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Abstract

The knee menisci are a pair of weight-bearing fibrocartilaginous tissues between the
femoral condyles and tibial plateau. They are essential for mechanical load distribution
and transmission, lubrication, and stability of the knee joint [1, 2]. Meniscus injury is a
risk factor for the onset of knee osteoarthritis (OA) [3, 4], which is characterized as a
progressive degenerative disease resulting in cartilage breakdown. The avascular nature
of the inner meniscus regions limits their intrinsic healing capacity and early intervention
is required after injury to prevent OA. The long-term clinical outcomes after partial
meniscectomy for inner meniscus injuries are poor [3]. Cell-based meniscus tissue
engineering by (re)-differentiating autologous cells towards an inner meniscus-like
extracellular matrix (IM-ECM)-forming phenotype is an emerging strategy to repair or
replace damaged tissues. Human meniscus fibrochondrocytes (MFCs) and mesenchymal
stem cells (MSCs) can be isolated from surgical debris and through synovial fluid using
minimally invasive techniques, respectively. Even though studies using these cell sources
showed promising results regarding meniscus-like ECM formation in vitro and in animal
studies, tissue engineering variables are being investigated to optimize the outcomes prior
to clinical implantation.

The studies in this thesis focused on investigating cell isolation and expansion
conditions, inductive stimuli for IM-ECM formation, and phenotype stability of in vitro

preformed IM-ECM in human MFC and synovial fluid-derived MSC (SF-MSC)-based
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meniscus tissue engineering.

For human MFCs, the first experiment aimed to identify the population doublings
(PDs) of TGF-B1 and FGF-2 (T1F2)-expanded MFCs to retain their chondrogenic
redifferentiation capacity under normoxia (21% O3) and hypoxia (3% O2) using an in
vitro cell pellet model. The data demonstrated that MFCs with PDs of up to 10 can
undergo chondrogenic redifferentiation. The IM-ECM formation was most pronounced in
MFCs with PDs ranging from 2.5 to 3.3 under hypoxia. Moreover, the MFCs did not
undergo osteogenic differentiation. A subsequent study was performed to investigate
whether human meniscus-derived decellularized matrix (DCM) can re-differentiate
T1F2-expanded MFCs to form IM-ECM under hypoxia (3% O2). The DCM supported
IM-ECM formation only with an exogenous chondrogenic factor. A third experiment was
performed to investigate the effects of oxygen levels, transient TGF-B3 supplementation
(3 weeks), and long-term culture with TGF-B3 (8 weeks) on IM-ECM production by
MFCs within a type I/III collagen scaffold. The study also assessed the behavior of the
engineered IM-ECM after subcutaneous implantation in nude mice. The results showed
that the constructs expressed genes and proteins associated with IM-ECM, especially in
hypoxia. Long-term culture (8 weeks) led to superior IM-ECM compared to 3 weeks, but
only with TGF-B3 in hypoxia. The IM-ECM formed after 3 weeks’ hypoxic chondrogenic
culture was better retained compared to normoxia and became vascularized without

calcification after 5 weeks’ implantation in nude mice.
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For human SF-MSCs, the first experiment was to investigate whether TGF-3,
insulin-like growth factor 1 (IGF-1), and human meniscus-derived (DCM) can induce
differentiation of SFMSCs towards an MFC phenotype under hypoxia (3% Oz). In
pellets, combined TGFB3 and IGF-1 synergistically enhanced IM-ECM formation
compared to growth factors alone. In DCM, the combination of TGF-B3 and IGF1
induced IM-ECM production and upregulated aggrecan, collagens I and II expression
compared to DCM alone. The differentiated SF-MSCs also showed little expression of
hypertrophic differentiation marker type X collagen. A subsequent experiment was
performed to assess whether hypoxic (2% O2) compared to normoxic (21% O2)
chondrogenic culture can drive SF-MSCs to produce meniscus-like ECM rich with
angiogenesis-promoting factors VEGF and SDF-1 within a type I collagen scaffold in
vitro. The angiogenic potential of SF-MSCs and the stability of the generated ECM
regarding calcification were tested using a subcutaneous nude mouse model. IM-ECM
formation and production of VEGF by SF-MSCs was enhanced by HYP in vitro. IM-
ECM from both oxygen tensions underwent vascularization and did not calcify in the
nude mice.

In summary, the experiments in this thesis showed that enough MFCs with the
capacity to form IM-ECM can be obtained through growth factor supplementation.
Hypoxic preculture of both cell sources promote a chondrogenic phenotype to form IM-

ECM rather than osteogenic differentiation both in vitro and in vivo. Moreover, this work
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showed that precultured ECM allowed vascularization at the ectopic sites, which showed

promise to enhance the repairing potential of avascular meniscus injuries.
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Figure 2-4: Immunofluorescence analysis of collagen I and collagen II in pellets derived
from T1F2-expanded MFCs of four passages after 21 days chondrogenic stimulation
under NRX or HYP from one representative donor (male, 20 years old).

Figure 2-5: Immunofluorescence analysis of hypertrophic marker collagen X in pellets
derived from T1F2-expanded MFCs of four passages after 21 days chondrogenic
stimulation under NRX or HYP from one representative donor (male, 20 years old).
Figure 2-6: (A) Real-time PCR analysis of cDNA of T1F2-expanded MFCs in
monolayer culture at the end of each passage prior to pellet culture (n=4). ), (B) Real-
time PCR analysis of cDNA of pellets derived from T1F2-expanded MFCs of four
passages after chondrogenic stimulation for 21 days under NRX and HYP (n=4).

Figure 2-7: (A) Real-time PCR analysis of cDNA of T1F2-expanded MFCs of three
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passages with or without adipogenic and osteogenic induction under NRX and HYP
(n=4) and the fold changes of relative mRNA expression levels of adipogenic/osteogenic
markers. (B) Oil Red O/Alizarin Red S staining analysis for lipid droplet and bone matrix
deposition in T1F2-expanded MFCs from 3 passages after adipogenic and osteogenic
stimulation under NRX and HYP from one representative donor (male, 20 years old).
Figure 3-1: Glycosaminoglycan (GAG) matrix and DNA contents in meniscus
fibrochondrocyte (MFC)-based tissues after 21-days’ culture in either pellets or
meniscus-derived decellularized matrix (DCM) with and without supplementation of 10
ng/mL TGF-B3,

Figure 3-2: Assessment of growth medium turnover after 21-days’ culture in medium
under HYP using a 24-well plate.

Figure 3-3: Gross morphology of empty DCM scaffold after freeze-drying.

Figure 3-4: Scanning electron micrographs of meniscus fibrochondrocyte (MFC)-based
tissues after 21-days culture in meniscus-derived decellularized matrix (DCM) with and
without supplementation of 10 ng/mL TGF-f3.

Figure 3-5: Safranin-O staining and immunofluorescence of meniscus extracellular
matrix (ECM) molecules of meniscus fibrochondrocyte (MFC)-based tissues after 21
days’ culture in either pellets or meniscus-derived decellularized matrix (DCM) with and
without supplementation of 10 ng/mL TGF-33.

Figure 3-6: Relative expression of chondrogenic differentiation-related genes in
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meniscus fibrochondrocyte (MFC)-based tissues after 21-days’ culture in either pellets or
meniscus-derived decellularized matrix (DCM) with and without supplementation of 10
ng/mL TGF-B3.

Figure 3-7: Relative expression of hypertrophy-associated genes in meniscus
fibrochondrocyte (MFC)-based tissues after 21-days’ culture in either pellets or
meniscus-derived decellularized matrix (DCM) with and without supplementation of 10
ng/mL TGF-f33.

Figure 4-1: Monolayer in vitro cell expansion with TGF-B1 and FGF-2 (T1F2) under
normoxia (NRX, 21% O3). (A) Cell morphologies of primary human meniscus
fibrochondrocytes (hMFCs) in passage 0 (P0); (B, C) expanded hMFCs in P2 after liquid
nitrogen storage; (D) Cumulative population doublings at the end of P1 and P2; E)
population doublings per day during P1/P2.

Figure 4-2: Glycosaminoglycan (GAG) matrix and DNA contents in hMFCs-based
constructs cultured in vitro. GAG (A), DNA (B), and GAG/DNA (C) in vitro. T3: TGF-
B3, D: dexamethasone, A: ascorbic acid 2-phosphate, and P: L-proline (T3DAP). 3wks
indicated pre-chondrogenic culture with T3DAP for three weeks, 8wks indicated after
three weeks’ prechondrogenic culture, the culture medium was switched to DAP or with
continuous T3DAP for additional five weeks. The symbols indicating significant
differences (p<0.05) are defined as 1) between oxygen tensions (NRX vs HYP):

T3DAP/3wks (#), T3SDAP/8wks (*) and DAP/8wks (¥); 2) within NRX: T3DAP/3wks vs
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T3DAP/8wks (a), T3DAP/3wks vs DAP/8wks (b), T3DAP/8wks vs DAP/8wks (¢); 3)
within HYP: T3DAP/3wks vs T3DAP/8wks (d), T3DAP/3wks vs DAP/8wks (e),
T3DAP/8wks vs DAP/8wks (f). These symbols are also applied to the following gene
expression analysis.

Figure 4-3: Gross morphology, Safranin-O staining, and immunofluorescence (IF) of
type I//11 collagen of hMFCs-based constructs cultured in vitro. DAPI staining (in blue)
for cell nuclei is superimposed in IF images. The series of images labeled as A1-G1
represent gross morphology. The series of images labeled as A2-G2, A3-G3 represent the
whole images and zoom in images of Safranin-O staining, respectively. The series of
images labeled as A4-G4 represent IF images. Scale bar are presented in the last images
of each row.

Figure 4-4: Gross morphology, Safranin-O staining, and immunofluorescence (IF) of
type I/II collagen of hMFCs-based constructs after implantation. DAPI staining (in blue)
for cell nuclei is superimposed in IF images. The series of images labeled as A1-D1 and
A2-E2 represent gross morphology. The series of images labeled as A3-G3, A4-G4
represent the whole images and zoom in images of Safranin-O staining, respectively. The
series of images labeled as A4-G4 represent IF images. Scale bar are presented in each
TOW.

Figure 4-5: Safranin-O staining, and immunofluorescence (IF) of type II collagen, CD31

and Alizarin Red S staining of hMFCs-based constructs after implantation. DAPI staining
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(in blue) for cell nuclei is superimposed in IF images only for CD31. The series of
images labeled as A1-3 represent Safranin-O staining. The series of images labeled as
B1-3 represent IF for type II collagen. The series of images labeled as C1-3, D1-3 and
E1-3 represent DAPI, CD31 (green) and combined images. The series of images labeled
as F1-3 and G represent Alizarin Red S staining for hMFCs constructs and human bone
marrow mesenchymal stem cells (hBMSCs) constructs, respectively.

Figure 4-6: Relative gene expression of hMFCs-based constructs in vitro.
Fibrochondrogenic differentiation-related genes: (A) Aggrecan (ACAN); B) Type |
collagen (COL1A2); (C) Type II collagen (COL2AT1); and (D) SRY-box transcription
factor 9 (SOX9). Other hypoxic response-related genes: (E) HIF-1a; (F) HIF-2a; (G)
VEGEF. TGF-p isoform genes: (H) TGF-B1; I) TGF-B2; J) TGF-B3. Hypertrophic
differentiation-related genes: (K) type X collagen (COL10A1); L) MMP-13. Values are
presented as 2ACt, where ACt is the difference in Ct values of the average of three house-
keeping genes and the gene of interest. Each donor has 2 biological replicates. The
symbols indicating significant differences (p<0.05) are defined as 1) between oxygen
tensions (NRX vs HYP): T3DAP/3wks (#), T3DAP/8wks (*) and DAP/8wks (¥); 2)
within NRX: T3DAP/3wks vs T3DAP/8wks (a), T3DAP/3wks vs DAP/8wks (b),
T3DAP/8wks vs DAP/8wks (c); 3) within HYP: T3DAP/3wks vs T3DAP/8wks (d),
T3DAP/3wks vs DAP/8wks (e), T3DAP/8wks vs DAP/8wks ().

Figure 4-7: Relative gene expression of hMFCs-based constructs in vitro.
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Fibrochondrogenic differentiation-related genes: (A) Chondromodulin-1 (CHM-1); (B)
Frizzled related protein (FRZB); and (C) Gremlin 1 (GREM1). Values are presented as
2ACt, where ACt is the difference in Ct values of the average of three house-keeping
genes and the gene of interest. Each donor has 2 biological replicates. The symbols
indicating significant differences (p<0.05) are defined as 1) between oxygen tensions
(NRX vs HYP): T3DAP/3wks (#), T3DAP/8wks (*) and DAP/8wks (¥); 2) within NRX:
T3DAP/3wks vs T3DAP/8wks (a), T3DAP/3wks vs DAP/8wks (b), T3DAP/8wks vs
DAP/8wks (c); 3) within HYP: T3DAP/3wks vs T3DAP/8wks (d), T3DAP/3wks vs
DAP/8wks (e), T3DAP/8wks vs DAP/8wks ().

Figure 4-8: A varimax rotated plot of a two-component solution of principal component
analysis of measured variables. Measured variables are: ACAN, COL2A1, SOX9, HIF-
la, HIF-20, TGFB1, TGFB2, TGFB3, VEGF, COL10A1, CHM-1, GREMI, FRZB, GAG,
DNA and GAG/DNA. 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.

Figure 5-1: Method diagram of fabrication of decellularized matrix (DCM) scaffold from
human native meniscus (n=1, male,46 years old).

Figure 5-2: Colony-forming unit fibroblastic (Cfu-f) assay of human synovial fluid
mesenchymal stem cells (SF-MSCs) at the end of PO expanded with FGF-2 (5 ng/mL)

under hypoxia (HYP, 3% O») (n=4).
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Figure 5-3: Flow cytometry analysis of cell surface markers on P2 SF-MSCs after
culture with FGF-2 (5 ng/mL) under HYP from one donor (male, 36 years old).

Figure 5-4: Biochemical analysis of pellets derived from SF-MSCs (n=4) after 21 days
of in vitro culture in the presence of serum-free medium containing IGF-1, TGFB3 or the
combination under HYP.

Figure 5-5: Safranin-O staining analysis for proteoglycan deposition in pellets derived
from SF-MSCs (A) and DCM scaffolds seeded with SF-MSCs (B) after 21 days of in
vitro culture under HYP; Scanning electronic microscope (SEM) for the morphology of
SF-MSCs and DCM scaffold (C), (D: higher magnification) after 21 days of culture
under HYP.

Figure 5-6: Scanning Electron Microscopy image of an empty decellularized matrix
(DCM) scaffold from human native meniscus (n=1, male,46 years old).

Figure 5-7: Indirect immunofluorescence analysis of aggrecan, collagen I and collagen II
in pellets derived from SF-MSCs (A) and empty DCM scaffold or DCM scaffolds seeded
with SF-MSCs (B) after 21 days of in vitro culture under HYP.

Figure 5-8: Indirect immunofluorescence analysis of hypertrophic marker collagen X in
pellets derived from SF-MSCs (A) and empty DCM scaffold or DCM scaffolds seeded
with SF-MSCs (B) after 21 days of in vitro culture under HYP.

Figure 5-9: Real-time PCR analysis of cDNA of pellets derived from SF-MSCs (A-E)

and DCM scaffolds seeded with SF-MSCs (F-J) after 21 days of in vitro culture under

XXviil



HYP, in the presence (+) and absence (-) of growth factors.

Figure 6-1: Colony-forming unit fibroblastic (Cfu-f) assay of human synovial fluid
mesenchymal stem cells (hSF-MSCs) expanded with FGF-2 (5 ng/mL) under hypoxia
(n=5). (A/B) Colony formation for two age-representative donors (17y/58y); (C/D)
Morphology of expanded cells at the end of PO and P2 as visualized under a light
microscope; (E/F) Colony morphology of adherent cells from donor 1 as visualized by
crystal violet staining on the colony edge and center. Scale bar: (B): 4 mm; (D): 100 pm;
(F): 200 um.

Figure 6-2: Biochemical analysis of hSF-MSCs-seeded constructs after 2 weeks of in
vitro chondrogenic culture under normoxia (NRX) and hypoxia (HYP). (A) GAG
content; (B) DNA content; and (C) GAG content normalized by total DNA content. *
indicates significant differences (p < 0.05) between NRX and HYP groups, and ns
indicates non-significant results. Donor 4 was deemed to be an outlier in this analysis
because of its abnormally low DNA content measurement for the normoxia group,
leading to a large skew in the GAG/DNA distribution. Error bars and p-values were
calculated with the remaining four donors. Parenthesized values show the unadjusted p-
values and each colour represent different donor (n=5).

Figure 6-3: Gross morphologies and Safranin-O staining analysis for proteoglycan
deposition in hSF-MSCs-seeded constructs following different culture conditions and

oxygen tensions. The series of images labeled as A1-4 and B1-4 represent 2 weeks of in
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vitro chondrogenic cultured with TGF-B3 (T3/2wks in vitro) in NRX or HYP; images
labeled as C1-4 and D1-4 represent 5 weeks of additional in vitro culture under NRX or
HYP in DMEM with 10% FBS (DMEM/7wks in vitro); images labeled as E1-E4 and F1-
F4 represent 5 weeks of additional in vivo implantation at a subcutaneous ectopic site
using a nude SCID mouse model (Implantation/7wks), where NRX and HYP indicate the
oxygen tensions from which the implanted constructs were sourced; images labeled as
H1-2 represent subcutaneous implantation of chondrogenically-induced SF-MSC-seeded
constructs before harvest. This analysis was completed on Donor 1 (17 years old male,
meniscus tear) and Donor 2 (53 years old, osteoarthritis). Empty collagen scaffolds were
either cultured in vitro (G1 and G3) or implanted in vivo (G2 and G4) as controls. Scale
bar: (G2): 2 mm; (G4): 100 pm.

Figure 6-4: Immunofluorescent analysis of type I and II collagen I in hSF-MSCs-seeded
constructs in groups of T3/2wks in vitro and Implantation/7wks under NRX and HYP.
Donor 1 and Donor 2 were used as representative samples. Analyses were also performed
on constructs without primary antibody to characterize non-specific binding and empty
scaffold controls in vitro and in vivo. Images labeled as A1-6 and E1-6 represent DAPI
4’ 6-diamidino-2-phenylindole for cells (blue); images labeled as B1-6 and F1-6
represent Alexa Fluor 594 for type I collagen (red); images labeled as C1-6 and G1-6
represent Alexa Fluor 488 for type II Collagen (Green); images labeled as D1-6 and H1-6

represent the overlap images of DAPI, type I and II collagen. Scale bar (H6): 200 um.
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Figure 6-5: Alizarin Red S staining of hSF-MSCs-seeded constructs to assess calcium
deposition in implantation/7wks (images E1-2 and F1-2). The groups of T3/2wks in vitro
(images A1-2 and B1-2), DMEM/7wks in vitro (images C1-2 and D1-2) and empty
collagen scaffold in vivo (image B3) were served as a negative control. Human BM-
MSCs-derived matrix on the same collagen scaffold was implanted for 5 weeks as a
positive control (image A3). Orange-red staining indicates calcium deposition. Scale bar:
200 pm.

Figure 6-6: Analysis of angiogenic factors: VEGF and SDF-1 in hRSF-MSC-seeded
constructs by immunofluorescence in donor 1 and 2. SDF-1 and VEGF
immunofluorescence was performed in TGF-B3/2wks in vitro group and implanted/7wks
of the same donors where NRX and HYP indicate the preculture oxygen tensions from
which the implanted constructs were sourced. Analyses were also performed on
constructs without primary antibody to characterize non-specific binding and empty
scaffold controls in vitro and in vivo. Images labeled as A1-6 and F1-6 represent DAPI
for cells (blue); images labeled as B1-6 and G1-6 represent Alexa Fluor 594 for SDF-1a
(red); images labeled as C1-6 and H1-6 represent Alexa Fluor 488 for VEGF-A (Green);
images labeled as D1-6 and I1-6 represent the overlap images of DAPI and SDF-1a;
images labeled as E1-6 and J1-6 represent the overlap images of DAPI and VEGF-A.
Scale bar: 200 um.

Figure 6-7: Immunofluorescence analysis of CD31 for blood vessel invasion in hSF-
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MSCs-seeded constructs of implantation/7wks of donor 1 and donor 2. Analysis was also
performed in empty collagen scaffold in vivo. No fluorescence was observed on primary
antibody controls or on in vitro scaffolds and were therefore omitted. Images labeled as
A1-3 and E1-3 represent DAPI for cells (blue); images labeled as B1-3 and F1-2
represent Alexa Fluor 488 for CD31 (Green); images labeled as C1-3 and G1-2 the zoom
images of the interior matrix regions; images labeled as D1-3 and H1-2 represent the
overlap images of DAPI and CD31. Scale bar: Imm.

Figure 6-8: Real-time PCR analysis of gene expression levels of hSF-MSCs-seeded
constructs in TGF-B3/2wks in vitro under NRX and HYP (n=5). Each gene expression
level was normalized to the mean expression levels of 3 housekeeping genes: f-actin,
RPL134 and YWHAZ. A-E represent inner meniscus matrix-related genes and F-K
represent hypoxia and angiogenesis-related genes. * indicates significant differences (p <

0.05) between NRX and HYP groups, and ns indicates non-significant results.
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Chapter 1 Introduction

1.1 Thesis overview

Meniscus injury was reported to have an annual incidence of 66-70 per 10,000 people [5].
The intrinsic avascular nature of the inner two-thirds of the meniscus hinders its ability to
heal after injuries [6, 7], of which majority end up with the surgical removal of damaged
tissues. However, the mechanical and biochemical changes within the knee joint after
meniscectomy, such as increased contact stress, are proved to be associated with the onset
of osteoarthritis (OA) [3]. In 2011, OA affected 13% (1 in 8) Canadians and expected to
increase to 25% in 30 years. The cumulative economic burden of OA from 2011-2015 for
Canada was estimated to be $195 million [8].

Autologous cell based meniscus tissue engineering to produce meniscus-like
extracellular matrix (ECM) holds great promise for the repair or regeneration of the
damaged meniscus tissues [9]. Adult meniscus fibrochondrocytes (MFCs) from surgical
discard meniscus tissues and mesenchymal stem cells (MSCs) from bone marrow,
synovium, adipose tissue and synovial fluid has been harvested by different enzymatic
digestion and plastic-adherent methods [9-12]. Application of growth factors or oxygen
tensions has been applied during 2 or 3-dimensional cell expansion to regulate cellular
proliferation and post-chondrogenic differentiation capacity [11, 13-18]. 3-Dimensional
environment such as cell pellet and porous scaffold have been frequently used to support

and guide the ECM formation and tissue development in vitro. Biochemical, histological,
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and mRNA expression analysis usually showed the formation of meniscus-like ECM
molecules in vitro. A number of preclinical studies using different transplantation
protocols such as intraarticular cell injection and implantation of cell-seeded constructs
have been performed in animals [19]. Several clinical human studies have been reported
only using MSCs for meniscus repair [20]. However only one randomized, double-
blinded and control study using human bone marrow MSCs (BMSCs) has been carried
out in 55 patients after partial meniscectomy [21]. Long-term evaluation is yet to be
performed even though positive results were reported in both animal and human studies.
More importantly, there are no consensus on cell sources, isolation and expansion
condition, biomaterial sources, inductive stimuli to differentiate the cells towards a
chondrogenic phenotype and implantation protocols.

This thesis aims to provide better understanding of the capacity of different cell types
to synthesis meniscus-like ECM, through investigation of isolation and expansion
conditions as well as culture environments favoring fibrochondrogenic differentiation.
The thesis will begin with an introduction to meniscus anatomy and physiology, meniscus
tears and treatment, followed by a review of literature on the use of MFCs and MSCs in
meniscus tissue engineering. The subsequent chapters will investigate the meniscus tissue
engineering variables using both in vitro and in vivo models.

1.2 Anatomy



1.2.1 Embryology and development
The meniscus originates from the middle layer of mesenchyme condensations around the
articular capsule. At the 8th week, which represents the end of embryonic phase, the knee
joint is similar to that of adults, with the menisci clearly identified in cellular form [22].
Another study aimed at investigating the development of meniscus during late fetal and
postnatal periods showed that from the 14th week to 34th week of gestation, the meniscus
consisted of dense fibroblast with the intercellular matrix becoming relatively
collagenous and the percentage of nucleus-to-cytoplasm decreasing. The arrangement of
the collagenous fiber bundles within the meniscus became more organized. In the cross
section, the fibers were mainly presented in circumferential direction while the rest were
in radial pattern. At this stage, blood vessels can be seen throughout the entire meniscus.
Between the age of three and nine months after birth, the meniscus begin to change in
size and shape to adapt to the growth of the epiphyses and the change of contact surface
of distal femur and proximal tibia. The nucleus-to-cytoplasm ratio of meniscal cell
continue to reduce, and the quantity of collagen increased. Blood vessels could be
identified mainly in peripheral and intermediate one-thirds while some blood vessels
could still be seen in the inner one-third region occasionally. From nine to eleven years,
the shape of the menisci resembled that of adults. But blood vessels decreased comparing
with previous stages while in adults, the blood vessels was only limited to the outer one-

third of menisci [23]. However, although numerous histological alterations happened, the
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area of the tibial plateau covered by the medial and lateral meniscus remained almost
unchanged during all stages. To be specific, the medial menisci covered 51-74% surface
of the medial plateau while 75-93% surface of the lateral plateau were covered by lateral
menisci [24].

1.2.2 Gross anatomy
The menisci of the knee joint are two pair of C-shaped or O-shaped fibrocartilage
between the femoral condyles and tibial plateau in medial and lateral sides [25], which
transmit ~ 50% of the load across the knee [26]. In cross section, the menisci are wedge-
shaped structures. They are about 35mm in diameter [27]. The peripheral region of the
menisci is convex and connected to the knee joint capsule and the margin of the inside
region is concave, thin and unbounded [28]. The menisci are fixed to the subchondral
bone of the tibial plateau by meniscal horns and to the femur through the ligaments of
Humphrey (the anterior meniscal-femoral ligament) and Wrisberg (the posterior
meniscal-femoral ligament). The menisci are connected to the patella by patellomeniscal
ligaments [25]. For example, the medial meniscus appears C-shaped and its anterior horn
is narrower than the posterior horn. Meanwhile the antero-posterior dimension is larger
than the medio-lateral dimension [24, 28]. In addition, the locations vary for the
attachment of the anterior horn of medial meniscus, but mostly firmly to the intercondylar
site of the tibial plateau while the posterior horn attaches the tibial in front of the

embedded location of posterior cruciate ligament (PCL). The outer edges fuses with the
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knee joint capsule and is attached to the upper tibia via the coronary ligament [28]. As for
the lateral meniscus, it appears O-shaped with more uniformity in width and
circumference. Its anterior horn has an interconnection with that of medial meniscus by
the transverse ligament and posterior horn is attached to PCL and medial femoral condyle
by the meniscofemoral ligaments of Wrisberg and Humphrey. Because the medial
meniscus is firmly attached to the knee joint capsule and medial collateral ligament, when
comparing with the lateral meniscus, the medial meniscus is much less flexible. In fact,
the lateral meniscus is not attached to the lateral collateral ligament and the tendon of the
popliteus muscle will separate the posterior horn of the lateral menisci from the knee joint
capsule [25].

1.2.3 Vascular supply
By using the technique of immuno-histochemical detection, the blood vessels in 20
human menisci ranging from 22 weeks of gestation to 80 years were investigated [29].
Results showed that around 22 weeks of gestation, vessels can only be recognized in the
outer third of the menisci. At the time of birth, vessels could be seen throughout the entire
menisci while at the stage of 2 years old, a vascular region could be detected along the
margin of inner area of the menisci. In addition, the insertional ligaments were present
with good blood supply, but not fibrocartilage within the inserting structure. The cause of
the development of an avascular region within the menisci can be attributed to the

increasing pressure which acts on the knee joint [29]. Another study showed that the
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majority of blood supplied to the medial and lateral menisci was from the lateral, medial
and middle genicular arteries [7]. The branch vessels from these arteries would form a
perimeniscal capillary plexus inside the synovial and capsular tissues, which gave blood
supply to the peripheral edge of the menisci with radial branches extended towards the
center of the joint [7]. Three zones were formed by the perimeniscal capillary plexus
regarding different distributions of the blood vessels in adult. The blood vessels mainly
penetrated into peripheral 10-30% of the medial meniscus or 10-25% of the lateral
menisci and this area is called the red zone [26]. As for the middle third region, only a
limited blood supply can be identified and is called the red/white zone. The inner third
region of the menisci is called white zone which mainly depend on the nourishment from
the synovial fluid or mechanical motion with no blood supply [30]. Besides, the anterior
and posterior horns of both medial and lateral were found to be in good blood supply [7,
31, 32]. The lack of blood supply to the inner region of menisci is the primary cause of
non-healing properties of the meniscus [33].

1.2.4 Biochemical composition
Four distinct types of substances, namely water, fibrillar components, proteoglycans, and
adhesion glycoproteins, consist of the extracellular matrix (ECM) of the meniscus.
Normal meniscus has been showed to contain 72% water, 0.12% DNA, 22% collagen,
and 0.8% glycosaminoglycan matrix [34]. The percentage of these substance varies

according to the age, species and location in the meniscus [35].
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Collagen and elastin are the two main classes of fibrillar components of the
meniscus. While many studies have been carried out on the property of collagen, only a
few knowledge of the elastin is reported [34]. The quantities of different types of collagen
vary according to the region of the menisci. Five different types of collagen, namely type
L IL, II1, V, and VI, occupy 60-70% of the dry weight [36]. In bovine meniscus, type I
collagen was more than 90% of the total collagen and type III accounted for less than
10%. Type 11 and V only occupied 1-2% [37]. A further study focusing on the distribution
of the collagen of the bovine medial and lateral meniscus was carried out [38]. In this
study, by using the methods of differential salt precipitation, cyanogen bromide-peptide
analysis and SDS gel electrophoresis, people found that the proportion of collagen in the
outer two-thirds of the menisci was 80% of which 17% was pepsin soluble. Most of these
collagens were type I while less than 1% amount of type III, V collagen was detected.
Regarding the inner one-third of the menisci, collagen made up 70% of the tissue by dry
weight, of which 60% was type Il collagen and 40% is type I collagen [38]. Except for
the collagen, mature and immature elastin fibers has been detected in extremely low
proportion (<0.6% of dry weight) in the adult meniscus [35].

As for the orientation of the collagen fibers, an early study using polarized light
microscopy demonstrated that most of the collagen fibers orientate circumferentially
within meniscus with some radially orientated fibers located in the intermediate region of

the meniscus or on the meniscus surface [39]. Another study also confirmed these results
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and found that the orientation of the collagen fibers is similar among dogs, pigs and
human meniscus. Furthermore, no differences could be detected between medial and
lateral menisci [40]. More details have been shown under scanning electron microscopy
as three different layers of the meniscus can be seen clearly, namely superficial, lamellar
and deep which is covered by the synovium. A network structure consisted of thin fibrils
which were randomly oriented could be seen in the superficial layer. Under the
superficial layer, the fibrils also oriented without clear direction, except for the fibrils
locating in the outer region of the anterior and posterior horns which oriented radially. In
the deep layer, the majority of the fibrils were arranged in a circular direction with some
radial fibrils inserted among these circumferentially oriented fibers which was also
termed as tie fibers [41].

Proteoglycans are highly glycosylated proteins that contain sulfated polysaccharides,
(glycosaminoglycans, GAG) are the major components [34]. The heavily anionic GAG
can collect counter-ions and water molecules within tissues, which determine the physical
and biological characteristics of hydration and resistance to compressional forces. GAG
can be divided into three types: chondroitin sulfate/dermatan sulfate, heparan
sulfate/heparin, and keratan sulfate. The main components of GAGs found in normal
human meniscus are chondroitin 6-sulphate (40%), chondroitin 4-sulphate (10-20%),
dermatan sulphate (20-30%) , and keratan sulphate (15%) [34]. The meniscus contain

approximately 8-fold less GAG than that of articular cartilage in dogs [42]. Two primary
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types of proteoglycans can be found in meniscus. One is aggrecan which presents the
large proteoglycan whereas the other are biglycan and decorin belonging to the major
small leucine-rich proteoglycans [43]. In a study aimed to determine the ability of
meniscus to synthesis proteoglycan, cells from outer one-third and inner two-thirds of the
human medial meniscus were cultured in a monolayer [44]. They found that human
meniscus cells from inner two-third possessed a greater ability to synthesize
proteoglycans than cells from the outer one-third regardless of age [44]. Similar
characteristics of proteoglycan synthesis was also found in the inner two-thirds of medial
meniscus from sheep and the lateral meniscus produced more proteoglycan than the
medial meniscus [45]. As for the small proteoglycans, research has been done in pigs to
investigate their distribution. Biglycan was found to be concentrated in the inner one-
third of the pig meniscus. Its role in the inner meniscus may be protecting cells during
compressional forces. On the other hand, decorin may participate in organizing the
direction of collagen fibril as they were found to be concentrated in the outer one-third of
the porcine meniscus [43].

The main function of adhesion glycoproteins may be to connect the matrix
components with cells. Three primary types of adhesion glycoproteins have been
identified in human meniscus: type VI collagen, fibronectin, and thrombospondin.
However, further investigation is needed to determine their exact function in human

meniscus [36, 46, 47].



1.2.5 Cell types
In rabbit meniscus, four primary morphologically distinguishable types of cells have been
identified in the meniscus [48]. In the outer two-thirds (the vascular region) of the
meniscus, two types of cells are present. At the outer edge of this region, cells have
stellate shape because of the numerous long thin cytoplasmic projections which have
branches to connect with the adjacent extracellular matrix. In the deeper and less vascular
region of the outer two-thirds, cells generally possess one or two projections and these
projections join the cells into sheets which are arranged in rows. In the inner one-third
(the avascular region) of the meniscus, cells display a round morphology without
projections. No clear orientation of these cells can be seen. In the superficial region of the
meniscus, cells with a fusiform morphology are present. No prominent cytoplasmic
projections can be detected [48]. For human meniscus, three different types of human
meniscus cells has been characterized at the beginning of monolayer culture; elongated
fibroblast-like cells, polygonal cells, and small round chondrocyte-like cells [12].
1.3 Meniscus tears
Although many efforts have been made to classify meniscal tears, however there is no
consensus within the orthopaedic community with regards to this question. In most cases,
the tears are classified according to morphology under the observation of arthroscopy or
the vertical depth of the tear as full-thickness or partial thickness [24, 49, 50]. For now,

meniscal tears are divided into six primary types, namely vertical longitudinal, bucket-
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handle, horizontal, radial, oblique, and complex tears [26] .

1.3.1 Vertical longitudinal tear
A vertical longitudinal tear is defined as tears occurring between collagen fibrils which is
parallel to the long axis of the meniscus and perpendicular to the tibial plateau with the
tear equidistant from the peripheral edge of the meniscus [51].

1.3.2 Bucket-handle tears
The term bucket handle originates from the appearance of the tear, in which the inner
displaced fragment of the meniscus resembles a handle, and the peripheral non-displaced
portion has the appearance of a bucket. This type of tear is a vertical or oblique tear with
longitudinal extension toward the anterior horn in which the inner fragment is frequently
displaced toward the antero-condylar notch with resultant mechanical locking of the knee
joint [52]. The entire meniscus is often involved in bucket-handle tears and other portions
of the meniscus, such as isolated anterior horn and posterior horn involvement or the
posterior horn and body of the meniscus can happen in some cases [53]. A frequency of
26.6% of meniscal bucket-handle tears has been reported and 76% of these tears occurred
in the medial meniscus which are often associated with anterior cruciate ligament (ACL)
ruptures [54].

1.3.3 Horizontal tears
A horizontal tear usually spreads parallel to the tibial plateau and divides the meniscus

into upper and lower sections [51].
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1.3.4 Radial tears
A radial tear orients both perpendicular to the long circumferential axis of the meniscus
and to the tibial plateau [51, 55]. As the tear goes through the cross-section of the
circumferentially oriented collagen fibrils, it can divide the meniscus into two separate
pieces or leave a large portion of meniscus attached to the tibia at one end, which leads to
the meniscus being incapable of bearing radial oriented force [55]. In an arthroscopy
study [56], an incidence of 14% of radial tear was found in 200 knees. When using the
truncation or abnormal morphology as criteria for Magnetic resonance (MR)
imaging examination, 68% sensitivity (19 of the 28 radial tears ) was demonstrated while
additional criteria of increased signal in the area of abnormal morphology on fat-saturated
T2-weighted or proton density weighted sequences was added, better results of sensitivity
(89%, 25 of the 28 radial tears) was present. Another study also demonstrated similar
incidence of 15% (29/196) of radial tears in 196 consecutive patients. MR examinations
were also performed basing on four signs for MR detection, namely truncated triangle,
cleft, marching cleft, and ghost meniscus signs, which also showed a 89% sensitivity of
the radial tears [57]. Different parts of the medial and lateral meniscus were present with
distinct incidences of radial tear. The incidences for the posterior horns of medial and
lateral meniscus were 53%, 26%, respectively and only 5% of the radial tear occurred in

the anterior horn and 16% happened in the body of the lateral meniscus [57].
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1.3.5 Oblique tears
An oblique tear is like radial tears that starts from the inner portions of the meniscus, but
tilt inwards. It was reported that oblique and longitudinal tears comprised 81% of the
meniscus tears [58].

1.3.6 Complex tears
A complex tear is composed of two or more tear configurations which are not easily
categorized into a specific type of tear. It is usually unrepairable and partial
meniscectomy is required [51].
1.4 Treatment for meniscus tears

1.4.1 Meniscus repair
The type of meniscal tear and its relative blood supply determine the choices of surgical
meniscus repairs, which are aimed at restoring the meniscus to its native state. Three
zones exist within the meniscus, which mainly determine the healing capacity of the
meniscus. Healing capacity is excellent in the red zone while it is good in the red/white
zone. The avascular zone, also called white zone, poses the most difficult challenge to be
repaired [59]. A study in dogs has shown that the lesions caused by complete transverse
sectioning of the peripheral 25% of the meniscus could be completely repaired by
fibrovascular scar while the lesion in the avascular region failed to heal [6]. Generally,
non-degenerated, vertical longitudinal tears which are less than 3 cm in length and appear

inside the peripheral region of the meniscus tend to repair. But tear morphologies such as
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flaps, cleavage, and radial tears are usually unable to be repaired other than resection
[60]. In addition, the age of patient can affect the healing capacity of the meniscus.
Usually patients in young ages are reported to have improved healing results [61].

Various methods have been used to repair meniscus tears: suturing [61], trephination
[62], introduction of a fibrin clot [63], platelet rich plasma (PRP) [64], and abrasion
therapy [60]. With the use of arthroscopic, several techniques were used: inside-out,
outside-in technique [61] and all-inside suturing devices [65, 66].

