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Inability of Low Oxygen Tension to Induce Chondrogenesis in Human Infrapatellar Fat Pad Mesenchymal Stem Cells
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Objective: Articular cartilage of the knee joint is avascular, exists under a low oxygen tension microenvironment, and does not self-heal when injured. Human infrapatellar fat pad-sourced mesenchymal stem cells (IFP-MSC) are an arthroscopically accessible source of mesenchymal stem cells (MSC) for the repair of articular cartilage defects. Human IFP-MSC exists physiologically under a low oxygen tension (i.e., 1–5%) microenvironment. Human bone marrow mesenchymal stem cells (BM-MSC) exist physiologically within a similar range of oxygen tension. A low oxygen tension of 2% spontaneously induced chondrogenesis in micromass pellets of human BM-MSC. However, this is yet to be demonstrated in human IFP-MSC or other adipose tissue-sourced MSC. In this study, we explored the potential of low oxygen tension at 2% to drive the in vitro chondrogenesis of IFP-MSC. We hypothesized that 2% O2 will induce stable chondrogenesis in human IFP-MSC without the risk of undergoing endochondral ossification at ectopic sites of implantation.

Methods: Micromass pellets of human IFP-MSC were cultured under 2% O2 or 21% O2 (normal atmosphere O2) in the presence or absence of chondrogenic medium with transforming growth factor-β3 (TGFβ3) for 3 weeks. Following in vitro chondrogenesis, the resulting pellets were implanted in immunodeficient athymic nude mice for 3 weeks.

Results: A low oxygen tension of 2% was unable to induce chondrogenesis in human IFP-MSC. In contrast, chondrogenic medium with TGFβ3 induced in vitro chondrogenesis. All pellets were devoid of any evidence of undergoing endochondral ossification after subcutaneous implantation in athymic mice.
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INTRODUCTION

Articular cartilage is avascular and exists under a low oxygen tension microenvironment (Lund-Olesen, 1970; Brighton and Heppenstall, 1971a, b). Articular cartilage injuries do not heal spontaneously due to its avascularity and the low mitotic activity of its resident articular chondrocytes (Martin and Buckwalter, 2003). If the injuries are left untreated, they become a risk factor for the early development of osteoarthritis (Muthuri et al., 2011). To this end, a variety of cell-based approaches including autologous chondrocyte implantation and multipotent mesenchymal stem cells (MSC) have been assessed to augment articular cartilage healing and mitigate the onset of osteoarthritis, in particular, knee osteoarthritis (Brittberg et al., 1994, 2001; Peterson et al., 2000; Hwang et al., 2011; Bornes et al., 2014, 2018; Mobasheri et al., 2014; Fellows et al., 2016).

The abundance of MSC in adipose tissue and their ease of accessibility have made adipose-derived MSC a cell source of significant interest for articular cartilage repair (Zuk et al., 2001, 2002; Huang et al., 2004; Fellows et al., 2016; Freitag et al., 2020). Although several studies have demonstrated the in vitro chondrogenesis of adipose-derived MSC with growth factors (i.e., TGFβ1, TGFβ3, and BMP-6) in the absence or presence of low oxygen tension, no study has investigated the potential of low oxygen tension alone to drive the in vitro chondrogenesis of adipose-derived MSC (Zuk et al., 2001; Erickson et al., 2002; Awad et al., 2003; Huang et al., 2004; Wang et al., 2005; Estes et al., 2006; Afizah et al., 2007; Hennig et al., 2007; Khan et al., 2007; Malladi et al., 2007; Mehlhorn et al., 2007; Cheng et al., 2009; Kim and Im, 2009; Martinez-Lorenzo et al., 2009; Diekman et al., 2010; Merceron et al., 2010).

Xu et al. (2007) demonstrated that expansion of adipose-derived MSC under 2% O2 prior to in vitro chondrogenic differentiation in three-dimensional micromass culture under 21% O2 enhanced early chondrogenic differentiation. Xu et al. (2007) concluded that the pre-expansion culture of the adipose MSC under the 2% O2 facilitated the selection of chondroprogenitors. More recently, Marsano et al. (2016) demonstrated the spontaneous in vitro chondrogenesis of bone marrow-derived MSC under a low oxygen tension of 2% O2. Interestingly, both bone marrow- and adipose-derived MSCs physiologically exist in a low oxygen tension microenvironment (Ceradini et al., 2004; Choi et al., 2014). Moreover, during embryonic development, cartilage formation is preceded by MSC condensation in an avascular microenvironment with gross hypoxia and hypoxia-inducible factor 1 alpha (HIF-1α)-mediated signaling involvement (Robins et al., 2005; Provot and Schipani, 2007).

Thus, we ask the question: can low oxygen tension alone drive in vitro chondrogenesis of human adipose-derived MSCs? And will the chondrogenic outcome be hypertrophic in nature with the risk of undergoing endochondral ossification after subcutaneous implantation in an immunodeficient mouse model, as previously demonstrated with chondrogenically differentiated bone marrow MSC (Pelttari et al., 2006)?

In this study, we investigated the chondroinductive potential of low oxygen tension at 2% in human knee infrapatellar fat pad MSC (IFP-MSC). It is noteworthy that in vitro IFP-MSC has been reported to show stronger chondrogenic capacity than bone marrow-, subcutaneous adipose-, and umbilical cord-derived MSC (Ding et al., 2015). Moreover, further stratification of IFP-MSC into perivascular (i.e., pericytes) and non-perivascular (i.e., adventitial cells) subpopulations have revealed the superior chondrogenic capacity of the perivascular fraction (Hindle et al., 2017).

We hypothesized that low oxygen tension or hypoxia (HYP, 2% O2) would induce non-hypertrophic chondrogenesis. Additionally, we hypothesized that the hypoxic culture conditions would produce superior chondrogenesis relative to intermittent reoxygenation (Re-Ox).



MATERIALS AND METHODS


Ethics and Sample Collection

Infrapatellar fat pad (IFP) specimens with non-identifying information of donors were collected from the University of Alberta Hospital. The University of Alberta’s Health Research Ethics Board-Biomedical Panel (Study ID: Pro00018778) waived the need for written informed consent of the donors, as specimens were intended to be discarded in the normal course of the surgical procedures. All animal use and associated procedures were approved and undertaken under the direction and approval of the University of Alberta Animal Care and Use Committee (AUP 0001363).



