 sgMMP-13 (liposome), and hybrid Exo/Cas9 sgMMP-13 (hybrid Exo), hybrid CAP-Exo/Cas9 sgMMP-13 (hybrid CAP-Exo). (C) qRT-PCR analysis
of MMP-13 mRNA level in the chondrocytes treated with hybrid CAP-Exo/Cas9 sgMMP-13 with and without proteinase K treatment. (D) Upper panel, representative
immunofluorescence images of the MMP-13 expression levels in different treatment groups using an anti-MMP-13 antibody, scale bar: 20 ym. Lower panel, hybrid CAP-Exo/Cas9
sgMMP-13 attenuated type Il collagen degradation based on immunofluorescence imaging using a collagen Il antibody. Isotype controls did not show staining, scale bar, 100 pm.
Quantification of the fluorescent signals is shown on the right side. (E) Western blotting of the MMP-13 and collagen Il expression levels in different treatment groups after 48
h and quantification of the fluorescent signals. Data were expressed as mean + SEM of three different experiments. * p < 0.05, ** p< 0.01.

https://lwww.thno.org



Theranostics 2022, Vol. 12, Issue 11

4871

Intra-articular delivery of hybrid exosomes

After proving the efficacy of a hybrid
CAP-Exo/Cas9 sgMMP-13 system in attenuating
OA-related phenotype in a chondrocyte cell model,
we next explored whether hybrid CAP-Exo can
deliver the cargo through cartilage in vivo in a rat OA
model. An expanded destabilization of medial
meniscus (DMM) surgery was done to induce
cartilage damage to mimic the condition of OA in
6-week SD rats. Hybrid exosomes were administered
via IA injection into the knee joints of OA rats. Rats
were sacrificed 1, 3, or 7 days after receiving the
treatment. The knee joints were collected, fixed,
decalcified, embedded in optimal cutting temperature
(OCT) compound, and sliced (Figure 5A). The Dil
signals were also found in the kidney for the hybrid
Exo group, whereas in the hybrid CAP-Exo group, the
signals were strictly confined to the knee joint (Figure
5B). Confocal images of the cartilage cryosections
showed that hybrid Exo without the targeting CAP
sequence were almost exclusively found on the
surface of the cartilage after IA administration,
whereas hybrid CAP-Exo were also found inside the
matrix of the cartilage tissue where chondrocytes
reside (Figures 5C-D). The signal of the hybrid
CAP-Exo also lasted for at least 7 days in the cartilage
(Figure S7). We also used a Cas9-GFP plasmid to
validate the delivery efficiency. Higher GFP signals
were observed in the chondrocytes using the hybrid
CAP-Exo than in exosomes without CAP peptide
(Figure S8). As the human cartilage (1 to 2 mm) is
more than 10 times thicker than the rat cartilage, we
next explored whether hybrid CAP-Exo can deeply
penetrate human cartilage explants from OA patients.
Labeled exosomes were incubated with human
cartilage explants for 24 h before sectioning and
visualization under confocal microscopy. Again,
hybrid CAP-Exo showed the most significant
penetration, accumulation, and retention in the
human cartilage (Figure S9). All these results indicate
that the CAP sequence displayed on the surface of
exosomes endowed these nanovesicles with excellent
capability to penetrate the cartilage matrix and retain
within the cartilage for a prolonged period, thereby
making hybrid CAP-Exo a promising
chondrocyte-targeted delivery vehicle.