Trephination is a method attempting to build vascular channel from the vascular
region of the meniscus to the tears in the avascular region [62]. Arnoczky et al.[6]
reported that complete healing of tears in avascular portion of the meniscus by
fibrovascular scar if these tears were connected to the peripheral synovial vasculature
through a vascular channel. Using the similar principle, Zhong et al.[62] created blood
supply to the injured avascular area of meniscus by need-like trephine in dogs. They
found that all injuries were partly or completely healed. Furthermore, when treated with
arthroscopic trephination plus suturing, more than 90% patients fully recovered without
symptoms of meniscal tears while suturing alone led to 25% clinical failure rates.

Fibrin clots, which may contain platelet-derived growth factor and fibronectin, can
act as a chemotactic and mitogenic stimulus for reparative cells and provide a scaffold for
the repairing process in the avascular region of meniscus [67]. The fibrin clots were

injected into meniscus tears in dog knees and the defects were filled with fibrous
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connective tissue which may originated from the synovial membrane and the adjacent
meniscal tissue. In another study, Henning et a/ [63] used exogenous fibrin clot alone or
combined with fascia sheath to fill the meniscus tears in human. They reported that 64%
of patients were healed, 24% incompletely healed and 12% failed.

Platelet-rich plasma (PRP) is approximately more than 3- to 8-fold in platelet
concentration compared with that of whole blood [64]. It can be obtained from venous
blood by centrifugation easily [68]. When activated, the platelets release of growth
factors from the alpha and dense granules located in the platelet cytoplasm which initiate
a healing cascade leading to cellular chemotaxis, angiogenesis, collagen matrix synthesis,
and cell proliferation [64]. Tumian and Johnstone [69] reported that platelet derived
growth factor-AB (PDGF-AB) can promote meniscus regeneration in inner (avascular),
middle, and outer (vascular) zones. The meniscus cells from the avascular portion of
meniscus can proliferate and form new matrix when stimulated by PDGF-AB. Other
findings suggest that PRP facilitates the repair of meniscal defects is reported by Ishida e?
al [70]. They observed that meniscus cells cultured with PRP have greater mRNA
expression of biglycan and decorin. As for the in vivo study, PRP were released in the
1.5-mm-diameter full-thickness defects created in the avascular region of rabbit meniscus
by a gelatin hydrogel drug delivery system. Histological findings revealed that better
meniscal repair in rabbits treated with PRP relative to rabbits received platelet-poor

plasma or gelatin hydrogel only [70].
15



Introducing reparative cells to the tears of meniscus by a vascularized synovial flap
also promotes the healing process in the avascular region [71]. Ghadially ef al. [71] used
suture to repair the bucket-handle tears in the avascular region of meniscus in sheep and
no healing was achieved after six months. But by suturing a free flap of synovium to the
site of injury, formation of cartilaginous tissue was presented in the tears. These tissues
resembled a morphology between hyaline cartilage and fibrocartilage. In another study,
free fraps of synovium were inserted into the longitudinal tears in the medial meniscus of
35 dogs and sutured. 11 of 35 with free synovium were healed with fibrous tissue while
none of the control group were healed [72].

The various repairing methods of the meniscus have their limitations. The strength of
scar resulting from different repairing methods has been studied in standardized
longitudinal tears in the red/white zone of rabbit medial meniscus [73]. Three groups
received different treatments: no therapy, suture, and fibrin glue, were performed in this
study. After 6 weeks, the scar had recovered 19% (no therapy), 26% (suture), and 42.5%
(fibrin glue) of strength compared to the intact healthy controls. In addition, a secondary
tissue weakness was found in the peri-scar area.

1.4.2 Meniscal allograft transplantation
The first free meniscus transplants in clinical use were performed by Milachowski et al.
[74]. They transplanted lyophilized or deep-frozen allogenic menisci in 22 patients that

were followed-up for 14 months. Using arthroscopy, they found that both two types of
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transplanted menisci showed some shrinkage after 8 months. But generally, the outcomes
of the deep-frozen menisci were better than lyophilized menisci. Since then, great efforts
to transplant or to replace a meniscus have been made in experimental and clinical studies
[75]. It has become the treatment for the symptomatic post-meniscectomy patients
without osteoarthritis and may have a potential chondroprotective effect [24, 76].

Four types of allogeneic transplants are available including fresh, frozen, lyophilized,
and cryopreserved which are usually obtained from cadaveric donors [26]. Fresh tissue is
beneficial for transplantation as the extracellular matrix may be disrupted after a long-
termed preservation. Its application in clinical use is limited by storage and source.
Another problem associated with fresh tissue is the immunogenicity. Deep-frozen tissue
is much easier to store, but when stored in a frozen environment, the process of freezing
would kill the fibrochondrocytes within the tissue. A study has shown that deep-frozen
technique not only kills all the fibrochondrocytes, but also denatures the
histocompatibility antigenic activity [77]. But it can preserve the collagen framework,
leaving the allograft as a scaffold. Comparing with the deep-frozen technique,
cryopreservation of the allografts can leave 10-30% of the fibrochondrocytes viable.
Additionally, the measurement of proteoglycan concentration and water content has been
carried out in transplanted allografts preserved by cryopreservation [78]. As a result, the
water content of the cryopreserved group increased 12%-24% whereas proteoglycan

concentration decreased up to 56% when compared to native tissues. As for lyophilized
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menisci, water within the allograft is removed by lyophilization and donor cells lose their
vitality [26, 75]. More shrinkage and degeneration were detected by second-look
arthroscopy in clinical use [79] and now this technique has been abandoned.

Regarding the indications to meniscal allograft transplantation, current literatures
have not yet come to an agreement. But two most commonly used clinical indications
have been described in a review: (i) young patients (<50 years of age) with a
symptomatic, meniscus-deficient compartment in a stable joint, without malalignment
and with only minor chondral lesion (no more than grade 3 according to the International
Cartilage Research Society (ICRS) score); and (ii) patients with an ACL-deficient knee
which sustained a medial meniscectomy. In the second group of patients, meniscal
transplantation is performed together with ACL reconstruction as it grants an improved
stability compared to that obtained with ACL reconstruction alone. A third indication may
be used in clinical practice: prophylactic transplantation in the young age of patients
underwent totally meniscectomy with a desire to have sportive life style [80].

A meta-analysis, analyzing 39 all English-Language clinical trials with more than 6
months’ clinical, radiological and/or histological follow-up subjects, demonstrated that
meniscus allografts as an encouraging and long-lasting therapy for specific-selected
patients who had developed early degenerative changes after meniscectomy [81]. It is
reported about 75-90% of patients experienced fair to excellent functional results using

pain scales and functional activity questionnaires after meniscus allografts
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transplantation. Based on the finding of radiological examinations and MRI analysis, a
number of patients did not develop further cartilage degeneration though joint space
narrowing can be detected in some cases. In addition, second-look arthroscopy findings
indicate that most of the patients had good integration of the allograft to the rim of the
meniscus and tearing and shrinkage can be presented in some patients.

Allogenic meniscus transplantation is contraindicated in patients with advance
chondral degeneration according to the International Cartilage Repair Society (ICRS)
classification system. For example, if osteophyte formation or femoral condyle flattening
is presented preoperatively, the outcomes of meniscal transplantation may be
disappointed. Other contraindications are obesity, skeletal immaturity, instability of the
knee joint, synovial disease, inflammatory arthritis and previous joint infection [81].

1.4.3 Meniscectomy
Total meniscectomy was the one of the most popular orthopaedic treatment methods,
because the meniscus was considered to be functionless and the removal of a ruptured
meniscus seemed to have satisfactory results [24, 82, 83]. In a study by Perey, et al [83],
70% of 33 patients who underwent meniscectomy of medial meniscus after 30 years had
excellent working capacity and 15% had good results. But the degenerative effects of
such operations have been discovered [84]. For example, Fairbank, et al [85] examined
X-ray films in 107 patients and found three types of changes in the knee joint after

meniscectomy, including ridge formation, narrowing of the joint space, and flattening of
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the femoral condyle. It is suggested that these degenerative changes usually result from
the loss of the mechanical function of meniscus that can increase contact area and
decrease contact stress between tibia and femur [86]. These understandings promoted the
development of partial meniscectomy which is intended to save as much meniscus as
possible [84]. Compared to total meniscectomy, partial meniscectomy leads to less severe
degenerative outcomes, with 88% to 95% patients demonstrating good to excellent
outcomes [87] and the degree of arthritic changes in partial meniscectomy have a close
association with the amount of meniscus removed [88]. However, the degenerative
changes of the knee joint were still observed after the partial meniscectomy.
1.5 Cell based meniscus tissue engineering: an emerging strategy
Although positive results were reported using different treatments, meniscectomy still
represent a major treatment for meniscus injuries to date [89]. Current evidences suggest
that cell-based tissue engineering strategies in combination of growth factors and
scaffolds to regenerate meniscus-like ECM may offer a promising option for the repair or
replacement of damaged meniscus to restore normal knee function. In the following
sections, several cell sources that have been demonstrated the potential for meniscus
tissue engineering were reviewed.

1.5.1 Meniscus fibrochondrocytes
Since several different terms such as fibroblast, meniscus cells, fibrochondrocytes and

chondrocytes have been used to described cells isolated from meniscus, the following
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content in this thesis will use meniscus fibrochondrocytes (MFCs) to avoid confusion.
The ability of animal MFCs (rabbit) to proliferate and synthesis matrix in primary
monolayer culture were first revealed by Webber, ef al [90]. For human MFCs, the inner
two-thirds of human meniscus cells were shown to have a better chondrogenic phenotype
in terms of proteoglycans and type II collagen production when compared with outer one-
third in monolayer culture [44, 91].

The surgical debris of meniscus are considered a potential tissue source of MFCs for
meniscus tissue engineering [92]. The attempts to form meniscus-like ECM using human
MFCs have been reported using monolayer [44], micromass [93], pellet [11, 94], and
scaffold [92, 95] model. However, the insufficient cell number of MFCs that can be
isolated from the surgical discarded tissue is a limitation, which usually requires
monolayer expansion. Monolayer expansion of human MFCs has been shown to lose its
extracellular matrix-forming phenotype regarding production of proteoglycan and type 11
collagen [12, 44, 96].

Several studies have been reported by researchers to improve cell proliferation rates
and yield as well as meniscus-like ECM formation. Adesida, ef al [11] expanded human
MFCs with or without fibroblast growth factor 2 (FGF2) in monolayer culture. The
expanded cells in passage 2 were prepared for following three-dimensional cell aggregate
cultures under normoxia (20% O: or hypoxia (5% O2). They found that the

supplementation of FGF2 significantly increased human MFCs proliferation. The
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production of type II collagen and glycosaminoglycan were further enhanced by low
oxygen tensions using a cell pellets model. However, supplementation of TGFB1, FGF2
and PDGF-bb during human MFCs expansion did not result in meniscus-like matrix
formation using a scaffold model even though the proliferation rate was significantly
higher compared to no growth factor group [94]. Further studies were done to examine
the regenerated ability of inner and outer meniscal cells from patients with osteoarthritic
disease seeded on type I collagen scaffolds under hypoxic and normoxic condition,
respectively by Adesida, ef al [14]. Unlike the native meniscus that outer one-third of
meniscus contains larger amount of type I collagen while inner two-third produce higher
levels of type II collagen, outer meniscal cells produced higher level of type II collagen
under normoxia whereas inner meniscal cells produced elevated amount of type |
collagen [96], indicating that more investigation should be done to establish appropriate
culture conditions for meniscus tissue engineering.

When human primary MFCs were co-cultured with human passaged bone marrow-
derived mesenchymal stem cells (BMSCs), enhanced meniscus-like ECM formation was
observed using a small-scale cell pellet model [97-99]. Furthermore, the human primary
MFCs from the outer portion of meniscus were more potent to suppress the hypertrophic
differentiation of BMSCs [98]. The use of human primary MFCs and passaged MSCs in
the co-culture system may thus also have promise to solve the limited cell sources issue

for meniscus tissue engineering. Even though the optimal ratios of human MFCs and
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MSCs remains unknown, studies have identified that a relatively low ratio of
MFCs/BMSCs, specifically 1:3, to reproducibly enhance ECM formation. More
importantly, the non-expanded primary MFCs can maintain the ECM-forming phenotype
expressed in vivo as a guide to differentiate MSCs towards a MFC phenotype [100].

The in vivo performance of animal and human-derived MFCs has been tested in nude
mouse (subcutaneous [101-104] or meniscus tears [105]), rat (partially meniscectomy
[106]), rabbit (partially [107] or total meniscectomy[108, 109]). Bovine calf meniscus
derived MFCs showed the capacity to form meniscus-like ECM when seeded a 3D PGA
scaffold after subcutaneous implantation in nude mouse [101]. Further study showed that
the expanded bovine calf MFCs can be enriched with angiogenic factor and formed
vascularized meniscus-like ECM in the same subcutaneous environment [102]. However,
no meniscus-like ECM can be formed subcutaneously in the nude mouse using human
MFCs was also reported [94].

In rabbit with total meniscectomy, the implanted allogenic MFCs-seeded PGA-PLGA
after 36 weeks showed regeneration of meniscus-like tissues [108]. However, the
structure of the matrix, content of the collagen and mechanical properties were all
different from the native meniscus. The degeneration of articular cartilage was also
observed even though it was less in cell-seeded group compared to scaffold only. In large
animal model (sheep) with partially meniscectomy, enhanced vascularization, scaffold

remodeling and matrix formation was reported after implantation of autologous MFCs-
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seeded CMI constructs [110]. However, the destruction of the implanted constructs
(reduced sizes and complete loss of the constructs) and degeneration of articular cartilage
was observed. Only one study reported no signs of articular cartilage disruption after
implantation of MFCs-seeded PLDLA/PCL-T constructs in rabbit with total
meniscectomy after 24 weeks [111].

1.5.2 Mesenchymal stem cells (MSCs)
MSCs isolated from bone marrow, synovial membrane, adipose tissue and meniscus are
frequently used for meniscus tissue engineering. The minimal criteria [112] for MSCs are
defined by International Society for Cellular Therapy as 1) able to adhere to plastic, 2)
expression of certain cell surface markers and 3) able to differentiate into osteoblast,
adipocytes and chondroblast in vitro. However, one of the challenges in meniscus tissue
engineering using MSCs may be that there are no unique positive or negative markers to
identify and isolate MSCs. Even though there are minimum criteria for defining MSCs
mentioned above, these are not enough to uniquely identify MSCs nor to distinguish their
sub-populations to achieve consistent results between donors and research groups. The
reported cell surface markers are not only shared by MSCs, but also other cell types [113,
114]. The initial expression of surface markers on MSCs was reported to change during
in vitro expansion [115, 116] and may not be associated with the differential potentials of
MSCs [116]. Subpopulations of MSCs within the same tissue may express different

surface markers, demonstrating different levels of chondrogenic potential [117, 118].
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MSCs can also be isolated from non-plastic adherent methods and demonstrated
enhanced proliferation and differentiation potential than plastic adherent MSCs [119].
The MSCs isolated from the same or different tissue sources thus may contain various
subpopulations, which with unique phenotypes and whose specific stable markers need to
be identified. This may assist with isolation and characterization of their unique
differentiation potentials.

Another challenge may be how to differentiate the isolated MSCs towards a desired
chondrogenic phenotype. The in vitro chondrogenic phenotype induced by growth factors
does not necessarily correspond to demonstrated performance in vitro, as SM-MSC [120]
and BM-MSC [121]-derived cartilaginous tissue in vitro failed to maintain a stable
chondrogenic phenotype and underwent calcification, respectively when implanted in
vivo. More investigation needs to perform regarding the isolation, expansion and
differentiation of MSCs.

The following paragraphs will summarize the findings using MSCs from different
sources both in vitro and in vivo for meniscus tissue engineering.

1.5.2.1 Types of meniscus tears and defects in preclinical studies using MSCs
The surgical-induced meniscus tears include longitudinal tears in dog [122], rabbit [123-
125], pig [126]; oblique tears in pig [127] and radial tears in sheep [128]. The surgical-
induced defects include cylindrical defects made by punch in rabbit [129, 130], rat [131],

pig [132]; partially meniscectomy in goat [133], rabbit [134], rat [135], sheep [136], pig
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[137] and horse [138]; total meniscectomy in rabbit [139, 140]. The meniscus tears that
received cell transplantation were all reported to be better heal compared to cell-free
controls. On the other hand, most of the studies reported enhanced regeneration of
meniscus defects after cell transplantation. However, Mizuno, et al. reported similar
regenerated meniscus-like tissue in the cylindrical meniscus defects (1 mm in diameter)
between injection of SMSCs and PBS after 12 weeks in rat. Port, et al. reported less
regeneration of avascular medial meniscus defects (6 mm long and 1.5 mm thick) after
implantation of BMSCs (with fibrin clot and suture) compared to suture with fibrin clot
in goat [133]. In contrast, fibrin clot with bone marrow derived nucleated cells were
reported to promote regeneration of cylindrical meniscus defects (1.5 mm in diameter) in
rabbit [129]. In the rabbit with partially meniscectomy, implanted BMSCs seeded with
type I collagen promoted meniscus regeneration in the rabbit model [141]. However,
blood vessel invasion and hypertrophic differentiation of BMSCs to form bone within the
newly formed matrix was also reported in this study.

1.5.2.2 Bone marrow derived MSCs (BMSCs)
A number of studies have investigated the potential roles of BMSCs in meniscus tissue
engineering. The formation of meniscus-like ECM of BMSCs in vitro has been reported
in pellet model [97-99], hydrogels [142] and polyethylene glycol diacrylate scaffold
[143] mixed with meniscus-derived ECM, seeded onto scaffold derived from meniscus

ECM [142-145], PCL (poly(e-caprolactone)) [95, 146-150], PU (polyurethane) [151],
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CMI (collagen meniscus implant) [152]. The quantity and quality of the BMSCs-derived
ECM were reported to be modulated by several factors: growth factors [16, 17], native
meniscus derived ECM [142, 143], mechanical stimulation [147, 151, 152], low oxygen
tensions [15] and co-culture with MFCs [98, 99]. The hypertrophic differentiation of
BMSCs to form bone matrix in vivo after chondrogenic differentiation is undesired for
meniscus tissue engineering [121]. The hypertrophic differentiation of human BMSCs
was reported be suppressed when coculture of human MFCs [98] or chondrogenic culture
under low oxygen tension [15].

Compared to donor matched bovine calf MFCs, BMSCs were reported to produce
greater amount of meniscus-like ECM on a PCL scaffold, but with similar mechanical
properties [146]. The same group later showed that no differences of ECM formation
were found between donor match human MFCs and BMSCs in a pellet model. However,
human MFCs produced more ECM with better mechanical properties compared to
BMSCs using the PCL scaffold. Another study showed that the bovine MFCs produce
larger and more organized fibers similar to native meniscus compared to bovine BMSCs
[153]. For others factors like the effects of mechanical loading on meniscus ECM
formation, Baker ef al. [147] showed that dynamic tensile loading enhanced total
collagen content production and tensile properties of bovine BMSCs seeded PCL
constructs compared to non-loading group; even though no differences were observed in

proteoglycan production. However, Nerurkar, ef al. [150] showed that dynamic culture

27



significantly decreased GAG production of bovine calf BMSCs and did not improve
tensile compared to non-loading group

Animal studies have shown that the direction injection of autologous BMSCs
improved healing of meniscus injuries in dogs [122] , pig [127], horse [154]. The
injection of human BMSCs was also reported to enhanced regeneration of meniscus after
partially meniscectomy in rat [135, 155]. In meniscus tears of sheep, the beneficial effects
of injection of autologous BMSC on meniscus regeneration were case-dependent [128]
even though the macroscopic and histological scores were better in the injection group. It
should be noted that the injection of BMSCs with PBS resulted in type X collagen
deposition and calcification of the regenerated meniscus tissues in nude rats [155]

The implantation of BMSC-seeded hyaluronan/gelatin constructs that received
prechondrogenic culture for 2 weeks showed good integration with remaining native
meniscus tissue and filled the defects with meniscus-like tissue contains type II collagen
compared to cell free scaffold in a rabbit model [134]. Similar study also showed that
preculture of BMSCs on hyaluronan/gelatin scaffold promote the repair of longitudinal
meniscus tears in rabbits [123]. Another study using meniscus injury model in rats
showed that pre-culture allogenic BMSC on allogenic meniscus-derived scaffold
promoted ECM formation after 8 weeks implantation. Moreover, less degeneration of the
articular cartilage in the knee joint that received cell-seeded constructs than scaffold only

group [156]. In contrast, implantation of non-precultured BMSCs-seeded

28



hyaluronan/gelatin constructs showed better integration than precultured group (TGF-
B1/2weeks) in a meniscus punch defects in rabbits after 12 weeks [123]. The capacity for
undifferentiated BMSCs or precultured BMSCs to repair and regenerated the meniscus
seemed to be dependent on the type and location of defects. A recent report also showed
that autologous bone marrow concentrate seeded onto the Hyaff®-11 scaffold was more
beneficial to promote meniscus regeneration compared to BMSCs-seeded constructs in
the sheep model [136]. Another study showed bone marrow concentrate with suture
promoted the healing of meniscus tears in rabbit [124]

In rat and rabbit, studies have shown that the injected BMSCs [155, 157] can
mobilize to the meniscus injured sites and potentially promote meniscus healing by
generating ECM or differentiating into meniscus cells. However, free bodies of scar
tissue were observed in the knee joint after 4 weeks injection in one study [157]. The
number of injected BMSCs seemed to influence the repair of the tissue as the
mobilization of BMSCs were observed at meniscus injury sites using 1x107 instead of
1x10° cells [157]. Another study showed that injected human BMSCs adhere to defect
sites and enhanced the regeneration of rat meniscus by the upregulation of type II
collagen expression by Indian hedgehog pathway [135].

1.5.2.3 Synovial membrane-derived mesenchymal stem cells (SMSCs)
In vitro studies showed that SMSCs had higher proliferation rates, colony-forming

potential and chondrogenic differentiation capacity compared to BMSCs [158-161]. Co-
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culture of porcine [162], rat [163] and human [164] SMSCs with meniscus
fibrochondrocytes (MFCs) resulted in enhanced matrix formation, which are
demonstrated by enhanced production of glycosaminoglycan and collagen.

Animal studies showed that injection of SMSCs can also adhered to meniscus tears
or defects induced by punch and meniscectomy, which promoting meniscus healing and
regeneration by differentiating into meniscus cells in rats, rabbits, and pigs [126, 131,
159, 165]. On the other hand, a study has shown that implantation of cell aggregates of
SMSCs better promoted the meniscus regeneration compared to the injection of same
number of cells [166]. This study also showed that SMSCs can be better maintained in
the form of aggregate than suspension.

In large animal model (miniature pig), SMSCs derived scaffold-free cell/matrix
construct seemed to promote meniscus regeneration after meniscectomy and protect the
articular cartilage compared to untreated group [132]. However, no proteoglycan
deposition based on safranin-O staining can be detected in the repaired tissues. Multiple
injection of SMSCs (3 times, two weeks interval, follow-up for 16 weeks) to regenerate
dissected meniscus were also reported in pig model (Mexican hairless pig) [137]. The
regenerated matrix was safranin-O positive and contained type I/II collagen, which was
more than that in the no-cell injected group. In miniature pig with longitudinal meniscus
tears, injected SMSCs promote healing of the tissue with better tensile strength than no-

cells group [126]. The combination of SMSCs with autologous Achilles tendon grafts and
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PCL scaffold (no pre-chondrogenic culture) was also reported to promote meniscus
regeneration [167]. In an aged primate model which is more genetically close to human,
implantation of autologous SMSCs derived cell pellets improved regeneration of
meniscus and delay the degeneration of articular cartilage compared to untreated group
[168].

1.5.2.4 Adipose tissue derived MSCs (ASCs)
There are studies showing that MSCs can be isolated from adipose tissue and with a
focus on articular cartilage repair and regeneration [169]. An in vitro study showed that
the MSCs isolated from extraarticular adipose tissue did not share a similar gene
expression profile as those isolated from intraarticular tissue [170]. Mechanical
stimulation (tension strain) has been shown to promote fibrogenic differentiation
(production of type I collagen and version) of ASC (from liposuction adipose tissue)
[171]. Another MSCs population isolated from infrapatellar fat pad (IFP) was also tested
and showed promising results. Human IFPMSCs were shown to produce meniscus-like
tissue with higher mechanical properties and cell distribution than MFCs, BMSCs and
SMSCs [172]. The phenotype of the porcine IFPMSCs was shown to be modulated by
hydrogels functionalized by porcine meniscus-derived ECM [173]. Inner meniscus ECM
promoted a more chondrogenic phenotype of IFPMSCs than the outer meniscus ECM in
this study. Adesida et al. [174] showed that co-culture of human IFPMSCs with MFCs

can significantly enhanced ECM formation. When cultured under simulated microgravity,
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the enhanced production of ECM is accompanied with hypertrophic differentiation.
Human IFPMSCs-seeded hydrogel preloaded with TGFB3 also promoted healing of
bovine radial meniscus tears in an in vitro explant model [175].

ASCs promoted healing and regeneration of longitudinal meniscus tears and
meniscus defects induced by partially meniscectomy in rabbit [125, 176]. The implanted
ASCs were shown to differentiate into MFCs in the repaired tissues [125, 176]. The
application of ASCs-seeded polymeric constructs was tested in the total meniscectomy
model (rabbit). However, the quantity and quality of the regenerated tissue were inferior
to articular chondrocytes (AC) or ASCs/ACs-seeded constructs after 6 months’
implantation [177]. In large animal model horse, autologous ASCs-seed collagen
constructs promote similar regeneration of meniscus defects compared to BMSCs [138].
However, no preclinical studies have used the [IFPMSCs.

1.5.2.5 Meniscus derived MSCs (MMSCs)
Currently, the MSCs or progenitor cells isolated from meniscus has been reported and
showed promising results for meniscus tissue engineering. /n vitro studies showed human
MMSCs are multipotential and have surface markers typical of MSCs [170]. The in vitro
monolayer culture human MMSCs from passage 0 shared similar gene expression
profiles of the MSCs isolated from intraarticular tissues: synovial membrane, anterior
cruciate ligament and articular chondrocytes, not the extraarticular tissue like muscle,

bone marrow and adipose tissues. CD34 and CD146 positive MMSCs isolated from the
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vascular region of human fetal menisci showed enhanced multipotential differentiation
capacity than those isolated from the inner regions [105]. Human MMSCs had higher
clonogenicity and expressed higher mRNA levels of type II collagen than BMSC and
SMSCs [106]. Ding, et al [104] further demonstrated the superiority of MMSCs
compared to BMSCs for meniscus repair by showing that rabbit MMSCs had higher
chondrogenic capacity while BMSCs are more towards an osteogenic phenotype in vitro
and after subcutaneous implantation in the nude rat. Better healing of a rabbit meniscus
defects (1 mm in diameter) ex vivo after direct seeding of MMSCs compared to BMSCs.

An in vivo study has shown that human fetal MMSCs promote healing of meniscus
tears in nude rats by adhering to the tear sites [105]. In rabbit model with partially
meniscectomy, the injection of allogenic expanded MMSCs promote meniscus
regeneration and protected the articular cartilage and the joint spaces after 12 weeks
[107]. The same group further showed that the migration of injected human MMSCs to
promote meniscus regeneration in a rat model (partially meniscectomy) is mediated by
SDF-1/CXCR4 axis [106]. The injected human MMSCs also seemed to reduce the
degeneration of articular cartilage at 12 weeks.

1.5.2.6 Synovial fluid derived MSCs (SFMSCs)

SFMSC:s isolated from the knee joint may be another promising cell source for meniscus
tissue engineering. Studies have shown that the SFMSCs existed in the human synovial

fluid of knee joint suffered of rheumatoid arthritis (RA), osteoarthritis (OA), intraarticular
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ligament and meniscus injury [178-181], suggesting the possible responsive roles in the
injury and degeneration of knee joint. These SFMSCs were shown to be clonogenic and
multipotent with the expression of cell surface marker like BMSCs [178]. However, other
studies showed that their phenotype were more similar to SMSCs than BMSC [180, 181].
The advantage of SFMSCs was their commitment for the chondrogenic
differentiation. Bovine and equine SFMSCs exhibited more consistent chondrogenesis
[179, 182], but less osteogenic differentiation than donor-matched BMSCs [179]. Ando et
al. [183] showed that porcine SFMSCs showed similar chondrogenic differentiation
capacity to SMSCs but better than BMSCs. More importantly, SFMSCs had least
osteogenic potential compared to SMSCs and BMSCs. Lee et al. [184] showed that the
proliferation rates of porcine SF-MSC in P2 were higher than BMSCs after 14 days
monolayer culture. Similar results of higher chondrogenic but less osteogenic potential of
SFMSCs than BMSCs was reported in this study. When compared to IFPMSCs, human
donor matched SFMSCs proliferated less but with similar chondrogenic and less
osteogenic potential [185]. It should be noted that the medical condition of the knee joint
where the synovial fluid from was shown to influence the chondrogenic differentiation of
SFMSCs [186]. The human SFMSCs isolated from healthy knee joint (cadavers) can
undergo sufficient chondrogenesis without the micro-mass culture condition while
SFMSCs from OA knee joint required this step. The supplementation of growth factor

FGF2 (500 ng/mL) during the monolayer expansion of equine SFMSCs was also shown
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to promote proliferation rates [187]. However, the post-expansion chondrogenesis of
SFMSC was not enhanced in this study. On the other hand, the effect of low oxygen
tensions during chondrogenic differentiation of human SFMSCs was tested [188]. Even
though low oxygen tension (5% O2) can significantly increase the chondrogenic-related
gene expressions, the synthesis of matrix was not enhanced in a collagen scaffold model
after 28 days culture in vitro.

Only one in vivo study in rabbit with radial meniscus tears showed that the
magnesium may recruited the endogenous stem cells from the synovial fluid and promote
the meniscus healing [189].

1.6 Clinical studies using MSCs

Several studies have been performed and showed the potential application of MSCs for
the meniscus regeneration in human knee joint. MSCs isolated from bone marrow [21,
190, 191], synovial membrane [192], and adipose tissue [193, 194] were tested.

Most of the studies used intra-articular injection as a deliver method of MSCs except
one study using implanted MSCs-seeded type I collagen constructs for healing of the
meniscus tears. Injection of BMSCs was performed in 2 studies. Centeno et al. [190]
injected autologous BMSCs in 1 patient with multiple knee injuries. Decreased knee
paint, improved knee motions with increased meniscus volume under MRI was reported
after 24 weeks. However, dexamethasone was also injected after application of BMSCs

in this study. Vangsness et al. [21] injected allogenic BMSCs in 55 patients after partially
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meniscectomy within 7-10 days. Only 3 out of 35 patients showed an increased volume
greater than 15% after 2 years while no patients in the control group reached this
criterion. This study showed the significant pain reduction in patients with osteoarthritis
changes at the time of injection compared to non-injected groups. Safety of using MSCs
in the human knee joint was proved regarding the adverse effects and ectopic tissue
formation in this study. Autologous BMSCs seeded type I collagen constructs was
implanted in 5 patients with medial avascular meniscus tears by Whitehouse et al.[191].
No meniscus displacement, signal of tears decreased over time and improved knee
functional scores were reported in 3 patients after 2 years while the constructs failed in 2
patients.

Injection of autologous ASCs isolate from abdominal adipose tissues were reported
in two studies [193, 194]. Pak et al.[193] first injected a mixture of ASCs, platelet-rich
plasma (PRP), hyaluronic acid (HA) and dexamethasone in the 2 patients with knee pain
and reduced sizes of meniscus due to osteoarthritis. Then the patients received 4 more
injection of PRP, HA and dexamethasone weekly. Improvement of knee paint, motion and
significant increase of meniscus thickness under MRI were reported after 12 weeks
compared to previous multiple injection of HA and dexamethasone without the use of
ASCs. Pak et al. [194] further injected the mixture of ASCs, PRP and HA into the knee
joint of 1 patient with meniscus tears. The patient received the 4 more injections of PRP

and HA with dexamethasone used in the third injection. Improved of symptoms and
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complete absences of meniscus tears under MRI was reported.

A case report (5 patients) using the injection of autologous SMSCs onto the repaired
meniscus with complex degenerative tears showed improved clinical scores after 2 years.
The meniscus tears were not distinguishable under MRI. Human serum was used in this
study during in vitro expansion of SMSCs while other study mentioned above used
animal serum. However, no control groups without injection of SMSCs and a second
examination using arthroscopy were included in this study.

1.7 Thesis development and objectives

Due to the unique biochemical composition, conformation and vascular distribution of
meniscus, the healing capacities are limited, and current treatment methods results in
various outcomes. Meniscus tissue engineering studies have provided the possibilities to
improve the healing or regeneration process and the properties of engineered tissue
resemble native tissue. Human MFCs and SFMSCs seems to be more promising in
producing meniscus-like ECM formation without hypertrophic differentiation tendency
compared to other cell sources. However, majority of these studies are in experimental
stages and no clinical studies have been performed using these two cell types. Further
studies to optimize the formation and development of meniscus-like ECM are needed
prior to clinical translation.

In this thesis, several in vitro and in vivo experiments were performed to:

1. Chapter 2:
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a) identify the appropriate population doublings of human MFCs expanded using TGF-B1
and FGF-2 (T1F2) that can retain the functional meniscus-like ECM-forming capacity

b) investigate the effect of oxygen tensions ((normoxia 21% O, hypoxia 3% O2) matrix-
forming phenotype of T1F2-expanded MFCs during chondrogenic culture

¢) investigate the osteogenic and adipogenic differentiation potential of T1F2 expanded
MFCs under different oxygen tensions.

2. Chapter 3:

a) evaluate the capacity of human T1F2-expanded MFCs to attach, populate, and re-
differentiate upon human meniscus-derived DCM in both a non-chondrogenic and
chondrogenic environment (TGF-3)

b) evaluate the capacity or potential of human meniscus-derived DCM to induce
chondrogenesis of human MFCs without hypertrophic difterentiation in growth factor-
free conditions under hypoxia

3. Chapter 4:

a) determine the effects of transient and continuous exposure to TGF-B3 supplementation
under HYP and NRX over a long-term in vitro culture period on meniscus-like ECM
formation of human MFCs on a clinically approved and commercially available collagen
scaffold

b) assess in vivo behavior within the subcutaneous nude mouse model after 3-weeks of in

vitro pre-culture with TGF-B3 supplementation under HYP and NRX regarding
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degradation, hypertrophic differentiation, calcification, and vascularization.

4. Chapter 5:

a) investigate whether human meniscus DCM has the capacity to induce differentiation of
synovial fluid-derived mesenchymal stem cells (SFMSCs) towards an MFC phenotype.
b) investigate the potential roles of transforming growth factor beta-3 (TGF-B3) and
insulin-like growth factor 1 (IGF-1) in the differentiation of SFMSCs towards an MFC
phenotype

5. Chapter 6:

a) investigate the effects of HYP (2% O>) relative to normoxia (NRX, ~20% O2) during
pre-culture of hSF-MSCs in porous collagen scaffolds on IM-ECM formation and
accumulation of angiogenic factors VEGF and SDF-1

b) investigate the in vivo stability in terms of ECM maintenance and calcification as well
as the vascularization tendencies of SFMSC-based IM-ECM in the subcutaneous nude

mouse model after HYP and NRX pre-culture
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2.1 Introduction

Musculoskeletal diseases including osteoarthritis (OA) comprise an increasing proportion
of the global burden of disease; in 2015, they were estimated to account for 6.7% of the
global disability-adjusted life years, making them the fourth greatest burden on the health
of the world’s population (third in developed countries) [195]. It is estimated that the
cumulative economic burden of OA in Canada from 2010 to 2015 was $195 billion and
annual costs are expected to rise in the future [8].

Symptomatic OA of the knee affects over 10% of adults over the age of 60 [196].
Injury to the knee menisci is a significant risk factor in the development of knee OA
[197]. The knee menisci are load-bearing fibrocartilages positioned between the articular
surfaces of the femoral condyle and tibial plateau. The menisci are integral to joint
homeostasis by decreasing contact stresses [198], increasing stability [199] and aiding
joint lubrication [200]. These complex functions are facilitated by the extracellular matrix
(ECM), which is produced and maintained by a heterogenous population of cells in the
menisci, the predominance of which are referred to as meniscus fibrochondrocytes
(MFCs) [201]. This family of ECM molecules include an abundance of type I collagen
throughout the meniscus, with substantial amounts of type II collagen and aggrecan in the
avascular region [202-204]. The inner two-thirds of meniscus are colloquially termed the
“white zone” because that area is avascular, receiving nutrients mainly by diffusion [6, 7].

The avascular nature of this region combined with the severe loading within the knee

42



joint inhibits its ability to repair. Current treatments for damaged avascular menisci have
poor long-term outcomes with limited reduction in the incidence of OA progression[205].
Due to the unsatisfactory outcomes of current treatments, cell-based tissue
engineering (TE) strategies have been an area of interest for meniscus repair or
replacement [206]. Meniscus TE aims to recreate meniscus-like tissue to replace
damaged tissues after injury and restore normal function. Cell source is an important
consideration for meniscus TE. The cell sources may include MFCs, articular
chondrocytes, and precursor cells such as mesenchymal stem cells (MSCs). Previous
research predominantly focused on articular chondrocytes [94, 207] and MSCs derived
from bone marrow [208], synovium [209], and adipose tissue [210]. However, current
work focuses on MFCs as a preferred cell source for two main reasons. First, they are
derived from native meniscus tissue and are conditioned to synthesize the functional
ECM of meniscus [201]. Second, when compared to the most commonly-used bone
marrow-derived MSCs, MFCs were reported to have better fibrochondrogenic
differentiation potential [104, 106] and form thicker collagen fibres and orientations
resembling native meniscus [153]. MFCs were also demonstrated to have less tendency
to form bone precursors through hypertrophic differentiation in vitro [106] and calcity in
vivo [121]. However, acquiring sufficient numbers of MFCs from surgically removed
tissues to develop a TE meniscus replacement remains a major challenge. MFCs reside in

a dense ECM in situ and account for only about 0.1-0.12% of the wet weight of normal
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meniscus [211]. Limited cell numbers are available to be isolated from meniscus tissue
after partial meniscectomy, necessitating in vitro monolayer cell expansion [12].
However, MFCs were found to dedifferentiate and lose their matrix-forming phenotype
after serial cell passaging [12, 96, 212, 213]. Increased population doublings (PD) of
MFCs resulted in significant downregulation of mRNA expression levels of type 11
collagen and aggrecan, with an increased gene expression of type I collagen [96, 212].
Expanded MFCs were also shown to display trilineage differentiation plasticity [104].

