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Osteoarthritis (OA) is a chronic disease mainly characterized by degenerative changes in cartilage, but other joint elements such as bone are also affected. To date, there are no disease-modifying OA drugs (DMOADs), owing in part to a deficiency of current models in simulating OA pathologies and etiologies in humans. In this study, we aimed to develop microphysiological osteochondral (OC) tissue chips derived from human induced pluripotent stem cells (iPSCs) to model the pathologies of OA. We first induced iPSCs into mesenchymal progenitor cells (iMPCs) and optimized the chondro- and osteo-inductive conditions for iMPCs. Then iMPCs were encapsulated into photocrosslinked gelatin scaffolds and cultured within a dual-flow bioreactor, in which the top stream was chondrogenic medium and the bottom stream was osteogenic medium. After 28 days of differentiation, OC tissue chips were successfully generated and phenotypes were confirmed by real time RT-PCR and histology. To create an OA model, interleukin-1β (IL-1β) was used to challenge the cartilage component for 7 days. While under control conditions, the bone tissue promoted chondrogenesis and suppressed chondrocyte terminal differentiation of the overlying chondral tissue. Under conditions modeling OA, the bone tissue accelerated the degradation of chondral tissue which is likely via the production of catabolic and inflammatory cytokines. These findings suggest active functional crosstalk between the bone and cartilage tissue components in the OC tissue chip under both normal and pathologic conditions. Finally, a selective COX-2 inhibitor commonly prescribed drug for OA, Celecoxib, was shown to downregulate the expression of catabolic and proinflammatory cytokines in the OA model, demonstrating the utility of the OC tissue chip model for drug screening. In summary, the iPSC-derived OC tissue chip developed in this study represents a high-throughput platform applicable for modeling OA and for the screening and testing of candidate DMOADs.
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INTRODUCTION

Osteoarthritis (OA) is a common debilitating disease characterized by the progressive degeneration of the articular cartilage and remodeling of other joint elements. Global statistics revealed that over 100 million people worldwide suffer from OA (Bhatia et al., 2013). In the United States alone, 10% of men and 13% of women over 60 years-old have been diagnosed with knee OA (Zhang and Jordan, 2010). OA causes pain and impairs mobility, giving rise to a significant societal and economic burden (Dibonaventura et al., 2011). Currently, the pathogenesis of OA is not clearly understood. Furthermore, there are no FDA-approved disease-modifying OA drugs (DMOADs) for treatment. This unmet clinical need is due, in part, to the lack of robust models to precisely mimic the pathology of OA in humans. Although animal models are often used in biomedical research (Rosenthal and Brown, 2007), the translation potential of these animal models to human conditions is often low (Shanks et al., 2009; Seok et al., 2013). In vitro models, commonly conventional 2-dimensional chondrocyte cultures, even with the use of human cells, do not adequately reflect the complexities of cell-cell interactions in the 3-dimensional tissue context, thus neglecting the whole joint disease concept of OA (Mosig, 2017). The incongruence between in vitro models of OA and in vivo pathogenesis, and the potentially different disease mechanisms between human and model animals, together contribute to make the etiology and pathology of OA still speculative.

To address these issues, we proposed the creation of a physiologically and anatomically relevant in vitro model of defined tissue-specific functions with human cells to better study and understand the pathogenesis of OA. Cartilage and bone represent the two principal components in the articular joint affected by OA and display different structural and functional properties. Articular cartilage is a highly hydrated viscoelastic structure, rich in collagen type II, and sulfated proteoglycans (Sophia Fox et al., 2009). In contrast, bone is a vascularized tissue mainly comprised of a stiff interstitial matrix of predominantly hydroxyapatite-bound collagen type I (Le et al., 2017). Cartilage and bone are in direct contact at the OC junction (OCJ), which also serves as a locus for biological and biomechanical crosstalk between cartilage and bone (Yuan et al., 2014; Findlay and Kuliwaba, 2016). Different types of molecules can diffuse through the bone-cartilage interface and this permeability is elevated with the progression of OA (Hwang et al., 2008; Pan et al., 2009). Specifically, the factors released from subchondral bone can induce cartilage degradation under OA conditions, and vice versa (Sharma et al., 2013). Therefore, both bone and cartilage should be considered as an integrated OC unit in the study of OA pathogenesis and the development of DMOADs.

Our laboratory has previously developed an in vitro OC model using human bone marrow-derived adult mesenchymal stem cells (MSCs) (Lin et al., 2014b). However, there are several limitations associated with the use of MSCs. Importantly, MSCs exhibit diminished differentiation potential associated with increased culture passage and have finite expansion capacity, thus limiting the number of total cells available for the generation of OC tissue chips. Therefore, MSC-derived OC tissues lack feasibility for future high throughput drug screening. Furthermore, donor-to-donor variability of MSCs may result in batch-to-batch difference of the engineered OC tissue, thus compromising reproducibility. As an alternative to MSCs, induced pluripotent stem cells (iPSCs) have, theoretically, unlimited proliferative capacity and chondrogenic/osteogenic potential. In one of our recent studies, iPSCs were induced to an MSC-like state, referred to as iPSC-derived mesenchymal progenitor cells (iMPCs). Similar to primary MSCs, the iMPCs possessed potent chondrogenic and osteogenic differentiation capabilities upon appropriate stimulation (Diederichs and Tuan, 2014).