Isolation and Expansion of Human Infrapatellar Fat Pad Mesenchymal Stem Cells

Tissue from the IFP was collected from male donors ages 21–59 (Table 1) who had experienced acute knee injuries and did not have osteoarthritis. The basic information of the donors is summarized in Table 1. IFP samples were first filtered through a sterile 100-μm cell strainer. We then treated the samples with type II collagenase (0.15% w/v; 300 U/mg solid; Worthington, Lakewood, NJ, United States) in phosphate-buffered saline (PBS) (Sigma-Aldrich, St. Louis, MO, United States) for 1 h at 37°C to release the cells. Next, we filtered the digested tissue using a sterile 100-μm cell strainer (Falcon, BD Biosciences, Franklin Lakes, NJ, United States) to obtain the cell suspension. We neutralized the collagenase in the cell suspension by adding alpha-minimum essential medium (α-MEM) supplemented with 10% v/v heat-inactivated fetal bovine serum (FBS), 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 mM sodium pyruvate (all from Sigma-Aldrich Co.), 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.29 mg/ml glutamine (PSG; Life Technologies, Burlington, ON, Canada). Cells were then isolated by 10 min of centrifugation at 1,500 rpm and then resuspended in PBS. The number of mononucleated cells (MNCs) was then counted first by crystal violet (Sigma-Aldrich) nuclei staining and then by using a hemocytometer.


TABLE 1. IFP-MSC donor information along with cumulative population doubling (CPD).

[image: Table 1]The isolated nucleated cells were then expanded in one of two ways, using the medium described above with 5 ng/ml of fibroblast growth factor-2 (FGF-2) (Neuromics, Minneapolis, MN, United States, Catalog#: PR80001) to maintain the chondrogenic potential of the cells, in normoxia (21% O2; NRX) at 37°C in a humidified incubator with 5% CO2. Method 1: cells were either plated in culture flasks with 125,000 cells per 75 cm2 (donors: 5, 6, 7) at initial seeding and then flasks were duplicated at each passage (i.e., the cells of two flasks would be set up in four flasks and allowed to grow). Method 2: the cells were replated after each passage to have 5,000 cells per cm2 (donors: 1, 2, 3, 4). The nucleated cells grew and adhered for 7 days before the first medium change. After this, the medium was changed twice each week, until the cells were 80% confluent. The adherent IFP-MSC were then detached using 0.05% w/v trypsin-EDTA (Corning, Mediatech, Inc., Manassas, VA, United States) and expanded in normoxia until passage 2 as previously described (Weiss et al., 2017). To achieve this, we first expanded the cells in normoxia (21% O2) and then cultured them in hypoxia (2% O2); the choice to expand them in normoxia initially is to be able to see the effects due more clearly to the culture conditions of hypoxia.



Colony-Forming Unit Fibroblastic Assay

We performed a colony-forming unit fibroblastic assay to ascertain the clonogenic and population doubling characteristics of the IFP-MSC. We plated 500 nucleated cells each in three 100-mm sterile Petri dishes (Becton Dickinson, Mississauga, ON, Canada) and cultured them in NRX with α-MEM supplemented with 10% v/v heat-inactivated FBS, PSG, HEPES, sodium pyruvate, and 5 ng/ml FGF-2 (as above). After 1 week, the non-adherent population was removed by aspiration and the medium was changed twice each week. The culture time used for each IFP-MSC donor was the time needed to reach 80% confluence at P0 and subsequent detachment and splitting to P1 for expansion. The cell colonies were fixed with 10% w/v buffered formalin (3.8% w/v formaldehyde, Anachemia Canada Co., Montreal, QC, Canada), rinsed with PBS (Sigma-Aldrich), and stained with 0.25% w/v crystal violet. We then recorded the number of colonies and used the number of colonies to determine the cell population doubling (CPD; Table 1) of IFP-MSC as described by Solchaga et al. (2010).



In vitro Chondrogenic Differentiation

To test the effects of oxygen and growth factor supplementation on chondrogenic differentiation, we utilized a three-dimensional pellet culture model. After completing passage 2, 0.5 million cells of IFP-MSC were centrifuged for 7 min at 1,500 rpm to make pellets in 1.5 ml sterile conical microtubes (Bio Basic Inc., Markham, ON, Canada.). The pellets were subjected to one of two conditions for the medium (0.5 ml per pellet) during the culture period: with or without TGFβ3 supplementation.

Within each of these two conditions for the medium, the pellets were either cultured in NRX (∼21% O2), HYP (2% O2), or Re-Ox (2% with intermittent exposure to ∼21% O2). During both culture and media changes, the NRX pellets were constantly exposed to ∼21% oxygen tension, and HYP pellets were constantly exposed to 2% oxygen tension in an X3 Xvivo hypoxia workstation (BioSpherix, Parish, NY, United States). The Re-Ox pellets were cultured in 2% oxygen tension but were removed from the hypoxia workstation during media changes and exposed to ∼21% oxygen tension twice per week for 15 min. Pellets in the HYP group were changed with media equilibrated to 2% O2. Pellets in the Re-Ox and NRX groups were changed with media containing 21% O2. All pellets were cultured for 21 days at 37°C in a humidified incubator with 5% CO2, with media changes twice per week (3–4 days apart).

The serum-free media consisted of high glucose DMEM (Sigma-Aldrich) containing 100 units/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, 10 mM HEPES (Sigma-Aldrich) (all others from Life Technologies), ITS + 1 premix (Corning, Discovery Labware, Inc., Bedford, MA, United States), 100 nM dexamethasone, 365 μg/ml ascorbic acid 2-phosphate, 125 μg/ml human serum albumin, and 40 μg/ml L-proline (all from Sigma-Aldrich). The TGFβ3-supplemented condition had 10 ng/ml transforming growth factor β3 (TGFβ3; ProSpec, East Brunswick, NJ, United States, Catalog#: cyt-113) added to the serum-free media, while the group without TGFβ3 supplementation did not have this added to the media.