CRISPR-mediated ablation of MMP-13
alleviates OA

To translate our success in the OA cell model to
animals, we next tested whether the hybrid CAP-
Exo/Cas9 sgMMP-13 can alleviate OA symptoms in a
rat model of OA. Similarly, DMM surgery was used to

induce cartilage damage to mimic the condition of OA
in SD rats. The treatment regime includes the injection
of various therapeutic agents into the knee joint once
per week for 4 weeks (Figure 6A). Hematoxylin and
eosin (H&E) staining, toluidine blue staining, and
Safranin O fast green (SO-FG) staining were used to
evaluate the cartilage damage and proteoglycan loss.
In the control, the blank group represents healthy rat
cartilage with intact structure, clear layers, a smooth
cartilage surface, and even staining. Significant
cartilage damages were observed in the DMM group,
including (1) coarse cartilage surface, indicating the
erosion or degeneration of the cartilage layer (marked
by red circles), (2) fractures of holes in the cartilage
(marked by black arrows), and (3) insufficient staining
or uneven staining, showing the loss of extracellular
matrix. All the exosome-treatment groups, including
Exo, CAP-Exo, hybrid Exo, and hybrid Exo/Cas9
sgRNA groups, showed a certain degree of
improvement, but the damages remained to some
extent. Only the hybrid CAP-Exo/Cas9 sgRNA
treatment groups showed nearly identical imaging
results to the control group, including a smooth
cartilage surface, clear layers of the cartilage tissue,
and an even staining of the dye (Figure 6B).

We evaluated the results using the OARSI
scoring system. The control group represents healthy
cartilage giving the lowest score of 0.44. The DMM
group received the highest score of 12.89,
corresponding to a severe OA progression. All the
treatment groups, including blank Exo, blank
CAP-Exo, blank hybrid CAP-Exo, and hybrid
Exo/Cas9 sgRNA show some improvement ranging
from 7.44 to 11.33, suggesting that exosome alone
does bring beneficial effect to the OA condition, likely
through the anti-inflammatory effect of exosomes.
However, the most remarkable result was seen in the
hybrid CAP-Exo/Cas9 sgRNA group with the lowest
score of 1.11, suggesting a nearly complete recovery
(Figure 6C). Four weekly injections of
chondrocyte-specific Cas9 sgMMP-13 inhibited the
cartilage damage imposed by the DMM operation,
evidenced by smooth cartilage surface, thick cartilage
layer, uniform staining of the matrix, and no obvious
cartilage degeneration as compared to the DMM
group. Lastly, immunohistochemistry staining of
MMP-13 and type II collagen in the whole knee joint
confirmed that hybrid CAP-Exo/Cas9 sgMMP-13
treatment inhibited MMP-13 expression in cartilage in
treated groups compared to the control group.
Additionally, MMP-13 knockdown also prevented
collage II degradation and the decrease of aggrecan in
cartilage (Figure 7).
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Conclusion

The delivery of the CRISPR/Cas9 tool into the
target cells is a key step toward therapeutic genome
editing. As delivery vehicles such as lentivirus and
adeno-associated virus vectors raise concerns about
immunogenicity and unwanted insertion into the
genome, non-viral vesicles are likely a safer
alternative [40]. Here we demonstrate a strategy that
combines both the feature of exosomes and liposomes
to derive hybrid targeting exosomes for efficient
delivery of the CRISPR/Cas9 plasmid to
chondrocytes both in wvitro and in vive. Hybrid
CAP-Exo retained the cell-specific targeting property
of CAP-Exo, and fusion of exosome with
Lipofectamine 2000 increased the stability and the

capability of encapsulating plasmids. The affinity
between exosomes and chondrocytes explains less
organ  diffusion, more prolonged cartilage
localization, and deeper cartilage penetration. This is
particularly important for OA treatment by IA
administration, a convenient, minimally invasive
method to directly target the therapeutics to the
diseased sites of deteriorated cartilage. Although how
deep hybrid CAP-Exo can penetrate human cartilage
under the physiological condition still awaits further
study, our hybrid CAP-Exo is likely the most suitable
drug delivery vehicle for chondrocytes.