In this study, we first optimized the procedure to induce chondrogenesis and osteogenesis of iMPCs. Then the iMPCs were encapsulated within gelatin scaffolds and cultured in the dual-flow bioreactor, which was previously developed in our laboratory (Lin et al., 2014b). The OC tissue generated from iMPCs were characterized after 28 days of differentiation. To examine the potential effect of bone on cartilage health, cartilage only constructs were also created. The generation of an OA model in an iPSC-derived OC tissue chip followed a previously established method (Lin et al., 2014b), in which interleukin-1β (IL-1β) was introduced to the medium flow of the chondral side. Finally, Celecoxib, a widely prescribed non-steroidal anti-inflammatory drug (NSAID), was tested in the system. In this study, the formation of cartilage tissue from iMPCs as well as the responses of the engineered cartilage to IL-1β and Celecoxib, with or without the presence of a bone component, were examined. Findings from this study provide support and details on the functional crosstalk between bone and cartilage under normal and OA conditions.



MATERIALS AND METHODS


Generation and Expansion of Induced Pluripotent Stem Cells (iPSCs)

Human iPSCs was generated by reprogramming primary human bone marrow-derived MSCs (hBM-MSCs) as previously described (Diederichs and Tuan, 2014). The hBM-MSCs were isolated from a 48 year-old donor. We obtained hBM-MSCs from the femoral heads of patients undergoing total hip replacement with the Institutional Review Board's approval (University of Washington, Seattle, WA). The phenotype and differentiation capacity of iPSCs have been reported in a previous study (Diederichs and Tuan, 2014). The expansion of iPSCs were carried out according to standard protocol. Briefly, vitronectin XF (Stemcell Technologies, Vancouver, CA) was used to coat the culture plate before seeding of iPSCs. iPSCs were then fed with TeSR1 medium (Stemcell Technologies, Vancouver, CA). The medium was changed daily and cells were passaged at 80–90% confluency.



Differentiation of iMPCs From iPSCs

iMPCs were generated from iPSCs using a protocol established in our lab (Diederichs and Tuan, 2014). When iPSCs reached 80% confluency, expansion medium was replaced with STEMdiff™-ACF Mesenchymal Induction Medium (Stemcell Technologies) for 3 days. Afterwards, MesenCult™-ACF Plus Medium (Stemcell Technologies) was used. On day 6, differentiated cells were detached and re-plated onto flasks that were pre-coated with Animal Component-Free Cell Attachment Substrate (Stemcell Technologies). The MesenCult™-ACF Plus Medium was used to expand these cells to 80% confluency. After being dissociated with ACF Enzymatic Dissociation Solution and ACF Enzyme Inhibition Solution (Stemcell Technologies), the iMPCs were grown on regular tissue culture flasks in expansion medium [DMEM/F-12 (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; Gibco), and 1% antibiotics-antimycotics (Gibco)]. iMPCs at passage 4 were used for all experiments.



Characterization of iMPCs
 
Colony Forming Units (CFU)

One hundred iMPCs were plated on a 100-mm tissue culture dish (Thermo Fisher, Waltham, MA) and cultured at 37°C in 5% humidified CO2. After 14 days, the dishes were washed with phosphate-buffered saline (PBS) and stained with 0.5% Crystal Violet (Sigma, St. Louis, MO) in methanol for 5–10 min at room temperature. After extensive washing with PBS, visible colonies in purple were counted.



Flow Cytometry Analysis

iMPCs were trypsinized, washed and incubated with the following antibodies: FITC Mouse Anti-Human CD31, CD34, CD45, CD73, and CD90 (BD Biosciences, Franklin Lakes, NJ). Cells were then analyzed by flow cytometry (BD FACS AriaTM II cell sorter; BD Biosciences) to assess the expression of these cell surface epitopes.




Tri-lineage Differentiation Assays
 
Osteogenesis

iMPCs were seeded at a density of 20,000 cells/cm2 into six-well plates and cultured in standard osteogenic medium (OM: high-glucose Dulbecco's modified Eagle medium (DMEM, Gibco) supplemented with 10% FBS, 1% antibiotics-antimycotics, 0.1 μM dexamethasone (Sigma), 10 mM β-glycerophosphate (Sigma), and 50 μg/mL ascorbate 2-phosphate(Sigma) (Tuli et al., 2003). After 21 days, the cultures were fixed with 4% paraformaldehyde and assessed with Alizarin Red staining (Rowley Biochemical, Danvers, MA). Gene expression of typical osteogenic markers, i.e., osteocalcin (OCN), alkaline phosphatase (ALP) Runt-related transcription factor 2 (RUNX2), osteopontin (OPN), and bone sialoprotein 2 (BSP2), was assay by quantitative real-time polymerase chain reaction (RT-PCR).



Chondrogenesis

iMPCs were seeded at 20,000 cells/cm2 into six-well plates and cultured in chondrogenic medium [CM: high-glucose DMEM supplemented with 1% antibiotics-antimycotics, 0.1 μM dexamethasone, 40 μg/mL L-proline (Sigma, St. Louis, MO), 10 μg/mL ITS+ (ThermoFisher, Waltham, MA), 50 μg/mL ascorbate 2-phosphate, 10 ng/mL transforming growth factor (TGF)-β3 (Peprotech, Rocky Hill, NJ)] (Tuli et al., 2003). After 21 days, the cultures were fixed with 4% paraformaldehyde and assessed with Alcian Blue staining (EKI, Joliet, IL). Gene expression of typical chondrogenic markers, i.e., SRY-box transcription factor 9 (SOX9), collagen type II (COL2), and aggrecan (ACAN), was analyzed by quantitative RT-PCR.



Adipogenesis

iMPCs were seeded at 20,000 cells/cm2 into six-well plates and cultured in adipogenic medium (AM: α-MEM (Gibco, Grand Island, NY) supplemented with 10% FBS, 1% antibiotics-antimycotics, 0.45mM 3-isobutyl-1-methylxanthine (Sigma, St. Louis, MO), 0.1 μM dexamethasone, 0.2 mM indomethacin (Sigma, St. Louis, MO), 1 μg/ml ITS+). After being cultured for 21 days, the cells were fixed with 4% paraformaldehyde and assessed with Oil Red staining. Gene expression of typical adipogenic markers, i.e., peroxisome proliferator-activated receptor gamma (PPAR-γ), lipoprotein lipase (LPL) and adipsin, was analyzed by quantitative RT-PCR.

