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Ex vivo cartilage explant model for the evaluation of chondrocyte-targeted exosomes
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Abstract: There is no efficient tracking system available for the therapeutic molecules delivered to cartilage. The dense matrix covering the cartilage surface is the main biological barrier that the therapeutic molecules must overcome. In this study, we aimed to establish a system that can dynamically and effectively track the therapeutic molecules delivered to cartilage. To this aim, we adopted bovine and human cartilage explants as ex vivo models for chondrocyte-targeted exosome dispersion. The efficiency of drug delivery was evaluated using frozen sections. The results of this study showed that the penetration and distribution of chondrocyte-targeted exosomes in cartilage explants can be tracked dynamically. Thus, ex vivo cartilage explants provide an effective and economic system to evaluate therapeutic drugs encapsulated in chondrocyte-targeted exosomes in preclinical studies.
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Introduction

Osteoarthritis (OA) is a mainly cartilage-degenerated joint disease that has become a severe threat to public health and a large financial expenditure burden. No effective strategy is available to stop cartilage degeneration (Abramoff and Caldera, 2020). One of the challenges of nonsurgical treatment is that it barely stops OA inflammation microenvironment-induced cartilage matrix degradation (Liang et al., 2021b). Therefore, the development of a targeted system that delivers therapeutics to cartilage defects is urgently needed (Maudens et al., 2018). Another obstacle in strategy development is the lack of an ideal tracking and evaluation system. OA animal models are often used in preclinical studies to evaluate the treatment strategy outcomes, which is a time-consuming process and cannot accurately reflect the OA progression of patients (Nganvongpanit et al., 2008; Nganvongpanit et al., 2009). In the clinic, cartilage degeneration can only be examined using magnetic resonance imaging (MRI) scans, which are expensive and require special equipment (Nganvongpanit et al., 2009; Wei et al., 2015). Furthermore, the nature of regenerated cartilage can not be easily diagnosed even by a highly sensitive noninvasive method MRI. Strategies for diagnosing the nature of cartilage are expected to be developed.

Recent studies have demonstrated that cartilage defects are often repaired with fibrous cartilage mainly composed of type I collagen (Nganvongpanit et al., 2009). However, hyaline cartilage is a unique tissue that can permanently perform and maintain joint function, which is the ultimate goal that cartilage regeneration studies aim to achieve (Armiento et al., 2019). Diagnosing the nature of the regenerated cartilage in defects first requires arthroscopic biopsies and then histological immunochemistry assays with type II collagen, a typical hyaline cartilage marker. Orthopedic surgeons seldom perform an arthroscopic biopsy to diagnose the regenerated cartilage after treatment due to ethical concerns and patient willingness. More importantly, arthroscopic biopsy results indicate the outcome of therapy instead of monitoring the treatment progression in real-time. Strategies that can track treatment molecules will contribute to therapeutic development and improvement.

Extensive studies have been carried out to develop cartilage-targeted drug delivery systems, showing strong potential for hyaline cartilage regeneration in OA treatment (Kou et al., 2019; Liang et al., 2021a). Our previous studies established a cartilage-targeted drug delivery system by designing the chondrocyte affinity peptide (CAP) (Liang et al., 2020). However, a quick and accurate approach to monitoring drug delivery and evaluate the treatment outcome is urgently needed. To this aim, this study established ex vivo cartilage explant models to prove that targeted exosomes can promote the delivery of miR-140 to chondrocytes compare to the native exosomes.

Materials and Methods

Production of CAP-exosomes

The transfection of dendritic cells with the CAP-GFP-lamp2b plasmid and plasmid constructions were performed according to Duan L and Liang Y. Dendritic cells in a 12-well plate were transfected in a sterile incubator at 37°C and 5% CO2. Stable cell lines were seeded at a density of 5 × 106 in a 15-cm dish. The cells were cultured in Eagle’s essential medium containing 10% exosome-free FBS. The cell culture supernatants were harvested after 48 h.

The cell culture supernatants were centrifuged at 4°C for 10 min at 300 × g to remove larger particles. Second, the supernatants were further centrifuged at 4°C for 15 min at 2000 × g to remove cell debris. Then, the supernatants were filtered using a 0.22-μm filter (Merck Millipore, Burlington). The filtrate was centrifuged at 4°C for 30 min at 10000 × g to remove larger vesicles. Finally, the supernatants were centrifuged at 4°C for 70 min at 120,000 × g. The exosome pellets were resuspended in 500 μL 1 × PBS.

microRNA-140 (miR-140) were loaded into exosomes by an electroporation complete system (BIO-RAD, GENE, America). Exosomes were incubated with cy3-miR-140 for 20 min. The voltage of the electrotransmitter was set to 250 V, and the capacitance was set to 125 μF (El-Andaloussi et al., 2012). Exosomes were diluted to 0.5–1 mg/mL with 2× electroporation solution, and the final volume was 500 μL. miR-140 were transfected into exosomes using power shock 2–3 times and then incubated for 30 min. Then, the empty carriers were removed using Amicon Ultra 0.5 Centrifugal Filter Unit 100 kDa. The centrifugal filter unit was centrifuged at 5000 rpm for 5 min, and washed twice with PBS. Finally, exosomes were resuspended in 200 μL 1 × PBS.

