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ABSTRACT

Post-traumatic osteoarthritis (PTOA) is an accédeldorm of osteoarthritis
(OA) resulting from traumatic joint injury, e.g. mecus or ligament tears. Presently,
PTOA is incurable, and the prognosis for patienfgesing from PTOA is poor;
approximately 50% of patients suffering joint ingg experience cartilage
degeneration, pain, and loss of joint immobilityivim as little as 10-15 years post-
injury. Existing PTOA treatment strategies only ee$ secondary symptoms, such as
pain and inflammation, and fail to address the @ biology that underpins PTOA
initiation and progression. Therefore, there exastainmet need to find disease-
modifying therapies that can prevent or delay PTifi#lation and progression,
particularly ones aimed at early disease-stag@gyolOverall, this dissertation sought
to uncover potentially-druggable biological targatsmmediate-to-early timepoints
post-injury, and to evaluate the efficacy a noterapeutic strategy (intra-articular
injection of the bisphosphonate zoledronic acidnitigate deleterious aspects of
cartilage/chondrocyte biology that precipitate PT@#ease initiation and
progression.

Despite an extensive body of literature regardengilage biology and injury-
induced PTOA, the early cellular mechanisms thatiowithin injured cartilage
leading to long-term tissue degeneration and désesrsain unclear. To shed insight
onto the immediate-early cartilage biology chanfes precipitate PTOA it was
essential to study the spatiotemporal progresdi@anilage structure and cellularity

that occurred in the immediate aftermath of thatjoijury. Chapter 2 of this

XVi



dissertation employed a well-established murineehotlPTOA, the destabilization
of the medial meniscus (DMM), to evaluate the gpa&volution of changes to
cartilage’s cellular and structural propertiesdualing injury. We revealed that DMM-
injury induced a rapid and focally-distinct lossobondrocyte presence in articular
cartilage of the medial tibial plateau and fema@idyle. This cell loss appears to be
the precipitator of the long-term focal cartilagestons that accompany DMM-injury.
Importantly, this focal loss of chondrocyte cellithaand subsequent development of
focal cartilage erosions was intimately linked eégions of the cartilage that
experienced acute alterations in medial meniscusrege (i.e. uncovering) due to
DMMe-injury. The findings from Chapter 2 enhanced anderstanding of the
spatiotemporal changes that accompany cartilageyiaind degeneration and
identified a potentially-druggable and focal popigia of chondrocytes as targets for
PTOA prevention. Ultimately, the findings from Chap2 were leveraged in Chapters
3 and 4 to evaluate the preclinical efficacy obeally-delivered, intra-articular
bisphosphonate for the prophylactic treatment dDRT

Bisphosphonates (BPs) are an FDA-approved cladsugt historically used
to treat bone-related diseases because of théiydbiinhibit bone resorption and
bone remodeling. Given these properties and thereaton that aberrant subchondral
bone remodeling is a hallmark of arthritis, BPs hadn suggested, and recently
shown, to have disease-modifying capabilities ecjpnical PTOA studies.
Specifically, the newest and most potent nitrogentaining BP, zoledronic acid
(ZA), prevented subchondral bone remodeling antlage degeneration in several
animal models of PTOA. Unfortunately, such studiglzed high-dose, continuous,

and systemic ZA administration strategies thatdase the risk of severe skeletal side

XVii



effects, e.g. osteonecrosis of the jaw and atyfiaatures, hindering its potential
adoption as a clinical PTOA treatment. Howeverala®A administration may offer
an alternative ZA administration approach, whiétefiicacious, would represent a
potentially more acceptable and clinically trarestdd disease-modifying strategy for
PTOA.

Supporting the potential of locally-delivered, imra-articularly injected, ZA
as a PTOA therapeutic was work by our collaboratois others demonstrating that
ZA could directly modulate chondrocyte biology aradtilage healthn situ. However,
translation of intra-articular injection of ZA infwreclinical models of PTOA had not
been investigated before this dissertation. InpB#ra 3 and 4 of this dissertation, we
employed the murine DMM model of PTOA to evaludte disease-modifying
potential of repeated vs. single (immediate vsayksd) intra-articular injection of ZA
in injured joints. In Chapter 3, we found that ntra-articular injection strategy was
able to mitigate the superficial cartilage damdgeg accumulated shortly after DMM-
injury. However, we found that four, weekly-repehietra-articular injections of ZA
could suppress the development of subsequent Bmngdartilage erosions: neither
single (immediate or delayed) intra-articular itiee strategies protected against
injury-induced cartilage erosions. Upon furtherastigation, we identified that the
prevention of cartilage erosions by repeated iatteular ZA treatment appeared to
involve the spatiotemporal modulation of chondregytoliferation, proteoglycan
production, and death. In Chapter 4, we focusedtiantion on repeated intra-
articular ZA administration because it was the @thategy that provided meaningful
cartilage protection following DMM-injury. We fourttiat repeated intra-articular

injection did not appreciably alter DMM-inducednbsynovitis, meniscal
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hypertrophy, or ectopic bone formation, aside ffnemoting a moderate increase in
meniscal proteoglycan content and bone volumeifnacin addition, repeated intra-
articular injection of ZA did not alter osteophyiee but did delay the transition of
osteophytes from their cartilaginous templatesaiody tissue following DMM-injury.
Lastly, repeated intra-articular injection of ZAddiot appear to influence the structure
of the subchondral bone underlying the joint, nmndocompartments distant from the
intra-articularly treated joint, namely the epipbgbsand metaphyseal bone of the
ipsilateral tibia. Collectively, the findings fro@hapter 3 and 4 support the notion that
four, weekly-repeated intra-articular injectionZ& may represent a simple and
efficacious PTOA disease-modifying strategy, oret ttan minimize the potential for
adverse side effects that are associated withreysedministration of BPs.

While prior work conducted by our collaborators artllers provided
preliminary evidence to support the studies in @&rap3 and 4, our knowledge of
ZA'’s direct effects and modes of action on chongtes remained largely incomplete.
In Chapter 5, we explored the potential modes ofagfion on chondrocytes vitro
using ATDCS5 cells, a well-accepted chondrocyte-tkd line. ATDC5 cells allowed
us to evaluate ZA'’s effects on both undifferentiafieigher proliferative capacity) and
differentiated (lower proliferative capacity) chaadytes, mimicking proliferative and
qguiescent chondrocytes, respectively, that mayekais vivo following injury. We
found that ZA exerts pleiotropic effects on ATDGSls that are concentration-,
exposure-, and differentiation-stage dependenintiifferentiated ATDCS5 cells
(mitotic), increasing ZA concentration and expodime resulted in decreased cell
proliferation, viability, and metabolism, as wedl depolarization of mitochondria,

cell-cycle progression arrest, and disruption dbslgeletal architecture. However, in
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differentiated ATDC5 cells (post-mitotic), ZA ontirove decreases in cell
proliferation, metabolism, and viability at the h&st ZA concentrations. Collectively,
the findings from Chapter 5 confirm ZA'’s ability threctly modulate chondrocyte
behaviorin vitro and establishes critical ZA concentrations ancbsexpe times that
drive significant alterations in chondrocyte health

Overall, this dissertation shines a light on theyezartilage and non-
cartilaginous changes that accompany traumati¢ jojary and demonstrates the
initial efficacy of intra-articular injection of ZAor PTOA prevention in a preclinical
mouse model. Additionally, this work establishdsaaework for future studigs
vitro, in situ, andin vivo to optimize intra-articular administration of ZA a
prophylactic PTOA disease-modifying strategy. Magportantly, this work supports
the potential translation of intra-articular injiect of ZA as a novel, safe, simple,

cheap, and clinically-feasible PTOA therapy.
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Chapter 1
INTRODUCTION

1.1 Osteoarthritis and Risk Factors

1.1.1 Epidemiology and Cost of Osteoarthritis

Osteoatrthritis (OA) is the most common chronic faiisorder afflicting
approximately 52 million Americans in 2042 a patient population that is expected to
increase to more than 67 million by 263@he World Health Organization estimates
that 10% of the world’s population over 50 yearsigé suffers from OA and the
disease affects both men and women and is prevateoss all ethnicities and
geographical regioA$-12 Once OA develops, individuals experience worsgoimt
pain and disabilit}{#'415 Of patients that are affected by OA, nearly 8Qehlimited
range of movement and approximately 25% are urtalpperform many daily
activities*®. In addition, OA tends to increase the risk ofentbhronic diseases,
including heart disease, diabetes, obesity, sletprance, depression, and
anxiety37121416 OA ranks high among health-related drivers aheenic loss
worldwide. For instance, OA costs the United Stagesnomy more than $100 billion
per yeafl% in Europe, OA is the®highest health care expenditlre

OA has been historically characterized as a degénerdisease of the
articular cartilage; however, it is now understoloat OA affects other joint tissues as
well*®-23 For example, in the knee, the synovium, ligamentnisci, subchondral

bone, and osteophytes are all impacted by OA astiiited in Figure 1.1. Thus, OA is



best-described as a whole-joint disé&géwhere various joint tissues may contribute
to OA initiation and progression. Despite our estea knowledge of tissues and cells
involved with OA, the underpinning mechanisms of @Aiation and progression

remain largely unknowr?3-22

Normal Osteoarthritic
Knee _ Knee
Femur

—

‘ Synovium Inflammation/Thickneing

Ligament Laxity and Abnormalities

Meniscus Degeneration

Ligament

_\Synowum

Cartilage Osteophyte Formation

Subchondral Bone Cartilage Degeneration

Subchondral Bone Remodeling and Sclerosis
Tibia

Figure 1.1: Osteoarthritis is a Whole-Joint Dise&s®steoarthritis (OA) various
tissues of the knee joint are affected and thotghontribute to disease
initiations and progression. As a result, OA is rappreciated as a
whole-joint disease. (Adapted from Hunter et all 2§).

1.1.2 Risk Factors for Osteoarthritis
Although the mechanisms driving idiopathic OA ac¢ understood fully,
there are various risk factors that increase #leaf developing OA711-14.26-28

Historically, OA is considered an age-related disgehowever, other risks for OA



have been implicated including genetic and gerjder abnormalities (dysplasia),
occupation, excessive weight bearing (obesityXasusd joint unloading (disuse), and
traumatic joint injury’~426-28 |n this dissertation, a focus is placed on themmaaistic
understanding of traumatic joint injury as a riaktbr, which is referred to as post-

traumatic OA (PTOA).

1.2 Epidemiology and Costs of Post-Traumatic Osteoarthtis

In post-traumatic osteoarthritis (PTOA), a traumatint injury (e.g., ligament
and meniscal tears, intraarticular fractures, aina gprains) directly drives an
accelerated form of OA-like cartilage degeneratid?r33 PTOA can occur in almost
any joint of the body but is predominately foundhe ankle, hip, and knee.
Individuals, often younger athlefés*3and uniformed service memb#rs3 have a
20-50% chance of developing cartilage degeneratitnin 10-15 years of joint
injury32:33:54-58 thjs |ikelihood of developing cartilage denegatis greater than a 3-
fold increase compared to uninjured, age-matchedteopart®®. It has been
estimated that PTOA afflicts 5.6 million individgarepresenting ~12% of all OA
cases) and drives approximately $3 billion in Headte costs annually in the United
State$’. These costs will continue to grow, especiallyegiincreases in high-risk

activity participation in our society52

1.3 Post-Traumatic Osteoarthritis Pathophysiology

1.3.1 Articular Cartilage Structure, Composition, and Function
Articular cartilage is an avascular, specializedrezctive tissue that lines the
ends of bones in diarthrodial joift§4 Its unique composition and architecture

enables pain-free, frictionless motion while supipgrphysiological joint loading for



decade®. The extracellular matrix (ECM) of articular céatie, which is 2 to 4-mm
thick in humans and 50 to 100-um in nfit®, is comprised of macromolecules such
as collagen and proteoglycans and resident cdledazhondrocytes (Figure 1.2).
Articular cartilage has a hierarchical and bi-phasructure that gives rise to
its unique biomechanical, and tribological (frict)qropertie%*567.68 Qverall,
articular cartilage consists of 60-80% water bygheithe remainder consisting of
collagen and proteoglycan of the ECM, and sparsedtocytes contributing
approximately 2% of the articular cartilage volurB&ucturally, cartilage has three
distinct zones, each exhibiting different ratiastributions, and orientations of ECM
macromolecules and chondrocytes (Figure 1.2). Ppewmost cartilage zone, known
as the superficial or tangential zone, makes upcqrpately 10-20% of the articular
cartilage volume. In this zone, both chondrocytes @llagen are aligned parallel to
the articular surface and serve as a sliding ser@thed in synovial fluid. In this
zone, one finds the highest density of chondroc¢ytesh collagen fiber and water
content with low proteoglycan content. Immediatedyneath this zone is the middle
zone (40-60% of tissue volume), also known asrénesitional zone. The transitional
zone exhibits a more random organization of coltafggers, a reduction in
chondrocyte number and collagen content, and aease in proteoglycans and water
content. The deep zone (30-40% of tissue volumkigwanchors the articular
cartilage to the underlying calcified cartilage authchondral bone, contains collagen
fibers that are oriented perpendicular to the legygi surface and direction of sliding,

and exhibit high proteoglycan content with low egkn and water content.
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Figure 1.2: Schematic of Articular Cartilage. (®jganization of chondrocytes in
the various zones of the articular cartilage. Nbeemorphology
differences between each zone. (B.) Alignment efdbllagen and
proteoglycan in the different zones, which resesbihe alignment of the
chondrocytes (Excerpt from Buckwalter et al. 1994

Chondrocytes play a unique role in the developmeatntenance, and repair
of the articular cartilage cartilage’s ECMwhich is influenced by daily physiolocial
loading and resulting mechanical forces. Mecharimakes, caused by loading
associated with walking, running, jumping, etce eonverted into biochemical
signals that affect chondrocyte metabolism andgtbduction of ECM
macromolecules, a process known as mechanotraimddct Specifically, loading
induces mechanical stimuli, e.g. tensile straiosmressive forces, shear forces,
hydrostatic pressure, and interstitial fluid flomithin articular cartilage that regulate
chondrocyte mechanotransduction. The survival ohdnocytes relies on the
presence of appropriate mechanical and biochersiicatli. When the balance of

these stimuli is altered, chondrocytes can respoui@leterious ways, diminishing



articular cartilage integrity and its ability topgort physiological loading. This can

lead to tissue wear and arthritis (i.e., OA and RJ@

1.3.2 Current Understanding of Post-Traumatic Osteoarthritis Disease
Initiation and Progression

Our understanding of PTOA disease progressioneidgminately based upon
studies of late-stage osteoarthritic tissue, ditdowing the accumulation of
irreversible damage. This is because in classopathic OA the precise mechanical
and/or biological changes that precipitate theatidn of OA are unknown. However,
unlike in idiopathic OA, the precipitating eventwding PTOA is a known injury. As a
result, there exists a unique, early window of opguty to study cartilage and/or
other joint tissue changes that may contributeltsa of cartilage and joint function
post-injury®> 472 In recent years, clinical studies looking at ¢a¢ly-to-mid disease
stages following joint injury have found that pat® experience altered joint loading
and kinematics following inju}-’® These changes lead to similar outcomes as seen
in idiopathic OA, such as pain, joint inflammatiéri®, osteophyte formaticf2?
subchondral bone remodeling/sclerés#8384 and cartilage damage. Recently,
injury-mediated meniscal extrusion has also beemwalto correlate with disease
severity and cartilage dama&@e® Despite our general understanding of the tissues
and cells involved with OA, a mechanistic underdiag of how acute joint injury
leads to the initiation and progressive loss ofilegie and joint function in PTOA
clinically remains unclear.