Cells treated with CM without the supplement of TGF-β3 (Basic Medium, BM) served as the negative control for chondrogenic differentiation. For osteogenesis and adipogenesis, iMPCs grown in the maintenance medium (MM, high-glucose DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic) were used as the control.




RNA Isolation and Gene Expression Analysis

Samples were lysed in Qiazol Reagent (QIAGEN, Germantown, MD, USA), and RNA was isolated using the RNeasy Plus Universal Mini Kit (QIAGEN, Germantown, MD, USA). Reverse transcription was performed using SuperScript™IV VILO™Master Mix (Invitrogen, Waltham, MA). RT-PCR was performed on an Applied Biosystems RT-PCR system using SYBR Green Reaction Mix (Applied Biosystems, Foster City, CA, USA). Relative gene expression was calculated using the ΔΔCt method, with gene expression levels normalized to that of the housekeeping gene ribosomal protein L13A (RPL13A) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The sequences of primers for each gene are listed in Table S1.



Synthesis of Methacrylated Gelatin (mGL) and Photoinitiators

mGL and the photoinitiator, lithium phenyl-2,4,6-tri-methylbenzoylphosphinate (LAP), were synthesized as previsouly reported (Lin et al., 2014a). The lyophilized mGL was dissolved in Hanks' Balanced Salt solution (HBSS) (HyClone, Logan, UT) at a concentration of 15% (w/v), with 0.15% LAP added as the photoinitiator.



Optimization of Chondrogenic and Osteogenic Differentiation of iMPCs

iMPCs pellets were re-suspended in mGL/LAP solution at a density of 20 × 106 cells/mL, transferred into a silicone mold and cured with UV light (395 nm) for 2 min. The final dimensions for cylindrical iMPCs-laden constructs were 5 mm in diameter and 2 mm in height.

In our previous experience, with the standard CM, iMPCs were unable to achieve a comparable level of chondrogenesis as primary MSCs. Bone morphogenetic protein-6 (BMP6) had been identified as a key chondro-inductive growth factor for adipose stem cells (ASCs) (Estes et al., 2006; Diekman et al., 2010). Therefore, 100 ng/ml BMP6 was added to CM and its efficacy in enhancing iMPCs chondrogenesis examined. To optimize osteogenesis, we tested the supplementation of 1α, 25-dihydroxyvitamin D3 (VitD3) (Lou et al., 2017) and an osteogenic protein BMP7 (Luu et al., 2007). We also examined if the withdrawal of dexamethasone (Dex) at a later stage could enhance osteogenesis (Subramaniam et al., 1992; Rimando et al., 2016). As shown in Figure 2A, five different osteogenic medium compositions were compared: Group 1 (Gr 1), MM (negative control); Gr 2, OM; Gr 3, OM + 10 nM VitD3; Gr 4, OM + 10 nM VitD3 + 100 ng/ml BMP-7; Gr 5, OM + 10 nM VitD3 + 100 ng/ml BMP-7, with Dex treatment only during the first 14 days.

All cultures were collected after 28 days of differentiation. The expression levels of chondrogenic marker genes (SOX9, ACAN, and COL2A1), osteogenic marker genes, OCN, ALP, OPN), and BSP2, were analyzed by quantitative RT-PCR. The deposition of glycosaminoglycans (GAGs) in the cartilage scaffolds were assessed histologically with Alcian blue staining and quantified by the 1,9-dimethylmethylene blue dye-binding assay (Blyscan, Biocolor, United Kingdom). DNA content was measured using the Picogreen dsDNA assay (Molecular Probes, Tarrytown, NY) for GAGs normalization. Calcium deposition was evaluated by Alizarin Red staining. Expression level of OCN and COL2 in constructs were further examined through immunohistochemistry.



Fabrication of Osteochondral Tissue Chips

To fabricate OC tissue, iMPCs were suspended in 15% mGL and pipetted into the insert of the microbioreactor (Lin et al., 2014b), followed by photocrosslinking of the mGL hydrogel. Afterwards, the inserts with iMPCs-laden mGL were placed into the bioreactors (Figure 3A). Then, the optimized chondrogenic medium was perfused into the top of the constructs, and the optimized osteogenic medium was supplied through the bottom conduit. The chondrogenic/osteogenic differentiation process lasted for 28 days with the medium flow rate set at 5 μL/min.

To fabricate chondral tissue only constructs (CH), cylindrical scaffolds (d = 3 mm; h = 2 mm) were first prepared from iMPCs-laden mGL solution in silicone molds. These scaffolds were then placed into the top part of the inserts, with the other half of the insert filled with cell-free mGL. Additional 1.5-min photo-crosslinking was used to fully cure the hydrogel. All bioreactor culture conditions were the same to those used to fabricate OC tissue (Figure 3D).

The OC and CH tissues were characterized by quantitative RT-PCR, histology, as well as immunohistochemistry.



Immunohistochemistry

All samples were fixed in 10% buffered formalin phosphate, dehydrated and then embedded in paraffin. The blocks were sectioned at 6 μm thickness. For immunohistochemistry (IHC), deparaffinized and rehydrated sections were incubated with primary antibodies against human collagen type II (1:200), osteocalcin and TGF-β3 (1:200) (Abcam, Cambridge, MA) at 4°C overnight, followed by incubation with appropriate secondary antibodies. Immunostaining was carried out using the Vectastain ABC kit and NovaRED peroxidase substrate kit (Vector Labs, Burlingame, CA, USA). Images were acquired with the OLYMPUS CKX41 microscope.



