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SUMMARY

Osteoarthritis (OA) is the leading cause of disability in tHi&and or in two
people are expected to develop knee OA by age 85. OA is disease of the entire joint,
affecting not only the cartilage, but also the bone and synoviumaVéscularity Jow
cellularity, and Bw proliferation of chondrocytesll limit the natural regenerative

capacity of cartilage in addition to tieronicinflammation prevalent in the joint space.

Cell therapies, such as autologous chondrocyte implantation (ACI), offer promising
options for treating persistent cartilage lesions, but the ibatbliexpand chondrocytes to
sufficient numbers without adversely affecting their phenotype remains dicgighi
problem While synthetic microcarrier culture can improve the scalability of chondrocyte
expansion over conventional monolayer methods byigimy a high surface area-
volume ratio, ddlifferentiation remains @roblem for longterm expansionTherefore,
decellularized cartilage microcarriers (EMCs) that retain structural and biochemical cues
of the native extracellular matrix (ECM) may pide an improved means to culture and
deliver chondrocytes for ACI therapies. While AGIpromising, itis not indicated for
cartilage damage assiated with OAor other inflammatory diseases of the joint and is
better for defects resulting from traumaig lack of efficacy of cellular therapieslikely
due to the inflammatory environment cells are exposed to upon implantation since multiple
inflammatory mediators have been shown to play a pivotal role in the initiation and
perpetuation of OAAnti-inflammatory therapiewith single molecular inhibitordo not
effectively modulate the complex inflammatory environment presented in OA. Thus, novel

therapies capable of modulating multiple signaling pathways and cell typeseaied
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Mesenchymal stem celiMSCs) are an adult multipotent stem cell population that
can regulate multiple immune ceilsvolved in innate and adaptive immunitiargely
through paracrine mechanism&dditionally, human amniotic membrane (AM) has
emerged as a potential therapy @A as it provides an abundant source of multiple
immunoregulatory proteins, promotes stem cells proliferation, promotesieptimg

macrophage phenotypend modulatesell secretionn vivo.

Therefore, the objective of this proposal was to engineer amoirad cartilage
repair strategy by combining cells and ECM materials to address problemsaitith
cartilage repair and OdAssociated inflammationin Chapter 3, we developed
decellularized cartilage microcarriers that retain endogenous extracellulac pnateins
to both expand and deliver chondrocytes while retaining their phenotype. In Chapter 4,
robust characterization of the influence of culture format, donor variability, and media
composition demonstrated that aggregated MSCS have enhancedisetsitivanges in
the local microenvironment, which can be tailored to enhance immunomodulatory
paracrine activity. Moreover, MSC single cells and spheroids reduced inflammation in
activated synoviocyte cultures in a datpendent mannemdreducedOA progression
when delivered to arodent model of OA. Finally, in Chapter ®je investigated the
interaction between MSCs and human amniotic membrane and the influencecalcell
and ceHECM therein on the modulation of inflammatjdoth in vitro and in wio. Overall,
this work broadens current understanding of cartilage tissue engineering and
immunomodulation, providing valuable information that can be used to develop strategies

to improve efficacy of osteoarthritis treatments.
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CHAPTER 1. INTRODUCTION

Articular catilage defects due to degeneration or trauma are one of the most
common causes of chronic pain, stiffness, and loss of joint movement in all age
populations. Cell therapies, such as autologous chondrocyte implantation (ACI), offer
promising options for traing persistent cartilage lesions, but the inability to expand
chondrocytes to sufficient numbers without adversely affecting their phenotype remains a
significant problem. While synthetic microcarrier culture can improve the scalability of
chondrocyte egansion over conventional monolayer by providing a high surface@rea
volume ratio, dedifferentiation remains a problem for lotgrm expansion, which may be
due to the lack of prehondrogenic properties within the syst@therefore, decellularized
cattilage microcarriers (DGCs) that retain structural and biochemical cues of the native
extracellular matrix (ECM) may providan improved means to culture and deliver

chondrocytes for ACI therapies.

While ACI has good clinical outcomes when the defepaireis hyaline cartilage
as opposed to fibrocartilage, ACI is not indicated for cartilage damage associated with
osteoarthritis (OA) or other inflammatory diseases of the joint and is better suited for
defects resulting from trauma. This lack of efficad¢yellular therapies may be due to the
inflammatory environment cells are exposed to upon implantation since multiple
inflammatory mediators have been shown to play a pivotal role in the initiation and
perpetuation of OA. Although nesteroidal antinflammatory drugs are often
administered for pain management in OA, they inhibit proteoglycan secretion and are not

recommended for cartilage cell therapies. Other, more targetedinfearimatory



therapies, including use of systemic and iatriicular biol@ic agents to inhibit TN

and IL-1 bhave also proved disappointing and wenable to effectively modulate the
complex inflammatory environment presented in OA. Thus, novel therapies that are
capable of modulating multiple signaling pathways and cgledyare an attractive
alternative to address G#ssociated inflammation that is currently unachievable with

available drug treatment regimens.

Mesenchymal stem cellMSCs) are an adult multipotent stem cell population that
can regulate multiple immune Iteinvolved in innate and adaptive immunitiargely
through paracrine mechanismadditionally, human amniotic membrane (AM) has
emerged as a potential therapy for OA as it provides an abundant source of multiple
immunoregulatory proteins, promotes steells proliferation, and promotes phealing

macrophage phenotyje vivo.

The overall objective of this proposal is to engineer an improved cartilage repair
strategy by combining cells and ECM materiadsorder to address problemsth both
cartilage epair and OAassociated inflammatiomhecentral hypothesisis that cartilage
and amniotic membrane ECWbased materials will provide a matspecific
microenvironment that will enhance cellular response in terms of stimulating an
appropriate phenotype dncytokine production, respectively. Thationale for this
hypothesis is that decellularized cartilage represents a structurally and functionally
appropriate microenvironment to promote chondrogenesis and retention of cartilage
specific phenotype, and amtic membrane containsultiple cytokineghat may have a
synergistic effect on paracrine activity of MSCs. The central hypothesis will be tested with

the following specific aims:



Specific Aim 1: Determinethe ability of decellularized cartilage microdars (DGUCSs)
to promote the phenotypic stability & ex vivo expansion of human chondrodgytes.

working hypothesi$or this aim was thatx vivoexpansion of human chondrocytes on-DC

HCs would yield a more stable chondrogenic phenotype than -tsduee treated
polystyrene (plated) or gelatin CultiSpH@rmicrocarrier (CQUC) expansion. DGICs

were fabricated and characterized; and primary human chondrocytes were cultured on the
DC-uCs, GuCs, or plated up to 14 days. Cell viability, yield, and gerpression were
analyzed and principal component analysis was performeeu@sTonstructs were an
effective method of expanding human chondrocytes while enhancing retention of their

endogenous phenotype that couldshiable for direct implantation.

Speciic Aim 2: Characterizéhe effects of culture parameters MSC immunomodulation

of OA. Theworking hypothesi$or this aim is that the MSC secretome can be manipulated

by altering environmental conditions, such as thlieeensional aggregation to enhance
inherent immunomodulatory activity. The impact of the culture forf@atmonolayer or
3D spheroids), donor variability, seeding density, and media compogitioMSC
immunomodulation was assessed by quantification ofCM&racrine factors and
suppression foactivated synoviocyte proliferation in -@ulture and transvell studies
MSC delivery as single cells and spheroids were then comipatteel rat medial meniscal
transection (MMT) rat model of OAnd evaluated throughistological analysis and

equilibrium partitionng of an ionic contrasgP1C) agent viguCT analysis.

Specific Aim 3: Evaluatethe ability of MSCs an@mnionto modulate inflammation &

OA progressionTheworking hypotheseis thatamnion culture can modulate and enhance

MSC paracrine aptity and enhanceammunomodulation.Amnion incorporated into



spheroids during formation was compared talebvering amnion with the spheroids and
transwell culture of amnion and spheroids. MSC spheroids with or wigtmonion were
also compared tamnionor amnion alone in transwell and-calture studies with activated
synoviocytes Finally, MSCs with or without amnion were irdaaticularly delivered to
MMT rats and OA progressionwas evaluated via EPIQCT and semiautomated

histopathological scoring.

This project isnnovativebecause it examines the ability to engineer the physical and
biochemical elements of transplantabellECM constructso direct cell phenotype and/or
modulate cytokine production. Through the completion of this project, wedtalressed
multiple shortcomings in current osteoarthritis therapies by both developing a novel tissue
engineering strategy to replace damaged -cartlage and combatting the complex
inflammatory environment associated with OA. We constructed transplantable
decellularized cartilage microcarriers capable of supporting chondrocyte expansion and
sustaining the chondrogenic phenotype, laying the ground work for countless other
applications of transplantable ECM microcarrier platforms. By characteriziig\atro
model using activated synoviocytes, we provide insights into the mechanisms governing
OA-associated inflammation and developed a useful tool for screening potential therapies.
Finally, the results of this project have yielded novel scientific insighdghietmechanisms
governing amniotic membrane particles, MSC paracrine activity, and their utility for

osteoarthritis therapies.



CHAPTER 2. BACKGROUND

2.1 Cartilage Biology

Cartilage is the tough but flexible tissue that cushions bones, providing mechanical
support tathe joints, allowing bones to glide easily over one another. It differs from other
tissues because it is avascular, has a low cell density, and contains specialized cells,
chondrocytes, which produce large amounts of extracellular matrix. There areypgase t
of cartilage tissue: fibrous, elastic, and hyaline. The meniscus and intervertebral discs are
composed of fibrous cartilage that allows for higher stress than hyaline cartilage. This
fibrous cartilage has mechanical properties margla to ligamens and tendon§l].

Elastic cartilage, like the auricular cartilage found in the ear, has more elastin, allowing the
tissue to deform more elastically but does not have the sampressive strength as

articular cartilage. Hyaline cartilage is a type of cartilage found on many joint surfaces that
is very strong but still flexible and elastic. The focus of articular cartilage repair treatments

is to restore the surface of an articytant's hyaline cartilage after osteoarthritis damage.

In the developing embryo, chondrogenic cells arise primarily from the mesoderm,
and celicell and celimatrix interactions lead to differentiation of mesenchymal stem cells
into chondroblasts and estblasts (bone forming cells). Chondrogenesis is marked by the
expression of cartilagspecific proteins, the earliest and most important gein
transcription factor Sox92, 3]. Sox9 then upregulates collagen type |l andreases
synthesis of aggrecaf3]. In response to biological and mechanical signals, the
proliferating chondrocytes then undergo many natativisions and align3, 4]. As

chondrocytes are further stimulated and mature, they progress away from praofjferatin



zone toward the middle zone and have a greater concentration of proteoglycans, are more
spherical, and have an increased density of synthetic organelles indicating a greater role in
matrix production[3, 4]. When chondrocytes stop dividing and begin to increase in size,
they undergo hypertrophic differentiation, characterized by the expression of collagen type
X, which induces calcification of the matrip3]. The chondrocytes undergo apoptosis,
allowing for subsequent osteogenesis causing the calcified cartilage to be replaced by
subchondral bone and bone marraw osteochondral bone formatidi2]. Although
cartilage has a low cell density of only18% of the total cartilage tissue volume,
chondrocytes are responsible for the production and maintenance of thextesxsalular

matrix that provides the tissits primary mechanical functidrz, 4].

2.2 The Extracellular Matrix

The extracellular matrix of cartilage is composed mainly of watei8{@®) [5],
collagens (1680%), and proteoglycans-{3%) [4]. Each type of cartilage has different
compositions of collagens, proteoglycans, and other matrix components. Collagen
complexes form the scaffold that gives dage its tensile strength. There are multiple
types of collagens, which contribute to over 50% of the dry weight of cartilage. The major
cartilage collagen is collagen type I, which accounts fe®S% of the total cdhgen in
most cartilage tissudd, 5]. Collagen fibers are also important because of their ability to

anchor proteoglycans in the cartilage matrix.

Proteoglycans are macromolecules consisting of a core protein covalently attached
to glycosaminoglycan chains. These proteoglycans allow cartilage to resist compressive

load. The most abundant protein core in cartilage is aggrecan, a caspkggc,



aggegating proteoglycan. The disaccharide chains of proteoglycans are heavily sulfated,
producing a negatively charged matrix that is able to hold large amountsef|[@ja
Cartilage oligomeric matrix protein (COMP) is another important extracellular matrix
component found in cartilage that is thought to be involved in cartilage differentiation,
pathayenesis, and cartilage turno\&. The extracellular matrix also sequesters cellular
growth factors, and acts as a local depot for them. Changes in physiological conditions can
trigger protease activities that cause local release of growth factors and allow thedapid a

local growth factoirmediated etivation of cellular function§s].

2.3 Osteoarthritis

2.3.1 Prevalence

Cartilage defect repair is extremely challenging due to the innate inability of
cartilage tissue to regenerate propgfll. Osteoarthritis (OA) is the degenerative joint
disease characterized fpint pain, swelling, and stiffness due to cartilage loss. In 2006,
an estimated 46 million in the US had doettagnosed osteoarthrifi0]. Approximately
80 to 90 percent of the population is afflicted with degenerative joint disease by age 65 and
nearly 1 in 2 people are expected to develop symptomatic knee OA by atje &3].

With a rapidly aging population and an increase in the prevalence of obesity, the number
of patients afflicted with osteoarthritis is expette grow to 67 million by 203[L2]. The

direct costs of OA treatment to US insurers and individuals is more than $185 billion
annually[13]. In order to develop a treatment for osteoarthritis, causes and symptoms of

the disease should be considered, along with problems with current treatment options.