Determining the mechanisms involved in PTOA diseasiation and
progression on a tissue and cellular level in husttas been difficult to study. This is

partly due to: i) limited availability of human ¢#age from early disease stage, ii)



limited in vivo cartilage assessment techniques, and iii) the penigd required for
disease progression clinically. To overcome thesigdtions, researchers have turned
to variousin vitro, in vivo, andin situ models of PTOA using animal species including
horses, dogs, rabbits, rats, and #fi€&%:°9-°’One commonly used model that was
employed in this dissertation is the murine destadtion of the medial meniscus
(DMM) model of PTOA®. This model is commonly used because of its ehise o
implementation, high reproducibility, and pattefrdsease progression thought to
closely recapitulate human PTOA. In the murine DMvddel, the anterior region of
the medial meniscotibial ligament is transectedsoegy a medial extrusion of the
medial meniscus within the joint space and subsagot instability leading to loss
of cartilage and joint function. From countlessatirecal studies utilizing the DMM
and other models of PTOA, the field has generatgeh@ralized paradigm of the
mechanisms and timings underpinning PTOA initiatod progression (Figure 1.3).
It is believed that altered joint mechanical envim@nt/stimuli drive progressive
cartilage loss likely due to acute chondrocyterinjiesponses:’6.79.100-106including
imbalances in catabolic (matrix degrading) and ahalimatrix forming) processes,
cell death, proliferation, and inflammation respeséncreased pro-inflammatory

cytokine production).
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Figure 1.3: Conceptual Paradigm of Cellular andgtésLevel Activity
Underpinning PTOA Initiation and Progression. Faflog a traumatic
joint injury, it is believed that cartilage undeggosignificant changes at
the tissue and cellular-level; these include, ahitatabolic (red)
processes followed by an overlap of anabolic (bpreresses in attempts
to repair the tissue over time. Irrespective oktheverlapping responses,
the integrity and function of cartilage ultimatelgteriorates leading to a
complete loss of cartilage and joint function. Utdoately, the
underlying mechanisms driving these changes andpagal evolution
of such changes is largely unknown (Excerpt frondéyson et al.
20119).

While tremendous effort has been undertaken to éstiblish the generalized
paradigm of PTOA initiation and progression, untierding the spatial evolution of
the cellular and structural changes has been uppeseaiated and understudied.
Knowledge regarding the spatial progression ofilege degeneration may help to

link together injury-specific changes in joint bieahanics to cartilage-level



mechanobiology and allow the identification of sfiepopulations of chondrocytes
that drive the initiation and propagation of injunediated cartilage damage. Chapter
2 of this dissertation uses the murine DMM-modetvaluate the spatiotemporal
evolution of tissue- and cellular-level processesoaiated with cartilage damage

initiation and progression.

1.4 Current Post-Traumatic Osteoarthritis Treatment Strategies/Limitations
Unfortunately, no preventative therapies exist ttzat ameliorate the
development of PTOA (or OA)1%4 Current palliative treatments and life-style
change$'?’ only address secondary symptoms of the diseaske,asujoint pain and
immobility, and patients typically require invasigad expensive joint
repair/replacement surgeries (e.g. total knee @ptasty) when joint dysfunction and
pain becomes unbearabiié* 75:104.108-119Gjyen that many patients in the PTOA cohort
are younger adufts333%559.104ye their having experienced joint injuries in
adolescence or young adulthood, joint arthroplastypically not recommended due
to the finite life-spans of artificial joints ande inevitable need for knee arthroplasty
revision as the patients and implants'age-11°> The lack of preventative PTOA
treatments is concerning given the increasing nusntseindividuals (including
children) participating in sports with high injurisk and the huge socioeconomic
burden that PTOA places on patients, caregivestlammedical establishment. The
present lack of PTOA preventative therapies isigéyrtdue to a limited knowledge of
how early acute joint injury lead to loss of caié and joint functic®'%4 Further,
when and how clinical therapies should be impleegfbllowing joint injury remains

unclear. However, preclinical studies suggestttimaimost successful PTOA



treatments are those administered prophylactieallgreventative treatments
immediately upon the occurrence of acute jointriyffti’:104

Preventing cartilage degeneration following a tratiojoint injury is the
primary goal of PTOA treatment; the ability to diygesuch therapies requires
understanding the early pathological changes tteaijtate long-term cartilage
damage. Therapeutics that can directly influengeyamediated changes to
chondrocyte biologyn vivo would represent ideal disease-modifying leads. For
instance, preclinical studies suggest that earlgiutagion of chondrocyte
proliferation, death, and matrix metabolism follagiinjury can mitigate the course of
cartilage degeneratidn situ andin vivo>>1%4 While cartilage protection is
undoubtedly critical in PTOA prevention, PTOA (lik#) is a whole-joint disease;
thus, therapeutic leads that target the articudeiilage, as well as other joint tissues of
disease importance, could provide additional, rfuttictional benefits in PTOA
modification. For instance, preclinical and clidi®ad OA studies have used, with
promising multi-functional outcomes, a wide variefytherapeutic leads mitigating
joint inflammation following joint injuries, suchsanterleukin-1 receptor antagonists
or targets of other cytokines implicated in joinflammatior{®116-119 However, while
a number of these anti-inflammatory therapeutid¢daave demonstrated efficacy in
preclinical models of PTOA, none have received Fapproved for human PTOA.

Beyond joint inflammation, therapeutic leads tairggthe subchondral bone of
the joint are gaining significant attention dudfte general belief that aberrant
subchondral bone remodeling plays a role in caeildegneratioii®1%2 Studies have
demonstrated changes in subchondral bone struatareellularity?°-125 as well as

elevated cross-talk between the cartilage and sutatrhl bone via fluid flow through
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small canals and vessels post-injatyThus, therapies that can influence subchondral
bone remodeling may hold promise for preventingelaying PTOA development.
Recently, one FDA-approved class of therapeutissgaéned significant interest as a
drug that can positively influence subchondral bemodeling and cartilage
degeneration post-injury, the bisphosphonates. dissertation is dedicated to
exploring the potential clinical use of locallygated bisphosphonate administration

for PTOA disease modification.

1.5 Bisphosphonates

1.5.1 A Brief History of Bisphosphonates and MechanismsfdAction
Bisphosphonates (BPs) are a class of FDA-approxagsdistorically used to
treat bone-related diseases because of theiresdrptive and anti-remodeling
capabilities. Prior to their application biologisalBPs, which were first synthesized
in the late 1800s, were used industrially as watdteners to inhibit calcium
carbonate precipitatidff-128 BPs were originally referred to as inorganic
diphosphates because these molecules contain l@amo phosphate-oxygen-
phosphate, or pyrophosphate linkage, which intidiroxyapatite crystal formation
and calcificatio®?’-122 Upon the discovery that pyrophosphates boundteddy to
hydroxyapatite crystals in the body, especiallydgand prevent their dissolution, the
study of BPs transitioned into the biological reaBince the first published use for
their biological application in 1969128 the evolution of BPs has been astonishing
(Figure 1.4). Thousands of BPs have been syntiteaizé tested, but only about a

dozen have received FDA-approval for use as thetase’ 18 As a result, decades
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of research inform our current understanding of Big affect mammalian cells;

particularly in osteoclasts, their canonical cealiufrget in the body.

History of the Bisphosphonates

Approvals & Registrations for clinical uses
Studies of bisphosphonates
begin in Davos, Switzerland

Etidronate
Era of medicinal chemistry
>
First Risedronate Zoledronate
clinical use
of
etidronate
e l | | | | v 1
| | 1 I 1 ' | |
1960 11970 1 1980 1990 2000 2010
Tc99m-BP imaging Pamidronate
1969 )
Publications in Tiludronate pandronate
Science
— — - Alendronate Generics
Exploring clinical potential I
<< > | |
.. Osteoporosis
Clinical Eras < >
< >

| Pagets, bone oncology |

Figure 1.4: History of Bisphosphonates. Over thargebisphosphonates have been
synthesized and tested as therapies for bone-dedégeases, such as
Paget’s disease of bone and osteoporosis. Thedsgpbnates indicated
on the timeline have received FDA-approval, withedimonate (or
zoledronic acid) being the most recent and poteat (Excerpt from
Russell 201%%).

The evolution of BPs from the first-generation (elgdronate) to third-
generation derivatives (e.glendronate andoledronate) led to an increase in affinity
for bone and anti-resorptive potency. The incredmet affinity and anti-resorptive
potency are due to the modification of their molacstructure that has resulted in

increased hydroxyapatite binding and alteratiothexcellular mechanisms of BP
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actiont30:131,140-142,132-139n Figure 1.5A, the molecular structure for egeneration of
BPs are shown. The first-generation bisphosphortite®t contain nitrogen atoms
and are metabolized into toxic ATP analogs, whighses osteoclasts dysfunction and
apoptosis, resulting in the classically understantitresorptive properties of BiRs

vivo. The newer generations™tzind ) contain nitrogen atoms in their side chain
and are referred to as nitrogen-containing BPs §)BFhe addition of the nitrogen
atom (either as cyclic or non-cyclic structure)rgased their affinity for bone, as well
as their anti-resorptive potency; the newest anstipotent nBP, zoledronate
(commercial names: Zometa, Aclasta, and Reclastharein referred to as

zoledronic acid (ZA), is the focus in this dissgda. Mechanistically, nBPs inhibit

the mevalonate biosynthetic pathway in osteocl@stsvell as all eukaryotic cells) by
inhibiting the enzyme farnesyl pyrophosphate sysghdriving inhibition of
osteoclasts bone resorption and induction of otiebapoptosis*143-14/Figure

1.5B). The mevalonate, or isoprenoid, pathwayitecat for cellular function and is
ubiquitous in mammalian celf§:148-151 This pathway is responsible for the
biosynthesis of cholesterol and the prenylatiomasfous small GTPases, such as Rho,
Ras, and Rac, which are critical for the regulatbthe cytoskeleton structure and
function, proliferation, migration, mechanosensatiand cell healf3->> Thus,
mammalian cells that possess the mevalonate patblacayd be susceptible to the
effects of nBPs. Consequentially, targeting thiwpay may provide benefits for

diseases that include multiple joint tissues artid,ceuch as OA or PTOA.
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Figure 1.5: Bisphosphonates Structure and the Meadt Pathway. (A.) Structures
of older, first-generation bisphosphonates (lefsalfd line) and newer
generations of nitrogen-containing bisphosphon@gserpt from
Russell 201%9). (B.) Simplified schematic of the mevalonate pat
indicating that nitrogen-containing bisphosphongdike zoledronic acid,
selectively targeted inhibit farnesyl pyrophosph&eP) synthase,
inhibiting cholesterol production and prenylatidrsmall GTPase
(Adapted from Rogers 201%).

1.5.2 Bisphosphonates for Osteoarthritis

Aside from their well-accepted influence on ostastd, nBPs, by targeting the

ubiquitous mevalonate pathway, can influence aeNvth/differentiation, gene

expression, metabolism, cytoskeletal assemblycatigurvivalt3®in almost all

mammalian cells; including osteobldgfs44157-163gsteocyte’®8159 vascular smooth

muscle cell¥4185 vascular endothelial cetf§-1%9 epithelia cells’®-173 kidney

cellst’, stromal cells’>, fibroblastd72173.176.177regulatory T-cell§’® monocytes’®-

181 ‘macropagée8®181-18¢ and even chondrocyf€é Because of this, ZA use has

extended beyond bone-related diseases for usesmaeicand arthritis

chemotherapy®18% In chemotherapy-directed treatment, ZA preventdifpration
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and induces apoptosis in cancerous £8|1§2:196-205,188,206-208,189-13p, treating
arthritis, administration of ZA reduces cartilagemhge, bone remodeling, and pain in
a variety of preclinical models of inflammatoryhaitis (rheumatoid arthritig§°-216
and O&'"-219 While demonstrating efficacy in preclinical maglgkanslation of
ZA?20221and other BPs (e.g., clodron&fe?3 neidronaté®®, alendronat>22¢ and
risedronaté&’’-2%) into the clinic for idiopathic OA has been somevlimited.
Findings from such studies have produced mixedisesgsome show benefits in term
of pain reduction and improved gait and mobility)ereas others demonstrate
equivocal results. While the cause of these disgreles is unknown, differences in
patient populations and timing of administration\pde the most likely
explanation¥2-23% many of the OA patients enrolled in these studlesady had
irreversible cartilage damage. Consequentiallyatéept’s disease state likely limits
the ability of BPs to delay or reverse OA progressHowever, this interpretation
does not exclude the possibility that nBPs coulteleraged for joint disease
modification if their use were targeted toward mapgropriate patient cohorts and if
their timing and doses were more properly titraecause of this, patients that
experience a known joint injury and likely devePOA could be ideal candidates
for nBPs therapy as opposed to late-stage idiop&MA patients. Thus, the primary
goal of this dissertation was to establish theatisemodifying potential of nBPs,

specifically ZA, for PTOA using a preclinical mods#l PTOA.
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1.6 Intra-Articular Injection of Zoledronic Acid Therap y for Post-Traumatic
Osteoarthritis

1.6.1 Bisphosphonates for Post-Traumatic Osteoarthritis ad Current
Limitations/Opportunities

Given the anti-resorptive properties of BPs, pattdy ZA, and the belief that
subchondral bone remodeling may play a role in PTi@#ation and progression,
nBPs have been thought to be an ideal disease-yimggltherapeutic for PTOA. To
this end, numerous researchers have demonstratedAhprovides cartilage
protection and anti-inflammatory benefits when sgstally and continuously
administered at high-doses in animal models of PFOA! However, this systemic,
high-dose strategy carries increased risk of advade effects for both the skeleton
(e.g., systemic inhibition of bone remodeling, osiecrosis of the jaw, and atypical
bone fracture®?-244 and non-skeletal systems (e.g., renal and caadmuat*).

Thus, despite promising preclinical findings, dai@i acceptance of systemic, high-
dose administration of ZA for the treatment of PT.@&pecially in the often younger
PTOA patient populations, may face substantial lestd~urthermore, it is unclear if
the PTOA disease-modifying abilities of ZA are iatited to more direct ‘chondro-
modulatory’ mechanisms or require systemic dosiniget efficacious. Since
systemically-administered ZA may face insurmoureattiallenges towards clinical
acceptance for PTOA therapy, the study of alteveatocally targeted routes of ZA

administration, such as intra-articular (i.a.) atjens46-252 are warranted.