Characterization of exosomes

The exosome marker proteins in this study included CD9 (1:1000 dilution, ABclonal, A19027), CD81 (1:1000 dilution, ABclonal, A5270), Flotillin (1:1000 dilution, ABclonal, A3023) and Calnexin (1:1000 dilution, ABclonal, No.A15631). The protein expression level was tested by western blotting. For size distribution analysis, exosomes were diluted to 500 ng/mL and the size distribution was determined with fast video capture and particle-tracking software on a NanoSight NS300 (Malvern Panalytical, UK). For morphology analysis, exosomes were dripped onto formvar carbon-coated nickel grids, negatively stained with 2% uranyl acetate for 10 min, and visualized by transmission electron microscope (TEM) (JEOL Ltd., JEM-2000EX TEM, Tokyo, Japan).

Culture of the ex vivo cartilage

Human articular cartilage was obtained from femoral heads of 3 patients undergoing total hip joint replacement. This study has been approved by the ethics committees from Shenzhen Second People’s Hospital (20201109001-FS01). Cartilage explants were harvested within 2 h of clinical surgery (Kleuskens et al., 2021; Wuelling and Vortkamp, 2014). Bovine cartilage tissue explants were obtained from three mature bovine femoropatellar grooves immediately after slaughter in the meat-producing plant (Fig. 1). Joint cartilage was excluded from the study, which included visibly roughened surfaces where the superficial layer had lost its smooth architecture and had filled with fibrous cartilage (Kleuskens et al., 2021). The full-thickness harvested cartilage explants were using a 6-mm dermal punch (6 mm in diameter and 2 mm in thickness), then washed ex vivo with PBS three times and incubated with cell culture medium (DMEM, 100 μg/mL streptomycin and 100 U/mL penicillin, 40 μg/mL L-proline) in 24-well plate.
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Figure 1: Schematic of the cartilage explant collection for the penetration assay. Cartilage explants were harvested and cultured. Fluorescent probe labelled exosomes were added to bovine cartilage explants (A) and human OA cartilage explants (B). After incubation, cartilage explants were washed tree times with 1 × PBS, sections were mounted on glass slides and immediately observed under confocal microscope.

Exosome penetration in the cartilage

Cy3-labeled miR-140 was loaded into CAP-exosomes by electroporation. CAP-exosome/miR-140 was added to a 24-well plate and cocultured with human/bovine cartilage explants. The culture medium contained 10% exosome-free FBS and 1% penicillin–streptomycin. The coculture system was maintained in a sterile incubator at 37°C and 5% CO2 for 48 h.

Frozen section and image

Cartilage explants were washed in PBS three times and embedded in Optimal Cutting Temperature (OCT) compound (Tissue-Tek®, SAKURAr, USA). Cartilage tissue was sliced into 4-μm sections (Thermo, CRYOSTAR NX50, Waltham, MA) and attached to microscope slides (Fisher).

The frozen section was washed in PBS three times. The Hoechst 33342 stock concentration was 1 mg/mL, and the working concentration was 10 μg/mL. The nuclei were stained with Hoechst 33342 for 5 min and then washed three times with PBS. The CAP-exosome/miR-140 penetration in cartilage explants was observed by a confocal laser scanning microscope (ZEISS, LSM 800, Germany).

Results

As shown in Figs. 2A and 2B, the exosome particle size show a peak value of 100 nm with no obvious heteropeaks. The results detected by transmission electron microscopy are shown in Fig. 2C. The exosomes purified by ultracentrifugation have a saucer-like structure with a double-layer membrane. The particle size ranges from 30 to 150 nm, which is consistent with the morphological structure and particle size range of exosomes. As shown in Fig. 2D, the purified exosomes show high expressions of CD9, CD81, and flotillin and a low expression of calnexin.
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Figure 2: Characterization of exosomes. (A–B) Size distribution of the purified CAP-exosomes measured by NTA analysis. (C) Representative transmission electron microscopy images of CAP-exosomes. (D) Expression of the protein markers in CAP-exosomes by western blotting.

Cy3-labeled miRNA-140 was loaded into CAP-exosomes or control exosomes by electroporation. By measuring the remaining free miR-140 in the solution and comparing it with the total input using a fluorometer (excitation at 550 nm and emission at 570 nm), we calculated the loading efficiency of miRNA into exosome about 60%. To track the penetration process by which exosomes deliver miR-140 in cartilage, we detected the Cy3 signal of CAP-exosome/miR-140 using frozen sections and took images using a confocal microscope. As shown in Fig. 3, miR-140 encapsulated in the CAP-exosomes (CAP-exosome/miR-140) was delivered into the bovine cartilage explants (Fig. 3A) and human cartilage explants (Fig. 3B), while miR-140 delivered by the control exosomes was mainly enriched on the surface layer. Most of the CAP-exosome/miR-140 could penetrate bovine cartilage ex vivo, and the distribution of cy3-labeled miR-140 in human cartilage explants was more uniform and deeper.
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Figure 3: Chondrocyte targeted exosome penetration in the OA cartilage explants is deeper than no-targeted modified exosome. (A) Exosome penetration in the bovine cartilage explant. (B) Exosome penetration in the OA cartilage explant. The red fluorescence indicates the exosome. The blue fluorescence indicates the nucleus. Scale bar, 20 μm.