2.3.2 Disease Progreson

Osteoarthritis begins with damage and progressive degradation of articular hyaline
cartilage structure and functigh4]. Chondropenia is the early stage of degenerative joint
disease andsidefined by the loss of articular cartilage volume. As this chondropenia
progresses, stress increases across the entire joint leading to further erosion of the cartilage.
If OA progresses to full thickness cartilage loss, it results in abnormal remodeboge
and the formation of osteophytes, or bone spurs that project along [jbi#itsThis
progression may eventually lead to joint malalignment, which hastens structural
deterioration of thgoint by increasing localized loading forc§$5]. The symptoms
associated wish OA results from these abnormal stresses, which become worse and more

frequent with increasing ad&®6].

2.3.3 Types of Osteoarthritis

Osteoarthritis is categorized as primary (idiopathic) or secondary. Primary OA
occurs with no apparent initial causeabnormality and has a direct correlation with aging
[16]. Secondary OA of the knee occurs as the result of trauma or repetitive motion or from
congenital conditions and underlying diseases. While the initial causes of these categories

of OA differ, this distinction does not alter clinical practicad sherapeutic choices.

2.3.4 Inflammation and Osteoarthritis

Autologous chondrocyte implantation is the first and only Fapbroved cell
therapy product used to repair articular cartilage injuries, but it is not approved for patients

with OA or inflammatory dsease$l7]. The lack of efficacy of cell therapies is due in part



to the inflammatory environment cells are exposed to upon implantation since multiple
inflammatory mediators have been shown to play a pivotal role in the initiation and
persistence of OAOA chondrocytes express an array of cytokines, chemokines, alarmins,
damageassociated molecular pattern moleculasd adipokines that act as paracrine
factors and initiate cartilage degradation locally, but also reach the synovium to increase
cytokine production by synovial macrophages and fibroblasts, which promote

inflammation and further enhance cartilage danjagg

In fact, synovial inflammation precedes detectable structural changes and is an
indicator of future medial cartilage logkd-22]. Healthy synovium is normally two to three
layers thick and lacks inflammatory cells, but the onset of inflammation is marked with
hyperplasia of the lining cells and infiltration of macrophages, T and B [@3]lsmast
cells [24], and natural Killer cell$25]. Although multiple tissues arevalved in OA
related inflammation, the synovium is a major site of gross and microscopic changes that
occur early in disease progressipg]. These findings suggest that targeting the
inflammatory process may be critical for improving the efficacy of diseasdifying OA

therapieg27].

Interleukinl beta(lIk1 b) i s one of the key cytokine
of OA, capable of inducing inflammatory reactions and catabolic effects independently as
well as being combined with other mediators. It interferes with chondrocyte sgnbies
typell collagen and aggrecaf28, 29 and increases chondrocyte synthesis of matrix
metalloproteinaes (MMPs) 1,3, and 130-32]. In addition to inducing its own secretion
in an autocrine manner,4db al so sti mul ates synthesis of

involved in OA -6 Ih-8knd €CLA3R37TL NFU, | L



BothIL-1 b and TNFU are increased in the s\
cartilage, and subchondral bone in OA, and the expression ofRINBotype membrane
receptors are increased in fibroblike synoviocyteg§3843].IL-1 b and TNFU exp «
also speed up chondrocyte aging and induces apopidsis). More specifical
alone blocks chondrocyte synthesis of proteoglycan components, proteins binding
proteoglycans, and type Il collagen, and increases IL-8, RANTES, VEGF, MMP1,

MMP-3, MMP-13, and ADAMTS4 [34-36, 47-52].

Although nonsteroidal antinflammatory drugs (NSAIDs) are often administered
for pain managenma in OA, they inhibit proteoglycan secretion and are not recommended
for cartilage cell therapig3]. Inflammation is a complex biological process involving
many molecules and signaling pathways, thus current drug treatment regimens for immune
diseases targeting a single molecule or pathway are often ineffective and insufficient to
suppress chronic inflammati due to inherent compensatory4mfiammatory pathways,
causing patient success to vary grefi]. The inherent immunomodulatory capabilities
of MSCs offer a potent alternative ¢onventional drug treatment regimens due to their
ability to regulate multiple signaling pathways and cell types of innate and adaptive

immunity.
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2.4 Current Treatments for Osteoarthritis

2.4.1 Nonsurgical Treatments

A number of norsurgical treatment options isk to alleviate pain and improve
function for patients with osteoarthritis. Some of these treatments include exercise, weight
loss, antiinflammatory drugs, painkillers, and nutritional supplemeikis glucosamine
and chondroitin [5557]. Glucosamine is a precursor for the formation of
glycosaminoglycans, proteoglycans, and glycolipid. Chondroitin sulfate is a
glycosaminoglycan, which constitutes a major compontnauilage. A study by Clegg
et al tested the efficacy of glucosamine and chondroitin sulfate daily supplements in
treating the pain symptoms of osteoarthritis. In patients with moderate to severe arthritis
pain, the placebo yielded a patient reportegrmmement in pain or function of 54.3%,
while combination therapy with glucosamine and chondrgaitifiate had a response of
79.2%][56]. Though Clegget al. showedimprovement in selfeported patient pain and
function, it is unknown if these compounds are able to localize to the area of osteoarthritis
inflammation and are then incorporated to enhance cartilage formHEtiese norsurgical
treatments for osteoarttis aim to alleviate pain and improve function, but most treatments
do not modify the natural history or progression of OA. When these treatments are

ineffective, ogrative treatments are requirdd].

2.4.2 Surgical Treatments

Some surgical procedures intend to repair or restore cartilage. Microfracture is one
of the treatments of choice and involves drilling into the subchondral bone to cause

bleeding to release progenitor cells and regenerative fadioestissue formed, however,
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is a scailike fibrocartilage that is mechanically inadequate and ofésuilts in lesions

reappearings8].

Allografts of healthy cartilage plugs with subchondral bdrevested from
cadavers have also been used to repair cartilage defects. The implanted hyaline
cartilage/bone is initially more stable than the fibrocartilage formed in the previous
methods, but donor disease transfer, rejection, and integration arentosst@s with
allografts. Autografts from noeload bearing areas of the patient have also been used, but

can also lead to donor site morbidiBg].

Autologous chondrocyte implantation (ACI), whichvolves transplanting a
patientsd own exhwexgansmie, jstthe sostawidélyeused dmlsed
surgical procedure for the repair of traumatic cartilage defé8lsLarge number of cells
(1.6 million cells per crhdefect) are typically neededelto the direct positive correlation
between implanted cell density and the final clinical outc#fe Although ACI has good
clinical outcomes for defect repairs resulting in hyaline cartilage, autologous chondrocyte
repairs composed of fibrocartilage showed more morphologic abnormalities and became
symptomatic earlier thapatients requiring reoperations for other reasons and 72% of
patients requiring reoperation due to macroscopically abnormal cartilage had chondral
defects composed of fibrocartilage rather than hyaline cartiféde Additionally,
inadequate chondrocyte viabilitj62], inefficient cell retention[59], hypertrophic
differentiation, delamination, angoor tissue integratiof63] at cartilage defect sites
following in vivo implantation of single chondrocyte suspension are impediments to

successful outcomes of traditional ACI thaesp Therefore, the need for rapid and

12



efficient cell expansion while maintaining appropriate phenotype presents a predominant

challenge for this regenerative medicine approach.

These surgical attempts to repair or regenerate cartilage are often ineftaui
the disease continues to progress. Pain relievers anohidantamatory drugs are used to
alleviate pain until total joint replacement is required, 450,000 of which were performed
annually in 2004 alongl?2]. Although hip and knee replacement can improve quality of
life [64-66], these major surgical procedutesve multiple associated risks, can fail with
wear and tear, often require revision surgeries throuigthe lifetime of the patief67,
68]. There is especially a concern for letegm outcomes in younger patiefi9, 70].
This overview of osteoarthritis demonstrates that even though many treatments exist to
relieve the symptoms associated with OA, there is an increasing demand to find an effective

source for disease modifying therapies before total joint arthrgptasecessary.

2.5 Tissue Engineering Strategies

2.5.1 Invitro vs In Vivo

Some tissue engineering approaches focus on creating tissueo for later
implantation into the body, while other areas of regenerative medicine focus on how to
stimulate chondrogenesi vivo. In vitro tissue engineering allows for greater control and
alteration of the environment, is less expensive to study, and easier to measure. On the
other hand, regenerative medicine stratemiasvo provide the complex biochemical and
mechanial properties that are difficult to replicatevitro. While both of these strategies
have inherent difficulties and benefits, techniques that utilize aspects of both may have the

most clinical relevance.
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2.5.2 Cell Sources

Focus of cartilage tissue enginegyi and regenerative medicine strategies
primarily relies on one or a combination of cells and scaffolds. A range of cell sources
ranging from embryonic stem cells to differentiated adult chondrocytes, have been
analyzed for their usefulness in cartilaggameration. Each cell source has advantages and
disadvantages. Adult chondrocytes are already the appropriate cell type, but harvesting
these cells is difficult, can lead to increased donor site morbidity, and can have decreased
proliferative capacity. Abbgeneic cell sources from cadavers eliminate the problem of
donor site morbidity but raise immunological obstacles. Stem cells have a more
proliferative capacity, but these must be stimulated to become chondrocytes to produce the
necessary cartilage matroomponents. Many currerefforts in regenerating cartilage
involve treating adult mesenchymal stem cells with growth factors that stimulate
chondrogenesis, like TGF and [7BMJP Many chondrogenic growth factors
stimulate both chondrogenesis and osteogenesis, how@ar 74]. Over time,
mesenchymal stem cells that have been stimulated with these growth factors can undergo

hypertrophy and calcificatiofv5].

2.5.3 Scaffolds

Multiple synthetic and biological materials have been investigated for their
usefulness as a scaffold to provide mechanical supparteahance cartilage tissue
regeneration. Biomaterials evaluated for cartilage regeneration include sponges, hydrogels,
electrospun fibers, and microparticles. Each of these materials provides unique properties

for chondrogenesis, but few of them promoteickuand functional cartilage
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regeneratio76] Scaffolds made of natural biomaterials (agarose, alginate, gelatin,
collagen, silk, etc.) are biocompatible, but do not provide mechanical strength and degrade
quickly in vivo[77] Degradation rates are more controllable in synthetic polymers, and
many of these have high mechanical strength, but cell integration is lig&e&ome
composite scaffolds of synthetic polymers and natural materials are currently on the
market, but natural mateals are still preferrefiz6] Functional biomaterials that respond

to changes in their environment are an attractive source for cartilage tissue engineering,
but developing a functional biomaterial that resembles the mechanical and biochemical

capabilities of cartilage i@ complex obstacli’6]

2.5.4 Decellularized Matrices

A new focus in regenerative medicine involves the use of extracellular matrix
materials, typically from a xenogeneic source, for use as a scpi®l@0] Cellular
antigens from the tissues can be removed to avoid adverse immune responses while
preserving ECM components, which are conserved among spégiéi-86]. Acellular
ECM materials have been used clinically for the regeneration of a range of different tissues
and offer attactive strategies for regenerative purposes due to their 3D presentation of
bioactive molecules capable of promoting tissue homeostasis and regen@a9@h
[99]. These ECM scaffolds are biocompatible, biodegradable, and provide varying
amounts of mechanical suppd@2-85, 10(. Previous studies have also shown that
decellularized scaffolds are able to recruit immune cells and promote endsdessoe
repair [10]]. ECM materials have shown to significantly improve cell viability and

retention at implantation sit¢$02,.
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Furthermore, results from studies using tisspecific ECM have shown that cells
exhibit a better cell retentioand phenotype when seeded on decellularized matrices from
the same origin as that from which the cells are iso[di@§, indicating that decellularized
articular cartilage ECM might be beneficial to the acute survival and ldeger
integration of chondrocytes delivered to treat cartilage defects. Blathpemeic and
xenogeneiccartilage ECMbased scaffolds have been shown to support chondrocyte
phenotype athpromote chondrogenic differentiatift04-106. However, implantation of
cartilage matrix alone fails to repair cartilage defects due to inadequate cellltia@tiiodfi
and tissue integratidi07]. Therefore, decreasing scaffold size and increasing the surface
areato-volume ratio via microcarrier fabrication may iease scalability of chondrogenic

culture on decellularized cartilage matrix for the application of ACI.