The study of OA has accumulated plentiful data
on the genetics of this disease, and among all the
genes associated with OA, a handful are druggable.
MMP-13 is known as the major hydrolase that

https://lwww.thno.org
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degrades type II collagen in the cartilage, which
releases inflammatory factors and deteriorates the
OA. Such an effect has not been found with other
MMPs [41]. This study proves that a CRISPR/Cas9
strategy of suppressing the expression of MMP-13 in
chondrocytes shows remarkable therapeutic effect in
OA models both in vitro and in vivo. This strategy is
generally applicable to other genes associated with
ECM degradation of cartilage. Screening these
OA-related genes for the safest and most effective
target with the help of the chondrocyte-targeted gene
delivery system will pave a solid foundation for the
potential treatment of OA that is minimally invasive,
safe, and cell-free. Beyond the treatment of OA, this
strategy may also be applied to cell-specific delivery
of the genome editing tools for the treatment of other
diseases. Although the long-term safety of genome
editing in patients (including the immunogenicity of
the plasmid DNA and Cas9 proteins and the potential
off-target of the gene-editing) awaits further
exploration, efficient and safe CRISPR genome editing
is at its doorway to clinical uses and extracellular
vesicles are certainly one of the promising vehicles
[42, 43].

Methods

Plasmid construction

FLAG-Lamp2b plasmid was kindly gifted from
Prof Matthew J. A. Wood's lab. To construct the
CAP-Lamp2b vector, Xhol and BspEl cloning sites
were first introduced to the targeting region in the N
terminus of Lamp2b by polymerase incomplete
primer extension (PIPE) cloning method.

pSpCas9(BB)-2A-Puro (PX459) containing Cas9
and sgRNA scaffolds was purchased from Addgene
(plasmid #62988). Guide RNA (sgRNA) of rat
MMP-13 was designed using the online design tool
available at http:/ / crispr.genome-engineering. PX459
was digested with Bbsl endonuclease, and a pair of
oligos, including targeting sequences, were annealed
and ligated to the Bbsl-digested PX459 vector. The
sgRNA sequences targeting MMP-13 are listed in
Table S1.

Exosome separation and purification

Dendritic cells were transfected with the
CAP-Lamp2b plasmid bearing CAP-Lamp2b chimeric
gene. Stable cells expressing this fusion protein were
selected by G418. For exosome isolation, the cell
culture medium was replaced with an exosome
depleted FBS. Exosomes were isolated via
centrifugation steps (300 x g for 10 min, 2 000 x g for
10 min, 10 000 x g for 30 min) and a filtration step
through a 0.22 mm filter (Merck Millipore, Burlington,
MA), then ultracentrifugation at 120 000 x g for 70

min. Exosomal pellets were re-suspended in PBS
buffer.

Exosome labeling

Exosomes (1 pg/pL) were labeled with Dil, or
DiR, by incubation with the dyes (1 mM) at 37 °C for
30 min. Then unincorporated dye was removed by gel
filtration using exosome Spin Columns (MW 3000,
Invitrogen). For visualization of the exosomes by a
confocal microscope, Dil-labeled exosomes were
used. For ex vivo tracing of exosomes, DiR-labeled
exosomes were used.

Exosome-liposome hybridization and plasmid
loading

Plasmid (5 pg) were mixed with Lipofectamine
2000 (1 mg/mL, 10 pl) in an Opti-MEM medium at
room temperature for 15 min. Then exosomes were
incubated with the mixture of liposomes and
plasmids for 12 h at 37 °C.

Exosome characterization

Nanoparticle tracking analysis (NTA). The size
distribution of exosomes was measured using a
nanoparticle tracking analysis instrument (NanoSight
NS300, Malvern) after diluting samples 1000-fold with
PBS.

Transmission electron microscopy (TEM).
Exosomes were suspended in PBS and dropped on the
copper grid. After the pellets were dried in the air,
they were fixed with 3% (w/v) glutaraldehyde for 2 h
and negatively stained with 2% uranyl acetate for 30 s.
The samples were observed using a TEM operating at
300 kV (FEI TECNAI F30).