The combination of transforming growth factor f1 (TGFB1) and fibroblast growth
factor-2 (FGF-2) for cell expansion has been shown to promote proliferation rates of
periosteal cells [214] and human articular chondrocytes [215, 216]. Furthermore, after
expansion in TGFB1 and FGF-2 both periosteal cells and articular chondrocytes
demonstrated enhanced chondrogenic differentiation and restoration of the matrix-
forming capacity, respectively. Moreover, oxygen tension was shown to improve matrix-
forming phenotype of expanded MFCs especially after expansion with FGF-2 [14]. Our
previous work [11] has shown that the hypoxia (5% O:) could also be beneficial for MFC
proliferation and upregulation of the expression of collagen II and aggrecan in expanded
MFCs with the use of FGF-2. However, little is known about the effect of combined
TGFP1 and FGF-2 (T1F2) on MFC proliferation and subsequent redifferentiation
capacity under different oxygen tensions.

To this end, our objectives were to characterize the maximal population doublings
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(PD) for T1F2-expanded MFCs while retaining their functional matrix-forming capacity.
The effect of oxygen tension (normoxia 21% O, hypoxia 3% O) on chondrogenic
differentiation and matrix-forming phenotype of T1F2-expanded MFCs was also tested.
We also characterized the adipogenic and osteogenic differentiation potential of these
T1F2-expanded MFCs.

2.2 Methods

2.2.1 Ethics statement
Experimental methods and tissue collection were with the approval of and in accordance
the University of Alberta’s Health Research Ethics Board- Biomedical Panel (Study ID:
Pro00018778). Ethics Board waived the need for written informed consent of patients, as
specimens used in the study were intended for discard in the normal course of the surgical
procedure. Extensive precautions were taken to preserve the privacy of the participants
donating specimens.

2.2.2 Isolation and expansion of human meniscus fibrochondrocytes (MFCs)
Fresh meniscus specimens were obtained from six male patients undergoing partial
meniscectomy for acute traumatic injuries (ages 20-37, mean age 28 + 6 years). Wet
weights of meniscus tissue were recorded before collagenase mediated digestion for MFC
isolation. MFCs were released via treatment with trypsin-EDTA (0.05% w/v; Corning,
Mediatech Inc. VA, USA) at 37°C for 1 hour followed by 22 hours at 37°C in type 11

collagenase (0.15% w/v; 300 U/mg solid; Worthington, NJ, USA) in a high glucose
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Dulbecco’s modified Eagle’s medium (DMEM; 4.5 mg/mL D-Glucose) supplemented
with 5% v/v fetal bovine serum (FBS) (all from Sigma-Aldrich Co., MO, USA). The cell
suspension obtained after digestion was passed through a 100 um nylon-mesh filter
(Falcon, BD Bioscience, NJ, USA). Isolated cells were plated at 10* cells/cm? and
cultured in a standard medium: high glucose DMEM supplemented with 10% FBS
(Sigma-Aldrich), 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, and
10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma-Aldrich)
(all others from Life Technologies, ON, Canada) for 48 hours under normal oxygen
tension (~21% O2; 5% CO2/95% air) at 37°C in a humidified incubator. After 48 hours
(passage 0), non-adherent cells were aspirate and adherent primary cells were detached
with trypsin-EDTA (0.05% w/v). Thereafter the number of viable MFCs were counted
using a haemacytometer after trypan blue staining. MFCs were plated at 10* cells/cm?
and cultured in the standard medium described above supplemented with FGF-2 (5
ng/mL; Neuromics, MN, USA, Catalog#: PR80001) and TGFB1 (1 ng/mL; ProSpec, NJ,
USA, Catalog#: cyt-716) under normal oxygen tension (21% O) at 37°C in a humidified
incubator, as previously described [11, 14]. When cells were 80-85% confluent, first-
passage (P1) cells were detached with trypsin-EDTA and culture was continued at 10*
cells/cm? to produce second passage (P2), third passage (P3) and fourth passage (P4)
cells. MFCs at the end of each passage were counted and population doublings during

exponential growth phase were calculated as log2(N/No), where Ny is the number of cells
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plated at the beginning of a passage and N is the number of cells counted at the end of a
passage [217].

2.2.3 Mitotic effects on MFC chondrogenic differentiation potential
Chondrogenic differentiation was performed by using a three-dimensional cell pellet
culture model. At the end of each passage, 5x10° of MFCs were centrifuged at 1500 rpm
for 5 minutes to make pellets in 1.5 mL sterile conical microtubes with removable screw-
type lids (Bio Basic Inc, Ontario, Canada). For each condition (i.e. for each passage,
oxygen tension, and donor) six identical pellets were set up to provide two technical
replicates for biochemical, histological and gene expression analysis. The pellets were
then cultured in 0.5 mL of serum-free chondrogenic medium consisting of high glucose
DMEM (Sigma-Aldrich) containing 100 units/mL penicillin, 100 pg/mL streptomycin, 2
mM L-glutamine, 10 mM HEPES (Sigma-Aldrich) (all others from Life Technologies),
ITS+1 premix (Corning, Discovery Labware, Inc., MA, USA), 10 ng/mL transforming
growth factor B3 (TGFB3; ProSpec, NJ, USA, Catalog#: cyt-113), 100 nM
dexamethasone, 365 pg/mL ascorbic acid 2-phosphate, 125 pg/mL human serum albumin
and 40 pg/mL L-proline (all from Sigma-Aldrich) under normal oxygen (NRX; 21% O3)
or low oxygen tension (HYP; 3%) at 37°C in a humidified incubator with 5% CO; for 21
days, as previously described [13, 15]. Conical microtube lids were loosened to allow gas
exchange during culture. At the same time, 5x10° cells were suspended in 1 mL of Trizol

(Life Technologies) as a control for monolayer culture gene expression. Medium changes
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were performed twice per week in a normoxic environment and the pellets cultured in
hypoxic conditions thus had a brief exposure to normoxic conditions (<5 minutes per
media change). At the end of each culture stage, the wet weights of cell pellets were
recorded and the pellets were assessed biochemically for glycosaminoglycan (GAG) and
DNA content, histologically and immunofluorescence for cartilage-specific matrix
proteins and by real time quantitative reverse transcription polymerase chain reaction
(qRT-PCR) for gene expression analysis.

2.2.4 Mitotic effects on MFC adipogenic differentiation potential
At the end of P1, P2, and P3, adipogenesis was performed by plating 5x10° MFCs/cm?
from 4 donors in a six-well plate (Falcon, BD, NJ, USA) as previously described, [13]
with three technical replicates for the induction group for each condition. Initially, MFCs
were cultured in 3 mL of the standard medium supplemented with FGF-2 (5 ng/mL) and
TGFB1 (1 ng/mL) until confluent in each well under NRX. Adipogenesis was then
induced in hypoxic or normoxic conditions for three days by adding 3 mL of the standard
medium supplemented with 1 uM dexamethasone, 0.5 mL ITS+1, 100 uM indomethacin,
and 500 puM isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich) and then by culturing the
cells in 3 mL of the standard medium supplemented with 0.5 mL ITS+1 for one day. This
induction-culture cycle was repeated four times. Then, cells were cultured in 3 mL of the
standard medium supplemented with 0.5 mL of ITS+1 only for another 7 days. At the end

of 23 days’ culture, the culture medium was removed and cells were collected by adding
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1 mL of Trizol per well followed by total RNA extraction for gene expression by qRT-
PCR analysis or fixed with 2 mL of 10% w/v buffered formalin (Anachemia Canada Co,
QC, Canada) for 3 minutes, then stained with 3 mL of 0.3% w/v Oil Red O (Sigma-
Aldrich) per well for 1 hour at room temperature. After Oil Red O was removed and the
cells were washed with distilled water three times, the staining was examined
immediately by taking pictures using an Eclipse Ti-S microscope (Nikon Canada, ON,
Canada).

2.2.5 Mitotic effects on MFC osteogenic differentiation potential
At the end of P1, P2, and P3, osteogenesis was performed by plating 5x10° MFCs/cm?
from 4 donors in a six-well plate (Falcon, BD, NJ, USA) as previously described, [13]
with three technical replicates for the induction group for each condition. Briefly, MFCs
were cultured in 3 mL of osteogenic medium consisting of the standard medium
supplemented with 100 uM ascorbic acid 2-phosphate, 10 nM dexamethasone, and 10
mM beta (B)-glycerophosphate (all from Sigma-Aldrich) for 21 days with medium
changed twice per week. After 21 days’ culture, culture medium was removed and cells
were collected by adding 1 mL of Trizol per well, followed by total RNA extraction for
gene expression by qRT-PCR analysis or fixed with 2 mL of 10% w/v buffered formalin
for 10 minutes and stained with 1 mL of 1% w/v Alizarin Red S (Sigma Aldrich) (pH =
4.2) for 30 minutes at room temperature followed by washing with distilled water for 1

hour on an orbital shaker. The staining was examined immediately by taking pictures
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using an Eclipse Ti-S microscope or preserved in 70% v/v glycerol (Fisher Scientific,
NH, USA) at 4°C.

2.2.6 Histology for MFC chondrogenesis
After 21 days of chondrogenic culture, pellets were removed from medium, fixed
overnight in 10% v/v neutral buffered formalin at 4°C, dehydrated by serially-dipping
into ethanol baths of increasing concentration and embedded in paraffin wax. 5 pm thick
sections were cut and stained with 0.01% (w/v) Safranin-O and counterstained with
0.02% (w/v) fast green (Sigma-Aldrich) to reveal proteoglycan matrix deposition as
described previously[14].

2.2.7 Biochemical analysis for MFC chondrogenesis
After 21 days of chondrogenic culture, pellets were rinsed in 500 pL of phosphate
buffered saline (Sigma-Aldrich) to remove residual medium and were then digested in
250 uL 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) overnight at 57°C.
The GAG content was measured spectrophotometrically after 1,9-dimethylmethylene
blue binding using chondroitin sulfate as standard (Sigma-Aldrich) [218]. The DNA
content was determined using the CyQuant cell proliferation assay Kit (Invitrogen, ON,
Canada) with supplied bacteriophage A DNA as standard.

2.2.8 Immunofluorescence for MFC chondrogenesis

5 um thick paraffin-embedded pellets were deparaffinized, rehydrated, and then treated
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with protease XXV (AP-9006-005, Thermo Scientific) and hyaluronidase (H6254,
Sigma-Aldrich). Sections were then incubated with primary antibody: rabbit anti-collagen
I (CL50111AP-1, Cedarlane, ON, Canada),mouse anti-collagen II (II-116B3,
Developmental Studies Hybridoma Bank, IA, USA) using a 1:200 dilution and rabbit
anti-collagen X (58632, Abcam, UK) using 1:100 dilution at 4°C overnight, followed by
incubation with a goat anti-rabbit [gG (H&L Alexa Fluor 594, Abcam, UK) with a 1:200
dilution for collagen I, X and goat anti-mouse IgG (H&L Alexa Fluor 488, Abcam) with a
1:200 dilution for collagen II. Sections were then stained with DAPI (4°, 6-diamidino-2-
phenylindole, Cedarlane) and mounted with Glycerol and PBS (1:1 ratio).
Immunofluorescence was visualized by an Eclipse Ti-S microscope (Nikon Canada,
Mississauga, Canada).

2.2.9 Gene expression analysis of MFC trilineage differentiation
Total RNA was extracted from cell suspensions for adipogenesis, osteogenesis, and
monolayer controls as well as cell pellets after grinding with Molecular Grinding Resin
(G-Biosciences, MO, USA) for chondrogenesis using Trizol (Life Technologies). To
reduce changes of gene expression levels, cell suspensions and pellets were transferred
into Trizol immediately when harvesting. Total RNA (100 ng) in a 40 uL reaction was
reverse transcribed to cDNA by GoScript reverse transcriptase using 1 pg of oligo(Dt)
primers (all from Promega Corporation, WI, USA). Reverse-transcription quantitative

polymerase chain reaction was performed in a DNA Engine Opticon I Continuous
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Fluorescence Detection System (Bio-RAD, CA, USA) using hot start Taq and SYBR
Green detection (Eurogentec North America Inc, San Diego, CA, USA). Primers
sequences were obtained from previously published work and purchased from Invitrogen
(Table 2-1). mRNA expression levels for each primer set were normalized to the

expression level of B-actin using the 2"t method [219].
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Table 2-1: Primer sequences used in quantitative polymerase chain reaction analysis

Genes Forward Reverse GenBank
accession
B-actin (ACTB) AAGCCACCCCAC | AATGCTATCACCTCC | NM 00110
TTCTCTCTAA CCTGTGT 1.4
Aggrecan (ACAN) AGGGCGAGTGGA | GGTGGCTGTGCCCTT M55172
ATGATGTT TTTAC
Collagen I (COL142) TTGCCCAAAGTTG | AGCTTCTGTGGAACC | NM 00008
TCCTCTTCT ATG GAA 9
Collagen II (COL241) CTGCAAAATAAA | GGGCATTTGACTCAC | NM 03315
ATCTCGGTGTT CT | ACCAGT 0
Collagen X (COL10AI) GAAGTTATAATTT | GAGGCACAGCTTAA X60382
ACACTGAGGGTTT AAGTTTTAAACA
CAAA
SRY-Box 9 (SOX9) GACTTCCGCGAC | GTTGGGCGGCAGGT 746629
GTGGAC ACTG
Lipoprotein Lipase (LPL) TGTGGATGTGTAA | CACATACAGTTAGCA | NM 00023
ATGGAGCTTGT CCACACATTTATAA 7
Alkaline phosphatase (ALPL) CCTGGCAGGGCT | AAACAGGAGAGTCG | NM 00047
CACACT CTTCAGAGA 8
Peroxisome proliferative AAGCTGCTCCAG | CGTCTTCTTGATCAC | NM 13871
activated receptor, gamma AAAATGACAGA CTGCAGTA 2
(PPARy)
Osteocalcin (OCN) AATCCGGACTGTG | CCTAGACCGGGCCGT | NM 19917
ACGAGTTG AGAAG 3
Runt related transcription factor | GGAGTGGACGAG | AGCTTCTGTCTGTGC | NM_00102
2 (RUNX2/CBFAI) GCAAGAGTTT CTTCTGG 4630

2.2.10 Statistical analysis

Data are presented as mean + standard deviation. Statistical analyses were performed by

SPSS version 23 (IBM, NY, USA) and Excel 2016 (Microsoft, WA, USA). Normality of

data was assessed with Shapiro Wilk test. Levene’s test was used to assess the equality of

variance for variables before multiple comparisons. For cases with equal variances,

different passage groups were compared using one-way analysis of variance (ANOVA)
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with Tukey’s multiple comparison post hoc tests within the same oxygen tension;
otherwise a Kruskal-Wallis one-way ANOVA with pairwise comparisons was applied.
For comparison between two oxygen tensions within the same passage, a Student’s #-test
was used. Significance was considered when p<0.05. Pearson’s correlation coefficient
was determined to assess linear correlation between two variables.
2.3 Result

2.3.1 Cell yield and expansion
Meniscus tissues were obtained from 6 male donors (age: 20-37 years) undergoing partial
meniscectomy for acute traumatic injury. Mean wet weight (£ SD) of the meniscus tissue
pre-digestion was 2.70 + 0.87 g and mean viable cell yield (+ SD) after 48 hours of post
collagenase isolation culture was 3.14 + 1.46 million cells/g of wet meniscus tissue.
Isolated MFCs were cultured in monolayer with T1F2 under normal oxygen tension (21%
02). The cell morphologies were elongated fibroblast-like and small round-shaped
chondrocyte-like during these 48 hours. After one week of monolayer culture with T1F2,
the morphology of the cells became universally elongated and spindle-like. Mean
population doublings (PD) per day (= SD) was 0.49 = 0.07 at P1, 0.42 + 0.04 at P2, 0.49
+ 0.06 at P3, decreasing to 0.32 + 0.04 at P4. While P1-P3 were not significantly different
from each other, P4 was significantly lower than each of the previous three passages (P1-
P3 vs. P4 all p<0.05) (Fig.2-1A). The mean cumulative PD in monolayer culture (= SD)

increased from 2.91 £ 0.41 at P1, 6.30 £ 0.57 at P2, 9.76 = 0.96 at P3, and 12.89 + 0.81 at
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P4 (Fig.2-1B).

2.3.2 Wet weights
At the end of each passage, 5x10° MFCs were centrifuged into pellets for culture in a
defined serum-free chondrogenic media containing TGFB3. After 21 days of culture in
normoxia (NRX, 21% O) and hypoxia (HYP, 3% O.), wet weights of pellets were
recorded as an indicator of ECM production (Fig.2-1C). HYP resulted in increased wet
weights when compared to NRX within each passage. While this difference was not
significant in P1 (p=0.145), it increased and became significant in P2 (p=0.009), P3
(p=0.006) and P4 (p=0.037). The effect of passaging on wet weight was variable. A
significant decrease was observed between P1 and P3 or P2 and P3 in both NRX and
HYP (p<0.05). However, this difference was not significant between P1 and P4 or P2 and
P4 for both conditions (p>0.05). There was a moderate-to-weak, but significant negative
correlation (HYP: R? = 0.34, adjusted p<0.05, NRX: R? = 0.26, adjusted p<0.05) between
wet weight and donor age when all passages were grouped. Interestingly, the correlation
between age and wet weight when each passage was analyzed separately was stronger but
not significant as passage increased for both HYP and NRX (i.e. HYP, P1: R? = 0.20, P2:

R?=0.35, P3: R>=0.56, P4: R*> = 0.69).
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Figure 2-1: Isolation/expansion of meniscus fibrochondrocytes (MFCs) with TGFB1 and

Wet weights (mg)

N L

FGF-2 (T1F2) for four passages under normoxia (NRX). (A) Population doublings per
day (n=6). Statistical analysis is presented as follows: ® significance between P1-P3 and
P4 in NRX (p<0.05). P: passage; (B) Cumulative population doublings at each passage
during expansion of MFCs (n=6). (C) Wet weights of pellets derived from T1F2-
expanded MFCs of four passages after 21 days chondrogenic stimulation under normoxia
or hypoxia (HYP) (n=6). Statistical analysis is presented as: ¥significance between P1/P2
and P3 in NRX, € significance between P1/P2 and P3 in HYP, " significance between
NRX and HYP within the same passage (p<0.05). Data all presented as mean =+ standard

deviation.
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2.3.3 Biochemical analysis
Biochemical analysis was performed to assess the glycosaminoglycan (GAG) and DNA
contents in pellets after 21 days of culture in chondrogenic medium under NRX and HYP.
GAG content was dramatically higher in P1 relative to subsequent passages in both
oxygen tensions (Fig.2-2A). It decreased significantly between P1 and P2-P4; with GAG
content at P1 approximately double that of P2 (»=0.004 NRX, p=0.013 HYP) and highly
significant when compared to P3 and P4 (all p<0.001). A significant decrease was also
observed between P2 and P4 in HYP only (p=0.04). No other significant differences were
observed in GAG content between passages. When GAG content was normalized to
cellular DNA content (GAG/DNA), it followed the same trend (Fig.2-2C). GAG/DNA
decreased significantly between P1 and P2-P4 in both oxygen tensions; P1 was almost
double when compared to P2 (p<0.001 NRX, p=0.0001 HYP), P3 (p=0.001 NRX,
»<0.001 HYP) and P4 (NRX/HYP, all p<0.001). There were no significant differences in
GAG/DNA between P2-P4 under both oxygen tensions. Although there was a significant
difference in DNA content in P2 compared to P4 in HYP, no other significant differences
were found in DNA content within passages between oxygen tensions or between
passages (Fig.2-2B). No significant differences were found in GAG content or

GAG/DNA between oxygen tensions within the same passage (Fig.2-2A, C).
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Figure 2-2: Biochemical analysis of pellets derived from T1F2-expanded MFCs of four
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passages after 21 days chondrogenic stimulation under NRX or HYP (n=6). (A) GAG
content, (B) DNA content and (C) GAG/DNA in pellets. Statistical analysis is presented
as follows: ¥significance between P1 and P2-P4 in NRX, ¢ significance between P1 and
P2-P4 in HYP, 7 significance between P2 and P4 in HYP (p<0.05). Data all presented as
mean =+ standard deviation.

2.3.4 Safranin-O staining
After 21 days of culture in chondrogenic media, pellets from 4 passages were embedded,
cut and stained with Safranin-O for proteoglycan deposition (pink/red staining). One

representative donor (male, age 20) is presented in figures below. In both oxygen
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tensions, Safranin-O positive proteoglycan (pink staining) was most intense in P1,
sharply decreasing in P2, and gradually decreasing to faint staining in P4. Chondrocyte-
like (i.e. rounded) cells were in the lacunae-like structures in P1, but became
progressively interspersed with fibroblast-like (i.e. elongated) cells from P2-P4 with loss
of lacunae (Fig.2-3).

Within P1 and P2, no qualitative differences were observed between oxygen tensions
(Fig.2-3A, B vs E, F). However, it appears HYP resulted in qualitatively more Safranin-O
staining in P3 and P4 (Fig.2-3G, H vs C, D). More chondrocyte-like cells in P3 were
observed in HYP compared to NRX. Additionally, although pellets were cut to
approximately the same depths, pellet diameter was qualitatively larger in HYP compared
to NRX within the same passage, which is consistent with the differences in wet weights
between oxygen tensions (Fig.2-1C). Although proteoglycan production in HYP appeared
to be retained in P3-P4 as compared to NRX qualitatively (pink staining under Safranin-
0), quantitative analysis did not show significant differences to support this observation

(Total GAG and GAG/DNA; Fig.2-2A, C).
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Figure 2-3: Safranin-O staining analysis for proteoglycan deposition in pellets derived
from T1F2-expanded MFCs of four passages after 21 days chondrogenic stimulation
under NRX or HYP from one representative donor (male, 20 years old). (A-D) Pellets
cultured under NRX, (E-H) Pellets cultured under HYP. The top panel of numbers
indicate population doublings of each passage. Scale bar: 200 pm

2.3.5 Immunofluorescence
Indirect immunofluorescence was performed to detect cells (DAPI), extracellular matrix
components using primary antibodies to collagen I and collagen II (Fig.2-4) and the
hypertrophic chondrogenic differentiation marker, collagen X (Fig.2-5).
Chondrogenically differentiated pellets (2.5%10°) of human bone marrow derived-
mesenchymal stem cells (hBM-MSCs) under NRX served as a positive control for
collagen X. Qualitatively, MFCs visualized via DAPI were evenly distributed throughout
the pellets across all passages under both oxygen tensions. Collagen I was

homogeneously distributed across passages. In contrast, collagen II immunofluorescence
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was most intense in P1 and then decreased in P2 in both oxygen tensions. Type II
collagen immunofluorescence was only positive in HYP at P3 with ~ 10PDs but negative
at P4 with ~ 13PDs with negligible presence in P3-P4 in both oxygen tensions. Collagen
IT immunofluorescence results corresponded well with Safranin-O staining for
proteoglycan content. Negligible deposition of collagen X was observed by
immunofluorescence in pellets derived from T1F2-expanded MFCs when compared to
the pellets derived from hBM-MSCs (Fig.2-5). Only punctate pericellular fluorescence
was observed in MFC pellets compared to the diffuse fibrillar signal from the positive

control hBM-MSC pellets.
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Figure 2-4: Immunofluorescence analysis of collagen I and collagen II in pellets derived
from T1F2-expanded MFCs of four passages after 21 days chondrogenic stimulation
under NRX or HYP from one representative donor (male, 20 years old). Blue (DAPI):
cells, Red (Texas Red): collagen I, Green (FITC): collagen II. (A) Pellets cultured under

NRX, (B) Pellets cultured under HYP from four passages. Scale bar: 100 um
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Figure 2-5: Immunofluorescence analysis of hypertrophic marker collagen X in pellets

derived from T1F2-expanded MFCs of four passages after 21 days chondrogenic
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stimulation under NRX or HYP from one representative donor (male, 20 years old). Blue
(DAPI): cells, Red (Texas Red): collagen X. (A) Pellets cultured under NRX, (B) Pellets
cultured under HYP from four passages. Positive control: pellets from human bone
marrow-derived mesenchymal stem cells cultured with the same chondrogenic medium
under normoxic condition. Scale bar: 100 pm.
2.3.6 Gene expression analysis
2.3.6.1 Chondrogenesis

To further characterize the ECM generated in pellets, gene expression was assessed by
qRT-PCR after 21 days of chondrogenic culture under NRX or HYP. Additionally, similar
gene expression analysis was conducted for monolayer cultured MFCs prior to
centrifugation into pellets. The mean relative gene expression levels of aggrecan (4CAN),
collagen I (COLI1A2), collagen Il (COL2A1), collagen X (COL10AI) and SOX9 is
presented in Fig.2-6. In monolayer cultured MFCs with T1F2 (Fig.2-6A), the overall
trend for ACAN and COL1A2 tended to decrease after P2 and COL2A41 seemed to
decrease from P1. The increased PD had no significant effects on gene expression levels
of ACAN, COLIA2, COL2A1 and SOXY. The relative gene expression level of COLI10A1
had a significant decrease in monolayer cultured MFCs from P1 to P3 (p=0.009) and P1
to P4 (p=0.014) although the relative levels were low.

In pellets (Fig.2-6B), the relative gene expression level of COL1A42 was not affected

by increased PD or different oxygen tensions, which remained stable with no significant
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changes. Although relative gene expression levels of ACAN, COL2A1 and COL10A1 in
pellets tended to decrease over passages, this change was not significant from P1-P2 in
either oxygen tension. ACAN decreased significantly after serial passaging in HYP (P1 to
P3 p=0.008, P1 to P4 p=0.02; P2 to P3 p=0.046) while no significant changes were
observed in NRX. COL2A41 decreased significantly in pellets after serial passaging in
both oxygen tensions (P1 to P3 and P1 to P4; P2 to P3 and P2 to P4, all p<0.05). Gene
expression levels of SOXY followed the same decreasing trend as COL2A1, but no
significant difference was found between different passages. Gene expression levels of
the hypertrophic marker COL10A1 in pellets decreased significantly after serial passaging
in both oxygen tensions (P1 to P4, p=0.048 NRX/p=0.001 HYP) with low relative
expression levels.

Within the same passage, HYP tended to stimulate higher relative gene expression
levels of ACAN, COLIA2, COL2A1 and SOXY in pellets when compared to NRX (Fig.2-
6B). However, this trend was not significantly different in relative gene expression level
of COL1A2. The relative gene expression level of ACAN was significantly higher in HYP
than NRX of P2 (3.31-fold, p=0.018) and P4 (3.07-fold, p=0.01) while HYP stimulated a
higher relative gene expression level of COL2A41 in P1 (4.03-fold, approaching
significance: p=0.07), P2 (6.17-fold, p=0.029) and P4 (8.91 fold: p=0.085). The only
significantly higher relative gene expression level for SOX9 was found in P2 in HYP

compared to NRX (2.60 fold, p=0.014). In contrast, NRX tended to upregulate the
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relative gene expression level of COLI10A1 compared to HYP except for P2. It was 1.68-

fold higher in P3 (approaching significance: p=0.067) and 3.68-fold in P4 (p=0.032) in

NRX compared to HYP.
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Figure 2-6: (A) Real-time PCR analysis of cDNA of T1F2-expanded MFCs in

mRNA expression/p-actin

monolayer culture at the end of each passage prior to pellet culture (n=4). € significance
between P1 and P3/P4 (p<0.05), (B) Real-time PCR analysis of cDNA of pellets derived

from T1F2-expanded MFCs of four passages after chondrogenic stimulation for 21 days
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under NRX and HYP (n=4). € significance between P1 and P3/P4 in HYP, w significance
between P2 and P3, A significance between P1 and P3/P4 in NRX, § significance
between P2 and P3/P4 in both oxygen tensions, J] significance between P1 and P4 in both
oxygen tensions, * significance between oxygen tensions within the same passage
(p<0.05). Data all presented as mean =+ standard deviation.

2.3.6.2 Adipogenic and osteogenic differentiation (gene expression and

histological) analysis
To further characterize the adipogenic and osteogenic capacity of T1F2-expanded MFC,
the fold changes of relative gene expression levels in adipogenic and osteogenic groups
were compared against control groups (without adipogenic and osteogenic induction
media) within the same oxygen tension and passage, e.g. P1 (NRX) induction vs P1
(NRX) control (Fig.2-7A). For adipogenic differentiation, the relative gene expression
levels of lipoprotein lipase (LPL) and peroxisome proliferator-activated receptor gamma
(PPARy) were upregulated compared to control cells without induction (i.e. fold change >
1) (Fig.2-7A). Within passages, the relative gene expression levels tended to be higher in
MFCs cultured under HYP for LPL and PPARYy, corresponding with histological findings
(not shown). In P2, the fold changes of gene expression levels of LPL were significantly
higher in HYP compared to NRX (p=0.035), while the fold changes of relative gene
expression levels of PPARy were significantly higher in P2 (p=0.047) under HYP and P3

(»=0.0026) under NRX. The fold change of relative gene expression levels appeared to
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be highest in T1F2-expanded MFCs from P1 in both oxygen tensions which is consistent
with the Oil Red O staining. No significant difference was found in fold change of
relative gene expression levels of LPL between passages while in PPARy, it was
significantly higher in P1 compared to P2 (NRX, p=0.003) and P1 compared to P3 (HYP,
p=0.002).

For osteogenic differentiation, the relative gene expression levels of the osteogenic
markers, runt-related transcription factor 2 (RUNX2) and osteocalcin (OCN) were not
upregulated compared to control cells without induction (i.e. fold change < 1). However,
the relative gene expression levels of alkaline phosphatase (4LPL) were upregulated for
all passages and oxygen conditions compared to control cells (i.e. fold change > 1).
Significant differences were only found between NRX and HYP in P3 (p < 0.05) for
ALPL. These gene expression results are consistent with the histological findings that
showed no positive staining of Alizarin Red S in osteogenically induced T1F2-expanded
MFCs.

T1F2-expanded MFCs from P1, P2 and P3 underwent adipogenic and osteogenic
culture for 23 days and 21 days, respectively under HYP and NRX. The same
representative donor as above (male, age 20) is presented in Figure 2-7B. Oil Red O and
Alizarin Red S staining were performed to assess the formation of lipid droplets and bone
matrix. All 3 passages stained positively with Oil Red O indicating adipogenic induction

(Fig.2-7B). In both oxygen tensions, the number of lipid droplets seemed to be highest in
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P1.In P1, HYP induced more lipid droplet formation than NRX, and this trend continued
in P2-P3. While lipid droplets sharply decreased after P1 in NRX, HYP retained some
adipogenic differentiation capacity of T1F2-expanded MFCs. In contrast to chondrogenic
and adipogenic differentiation, no Alizarin Red S staining was observed in all three

passages (Fig.2-7B).
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Figure 2-7: (A) Real-time PCR analysis of cDNA of T1F2-expanded MFCs of three
passages with or without adipogenic and osteogenic induction under NRX and HYP
(n=4) and the fold changes of relative mRNA expression levels of adipogenic/osteogenic
markers. Fold changes were calculated as ratio of NRX (induction)/NRX (control), HYP
(induction)/HYP (control) within the same passage. ~ significance between NRX and
HYP within the same passage, ® significance between P1 and P2 in NRX, €significance
between P1 and P3 in HYP, (»<0.05). All mRNA expression levels were relative to -
actin. Data all presented as mean + standard deviation. (B) Oil Red O/Alizarin Red S
staining analysis for lipid droplet and bone matrix deposition in T1F2-expanded MFCs
from 3 passages after adipogenic and osteogenic stimulation under NRX and HYP from
one representative donor (male, 20 years old). The top panel of numbers indicate
population doublings of each passage. Scale bar: 200 pm

2.4 Discussion

In cell-based meniscus tissue engineering strategies, a major challenge is the low cell
yield from typical partial meniscectomy biopsies. When expanded during monolayer
culture to increase cell numbers, the matrix-forming capacity of MFCs has been shown to
decrease significantly from primary MFCs [212, 220] with a morphology change to
fibroblast-like cells, a process referred to as dedifferentiation [12]. The primary goals of
this study were to: 1) investigate the proliferation rates and subsequent chondrogenic

differentiation of TGFB1 and FGF-2 (T1F2)-expanded MFCs under normal oxygen (21%
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0O2) or low oxygen tension (3%); 2) identify the number of population doublings (PD)
these cells can undergo while still maintaining the capacity to form meniscus-like
extracellular matrix; 3) to characterize the plasticity of these cells in terms of
multilineage differentiation in chondrogenesis, adipogenesis and osteogenesis.

Growth factor supplementation during monolayer cell expansion has a profound
effect on matrix-forming phenotype of expanded cells from a variety of sources [11, 94].
The capacity of FGF-2 to enhance MSC [16, 17] and articular chondrocyte [221, 222]
proliferation rates and subsequent chondrogenic differentiation has been well
demonstrated. FGF-2 can also upregulate the synthesis of collagen II and aggrecan in
MFCs from osteoarthritic human knee joints [11]. Another important growth factor,
TGFB1, can also enhance the proliferation of articular chondrocytes [223] and periosteal
cells [214]. When TGFB1 and FGF-2 were used in combination, they had a synergistic
effect on both proliferation and chondrogenic differentiation of chondrocytes in human
articular cartilage explants [224]. However, when these two growth factors were
combined with PDGF-BB during monolayer expansion of MFCs, proliferation rates
increased but without any beneficial effects on matrix production [94].

Here, we examined the effect of T1F2 on proliferation and restoration of
chondrogenic re-differentiation capacity of MFCs. MFCs proliferated well in T1F2
supplemented medium; 7.5 + 1.3 days were required for the MFCs to reach 80-85%

confluence in monolayer culture. PD per day was similar in P1, P2 and P3 and then

72



decreased significantly at P4 (Fig.2-1A). When compared to our previous study, MFCs in
P4 divided faster in T1F2 medium than in control-expanded MFCs without growth
factors (0.32 £ 0.04 vs. 0.14 = 0.03 doublings/day) or FGF-2-expanded MFCs (0.22 +
0.04 doublings/day) in P1 [11]. Contrary to previous studies [96, 212, 220], gene
expression of ECM molecules were not statistically different between passages to
approximately 13 populations doublings in monolayer cultured cells (Fig.2-6A): no
significant decreases of collagen II and aggrecan or increase of collagen I gene
expression in monolayer cultured cells were observed. While this result suggests that
T1F2 may maintain the gene expression profile of normal human MFCs in monolayer
expansion, the gene expression profile of aggrecan and type Il collagen suggests a decline
albeit not statistically significant. Other possible explanations for this unexpected finding
may be differences in sources of MFCs and expansion conditions compared to published
literature. For example, MFCs were isolated from young bovine (1-2 weeks)
meniscus[212, 220] and human meniscus (54-79 years) [96] obtained from osteoarthritic
knee joints with either no growth factors or FGF-2 alone added to the expansion
medium.

During chondrogenic stimulation, T1F2-expanded MFCs showed a chondrogenic
response in the pellet model when compared to monolayer MFCs regardless of the PD
(Fig.2-6). The response was much greater in P1 MFCs with a PD of 2.9 + 0.4. We

observed that T1F2-expanded MFCs in P1 expressed a superior functional matrix-

73



forming phenotype than those with a higher PD in both normoxic and hypoxic conditions.
Biochemical analysis showed that total GAG content and GAG content normalized to
DNA was approximately two times higher in P1 pellets than pellets with PD range of 6.3
+ 0.6 (P2) to 12.9 = 0.8 (P4) (Fig.2-2A, C). These results were consistent with Jakob et
al. who found that T1F2-expanded articular chondrocytes regained their chondrocytic
phenotype under proper stimulation [216]. Further, Safranin-O staining for proteoglycan
deposition verified the dramatic decrease in chondrogenic capacity from P1 to P2 (Fig.2-
3). Interestingly, relative gene expression levels of chondrogenic markers aggrecan and
collagen II in pellets showed no significant decreases from P1 to P2 (Fig.2-6B), but
immunofluorescence analysis for collagen II deposition revealed a substantial qualitative
decrease from P1 to P2 (Fig.2-4). This may be due to the relatively late time-point
selected for the gene expression analysis (21 days of chondrogenic differentiation). A
time course study investigating gene expression and matrix changes during chondrogenic
differentiation of the T1F2-expanded MFCs could be performed in the future to optimize
culture times. In contrast, T1F2-expanded MFCs from P3 (9. 8 + 1 PD) and P4 (12.9 +
0.8 PD) showed qualitative differences in the deposition of collagen I between oxygen
tensions. Hypoxia cultured T1F2 expanded MFCs were positive for type II collagen,
albeit with reduced intensity. Normoxia cultured T1F2 expanded MFCs were negative for
type II collagen. These findings are consistent with the Safranin-O staining intensity in

P3 and P4. This indicates that T1F2-expanded MFCs with ~ 10 PDs may be appropriate
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for tissue engineering of the avascular inner meniscus which exists in a more hypoxic
microenvironment than its vascularized outer counterpart.