1.6.2 Evidence Supporting the Use of Intra-Articular Injection of Zoledronic
Acid for Post-Traumatic Osteoarthritis Treatment

Support for the use of intra-articular injectionZ as a PTOA therapy comes

from the knowledge that many tissues and cellbenjaint that are implicated in
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arthritis’®2>3can directly be affected by ZA. In general, adiden its classical
understood inhibition of bone resorption, ZA is famto modulate inflammatory
cytokine production, and cell maturation, prolifésa, and death in monocyfé§
monocyte-derived dendritic cell$-8 macrophagé8'-18¢ and endothelial cefi&17%
which all reside in the synovium. Mesenchymal-dedicells, including chondrocytes,
are thus susceptible to bisphosphonates. Studiesdemonstrated the ability of nBPs
to regulate chondrocyte proliferation, viabilityychdeathin vitro'87:254 Furthermore,
work from our collaborators has suggested that ZA directly benefit chondrocyte
health and cartilage biomechanical properitiestu under experimental conditions
that mimic aspects of PTG&-2%8 Preclinical translation of these findings hasrbee
limited to a single research group that exploredus$e of intra-articularly injected ZA
within the context of PTOA. In two reports publishafter the initiation of this
dissertatio?%2%9 this team demonstrated that repeated i.a. injectf ZA appeared to
reduce joint inflammation, cartilage damage, anohcnocyte apoptosis in the rat
anterior cruciate ligament model of PT&A2%C Collectively, these studies
demonstrated preliminary evidence that intra-aldicinjection of ZA (i.a.ZA) could
provide cartilage protection following injury. Hower, the following questions
remained: i) could i.a.ZA modulate cartilage damageé other non-cartilaginous
tissues in different species and injury modelisilepeated versus single i.a.ZA
required for disease-modifying efficacy; iii) whae i.a.ZA mode(s) of action in

mitigating PTOA; and iv) can ZA directly modulateandrocytes and cartilage health.

17



1.7 Structure of Dissertation

1.7.1 Overview

PTOA is incurable and represents a growing socio@tic burden.
Unfortunately, current clinical treatments haveiled therapeutic efficacy and still
require joint repair surgeries and joint replacentenelieve the pain and loss of
mobility accompanying PTOA. This lack of therapeuiiccess is derived partly from
a lack of understanding regarding the underlyinglmaisms that initiate and drive
the loss of cartilage and joint function followiagute joint injury. Shedding insights
into the early changes of cartilage and non-caitilaus joint tissues following an
acute injury may help guide the development of essful therapies for PTOA
prevention. Despite the promising results assatdiaith the systemic administration
of ZA for PTOA (and OA), this strategy will likeligace considerable, if not
insurmountable hurdles to clinical adoption. Thasgeted ZA delivery mechanisms,
like intra-articular injection, represent a logiséilategy for PTOA disease-
modification. However, the use of intra-articulajection of ZA for PTOA prevention
in vivo has received minimal investigation and knowledgésZnode(s) of action in
chondrocytes and cartilage is largely unknown.

Overall, we believe that injurious insult to thenjonitiates early and focal
chondrocyte dysfunction and cartilage damage thiate targeted to modify PTOA
progression. Furthermore, we believe that intrasaler injection of ZA can modulate
the response of chondrocytes to these perturbasopgressing the development of
cartilage erosions, and alter the response of aotilaginous joint tissues following
injury. Therefore, this dissertation investigatkd following three aims: i) to

characterize the early, spatiotemporal progressi@artilage’s cellular and tissue
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level changes post-injuliy vivo; ii) to determine the disease-modifying benefits o
early, intra-articular injection of ZA post-injufgr PTOA preventionn vivo; and iii)
to determine the concentration and exposure-depemptiotropic effects of ZA on

chondrocyte health and functiomvitro.

1.7.2 Aim #1. Characterize the early, spatiotemporal progession of cartilage’s
cellular and tissue level changes post-injurin vivo. (Chapter 2)

To better understand the pathophysiology of PTOdtaridentify druggable
mechanistic targets for PTOA prevention and dis@easdification, we evaluated the
temporal and spatial evolution of cartilage degeatien following injury-induced
changes in joint stability (Chapter 2). We usededi-established surgically induced
murine model of PTOA, the destabilization of thediaémeniscus (DMMY, to
induce cartilage degeneration. We placed emphadmstological and
immunohistochemical analysis of the spatiotempevalution of cartilage damage
and chondrocyte presence resulting from injury-getlmeniscal extrusion. Findings
from Chapter 2 established a foundation of knowéetligit was leveraged in Chapters
3 and 4 to test the efficacy of locally-deliverefl into the injured knee to protect
chondrocytes and cartilage from degeneration anidfluence other non-cartilaginous

joint tissues’ responses.

1.7.3 Aim #2: Determine the disease-modifying benefits adfarly, intra-articular
injection of zoledronic acid post-injury in vivo. (Chapters 3 and 4)

Given the whole-joint nature of PTOA disease, adpeutic drug that could be
locally-delivered to prevent cartilage degeneratidrile also possessing anti-
resorptive and anti-inflammatory properties wouddideal. In Chapters 3 and 4, one

such promising therapeutic was investigated. Westigated the disease-modifying
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potential of repeated versus single intra-articuigaction of ZA on cartilaginous and
non-cartilaginous tissues following injury in theirme DMM model using
histological, immunohistochemical, and micro-congaLitomography analyses. In
Chapter 3, we focused on the influence of intrazaldrly injected ZA on cartilage
structure, composition, and cellularity followingury. In Chapter 4, we evaluated
ZA'’s influence on injury-induced evolution of ospyte formation, meniscus
response, inflammation, and subchondral bone relimggas well as on the structure
of skeletal compartments distant from the injui@dtj Collectively, the goal of both
chapters was to demonstrate if intra-articular A drive disease-modifying
outcomes in injured joints and if local intra-auii@r injections of ZA could minimize
the adverse skeletal side effects typically assediaith systemically administered
ZA. The knowledge gained from this aim demonstraitedn vivo efficacy of intra-
articular injection of ZA in modifying PTOA initiadn and progression and shined

light on possible modes of ZA action on chondrosytether explored in Chapter 5.

1.7.4 Aim #3: Determine the concentration and exposure-gendent pleiotropic
effects of ZA on chondrocyte health and functionn vitro. (Chapter 5)

While it is critical to establish proof-of-concept locally delivered ZA as a
PTOA treatmenin vivo, the use ofn vivo studies limits our ability to ask detailed
mechanistic questions regarding ZA and chondrogcgtes what is the effect of ZA
concentration and exposure on chondrocyte heattthameostasis in isolation from
other joint tissues? In Chapter 5 we explored gatkeellular modes of action of ZA
in chondrocytesn vitro using an immortalized chondrocyte-like cell lindtate in the
absence of other joint tissues/cells. Knowledgeeghirom Chapter 5 will help to

inform the potential modes of action of ZA in tleént in vivo and establishes a
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baseline of concentrations and exposure timestfiolygg the effect of ZA on

chondrocyte and cartilage heailthvivo andin situ.
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Chapter 2

EARLY, FOCAL CHANGES IN CARTILAGE CELLULARITY AND
STRUCTURE FOLLOWING SURGICALLY INDUCED MENISCAL
DESTABILIZATION IN THE MOUSE

(MA David, MK Smith, RN Pilachowski, AT White, RCdcke, C Price,
Published 2017)

2.1 Abstract

Post-traumatic osteoarthritis (PTOA) is an accédeldorm of osteoarthritic
cartilage degeneration affecting approximately R@s%of patients experiencing joint
injury. Currently, PTOA is incurable; to better @msgtand the etiology of PTOA and
to develop rational anti-osteoarthritic therapies critical to understand the
spatiotemporal initiation and the progression o©ORT In this study, we employed
semi-quantitative histological scoring and quatitimdamage analysis to examine
disease progression in the murine destabilizatidheomedial meniscus (DMM)
model of PTOA from early- (3-days) through late1Zidays) disease timepoints. We
observed significant, progressive articular caggl@AC) cellular and structural
changes in the medial compartments of injured goast early as 3-days. Spatially
within the joint, cartilage damage (erosions) waseerved anteriorly at 84-days.
Furthermore, a drastic loss in chondrocyte numineB¢days), surface damage (at 7-
days), and cartilage erosion (at 84-days) was faar-localize to the specific region
of the medial tibial plateau AC that experiencethange in meniscal coverage due to
meniscal extrusion following DMM. Taken togethdrese results suggest that DMM-

mediated extrusion of the medial meniscus leadapm, spatially-dependent changes
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in AC cellularity and structure, and precipitaties focal degeneration of cartilage
associated with PTOA. Importantly, this study swgggehat joint instability injuries
may trigger immediate (<3 days) processes wittsmall population of chondrocytes
that directs the initiation and progression of PT@Ad that development of
chondroprotective strategies for preventing andé&aying PTOA-related cartilage
degeneration are best targeted toward these imtegdearly processes following

joint injury.

2.2 Introduction

Approximately 20-50% of patients suffering trauroadiint injury, e.g.,
anterior cruciate ligament tears, articular fragfumeniscal tears, or meniscectomies,
will develop post-traumatic osteoarthritis (PTOAi}hin 10-15 years of injufif->°
Currently, PTOA is not preventable and the premgeehanisms by which acute joint
injury leads to long-term cartilage degeneratianais unknow? partly due to: i)
limited availability of early disease stage humartitage, ii) limited in vivo cartilage
assessment techniques, and iii) the long timespealnacal disease progression. To
overcome these limitations and to define the meishaunderpinning PTOA
initiation and progression, cartilage degeneratias been studied in numerous pre-
clinical small-animal models of joint injury.

The destabilization of the medial meniscus (DMMs3uagically-induced joint
instability model, is a commonly used murine maafdPTOA due to its ease of
implementation, high reproducibility, and pattefrdsease progression thought to
closely recapitulate human osteoartht#tisCollectively, murine DMM studies have
identified mild cartilage damage in early-diseaseand 14-day3§1-2%6and mild-to-

severe cartilage loss/erosion at mid-to-late sthgease (28 through 112-days)
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126,261,270-279,262,280,281,263-26By yically, cartilage damage severity and progogshas
been evaluated using whole-joint level semi-quatiti¢ histological scoring
system$’7282-284 However, such systems have limited ability tdyfgharacterize
early changes in articular cartilage (AC) degenendbecause they rely on: i) binary
metrics of superficial tissue damage (fibrillatiarsd clefts), which only indicate the
presence of these changes not their spatial extedti)) metrics of cartilage erosion
that simultaneously incorporate width-wise (acttbessurface) and depth-wise (into
the tissue) damage components in their analysishéumore, scores are oftentimes
presented as a single aggregated damage metnvedérom the maximal extent of
damage within a section or across a joint compartnoe summed/averaged across
the joint. Thus, while semi-quantitative scoringtgyns have helped to define the
time-course of whole-joint level cartilage damagstpDMM, they can inadvertently
mask key aspects of the spatial initiation and megjon of cartilage degradation.
Defining the anterior-to-posterior and medial-teetal distribution of cartilage
damage may provide critical insight into the medsiais by which PTOA initiates and
progresses. In the pioneering DMM study by Glasstaa?®, qualitative observations
of cartilage erosions being preferentially localize anterior-to-central regions of the
medial tibial plateau (MTP) of DMM joints were madairthermore, while not
addressed in prior studies, our qualitative impogssof the murine DMM literature
suggests a co-localization of cartilage damageeddiahregions of the MTP that were
previously covered by the medial meniscus (NH{1§64.266.271-273,277-28&nnorting
these impressions, studies utilizing DMM within ieais species have indicated
increased joint laxity and anterior translationdeX®, altered medial compartment

contact stresses (mice and ra#Bit}®¢ and cartilage damage to the middle and outer
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MTP (ratf®’. Furthermore, non-invasive murine models of PTQAmIt the co-
localization of applied load, cartilage damage, emoindrocyte apotosf®. While a
few murine studies have identified increased chocyte death post-
DMIM 261,263,280,.283.28%he details regarding the spatial distributiortledndrocyte loss
across the AC and their relationship to menisctalesion have yet to be investigated.
Taken together, we believe that meniscal extrugast-DMM plays an
important role in the rapid, focal initiation ancbgression of cartilage damage. We
hypothesized that chondrocyte loss and cartilagetsiral damage would rapidly¥{-
days) and preferentially localize to cartilage o&g where DMM-induced MM
extrusion results in altered femur-on-meniscusibiatontact. However, the use of
conventional semi-quantitative scoring alone wdikiely be unable to address such
relationships. Therefore, we utilized a set of gpamporal scoring and evaluation
methods to address this hypothesis and to elucitateslationship between meniscal
extrusion and changes in cartilage cellularity sindcture from early- (3-day) through

late-stage (112-days) disease in the murine DMMehotiPTOA.
2.3 Methods

2.3.1 Animals and Surgeries

Male C57BL/6 mice (n = 83) were purchased fromJhekson Laboratory at
9-weeks of age and housed in standard cagemice/cage). Mice were maintained
on a 12-hour light-dark cycle in a climate contdllvivarium with access to food
(Prolab RMH 3000) and wated libitum. Mice were randomly assigned to one of

three groups: DMM, sham, or baseline/age-matchattals
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At 12-weeks of age, right knees of mice in the DMgMup (n = 5-10
mice/group) underwent the DMM surgéty?8 contralateral limbs served as un-
operated internal controls. Briefly, mice were @heszed using inhaled isoflurane
and prophylactically administered antibiotic anélgesic. Using aseptic techniques,
the medial meniscotibial ligament (MMTL) was exposand transected to release the
anterior horn of the MM from the tibia and surgigatisions were subsequently
closed. A subset of mice underwent sham surgeewtical to the DMM surgery,
except transection of the MMTL was omitted. Follog/isurgery, mice recovered
quickly to full ambulation and unrestricted cagé\wty. Collection of tibiofemoral
joints occurred upon euthanasia @&posure and cervical dislocation) at either 3-,
7-, 14-, 56-, 84- or 112-days post-injury, or Osl&yr non-surgical baseline controls.
All animal procedures were approved by the Universi Delaware’s Institutional

Animal Care and Use Committee (Protocol Number 1252

2.3.2 Histological Processing and Staining

Following tissue collection, joints were processadparaffin embedding,
sectioning, and histological staining using staddachnique®¥“. Briefly, all joints
were placed within tissue cassettes at a flexiaeanf ~80°, approximating the
joint’s natural flexed position. Specimens werenthiged in 4% paraformaldehyde for
48-hours at 4°C, decalcified in 14% EDTA (pH 7.4#015-days at 4°C, and
processed for paraffin embedding. Joints were Ibegat into 5-um thick coronal
sections and placed on charged slides (two sedsiatey. Starting at the front of the
joint (anterior), every tenth slide (every ~100-pw@s stained with 1% Safranin-O,
0.02% fast green, and Weigert’s iron hematoxylionf-these, a subset of five slides

spanning ~500-pum of the joint and centered abautibiial plateau and femoral

26



condyle cartilage contact region were selectedlémnage analysis (Figure 2.1A).

