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Abstract

Knee osteoarthritis (KOA) is a degenerative joint disease that impacts all structures
within the knee joint, often leading to chronic pain and disability. The meniscus, a crucial
fibrocartilaginous structure within the knee, plays a key role in joint bibargcs. It is

well established that damage or degeneration of the meniscus significantly contributes to
the progression of KOA. Additionally, recent studies have shown that the meniscus is one
of the first structures to be affected in the early stag&Oa#. This early involvement
underscores the meniscus's importance in KOA research. DespHgomethented

differences in KOA prevalence and severity between males and females, the molecular
mechanisms behind these specific differences are not well ugrdtood. This gap in
knowledge hinders the development of targeted therapies that can more effectively
address the unique aspects of KOA in each sex. To address this, studies in this thesis use
simulated microgravity (SMG) to induce KGKke changes in maescus models. SMG
effectively mimics mechanical unloading, a condition known to exacerbate osteoarthritic
changes by disrupting normal biomechanical stimuli. By employing SMG, this thesis

aims to investigate the sapecific molecular mechanisms that cdnite to the

development and progression of KOA in various meniscus models, wdgpiitissue

level andbioinformatics analysis elucidating the key molecules, pathways, and regulatory

networks involved.

Chapter 1 provides a comprehensive review of the mechanical environment of the knee
meniscus, examining how various forms of mechanical stimuli influence meniscus cell
phenotype and extracellular matrix production. It also introduces SMG as an emerging



method to study the effects of mechanical unloading on engineered meniscus models,
setting the stage for experimental investigations in subsequent chapters. Building on this,
Chapter 2 focuses on the shtatm responses of primary meniscus fibrochondescyt

seeded on 3D type | collagen scaffolds to SMG, presenting a detailed transcriptome study
that tracks molecular pathways and signaling networks over time. Significant gene
expression changes are identified, with JUN highlighted as a potential markex for
differences. Extending these findings, Chapter 3 examines theédongeffects of SMG

on engineered meniscus models to understand the broader impact of prolonged
mechanical unloading and investigates tidswel differences. Additionally, it explores

the effects of cyclic hydrostatic pressure (CHP) to study mechanical loading. Chapter 4
builds on the SMG study from Chapter 3, using the same engineered meniscus models, to
provide a deeper focus on the transcriptome profile. This chapter identifiesllthe

surface marker CD36 as an indicator of higher osteoarthritis development propensity in a
subgroup of females. Finally, Chapter 5 investigates the role of CD36 in sex differences
related to KOA using human total knee arthroplasty meniscus sample<&fba

knockout mice model. The findings indicate that CD36 plays a significant role in

mediating meniscus calcification and hypertrophic differentiation, with notable sex

specific differences. Chapter 6 summarizes the thesis and suggests future research

directions.

The findings of this thesis provide valuable insights into thespexific molecular
responses of meniscus models to mechanical unloading induced by SMG, using both
human and mouse models. Understanding these differences is crucial for developing

targetedherapeutic strategies for KOA, given the varying prevalence and severity of the



disease between sexes. This research enhances our knowledge of the molecular
mechanisms behind KOA and sex differences. It underscores the effectiveness of SMG as
a platform for inducing KOAike changes and screening potential biomarkers, such as
CD36, toidentify individuals with a higher propensity for osteoarthritis development.

These insights can aid in developing suitable therapeutic targets for managing KOA.
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Chapter 1

Mechano-bioengineering of the knee meniscus

This Chapter has begmeviousy published as:

Ma Z, Vyhlidal MJ, Li DX, Adesida AB. Mechanbioengineering of the knee meniscus.
Am J Physiol Cell PhysioR022; 323(6):C165Z63.

1.1 Introduction

Once considered a functionless structure akin to an embryonic remnangritsgus is

now recognized as the critical structure for proper knee mech@dnidshe meniscus
contributes to many essential biomechanical functions of the knee, such as load
transmission, stability, and joint lubricati¢®, 3). The ability of the meniscus to assist in
routine joint function is primarily a result of the heterogeneous macro and microstructure
shaped by mechanical loadi(4). The biochemical composition and functionality of the
tissue are maintained by resident meniscus cells that tailor extracellular matrix (ECM)
synthesis in response to mechanical cues. The process by which meniscus cells respond
to mechanical cues, knows enechanotransduction, is essential as abnormalities in the
signaling pathways can contribute to the development of knee osteoarthritis (KOA). KOA
is a chronic disease characterized by cartilage deterioration that causes substantial pain
and joint immobilty (5). Annually, KOA burdens the workforce considerably and

accounts for a significant fraction of disability legq®e 7) Current treatment options,

such as hyaluronic acid and corticosteroid injections, for KOA, are temporary and aim at
reducing pain in the short term. Total joint arthroplasty is a leteyen solution {20

years) that is more feasible, but the procedure is comneonisidered and performed in
individuals aged oves5 yr, as this is when individuals usugtisesent withrend stag®f

the disease and other treatment options baes exhauste@, 9)

Tissue engineering is being explored as an alternative option for KOA treatment to

generate replacement tissues that can offer leteger solutions for individuals of all



ages. Various cells, materials, and biomechanical stimuli have been explored to enhance
ti ssue formation and develop a tissue that
function. The use of mechanical stimulation in meniscus tissue engineesisgdwan

some mixed results. Still, for the most part, it has led to tissues that more closely
resemble the native meniscus. Understanding exactly how cells function and respond to
mechanical stimulation in bioengineered meniscus constructs is esseittrabgsallow

us to develop methods to amplify certain cellular events and enhance tissue development.
This review summarizes recent findings over the last 10 years of the cellular responses to
various mechanical stimuli used in meniscus tissue bioengaeate hope this will

bring light to specific cellular mechanisms that can be further investigated to gain better
insight into the physiology of bioengineered meniscus tissues and lead to the

development of clinically relevant tissues.

1.2 Meniscusform and function

1.2.1 Meniscusanatomy

Knee menisci are crescestiaped fibrocartilaginous structures located on the medial and
lateral aspects of the knee joint between the tibia plateau and corresponding femoral
condyle(10). Each meniscus is attached to the underlying bone at the anterior and
posterior horns by the enthesis, a complex gradient tissue composed of fibrocartilage near
the meniscus attachment site that transitions to floihel2) The enthesis is essential for
mechanical fixation and load distribution throughout the menigjs During early

human development, the meniscus is fully vascularized at the time of formation until ~3
mo, when blood vessels begin to disappear from the inner region. By around 11 yr of age,
the inner region of the meniscus is entirely avasqdk) This gradual elimination of

blood supply from the inner region is suggested as the result of mechanical stimulation by

increased keen joint motion and body weigiH).

In adults, the meniscus adopts a more heterogeneous;dapeident structural
organization that can be characterized into two regions based on morphology,
biochemical composition, and access to blood su@hl¥6) The peripheral onthird of

the meniscus (red zone) is vascularized with a thick and convex morphology. The inner



two-thirds of the meniscus (white zone) tapers to a thin free edge and is avascular in
adults(17). The middle zone is then referred to as thewbde zong(18-20). Overall,

the meniscus is a highly hydrated tissue composed of 72% water and 28% organic matter
that is primarily different types of collagens and proteogly¢ahy However, its

anisotropic structure leads to zonal variations in biochemical content. In the outer
regions, type | collagen dominates over 80% of the total dry weight, and other types of
collagens contribute less than 1%. In contrast, in the inner regp|l and type |

collagens together account for 70% of the dry weight in an ~3:2(2&i24).

Proteoglycan content depositions are also higher in the inner regions and the horns of the
meniscug21, 25) This variation in biochemical composition results in circumferential
ropelike collagen bundles in the outer regions, whereas the inner regions appear more

like hyaline cartilage.

Aside from its regionatilependent matrix properties, a spectrum of different cell
populations is also found in the human menisé&igurel.1) (14). Although

controversial terminologies have been used in the literature to define the cell types in the
meniscus, it is commonly accepted that the cells can be categorized by their morphology
and location in the menisc(@6). Cells on the superficial layer are found to be oval or
fusiform in shape, whereas they are more rounded in deeper regions of the-ipste (

1.1) (27). Cell morphology also transitions from a fibrobfike phenotype in the outer

zone to a chondrocydé&e phenotype in the middle and inner z¢@&, 28) Further
investigations on meniscus cell types and their distributions via flow cytometry and
single cellRNA sequencing have identified at least seven types of(@8l]s80) Among

them, the heterogeneous population of cells responsible for the meniscus extracellular
matrix synthesis are recognized as meniscus fibrochondrocytes) ((@J-Cogether

these zonal differences observed at the cellular, protein, and structural level are evidence
of unique functional properties, which may reflect a cellal#aptatiorto external

stimuli.

1.2.2 The physio-mechanoenvironment of the meniscus

In the adult meniscus, the fully developed geometry, anchoring, anddepethdent

ultrastructure allow the tissue to adapt to different mechanical stresses during joint

3



loading. The meniscus is compressed by an axial tibiofemoral force through the joint
motion from daily activitiesKigure1.1). Due to its wedge shape and the concave

superior surface, the bulk compression force is converted to surface shear, vertical
compression, and horizontal hoop forceég(rel.1) (31). The vertical compression

force is concentrated in the inner region of the meniscus and is opposed by the tibial
reaction force, whereas the horizontal hoop foreedmly distributed to the outer region

and is balanced by the horn attachments. The horizontal hoop force is further converted
into circumferential and radial tensile forces by the alignment of collagen fibgre¢
1.)(11,14) Gi ven the meniscusb6s active role in e
studies have quantitatively examined the mechanical properties of the human meniscus.
The ranges of compression resisting aggregate modulus, teasisting circumferential,

and adial tensile moduli were determined to beil@80 kPa, 100300MPa, and 120

kPa, respectivel{32, 33)

For MFC to adequately respond to these external forces and contribute to the zonal
dependent development of the tissue, they likely have molecular mechanisms that
respond to these effects. The process by which cells sense and respond to mechanical
stimuli is referred to as mechanotransduction. In the case of MFC, mechanical forces are
converted into biological responses that alter the gene and subsequent protein expression
of ECM proteins and remodeling enzymes, among others. In the next section, we will

highlight the current knowledge on MFC mechanotransduction.
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Figure 1.1 Simplified schematic of meniscus ultrastructure and force distribution
during loading.

Cells in the meniscus are generally categorized based on three main phenotypes. The
cells lining the surface of the meniscus are fusiform cells. In the inner region, cells show
round chondrocytéike morphology, and in the outer region, cells demonstiategated
fibroblastlike morphology. Type Il collagen and proteoglycans are mainly deposited by
cells in the inner region. In the outer region, the primary component of ECM is type |
coll agen. During |l oading, the ompressiegnc usod
force, and the outer region is mainly subjected to tensile forces in both circumferential
and radial directions. Created with BioRender. com. ECM, extracellular matrix.

1.2.3 Mechanotransduction in themeniscus

Currently, the knowledge of MFC mechanotransduction remains scarce. Various studies
have looked at the role of different proteins, ion channels, and receptors, but there is a
lack of consensus and a clear understanding of the precise mechanism of
mechanotansduction in MFE34-38). Analogous mechanisms found in knee articular
chondrocytes (AC) have been proposed for MFC, such as those involving integrins and
ion channels like transient receptor potential cation channel subfamily V member 4
(TRPV4), but evidential support is limit€d5, 38) Integrins are celhdhesion receptors

that act as an interface between the extracellular and intracellular environment and play
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an essential role in regulating cytoskeletal remodeling in response to mechanical cues in
different cell type439). TRPV4, on the other hand, is a nonselective cation channel that
functions in calcium signaling and is known to enhance anabolic gene expressions, such
as collagen type Il and aggrecan expression in knee AC in response to physiological
loading(40). It is thought that TRPV4 may similarly function in MFC by regulating
calcium signaling of MFC in response to mechasmotic stimuli(35). PEZOL1 is

another ion channel that has gained a lot of attention in knee AC, particularly for its
proposed catabolic role in matrix metabolig#d). Activation of REZO1, which can be
stimulated by injurious loading or inflammatory factors like interletlkims thought to
enhance the gene expression of matrix metalloproteinases and mediate cartilage
deterioration(40). Currently, PEZO1 has not been specifically investigated in MFC, but

given its role in knee AC, it is quite likely that it may confer a similar function.

We have proposed the potential role of caveolae in MFC mechanotransduction based on
recent findings in tissue engineered human menigtl)sCaveolae are small plasma
membrane invaginations of 680 nm in size known to function as Mechan transducers

in cells frequently exposed to mechanical stress, such as cardiomyocytes, adipocytes, and
vascular endothelial cel(@2). The mechanotransducive mechanisms carried out by
caveolae are largely similar across different cell types. In ddosion state, caveolae

can regulate the activity of different signaling pathways due to their association with
several proteins, ion chaels, and recepto(d2, 43) On the other hand, exposure to high
tension leads to caveolar flattening and disassociation of proteins like the EH domain
containing 2 (EHD2) and cawih that can translocate to the nucleus and influence gene
expression{41, 42) Mechanical stimulation of the meniscus likely causes localized
tension and compressive forces in the cellular microenvironment that may trigger
caveolae on the cell membranes and lead to a biological response. However, further
research is required to bet understand this mechanism and meniscus mechanobiology

overall.



1.3 Mechanical stimulation of engineered meniscus

Many different modalities of mechanical stimulation have been applied to-tissue
engineered meniscus constructs to mimic what the native meniscus and resident cells
experience in physiological conditions. These loading types have also been combined
with other relevant variables such as cell type, biochemical cues, biomaterials for the
matrix microenvironment, and oxygen conditions to determine the optimal culture
strategy for engineering biomechanically functional tissue constructs. This section aims
to higHight key findings from studies utilizing different types of mechanical stimulation
and in combination with other culture variables. Tabllesimmarizes the studies that

were investigated for this review.



Table 1. 1 Summary of studies using mechanical stimulation on engineered meniscus models in the last 10 years

_ : , Other
Loadin . Loading regime . _
pe 9 Reference Cell type  Scaffold material greg variables Conclusion
yp Duration Amplitude  Frequency
gyCell mediated gel
constraint direction)
(44) Mouse ESC Bovine Type | collagen 11 days N/A N/A § OSXexpression
yDeposition of al
Presence of cartilage nodules
Maintenance of size and shape
. . Formation of anisotropic fiber
(45) Bovine Rat Tail Type | 8 weeks N/A N/A Collagen g.el g Collagen accu
MFC collagen concentration g Mechanical proper
] anisotropic tensile properties
'\g%cijhnaéir;(r:; | Bovine Rat Tail Type | Maintenance of sizand shape
Development of aligned fibers
Constraints (46) MFC collagen 4 weeks N/A N/A § Mechanical prope
. . Maintenance of size and shape
@) e’ oolagen T 4 weeks N/A N/A
Doesdependent effectof TGE1 o n
. . Glucoseand collagen fibemrganization
49 NECT  colagen 30 NiA N TGROL - Syerte el ofmechanicel anchorn
Squlement y Mechanical pt
Considerable difference (_)f @aegulatiqn
Static (49) Bovine PCL nanofibers/silicon 15 minutes 3 %, 6 %, and 0.05% Abemll\leen nfgtive and e?glneeredl rrllenlsct
. : . g umber o ce s
Tension MFC membrane 9% strain strain/s increasing strain level
3 9% and 6 % ¥y YAP1, WWTR1, TRPV4, MRTFO
(44) Mouse ESC Bovine Type | collagen 4 hours . 0.5Hz expression by 6% strain loading
Dynamic strain No effect by 3% strain loading
Tension 5%, 10%, 0.5Hz, 1 FBS, ITSH, Optimaleffect for fibrogenic differentiation
15 %, ASP, DEX, X °
(50) Human ASC PDMS membrane Up to 6 hours 20 %. and Ei and 1.5 T5Ep'3 by 10?@5:3'%3;}5%23@3%rs in