To date, no studies have assessed the effect of oxygen tension on matrix-forming
capacity of T1F2-expanded MFCs derived from normal human menisci. Oxygen tension
in the knee joint is hypoxic [225, 226]; thus, several studies have investigated the effect
of oxygen tension on chondrogenic differentiation of expanded MFCs. Adesida et al.
showed that hypoxic conditions (5% O) enhanced matrix-forming capacity of MFCs
from OA knee joints [11] and several others have demonstrated the positive effects of low
oxygen tension on chondrogenic differentiation of BM-MSCs [227, 228]. In our study,
HYP (3% O2) enhanced the expression of aggrecan (ACAN) and collagen II (COL2A41)
when compared to NRX (21% O) in T1F2-expanded MFCs derived from non-arthritic
knee joints (Fig.2-6B). HYP culture stimulated a more intense Safranin-O staining in P3
and P4 (Fig.2-3). This finding was consistent with the wet weight results (Fig.2-1C),
albeit with no significant difference in total GAG contents relative to NRX cultured
pellets (Fig.2-2A). It is probable that the total collagen content of the pellets differs
between NRX and HYP; HYP has been reported to increase collagen content [229] and
collagen has been reported to hold water [230]. Taken together, chondrogenic culture
under hypoxic conditions resulted in a more robust chondrogenic differentiation of T1F2-
expanded MFCs, which may improve their clinical applicability for avascular meniscus

tissue engineering.
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In our study, adipogenic differentiation of human T1F2-expanded MFCs was
observed under both hypoxic and normoxic conditions (Fig.2-7B). T1F2-expanded MFCs
derived from P1 exhibited superior adipogenic capacity under hypoxic conditions.
Increased PD resulted in decreased staining for lipid droplets in both oxygen tensions,
and adipogenic differentiation was benefited by hypoxic conditions in all three passages.
In contrast, no osteogenesis was induced under either oxygen tension, demonstrated by
the absence of Alizarin Red staining for deposition of calcium (Fig.2-7B). This was
consistent with Mauck et.al. who demonstrated minimal deposition of bone matrix in
bovine MFCs from the inner region of the meniscus. However, that study did demonstrate
substantial osteogenic differentiation in cells obtained from the outer portion of the
meniscus tissue [231]. Since the meniscus tissues in our study were obtained from partial
meniscectomy, most of the tissues are likely to be from the inner, avascular region of
meniscus. Gross observation of the meniscus tissues obtained also suggested that they
were removed from the inner meniscus. The outer meniscus regions possess a
spontaneous healing capacity, which may not only be due to sufficient blood supply but
due to the presence of perivascular derived stem cells [232]. The absence of osteogenesis
in our study may also be related to MFC phenotype after expansion in T1F2. Previous
studies have shown that expanded MFCs from the whole meniscus of humans [106, 233]
or animals [104, 107, 234] have similar surface markers to MSCs and have multipotent

differentiation capacity, including osteogenesis. However, the cells from those studies
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were expanded without growth factor supplementation which may have been a factor in
the lack of osteogenesis observed in our study. Moreover, it is well known that the
meniscus contains a heterogeneous cell population, which varies from inner to outer
regions, [48, 201] and by using the whole tissue the population of cells would be quite
different. Recently, however, Fu et al. have shown that expanded human MFCs from the
inner region did exhibit osteogenic differentiation, but again no growth factors were used
during cell expansion [235]. This identifies that the use of T1F2 in inner meniscus cells
may inhibit their capacity to undergo osteogenic differentiation but this requires further
examination to gain mechanistic insight. Collagen X (COL10A1I) is a marker of
hypertrophic differentiation of MSCs and has been correlated with bone formation after
chondrogenic stimulation both in vitro and in vivo [121]. It was notable that negligible
deposition of collagen X was observed in all pellets from T1F2-expanded human MFCs
when compared to human BM-MSCs (Fig.2-5). This lack of collagen X supports the
findings of limited osteogenic potential in these expanded MFCs. Low relative gene
expression levels of collagen X were demonstrated in pellets derived from T1F2-
expanded MFCs and no significant differences were found between oxygen tensions
(Fig.2-6B). This is in contrast to other studies which have shown that hypoxic conditions
can suppress hypertrophic differentiation of MSCs [15, 228]. These results suggest that
the T1F2-expanded MFCs may be a promising cell source for meniscus repair with a

potentially stable chondrocytic phenotype without the tendency of hypertrophic
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differentiation in vitro. While a study comparing cell sources using matched donors may
be of interest in determining their relative advantages for meniscus repair, the difficulty in
obtaining multiple tissues from healthy donors for this purpose may be prohibitive.
Further study will be required to investigate the phenotypic stability of T1F2-expanded
MFCs in vivo to ensure they do not undergo hypertrophic differentiation and
calcification, as well as adipogenesis.

To determine the cell density of surgically-removed meniscus tissue, viable primary
cell yield per gram wet weight of meniscus tissue was calculated. MFC physiology
changes in meniscus tissue in osteoarthritic knee joints [236]. For this reason, tissues in
this study were obtained only from partial meniscectomy patients suffering from acute
injuries to limit the effects of chronic injury on cell biology. A limitation of this study was
that we did not have detailed information regarding the severity of damage to donor
tissues and the precise portion of the meniscus they were taken from. However, in general
partial meniscectomy removes the irreparable inner avascular regions, which would have
influenced the phenotypes of the initial cell population. Donor age is another variable
which has been demonstrated to be relevant for cell yield from articular cartilage [237].
In this study, we did not find significant age effects on cell yield; however, it should be
noted that all donors were relatively young (20-37) and otherwise healthy. As a future
study, it may be of interest to compare the cell yield and tissue quality formed by MFCs

derived from patients from a wider age range. The average cell yield per gram of
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meniscus tissue in this study was lower than that previously shown in human articular
cartilage in donors between 20-40 years old [237] (3.14 + 1.46 x10° cells/g vs 7.9 x10°
cells/g). These results have a significant clinical implication. Based on the fact that the
volume of human medial and lateral meniscus is approximately 4.50 cm> and 4.95 cm?
respectively [238], and the potentially optimal cell seeding density of a scaffold for
meniscus tissue engineering is 5x10° cm® [239], a total of 22.5-25 million cells would be
required to generate an entire human medial or lateral meniscus. Damaged meniscus
tissue could be partially removed arthroscopically and used to isolate autologous MFCs.
These could be expanded with T1F2 and seeded on scaffolds that mimic the natural
meniscus environment. /n vitro strategies to recapitulate the different regions of the
meniscus could then be employed, such as using growth factor-releasing scaffolds [240]
and mechanical conditioning under hypoxia to generate tissue with meniscus-like
composition and mechanical properties before implantation. We note that substantial
work is needed to ensure the new tissues restore normal meniscus function in protecting
the articular cartilage to prevent early onset osteoarthritis in vivo. In our study, T1F2-
expanded MFCs with approximately 3.3 PD retained the best matrix-forming capacity
without hypertrophic differentiation. After 3 PD, i.e. 8x the mean number of primary
MFCs (3.14 £ 1.46 million/g) in monolayer expansion, approximately 25 million MFCs
can be obtained from 1 g of meniscus tissue. If a meniscus biopsy has an insufticient cell

yield and higher numbers of MFCs are needed, expansion can be continued to P2 (PD:
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~7, 1.e. 128 x the number of primary MFCs) while retaining the capacity for proteoglycan
and collagen II production, albeit in reduced quantities relative to P1. This may be
clinically relevant for meniscus repair for older patients or particularly small meniscus
biopsies less than 1g.

2.5 Conclusion

In this study, we have characterized the proliferation rates and chondrogenic capacity of
TGFB1 and FGF-2 (T1F2)-expanded meniscus fibrochondrocytes (MFCs) under
normoxic and hypoxic conditions. We found that MFCs expanded up to 10 doublings
have the capacity to express the extracellular matrix (ECM)-forming phenotype
especially under hypoxic conditions which is consistent with their natural
microenvironment with the knee joint[241]. MFCs in the range of 2.9+0.4 PDs
synthesized the most glycosaminoglycans and the highest Safranin-O positive ECM. For
the first time, we demonstrated that the T1F2 expansion strategy may produce enough
cells possessing an ECM-forming phenotype to repair a meniscus defect from a small
tissue biopsy within a relatively brief period of time based on the human meniscus
volume and the optimal seeding density for a type I collagen scaffold. Hypoxia was
shown to be advantageous for chondrogenic culture, resulting in improved ECM quality
and relevant gene expression profiles of MFCs at low PDs. Furthermore, we have
demonstrated that hypertrophic and osteogenic tendencies are virtually absent for MFCs

expanded with T1F2, although they show adipogenic capacity. Overall, this highlights the
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potential use of T1F2-expanded MFCs from the inner meniscus in combination with
hypoxic culture conditions to produce robust tissue engineered meniscus-like ECM.
Further investigation will be required to evaluate the phenotypic stability of this cell

source in vivo and to build grafts of clinically relevant size on three dimensional

scaffolds.
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3.1 Introduction

The menisci are a pair of weight-bearing fibrocartilaginous tissues in the knee joint. They
increase contact area for load transmission and provide lubrication to support smooth
joint motion [2, 242]. The inner portion of the menisci may not heal after injury due to
their avascular nature; partial tissue removal by surgery may be performed but this may
not reduce the risk for early development of osteoarthritis [243]. The biomechanically
functional extracellular matrix (ECM) of inner meniscus consists mostly of types I and II
collagen [244], and proteoglycan (predominantly aggrecan) [245]. The ECM is produced
and maintained by a heterogenous population of cells known collectively as meniscus
fibrochondrocytes (MFCs) [12].

MFCs are known to lose their ECM-forming phenotype during in vitro cell
expansion with decreased expression of aggrecan and type Il collagen [12]. However, we
found that MFCs expanded with simultaneous transforming growth factor-B1 (TGF-f1)
and fibroblast growth factor-2 (FGF-2) (T1F2) re-expressed an inner meniscus-like
ECM-forming phenotype in a small-scale pellet model following chondrogenic induction
even after approximately 10 population doublings (1000-fold expansion) [246]. However,
the ECM-forming phenotype of T1F2-expanded MFCs needs to be investigated using a
scaffold model if large-scale constructs are to be used to repair and replace injured
meniscus tissues.

The ECM is an important regulator of cell behavior in a variety of tissues [247]. The
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use of meniscus-derived decellularized ECM (DCM) as a scaffold to provide biological
cues inducing cellular differentiation has become an area of interest [248]. Animal
meniscus-derived DCM has been tested using human and animal MSCs [142, 143, 249,
250]. Furthermore, ovine and canine meniscus-derived DCM has been shown to support
attachment, infiltration, and proliferation of autologous MFCs, although differentiation
requires further investigation [250, 251]. One promising study found that increasing
concentrations of porcine meniscus-derived DCM could enhance differentiation of rabbit
MFCs at the gene expression level on hybrid polycaprolactone/meniscus-derived DCM
scaffolds, suggesting the potential for inner meniscus-like ECM formation [252].
Sadmann et al. described the preparation of human meniscus-derived DCM, though its
effects on human MFCs were not investigated [253]. In the absence of growth factor
supplementation, porcine articular cartilage and meniscus-derived DCM were
respectively shown to induce chondrogenic differentiation of human MSCs and re-
differentiation of rabbit chondrocytes, implying the presence of sequestered bioactive
factors [249, 254]. Thus, the combination of human meniscus DCM with human MFCs
may be of considerable interest. We previously prepared human meniscus-derived DCM
scaffolds using physical homogenization methods. These supported the chondrogenic
differentiation of human knee joint synovial fluid derived-MSCs (SF-MSCs), but only
with supplementation of chondrogenic growth factor TGF-B3 [255]; however, their

effects on human T1F2-expanded MFCs remained to be investigated.
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In this study, our first objective was to evaluate the capacity of human MFCs to
attach, populate, and re-differentiate upon human meniscus-derived DCM in both a non-
chondrogenic and chondrogenic environment (TGF-B3). We used cell pellets with TGF-
B3 supplementation as a positive model comparison. Our second objective was to
evaluate the capacity or potential of human meniscus-derived DCM to induce
chondrogenesis of human MFCs without hypertrophic differentiation in growth factor-
free conditions under hypoxia. We used cell pellets without TGF-3 supplementation as a
negative control.

3.2 Methods:

3.2.1 Ethics statement
Experimental methods and tissue collections were performed with the approval of and in
accordance with the University of Alberta’s Health Research Ethics Board- Biomedical
Panel (Study ID: Pro00018778). Ethics Board waived the need for written informed
consent of patients, as specimens used in the study were intended for
discard in the normal course of the surgical procedure. Extensive precautions were taken
to preserve the privacy of the participants donating specimens.

3.2.2 Isolation and expansion of human meniscus fibrochondrocytes
We obtained human meniscus tissues (n=3, all male) from partial meniscectomy
procedures for acute meniscus injuries (See Table 3-1: Donors 1-3). We isolated meniscus

fibrochondrocytes (MFCs) by collagenase digestion and expanded them with combined
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TGF-B1 (1 ng/mL) and FGF-2 (5 ng/mL) in vitro in monolayer, a process expected to
result in the de-differentiation of MFCs [12], under normoxia (5% CO2, 95% humidified
air) as previously described [246]. We passaged MFCs at a 1:2 ratio until passage 2 (P2)
before experimental use. We calculated population doublings as log>(N#/Nj) that Nrand Nj

are respectively the final and initial expansion cell numbers.

Table 3-1: Meniscus tissue donor details. PD: population doublings.

Identifier Tissue use Age  Sex Meniscus PD
Donor 1:M34 A MFC source 34 Male Medial 3.7
Donor 2:M34 B MFC source 34 Male Medial 3.5
Donor 3:M21 MFC source 21 Male  Lateral 2.9
Donor 1:M72 DCM preparation 72 Male Allfour N/A

3.2.3 Human meniscus derived-decellularized matrix preparation
We obtained human lateral and medial meniscus tissues one-day post-mortem from the
Comprehensive Tissue Centre in Edmonton, Alberta (See Table 3-1: Donor 4). We
observed no macroscopic signs of degenerative changes to the menisci. We prepared
meniscus-derived decellularized matrix (DCM) as previously described with one change:
after we collected the meniscus slurry by centrifugation at 300 relative centrifugal force
(RCF), we collected the supernatant and centrifugated it at 600 RCF to generate more
slurry that we then mixed into the rest [255]. The reason for this was to help capture
possible inductive factors from the suspended meniscus slurry. After we freeze-dried the
tissue in 1 mL aliquots within 1.5 mL screw-cap cryotubes, we manually sectioned them
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into 1.8-2 mm thick discs that we then cored using a 6-mm diameter biopsy punch to
produce scaffolds. We later sterilized these scaffolds by ethylene oxide (EtO) as
previously described [254, 256].

3.2.4 The culture of cell pellets and cell-seeded meniscus-derived DCM

constructs
At the end of P2, we set up two culture models using the expanded MFCs: we spun 5x10°
cells into high-density cell pellets or seeded them onto the meniscus-derived DCM
scaffolds (8.8-9.8x10° MFCs/cm?) as previously described [255]. We cultured each cell
pellet and allogeneic cell-seeded DCM construct respectively in 0.5 mL and 1 mL of a
defined serum-free chondrogenic medium with 10 ng/mL (+TGF-B3) or without (-TGF-
B3) supplementation for three weeks. We used hypoxic (HYP, 3% O:) incubator
conditions as they have been shown to enhance the ECM-forming capacity of human
MFCs with chondrogenic stimulation [11, 242, 246]. The cell pellets and DCM constructs
experienced about 5 to 10 minutes of exposure to atmospheric O; levels each time we
changed the medium twice a week.

3.2.5 Analysis of chondrogenic differentiation of MFCs
After 3 weeks of culture, we harvested the pellets and cell-seeded DCM constructs for the
analysis of ECM formation. We performed scanning electron microscopy (SEM) to
assess MFC infiltration into the DCM and the surface morphology of MFCs and their

newly-formed ECM. To assess chondrogenic differentiation, we carried out biochemical
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assays for glycosaminoglycan (GAG) and DNA quantification, Safranin-O staining for
sulfated proteoglycan deposition, immunofluorescence for ECM-related components:
aggrecan, types I, II, and X collagen, and quantitative polymerase chain reaction (qRT-
PCR) of chondrogenic and hypertrophic-associated genes. We performed all methods as
previously described [246, 255], except for type II collagen immunofluorescence. The
type II collagen immunofluorescence was performed on different sections of the same
constructs from type I collagen. Briefly, paraffin sections of 5 um were deparaffined and
rehydrated. After antigen retrieval using protease XXV and hyaluronidase, the sections
were incubated with the primary antibody: mouse anti-collagen II (II-116B3,
Developmental Studies Hybridoma Bank, IA, USA) using a 1: 200 dilution overnight at
4°C. Then they were incubated with goat anti-mouse IgG biotinylated secondary antibody
(ab97021, Abcam, Cambridge, MA) using a 1: 200 dilution for 45 minutes, followed by
incubation with streptavidin-Alexa 488 (cat#S32354, ThermoFisher, Waltham, MA) for
45 minutes. After that, the sections were stained with DAPI and immunofluorescence was
visualized using an Eclipse TI-S microscope (Nikon Canada). We present primer

sequences in Table 3-2.
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Table 3-2: Primer sequences

Genes Forward Reverse GenBank
accession
B-actin (ACTB) AAGCCACCCCACTT | AATGCTATCACCTCC | NM 00110
CTCTCTAA CCTGTGT 1.4
Beta-2 microglobulin (B2M) | TGCTGTCTCCATGT | TCTCTGCTCCCCACC | NM 00404
TTGATGTATCT TCTAAGT 8.3
Tyrosine 3 TCTGTCTTGTCACC | TCATGCGGCCTTTTT | NM 00340
Monooxygenase/Tryptophan AACCATTCTT CCA 6.3
5-Monooxygenase Activation
Protein Zeta (YWHAZ)
Aggrecan (ACAN) AGGGCGAGTGGAA | GGTGGCTGTGCCCTT | NM_00113
TGATGTT TTTAC 53
Collagen I (COLI1A2) GCTACCCAACTTGC | GCAGTGGTAGGTGAT | NM_ 00008
CTTCATG GTTCTGAGA 9.3
Collagen II (COL241) CTGCAAAATAAAAT | GGGCATTTGACTCAC | NM 00184
CTCGGTGTTCT ACCAGT 4.5
SRY-Box 9 (SOX9) CTTTGGTTTGTGTT | AGAGAAAGAAAAAG | NM 00034
CGTGTTTTG GGAAAGGTAAGTTT 6.3
Collagen X (COL10A1) GAAGTTATAATTTA | GAGGCACAGCTTAA | NM 00049
CACTGAGGGTTTCA AAGTTTTAAACA 33
AA
Matrix metalloproteinase-13 CATCCAAAAACGC | CGGAGACTGGTAATG | NM_00242
(MMP-13) CAGACAA GCATCA 7.4
Runt related transcription GGAGTGGACGAGG | AGCTTCTGTCTGTGC | NM_00102
factor 2 (RUNX2/CBFAI) CAAGAGTTT CTTCTGG 4630.4
Alkaline phosphatase (ALPL) | CCTGGCAGGGCTC | AAACAGGAGAGTCG | NM 00047
ACACT CTTCAGAGA 8.6
Bone sialoprotein (BSP) GCGAAGCAGAAGT | TGCCTCTGTGCTGTT | NM_00496
GGATGAAA GGTACTG 7.4

3.2.6 Data presentation and statistical analysis
We present all quantitative data donor-by-donor to show variability and aid in assessing
differences between conditions. We carried out statistical analysis as previously described

[242]. Briefly, we applied two-way ANOVA with the model (pellet vs. meniscus-derived
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DCM) and TGF-B3 supplementation treated as within-subjects factors in SPSS version 24
(IBM, USA). We first tested the interaction term between model and TGF-$3 for
significance (p<0.05); in this case, we carried out paired t-tests between 1. pellet/-TGF-
B3 vs. pellet/+TGF-B3, 2. DCM/-TGF-B3 vs. DCM/+TGF-B3, 3. pellet/-TGF-3 vs.
DCM/-TGF-B3, and 4. pellet/+TGF-3 vs. DCM/+TGF-B3. In cases where the interaction
was not significant, we evaluated the pooled main effects for significance. The type I
error rate for statistical significance for each test applied within individual metrics (e.g.
wet weight) was maintained at P<0.05 (no adjustments). We interpreted P-values from
0.05 to 0.1 as weak evidence and did not attempt to interpret P-values greater than 0.1.
Specific quantitative results should be interpreted knowing that statistical power was
limiting (n=3 MFC donors); in certain cases, taking the whole of evidence from the study
may be more useful to discern the main trends.
3.3 Results

3.3.1 Biochemical content (DNA, GAG, GAG/DNA)
The empty meniscus-derived DCM contained 0.08 ug of DNA (Fig.3-1A: Cell-free,
DCM Model), which when normalized to dry weight was 19 ng/mg, below a guideline of
50 ng/mg from a previous report regarding successful decellularization of tissues [257].
TGF-B3 stimulation during the 3-week culture period led to a consistent trend of higher
DNA content compared to the growth factor-free conditions, with a significant 2.1-fold

increase within the DCM model that appeared larger than the 1.3-fold increase within the
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pellet model. Culture in the DCM model also led to a consistent trend of higher DNA
content relative to the pellet model.

We first normalized GAG content in the MFC-seeded DCM groups by subtracting
the residual GAG content found in a non-cell-seeded DCM (Fig.3-1B: Cell-free, DCM
Model) after 3-weeks of incubation in the medium. Thus, the GAG values represent
newly synthesized GAG matrix within the DCM model groups for comparison to the
pellet model, which naturally did not have any appreciable GAG content at the time of
the set up of the experiment. There was no obvious growth media turnover as assessed by
color change in the non-cell-seeded DCM (Fig.3-2), further confirming the absence of
any viable cells within the DCM scaffolds.

There was a consistent trend of increased GAG content in DCM seeded with MFCs
in the presence of TGF-B3 (Fig.3-1B), indicating that the DCM appeared to support
chondrogenic re-differentiation of the seeded dedifferentiated MFCs. However, within the
no TGF-B3 group (i.e. “TGF-B3 groups), we measured marginal GAG content beyond
what was present in the non-cell-seeded DCM, with two of three donors showing a
decline in GAG content relative to the pellet model.

In terms of GAG content (synthesis) normalized to DNA, there was weak evidence
for a negative effect of the DCM relative to the pellet model and a positive TGF-B3 effect
pooled across culture models (Fig.3-1C). Even with TGF-3 supplementation, the

GAG/DNA content on the DCM was relatively low. Taken together with the GAG and
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DNA results, this appeared to indicate that the DCM favored MFC proliferation and

relatively less synthesis of inner meniscus-like ECM to the pellet model by the end of the

3-week culture period.
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Figure 3-1: Glycosaminoglycan (GAG) matrix and DNA contents in meniscus

fibrochondrocyte (MFC)-based tissues after 21-days’ culture in either pellets or

meniscus-derived decellularized matrix (DCM) with and without supplementation of 10

ng/mL TGF-3. A) DNA; B) GAG; and C) GAG/DNA data. The GAG content in the

DCM model had the values of the empty/cell-free DCM subtracted such that they reflect

the contribution of MFCs for comparison to the pellet model and thus contained more

GAG than the empty DCM. Each data point represents the average of 1 or 2 biological

replicates. P-values are derived from two-way within-subjects ANOVA. P-values greater
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than 0.1 were suppressed. **: p<0.01.

Figure 3-2: Assessment of growth medium turnover after 21-days’ culture in medium

¢ 9

under HYP using a 24-well plate. “-” and “+” indicated the whole row of cell-seeded
DCM constructs were cultured in serum-free medium without and with TGF-f3,
respectively. “No cells” indicated two rows of empty DCM were cultured with the same
medium without and with TGF-3.

3.3.2 Gross morphology and scanning electron microscopy

In terms of gross morphology (Fig.3-3), the meniscus-derived matrix appeared white-
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yellow and sponge-like as was previously observed [255]. During the 3-week culture
period, we observed that DCM scaffolds seeded with allogeneic MFCs demonstrated
some contraction in the radial direction, although we did not record the images and
quantify contraction in this study. Under scanning electron microscopy (SEM), it was
clear that the MFCs had formed a layer of tissue in both DCM/-TGF-B3 (Fig.3-4A) and
DCM/+TGF-B3 (Fig.3-4B) groups on the cell-seeded surface but that much of the DCM
had not been remodeled. This did not appear to be due to the DCM providing physical
barriers to MFC migration, given that pores appeared interconnected and were on the
order of 100 pm, much larger than resident MFCs. Rather, this was perhaps a combined
effect of the static seeding strategy used to initially populate the scaffold with MFCs and
the static environment used to culture the constructs, which may have limited the
tendency of MFCs to migrate outwards on the DCM material. Safranin-O staining (Fig.3-
5), discussed below, revealed the presence of newly-formed ECM across the span of the
DCM demonstrating partial MFC infiltration into the DCM. Rather, it seems more likely
that the rate of new ECM synthesis was insufficient to completely fill up the DCM with
newly-formed ECM during the 3-week culture period given the static seeding method
used. While cells in both -TGF-f3 and +TGF-3 groups were densely packed and flat-
looking, they demonstrated differences in morphology: cells in the -TGF-B3 group
appeared polygonal-shaped with smooth surfaces and were loosely-connected to one

another (Fig. 3-4C/D), whereas cells in the +TGF-B3 group appeared spindle-like with
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roughened surfaces and were tightly-integrated together (Fig.3-4D/F). Interestingly,
prominent round nuclei could be observed only in the +TGF-B3 group (Fig.3-4F: white

arrows and magnified insets).

Figure 3-3: Gross morphology of empty DCM scaffold after freeze-drying. Scale bar: 3-
mm
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Figure 3-4: Scanning electron micrographs of meniscus fibrochondrocyte (MFC)-based
tissues after 21-days culture in meniscus-derived decellularized matrix (DCM) with and
without supplementation of 10 ng/mL TGF-B3. A, C & E represent micrographs derived
from tissues after in vitro culture in the absence of TGF-B3, and B, D and F represent
micrographs from tissues generated after in vitro in the presence of TGF-f3.

3.3.3 Safranin-O/fast green staining and immunofluorescence

In the pellet model, sulfated proteoglycans were abundant in the +TGF-B3 group based
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on Safranin-O/Fast Green FCF staining (Fig. 3-5B1/B2). We also identified faint
Safranin-O positive ECM in the -TGF-B3 group along with well-developed lacuna-like
structures (Fig. 3-5A1/A2). Regardless of TGF-B3 supplementation, all pellets displayed
a fibrous ring with Fast Green staining for collagenwith elongated cells near the edge
(Fig. 3-5A2/B2).

In the DCM model, the non-cell-seeded group showed the presence of large pores
and Fast Green FCF-staining fibers but with no Safranin-O staining (Fig. 3-5C1/C2).
These fibers could still be observed in both cell-seeded groups (Fig. 3-5D1/D2, Fig. 3-
SE1/E2). As well, both cell-seeded groups (Fig. 3-5D1/D2, Fig. 3-5E1/E2) showed the
presence of ECM that was much sparser than in the pellet model (Fig.3-5A1, A2/B1, B2).
While ECM was present in the DCM/-TGF-B3 group it did not stain for Safranin-O (Fig.
3-5D2). Safranin-O staining was observed in the DCM/+TGF-B3 group (Fig. 3-5E2) but
it was less intense than in the pellet/+TGF-B3 group (Fig. 3-5B2). Moreover, the size of
the DCM constructs was clearly much larger than the pellets. Together, these indicate that
higher seeding densities or longer culture times may be necessary for the appreciable
accumulation of newly synthesized matrix.

Immunofluorescence of collagens showed that the major collagen present in the
meniscus-derived matrix was type I (Fig. 3-5C4) and absence of type II (Fig. 3-5C5).
Immunofluorescence revealed obvious differences in DAPI staining density between the

pellet and DCM model, reflecting the high-density of cells in the pellet model as
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compared to the DCM. The non-cell-seeded DCM showed no DAPI staining (Fig. 3-
5C3/C4/C5/C6), indicating the likely absence of DNA. Aggrecan was present in both
pellet (Fig.3-5A3/B3) and DCM (Fig. 3-5D3/E3) models, even in -TGF-B3 groups (Fig.
3-5A3/D3). In the pellet model, type I collagen was nearly ubiquitous regardless of TGF-
B3 supplementation (Fig. 3-5A4/B4). Type II collagen was abundant in the +TGF-3
group (Fig. 3-5B5) whereas traces were detected in the -TGF-B3 group (Fig. 3-5A5),
corroborating the similarly faint Safranin-O staining observed in this group (Fig. 3-5A2).
In the DCM model, the +TGF-B3 group showed regions of type I (Fig. 3-5E4) & II (Fig.
3-5E5) collagen-rich matrix interspaced with fibers of the DCM material. Type 11
collagen was absent in the DCM/-TGF-f3 group (Fig. 3-5D5). Together with Safranin-O
and biochemical data, these results indicate that the human meniscus-derived DCM
combined with TGF-B3 under hypoxia supported chondrogenic re-differentiation of
human MFCs but not in the absence of TGF-B3 supplementation.

We also assessed the hypertrophy-induction capacity of the DCM, given that we
prepared it from a donor of advanced age (72 years) whose joint tissues may have been
osteoarthritic. While no traces of type X collagen were detected in the empty DCM (Fig.
3-5C6) and in the pellet/-TGF-B3 conditions (Fig. 3-5A6), collagen X was detected in
both pellet (Fig. 3-5B6) and DCM (Fig. 3-5E6) models with TGF-B3 treatment (i.e
+TGF-B3 groups). However, it was surprising to observe collagen X fluorescence in the

DCM/-TGF-B3 group (Fig. 3-5D6). This may point towards a synergistic interaction
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between the MFCs and the DCM because collagen X was not expressed by MFCs alone
in the pellet model nor was it detected in the empty DCM, but it was present when the
two were combined even in the absence of TGF-33.

Pellet Model DCM Model
-TGF-p3 +TGF-3 Empty DCM -TGF-p3 +TGF-3
Al Bl Cl DI El

Complete section

I-mm
|

&

Zoom

Aggrecan

Type L collagen

0.1-mm
s}

Immunofluorescence

Type 11 col!

Type X collagen

Figure 3-5: Safranin-O staining and immunofluorescence of meniscus extracellular
matrix (ECM) molecules of meniscus fibrochondrocyte (MFC)-based tissues after 21
days’ culture in either pellets or meniscus-derived decellularized matrix (DCM) with and
without supplementation of 10 ng/mL TGF-3. DAPI staining (in blue) for cell nuclei is

superimposed in all images with the exception of the Safranin O stained images. The
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series of images labeled as A1-A6, and B1-B6 represent micrographs derived from pellet
cultures of MFC in the absence and presence of TGF-B3, respectively. The series of
images labeled as C1-C6 represent micrographs of cell-free DCM scaffold after 21-days
incubation in serum-free growth media. The series of images labeled as D1-D6, and E1-
E6 represent micrographs derived from DCM cultures of MFC in the absence and
presence of TGF-B3, respectively.

3.3.4 mRNA gene expression
We used qRT-PCR to measure the expression of a profile of chondrogenic (Fig.3-6) and
hypertrophy/osteogenesis-associated (Fig.3-7) genes. Chondrogenic genes ACAN
(aggrecan, Fig.3-6A), COL2A1 (type II collagen, Fig.3-6B), and SOX9 (Fig. 3-6D) all
followed similar expression profiles, with a poor expression without TGF-33
supplementation and elevated expression in response to TGF-B3. Expression of ACAN
and COL2A1 were minimal in the absence of TGF-f3 even on the DCM, further
confirming the absence of chondrogenic bioactive factors. ACAN and COL2A1
expression tended to be greatest in the DCM/+TGF-B3 condition. In the absence of TGF-
B3, it appeared that expression of the chondrogenic genes mentioned above was elevated
in the pellets relative to the DCM, which may reflect the rounded 3D environment of
pellets versus the flattened morphology observed in the DCM model. As an example,
ACAN expression relative to the pellet/-TGF-B3 condition was upregulated 20-fold and

98-fold in the pellet and DCM models with TGF-f3, respectively, whereas it
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downregulated 2.7-fold in the DCM/-TGF-B3 (p=0.085). Culture in the DCM
significantly increased relative expression of COL1A42 (Fig. 3-6C), which encodes part of
the primary constituent of the meniscus. This may reflect the nature of the DCM scaftfold
being primarily type I collagen and the altered 3D environment of the cells. With regards
to hypertrophy-associated genes (i.e. COLI0A1 and MMP-13; Fig. 3-7A/B) and
osteogenic genes (i.e. RUNX2, ALPL and BSP; Fig. 3-7C/D/E), all tended to be
upregulated by TGF-B3 supplementation. Comparing the no TGF-B3 (i.e.-TGF-33)
groups’ expression of all hypertrophy-related genes except for BSP was elevated in the
DCM relative to the pellet but generally lower than in +TGF-B3 groups. For example,
COL10A1 expression relative to the pellet model was upregulated in the DCM model by
an average of 2.7-fold (p<0.05), whereas it was increased in +TGF-B3 groups relative to -

TGF-B3 groups by an average of 111-fold (p<0.05).
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Figure 3-6: Relative expression of chondrogenic differentiation-related genes in
meniscus fibrochondrocyte (MFC)-based tissues after 21-days’ culture in either pellets or
meniscus-derived decellularized matrix (DCM) with and without supplementation of 10
ng/mL TGF-B3. A) Aggrecan (ACAN); B) Type 1l collagen (COL2A41); C) Type I collagen
(COL1A2); and D) SOX9. Values are presented as 2!, where AC; is the difference in C;
values of the average of three house-keeping genes and the gene of interest. Each data
point represents the average of 1 or 2 biological replicates. P-values are derived from
two-way within-subjects ANOVA using AC: values. P-values greater than 0.1 were

suppressed. *: p<0.05, **: p<0.01.

102



A. 10 Model: * B. 100 1 | p=0.079 ,
3 . TGF-B3: * o™ 10 - * *
= & I 1 I 1
3 § 11
Q 0.1 -I-
&) _I_ .I_ s 0.1 4 .}
E 0.01 A s 001 'I'
3 o
D 0000 % I 2 o001 &
0.0001 " . . | 0.0001 " ' . ,
-TGF-p3 |+TGF-[33 -TGF-p3 ‘+TGF-ﬁ3 -TGF-B3 |‘TGF-133 -TGF-p3 ‘+TGF-B3
Pellet Model DCM Model Pellet Model DCM Model
C. 19 Model: p=0.051 D. 15 0,095
o TGF-p3: p=0.073 . | L ,
= 0.1 *
£ o 3 1
&2 <
) o 001 A
£ g E
g 001 4 + E {' 8 L
(53 n
= } m 0.001 %
0.001 ' ' ' | 0.0001 ' t ' '
-TGF-B3 ‘+TGF-B3 -TGF-f3 |+TGF-B3 -TGF-B3 |+TGF7[53 -TGF-B3 ‘+TGFfB3
Pellet Model DCM Model Pellet Model DCM Model
E. 001 -
% Mean = std dev
a, M34_A
2 0001 - .I. M34_B
2 'I' 'I' M21
E
E 0.0001 -
0.00001 ' " t Y
-TGF-B3 ‘+TGF-B3 -TGF-B3 |+TGF-B3
Pellet Model DCM Model

Figure 3-7: Relative expression of hypertrophy-associated genes in meniscus
fibrochondrocyte (MFC)-based tissues after 21-days’ culture in either pellets or
meniscus-derived decellularized matrix (DCM) with and without supplementation of 10
ng/mL TGF-B3. A) Type X collagen (COL10A1); B) Matrix Metalloproteinase-13 (MMP-
13); C) Runt related transcription factor 2 (RUNX2/CBFAI); D) Alkaline phosphatase
(ALPL); and E) Bone sialoprotein (BSP). Values are presented as 2!, where AC; is the

difference in C; values of the average of three house-keeping genes and the gene of
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interest. Each data point represents the average of 1 or 2 biological replicates. P-values
are derived from two-way within-subjects ANOVA using AC; values. P-values greater
than 0.1 were suppressed. *: p<0.05.

3.4 Discussion

In this study, we investigated whether human meniscus-derived decellularized matrix
(DCM) scaffold had the capacity to re-differentiate and stimulate the inner-meniscus like
extracellular matrix (ECM)-forming phenotype of in vitro expanded human meniscus
fibrochondrocytes (MFCs). The investigation was implemented under under low oxygen
tension culture conditions (i.e. 3%02) as a mimic of the low oxygen microenvironment of
MFC within native menisci in synovial the knee joint [241], and as a reported pro-
chondrogenic environmental factor [258]. Moreover, the study was performed both in the
absence and presence of exogenously supplemented chondrogenic morphogen (i.e. TGF-
B3). Furthermore, human MFCs have been reported to lose mRNA expression of
functional inner meniscus-relevant matrix components; type II collagen and aggrecan,
after in vitro monolayer expansion [12], we supplemented the monolayer expansion of
our human MFCs in with TGF-B1 (1 ng/mL) and FGF-2 (5 ng/mL) under normoxia
(NRX) which may maintain their ECM-forming response to chondrogenic stimulation
[246]. The population doublings (PD: 2.91-3.66) of the human MFCs used in this study
were within the range shown to generate the most inner meniscus-like ECM in the cell

pellet model [246]. To the best of our knowledge, this is the first study showing that
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human MFCs can attach, proliferate and undergo chondrogenic re-differentiation within a
human meniscus-derived DCM. We observed the accumulation of inner meniscus-like
matrix including aggrecan and types I & II collagen.

To assess the capacity of the meniscus-derived DCM to re-differentiate
dedifferentiated MFC under hypoxic conditions, we compared it with the re-
differentiation of the MFC in a cell aggregate pellet under chondrogenic stimulation
mediated by TGF-B3. Based on the biochemical analysis (GAG and GAG/DNA), pure
DCM did not facilitate chondrogenic re-differentiation of dedifferentiated MFC without
TGF-B3 supplementation. However, DNA data showed that it did facilitate MFC
proliferation relative to the cell pellet model and surprisingly a synergistic upregulation
of collagen X at both the transcript and translation levels. Moreover, the upregulation of
collagen X was concomitant with an increased transcriptional expression of MMP-13.
The mechanism underlying the concomitant increase is unclear but appears to be
consistent with the activation of the Indian hedgehog (Ihh) pathway. Activation of Thh has
been reported to promote chondrocyte hypertrophy (i.e. collagen X as a marker of
chondrocyte hypertrophy) and MMP-13 expression [259]. Our findings with regards to
the enhanced proliferation of MFC on the DCM scaffold was consistent the findings of
previous report that decellularized porcine meniscus supported the proliferation of human
primary chondrocytes [249].

Even though we observed no difference in GAG accumulation between the DCM and
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pellet models, much more intense Safranin-O positive matrix was observed in the pellet
model and aggrecan immunofluorescence, indicating a higher concentration of sulfated
proteoglycans. This is despite the two models having started with the same number of
cells. The difference in staining intensity may be the product of several factors. First, the
high density of cells in the pellet model favors the concentration of newly-synthesized
matrix into a smaller space; this is evident by considering the Safranin-O section sizes in
Fig. 3-5B2. Second, the proliferation we observed on the DCM would have led to
increased nutritional demands, causing the volume of supplied medium to potentially
limit the rate of ECM formation with chondrogenic stimulation [260]. Third, the cell
pellet model, which mimics the condensation environment during embryonic
chondrogenic differentiation, allows more direct cell-to-cell communication [261, 262].
Our previous study showed that 5-10x10° BMSCs/cm?® seeded on type I collagen
scaffold promoted better chondrogenic differentiation compared to other seeding
densities [263]. The seeding density of MFCs in the current study was about 8.8-9.8x10°
MFCs/cm?, which is within the optimal seeding density for BMSCs on a type I collagen
scaffold [263]; however, different capacities of ECM formation regarding collagen and
GAG between MFCs and MSCs have been reported [146, 153] indicating that the cell-
seeding density of human MFCs on the DCM may need to be optimized. In addition to
seeding density, another factor that affects the accumulation of ECM is the chondrogenic

culture time, which led to the dramatic accumulation of GAG, collagen, and more intense
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ECM staining [92, 146]. Longer time points are of interest for future investigation to see
if MFCs can fully populate and fill meniscus-derived DCM with dense newly-formed
ECM.

In our previous study with human synovial fluid-derived MSCs seeded upon a
different human meniscus DCM treated with combined TGF-B3 and insulin-like growth
factor 1 (IGF-1) but with otherwise similar culture conditions, we observed more intense
Safranin-O staining and type II collagen than in the present study [255]. Furthermore, the
cell morphology on the construct surface of SF-MSCs in the previous study displayed
obvious differences to MFCs in the present study under scanning electron microscopy.
Round-shaped human SF-MSCs resided upon the surface yet were separate from the
newly-synthesized matrix, appearing to lay down collagen fibers [255]. In contrast, the
MFCs in the present study were elongated, flat-shaped, and well-integrated into the
newly-synthesized matrix. Cell shape may be related to the capacity of cells to go
through chondrogenic differentiation; a previous report showed that limb bud MSCs
underwent spontaneous chondrogenesis after being forced into a round shape by
disruption of cytoskeleton using cytochalasin D [264].