2.5.5 Microcarrier Culture

Microcarriers (UCs) are commonly used for scalable culture of anchorage
dependent cells because of their high surfaaeeato-volume ratio [108 109.
Microcarriers made from plasticl10, 111], dextran[110 112, gelatin[113-11€], or
poly(lactide) and its cpolymers[117, 118 have been employed to expand chondrocytes
and have shown more beneficial effects in terms of cell yield and chondrogenic phenotype
compared to conventional 2D culture on tissu#ture polystyreng[110, 114, 115.
However, chondrocytedisplay a gradual decrease in synthesis of cartilaginous ECM after
prolonged culture on microcarriers and fail tediferentiate under chondrogenic culture
conditions[117], suggesting that currently used microcarrier materials are not able to
recapitulate the complex cartilage microenvironment seervivo by proliferating

chondrocytes. Additionally, current microcarriers are oftenaegradable or have limited
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degradability, which poses another barrier for direct implantation of thestadet
microcarriersin vivo [119. Alternatively, expanded chondrocytes that need to be
enzymaticallyharvested from microcarriers oronolayersdefore implantation separates
the cells from the ECM they produce duriimg vitro culture [12(0 and can damage
remaining ECM[121]. Therefore, the development of implantable microcarrfers
chondrocyte expansion could significantly improve Af@ksed cartilage regenerative

applications.
2.6 Immunomodulation
2.6.1 MSC Immunomodulation

MSC-secreted immunomodulatory paracrine factors (PGE2, IDG,F tHGF, &
IL-6) can affect multiple cell types, mering MSCs an attractive cell therapy for
regulating the complex pathogenesis of OA. Specifically, MSCs inhibit inflammatory
cytokine secretion, promote afiiflammatory M2 macrophages and tolerogenic dendritic
cell phenotypef§l22-124], regulate antigen presentatifii25 126, regulate B and T cell
proliferation and cytokine secreti¢h27-129, and modulate the balance of inflammatory
and regulatory Thelper cell penotypeqd130-132. Furthermore, MSCs can prevent or
resolve chronic inflammation by directing immune cells towardsiafitimmatory and

tolerogenic phenotypd422-124.

MSC immunomodulation is regulated by the inflammatory state of their
microenvironment, and inflammatory cytokines including interferon gamma-(JFN
tumor necrosis factor alpha (TNF) |, and intefbfukian al bewnat

expression of immunomodulatory factors such as PGE2, IDO, and [H&F135.
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Ligands for toltlike receptors TLR3 and TLR4 can also regulate MSC immunomodulation

by altering paracrine factor secretion of MYC36, 137].

2.6.2 Threedimensional Culture of MSCs

Spheroidal aggregate culture of MSCs has been used to mimic toeltahd ceH
matrix interactions and 3D nature of the endogenous MSC niche. Aggregation of MSCs
through hanging drop, forced aggregation, or culture onatterent surfaces promotes
selfassembly of MSC spheroids via cadherin bindt28-141]. Spheroid cultur has been
shown to maintain or even induce a more multipotent state of MSCs in comparison to
monolayer culture§l42-144]. Spheroid delivery of MSCis vivo has also improved cell
retention and survival, yielding better engraftment and treatment in cardiac and skeletal
muscle models, colitis models, as well as bone defé89 145148. Spheroid culture
can increase paracrine factor production of multiple cytokimestro including VEGF,
FGF2, HGF, EGF, SDA, BMP2, TSG6, PGE2, and angiogenin in comparison to

morolayer culturd149-154].

The McDeuvitt lab has previously developed-B 31SC aggregate culture platform
that enhances the immunomodulatory factor secretionD@f, PGE2, and It6 in
comparison to adherent MS{Ckb5. Moreover, MSC spheroids subsequenticatiured
with lipo-polysaccharide (LPS) and IFN acti vated macrophages
macrophageo-MS C r at i 0) enhanced suppression of
compared to adherent MSC monolaygt85. Incorporation of IFNo-loaded heparin
microparticles into MSGpheroids sustained immunomodulatory paracrine production and

increased the polarization of -coltured macrophages to a less inflammatory M2

18



phenotypd15€. In this study, we propose to harness theseimifdimmatory properties

of aggregating MSCs in order to treat OA.

2.6.3 Amniotic Membrane

In addition to cellular MSC therapies for modulating inflammation, some ECM
materials contain immunomoldtiory propertie$157, 158. The amniotic membrane is the
innermost layer of the placenta and exhilmsnunosuppressant and amtflammatory
activity in order to protect the fetus and ensure acceptance by the mother's immune system.
Micronized dehydrated human amnion/chorion membrane has been shown to be
immunomodulatory and neimmunogenic[158 159; contains a number of beneficial
growth factors, including platelet derived growth factor (PDGF), fibrolgesith factor
(FGF), and transforming growth factor beta (FG&GF[160 161]; and improves
maintenance of chondecyte phenotyp§l62 163. The multiple factors eluted from the
amnion can modulate stem cplracrine activity and proliferatigii64]. Cryopreserved
amnion hastens macrophage infiltration and promotes-agating phenotype in wounds
of diabetic mie [165. These properties are potentially beneficial in a treatment for the
inflammatory, degenerated environment of an osteoarthritic joint and previous vioek in
Guldberg lab has demonstrated that Hatrécular injection of micronized amnion
attenuates osteoarthritis development in the medial meniscal transection (MMT) rat model
of OA[164. There are, however, a number of factors in the treatment of OA with amnion
that have yet to be explored, including the effect of particles on MSC trophic factor
production and croswlk between cells andhé amnion matrix, and efficacy of

combinatorial MSC and amnion treatment in a therapeutic model of OA.
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2.7 Medial Meniscal Transection (MMT) Model of OA

The medial meniscal transection mofdMT) rat model is a wellaccepted small
animal model for evaluatingew pharmacologic agents for pastumatic OAThe medial
collateral ligament is cut to expose the joint space and then the medial meniscus is
transected at the narrowest point, which destabilizes the joint, resulting in fibrillation of
the articular caiage, proteoglycan loss, cartilage degeneration, and osteophyte
development within 21 day$167, 168. MMT also increases local expression of
inflammatory genes, macrophage infiltration, synovial lining thickness, and joint swelling
[169, 17(. In addition to using traditional methods to characterize the disease progression
based on histology, the Guldberg lab has developed a technique to quantitativel$assess
microstructural changes in the articular cartilage using contrast enhanced microcomputed
tomography known as equilibrium partitioning of an ionic contrast agent via uCT {EPIC
MCT). This technique is based on the principle that compared to healthiagmrti
degenerated cartilage contains a lower proteoglycan content and, therefore, a higher
concentration of a negatively charged contrast agent at equilibviditin.this technique,
we have shown that we can quantify 3D changes in articular cartilage nagphielsion
volume, proteoglycan composition, subchondral bone thickening, osteophyte formation,

and surface fibrillation and erosiofisr]].

Histopathologicakcoring methods have also been utilized to assess changes in the
MMT model. An Osteoarthritis Research Society International (OARSI) working group
has developed a standardized scoring system based on six grades that reflect depth of the

lesion and four stges assessing extent of OA over the joint surfa@é]. In addition to

20



OARSI scoring, changes in the synovium are also quantifiahleanmunohistochemical

staining of inflammatory cells and measurement of the synovial I[ding.

21



CHAPTER 3. DECELLULARIZED CARTI LAGE
MICROCARRIERS SUPPORT EX VIVO EXPANSION OF

HUMAN CHONDROCYTES

3.1 Introduction

Cartilage regeneration is limited by ésascularitylow cellularity, and the ®w
proliferation of chondrocytdd 73. Autologous chondrocyte implantation (ACH which
chondrocytes are isolated and expanded and thanptanted, $ one of the onlyFDA
approved treatmentlat aimgo regenerate cartilag#&74]. Currentchondrocyte expansion
procedurs can take up to four weeksn tissueculture treategbolystyrene follow typical
cell culture proceduse and utilize enzymatic release of attached c¢llg4.
Unfortunately, chondrocytes dedifferentiateapidly using existingex vivo expansion
methods, marked bghanges in collagen expression from a healthy collagen type Il
production to a more fibrotic collagen typ¢ll75. The dedifferentiationinduced byex
vivo culture results infibrocartilageformation upon remplantation,calcification and
subsequengrowth of bonen vivoinstead of hyaline cartilage, resolj in additiona pain
and boneon-bone contacf175. Thus, new methods to expand chondrocytes while
preserving their phenotype are needed, and may significantly decre@sstland time of

current expansion techniques, while improving physiological outcomes.

The need for a relatively large arthrotomy associated with traditional ACI as well
as a desire to improve repair tissue have spurred the developmeatrptiktducedACI

(MACI) membranes which expandedhondrocytes are seeded onto a titieeensional
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scaffold that is directly implanted176178. Various scaffolds derved from a porcine
collagen I/l [179, collagen dichondroitinsulfate [180, hyaluronic acid [181]],
fibrin/PLA/PGA/PDO[182, or an agarosalginate hydrogel183 have been developed

for MACI. Although seeding the cells in these thd¥mensional scaffolds slightly
improves their phenotype, chondrocytes are still expanded on plastic surfaces prior to
scaffold seeding, andypertrophy of the repair site, incomplete filling, and limited

integraton with surrounding normal cartilage continues to result in complicatic@.

Like most cells, chondrocyte phenotype dadction are influencedy exposure
(or lack thereof) to variousbiochemical and biomechanical factokdost chondrogenic
culture strategies are unablerézapitulate the complex milieu of growth factors involved
in chondrocyte homeostasis, and culture methods often promote either expanaion or
chondrogaic phenotypdan a mutually exclusive fashioWhile the exact mechanisms of
environmental parameters on the regulation of chondrocyte phenotype are not yet fully
understood, both biochemical and physical components of the Ilcadllage
microenvironmentontribute to chondrocyte phenotype retentiomitro. Several studies
haveobserved enhancethondrocytgphenotype wheoultured on decellularizedartilage
[105, 185-187]. Decellularized cartilage matrix is quite dense, however, and sheets of the
ECM exhibited a lack o$uccessful tissue integration and cellular infiltratiorthondral
defects in vivo in anvine model[107]. Therefore, reducing decellularized cartilage

scaffold size may improve tissue integration and therapeutic applicability.

Microcarriers enhancproliferation when compared to monolayer culture due to
their high surface areto-volume ratio, which allows for culture of large amounts of cells

with decreased requirements for space and nutristdaaufactured microcarriers can be
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produced with many ifferent materials, and chondrgte expansion has been
demonstrated on polystyrene microcarrigpelymercoated glass microcarriers, and
gelatin based microcarrief$1(. Most of these materials are neither biodegradable nor
manufactured for direct use, often requiring enzymatic harvest. Recently, some
microcarriers have been used as delivery devices for cells or chemical comipourds
Subcutaneousnjection in a mousemodel with chondrocytes seeded on gelatinous
Cultispheé -G microcarriers (CGuCsesulted inhigher glycosaminoglycan content than
plated chondrocytefl1(. Although mcrocarriersenhance chondrocyte proliferation
synthetic microcarriers do not prevent dedifferentiation and gelatin microcarriers are
composed pmarily of denatured collagen |, which may contribute to a fibrocartilage

phenotype and microenvironment

Thus, microcarriers composed of decellularized cartilage-|{0€) that retain
structural and biochemical cues of the native extracellular matrix (ECM) may pwvide
improved means to culture chondrocytes for MACI therapiesdelivery formatHerein,
we present a method of fabricating decellularized cartilage microcafmensporcine
articular cartilage Chondrocyte seeding, expansion, and phenotype on decellularized
cartilage microcarriers was compared to gelatin ncmnoers and tissue culture
polystyrene. Additionally, principal component analysis of gene expression was performed
to elucidate the effects difie different materialen chondrocyte phenotype. Overall, this
study marks a first step in developing chongtedaden microcarrier constructs as a
versatile expansion platform for chondrocyte phenotype retethtaircouldoe used to fill

chondraldefectsfor ACI.

3.2 Materials and Methods
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3.2.1 Cartilage Decellularization

Fresh porcine cartilage was isolated from ititerphalangeal joints in thieet of
eight market weight pigs obtained from a local meat processor. Extraneous tissue was
removed to expose the articular cartilage surface and care was taken to avoid removing
subchondral bone during isolation of the arcutartilage. Cartilagevas cutinto small
pieces (approximately 2 mm x 2 mmpnsedin Dulbecco's phosphatauffered saline
(DPBS), andliquid wasaspirated before cartilage samples were store2DdE. The tissue
phenotypewas verifiedusing haematoxyh and eosin (H&E) and safranid (SafO)
stained sections of specimen biopsgiesording to histological staining methods described

below.

Frozen artilage pieces were thawed at room temperature and washed on a rotary
orbital shaker at 25&PM and 37C in 500 mL of a series of chemical and enzymatic
washesThe decellularization protocol wasnilar to that of Reingt al with modifications
of TrypLE Expresga purified, recombinant cetlissociation enzynjen place of trypsin
and the addition of a tvmy-four hour DNase and RNase wd488]. All decellularization
solution was aspirated and deatdrized cartilage was frozen @0°C until further use.

The final decellularization protocol is shown in Table 1.

To quantify decellularization, frozen cartilage pie@esighly 2 mm x 2 mmyvere
lyophilized, digested in proteinase (00 mAU/ml)accordng to the Quiagen® DNeasy
protocol and DNA was quantified with PicoGreen® reagent and DNA gel electrophoresis.
Histological samples were also stained with H&E, DAPI, and SafO to show lack of visible

nuclei and GAG retentioas described in the followirfystological staining section.

25



Tablel. Decellularization Protocol

Wash Solution Time
TrypLE Express 6h
Deionized water 15 min, 3x
70% ethanol 15h
3% hydrogen peroxide 15 min

Deionized water

15 min, twice

1% Triton X100 inEDTA/Trizma 6h

1% Triton X100 in EDTA/Trizma 15h
Deionized water 15 min, 3x

DNase/RNase Solution 24 h

Deionized water

15 min, twice

0.1% PAA/4% ethanol

2h

Sterile DPBS

15 min, 3x

3.2.2 Cartilage Microcarrier Formation and Characterization

The deellularized cartilage pieces were lyophilized, fldsbzen in liquid
nitrogen, and milled with a Thomas Wiley MiMi | | E using a 400&m me:
milled cartilage was then sifted overnight at 4°C to separate microcarriers by size in sieve
meshes rangi hg5G reomm arBdO0 25 me mT It ef cadtitage we i g
samples after each step was recorded to determine yield efficiency. After sieving, 3mg of
each size microcarrier were stained with eosin for 15 minutes, washed five times with 0.1%
TritonX-100 in DPBS, and imaged with a confocal microsc@geiss 700 LSM). Size
was quantified in ImageJ® by determining the largest and smallest-secigsnal

distances, approximate diameter, and aspect ratio of each microcarrier. Commercially
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available gelatin microcarriers, Cultisphefc were also stainechd used as a control for

comparison.