25 % strain

supplement




Table 1.18 Continued

Dynamic
Compression

Human

Perfusion and offf cyclic compression
showed prechondrogenic effect

(51) BMSC PU 2 weeks, 8h/day 0-10% strain 0.5 Hz Perfusion § Mechanical pi
gy Type | procoll«
Human _ _ _ g Cell prolife
(52) BMSC Bovine Type | collagen 2 weeks, 8h/day 0-10% strain 0.5 Hz Perfusion y Type | and 111 p
Y Mechanical property
Maintenance of cell viability
; ; gy Mechanical pi1
(53) Porcine PCL l?ase with agarose 4 weeks, 1h/day 0-10% strain 1 Hz TGFr)l § GAG production by
MFC or GelMA supplement 9y Collagen produc
impregnation
o Additive effect of dynamic compression
Xygen and low oxygeriension
Human . . Tension, Dosedependent response of gene
(54) MEC Bovine Type | collagen 3 weeks, 4h/day 30-40% strain 1 Hz pre-culture expresion by dynamic compression
duration § Mechanical p1
ZCOL10Alexpression
Human Oxygen Induction of an inflammatory matrix
(55) C Bovine Type | collagen 5 minutes 30-40% strain 1 Hz : remodeling response
MF Tension Yy SOX9%9andCOL1Alexpression
gy Mechanical pt
Human -cl—)é(r)]/g%?] Necessaryrole of TGl 3 f or -mu
(56) C Bovine Type | collagen 2 weeks, 1h/day 0-10% strain 1 Hz TGEB3 | like ECM formation
MF supplement No significant effect on mRNA markers fo
pp fibrocartilage formation
gy Mechanical pt
Huma AC 3 hours, 10 min . . § COL10A1, MEF2C, ALPLandIBSP
(57) and BMSC Type I/lll collagen on/off 0-25% strain 1 Hz Osteoarthritis expression level in OA derived group

ZCOL2Alexpression in OA derived groug




Table 1.18 Continued

¥ Migration and proliferation of FPSCs ani
CPCs to different extents

Rabbit CPC . N .
58 ' Alginate 4 weeks, 4h/day 0-5 MPa 0.5Hz Cell type y Production of E
8 cc,Fpsc Al y yp § Expression of o
More prominent effect in CPCs
¥ SOX9, COL2AlandACANexpression ‘
(59)  Human ASC N/A (pellet) 2 weeks, 4h/day 7.5 MPa 1 Hz ¥ GAG producti
Yy Vimentin product
Dynamic Maintenance of size
i Human 0.555.03 § Chondrogene:
H)F/,drOStauC (60) MFC N/A (pellet) 1 weeks, 4h/day MPa 1Hz Cell source Earlier onset of chondrogenesis by cells
ressure from outer zone
(55) ,\H/Il::rgan Bovine Type | collagen 5 days, 1h/day 0.5 MPa 1Hz '(I?;(r):giig § c-FOSandSOX%expression level
¥ ACANandCOL2Alexpression level
Human ZCOALloAlexpressi_on level
(61) Bovine Type | collagen 3 weeks, 1h/day 0.9 MPa 1 Hz Donor sex y GAG/raub A
MFC Regulation of OArelated pathways
Noticeable sexdependent differences
y Ratio of type-1I1
i ; impregnated inner region
(53) ,E’Acgélne PCdLgaﬁ'\;’thh agarose 4 \veeks 0-10% strain 1 Hz TGFFl ¢ y Ratio of type- |
an e suppiemen impregnated outer region
y GAG producti
. . o o )‘/A Collage'n accu
(46) Bovine Rat Tail Type | 4 weeks, 2h/day 5% gnd 10% 1 Hz 9 Mechanical pi
MFC collagen strain Development of heterogenous ECM
Physiological organization like native tissue
Loading § Mechanical pt
Bovine . Up to 4 weeks, . Postculture y Matrix forma
(62) MFEC Alginate 2I$/da 15% strain 1Hz duration Loss of ECM in the medium with prolonge
y postculture duration
Formation of a physiological anisotropic
Rabbit CTGF and profile with zonal, layespecific expression
(63) PCL 2 weeks, 1h/day 10% strain 1Hz TGFb 1 of type | and licollagen o
BMSC Supplement Long-term chondreprotection of knee joint

in vivo
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Table 1.18 Continued

Z Deposition of GAI
(59) Human ASC N/A (pellet) 2 weeks N/A 11 rpm ZCOL2AlandCOL10Alexpression

Alteration of Wntsignaling pathway

Human Ao 3
4 N/A Il week N/A 4.2-7.2 rom towards the direction of decreasing
(64) BMSC /A (pellet) 3 weeks ! P chondrogenesis
MSimuIate_(tJI Human v Calr t ifl an i dn Cécl.:l s m
Icrogravi . . . coculture of MFC and A
9 y (65) MFC and Bovine Type | collagen 3 weeks N/A 20-30 rpm  Cell interaction § COL10AlandMMP-13 expression
ASC Z GERM1expression
H ZACANandCOL2Alexpression
uman ; Modulation of OArelated pathways
(61) MEC Bovine Type | collagen 3 weeks N/A 30-40 rpm  Donor sex Demonstration of serelated differences

Studies were identified by performing a systematic search of the literature. Cochrane Library, EMBASE, MEDLINE, and Scopus
were the databases from which records were retrieved and analyzed. A detailed flowchart outlining the strategy andusedech par
is presented ithe Supplementaryigure 1.1 AC, articular chondrocytes; ASC, adipaterived stem cells; ASP, ascorbic acid;
BMSC, bonamarrow derivedstromal cells; CC, chondrocytes; CPC, cartilage progenitor cells; CTGF, connective tissue growth
factar; DEX, dexamethasone; ESC, embryonic stem cells; FBS, fetal bovine serum; FPSCgdiatetistem cells; IT§ insulin;

MFC, meniscus fibrochondrocytes; PCL, Polgaprolactone); PDMS, polydimethylsiloxane; PU, polyurethane;-bGF

transforming growth factebetal; TGFb3, transforming growth factdveta3.

11



1.3.1 Mechanical boundary constraints

Mechanical boundary constraints have been established as a relatively simple form of
mechanical stimulation to guide the formation of ECM structures by acting against the
contraction forces in engineered constr{6&68). Mechanical boundary constraints are
achieved by anchoring the implants at the horns or two @348). The main objective

of applying mechanical boundary constraints is to guide the formation of native tissue
like anisotropic collagen fibers. Several studies have used engineered meniscus with
bovine MFC and type | collagen scaffol@s-48). Parameters such as mechanical
stimulation duration, initial collagen gel concentration, and culture medium supplement
(glucose and transforming growth factmeta 1 (TGFbl)) were manipulated, and the
resulting collagen fiber alignment was examined. In addition, the effect of anchoring on

tissue biochemical composition and mechanical properties was also investigated.

Gross inspection of constructs showed that mechanical anchoring was very effective at
maintaining the size and shape of engineered meniscus conft&idt). The

morphology of anchored constructs was comparable to the original shape throughout the
culture period45-47), whereas the unclamped groups reduced the area to 40% by 8 wk
(45). The initial concentration of collagen gel (10 or 20 mg/mL) did not affect

contraction, but lower concentrations (10 mg/mL) led to a 20% loss at(85)Kn terms

of collagen alignment, unorganized constructs at baseline experienced varying degrees of
alignment as early as 2 wk from anchoring. By 4 wk, collagen alignment was observed
throughout the entire tissue constr(#%, 46)in the anchored group, and a native tissue

like, regiondependent circumferential and radial alignment pattern were achieved by 8
wk (45). The organization of the unclamped group was improved slightly, but no region
dependent alignment was obseryé48, 46) One study also applied mechanical

anchorage to engineer the meniscal enthesis and regulate theollagen interface
organization47). Mechanical fixation at the bony ends induced tissue integration of
collagen fibers into the decellularized bony tiséti®. Another study with differentiated
mouse embryonic stem cells (ESC) embedded in bovine type | collagen also showed that

deposited collagen fibers aligned along the direction of anch{fdge
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The effect of mechanical anchoring on biochemical synthesis appeared opposite to that of
collagen fiber alignment. Compared with the unclamped group, anchoring led to a
significant decrease in total glycosaminoglycan (GAG) content in the meniscus
construcs at the end of 8 wk of cultu(d5). To better understand the negative correlation
between GAG deposition and collagérer alignment, the same research group utilized

a gradient of biochemical factors am@chanical anchoring to study the interaction
between biochemical and biomechanical stimulai8). Their results show that the
influence of the TGH1 growth factor is more prominent under a less proteoglycan
synthesigpromoting environment (500 mg/L compared with 4,500mg/L glucose), and the
optimal fiber formation is achieved at an intermediate concentration ofblG6.5

ng/mL) with mechanicalnchoring(48).

It has been well established that the anisotropic ultrastructure is the foundation of the
highly adapted mechanical property of menig@#. Constructs under mechanical
anchorage demonstrated a gradual increase of equilibrium and tensile n{d8ui&;

48). By the time of 8 wk, the anchored constructs developed an equilibrium modulus that
is close to native meniscus tissue. However, even though the tensile modulus in the
clamped group was about two times greater than the unclamped group, the values
remainedseveral orders of magnitude smaller when compared with the tensile modulus
of native tissu€11, 32) This suggests that static boundary constraints as a form of
mechanical stimulation are not enough to achieve native tisgaemechanical capacity

in engineered tissue constructs.

1.3.2 Static and dynamic tension

The unique shape and ultrastructure of the meniscus allow the tissue to convert axial
compression primarily experienced by the inner region into circumferential and radial
tension in the outer regidid 1, 14, 69) These tensile forces help guide the alignment of
collagen fibers and regulate the phenotype of local €&lls Therefore, both static and
dynamic tensiorrerelevant forces experienced by the meniscus. Many studies that
apply tensile mechanical stimulation to engineered constructs focus on optimizing the
loading regime to produce anabolic outcomes in ECM production and understanding the

mechanotransductive riganism at the cellular and molecular left, 49, 50)To
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systematically define the optimal tensile loading regime for promoting the native

meniscus tissukke phenotype formation, a combination of ranges of loading duration

(up to 6 h), strain amplitude (5%5%), and loading frequency (055 Hz) was applied

to human adiposderived stromal cells (ASC) on polydimethylsiloxane (PDMS)

membrane (50). Gene expression measurements showed that select chondrogenic markers
responded uniquely to each combination of loading parameters; the combination of 3 h of
tensile bading at 10% strain and 1 Hz frequency proved most effective in promoting the
expression of the chondrogenic markers. Noticeably, cells survived most strain levels for

6 h except for 25% strain, at which cell necrosis and death were observed with staining
analysig(50).

As a ubiquitous secondary messenger in downstream signaling pathways, calé@im (Ca
channel activation has been shown to respond to various types of 10241135, 71, 72)

In the context of meniscus tissue engineering, understanding the spetifiespanse to
mechanical stimulation is essential for optimizing loading regimes for anabolic outcomes.
Since the C& response is highly dependent on the-owlrix interaction, a study was
designed to compare the tensioduced C4' signaling in MFC embedded in different

matrix microenvironment@9). The Ca* responding profile in native tissue was
considerably different compared with cells embedded in polycaprolactone (PCL)
nanofibers or silicone membran@s®). Interestingly, the level of the applied tensile

strains did not affect the responding profile of single cells but affected the fraction of
cells that showed CGachannel activation. For the PCL and silicone group, the fraction of
Ca* activated cells plateaued between 6% and 9% strain, whereas native tissues showed
no saturatior{49). Other wellstudied mechanotransduction marké/sP1 WWRT1

TRPV4 andMRTFAwere also activated by the 6% dynamic tensile strain on a tissue

engineering model using bovine type | collagen as the matrix microenvirofddent

1.3.3 Dynamic compression

Dynamic compression has been one of the most utilized loading modalities in cartilage
and meniscus engineering due to its high physiological releatés’, 73) Several
loading regimes have been applied to a wide variety of tssgmeered constructs with

different combinations of cells and biomaterials as the matrix microenviror{ii¥ant
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The main goal of applying dynamic compression to engineered meniscus models is to
understand the mechanobiology of the meniscus and promote more nativekigssue
phenotypes in engineered constructs. Efforts have also been devoted to studying the
interaction ofmechanical loading with other relevant stimulations such as oxygen tension
(54-56), perfusion(51, 52) and biochemical cug53). In addition, dynamic compression

has also been used to understand the alteration of cartilage cell mechanobiology affected
by osteoarthritis (OA(57)).

Like many of the other loading modalities, the outcome of dynamic compression
stimulation on engineered meniscus constructs is heavily influenced by the loading
regime. It is critical to identify optimal loading parameters, as inappropriate loading
regimescan result in undesirable outcon{&s). In engineered human meniscus models
with MFC embedded in bovine type | collagen scaffolds, loading duration ranging from
15 min to 3 wk have been studied in combination with strain levels ranging from10% to
40%, and the outcomes were assessed in terB€Mf composition, modulation of

selected chondrogenic markers, alteration of the global transcriptome profile, and the
influence on mechanical propertigsl-56). For the same loading duration, the stress
response to 30%40% strain was approximately five times greater than from 10% to 20%
strain. The modulation of the mechasensitive gene-FOS chondrogenic marker

SOX9 and the oxygen stresgnsitive gen®TGS2also showed a dosiependent

response to strain levels with 3020% inducing significantly higher expression of all
three markerg54). Based on these results, dynamic compression at 80% strain

levels seemed to be the more effective regime for the specific tissue engineering model
(54). When comparing the effect of loading duration (single incident of 5 min vs. regular
incidents over 5 days) at a 30%0% strain level, the RNA sequencing data of the global
transcriptome profile showed that genes regulating the expression of molevalesdn

in early mechanotransduction pathways were among the highest regulated genes in both
the short and longterm loading studies. Interestingly, inflammatogjated genes and
signaling pathways were also regulated in both loading durgfdn$5) When

proceeding to longeterm loading (regular incidents over 3 wk), the dynamic modulus
showed a sigmoidal growth curve with no plateau observed. In contrast, hypertrophic
markersCOL10AlandMMP13were found to be highly suppresgéd). Collectively,
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these findings suggest that the magnitude of gene responses to dynamic compression is
closely related to the aggression of loading, and an extended loading period under
optimal loading regimes can lead to superior mechanical property development in the
engneered meniscus. In another hureargineered meniscus model using human bone
mesenchymal stromal cells (BMSCs) and polyurethane (PU) based scaffolds, the regime
of the individual loading incidents was studi@&d). ECM composition and mechanical
property assessments showed that for the same loading duratmifidgnamic

compression resulted in a higher equilibrium modulus and better ECM formation as

compared with a single continuous loading regf{sts.

In physiological conditions, the activity and synthesis of Ei§Mneniscus cells are
regulated by anultitude of different factors, and mechanical stimulation often works
synergistically with other factors such as oxygen tension and biochemical cues. Given the
avascular nature of the inner meniscus in adults and the fact that the entire meniscus is
embedled in the hypoxic (low oxygen tension) synovial fl(if@®), oxygen tension is

believed to be an essential regulatory factor of the meniscus phefofyp@). The

effect of hypoxia (3% O2) alone and in combination with dynamic compression has been
examined in engineered human meniscus md8dis6). In both shorand longterm

(single incident of 5 min vs. regular incidents over 5 days) studies with B480%ostrain
dynamic compression, a large panel of genes were regulated only by hypoxia, and an
anabolic and anttatabolic expression profile ftwaline cartilage was inducé€g4, 55)
However, when hypoxia was applied together with a lower strain level (10%), no effect
was observed in regulating the matfdxming phenotype of cartilag®6). These results
indicate a synergistic interaction between oxygen tension and dynamic compression in

the engineered meniscus model.

As for the interaction between biochemical cues and dynamic compression, reported
results are controversial. One study found that the supplementation of transforming
growth factorbeta 3 (TGFb3) was necessary for matrix formation regardless of loading
(56), whereas another study suggested that the supplement eIl tidel a negative

effect on meniscus matrix formation in the presence of dynamic compréssjon

Several reasons could potentially explain the opposing results. First, the cells and
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biomaterial used in these two studies were different, and the effect of growth factors
depends largely on the cell type and-cedtrix interaction (Table.1). Second, although
TGF-b1 and-b3 share the same 7080% sequence identity and they both signal through
the same receptor, different isoforms of the growth factor family have been suggested to
have distinct biological effec{80). Third, the regimes of loading applied are different,

and this may play a role in the interaction between biomechanical and biochemical cues.
Another factor applied in combination with dynamic compression is perfusion of culture
media(51, 52) Results from a study using human BMSC cultured on PU and bovine type
| collagen scaffolds showed that perfusion promoted the development of meniscus
phenotype and worked synergistically with dynamic compreg5ibn52) Dynamic
compression has also been applied to engineered meniscus models to study the
mechanobiology involved in the physiological alteration of chondrocytes in OA. One
study applied a single incident of 25% strain dynamic compression on tissue constructs
derived from normal AC and BMSC of patients with OA and measured the differences in
gene profile alteration. They concluded that tissues derived from osteoarthritic cells had
| ower tol erance to physiological B-oading, wh

related pathways functioning differently in the diseased ¢(&Mp

1.3.4 Dynamic hydrostatic pressure

Dynamic hydrostatic pressure is a modality of mechanical stimulation that partially
mimics physiological loading patterns arehbe recreated easilg vitro with

specialized bioreactor systelf@&l). The reported effects of dynamic hydrostatic pressure
on chondrogenesis were mostly positive in terms of ECM depo$8i85). More

specifically, a study investigated the effects of dynamic hydrostatic pressure on-a rabbit
engineeredneniscus model using articular chondrocytes, cartilage progenitor cells
(CPC), and fat pad derived stem cells (FPSC) to determine the optinsdwelé in
combination with this modality of mechanical stimulat{®8). Analysis of cell

migration, ECM deposition, and gene expression profiling revealed that dynamic
hydrostatic pressure had a prechondrogenic effect on all three cell types, with CPC being

the most effective cell sour¢g8).
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Another study using MFC in a humangineered meniscus model demonstrated that

even for the same cell type, MFC isolated from the inner and outer regions of the
meniscus responded differently to dynamic hydrostatic pre¢8QyeMFC from the

outer region responded in a timely manner, whereas MFC from the inner region showed a
delayed response. Further, donor sex also played a role in the response of the inner region
MFC (60). A sexdependent response to dynamic hydrostatic pressure was observed at
both the transcriptome and tissue matrix level in engineered meniscus models using male

and female tissuderived cellg61).