We next investigated the bioactive effects of human meniscus DCM on MFCs
without chondrogenic growth factors under hypoxia. The goal was to identify whether the
native human meniscus DCM could drive the re-differentiation of dedifferentiated MFCs

without growth factor supplementation, perhaps through the presence of sequestered
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bioactive factors as was reported for bone and cartilage-derived DCM [254, 265]. Human
MFCs cultured in the DCM without TGF-f3 produced an immature-looking matrix that
did not stain for Safranin-O nor show the presence of type II collagen, which was
corroborated at the gene expression level (Fig.3-6). This was consistent with our previous
findings with human meniscus-derived DCM and human SF-MSCs. These are also
consistent with previous studies that DCM extracted from porcine articular cartilage
promoted robust chondrogenic differentiation of human BMSCs only with exogenous
growth factors [142]. The absence of Safranin-O staining on the empty DCM may
indicate the potential loss of growth-factor binding matrix proteins during the preparation
protocol [266]. Previous studies preparing meniscus DCM showed loss of GAG but
residual collagen regardless of the processing methods and species [267-269], which is
consistent with our type I collagen immunofluorescence. Porcine meniscus-derived DCM
generated by acid treatment was reported to retain most of the GAG and collagen content
relative to the native tissue; this may explain the re-differentiation of human primary
chondrocytes without growth factors observed in that study, although this could also be
due to cell type [249].

It was interesting to find type X collagen immunofluorescence in the DCM with
dedifferentiated MFCs in the absence of TGF-33 but not in the pellet model. This was
supported by an increased COL10A1 transcript in the DCM model. Moreover, the

expression of COL10A1 was accompanied with upward trend in expression of other
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hypertrophic and osteogenic genes in the DCM model relative to the pellet model without
growth factors. These findings suggests the possible presence of hypertrophic and
osteogenic factors in the human meniscus-derived DCM. An alternative explanation is
that the observed collagen X expression by MFCs on the DCM may be the product of the
scaffold-based, 3D culture environment rather than bioactivity inherent to the DCM.
Further study incorporating a control using a known non- or minimally bioactive scaffold
material may be necessary to rule out this alternative explanation.

We also applied low oxygen tension during chondrogenic culture since it has been
shown to enhance ECM formation of human MFCs in the pellet model [11, 242, 246],
and reduce hypertrophic differentiation of human bone marrow mesenchymal stem cells
[15]. The finding of Safranin-O positive ECM with trace immunofluorescence of type
IT collagen in the cell pellet is consistent with previous report of 2% oxygen tension
driving the chondrogenic differentiation of human BMSCs in pellet model [270].
However, this finding was inconsistent with our previous finding that hypoxia alone was
not sufficient to drive the chondrogenic differentiation of human MFCs in the pellet
model [242]. The incosnsitency may be due to methodological differences in culture
under hypoxic conditions and the use of a more sensitive biotinylated secondary antibody
for collagen II detection in the present study. Our previous work was implemented under
continuous hypoxic conditions whereas in the present study, the pellet and DCM

constructs experienced 5-10 minutes reoxygenation during the medium change twice a
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week.

Perhaps the most important limitation of this study is the physical method for DCM
preparation. Our study results here, taken together with previous work showing the
presence of inductive factors within meniscus DCM, may indicate that the DCM
preparation resulted in a partial loss of bioactive factors contained within the meniscus
matrix. Other methods for DCM preparation such as acid treatment [249] may have
maintained these potential biactive factors in the DCM preparation. Another potential
limitation of the current study is the use of a single meniscus donor (a 72-year old male)
for DCM preparation. Future work would be necessary to determine if the observed
results for this meniscus DCM are consistent across multiple meniscus donors. Much
work remains towards development of a meniscus implant based on a meniscus DCM;
this will include evaluation of immunogenicity and potential tissue rejection as well as
achieving suitable biomechanical properties for implant function within the knee.

3.5 Conclusion

In summary, we found that the bioactivity of the decellularized matrix from human
cadaver-derived meniscus on human MFC was to support chondrogenic differentiation
and a relatively proliferative phenotype in the presence of exogenous TGF-$3. Moreover,
the pure DCM did not induce chondrogenic re-differentiation of dedifferentiated human

MFC.
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4.1 Introduction

The avascular inner meniscus is non-healing in adults. This presents a clinical challenge
as inner meniscus tears are linked to the early development of osteoarthritis, even after
minimally-invasive surgical intervention to remove damaged tissues [3]. A proposed
strategy to address this problem is meniscus tissue engineering (TE). Meniscus TE may
involve in vitro growth and subsequent implantation of functional inner meniscus-like
ECM (IM-ECM) using autologous cells [9, 134].

Previously, we demonstrated a strategy to acquire large numbers of cells that produce
IM-ECM under growth factor (TGF-f3) supplementation (Chapter 1) [246]. This
involved the isolation of human meniscus fibrochondrocytes (hMFC) from partial
meniscectomy biopsies followed by monolayer expansion with a two-growth factor
combination of transforming growth factor-f1 (TGF-B1) and basic fibroblast growth
factor (FGF-2) — abbreviated as T1F2.

Low oxygen (hypoxia (HYP)) compared to uncontrolled oxygen levels (i.e., near-
atmospheric: normoxia (NRX)) during in vitro culture has consistently been shown to
promote the synthesis of inner meniscus and cartilage-specific constituents, type II
collagen and sulfated proteoglycans, by hMFCs under transforming growth factor-$3
(TGF-B3) supplementation within a cell pellet model [11, 242, 246]. However, this
finding does not always extend to larger-scale three-dimensional (3D) scaffold models

[14, 96]. To allow more time for such ECM accumulation and maturation, long-term
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culture (> 6-weeks) periods have been used in the context of cartilage TE with animal
cells [271, 272] and meniscus TE with hMFC [92] or animal MFCs [146], and also
combined with HYP conditions for animal MFCs [273]. However, long-term culture
under HYP has not been investigated for hMFC in the context of a 3D scaffold model.
Another strategy to enhance IM-ECM may be transient TGF-B3 supplementation during
scaffold-based culture [274, 275]. Such strategies, involving withdrawal of TGF-f3
supplementation after 2-weeks’ culture, was previously shown to enhance the functional
properties of bovine calf chondrocyte-based tissues compared to continuous
supplementation of TGF-3 using agarose as a 3D scaffold model [276]. However, this
type of strategy has not yet been tested using MFCs, nor has it been combined with HYP.
Our previous investigation with T1F2-expanded hMFCs in a cell pellet model showed
that limited IM-ECM formation could occur without growth factor supplementation
under HYP [277]. Together, these formed the basis of our speculation that strategies
involving transient TGF-B3 supplementation may be promising to enhance IM-ECM
synthesis by T1F2-expanded hMFC, especially under HYP.

In vitro-formed cartilaginous ECM and IM-ECM using human mesenchymal stem
cells (hMSCs) [120, 121] and hMFC [94] respectively have been shown to undergo
undesirable changes upon ectopic implantation in the commonly-used subcutaneous nude
mouse (SNM) model. These changes include ECM degradation, blood vessel invasion,

and hypertrophic differentiation with potential resulting calcification, all of which appear
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to be interrelated processes and partially regulated by oxygen tension. For example, HYP
in vitro culture has been shown to suppress hypertrophic differentiation of bone marrow-
derived hMSCs [15] and promote expression of factors associated with angiogenesis such
as VEGF and SDF-1 [278]. From a meniscus TE perspective, vascularization of an
implant or the native inner meniscus may be a desirable outcome as it could lead to
integration and healing of damaged avascular inner meniscus tissue [279]. However, the
performance of IM-ECM-rich hMFC-based tissues within an in vivo microenvironment
such as the SNM model and the potential contributions of HYP pre-culture have yet to be
investigated. To this end, this study had the following objectives, using hMFCs on a
clinically approved and commercially available collagen scaffold: 1) determine the
effects of transient and continuous exposure to TGF-B3 supplementation under HYP and
NRX over a long-term in vitro culture period on IM-ECM formation; 2) assess in vivo
behavior within the SNM model after 3-weeks of in vitro pre-culture with TGF-f3
supplementation under HYP and NRX with regard to degradation, hypertrophic
differentiation, calcification, and vascularization.
4.2 Methods

4.2.1 Ethic statements
The meniscus specimens were collected with the approval of the University of Alberta’s
Health Research Ethics Board- Biomedical Panel (Study ID: Pro00018778). Work

involving research animals was conducted in accordance with protocols approved by the
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University of Alberta Animal Care Committee (AUP00001363).

4.2.2 Human meniscus fibrochondrocyte (h(MFC) isolation and expansion
Human meniscus specimens were obtained from 6 patients (5 male/1 female, ages: 28+4
years old (mean =+ standard deviation (SD)), range: 21-34 years old) undergoing partial
meniscectomy after acute meniscus injuries (see Table 4-1 -patient information). hMFC
isolation was performed as previously described [246]. Briefly, h\MFCs were released
from the specimens by collagenase treatment. Isolated hMFCs were plated into standard
tissue culture flasks and cultured using a standard high glucose DMEM supplemented
with 10% (v/v) fetal bovine serum (“DMEM complete”) for 5 days under near-
atmospheric oxygen tension (~20% Oz; 5% C0O2/95% air) at 37°C in a humidified
incubator. Non-adherent cells were removed by aspiration during the medium change,
and the number of viable hMFCs were counted after 5 days (passage 0, PO). hMFCs were
reseeded into flasks at 10* cells/cm? and cultured in DMEM complete supplemented with
FGF-2 (5 ng/mL) and TGF-B1 (1 ng/mL) (T1F2) in the same incubator (P1). Once cells
reached 90-95% confluence, hMFCs from each donor were frozen separately into
cryogenic vials (mean cell number (16.4+4.4)x10°) and banked in liquid nitrogen for less
than one month. To set up experiments, one vial of hMFCs from each donor was thawed
and cultured in the standard DMEM culture medium for 12 hours. The viable adherent
cells were counted and reseeded at 10* cells/cm? under the same culture conditions using

T1F2 to produce P2 cells for experimental use. The population doublings (PDs) of
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hMFCs were calculated as log2(N/Np), where Ny is the number of cells plated at the
beginning of a passage and N is the number of cells counted at the end of a passage

[221]. Cumulative PDs were calculated as the sum of PDs from P1 and P2.

Table 4-1: Meniscus tissue donor information

Identifier Age Aex Meniscus Implanted
Donor 1 30 Male Right knee medial Yes
Donor 2 27 Male Left knee medial Yes
Donor 3 34 Female Right knee medial Yes
Donor 4 25 Male Right knee medial No
Donor 5 21 Male Left knee lateral No
Donor 6 31 Male Right knee medial No

4.2.3 Culture of h(MFCs on Chondro-Gide scaffolds
T1F2-expanded hMFCs at the end of P2 were used for chondrogenic re-differentiation as
previously described [14, 246]. A type I and III collagen membrane scaffold (Chondro-
Gide, Geistlich Pharma, Wolhusen, Switzerland) served as a 3-dimensional structure for
hMFC growth and extracellular matrix deposition. Discs of 6 mm diameter and 2 mm
thickness were biopsy punched from the same lot of membrane scaffolds to control for lot
to lot variability. hMFCs at 5x10° per scaffold were seeded onto the porous side of each
scaffold and then cultured in 1 mL of a defined serum-free chondrogenic medium with
TGF-B3 (10 ng/mL). The cell-scaffold constructs were placed under either NRX or
hypoxia (HYP; 3% O,) with 5% CO, at 37°C. Hypoxic culture was implemented in an

Xvivo X3 incubator system (Biospherix, NY, USA). In previous studies from our lab,
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media changes for both NRX and HYP took place at atmospheric conditions (21% O,
room temperature, pre-warmed media to 37°C in a water bath) for less than 5 minutes of
exposure, with the medium change performed twice per week [246]. By using the
Biospherix incubator system, we avoided this re-oxygenation limitation as the HYP
conditions were maintained during media changes, and media was additionally
equilibrated to HYP conditions for 2 h before use. Thus, our HYP samples experienced
continuous low oxygen tension during the entirety of in vitro culture.

4.2.4 Experimental conditions
4.2.4.1 In vitro culture model

To examine the effects of transient exposure and continuous culture of TGF-3 on the
IM-ECM of T1F2-expanded hMFC under different oxygen tensions, three experimental
groups were set up: 1) 3 weeks’ culture in the serum-free chondrogenic medium (SFM)
with TGF-B3 (73), dexamethasone (D), ascorbic acid 2-phosphate (4) and L-proline (P)
(T3DAP/3wks) (n=6); 2) similar to the first group except with five additional weeks’
culture in SFM with T3DAP (T3DAP/8wks) (n=6); 3) Similar to the first group except
with five additional weeks’ culture in SFM in medium with DAP but with TGF-3
withdrawn for the later culture period (DAP/8wks) (n=3). All three of these groups were

carried out in both oxygen tensions (six groups total).
4.2.4.2 In vivo ectopic subcutaneous implantation in nude mouse (SNM) model

To evaluate the in vivo behavior of the engineered meniscus ECM, especially with
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regards to degradation, angiogenic potential, and hypertrophic differentiation with
resultant calcification, the constructs derived from T3DAP/3wks in each oxygen tension
were divided into two experimental groups: 1) five additional weeks’ culture implanted
subcutaneously in nude mice (Implantation/8wks) (n=3); 2) five additional weeks’ culture
in DMEM complete in vitro as a control (DMEM/8wks in vitro) (n=3).

The neo-matrix was implanted into the dorsal subcutem of athymic CD-1 nude mice
(n=9, 7 weeks old, Charles River, Wilmington, USA) as previously described [280]. Four
constructs for each condition (T3DAP/3wks in HYP and NRX) for n=3 hMFC donors
were implanted into the backs of n=6 nude mice total plus 3 additional mice with one
empty scaffold each. Four incisions (4-5 mm, 2 cranial and 2 caudal) were made on the
skin of each mouse using sterile technique. Small subcutaneous pockets were bluntly
dissected and immediately implanted with constructs. Incisions were closed with suture
and cyanoacrylate tissue adhesive. No post-surgical complications were observed. After
implantation for 5 weeks mice were euthanized by CO> inhalation and constructs were
macroscopically dissected from murine subcutaneous tissues.

At the end of each culture period in vitro and in vivo, the gross morphologies of
constructs were assessed using a stereo microscope (Stemi 2000-C, Zeiss, Oberkochen,
Germany), followed by biochemical analysis for glycosaminoglycan (GAG) and DNA
content, histology and immunofluorescence for cartilage-specific matrix proteins,

angiogenic factors, calcium deposition, and blood vessel invasion, and by real-time
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quantitative reverse transcription-polymerase chain reaction (QRT-PCR) for gene
expression analysis (for primer information see Table 4-2). The methods were performed
as previously described [280] except the gene expression levels were normalized to three
housekeeping genes: B-actin, Ribosomal Protein L13a (RPL13A4) and Tyrosine 3-
Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta (YWHAZ), using

the 272 method [219].

Table 4-2: Primer sequences

Genes Forward Reverse GenBank
accession

B-actin (ACTB) AAGCCACCCCACTTCTCTC | AATGCTATCACCTCCCCTGT | NM_00110
TAA GT 1.4

Beta-2 TGCTGTCTCCATGTTTGATG | TCTCTGCTCCCCACCTCTA | NM_00404

microglobulin TATCT AGT 83

(B2M)

Tyrosine 3 TCTGTCTTGTCACCAACCAT | TCATGCGGCCTTTTTCCA NM_00340

Monooxygenase/T | TCTT 6.3

ryptophan 5-

Monooxygenase

Activation Protein

Zeta (YWHAZ)

Aggrecan (ACAN) | AGGGCGAGTGGAATGATGT | GGTGGCTGTGCCCTTTTTA | NM 00113
T C 53

Collagen I GCTACCCAACTTGCCTTCAT | GCAGTGGTAGGTGATGTTC | NM_00008

(COL142) G TGAGA 93

Collagen II CTGCAAAATAAAATCTCGG | GGGCATTTGACTCACACCA | NM 00184

(COL241) TGTTCT GT 4.5

SRY-Box 9 CTTTGGTTTGTGTTCGTGTT | AGAGAAAGAAAAAGGGAA | NM_00034

(S0X9) TTG AGGTAAGTTT 6.3

HIF-1a GTAGTTGTGGAAGTTTATGC | TCTTGTTTACAGTCTGCTC | NM_00153
TAATATTGTGT AAAATATCTT 0.4

HIF-20 GGTGGCAGAACTTGAAGGG | GGGCAACACACACAGGAA | NM 00143
TTA ATC 0.5
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(EPAS1)

VEGF GCACGGTCCCTCTTGGAA CGGTGATTTAGCAGCAAGA | NM 00117
AAA 1623.1
TGF-p1 GGGAAATTGAGGGCTTTCG | AGTGTGTTATCCCTGCTGT | XM 01152
CACA 7242.2
TGF-p2 CGAGAGGAGCGACGAAGA | AGGGCGGCATGTCTATTTT | NM 00113
GT G 5599.3
TGF-p3 CTGGCCCTGCTGAACTTTG | AAGGTGGTGCAAGTGGAC | NM_00323
AGA 9.4
Collagen X GAAGTTATAATTTACACTGA | GAGGCACAGCTTAAAAGTT | NM_ 00049
(COL10A41) GGGTTTCAAA TTAAACA 33
Matrix CATCCAAAAACGCCAGACA | CGGAGACTGGTAATGGCAT | NM 00242
metalloproteinase- | A CA 7.4
13 (MMP-13)
Chondromodulin- | GCGCAAGTGAAGGCTCGTA | GTTTGGAGGAGATGCTCTG | NM 00701
1 (CHM-1) T TTTG 5.3
Gremlin 1 CATGTGACGGAGCGCAAAT | GCTTAAGCGGCTGGGTTTT | NM 01337
(GREM1I) A 2.7
Frizzled-related GCATCCCCCTGTGCAAGT GCAGGTGGTTGGGCATCTT | NM 00146
protein (FRZB) A 34

4.2.5 Statistical analysis and principal component analysis (PCA)

The quantitative data were presented as mean + SD. Statistical analysis was performed as

previously described [246]. Different culture conditions were compared using one-way

analysis of variance (ANOVA) with Tukey’s multiple comparison post hoc tests within

the same oxygen tension. For comparison between the two oxygen tensions within the

same passage, a Student’s t-test was used. Significance was considered when p<0.05. We

used principal component analysis (PCA) to summarize all quantitative data. Individual

measurements that fell below a Kaiser-Meyer-Olkin (KMO; measures for sampling

adequacy) of 0.5 were excluded. We used SPSS version 25 to perform PCA.
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4.3 Results

4.3.1 Cell yield and proliferation rates during monolayer expansion
The primary MFCs after collagenase digestion were heterogeneous with elongated
fibroblast-like (orange arrow) and round-shaped chondrocyte-like (red arrow)
morphologies (Fig. 4-1A). TGFB1/FGF2 (T1F2)-expanded hMFCs in P2 became mostly
elongated and spindle-like with some round-shaped cells (Fig. 4-1C). Mean wet weights
(x SD) of the meniscus tissues (n=6) were 1.65 + 0.82 g before collagenase digestion.
The viable cell yields after 5 days’ culture (passage 0, PO) post-digestion was 7.94 +
2.79x10% cells, i.e., 5.41 + 1.41x10° per g tissue. After 6-8 days’ culture with T1F2 in P1,
the mean population doublings and population doublings per day were 3.04 + 0.32 and
0.43 £ 0.06 (Fig. 4-1D/E), respectively. The percentage of viable adherent cells after
thawing from liquid nitrogen and 12 h culture was 52.2 + 12.5% (not included). The
population doublings per day in P2 were 0.61 + 0.03 (Fig. 4-1E), which was significantly
higher than P1 (p<0.001). The cumulative population doublings for the hMFCs used to

set up experiments were 6.82+0.56 (Fig. 4-1D).
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Figure 4-1: Monolayer in vitro cell expansion with TGF-1 and FGF-2 (T1F2) under
normoxia (NRX, 21% O2). (A) Cell morphologies of primary human meniscus
fibrochondrocytes (hMFCs) in passage 0 (P0); (B, C) expanded hMFCs in P2 after liquid
nitrogen storage; (D) Cumulative population doublings at the end of P1 and P2; E)
population doublings per day during P1/P2.

4.3.2 Biochemical GAG/DNA quantification
Biochemical analysis was performed to quantify the GAG and DNA contents after each
in vitro culture stage (total 8 weeks). Within the HYP groups, there were no significant
differences in GAG (Fig. 4-2A), DNA (Fig. 4-2B) or GAG/DNA (Fig. 4-2C) in

comparing the transient exposure to TGF-3 group (DAP/8wks) to the baseline group
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T3DAP/3wks. In contrast, the continuous supplementation group with T3DAP for 8
weeks (T3DAP/8wks) resulted in significantly higher GAG content (T3DAP/8wks vs
T3DAP/3wks, p<0.001 and T3DAP/8wks vs DAP/8wks, p=0.013), and GAG/DNA
content (T3DAP/8wks vs T3DAP/3wks, p<0.001 and T3DAP/8wks vs DAP/8wks,
p=0.001) than both T3DAP/3wks and DAP/8wks constructs. The DNA content was
significantly higher in T3DAP/8wks relative to T3ADAP/3wks (p=0.002).

Within the NRX groups, the total GAG and GAG/DNA contents appeared to be
lower in DAP/8wks constructs compared to T3DAP/3wks and T3DAP/8wks, but there
were no significant differences. Moreover, there were no significant differences between
the DNA contents of the groups.

Between oxygen tensions, HYP consistently had significantly upregulated the total
GAG contents (T3DAP/8wks (p<0.001) and DAP/8wks (p=0.002)) and GAG/DNA
(T3DAP/3wks (p=0.018), T3DAP/8wks (p<0.001) and DAP/8wks (p=0.004)) relative to
NRX in each culture condition except for total GAG in T3DAP/3wks group. In terms of
DNA, there was significantly higher content in the T3DAP/8wks group under HYP

compared to NRX (p=0.004).
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Figure 4-2: Glycosaminoglycan (GAG) matrix and DNA contents in hMFCs-based
constructs cultured in vitro. GAG (A), DNA (B), and GAG/DNA (C) in vitro. T3: TGF-
B3, D: dexamethasone, A: ascorbic acid 2-phosphate, and P: L-proline (T3DAP). 3wks
indicated pre-chondrogenic culture with T3DAP for three weeks, 8wks indicated after
three weeks’ prechondrogenic culture, the culture medium was switched to DAP or with
continuous T3DAP for additional five weeks. The symbols indicating significant
differences (p<0.05) are defined as 1) between oxygen tensions (NRX vs HYP):
T3DAP/3wks (#), T3DAP/8wks (*) and DAP/8wks (¥); 2) within NRX: T3DAP/3wks vs
T3DAP/8wks (a), T3DAP/3wks vs DAP/8wks (b), T3DAP/8wks vs DAP/8wks (¢); 3)
within HYP: T3DAP/3wks vs T3DAP/8wks (d), T3DAP/3wks vs DAP/8wks (e),

T3DAP/8wks vs DAP/8wks (f). These symbols are also applied to the following gene
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expression analysis.

4.3.3 Gross morphology and histology
At the end of each culture condition, the constructs after culture in vitro and in vivo were
washed with phosphate buffered saline and then the gross morphologies were captured
micro photographically (Fig.4-3A/3A, B), followed by histochemical Safranin-O staining
for sulfated proteoglycans (Fig.4-3B, C/4C, D) and immunofluorescently for type I and II

collagens (Fig.4-3D/4E).
4.3.3.1 Gross morphology

In the in vitro culture model, all constructs seemed thicker, and the peripheral edges
contracted towards the center of the cell-seeded side relative to the empty scaffolds
(Fig.4-3A1). Under NRX, T3DAP/8wks (Fig.4-3D1) resulted in smaller sized constructs
than the T3DAP/3wks experimental group (Fig.4-3B1). However, the transient exposure
to TGF-B3 (DAP/8wks) (Fig.4-3F1) maintained similar-sized constructs relative to
T3DAP/3wks (Fig. 4-3B1). There was less size variability in the HYP-culture constructs
across the three culture conditions (Fig.4-3C1/E1/G1). Between NRX and HYP, the sizes
of constructs under HYP were larger. This finding was coincident with a significantly
higher total GAG and GAG/DNA content in the HYP groups.

In the in vivo culture model, the implanted constructs were surrounded by mouse
blood vessels (Fig.4-4A1/B1/C1). No noticeable size difference was observed between

NRX (Fig.4-4B1) and HYP (Fig.4C1) pre-cultured constructs, which were all smaller
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than the empty scaffold (Fig.4-4A1) in vivo. The in vitro cultured control group in 10%
(v/v) FBS under both oxygen tensions behaved like the implanted constructs in that the

pre-formed matrix seemed to degrade (Fig.4-4D2/E2).
4.3.3.2 Safranin-O staining

In the in vitro culture model (Figure.4-3), two different layers were shown in the empty
scaffold (Fig.4-3A3): a compact layer (asterisk) and a porous layer (arrow) on which we
seeded the hMFCs. In T3DAP/3wks group, Safranin-O positive matrix with chondrocyte-
like cells in a round shape which resided in lacunae-like structures were observed in HYP
(Fig.4-3C3). There were no Safranin-O positive matrix and lacunae-like structures in the
NRX-cultured T3DAP/3wks group; instead, fibroblast-like cells were ubiquitous (Fig.4-
3B3). During the additional five weeks’ culture without TGF-B3 (DAP/8wks), the pre-
formed ECM was maintained, especially under HYP (Fig.4-3G3) while NRX had only
faint Safranin-O staining (Fig.4-3F3). In contrast, after continuous culture with T3 for the
additional five weeks (T3DAP/8wks) under HYP, constructs showed more intense
Safranin-O staining (Fig.4-3E3) compared to the groups with DAP/8wks (Fig.4-3G3).
The NRX-cultured constructs in T3DAP/8wks exhibited faint Safranin-O staining (Fig.4-
3D3), which seemed to be more intense than transient exposure to TGF-B3 (NRX
DAP/8wks) (Fig.4-3F3) but was much less compared to T3DAP/8wks HYP (Fig.4-3E3).
In the in vivo model, the empty scaffold increased in size relative to before

implantation perhaps as a consequence of mouse cell invasion (Fig.4-4A4). The HYP-
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derived constructs retained some level of Safranin-O positive matrix in the central region
(Fig.4-4C4, black arrows). In contrast, there was no Safranin-O positive matrix in the
NRX-derived constructs (Fig.4-4B4), and the in vitro controls with DMEM complete
regardless of oxygen tensions. (Fig.4-4D4/E4). All of the Safranin-O positive matrix

constructs were consistent with GAG content and the gross morphologies.
4.3.3.3 Immunofluorescence for type I and II collagen

In the in vitro culture model (Figure.4-3), DAPI was not detected in the empty scaffold
(Fig.4-3A4). Type I collagen was observed in all constructs, and the fluorescence was
least intense in the empty scaffold (Fig.4-3A4). The distribution of type II collagen
seemed to match Safranin-O positive matrices. Type II collagen was detected in
T3DAP/8wks under NRX (Fig.4-3D4) and all the HYP-cultured constructs. HYP
maintained the detection of type II collagen (Fig.4-3G4) after transient exposure to TGF-
B3 compared to NRX (Fig.4-3F4). The fluorescence was most pronounced in
T3DAP/8wks in HYP (Fig.4-3E4).

In the in vivo culture model (Figure.4-4E), DAPI was detected in all the constructs,
including the empty scaffold (Fig.4-4A5). Limited type I collagen could be observed in
the empty scaffold while it was intense in both oxygen tension-derived constructs (Fig.4-
4B5/CS). Type 1I collagen was partially retained in HYP pre-cultured constructs in this
ectopic environment (Fig.4-4C5, white arrows). The pre-formed type I collagen became

discontinuous and contracted, leaving some empty spots within the in vitro controls
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(Fig.4-4D5/ES) while no type II collagen maintained.

I3DAP/3wks I3DAP/Bwks DAP/Swks

Empty scaffold NRX HYP

@

B2

E1

Gross morphology

Safranin-O staining

DAPL+Col 1 +Col 11

Figure 4-3: Gross morphology, Safranin-O staining, and immunofluorescence (IF) of
type I//1I collagen of hMFCs-based constructs cultured in vitro. DAPI staining (in blue)
for cell nuclei is superimposed in IF images. The series of images labeled as A1-G1
represent gross morphology. The series of images labeled as A2-G2, A3-G3 represent the
whole images and zoom in images of Safranin-O staining, respectively. The series of
images labeled as A4-G4 represent IF images. Scale bar are presented in the last images

of each row.
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Figure 4-4: Gross morphology, Safranin-O staining, and immunofluorescence (IF) of
type I/II collagen of hMFCs-based constructs after implantation. DAPI staining (in blue)
for cell nuclei is superimposed in IF images. The series of images labeled as A1-D1 and
A2-E2 represent gross morphology. The series of images labeled as A3-G3, A4-G4
represent the whole images and zoom in images of Safranin-O staining, respectively. The
series of images labeled as A4-G4 represent IF images. Scale bar are presented in each
Tow.

4.3.4 Blood vessel invasion and calcium deposition
CD31 immunofluorescence and Alizarin red staining were performed for the implanted

constructs to detect blood vessel invasion and calcium deposition in the ectopic
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environment, respectively (Figure.4-5). Safranin-O staining (Fig.4-5A1-3) and type 11
collagen immunofluorescence (Fig.4-5B1-B2) from the analysis described above were
used to provide positional information of the remaining matrix. Blood vessel invasion
(Fig.4-5D1/D2/D3, white arrows) was observed in the middle of all constructs, regardless
of higher VEGF gene expression (Fig.4-6G, see gene expression results described below)
in the HYP-derived constructs compared to NRX. Vessels concentrated in the regions
where Safranin-O positive proteoglycan (Fig.4-5A2, black arrows) and type II collagen
(Fig.4-5B2, white arrows) remained in HYP-derived constructs. Matrix derived from
human bone marrow mesenchymal stem cells seeded onto a type I collagen scaffold (pre-
cultured with T3 for 3 weeks under HYP, then implanted subcutaneously for 5 weeks in
nude mice) served as a positive control for alizarin red staining (Fig.4-5G). It stained
intensively with Alizarin Red S (orange color) and confirmed the deposition of a bone
matrix using the same nude mouse model. No positive staining was observed in any of
the in vivo constructs of MFCs (Fig.4-5F1-2) from both oxygen tensions and the empty

scaffold (Fig.4-5F3).
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Figure 4-5: Safranin-O staining, and immunofluorescence (IF) of type II collagen, CD31
and Alizarin Red S staining of hMFCs-based constructs after implantation. DAPI staining
(in blue) for cell nuclei is superimposed in IF images only for CD31. The series of
images labeled as A1-3 represent Safranin-O staining. The series of images labeled as
B1-3 represent IF for type II collagen. The series of images labeled as C1-3, D1-3 and
E1-3 represent DAPI, CD31 (green) and combined images. The series of images labeled
as F1-3 and G represent Alizarin Red S staining for hMFCs constructs and human bone
marrow mesenchymal stem cells (hBMSCs) constructs, respectively.

4.3.5 Gene expression
Gene expression analysis (Fig.4-6/4-7) was performed only for the in vitro experiments,
not including the constructs cultured in DMEM with 10% FBS (DMEM) in vitro and

implanted in vivo.
4.3.5.1 Fibrochondrogenic differentiation-related genes

For both oxygen tensions, the transient exposure to TGF-f3 (DAP/8wks) tended to result

in decreased gene expression levels of ACAN, COL2A1, and SOX9 compared to the
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baseline (T3DAP/3wks), but no significant differences were found. As well, for both
oxygen tensions continuous culture with T3 for additional 5 weeks (T3DAP/8wks)
resulted in increased gene expression levels of ACAN and COL2A1 compared to
T3DAP/3wks and DAP/8wks with significant differences observed in ACAN
(NRX,T3DAP/8wks vs T3DAP/3wks (p=0.012) and vs DAP/8wks (»p=0.003),
respectively), COL241 (NRX, T3DAP/8wks vs T3DAP/3wks (p=0.002) and vs
DAP/8wks (p=0.001), respectively and HYP, T3DAP/8wks vs T3DAP/3wks (p=0.026)
and vs DAP/8wks (p=0.001), respectively). The gene expression level of SOX9 was
significantly upregulated in T3DAP/8wks compared to T3DAP/3wks (p=0.042) and
DAP/8wks (p=0.001) in NRX while no significant differences were observed in HYP. No
significant differences in COLIA2 were found among any group.

Between NRX and HYP, the gene expression levels of ECM molecules: ACAN
(T3DAP/3wks (p=0.002), T3DAP/8wks (p=0.026) and DAP/8wks (p=0.025)), COL2A1
(T3DAP/3wks (p=0.002) and T3DAP/8wks (p=0.041)), and chondrogenic regulator
SOX9 (T3DAP/3wks (p<0.001), T3DAP/8wks (p=0.021) and DAP/8wks (p=0.021)),
were all significantly upregulated in HYP compared to NRX within conditions except for
COL2A1 in DAP/8wks and COL1A2 in all culture groups. COL1A2 tended to be more

highly expressed in HYP, but there were no significant differences in any group.
4.3.5.2 Other hypoxia responsive genes
No significant differences in HIF-1a gene expression were observed between any
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condition. The gene expression levels of HIF-2a were upregulated in DAP/8wks
compared to T3DAP/3wks (p<0.001) and T3DAP/8wks (p=0.038) with significance
observed in NRX only. The gene expression levels of the angiogenic factor VEGF
seemed to be lower in DAP/8wks compared to T3DAP/3wks and T3DAP/8wks in both
oxygen tensions with significant differences observed in NRX (DAP/8wks vs.
T3DAP/3wks (p<0.001) and vs. T3DAP/8wks (p=0.021), respectively) and HYP
(DAP/8wks vs. T3DAP/3wks (p=0.007)). As well, it was significantly lower in
T3DAP/8wks compared to T3DAP/3wks within NRX (p=0.046) for VEGF. Like the
ECM genes, HIF-2a (T3DAP/3wks (p=0.007) and T3DAP/8wks (p=0.030)), and VEGF
(T3DAP/3wks (p=0.001), T3DAP/8wks (p=0.002) and DAP/8wks (p=0.019)), were both
significantly upregulated in HYP compared to NRX in all conditions except for HIF-2o.

DAP/8wks.
4.3.5.3 TGF-p isoform genes

Gene expression levels of TGF-f1 were significantly lower in DAP/8wks compared to
the other groups within HYP (T3DAP/3wks (p=0.016) and T3DAP/8wks (p<0.001)).
TGF-f2 had significantly more expression in T3DAP/8wks compared to T3DAP/3wks
(»=0.030) and still more expression in the transient exposure group DAP/8wks (p<0.001)
within NRX. Finally, TGF-f3 had less expression in T3DAP/8wks and DAP/8wks
compared to T3DAP/3wks within both oxygen tensions (NRX, T3DAP/3wks vs.

T3DAP/8wks (p<0.001) and vs. DAP/8wks (p<0.001), respectively and HYP,
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T3DAP/3wks vs. T3DAP/8wks (p=0.001) and vs DAP/8wks (p<0.001), respectively).
There were significant increases of 7GF-f1 expression in HYP compared to NRX in
T3DAP/3wks (p<0.001) and T3DAP/8wks (p=0.018). TGF-52 expression was
significantly higher in HYP compared to NRX in T3DAP/3wks (p<0.001) and
T3DAP/8wks (p<0.001) yet the trend was reversed in DAP/8wks (p=0.004). Finally,
TGF-f3 expression was significantly higher in HYP than NRX at the early time point
T3DAP/3wks (p=0.043) but not at the later time point T3DAP/8wks, and was

significantly higher in NRX than HYP in the DAP/8wks condition (p=0.016).
4.3.5.4 Hypertrophic differentiation-related genes

In T3DAP/8wks, the gene expression levels of hypertrophic differentiation marker
COL10A1 were significantly upregulated compared to T3ADAP/3wks (NRX, p<0.001 and
HYP, p<0.001) and DAP/8wks (NRX, p=0.004). The gene expression levels of
antiangiogenic factor chondromodulin-1 (CHM-1) and two anti-hypertrophic
differentiation genes (FRZB and GREM1) are shown in Fig.4-7. CHM-1 were
significantly upregulated in T3DAP/8wks compared to baseline T3DAP/3wks (NRX,
p=0.032 and HYP, p=0.023) and DAP/8wks (NRX, p=0.030 and HYP, p=0.035) in both
oxygen tensions (Fig.4-7A). FRZB was significantly upregulated in T3DAP/8wks
compared to T3DAP/3wks in NRX (p=0.013) and in DAP/8wks compared to
T3DAP/3wks in HYP (p=0.006) (Fig.4-7B). No significant differences of GREM1 across

groups within the same oxygen tensions (Fig.4-7C).
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Between oxygen tensions, HYP suppressed gene expression levels of COL10A1 in
T3DAP/3wks (p=0.001). HYP seemed to downregulate MMP-13 (Fig.4-6L) in all groups,
but with significant suppression in DAP/8wks (p=0.017) (Fig.4-6L). HYP significantly
upregulated CHM-1 compared to NRX in T3DAP/3wks (p=0.010) and T3DAP/8wks
(»=0.028). There were no significant differences observed between oxygen tensions in
regard to the expression of FRZB in any groups (Fig.4-7B). HYP downregulated GREM1

in T3DAP/3wks (p=0.009) (Fig.4-7C).
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Figure 4-6: Relative gene expression of hMFCs-based constructs in vitro.

Fibrochondrogenic differentiation-related genes: (A) Aggrecan (ACAN); B) Type |
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collagen (COL1A2); (C) Type II collagen (COL2AT1); and (D) SRY-box transcription
factor 9 (SOX9). Other hypoxic response-related genes: (E) HIF-1a; (F) HIF-2a; (G)
VEGF. TGF-f isoform genes: (H) TGF-B1; I) TGF-B2; J) TGF-3. Hypertrophic
differentiation-related genes: (K) type X collagen (COL10A1); L) MMP-13. Values are
presented as 2!, where ACt is the difference in Ct values of the average of three house-
keeping genes and the gene of interest. Each donor has 2 biological replicates. The
symbols indicating significant differences (p<0.05) are defined as 1) between oxygen
tensions (NRX vs HYP): T3DAP/3wks (#), T3DAP/8wks (*) and DAP/8wks (¥); 2)
within NRX: T3DAP/3wks vs T3DAP/8wks (a), T3DAP/3wks vs DAP/8wks (b),
T3DAP/8wks vs DAP/8wks (¢); 3) within HYP: T3DAP/3wks vs T3DAP/8wks (d),

T3DAP/3wks vs DAP/8wks (e), T3DAP/8wks vs DAP/8wks (f).
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Figure 4-7: Relative gene expression of hMFCs-based constructs in vitro.