3.2.3 Cell Seeding on Microcarriers

ATDC5 cells, a mouse teratocarcinoma cell line that mimics mesenchymal
condensation and chondrogenic differentiafit®d], was used for preliminary cdthading
experiments. ATDC5 cells were expanded in ATDC5 growth media consisting of
DMEM/F-12 media with Eglutamine (Invitrogen) supplemented with 5% FBS (Atlanta
bi ol ogics), 10 &g/ mL t r &M sodienm selenite (Sigmav i t r o
Aldrich) at 3,250 cells/ci Cells were cultured at 3C in 5% CO2 and fed every2days
until 90% confluent.

After trypsinization, ATDC5 cells were seeded at Sxbells/cnt or 5x1C
cells/cnt on the decellularized cartilage micesders through overnight incubation at a
high cell density (500,000 cells/mL) in ATDCS5 growth media in 50 mL conical tubes with
5 mL of agarose to provide a flat bottom for microcarriers to settle without clumping. After
overnight incubation, the media svaollected after to determine seeding efficiency with a
hemocytometer by counting unattached cells. The microcarriers were then transferred to 6
well supel ow attachment pl ates (NunclonESpher a
cultured on a rotary orbitahaker at 60 RPM for up to 7 days and samples were collected

at Days 1, 4, and 7 for Live/Dead staining and histological analysis.

3.2.4 Human Chondrocyte Isolation

Human cartilage was ethically obtained from distal end of adult femurs of diabetic

patients (n=fundergoing above knee amputations at Emory University Hospital (IRB No.
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00051432). Briefly, articular cartilage was dissected and care was taken to exclude any
areas of osteoarthritis. Cartilagaas then cut into 2 mm x 2 mm pieces and sequentially
digeged with 1 mg/mL pronase (30 min) and 1mg/mL collagenase type 2 (overaight

hour at 37AC with slow agitation. The di ge:
mesh, and any pieces larger than the mesh were resuspended in fresh 1 mg/mL collagenase
type Il and digested for an additional nigktl5 hours) Isolated primary chondroass

were washed in growth media consisting of DMEM/E 10% fetal bovine serum,
50ug/mL L-ascorbic acid phosphate, and penicillistreptomyciramphoteracin B (100

U/mL, 100 U/mL, and .25 pg/mL). Chondrocytes were frozen in 80% media, 10% FBS,
10% DMSO util microcarrier seeding except for a small portion from each donor that
were seeded immediately on TCPS for endotoxin testing with the-BiE& LPS
Detection Kit. Any vials from donors that tested positive for endotoxin were immediately
disposed of (1 dasr/4 donors total for a final n=3). Monolayer cultures on tissue culture
treated polystyrenglated were used as a control for comparison with microcarrier culture

and cells were seeded at 1%lgells/cnt in growth media and media changes were
performedevery 23 days A total of 5 wells were also seeded in glass tissue culture plates

1x10* cells/cnt for live/dead staining and confocal microscopy.

3.2.5 Chondrocyte Epansion orMicrocarriers

The decellularized cartilage microcarriers (DCuUCs) from theZ2&@Dmicron sieve
and Cultisphex -G microcarriers (CGuCs) were rehydrated in chondrocyte growth media
for 30 minutes before cell loading. Primary human chondrocytes pooled from 3 donors
were then seeded at 1X@lls/cnt, mixed with gentle pipetting with a wéebore pipette,

and then split in 1&vell NunclorE Spher& suspension plates. The monolayer and
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suspension microcarrier culture plates were placed in the same incubatdC @n875%

COe. The microcarrier cell suspension was incubated under static cosdéid?50,000
cells/mL overnight, after which time the microcarriers were again mixed with gentle
pipetting, allowed to settle, and then media weraoved with any unattached cellhe
microcarriers were supplemented with 1 mL/well of chondrocyte growtharand placed

on a rotary orbital shaker at 80 RPM for the duration of the experiment. ealwges

were performed every-4 days and samples were collected at days 1, 7, and 14 to assess

viability, proliferation, and ECM deposition.

3.2.6 Live/Dead staining

Samples from each group were collected at days 1, 3, 7, 11, and 14 to assess
viability via Live/Dead staining. Microcarriers were pipetted using a wide bore 1000uL
pipette, allowed to settle, and rinsed twice with DPBS. Giteted samples were aspirated
and washed with DPBS before staining with 8uM calg&ih and 8 pM ethidium
homodimerl for one hour at 40C according t C
Viability/Cytotoxicity Kit (Thermo Fisher) and imaged with a Zeiss 700B Laser Scanning

Confocal Microscope.

3.2.7 Histological and Immunofluorescent Staining

Histological samples were fixed in 10% neutral buffered formalin, embedded in
1.5% agarose hydrogel, manually processed for histology, and embedded in paraffin.
Samples were sectioned (5um) for routine histplagth hematoxylin and eosin (H&E)
and safranirDffast green (Saf O) staining. For immunofluorescent staining of collagen |

and I, slides were deparaffinized and antigen retrieval was performed in 10mM sodium
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citrate pH 6.0 at 60°C overnight in a watethbafter blockingwith 4% normal serum

samples were incubated with primary antibodi€sl2A1 mouse monoclonal antibody

[1:200 SCG52658, Santa Cruz Biotechnology] and Coll rabbit polyclonal [1:100 ab34710,
Abcam]) overnight(~15 hours) washedin .05% Tween PBS (2x, 2 min)and then

incubated with secondary antibodies for one hour (555 goatremise [1:200 4409S, Cell

Signaling Technology] and AF488 goat arabbit [1:200 4412, Cell Signaling
Technology]in 4% normal serunfeforewashing 2x in .05% Teen PBS, rinsing once in

water, andthemount i ng in Sl owFadeE Gold Antifade

Fisher)and imaging

3.2.8 Molecular Analysis

MRNA levels for signaling molecules and matrix proteins were measured in
chondrocytes cultured on the variczagriers to determine phenotypic stability. On Days
1, 7, and 14, samples were washed in DPBS, collected in lysis buffer (Quiagen), and frozen
at -80°C. At the conclusion of the experiment, RNA and DNA were extracted using
QIAzol, QIlAshredders, DNeasy spiolumns, and RNeasy MiniElute columns according
t o t he manufacturerds instructions (Qui a
QIAshredders, run through DNeasy spin columns, and then the run through from the DNA
columns was washed and run through the &dyespin columns to collect both RNA and
DNA from each sample following Quiagen instructions for each. DNA was quantified with
PicoGreen® analysis. RNA was quantified with Nanodrop (Thermo Scientific) and 270 ng
RNA was reverséranscribed to cDNA (RNA teaDNA Conversion Kit 4387406, Thermo
Scientific). Realtime quantitative polymerase chain reaction (PCR) was performed with

genespecific primers using the Fluidigm Biomark System using recommended TagMan®
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Assay Primer/Probe Sets (Thermo Fisher Scientifieyels of mMRNA were measured for
SRY (sex determining region ox 9 (Sox9), aggrecan (Acan), cartilage oligomeric
matrix protein (Comp), typé collagen alpha 1 (Coll), typi collagen alpha 1 (Col2),
runtrelated transcription factor (Runx2), osteopntin (Opn/Sppl)type-X collagen
(Col10), fiboromodulin (Fmod)matrix metallopeptidase 13 (MP-13), andinsulin-like
growth factor 1(Igf-1). All genesare presenteds 2°%¢ with ribosomal protein S18

(Rps18) as the housekeeping gene amanalized today O chondrocytes as the control

[190.
3.2.9 Statistical Analysis

All data are reportecais mean * standardeviation, with a minimum of N=4
independent samples for each experimental gr8tatistcal significance was determined
using onewayortwoway ANOVA, f ol |l owed by GhphRad® 6 s po
Prism 7.0; p<0.05 was considered statistically signific@therwise Student'stésts were
perfome d wi t halsdJuesidg GraphPad® Prism 7.0 where appropriate. Gene
expression tests for normality, principal component analysis, heat map generation, and

cluster analysis was performed in JMP Genomics with SAS® analytics.

3.3 Results

3.3.1 Cartilage Decellulaization

Native cartilage had many visible cellular nuclei while the decellularized cartilage
showed no cells and lacunae remained vacant after decellularization (Figure 1 A&B). No

residual DNA was visible by gel electrophoresis after decellularizationessdthan 2
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percent of the original DNA content was detected by the PicoGreen assay (<.4 ng of
DNA/mg dry weight) (Figure 1 C&D). Glycosaminoglycan content was almost completely

removed by the decellularization process based upon Safranin O stainirmg (FEu

H&E Hoechst DNA Safranin-O
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Figure 1. Effective Decellularization of Porcine Articular Cartilage. Decellularization

of porcine cartilage was verified via lack of visible nuclei after hematoxylin & eosin (H&E)
(A&E) & Hoechst staining (B&F), lackf visible DNA after gel electrophoresis (C), and
<2% of DNA remaining when quantified via PicoGreen® assay (G) (*p<0.05 vs Native
Carti |l age u-gst)nSgfrarsO stadnagshaivs dedellularization also removes
glycosaminoglycans (H).

3.3.2 Cartilage Microcarrier Characterization

The dry weight of cartilage sample&s recorded duringach stepf fabrication
to determinamicrocarrieryield efficiency.Almost half of the staring mass of cartilage was
lost due to decellularization (~49% of initial sgsvhereas subsequent milling and sieving
resulted in relatively little loss, 9% and 2% respectively. The remaining 40% of the initial

mass was decellularized cartilage microcarriers; 15% of which in th8@eénicron sieve,
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16% in the 18250 micron sieg, and 9% between the 2B00 micron sieves (Figure 2
A). Size analysis was performed on DC and CG microcarrierg ustroscopy and image
analysis with ImageHydrated CG uCs had a diameter around 250 microns while the 180
250 sieved DC uCs were cloger400 microns (Figure 2 B). The CG carriers were more

spherical with an aspect ratio around 1.2 compared to 1.5 aspect ratio for DC uCs (Figure

2 C&D).
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Figure 2. Characterization of Microcarriers. The final yield of the 18@50and 256400

micron sieved DECs was 15% and 16% of the initial weight of the cartilage pieces
respectively and the majority of loss during processing was due to decellularization (A).
The 1806250 micron sieved DQCs were larger in comparison to commeigiavailable
CG-uCs with hydrated diameters around 400 and 250 microns respectively based on
ImageJ® analysis of the longest side, shortest side, and average diameters across pCs
(n=105 and 97, respectively). Statistical significance was determined ASIQYA with
posthoc Tukey correction (@p<0.05 vs DC uCs) (B).42Cs and CGuCs both varied

in size with some clumping even in the absence of cells (C). The CG uCs were rounder
than the DC uCs, resulting in an aspect ratio closer to 1 (@p<0.05 vs DC w@s us
St u d etest) @} Alltresults graphed as meanzSD.
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5x104 cells/cm?

5x104 cells/cm?

Figure 3. Chondrogenic ATDCS5 cells attach to and proliferate on decellularize
cartilage microcarriers and maintain a high viability over 7 days of culture. The
chondrogenic mouse teratocarcinoma ATDCS5 cell line maintained a high viabil
proliferated up to 7 days at both seeding densities althougt? Bzll€/cnt resulted il
patchy seeding with some microcarriers still empty on Day 7redse5x16 cells/cnt
seeding resulted in near confluence at 7 days on some DC pE} (Phe cell
proliferated on the surfaces/edges of the DC UCs, as seen by positive nuclei stait
H&E along the borders of the sectioned uCs ().

3.3.3 Microcarrier Seeding with ATDC5 Cells

Initial cell seedingexperimentsvere performed with ATDCS5 cells, a chondrogenic
mouse teratocarcinontll line. The size analyses were used to approximmeateocarrier
surface area and ATDC5 cells were seeded at®%an6x1¢ cells/cnf. Both densities
achieved >70% loading efficiency, apdoliferated over the-day culture periodvhile
maintainng high viability (Figure 3 A). Although the cells seeded at 5%télls/cntwere

more evenly distributed after seeding on day 1, confluence was varied and inconsistent
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over some UC surfaces after just 7 days.expected, the cells did not infiltratgo the
interiors ofthe DC pCsover he 7-day cultureperiod and proliferated primarily on the
surface/edges of the decellularized microcarrigigure 3 B). Consequently, human
chondrocytes were seeded at an intermediate density of t&ll§/cnt for subsequent
studies since ATDCS5 cells proliferate faster than chondrocytes but the lower density of

5x10*had kss consistent seedifit8d.