For each of the six conditions (± TGFβ3 supplementation and NRX/HYP/Re-Ox), two pellets were set up for each donor for biochemical analysis [glycosaminoglycan (GAG) and DNA analysis], histological analysis, and qPCR. For three (1, 2, 4) of the seven donors, two pellets were set up for each condition for subcutaneous implantation. At the start of the experiment, 0.5 million cells for each donor were suspended in 1 ml of TRIzol (Life Technologies) as a control for monolayer culture gene expression. Medium changes on the pellets were performed twice per week with the same type of serum-free media they were initially cultured in. After 21 days, the pellets were assessed using biochemistry for GAG and DNA content, histology and immunofluorescence for cartilage-specific matrix proteins, and real-time quantitative reverse transcription polymerase chain reaction (qPCR) for gene expression analysis.



Biochemical Analysis for IFP-MSC Chondrogenesis

After chondrogenic culture for 21 days, the pellets were rinsed with 500 μl of phosphate buffered saline (Sigma-Aldrich). The pellets were then digested overnight at 56°C with 250 μl of proteinase K (1 mg/ml in 50 mM Tris with 1 mM EDTA, 1 mM iodoacetamide, and 10 mg/ml pepstatin A; all from Sigma-Aldrich). The GAG content was measured using a spectrophotometer after 1,9-dimethylmethylene blue binding, with chondroitin sulfate used as standard (Sigma-Aldrich). To determine the DNA content, we used the CyQuant cell proliferation assay kit (Invitrogen, Burlington, ON, Canada) with supplied bacteriophage λ DNA as standard.



Histology for IFP-MSC Chondrogenesis

Pellets were taken after chondrogenic culture for 21 days or after chondrogenic culture and subcutaneous implantation for 3 weeks and fixed overnight in 10% (v/v) neutral buffered formalin at 4°C, then put in PBS. The pellets were then dehydrated by serially dipping into ethanol baths of increasing concentration and embedded in paraffin wax. These were then cut into 5-μm-thick sections and stained with 0.01% (w/v) Safranin O and counterstained with 0.02% (w/v) fast green (Sigma-Aldrich) with standard methods to reveal proteoglycan matrix deposition.



Immunofluorescence for IFP-MSC Chondrogenesis

Thick sections at 5 μm of paraffin-embedded pellets were mounted on VWR Microslides Superfrost glass slides (cat# 48311-703), then deparaffinized and rehydrated. The sections for type I, II, and X collagen were next treated with protease XXV (AP-9006-005, Thermo Scientific, Waltham, MA, United States), rinsed with PBS (Sigma-Aldrich), treated with hyaluronidase (H6254, Sigma-Aldrich), and then rinsed with PBS. Samples for collagen X were then treated with 0.2% Triton for 10 min. All samples were blocked for 30 min in 5% (w/v) bovine serum albumin (9998S, Cell Signaling Technology, Danvers, MA, United States) in PBS. For collagen I detection, sections were incubated with primary antibody:rabbit anti-collagen I (CL50111AP-1, Cedarlane, Burlington, ON, United States) (1:200 dilution); for collagen II detection, sections were incubated with primary antibody:mouse anti-collagen II (II-II6B3, Developmental Studies Hybridoma Bank, Iowa City, IA, United States) (1:200 dilution); and for collagen X detection, sections were incubated with primary antibody:rabbit anti-collagen X (58632, Abcam, Cambridge, United Kingdom) using a 1:100 dilution in 4°C overnight. This was followed by incubating collagen I and X slides with goat anti-mouse IgG (H&L Alexa Fluor 488, Abcam) (1:200 dilution) and collagen II slides with goat anti-rabbit IgG (H&L Alexa Fluor 594, Abcam) (1:200 dilution) for 30 min. Sections were then stained with DAPI (4′,6-diamidino-2-phenylindole, Cedarlane) and mounted with glycerol:PBS (1:1). The slides were visualized by an Eclipse Ti-S microscope (Nikon Canada, Mississauga, Canada).



Gene Expression Analysis

For pellets that were cultured with TGFβ3 supplementation, we ground the pellets with Molecular Grinding Resin (G-Biosciences, Saint Louis, MO, United States, 786-138PR) extracted total RNA using Tri-Reagent (Sigma-Aldrich). Due to the considerably smaller size of the pellets cultured without TGFβ3 supplementation, we ground the pellets using the same grinding resin as above and used the RNeasy mini kit (Qiagen, Toronto, ON, Canada); 100 ng of the isolated total RNA was reverse transcribed into cDNA for qPCR analysis using the gene-specific primers listed in Supplementary Table 1. Expression of genes of interest was normalized to the mean expression level of reference genes YWHAZ, β-actin, and B2M (Foldager et al., 2009; Munir et al., 2014) and presented using the 2ΔCt method (Schmittgen and Livak, 2008).



Subcutaneous Implantation in Nude Mice

To evaluate the phenotypic stability and potential for ossification, we implanted pellets subcutaneously at the back of nude mice for 21 days. Four small incisions were made subcutaneously in the back (two cranial and two caudal) of athymic male nude CD-1 mice (n = 5, Charles River, Wilmington, MA, United States). These incisions were closed by sutures and cyanoacrylate tissue adhesive. The pellets were placed in duplicates with pellets from the same donor with the same culture conditions (medium and oxygen condition) together; altogether 20 groups (40 pellets) were implanted. After the 21 days of implantation, the constructs were recovered while the animals were under anesthesia and then euthanized. There were no adverse events recorded with the five mice, and 19 of the 20 groups of implanted pellets were recovered; one group was unable to be found during harvest and was not recovered. After removing the pellets from the animal, we removed excess mouse connective tissue from the pellets using a scalpel. The samples were then fixed in 10% (w/v) formalin for 24 h and paraffin embedded as described above for histology. To reveal proteoglycan matrix deposition, we stained 5-μm-thick sections with 0.01% (w/v) Safranin O and counterstained with 0.02% (w/v) fast green (Sigma-Aldrich). To assess the phenotypic stability, we looked for signs of bone formation by deposition of calcium phosphate mineral via Alizarin Red staining (2% w/v, pH 4.2, Sigma-Aldrich).