Discussion

OA is an intractable disease since cartilage defects are challenging to manage. The greatest challenge for OA treatment comes from the inflammatory milieu of the joint cavity and the dense cartilage matrix with no blood supply. To address these obstacles, we established a cartilage-targeted nanocarrier delivery system. Dendritic cells (DCs) are popular cell sources for exosome preparation, as they can produce large quantities of exosomes with weak activation of T cells in vitro. DCs-derived exosomes have been considered as a promising alternative to DC-based vaccines (Pitt et al., 2016). In this system, the cartilage affinity peptide CAP was engineered on the DCs-derived exosome membrane. miR-140, a dual-factor that not only inhibits cartilage degradation but also promotes cartilage regeneration, was encapsulated into cartilage-target exosomes (Duan et al., 2020a; Liang et al., 2021a).

Extensive studies have demonstrated the role of exosomes in drug delivery (Duan et al., 2021a; Duan et al., 2021b; Duan et al., 2020b; Huang et al., 2021; Liang et al., 2021a; Xu et al., 2021). Additionally, the limitation of native exosomes in drug delivery has been recognized. Native exosomes may protect miR-140 from nuclease-induced degradation. However, without targeting ability, they will deliver miR-140 to many tissues or organs. Thus, it may severely compromise the treatment outcome. As miR-140 plays a vital role in the stability and maintenance of the cartilage matrix, it holds great potential as a therapeutic target for OA.

To overcome another obstacle in OA treatment, we need a novel evaluation system for cartilage-targeted drug delivery. The most often used animal model for drug delivery is rodents, such as mice and rats. The mean thickness of mouse joint cartilage is 40–60 μm, and that of rats is 100 μm. However, the thickness of human knee cartilage is approximately 1–2 mm (Chang et al., 2016; Malda et al., 2013; Otterness et al., 2008). Equine and sheep models are also well established. They may be more relevant to further in vivo testing due to more similar cartilage thickness to human cartilage, more similar loading weights, and joint volume to humans. Different cartilage depths could result in discrepancies in treatment outcomes with the same therapeutics.

Mouse knee cartilage is very thin and not an appropriate model for studying cartilage penetration. In contrast, bovine cartilage is approximately 0.5–2.5 mm relative to that of the human knee. Both bovine joints and joints from OA patients with a knee joint replacement have been suggested to be ideal knee cartilage explants. For example, the bovine or human cartilage explant has been used to test the therapeutic effects of proteinase inhibitors, growth factors, and the matrix metalloproteinase (MMP) activities of OA (Chang et al., 2016; Fay et al., 2006; Homandberg et al., 2004; Jin et al., 2003; Reker et al., 2017; Wang et al., 2009). Moreover, cartilage explants extracted from OA patients have been used to detect the autologous leukocyte-poor platelet-rich plasma (LP-PRP) effects on inflammation-associated markers (Simental-Mendía et al., 2018). Compared with the chondrocyte model, the cells embedded in the explant model are located in the natural ECM, which is an ideal model for evaluating the penetration performance and effect of drugs. The source of human cartilage explants is limited, and their use is with ethical issues. However, the bovine cartilage explants are conveniently available. The bovine cartilage explants are recommended as practicable explant models to assess the functional properties of cartilage explants (Bian et al., 2010), chondroprotection (Kumar et al., 2019; Reker et al., 2017; Siebuhr et al., 2020), and cartilage penetration (Krishnan et al., 2018). For penetration assay, the bovine cartilage explant was used to detect the engineered sPLA2i loaded micelles that can penetrate deeply into the cartilage matrix and have good retention (Wei et al., 2015). Another study that used bovine cartilage explant found that amine-terminated polyamidoamine (PAMAM) dendritic polymer nanocarriers can improve cartilage tissue binding, penetration, and residence time. They can penetrate the body’s thickness of bovine cartilage within 2 days. After IGF-1 protein was used for the treatment of arthritis, the residence time of IGF-1 protein in the knee joint of the rat was increased by 10 times (Geiger et al., 2018).

Our study results further demonstrated that cartilage explants from both bovine joints and patients with hip joint replacement are ideal models to test cartilage-targeted drug delivery as an initial in vitro system prior to further necessary in vivo studies. They can accurately monitor the process of therapeutic diffusion. In future studies, the explants could be further assayed by histochemistry analysis to define the nature of regenerated cartilage with no need for animal sacrifice.

Conclusion

The cartilage-targeted drug delivery system established in this study is a promising carrier to deliver therapeutics to cartilage defects. Ex vivo cartilage explants are an effective and economic system to evaluate the therapeutics in preclinical studies for OA treatment.
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