3.3.4 Human Chondrocyte Expansion

Primarychondrocytes proliferated on all surfagesC uCs, CG uCs, and TCPS)
over the 14day culture period and maintained a high viab#isydetermined by live/dead
confocal imagindFigure4 A-D). Chondrocytes exhibited increased eltment to the DC
microcarriers than the CG microcarriers or TCPS based on Day 1 DNA c(fitante 4
C). Cell proliferation on all three of the surfaces led to progressive increases at day 7 and
day 14. Both DC and CG microcairigroups yielded higher expansion than plated groups
on days 7 and 14 and CG carriers had significantly more DNA than DC carriers at Day 14
(Figure 4 C). Positive safranin O staining of human chondrocytes on the surface of the DC
pUCs at 14 days indicated glycosaminoglycan preséRicgire 5 A, indicated by black
arrow). CG chondrocyte constructs maintained high levels of collagen | over the culture
and DC pCs had small amounts of collagen | localizededabunae and carrier surface.
Chondrocytes cultured on CG carriers expressed little to no collagen Il at any of the
observed time points while DC carriers maintained collagen Il similar to native cartilage

(Figure 5 B).

35



' (C 300- @

| $ #
o) @&
£ 200- @ $#
© # $
?:,, $ @
< 1004 $ é‘.} S
E -

Day 1 7 14 0 1 7 14 0 1 7 14

Plated CG uCs DC uCs
Day 1 Day 4 Day 7 Day 11 Day 14

CG uCs Plated

DC pCs

Figure 4. Primary human chondrocytes attach to and proliferate on ECM
microcarriers over 14 days Primary human chondrocytes (A) isolated from the femurs
(B) of diabetic patients were plated or seeded on gelatin CultéspBeavlicrocarrers (CG

UCs) or decellularized cartilage microcarriers (DC uCs) at 4xéls/cnt. Chondrocytes
attached to DC pCs better than either of the other surfaces based on DNA content with
PicoGreen® Assay after overnight seeding (C). Chondrocytes proliferager fin
suspension YC culture than plated culture, and fastest on the CG puCs over 14 days (C).
Results are graphed as mean+SD and statistical significance was determinedvayth 2
ANOVA with posthoc Tukey correction ($ vs Day 1 with same substrate days same
substrate, @ vs plated at same time point, & vs CG pCs at same time point) (C). Confocal
imaging results after Live/Dead staining indicate cells maintain high viability while
proliferating over all three surfaces (D).
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Figure 5. DC uCs support chondrocyte GAG retention and retain collagen type I
structure. Primary human chondrocytes expanded on DC uCs stained positively for
glycosaminoglycans with Safranin O staining up to 14 days, as indicated by the black arrow
(A). Immunofluorescent staining of collagens type | and Il indicate CG uCs had little to no
collagen type Il over the 14 days of culture and retained their collagen | while DC uCs
retained their collagen type Il structure over 14 days similar to nativiagar{B).

3.3.5 Gene Expression Analysis

Chondrogenic gene expression increased on both mirocarriers in comparison to
plated monolayers. More specifically, chondrogenic transcription factor, SOX9, expression
was higher in chondrocytes on the DC carriers atldayd increased on the CG carriers at
day 7. SOX9 decreased on all surfaces at day 14, although DC carriers had higher SOX9
than plated chondrocytesigure 6 A). Aggrecan expression increased at day 7 for

chondrocytes on all theesurfaces, but was greater on the DC uCs at days 7 akaylifde(
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6 B). Cartilage oligomeric matrix protein (COMP) increased on both microcarriers at 7
days, but was highest in the @@ltured chondrocytes at day Figure 6 C). Collagen |
expression increased on day 7 for the plated and CG pC chondrocytes, but was not
significantly different from day 1 on day 7 for DC uC chondrocytes and was not
statistically different on day 14 on any of the surfaéégure 6 D). Collagen Il expression
increased on all surfaces at day 7 in comparison to day 1, and to a higher extent for both
microcarrier groupsHigure 6 E). Col Il expression decreased on both caroerslay 14
compared to day F{gure 6 E). The ratio of collagen type Il to type | was higher on both
carriers at day 1 than the plated carriers but decreased on all surfaces at days 7 and 14
(Figure 6 F). Osteoblastic transcription factor, renetated transcription factor 2, Runx2,
increased on all surfaces at day 14 compared to day 1, but also increased on the CG carriers
on day 7 Figure 6 G). Bone sialoprotein, or osteopamtiexpression increased for
chondrocytes cultured on both carriers in comparison to plated chondrocytes, but decreased
on days 7 and 14-{gure 6 H). Collagen X expression decreased on all surfaces on days 7
and 14 in comparisorotday 1 Figure 6 I). Fibromodulin expression increased on both
carriers at day 7Higure 6 J). DC pC culture resulted in increased MMXI® expression in
comparison to plated and CG cultured chondrocykégufe 6 K). Insulin-like growth

factor 1 expression increased on day 14 in comparison to days 1 and 7 for alFRijgoogs

6L).

Principal component analysis (PCA) of the gene expression data resulted
clustering of fresh day 0 chondrocytes (yellow marker) with all day 1 samples (light pink,

green, and blue markers) and day 7 chondrocytes (green marker) were clustered very
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Figure 6. gRT-PCR gene expression of plated chondcytes in comparison to CG and
DC uC culture. PCR ofchondrocytes using Fluidigm Biomark System with TagMan®
Primers for SRY (sex determining region-x 9 (Sox9), aggrecan (Acan), cartilage
oligomeric matrix protein (Comp), typeand typell collagen dha 1 (Coll, Col2)the
ratio of Col2/Coll, runtelated transcription factor (Runx2), osteopontin (Opn/Sppl),
type-X collagen (Col10), fiboromodulin (Fmod), matrix metallopeptidase 13 (MNP
and insulinlike growth factor 1(Igf-1). All genes are peented as 2%% with
housekeeping geriRps18 andhormalized taday O chondrocytes (relative expression=1).
Data is graphed as meantSDBway ANOVA with Tukey correction ($ vs Day 1 same

substrate, # vs day 7 same substrate, @ vs plated at sam& tig@G uCs at same time
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closely along principal component 1, which accounted for 95% of the sample variability
(Figure 7). All other day 7 samples clustered closer to the day 14 samples on the other end
of PC1, apart from one dayd1IDC uC sample (forest green mark&igure 7). PC2
captured variability between day 7 plated cultures from days 1 and 14, but did not

distinguish differences in ddifferentiation and captured less than 5% of the variability

(Figure 7).

o2

(%6't) 20d

CG uCs 000
DC uCs OQQ

-0.15 -0.1 -0.05 0 0.05

PC1 (94.8%)

0.1

Figure 7. Day 7 DC uCs expanded chondrocytes cluster near day 0 and day 1
chondrocytes based on principal component analysis of gene expression datze first
through third principal componentsom a principal component analysis of PCR gene
expression data from all 12 genes of interest were compared for chondrocytes cultured on
all three substrates. Principal component 1 (PC1) captured 94.8% of the variability while
components 2 and 3 capturedyof.9% and .2% respectively. All day 1 samples clustered
with day O chondrocytes (bright yellow marker) on all three PCs. All day 14 samples
clustered together along PC1 along with day 7 plated samples and most day 7 CG uC
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samples. Day 7 DC uC samplesstiered with day 0 and 1 samples along PC1, but all but
one of the day 14 DC pC samples clustered with the othéifigeentiated day 14 samples.

3.4 Discussion

In this study, the ability of decellularized cartilage microcarriers to support
chondrocyte expai@n ex vivowas investigated. &tilagemicrocarriers were effectively
decellularized, retaining <2% of their original DNA content while retaining endogenous
collagen Il. Microcarrier culture enhanced chondrocyte proliferation over 14 days in
comparison totraditional plated culture and DC pCs supported greater chondrocyte
attachment. Microcarrier culture enhanced expression of chondrogenic genes, such as
Sox9, aggrecan, collagen type Il, and increased fibromodulin and-VBVIEollagen |1,
runx2, and Igfl increased over time for all chondrocyte cultures, while collagen type X,
osteopontin, and the ratio of collagen Il to collagen | decreased. DC uC culture enhanced
aggrecan and MMR3 expression and reduced collagen | after 7 days in comparison to
CG uCs. Maeover, PCA of gene expression results clustered day 7 DC uCs chondrocyte
expression with that of day 0 chondrocytes while CG uCs and plated cultures at day 7 were
more similar to other dedifferentiated day 14 samples. Overall, this study illustrates that
decellularized cartilage microparticles retain native extracellular matrix molecules and

support chondrocyte expansion with lessddéerentiation for up to ‘laysex vivo

Conventional chondrocyte expansion protocols for ACI typically involve culture
on tissueculture polystyrene and enzymatic harvest of the cells before implantation or
seeding onto a biomaterial scaffold, suchcaflagen I/lll [179, chondroitinsulfate

Panagopoulos, 2012 #395}, hyaluroaicid [181], PLA/PGA/PDQO[182, or an agarose
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alginate hydrog€l183. While the use of implantabseaffolds reduces the number of cells
required to fill the defect site, potentially reducing donor site morbidity and expansion time
and costs, the inability of chondrocytes to proliferate in these scaffolds necessitates prior
expansion. The lack of a séalfl that accurately mimics the cartilage microenvironment
may also limit therapeutic efficacy, sincgpél collagen is present in ac tissue and

fibrocartilage and is associated with a dedifferentiated chondrogenic phenotype

Previous studies have faged separately on the expansion of chondrocytes on
either microcarriers or decellularized tissue, but both have their drawbacks. Current
microcarrier platforms do not provide the same biochemical milieu of native cartilage
ECM, and decellularized cartilagheets failed when implantedvivodue to their limited
integration with chondral defects and low cellulafitp7, 109, 191, 192]. By combining
microcarrier expansion and decellularized cartilage tissue in this study, we created a novel
microcarrier patform that promoted chondrogenic expansion and could serve as a delivery

vehicle for cartilage celbased therapies to treat chondral defects.

Type Il collagen (col 2) is we of the most prominent collagens in cartilage ECM
making up 90 95% of the ollagen in the ECM and providing major structural support in
combination with proteoglycangl93. Immunofluorescent staining of col2 revealed
retention of the collagen Il in DC uCs when compared to native cartilage, but a lack of col2
in CG uC culturesKigure 5 B). Col2 expression in human chondrocytes increased at day
7 for all culture substrates and retained levels similar to freshly isolated chondrocytes over
the 14 days of culture on the DC p@sgure 6 E). Coll, which is associated with a more

de-differentiated phenotype of fibrocartilage, increased in the plated and CG pC groups at
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days 7 and 14, but was less in DC uC groups after 7 days and not different than day 1

expressionKigure 6 D).

Proteoglycans account for-1%% of articular cartilage in wet weigand he most
prevalentin cartilage isaggrecan[193. DC uC culture promoted similar aggrecan
expression to that of freshly isolated chondrocytes and was further increased at day 7. The
chondrogenic transcription factor, Sox9, was increased on DC uCs at day 1 in comparison
to CG pC culture, and was increased in CG uC groups in comparison to plated
chondrocytes on day 7. Cartilage oligomeric matrix protein increased for CG pCs

compared to pked groups at day 7, but not DC uCs.

While dedifferentiation is commonly thought to be reflected by the relative changes
of collagen types Il and |, dedifferentiation can also involve changes in the expression of
chondrogenic and osteogenic factors, glowith ECM components and matrix
metalloproteinase. Many previous studies lack freshly isolated chondrocyte controls and
compare changes in gene expression over passages 2 through 4, after which point
dedifferentiation may already be critical. Our studyndastrates that significant changes
occur over the first passage, and that changes are dependent on the culture surface and
duration. For example, some osteogenic factors increased (ie. Runx2) over the culture

duration while others decreased (Opn and Qabi@r the 14day culture period.

The complex nature of these phenotypic changes lends itself well to principal
component analysis where the differences between day 0 chondrocytes and plated day 14
chondrocytes are easily distinguishable. Day 7 DC p@ud chondrocytes clustered

with all day 0 and day 1 groups while the plated day 7 samples clustered with all other day
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14 samples on principal component 1, which accounted for 94.8% of the sample variance.
Day 7 CG puC cultured chondrocytes had more Yditg on PC1, but most of the samples
clustered with other ddifferentiated day 14 samples. Our findings suggest that principal
component analysis may provide a more thorough understanding of phenotypic changes

that occur during dedifferentiation.

3.5 Conclusions

This study demonstrates that decellularized cartilage microcarriers can be
efficiently fabricated with nearly complete DNA removal while retaining their native
collagen Il structure, and that they can be used to expand human chondescyitesto
aid in retention of a chondrogenic phenotype. Decellularized cartilage microcarriers offer
a versatile expansion platform for chondrocytes, as microcarrier constructs can be directly
implanted into a tissue defect site, providing a physiologically retesdracellular matrix
while requiring fewer cells and eliminating the need for expansion on polystyrene and
subsequent enzymatic cell harvesting. Consequently, decellularized cartilage microcarriers

may be useful fodirectin vivotissue regeneration ttapies such as MACI.
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CHAPTER 4. CHARACTERIZING THE E FFECT OF CULTURE

PARAMETERS ON MSC IM MUNOMODULATION OF OA

4.1 Introduction

Originally thought to be a disease specific to cartilage degeneration, osteoarthritis
is now considered an inflammatory disease of the entire joint andotauhiflammatory
mediators have been shown to play a pivotal role in the initiation and persistence of
osteoarthritis (OA)In fact, synovial inflammation precedes detectable structural changes
and is an indicator of future medial cartilage 1f53-22]. Healthy synovium is normally
two to three layers thick and lacks inflammatory cells, but the onset of inflammation is
marked with hyperplasia of the lining cellsdainfiltration of macrophages, T and B cells
[23], mast cell§24], and natural killer cell§25]. OA chondrocytes express an array of
cytokines, chemokines, alarmindamageassociated molecular pattern moleculasd
adipokines that act as paracrine factors and initiate cartilage degradation locally, but also
reach the synoum to increase cytokine production by synovial macrophages and

fibroblasts, which promote inflammation and further enhance cartilage da&@&ge

Although nonsteroidal antinflammatory drugs (NSAIDs) are often administered
for pain management in OA, they inhibit proteoglycan secretion and are not disease
modifying or recommended for cartilage cell theradi®g]. Inflammation is a complex
biological process involvig many molecules and signaling pathways, thus current drug
treatment regimens for immune diseases targeting a single molecule or pathway are often

ineffective and insufficient to suppress the chronic inflammation involved in osteoarthritis
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due to inherentompensatory prinflammatory pathways, causing patient success to vary
greatly [54]. The inherent immunomodulatory capabilities of mesenchymal stem cells
(MSCs) offer a potent alterna¢ to conventional drug treatment regimens due to their
ability to regulate multiple signaling pathways and cell types of innate and adaptive

immunity.