Fibrochondrogenic differentiation-related genes: (A) Chondromodulin-1 (CHM-1); (B)
Frizzled related protein (FRZB); and (C) Gremlin 1 (GREM1). Values are presented as
24Ct where ACt is the difference in Ct values of the average of three house-keeping genes

and the gene of interest. Each donor has 2 biological replicates. The symbols indicating

significant differences (p<0.05) are defined as 1) between oxygen tensions (NRX vs

136



HYP): T3DAP/3wks (#), T3DAP/8wks (*) and DAP/8wks (¥); 2) within NRX:
T3DAP/3wks vs T3DAP/8wks (a), T3DAP/3wks vs DAP/8wks (b), T3DAP/8wks vs
DAP/8wks (¢); 3) within HYP: T3DAP/3wks vs T3DAP/8wks (d), T3DAP/3wks vs
DAP/8wks (e), T3DAP/8wks vs DAP/8wks ().

4.3.6 Principal component analysis
PCA was used to summarize quantitative data and determine salient relationships
between the quantifiable variables. On initial PCA of all pooled data, a five-component
solution was permuted with each component having eigenvalues >1, and collectively
accounted for 83% of the entire quantitative data. The KMO measure of sampling
adequacy was 0.62. On close inspection of the five-component solution, it became
apparent that multiple measured variables, including ACAN, GAG, DNA, COL1A42,
MMP13,and CHM1, loaded equally on any two or three of the five principal component
(PC) solution. To that end, we restricted the PCA to a two-component solution; PC1 and
PC2. The KMO remained at 0.62. Eigenvalues for PC1 was 7.2 and that for PC2 was 2.9.
PC1 and PC2 respectively accounted for 40% and 16% of the variances in the pooled
data. COL1A2 and MMP13 loaded equally on PC1 and PC2. Thus, we removed these
variables from the final PCA calculations with a two-component solution. The KMO
reduced to 0.60. PC1 and PC2 respectively accounted for ~44% and ~17% of the total
variances in the pooled data. Eigenvalues were ~ 7 and 2.6 for PC1 and PC2,

respectively. PC1 correlated mostly strongly with TGFf1 mediated hypertrophic
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chondrogenesis (ACAN, COL2A1, HIF 1A, TGFf1, TGFf2, COL10A1, CHM-1, GAG and
GAG/DNA) and PC2 correlated most strongly with a chondrogenic pathway involving
TGF3, SOX9, BMP signaling antagonist (GREM]1), and the canonical wingless type

MMTYV integration site (WNT)/B-catenin signaling antagonist, FRZB (Table 3; Fig.4-8).
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Table 4-3: PCA Correlation Matrix

Correlation matrix

PC1 PC2
ACAN .883 -.346
COL241 921 136
SOX9 411 =717
HIFI1A .874 -.024
HIF24 714 -.029
TGFBI .946 -.033
TGFB2 S12 381
TGFB3 -.156 -.696
VEGF .607 -.681
COL10A41 484 A11
CHM1 912 110
GREM1 .057 542
FRZB 178 425
GAG 736 .360
DNA 491 479
GAGDNA 676 233

Extraction Method: Principal Component Analysis.
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Rotation Method: Varimax with Kaiser Normalization.

Varimax Rotated PCA
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Figure 4-8: A varimax rotated plot of a two-component solution of principal component
analysis of measured variables. Measured variables are: ACAN, COL2A1, SOX9, HIF-1a,
HIF-20, TGFp1, TGFB2, TGFf3, VEGF, COL1041, CHM-1, GREM1, FRZB, GAG,
DNA and GAG/DNA. 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.

4.4 Discussion

In this study, we demonstrated that the cartilaginous ECM formed in vitro by monolayer-
expanded human meniscus fibrochondrocytes (hMFCs) on a clinically approved collagen
membrane scaffold under hypoxic culture conditions in the presence of chondrogenic

factors is amenable to vascularization without calcification in vivo.
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The effects of T1F2 on hMFC proliferation rates in P1 before freezing were similar
to our previous study [246]. However, the significantly higher proliferation rates noted in
P2 post-freezing was a surprise [246], and in contrast to other studies where no difference
in proliferation rates was observed between fresh and frozen adipose-derived stem cells
and umbilical cord blood progenitor cells [281, 282].

Our in vitro results showed that superior inner meniscus-like ECM (IM-ECM) was
formed on the scaffold by hMFCs under HYP compared to NRX in all culture conditions.
These results were consistent with our previous studies using F2-expanded hMFC but
from osteoarthritic joints[11], and T1F2-expanded hMFC from partial meniscectomies
using the cell pellet model [242, 246]. However, previous results showed that NRX
resulted in superior or similar ECM formation compared to HYP (3% O.) using a scaffold
model [14, 96]. Several reasons may account for these inconsistent results. First, previous
studies used hMFCs from osteoarthritic menisci. Secondly, FGF-2 was used during the
expansion phase, and chondrogenic culture occurred all within the same oxygen tensions
in the previous studies, unlike herein where hMFCs were expanded with T1F2 under
NRX, then separated into either NRX or HYP groups for chondrogenic culture. Thirdly,
the constructs in the previous studies experienced normoxia during media changes
compared to continuous HYP during the chondrogenic culture in this study. Finally, the
composition of the scaffold in the previous studies was type I collagen while the scaffold

in this study comprised types I and III collagen. Different behaviors in terms of cell
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distribution, cell morphologies, and the matrix formation of ovine meniscus cells between
scaffolds have been reported [283]. Interestingly, pure type I collagen scaffold, and an
hybrid scaffold with type II collagen have been compared but with human articular
chondrocytes (hACs) [284]. However, the hACs failed to produce matrix within both
scaffolds when cultured without growth factor supplementation in vitro under NRX. The
gene expression levels of type II collagen were similar between scaffolds, but the cell
numbers were significantly higher in the type I/III collagen scaffold. To this end, the
potential role of type III collagen in regulating the ECM-forming capacity of hMFC
needs further investigation.

The transient exposure to TGF-B3 for 3 weeks followed by 5 weeks’ TGF-B3-free
culture (DAP/8wks) did not appear to further enhance IM-ECM formation compared to
the baseline (T3DAP/3wks) in either oxygen tension; instead, the pre-formed ECM
appeared to be retained in terms of GAG and DNA contents, and type I and II collagen
immuno-histochemical characteristics. In contrast, continuous culture with TGF-B3 for 8
weeks (T3DAP/8wks) resulted in enhanced IM-ECM under both oxygen tensions
compared to the baseline and DAP/8wks. These results are in contrast to a previous study
using bovine calf articular chondrocytes in agarose as a scaffold under serum-free
normoxic conditions. In the study, transient exposure to TGF-33 for 2 weeks significantly
enhanced the accumulation of GAG matrix at the end of 8 weeks’ relative to continuous

culture with TGF-B3 [276]. However, in another involving the bovine calf articular
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chondrocytes and agarose as a scaffold, there was no difference between transient and
continuous culture with TGF-B3 under NRX in the context of GAG matrix content [274].
But the authors reported enhanced mechanical properties in the transient group.

Previous studies showed that hMFCs respond to hypoxia via HIF-1a [10], and that
TGF-B3 supplementation correlated with higher HIF-1oo mRNA in hMFC pellets [242].
Thus, we were curious if mRNA expression of HIF-1a and other transcription factors
related to the HYP response in cartilaginous tissue would increase over time with TGF-33
supplementation (T3DAP/3wks vs. T3DAP/8wks) and if they would be maintained after
TGF-B3 withdrawal [285]. It should be noted, however, that both HIF-1a and HIF-2a are
both known to be constitutively expressed and are regulated at the protein level [286];
yet, higher gene expression could technically lead to more protein to potentiate the HYP
response. We did not observe any time-dependent regulation of HIF-1a, though HIF-2o.
increased significantly in T3DAP/8wks compared to T3DAP/3wks in NRX only. HIF-1a
also appeared to be maintained at the baseline level after 5 additional weeks without
TGF-B3 supplementation (DAP/8wks), whereas the expression of HIF-2a exceeded all
other groups in DAP/8wks, reaching significance in NRX only. Previous studies found
that HIF-2a, not HIF-1a, played an essential role in the synthesis of cartilaginous ECM in
hACs (1% O2) [287], BM-MSCs (3% O3) [15] and infrapatellar fat pad mesenchymal
stem cells (IFP-MSCs) (5% O2) [288]. The mRNA expression of SOX9 did not correlate

with the upregulated levels of HIF-2a in DAP/8wks, and in T3DAP/8wks relative to
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T3DAP/3wks in both oxygen tensions. This finding is in contrast with previous reports
that HYP-enhanced production of ECM in hACs and IFP-MSC was induced by a HIF-
2a-mediated upregulation of SOX9 [287, 288]. To this end, the role of HIF-2a in the
enhancement and maintenance of IM-ECM may be independent of SOX9. However, our
results cannot exclude the possibility that HIF-1a and HIF-2a act synergistically since
both have different roles in response to HYP [289, 290]. For example, HIF-1a has been
reported to modulate SOX9 which in turn increased the expression of ACAN and COL2A41
[291].

The role of TGF-B family members: TGF-f1, TGF-f2, and TGF-f3 were
investigated due to their importance in chondrogenesis [292]. Moreover, HYP has been
shown to enhance TGF-f3-induced chondrogenic redifferentiation of hMFC [246].
Furthermore, a recent study showed that hypoxia (2% O>) alone can drive the
spontaneous chondrogenesis of hBM-MSCs via the activation of the endogenous TGF-3
pathway [293]. However, we observed no clear trends in the expression of the three
TGFp isoforms. The increased IM-ECM observed in HYP relative to NRX in the
T3DAP/3wks and T3DAP/8wks experimental groups seemed to be associated with a
significant upregulation of 7GF-f1 and TGF-f2. A similar pattern was noted with HIF-
2a and SOXY expression. But the maintenance of IM-ECM was only observed in the
HYP (DAP/8wks) experimental group at the removal of TGF-3. Moreover, TGF-$1 was

significantly downregulated in HYP relative to NRX when TGF-B3 was removed. In
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contrast, 7TGF-2 remained constant while 7TGF-f3 was significantly downregulated in
DAP/8wks compared to T3DAP/3wks.

The effects of HYP to suppress the expression of hypertrophic markers (COL10A41
and MMP13) during in vitro chondrogenesis were consistent with previous results [15].
However, it was surprising that the expression of COL10A1 was unchanged after TGF[33
withdrawal regardless of oxygen tension.

The long-term chondrogenic culture (10 weeks) with TGF-f3 under NRX has been
shown to enhance the maturation of ECM derived from bovine [146], and human [92]
MFCs using an in vitro scaffold model. But there was no assessment of the hypertrophic
potential. In this study, COL10A1 expression increased significantly in long-term culture
of T3DAP/8wks regardless of oxygen tension. This outcome was inconsistent with the
findings of another study that showed COL10A1 was not induced in hACs pellets after 42
days of in vitro chondrogenesis in the presence of TGF-3[121]. To this end, it would
seem like our T1F2-expanded hMFC behaved similarly to hBM-MSCs in that COL10A41
expression increased with chondrogenic culture time [121, 294]. The reason for the
disparity is unclear but may be associated with the pathophysiology of the osteoarthritic
hACs used in the study [295], while the hMFC are non-osteoarthritic.

Pelttari et al have shown that the expression of COL10A41 in hBM-MSCs after 3-7
weeks of chondrogenic differentiation correlated with a calcifying and vascularizing

phenotype in the SNM model[121]. In contrast, despite the increased COL10A1
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expression even in our long-term culture constructs, there was evidence of
neovascularization but no calcification after ectopic implantation in SNM. Moreover,
HYP-cultured constructs only exhibited superior ECM formation in vitro but also
partially maintained ECM components like type II collagen and Safranin-O positive
proteoglycan in vivo compared to NRX. Even though the hMFC cultured under HYP had
increased VEGF expression, the level of blood vessel invasion seemed similar regardless
of oxygen tension based CD31 IF.

The HYP-precultured constructs showed potential as a strategy to engineer IM-ECM
that may be enriched with the angiogenic factor, VEGF, for the repair of avascular
meniscus injuries given the upregulation of VEGF in vitro and subsequent vascularization
of pre-cultured IM-ECM formed after 5 weeks’ of implantation in the SNM model.
However, it is noteworthy that even though VEGF is highly expressed in the avascular
region of the meniscus after injury relative to controls in rabbits, there was no
neovascularization [296]. Moreover, the direct application of free VEGF with VEGF-
coated sutures in the avascular region was also not adequate to facilitate
neovascularization in a sheep model [297]. The reason for the lack of neovascularization
is unclear but may be concentration dependent, given that the eye cornea (an avascular
tissue) underwent neovascularization after application of VEGF at (>200ng) [298]. To the
best of our knowledge, our study is the first demonstrating that h(MFC precultured under

HYP (3%) can promote neovascularization.
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Our PCA revealed a two-component solution accounting for more than 56% of the
variance in the obtained data. One component, PC1, favored a hypertrophic chondrogenic
pathway with endogenous TGF-f1 and TGF-B2, and the other component correlated with
a TGF-B3 mediated non-hypertrophic chondrogenesis via SOX9 upregulation and anti-
hypertrophic mechanisms involvement.

4.5 Conclusions

In summary, our study describes two different strategies to maintain and promote IM-
ECM formation by hMFC under HYP compared to commonly used 3 weeks’
chondrogenic culture in vitro. Our in vitro results indicated that: 1) autologous hMFCs
can be expanded up to ~113 fold in about two weeks cumulatively, and their IM-ECM-
forming capacity under hypoxia was retained after short-term storage in liquid nitrogen;
2) Pre-formed IM-ECM can be maintained under HYP without exogenous growth factor
supplementation, while longer chondrogenic culture with TGF-B3 under HYP can
enhance its production at the expense of a more hypertrophic phenotype. Also, this study
showed the feasibility for hMFC-derived IM-ECM to support neo-vascularization
without ossification at the ectopic site, even though partial degradation of pre-formed IM-

ECM was observed.
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Chapter 5 Chondrogenic differentiation of synovial fluid mesenchymal
stem cells on human meniscus-derived decellularized matrix requires

exogenous growth factors
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5.1 Introduction

The menisci are a pair of crescent-shaped fibrocartilages between the femoral condyle
and tibial plateau that withstand compressive and tensile forces [299]. They are essential
for mechanical load distribution and transmission, lubrication, and stability of the knee
joint [2] . The biomechanical properties of the menisci are due to its extracellular matrix
(ECM), which is composed primarily of collagens and proteoglycans. Collagen I is found
throughout the entire meniscus while collagen II and aggrecan, a large proteoglycan, are
found in the inner regions [300]. The avascular nature of the inner two-thirds of the tissue
limits its potential for healing [6]. Injuries in the avascular portion are commonly treated
by partial meniscectomy [3]. However, partial meniscectomy results in altered
biomechanics of the knee joint and poses a major risk for the early onset of knee
osteoarthritis [3]. To this end, alternative and novel strategies to repair avascular
meniscus injuries are of significant interest in orthopaedic research and therapy. Cell-
based tissue engineering and regenerative medicine strategies have been advocated as a
potential approach to address this issue [9].

From a clinical and bioengineering perspective, autologous meniscus
fibrochondrocytes (MFCs) isolated from a partial meniscectomized tissue specimen are
the ideal cell source for engineering the meniscus as they are responsible for the synthesis
of the ECM of the meniscus. However, isolated primary MFCs are limited in numbers

and cell expansion protocols to increase numbers suffer from dedifferentiation and loss of
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their functional ECM synthetic capacity [11]. Although an improved cell expansion
protocol was recently reported to mitigate this limitation [301], readily accessible cell
sources such as adult-derived mesenchymal stem cells (MSCs) remain promising as
alternative cell sources[9]. These include MSCs from bone marrow MSCs (BM-MSCs)
[99], synovial membrane MSCs (SM-MSCs) [209], and adipose MSCs (AD-MSCs)
[210]. Increasing evidence has demonstrated that MSCs also exist in synovial fluid (SF-
MSC:s) of healthy human knee joint and their number increases under pathological
conditions [180, 302], suggesting they may potentially have a reparative role in meniscus
injuries [303]. When compared to BM-MSCs, SM-MSCs, and AD-MSCs, SF-MSCs have
a decreased tendency to form bone [185, 304], and also have a better chondrogenic
capacity compared to BM-MSCs [304]. However, specific factors that induce SF-MSCs
differentiation towards a robust fibrochondrogenic phenotype are currently unknown.
Insulin-like growth factor 1 (IGF-1) and transforming growth factors B (TGFp)
signaling were recently shown to be highly elevated during morphogenesis of mouse
meniscus [305]. Furthermore, in mature menisci, the expression of insulin-like growth
factor-1 (IGF-1) was shown to be upregulated after injury [306] and induction of IGF-1
enhanced repair of meniscus defects in vivo [307]. Since IGF-1 is known for enhancing
matrix formation of articular chondrocytes [308] and TGFf3 superfamily members can
induce chondrogenic differentiation of SF-MSCs [180, 304], it is reasonable to propose

that IGF-1 may be important in regulating the fibrochondrogenic differentiation of SF-
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MSC.

Since the demonstration of demineralized bone matrix’s capacity to induce ectopic
bone formation [309], a growing body of evidence has similarly demonstrated that
decellularized matrix (DCM) from native tissue has capacity to regulate stem cell
differentiation in tissue engineering applications [247]. The sequestration of bio-inductive
factors in DCM derived from porcine articular cartilage has been shown to drive the
chondrogenic differentiation of human AD-MSCs without exogenous growth factors
[254]. Similarly, supplementation of culture media with protein extracts derived from
decellularized inner and outer bovine meniscus was shown to differentially differentiate
human BM-MSCs without the addition of growth factors [310]. Moreover, bovine
meniscus-derived DCM has also been demonstrated to upregulate gene expression levels
of fibrochondrogenic markers in human BM-MSCs compared to DCM-free control under
chondrogenic stimulation in 3-dimensional scaffold culture [142, 310]. Based on these
studies, we speculate that human meniscus-derived ECM may provide meniscus-specific
inductive factors such as TGF-B3; and IGF-1 for fibrochondrogenic differentiation of
human SF-MSCs.

The oxygen tension during isolation and expansion of MSCs has a significant impact
on their matrix-forming phenotype. SF-MSCs reside in a hypoxic knee joint environment
[226] and hypoxic conditions during cell isolation and expansion have been shown to

enhance chondrogenic differentiation of BM-MSCs [15].
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The objective of this study was to evaluate the effect of DCM derived from the
human native meniscus, TGF-f3 and IGF-1 on fibrochondrogenesis of human SF-MSCs
for meniscus tissue engineering under hypoxic conditions (3% Oz). We hypothesized that
human meniscus-derived DCM would stimulate human SF-MSCs to produce ECM that
resembles native meniscus under hypoxic conditions and these effects would be further
enhanced by TGF-f3 and IGF-1.

5.2 Methods

5.2.1 Ethics statement
Experimental methods and tissue collection were approved and in accordance with the
University of Alberta’s Health Research Ethics Board (HREB)- Biomedical Panel (Study
IDs: Pro00018778 and Pro00001141). Ethics Board waived the need for written informed
consent of patients where relevant, as specimens used in the study were either intended
for discard in the normal course of the surgical procedure (i.e. study ID: Pro00018778) or
were human cadaver tissue specimens from the Comprehensive Tissue Centre, Alberta
Health Services, and approved for use within the limitations of human experimentation
(i.e. study ID: Pro00001141). Extensive precautions were taken to preserve privacy of all
donors.

5.2.2 Isolation and culture of synovial fluid-derived mesenchymal stem cells (SF-

MSCs)

Human synovial fluid (SF) aspirate was obtained (mean volume + SD of 13 +£ 9 mL) from
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5 male donors (age 18-57 years). The non-identifiable donor information is summarized
in Table 4-1. Briefly, SF aspirate was passed through a 100 um nylon mesh filter (Falcon,
BD Bioscience, NJ, USA) after a 1:20 dilution with standard a-MEM supplemented with
10% v/v fetal bovine serum (FBS), 100 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), ImM sodium pyruvate (all from Sigma-Aldrich
Co., MO, USA), 100U/mL penicillin, 100 png/ mL streptomycin and 0.29 mg/mL
glutamine (PSG; Life Technologies, ON, Canada). Cells in the aspirate were isolated after
centrifugation at 1500 rpm for 10 min and the number of mononucleated cells (MNCs)
was determined after crystal violet nuclei staining on a hemocytometer. Isolated MNCs
were plated at 1,000/cm? and cultured in standard a-MEM as above but with 5 ng/mL of
bFGF or FGF-2 (Neuromics, MN, USA, Catalog#: PR80001), to maintain the cells’
chondrogenic potential [16] under hypoxia (HYP, 3% O>) at 37°C in a humidified
incubator containing 5% CO». Adherent nucleated cells (SF-MSCs) were expanded under
HYP until passage 2 (P2) before experimental use. The time from seeding MNCs and

reaching 80% confluence at P2 varied from 4 to 9 weeks.
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Table 5-1: Synovial fluid donor information

Donor Gender Age, years Medical history Volume, mL
1 Male 36 Asthma, previous DVT 25
2 Male 29 Meniscus tear 20
3 Male 18 Osteochondral lesion 6
4 Male 57 Knee osteoarthritis 8
5 Male 32 Anterior cruciate ligament injury 5

DVT: deep vein thrombosis

5.2.3 Colony-forming unit fibroblastic (Cfu-f) assay
A colony-forming unit fibroblastic (Cfu-f) assay was performed as previously described
to determine the clonogenic and population doubling characteristics of SF-MSCs [15].
Briefly, 2,500 MNCs from synovial fluid aspirates were plated in 100 mm sterile petri
dishes in triplicated (Becton Dickinson, ON, Canada) and cultured under HYP. The
media used was a-MEM with FGF-2 as above. The duration of the Cfu-f assay for each
donor (mean = SD of 23.3 + 9.0 days) was equivalent to the time required to reach 80%
SF-MSCs confluence at PO in the culture flasks prior to subsequent detachment and
splitting to P1 for expansion. The number of cell colonies for each donor was recorded as
well as their diameters.

5.2.4 Flow cytometry analysis
Flow cytometry was used to characterize the cell membrane surface markers of SF-MSCs
derived from one donor (male, 36 years old) as previously described [15]. Monolayer

cultured SF-MSC:s at the end of P2 were analyzed using a FACScan flow cytometer
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(Becton Dickinson). All primary monoclonal antibodies used herein were directly
conjugated antibodies to fluorescein isothiocyanate (mAb-FITC) or to phycoerythrin

(mAb-PE). Antibodies were either from BD Pharmingen or Invitrogen (see Table 4-2).

155



Table 5-2: Antibodies used to characterize SF-MSCs

Specificity Isotype™ Cat.#/Flurochrome Source
CD13 (aminopeptidase-n) mlgGl1 sc-70529/PE Santa Cruz
Biotechnology
CD29 mlgGl CD2901/FITC Invitrogen
CD34 mlgGl sc-19621/FITC Santa Cruz
Biotechnology
CD44 (Pgp-1, H-CAM, Ly 24) mlgG2b 560977/FITC BD Pharmingen
CD 45 (2B11) mlgGl1 Sc-20056/PE Santa Cruz
Biotechnology
CD49c (03 integrin chain) mlgGl 556025/PE BD Pharmingen
CDA49f (a6 integrin chain) rlgG2a 555735/FITC BD Pharmingen
CD73 mlgGl 550257/PE BD Pharmingen
CD90 (Thy-1) mlgGl 55596/PE BD Pharmingen
CD 105 (endoglin) mlgGl sc-71043/PE Santa Cruz
Biotechnology
CD151 (PETA-3) mlgGl 556057/PE BD Pharmingen
CD184 (CXCR4) mlgG2a 560937/PE- BD Pharmingen
CyTM5
Not specified (Isotype control) mlgG1 sc-2855/FITC Santa Cruz
Biotechnology
Not specified (Isotype control) mlgGl sc-2866/PE Santa Cruz
Biotechnology

*m, mouse; 1, rat

5.2.5 Decellularized meniscus-derived matrix scaffold preparation

Human medial and lateral menisci were harvested from the left knee joint of a one-day
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old cadaver (male, 46 years old) and processed the next day based on a published
protocol [254]. Briefly, meniscus tissue was cut into small chips and suspended in PBS
containing 1% (v/v) PSG. Meniscus slurry was collected after homogenization using a
tissue homogenizer and the remaining small particles were removed using forceps.
Meniscus slurry was then resuspended in sterile Milli-Q water, centrifuged, and collected.
Thereafter, | mL of meniscus slurry aliquots were pipetted into cryogenic vials (Wheaton
Science, NJ, USA), frozen overnight in -80 °C and then freeze-dried for ~17h. Porous
meniscus extracellular matrix-derived scaffolds (6 mm (diameter) x 1.8-2.0 mm
(thickness)) were cut using sterile scalpels and biopsy punches (Fig.4-1). The resulting

scaffolds were sterilized with ethylene oxide before experimental use.

Figure 5-1: Method diagram of fabrication of decellularized matrix (DCM) scaffold from
human native meniscus (n=1, male,46 years old). (A) gross morphology of the native
meniscus tissue, (B) Collection of a slurry of meniscus matrix after centrifugation, (C)
DCM scaftold after freeze-drying, (D) gross morphology of the DCM scaffold (6 mm

(diameter) x ~ 1.8-2 mm (height)). Scale bar (white): 2 mm.
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5.2.6 Cell aggregate (pellet) culture
A three-dimensional cell pellet culture model was applied to test the effect of the
individual growth factors on fibrochondrogenic differentiation of SF-MSCs as previously
described [246]. At the end of P2, 5x10° of SF-MSCs were centrifugated at 1500 rpm for
5 min to make pellets in 1.5 mL sterile conical microtubes (Bio Basic Inc, Ontario,
Canada.). Thereafter, the pellets were cultured in 0.5 mL of a defined serum-free
chondrogenic medium (SFM)composed of high glucose DMEM, HEPES (10 mM), PSG,
dexamethasone (100 nM), ascorbic acid 2-phosphate (365 pg/mL), human serum albumin
(125 pg/mL) and 40 pg/mL L-proline all from Sigma-Aldrich), ITS+1 premix (Corning,
Discovery Labware, Inc., MA, USA), TGF-B3 (10 ng/ml; ProSpec, NJ, USA, Catalog#:
cyt-113), IGF-1 (10 ng/mL; ProSpec, NJ, USA, Catalog#: cyt-216) or both growth factors
under HYP at 37°C in a humidified incubator with 5% CO> for 21 days. Medium changes
were performed twice per week.

5.2.7 Decellularized matrix scaffold seeding and construct culture
To test the effect of the decellularized extracellular matrix (DCM) on the
fibrochondrogenic differentiation of SF-MSCs, DCM scaffolds were placed in a 24-well
low attachment plate (Sarsdedt AG & Co, Germany) and SF-MSCs from P2 were seeded
per scaffold as previously described [13]. The scaffolds were pre-wet with SFM to
promote cell attachment and infiltration. 5x10° SF-MSCs were suspended in 20 ul of

pure SFM or SFM supplemented with TGF-3; and IGF-1, and then micro-pipetted onto
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each scaffold. After cell seeding of one scaffold, it was placed immediately in -80 °C
freezer as a day 0 control for the initial DNA content prior to scaffold culture. Scaffolds
seeded with SF-MSCs and empty scaffolds were cultured in a static environment at 37°C
under HYP and 5% CO; with or without TGF-; and IGF-1 for 21 days. Medium changes
were performed twice per week.

5.2.8 Scanning electron microscopy (SEM) analysis
The microarchitecture of the DCM scaffolds and the morphologies of SF-MSCs on the
scaffolds were investigated via scanning electron microscopy (SEM). SEM was
performed on SF-MSCs seeded scaffolds post 21 days of in vitro culture. Briefly, each
scaffold was fixed with a pre-warmed fixative solution consisting of 2% (v/v)
glutaraldehyde and 2.5% (v/v) paraformaldehyde overnight at 4°C. Scaffolds were then
carefully cut into 4 pieces using scalpels. The scaffolds were washed with Milli-Q water
3 times for 2 min the next day. Then a second fixation process was performed using 2%
(v/v) osmium tetroxide in Milli-Q water for 15 min, followed by washing the scaffolds in
Milli-Q water, then fixing the scaffolds using 2% (w/v) tannic acid in Milli-Q water for
15 min. This step was repeated three times before stepwise dehydration using: 30%, 50%,
70%, 80%, 90%, 95% and 100% ethanol (% v/v) twice each for 5 min each followed by
hexamethyldisilazane (HMDS) treatment (twice) for 5 min. The scaffolds were then air
dried at room temperature overnight. The scaffold images were captured using a scanning

electron microscopy (SEM) (Model S-4800, Hitachi, JA). The pore sizes of the DCM
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were measured based on SEM images by ImagelJ software (U.S. National Institutes of
Health, Bethesda, Maryland, USA). All the reagents used were from Electron Microscope
Science, PA, USA.

5.2.9 Analysis for fibrochondrogenic differentiation of SF-MSCs
At the end of culture stage under HYP, pellets and scaffolds were assessed biochemically
for glycosaminoglycan (GAG) and DNA content, histologically by Safranin-O staining
and by immunofluorescence (IF) for characteristic meniscus matrix proteins (e.g.
aggrecan, collagen I/IT) and hypertrophic differentiation marker (collagen X) and by
quantitative polymerase chain reaction (q-PCR) for gene expression analysis as
previously described [246]. For aggrecan IF, paraffin sections of 5 um thick were treated
with epitope retrieval solution (IW-1100, IHC) in a steamer (IHC-TekTM) after
deparaffinization and rehydration. The sections were incubated with primary antibody:
rabbit anti-aggrecan (36861, Abcam) using a 1:100 dilution in 4°C overnight followed by
incubation with a goat anti-rabbit IgG (H&L Alexa Fluor 594, Abcam) with a 1:200
dilution. For gene expression analysis, primers sequences were either obtained from
previously published work or newly designed using Primer Express software
(ThermoFisher, ON, Canada) (Table 3). mRNA expression levels for each primer set
were normalized to the geometric mean expression level of these housekeeping genes: [3-
actin, Ribosomal Protein L13a (RPL13A) and Tyrosine 3-Monooxygenase/Tryptophan 5-

Monooxygenase Activation Protein Zeta (YWHAZ), using the 27 method [219].
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Table 5-3: Primer sequences for quantitative polymerase chain reaction analysis

Gene Primer sequences GenBank
accession or
reference
B-actin 5’AAGCCACCCCACTTCTCTCTAAZ’ Forward NM 001110
(ACTB) 5’AATGCTATCACCTCCCCTGTGT3’ Reverse 1
Aggrecan 5’AGGGCGAGTGGAATGATGTT 3° Forward M55172
(ACAN) 5’GGTGGCTGTGCCCTTTTTAC3’ Reverse
Collagen I S’TTGCCCAAAGTTGTCCTCTTC T3’ Forward NM_000089
(COL1A42) 5’AGC TTCTGTGGAACC ATG GAA3Z’ Reverse
Collagen 11 5’ CTGCAAAATAAAATCTCGGTGTTCT3’ Forward [15]
(COL241) 5’ GGGCATTTGACTCACACCAGT?’ Reverse

Collagen X  5’GAAGTTATAATTTACACTGAGGGTTTCAA Forward X60382
(COL10A41T) A3
5’GAGGCACAGCTTAAAAGTTTTAAACA3’  Reverse

RPL13A 5’CCTGGAGGAGAAGAGGAAAGAGAY’ Forward NM 001270
S’TTGAGGACCTCTGTGTATTTGTCAA3’ Reverse 491.1
SRY-Box 9 5’GACTTCCGCGACGTGGAC3’ Forward
(50X9) 5’GTTGGGCGGCAGGTACTG3’ Reverse 746629
YWHAZ 5S’TCTGTCTTGTCACCAACCATTCTT3’ Forward NM_003406
5’ TCATGCGGCCTTTTTCCA3’ Reverse

5.2.10 Statistical analysis
Data represent the mean of four donors, excluding the donor used solely for flow
cytometry characterization, each measured at least in independent duplicates or at most in

triplicates + standard deviation in four experiments. Statistical analyses were performed
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using SPSS (version 23; IBM Canada Ltd, ON, Canada) and Excel 2016 (Microsoft, WA,
USA). Outliers were defined as values 1.5 interquartile ranges below the 1st quartile or
above the 3rd quartile. Data were assessed for normality using the Shapiro-Wilk test.
Levene’s test was used to assess homogeneity of error variances. For cases with equal
variances, distinct groups were compared using one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison post hoc tests; otherwise, a Kruskal-Wallis one-way
ANOVA with pairwise comparisons was applied. For comparison between the DCM
scaffold with or without growth factors, a Student’s ¢-test was used. Significance was
considered when p<0.05.
5.3 Results

5.3.1 SF-MSCs isolation and expansion culture
A colony forming unit fibroblastic (Cfu-f) assay was performed to assess the percentage
of adherent SF-MSCs isolated from human synovial fluid (SF) cultured with basic
fibroblast growth factor (FGF-2) under hypoxia (HYP, 3% O») (Fig.5-2). All Petri dishes
seeded with cells had colonies formed (n=4; Fig.5-2A). Cell morphology was visualized
by staining with crystal violet. On the edge of the colonies, cells were loosely connected
while cells in the center were highly compact. Cell morphology ranges from long-spindle
shaped to polygonal-like (Fig.5-2B). The number and diameter of the cell colonies were
recorded at the end of PO when the corresponding expanded SF-MSCs in culture flasks

were about 80-90% confluence (23.5 £ 9.0 days of culture). The mean number and
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diameter of the cell colonies were 36.6 £ 24.7 and 1.2 + 0.2 cm. Cfu-f efficiencies varied
between donors with a mean efficiency of 1.5 £ 1.0% (Fig.5-2C). The total number of
colonies per mL of synovial fluid were 4.2 + 2.4. All data in this study are presented as
the mean =+ standard deviation (Fig.5-2D). Isolated SF-MSCs were at the same time
cultured in monolayer with FGF-2 under HYP. Mean cumulative population doublings
(PD) were 11.6 = 0.6 at the end of P1 and 13.9 + 0.6 in P2 (Fig.5-2D). The mean time
between plating of SF-MSCs at P1 and reaching 85-90% confluence at the end of P2 was
16.5 + 6.2 days. PD per day was highest in P1 at 0.6 + 0.2 and then decreased in P2 at 0.2

+0.1 (Fig.5-2D).
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Figure 5-2: Colony-forming unit fibroblastic (Cfu-f) assay of human synovial fluid
mesenchymal stem cells (SF-MSCs) at the end of PO expanded with FGF-2 (5 ng/mL)

under hypoxia (HYP, 3% O;) (n=4). (A) Colony formation of plastic-adherent SF-MSCs
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and visualized by crystal violet staining, (B) morphology of the adherent cells, (C) colony
count, colony diameter, and Cfu-f efficiency, (D) colony number per mL SF, population
doublings per day and cumulative population doublings. D: donor, scale bar (A): 2 mm
and (B): 200 um, all data presented as a mean + standard deviation.

5.3.2 Expression of MSC surface markers on SF-MSCs
To characterize the immunophenotype of isolated SF-MSCs, one donor (male, 36 years
old) was analyzed for the cell surface molecule expression. SF-MSCs were positive for
CD13, 29, 44, 49C, 73, 90, 105, 151 and negative for CD34, 45, 491, 184 (Fig.5-3). The
positive and negative immunophenotypic characteristics of the isolated SF-MSCs were

consistent with MSC cell surface properties [112].
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Figure 5-3: Flow cytometry analysis of cell surface markers on P2 SF-MSCs after
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culture with FGF-2 (5 ng/mL) under HYP from one donor (male, 36 years old). (A)
Fluorescence intensity histograms, (B) The fluorescence intensity of cell surface markers,
(c) the percentage (%) of positive SF-MSCs

5.3.3 Biochemical analysis of GAG and DNA content
To assess the effect of DCM and growth factors on fibrochondrogenic differentiation
potential of SF-MSCs in vitro, the biochemical analysis was performed on SF-MSCs in
pellets (Fig.5-4A) and DCM scaffold model (Fig.5-4B) after 21 days of culture under
HYP. In the pellet groups, no significant differences were found in DNA content. Pure
TGF-B3 (+TGFB3) or the combination of TGF-B3 /IGF-1 (+TGFB3/IGF-1) tended to
stimulate more GAG production when compared to pure IGF-1 (+IGF-1) which was
consistent with the Safranin-O staining results, though there was no statistical difference.
The same trend was also observed when quantitative GAG production was normalized to
DNA content (GAG/DNA) without significant difference (Fig.5-4A). In the DCM
groups, the GAG content and GAG/DNA were significantly higher in +TGFB3/IGF-1
compared to the group without exogenous growth factors (-TGFB3/IGF-1) (p=0.04 and
p=0.01, respectively). +TGFB3/IGF-1 also tended to promote SF-MSCs proliferation
after seeding on DCM when compared to day 0 control and -TGFB3/IGF-1, but no
significant difference was found (Fig.5-4B). The GAG and DNA contents of an empty
DCM scaftfold were measured to provide a baseline value prior to seeding with SF-MSCs.

While GAG was detected on the empty DCM with similar levels to the SF-MSC-seeded
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DCM without growth factors, it was nearly acellular with very little DNA detected in

comparison to the cell-seeded groups.
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Figure 5-4: Biochemical analysis of pellets derived from SF-MSCs (n=4) after 21 days
of in vitro culture in the presence of serum-free medium containing IGF-1, TGFB3 or the
combination under HYP. (A) GAG content, DNA content and GAG/DNA in pellets;
Biochemical analysis of DCM scaffolds seeded with SF-MSCs (n=4) after 21 days of in
vitro culture in serum-free medium with or without combined +TGFB3/IGF-1 under HYP.
(B) GAG content, DNA content and GAG/DNA in DCM scaffolds. + and - indicates with
or without growth factors, * indicates significant differences (p<0.05), data all presented
as a mean =+ standard deviation.

5.3.4 Safranin-O staining and scanning electron microscopy
After 21 days of in vitro culture under HYP, pellets and DCM scaffolds were embedded

in paraffin and then 5 pm thick sections were cut and stained with Safranin-O to visualize
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the deposition of sulfated proteoglycan. The pellet results were consistent with the
biochemistry analysis. Safranin-O positive staining occurred in both +TGFB3 and
+TGFB3/IGF-1 while +IGF-1 was negative (Fig.5-5A). In the DCM groups, Safranin O
positive ECM was abundant in +TGFp3/IGF-1 with chondrocyte-like cells residing
within lacunae-like structures. However, although deposition of ECM was noted in -
TGFP3/IGF-1, no Safranin-O staining was observed (Fig.5-5B).