1.3.5 Physiologicalloading

To achieve clinical use, tissmgineered meniscus models need to maintain function in
an anatomically representative loading environment which varies from primary
compression in the inner zone to primary tension in the outer(80heDespite

enormous efforts devoted to optimizing an individual type of mechanical stimulation,
single modalities of loading thus far have not created a zonal variant tissue construct to
match the structural and functional properties of the native menlscaddition, the
biochemical composition, fiber alignment, and especially the mechanical properties of
engineered constructs using single modality loading are inferior to those of native tissue.
In this sense, a more integrative and physiologically reptaive loading regime was
proposed to achieve an anisotropic biochemical and biomechanical profile of the
engineered meniscy46, 53, 62, 63)The distribution of physiological meniscus loading
patterns is mainly achieved by matching the geometry of the tissue construct and loading
platens. This can be achieved using several bio fabrication techniques. One group used
three dimensional (3D) priimg with PCL to generate a wedge shaped ring construct with
desired dimensions, and the loading platen was also specially designed to match the
shape of the printed construct to apply a physiological distribution pattern of |I¢&8ing

63). Another group used injection moulding to create anatomically shaped meniscus
models with selected materials, and the loading platen was fabricated from magnetic
resonance imaging (MRI) data of the matching condyle s{#je62) Computational
simulations were also conducted to validate the physiological pattern of the proposed

loading systen(46, 63) To further improve the anisotropic development of engineered
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constructs, one study used different materials on top of a PCIl(d#)s€hondrogenic
phenotypedriving material agarose was impregnated in the inner region of printed
constructs, and the fibrogenic phenotyjsezing material gelatin methacryloyl (GelMA)

was impregnated in the outer regi@®, 87)

The regional anisotropy evaluation of pbnted,and injectionrmoldedconstructs

showed promising outcomes. On the transcription level, the inner and outer regions of the
engineered meniscus showed significantly different profiles. The expression of fibrogenic
genes COL1AZ FN1, andTNC) was significantly higher in the outer region, whereas the
inner region showed higher expression of chondrogenic mai®eisaZA1 ACAN and

SOX9 (53)). The gendevel observation also correlated positively with protein level
deposition, where a higher amount of type | collagen was detected in the outer region,
and more type Il collagen and GAG were deposited in the inner régo63) In

addition to the regionadlependent deposition of ECM components, the organization of
collagen fibers also showed patterns that resembled native meniscus. The fiber diameter
increased up to fourfold at the end of 4 wk of physiological loading and forme
circumferentially and radially aligned morphologies that resemble the native @<€5ue
Besides achieving heterogeneity at the cellular and ECM level, recapitulating the
anisotropic biomechanical properties is even more critical for thetengapplication.

The physiological loading was able to improve the overall tensile and equilibrium
modulus of tissue constructs by-fiddd larger as compared with baseline values. Further,
the anisotropic characteristics of the tensile modulus were reported to develop as early as
2 wk when comparing the circumferential and radial direct{d6¥ Although the

mechanical properties were still inferior to native tissue frowitro physiological

loading (46, 63) 24 wk ofin vivoimplantation in rabbits increased tensile and aggregate
moduli to values that are comparable to native me(6&)i In addition, the gross and
microscopic assessment of the whole joint after the implantation period showed that the

engineered meniscus had a chondroprotective effect.

1.4 Simulated microgravity

The effects of mechanical loading and the crucial role of loading regimes have been well

demonstrated by the aforementioned studies (TabjeAs a highly mechanosensitive
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tissue, the response of the meniscus to mechanical stimuli is also reflected with
mechanical unloading. One way to achieve mechanical unloading is by microgravity,
where the forces of gravity are minimized. With space flights gaining more relevance as
morelong-term missions are underw&§8), it is crucial to understand the impact of low
gravity on the physiology of the neuroendocrine sy<i@®) immune systen(90), and
musculoskeletal syste(@1, 92)

There are three primary methods to achieve microgravity to investigate the effects of
mechanical unloading on cartilagelated tissues, spaceflight, parabolic flight, and
simulated microgravity (SMG) using bioreact@8). First, experiments can be
conducted on the International Space Station (ISS), wherein real microgravity is
experienced and is the optimal platform for ldegm microgravity exposure. Second,
shortterm real microgravity can be achieved through paralffiaitct maneuvers on
aircraft such as the Airbus A300 Ze® However, due to the cost and limited
accessibility, parabolic flight experiments are likely not feasible for iacgée
applications. Third, simulated microgravity (SMG) can be achieved by spiecialized
bioreactors irgroundbasedacilities. Current methods to generate SMG include the
random positioning machine (RPM), fastating clinostats, and the rotating wall vessel
(RWV) bioreacton(94, 95) Although SMG cannot account for external influences
presented during spaceflight, it compensates for the effect of gravity and prevents
sedimentatiorf93), therefore providing an accessible and practical platform to study

cartilagerelated tissue under unloading conditions in low gravity.

The reported effects of SMG on cartilaggated tissues are controvergial, 92, 96,

97). Beneficial results were observed when applying SMG to articular chondrocytes
cultured in monolayer where newly divided cells went into suspension, aggregated to cell
clusters, and preserved their phenot{@®. A higher collagen ll/collagen | expression

ratio was also observed in chondrocytes cultured in the ISS as compared with those
cultured under normal gravi{@1). However, when applied to native and engineered
cartilage tissues, SMG showed more adverse effects. Mice intervertebral disks cultured
under an SMG environment showed a reduction in total GAG amount and upregulation

of OA-related genef?2). Articular cartilage also showed a reduction of thickness and
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increased ultrasound roughness, which are characteristics of cartilage degradation and
damag€g97).

For engineered human meniscus models exposed to SMG, some prochondrogenic effects
have been observg@4, 65) This was, however, at the cost of significant upregulation of
OA-related genes likEOL10AlandMMP13as well as OA modulated pathways such as
Whnt signaling(59, 65) Moreover, the osteoarthritdriving effect of SMG showed a cell
interaction(65) and biological sexlependent differencg61). When taken together,

SMG appeared to induce Glike pathological development in cartilagelated tissues

and could perhaps serve asianitro platform to study the molecular mechanisms of

OA.

1.5 Conclusion

Mechanical stimulation plays a crucial role in the development and maintenance of
meniscus tissue. With the advancement of meniscus tissue engineering, many different
types of mechanical stimulation have been applied to engineer meniscus constructs from
the combination of a variety of cell types and biomaterials. Mechanical loading, in
general, promoted the development of fibrocartibkge phenotype at both molecular

and tissue levels. The regime of each loading type needs to be carefully designed to
achieve optimal effect, and the interaction with other factors, such as biochemical
stimulation, oxygen tension, and gaadpost cultureduration, need to be considered. In
addition, what cell type or combination of cell types is most suited for the bioengineering
of the meniscus and how the optimal cells will recapitulate the architecture of functional
ECM of the meniscus are perhaps ohéhe most outstanding questions. SMG is an
emerging area in meniscus tissue engineering, where the mechanical unloading
microenvironment could be used as a platform to inducdik&changes in engineered
tissue models. Knowledge about the effect of various types of mechanical stimulation on
engineered meniscus could potentially lead to the definition of the optimal loading
regimes. With this, a combinatory approach where optimal loading regimesedn
conjunction with other treatments such as biochemical cues, bioinductive scaffold
materials, and oxygen tension is promising for engineering clinically applicable ngeniscu

tissues.
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1.6 Supplemental data

SupplementaryFigure 1.1. PRISMA flowchart of documents retrieved by literature
search.Of the total 473 documents retrieved, 451 were excluded as they were unrelated
to the scope of this review.

Records identified through database searching
(n = 835)
Cochrane Library (n = 2)
EMBASE (n = 282) Additional records identified through
MEDLINE (n = 181) other sources
Scopus (n =370) (n=3)

4

Records after duplicates removed

(n=473)
A
Records screened Records excluded
(n=473) " (n=451)

Studies included for analysis
n=22)

An advanced literature search was conducted on April 03, 2022 and re-run July 08, 2022 and included works published in the
last 10 years (2012-current) that were in English. Search terms were divided into 3 sets and were mapped to subject headings if
available. "** was used for truncations to broaden the search.

Full search terms were: (bioengineer* OR tissue-engineer* OR tissue engineer* OR engineer* OR bio engineer® OR bio-
engineer* OR biological engineer*) AND (menisc* OR tibial menisc* OR knee menisc* OR knee articular cartilage) AND
(cell mechanotransduc* OR cellular mechanotransduc* OR mechanosensory transduct* OR mechanic* OR mechanobiolo* OR
mechanotransduc* OR signal transduc* OR mechanical signal transduc*).
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Chapa er

Short-term Response of Primary Human
Meniscus Cells toSimulated Microgravity

This Chapter has been previgupublished as:

Ma Z, Li DX, Lan X, Bubelenyi A, Vyhlidal M, Kunze M, Sommerfeldt M, Adesida.AB
Shortterm response of primary human meniscus cells to simulated microgf@eity.
Commun Signal2024;22(1):342.

2.1 Introduction

Osteoarthritis (OA) is a degenerative disease that commonly affects mechanical load
bearing joints, with the highest prevalemeehe knee. The most notable feature of knee
osteoarthritis (KOA) is the atrophy of articular cartilage. However, damage and
inflammation of tissues that support the knee, such as the meniscus, also contribute to the
overall deterioration of the joir{®8). The crucial role of the meniscus in the early onset

of KOA was demonstrated by spatial biomechanical mapping of the human knee joint,
which revealed that KOA altered the biomechanical properties of menisci before the
articular cartilag€5). Despite the critical impact of the meniscus on the development of
KOA, there is a notable gap in research focused on the cellular and molecular
mechanisms of meniscus alteration in KOA. While most studies have concentrated on
how traumatic meniscus injes and tears initiate and progress OA in the KB8€.01),

few have explored the underlying cellular and molecular dynamics. The prevalence and
severity of KOA are disproportionally higher in fema{@62, 103) This discrepancy

may be attributed to anatomical differences in the Khe8), as well as genetic factors

and sex hormong®8, 104) However, no single factor can fully explain the observed sex
difference in KOA. Furthermore, these factors exert their effects by modifying relevant
molecules at the cellular level. Hence, it is imperative to understand the molecular and

cellular differences to gain insight into the sex differences in KOA.
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Research into OA and the differences between sexes is hindered by the shortcomings of
existingin vivoandin vitro models(105, 106) These models struggle to accurately
represent the complex and multifaceted nature of OA, especially its initiation and early
progression mechanisms. While animal models shed light on OA's development and
possible interventions, discrepancies in biomemsamolecular pathways, and

progression rates limit their applicability to human Q#\vitro studies, though useful for
examining specific molecular phenomena, risk oversimplification and often involve cells
that lose their original tissugpecific propgies, moving away from an accurate portrayal

of OA's biological and pathological dynamics in humans. This issue becomes even more
pronounced when exploring sex differences, as variations in responses to OA
development and treatments between male and éemadiels mirror the differences seen

in human OA prevalence and severity. Consequently, there is an urgent need for the
development of more suitable models that can specifically address these sex differences,
focusing on cellular signaling discrepancieseddanical stressors, including prior knee
injuries, muscle weakness, joint misalignment, and obesity, are widely considered
significant contributors to the development of KQK2, 103, 107)This notion is

supported by studies demonstrating that mechanical loading is essential for normal joint
function, and prolonged mechanical unloading of joints can lead to degenerative changes
resembling KOA(108, 109) The utilization of real and simulated microgravity (SMG)

has become a prominent tool for studying the effects of mechanical unloading on
cartilage tissue at both the cellular and tissue |€@s110, 111)In several studies,

SMG was found to activate the Wsignaling pathway110), leading to increased

cartilage catabolism, reduced glycosaminoglycan (GAG) content, incrigldEd and
MMP13expression, and an upregulation of cell apoptfsis 65, 92, 112)Although

there are fewer investigations examining the effects of $aort microgravity culture
compared to longerm culture, several studies using parabolic flight maneuvers
demonstrated an acute adaptation of cellular activity to altered mechanicahenents

(113, 114) but further research is necessary to elucidate the underlying mechanisms that
govern the response of primary cells that are devoid wfro expansion culture on

traditional tissue culture plastic.
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Considering the above, this study aims to create aitro model via tissue engineering

by seeding primary human meniscus fibrochondrocytes from healthy females and males
into porous collagen scaffolds to generate 3D meniscus models. To preserve the original
phenotype of the isolated meniscus fibrochondrocytas the cell recovery period and

the scaffold preculture time were minimize(26). These models were used to investigate
OA-like phenotypes through global transcriptome analysis after 7 days in SMG
conditions, and to determine if segecific expression patterns related to KOA under

prolonged unloading are replicated under brief SM@dawmns.

2.2 Methods

2.2.1 Ethical approval

The experimental protocols and tissue procurement procedures adhered to the ethical
guidelines prescribed by the Biomedical Panel of the University of Alberta's Health
Research Ethics Board (Study ID: Pro00018778).

2.2.2 Plate coating

T75 culture flasks (Sarstedt, Germany) was coated with native hdemaed

extracellular matrix (ECM) (HumaMatrix Coat, 1 mg/mL, Humabiologics Inc, AZ,

USA). Specifically, this matrix was obtained from the human placenta donated by parents
who have undexne a minimum of 36 weeks of gestation and whose babies were
delivered by Caesarean section. The source materials for the ECM met all relevant
industry standards, and the donors were screened and found negative-forHii2,
hepatitis B, hepatitis Cyphilis, and other infectious diseases. The ECM coatihgtion
wasprepared by diluting it to a concentration of 0.1 mg/mL if200mM hydrochloric

acid solution with a pH range of 321. Subsequently, 125L / ofrthe ECM coating
solution was evenly spread on the culture plate surface. The plate was then incubated at
37°C for 2 hours, excess solution was removed, and the coated surface was |elityto air
overnight without the lid in a cell culture hood. Theidaal acid was rinsed off the

coated surace with sterile phosphatmuffered saline before use.

26



2.2.3 Human meniscus fibrochondrocytes (MFC) isolation and plating

MFC were isolated from fresh inner avascular meniscus specimens obtained from 3 male
subjects (22, 27, and 32 years old) and 3 female subjects (24, 32, and 38 years old) who
had undergone partial meniscectomy by a sports medicine orthopaedic surgeatefor ac
injury but with no history of osteoarthritis. The MFC were isolated br@2 digestion

at 37°C using type Il collagenase (0.15% w/v; 300 U/mg solid; Worthington, NJ, USA)

in high glucose DMEM (4.5 mg/mL &lucose) supplemented with 5% v/v inactivated

FBS (SigmaAldrich Co., MO, USA). Isolated primary cells were seeded at a density of
1x10* cells/cnt on the ECMcoated plate and cultured in a standard DM&bdhplete

medium containing high glucose DMEM supplemented with 10% v/v FBS (Sigma

Al drich), 100 U/ mL penici |l |l-glumminela@dlOmN / mL st r
HEPES (Sigmaldrich) under normabxygen tension (~21% 02) at 37°C for 48 hours.