Alizarin Red S Staining

Alizarin Red staining was used to visualize calcium phosphate mineral formation in pellets that had been cultured for 21 days and then implanted in a nude mouse for 21 days. The 5-μm-thick sections of paraffin-embedded pellets were deparaffinized by serially dipping into ethanol baths of increasing concentration, then rehydrating with distilled water, and transferred to Alizarin Red S solution (pH 4.2) for 5 min. Sections were then dehydrated with acetone, treated with an acetone:xylene substitute (1:1) solution, cleared in xylene substitute, and mounted.



Statistical Analysis

A total of seven independent experiments were performed with specimens from seven donors for IFP-MSC. Unless stated specifically, numerical data distribution represents data from these donors each measured at least in independent duplicates and is presented as a bar graph of the mean ± standard deviation. Statistical analyses were performed using SPSS (version 26; IBM Canada Ltd., Markham, ON, Canada), and boxplots were generated using Excel in Microsoft Office 365 ProPlus. Data were tested for normality using the Shapiro–Wilk test, and Levene’s test was used to assess homogeneity of error variances. Statistical differences between the measured parameters of pellets formed. The relationship between measured parameters was determined by Spearman rho correlation coefficient based on confirmation of non-normality of data distribution. Statistically significant differences between multiple groups were assessed by Kruskal–Wallis non-parametric test based on significance of the Levene’s test. Significance was considered when p < 0.05.



RESULTS


Hypoxia Alone Did Not Induce Chondrogenic Matrix Accumulation in IFP-MSC

After 3 weeks of culture in chondrogenic media supplemented with and without TGFβ3, pellets were harvested and in vitro chondrogenesis was first assessed histologically by Safranin O staining for cartilaginous sulfated GAG extracellular matrix (ECM) detection (Figure 1). All pellets appeared spherical, opaque, smooth, and glistening regardless of TGFβ3 supplementation (Figure 1A). The pellets cultured in the absence of TGFβ3 regardless of the oxygen tension during in vitro culture were negative for Safranin O staining (Figure 1B). In contrast, all pellets cultured in the presence of TGFβ3 were positive for Safranin O staining (Figure 1). Moreover, the pellets cultured with TGFβ3 under a constant hypoxia (i.e., 2% oxygen tension) had more intense Safranin O staining (Figure 1B).


[image: image]

FIGURE 1. Gross morphology of IFP-MSC pellets after 21 days of in vitro culture; Safranin O histochemical staining and biochemical assay for GAG and DNA content. (A) Gross morphology of pellets, (B) Safranin O staining, (C) total GAG content, (D) total DNA content, and (E) GAG/DNA content. Comparing pellets for seven donors done in duplicates (N = 7, n = 14 per experimental group) after 21 days of in vitro culture under six different conditions. Bar data are mean ± standard deviation. Statistical comparisons were based on Kruskal–Wallis test between without TGFβ3 (i.e., –T3) and with TGFβ3 (i.e., +T3) groups within an oxygen tension group. ∗Indicates statistical difference between compared groups with p-value < 0.05.


In order to quantitate the amount of GAG matrix accumulated in pellets across the different experimental groups, the GAG assay (Farndale et al., 1986) was performed. The GAG amounts measured in all pellets formed after culture in media supplemented with TGFβ3 were significantly higher relative to pellets cultured without TGFβ3 supplementation (Figure 1C). The mean GAG content of the pellets cultured under constant hypoxia in the presence of TGFβ3 was 7.8-fold higher (p = 0.027) relative to the pellets without TGFβ3 supplementation under hypoxia (Figure 1C). Similarly, under constant normoxia, the pellets cultured with TGFβ3 supplementation were 9.4-fold higher (p = 0.001) in mean GAG content relative to those without TGFβ3 (Figure 1C). Moreover, the highest fold change in mean GAG content between pellets cultured with and without TGFβ3 occurred in the hypoxia with reoxygenation experimental group (Figure 1C). The pellets with TGFβ3 supplementation had a 10.2-fold higher (p = 0.002) mean GAG content compared with the pellets without TGFβ3 supplementation (Figure 1C).

To determine if cell proliferation may have accounted for the differences between pellets in experimental groups with and without TGFβ3 supplementation, the DNA contents of all pellets were determined (Figure 1D). There was no significant difference in mean DNA contents between pellets cultured in the absence and presence of TGFβ3 under constant hypoxia (Figure 1D). Similarly, there was no significant difference between the mean DNA contents of pellets cultured in the absence and presence of TGFβ3 under hypoxic culture conditions with intermittent reoxygenation periods during in vitro culture (Figure 1D). In contrast, the mean DNA content of the pellets cultured with TGFβ3 supplementation under constant normoxia was significantly higher (1.6-fold; p = 0.021) than in pellets under normoxia but without TGFβ3 supplementation (Figure 1D).

As a metric for evaluating the chondrogenic capacity of the pellets formed after in vitro chondrogenesis of the IFP-MSC, we determined the GAG/DNA ratio for each pellet (Barbero et al., 2004). There was no significant difference between GAG per DNA contents of the pellets cultured under constant hypoxia regardless of the presence of TGFβ3 (Figure 2). However, there were significant differences between the GAG per DNA content of the pellets cultured with and without TGFβ3 supplementation in the constant normoxia and hypoxia with intermittent reoxygenation experimental groups (Figure 1E). The mean GAG per DNA content of the pellets with TGFβ3 supplementation under constant normoxia was 4.4-fold higher (p = 0.012) than in the pellets without TGFβ3. Similarly, the mean GAG per DNA contents of the pellets with TGFβ3 supplementation vs. the GAG per DNA contents of pellets without TGFβ3 supplementation under intermittent reoxygenation culture conditions was significantly 5.4-fold higher (p = 0.011) (Figure 1E).