Scaffolds were fixed with glutaraldehyde and paraformaldehyde and then processed
with osmium tetroxide and tannic acid to visualize the microarchitecture and
morphologies of the empty scaffold or SF-MSCs seeded on scaffolds after 21 days using
SEM. The gross morphology of the empty scaffold appeared sponge-like; under SEM
imaging it exhibited a 3-dimensional porous structure with collagen leaves/sheets after
freeze-drying (Fig.5-5C). The pore sizes in the empty scaffold ranged widely from 32 pm
to 290 um based on the SEM image (Fig.5-6)

Under both conditions (i.e. -TGFB3/IGF-1 and + TGFB3/IGF-1), SF-MSCs adhered
to and penetrated into the DCM scaffolds. The scaffold pores were filled with SF-MSCs
and abundant extracellular matrix was synthesized. In -TGFB3/IGF-1, the scaffold
structure was modified by closely-packed, flat-shaped, fibroblast-like SF-MSCs on the
order of 50pum with microvilli (Fig.5-5C). Some round-shaped SF-MSCs were located on
top of or between the fibroblastic-like SF-MSCs of around 2-5 um in diameter. Collagen-

like fibers synthesized by the fibroblast-like cells branched out from their surfaces and
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appeared to connect them together. In contrast, in +TGFB3/IGF-1 , the upper layer was
covered in round-shaped chondrocyte-like SF-MSCs of around 1-7 um in diameter with
microvilli. They appeared to form very long collagen-like fibers that integrated into the
newly-formed extracellular matrix. Some of these cells were buried by the dense network
of fibers. Beneath this upper layer, the matrix was extremely dense with some elongated
cells on the order of 50-100 um. Higher magnification of SEM images for scaffold

seeded with SF-MSCs is shown in Fig.5-5D.
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Figure 5-5: Safranin-O staining analysis for proteoglycan deposition in pellets derived

from SF-MSCs (A) and DCM scaffolds seeded with SF-MSCs (B) after 21 days of in

vitro culture under HYP; Scanning electronic microscope (SEM) for the morphology of

SF-MSCs and DCM scaffold (C), (D: higher magnification) after 21 days of culture

under HYP. + and - indicates with or without growth factors, scale bars in um: (A &B)
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Figure 5-6: Scanning Electron Microscopy image of an empty decellularized matrix
(DCM) scaffold from human native meniscus (n=1, male,46 years old).

5.3.5 Immunofluorescence
After 21 days of in vitro culture in HYP, indirect immunofluorescence was performed to
detect extracellular matrix components using a primary antibody to collagen I, collagen
II, aggrecan (Fig.5-7), the hypertrophic marker collagen X (Fig.5-8) and cells (DAPI) in
pellets and scaffolds. Pellets derived from human bone marrow mesenchymal stem cells
(BM-MSCs) from a previous study served as a positive control for collagen X (Fig.5-8).
The first and fourth column of DAPI staining in Fig. 5-7 was done separately in aggrecan

and collagen I/Il immunofluorescence.
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In the pellet groups, SF-MSCs visualized via DAPI were evenly distributed
throughout the pellets in three conditions qualitatively (Fig. 5-7A). Aggrecan
immunofluorescence was noticeable in both +TGFB3/IGF-1 and +TGFB3 while +IGF-1
did not induce deposition of aggrecan. Deposition of collagen I was homogenous across
the three conditions. In contrast, collagen II deposition was most remarkable in
+TGFB3/IGF-1 and then decreased in +TGFp3, with no collagen II deposition in +IGF-1.
Both aggrecan and collagen II fluorescence corresponds well with safranin O staining for
GAG content (Fig.5-5A). Negligible deposition of collagen X was observed in +1GF-1
when compared to the positive control BM-MSC pellet (Fig. 5-8A). For +TGFB3/IGF-1
and +TGFP3, punctate immunofluorescence signal was observed compared to the diffuse
signal in the BM-MSC pellet (Fig.5-8A). In the DCM groups, no DAPI staining was
observed in the empty scaffold after the decellularization process (Fig.5-8B). Most of the
empty scaffold components were collagen I with some collagen II and X (Fig.5-8B). The
number of SF-MSCs in -TGFB3/IGF-1 was less than in +TGFB3/IGF-1, which was
consistent with the DNA analysis. Immunofluorescence indicated collagen I deposition in
both groups. In contrast, intense collagen I immunofluorescence was observed in
+TGFB3/IGF-1 while no deposition of collagen II was detected in -TGFB3/IGF-1 (Fig.5-
7B). No obvious differences in collagen X deposition were observed between the two
groups and the fluorescence was much less pronounced relative to the positive control

(Fig.5-8B).
171



e

Collagen 1{COLTD)  Collagen I1(COL 1)  COLT+COLTT COLI+COLII+

+TGFR3TGF1 +1GF1 +TGFp3

=

Figure 5-7: Indirect immunofluorescence analysis of aggrecan, collagen I and collagen I1

+TGEB3/IGFL  TGFp3/1GF1  Empty DCM

in pellets derived from SF-MSCs (A) and empty DCM scaffold or DCM scaffolds seeded
with SF-MSCs (B) after 21 days of in vitro culture under HYP. Blue (DAPI: 4',6-
diamidino-2-phenylindole.): cells, Red (Alexa Fluor 594): aggrecan and collagen I, Green
(Alexa Fluor 488): collagen II. Aggrecan and collagen I/II was performed on separate

slides and thus DAPI was presented for each. Scale bar (white): 200 pm
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Figure 5-8: Indirect immunofluorescence analysis of hypertrophic marker collagen X in
pellets derived from SF-MSCs (A) and empty DCM scaffold or DCM scaffolds seeded
with SF-MSCs (B) after 21 days of in vitro culture under HYP. Blue (DAPI): cells, Red
(Texas Red): collagen X. Positive control (A): pellets from human bone marrow-derived
mesenchymal stem cells cultured with the same chondrogenic medium. Scale bar (white):
200 pm.

5.3.6 ECM gene expression
Relative gene expression levels were assessed in SF-MSCs cultured in pellets and in
DCM scaffolds by qPCR after 21 days of in vitro culture under hypoxic conditions to
further characterize the newly-formed ECM. The mean relative gene expression levels of
aggrecan (ACAN), collagen I (COL1A2), collagen Il (COL2A1), SOX9, collagen X
(COL10AI) are shown in Fig.5-9.

In the pellet groups, both +TGFB3 and +TGFB3/IGF-1 showed significant or nearly
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significant mRNA gene upregulation compared to +IGF1 of ECM macromolecules
ACAN (p=0.002 and p=0.003, respectively), COLI1A2 (p=0.007 and p=0.056), and
COL241 (p=0.011 and p=0.020), hypertrophic differentiation marker COL10A1 (p=0.04
and p=0.21), and chondrogenic regulator SOX9 (p=0.012 and p=0.008) (Fig.5-9A-E).
However, there was no significant difference between +TGFB3 and +TGFB3/IGF-1 for
any gene measured (Fig.5-9A-E).

In the DCM scaffolds, the addition of +TGFB3/IGF-1 seemed to induce higher gene
expression of ACAN, COL1A2, COL2A41, and SOXY relative to their expression in pure
DCM scaftfold with no growth factor treatment (-TGFB3/IGF-1). However, not all the
inductions were statistically different: it was not significant for ACAN (p=0.09, Fig. 5-
9F), it was significant for COLIA2 and SOX9 (p=0.04, Fig. 5-9G and p=0.03, Fig. 5-9],
respectively), and it was not significant for COL2A1 and COL10A1 (p=0.17, Fig. 5-9H

and p=0.14, Fig.5-91, respectively).
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Figure 5-9: Real-time PCR analysis of cDNA of pellets derived from SF-MSCs (A-E)
and DCM scaffolds seeded with SF-MSCs (F-J) after 21 days of in vitro culture under
HYP, in the presence (+) and absence (-) of growth factors. * and ¥ in pellets indicates

significant differences (p<0.05) in IGF-1 vs. TGFB3, and IGF-1 vs. TGFB3/IGF1,

respectively. * in scaffolds indicates significant differences (p<0.05) between -

TGFB3/IGF-1 and +TGFB3/IGF-1 group.
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5.4 Discussion

SF-MSCs are a promising stem cell source for engineering cartilaginous tissues as a
consequence of their reduced hypertrophic tendencies [ 185, 304]. However, the growth
and chondrogenic differentiation of multiple MSCs is influenced by a variety of
biochemical, microenvironmental and biomechanical factors; TGFBs [292], oxygen
tension [311], extracellular matrix (ECM) [247] and mechanical stimuli [312].

In this study, we asked the question: “can the ECM derived from human meniscus
stimulate fibrochondrogenic differentiation of SF-MSCs in vitro?”” Cheng et al had
demonstrated that the native ECM of articular cartilage had the capacity to differentiate
adipose-derived MSCs towards a chondrocyte phenotype with the capacity to synthesize
cartilaginous matrix [254].

To address our question, we demonstrated the isolation and characterization of SF-
MSC:s. Our isolation and cell expansion protocol involved hypoxia (HYP, 3% O2) and
supplementation of FGF-2, both of which have been demonstrated to be beneficial for
maintaining the chondrogenic potential of expanded bone marrow-derived MSCs [15].
Colony formation was evident in all donor SF-MSCs tested in this study. The SF-MSCs,
including those isolated from an osteoarthritic donor joint, proliferated well under HYP
and in the presence of FGF-2. Although Kurose et a/ showed that 19 out of 26 donors
with osteoarthritis had SF-MSCs that expanded well under normoxia but in the absence

of growth factors [313]. Conventionally used cell surface marker panel for the
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characterization of MSCs was implemented using flow cytometry [112]. The isolated SF-
MSCs were positive for the panel of MSC surface markers at the end of P2, suggesting
that the conditions of cell isolation supported the proliferation and retention of the MSC-
related phenotype of human SF-MSCs. However, there were notable donor-specific cell
proliferation differences. Relative to the other three donors (male, 26.3 + 6.0 years) of
SF-MSCs who suffered from acute injuries, the SF-MSCs from the older and
osteoarthritic donor (male, 57 years) required more time to become confluent (36 days vs
19 + 2.8 days) and had the least number of colonies formed (10 vs 45.4 + 17.2), but the
largest diameter of colonies (1.37 + 0.26 cm vs 1.1 + 0.2 cm) at the end of passage 0 and
beginning of passage 1. Our findings here are somewhat consistent with reports that the
number of colonies of SF-MSCs positively correlates with post-injury time and with
increased severity of osteoarthritis [180, 303]. Another factor that may have influenced
the notable difference may be the age difference. Increased age has been reported to
negatively impact the Cfu-f potential of MSCs [314]. But looking at our Cfu-f data
(Fig.5-2A), age does not appear to have been a negative factor given the age range of the
SF-MSCs donors; 18-57 years. It is probable that the use of HYP during isolation and
expansion culture of SF-MSCs in this study may have mitigated the effect of age and
contributed positively to the Cfu-f potential [15, 315]. However, the long doubling time
for the human SF-MSCs to reach confluence from PO to P2 (39.8 + 13.1 days) is of

concern for a timely generation of large cell numbers for tissue engineering and
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regenerative medicine purposes.

We proceeded to investigate the potential of pure IGF-1 (+IGF-1), pure TGF-f3
(+TGFB3) and in combination (+TGFB3/IGF-1) to differentiate SF-MSCs towards a
fibrochondrogenic phenotype using an in vitro pellet model. Moreover, the differentiation
was implemented under hypoxic conditions to augment the chondrogenic differentiation
[15]. In the presence of TGF-B3 (i.e. +TGFB3) induced SF-MSCs towards a
fibrochondrogenic phenotype with deposition of collagens I and II protein, and sulphated
proteoglycans. In contrast, +IGF-1 did not induce fibrochondrogenesis. This finding was
surprising in view of a recent report that IGF-1 regulated embryonic development of
mouse meniscus [305]. It is probable that the presence of insulin in our differentiation
protocol abrogated the potential of IGF-1 to induce fibrochondrogenesis of SF-MSCs;
insulin has been reported to inhibit the binding of IGF-1 to the IGF-1-receptor and reduce
the stimulatory effects of IGF-1 [316]. Moreover, our data is consistent with several
reports that IGF-1 had limited effects on the chondrogenesis of human/porcine SM-MSCs
or human BM-MSCs [317-319]. The potential of IGF-1 in the absence of insulin to
induce fibrochondrogenesis of SF-MSCs remains to be investigated. Although there was
no gene expression differences between +TGFB3 and +TGFB3/IGF-1, collagen II
immunofluorescence seemed more intense in +TGFB3/IGF-1 suggesting a possible added
benefit of the combined treatment over +TGF[3 alone. Previous evidence suggests the

two growth factors may work synergistically on chondrogenesis of MSCs [317-321].
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Taken together, the combination of TGF-33 and IGF-1 appears to enhance the
fibrochondrogenic differentiation of human SF-MSCs compared to pure +1GF-1,
although future studies need to be done to clarify the role of IGF-1 when combined with
TGF-Bs.

Finally, we investigated whether human meniscus DCM scaffold has the capacity to
induce fibrochondrogenesis of human SF-MSCs with or without combined TGF-f33 and
IGF-1 in vitro. To maximize the use of the limited number of fabricated DCM scaffolds
used in this study, we investigated the combined treatment of +TGFB3/IGF-1 rather than
+TGFB3 or +IGF-1. The rationale for this is further supported by the most intense
deposition of collagen II as observed in the +TGFB3/IGF-1 in the pellet study. The test of
only +TGFB3/IGF-1 is recognized as a limitation of our investigation. Physical methods
of homogenization and freeze-drying were used to generate our DCM scaffold [254].
SEM revealed that the DCM scaffold exhibited an interconnected porous structure for
cell infiltration. Most of the collagen components of the meniscus (mainly collagen
I/little collagen II) were retained while no cell or Safranin-O positive ECM content was
detected in the scaffolds prepared by these methods. Interestingly, collagen X was weakly
detected in the empty DCM (Fig.5-8B). Although we do not know the detailed medical
history of the cadaver meniscus donor (male 46), it has previously been shown that small
amounts of collagen X may be present in native human meniscus especially in

degenerative cases [322].
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Our findings in this study demonstrated that DCM scaffolds supported SF-MSCs
differentiation towards a fibrochondrogenic phenotype but only in the presence of growth
factors (i.e. TGF-B3 and IGF-1) in vitro. This was consistent with previous studies that
used soluble extracts of DCM of bovine meniscus but with TGF-3 supplementation to
induce fibrochondrogenesis of human BM-MSCs [142, 310]. The DCM scaffold tended
to support the proliferation of SF-MSCs in +TGFB3/IGF-1 based on the DNA content
comparison to the day 0 control. Moreover, in the DCM groups +TGFB3/IGF-1 promoted
a chondrocyte-like round morphology. An abundance of Safranin-O positive ECM, as
well as collagen II ECM, was deposited by the SF-MSCs in the DCM scaffold in
+TGFB3/IGF-1. However, examination of gene expression levels and protein production
indicated the DCM scaffold alone did not induce fibrochondrogenesis of the SF-MSCs.

SEM revealed that human SF-MSCs had a flat fibroblast-like morphology on the
DCM scaftfold without growth factors, which is similar to in vitro monolayer-expanded,
dedifferentiated meniscus fibrochondrocytes (MFCs) or MFCs residing in the outer
region of the meniscus that mainly synthesize collagen I [12, 323]. Consistent with a
fibroblast-like morphology, there was limited to no Safranin-O positive ECM and
deposition of collagen II. However, collagen I was evident within the ECM, indicating
that the pure DCM scaffold did not drive fibrochondrogenic differentiation of the SF-
MSCs. These results were inconsistent with Cheng et a/ who showed that pure

decellularized matrix scaffold derived from porcine articular cartilage promoted

180



fibrochondrogenesis of human adipose-derived MSCs [254]. The source of MSCs, cell
expansion culture conditions and preparation methods of DCM may contribute to this
disparity in outcomes. For example, a combination of TGF-f1, epidermal growth factor,
and FGF-2 was used during AD-MSCs expansion in the study of Cheng et a/ [254], while
we used FGF-2 in our study. The supplementation of different growth factors during cell
expansion has been shown to regulate different chondrogenic differentiation capacities of
articular chondrocytes [224]. Additionally, the use of serum during chondrogenic
differentiation by Cheng et a/ [254] may have impacted the behavior of AD-MSCs. In
another study, using DCM from porcine articular cartilage, the negligible inductive effect
on chondrogenesis of human BM-MSCs and AD-ASCs was observed when no serum and
growth factors were added [324], which is similar to our study. Another possibility may
be the absence or reduced amounts of ECM components like Safranin-O positive ECM
and collagen II in the empty scaffold. Our decellularization process using physical forces
and multiple PBS washes may have led to the loss of binding and storage sites of growth
factors, such as TGF-Bs and IGF-1 within the DCM [266], when compared to other
decellularization methodologies using acidic treatments. Acidic method of
decellularization has been shown to maintain ECM components such as proteoglycans
and collagen II in porcine meniscus [256]. The lack of detailed characterization of
biochemical contents, such as proteomic analysis via mass spectrometry, in our DCM

compared to the native human meniscus is a limitation of our study. Further studies are
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also needed to test the effect of other decellularized methods on the ECM components of
the human meniscus. However, the novelty of our study is noteworthy in the context of
the low oxygen tension culture conditions used. Synovial fluid exists in a hypoxic
microenvironment [226] and Marsano et a/ had demonstrated that pure 2% oxygen
tension induced spontaneous chondrogenesis of human BM-MSCs by triggering that was
associated with upregulation of the TGF pathway [293]. Our data revealed no such
inductive effect by pure low oxygen tension although we used 3% oxygen tension instead
of the 2% by Marsano et al [293].

Hypertrophic differentiation of MSCs remains a significant challenge. In our study,
negligible deposition of collagen X by SF-MSCs was observed in both the pellet and
DCM-based models compared to the positive control pellet derived from human BM-
MSC:s in vitro. Pelttari et al. had shown that the addition of TGFB3 during in vitro
chondrogenesis can induce hypertrophic differentiation of human BM-MSCs, resulting in
calcified matrix formation post subcutaneous implantation severe combined
immunodeficient (SCID) mice [121]. Although Jones et a/ was the first to show that SF-
MSCs may pose similar phenotypes to BM-MSCs [325], further studies found that
human SF-MSCs may be more similar to the synovial membrane (SM-MSCs) [180, 181]
and have better chondrogenic capacity and less osteogenic phenotype than BM-MSCs
[302, 304]. Our findings were consistent with previous studies showing that porcine or

human articular cartilage DCM can suppress the hypertrophic differentiation during
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chondrogenesis of human adipose and synovium-derived MSCs, respectively [254, 324,
326]. The hypoxic conditions during the chondrogenic culture of our SF-MSCs is another
possible factor for the noted but reduced hypertrophic differentiation as evidenced by the
little to no deposition of collagen X. Our previous study [15] and Sheehy et a/ [327] have
shown that low oxygen tension (3% or 5% O2) during chondrogenic culture of human
BM-MSCs suppressed hypertrophic marker expression of collagen X (COL10A41). The
mechanism underlying the suppression of COL10A1 was deemed to be associated with
the downregulation of RUNX?2 vactivity through Smad suppression and histone
deacetylase 4 activation [327].

5.5 Conclusions

Human SF-MSCs exhibited advantageous characteristics for meniscus tissue engineering
applications by undergoing fibrochondrogenesis with a reduced tendency for
hypertrophic differentiation after growth factor induction in vitro. Our results were
consistent with previous human and porcine studies, which demonstrated the superior
fibrochondrogenic capacity of SF-MSCs compared to other MSCs. Our data also revealed
that combined TGF-f3 and IGF-1 had a beneficial effect on the fibrochondrogenesis of
human SF-MSCs, while pure IGF-1 had no effects in our small-scale cell pellet model.
Larger-scale fibrocartilaginous matrix was generated by human SF-MSCs seeded upon a
decellularized ECM scaffold derived from normal human meniscus tissue with combined

TGF-B3 and IGF-1 supplementation in vitro, suggesting the promising use of
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decellularized ECM scaffold as a natural supporting material for fibrochondrogenesis of
SF-MSC:s. Future studies hold merit to assess the phenotypic stability and efficacy of the
newly-formed fibrocartilaginous matrix in vivo, as well as potential exogenous growth
factor-free differentiation of SF-MSCs seeded on the DCM in the complex joint

environment to repair meniscus defects.
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Chapter 6 Chondrogenically differentiated human synovial fluid-
derived mesenchymal stem cells yield a vascularized and calcification-

resistant matrix in immunodeficient mouse model

Yan Liang, Clayton Molter, Alexander R.A. Szojka, Enaam Idrees, Lynn Williams,
Melanie Kunze, Aillette Mulet-Sierra, Nadr M. Jomha, and Adetola B. Adesida

This chapter has been submitted for publication.
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6.1 Introduction

Adult inner meniscus injuries do not heal and may require surgical interventions that
cause early onset of knee osteoarthritis (OA) [3]. Mesenchymal stem cells (MSCs) have
been investigated to generate functional inner meniscus like-extracellular matrix (IM-
ECM) composed primarily of type I & II collagen and proteoglycans for meniscus repair
[9]. Compared to MSCs derived from bone marrow, synovial membrane, and infrapatellar
fat pad, synovial fluid-derived MSCs (SF-MSCs) exbibit similar or higher chondrogenic
differentiation capacity and reduced hypertrophic tendencies to form bone matrix in vitro
[185, 304]. Previously, we demonstrated that human SF-MSCs (hSF-MSCs) can form
IM-ECM after TGF-B3 induction under hypoxic incubator conditions (HYP, 3% O3)
using a human meniscus-derived decellularized matrix scaffold in vitro (Chapter 5) [255].
HYP compared to normoxia (NRX) has been shown to promote chondrogenic
differentiation of BM-MSCs, leading to superior IM-ECM formation [13, 15]. However,
in vitro-generated bioengineered cartilaginous tissues from MSCs are not always stable in
in vivo models. For example, in vitro-generated human SM-MSC [120] and BM-MSC
[121]-derived cartilaginous tissues respectively failed to maintain the chondrogenic
phenotype and underwent calcification when implanted in the commonly-used
subcutaneous nude mouse model. Thus, despite the reduced hypertrophic tendencies of
hSF-MSC:s their in vivo performance needs to be investigated.

In adults, the peripheral meniscus regions are vascularized whereas the inner regions
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are avascular. The inability of these inner regions to heal has been tied to this avascular
nature [7] and the presence of anti-angiogenic factors like chondromodulin-1 produced
by meniscus fibrochondrocytes (MFCs) [328]. Accordingly, one strategy to enhance the
healing potential of bioengineered inner meniscus replacements may be to pre-enrich
them with angiogenic factors that stimulate angiogenesis from the peripheral vascular
meniscus regions. Previously, bovine calf MFCs transfected with an angiogenic factor-
encoding gene produced stable IM-ECM that became vascularized in the subcutaneous
nude mouse model [102]. Hypoxia promotes angiogenesis in tumors by expression of the
angiogenic factor vascular endothelial growth factor (VEGF) [329]. In vitro hypoxia-pre-
culture strategies can enhance the secretion of VEGF by MSCs which in turn enhanced
angiogenesis and tissue repair [330, 331]. Hypoxia can also co-induce the expression of
VEGEF and stromal cell-derived factor-1 (SDF-1) [278], a stem cell homing factor [332],
in synovial fibroblasts. SDF-1 promoted neovascularization and meniscus repair by
recruiting endothelial progenitor cells [333] and injected MSCs [106], respectively. Thus,
we speculated that hypoxia may similarly induce VEGF and SDF-1 expression in hSF-
MSC-based IM-ECM.

Herein, we evaluated: (1) the effects of HYP (2% O») relative to normoxia (NRX,
~20% O2) during pre-culture of hSF-MSCs in porous collagen scaffolds on IM-ECM
formation and accumulation of angiogenic factors VEGF and SDF-1; (2) the in vivo

stability in terms of ECM maintenance and calcification as well as the vascularization
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tendencies of hSF-MSC-based IM-ECM in the subcutaneous nude mouse model after
HYP and NRX pre-culture. Given the unique proclivity of hSF-MSCs for chondrogenic
commitment and beneficial effects of HYP in terms of IM-ECM formation [15] and
induction of angiogenic factors [330], we hypothesized that HYP would result in superior
IM-ECM formation and angiogenesis without hypertrophic differentiation and resultant
calcification in vivo.
6.2 Methods

6.2.1 Ethics statement
The synovial fluid aspirates were collected with the approval of the University of
Alberta’s Health Research Ethics Board- Biomedical Panel (Study ID: Pro00018778).
Work involving research animals was conducted in accordance with protocols approved
by the University of Alberta Animal Care Committee (AUP00001363).

6.2.2 Isolation and monolayer expansion culture of human synovial fluid-derived

mesenchymal stem cells (hSF-MSCs)
Human synovial fluid was acquired from five male donors (Table 6-1). The isolation,
monolayer expansion, and colony-forming unit fibroblast (Cfu-f) assay of hSF-MSCs
were performed as previously described [255]. Briefly, the hSF-MSCs were cultured in
standard a-MEM with 10% fetal bovine serum (Sigma Aldrich) and 5 ng/mL FGF-2 in a
regular hypoxic (37°C, 3% O, 5% CO;) humidified incubator. Medium changes were

performed twice a week. When the hSF-MSCs reached 80-90% confluence (defined in
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this study as passage 0), they were detached and replated in new flasks at a 1:2 ratio for
subsequent expansion. At the same time, the Cfu-f assay petri dishes were stained with
crystal violet for colony counting. hSF-MSCs were split once more as before and were

used at P2 for scaffold seeding and chondrogenic culture.

Table 6-1: Synovial fluid donor information

Age Medical History Anatomic Sites  Volume

Donor1 17y  Meniscus tears, healthy Knee SF S5mL

Donor2 58y  Knee OA, high cholesterol, HTN SF from both 3mL

knees
Donor3 34y  Nonsmoker, healthy Knee SF 10 mL
Donor4 53y  Meniscus tears, smoker, healthy Knee SF 2mL
Donor5 30y Rightknee meniscus tears, Right knee S 10 mL

nonsmoker

6.2.3 Type I collagen scaffold seeding and experimental conditions
Human SF-MSCs from the end of P2 were seeded onto cylinder-shaped type I collagen
scaffolds (3.5 mm in height and 6 mm in diameter) (Integra Lifesciences Corp.,
Plainsboro Township, NJ, USA) at a density of 5x10° cells/cm? as previously described
[13, 255]. Cell-seeded scaffolds were cultured in a defined serum-free medium (SFM)
with 10 ng/mL of TGF-B3, dexamethasone, ascorbic acid 2-phosphate and L-proline (1
mL per construct) [255] under a regular normoxic (NRX, 37°C, 5% CO,) incubator or

hypoxia (HYP, 37°C, 2% O2, 5% CO») within an Xvivo X3 incubator system (Biospherix,
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Parish, NY, USA) for 2 weeks. Medium changes were performed twice a week. For HYP,
the fresh medium was equilibrated to HYP conditions for 2h before changing. Medium
changes for the HYP group were under conditions of continuous HYP within the Xvivo
X3 to avoid reoxygenation.

After two weeks of chondrogenic culture, constructs from the in vitro baseline (TGF-
B3/2wks in vitro) were harvested. For donor 1 (M/17y, meniscus tears) and 2 (M/58y,
osteoarthritis), constructs from NRX and HYP were either: 1) implanted subcutaneously
in the back of athymic CD-1 nude mice (n=9, 7 weeks old, Charles River, Wilmington,
USA) for an additional 5 weeks (Implantation/7wks) as previously described [280], and
2) cultured in a high glucose DMEM supplemented with 10% FBS (Sigma-Aldrich, St.
Louis, MO, USA) for 5 weeks (DMEM/7wks in vitro) as controls for the in vivo groups
under the same oxygen tensions.

6.2.4 Assessment of inner meniscus-like extracellular matrix (IM-ECM)

formation
Constructs from each group were imaged to capture their gross morphology. They were
then processed for biochemical analysis of glycosaminoglycan (GAG) and DNA content,
histological analysis via Safranin-O staining, immunofluorescence analysis of type I & 11
collagen and CD31 (blood vessel invasion), Alizarin Red S staining of calcium
deposition, and quantitative real-time polymerase chain reaction analysis of gene

expression (Table 6-2: primer sequences) as previously described [255, 280]. mRNA
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expression levels for each primer set were normalized to the mean expression level of
three housekeeping genes: S-actin, Ribosomal Protein L13a (RPL13A4) and Tyrosine 3-
Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta (YWHAZ), using
the 22 method [219]. Primary antibody-free controls were set up using only secondary
antibodies to assess any non-specific binding for immunofluorescence.
Immunofluorescence and enzyme-linked immunosorbent assay (ELISA) analysis of
VEGF and SDF-1 protein contents were also performed and described below. The
homology of VEGF and SDF-1 between mouse and human are ~84% and ~92%,

respectively (Sequence homology resource tool: https://www.uniprot.org/align).
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Table 6-2: Primer sequences

Gene Sequences GenBank Accession

p-actin 5'AAGCCACCCCACTTCTCTCTAA-3’ Forward NM _001101.4
5’AATGCTATCACCTCCCCTGTGT-3’ Reverse

RPLI34 5’-CCTGGAGGAGAAGAGGAAAGAGA-3° Forward NM 012423.4
5’-TTGAGGACCTCTGTGTATTTGTCAA-3’ Reverse

YWHAZ  5’-TCTGTCTTGTCACCAACCATTCTT-3’ Forward NM_003406.3

COLI42  5°-GCTACCCAACTTGCCTTCATG-3’ Forward NM_000089.3
5’-GCAGTGGTAGGTGATGTTCTGAGA-3’ Reverse

COL241  5’-CTGCAAAATAAAATCTCGGTGTTCT-3’ Forward NM_001844.5
5’-GGGCATTTGACTCACACCAGT-3’ Reverse

COL1041 5 -GAAGTTATAATTTACACTGAGGGTTTCAAA-3>  Forward NM_000493.3
5’-GAGGCACAGCTTAAAAGTTTTAAACA-3’ Reverse

SOX9 5’-CTTTGGTTTGTGTTCGTGTTTTG-3’ Forward NM_000346.3
5’-AGAGAAAGAAAAAGGGAAAGGTAAGTTT-3” Reverse

LOXL2  5-ACGGCCACCGCATCTG-3’ Forward NM_002318.2
5’-TCCGTCTCTTCGCTGAAGGA-3’ Reverse

HIFla 5’-GTAGTTGTGGAAGTTTATGCTAATATTGTGT-3" Forward NM 001530.4
5-TCTTGTTTACAGTCTGCTCAAAATATCTT-3’ Reverse

HIF2a 5’-GGTGGCAGAACTTGAAGGGTTA-3’ Forward NM_001430.5
5’-GGGCAACACACACAGGAAATC-3’ Reverse

VEGFA  5-GCACGGTCCCTCTTGGAA-3’ Forward NM_001025366.2

5’-CGGTGATTTAGCAGCAAGAAAA-3’ Reverse

SDF-lac 5-TGCACCTCCCCCAACCT-3’ Forward NM_000609.6
5’-GGAAGGGTCCAATGAGATCCA-3’ Reverse

CNMD 5’-GCGCAAGTGAAGGCTCGTAT-3’ Forward NM_007015.3
5’-GTTTGGAGGAGATGCTCTGTTTG-3’ Reverse

6.2.5 Immunofluorescence (IF)
VEGF and SDF-1 IF was performed for both in vitro and in vivo constructs from the two
implanted donors. Paraffin-embedded sections 5 um thick were treated with citrate buffer
in a steamer (IHC-TekTM) for 30 minutes after deparaffinization and rehydration. After
being cooled down for 20 minutes at room temperature, the sections were incubated with

two primary antibodies: rabbit anti-VEGF (biotin, ab83132) and rabbit anti-SDF-1
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(ab18919) using a 1:100 and 1:50 dilution, respectively overnight at 4°C. The sections
were incubated with the secondary antibodies: streptavidin-Alexa 488 (cat#S32354,
ThermoFisher, Waltham, MA) for VEGF and goat anti-rabbit IgG (Alexa Flour®594,
ab150080, Abcam) for SDF-1 using a 1:200 dilution for 45 minutes. Sections were
mounted using the Biotium Everbrite Mounting Medium with DAPI. Images were taken
using an Eclipse Ti-S microscope (Nikon, Japan).

6.2.6 Enzyme-linked immunosorbent assay (ELISA)
ELISA was performed to quantify VEGF and SDF-1 (SDF-1a) proteins within the hSF-
MSC-based constructs after chondrogenic culture for two weeks, i.e. just before
implantation (n=2, donor 1 and 2). The analysis was performed according to the
manufacturer’s protocol for VEGF (ab100663, Abcam, Cambridge, MA, USA) and SDF-
la (ab100637, Abcam, Cambridge, MA, USA). For each group, 2 independent cell-
seeded scaffolds per donor were used for analysis.

6.2.7 Statistical analysis
Statistical analyses were performed using Excel (Microsoft Office 365). Data were
presented as individual donors with overall mean + standard deviation (SD). For the
comparison between oxygen tensions, a paired t-test was used except in cases of
deviation of differences from normality by Shapiro-Wilks’ test, in which cases the
Wilcoxon signed rank test was used instead. For gene expression analysis, tests were

performed on ACt values calculated as gene of interest minus the-mean of 3
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housekeeping genes). The gene expression data data is presented in figures as 2" on a
logio scale. Significance was concluded when p<0.05.
6.3 Results
6.3.1 Isolation and monolayer expansion culture of hRSF-MSCs under hypoxia
(HYP) in vitro
All donors formed colonies, two of which are shown (Fig. 6-1A/B). Colony morphology
was observed at the centre and perimeter of the colonies by crystal violet staining. Cells
were predominantly spindle-shaped with some being polygonal (Fig. 6-1E/F). These
morphologies were also observed for hSF-MSCs during expansion via light microscopy
at the end of PO and P2 at 80-90% confluency in hypoxic culture (Fig. 6-1C/D).
Quantitative metrics of the Cfu-f assay at the end of PO showed great variability between
donors, with gross mean colony numbers of triplicate petri dishes of the 17-year-old
donor far exceeding that of the older donor (48 vs 3), despite colony diameters being
comparable. The mean number of colonies ranged from 2.0 to 48 and the mean diameter
of the cell colonies ranged from 3 to 11 mm. Variability between donors for quantitative
expansion metrics was less pronounced than those in the Cfu-f assay. The mean total
expansion time was 45.6 + 10.3 days, mean cumulative population doublings (PD) across

all donors at the end of P2 was 14.4 £ 1.9, and PD per day was 0.32 + 0.05.
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Figure 6-1: Colony-forming unit fibroblastic (Cfu-f) assay of human synovial fluid
mesenchymal stem cells (hSF-MSCs) expanded with FGF-2 (5 ng/mL) under hypoxia
(n=5). (A/B) Colony formation for two age-representative donors (17y/58y); (C/D)
Morphology of expanded cells at the end of PO and P2 as visualized under a light
microscope; (E/F) Colony morphology of adherent cells from donor 1 as visualized by
crystal violet staining on the colony edge and center. Scale bar: (B): 4 mm; (D): 100 pm;

(F): 200 um.
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6.3.2 Analysis of inner meniscus-like extracellular matrix (IM-ECM) formation

under HYP and NRX
6.3.2.1 Biochemical analysis of glycosaminoglycan (GAG) and DNA content

GAG and DNA assays were only performed for the constructs after chondrogenic culture
for two weeks in vitro (TGF-B3/2wks) under NRX or HYP. DNA content was used as a
metric to estimate how many cells were present in each construct. One donor’s construct
(Donor 4, 53y) was found to have a low amount of DNA under NRX that led to a very
high GAG/DNA ratio. Statistical computations were thus carried out with and without
this value included. We observed the cells of this donor seemed to detach from the
scaffold during 2 weeks’ chondrogenic culture under NRX, but it was unclear why (Fig.6-
2). HYP promoted a significant increase in the mean total GAG accumulation compared
to NRX (p=0.013), even upon including the Donor 4 (p=0.031) (Fig.6-2A). A hypoxia-
induced enhancement in GAG production could be observed for all five donors (Fig.6-
2A). No significant difference in the mean total DNA content was found between HYP
and NRX (p=0.19) (Fig.6-2B). Upon normalizing the GAG to the DNA content, a
significant enhancement in GAG was observed when donor 4 was excluded but not upon
its inclusion (Fig.6-2C, p=0.006 or p=0.35). This result demonstrates that the increase in

GAG may be attributed to HYP as opposed to a greater number of cells.
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Figure 6-2: Biochemical analysis of hSF-MSCs-seeded constructs after 2 weeks of in
vitro chondrogenic culture under normoxia (NRX) and hypoxia (HYP). (A) GAG
content; (B) DNA content; and (C) GAG content normalized by total DNA content. *
indicates significant differences (p < 0.05) between NRX and HYP groups, and ns
indicates non-significant results. Donor 4 was deemed to be an outlier in this analysis
because of its abnormally low DNA content measurement for the normoxia group,
leading to a large skew in the GAG/DNA distribution. Error bars and p-values were
calculated with the remaining four donors. Parenthesized values show the unadjusted p-

values and each colour represent different donor (n=5).
6.3.2.2 Gross morphology and Safranin-O Staining

Gross morphologies of the constructs of donors 1 and 2 for all treatment groups including
two empty scaffolds of both in vitro and in vivo groups were presented (Fig.6-3). The
morphology of an implanted construct with blood vessel penetration at the time of
harvest can be seen (Fig.6-3H1-2). Safranin-O staining was conducted on the same

constructs to visualize the deposition of sulfated proteoglycans. Relative to the empty
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scaffold in vitro (Fig.6-3G1), the constructs in TGF-B3/2wks in vitro (Fig.6-3A1-2/B1-2)
appeared dense, contracted, and filled with white newly formed tissue. The overall sizes
appeared larger in HYP (Fig.6-3B1-2) compared to NRX (Fig.6-3A1-2) for this group. In
control groups where chondrogenic medium containing TGF-B3 was replaced by DMEM
with 10% FBS (DMEM/7wks in vitro), the sizes of all constructs decreased dramatically
(Fig.6-3C1-2/D1-2). The pre-formed IM-ECM in this group seemed to degrade, leaving
only dense yellow cell aggregates behind. The implanted constructs (Fig.6-3E1-2/F1-2)
were smaller than the empty scaffold in vivo (Fig.6-3G2). All the implanted constructs
were surrounded by connective tissue and blood vessels from the mouse at the time of
harvest (Fig.6-3E1-2/F1-2/G2).