2.2.4 Scaffold seeding

After 48 hours of culture, adherent primary cells were detached using t&Pp3iA

(0.05% wi/v) and seeded onto cylindrical type | collagen scaffolds (diameter = 4mm,

height = 3.5mm, pore size = {1155atadendity ¢ m, I nt e
of 5x1C /cm?(116) Cells from each donor were used to seed scaffolds and generate cell

seeded meniscus constructs independently. Theeatled scaffolds were then pre

cultured for 48 hours in serufree standard chondrogenic medium (high glucose

DME M, HEPES ( 1lif-stregtomycirgluaminePSG), dexamethasone

(100 nM), aphcoosrpphact eac(idd652 €¢g/ mL), human seru

4 0 ¢ g-pratibe (dll from SigmaAldrich), and ITS+ premix (Corning, Discovery

Labware, Inc., MA, USA)) supplemented wtB ng/mLTGFb 3 ( Pr ot ei nt ech Gr
United States, #H2.090).

2.2.5 Mechanical stimulation

After 48 hours of preulture, the cetseeded meniscus constructs were randomly
allocated to static control and SMG group. The static control group was cultured in a non
adherent tissue culture well plate while the SMG group was cultured using a

commercidly available bioreactor (RCG8&; Synthecon Inc., TX, USA). The rotation
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speed of the bioreactor was adjusted to maintain the constructs iAfallfregposition,

with a speed of 30 rpm applied from day 1 to 2, and 34 rpm from day 3 to 7. During the
7-day experimental period, both the static and SMG groups were cultursgrnarafree
chondrogenic medium, supplemented with 6B (s a neltura geriopl)r wath the
volume of culture medium per cedeeded meniscus construct consistently maintained
across both conditions. Samples were collected at day 0 (common conttdtprarboth
groups at day 1, day 3, and day 7 (n=2 for each time point).

2.2.6 RNA extraction and RT-gPCR

The constructs collected at each time point were immediately preserved in Trizol reagent
(Life Technologies, United States) and storeeB&tC until RNA extraction. The
PuroSPIN Total RNA Purification KIT (Luna Nanotech, Canada) was used for RNA
extraction and purification according to the manufacturer's instructions. The extracted
RNA underwent bulk RNA sequencing and reverse transcrigfi@mtitative polymerase
chain reaction (RTQPCR). For RTgPCR, a panel of selected chondrogeAICAN,
COL1A2, COL2A1landSOX9, OA-related COL10A1, IHH, MMP13andSPPJ, as

well as the mechanwansduction markeFRPV4was examined. The gene expression
levels were normalized against the average of three reference &3, B2Mand
YWHAZ. The cycle threshold (CT) values of these housekeeping genes across all
included donors under both static and SMG conditionmscisdedin Supplementary
Table2.6.

2.2.7 Bioinformatics

The Biomedical Research Centre at the University of British Columbia used the Illumina
NextSeq 500 platform for bulk RNA sequencing, generating 20 million paired end reads
with a read length of 42 bp x 42 bp. RNA sequencing data was analyzed using Partek
Flow software (Partek Inc, St. Louis, MO, USA). Raw input reads were trimmed and
aligned to the reference human genome hg38 using the STAR 2.7.3a aligner. Genes with
maximum read counts below 50 were filtered out, and normalization was performed
using the Ald 1.0, TMM, and Log 2.0 parameters. Statistical analysis was conducted

using ANOVA with biological sex and time points as factors. Differentially expressed
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genes (DEGSs) were identified for each comparison by applywvadyes, adjusted-p

values (gvalues), and fold change (FC) criteria. Partek was used for principal component
analysis (PCA), Gene Ontology (GO) and KEGG pathway enrichment analyses, as well
asvisualization of DEGs using volcano plot and Venn diagrams. Hub protein networks
were created for specific groups of DEGs using the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) online platform. A weighted protein network was
constricted for a designated set of DEGs in which all potential prqtein

interactions had a confidence score greater than 0.4. Hub proteins were identified using
the Kleinberg hub score metric, and the resulting hub protein network included directly
conneted proteins. Network visualizations were produced using Cytoscape.

2.2.8 Statistical analysis

Prism 9 (GraphPad) and Partek Flow software were utilized to cosidistical

analyses. For RGPCR results, statistical analysis employed to compare the expression

level across all time points was repeated measurew@ng ANOVA wi th Dunnett
multiple comparisons test. For RNA sequencing results, studesitwas employed to

compare the expression level of two selected time points or between male and female

groups. Multiple test correction FDR stap (¢value) was performed on thevplues of

each omparison.

2.3 Results

2.3.1 Dataset overview

In this study, RNA sequencing and ®§PCR were used to analyze gene expression
changes over a shetgrm culture in SMG with 6 donors (3 males and 3 females) and 4

time points per donoi{gure2.1a). The RNAsequencing preprocessing pipeline retained
13,537 genes for downstream analysis. The quality assessments of extracted RNA were
conducted before sequencing and after each step of preprocessing (Supplementary Table
2.1). The authenticity of the RNA sequencing data was verified by comparing itto RT
gPCRdata, showing a high correlationy®Ralue of 0.9588) between the two

transcriptomic techniques (Supplementiigure2.1).
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2.3.2 Analysis of transcriptomic trajectory of meniscus constructs

In order to evaluate the alteration of transcriptome profile over time, PCA was employed
to examine the temporal changes in the transcriptome profiles across all donors during
SMG culture. PC1 and PC2 captured a temporal trajectory, with PC1 (24.01%)
accounting for slightly more variation than PC2 (21.84%igure2.1b). SMG culture

duration had little impact on gene expression until day 3, and by day 7, donors tended to
converge towards a similar transcriptional pattern. Key contributors to the change in
transcriptome trajectory were identified (Supplementary T2R[g including genes
associated with inflammatory processgk(R ILF2, andTNFRSF11Band bone
developmentBEMP6andBMPR2. DEG analysis was performed to identify genes that
showed significant st at-valsa<i0©0% ateadhtimd ppintences (
(Figure2.1c). Comparison of the volcano plots over time revealed that the impact of
SMG became more evident as the number of DEGs, and the extent of regulation
considerably incresed. The expression of several genes involved in early inflammatory
processesGXCLfamilies), the NFe B s i g n a | ilU3GRN paadithe matrix (
remodeling procesAPAMTSH were consistently and significantly regulated during the

SMG culture periodKigure2.1c).

To further assess the impact of SMG culture duration on transcriptome profile alteration,

the strength of correlation between the expression level changes of each gene and SMG

culture time was determined. Among 13,537 genes, 5,064 genes showed a significan

correlation with SMG culture duration4gal ue O 0. 05), with 570 gen
strong correlation (| partial <correlation coe
genes, 386 were positively correlated with SMG culture time while 184 werévedga

correlated Figure2.1d) (Supplementary Tab®3). The KEGG pathways

(Supplementary Tabl2.3) that were enriched by the group of genes that showed strong

positive correlations include the glycosaminoglycan degradation patiEAand

HGSNAYT, the rheumatoid arthritis pathwa@ TSKandATP6Vfamily), inflammation

related pathwaysdSK3B, NCK2, HRHBndITPRY1), Wnt signaling pathways

(APCDDLL, FZD1, GPC4, GSK3BNndMMP7), hedgehog signaling pathwag\(Cand

GSK3B, and PPAR signaling pathwaysQSL1, FABP4andPLIN2).
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Figure 2.1 RNA sequencing and RTgPCR-based transcriptome across all donors.

a. Schematic for analyzing temporal trajectories of-se#ded meniscus constructs,

initiated from a static control. Samples were collected on day 0 under static control, as

well as on day 1, 3, and 7 under SMG condition for Rd&4 analysis. For RGPCR

andysis, samples were collected on day O under static control and on day 1, 3, and 7 for

both SMG and static conditions. b. Principal component analysis (PCA) of temporal
transcriptome trajectory for all donors (n = 6). The first two principal compo(ets

and PC2) were plotted, with male and female donors represented by different shapes

(square for male and circle for female), and different time points represented by different

colors. c. Volcano plot of the whole transcriptome on day 1, 3, and 7 cednjaday

zero for all donors. Uprwagludet® do.DES)s wWdrod dl
with red color and down2ewgall md ed MOEGS) (Wer a
with blue color. d. Characterization of the temporal expression trajeatgenes
significantly correlated with SMG cul ture ti
08,gval ue O 0.05). To assess the tempor al cor
in the SMG group was compared at each time point with theession level of the same

gene on day 1 in the static group (fold change). The fold change in expression level was

then compared to the trend of culture time to determine the temporal correlation of each

gene. Top: positively correlated genes. Bottom: neglgtcorrelated genes. Shaded area:

Standard Deviation (SD) e. Characterization of the temporal expression trajectory of

selected chondrogenic/Geelated signature genes. Data for females, males, and all

donors combined were presented as mean valueswaltntheir corresponding standard

devi ati ons. Shaded area: Standard Deviati on

2.3.3 Examination of early KOA onset mechanisms in the SMG model

Changes in chondrogenesis and-{ik& phenotype were first confirmed using a panel of
selected markers by RJPCR Figure2.1e). Chondrogenic markerACAN, COL1A2,
COL2A1,andSOX9 initially comparable betweegroups decreased over time in the
SMG culture, while OArelated markerdiH, MMP13, SPP1andCOL10A) increased.
TRPV4was activated and upregulated in the SMG group, indicating mechanical

stimulation responsiveness. Due to large donor variability, only the expression level of
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ACANwas statistically significant at day 7; however, the general trend across all donors
aligned with this pattern. DEGs from RNA sequencing were then compared between time
points Figure2.2a), showing a substantial increase in the number of DEGs from day 1 to
day 7. Some DEGs were consistently regulated throughout the culture period, suggesting
that SMG consistently regulated a specific group of genes with an expanding effect over

time.

Functional enrichment analysis was performed to explore the KEGG pathways and GO
terms significantly enriched by all DEGs at each time pd&iigure2.2b, Supplementary
Figure2.2). The findings revealed a consistent overrepresentation of several GO terms,
including "extracellular space and regions”, "response to stimulus”, and "signaling
receptor bindingo. At | ater time points,
remodelingand immune system pathways were identified. For KEGG pathway analysis,
significant enrichment was observed in pathways such as "calcium signaling pathway,"
"complement and coagulati@ascades,” "PPAR signaling pathway," and "rheumatoid
arthritis,” which could potentially play a crucial role in the early onset of KEigufe

2.2b).
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Figure 2.2 Functional enrichment of altered transcriptome induced by SMG across

all donors.

a. Venn diagram of the comparison between all DEGs, upregulated DEGs, and
downregulated DEGs in all donors (n = 6) across three time points. Each circle represents
a distinct time point with the number of uniquely regulated genes indicated in the non
overlapping areas, while overlapping areas show the number of genes that are commonly
regulated across multiple time points. b. Top-netiundant Gene Ontology (GO) terms

and KEGG pathways enriched by all DEGs on day 7.

To elucidate the underlying molecular mechanism responsible for tHeadding effect

of SMG, the hub protein networks were constructed for all DEGs at each time point
(Supplementaryigure2.3-2.5). The networks comprised 27, 86, and 111 genes on days
1, 3, and 7, respectively (Supplementary T&x@, with CCL2, IL6, and CDK1 serving
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as the hub proteins. CCL2 and IL6 are known to participate in immunoregulatory and
inflammatory processes, while CDK1 plays a critical role in cell cycle regulation.
Notably, several proteases including the MMP family and ADAMTSS5 were highly
connected tohte hub protein IL6 in the networs@pplementary Tabl24). More than

half of the top 25 KEGG pathways enriched by the panel of genes corresponding to the
filtered protein network overlapped on day 1 and 3, including severahfl@omatory
signaling patways and OAelated pathways, such as “1I7 signaling pathway," "TNF

signaling pathway," and "rheumatoid arthritis" (Supplementary Ta8)e

2.3.4 Examination of sexdependent responses to SMG

After establishing SMG's capability to generate anl®é& phenotype in celseeded
meniscus construct models, the donors were stratified by sex. The models derived from
male and female primary MFC were analyzed separately to investigaspesahc

respamses to SMG and identify molecular mechanisms that may contribute to the

disproportionate incidence and severity of OA in females.

DEGs were identified for male and female donors at each time point. SMG regulated
1,182 genes in female donors on day 7, while the number of DEGs increased gradually
from 218 genes on day 1 to 1,216 genes on day 7 for male donors. Only a small
proportion ® DEGs were shared on day 3, while approximately half of the DEGs were
the same on day 7 when comparing male and female donors at the same time points
(Figure2.3a). This trend was also observed when the up and downregulated DEGs were
separated (Supplemany Figure2.6). The results of the PCA analysis revealed a
noticeable impact of SMG on the transcriptome profile over culture time for both male
and female donors$-{gure2.3b). Key genes associated with OA development were
among the most significantly regulated DEGs in female donors on day 7, dUOKX &s
5.13fold), MMP3(-17.3%fold), MMP11(74.7Xfold), andCOL10A1(29.53fold)
(Figure2.3c).
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Figure 2.3 RNA sequencing based transcriptome profiling and trajectory analysis
for male and female donors.

a. Venn diagram of the comparison between all DEGs regulated in male (n = 3) and
female (n =3) donors across three time points. b. Principal component analysis (PCA) of
temporal transcriptome trajectory for male and female donors. The first two principal
components (PC1 and PC2) were plotted. c. Volcano plot of the whole transcriptome on
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day 1, 3, and 7 compared to day O for male and female donors. Upregulated DEGs (fold
changeval e @ 0.05) were | abelled with red c
chang@etv®l ue O 0.05) were |l abelled with blue
hedamap of select markers and culture time for male and female donors. Heatmap was

generated by calculating the pairwise Pearson correlation coefficient, with the color of

each cell representing the corresponding coefficient value.

Correlation analysis was conducted to investigate the relationship between well
established cartilage and @aAlated markers within male and female donor groups.
Correlation heatmaps were created using selected signature markers divided into
mechaneransdiction EHD2, FOS, FOSB, JUN, JUNB, TRP\&AdYAPJ),
chondrogenesisACAN, COL1A2, COL2A, SOX&dMGP), and OA development
(CD36, COL10AlL, IBSP, IHH, MMP13, PTCH1, RUNX2, SRIPtlVEGFA
subcategoriesgure2.3d). The expression levels of chondrogemiarkers showed a
negative correlation with SMG culture time in both male and female donors, while the
correlation with OA markers was positive, especially for females. The correlation
patterns of OA markers and chondrogenic markers differed for malderaates,
particularly with regards t& CANandCOL1A2 which exhibited opposing trends. These
suggested the potential unique interaction mechanism between these markers within each
sex group. Finally, among the chosen meckaasduction markerdUN andJUNB
exhibited the most notable segecific differences in their correlation patterns with other

markers.

Functional enrichment analysis showed that both male and female donors demonstrated
comparable GO enrichment on day 3 and day 7, with general biological processes such as
cell adhesion and migration, extracellular matrix components, and molecular fusfction
signaling receptor binding being the primary terms. The KEGG pathway "mineral
absorption” was enriched in both males and females on day 3 and day 7, along with
several pathways related to the cell cycle and apoptosis. Inflammation and immune
response we significant functional enrichments for male donors on both day 3 and day

7, but not for female donorf&igure2.4a, Supplementaryigure2.7).
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Figure 2.4 Functional enrichment of altered transcriptome induced by SMG for
male and female donors.

a. Top noarredundant Gene Ontology (GO) terms and KEGG pathways enriched by all
DEGs in male and female donors on day 7. b. Hub protein networks for upregulated
DEGs on day 7 in male and female donors. Hub protein was defined as the protein with
the higlest connectivity. A network was generated by including the hub protein and its
direct connections with all other proteins. The size and density of color of each protein in
the network reflected its level of connectivity, with larger and denser colorsiimdjc

higher connectivity. The hub protein in thetworkwas highlighted with a blue circle.

The hub protein for male donors was identified as COL4A2, and for female donors was
JUN.

To investigate further the molecular mechanism underlyingispendent differences,

hub gene networks were constructed for male and female donors separately, considering
all DEGs combined, upegulated DEGs, and dowegulated DEGsKigure2.4b,
Supplementaryigure2.8). Upon comparing males and females, it was found that the
corresponding hub protein from-upgulated DEGs on both day 3 and day 7 in females
were primarily associated with Wnt signaling (CTSK, IRAK1, JUN, PIK3R1, LEF1,
MMP7, NFATC4, ROR2and WNT11), VEGF signaling (KDR, PIK3R1, and SPHK1),

and NFa Bsignaling pathways (BIRC3, CXCL12, DDX58, GADD45A, IRAK1, RELB,
TRAF1, and TRAF5). In contrast, the hub components of upregulation in males were

ECM components and matrix remodeling enzymes (Supplementary Zaple

2.4 Discussion

The absence of adequate model systems for studying the molecular pathogenesis of KOA
impedes our comprehension of the entire disease spectrum. Studies thatstagend

disease samples may not capture essential molecular changes that occur earlier in the
disease progression, leading to an incomplete understanding of the underlying
mechanisms. By employing tissue engineering techniques and coating cell contact
surfaces with humaderived extracellular components, this model maintains meniscus
fibrochondrocyes (MFC) in a state closely resembling their native environment. The

meniscus models engineered with primary cells were analyzed by RNA sequencing to
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establish a transcriptome profile over time and examine the initial changes in molecular

profile that contribute to the early onset of KOA.