Creation of Osteoarthritic Phenotype in Osteochondral Tissue Chip

IL-1β (1 ng/ml) was introduced via medium feed to the cartilage side to induce OA-like phenotype (Figure 5A). The phenotype of tissues were assessed using the methods described above.



Drug Test on Osteoarthritic Osteochondral Tissue Chip

To validate the utility of the iPSC-derived OC tissue chip for drug screening applications, Celecoxib, a COX-2 inhibitor commonly used as a first-line treatment option for OA, was chosen to assess its efficacy. Celecoxib was used at 10 μM in this study (Mastbergen et al., 2005; Su et al., 2014; Cho et al., 2015). Typically, Celecoxib functions systemically, which was simulated in the “SY” group (Figure 6A). In this study, we were also interested in exploring the potential of intraarticular (IA) application of Celecoxib in treating OA, which was simulated in the “IA” group. Normal OC tissues without any treatments served as the control (CL). After 7 days, the therapeutic effects of Celecoxib in both models were evaluated by quantitative RT-PCR and histology.



Statistical Analysis

Statistical analyses were performed with one-way and two-way analysis of variance (ANOVA) or two-tailed t-tests using GraphPad Prism7 (GraphPad Software, San Diego, CA, USA). A p < 0.05 value was considered statistically significant.




RESULTS


iMPCs Displayed MSC-Like Phenotype

As shown in Figure S1, the undifferentiated iPSCs grew in compact colonies with distinct borders and well-defined edges. P4 iMPCs displayed a spindle-like morphology, which was very different from the starting iPSCs. To assess the MSC-like nature of iMPCs, the conventional methods were used, such as CFU assay, tri-lineage differentiation and surface marker profiling.

Similar to MSCs, iMPCs attached to the plastic surface and formed colonies. As shown in Figure S2A, the CFU activities of the two types of cells were comparable. In the tri-lineage differentiation analysis, iMPCs successfully differentiated toward chondrogenic, osteogenic and adipogenic lineages with appropriate stimulation. For example, the expression levels of chondrogenic markers (SOX9, COL2, ACAN), osteogenic markers (RUNX2, ALP, OCN), and adipogenic markers (PPARγ2, LPL, and Adipsin) were all upregulated after induced differentiation. Histological staining further confirmed successful differentiation, indicated by more intense Alcian blue, Alizarin Red, and Oil red staining in cultures treated with chondrogenic, osteogenic, and adipogenic induction media, respectively, compared to those in control medium (Figure S2B).

Flow cytometry results showed that the iMPCs were negative for CD31, CD34, and CD45, and positive for CD73 and CD90 (Figure S2C). Taken together, these findings indicate that iMPCs possess a phenotype similar to human primary MSCs.



BMP6 Enhanced Chondrogenesis of iMPCs Within mGL Scaffolds

Conventional TGF-β3 containing CM showed limited efficacy in promoting iMPCs chondrogenesis (Figure S2B). This necessitated the development of a more optimal chondrogenic medium for iMPCs. As shown in Figure 1A, the addition of BMP6 into CM significantly enhanced the expression of chondrogenic genes, SOX9, COL2, and ACAN. Besides, we saw the significant increase of collagen type 1 (COL1) in CM group, but not in CM+BMP6, suggesting that the optimal chondrogenic medium (CM+BMP6) has the capability of suppressing fibrocartilage formation. Interestingly, MMP13 was downregulated in the CM + BMP6 group (Figure 1B). The ratio of COL2/COL10 expression level was also enhanced, suggesting reduced hypertrophy phenotype with the treatment of BMP6. To further assess the outcome of chondrogenesis, GAG/dsDNA was measured (Figure 1C). The cells in constructs containing CM + BMP6 produced about 5 times more GAG than those in the CM group. The Alcian Blue staining and collagen type II immunohistochemistry further confirmed more deposition of cartilage matrix in the CM+BMP6 (Figure 1D). Based on these results, CM + 100 ng/ml BMP6 was used as the chondrogenic medium for iMPCS in subsequent experiments.


[image: Figure 1]
FIGURE 1. Optimization of chondrogenic medium for iMPCs seeded within mGL scaffolds. (A) Expression of chondrogenic marker and COL1 in constructs treated with BM, CM, or CM+BMP6. All data are normalized to the endogenous control gene, RPL13A. Values are presented as mean ± SD (N = 4 per group; *p < 0.05; **p < 0.01; ****p < 0.0001). (B) Expression of hypertrophy marker genes in BM, CM, and CM+BMP6 groups. All data are normalized to RPL13A. N = 4 per group; **p < 0.01; ***p < 0.001. (C) GAG content in the constructs from BM, CM, and CM+BMP6 groups. N = 4 per group; ****p < 0.0001. (D) Alcian Blue staining (top) and collagen type II IHC (bottom) for the constructs from different groups. Blue (top panel) and brown (bottom panel) indicate positive staining. Bar = 200 μm.




iMPCs Displayed a Robust Osteogenic Capacity in mGL

To further enhance the osteogenesis of iMPCs, five types of medium were tested (Figure 2A). The expression levels of representative osteogenic marker genes were examined (Figure 2B). The application of VitD3 significantly enhanced the expression of OCN, while BMP7 resulted in a higher expression of BSP2 and OPN. The reduction of Dex treatment time from 28 to 14 days did not affect the expression of these tested genes, but enhanced mineralization and deposition of OCN (Figure 2C). These results indicated that OM, with the supplement of VitD3 or BMP-7, resulted in enhanced osteogenesis of iMPCs. Also, a shorter treatment time of Dex might be beneficial to bone matrix formation. The medium from Group 5 was used in all the following experiments.