Safranin-O positive staining for sulphated proteoglycans was observed in all the
TGF-B3/2wks in vitro constructs (Fig.6-3A3-4/B3-4) when compared to the empty
scaffold in vitro, confirming IM-ECM formation (Fig.6-3G3). Cells were well dispersed
although the scaffold material was not entirely filled with dense matrix except for the
Donor 2 construct in HYP (Fig.6-3B4). Safranin-O positive ECM was distinctly more
abundant in HYP than NRX (Fig.6-3A4-B4), corroborating the findings of the GAG
assay and gross morphologies. Only cell aggregates without Safranin-O staining and little
matrix can be observed in NRX and HYP in DMEM/7wks in vitro controls (Fig.6-3C3-
4/D3-4), suggesting that the previously-formed pre-culture matrix had degraded. In the

Implantation/7wks groups, cells were dispersed throughout the construct cross-sections
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and previously established matrix remained dense (Fig.6-3E3-4/F3-4) relative to the
empty scaffold in vivo (Fig.6-3G4), indicating much of the matrix established during the
in vitro pre-culture was sustained in vivo. The intensity of Safranin-O staining decreased
in vivo compared to TGF-B3/2wks in vitro, but could still be faintly detected especially in

the construct of donor 2 in HYP (Fig.6-3F4)

TGF-B3/2wks in vitro DMEM/7wks in vitra Implantation/Twks
NRX nye NRX HYP NRX HYP Empty Seaftold

Gross morphologics

Donor 2

Denor 1

Safranin-O

Donor 2

Figure 6-3: Gross morphologies and Safranin-O staining analysis for proteoglycan
deposition in hSF-MSCs-seeded constructs following different culture conditions and
oxygen tensions. The series of images labeled as A1-4 and B1-4 represent 2 weeks of in
vitro chondrogenic cultured with TGF-B3 (T3/2wks in vitro) in NRX or HYP; images

labeled as C1-4 and D1-4 represent 5 weeks of additional in vitro culture under NRX or
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HYP in DMEM with 10% FBS (DMEM/7wks in vitro); images labeled as E1-E4 and F1-
F4 represent 5 weeks of additional in vivo implantation at a subcutaneous ectopic site
using a nude SCID mouse model (Implantation/7wks), where NRX and HYP indicate the
oxygen tensions from which the implanted constructs were sourced; images labeled as
H1-2 represent subcutaneous implantation of chondrogenically-induced SF-MSC-seeded
constructs before harvest. This analysis was completed on Donor 1 (17 years old male,
meniscus tear) and Donor 2 (53 years old, osteoarthritis). Empty collagen scaffolds were
either cultured in vitro (G1 and G3) or implanted in vivo (G2 and G4) as controls. Scale

bar: (G2): 2 mm; (G4): 100 pm.
6.3.2.3 Immunofluorescence (IF) analysis of ECM molecules

The deposition of extracellular matrix components: type I/II collagen, and cells (DAPI) in
both in vitro and in vivo constructs was detected by IF. Since the matrix had clearly
degraded in the DMEM/7wks in vitro group based on the Safranin-O staining, IF results
for this group were not presented. Cells visualized via DAPI were evenly distributed
through the constructs in all conditions (Fig.6-4A1-6/E1-6) including the empty scaffold
in vivo (Fig.6-4E6). Types I/II collagen were detected in all h\SF-MSC-based constructs.
However, their deposition differed between both Donors 1 with meniscus injuries and
Donor 2 with OA and between NRX and HYP.

For both in vitro and implanted constructs, HYP promoted the deposition of type II

collagen in both donors (Fig.6-4G1-2, Fig.6-4G3-4) compared to NRX (Fig.6-4C1-2,

200



Fig.6-4G3-4). These observations were more obvious in the OA donor compared to donor
1 with meniscus injuries and were consistent with the Safranin-O staining.

For constructs in vitro under NRX, a homogenous distribution of type I collagen was
observed for both donors (Fig.6-4B1-2) while in HYP, the OA Donor 2 produced less
type I collagen (Fig.6-4F2) than donor 1 (Fig.6-4F1). For donor 2, this trend was also
observed in vivo when comparing the construct pre-cultured in HYP (Fig.6-4F4) to the
construct pre-cultured in NRX (Fig.6-4B4). Conversely, the opposite effect was observed
for the in vivo Donor 1 groups. Donor 1’s NRX-pre-cultured in vivo construct had only
faint type I collagen deposition around the perimeter (Fig.6-4B3), whereas dense,
homogeneous deposition of type I collagen was observed in the in vivo HYP group
(Fig.6-4F3). No non-specific binding was observed on the primary antibody-free controls
(Fig.6-4A5-HS). Marginal type collagen I but not type II collagen immunofluorescence
was observed in the empty scaffold in both in vitro (Fig.6-4B6) and in vivo (Fig.6-4F6)

groups.
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Figure 6-4: Immunofluorescent analysis of type I and II collagen I in hSF-MSCs-seeded

Empty scaffold  Primary control

constructs in groups of T3/2wks in vitro and Implantation/7wks under NRX and HYP.

Donor 1 and Donor 2 were used as representative samples. Analyses were also performed

on constructs without primary antibody to characterize non-specific binding and empty

scaffold controls in vitro and in vivo. Images labeled as A1-6 and E1-6 represent DAPI

4’ ,6-diamidino-2-phenylindole for cells (blue); images labeled as B1-6 and F1-6

represent Alexa Fluor 594 for type I collagen (red); images labeled as C1-6 and G1-6

represent Alexa Fluor 488 for type II Collagen (Green); images labeled as D1-6 and H1-6

represent the overlap images of DAPI, type I and II collagen. Scale bar (H6): 200 um.
6.3.3 Alizarin Red S staining for calcium deposition

The hypertrophic differentiation potential of hSF-MSCs constructs was evaluated using

Alizarin Red S staining to detect calcium deposition. Constructs of Donors 1 and 2 in all
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groups were presented. Human BM-MSC constructs, pre-cultured on the same collagen
scaffolds using the same chondrogenic factors but with 3% O> for 3 weeks (rather than
2% Oz and two weeks in the present study) followed by subcutaneous implantation into
mice for five weeks were used as positive in vivo controls (Fig.6-5A3). Among all in vitro
groups there was no positive staining for Alizarin Red S, indicating no calcification
(Fig.6-5A1-2/B1-2/C1-2/D1-2). Most interestingly, among the in vivo groups there was
also no calcification (Fig.6-5E1-2/F1-2), matching the negative empty scaffold control
implanted in vivo. This result suggests that hSF-MSCs can generate non-calcifying IM-
ECM in the subcutaneous nude mouse model, in stark contrast to the intense staining

observed in the BM-MSC positive control group (Fig.6-5A3).

TGF-B3/2wks in vitro DMEM/7wks in vitro Implantation/7wks
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Figure 6-5: Alizarin Red S staining of hRSF-MSCs-seeded constructs to assess calcium
deposition in implantation/7wks (images E1-2 and F1-2). The groups of T3/2wks in vitro
(images A1-2 and B1-2), DMEM/7wks in vitro (images C1-2 and D1-2) and empty

collagen scaffold in vivo (image B3) were served as a negative control. Human BM-
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MSCs-derived matrix on the same collagen scaffold was implanted for 5 weeks as a
positive control (image A3). Orange-red staining indicates calcium deposition. Scale bar:
200 pm.

6.3.4 Analysis of angiogenic potential of pre-formed constructs
6.3.4.1 ELISA and immunofluorescence analysis of VEGF and SDF-1

The production of angiogenic factors: VEGF and SDF-1 (SDF-1a) of donor 1 and donor
2 after chondrogenic culture for two weeks in vitro were measured by ELISA (Table 6-3).
There was a consistent upregulation trend in HYP for VEGF compared to NRX across
both donors. HYP-pre-cultured constructs of the OA donor 2 produced 4.1-fold more
VEGEF protein than NRX. By comparison, although the VEGF levels under HYP were
comparable between Donor 1 and Donor 2, the non-OA donor 1 produced markedly
higher levels of baseline VEGF under NRX relative to Donor 2, and although HYP
enhanced the accumulation of VEGF, it was only by a factor of 1.2-fold. Overall, these
results demonstrate that culturing hSF-MSCs under HYP promoted VEGF production;
this is consistent with the gene expression analysis described below. There was no
consistent trend across donors of oxygen tension affecting SDF-1a production from either
donor investigated; this was also consistent with the gene expression analysis.

The ELISA results were consistent with the immunofluorescence (IF) in vitro, which
showed SDF-1 IF remain relatively constant between donors and between HYP (Fig.6-

6H1-2) and NRX (Fig.6-6C1-2). VEGF IF increased dramatically in the hypoxia group
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(Fig.6-611-2), although the variation in VEGF quantity between Donor 1 and 2 under
normoxia (Fig.6-6D1-2) was less apparent. After implantation for five weeks, VEGF
detection by IF fell off for both oxygen treatment groups (Fig.6-6D3-4 and Fig.6-613-4)
compared to the TGF-B3/2wks groups. VEGF deposition in HYP-pre-culture groups
(Fig.6-613-4) was more comparable to NRX-pre-culture (Fig.6-6D3-4) groups after the 5-
week implantation in both donors. No non-specific binding was observed on the primary
antibody-free controls for SDF-1 and VEGF in vitro (Fig.6-6C5/D5) and in vivo (Fig.6-
6H5/15). No IF of SDF-1 and VEGF was detected in the empty collagen scaffold in vitro
(Fig.6-6C6/D6) while the implanted empty collagen scaffold had intense SDF-1 (Fig.6-

6HO6) and faint VEGF (Fig.6-616) immunofluorescence.

Table 6-3: Quantification of SDF-1a and VEGF by ELISA

Protein Donor NRX HYP
Donor 1 (17y) 59 5.0
SDF-1
o (pe) Donor 2 (58y) 4.4 6.2
Donor 1 (17y) 78.6 96.7
VEGF
(Pg) Donor 2 (58y) 25.5 105.4
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Figure 6-6: Analysis of angiogenic factors: VEGF and SDF-1 in hSF-MSC-seeded
constructs by immunofluorescence in donor 1 and 2. SDF-1 and VEGF
immunofluorescence was performed in TGF-B3/2wks in vitro group and implanted/7wks
of the same donors where NRX and HYP indicate the preculture oxygen tensions from
which the implanted constructs were sourced. Analyses were also performed on
constructs without primary antibody to characterize non-specific binding and empty
scaffold controls in vitro and in vivo. Images labeled as A1-6 and F1-6 represent DAPI
for cells (blue); images labeled as B1-6 and G1-6 represent Alexa Fluor 594 for SDF-1a
(red); images labeled as C1-6 and H1-6 represent Alexa Fluor 488 for VEGF-A (Green);
images labeled as D1-6 and I1-6 represent the overlap images of DAPI and SDF-1a;
images labeled as E1-6 and J1-6 represent the overlap images of DAPI and VEGF-A.

Scale bar: 200 um.
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6.3.4.2 IF analysis of CD31 for vascular invasion in vivo

IF was used to detect CD31 as an indicator of angiogenesis in implanted constructs of
donors 1 and 2. Among the in vitro constructs, as expected no CD31 IF was identified in
either hypoxic or normoxic constructs following chondrogenic culture for 2 weeks (data
not shown). Among implanted constructs, both oxygen tension groups demonstrated
CD31 IF mostly around the construct perimeters (Fig.6-7B1-2 and Fig.6-7F1-2), which
may be attributed to the host-generated vascularized connective tissue surrounding the
constructs at the ectopic site after implantation. This is consistent with the cell density
indicated by the DAPI staining (Fig.6-7A1-2 and Fig.6-7E1-2) which shows a relatively
high density of what are likely host cells surrounding the constructs, and a relatively low
density of dispersed cells within the construct. In the middle of the constructs where the
pre-formed IM-ECM was maintained, some CD31 IF was observed in both oxygen
tension-pre-cultured constructs of both donors (Fig.6-7C1-2/G1-2). There seemed to be
more CD31 detection overall in NRX-pre-cultured constructs, which was unexpected
given the greater VEGF expression in HYP-pre-cultured constructs demonstrated by the
ELISA and IF (table 6-2 and Fig.6-6). A greater degree of CD31 IF relative to either pre-
cultured group was identified at the interior of the implanted empty scaffold (Fig.6-
7B3/C3) indicating that the pure scaffold material supported vascularization from the

host.
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Figure 6-7: Immunofluorescence analysis of CD31 for blood vessel invasion in hSF-
MSCs-seeded constructs of implantation/7wks of donor 1 and donor 2. Analysis was also
performed in empty collagen scaffold in vivo. No fluorescence was observed on primary
antibody controls or on in vitro scaffolds and were therefore omitted. Images labeled as
A1-3 and E1-3 represent DAPI for cells (blue); images labeled as B1-3 and F1-2
represent Alexa Fluor 488 for CD31 (Green); images labeled as C1-3 and G1-2 the zoom
images of the interior matrix regions; images labeled as D1-3 and H1-2 represent the
overlap images of DAPI and CD31. Scale bar: Imm.

6.3.5 In vitro gene expression analysis
For in vitro-cultured constructs only, gene expression analysis was carried out to
characterize the IM-ECM-forming phenotype and assess expression of hypoxia and
angiogenesis-related genes. The mean relative gene expression levels of IM-ECM

macromolecules aggrecan (ACAN), type I collagen (COL1A42), type Il collagen
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(COL2A1), chondrogenic regulator SOX9, and hypertrophic marker collagen X
(COL10A1I) were analyzed. Additionally, the hypoxia response-related factors HIF-1o.
and HIF-2a, and angiogenic factors: VEGF (VEGF-A) and SDF-1 (SDF-1a) were also
assessed, in addition to matrix cross-linker LOXL2 and anti-angiogenic factor
chondromodulin-1 (CNMD). All results are shown in Figure.6-8.

HYP upregulated the IM-ECM-related gene expression levels with significant
differences observed in ACAN, COL1A42, COL2A41 (Fig.6-8A/B/C). The expression level
of chondrogenic differentiation regulator SOX9 was also increased by HYP to an extent
approaching significance (p=0.07) (Fig.6-8D). No significant difference was observed for
the hypertrophic marker COL10A1 between HYP and NRX (Fig.6-8E). The gene
expression levels of HIF-1o (Fig.6-8F) and HIF-20 (Fig.6-8G) both appeared upregulated
in HYP (p=0.06 and p<0.05, respectively). LOXL2 (Fig.6-8H) and VEGF-A (Fig.6-8I)
were significantly increased by HYP, whereas with no significant difference and very low
expression observed in SDF-1a (Fig.6-8J). The anti-angiogenic factor CNMD was also

significantly upregulated by HYP (Fig.6-8K).
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Figure 6-8: Real-time PCR analysis of gene expression levels of hSF-MSCs-seeded
constructs in TGF-B3/2wks in vitro under NRX and HYP (n=5). Each gene expression
level was normalized to the mean expression levels of 3 housekeeping genes: S-actin,

RPLI13A4 and YWHAZ. A-E represent inner meniscus matrix-related genes and F-K
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represent hypoxia and angiogenesis-related genes. * indicates significant differences (p <
0.05) between NRX and HYP groups, and ns indicates non-significant results.

6.4 Discussion

The aims of this study were to first evaluate the in vitro IM-ECM formation of hSF-
MSC:s cultured in porous collagen scaffolds with chondrogenic growth factor TGF-B3 in
hypoxia (HYP) versus normoxia (NRX), and then to assess whether hRSF-MSCs are a
suitable stem cell source for engineering stable IM-ECM that invites vascularization
using a nude mouse model.

To address these aims, human knee joint hRSF-MSCs were isolated and expanded
using HYP (3% O:) and FGF-2 to maintain the chondrogenic potential of expanded cells
[16, 22]. The findings of the Cfu-f assay in this study were consistent with our previous
result [255] in that all donors exhibited colony-forming and proliferation capacity under
HYP-mediated isolation and expansion. As well, the result that the younger donor (17-
year-old) seemed to have better Cfu-f potential compared to the 58-year-old donor with
OA is also consistent with previous work showing the Cfu-f potential for MSCs is
negatively related to donor age [314].

The effects of HYP (2% O>) on the in vitro IM-ECM formation of hSF-MSCs within
a type I collagen scaffold were first examined. The results supported our initial
hypothesis that HYP pre-chondrogenic culture for 2 weeks enhanced IM-ECM formation

in vitro compared to NRX based on accumulation of GAG, type II collagen, and
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proteoglycans. This is consistent with previous demonstrations of enhanced chondrogenic
differentiation of BM-MSCs by HYP [13, 15]. However, our in vitro results are in partial
contrast to those presented by Neybecker et al. [188]. Although both studies found
chondrogenic-related genes (ACAN, COL2A1, and SOX9) were upregulated in hSF-MSC-
seeded collagen scaffolds under HYP, Neybecker et al. found that HYP did not enhance
ECM synthesis by OA-derived hSF-MSCs during in vitro chondrogenic culture using
TGF-B1 and BMP-2 within a type I/III collagen scaffold [188]. However, it should be
noted that HYP (3% O.) was applied during hSF-MSCs isolation and expansion in our
current study, while Neybecker used NRX. The knee joint SF-MSCs reside under a low
oxygen tension environment physiologically [226] and HYP-expanded BM-MSCs have
been shown to exhibit superior chondrogenic potential relative to those expanded under
NRX, regardless of the oxygen tension during chondrogenic culture [13, 15]. Moreover,
during in vitro chondrogenic culture our current study used 2% oxygen tension whereas
Neybecker used 5% O».

The enhanced IM-ECM formation in the 58-year-old donor (donor 2) with OA
compared to the 17-year-old donor (donor 1) with meniscus injury under both oxygen
tensions was an unexpected finding, even though the Cfu-f potential regarding the colony
numbers was better in the younger donor. The results of these two donors are inconsistent
with previous findings that the chondrogenic potential of BM-MSCs [334] and synovial

membrane-derived MSCs (SM-MSCs) [335, 336] were independent of age, despite it
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being generally accepted that SF-MSCs are derived from the synovium, as the
chondrogenic potential between SF-MSCs and SM-MSCs are typically comparable [181,
302, 337, 338]. Previous scaffold-based hSF-MSC studies have not focused on donors
with meniscus tears [188, 255]. However, previous findings did show that the pathology
state of the synovial fluid (SF) where the SF-MSCs reside can be detrimental to or
promote the chondrogenic differentiation capacity of human articular chondrocytes [339]
and equine BM-MSC [340], respectively. The density of hSF-MSCs isolated from knee
joint synovial fluid from OA was found to be higher compared to rheumatoid arthritis
[325]. Such findings emphasize the need for well-designed studies to characterize how
patient characteristics and knee joint pathologies may influence the chondrogenic
capacity of hSF-MSC:s for tissue engineering applications.

In terms of angiogenic potential of the bioengineered IM-ECM, HYP significantly
upregulated the production of VEGF but not SDF-1 compared to NRX at both gene
expression and protein production levels in vitro. The upregulation of VEGF in hSF-MSC
by HYP was consistent with previous findings in MSCs [330, 331]. The HYP-mediated
upregulation of VEGF was correlated with the evaluated gene expression levels of HIF-
1o and HIF-20, (Fig.8F/G). This result is consistent with established knowledge that
VEGEF is upregulated under HYP by the action of the HIF-1 signaling system [341]. The
lack of HYP-mediated SDF-1 regulation may be caused by a downregulatory effect

induced by TGF-3 supplementation, as members of the TGF-B3 family have been shown
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to inhibit SDF-1 production in MSCs [342].

Next, an in vivo subcutaneous nude mouse model was employed to evaluate the
stability and angiogenic capacity of the hSF-MSC-based bioengineered IM-ECM [102,
120, 343]. Histological findings demonstrated that in both oxygen tensions the IM-ECM
was partially maintained, did not calcify, and underwent angiogenesis. The partial loss of
matrix may be attributed to removal from the growth factor-supplemented in vitro culture
environment into an ectopic site in an animal model, causing potential death of human
cells [120]. One reason for the non-calcified IM-ECM may be due to the negligible
deposition of type X collagen by hSF-MSCs in vitro compared to BM-MSCs, as
demonstrated previously on decellularized matrix and pellet models [255]. Our findings
here further support other studies’ findings that porcine- and bovine-derived SF-MSCs
were more committed toward a chondrogenic phenotype compared to BM-MSCs in vitro
[302, 304].

Despite the upregulated production of VEGF by HYP in vitro, angiogenesis assessed
by CD31 expression was lower in the hypoxic group (Fig.6-7G1-2) compared to NRX for
both implanted donors. This could perhaps be explained by the hypoxia-enhanced
expression of collagen cross-linker LOXL?2 (Fig.6-8H). Makris ef al. found that hypoxic
culture (oxygen tension; 2% O-) induced a 6.4-fold increase in crosslinking in engineered
tissues by the action of LOX, concomitantly increasing stiffness [273]. An increase in

hypoxia-induced cross-linking could potentially impede vascularization of engineered
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tissues.

The reduced vascular invasion in the HYP-derived engineered constructs may be
associated with the upregulation of chondromodulin-1 (gene: CNMD), an anti-angiogenic
factor expressed meniscal in fibrocartilage and articular cartilage [328, 344]. The
upregulation of CNMD under HYP relative to NRX after 2 weeks of chondrogenic
culture was consistent with previous findings in human articular chondrocytes [345].
Chondromodulin-1 has been shown to be increased by HYP in human articular
chondrocytes via HIF-2a-mediated upregulation of SOX9 pathway [287, 345]. The
upregulated gene expression of CNMD by HYP observed in the SF-MSCs may have
followed this pathway, given gene expression levels of CNMD and HIF-2o were
significantly upregulated and SOX9 tended to be increased in HYP compared to NRX.
However, the role of HIF-1a cannot be ruled out since the gene expression level of HIF-1
was also approaching significant upregulation by HYP. In addition, when CNMD was
adenovirally transduced into rabbit BM-MSCs, it was shown to prevent calcification and
reduce angiogenesis in the BM-MSC-derived matrix compared to naive BM-MSCs when
implanted in nude mouse using a coral scaffold model [346]. Even though the decreased
expression of chondromudulin-1 was shown to be negatively related with upregulation of
VEGF and induction of neovascularization in articular cartilage during the progression of
OA in a rat knee joint model [347], the upregulated gene expression levels of CNMD in

the current study were positively correlated with the gene expression and protein
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production of VEGF in hSF-MSCs HYP in vitro. Previously, overexpression of CNMD in
human osteochondral progenitor cells did not influence the mRNA levels of VEGF in
vitro and decreased mRNA levels of COL10A1, indicating potential suppression of
hypertrophic differentiation [348]. Interestingly, even though HYP [15, 327] and
chondromodulin-1 [348, 349] were reported to suppress gene expression levels of
COL10A1, this effect was not observed in hSF-MSCs as similar COL10A41 gene
expression was observed between oxygen tensions in vitro. It may suggest that the lack of
hypertrophic differentiation to form bone matrix in hRSF-MSCs may be due to a complex
interaction of these agents.

However, even though the NRX-cultured constructs showed inferior matrix and less
VEGF protein compared to HYP in vitro and in vivo, they showed more angiogenic
potential (i.e. less CDMN expression and more CD31 IF). Thus, due to this tradeoff of
matrix quality and angiogenic potential it remains undetermined what pre-culture oxygen
tension is preferred for generation of constructs for the purpose of inducing blood vessels
to repair inner meniscus injury. It would be interesting to investigate the performance of
constructs with regards to inducing vascularization and stem cell homing within a knee
joint environment, provided they have adequate mechanical properties to withstand
loading. As well, it would be interesting to inhibit expression of chondromodulin-1 in the
SF-MSCs cultured under HYP to promote neovascularization while providing inner

meniscus-like extracellular matrix for the meniscus defects.
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6.5 Conclusions
This study demonstrates for the first time that pre-culture of hSF-MSCs on type I
collagen scaffolds produce IM-ECM that is partially retained and non-calcifying with

concomitant vascularization in vivo using the subcutaneous nude mouse model.
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Chapter 7 General discussion and conclusions

Yan Liang
7.1 General discussion
Various strategies have been used towards generating engineered tissues that resemble the
native meniscus. Regeneration of meniscus-like tissues with extracellular matrix (ECM)
containing proteoglycan, type I and II collagen have been demonstrated in vitro and in
animal studies to some extent. However, limited success has been shown in human
studies. Human meniscus tissue engineering is still in its early stages with inconsistent
results in tissue quality and clinical scores. There are gaps regarding the variables of
appropriate cell types, isolation, expansion protocols and culture conditions, and
inductive stimuli towards a robust meniscus-ECM-forming phenotype prior to clinical
application. Based on the literature, human meniscus fibrochondrocytes (MFCs) and
synovial fluid-derived mesenchymal stem cells (SFMSCs) were two promising cell types
given their tendency towards chondrogenic differentiation and resistance to osteogenic
differentiation. Thus, investigating these variables using these two cell types could
advance the field of human cell-based meniscus tissue engineering.

The first study in Chapter 2 aimed to assess the effects of mitotic division in human
MFCs on their subsequent trilineage differentiation capacity under different oxygen
tensions, especially the chondrogenic differentiation to form meniscus-like extracellular

matrix (ECM) using a cell pellet model. The reasons for these objectives are because of
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the low cell yields that are isolated from the surgical discard meniscus tissue and the loss
of ability to form inner meniscus-like ECM containing aggrecan and type II collagen
after monolayer expansion [12] have limited the use of human autologous MFCs for
meniscus tissue engineering. In the current study, it was clearly shown that TGF-1 and
FGF-2 (T1F2) supplementation during monolayer expansion increased proliferation rates
of human MFCs compared to our previous studies using no growth factors or pure FGF-2
[11]. The dedifferentiation status of monolayer expanded human MFCs seemed to be
alleviated based on the mRNA expression levels of ECM-related aggrecan (ACAN ) and
type II collagen (COL2A41) which did not show significant decrease up to 13 population
doublings (PD). Consequently, large amounts of human MFCs can be obtained by
monolayer expansion within a short period of time. For example, it was an average of
~0.5 population doublings (PD)/day in passage 1 to reach ~3.43 PD after 7 days. Based
on the average primary MFCs numbers that can be isolated from meniscus tissue in our
study (~3.14 millions per gram meniscus tissue), more than 27 million MFCs can be
obtained. Importantly, the resulting 27 million human MFCs with 3.43 PD formed inner
meniscus-like ECM especially under hypoxia in the cell pellet model when exposed to
chondrogenic factors. These findings have significant implications for future clinical
study using 3-dimensional scaffold to generate meniscus-like tissue for meniscus repair
or replacement. The volume of human medial and lateral meniscus were reported to be

about 4.50 cm® and 4.59 cm? , respectively [238] and a potential optimal seeding cell
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density for cartilaginous tissue formation within collagen scaffold was 5x10° per cm?

[239], which indicates that 22.5-25 millions human MFCs will be required to generate a
whole meniscus. In addition, compared to a previous study that non-growth factor
expanded human MFCs showed osteogenic differentiation in vitro [235], it was the first
time that the human MFCs expanded with T1F2 was shown to have low expression of
hypertrophic marker type X collagen and lack of calcium deposition after in vitro
osteogenic induction. It further confirmed that the T1F2-expanded human MFCs may be
an promising cell sources to produce meniscus tissue instead of bone.

The results of this study are essential for the cell-based meniscus tissue engineering
by demonstrating how to achieve sufficient cells with the demonstrated capacity to form
meniscus-like ECM through growth factor supplementation and to enhance the quality of
new ECM through manipulation of oxygen tension within the culture environment. The
identified PD may be used as a parameter to estimate the production of cell numbers with
desired tissue quality, especially under HYP for future clinical studies.

In chapter 3 and 5, we were able to generate porous 3-dimensional human cadaveric
meniscus-derived decellularized matrix (DCM) scaffold using physical homogenization
methods and freeze drying. Two studies were performed to investigate the potential
inductive capacity of human meniscus-derived DCM on ECM formation of T1F2-
expanded human MFCs and knee joint SFMSCs cultured without exogenous

chondrogenic factors under hypoxia. Previous studies have shown the ability of porcine
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articular cartilage or meniscus-derived DCM to induce chondrogenic differentiation of
MSC:s or re-differentiate articular chondrocytes without exogenous chondrogenic factors
[254, 256]. These two studies had the potential to discover the existence of previously
unidentified inductive factors embedded within the human native meniscus matrix for the
first time to redifferentiate T1F2-expanded human MFCs to form ECM or differentiate
human SFMSCs towards an MFC phenotype. However, it was obvious that the human
meniscus-derived DCM alone prepared by physical methods did not support appreciable
meniscus-like ECM formation of both cell types. The possible reasons for these may be
the loss of ECM components such as proteoglycans that can sequester the inductive
factors [266] during DCM processing. Future studies may need to improve the
manufacturing process using chemical treatments which was reported to maintain most
the glycosaminoglycan content compared to native porcine meniscus [256]. Nevertheless,
both cell types on the DCM scaffold exhibited advantageous characteristics for meniscus
tissue engineering applications under chondrogenic induction, producing meniscus-like
ECM with a reduced tendency for hypertrophic differentiation to form bone. These
results provide the basis to support the potential use of the two cell types to form
meniscus-like ECM within large-scale scaffold models.

With the goals to further determine the implantation potential and phenotype stability
of the in vitro generated meniscus-like ECM by human MFCs and SFMSCs under

hypoxia, a subcutaneous nude mouse model was used. Based on our in vitro results
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showing little evidence of type X collagen, we did not expect to see calcification after
implantation. A previous study has shown that negligible meniscus-like ECM can be
formed by human MFCs expanded with growth factors: TGF-B1, FGF2 and PDGF-bb
followed by normoxic chondrogenic culture both in vitro and in vivo using the
subcutaneous nude mouse [94]. In addition, in vitro-generated human SM-MSC and BM-
MSC-derived cartilaginous tissues under normoxia respectively failed to maintain the
chondrogenic phenotype and underwent calcification after subcutaneous implantation the
in nude mouse [120, 121]. The two studies in chapter 4 and 6 were the first time to
demonstrate the beneficial effects of hypoxia on meniscus-like ECM formation of both
cell types within the collagen scaffold both in vitro and in vivo, even though partial
degradation of the ECM over time after implantation was observed. Further
investigations to improve the resilience of the ECM after in vivo implantation may be
necessary. A possible strategy would be longer preculture durations to allow formation of
more mature ECM before ectopic implantation like that demonstrated after 8-weeks
preculture by MFCs.

With regards to the angiogenic potential of these two cell types, we first
demonstrated that hypoxia chondrogenic culture upregulated expression of pro-
angiogenic factor VEGF in vitro. Interestingly, both oxygen tensions-derived ECM
showed the capacity to support blood vessel invasion after implantation. However, the

contribution of the HYP-derived endogenous VEGF to promote meniscus healing or
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repair by inducing angiogenesis from the peripheral aspects of the menisci remains to be
investigated in the knee joint environment.

In summary, the studies in this thesis have broadened our knowledge by showing the
potential strategies to improve the quality of meniscus-like ECM for the purpose of
autologous cell-based human meniscus tissue engineering.

We identified a human MFC expansion protocol in vitro using the supplementation
of growth factors: TGFB1 and FGF2 for the first time. This protocol may provide a
solution to the cell shortage problem for MFC-based meniscus tissue engineering by
obtaining large number of MFCs in a short period of time. The expanded MFCs can form
inner meniscus-like ECM after chondrogenic induction in vitro. We also showed that the
human meniscus-derived DCM prepared by physical methods supports inner meniscus-
like ECM formation by human MFCs and SFMSCs but only with exogenous growth
factor supplementation for the first time. Lastly, we showed that hypoxia promotes inner
meniscus-like ECM formation within the collagen scaffold by both cell types in the
subcutaneous nude mouse model. Even though the pre-formed ECM underwent partial
degradation, the remaining ECM did not calcify and was vascularized, which are
promising for avascular meniscus repair and replacement.

However, several questions remain to be investigated. Even though hypoxic
chondrogenic culture has consistently improved the meniscus-like ECM formation in

pellet (chapter 2), collagen scaffold (chapter 4 and 6), and after subcutaneous
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implantation in nude mouse (chapter 4 and 6), the maintenance of cell phenotype and the
efficacy of hypoxia-derived ECM in the knee joint environment is still unclear. Further
investigation using large animal models such as sheep to examine the performance of the
ECM is required.

In the current clinical setting, meniscus allograft replacement has been considered
the only option for carefully selected patients after total or subtotal meniscectomy [81]. A
comprehensive meta-analysis has shown that the most commonly used allograft is
prepared by cryopreservation [350]. The cryopreservation technique allows long-term
meniscus allograft storage with viable cells and did not seem to alter the meniscus
ultrastructure [351]. However, the cryopreservation is complex and difficult (4% to 50%
cell viability [351, 352]) with potential disease transmission such as HIV [353].
Nevertheless, the experiences of its application may provide us valuable information
when implanting autologous cell-derived meniscus-like constructs (autograft) in the
future.

Compared to meniscus allograft, the first advantage of autografts may be the lack of
immunogenic rejection risk and potential disease transmission [354].

Second, the sizing of the autograft should match the dissected native meniscus since
it has been demonstrated as an important factor for tissue healing [355] and preservation
of knee biomechanics [356] when using allograft. It was reported that 10% larger or

smaller than the original size of the original meniscus may be acceptable [356] otherwise

224



the grafts may not restore the joint congruence or be prone to extrusion [357]. Nowadays,
preoperative sizing of meniscus allograft using plain radiographs, CT [358] and MRI
[359] are frequently used. However, perfect sizing of allograft remains difficult to
achieve. On the other hand, with the combination of 3D printing techniques, CT or/and
MRI, anatomical shape and structure of autograft similar to native meniscus may be
achieved in the clinical setting [360]. However, to create patient-specific whole meniscus
autografts, not only is the shape and sizing important, but also the regional distribution of
cells, ECM, and vascular structure need to be addressed. Several recent studies have
shown the potential to achieve these. Circumferentially and radially oriented structures
resembling native meniscus collagen can be 3D-printed using PCL and can provide a
potential biomimetic template for ECM formation [360]. Furthermore, Lee et al. showed
that 3D-printed protein-releasing meniscus-shaped scaffolds can induce regional-specific
type I and type II collagen deposition by endogenous cells in a sheep model with
meniscectomy [240]. Perfusable vascular structure resembling mature native vasculature
could be generated by 3D-printing bioink with encapsulated endothelial and stem cells
[361], which may be potentially applied for the regeneration of outer vascular region or
promoting healing process of inner avascular region by providing oxygen and nutrients.

Third, the viable cells in the meniscus allografts prepared by cryopreservation were
shown to be critical for maintenance of ECM [362], which in turn may affect the

mechanical integrity after implantation [362]. Similarly, the architecture of the 3D-
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printed anatomical-shaped autograft should allow cell attachment, infiltration,
proliferation and (re)differentiation to produce the region-specific ECM before and after
implantation. More importantly, the autograft should possess appropriate mechanical
properties and not undergo degradation, rupture or shrinkage as reported in the meniscus
allograft.

The lack of characterization of mechanical properties of the newly-synthesized ECM
is a limitation in this thesis. Now that we have demonstrated ways to: 1) overcome the
cell availability barrier to meniscus tissue engineering, 2) synthesize the principal ECM
components of the native meniscus without signs of calcification, the focus must shift
towards achieving mechanically competent tissue. To achieve these, scaffolds possessing
mechanical properties and appropriate degradation rates to allow the cell-derived ECM to
become mature and mechanically competent could be applied. Then in vitro maturation
of the ECM could also require complex culture condition modalities like oxygen tensions
and longer culture periods. At the same time, the role of in vivo mechanobiology should
be considered for ECM maturation. This may be achieved using mechanical loading such
as in bioreactors that can apply forces and fluid dynamics resembling the native knee
joint environment. It may help to investigate loading regimes that build up towards the
loading that the autograft will experience following implantation.

Another limitation is that we did not investigate the influences of sex on ECM

formation by human MFCs and SFMSCs. Only MFCs (except one female donor in
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chapter 3) and SFMSCs isolated from male donors were used in this thesis. As well, all
the nude mice used in implantation studies were male. Female sex is clearly a major risk
factor for the development of knee osteoarthritis with more severe symptoms, especially
after menopausal age [363]. The differences of knee anatomy [364], biomechanics [365],
genetic polymorphisms [366] and hormones [367] between sexes may contribute to this
phenomenon. With respect to meniscus, female sex was also reported to be a risk factor
to develop knee osteoarthritis after meniscectomy [368]. Females were found to have
higher MRI T2 signal in the posterior horn (a location that is most vulnerable to injury
and degradation [369, 370]) of the medial meniscus compared to male regardless of ages
[371], which may indicate different contents of collagen fiber network, proteoglycans,
and water. With simultaneous anterior cruciate ligament injury, Kilcoyne ef al. showed
that there were no sex differences of meniscus tears incidences in a young athletic
population [372] while Piasecki et al. showed that female high school athletes have less
medial meniscus tears than male [373]. Stanley ef al. also reported that meniscus injury
incidences were significantly lower in female athletes than male in high school while no
differences were found at college level [374]. Regarding the meniscus repair, it was
mostly performed in the young patients age 10-19 years old and sexes seemed to affect
the choice of meniscus repair (63% male vs 37% female) [375]. However, to our
knowledge, there were no other clear evidence of sex difference in meniscus treatment.

Only one study has found that 1) menisci from female rabbits yielded more MFCs
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than male and ii) female MFCs produced larger amounts of sulfated proteoglycans than
male at the age of 2 years [376]. For MSCs, recent studies have shown sex can modulate
the differentiation potential of both animal and human MSCs especially in the context of
osteogenesis [377-379]. Human BMSCs from males but not females showed decreased
chondrogenic differentiation to form ECM with increasing age [380]. Muscle-derived
MSCs from male vs. female mice were shown to produce better ECM after chondrogenic
differentiation in vitro and enhanced cartilage regeneration in vivo in the nude mouse
model [381]. However, another study also reported no differences in the osteogenic,
adipogenic and chondrogenic differentiation potential of human BMSCs in vitro [382].
For angiogenic potential, BMSCs from female mice were reported to produced more
VEGF and less tumor necrosis factor o compared to male after exposure to hypoxia in
vitro [383, 384]. In summary, tissue engineering strategies to address the meniscus repair
or replacement should consider the sex differences. Well-designed studies including
female donors and animals are essential for better understanding the gender-specific
differences in modulating the meniscus-like ECM formation by human MFCs and SF-

MSCs.

7.2 Conclusions
This thesis investigated the variables in human MFCs and SFMSCs-based meniscus

tissue engineering. Sufficient cell numbers of human MFCs with meniscus-like ECM-
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forming capacity within a short period can be obtained using a growth factors
supplementation strategy during monolayer expansion in vitro. In vitro expanded human
MFCs and SFMSCs were capable of producing meniscus-like ECM with limited
evidence of hypertrophic differentiation within the human native meniscus-derived DCM
scaffold after stimulation with chondrogenic factors. Chondrogenic culture under hypoxic
conditions enhanced the synthesis and deposition of meniscus-like ECM by human MFCs
and SFMSCs within collagen scaffolds in vitro. The formed meniscus-like ECM under
hypoxia remained after ectopic implantation in nude mice in contrast to its normoxia
counterpart. Moreover, increased amount of VEGF accompanied the enhanced meniscus-
like ECM which may have contributed to the observed vascularisation of the engineered
meniscus-like ECM. Thus, suggesting that hypoxia-inducible VEGF deposition in
meniscus-like ECM may be strategic for the vascularisation and repair of avascular

meniscus injuries.
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