The molecular mechanisms underlying the connection between meniscus injury and the
onset and progression of KOA are intricate and not completely understood. However, it is
hypothesized that meniscus injury initiates a series of cellular and moleculangact

that culminate in an inflammatory response within the knee joint, which contributes to the
development of KOA117) In our study, we used cedeeded meniscus constructs and
demonstrated that molecular patterns and pathways related to inflammation and immune
response were significantly enriched at nearly all time points in the SMG treatment. The
inflammatory responsiavolves various immune cells, growth factors, cytokines, and
chemokines, and prior research has suggested that inflamrneli@migd molecules

primarily drive the enzymatic cascade of OA, which leads to cartilage matrix degradation
(118, 119) After knee injury, L6 and TNE) | evel s r i s(@0@andtahi n 24 ho
persist for up to 18 months peasjury (121). They regulate various signaling pathways

and promote the recruitment and activation of immune cells such as macropmages

the most significantly enriched pathways on both day 1 and 3. Although the precise
process behind inflammatoeigduced cartilage catabolic activity remains unclear, several
studies suggest that inflammatory cytokines play a crucial role in regwaidiroys

catabolic enzymes, including proteases from the MMP and ADAMTS far(illi?

123). Our study also demonstrated this correlation, as evidenced by the hub protein
network on day 3 for all donors. Several MMPs and ADAMTS5 were closely linked to

the hub protein IL6 and other proteins in the netw@@4). CCL2 is another signaling
molecule induced after joint injury, primarily recruiting monocytes, and modulating
downstream immune response cascdi2s). In our study, the sheterm SMG model
effectively captured the initial inflammatory events associated with joint injury and early
onset KOA observed in varios vitro andin vivomodels, with CCL2 and IL6 being the

hub protein on day 1 and day 3, respectively. This finding aligns with the observation that
regulating these two molecules are critical in modulating the inflammatory response
during the acute phase of joint injury, ahé onset of KOA. In addition, the functional
enrichment analysis show#tht TNF and MAPK signaling pathways,-Il7 signaling

pathway, as well as complement and coagulation cascades were
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In addition to the activation of the inflammation cascade and the degradation of ECM
components, another important event that marks the early stage of KOA is the
proliferation of chondrocyted 26, 127) In normal articular cartilage, chondrocytes
usually do not undergo proliferation or terminal differentiation. However, in diseased
cartilage, there is an augmentation in chondrocyte proliferation and hypertrophic
differentiation(128), along with the start of vascularization and focal calcification.
Cyclin-dependent kinases (CDKs) are a family of proteins that play a key role in
regulating the cell cycle, with CDK1 being the first CDK gene to be identified and
conserved across all orgams(129). The importance of CDK1 in skeletal system
development has been demonstrated througholiesction experiments on
chondrocytes in mouse mod¢is30) In the context of disease state, CDK1 has been
identified as a hub gene in several studiexl, 132) The findings of our study support
that CDK1 plays a crucial role in the early onset of KOA. CDK1 was identified as the
hub protein for all differentially expressed genes on day 7 when all donors were
combined. Notably, the impact of CDK1 was more promednn female donors than in
male donors. Specifically, CDK1 was the hub protein exclusively for female donors on
day 7, while IL6 was the hub protein for male donors. In addition, the top enriched
KEGG pathways demonstrated significant cell proliferatiglated activities such as

"cell cycle" and "DNA replication” that were only present in female donors.

Cartilage development and maintenance rely on mechanical stimulation. Chondrocytes
sense environmental stimuli via the pericellular matti&3) and convert them into

biological signals through various receptors on their cell membranes, known as
mechanotransductiof7l). In healthy joints, this process is crucial for preserving

cartilage tissue's integrity and function. However, in OA joints, an imbalance between the
mechanical loading and the ability of chondrocytes to respond to mechanical signals can
lead to cartilagéreakdown and joint degenerati(08, 134) Chondrocyte
mechanotransduction involves various signaling molecules and pathways. Our study
assessed the expression of these molecules and compared the expression patterns between
males and females. The results showedlb&t exhibited the most significant difference

in expression correlations with other assessed factors between male and female donors.

The JUN proteins are part of the ARranscription factor family and was identified as a
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regulator of gene expression and a trigger for downstream signaling cascades in response
to mechanical stimuli in chondrocyt€s35) The hub protein network analysis in this

study demonstrated a sdependence of JUN's expression, where JUN was identified as
the hub protein only in female donors. Moreover, the network showed that several
proteins from the MMP family and the calcificat-related protein SPP1 were highly
connected to JUN, suggesting the potential role of JUN in regulating the expression of
genes involved in the matrix degradation and calcification processes.

In addition to its role in mechanotransduction, JUN can also crosstalk with other well
established signaling pathways involved in OA. For example, JUN patrticipates in Wnt
signaling pathways, which regulate the expression of genes involved in cell ptidifera
differentiation, and survivdll36, 137) Numerous studies have shown that, in the context
of KOA, there is an upsurge in Wnt signaling that can result in chondrocyte hypertrophy,
inflammation, and cartilage deteriorati¢th38, 139)in this study, the hub protein

network of upregulated DEGs for males and females was analyzed, along with the
enriched pathways corresponding to the genes in the network. For females with JUN as
the hub protein, Wnt signaling pathways were among theriophed KEGG pathways,
along with several other Gfelevant pathways such as VEGF signaling, anekifpa B
signaling pathways. On the other hand, for males, the hub components of upregulations

were ECM components and matrix remodeling enzymes.

One limitation of our study involves using day 0 baseline samples as a common control
instead of matched static samples from each time point for §8gfencing data

analysis. Using matched tinp®int controls in static conditions could potentially enhance
the precision of our findings by more distinctly isolating the effects of simulated
microgravity. Another limitation of this study lies in the néedvalidation experiments

to link the transcriptional data with functional outcomes, which is cruciadofirming

the model's predictive power for OA progression and sex differences. Despite this, the
study's innovative use of a refingdvitro model and SMG conditions successfully
narrows down potential targets for early KOA development and sex disparities, marking

a significant step forward in the search for effective treatments. This approach solidifies
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the model's role as a valuable screening platform for identifying promising molecular
targets.

2.5 Conclusion

In conclusion, our study opens the perspective that-s&ont SMG induced molecular
events mimicking early KOA in refined human meniscal models developed from non
osteoarthritic primary MFC that can be leveraged for therapeutic discovery and
developmentTranscriptomic analysis revealed a significant enrichment of genes and
pathways related to inflammation and immune response in the early onset of KOA.
Notably, our study suggests that sex dimorphism in cellular proliferation and JUN

expression may be thek factors responsible for the progression of eaniget KOA.

2.6 List of abbreviations

Osteoarthritis (OA), knee osteoarthritis (KOA), meniscus fibrochondrocytes (MFC),
simulated microgravity (SMG), extracellular matrix (ECM), Differentially expressed
genes (DEGS),

2.7 Supplementary information

SupplementFigure 2.1 Correlation assessment between RGPCR and RNA
sequencing dataThe data points represented individual donors.
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SupplementFigure 2.2 Top nonredundant Gene Ontology (GO) terms and KEGG
pathways enriched by all DEGs on day one and three.
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SupplementFigure 2.3 Hub protein network on day one for all donorsHub protein

was defined as the protein with the highest connectivity. A network was generated by
including the hub protein and its direct connections with all other proteins. The size and
density of color of each protein in the network reflected its lezebnnectivity, with

larger and denser colors indicating higher connectivity. The hub protein in the network
was highlighted with a blue circle. The hub protein in the network was CCL2.
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SupplementFigure 2.4 Hub protein network on day three for all donors.The hub
protein in the network was IL6.
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SupplementFigure 2.5 Hub protein network on day seven for all donorsThe hub
protein in the network was CDK1.
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SupplementFigure 2.6 Venn diagram of the comparison between upregulated and
downregulated DEGs in male and female donors across three time points.
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SupplementFigure 2.7 Functional enrichment of altered transcriptome induced by SMG for male and female donor$op non
redundant Gene Ontology (GO) terms and KEGG pathways enriched by all DEGs on day one and day three for male donors, and on

day seven for female donor.
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SupplementFigure 2.8 Hub protein network on day three and day seven for male and female donofa.male donors, NFKBIA

was identified as the hub protein for all DEGs on day three, THBS2 for upregulated DEGs on day three, and DE@s aii day

seven. Meanwhile, in female donors, CTGF was identified as the hub protein for all DEGs on day three, KDR for upregusated DEG
on day three, and CDK1 for all DEGs on day seven.
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Supplementaryrable 2.12.5 are deposited and available at figshare
(https://figshare.com/s/88f0e99232978ea3ye45

Supplementary Table 2.6 CT value for the selected housekeeping genes

B2M | b-Actin = YWHAZ
Static  SMG \ Static \ SMG \ Static \ SMG \
0 20.44 18.77 24.08
o 1 | 2027 | 2051 | 18.78 | 18.78 | 24.33 | 24.17
3 | 2048 | 20.45 | 19.26 | 18.98 | 2457 | 24.38
7 | 2021 | 2010 | 19.05 | 19.33 | 24.70 | 24.52
0 21.65 19.11 24.97
" 1 | 2171 | 21.68 | 19.00 | 18.93 | 2534 | 24.93
3 | 21.78 | 21.30 | 19.44 | 19.42 | 25.63 | 25.54
7 | 21.20 | 20.72 | 19.74 | 19.23 | 25.82 | 2557
0 21.48 18.85 24.91
o 1 | 2171 | 21.43 | 19.27 | 19.05 | 2533 | 25.13
3 | 2201 | 21.28 | 19.78 | 1951 | 26.00 | 25.40
7 | 2132 | 19.89 | 19.89 | 19.41 | 25.89 | 2556
0 10.89 19.09 24.93
" 1 | 2073 | 20.30 | 1857 | 18.46 | 24.81 | 2454
3 | 2062 | 2052 | 19.09 | 18.83 | 25.06 | 24.40
7 | 20.86 | 19.39 | 19.54 | 19.14 | 26.02 | 24.69
0 19.70 19.75 26.79
o 1 | 1975 | 10.00 | 18.47 | 18.63 | 2457 | 24.46
3 | 2025 | 20.05 | 19.12 | 19.06 | 25.35 | 24.58
7 | 2040 | 20.19 | 19.39 | 19.30 | 25.69 | 24.97
0 10.17 18.72 24.59
s 1 | 2064 | 2032 | 1885 | 18.85 | 2525 | 25.10
3 | 2091 | 20.76 | 19.36 | 19.56 | 25.79 | 25.64
7 | 2059 | 19.87 | 19.26 | 19.10 | 25.88 | 25.30
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Chapter 3

Engineered Human Meniscus in Modeling Sex
Differences of Knee Osteoarthritisin Vitro

This Chapter has been previgupublished as:

Ma Z, Li DX, Kunze M, MuletSierra A, Westover L, Adesida AB. Engineered Human
Meniscus in Modeling Sex Differences of Knee Osteoarthntiéitro. Front Bioeng
Biotechnol 2022;10:823679.

3.1 Introduction

Osteoarthritis (OA) is the most common form of degenerative disease and primarily
affects loadingbearing joints, with the knee joint being the most prevd@#it102) A

hallmark feature of knee osteoarthritis (KOA) is the atrophy of articular cartilage.
Surrounding joint tissues, including the menisci, will also undergo break¢bitn 141)
These abnor mal changes can | ead to rapid
making KOA a leading cause of physical disabi{ity2) Although KOA occurs in

almost alldemographic groups, the prevalence and severity of KOA increases with age
and is disproportionately higher in females than m@le403, 143145). It has been

reported by the World Health Organization that 9.6% of males and 18% of females above

the age of 60 years have symptomatic BGA

The molecular mechanisms and cellular events underlying the pathogenesis and
progression of KOA are not well understood. As well, the molecular basis of biological
sex matters has not been previously investigated. Currently, there is no consensus model
to reflect the pathophysiology of KOA holistically. However, the molecular and cellular
characteristics of KOA resemble the hypertrophic differentiation of chondrocytes as they
progress to the bone during endochondral ossificglidf) Conveniently, this process

includes the upregulation of hypertrophic markeé@L.10AlandMMP13 which can be
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indicators for the KOA phenoty@47, 148) Healthy chondrocytes, on the other hand,
resist hypertrophic differentiation and lack expression of these hypertrophic markers
(149). Given the disproportionate incidence of KOA in females as compared to males, we
reasonably expect the cellular and molecular characteristics of KOA to shew sex
dependent differences.

Mechanical stimulation was reported by an abundance of studies to play a critical role in
modulating OArelated responses of loadibgaring tissues. Applying mechanical

loading to joints through regular exercise is essential to maintaining healthygeaatile
preventing breakdown from prolonged dis(8#). Cyclic hydrostatic pressure (CHP) as

a loading modality mimics physiological loading patterns and can be easily recreated in
vitro using specialized bioreactqs9) (150) Studies have shown that CHP applied to
engineered tissue constructs has induced a mostly prochondrogenic effect. For example,
Zellner et al. applied dynamic hydrostatic pressure (cyclic at 1 Hz for 4 h per day, 0.55
5.03 MPa) for 7 days to cellular aggeges generated from inner and outer meniscus
fibrochondrocytes (MFCH60). After 14 additional days of static culture, aggregates
loaded initially for the 7 days showed immunohistochemically enhanced chondrogenesis
compared to unloaded contr¢&0). Further, Gunja et al. applied dynamic hydrostatic
pressure (0.1 Hz for 1 h every 3 days, 10 MPa) for 28 days to engineered tissue
constructs using MFCs with added TGFL g r o w t(1b1) foaded tissues

constructs with growth factors showed additive and synergistic increases in collagen
deposition (approximately 2fold), GAG deposition (Zold), and enhanced compressive

properties compared to unloaded controls without growth fatéds.

Mechanical unloading of joints from lortgrm immobilization has been shown to induce
cartilage atrophy that resembles characteristics of KOA. In a case study by Souza et al.,
joint immobilization of healthy individuals without prior history of OA resulied

magnetic resonance imaging (MRI) parameters of their knee articular cartilage that
resemble KOA109). When returning to standard weigbgaring, the MRI parameters

for the joints were restored to baseline values consistent with healthy articular cartilage
(109). Mechanical unloading has also been modelled by simulated microgravity (SMG)

using rotating wall vessel bioreactdE®, 64, 92, 152, 153MayerWagner et al. applied
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simulated microgravity for 21 days to human mesenchymal stem cell (hnMSC) pellets and
found a decrease in histological staining of proteoglycans and collageh tgmpared

to normal gravity controlés4). SMG pellets also showed a lowe®OL2A1/COL10A1
expression ratio suggesting that mechanical unloading via SMG reduced the
chondrogenic differentiation of hMS{84). Finally, in a comparative study, CHP

loaded pellets from human adipederived stem cells showed increased expression of
ACAN SOX9 andCOL2A] and a Jold increase in GAG productions compared to
unloaded SMG group®9). However, none of the above studies investigated the sex
dependent differences in the magnitude of differential modulation by mechanical loading
and unloading via CHP and SMG, respectively.

A recent definition of OA from the Osteoarthritis Research Society International includes
the menisci of the knee joint as a tissue undergoing breakdown and abnormal changes
from the diseasgl41) Knee menisci undergoing OA has also been shown to have
similar characteristics as knee articular cartilage undergoing OA, such as focal
calcification and the increased expression of hypertrophic matkekrd 0Aland
MMP13(140, 154) This suggests that MFC may play an active role in the pathogenesis
of KOA alongside knee articular chondrocytes, making MFC a reasonable cell option to

model OAIn vitro.

Taken together, the goal of this study was to evaluate the effects of mechanical loading
and unloading via CHP and SMG, respectively, and determindeggndent differences

in the modulation of OAelated characteristics in bioengineered human menissuges.
This would serve as an OA disease modeliiro to determine the cellular and molecular

profiles responsible for the sebependent incidence of the disease.