Exosome uptake

To measure the internalization of exosomes into
chondrocytes, equal amounts of Dil-labeled exosomes
were added to cells in triplicate, and DMEM alone
was added to control wells. Cells were incubated with
Dil-labeled exosomes for 2 h. Images were acquired
with Zeiss ZEN.

Quantitative real-time PCR

Total RNA was extracted from cultured
chondrocytes using TRIzol reagent (Invitrogen-Life
Technologies, Carlsbad, CA). One microgram of
extracted RNA was converted to cDNA using
PrimeScript RT Reagent Kit (TaKaRa, Dalian, China),
and Real-time quantitative PCR reactions were set up
with Prime Script II RT-qPCR Kit (TaKaRa, Dalian,
China) by the FastStart Universal SYBR Green Master
(ROX) (Roche) using the CFX96 real-time system
(Bio-Rad) employing primers in Table S1. Each
sample was repeated 3 times and analyzed using
GAPDH as the internal control.
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Chondrocyte cultures

Chondrocytes were isolated from the rat
cartilage. Briefly, the cartilage sample was cut into
pieces about 1 mm?and treated with 0.5% collagenase
IT overnight. The mixture was filtered through the
100-pm cell strainer and cultured in Dulbecco’s
modified Eagle’s medium/Ham’s F-12 (DMEM/F-12)
containing 10% FBS, 1% penicillin/streptomycin.
After passage 3, chondrocytes were used for further in
vitro experiments.

Human OA cartilage explant harvest and
culture

Human osteoarthritic cartilage samples were
harvested from the surgical knee tissues of patients.
Cartilage explants, 6 mm in diameter and 1-2 inches
in thickness, were extracted from the cartilage
samples using biopsy punches. Cartilage explants
were cultured in DMEM-F12 (without phenol red),
10% (v/v) exosome-depleted FBS, and 1% (v/v)
penicillin.

Western blotting

Chondrocytes were cultured in DMEM/F-12 in
the presence or absence of 5 ng/mL IL-1p. Cell lysates
and conditioned medium were subjected to sodium
dodecyl sulfate/polyacrylamide gel electrophoresis
(SDS/PAGE) and immunoblotted with antibodies to
MMP-13, Collage II, or GAPDH (Abcam, Cambridge,
UK). To characterize specific markers of exosomes,
the purified exosomes were resuspended in lysis
buffer, and a cocktail of protease inhibitors was added
(Roche). Western blotting was used to test positive
markers (CD63, CD81, CD9, Alix) and negative
markers (Calnexin). All images were acquired on an
Odyssey imager.

Proteinase K treatment

Exosomes were incubated with 100 pg/mL of
Proteinase K (Roche Diagnostica GmbH, Germany) at
37 °C for 30 min. Then the exosomes were suspended
in PBS solution and centrifuged at 120,000 x g for 1 h
at 4 °C. Finally, the pellet was re-suspended in 200 pl
PBS.

OA animal experiments

Male SD rats were purchased from Zhuhai
BesTest Bio-Tech Co., Ltd., Guangdong, China.
Animal experiments were performed following
ethical and statutory approval by Shenzhen
TopBiotech Co., Ltd. OA induction was surgically
induced in 6-week-old rats by expanded
destabilization of the medial meniscus (DMM), which
involves transecting the medial meniscotibial
ligament and part of the meniscus under general

anesthesia, as previously reported.

For in vivo fluorescence tracing of exosomes,
after 1-week post-injury, rats were injected with 100
pg of DiR-labeled exosomes via intra-articular
injection. The localization of the exosomes in different
organs was detected by a Bruker Xtreme imaging
system. Near-infrared fluorescence images of the
whole animals and organs were obtained by a Bruker
Xtreme imaging system.

For exosome tracing in cartilage explants, 100 ng
Dil-labeled exosome was added to (6 mmxlinch )
cartilage explants. The explants were incubated for 48
hours at 37 °C and 5% CO, under gentle agitation.
After incubation, cartilage explants were washed
three times with PBS, followed by embedding in OCT
and cryosection into 5-um sections using a vibrating
microtome (Leica Biosystems). Quantitative analysis
was performed on maximum intensity projections of
z-stack images taken from 80-pm sections.