[image: Figure 2]
FIGURE 2. Optimization of osteogenic medium for iMPCs seeded within mGL scaffolds. (A) Five different media are listed as Group (Gr) 1-5. The components of each medium group are listed in Table. (B) Expression of osteogenic markers in constructs treated with each medium group. All data are normalized to RPL13A. N = 4 per group; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (C) Alizarin Red staining (top) and osteocalcin IHC (bottom) for the constructs from each group. Red (top panel) and brown (bottom panel) indicate positive staining. Bar = 200 μm.




Generation of Biphasic Osteochondral Tissue From iMPCs

The naïve iMPCs were encapsulated into mGL and placed into a dual-flow bioreactor developed in our lab (Figure 3A). The optimized chondrogenic and osteogenic media described earlier were perfused through the top and bottom flows, respectively, into the bioreactor. After 28 days of differentiation, the tissue phenotype of the biphasic construct was characterized. Quantitative RT-PCR results showed that the top “chondral” part of tissues exhibited significantly higher expression levels of COL2 and ACAN than the bottom. In contrast, the cells from the “osteo” bottom showed higher expression levels of OCN and BSP2 (Figure 3B). The formation of biphasic OC tissues were further examined histologically in terms of deposition of tissue specific matrix. As shown in Figure 3C, only the top part of the construct was positive for Alcian Blue staining, while robust Alizarin Red staining was only observed in the bottom part. Taken together, these results suggested the robust formation of an osteochondral tissue within the bioreactor, in which a cartilage-like tissue, osteochondral-cartilage (OC-C), was formed in the top part and bone-like tissue, osteochondral-bone (OC-B), in the bottom.


[image: Figure 3]
FIGURE 3. Fabrication of osteochondral (OC) or chondral (CH) tissue in the dual-flow bioreactor. (A) Schematic of generating OC tissue. After naïve iMPCs were encapsulated into mGL and placed into bioreactor, optimized chondrogenic, and osteogenic media were perfused through the top and bottom flow, respectively, to Induce the formation of the bi-phasic OC tissue, with cartilage in the top and bone in the bottom. (B,C) Characterization of the engineered OC construct. (B) Expression levels of chondrogenic (AGAN, COL2) and osteogenic (OCN, BSP2) marker genes in the top and bottom (Bot) parts of OC construct. Gene expression levels in the top component are normalized as 1. N = 3 per group; *p < 0.05; **p < 0.01. (C) Alcian Blue and Alizarin red staining for OC construct. Bar, top panel = 500 μm; Bar, bottom panel = 200 μm. (D) Schematic of generating CH tissue. All the culture conditions were the same to those used in generating OC, except that no cells were encapsulated in the bottom part. (E,F) Characterization of the engineered CH construct. (E) Expression levels of ACAN, COL2 in the constructs after 28 days differentiation. Expression levels of Day 0 are set as 1. N = 3 per group; ***p < 0.001. (F) Alcian Blue and Alizarin red staining for CH construct. Bar = 500 μm.


Monophasic chondral tissue (CH) was also engineered after 28 days of bioreactor culture (Figure 3D). Quantitative RT-PCR results showed the enhanced gene expression of COL2 and ACAN, compared to undifferentiated tissue at Day 0 (Figure 3E). Positive Alcian Blue staining was only observed in the top part. Alizarin Red staining was negative in the entire construct (Figure 3F), indicating the formation of a monophasic chondral tissue.



Chondrosupportive Activity of Bone Component in the Engineered Osteochondral Tissue

To explore the influence of subchondral bone on the health of cartilage under normal physiology conditions, we compared the phenotype of OC-C with CH in terms of chondrogenic gene expression and histology. As shown in Figures 4A,B, OC-C displayed significantly higher expression of COL2 and ACAN as well as more GAG deposition than that in CH. Interestingly, compared to single CH tissue, the hypertrophy marker genes, including COL10, MMP13, and RUNX2, were also significantly suppressed in the OC-C (Figure 4C). To gain insight into the underlying mechanism of the enhanced chondrogenesis in OC-C, we analyzed the expression level of TGF-β3, a robust chondro-inductive factor. The results in Figures 4D,E showed a significantly higher level of TGF-β3 expression in OC-C, as well as more intense pericellular TGF-β3 immunostaining, which likely contributed to the enhanced chondrogenesis seen in OC-C.


[image: Figure 4]
FIGURE 4. Beneficial effect of bone component in promoting chondrogenesis in OC. (A) Cartilage in OC (OC-C) showed higher expression of ACAN and COL2 than CH. All data are normalized to RPL13A. N = 4 per group; *p < 0.05. (B) OC-C showed more Alcian blue staining, indicating higher GAG deposition (Bar = 200 μm). (C) OC-C displayed lower level of hypertrophy than CH alone, indicated by lower expression of RUNX2, MMP13, COL10, and higher COL2/COL10 ratio. All data are normalized to RPL13A. N = 4 per group; *p < 0.05; **p < 0.01; ***p < 0.001. (D) TGF-β3 expression level in OC-C and CH. Data are normalized to RPL13A. N = 4 per group; *p < 0.05. (E) IHC for TGF-β3. Bar = 100 μm.




Development of OA Model Using Osteochondral Tissue Chip

We next used the OC tissue chip to create an OA model, by challenging the cartilage tissue with IL-1β (Figure 5A). As shown in Figure 5B, treatment of IL-1β decreased the expression of COL2 and ACAN in both OC-C and CH constructs.