These slides were labeled (1-5), from the ant@odhe posterior level of the joint.
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Figure 2.1: Histological analysis of cartilage stural damageRepresentative
safranin-O/fast green stained sagittal (A.) seatiemonstrating the
region of interest and slide positions selectedhfalysis, and (B.) a
coronal section used for semi-quantitative histaalganalysis of the
medial femoral condyle (MFC), medial tibial plateiiTP), lateral
femoral condyle (LFC), lateral tibial plateau (LTH)ages were
captured at 5x magnification. Independent widtld dapth-based
scoring systems (C.) were utilized in this studgniage values of 0-2
were identical in both scoring systems, while ss@&3 and higher
allowed differentiation of width- vs. depth-basedsons extending
beyond the superficial layer. A complete descriptd the scoring
system can be found in Table 2.1.
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2.3.3 Spatiotemporal Scoring of Width- and Depth-Based Cdilage Damage
Semi-quantitative scoring of cartilage damage wafopmed across all stages
of disease development (3- to 112-days). Threabtirscorers (MAD, MKS, and
ATW or RNP) scored the degree of cartilage damagsent in each slide using two
separate semi-quantitative scoring metrics to etalthe extent of width- vs. depth-
wise cartilage damage. Width-wise damage acrosartloeilar surface was assessed
(Figure 2.1C, Table 2.1) using a modified versibthe OARSI scoring systeitt.
Depth-wise cartilage damage, relative to the delgi€artilage (CC)/subchondral bone
interface (Figure 2.1C, Table 2.1), was assessed as adapted version of
Chambers’ et &8 scoring system. For each metric, cartilage damaageassessed on
a 0-6 scale. Scores of 0-2 were applied identiaaitizin both scoring systems, while
scores of 3-6 differed. This allowed for classifioa of cartilage erosion based on its
width-wise extent independent of depth-wise extend] vice versa. Scoring was
performed and aggregated separately for each dbtlrecompartments of the joint:
the MTP, the medial femoral condyle (MFC), the dake¢ibial plateau (LTP), and the
lateral femoral condyle (LFC) (Figure 2.1B). At bdevel, scores (anterior [1] to
posterior [5]) were aggregated across observetsmatn individual joint. For overall
temporal analysis, scores from each level werea@est to generate a whole-joint
damage score used to calculate group means. Fialspelysis of anterior-to-
posterior damage, the average individual specirneresat each level was used to

calculate a group mean for each level and timepoint
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Table 2.1:  Description of the semi-quantitativelthi and depth-based histological
scoring systems utilized in the present study.

Score Width-Based Depth-Based
0 Normal
0.5 Loss of Safranin-O without structural changes*
1 Fibrillations/discontinuities and/or roughened superficial surface*
Erosion to the layer immediately below the superficial layer and some loss of surface

2 .

lamina*
L# . . Erosion# extending for <25% of total
3 Erosion extending <25% of AC width

cartilage depth?

Erosion# extending for 25-50% of total

4 Erosion” extending 25-50% of AC width . t
cartilage depth

Erosion# extending for 50-75% of total

#
5 Erosion extending 50-75% of AC width . "
cartilage depth

#
Erosion extending for >75% of total

6 Erosion” extending >75% of AC width . "
cartilage depth

" indicates damage can extend across any perce¥dg¥ the articular cartilage surface width
#indicates erosion must extend beyond the layer idiately below the superficial layer/lamina
*indicates depth measured relative to total casilggC + CC) thickness

2.3.4 Quantification of Meniscal Coverage of the Cartilag Surface, Cartilage
Damage, and Chondrocyte Cellularity

To establish spatial (medial-to-lateral) and terapoglationships between
meniscal extrusion and changes in chondrocytelaéliyand cartilage damage within
the medial joint compartment, sections from joi3tso 84-days post-DMM were
stained immunohistochemically (IHC) for type Il leglen and DAPI-positive cells (n
= 5-mice/group), and quantified via custom sempedted image processing.

Briefly, IHC staining was performed on slides a@jatcto the Safranin-O sections, and
surrounding the center of cartilage contact (le2efy. Sections frordb MM and
contralateral (control) joints were stained immustdthemically for type Il collagen
and the presence of cells (DAPI counterstain faleiy Type Il collagen was used as

a structural indicator to assist in distinguishbejween the articular and calcified
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cartilages within each section and DAPI countensteas used to differentiate the
presence of chondrocytes in each tissue. Brieflfigan retrieval was performed on
the sections using pepsin (0.4% w/v; Sigma) in R.8¢drochloric acid for 15
minutes at 37°C. Sections were then blocked withns¥nal donkey serum (Sigma)
in phosphate-buffered saline with 0.1% Tween-28H{€&i Scientific) for one-hour at
room temperature (RT), and incubated with a raditmouse type Il collagen
primary antibody (1:200 dilution, ThermoFisher) ovight at 4°C. Sections were then
incubated with an AlexaFluor-555 donkey anti-ralsigitondary antibody (1:400,
ThermoFisher) for 1 hour at RT in the dark, treatetth 0.1% w/v Sudan black
(FisherBioReagents™) in 70% ethanol for 30 minateRT to reduce
autofluorescence, and then mounted with a DAPlaiomtg mounting medium
(ThermoFisher) for the detection of cell nucleudilescent images of the collagen
type Il and DAPI stained sections were obtainedhiwi72-hours of completing the
immunohistochemical staining procedure to limibflescent signal loss. Following
staining, overlapping images of the sections wapwed at 20x magnification using
an epifluorescent microscope (Axio.Observer.Z1] Zaiss) and a digital camera
(AxioCam MrC, Zeiss) and combined (tiled) using Zarftware (Zeiss). A custom
semi-automated MATLAB (MathWorks) algorithm was dge: i) define the MTP
region of interest (ROI) in each image, ii) manyatace the AC, CC, and MM, and
iii) count DAPI-positive cells within the AC and C@ppendix A Figure A.1). Traces
were automatically segmented width-wise into fagions (quadrants 1-4; Appendix
A Figure A.1) and cartilage structural (i.e., AGI&BC thickness) and cellular (i.e.,
number of DAPI-positive cells) parameters were difiad within each quadrant.

Quadrant 1 represents the innermost region ofdilné \while quadrant 4 was nearest
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the joint margin. Additionally, the degree of merakextrusion was calculated as the
extent of cartilage surface covered by the menifemgith of meniscus covering
AC/total AC width; herein referred to as ‘meniscalerage’), and the linear extent of
width-wise cartilage surface damage, includingilfétions, clefting, and erosions

(length of AC damage/total AC width), were tra&8dand quantified.

2.3.5 Statistical Analysis

All data is presented as mean + standard deviaitatistical analyses were
performed using GraphPad Prism 6.0. Paired t-tests used to establish differences
in cartilage outcomes between DMM and contralaterats at each timepoint. One-
way ANOVAs with Tukey’s post-hoc tests were usedaétermine differences in
cartilage outcomes i) between contralateral, stzand,age-matched joints at a given
timepoint; and ii) over time for either DMM or ceal joints. Linear regression was
performed to identify i) spatial patterns (amomnggls 1-5) within DMM or
contralateral joints, and ii) the relationship beén whole-joint depth- versus width-
wise damage. Pearson correlation coefficients waleulated to establish
relationships between meniscal extrusion/coveragendrocyte loss, and cartilage
damage. Statistical significance and trends weratge<0.05 and p<0.10,

respectively.

2.4 Results

2.4.1 Whole-Joint Temporal Changes in AC Structure Post-IMM

Early and progressive changes in AC structureeatiole-joint level were
confirmed within the medial compartments of DMMnjts (Figure 2 and Appendix A
Table A.1). Within the MFC, DMM joints exhibitedteend towards increased whole-
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joint cartilage damage (i.e., loss of proteoglystaining and the presence of
fibrillations/clefting) relative to contralateraiibs as early as 7-days (Figure 2.2A and
B), and significant damage accumulation beyond &gsdin the MTP, similar damage
progression was observed in the DMM joints; howethes damage was statistically
significant as early as 3-days (score = 0.7; p<Fjure 2.2C and D). In both the
MFC and MTP of DMM joints, damage appeared to $itab{scores of ~1-2) between
7- and 56-days before increasing again at 84-dagy$ayond (scores3; p<.001). At
112-days, damage scores highlighted a moderateelegmwidth- and depth-wise
cartilage erosion (~25-50% of the MTP width invahend ~50% of the AC depth;
scores = 3.3 and 3.4, respectively). No significamtilage damage was observed
within the lateral compartments of DMM comparedt¢mtralateral joints or within
contralateral joints compared to sham, age-matduadinon-surgical controls

(Appendix A Table A.1)
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Figure 2.2: Progression of whole-joint cartilagend@e post-DMM. Semi-
guantitative histological scoring of width- (A.) &depth-wise (B.) MFC
damage, and width- (C.) and depth-wise (D.) MTP agenacross the
joint demonstrated an early accumulation of protgzam loss and
surface fibrillations [scores = .5-1] post-DMM (Bydays), which
preceded surface clefting [scores = 1-2] (7- tal&gs) and overt
cartilage erosions [score8] (84+ days). Results are presented as mean
+ STD (n = 5-10/timepoint/group) where * = p<0.@57 p<0.10 (trend)
for paired t-test between DMM and DMM contralateral

We also investigated whether the use of semi-quaive scoring of width- or
depth-wise erosion resulted in different interptietes of AC damage progression by

plotting MFC and MTP width-wise scores againstitipaired depth-wise scores and
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performing linear regression (Appendix A Figure ARamage scores? are

classified identically in both schemes, and thuslgkan expected one-to-one
relationship (MFC [slope = .982 # .99] and MTP [slope = 1.0? # .99]). However,

for scores >2 the slope of the linear regressiffered significantly from 1.0 in the
MTP (slope = .75;%=.79), indicating a slight, albeit significant feeence for higher
width-wise damage scores. A trend towards sigmfieawas observed in scores >2 in
the MFC (slope = .83?2F .86). However, the overall interpretation of dgma

progression remained similar (Figure 2.2).

2.4.2 Anterior-to-Posterior Distribution of Cartilage Dam age Post-DMM

To determine the anterior-to-posterior progressibcartilage damage within
the joint, we investigated the distribution of seqniantitative histological scores
across the medial compartment from level 1 (antetlevel 5 (posterior) over time.
Our gualitative impression of preferential, antdyidocalized damage (Figure 2.3)
was confirmed by semi-quantitative analysis of dgendistribution among Safranin-O
stained sections (Figure 2.4). In the MFC of DMNhjs, no significant spatial
preference was observed at any timepoint (widtrewigure 2.4A; depth-wise
Appendix A Figure A.3). In contrast, anteriorly-Idized damage was observed in the
MTP at later-stage disease (width-wise damage 2=8&.0.08 at 84- and 112-days,

respectively, Figure 4B; depth-wise Appendix A Fig.3).
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Figure 2.3: Spatiotemporal progression of cartildgmage in medial knee
compartments post-DMM. Representative safraningDfeeen stained
sections highlight the changes in medial menisbid)(location and the
distribution of cartilage damage from the ante(ievel 1) to posterior
(level 5) of DMM and contralateral (control) joint&nteriorly-localized
cartilage damage was qualitatively observed inMii® of DMM joints
at later timepoints. Images were acquired at 20gmfigation, scale bar
(200-pum) applies to all images.
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Figure 2.4: Anterior-to-posterior distribution ofdth-wise cartilage damage within
the medial knee compartments post-DMM. Semi-qteatite width-wise
scoring of cartilage damage in the MFC (A.) and MBB, from anterior
(level 1) to posterior (level 5) of the joint. Thppearance of spatially-
dependent damage was only observed in the MTP dfildihts at late
timepoints (84- and 112-days), i.e. increased danaageriorly compared
to posteriorly. Results are presented as mean +@FD5-
10/timepoint/group) where * = p<0.05 and # = p<Q(tténd) for paired
t-test between DMM and contralateral joints at\aegilevel. Linear
regression r2- and p-values are shown for DMMtgoonly.

2.4.3 Meniscal Coverage of the AC Surface Post-DMM

Qualitative observations in both Safranin-O and i&ined sections (Figure
2.5) reinforced our impressions of a spatial relahip between AC damage in the
joint and meniscal extrusion post-DMM. IHC sectidtype 1l collagen) were used to
measure the extent of the central MTP (levels @e#ered by the MM. In non-
surgical controls and contralateral limbs, ~50%hef MTP was covered by the MM

throughout the study (Figure 2.6). In contrastiramediate ~30-40% reduction in
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meniscal coverage of the MTP was seen at 3- aray3{ph=0.16 and 0.05,
respectively). MTP coverage stabilized at ~20% cage (60% reduction compared to
contralateral joints; p=0.001) by 56-days. As alltesf meniscal extrusion, a full
quarter of the central contact region of the MTRI(MFC), largely consisting of

quadrant 3 [Q3], experienced an acute and persisii@mge in meniscal coverage.

84-Day DM

Q4 1 Q3,1 Q2 | Q1 |

<«— = Meniscal Coverage * = area of PG loss { = small fibrillations and roughened surface = area of erosion

Q1 1'Q2 I'Q3 1. Q4 | Q1 | Q2 | Q3 | Q4 |

Figure 2.5: Histological and immunohistochemicahdastration of the spatial
distribution (medial-to-lateral) of cartilage daneagneniscal coverage,
and the presence of chondrocytes post-DMM. Adjabetological
(Safranin-O/fast green [upper panel]) and immuriokisemical (type Il
collagen and DAPI [lower panel]) images at 7- adedl@ys post-DMM.
A distinct loss of proteoglycan staining and chaugte presence, as
well as increased type Il collagen staining waseole=d to co-localize to
MTP cartilage regions that experienced a loss afiseal coverage at 7-
and 84-days (Quadrant 3 [Q3]). All sections dejziges take from
anterior-posterior level 2 (anterior-to-mid-conjaabd acquired at 20x
magnification, scale bar (100-pum) applies to akhges.

37



1.0+

Q

2 0.8+ .

() * * *

3 0.6+

(&) -~ @

S 0.4 -

'3} :

2

f =

[ -

2 02 ~—e- —0
0.0~—p—1—1—1 ¢ T T 1

0 7 14 56 70 84
Days Post-DMM

-®- DMV <= DMMContralatera 4p Baseline

Figure 2.6: Changes in the degree of the artiazdsilage covered by the medial
meniscus (meniscal coverage) following DMM. The MA@ in DMM
joints experienced a significant loss of meniscalerage as early as 7-
days following injury; coverage stabilized at ~20%4 of the AC over
time. Results are presented as mean + STD (n méjptint/group)
where * = p<0.05 for paired t-test between DMM aodtralateral joints.