3.2 Methods

The experiment is outlined Figure3.1. Most culture methods and assays were

performed identically to those described in previous wWbdk 55, 155)
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Tissue engineered meniscus models Tissue pre-culture for 2 weeks Analysis

; =
ondi”
I
Meniscus fibrochondrocytes (MFCs) from male Cell-seeded scaffolds were precultured in

and female donors were isolated, expanded, chondrogenic medium with TGF-B3 in 20%

and seeded onto porous cylindrical type | oxygen for 2 weeks. .
collagen scaffolds. ‘ ,‘__ = 1

Experimental treatment for 3 weeks “‘
1. Mechanical unloading with 2. Mechanical loading with 3. Static controls S
simulated microgravity (SMG) eyclic hydrostatic pressure (CHP)
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Fibrocartilage formation was
Tissue-engineered meniscus models were randomly assigned to one of three experimental conditions: _assessed by histology, . -
1) Mechanical unloading via simulated microgravity using a rotary cell culture bioreactor immunofluorescence, biochemical
2) Mechanical loading via cyclic hydrostatic pressure bioreactor (0.5 MPa at 1 Hz for 1 hour per day) assays, mechanical testing of
3) Static controls properties, qRT-PCR, and RNA-seq.

Figure 3.1 Experiment outlines.
3.2.1 Ethics statement

Human norosteoarthritic inner meniscus samples were collected from patients
undergoing partial meniscectomies at the University of Alberta Hospital and Grey Nuns
Community Hospital in Edmonton. The ethics of this study was approved by the Health
Researclithics Board of the University of Alberta. Nashentifying donor information is
listed in Table3.1.

Table 3.1Non-identifying donor information .

Sex Donor Number Age Population Doubling (PD)
F1 33 2.687
Female F2 44 2.380
F3 30 2.774
F4 28 3.860
M1 19 3.349
Male M2 45 2.699
M3 22 3.247
M4 35 2.149
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3.2.2 Cell andtissueculture

Meniscus fibrochondrocytes (MFCs) were isolated from inner meniscus tissue samples

by type Il collagenase (0.15% w/v of 300 units/mg; Worthington) mediated digestion,

followed by 48 h recovery. After recovery, cells were replated in tissue culture ftasks a

the density ofix10*cellsicnfand expanded for 1 week in high
modi fi ed Eag|-BMEM)sapplementech with H0S v/v heatactivated

fetal bovine serum (FBS), 10mM(2-hydroxyethyl}1-piperazineethanesulfonic acid

(HEPES), 100J/ mL peni c i UL dtreptomyciriadd?2 miviglitamine (PSG;

Life Technologies, ON, Canada), 5 nd/rof FGF2 (Neuromics, MH, United States,

catalogue #: PR80001) and 1 niywf TGRFb 1 ( Pr oSpec, -0l®ifal ogue #:

week.

Expanded MFCs were resuspended in defined chondrogenic mediwD YHEM
supplemented with HEPES, PSG, ITS+ premix (Corning, Discovery Labware, Inc, MA,
Uni t ed St at efbumansdriinsalbiemin/160 nM of dexamethasone, 365

€ g L ascorbicacid h os p hat kofL-grdinecagd/10mg/mof TGRFb 3) and
seeded onto bovine type | collagen scaffolds (dimensions: 6 mm diameter, 3.5 mm
height; Integra LifeSciences, NJ, United States) at the density of Befl¥cn?. The
cell-containing constructs wetprecultured statically in standard-4ll plates with 2.5
mL/construct of the chondrogenic medium described above for 2 weeks; media changes

occurred once per week.

3.2.3 Mechanical stimulation

After the 2weeks preculture, tissue constructs were randomly assigned to a mechanical
stimulation group. For the static control group, constructs were placed in a tissue culture
tube (Sarstedt, Germany). For the mechanical unloading group, a commencdkyple
bioreactor (RCC8}; Synthecon Inc.) was used to culture tissue constructs in a simulated
microgravity (SMG) environment. The rotation speed was adjusted over time to maintain
constructs in suspension (30 rpm from dag;134 rpm from day 137; 37rpm from day

81 13; 40 rpm from day 1421). For the mechanical loading group, cyclic hydrostatic

pressure (CHP) was applied to tissue constructs using a MechanoCulture TR (CellScale,
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Canada). Constructs were loaded 1 h per day and daily with 0.9 MPa cyclic hydrostatic

pressure at the frequency of 1 Hz. When not loaded, tissue constructs were cultured in 6

well plates under static conditions. All experimental groups were cultured with

chondrogenic medium with supplemented 6B gr owt h f act or, and t he
medium per tissue construct (approximately 6l5par tissue construct per week) was

equivalent among the different groupsdechanicalstimulation was applied for 3 weeks,

and medum change was performed once a week. At the end ofireeRs treatment,

the CHP group was allowed 30 min of rest following the last loading event for gene

expression changes to occur. Tissue replicates for RNA extraction were placed in TRIzol
reagentad frozen at T 80AC. Constructs from SMG ¢
harvested at approximately the same time.

3.2.4 Histology, immunofluorescence andiochemicalanalysis

The wet weight of tissue constructs (ni=85eplicates) intended for histology and
biochemical analysis was recorded at the end of the experiment. Constructs (n = 2
replicates, only one replicate is presented) were then fixed in af m0% v/v buffered
formalin (Fisher Scientific, MA, United States) overnight at 4°C, dehydrated, embedded
i n paraffin wax, and sectioned at 5 em thick
middle region of the constructs were stained with Safrabi(SigmaAldrich, United

States, #522585G), Fast Green FGF (Sigmddrich, United States, #F72588%G), and
Haematoxylin (Sigmaldrich, United States, #MHS32L) for histological examination

of cell morphology and extracellular matrix deposition. Briefly, for immunofluoresee
staining, tissue sections were labelled with primary antibody against human type |, type
[I, and type X collagen (1:200 dilution of afituman rabbit type | collagen, Cedarlane,
Canada, #CL50111AR; 1:200 dilution of mouse artiuman type Il collagen,
Developmental Studies Hybridoma Bank, United Stated|&B3; 1:100 dilution of

rabbit antthuman type X collagen, Abcam, UK, #ab58632) and incubated overnight at
4°C (156). On the next day, the secondary antibody (1:200 dilution of goatadoftit,

Abcam, UK, #ab150080; 1:200 dilution of goat antbuse, Abcam, UK, #ab150117) and

DAPI (Cedarlane, Canada) was applied to visualize the stained components.
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Biochemical assays quantified the total content of glycosaminoglycan (GAG) and DNA.
Tissue constructs (n = 4 replicates for donors8hd M13; n = 3 replicates for donors

F4 and M4) were digested overnight with proteinase K (Sightdrich, United Stats,

#P2308) at 56°C. GAG content was measured with-aiim@thyl methylene blue assay
(DMMB, SigmaAldrich, United States, #341088). Chondroitin sulphate (Stéhdach,

United States, #C8529) was used to generate the standard curve. DNA content was
measued with a CyQuant cell proliferation assay kit (ThermoFisher Scientific, United
States, #C7026) with different dilutions

standard.

3.2.5 Mechanical property assessment

Detailed sequence of the mechanical testing protocol is included in Supplementary
Material 3.3. A stepwise stress relaxation test (Supplemeriimyre3.1) was used to

assess the mechanical properties of tissue constructs (n = 2 replicates for ddrmmmdF1
M1-3) with the BioDynamic 5210 system (TA Instruments, United States). The cross
section areas of tissue constructs were measured before mechatsc&ldethe test,
constructs were placed between two platens and the initial height was determined by
bringing tissue to near contact with platens. Constructs were first preconditioned by 15
cycles of sine wave dynamic loading with the amplitude of 5% tissue height at the
frequency of 1 Hz. The following stress relaxation test consisted of 3 increnteaital s

steps. In the first two steps, the constructs were subjected to a 10% strain ramp at the rate
of 50% strain/sec followed by 5 min relaxation under constant strain. In the third step, the
relaxation time was adjusted to 10 min. All tested construets able to reach

equilibrium within the given relaxation period. Force was recorded as a function of time,
and stress was <calcul at ed b-gectionoarean@he peak n g
modulus was calculated by dividing the maximum stressuned immediately after

each strain increment by the strain increment. The strain was applied in 10% increments

up to a maximum of 30% strain.
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3.2.6 RNA extraction, RT-gPCR and RNA sequencing

Tissue constructs (n = 2 for donors-&and M13; n = 3 replicates for donors F4 and

M4) intended for transcriptome analysis were preserved in Trizol (Life Technologies,

Uni ted States) i mmediately wupon harvesting a
RNA was extracted and purified from ground constructs using PuroSPIN Total DNA
Purification KIT (Luna Nanotech, Canada) f ol
was reversely transcribed into cDNA, and genes of interest were amplifreddrge
transcrption-quantitative polymerase chain react({®r-qPCR) using specific primers
(Supplementary Tabl@.1). The expression level of genes of interest was normalized to

chosen housekeeping genes (beactin, B2M, andYWHAZ based on the coefficient of

variation (CV) and Mvalue as measures of reference gene staflliy) and the data

was presented using th&2° method(158, 159) RNA sequencing was performed on

the Illumina NextSeq 500 platform with pairedd 42 bp x 42 bp reads, and FastQ files

were obtained for further bioinformatics analysis.

3.2.7 Bioinformatics

RNA sequencing data were analyzed with Partek® Flow® software (Version
10.0.21.0302, Copyright© 2021, Partek Inc, St. Louis, MO, United States). Raw input
reads were first trimmed from the 3N end to
aligned to the ference human genome hg38 using the STAR 2.7.3a aligner. Aligned
data were quantified to a transcript model (h§&8Seq Transcripts 92020 05 01)

using the Partek E/M algorithm. Genes with maximum read counts below 50 were
filtered out to reduce noise.u@ntified and filtered reads were normalized in sequential
order using the Add: 1.0, TMM, and Log 2.0 methods. Statistical analysis was performed
using analysis of variance (ANOVA) for biological sex and treatment. Within each sex,
the donors were assignad a random variable. Differentially expressed genes (DEGS)

for each comparison were determined byajpues, adjusted-palues (gvalues), and fold
change (FC). Gene ontology enrichment, pathway enrichment, and the visualization of

DEGs using Venn diagrasrwere all conducted in Partek.
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3.2.8 Statistical analysis

Statistical analyses were performed in Prism 9 (GraphPad) and Partek® Flow® software.

The statistical test used, aned/alues and yalues are indicated in the respectiigure

legends. For analysis Figure3.3B, paired itest were used between SMG and CHP

groups within each sex and unpairadgt were used between female and male groups

within each mechanical treatment. For analysiBigure3.4A, a repeated measurement

oneway ANOVA with GeisseiGreenhouse correction was used to compare mechanical

treat ment groups within each sex and a Tukeyd
the adjusted qalue between each comparison. Within each mechanical treatment,

unpaired {tests between female and male groups were used. For the male cohort, no

statistcal analysis was conducted for the SMG group in contraction due to limited data

points. For analysis iRigure3.4B, repeated measurement amgy ANOVA with

Geisser Greenhouse correction was used to compare different strain levels within each
mechanicat r eat ment group and a Tukeyds multiple
adjusted pvalue between each comparison. Within each strain level, paieststwere

used to compare CHP and SMG groups. For the male cohort, no statistical analysis was

conduckd for the SMG group due to limited data points.

3.3 Results

3.3.1 Datasetoverview

Transcriptome analysis included the expression profiles of 8 donors (4 females and 4
males), each individually exposed to static, mechanical loading (CHP), and mechanical
unloading (SMG) conditions. After preprocessing as described in the methods, 13,361

genes were preserved for downstream analysis.

3.3.2 Transcriptome profiles of the engineeredmeniscus to CHP and SMG

We first analyzed the overall effect of mechanical loading and unloading on the
transcriptome profiles of all donors combined. Summarized results are shéguiia
3.2. Foldchange of gene expression levels in the CHP and SMG groups were calculated

by normalizing to its corresponding static group. Differentially expressed genes (DEGS)
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were defined as genes with expression-fdidnge over 2 andvplue less than 0.05.
Mechanical loading from CHP significantly modulated 236 genes, while mechanical
unloading from SMG significantly modulated 388 genes. The overlay of DEGs between
the two nechanical stimulation groups showed only a small proportion of common DEGs
(52 genes), whereas the majority of DEGs were uniquely modulated by CHP (184 genes)
and SMG (336 geneslrigure3.2A). These results indicated that CHP and SMG

distinctly modulatehe transcriptome profile of donors in this study.

) _ _ CHP/Static SMGiStatic
Mechanical Stimulation
Differentially Expressed Genes

regulation of

CHP/Static

40 60
Gene Number
mm Biological Process mm Cellular Component B Molecular Function

SMG/Static

Figure 3.2 Effect of CHP and SMG on the transcriptome profile alteration of
engineered meniscus tissues.

a. Overlap of differentially expressed genes (DEGs) by CHP and SMI®p non
redundant Gene Ontology (GO) terms enriched by DEGs of CHP and SMG. DEGs were
identified based on all 8 donors. Top significant enriched GO terms were selected by p

value and plotted to the number of genes included in each term.

The most significant Gene Ontology (GO) terms enriched by the DEGs for CHP and
SMG were examined nextigure3.2B). Although the top 3 most significantly enriched
Gene Ontology (GO) in biological components were identical for CHP and SMG
(Afextracellul ar space, 0 Aextracellular regio
gene expression profiles were differeetween the treatment groups. The top 20 genes
with the highest absolute fold change participating in the ECM relevant activities in CHP
and SM5 groups are listed in Tab82. For CHP, most of the genes argnaling

molecules or proteins associated with ECM struateneodeling For SMG, many of the
strongly regulated genes played a more general role, such as various growth factors
coding genedGFBP1, TGFA andNGF. Among the top regulated genes, oNETO1
andOLFML2Awere common between CHP and SMG; these two genes were upregulated

in both treatment groups.
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Table 3.2 Top 20 genes with the highest absolute fold change participating in the
ECM relevant activities in CHP and SMG groups as compared to static controls.

_— P-value: Fold Change:
Gene Description CHP vs Static CHP vs Static
EREG Epiregulin 1.20E06 19.10
NETO1 Neuropilin AndTolloid Like 1 2.53E08 7.98
MMP3 Matrix Metallopeptidase 3 1.22E06 6.47
MMP10 Matrix Metallopeptidase 10 1.14E03 4.54
SBSPON Somatomedin B And Thrombospondin Type 1 Domain Containing 7.88E04 3.97
CCL2 C-C Motif Chemokine Ligand 2 8.18E07 3.62
UCN2 Urocortin 2 5.86E05 3.61
PLA2G2A Phospholipase A2 Group IIA 7.00E04 3.60
OLFML2A Olfactomedin Like 2A 1.15E03 3.45
CXCL13 C-X-C Motif Chemokine Ligand 13 1.00E03 3.40
SFRP2 Secreted Frizzled Related Protein 2 1.17E05 -4.07
ADM Adrenomedullin 1.34E06 -4.49
CPXM1 Carboxypeptidase X, M14 Family Member 1 1.95E04 -4.53
SELENOP Selenoprotein P 3.90E03 -5.82
FAM20A FAM20A Golgi Associated Secretory Pathway Pseudokinase 2.24E03 -5.92
MNDA Myeloid Cell NucleaDifferentiation Antigen 4.02E03 -5.99
SCUBE1 Signal Peptide, CUB Domain And EGF Like Domain Containing 1 3.28E03 -7.06
SFRP4 Secreted Frizzled Related Protein 4 6.83E04 -8.17
ODAPH Odontogenesis Associated Phosphoprotein 3.30E03 -9.07
APOE Apolipoprotein E 3.30E07 -14.78
Gene Description P-value . Fold Changg:
SMG vs Static SMG vs Static
IGFBP1 Insulin Like Growth Factor Binding Protein 1 5.49E04 15.94
OLFML2A Olfactomedin Like 2A 2.34E05 6.34
NETO1 Neuropilin And Tolloid Like 1 1.26E06 5.00
ADAMTS14 ADAM Metallopeptidase With Thrombospondin Type 1 Motif 14 8.34E04 3.72
PCSK9 Proprotein Convertase Subtilisin/Kexin Type 9 2.20E03 3.48
VSTM2L V-Set And Transmembrane Domain Containing 2 Like 3.03E04 3.47
BMPER BMP Binding Endothelial Regulator 1.91E04 3.45
NTM Neurotrimin 1.30E04 3.40
HMOX1 Heme Oxygenase 1 5.06E08 3.38
CAPG Capping Actin Protein, Gelsolin Like 2.94E07 3.22
LEP Leptin 8.50E04 -4.81
R3HDML R3H Domain Containing Like 8.67E04 -4.93
APLN Apelin 8.68E07 -4.94
STC1 Stanniocalcin 1 8.99E05 -5.41
NGF Nerve Growth Factor 7.68E05 -5.42
TGFA Transforming Growth Factor Alpha 8.23E04 -5.47
VEGFA Vascular Endothelial Growth Factor A 6.33E06 -5.68
DSCAML1 DS Cell Adhesion Molecule Like 1 3.09E03 -6.17
ADAMTSL2 ADAMTS Like 2 4.74E04 -7.23
PDE4C Phosphodiesterase 4C 2.48E04 -8.73
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3.3.3 Sexdependentresponse oengineeredmeniscus to CHP and SMG

Next, we sought to explore the seependent differences in the engineered meniscus
responses to CHP and SMG. Therefore, we separated donors into female and male
cohorts and evaluated several factors involved in normal cartilage physiology and OA
related alterations. The GAG and type Il collagen content are often used to characterize
the degree of chondrogenesis for cartilage tissues, and higher content is linked to higher
chondrogenic capacity. Type X collagen, on the other hand, is a hypertnogtker that
suggests an OAke phenotype. The histological staining for GAG by Safreiend
immunofluorescence labelled type Il collag&gure3.3A) showed highly variable
chondrogenic capacities within the female and male cohorts in the baseline static control
group. Regardless, tissue constructs exposed to CHP and SMG showed an increase in
type 1l collagen content, with CHP having a generallyeqmonounced effect. Type X
collagen staining intensity was also modulated by mechanical stimulations compared to
baseline. A clear increase in type X collagen content was observed in the SMG group,

while the CHP group showed comparable type X collagen intensity as the baseline.