[image: image]

FIGURE 2. Experimental setup for isolation, expansion, in vitro chondrogenesis, and in vivo implantation of infrapatellar fat pad-derived MSC (IFP-MSC) in a pellet culture (5 × 105 cells/pellet). Subcutaneous implantation of four groups of cultured pellets in duplicates (same donor) in the back of a male nude mice for 21 days; each group from the same donor was cultured in a different manner than the others (± TGFβ3 supplementation and HYP/NRX/Re-Ox).




Induction of Hypoxia-Responsive Genes Is Independent of TGFβ3

The expression of VEGF, P4Hα1, and LOX as hypoxia-responsive genes increased all pellets regardless of whether they were cultured in the presence or absence of chondrogenic media supplemented with TGFβ3 (Figures 3A–C). Furthermore, there was no significant difference in expression of the three genes between the pellets cultured in the presence or absence of TGFβ3. Moreover, the expression of HIF1α strongly correlated with the expression of VEGF, P4Hα1, and LOX (Figures 3D–F). The expression of HIF1α strongly correlated with the gene expressions of VEGF (Spearman ρ = 0.871; p-value = 2.93 × 10–13; Figure 3D), P4Hα1 (Spearman ρ = 0.872; p-value = 2.54 × 10–13; Figure 3E), and LOX (Spearman ρ = 0.856; p-value = 9.38 × 10–13; Figure 3E).
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FIGURE 3. Induction of a biased panel of hypoxia-inducible genes and Spearman correlation plots with hypoxia-inducible factor-1α (HIF1α) expression in IFP-MSC pellets. Fold change of mRNA expression of VEGF, P4Hα1, and LOX for seven donors with independent duplicates (N = 7, n = 14 per experimental group) under hypoxia (2% O2) after normalization to the same gene expression under normoxia (21% O2): (A) vascular endothelial growth factor (VEGF), (B) prolyl-4-hydroxylase-α1 (P4Hα1), and (C) lysyl oxidase (LOX). Spearman correlation of HIF1α mRNA with (D) VEGF, (E) P4Hα1, and (F) LOX. The geometric mean of three housekeeping genes was used for initial normalization: tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ), β-actin (β-actin), and β-2-microglobulin (B2M) were used. Bar data are mean ± standard deviation. Statistical comparisons were based on unpaired Student’s t-test between no TGFβ3 (i.e., –T3) and with TGFβ3 (i.e., +T3) groups.




Chondrogenic Gene Induction Is Only Observed With TGFβ3 Supplementation

The expression of a panel of chondrogenic genes including ACAN, COL1A2, COL2A1, and SOX9 was evaluated in the pellets formed from IFP-MSC after 3 weeks of in vitro chondrogenic culture (Figure 4). All pellets formed in the presence of chondrogenic media supplemented with TGFβ3 displayed a significant mRNA expression of ACAN, COL1A2, COL2A1, and SOX9 regardless of the oxygen tension during in vitro culture (Figure 4). Under constant hypoxia, the mean expression of ACAN in the pellets cultured with TGFβ3 supplementation was 78-fold higher (p = 0.005) than in pellets without TGFβ3 (Figure 4A). Furthermore, under constant normoxia, TGFβ3 induced a significant 429-fold higher mean ACAN expression in IFP-MSC pellets relative to pellets without TGFβ3 supplementation (Figure 4A). The mean ACAN expression in pellets with TGFβ3 under hypoxia with intermittent reoxygenation was 62-fold higher (p = 0.024) relative to pellets under the same oxygen tension but without TGFβ3 supplementation (Figure 4A).
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FIGURE 4. Chondrogenic gene expression and immunofluorescence of types I and II collagen. Relative mRNA expression of (A) aggrecan (ACAN), (B) type I collagen (COL1A2), (C) type II collagen (COL2A1), and (D) SRY-Box transcription factor 9 (SOX9) for seven donors with independent duplicates (N = 7, n = 14 per experimental group). Gene expression was normalized to the geometric mean of three housekeeping genes (YWHAZ, β-actin, and B2M). Bar data are mean ± standard deviation. Statistical comparisons were based on Kruskal–Wallis test between without TGFβ3 (i.e., –T3) and with TGFβ3 (i.e., +T3) groups within an oxygen tension group. ∗p-value < 0.05; ∗∗p-value < 0.01. (E) Immunofluorescence (IF) for collagens I and II and DAPI for cell nuclei. All immunostained pellet sections were prepared at 5 μm.


The mean expression of COL1A2, COL2A1, and SOX9 similarly followed the same trend as ACAN in the pellets with and without TGFβ3 supplementation (Figures 4B–D). COL1A2 expression was fourfold higher (p = 0.007) in pellets with TGFβ3 supplementation relative to pellets without TGFβ3 under constant hypoxia. Under constant normoxia, the mean expression of COL1A2 was fivefold higher (p = 0.001) in pellets with TGFβ3 relative to pellets without TGFβ3 (Figure 4B), while under hypoxia with intermittent reoxygenation, the mean expression of COL1A2 in pellets with TGFβ3 supplementation was fourfold higher (p = 0.010) than in pellets without TGFβ3 supplementation (Figure 4B). The mean expression of COL2A1 in pellets with TGFβ3 relative to pellets without TGFβ3 supplementation was ∼13,000-fold higher (p = 0.027) under constant hypoxia (Figure 4C). Under constant normoxia, the mean expression of COL2A1 in pellets with TGFβ3 supplementation was 7,413-fold higher (p = 0.002) compared with pellets without TGFβ3 (Figure 4C). The mean expression of COL2A1 in pellets with TGFβ3 treatment was ∼2,875-fold higher (p = 0.034) relative to pellets without TGFβ3 treatment under hypoxia with intermittent reoxygenation (Figure 4C). The mean expression of SOX9 in pellets treated with TGFβ3 was 13-fold higher (p = 0.001) under constant hypoxia, 9.7-fold higher (p = 0.007) under constant normoxia, and ∼17-fold higher (p = 4 × 10–4) under hypoxia with intermittent reoxygenation, respectively, relative to pellets without TGFβ3 treatment (Figure 4D).