2.4.4 Distribution of Width-Wise MTP AC Damage Post-DMM

To assess the width-wise extent of surface damagie@sions not captured
by our semi-quantitative scoring system, we quatgi the linear width-wise surface
damage, which included fibrillations (score of dgfting (2), and erosions38),
across the MTP in IHC stained sections. We obseitvaitthe extent of damaged
surface increased from ~0 to 35% of the MTP cayilevidth between 0- and 7-days
(Figure 2.7A), then stabilized at ~35-40% for teemainder of the study. We also
observed that the extent of compromised cartilagiase was inversely correlated
with the extent of meniscal coverage’ R.40 and p < .001; Figure 2.7B) and that the

spatial location of this damage was typically cesdeabout the newly exposed Q3 of

38



the MTP (data not shown). In the same sectionane@asured the average thickness of
the AC and CC within each quadrant (Q1-4). Inténgbt, a statistically significant
reduction in AC thickness was only observed wiQB at 84-days (Appendix A

Figure A.4). No change in CC thickness was obsenv&MM or contralateral joints
(data not shown). We also qualitatively observed the linear extent of width-wise
surface damage coincided with an increase in typellagen staining in DMM and
contralateral joints (Figure 2.5). Collagen stagnintensity appeared greater at all
timepoints in DMM joints, while also appearing to-localize to AC regions

demonstrating a loss of Safranin-O staining, atef lavert damage.
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Figure 2.7: Progression of the degree of surfaceagd@ across the width of the MTP
post-DMM and its relationship to meniscal coverdgeDMM joints,
damage across the width of the MTP surface appeapdly following
DMM, ultimately stabilizing at ~35-40% involvemeoit the MTP width
over time (A.). Results are presented as mean = @FD5), where * =
p<0.05 and # = p<0.10 (trend) for paired t-tesieein DMM and
contralateral joints. The extent of damage acrossuidth of the MTP
was inversely related to the degree of meniscatiame (B.). Pearson
correlation coefficients (R2)- and p-value indesht
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2.4.5 Spatiotemporal Changes in MTP Chondrocyte Cellularty Post-DMM
Lastly, in analyzing IHC stained sections we obedralterations in the spatial
distributions of chondrocytes (DAPI-positive celNg}hin the AC post-DMM (Figure
2.5). As early as 3-days, a significant loss ofrdrocytes was seen in Q3 of the AC
of DMM joints (~60% reduction compared to contratat joints, p=0.005; Figure
2.8), which progressed until that quadrant wascéffely devoid of chondrocytes by
84-days. In Q1, chondrocyte number remained unadnghile Q2 and Q4 exhibited
less substantial chondrocyte losses (Figure 2 Ajontralateral joints, no significant
changes in chondrocyte number were observed. émuntire, we observed that the
number of AC chondrocytes in quadrants 2, 3, ange linearly correlated to the
degree of meniscal coverage (Figure 2.8B). No 8agmit correlation between
meniscal coverage and chondrocyte number was adseénQ1. The number of

chondrocyte in MTP CC remained unaltered (datsshotvn).
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Figure 2.8: Spatiotemporal quantification of chmwjtte presence across the MTP of
articular cartilage post-DMM and their relationskgpmeniscal coverage.
The MTP demonstrated a significant loss of chongtecthat localized
to specific MTP quadrants (Q2-4) (A.) that alsoexgnced alterations
in meniscal coverage. In these quadrants, chonteedyss was linearly
related to degree of meniscal coverage (B.). Resud presented as
mean + STD (n = 5/timepoint/group) where * = p<0abtl # = p<0.1
(trend) for paired t-test between DMM and DMM caditeral. Pearson
correlation coefficients (R2)- and p-value indichte

2.5 Discussion

In the present study, we identified early, localizhondrocyte loss and
cartilage damage in the murine DMM model of PTOMgsemi-quantitative
histological scoring and quantitative analysis. Tihdings of immediate cellular,
compositional, and structural changes to cartilsigalighted the rapidity of the post-
DMM injury response in male C57BL/6 mice and refiribe timeline of damage
initiation following meniscal destabilization. Whibur findings were consistent with
previous semi-quantitative studies of DMM in theuw@?6261,270-278,280,262,285,263-269
rat®’, and rabbif® and with early clinical changes seen in humatilage following

ACL tearg®® we also observed that semi-quantitative cartikmpging schemes,
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whether based upon width- or depth-wise classiboat did not provide a complete
picture of the progression of cartilage degenenatiostead, through implementation
of detailed spatial analysis of cartilage damaggassion, we uncovered additional
aspects of the post-DMM cartilage injury respor@eecifically, a strong relationship
between meniscal extrusion/coverage and the lovatiogression of AC cellularity
and structural changes.

Under physiological conditions, the meniscus siadsl the joint and transmits
load during articulatiot’. After meniscal detachment from the tibia, eitfrem
natural root tears or surgical procedures (like DVitfle meniscus’ stabilizing
function is lost as wedging effeétsbetween the femoral condyle and meniscus
causes its extrusion into the joint space. As altres this alteration, several joint-
level changes occur, including increased jointtiaaind anterior motidii®, and
increased tibial plateau contact stre$¥e46 Clinically, increased meniscal extrusion
has been related to increased cartilage datrd@geOur findings in the murine DMM
model are consistent with these observations. Vgerobd that DMM-induced
meniscal extrusion led to an immediate alteratomeniscal coverage of the MTP
AC surface, and the co-localization of cartilagamies (e.g. loss of chondrocytes and
proteoglycan content, surface damage, and ovestars) to the uncovered regions.
These findings confirmed the outward extrusionhef MM within the joint post-
DMM, and identified the specific regions of the Altat are exposed to potentially
altered contacts and mechanics due to changesniiscaécoverage.

Through the detailed spatiotemporal analysis dilage damage, the present
study provides insight into the anterior-to-posteand medial-to-lateral progression

of cartilage damage post-DMM. While the presentyais, demonstrating a
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progressive increase in anteriorly-localized MTihdge, was limited to coronal
sections spanning the central-cartilage-contaagbregf each joint, and thus may
exclude damage more anteriorly or posteriorly,results were consistent with similar
observations made by Glasson et al., in the intiatine DMM stud${®. Analysis of a
small set of sagittally-sectioned joints also conéd our findings across the full
MTP, while also suggesting an increase damagesiiiRC anteriorly (Appendix A
Figure. A.5). This was not evident in the semi-ditative analysis, potentially due to
increased variability within femoral cartilage sogf®*. Additionally, the sagittal
sections from joints 3-days post-DMM demonstragiaijlar to the Glasson stutfy

no signs of the DMM procedure inducing inadveriantilage damage. Interpreting
these results in light of established joint-levieibechanical chang&¥:285286sypports
the hypothesis that DMM-mediated meniscal extrus@aunses altered anterior-to-
posterior loading of the knee joint and subseqaetgriorly-to-centrally localized
cartilage damage.

A distinct and informative pattern of medial-todedl damage progression in
the medial joint post-DMM was also observed. Damagess the width of the MTP
surface accumulated rapidly and then stabilizexyltieg in the presence of increased
type Il collagen staining and extensive fibrillatiand clefting across ~20-40% of the
MTP surface by 7-days, with this damage being Izedlto MTP regions
experiencing alterations in meniscal coverage durdniscal extrusion. Interestingly,
as time progressed (84+-days) cartilage erosiodsatecrease in AC thickness also
co-localized to the same MTP regions. Similar firgdi were observed for the MFC
(data not shown). The highly focal nature of thasndige highlights the important role

of meniscal extrusion/coverage in establishingdation of damage initiation and
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progression in the DMM model. While this study weas designed to establish the
cause of this focal damage progression, severadhamezms could be involved
including: i) alterations in cartilage-on-cartilaged cartilage-on-meniscus contact
mechanic¥>286following extrusion, ii) differences in the mecleal properties of
cartilage tissues previously covered by the mesid&w%4 and/or iii) changes in the
accessibility of inflammatofy® and pro-catabolic mediators to the local cartilage
regions post-injury. Determining if these, or otheechanisms are involved in the
observed phenomena requires further investigaliba.apparent stabilization of AC
surface fibrillation and clefting between 7- andd#ys post-DMM was interesting
and consistent with previous stud@sThis may reflect a natural ability of the
cartilage extracellular matrix to withstand alteyas in the tissue’s mechanical
environment and even loss of resident chondrocteesporarily, before developing
into larger erosions at later disease stages.

A potentially more significant finding with regartts understanding PTOA
initiation was the identification of a striking, mediate, and highly focal loss of
chondrocytes within the AC of injured joints posibI. As early as 3-days, a drastic
decrease in chondrocyte number was observed wiftkinegions of the MTP that
experienced changes in meniscal coverage (Q3). ®wer chondrocyte number
continued to decrease in DMM joints compared tar tb@ntralateral joints until there
was a complete loss of cells in Q3, and a moddwateof chondrocytes in adjacent
guadrants. Given the critical role that chondrosyikay in the maintenance, repair,
and regeneration of A, this rapid and focal loss of chondrocytes maystitute the
precipitating biological event leading to the iatton and progression of PTOA. This

idea is supported by two observations: i) thatilegie erosions predominately localize
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to areas of earlier chondrocyte loss within andasurding the ‘uncovered’ quadrant
(Q3), and ii) that the innermost MTP quadrant (@dpeared more resistant to both
chondrocyte loss and cartilage damage. Togethsrd#ta suggest that rapid
chondrocyte loss post-DMM co-localized to AC quadisaexperiencing an immediate
loss of meniscal coverage (Q3). Subsequently, pesgpn of cartilage damage
(fibrillations, clefts, and erosions) may also bveh by this focal loss of meniscal
coverage and chondrocytes.

While the rapid and localized loss of chondrocytghin the AC of DMM
joints in the present study was remarkable, theobical mechanisms underlying this
pattern of cell loss remains unknown. Numerousistuignplicate chondrocyte
necrosis and apoptosis in the initiation and pregjon of cartilage degeneration
following severe, acute cartilage injury in vitt®?°6 and in murine DMM models of
PTOA?61,263.280,283.289 |n 3 non-invasive murine cartilage injury studg;localization
of chondrocyte apoptosis to specific regions difriigus load application was
identified 5-days post-injuf§® and a loss of DAPI-positive cells was observet#at
days, consistent with the present study. The eartirapid loss of chondrocytes in our
study also indicate that significant changes imchiocyte health occur very quickly,
prior to 3-days, post-DMM. In this regard, a recstuidy by Burleigh et &68
identified changes in gene expressions within neucartilage as early as 6 hours
post-DMM, supporting rapid changes in chondrocaltin/metabolism. Further
studies are required to establish: i) whether theeoved loss of chondrocytes in DMM
joints is attributable to apoptotic or necrotic e ii) when, relative to the timing of
injury, such critical biological changes are irtigid; and iii) the molecular and cellular

mechanisms that precipitate these changes.
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Of important note is that the present study focusethe role of DMM-
induced meniscal extrusion on the spatiotemporabdilage changes in male
C57BL/6 mice due to the pervasive use of the DMMIafg6261.270-
219,262,280,281,285,297,298,263-28f1d the increased susceptibility of these miadeteelop
cartilage damage in this mod@ Whether similar outcomes would be observable in
female C57BL/6 micE® or in other mouse straitfs specie€628” destabilizing injury
modelg88299.300 or clinical injuries requires further investigati However, given the
similarities in the progression of cartilage damageng the murine DMM and other
injury models, we suspect that the observed relalipps may be a general feature of
PTOA initiation and progression. Although this respe pertains to the murine DMM
model, we believe these data support the expartddyg of immediate restoration of
meniscal function for providing chondroprotectivenkfit post-injury, both pre-
clinically and clinically.

It is important to acknowledge a few limitationstbis study. Firstly,
histological-based approaches may introduce atsifiacthe analysis of meniscal
extrusion due to variability in knee joint positing during fixation (we attempted to
place joints in same naturally flexed position) beading, and sectioning (some
section orientation variability was observed). Hoer given the small deviations in
meniscal positioning that we observed, as welhagdbust correlations between
damage degree, location, and meniscal positiorareeonfident that our data reflect
a strong relationship between meniscal extrusion@i@ge and AC changes. Secondly,
our analysis does not provide insight into theigpavolution of proteoglycan loss,
which may have significant impact on the earlyitage biomechanical functionality.

While we qualitatively noted early proteoglycandas Q3 of the MTP, the
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relationship between proteoglycan depletion anchdhacyte loss remains unknown.
Lastly, while this study incorporated independeethanisms for width- and depth-
wise semi-quantitative scoring of cartilage erosjome found depth-wise scoring
harder to evaluate due to the variability in theippon of the CC/subchondral bone
interface across the MTP, as well as the facteéhadion of the AC made
determination of relative depth-wise damage inénggy difficult. However, given
the general similarities in width-wise and deptlsevdamage progression, we suggest,
for the sake of simplicity and unambiguity, usinglth-wise scoring for evaluating
mouse cartilage damage.

Finally, the present findings have several impimag regarding the study of
PTOA prevention and treatment in the DMM model &mdslational studies. The
focal population of cells identified represent deal target to investigate the
chondroprotective effects of various pre-clinidarapies, including joint
unloading/rehabilitatiot¥® and pharmacological interventigh¥?71.274.277.278However,
it appears that such interventions may need toitiated immediately/shortly post-
injury to have the greatest anti-osteoarthriticgptial, an observation that may explain
the equivocal findings of chondroprotective drugthim clinical trials$o%
Alternatively, the presence of an apparent plaiedhe progression of cartilage
damage, between ~7-56-days post-DMM, supportsdbsilpility of the DMM-model
as a platform to test alternative treatment targased on cartilage regeneratin

In conclusion, the approaches described here pgrasgnchmark for the
detailed study of cartilage damage progressioniwitiurine models of surgery-
/injury-induced PTOA while providing detailed anség of the spatiotemporal

progression and relationships between cartilageadanchanges in chondrocyte
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cellularity, and meniscal extrusion within the nm&iDMM model. This study also
provides a comprehensive baseline for ongoing ass=# of the cellular and

molecular pathoetiology of PTOA, as well as thelgtaf its prevention and treatment.
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Chapter 3

REPEATED INTRA-ARTICULAR INJECTION OF ZOLEDRONIC AC ID
SUPPRESSES CARTILAGE EROSIONS IN A MURINE MODEL OF POST-
TRAUMATIC OSTEOARTHRITIS

(MA David, MK Smith, S Shah, B Hulbert, A MerriRN Pilachowski, RC Locke,
XL Lu, C Price,In Preparation 2019a)

3.1 Abstract

Clinical therapies that hinder and/or prevent teealopment of cartilage
degeneration following joint-injury are requiredramuce the burdens of injury-
induced post-traumatic osteoarthritis (PTOA). Rélgenesearchers have looked to
the anti-resorptive bisphosphonates, includingdmaleic acid (ZA), as potential
PTOA-modifying therapeutics. Promising preclinisaldies have shown that high-
dose, systemic ZA administration could supprestlage damage in animal models
of PTOA. However, translation of this strategyhe tlinic faces significant hurdles
due to risks of severe skeletal side-effects aasatiwith systemic suppression of
bone remodeling. Fortunately, studies indicate Zifatan directly modulate
chondrocytes and cartilage heahtvitro andex vivo, suggesting that locally
administered ZA (i.e. intra-articularly injected)udd represent an effective and more
clinically-acceptable PTOA-modifying strategy. Tinarpose of this study was to
investigate the ability of four, repeated-weeklyg() intra-articular injections of ZA
(i.a.ZA) starting at 0-days post-injury vs. singkeZA (either O or 7-days post-injury)
to prophylactically prevent short- and long-termtit@ge damage in the murine

destabilization of the medial meniscus (DMM) mooePTOA. Using histology and
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immunohistochemistry, this study demonstrateditaaf A administration was unable
to mitigate the development of superficial caridatamage (fibrillations and clefts in
cartilage) in the immediate aftermath of DMM-injuyowever, repeated i.a.ZA, but
not single injections, could suppress the developroklong-term cartilage erosions
post-DMM. Furthermore, repeated i.a.ZA’s abilitysioppress cartilage erosions
appeared to be linked to ZA’s ability to modulatetpoglycan metabolism, and
chondrocyte proliferation and death in a spatioterally-dependent manner;
specifically, in regions adjacent to those expamiieq cell loss and matrix damage
immediately following DMM-injury. Collectively, ths study supports the potential of
local, i.a.ZA as a prophylactic PTOA-modifying thpeutic and highlights the need

for directed studies into i.a.ZA’s mode of actionnjured cartilage.