MSC immunomodulation is highly regulated by the inflammatory state of their
microenvironment, and irdilmmatory cytokines tumor necrosis factor alpha ANF a n d
interleukin Lbeta(ll b) ( bot h of which are upregul at e
activate MSC expression of immunomodulatory factors such as PGE2, IDO, and HGF
[133-135. MSC-secreted immunomodulatory paracrine factors can affect multiple cell
types, inhibit inflammatory cytokine secretion, promote anfiammatory M2
macrophages and tolerogendendritic cell phenotype$l122-124], regulate antigen
presentation125 126, and modulate the balance of B and T cell phenotypes and

proliferation[127-129 [130-137).

Interestingly, 3D aggregation of MSCs also enhances immunomodulatory
paracrine factor secretion, including VEGF, F&FHGF, EGF, SDHA, BMP2, TSG6,
PGE2, and angiogenin in comparison to monolayer culfii-154]. The McDevitt lab
has previously developed alBMSC spheroid culture platform that both enharntbes
immunomodulatory factor secretionandthe ppr essi on of macrophag:

compared to adherent MSC monolaydrsy.

Consistent positive patient responses in clinical trials involving MSC therapies

have not been clearly demonstrated and has largely been attributed to inconsistent number

46



of MSCs at the sites of inflammatiph94, 195. Spheroid delivery of MSCs improves cell
retention and survival, yielding better engraftment and treatment in cardieskaletal
muscle models, colitis models, as well as bone defd&9 145148. Additionally,
discrepancies iprocessing, culture conditions, passage number, and donor characteristics
have all contributed to variability in transplanted cell populations for clinical stLifiés

While the exact mechanisms of the environmental regulation of MSC immunomodulation
are not yet fully understood, it is clear that biochemical and physical culture parameters
play important roles. Understanding the specific effedtculture conditions regulating
MSC immunomodulatory activity may provide new insights into components of the
microenvironment that can be modulated to enhance success cb&®@ therapies for

OA.

Therefore, the objective of this study was to deteentire roles of MSC culture
condition and format on MSC paracrine activity and modulation of OA ipotitro and
in vivo. Human MSCs from multiple donors and sources were cultured as adherent
monolayers (single cells) or 3D aggregates (spheroids) undey eotd static culture and
the effect of culture format and media composition on MSC secretome was analyzed. The
ability of MSCs to modulate the inflammatory microenvironment of activated synoviocytes
was characterizeéh vitro. Furthermore, the effect dfiISC culture format on MSC
retention and modulation of OA progression was evaluated in a rat medial meniscal
transection model of OA. The results of this study demonstrate that culture format and
conditions modulate MSC paracrine secretion and immunomautulata dose dependent,
and donor dependent manner and provide a translatable approacictmgiteon MSCs

to enhance their modulation of Gassociated inflammation.
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4.2 Materials and Methods
4.2.1 Cell Culture and Expansion

Human bone marrowlerived MSCs wereldained from the Texas A&M College
of Medicine Institute for Regenerative Medicine and expanded according to established
protocols [197]. Approximately 1x®Qryopreserved MSCs were seeded onto &5
tissue culture dish in 20 mL MSC growth medium (MSCO®ARi mal Essential Medium
Al pha (MEMU, VWR, Radnor , PA) suppl emented
Atlanta Biologicals, Atlanta, GA), 2mM -glutamine (Corning cellgro, Manassas, VA),
100 U/ mL penicillin, 100 €9/ mL rmngaelgmm)d).omyci r
After overnight incubation, adherent MSCs were washed with phospbhfitged saline
(PBS, Invitrogen, Carlsbad, CA) and detached from the plate using 0.25% trypsin and 1
mM EDTA in Hanks' Balanced Salt Solution (Corning cellgro). Dissediatells were
counted using a hemocytometer and plated ontond fissue culture dishes at a density of
60 cells/cm in 20 mL MSCGM per dish. Media was completely exchanged every 3 days
until cells reached approximately 70% confluence. Cells were trypsincounted, and
either replated for monolayer expansion cultures or used for experiments at passage 4.
MSCs from Texas A&M College of Medicine Institute for Regenerative Medicine were

used for evaluatioaf MSC injectabilityandthepilot MMT animal modédescribed below.

Human bone marrowerived MSCs from three male donors were also obtained
from RoosterBio I|Inc. (Frederi ck, MD) and
protocols. Briefly, 10cryopreserved MSCs were plated in twelve T225 flask® imé of

RoosterBio High Performance Media and incubated at 37°C for 7 days in a humidified 5%
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CO2 incubator. Media was exchanged after 4 days of culture. Cultures were passaged at
80% confluency by washing with 10 mL PBS followed by incubation with 10 h0L.2%%

trypsin at 37°C. An equal volume of RoosterBio High Performance Media was added to
guench trypsin activity. Dissociated cells were then collected and centrifuged at 200xg.
Cells were all frozen to similar passage doubling levels as recommendelde by t
manufacturer (PDL 13+1.5). Cells were frozen in CryoStor CS5 cell cryopreservation
media (STEMCELL Technologies, Vancouver, BC, Canada) prior to expansion for
experiments. MSCs were expanded for one passages from frozen stocks by plafing 1x10
cells in45mL MSCGM in F175 tissue culture treated flasks. Media was exchanged every
three days and cells were passaged at 80% confluency. MSCs from RoosterBio Inc. were
used in immunomodulatory factor quantification;adture and transwell studies, and
animal eperiments described beloMSC phenotype up to PDL 18 in each donor was
verified by flow cytometry for MSC markers CD90, CD73, and CD105 and compared to

negative and isotype controls.

4.2.2 Spheroid Formation and Culture

Forcedaggregation of single cell summsions of MSCs was used to generate MSC
spheroi ds. Spheroids were formed overnight
throughput method of generating homogenous cell aggregates [198]. Briefly, 600,000
MSCs pooled from three donors at similar popolatdoubling levels (x1.5 PDL) were
added to 24vell microwell inserts containing approximately 1,200 wells and centrifuged
at 200xg for 5 min to force aggregation of spheroids with approximately 500 cells per
aggregate. After 18h in the microwells, sphdsowere removed and transferred to

suspension culture in 200 mm bacteriological grade Petri dishes at 600,000 cells per plate.
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Spheroids were cultured in suspension on a rotary orbital shaker for up to 4 days at 65
RPM. Additionally, adherent MSC contrdl®m the same donors and PDL were plated in
24-well tissue culture treated polysene plates at a density of B cells/crd. MSC
spheroids and adherent controls were cultured in MSCGM. After 4 days of culture, MSCs
and conditioned media were collected fell counting (Countess Il Automated Cell
Counter, Thermo Fisher Scientific, Waltham, MA), immunomodulatory factor

guantification, viability assays, and treatment in a rat model of OA.

4.2.3 Assessing the Effect of Confluence & Rotary Culture on hMSC Seeretom

hMSCs from the same thr&moosterBio donors described previousigre pooled
to compare the effect of rotary culture on monolayer hMSCs and compared to spheroid
cutureat t he previous fnor Aimaddwel datesAdditoyalyo f 1, 3
because hMSCs in spheroid culture are inhibited by the contact of surrounding cells,
monolayer single cells were also plated at ten times higher seeding d@rssQ90
cells/cn®) in order to reach confluence in the fi24-36 hours of culture Kigure 13).
Spheroids cultured on the rotary orbital shaker as described previously were used as

controls for comparison.

4.2.4 Influence oMMedia Composition on MSC Proliferation and Secretome

Media comparisons of MSC secretenas single cells and spheroids were
performed in MSCGM described previously and a defined, ske@serurdree culture
medium, MSC NutriStem® XF medium with PLTMax ® human platelet lysate (Biological
Industries, Cromwell, CT). For comparison of expansitMSCs from one RoosterBio

donor (Lot 00141)were seeded at 2,222 cells/érim T-75 flasks in 15mL of MSCGM
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containing FBS or PLTMax containing humglatelet lysate (PL). Media was replenished
after 4 days of culture and cells were harvested at dagrilitbned media was collected
and frozen as described previously and cells were trypsinized in .05% TBP$ik and

cell count and size were quantified. h(MSC secretometivascompared irsingle cells

and spheroid culture following that expansioron@itoned mediawas collected as
described previouslgfter 4 days of culture of single cells (plated at the normal density of

1,300 cells/criunder static conditiongnd spheroids.

4.2.5 Cell Number and Immunomodulatory Factor Quantification

MSCs cultured as matayers or spheroids were cultured for 4 days in MSCGM
and evaluated for total cell number and immunomodulatory factor secretion. The number
of starting cellsfinal population, and cell siagere quantified for each culture condition
using Countess Il Aomated Cell Counter (Thermo Fisher) according to the
manufacturer's protocol. Collected spheroids were trypsinized (0.25% trypsin, Corning) for
5 minutes at 37°C and gently triturated with a 27G needigrtoa single cell suspension
to determine cellcont for each sample. Conditioned media was collected and
inflammatory cytokines were quantified using MILLIPLEX MAP Human
Cytokine/Chemokine Magnetic Bead Pariellmmunology Multiplex Assay (EMD
Millipore). Conditioned media was diluted 1:4 in MSCGM as a@ptimization has shown
that this concentration is in the center of a linear range of signal vs cytokine concentration.
Samples were then analyzed according to the kit protocol and normalized to the standard
provided with the kit after subtracting backgrdunf MSCGM media aloneOnly
cytokines that had over 50% of samples in the detectable limit were repgditsamples

were read out on a MAGPIX instrument (Luminex).
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4.2.6 Synoviocyte Culture and Expansion

Because theynovium is a major site of gross and magopic changes that occur
early in disease progressi@nin vitro model of activated synoviocytes was used to model
OA-associated inflammatidi26]. Human fibroblastike synoviocytes from three separate
donors were purchased and cultured to passage 3 in proprietary Synoviavyte Kedia
(SGM) according to manufacturerds instruct
After expansion, synoviocytes were frozen in CryoStor® CS5 freezing media prior to
experiments. After overnight recovery in SGM, synoviocytes were trypdincinted,
and pooled from all three donors in equal amounts and seeded well §Bate in SGM
at 2500 cells/well (~8,300 cells/@nAfter 24 hours in SGM, synoviocytes were activated

for 24 hours in one of the following medium.

4.2.7 Synoviocyte Activatio

Multiple activation protocols were initially compared based on variation in prior
literature. Activation was performed in either SGM or MSCGM in preparation for co
culture studies with MSCs. Lipopolysaccharide (Lirf8luced synoviocyte activation was
conpared at a low, medium, and high dose of .1, 1, and 50 pg/mL in accordance with
variances reported iprior synoviocyte studiefl97-20(. Synoviocyte activationwith
human interleukit b -{ B L and t umor nelc)r owsaiss aflascot ocro np
.05, .5, and 5 ng/mL. SGM or MSCGM without cytokines was added to control unactivated
wells for comparison. Activation medium was removed and fresh SGM or MSCGM was
addedafter 24 hours. After four daysnedium and cells were collected to quantify

synoviocyte proliferation and inflammatory cytokine secretwsn MILLIPLEX MAP
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Human Cytokine/Chemokine Magnetic Bead Parnaimunology Multiplex Assay (EMD

Millipore).

4.2.8 Synoviocyte and MSC Dosing Study

To compare suppression of synoviocyte activation by adherent and spheroid MSCs,
varying ratios of MSCs to synoviocytes were compared. Human fibrdidast
synoviocytes were plated in SGM overnight, activated in 5 ng/mlbIL a n dU TiNF
MSCGM for 24 hours as described previously. After 24 hours, activation media was
removed and MSClkom individual RoosterBio donors pooled from 3 donors as single
cells or spheroids were added directly to thev@fl plate (ceculture) orseparated with a
5.0umporesize transwell insert (Corning®, Corning, NY, USA) at ratios of 1:3, 1:9, or
1:27 synoviocytes to MSCs. Conditioned media collected from monolayer single cells or
spheroids cultue after 4 daysand was compared to direato-culture and transwell
cultures. Single cells and spheroid MSCs alone were also cultured at the same densities to
serve as controls for comparison for secretome analyses. Media was removed and
immediately frozen after 4 days of culture and cells were cotldfctecell counting as

described previously.