[image: Figure 5]
FIGURE 5. Creation of OA model in iMPCs-derived tissue chip. (A) Schematic of the process. After 28 days of differentiation and the formation of OC or CH, 1 ng/ml IL-1β was introduced into the top flow and perfused only onto the cartilage component. (B) Expression levels of anabolic factors (ACAN, COL2), proinflammatory cytokines (IL-1β, IL-6), and catabolic factors in OC or CH, with or without the treatment of IL-1β. All data are normalized to RPL13A. N = 4 per group. *p < 0.05; **p < 0.01; ***p< 0.001; ****p< 0.0001. (C) Alcian Blue staining of cartilage from OC or CH samples, with or without the treatment of IL-1β. Bar = 200 μm.


Interestingly, the IL-1β effect on COL2 expression was significantly stronger in OC-C (20-fold decrease), compared to CH (5-fold decrease). In addition, Alcian blue staining showed less GAG in IL-1 β treated OC-C than CH (Figure 5C). To explore the underlying mechanism of enhanced degeneration in OC-C, we examined the expression levels of cartilage degenerating enzymes and proinflammatory cytokines. Results in Figure 5B showed that IL-1β treated OC-C exhibited significantly greater fold change of MMP1, 2, 3, 9, 13, ADAMTS4, 5, IL-1β, and IL-6 than CH tissue, when the expression levels of these genes were normalized to their own control (without the treatment of IL-1β). These findings indicated that the presence of OC-B could aggravate the degeneration of OC-C under the treatment of IL-1β.



Therapeutic Effect of Celecoxib in OA Chip Model

To test the utility of iPSC-derived OC tissue chip in drug screening, Celecoxib, a selective cyclooxygenase 2 (COX-2) inhibitor commonly used to treat OA, was administered to the system. Celecoxib was administered at 10 μM concentration and showed no noticeable adverse effect on the health of normal chondral tissue (Figure S3). Administration of Celecoxib to both OC-C and OC-B were used to simulate the typically systemic action of Celecoxib, represented by the “SY” group (Figure 6A). In addition, we also examined the potential effect of intra-articular (IA) application of Celecoxib in treating OA, by delivery only to OC-C, namely the “IA” group. Normal OC tissues without any treatments served as the control (CL).


[image: Figure 6]
FIGURE 6. Testing disease-modifying effects of Celecoxib in iPSC-derived OC chip-based OA model. (A) Schematic of treatments. After the formation of OC tissue, IL-1β was used to generate “OA” model (OA group). Administration of Celecoxib to both cartilage and bone components of OC chip simulated systemic treatment (SY group), while administration tocartilage alone simulated intraarticular treatment (IA group). Normal OC tissues without any treatment served as the control (CL). (B) Expression levels of catabolic genes in the cartilage part of OC and CH constructs. All data are normalized to RPL13A. N = 4 per group; *p < 0.05; **p < 0.01; ***p < 0.001; ****p< 0.0001. (C) Expression levels of IL-1β, IL-6, and OCN in the bone side of OC tissue. All data are normalized to RPL13A. N = 4 per group. *p < 0.05; **p < 0.01. (D) Alcian Blue (top) and Alizarin Red (bottom) staining of samples from OC constructs with different treatments. Bar = 200 μm.


After 7 days of Celecoxib treatment, the expression levels of representative catabolic factors, MMP1, 2, 9, ADAMTS-4, 5, and inflammatory factors, IL-1β, IL-6 and COX2, were significantly suppressed in the IL-1β-treated OA chips (Figure 6B). A trend of downregulation was also observed for MMP3 and MMP13, although there was no significant difference. The expression levels of ACAN and COL2 were also partly rescued after Celecoxib treatment, suggesting the potential disease-modifying effect of Celecoxib. In particular, compared to the “IA” group, better therapeutic effects of Celecoxib were seen in the “SY” group, manifested by significantly lower expression of MMP9 and COX-2.

We also examined the influence of Celecoxib on the health of OC-B. Celecoxib downregulated the expression of IL-6 and IL-1β, and partially rescued OCN expression in the bone tissue (Figure 6C), suggesting its osteoprotective effect. Finally, the beneficial effect of Celecoxib on osteoarthritic tissues was further confirmed by histology, showing that both the “IA” and “SY” groups retained more proteoglycan and calcium deposition than the “OA” group (Figure 6D). Moreover, similar to the effect seen in the chondral component of the OC chip, Celecoxib treatment of both tissue components, i.e., the “SY” group, yielded higher staining than the “IA” group, indicating a better osteoprotective effect.




DISCUSSION

We have successfully developed an iPSC-derived tissue chip to model the OC unit in the human articular joint. We have investigated its physiological relevance, created an OA-like phenotype, and replicated in part the beneficial effect of Celecoxib in modifying OA. To the best of our knowledge, this is the first report on the fabrication of microphysiological OC tissue from iPSCs within a customized bioreactor.

Organ-on-a-chip technology is a new technique that has been gaining increasing interest in recent years. Compared with traditional 2D and single-cell culture models, organ-on-a-chip technology offers possibilities to investigate the cellular behavior and intercellular interactions in a context that simulates human physiology and disease pathology (Bhatia and Ingber, 2014). Both tissue-derived differentiated cells and stem cells have been used as the starting cellular components of organ/tissue chips. Compared to MSCs or other terminally differentiated cell, iPSCs possess pluripotent differentiation potential and represent a potentially infinite cell source, thus allowing a better control of the inherent variability of tissue chips. Of relevance to the construction of OC chips, to date, a variety of methods for in vitro chondrogenesis and osteogenesis of iPSCs have been reported, but there is no generally accepted standard protocol. In this study, we first induced iPSCs into an intermediate phenotype of mesenchymal progenitors, termed iMPCs, and then differentiated the cells into chondrocytes and osteoblasts. This strategy was also reported in other studies (Nejadnik et al., 2015; Diederichs et al., 2016; Jeon et al., 2016). We then used established criteria for MSCs to characterize iMPCs. Specifically, MSC-like cells need to possess the characteristics of adherence to plastic, colony formation capacity, multipotent differentiation potential and specific surface antigen expression (Dominici et al., 2006). Our results confirmed the MSC-like characteristics of the iMPCs.