3.2 Introduction

No clinical therapies exist to ameliorate the atibn and development of post-
traumatic osteoarthritis (PTOA) that often accom@sutraumatic joint injury, e.g.
ligamentous tears and intra-articular fracté?é%: Unfortunately, the prognosis for
patients suffering from PTOA is poor: these induats have an approximately 50%
chance of experiencing joint degeneration, immohiind pain within 10-15 years
after injuryt?,29,303-305,30-33,54,55,104.3G% order to alleviate pain and improve the
mobility of these diseased joints, clinicians maypéy palliative, reparative (e.qg.
microfracture, autologous chondrocyte implantatimmgsteochondral graftinf or
replacement (joint arthroplastyy+7°104108-118pproaches. However, these strategies
only address symptoms of PTOA, instead of the abébiology processes
underpinning disease initiation and progressiorerétore, an unmet need exists to

identify and implement disease-modifying therapied can prevent (or delay) PTOA
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initiation and progression following injury; therekessening the socioeconomic
burden of PTOA"303

Recently, bisphosphonates (BPs), a class of FDAeapend drugs, have shown
promise as disease-modifying therapeutics for PTClAically, BPs have been used
to treat bone disease and cancer-related skelatglity>*>3%’because of their anti-
resorptive properties. Since their first introdantin 196928, the potency of BPs
against osteoclasts has steadily increased asdleeuhar structure of these
compounds has evolved; with the most recent gdnarat nitrogen-containing BPs
(nBPs) exhibiting the highest potendi#&g45:307.3%8Gijven the anti-resorptive
properties of nBPs and the identification of asstb@ns between cartilage
degeneration, PTOA, and aberrant subchondral lemedeling?°126233234nBPs
were seen as potential PTOA disease-modifying diligshis end, numerous
preclinical studies have demonstrated the abilityBPs, including zoledronic acid
(ZA; the most recent and most potent nBP to recéA-approval), to prevent
cartilage degeneration, bone loss, and pain imiactdiseases, such as rheumatoid
arthritis??%-21¢ osteoarthritig'-219 and PTOA3-241.392 Unfortunately, these studies
utilized systemic and repeated high-dose administraf ZA; where ZA doses
(equivalent of ~1-20 mg/kg/year) far exceeded thdasized for osteoporosis (~0.04-
0.05 mg/kg/y#*>29) and cancer (~0.5-0.9mg/kgf§) therapy. Furthermore, recent
evidence suggests that use of high-dose nBP seatfy PTOA prevention would be
accompanied by substantial risk for serious skiedgde effects, including
osteonecrosis of the jaw and atypical bone frastéfré*>-24> as well as cardiovascular
and renal complicatioA®. Therefore, systemic, high-dose administratiodAffor

the treatment of PTOA may face substantial, ifinstirmountable, hurdles to clinical
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implementation. Alternatively, if local delivery &A directly into the injured joint,
via intra-articular (i.a.) injection, could be leaged for PTOA prevention, it would
potentially overcome the hurdles associated wigtesyic delivery by reducing
overall nBP burden and minimizing the risk of aceeside effects associated high-
dose ZA administration.

Support for the potential of locally-deliveredirararticular injection of ZA as
a PTOA therapeutic comes from evidence providegdweraln vitro andin situ
studies of ZAs ability to directly modulate chondyte and cartilage healtm vitro
studies have demonstrated that nBPs can direglylate chondrocyte proliferation,
viability, and deatk”:2>% Furthermore, work from our collaborators has ssted that
nBPs can also improve chondrocyte health and agetibiomechanical outcomies
situ under experimental conditions that mimic aspet®TDA?%5-2%8 Thus, we
hypothesize that intra-articular injection of nBR® the injured knee can be
leveraged to prophylactically protect chondrocyed cartilage against injury-
induced degeneration. However, prior to the presenk, the effect of intra-articular
injection of ZA on cartilage-injury outcomes hagkehb limited to a single study
demonstrating the ability of repeated intra-aracuhjection of ZA (equivalent of ~2.0
mg/kg/yr) to reduce chondrocyte apoptosis and prievartilage degeneration in the
rat anterior cruciate ligament transection (ACLTQdwal of PTOA®C, Despite the
promise of these preclinical findings, the follogiiguestions remained: i) could intra-
articular injection of ZA (i.a.ZA) modulate cartija damage following injury in a
different species and injury model); ii) is repebtersus single i.a.ZA required for
disease-modifying efficacy; and iii) what are i.&: mode(s) of action in mitigating

PTOA.
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The objective of this study was to establish ig&versus repeated i.a.ZA
could prevent cartilage degeneration post-injurghenmurine destabilization of the
medial meniscus (DMM) model of PTOA. We evaluatedue- and cellular-level
changes to articular cartilage following DMM atlga(7-days) to late-stage (84-days)
disease with either a single immediate (0-daysglsidelayed (7-days), or four
repeated weekly (4g7) i.a.ZA. We observed that ombeated, not single immediate
or delayed, i.a.ZA could suppress the developmelaing-term cartilage erosions (84
days) post-DMM. Furthermore, we identified that suppression of cartilage erosions
was associated with the ability of i.a.ZA to modelproteoglycan metabolism and
chondrocyte presence, through influences on dewtipeoliferation post-DMM.

These results suggest that i.a.ZA, when delivaredadiately and repeatedly post-
DMM, can provide a degree of protection against Diviiddiated cartilage
degeneration in the mouse knee. Ultimately, thidytan help to guide future studies
of ZA’'s mode and mechanism of action in chondroged cartilage, and pre-clinical
studies aiming at translating i.a.ZA for modify tlage degeneration and PTOA

following joint injury.

3.3 Methods

3.3.1 Animals and Surgeries

Adult, male C57BL/6 mice (n = 110; Jackson Labgjerwent DMM
surgery®31%in their right hind limbs at 12-wks of age; cotdtaral limbs served as
internal, uninjured controls. Mice receiving intgticular (i.a.) injection of ZA
(i.a.ZA; Sigma-Aldrich) were randomly assignedhcee different treatment strategies

post-DMM: i) repeated i.a.ZA injections at 0-, I4-, and 21-days (repeated-i.a.ZA);
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i) single i.a.ZA at 0 day (single-i.a.%4; and, iii) single i.a.ZA at 7 days (single-
i.a.ZAzq). For all i.a. injections: i) an incision in thkis of the frontal medial aspect of
the joint was made; ii) 6L of sterile saline canitag ZA was injected into the joint
capsule (via an anteromedial approach) using aaB@gneedle (NanoFil; World
Precision Instruments); and iii) the skin incisiwas closed with tissue adhesive
(GLUture, Abbott Labs). For 0-day injections, tloanf capsule was sutured
immediately post-DMM, ZA was then injected intrdi@ularly, and the skin incision
was closed. ZA was administered intra-articulatlg dose of ~650ng/kg per injection
(based upon preliminamyork by our collaborato?8>-2%3. All mice were housed in
standard cages® mice/cage) and maintained on a 12-hour light—dgcdke in a
climate-controlled vivarium with access to foodqab RMH 3000) and wated
libitum. The University of Delaware’s Institutional Anim@are and Use Committee
approved all animal handling and procedures. Hauagical procedures, mice were
anesthetized using inhaled isoflurane, antibiaiied analgesics were administered
prophylactically, and mice were allowed unrestdotage access following surgery.
No adverse effects or differences in weight gainensbserved among mice during the
study. Following approved euthanasia protocolsantibiofemoral joints were

collected at 7-, 14-, 56-, or 84-days post-DMM.

3.3.2 Histological Processing and Staining

Tibiofemoral joints (n=5-10 mice/group/time poimtgre harvested, processed
for paraffin-embedded histology, and cut seriatipi5-pm thick coronal sections
(collected 2 sections/slide) as previously desddfeStarting from the front of the
joint (anterior), every tenth slide (~100-um aparg}s selected and stained with

Safranin-O, fast green, and Wiegerts hematoxyknebn referred to as Saf-O. From

54



these slides, a subset of five stained-slides (8pgr-500-pm) centered about the
medial compartment tibial plateau and femoral cémayid-contact regions were
selected and labeled levels 1-5, anteriorly togramty®'°. Three immediately
adjacent slides were selected from the centralacvmégion (levels 2-4) for H&E
staining (Mayer’'s hematoxylin and 0.25% eosin).efAfitaining, mounted slides were
imaged at 5x magnification on a standard uprigltrosicope (Axio.Imager.A2, Carl
Zeiss) using a color digital camera (AxioCam MRC&y1 Zeiss) and consistent

illumination and exposure settings.

3.3.3 Semi-Quantitative Scoring and Quantitative Analysisof Cartilage
Damage

Semi-quantitative scoring of cartilage damage, Or6ascale (Table 3.3,
was performed on Saf-O stained slides by threevididals (MAD, MKS, and RCP)
blinded to specimen identity. Damage values, fromtjlevels 1-5, were aggregated
separately for the medial tibial plateau and thélialdemoral condyle. Of note, semi-
guantitative cartilage damage scores for the ur@deRBMM and their contralateral
controls (uninjured) have been previously publisktdnd are reproduced here (with
permission) as the comparative controls for th& Adreated DMM-joints. To
provide quantitative measures of cartilage damémgewidth-wise extent of cartilage
damage and overt cartilage erosions (i.e. fradfalamaged and eroded surface,
respectively) were quantified in Saf-O stainedesitrom joint levels 2-4, while
articular and calcified cartilage were traced safsy in H&E stained slides and
cartilage areas and thicknesses (using a Eucladigtance transform) were extracted,

on a quadrant-by-quadrant basis (see below), asibed previousI§*.
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Table 3.1: Semi-quantitative histological scorusgd to assess the width-wise
extent of cartilage damage.

Score Width-Based Scoring Evaluati

0

Norma

0.5

Loss of Safranin-O but no structural dam

age

1

Fibrillations and/or roughened superfici

surface

al

N

Damage to the layer immediately below

the

superficial layer and some loss of surface

lamine

Erosion <25% of AC width

Erosion25-50% of AC width

Erosion50-75% of AC width

o0 b~ W

Erosion>75% of AC width

3.3.4 Quantification of Articular Cartilage Proteoglycan Content and

Proteoglycan-Rich Chondrons

To evaluate changes to articular cartilage protexzgl content, the
proteoglycan-rich (Saf-O positive; Saf)Qissue area, the proteoglycan composition
(Saf-O tissue staining intensity), and the number of Sathondrons were quantified

on a quadrant-by-quadrant basis across the mddellplateau using a custom image

analysis algorithm (MATLAB R2015a, The MathWorksatiék, MA). Briefly, the

articular cartilage of the medial tibial plateauswaanually traced in Saf-O stained

slides from joint levels 2-4. These traces werarsaged into four equal-width

guadrants (quadrants 1-4), from the innermost regfdhe tibial plateau (Q1; nearest

the intercondylar eminence) to the region nearestedial joint margin (Q4). Within

these quadrants, we assessed the amount (ara@tedglycan-rich tissue (Saft)

proteoglycan composition (as defined by Sas@ining intensity relative to the
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growth plate staining intensity; see Supplemenkéethods in Appendix B) and the
number of proteoglycan-rich chondrons (chondrorisleting halo-like, pericellular

Saf-O staining that is more intense than the local ieteitbrial matrix).

3.3.5 Histological and Immunohistochemical Analysis of Cbndrocyte Presence,
Death, and Proliferation

To provide insights into chondrocyte dysfunctiorg mvestigated chondrocyte
presence, proliferation, and death using histolgy immunohistochemistry.
Chondrocyte presence in the articular and calcietilage was quantified on a
guadrant-by-quadrant basis by counting the numbleematoxylin-positive
chondrocytes in H&E stained slides from joint lev2{4. Chondrocyte health was
assessed qualitatively through evaluation of nud&aning and morphology; where
chondrocytes were defined as having normal, pykrotndensed), karyolitic (faded),
or karyorrhectic (fragmented) nuclei, eosinophilicclei, or as empty chondrons.
Chondrocyte death/apoptosis were qualitativelysseskin slides from joint level 2
immunohistochemically stained with the Click-iTRUBITUNEL Assay and DAPI
(Molecular Probes). Chondrocyte proliferation wasessed by staining slides from
joint level 2 with an anti-Ki-67 antibody (SC-784%anta Cruz Biotechnology); Ki-67
is a marker for cells that are in the G1/S/G2- dotic-phases of the cell cycle, while
it is absent in quiescent cells (GO ph&SeBpecifics regarding immunohistochemical
staining procedures can be found in the SupplemeMaterial (Appendix B).
Fluorescent images were captured at 20x magniicain an epifluorescent
microscope (Axio.Observer.Z1, Carl Zeiss) usinggital camera (AxioCam MrC,

Carl Zeiss) and consistent illumination and expesattings.
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3.3.6 Statistical Analysis

Statistical analyses were performed using Graplizdn 6.0 for Mac
(GraphPad Software, La Jolla, CA). One-way ANOV®ith Dunnett post-hoc
comparisons were conducted at each time pointetiatily differences between
individual treatment groups (uninjured, singled®gq, single-i.a.ZAq, repeated-
i.a.ZA) and the untreated DMM joints. The threshfar statistically significant
relationships was defined as a p < 0.05. All da¢gpaesented as mean + standard

deviation.