4.2.9 MSC Spheroid Viability and Injectability

An in vitro experiment was performed test the effects of incubation time and
injection througha syringe needle on cell morphology and viability. Human MSCs (Texas
A&M) from two donors were first characterized and expanded to P3 and then frozen until
use. After thawing, MSCs from both donors were plated overnight (recovery) and then

pooled together before expanding for seven to ten days. To pregheeoids, hMSCs
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were added to 24vell microwell inserts, centrifuged to form aggregates (500
cells/spheroid), and incubated overnight. The following morriMSCs (single cells or
spheroids) werd oaded into 1mL syringes in SMEMU (
cells/50uL (he amount delivered per animal) with 150uL/syringe and incubated for up to

4 hours at 4 C to simul at e t haticdlarimpeetiomse qui r ¢
of all animals if groups were randomized. MSCs were then injected through a 27 gauge
needle into glass bottom plates and viability and morphology were evaluated using

Live/Dead® vability assay (calcie®\M/Ethidium Homodimeil (EtD-1)) (n=3).

4.2.10 MMT Animal Model and BLI Tracking

A preliminary pilot study was performed to compare karacularinjection of
MSCs as single cells or as spheroids in the rat MMT model of OA. Human MSCs (Texas
A & M) were pooled from two donors and lentivirally labeled for GFP/luciferase
expression and then expanded for approximately 10 days before the MMT suitgery. T
Georgia Tech IACUC approved all animal studies (Protocol #A15019). Weight matched
Lewis rats (27800g)were acclimated for one weekd therunderwent sham or MMT
in the left leg (n=3)Briefly, the animals were anesthetized with isoflurane, and time sk
over the medial aspect of the left femaitmal joint was shaved and aseptically prepared.
The medial collateral ligament (MCL) was exposed by blunt dissection and transected to
reflect the meniscus toward the femur. The joint space was visualized falhthickness
cut was made through the meniscus at its narrowest point. The skin was closed with 4.0
Vicryl sutures and then stapled using wound clipdSCs were intrarticularly injected
24 hours after MMT surgery (Day 1) in 40 mg/mL luciferin in ME  u s 27wgapgea

needle. Bioluminescence intensity (BLI) was conducted on each animal at 1, 3, 7, 14, and
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21 days using an IVIS® spectrumvivoimaging systento track the hMSCs. Rats were
anesthetized using isofluorane and 50pL luciferin (40 mg/mMEB MU) was i nj ec
intracarticularly. Animals were positioned with the anterior side facing up and scanned at

5, 10, 15, and 20 minutes pdstiferin injection (auteexposure; 1.5cm subject height).

BLI images were evaluated by selecting an ellipticglae of interest (ROI) over the knee

of the animal's left leg using Living Ima@eSoftwareVersion 3.2 (Caliper Life Sciences).

BLI counts were normalized first by exposure time and ROI area and then to the
corresponding day 1 value for each sampleanimals were euthanized at 3 weeks with

CQ..
4.2.11 u-CT Analysis

Animals were sacrificed after 21 days and joints were dissected, forfiratinfor
3 days, and then sgaed using a Scanco UCT 40 at 45 kVp, 177uA, 200 ms integration
time, and a voxel size of 1@wfollowing equilibrationin3 0 % Hexabr i xE 320
agent (Covidien, Hazelwood, MO) in PBS without calcium and magnesium at 38°C for 30
minutes. The EPIQCT imageswere reconstructed sagittally and coronally, manually
contoured, and analyzed at suleathresholding levels to separate the cartilage from bone
and background. Scanco evaluation software was usealdolate cartilage attenuation,
volumeg and thickness for the medial third of the medial platdauquantify cartilage
fibrillation, scannedections of the medial tibial plateaus were exported as TIFF files, and
a MATLAB® (MathWorks, Natica, MA)programwas used to measure the cartilage
surface roughess defined as the roeneansquare of differences between the
representative and polynomial surfaces of the cartilagl01]. Osteophyte volume was

determined with the rotated coronal images by manually contouring the fpeakahal
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edge of the medial tibial plateau using the Scanco evaluation software and thresholds were
used to separate osteophyte bone from cgetiend background (Figure 15 E). For focal
lesion analysis, lesions were defined as cartilage defects extending to the subchondral
surface. The lesion areas were manually contoured to create appropriate VOIs and within
the VOI the cartilage volume was stdatted from the total volume to give lesion volume

(Figure 15 F).

4.2.12 Histological Analysis

Following (+CT, tibias of both surgerized legs and contralateral conwel®
dehydrated and routinely processed, transected sagittally along tHeelmaadg plane,rad
paraffirembeddedvia vacuum infiltrationwith both loadbearing face exposed for
sectioning (n=6). Sagittal sections wer e
a total thickness of 120 microns) with 4 sections mounted to each Skdins were
stained for sGAGs with a 0.5% Safratin(SafO) solution and a 0.2% aqueous solution
of FastGreen as a courtgnin Sections representing the most damage were imaged for
each sample at 4x magnification with a Zeis LSM microscope and Mosaixixahfield

tile imaging.

4.2.13 Partial LeastSquaresRegression Maeling

PLSR modeling was conducted in MATLAB using the partial least squares
algorithm by Cleiton Nunes available on the Mathworks File ExchangePBiocytokine
sample data was prermalizdto appropriatecontrol mediaalso incubated for 4 days
discussed above. Aflecretomeadata was scored for heatmap representation, and then

directly inputted to the algorithm. For each PLSR analysis, an orthogonal rotation in the
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LV1-LV2 plane was sed to choose a new LV1 that better separated cell phenotype/Y
variable.LV1 and LV2 scores were then output in MATLAB for statistical comparisons

with multi-way ANOVASs in IMP Genomics Pias previously describd@07.

4 .2.14 Statistics

All data are reported as mean + standard deviation and were analyzed using multi
way ANOVAs with Bonferr oniGe@micstPoovithiSAS® wi t h
analytics (SAS, Cary, NCDtherwise, #est and onevay ANOVASs with Bonferroni post

hoc tests U=0.05 were performed using Grap

La Jolla, CA) whenever appropriate.

4.3 Results

4.3.1 Spheroid Culture Enhances Immunomodulatory Cytokine Secretion

To ddgermine the impact of spheroid culture on the secretion of immunomodulatory
factors, conditioned media was collected after four days of culture and analyzed$©m
pooled from 3 commercialdonors RoosterBi9 using MILLIPLEX MAP Human
Cytokine/ChemokineMagnetic Bead Panel Immunology Multiplex Assay When
cultured as spheroids, MSCs secreted greater amounts of neddieathbleytokines in
the array, with significant increas in GCSF, Fractalkine, IFNYIL-6, IL-7, GRO, MCP

3, IL-8, IP-10, MCR1, PDGFAA, IL-1RA, MIP-1a, and VEGFKigure8).
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Figure 8. Spheroid culture format enhances hMSCs immunomodulatorycytokine
production. Human MSC were pooled from 3 commercial donors. After overnight
formation spheroids were cultured 4 days on rotary orbital shaker and media was collected
and analyzed using a Milliplex® Human Cytokine/Chemokine Magnetic Bead Panel Ki
and compared to static monolayer cultures. U=0. 05 vs monol ayer
Bonf er r on itesttht). Gmphéd@smean = SD.

4.3.2 Assessing Donor Variability

Donor variability in hMSC secretome was assessed in three male donor lots from
RoosterBio. In order to control for some changesxpansion rates between donors, rather
than using cells from the same passage, cells were expanded to the same passage doubling
level (x1.5). All donors maintained high purity over the culture up to PDL 18 as evidenced

by >97% positive staining for CD790, and 105Kigure9). Spheroids from all three
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Events

Figure 9. hMSCs maintain their phenotype up to passage doubling level (PDL) 18.
hMSCs expanded from three male donor lots 37, 55, and 8ttaimaiheir fnenotype with
greater than 97% positive for MSC markers CD73, CD90, CD105, and lesgl%an
positive in negative and isotype controls) up to PDL 18 + 1).

Pooled

Figure 10. hMSCs from 3 donors (37, 55, & 81) maintain their marphology in both
monolayer single cell and spheroid culture over 4 days.
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donor lines maintained their morphology over the 4 days of culture at which time the
conditioned media was collected and secretomes were compared for single cell and
spheroid culttes Figure10). PLSDA analysis of &scored secreted cytokinesrmalized

to cell countexhibited separatiobetweenrotary and static culture on LV1 while LV2
separated spheroid donoFsdurell). Most cytokines were upregulated in spheroid rotary
culture, but not in spheroids that plated down under static cUligerre 12). Donor
variability was more evident in spheroid culture fatnthan monolayer single cells
although not significantlyn different inLV2 scores(adjusted pvalue of 0.053 (Figure

12). Graphs of individual cytokine concentrations normalized to cell count show spheroid
culture enhanced secretion of most quantified cytokines includu&g lIL-7, IFN-"Y GRO,
G-CSF, Fractalkine, VEGF, R0, IL-1a, MCR3, PDGFAA, and MCRL1. There were no
significant differences between different donors cultured as single cells, but spheroid
culture had significantly different donor variability in-&, GRO, IP10, MCR3, PDGF

AA, and MCRL1. Spheroids pooled from all three donors cultured statically on tissue
culture polystyrene behaved more similarly to pooled plated single cells and were only
significantly different in MCPL. Plated spheroids had reduced cytokines in comparison to
the pooled spheroids cultured on rotary for multiple cytokines including IL-8, IL-6,

GRO, GCSF, Fractalkine, MCRB, and MCPL1. Altogether, rotary culture of BIC
spheroids increases secretion of immunomodulatory cytokines in comparison to single
cells and is dependent on rotary culture. Additionally, rotary spheroid culture amplifies

differences due to donor source that were not evident in static single aalésul
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spheroitbtary culture, but not plated
is maeg evident in spheroid culture than

monolayer.hMSCs from 3 donors (lot #37, 55, ant) 8vere cultured or pooled (P) during

monolayer or spheroid culture under rotary and static conditions. Conditioned media was
collected after 4 days and immunomodulatory cytokines were quantified with using

Milliplex® Human Cytokine/Chemokine Magnetic Be&anel Kit. Heatmaps of the z
scored data indicates relative cytokines levels (A). PLSDA analysis (B}sobred

secreted cytokines exhibited separation of rotary and static culture on LV1 (C) while LV2

varied amonglonors (D). LV signal plots detail whiaytokines are weighted in the latent
variables in the PLSDA separation (E&F). Significant differences between groups are

basedonmubtway ANOVA wi t h

Bonferroni

#vs 37, $vs 55, @ vs 81 same culture format,”avs P SPH.
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Figure 12. Rotary spheroid culture enhances hMSC secretion of immunomodulatory
factors not evident in static spheroid culture and donor variability ismore evident in
spheroid culture than single cells CommerciahMSCs from RoosterBio from 3 male

donors (lots 37, 55, and 81) were cultured separately or pooled (P) under static monolayer

single cell (SC) culture or 3D aggregate (SPH) rotary culture or allowed to plate down
under static culture (P Plated SPH). Comaiéd media was collected after 4 days and
immunomodulatory cytokines were quantified using Milliplex® Hum@&gtokine/

Chemokine Magnetic Bead Panel Kit. Most cytokines were upregulated in spheroid rotary

culture, but not in plated spheroids and donor Wdrig was more evident in spheroid

culture format than monolayer single cells. Significant differences between groups are

basedonmukway ANOVA with

Bonferroni

#vs 37, $ vs 55, @ vs 81 same culture format,’avs P SPH.
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4.3.3 Effect ofConfluence andRotary Culture on MSCSecretome

Since the enhancement of spheroid culture was dependent on rotary culture, an
additional experiment was performed on hMSCs pooled from the same three donors to
compare the effect of tary culture on monolayer hMSCs cultured as single cells and
compared to spheroid culture. Additionally, because hMSCs in spheroid culture are
inhibited by the contact of surrounding cells, monolayer single cells were also plated at ten
times higher seedindensity (approximately 70% confluence) in order to reach confluence
in the first 24 hours of culturd-{gure 13). Conditioned media was collected from rotary
and static culturesf single cells (normal density driOx density) and spheroidfter 4
days The single cells plated at 10x density were confluent by day 2 of culture and all single
cell cultures had a much highesncentration of cells per mL of culture media and rotary
culture had no effect on cell pif@ration at the normal seeding denskygurel3). PLSDA
analysis of zscored secreted cytokines exhibited separation of spheroid and single cell
culture on LV1 while LV2 showed some separation of normal statiare from all other
cultures of MSCgFigure 14). Surprisingly,confluence in the 10x higher density groups
did not increase the secretome of MSiigle cells in comparison to normal density and
therewereno siquificant differences in any of the cytokines between single cells cultured
in rotary or static or at highetensities Figure 15). Rotary spheroid culture, on the other
hand, continued to increase MSC secretiomokiple cytokines including It7, FGF2,

MCP-3, VEGF, MCR1l, GRO, I8, IL-10, IFNY MDC, GCSF, PDGFAA,

Fractalkine, and IFNJ 2Fig(re15).
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Figure 13. hMSC single cells plated aten times higher cell density reach confluence
between 24 and 36 hourshMSC single cells were plated 10x higher cell density and
culture statically or on a rotary orbital shaker for 4 days. Cell counts for single cells and
spheroids were gquantified afteddys when conditioned media was collected and all single
cells had a higher cell concentration per mL of conditioned media than spheroid culture.
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Figure 14. Seeding density and rotary culturehave little effect on hMSC singlecell
secretomen comparison to hMSC spheroidculture. hMSC single cells were plated 10x
higher cell density (10x) and the normal density (N) and cultured stat{&llgr on a
rotary (R) orbital shaker for 4 days. Cytokines in the conditioned media wexatified

with a Milliplex® Human Cytokine/Chemokine Magnetic Bead Panel Kit. Heatmaps of
the zscored data indicates relative cytokines levels (A). PLSDA analysis (B3adred
secreted cytokines exhibited separation of spheroid and single cell cuiturél (C)
while LV2 showed some separation of normal static culture ftbrathercultures (D).