To further pursue sex matters in responses to CHP and SMG, the gene expression of
selected markers was examined by-&PACR Figure3.3B). In addition toaCOL1A2

COL2A1 andCOL10A1 the transcription factd8OX9and cartilagespecific

proteoglycan core proteliCANwere also quantified. The observed increase of type Il
collagen level in the CHP group was confirmed quantitatively by gene expression results.
The averag€OL2Alexpression level was upregulated 2@ in the CHP group for

the female cohotompared to a 21:#ld increase in CHP for the male cohort. For

ACAN SOX9 andCOL1AZ2 the CHP group had a higher average-didnge than the

SMG group, but the differences between the sexes were not significa@OEGAOAL

the average foldhange of expression level was comparable between the CHP and SMG
groups for both females and males. However, when taking individual female donors into
account, only female donor 2 showed a significant increaS©®INL0Alexpression level

in CHP (8.9fold) comparedo SMG (5.#fold) group. Generally, CHP, as compared to
SMG, reducedCOL10Alexpression level for the female cohort. ThefHCR data were

consistent with the histological observations, providing additional evidence on the
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cellular and molecular influence of CHP and SMG. ThedRTR data also agreed with
the RNAsequencing data, thereby providing additional validation for the observed trends

(Supplementaryigure3.2).
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Figure 3.3 Effect of CHP and SMG on the chondrogenic and hypertrophic
differentiation potential of female and male donors.

a. Histological and immunofluorescent staining analyisifegulation of selected genes
expression level. Gene expression level of individual samples was measured by RT
gPCR. Fold change of expression level was calculated by normalizing expression level in

the CHP or SMG group to its corresponding static grouapaS e b ar : 100 em

Sexdependent differences were also assessed in other related dsigeces3(4A).
Quantitative GAG/DNA measurements showed that CHP increased while SMG
decreased the GAG production per MFC. The tissue wet weights showed similar trends
as the GAG/DNA ratios; CHP tissues weighed more, and SMG tissues weighed less on
average than th&tatic control groups. This difference in tissue wet weight was

significant in only the female cohort between treatments. Further, at the end of the
mechanical stimulation peri, tissue constructs from all three experimental groups
contracted to certain degrees. The percentage of contraction (percentage reduction in
area) was guantified, and comparison among groups showed that SMG tissues had
increased contraction compared to the CHP tissues. The contraction plot is presented as

the percentage contracted in Supplemenfggyre3.4.
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Figure 3.4 Effect of CHP and SMG on chondrogenesis related factors of female and
male donors.

a. Biochemical and morphological analysis; contraction is calculated as the %of area lost
as compared to the original area. No statistical analysis was conducted for the contraction
data with the male SMG group due to limited data pdiniechanical property

analysis. No statistical analysis was conducted for the mechanical property data with the
male SMG group due to limited data point®earson correlation heatmap of analyzed
factors. Fold change value of characterized factors was calculated by nognidiez

CHP or SMG group to its corresponding static group. Heatmap was generated by

calculating the pairwise Pearson correlation coefficient of included factors. *p < 0.05.

The differences among stimulation groups were significant within the female and male
cohorts while also significant between female CHP and male CHP groups. For the
mechanical properties of tissue constructs, SMG groups showed higher peak modulus at
all teded strain levels for both sexes as expected based on contraction results, and the
differences of the average fetthange decreased with increasing strain level. No

significant differences were observed between female and male cdfigue(.4B).

To better understand the relationship among all factors of interest and thepsmdent

differences, a Pearson correlation netwaiigre3.4C) was generated for both the
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female and male cohorts with data from all three treatment groups. Some observations
mentioned above were further confirmed with correlation coefficients, such as the
positive correlation between GAG/DNA and wet weight, the negative correlation
between GA@NA and contraction, and the positive correlation betw&®X9and
COL2Alexpression levels. Overall, the correlation analysis yielded different patterns
between the female and male cohorts, especially for two examined ge&ies2and

TAGLN that are chracteristic of the contractile phenotype in dedifferentiated articular
chondrocytes compared to the other fac{@69) The level of contraction was positively
correlated withACTA2andTAGLNexpression levels in both female and male groups,
confirming their indication for contraction levels. However, the female cohort showed
differently a mostly strong negative correlation between the contractile genes and the rest
of the factors compared tbe male cohortACTA2andTAGLNactivity is associated

with cytoskeletal composition and struct(i®1, 162) and thus results may suggssk

dependentlifferences of cytoskeletal activity in response to mechanical stimulation.

3.3.4 Comparison offemale andmale transcriptome response to CHP and
SMG

Finally, weinvestigated the sedependent difference in the global transcriptome profile

in response to mechanical loading and unloading. Consistent with the DEGs analysis for
all donors combined, CHP and SMG uniquely regulated a large proportion of genes
within eachsex group Figure3.5A). We identified the top 25 enriched KEGG pathways
for female and male tissues under CHP and SMG using the corresponding DEG sets
(Figure3.5B). For CHP, the most enriched KEGG pathway for both female and male

groups wasomfmi nemad @tblser r ell ggnadimgt t er ms,

s u

pat hwayb,siigtdi&l | i ng pat hwayo, and fAgl ycosami

observed for both sex grougdthough some of the enriched pathways were shared, a
distinct gene profile with different magnitudes and sometimes the direction of modulation
was observed for each sex group (Tab8.3or example, thelOTUMgene in the Wnt
signalling pathway was significantly upregulated by-f#®ld in CHP for the female

cohort and only 1-8old in CHP for the male cohort. A large proportion of the top 25
KEGG pathways enriched by SMG overlapped with the pathways in CHP, but the
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corresponding gene profiles were different. For example, SMG did not significantly
regulate the&NOTUM, and it showed the opposite direction between female and male
Af |

cohorts. TheviIMP3 gene was downregulated by SMG but upregulated by CHP.
KEGG pathways, the nf
enriched for bo

Interestingly, in additiontothe CA el at ed
pat hway was

atherosclerosi so
effect of mechanical stimation from CHP and SMG on engineered meniscus constructs.
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Figure 3.5 Transcriptome response of female and male donors to CHP and SMG.

a.Overlap of DEGs of female and male donors exposed to CHP and IEWM&p
enriched KEGG pathways by identified DEGs. KEGG terms were selectegtdlye

and plotted to the enrichment score.
In relation to mechanobiology of the meniscus, we investigated the transcriptome profile
changes of various mechanosensitive molecules sUutRR¥1/4 PIEZO],
TMEMG63A/B/C andRUNX2(163167). Furthermore, the mechanotransduction function
of FOSBin MFCs(54) was reported by Szojka et al., and its function in th&7L
signalingpathway was well demonstratéts8). Finally, Vyhlidal et al. recognized the
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potential of caveolae molecules suclC#s/1/2in the mechanotransductive mechanism

of the meniscus, but this needs to be further verified in future st{sdiesThe

transcriptome changes are summarized in TadleWithin our dataset, onigAV1],

CAV2 andFOSBare significant by ¢yalue for loading regime comparison and-based

comparisonCAV2was regulated in the opposite direction by CHP and SMG. CHP
upregulatedOSBby 49.5fold compared to 34old by SMG. The difference was even
larger in female tissues (13#A@&d by CHP and 2-8old by SMG), and in comparison,

the fold change dFOSBexpression was similar by CHP and SMG for male tissues (9.7

fold and 3.7#old). Other mechanosensitive molecules were not significantly modulated

from the treatments. Theanscriptome profile changes suggestdegendent differences

in the mechanotransduction mechanisms as well as varying capabilities to sense

cytoskeletal structural changes

Table 3.3 Key enriched KEGG pathways and associated differentially expressed
genes (DEGSs) in CHP and SMG groups as compared to static controls within female

and male donor cohorts.

Fold Change: CHP/Static

Fold Change: SMG/Static

Factor 3

Description i i
P Female Male Combined  Female  Male Combined

KEGG: Mineral absorption

Ferritin Heavy Chain 1 2.18* 3.47* 1.70* 3.47* 2.32* 2.77%*

Heme Oxygenase 1 2.94* 3.51** 2.83%** 3.51**  3.28**  3.38**

Metallothionein 1E 2.79**  1.96* 2.48%*+* 1.96* -1.09 1.32

Metallothionein 1G 8.25* 3.29 9.38* 3.29 1.11 2.21

Metallothionein 1M 2.59**  1.89* 2.20%** 1.89* -1.35 1.14

Metallothionein 2A 2.59* 1.57 2.79%* 1.57 1.18 1.35
SLC30A1 Solute Carrier Family 30 Member 1 2.21**  2.03* 1.70** 2.03* 1.23 1.57*

Solute Carrier Family 8 Member A1 -2.13 1.15* -1.44 1.15* -3.13*  -2.91*
KEGG: Wnt signaling pathway

FOS Like 1, APL Transcription 2.99%  3.88%  3.44v 116 188 153

Factor Subunit

Frizzled Class Receptor 2 -2.22*  -1.25 -1.68* -1.48 -1.12 -1.30

Notum, PalmitoleoytProtein 671 177  2.97* 117 -1.94  -1.48

Carboxylesterase

Secreted Frizzled Related Protein 2 -6.22*  -3.03*  -4.07* -2.55 -3.15 -2.82*
KEGG: HIF -1 signaling pathway

Egl-9 Family Hypoxia Inducible 1.00 249 158 4.24%  BTBF -4.72%



ENO2 Enolase 2 -1.24 1.48 1.11 -2.96* -2.51 -2.74*%

GApPpH  Slyceraldehydes-Phosphate 114 124 1.06 2.27% 221 -2.24%
Dehydrogenase

HK2 Hexokinase 2 -1.61 1.03 -1.21 -2.20*  -2.66*  -2.41*

HMOX1 Heme Oxygenase 1 2.94* 2.74* 2.83*** 3.51%*  3.28**  3.38***

LDHA Lactate Dehydrogenase A 1.21 131 1.26 -1.94* -2.04*  -1.98%*

PDK1 Pyruvate Dehydrogenase Kinase 1 -1.28 -1.13 -1.20 -2.89%  -3.43% -3 11%*

prkFp3  OPhosphofructé@-Kinase/Fructose 4 gy 115 .144 2.33F  -2.34*  -2.33%
2,6-Biphosphatase 3

PGK1 Phosphoglycerate Kinase 1 1.17 1.23 1.20 -2.04* -2.24* 2,137

TFRC Transferrin Receptor 2.80** 1.36 1.92** 2.55%*  2.22*% 2.35%**

VEGFA VascularEndothelial Growth Factor A -1.57 -1.11 -1.33 -5.48**  -5.95* -5.68***

KEGG: IL -17 signaling pathway

CCL2 C-C Motif Chemokine Ligand 2 3.85* 3.48**  3.62%** 3.51* 141 2.17*

Fosg 0SB ProteOncogene, AR 137.8* 970  49.48* 282 366  3.40
Transcription Factor Subunit

Fost1 ~ FOSLike 1, APT Transcription 2.99%  3.88%  3.44v 116  1.88 153
Factor Subunit

MAPK13  MitogenActivated Protein Kinase 13 -1.51 131 -1.07 -3.05* -3.01*  -3.03%*

MMP13 Matrix Metallopeptidase 13 1.56* 1.38 1.51 1.64 2.57* 1.89**

MMP3 Matrix Metallopeptidase 3 10.5** 4.36 6.47*** -1.80 -3.99*  -2.82*

KEGG: Fluid Shear stress and atherosclerosis

CCL2 C-C Motif Chemokine Ligand 2 3.85* 3.48**  3.62*** 3.51** 141 2.17**

HMOX1 Heme Oxygenase 1 2.94%  2.74%  2.83%* 3.51**  3.28**  3.38**

MAP3Ks MitogenActivated ProteinKinase ;37 339 13g 238 149  1.87%
Kinase Kinase 5

MAPK13 MitogenActivated Protein Kinase 13 -1.51 1.31 -1.07 -3.05* -3.01*  -3.03%*

mMGsT1  Microsomal Glutathion& 221% 140  1.65% 186+ 125  1.43%
Transferase 1

NQO1 NAD(P)H Quinone Dehydrogenase . 3.83** 2.40**  2.88*** 4.04%*  2.42%  2,97***

PLAT Plasminogen Activator, Tissue Type 1.51 2.27 1.88* 2.51* 2.43* 2.47**
Protein KinaseAMP-Activated . -

PRKAA2 Catalytic Subunit Alpha 2 -1.37 1.44 1.03 -4.63 -2.90 -3.70

VEGFA Vascular Endothelial Growth Factor ., -1.57 -1.11 -1.33 -5.48** -595*  -5.68**

*0<0.05, **g<0.01, ***q<0.001 represent statistical difference of the two groups in each

fold change value.
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3.4 Discussion

Currently, there is no existing model to reflect the physiological mechanism of OA
holistically, but severah vitro andin vivo models have been developed to answer
guestions regarding the mechanisms of (@®9) This study aimed to evaluate the

effects of mechanical loading and unloading via CHP and SMG, respectively, on the OA
related profile changes of engineered meniscus tissues and explore biologredéhisek
differences. This can serve asiawitro model to investigate the cellular and molecular

profiles responsible for the sebependent incidence of OA disease.

Cartilage is a highly mechanosensitive tissue, and appropriate levels of mechanical
stimulation are crucial for homeostasis and healthy cartilage development. Mechanical
stimuli are transmitted by the pericellular matrix (PQM33, 170)o the chondrocyte

surface and sensed by mechaeceptors, triggering a cascade of downstream activities
(71). The importance of mechanical loading under normal gravity environments has been
demonstrated by studies examining the protective effects of moderate loading against
tissue degradation as well as investigating the unwanted consequences from unloading.
From severaln vitro andin vivomodels, mechanical loading has been shown to attenuate
inflammatory cytokindnduced expression of matrdegrading enzymgl71),

upregulating the content of sulphated glycosaminoglycan (GAG), aggrecan, cartilage
oligomeric matrix protein, type Il collagen, and lubricin (PR@4)2), and modulating
relevant pathways such as the HIEL73)and IL-4 (174)signalingpathways. On the
contrary, prolonged mechanical unloading by space flight has been shown to accelerate
cartilage degeneratiq®5, 111, 175)Although several studies suggested that SMG was
beneficial for preserving a chondrogenic phenotype through induction of 3D aggregates
from monolayer culture@®3, 96, 176 and promoted cartilaginous components deposition
for scaffold cultureg177), the degree of hypertrophic differentiation was not investigated
in these studies. Through regulation of key genes and molecular pathways, SMG was also
reported to increase activities associated with cartilage catab@lisr@7, 110pand

promoted hypertrophic differentiation of chondrocyi&s, 92)

In addition to cartilage, the meniscus also plays a critical role in the biomechanics of the

knee joint. Evidence has shown that the role of meniscus fibrochondrocytes (MFCs) in
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response to mechanical signals affects the physiological, pathological, and repair
response of the menisc(i65) The PCM of MFCs is also involved in
mechanotransduction, although it may play a protective role against larger stresses and
strains(178). Variousin vivo studies have documented that mechanical stimulation can
drive both antiand preinflammatory responses in MFCE79, 180) as well as the
detrimental effects of mechanical unloading from joint immobilization on meniscus
development, function, and repél'81-186). Additionally, severain vitro studies have
shown the anabolic effect of mechanical loading on MFCs with enhanced meniscus ECM
components likACANexpression and collagens and mechanical propg€<sl87)

Finally, there have been variomsvitro meniscus repair models that utilized mechanical
loading to suppress L mediated increases in MMP activity, enhance GAG production,

and increase integrative strength of the engineered tissue conl6it488191).