3.4 Results

3.4.1 Repeated-i.a.ZA Administration Suppressed Cartilagd=rosions Post-
DMM

Histological assessment of cartilage damage dematedtthat surface
fibrillations and clefting (semi-quantitative sceref 1 and 2, respectively)
accumulated rapidly following DMM-injury, being ment as early as 7-days post-
DMM (Figure 3.1A and B). Of special note, this daymappeared largely confined to
guadrants 2 and 3 (Q2 & Q3) of the medial tibiatpau and medial femoral condyle,
tissue regions that experienced the most dramlasinges in cartilage-on-meniscus-
on-cartilage contact post-DMNP. As time progressed, this surface damage evolved
into overt cartilage erosions (average damage sc@ré), which again localized
predominately to Q3. However, in DMM-joints treateih four, repeated weekly
(4.q7d) intra-articular injections of ZA (repeated-ZA), this superficial cartilage
damage did not progress into overt cartilage enssiong-term (average damage score
of 1.6 at 84-days; p = 0.02). Conversely, neithaghe single intra-articular injection

strategies, whether administered immediately (sH@l.ZAoq) or 7-days (single-
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i.a.ZAz7q) following DMM-injury, we able to suppress the @épment of cartilage
erosions (Figure 3.1A and 3.1B). In fact, singeeZdAqq treated DMM-joints
experienced worsening of cartilage erosions (aweesagre of 3.5 at 84-days; p = .02);
damage in the single-i.a.Zftreated DMM-joints was no different than untreated
DMM:-joints (average score of 2.3 at 84-days; p A.0Quantitative assessment of
damage accumulation across the width of the cgditupported these semi-
guantitative findings (Appendix B Figure B.1). Stnanly repeated-i.a.ZA
administration demonstrated the ability to suppteesdevelopment of cartilage
erosions, we have limited the presentation of esults hereon to those from the
repeated-i.a.ZA joints; data for the single-i.a.#@&atment groups are presented in the

Supplementary Materials (Appendix B).
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Figure 3.1: Repeated Intra-Articular AdministratioinZA to DMM-injured Joints
Suppressed the Development of Cartilage Erosi@ny Safranin-O
stained sections highlight the DMM-induced menisexisusion that
drives the long-term development (by 84d) of cagd erosions in the
medial compartment of tibiofemoral joints (see qaatl3 [Q3] in the
DMM joints). Repeated-i.a.ZA administration, but sogle injections
(single-i.a.ZAd and single-i.a.ZAy), appeared to suppress the
development of these cartilage erosions. Theseseptative images
were acquired from the anterior region (level 2)haf joint at 10x
magnification (scale bar = 100um); images from jumed joints are
reoriented for anatomical comparison. (B.) Semingit@ive scoring of
cartilage damage indicated a significant redudimocartilage damage
scores in joints treated with repeated-i.a.ZA iti@ts at 84d post-DMM
(repeated-i.a.ZA scores = 1.6 vs 2.6 for DMM-alot#)expectedly,
single-i.a.ZAu injection caused the appearance of worse cartilage
erosions, while single-i.a.ZAinjection provided no benefit compared to
untreated DMM-joints. None of the i.a.ZA treatmeotsild mitigate
early (by 7d) DMM-mediated superficial tissue damage. fibrillations
and clefts (see Q2 and Q3 at 7 & 14d). Resultpaasented as mean +
STD (n=5-10/timepoint/group), # indicates p< 0.@veen the denoted
group and the untreated DMM group at the respetitivepoint.

3.4.2 Repeated-i.a.ZA Administration Caused Articular Cartilage Thinning
Post-DMM

To quantitatively assess changes to cartilagetstraidollowing injury and
i.a.ZA-treatment, we evaluated articular and cedditcartilage area and thickness in
H&E stained slides (Figure 3.2A). In untreated DMdihts, loss or thinning of the
articular cartilage only occurred in Q3 at the $aisease stages (area change shown
in Figure 3.2A; thickness data not shown); no cleaingcartilage area or thickness
was observed at earlier timepoints or in other caatd compared to uninjured
controls. Intriguingly, in DMM-joints treated wittepeated-i.a.ZA, articular cartilage
thinning was observed in Q3, as well as in Q1 a@dhi@wever, this thinning could
not be explained by erosional loss, per our serantjtative scoring, but rather by an

overall decrease in articular cartilage height (Feg3.2A). In DMM-joints receiving
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single-i.a.ZA therapies, the loss of articular kage thickness was similar to that of
the repeated-i.a.ZA joints (Appendix B Figure B.2Apwever, this thinning could be
explainable by both reduction in cartilage heigid @rosional loss. No appreciable
changes in the area or thickness of the underlgahgjfied cartilage were observed

among any group (data not shown).
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Figure 3.2: Repeated-i.a.ZA Administration FollogibMM Resulted in Location-
Specific Modulation of Articular Cartilage Area aRdoteoglycan
Content (A.) DMM-injury drove a long-term reduction in tla@ea of
articular cartilage tissue present in Q3 of the ialddial plateau.
Repeated-i.a.ZA treatment caused similar reductidissue area in Q3,
however, additional areal decrease was also olbdén@l & Q2.

Unlike in the untreated DMM-joints, cartilage thing in repeated-
i.a.ZA joints were attributable to loss of artiautartilage height, not the
development of erosions. (B.) Quantitative assessofehe relative area
of proteoglycan-rich, Safranin-O positive (Saf}@rticular cartilage
demonstrates decrease in proteoglycan (PG)-richxmatQ3 following
DMM:-injury. Repeated-i.a.ZA treatment could prevénis loss of PG-
rich in Q3, however, it also markedly enhancedftaetion of PG-rich
cartilage found in Q1 and Q4. (C.) Furthermorehwithese PG-
containing areas, PG composition (defined as Safdttilage intensity
relative to the tibial growth plate Saft@tensity) did not change within
or among the DMM and control joints; on the contraepeated-i.a.ZA
led to cartilage that generally exhibited enharfé€drich staining
intensity, and thus PG composition. Results arsgnied as mean = STD
(n=5-10/timepoint/group); where # indicates p< 0f@5the difference
between repeated-i.a.ZA and untreated DMM-jointhat timepoint, *
indicates p< 0.05 between the untreated DMM andjured joints at
that timepoint.
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3.4.3 Repeated-i.a.ZA Administration Enhanced Articular Cartilage
Proteoglycan Composition Post-DMM

In untreated DMM-joints, only articular cartilage @3 experienced significant
changes in the presence of proteoglycan-rich tiGselea rapid and consistent loss
Saf-O cartilage area fraction; Figure 3.2B). Furthermdine tissue-level
proteoglycan composition of the tibial articulartdage in both the uninjured and
untreated DMM-joint remained relatively unchangeérmtime, as assessed by Sdf-O
(proteoglycan) staining intensity of the articutartilage relative change to the growth
plate (Figure 3.2C). Conversely, in DMM-joints adistered repeated-i.a.ZA, the loss
of proteoglycan-rich tissue seen in Q3 was largalygated (Figure 3.2B) and the
proteoglycan composition of the articular cartilages markedly increased, especially
in the peripheral quadrants (i.e. Q1 and Q4, arallesser extent Q2; Figure 3.2C). In
the single-i.a.ZA treated DMM-joints, no long-teaimanges in the relative amount of
proteoglycan-rich tissue compared to untreated D)divits were observed (Appendix
B Figure B.2B); however, the proteoglycan composifirelative Saf-Ostaining
intensity) in these joints was consistently reduceahpared to untreated DMM-joints
(Appendix B Figure B.2C). Together, these dataaatdi that while cartilage thinning
occurred in the DMM-joints treated following repedt.a.ZA, the tissue that was
present possessed a relatively greater fractigmatéoglycan-rich tissue and

increased proteoglycan composition.

3.4.4 Repeated-i.a.ZA Administration Altered ChondrocytePresence,
Proteoglycan Production, Death, and Proliferation Bst-DMM

To evaluate changes in chondrocyte health and dgsén, we first assessed
the presence of articular cartilage chondrocytessscthe medial tibial plateau

articular using H&E staining. In untreated DMM-jtsnwe observed a clear loss of
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chondrocytes (decreased hematoxylin-positive nucled3 of the articular cartilage
when compared to uninjured joints (Figure 3.3A).sken in Figure 3.3A, this loss of
chondrocytes was also accompanied by increasesptyechondrons (no nuclei),
eosinophilic nucleoli presence, and the followibhg@mal nuclear staining: pyknotic
(condensed), karyolitic (faded), and karyorrhe(ftiagmented) chondrocyte nuclei on
the margins and periphery of Q3. To provided quative measures for chondrocyte
loss, we counted the number of chondrocytes withatexylin-positive nuclei across
the articular cartilage of the medial tibial plate@n a quadrant by quadrant basis
(Figure 3.3B). These counts confirmed a drastiacédn in chondrocyte number in
Q3 as early as 7 days post-DMM, which then spredd2 and Q4; chondrocyte
presence in Q1 was unaffected. In DMM-joints trdateth repeated-i.a.ZA, we
observed similar quadrant-specific patterns of dnocyte loss and the appearance of
empty lacunae and abnormally stained chondrocytienas in the untreated DMM-
joints (Figure 3.3A and 3.3B). However, from a glitative perspective, repeated-
i.a.ZA treatment appeared to drive an acceleratesl df chondrocyte number in Q2
(seen by 56-day data in Figure 3.3B). In DMM-joirgseiving single-i.a.ZA
administrations, chondrocyte presence in the daticzartilage followed a similar
pattern as repeated-i.a.ZA treated and untreateiured joints (Appendix B
Figure B.3A); however, the loss of chondrocyteQ®again occurred more rapidly
and was accompanied by reductions in Q1 as wetin@tocyte presence throughout
the calcified cartilage of the medial tibial plate&as similar among all groups (data
not shown). Together, this suggests that ZA canuladel chondrocyte loss in the

medial tibial plateau articular cartilage in a lboa-dependent manner.
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Figure 3.3: Repeated-i.a.ZA Administration FollogibMM Drove Location-
Dependent Changes in Chondrocyte Loss and PG-Riohdzon
Presence. (A.) H&E stained sections highlight thigal focal presence
and then spreading of chondrocyte dysfunction ass, lespecially in Q3,
following DMM. Accompanying this loss were the appence of empty
chondrons and pyknotic (condensed), karyolitic ét§d and
karyorrhectic (fragmented) chondrocyte nuclei, @i as eosinophilic
nucleoli (possibly indicating proliferative cellsyhich are especially
apparent at 7- and 14-d onward. While H&E stairgagfirmed a
reduction in DMM-driven cartilage erosions followinepeated-i.a.ZA
treatment, visual improvement in articular cartdaggllularity was not
obvious. Representative images were acquired fhenanterior region
(level 2) of the joint at 10x magnification (scalar = 100um). (B.)
Counting, on a quadrant-by-quadrant basis, the eummibhematoxylin-
positive chondrocytes within the medial tibial plat’s articular cartilage
identified a drastic loss of chondrocyte cellukarit Q3 immediately
following DMM-injury (by 7d); where the developmeot overt tissue
erosion co-localized at later disease stages (84d) humber of
chondrocytes present in the other three quadrdnke dibial plateau
over time appeared largely unaffected by DMM-injuryDMM-joints
receiving repeated-i.a.ZA, a similar, if not accated, loss of
chondrocyte number in Q3 was observed, a changevdsaalso
accompanied by a significant increase (accelerpiiochondrocyte loss
in Q2, while Q1 and Q4 remained relatively unchahg€.) In untreated
DMM-joints, the number of proteoglycan-rich (Safy@hondrons
increased across the tibial plateau early on (71dat); repeated-i.a.ZA
injection further enhanced the presence of thestepglycan-rich
chondrons in all quadrants except Q3. Results @®epted as mean +
STD (n=5-10/timepoint/group); where # indicatesqo8s for the
difference between repeated-i.a.ZA and untreatedvVEiMnts at that
timepoint, * indicates p< 0.05 between the untre®& M and
uninjured-joints.

Histologically, we also observed changes in thegmee of chondrons that
exhibited intense ‘peri-cellular’ proteoglycan siag (i.e. more intense SaftO
staining than observed within the local intertemdl matrix) in the medial tibial
plateau articular cartilage (Figure 3.1A). Countiog a quadrant-by-quadrant basis,

we observed a rapid (7-14 days) increase in thébeuwf chondrons exhibiting
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intense peri-cellular Saf-Gstaining in untreated DMM-injured joints that netad to
levels of the uninjured joints at later diseasgesa(Figure 3.3C). In DMM-joints
treated with repeated-i.a.ZA, similar, and in sarages even greater, quadrant-
specific increases in the presence of intense Sakondrons were observed (Figure
3.3C). One exception to this was the observatiam slight, but significant decrease in
Saf-O chondrons in Q3 at mid-disease timepoints (14utindb6-days). In single-
i.a.ZA treated DMM-joints a different pattern offS&" chondron presence was
observed: a marked increase in SafeBondrons in Q1 and Q4 throughout the study,
but no changes in Q2 and Q3 (Appendix B Figure B.3B

Finally, we used immunohistochemistry to study tvetlular processes,
chondrocyte death/apoptosis and proliferation, i@y underpin the aforementioned
tissue- and cellular-level changes. TUNEL stairforgcell death/apoptosis confirmed
that DMM-injury could drive rapid focal chondrocytell death (TUNEL cells) in Q2
and Q3 of the medial tibial plateau articular dage (seen at 7-and 14-days
timepoints post-DMM; Figure 3.4A). Furthermore,reased staining for chondrocyte
death (TUNEL) spatially localized with the presence of cellbibking a lack of
DAPI* nuclear staining and with the pattern of abnommuallear staining and empty
chondrons seen via H&E staining (Figure 3.3A). Hegrein DMM-joints treated
with repeated-i.a.ZA, chondrocyte death (TUNJEWas only observed in Q2 at 7 days
and largely absent at the other timepoints or éenatier quadrants (Figure 3.4A).
Staining for the presence of Ki-67 indicated thMNd-injury drove a consistent
increase in chondrocyte proliferation in Q1 anddthe medial tibial plateau
articular cartilage; Ki-67cells were apparent as early as 7-days post-DMNyuU(E

3.4B) and maintained through 14-days post-injuris hoteworthy that proliferative
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(Ki-67*) chondrocytes were generally found immediatelyaeglt to regions
exhibiting visible chondrocyte loss and death. Wlhfie articular cartilage was
typically devoid of Ki-67 chondrocytes in Q3, presumably do to extensiviedesith

in that quadrant, we did observe the presenceshephilic nucleoli at the borders of
Q3 and its adjacent quadrants (Q2 and Q4) in FigLg&, which has been suggested
as an indicator of cell proliferatiétf. In DMM-joints treated with repeated-i.a.ZA,
chondrocyte proliferation was consistently reduaed-days and largely absent from
14-days and onward. The pattern of chondrocytehdsad proliferation seen in the
repeated-i.a.ZA treated joints was also observéaiM- joints treated with single-

i.a.ZA (data not shown).
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Figure 3.4: Repeated-i.a.ZA Treatment Modulatedr@nacyte Apoptosis and
Proliferation Following DMM. (A.) TUNEL staining thicated a general
absence of dead/apoptotic cells in the medialltpateau cartilage
(between the gray traces) and the medial femoradyle cartilage in
uninjured joints; a small number of TUNECLells were found in the
calcified cartilage. However, following DMM-injurghondrocyte
death/apoptosis (white block arrows) was prevale2 & Q3 of
DMM-joints, TUNEL" staining was seen as early as 7d post-injury and
diminishing by 56d. TUNEL staining also coincided spatially with the
regions of articular cartilage that exhibited aslo$ DAPI staining (width
of these regions denoted by the gray double artdvadjowing DMM,
an increase in the number of TUNEtells in the calcified cartilage of
the medial tibial plateau and medial femoral coadybs also observed.
After repeated-i.a.ZA treatment, fewer TUNEthondrocytes were seen
at 7d post-DMM and they were largely absent frord édwards. These
representative images were acquired from the amtexgion (level 2) of
the joint at 20x magnification (scale bar = 100u(B)) Ki-67 staining,
indicating cells in the cell cycle, highlighted engral absence of
proliferative chondrocytes in uninjured joints. IB@ling DMM-injury,
robust cell proliferation was observed in Q1 anddDthe articular
cartilage as early as 7 and 14d, which diminishyeSaa; some
proliferative cells are found in the calcified dage. In joints receiving
repeated-i.a.ZA injections, cell proliferation weither absent or greatly
diminished in both the articular and calcified dages at all timepoints.
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3.5 Discussion

In this study, we utilized the murine destabilinatof the medial meniscus
(DMM) model of PTOA to establish intra-articulara(i) injection of zoledronic acid
(i.a.ZA) as a prophylactic therapeutic for posutratic osteoarthritis (PTOA). At the
tissue-level, we showed that four repeated wee&l¥A (4.q7d; administered at 0-, 7-
, 14-, & 21-days post-DMM), but not single i.a.Z&dfinistered at O or 7-days post-
DMM), could suppress long-term articular cartilagesions (at 84-days) post-DMM.
At the cellular-level, we identified that repeatedZA (repeated-i.a.ZA) could
modulate chondrocyte proteoglycan production, fedtion, and death in a
spatiotemporal dependent manner. Our findings agitkerecent work that observed
a similar prevention of articular cartilage erosidallowing repeated-.i.a.ZA in a rat
model of PTOA, albeit at much higher i.a.ZA d&§&sThis study provided new
insight into i.a.ZA’s modes of action in cartilaged the spatiotemporally-dependent
effects it has on cell- and tissue-health, and PTi@#ation and progression.