COLII Immunostaining but Not COLI Is Observed in Pellets With TGFβ3 Supplementation

The pellets were fixed, paraffin wax embedded, and sectioned for immunostaining for types I (COLI) and II (COLII) collagen proteins and DAPI for cell nuclei identification (Figure 4E). COLI immunostaining along with DAPI staining was present in all pellets regardless of the presence of TGFβ3 and the oxygen tension during in vitro pellet culture (Figure 4E). In contrast, COLII was observed in pellets that had been cultured in the presence of TGFβ3 supplementation during in vitro culture (Figure 4E).



Hypertrophic Chondrogenesis Gene Induction Was Only Observed With TGFβ3 Supplementation

The expression of a panel of hypertrophic chondrogenesis-related genes including COL10A1, IHH, RUNX2, and ALPL was evaluated in IFP-MSC pellets after 3 weeks of in vitro chondrogenesis (Figure 5). The mean expression of COL10A1 was 5,550-fold higher (p = 0.034) in pellets treated with TGFβ3 relative to those without TGFβ3 treatment under constant hypoxia (Figure 5). Similarly, the mean expression of COL10A1 was 5,155-fold higher (p = 0.002) in pellets with TGFβ3 supplementation relative to those without supplementation under constant normoxia (Figure 5A). However, there was no statistical difference between the mean expression of COL10A1 in pellets with and without TGFβ3 treatment under hypoxia with intermittent reoxygenation during in vitro culture (Figure 5A). The mean expression of IHH and ALPL was not significantly different between pellets with and without TGFβ3 supplementation within the same oxygen tension and across all experimental groups (Figures 5B,D). The mean expression of RUNX2 in pellets with TGFβ3 supplementation under constant hypoxia was not significantly different from those without TGFβ3 supplementation (Figure 5C). However, the mean expression of RUNX2 in the pellets treated with TGFβ3 under constant normoxia was significantly 6.4-fold higher (p = 0.014) than in the pellets without TGFβ3 supplementation (Figure 5C). Similarly, the mean expression of RUNX2 was significantly 3.1-fold higher in pellets treated with TGFβ3 relative to those without TGFβ3 treatment under hypoxia with intermittent reoxygenation (Figure 5C).
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FIGURE 5. Hypertrophic chondrogenesis marker gene expression and immunofluorescence of type X collagen. Relative mRNA expression of (A) type X collagen (COL10A1), (B) Indian Hedgehog (IHH), (C) Runt-related transcription factor 2 (RUNX2), and (D) alkaline phosphatase (ALPL) for seven donors with independent duplicates (N = 7, n = 14 per experimental group). Gene expression was normalized to the geometric mean of three housekeeping genes (YWHAZ, β-actin, and B2M). Bar data are mean ± standard deviation. Statistical comparisons were based on Kruskal–Wallis test between without TGFβ3 (i.e., –T3) and with TGFβ3 (i.e., +T3) groups within an oxygen tension group. ∗p-value < 0.05; ∗∗p-value < 0.01. (E) Immunofluorescence (IF) for type X collagen and DAPI for cell nuclei. All immunostained pellet sections were prepared at 5 μm.




COLX Immunostaining Is Observed in Pellets With and Without TGFβ3 Supplementation

The pellets were fixed, paraffin wax embedded, and sectioned as before but tested immunofluorescently for type X (COLX) collagen and DAPI for cell nuclei identification (Figure 5E). COLX immunostaining was present in all pellets regardless of TGFβ3 supplementation and the oxygen tension during in vitro culture (Figure 5E). The COLX staining was diffusely distributed across the pellets formed with TGFβ3 supplementation during in vitro culture. In contrast, the COLX staining in the pellets without TGFβ3 supplementation appeared to be densely distributed (Figure 5E).



TGFβ1 and TGFβ3 Genes Are Induced but Not TGFβ2 in Pellets With TGFβ3 Supplementation

Hypoxia at 2% O2 induced in vitro chondrogenesis of bone marrow-derived mesenchymal stem cells (BM-MSC) in the absence of exogenous TGFβ3. The induction was associated with significant upregulation of TGFβ1 expression (Marsano et al., 2016). We therefore investigated the gene expression of the three isoforms of TGFβ in pellets across the different experimental groups (Figure 6). The mean expression of TGFβ1 and TGFβ3 was significantly higher in pellets formed with TGFβ3 supplementation during culture relative to pellets without exogenous TGFβ3 regardless of the oxygen tension (Figures 6A,C). However, TGFβ2 expression was not statistically different across experimental groups (Figure 6B). The mean expression of TGFβ1 was significantly higher (3.3-fold; p = 0.007) in pellets with TGFβ3 under constant hypoxia relative to those without TGFβ3 supplementation (Figure 6A). Similarly, under constant normoxia, the mean expression of TGFβ1 was significantly higher (4.4-fold; p = 0.001) in pellets with TGFβ3 supplementation compared with pellets without the supplementation (Figure 6A). A similar trend also continued in pellets cultured under hypoxia with intermittent reoxygenation. The mean expression of TGFβ1 in pellets with TGFβ3 supplementation was 3.8-fold higher (p = 0.002) relative to the pellets without TGFβ3 supplementation (Figure 6A). The mean expression of TGFβ3 was 5.4-fold higher (p = 0.015) under constant hypoxia, 5.9-fold higher (p = 0.006) under constant normoxia, and 5.2-fold higher (p = 0.004) under hypoxia with intermittent reoxygenation in pellets supplemented with exogenous TGFβ3 during culture relative to pellets under the respective oxygen conditions but without TGFβ3 supplementation (Figure 6C).
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FIGURE 6. Induction of the gene expression of transforming growth factor-β (TGFβ) isoforms in IFP-MSC pellets after 21 days of in vitro culture. Relative mRNA expression of (A) TGFβ1, (B) TGFβ2, and (C) TGFβ3 for seven donors with independent duplicates (N = 7, n = 14 per experimental group). Gene expression was normalized to the geometric mean of three housekeeping genes (YWHAZ, β-actin, and B2M). Bar data are mean ± standard deviation. Statistical comparisons were based on Kruskal–Wallis test between without TGFβ3 (i.e., –T3) and with TGFβ3 (i.e., +T3) supplementation groups within an oxygen tension group. ∗p-value < 0.05; ∗∗p-value < 0.01.