The iMPCs were then subsequently induced into chondrogenic and osteogenic lineages within a photocrosslinked mGL scaffold. Since the iMPCs were generally less responsive to traditional MSC differentiation protocols, particularly chondrogenesis (Diederichs and Tuan, 2014), optimization of chondrogenic and osteogenic media is needed to generate optimal cartilage and bone constructs. Bone morphogenetic proteins (BMPs) are multi-functional growth factors that have unique properties as inducers for the differentiation of multipotent mesenchymal progenitors into chondrocytes and osteoblasts. BMP6 was reported to promote the chondrogenesis of MSCs and ASCs (Sekiya et al., 2001; Estes et al., 2006; Diekman et al., 2010), but its potential on iMPCs has not been examined. Our findings reveal the potent chondrogenic effect of BMP6 on iMPCs, on the basis of significant improvement in chondrogenic gene expression, as well as GAG production, shown quantitatively and histologically. In addition, BMP6 is also observed to exhibit anti-hypertrophic effect. BMP6-mediated promotion of chondrogenesis of adipose-derived MSCs has been reported as being mediated via the enhanced expression of TGFβ-receptor-I (Hennig et al., 2007). The underlying mechanism of BMP6-enhanced iMPC chondrogenesis deserves further investigation in the future.

Currently, Dex is a common supplement in osteogenic and chondrogenic media for MSCs (Tuli et al., 2003; Derfoul et al., 2006). However, the optimal duration of Dex treatment is quite controversial. On one hand, Dex increased the expression of RUNX2 and its transcriptional targets, ALP and OSX. On the other hand, Dex significantly downregulated the expression of late osteogenic markers, COL1A1, OPN, OCN, and BSP2 (Subramaniam et al., 1992; Langenbach and Handschel, 2013; Rimando et al., 2016). Therefore, we hypothesized that extended Dex treatment is likely to inhibit osteogenesis. It is noteworthy that BMP7, a strong osteoinductive factor (Miyazono et al., 2005), and VitD3, a known promoter of bone formation in vivo and in vitro (Rimando et al., 2016), have not been commonly included in the osteogenic medium for MSCs, particularly BMP7. Our previous studies have shown the beneficial effect of VitD3 on MSC osteogenesis (Jackson et al., 2009; Djouad et al., 2010). In this study, we have incorporated these features in optimizing the osteogenic medium. The results in Figure 2 clearly show that the inclusion of BMP7 and VitD3 in OM and reduction of Dex treatment time to 14 days, resulted in the highest level of osteogenic differentiation of iMPCs.

In order to form biphasic bone and cartilage from uniform stem cell-laden constructs, we need to completely separate the osteogenic and chondrogenic medium. The porous scaffolds may cause free exchange. Therefore, the hydrogel is the best option because of its ability to fully fill the insert and seal the gap between scaffold and insert wall, thus preventing direct medium mixing. In particular, we have successfully utilized photocrosslinkable gelatin in create bone and cartilage, which thus was employed here as the scaffold to support the formation of osteochondral tissue (Lin et al., 2014a,b, 2019). Through the application of optimized chondro- and osteo-inductive conditions, we have successfully engineered a biphasic OC tissue as well as a monophasic cartilage tissue in the customized bioreactor. While hyaline cartilage and bone have distinct structural and compositional differences, their juxtaposition in the osteochondral junction strongly suggests a functional relationship between the two tissue components. In addition to the distribution of the biomechanical force loaded to the cartilage, the subchondral bone is functionally essential in maintaining articular cartilage viability (Amin et al., 2009). Specifically, the non-mineralized structural space in the osteochondral junction allows the transportation of growth factors and signaling molecules (Arkill and Winlove, 2008; Pan et al., 2009), thus enabling active biochemical crosstalk between cartilage and subchondral bone under physiological conditions. Thus, subchondral bone is of great importance to the healthy development and maintenance of the overlying cartilage. We demonstrated here the essential role of subchondral bone in promoting and maintaining cartilage phenotype and inhibiting cartilage hypertrophy in the healthy condition. These chondro-promoting effects of bone tissue were probably realized through the upregulation of TGF-β production in cartilage, since members of the TGF-β superfamily are involved in cartilage formation, maturation, and maintenance (Wang et al., 2014; van der Kraan, 2017). As expected, we found enhanced TGF-β3 production in the chondral tissue when maintained in the presence of bone tissue in the context of a biphasic OC construct. This finding supports previous studies that showed the positive effects of TGF-β in the initial stages of chondrocyte differentiation and proteoglycan synthesis, as well as terminal hypertrophy (Morales et al., 1991; Ballock et al., 1993; Yang et al., 2001; Zhang et al., 2004; Mueller and Tuan, 2008; Mueller et al., 2010; Shintani et al., 2013). Aside from TGF-β, morphogenic signals produced by bone could also promote chondrogenesis. It is reported that inhibition of BMP signaling could suppress the formation of cartilage (Kawakami et al., 1996) and knockout of BMP receptors in mice affected precartilaginous condensations, resulting in inhibition of chondrocyte formation and defective maturation of chondrocytes (Yoon et al., 2005, 2006).