Consistent with these previous reports, our results showed that mechanical loading via
CHP increased the deposition of type Il collagen and aggrecan, supported by
immunofluorescence staining and gene expression analysis. In addition, the Safranin
stainirng and biochemical quantification of GAG production per cell confirmed that CHP
increased the chondrogenic potential of meniscus MFCs. As expected, the wet weight of
engineered constructs in the CHP group was the highest among the three treatment
groups sige the GAG is a major watbinding component of cartilag&92). The ratio

of COL2A1to COL1A2has also been used to evaluate chondrogenic ca@gijty76)

and in our results, CHP substantially increasedCt®&2A1/ COL1AZ2atio compared to

SMG groups. Although upregulation of type Il collagen depositionGOH2A1

expression was observed in the SMG groups compared to static controls, the magnitude
of upregulation was not less than in the CHP groups. The GAG/DNA ratio of the SMG
group was also lower than static controls in addition to a stronger intensity of type X
collagen staining. Taken together, our data highlights the detrimental effect of SMG on
the clondrogenic capacity of the engineered meniscus and suggests that mechanical
unloading increases the hypertrophic differentiation of MFCs, driving them to display

OA-like characteristics.
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To the best of our knowledge, this is one of the first studies to investigate the effect of
mechanical loading and unloading on cartilage models by examining global
transcriptome profile alterations. The ECM of chondrocytes is crucial for regulating key
functions through receptenediated matrixcell interactions. The composition of the

ECM and the boundignalingmolecules largely influences the chondrogenic capacity of
embedded chondrocyt€s93). By overlaying the DEGs, we found that CHP and SMG
regulated MFC functions through largely different mechanisms. As listed in 32ble
several Wnisignaling pathwayelated genes were strongly regulated by CHP, in addition
to various matrixemodelingenzymes. But for SMG, the genes with the highest fold
change functioned in more general ways, such as the several growth factors encoding
genes identified to regulate general development processes. The KEGG pathway analysis
also showed that several choogenesisand OArelated pathways such as mineral
absorption, Wnsignalling pathway, HIFRL signalling pathways, and 417 signalling
pathway were enriched by both CHP and SMG. However, the expression profile of
related genes in terms of magnitude andatiiba was quite different (Tab&3). It is

worth mentioning that no sex hormeredated pathways were present in the top enriched
pathways. Thus, the observed spendent differences are independent of differences
between sexelated hormones. Taken together, the comparative transoggnalysis
suggested a distinct effect of CHP and SMG on regulating chondrogenesis, but further

investigations are needed to determine the specific underlying mechanisms.

The cellular and molecular mechanisms behindatéke documentedex discrepancy in

OA incident rates are poorly understood. Many factors are believed to contribute to the
higher incidence and severity of OA in females, such as age, psychosocial status,
metabolic variables, hormonal differences, anatomical variatasinflammatory
diseas€194). While the focus of many previous studies was mainly on bone ¢hape

197), gait kinematic$198200), and sex hormond88, 201204), little effort was

invested into determining differences in the global transcriptome profile. Two studies
reported that female OA patients have higher levels of inflammatory cytokines in the
synovial fluid than male@05, 206) but the underlyingignalingmechanism was not
investigated. To explore the sdrpendent differences in OA pathogenesis, we separated

our donor cohort based on sex and compared thee@ed characteristics.
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Although the female and male donor cohorts included in this study showed highly
variable trends in terms of histological and immunofluorescence staining for cartilage
markers like aggrecan and type Il collagen, an expected similar trend was observed for
COL2A1 SOX9 ACAN andCOL2A1/COL1Aaverage foldchange levels across donor
and treatment groups. The average fold change leve€l@w10Alwas comparable

between the CHP and SMG groups for both sexes. However, one female donor showed
significantly higher 6ld-changes foCOL10A1while the remaining female cohort

showed a generally reduced expressio@0Ot. 10Alin CHP compared to SMG, but not
significant. The observed deposition of type X collagen in immunofluorescence staining
shows high variability, and sedependent differences are difficult to elucidate. Our
results suggest overall that at the protein lee effect of mechanical stimulation is

more dominant than sex differences for the deposition of cartilaginous components.

A significant sexdependent difference was observed for tissue contraction between
female and male CHP groups. Additionally, the Pearson correlation network generated
for the female and male donor cohorts shows cleadependent differences in
expressiorirends between contractile gefgSTA2andTAGLNInN relation to the other
factors investigated in this study. Firstly, the measured contraction based on the
percentage of reduction in tissue area positively correlatedA@imM2andTAGLN

expression levslin both female and male cohorts. This suggests that these contractile
genes are indeed correlated with physical contraction levels in our study. Interestingly,
ACTA2andTAGLNexpression levels in relation to other factors show distinet sex
dependent differences. Among the female cohort, the contractile genes showed a mostly
strong negative correlation with the other factors, while the genes in the male cohort
showed a generallpositive correlation. Mechanical loading has been suggested to
mediate the faction of chondrocytes by stimulating the reorganization of cytoskeleton
(161, 162) And simulated microgravity was also reported to alter the structure of
cytoskeleton componen{&76)and regulate the expression of several cytoskeletal genes
(93). SinceACTA2andTAGLNactivity is associated with cytoskeletal composition and
structure, the opposite trend in correlation with other factors between the female and male
cohort may suggest sebependent differences from cytoskeletal activity in response to

varying levels of mchanical stimulation. Furthermore, the mechsewsitive gene
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FOSBIn the IL-17 signalingpathway was identified in our dataset to show a 1813
upregulation from CHP in the female cohort while only observing -#d@d7increase in
the male cohort. This may suggest-sependent differences in the mechanotransduction
mechanisms as well &arying capabilities to sense cytoskeletal structural changes

arising from mechanical stimulation.

There are several limitations to our model explored in this study. Firstly, we did not have
any tissue samples from OA patients to confirm thegbAnotype observed in our

model. However, the modulation of several OA mark&l)from SMG such as the
upregulation oMMP13and the increased staining of collagen type X, reasonably

suggest that the SMG treatment is pushing the engineered tissues constructs towards an
OA-phenotype, and this effect is likely to increase with longer treatment periods. Another
limitation is thateven prolonged joint mobility under normal gravity can induce an OA
phenotype, and thus the static group in this study may also serve as an alternate condition
for simulating OA. However, the static group here is meant as a baseline control between
the twomechanical treatments and serves to reduce dorawnor variability by

normalizing measurements to the static control within each donor. Finally, a limitation in
our model is that although the engineered meniscus constructs contain the necessary
componat of fibrocartilage, the tissue microenvironment experienced by the cells is

likely different from that of the native meniscus. In particular, the cells in the native
meniscus may respond differently to receptadiated cellECM interactions from

mechaital load than in the engineered meniscus models, especially due to differences in
the matrix stiffness. We hope to address this limitation in our future studies by evaluating
cytoskeleton factors and measurements and using substrates with tunableasiféueh

as hydrogels.

3.5 Conclusion

Taken together, our data suggest that engineered meniscus tissues responded to
mechanical loading and unloading via CHP and SMG in alependent manner.
Mechanical unloading via SMG was shown to induce anli@Aprofile, while
mechanical loading via CHpromotes elements of chondrogenesis. Within each

mechanical stimulation group, female and male donor cohorts sheseperdent
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differences in the magnitude and direction of many differentially expressed genes, as well
as tissue contraction and correlation of contractile genes with the other factors
investigated in this study. The combination of CHP and SMG can feasibly servenas an
vitro model to study the cellular and molecular mechanisms of KOA and provide a
platform for exploring potential drutargetable pathways as therapeutics.
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3.9 Supplementary materials

Supplementary Figure 3.1 Straincontrolled undefined compression test was used to

measure the peak modulus of samples at three indicated strain levels
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Supplementary Figure 3.2 Linear regression was used to evaluation to correlation

between gene expression value measured by gfPICR and RNA-Seq.
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Supplementary Material 3.3 Detailed sequence of mechanical testing protocol.

1. Dwell (wait): 5s

2. Sine (cyclic compression)5% strain amplitude at 1 Hz for 15 cycles
3. Dwell: 10s

4. Ramp (increase compression): at a spee8@%o strain/s t610% strain
5. Dwell: 300s

6. Sine:-2% strain amplitude at 0.5 Hz for 10 cycles
7. Dwell: 5s

8. Sine:-2% strain amplitude at 1 Hz for 10 cycles
9. Dwell: 5s

10.Sine:-2% strain amplitude at 2 Hz for 10 cycles
11.Dwell: 5s

12.Ramp: at a speed e50% strain/s t620% strain
13.Dwell: 300s

14.Sine:-2% strain amplitude at 0.5 Har 10 cycles
15.Dwell: 5s

16.Sine:-2% strain amplitude at 1 Hz for 10 cycles
17.Dwell: 5s

18.Sine:-2% strain amplitude at 2 Hz for 10 cycles
19.Dwell: 5s

20.Ramp: at a speed 660% strain/s t630% strain
21.Dwell: 600s

22.Sine:-2% strain amplitude at 0.5 Hz for 10 cycles
23.Dwell: 5s

24.Sine:-2% strain amplitude at 1 Hz for 10 cycles
25.Dwell: 5s

26.Sine:-2% strain amplitude at 2 Hz for 10 cycles
27.Dwell: 5s

28.Ramp: release compression
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Supplementary Figure 3.4 Effect of CHP and SMG on tissue contraction;
contraction is calculated as the % of area lost as compared to the original aredlo
statistical analysis was conducted for the contraction data with the male SMG group due

to limited data points
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Supplementary Table 3.1 Reatime qPCR Primer Sequences

Gene Forward Reverse GenBank Accession
ACAN AGGGCGAGTGGAATGATGTT GGTGGCTGTGCCCTTTTTAC NM_001135.3
cractin AAGCCACCCCACTTCTCTCTAA AATGCTATCACCTCCCCTGTGT NM_001101.4
B2M TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT NM_004048.3
COL1A2 GCTACCCAACTTGCCTTCATG GCAGTGGTAGGTGATGTTCTGAGA NM_00008 9.3
COL2A1 CTGCAAAATAAAATCTCGGTGTTCT GGGCATTTGACTCACACCAGT NM_001844.5
COL10A1 GAAGTTATAATTTACACTGAGGGTTTCAAA GAGGCACAGCTTAAAAGTTTTAAACA NM_000493.3
SOX9 CTTTGGTTTGTGTTCGTGTTTTG AGAGAAAGAAAAAGGGAAAGGTAAGTTT NM_000346.3
YWHAZ TCTGTCTTGTCACCAACCATTCTT TCATGCGGCCTTTTTCCA NM_003406.3

79



Chapter 4

Mechanical Unloading of Engineered Human
Meniscus Models Under Simulated Microgravity:
A Transcriptomic Study

Chapter4.1 and 4.have been previodg published as:

Ma Z, Li DX, Chee RKW, Kunze M, Mulebierra A, Sommerfeldt M, Westover L, Graf
D, Adesida AB Mechanical Unloading of Engineered Human Meniscus Models Under
Simulated Microgravity: A Transcriptomic Studyci Data 2022; 9(1):736.

4.1 Introduction

Osteoarthritis (OA) is a degenerative joint disease that primarily affects mecHaadtal

bearing joints, with the knee being the most comif@&, 102) Much of the focus of OA

is on knee osteoarthritis (KOA) due to its 83% prevalence among cases(@#@®A407)

Most demographic groups are affected by OA, but the prevalence and burden are
disproportionately higher in femalé€s, 7, 98, 103, 14345). While sex hormones

regul ate jointso6é cartilage anddepermene devel opn
manner, hormonal differences alone do not fully account for the higher incidence of OA

in femaleg143) Kinney et al. reported that sepecific variations in the response of

human articular chondrocytes to estrogen are due to differences in receptor number and

the mechanisms of estrogen act{®f4).

The molecular basis for sex differences in the burden of KOA is not well understood, and
guestions remain for the cellular and molecular events underlying the pathogenesis and
progression of KOA. Howevespome cellular and molecular characteristics of KOA
resemble chondrocyte hypertrophy before endochondral ossification during
skeletogenesi€l46) This includes chondrocyte proliferation, chondrocyte hypertrophy
along with upregulation of hypertrophy mark@®L10A1(147)andMMP13(148),
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remodelingof the cartilage matrix by proteases, vascularization, and focal calcification of

cartilage with hydroxyapatite crystals.

A plethora ofin vitro andin vivo studies show joint cartilage atrophy after ldegm

mechanical unloading (i.e., joint immobilizatiof®P, 64, 92, 109, 20813). For

example, in a case study involving ten healthy young individuals (4 males and 6 females),
with no history of KOA requiring 6 to 8 weeks of nareight bearing for injuries

affecting the distal lower extremity, the axial mechanical unloading of thergsulted

in increased magnetic resonance imaging (MRI) parameters, T1rho and T2 relaxation
times, of the knee articular cartilage that resembled signs of KOA. After four weeks of
returning to axial mechanical loading, the T1rho and T2 relaxation tiraesnestored to
baseline values of normal healthy articular cartil@d®) However, it is unknown if the
magnitude or rate of cartilage atrophy was disproportionate between the male and female
participants after mechanical unloading. And neither were knee menisci investigated

despite their functional importance for load disitibn across the knee joint.

The effects of mechanical unloading on cartilage have been studied via simulated
microgravity (SMG)(59, 61, 64, 65, 152Microgravity, both real and simulated, as well
as reduced weighiearing, have been shown to induce detrimental effects on cartilage,
and in some cases, promote an-l{ix& phenotypd64, 92, 111, 175, 208, 209, 213his
makes SMG a relevant model to study-@#ated changes in chondrocytes from
mechanical unloading conditio®4, 152) SMG can be produced by rotating wall vessel
(RWV) bioreactors developed by the National Aeronautics Space Administration
(NASA). RWV rotates at a constant speed to maintain tissues in a suspenead, free
resulting in a randomized gravitational veat®2, 153) Our group has demonstrated that
four weeks of SMG using a RWV bioreactor could enhance Hik#Agene modulations

in bioengineered cartilagé5). Specifically, COL10AlandMMP13as markers of
chondrocyte hypertrophy were significantly increased by S&Bx However, the

potential of mechanical unloading and molecular profiling techniques to explore the
molecular basis of the disproportionate incidence of KOA in females is yet to be
explored. Menisci from KOA joints have been reported to exhibit similarculae

characteristics found in osteoarthritic articular cartilgigtd, 154) Osteoarthritic
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meniscus fibrochondrocytes (MFC) produced more calcium deposits than normal MFC
(140, 214) Moreover, osteoarthritic MFC expressed aggre£d®AN at a significantly

higher level than normal MF(214) More recently, type X collagen and MMP13 were
shown to be highly expressed in osteoarthritic meniscus relative to the normal meniscus
(154). As both proteins are markers of chondrocyte hypertrophy, these findings suggested
that MFCundergoe$ypertrophic differentiation like osteoarthritic articular chondrocytes
and that the knee menisci maybe actively involved in the pathogenesis of OA. The
potential impact of OA on meniscus tissue was also explored in a mice model that was
exposed to eithenicrogravity on the International Space Station or hind limb unloading
(208). Prolonged unloading in both treatments resulted in cartilage degradation, meniscal

volume decline, and elevated catabolic enzymes such as Y20B%s

In this study, meniscus models were generated from healthy human meniscus MFC
seeded onto a type | collagen scaffold and cultured under SMG condition in RWV
bioreactor with static normal gravity as controls. Full transcriptome Béghencing of 4
female and 4 male donors were conducted, along with the analysis of phenotypic
characteristics. Data from this study could be used to further explore the mechanism of
the early onset of KOA and to investigate the molecular basis of obsaxetifferences

in KOA.
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4.2 Methods

The experiment is outlined in Rige4.1. Most culture methods and assays were

performed identically to those described in previous wWbdk 55, 155)

Figure 4.1 Experiment overview.

Human meniscus fibrochondrocytes (MFC) were isolated from 4 males and 4 females.

Complete treatment was repeated for each donor. Created with BioRender.com.

4.2.1 Ethics statement

Human norosteoarthritic inner meniscus samples were obtained from patients

undergoing arthroscopic partial meniscectomies because of traumatic meniscal tears at

the Grey Nuns Community Hospital in Edmonton. Experimental methods and tissue
collectonwerevi t h t he approval of and in accordanc
Health Research Ethics BoaBibomedical Panel (Study ID: Pro00018778). The ethics
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