Normoxia-Cultured Pellets in the Presence of TGFβ3 Retained Chondrogenic Phenotype in vivo

The pellets from the different pretreatment groups differed in gross appearance after 3 weeks of subcutaneous implantation in mice (Figure 7A). Except for the pellets that were precultured under normoxia in the presence of TGFβ3 which appeared opaque, the remaining pellets appeared somewhat translucent (Figure 7A). The pellets that were precultured in the presence of TGFβ3 under hypoxia and normoxia were positive for Safranin O but not the pellets that underwent intermittent reoxygenation (Figure 7B). Moreover, except for the pellets that were precultured under normoxia in the presence of TGFβ3, there was trace to no COLII immunofluorescence in the rest of the pellets (Figure 7C and Supplementary Figure 1). All pellets were positive for COLI immunofluorescence albeit with varied relative fluorescence unit (Figure 7C and Supplementary Figure 1).
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FIGURE 7. Gross morphology of IFP-MSC pellets after 3 weeks of in vivo implantation in nude mice; Safranin O histochemical staining and immunofluorescence (IF) for types I and II collagen. (A) Gross morphology of pellets; (B) Safranin O staining; (C) IF for collagen I, II, and DAPI, for cell nuclei (×200 magnification). All Safranin O and immunostained pellet sections were prepared at 5 μm.




Collagen X Is Present but No Calcification in All in vivo Implanted Pellets

All pellets retained type X collagen (COLX) deposits after 3 weeks of implantation in mice but with varied levels between experimental groups (Figure 8A and Supplementary Figure 2). There was little to no evidence of calcification in the pellets based on the lack of Alizarin Red S staining after 3 weeks of subcutaneous implantation in mice (Figure 8B).
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FIGURE 8. Immunofluorescence (IF) and Alizarin Red S histochemical analysis of IFP-MSC pellets after 3 weeks of in vivo implantation in nude mice. (A) IF for collagen X and DAPI for cell nuclei; (B) Alizarin Red S staining for calcification. All immunostained and Alizarin Red S pellet sections were prepared at 5 μm.




Principal Component Analysis Shows a Predominantly Hypertrophic Chondrogenesis

Principal component analysis (PCA) was used to summarize pooled biochemical and gene expression data and determine the relationships between the measured variables (Figure 9). Initial PCA generated a four-component solution with eigenvalues exceeding 1: PC1, PC2, PC3, and PC4. The Kaiser–Meyer–Olkin (KMO) measure of sampling adequacy to implement a PCA was 0.570. However, two of the components (i.e., PC3 and PC4) accounted for less than 10% of the variance in the pooled data, and the remaining two—PC1 and PC2—accounted for 50 and 13%, respectively. Therefore, the PCA was performed again to extract a two-component solution of PC1 and PC2. The KMO measure of sampling adequacy remained unchanged and CPD was equally aligned to PC1 and PC2. Therefore, CPD was removed as a variable and the PCA was ran again for a two-component solution. The KMO was 0.689 (Table 2). PC1 and PC2 accounted for 53 and ∼14% of the variance in the pooled data, respectively. PC1 was largely characterized by metrics of chondrogenesis: GAG, GAG/DNA, ACAN, COL1A2, COL2A1, and SOX9. In contrast, PC2 was characterized by variables associated with hypertrophic chondrogenesis: IHH, COL10A1, and ALPL (Table 3). Moreover, TGFβ1 correlated with PC2, while TGFβ2 and TGFβ3 aligned more closely with PC1 than PC2 (Table 3).
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FIGURE 9. A varimax rotated plot of a two-component solution of principal component analysis of measured variables. Measured variables are as follows: ACAN, age, ALPL, COL1A2, COL2A1, COL10A1, DNA, GAG, GAG/DNA (GAGDNA), IHH, RUNX2, SOX9, TGFβ1, TGFβ2, and TGFβ3. Principal component 1 (PC1) is on the x-axis and principal component 2 (PC2) is on the y-axis. The position of each variable on the plot indicates the degree to which it loads on the two different principal components.



TABLE 2. Kaiser–Meyer–Olkin and Bartlett’s test for principal component analysis (PCA).
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TABLE 3. Principal component analysis (PCA) correlation matrix.
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DISCUSSION

The IFP represents an arthroscopically accessible source of MSC for the repair of articular cartilage defects due to the high proliferative and chondrogenic potential of IFP-MSC within it (Wickham et al., 2003; Khan et al., 2007). However, in vitro chondrogenic protocols for IFP-MSC are either a direct transfer or a variant of protocols developed for BM-MSC and involve exogenous additions of TGFβ (Johnstone et al., 1998; Wickham et al., 2003; Khan et al., 2007; Buckley et al., 2011; Buckley and Kelly, 2012). In this study, we explored a low oxygen tension (hypoxia) of 2% as a driver of chondrogenic differentiation of IFP-MSC. We had hypothesized that 2% O2 would induce chondrogenesis in the IFP-MSC pellets based on the findings of Marsano et al. (2016) with FGF2-amplified human BM-MSC, which demonstrated that hypoxia at 2% O2 alone was sufficient to induce the in vitro chondrogenesis of the BM-MSC. We embarked to test the hypothesis using the pellet model of in vitro chondrogenesis MSC both in the presence and absence of TGFβ3 (Johnstone et al., 1998; Marsano et al., 2016).

Firstly, we demonstrated and validated the reality of hypoxia signaling in our pellet model under 2% O2 atmosphere. Our results showed that the IFP-MSC experienced a significant induction of hypoxia-responsive gene expression (HRE) of VEGF, PH4α1, and LOX as proof that the IFP-MSC experienced hypoxia relative to control IFP-MSC at 21% O2 (Semenza, 2001; Myllyharju, 2008; van Vlimmeren et al., 2010; Makris et al., 2014). Moreover, the expression of HIF1α correlated positively with the expression of the HREs, suggesting that the transcriptional activity of HIF1 was involved in the hypoxic response of the FGF2-amplified human IFP-MSC (Semenza, 2001).