To model OA conditions in the OC tissue chip, IL-1β (1 ng/ml) was applied to the chondral tissue (OC-C) to initiate an inflammatory response. Cartilage degeneration is usually mediated by the action of the enzymes, MMPs and ADAMTSs, which degrade collagen and aggrecan of the cartilage extracellular matrix (Murphy and Lee, 2005). Studies have shown that human OA cartilage exhibits enhanced production of MMP1, 2, 3, 8, 9, 13, TNF-α, IL-1β, IL-6, and ADAMTS-4, 5 (Tetlow et al., 2001; Malfait et al., 2002; Qu et al., 2015). In the in vitro OA model reported here, we observed similar changes, thus validating the physiological relevance of the human cell-based OC chip OA model.

With the progression of OA, permeability between cartilage and bone is increased, as validated in previous studies by testing hydraulic conductance in normal and OA osteochondral samples (Hwang et al., 2008; Stender et al., 2017). Several in vitro studies using co-cultures of chondrocytes with sclerotic or overloaded osteoblasts have also provided evidence for direct catabolic effect of the subchondral bone on cartilage degradation (Sanchez et al., 2005, 2015; Priam et al., 2013). In fact, subchondral bone abnormality can eventually lead to the degeneration of overlying articular cartilage (Zhen et al., 2013; Xu et al., 2015), and this relationship has been suggested in OA pathogenesis (Cope et al., 2019). Our findings in this study show that compared to the cartilage only group (CH), IL1β-challenged OC-C exhibited significantly higher fold increase of inflammatory and catabolic gene expression levels, suggesting the aggravating role of bone in inflammation-mediated cartilage degeneration.

Currently, there are no FDA-approved DMOADs. Non-steroidal anti-inflammatory drugs (NSAIDs) have been widely used to relieve pain and inflammation, and improve the mobility of OA patients (Sarzi-Puttini et al., 2005). In addition to their anti-inflammatory effects, NSAIDs may also prevent cartilage matrix degradation by inhibiting proteolytic enzymes, including ADAMTS and MMPs (Zweers et al., 2011; Nakata et al., 2018), and therefore have potential as DMOADs. In this study, we tested Celecoxib in the OC tissue chip-based OA model. Celecoxib, a COX-2 inhibitor that has demonstrated significantly improved gastrointestinal safety and tolerability with no less effectiveness than other NSAIDs for relief of OA symptoms (Deeks et al., 2002), was chosen to test the capability of the OC chip as a DMOAD screening platform. Specifically, we simulate both systemic (SY) and intra-articular (IA) routes of drug administration by introducing Celecoxib to: (1) both the bone and cartilage components of the biphasic model, or (2) only the cartilage component in the biphasic OC model, respectively. Celecoxib treatment significantly reduced inflammation and catabolism in chondral tissues. We observed the downregulation of MMP1, 2, 3, 9, 13, IL-6, IL-1β, and ADAMTS4 and 5 after Celecoxib treatment. The expression levels of COL2 and ACAN were also enhanced, although no statistical differences were observed. The disease modifying activity of Celecoxib found in our study is comparable to the chondroprotective effect of Celecoxib reported in previous studies, in which Celecoxib not only stimulated proteoglycan synthesis and retention of newly formed proteoglycans in OA cartilage explants (El Hajjaji et al., 2003; Mastbergen et al., 2005, 2006), but also reduced the expression of ADAMTS-5, IL-1β, IL-6, and MMP1, 3, 9 in OA cartilage or chondrocytes (Sanchez et al., 2002; Alvarez-Soria et al., 2008; Attur et al., 2008; Tsutsumi et al., 2008; Su et al., 2014). In another study, after Celecoxib treatment in vivo for 4 weeks, human OA cartilage tissue showed significant beneficial effects on proteoglycan synthesis, release, and content (de Boer et al., 2009). Intra-articular injection of Celecoxib in a rabbit OA model was also reported to mitigate pathological changes and significant suppression of IL-1β, TNF-α, and MMP-3 (Jiang et al., 2010). Although opposite results about the effects of Celecoxib on chondrocytes have also been reported (Nakamura et al., 2007; Raynauld et al., 2010), our results using the OC tissue chip support the OA-modifying effects of Celecoxib. It is noteworthy that compared to the “IA” group, better therapeutic effects of Celecoxib were seen in the “SY” group, manifested by significantly lower expression of MMP9 and COX2. Moreover, Celecoxib also exhibited osteoprotective effect, downregulating the expression of IL-6 and IL-1β, and partially rescued OCN expression in the OC-B component in the OC OA model.

While the engineered iPSC-based OC tissue chip represents a highly relevant microphysiological model of the articular joint, there are some obvious limitations. For example, a tidemark-like structure, an important component in the native osteochondral junction, is not observed in the tissue chip. Although we observed enhanced TGF-β3 expression in the cartilage co-cultured with bone (Figure 4D), the exact factor(s) from bone that cause such enhancement has not been identified. In the next step, we will try to use a proteomics analyzing tool such as mass spectrometry, to explore potential signaling factors. In addition, only chondrocyte- and osteoblast-like cells are present in the chip. Given the fact that OA is a disease of the whole joint and affects all the cells/tissues in the joint, other tissue elements, such as the synovium and infrapatellar fat pad, need be integrated in future studies. Lastly, additional drugs that have shown varying therapeutic effects on the OA joint need to be tested in order to validate the suitability of the iPSC-based OC tissue chip as a drug screening platform to predict therapeutic efficacy and potential toxicity.



CONCLUSION

We have successfully created an in vitro OC chip model from iPSCs, which is capable of displaying an OA-like phenotype after the treatment with the pro-inflammatory cytokine, IL1-β. Our findings have demonstrated the physiological crosstalk between bone and cartilage, specifically that bone promotes chondral phenotype in cartilage under healthy conditions, but augments cartilage degradation under degenerative, OA-like conditions. The anti-inflammatory and anti-degenerative effects of the NSAID, Celecoxib, were replicated in the OC chip-based OA model, suggesting its potential application as a drug screening platform for candidate DMOADs.
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