LV signal plots detail which cytokines are weighted in the latent variables in the PLSDA
separation (E&F). Significant differences between groups are basadlti-way ANOVA

wi th Bonf er r%sSCSA.#ds SGS 00x,& &s.SC RN, % vs SC R 10x.
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Figure 15. Seeding density and rotary culture have little effect on hMSC single cell
secretome in comparison to hMSC spheroidutture . hMSC single cells were plated 10x
higher cell density (10x) and the normal density (N) and cultured statically (S) or on a
rotary (R) orbital shaker for 4 days. Cytokines in the conditioned media were quantified
with a Milliplex® Human Cytokine/Chmaokine Magnetic Bead Panel Kit. Only spheroid
culture enhanced MSC secretion of immunomodulatory factors. Significant differences
between groups are basedrmalt-way ANOVA with Bonferroni
*vs SCSN.#vs SC S 10x, $vs SCR N, % vs SC R 10x.
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4.3.4 Quantifying the Effect of Culture Media on MSC Proliferation and Secretion

Multiple culture medias and formulations are commonly used for hkl8@re,
but the most recent culture methodologies often utilize defined,-fxe@aomedias in
preparation for transplantation. Therefore, we compared the more traditional MSC growth
media containing FBS (MSCGM) to a commercially available xe@® media ontaining
human platelet lysate (PLTmaxfter 5 days of expansion at the same seeding density,
cells cultured in the PL containing media were smaller in size and expanded faster

compared to MSCGM containing FBEigure 16).

After expansion in each media type, MSCs were harvested and either replated as
single cells or used to form spheroids as described previously. The single cells and
spheroids were both formed and cultured in the two medias to assess thefeffeda
composition on MSC secretome. PLSDA analysisstared secreted cytokines exhibited
separation of media types on LV1 while LV2 showed separation of single cells and
spheroidskigurel?7). There were neignificant differences between media types in single
cell cultures, but spheroid culture was significantly different between the media types in
LV1 scores Figurel?). Spheroid culture in FBS increased GRO, VE®IDC, IL-8, Flt-
3L, IL-6, and Fractalkine but not in spheroids cultures in PL mé&digaie 18). Spheroid
culture in PL media significantly increased-4Lcompared to all other culture groups
(Figure 18). Altogether, spheroid culture in FBS containing media enhances secretion of
most quantified immunomodulatory cytokines and variations due to media composition are

more evident in spheroid format.
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Figure 16. hMSCs proliferate faster and are smaller in size in platelet lysate
containing PLTmax media compared to MSC growth media containing FBShMSCs

were expanded in FBS containing MSCGM (A) or a defined, ¥s@media containing
human platelet lsate (B). After 5 days of expansion at the same seeding density, cells
cultured in the PL containing media were smaller in size (B vs D) and expanded faster (E)
compared to MSCGM containing FBS.
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Figure 17. Spheroid culture entances the effect media composition has on MSC
secretome.hMSCs were expanded in FBS containing MSCGM or PL containing-xeno
free media, passaged, and then cultured as single cells (A & B) or spheroids (C & D) for 4
days. Cytokines in the conditioned mediarev quantified with a Milliplex® Human
Cytokine/Chemokine Magnetic Bead Panel Kit. Heatmaps of #mrmed data indicates
relative cytokines levels (E). PLSDA analysis (F) afcored secreted cytokines exhibited
separation ofmedia typeson LV1 (G) whileLV2 showed separation &ingle cells and
spheroidgH). LV signal plots detail which cytokines are weighted in the latent variables
in the PLSDA separation (E&FJ.here were no significant differences in media type in
single cellculture, but differencein media were significant between spheroid cultures for
LV1 scoresSignificant differences between groups are based on-majtiANOVA with
Bonferroni FBIISCHVHPL GG, & @*vs/FBS SPH
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Figure 18. The effectof media composition on MSC secretome is more pronounced in

spheroid cultures and FBS

cultured MSC

spheroids

have increased

immunomodulatory secretion in comparison to PL cultured spheroids except for IL
4. hMSCs were expanded in FBS containing MSCGM locéntaining xendree media,

passaged, and then cultured as single cells (A & B) or spheroids (C & D) for 4 days.

Cytokines in the conditioned media were quantified with a Milliplex® Human
Cytokine/Chemokine Magnetic Bead Panel Kit. There were no signffidifferences in
media type insingle cell culture, but differences in media were sigrafit between

spheroid cultured=-BS media had higher concentrations for all detectable cytokines except

for IL-4 which was significantly higher in PL spheroid cudtsuSignificant differences

between groups are based on rwita y
SC,#vs PL SC, & @ vs FBS SPH.

ANOVA wi

t h

4.3.5 Validation of In Vitro Model of OA witActivatedSynoviocyts

Bonferroni

Multiple groups have tested potential OA therapies itmovusing activated

synoviocytes, but culture methodologies, techniques, and parameters for synoviocyte

activation varywidely among groupgL97-20Q. In order b validate ann vitro model for

OA-associated inflammatiochanges in the inflammatory milieu secreted by activated
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Figure 19. Comparison of Synoviocyte Activation Protocols for In Vitro Model of OA.
Human synoviocytes cultulein synoviocyte growth medium (SGM) or MSC growth
medium (MSCGM) were activated with a low, medium, and high dose of LPS (.1, 1, and
50 pug/mL) or a combination of cytokines TNF a nidb | (L. 05, 5, and 5 n
after activation, media was chawyto fresh MSCGM and conditioned media from the
activated synoviocytes was characterized after 4 days using Milliplex® Human
Cytokine/Chemokine Magnetic Bead Panel KHLLSDA analysis of scored secreted
cytokines was used to visualize separation betvdeses and unactivated cytokines (A

D). Heatmaps of the-gcored data also indicate which cytokines exhibited a-dose
dependent response to activationHJand LV signal plots detail which latent variables
(cytokines) are involved in the PLSDA separatio#®). Cytokine activation in MSCGM

(D) exhibited the clearest separation between unactiatddactivated synoviocytes in
LV1 with clear dosalependent responses to activationd m2.
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synoviocytes was compared in both a proprietary synoviocyte grovdinm¢SGM) and

MSCGM. A 24hour activation at low, medium, and high doses of LPS or-UNFa nnd | L

1b was compared after 4 additional days 1in
PLSDA analysis of &scored secreted cytokines revealed the clearest Sepabatween
unactivated and activated synoviocytes (on the LV1 axis) and a dose dependent response
(on the LV2 axis) when synoviocytes were activated with a combination of TNFa nd | L

1 bFig@re19 D). Heatmaps ofhe zscored data indicate a dedependent response to

activation, particularly for the cytokines weighted most highly in LFM@j@re19 H).

4.3.6 Co-culture and Transwell Culture of Activated SynoviocgtddSCs

To compare suppression of synoviocyte activation by adherent and spheroid MSCs,
varying ratios of MSCs to synoviocytewere compared. Human fibrobldite
synoviocytes were activated for-Burs in 5 ng/mLIE1 b and) TMF MSCGM as
described previously. After 24 hours, activation media was removed and MSCs pooled
from 3 donors as single cells or spheroids were addedthyi to the 96well plate (co
culture) or separated with a 5.0pporesize transwell insert at ratios of 1:3, 1:9, or 1:27
synoviocytes to MSCs. Conditioned media collected from monolayer single cells or
spheroids culture after 4 days was compdrenh direct and transwell cultures. PLSDA
analysis of zscored secreted cytokines shows separation of unactivated and activated
synoviocytes on LV1 while LV2 showed separation of MSC concentration as single cells
and spheroid¢Figure 20). Synoviocyte activation increased GRO, FEotaxin, IL-8,

MIP-1a, IL-12p70, IL-:12p40, I-7, RANTES, TNFU, -10,andI:1 b i n compari s
unactivated synoviocytegigure21). Most of theseytokines did not decease with MSC

SC or SPH caulture or conditioned media, although M1R, 1L-12p70,and IL-12p40
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Figure 20. Co-culture of Activated Synoviocytes,MSC Single Celk, and Spheroids.
hMSC single cells and sphéds pooled from 3 donors were-calturedat ratios of 3:1
and 9:1with activated synoviocytesr with conditioned media treated synoviocyfes4
days. Cytokines in the conditioned media were quantified with a Milliplex® Human
Cytokine/Chemokine MagnetiBead Panel Kit. Heatmaps of theseored data indicates
relative cytokines levels (A). PLSDA analysis (B) e$@red secreted cytokines shows
separation of unactivated and activated synoviocytes on LV1 (C) while LV2 showed
separation of MSC concentratias single cells and spheroids (D). LV signal plots detail
which cytokines are weighted in the latent variables in the PLSEparation (E&F).
Significant differences between groups are based on-maytiANOVA with Bonferroni
and U= uSyYH,#vsaSYN, ¥s cond med same format, $34 same format, &

vs SC same dose, @ SPHsame dose, %s SC3, X vs SC9, ¥s SPH.
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Figure 21. Secretome of Activated Synoviocyte81SC Single Celk,and Spheroid Ce
culture. hMSC single cells and spheroids pooled from 3 donors weceltared at ratios

of 3:1 and 9:1 with activated synoviocytes or with coodiéid media treated synoviocytes

for 4 days. Cytokines in the conditioned media were quantified with a Milliplex® Human
Cytokine/Chemokine Magnetic Bead Panel Kit. Significant differences between groups are

based on mukw a y

ANOVA with

B 051 fve uSiYN, # vs a@YmNd+vél=0. 0

cond med same format, $ vs 3:1 same format, & vs SC same dose, @ vs SPH same dose,
% vs SC3, X vs SC9, =vs SPH3.
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werenot significantly different from activated or unactivatedotdtures and were between

the two concentratns in aSYN:9SC coultures Figure21). IL-1 b was signi fi
decreased in aSYN:9SC-caltures and aSYN:3SC and aSYN:9SPH were between aSYN

and uSYN values and not significantly different from eitheggre 21). MSC culture
increased secretion MEGF with or without the presence of aSYN.-@dture of MSCs

and aSYN stimulated secretion of@GSF in both single cells and spheroids, G4F in

single cells and spheroid conditioned media, and NG spheroid cultured-{gure2l).

Altogether, ceculture of MSCs with activated synoviocytes was ot do significantly

reduce activatioinduced Ik1 b production and did not af f
upregulated by activation. There were some effects that required both aSYN and-MSC co
culture as single cells and spheroids to elucidate a changeaokingytconcentrations.
Surprisingly, MSC spheroid eculture did not have many significant changes and actually

induced fewer changes in activated synoviocyteuwture than MSCs as single cells.

Transwell cultures of MSCs with aSYN at 3:1, 9:1, and 2vere also performed
to determine if any effects from @ultures were due to direct contact or soluble factor
secretion. Unactivated and activated synoviocytes weparated along LV1 of the
PLSDA plot and surprisingly, 9:1 and 27:1 SC:aSYN transweltuces and 27:1
SPH:aSYN cultures resulted in significantly lower LV1 scores than aSYN afogeré
22). 9:1 and 27:1 SC:aSYN and 27:1 SPH:aSYN transwell cultures resulted in decreased
IL-1 b and t he 2sihitedin ISEIFNYSY IN12p70 that was not statically
significant from aSYN or uSYNFigure 23). Interestingly, 3:1 and 9:1 MSC:aSYN

cultures all increased #L2p40 concentrations, but not the 27:1 MSC:aSYdigs
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Figure 22. Transwell Culture of Activated Synoviocytes,MSC Single Celk, and
Spheroids hMSC single cells and spheroids wexdtured in transwellsvith activated
synoviocytesat ratios of 3:1, 9:1, or 27:1 fdrdays. Ctokines in the conditioned media
were guantified with a Milliplex® Human Cytokine Magnetic Bead Panel Kit. Heatmaps
of z-scored data indicates relative cytokines levels (A). PLSDA analysis (Bysafred
secreted cytokines shows separation of unactiatddctivated synoviocytes on LV1 (C)
while LV2 showed separation &SC concentratiorfD). LV signal plots detail which
cytokines are weighted in the latent variables in the PLSDA separation (E&iF)-way
ANOVA with Bonf er subWN, #vaasdN $s 1. sénte formstysv

9:1 same format vs SC same dose, @ vs SPH same dose, % 9s SC
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Figure 23. Secretome of Transwell Culture of Activated Synoviocytes and MSC Single

Cell and Spheroids.hMSC single cells andpheroids were cultured in transwells with

activated synoviocytes at ratios of 3:1, 9:1, or 27:1 for 4 days. Cytokines in the conditioned
media were quantified with a Milliplex® Human Cytokine Magnetic Bead PaneDKliy

IL-1b was significantly reduced to | evels si
and many other cytokines were no longer significantly different from aSYN. aSYN
proliferation also increased in 27:1 SC:aSYN cultures Kilti-way ANOVA with

Bonf erroni and U=0.05. * vs uUSYN, # vs aSYN,
& vs SC same dose, @ vs SPH same dose, % vs SC9.
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