We confirmed in vitro chondrogenesis or the lack of it through gene expression of chondrogenic markers, biochemical (i.e., GAG/DNA) and histological assessments of cartilage-specific matrix (i.e., Safranin O, COLI, II, and X) in the microtissue pellets of the human IFP-MSC. Overall, our findings demonstrated that 2% O2 alone was inadequate to induce chondrogenesis in FGF2-expanded human IFP-MSC. The reason for this may be primarily due to the lack of induction of TGFβ1 or TGFβ3 by the 2% O2, relative to the pellets of the same FGF2-expanded human IFP-MSC which underwent chondrogenesis in the presence of TGFβ3 supplementation (Figures 6A,C). Mechanistically, Marsano et al. (2016) had demonstrated that pure 2% O2 induced TGFβ1 expression to affect the in vitro chondrogenesis of FGF2-expanded human BM-MSC without TGFβ3 supplementation. In this study, we observed significant induction of TGFβ1 and TGFβ3 mRNA along with evidence of chondrogenesis in the pellets of FGF2-expanded human IPF-MSC but only in the presence of TGFβ3 supplementation.

Thus, our findings suggest that the drivers of the in vitro chondrogenesis of the FGF2-expanded human IFP-MSC involved both TGFβ1- and TGFβ3-mediated signaling. Moreover, PCA revealed that TGFβ1 and TGFβ3 induction correlated more strongly with PC2 and PC1, respectively. Given that PC2 is characterized by the key markers/metrics of unstable hypertrophic chondrogenesis (IHH, COL10A1, and ALPL) (van der Kraan and van den Berg, 2012), while PC1 correlated more strongly with the markers of stable chondrogenesis (SOX9, ACAN, COL2A1, GAG, and GAG/DNA), it opens the perspective that selective inhibition of TGFβ1 during the in vitro chondrogenesis of FGF2-expanded human IFP-MSC under 2% O2 may result in stable chondrogenesis rather than to unstable hypertrophic chondrogenesis. However, the selective TGFβ1 inhibitor must outperform the local and high affinity interactions between TGFβ1 and its heteromeric TGFβ receptor complex (Bedinger et al., 2016; Martin et al., 2020).

The premature induction of markers of chondrocyte hypertrophy-related molecules such as type X collagen (COL10A1) and matrix metalloproteinase 13 (MMP13) prior to type II collagen (COL2A1) in human BM-MSC undergoing in vitro chondrogenesis in the presence of TGFβ3 correlated with the transformation of the chondrogenically induced human BM-MSC to bone-like tissue after 4–6 weeks of subcutaneous implantation in immunodeficient mice (Pelttari et al., 2006). While this study did not include a time course evaluation of the expression of type II collagen and type X collagen prior to the subcutaneous implantation of the chondrogenically induced IFP-MSC in immunodeficient mice, it revealed some mixed findings of Pelttari et al. (2006).

Our data supported the retention of Safranin O-positive proteoglycan and type II collagen matrix after in vivo implantation but only in the context of pellets formed under 21% O2 with TGFβ3 supplementation (Figures 7B,C), as reported also by Pelttari et al. (2006). There was retention of Safranin O-positive proteoglycan matrix after in vivo implantation of the pellets formed under hypoxia in the presence of TGFβ3 (Figures 7B,C), but this lacked the initial deposits of type II collagen prior to the implantation (Figure 4E). The mechanism underlying these findings is unclear but seem to suggest that the oxygen tension during the in vitro chondrogenesis of IFP-MSC may impact the stability of engineered cartilage in vivo. One possibility may be related to hypoxia-induced expression of the chemotactic agent, stromal derived factor-1 (SDF-1), which has been shown to facilitate the recruitment of inflammatory cells such as monocyte/macrophages, leading to subsequent breakdown of cartilage matrix (Hitchon et al., 2002; Ceradini et al., 2004; Schantz et al., 2007; Elkington et al., 2009; Lau and Wang, 2011; Sánchez-Martín et al., 2011). However, the existence of SDF-1 and its potential role in the loss of the type II collagen in the ECM of the IFP-MSC pellets formed under 2% O2 with TGFβ3 supplementation need to be verified.

In contrast to the findings of Pelttari et al. (2006), there was no evidence of calcification of the pellets in this study after subcutaneous implantation regardless of whether the IFP-MSC pellets were chondrogenically stimulated under 21% O2 or 2% O2 in the presence of TGFβ3 supplementation. This finding was unexpected and even surprising given the presence of type X collagen in the pellets. Type X collagen is known to bind calcium and participate in the calcification of growth plate cartilage during endochondral ossification (Kirsch and von der Mark, 1991). However, it is worthy of mention that the induction and deposition of type X collagen in the IFP-MSC pellets lacking chondrogenic induction was reported in the cell culture-amplified human BM-MSC (Barry et al., 2001; Tuli et al., 2003). This suggests that the mechanisms underlying type X collagen expression in MSC from bone marrow and adipose tissue are perhaps similar and independent of chondrogenic differentiation. Therefore, the association of type X collagen expression in in vitro cultured MSC with ectopic calcification may be more complex than previously thought. Moreover, there is the possibility that the 3 weeks of ectopic implantation of the pellets in this study vs. the 4–6 weeks of implantation by Pelttari et al. (2006) may have been a factor in the lack of observed calcification. It is also noteworthy that the human BM-MSC in the study of Pelttari et al. (2006) were sourced from patients at late stage of hip osteoarthritis, which Mwale et al. (2006) also demonstrated to express type X collagen prior to chondrogenic stimulation.

In conclusion, low oxygen tension of 2% O2 alone was unable to induce chondrogenesis in micromass pellet cultures of IFP-MSC. This finding contrasts with the findings of Marsano et al. (2016) which demonstrated that the same oxygen tension was capable of inducing chondrogenesis in pellet cultures of human BM-MSC. Moreover, the cartilage microtissues formed under normoxia with TGFβ3 supplementation retained their chondrogenic phenotype in vivo relative to their hypoxia counterparts. However, given the existence of two distinct populations of IFP-MSC within the IFP and their different chondrogenic potential (Hindle et al., 2017), further investigation is merited on the chondroinductive potential of low oxygen tension on the distinct populations of IFP-MSC.
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