Immunofluorescence analysis

Cells prepared for microscopy were cultured on
confocal dishes. After 48-h post-transfection, cells
were fixed in 4% paraformaldehyde in PBS (10 min).
Cells were then rinsed twice in PBS and
permeabilized with 0.2% Triton-X-100 in PBS. After
washing with PBS, cells were blocked with 3%
bovine serum albumin (BSA) in PBS (1 hour), washed
three times with PBS, and incubated with 2-5 mg/mL
primary antibody in PBS at 4 °C overnight. Following
primary incubation, cells were washed three times (5
min) in PBS and incubated for 1 hour at room
temperature with 1/250 dilution of highly
cross-adsorbed secondary antibodies (goat anti-rabbit
Alexa Fluor 488 or 594).

Histopathology

Cryo-sectioning of cartilage tissues was done by
following a standard procedure. Briefly, the tissue
samples were thawed, mounted, and refrozen in OCT
(optimum  cutting  temperature = compound)
embedding media, then cryo-sectioned into 6-pm
thick sections using a Tissue-Tek II cryostat. The
nuclei were stained with Hoechst 33342. Articular
cartilage specimens from rats were fixed in 4%
paraformaldehyde for at least 72 h and subsequently
decalcified in EDTA buffer (20% EDTA, pH 7.4).
Subsequently, tissues were embedded in paraffin.
Serial sections (4 pm) were stained with hematoxylin
& eosin (H&E staining). The sections were stained
with hematoxylin-eosin-saffron, toluidine blue, and
safranin O-fast green. Blinded assessment of
histologic sections was done based on the
Osteoarthritis Research Society International (OARSI)
score system. For immunohistochemistry, the
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paraffin-embedded sections were processed and
stained with rabbit anti-MMP-13 or anti-Collagen II
antibodies (Abcam, USA), followed by an Alexa Fluor
594® secondary antibody (Abcam, ab150080).

Study approval

Collection of the cartilage explants from human
OA knee joints was approved by the Ethics
Committee of the First Affiliated Hospital of
Shenzhen University, Shenzhen Second People's
Hospital = (20201109001-FS01). All the animal
experiments were approved by the Ethics Committee
of Shenzhen TopBiotech Co., Ltd (TOP-IACUC-
2020-09-0010).

Statistical analysis

Data are expressed as mean + s.d. (mean *
standard deviation). Statistical significance between
two groups was compared using Student’s t-test, and
one-way ANOVA was used to compare multiple
groups by Tukey’s post hoc test (GraphPad Prism
software, version 8.02). p-values of Statistical analysis
< 0.05 were considered statistically significant.

Significance statement

The cartilage degeneration disease, osteo-
arthritis, has affected nearly 30 million people
worldwide. A possible remedy is inhibiting the
pathologically relevant essential proteins or genes in
chondrocytes - the cells deeply embedded in the
cartilaginous matrix. Delivering therapeutic agents
into the chondrocytes remains a challenge due to
difficulty crossing the dense cartilage tissue. Here we
report a solution: we genetically engineered an
exosomal surface protein Lamp2b to display a
chondrocyte-affinity peptide on the surface of
exosomes to allow the exosomes to target
chondrocytes and retain in the joint after intra-
articular (IA) injection. Furthermore, the fusion of
exosomes with liposomes enables the hybrid exosome
to encapsulate the CRISPR/Cas9 plasmid while
maintaining the chondrocyte homing property. This
strategy proves to be a valid cell-free, organelle-based
therapeutic option for osteoarthritis. This approach is
inexpensive, minimally invasive, highly effective, and
holds promise to ease the pain of millions of
osteoarthritic patients.

Supplementary Material

Supplementary figures and table.
https:/ /www.thno.org/v12p4866s1.pdf
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