While the administration of four weekly-repeateal injections of ZA
provided meaningful long-term protection against development cartilage erosions
in the DMM-joint, none of the i.a.ZA strategies tprevent the development of
superficial cartilage damage (fibrillations andftthey) in the immediate aftermath of
DMM:-injury (7-14-days). Instead, surface-based dgenavolved similarly and
rapidly among all DMM-joints; appearing predomirgt@ regions of the medial
tibial plateau and femoral condyle that experierioetiediate changes in cartilage-
on-meniscus-on-cartilage contact and loading pdéipredominately Q35286310
Such surface damage might be a function of difieegenn the mechanical properties
of cartilage among regions normally covered byrttemiscus and those in direct

contact with opposing cartilagfé-2°* However, since repeated-i.a.ZA could suppress

71



the later evolution of superficial damage into dwartilage erosions it suggests that
long-term PTOA progression is more likely drivend®ll-mediated processes than by
simple mechanical wear and tear, and that prophigédly-administered repeated-
i.a.ZA can modulate these cell-mediated processdsaheficial tissue-level
outcomes.

At the tissue-level, we observed unique changé®ih cartilage structure and
composition when injured joints were treated weéheated-i.a.ZA. Structurally, we
saw an unexpected thinning of the articular cayéila the repeated-i.a.ZA group.
However, this thinning appeared to be due to ailoise ‘height’ of intact cartilage,
as opposed to cartilage erosion; possibly duegiolaal ‘wearing-away’ of the
superficial layer and/or a transition of articutartilage into calcified cartilage by
endochondral ossificatidt*314 Nevertheless, no changes in the integrity ofdhgna
splendens nor meaningful differences in the stnecbu cellularity of the calcified
cartilage among the treated and untreated DMM$oiveére observed. Instead, our
results suggest that the presence of thinned agetihat nonetheless resisted cartilage
erosions following repeated-i.a.ZA treatment cdudee resulted from other cartilage
‘adaptations’, particularly the regulation of proggdycan composition.

Compositionally, in untreated DMM-joints, we notadapid and focal loss of
proteoglycan rich-tissue in the regions of the rakjint articular cartilage that
experienced acute changes in cartilage-on-menmcicgrtilage contact (Q3); which
aligns with the notion that changes in proteoglycamposition is a hallmark of early
cartilage dysfunction in PTCA?280288,310.315-3184gwever, in DMM-joints receiving
repeated-i.a.ZA, this focal loss of proteoglycann+iissue was suppressed. In addition,

repeated-i.a.ZA treatment enhanced the proportigmateoglycan rich-tissue and
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tissue-level proteoglycan composition (Safstaining intensity) found across the
remainder of the articular cartilage. Given thatitzge proteoglycan composition and
tissue mechanical properties are intrinsicallydidR3'° our results suggest that
repeated-i.a.ZA might well protect, or possibly ante, the tissue-level properties of
murine articular cartilage following DMM-injury. Wle such findings are supported
by investigations of cartilage explants mechanjyesiimulated in the presence of
ZA?5%6:257 further investigations will be required to estshlif i.a.ZA treatment can
indeed regulate the tissue-level mechanical pragseaind composition of articular
cartilagein vivo.

The ability of repeated-i.a.ZA to regulate tissaedl changes/adaptations in
cartilage following traumatic injury is likely roed in the response of chondrocytes to
locally-delivered ZA. Traditionally, the health atmhgevity of articular cartilage is
thought to depend on the presence of healthy cloagtlrs and their ability to
maintain their extracellular matri&®?2 However, the role of chondrocytes in
regulating cartilage homeostasis following acujerynappears more complicated.
Traumatic injury can trigger rapid changes in g@bility (potentially due to both
necrosis and cell-mediated death), as well as nabelghondrocyte injury responses
(e.g. anabolic, catabolic, and inflammatory progring)>>7°.104-106 Nonetheless, how
and when such changes, which often occur simultsig@and in spatially-distinct
manners, contribute to PTOA progression remaingeanc

In this study, we observed clear differences inmnchocyte biology (i.e. death,
proliferation, and proteoglycan production) amongreated DMM-joints and those
treated with repeated-i.a.ZA. Specifically, we fduhat DMM-injury induced a rapid

and focal loss of chondrocytes in the region atalar cartilage that experienced
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acutely altered meniscal coverage and later deedloprtilage erosions (Q3). This
cell loss was spatially coincident with the preseatempty chondrons, chondrocytes
with abnormal nuclei (pyknotic, karyolitic, and karrhectic), and TUNEL-positive
chondrocytes, which collectively suggest the presasf chondrocyte necrosis,
apoptosis/chondroptos?d, and cellular dysfunction. Furthermore, our firgfiralso
indicate an intimate relationship between this fpegpulation of dead and dying
chondrocytes (in Q3) and the temporal responséabiescells in adjacent regions of
cartilage (Q1, Q2, and Q4); suggesting that thpupsttion of dead and dying
chondrocytes may be critical to the initiation gndpagation of cartilage degeneration
following DMM. For instance, Ki-67chondrocytes, which are indicative of cells in
G1, S, G, or M-phasé!, rapidly appeared at the immediately peripherthefregion

of chondrocyte death/loss (Q3); whereas Ki-6&lls were effectively absent in
uninjured cartilage. These data suggest that itttheeartilage chondrocytes are
largely quiescence (indgphase), and injury induces the activation of cliooge
proliferation in a spatially-dependent manner. @ation of chondrocyte proliferation
is a necessary pre-requisite for the chondrocydaiet associated with arthritic
diseases and is reminiscent of the mitotic proseaseompanying post-natal cartilage
morphogenesi§313:320.322.323Hgwever, if activation of chondrocyte prolifexati
represents an innate injury-/repair-response ginseunlikely that it would be
beneficial to the adult joint, as proliferation vags local matrix remodeling, which
could drive a vicious-cycle of cell-mediated catigband proliferative responses.
Another injury-mediated adaptation that was obsgmwas an increase in the number
of chondrocytes that exhibited intense, halo-liké-G* staining of their peri-cellular

matrix compared to uninjured joints. This matrispense suggests an enhanced
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production/deposition of proteoglycan in the logainity of viable chondrocytes
following injury, particularly in the innermost rigo of the medial tibial plateau (Q1
and Q2). Our findings of increased chondrocyteifm@tion and proteoglycan
deposition align well with prior studies of PTOA@ndrocyte proliferatiot{®-324-331
and proteoglycan producti$ii-332-349 and suggest that chondrocyte death,
proliferation, and proteoglycan deposition mighgresent druggable targets for
ameliorating cell-mediated cartilage degenerataioing joint injury.

The capability of repeated-i.a.ZA treatment to preMDMM-induced cartilage
erosions permitted an ability to assess whethestpiactic i.a.ZA could modify
chondrocyte death, proliferation, and proteoglypeoduction in a manner consistent
with the observed PTOA mitigation. Our data sugegshat repeated-i.a.ZA
administration was unable to mitigate the focasloschondrocytes associated with
DMM:-injury in Q3, but instead drove a further, amgexpected,
increase/‘acceleration’ of chondrocyte loss in @2epeated-i.a.ZA DMM catrtilage
we saw a slightly reduced presence of TUNE#IIs; which was consistent with the
reduction in TUNEL chondrocyte staining observed following repeatadzA
therapy in a rat anterior cruciate ligament tratisadnjury modet®°. While
modulation of chondrocyte loss/death by repeat@dA treatment appeared
equivocal, the treatments ability to influence cthactyte proliferation and local peri-
cellular production of proteoglycan was far momgkstg. Repeated-i.a.ZA
administration appeared to completely suppressdtre’) the chondrocyte
proliferation phenotype associated with DMM-injiayd moderately enhanced the
presence of chondrons exhibiting proteoglycan-&ederi-cellular halos. Taken

together, these results suggest that repeateddiGad modulate chondrocyte death,
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proliferation, and local proteoglycan metabolisticiwing DMM-injury, providing
the necessary recipe to enhance tissue-level milgtsm content and suppress
cartilage erosions long-term.

While the canonical target of nBHRsvivo are traditionally appreciated to be
osteoclastg? the mevalonate (or isoprenoid) biosynthetic patywwhich nBPs
inhibit, is ubiguitous among mammalian c&f$% The mevalonate pathway is
responsible for the synthesis of cholesterol aetiocess of protein prenylation.
Prenylation is a form of post-translational modition, and inhibition the mevalonate
pathway results in a suppression of the prenylasfiemall-GTPases. Small-GTPases
are G-proteins critical to the regulation of numesaellular process, including
proliferation, differentiation, and cell-survivalytoskeletal dynamics; vesicular
transport; and cell movement. Indeed, it is nowgstablished that nBPs can directly
mediate the inhibition of proliferation and the iretion of apoptosis in inflammatory
cells'8:1823s well as neoplasms and cancerousé&f&through the inhibition of the
mevalonate pathway. Furthermairyitro®”-254andin situ?5-258:341studies have
demonstrated that ZA, and other nBPs, can directiglulate chondrocyte
homeostasis, matrix metabolism, and cartilage heahe ability of repeated-i.a.ZA to
modulate death, proliferation, and proteoglycanaielism in chondrocytes
demonstrated herein is entirely in line with knomachanisms of nBP action in the
vast majority of mammalian cells.

Together, our tissue- and cellular-level finding&abélish a pattern of
spatiotemporally-dependent cartilage changes faig@MM-injury that provide
insights into the mechanical and cellular basiBDOA initiation and progression, and

how intra-articularly injected ZA may modify thegecesses. Joint injury appears to
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drive the rapid development of superficial cartdatahmage and focal chondrocyte
necrosis/apoptosiz’® 79104 Rapid and focal chondrocyte necrosis in the td@eute
changes in joint loading/stability would contributecell-loss, but it is unclear how
(or even if) cell necrosis would influence tissuadtior?>7>79:1%4 \We suspect that a
far more important regulator of PTOA initiationtiee presence of the focal population
of chondrocytes undergoing the slower process lehoediated death
(apoptosis/chondroptosis) following joint-destatalion. These dying cells could
represent a nexus of mechanically- and biochenyicktived signaf®:7>72.1%4driving
an ever-expanding region of cartilage ‘adaptateomd degeneration across the medial
joint. For example, after DMM-injury, the focal padption of dying cells appears to
be surrounded by an annulus of chondrocytes inwihiicearby cells re-enter the cell-
cycle (activate cell division) and ii) more distantells deposit ECM with enhanced
proteoglycan composition. Such a behavior can tegpreted as an innate, adaptive-
or reparative-response. However, it must be reaaghihat proliferation of cells
entombed in a dense ECM requires local tissue retimgdand
catabolism3313:320.322323yhjch could act as a further activator of cekteand injury
response; initiating a vicious cycle of cellulastiynction and cell-mediated cartilage
degeneratiot®’>7%1%4 Such a process appears evident in our observattiahock-
step progression of cell proliferation, apoptoais] cartilage degeneration across the
medial tibial plateau over time post-DMM.

Eliminating dying cells, and their injury-alarm sggs, from injured cartilage,
and/or preventing the proliferative and adaptivspomses driven in neighboring
‘activated’ cells could represent a key to suppnessell-mediated processes that

drive PTOA. We speculate that just such a moduladfanjury-response processes,
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i.e. the enhancement of cell death, suppressiaelbproliferation, and promotion of
cell- and tissue-level proteoglycan content, uneehe ability of repeated-i.a.ZA to
prevent cartilage erosions in the murine DMM modédhypothesis supported by the
recent demonstration that induction of chondrodgath in cartilage’s superficial
layer prevents erosions in the murine DMM mé#feHowever, the inability for
single-i.a.ZA administrations to promote similagdees of beneficial cell- and tissue-
level outcomes suggests that a sustained/repeagsdne of ZA within the joint may
be required for PTOA disease-modifying efficacytufain vitro andin situ work are
needed to confirm the role of chondrocyte deathgtgsis and cell-cycle re-entry, and
their modulation by ZA, in the initiation and pregsion of cartilage degeneration.
While this study provides compelling evidence sufipg the efficacy of
repeated intra-articular administration of ZA t@ptessing the progression of
cartilage damage following joint injury in the meyseveral limitations should be
noted. While four, weekly-repeated i.a.ZA injecsawver the course of the first 3-
weeks of injury could provide a meaningful degréeastilage protection at 12-weeks
following DMM-injury, whether continued weekly i2A administration over longer
timescales, or with different delivery scheduleg.(delayed, reduced, or
alternatively-spaced injections) or dosages woulgrove cartilage outcomes at and
beyond 12-weeks is unknown and a focus of futurekw®imilarly, given that the
earliest evaluations occurred at 1-week post-ifpast-treatment, we can only
speculate on i.a.ZA-driven changes to cartilagedmmhdrocyte-biology at earlier
timepoint based upon outcomes observed at 1-westkimary/treatment. The present
study also restricted itself to histological andrionohistochemical assessmentsnof

vivo cartilage outcomes; the use of multi-scale apgreamvestigating molecular- to
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organismal-physiology outcomes in injured and régulig treated joints will be
necessary to advance this work towards clinicalsliegtion. Furthermore, while the
murine DMM PTOA model is well characterized, théigbto generalize our present
findings to more clinically-representative joinjuries are limited by the invasive,
surgically-driven nature of the DMM injury. To tihest of our knowledge, no studies
of i.a.ZA treatment following non-invasive jointumies exist; thus, it is unclear if the
choice of injury model might influence therapeufticacy. Future studies are
necessary to establish the efficacy of i.a.ZA ieventing cartilage damage in more
clinically representative joint injury situationadhother large pre-clinical animal
models. Lastly, PTOA is a whole-joint disetsevith injury-associated changes to
other tissues in the knee known to influence PT@dgpession; the effect of i.a.-ZA
administration on the response of other tissuélsdrknee joint to DMM-injury is
presented in an accompanying companion paper (Ehépt

In conclusion, the present study provides compgkividence supporting the
ability of intra-articularly administered ZA to gshylactically modulate cartilage
damage progression following joint injury. Speafig, four, weekly i.a.ZA injections
(4.q7d), initiated immediately following DMM-injurycould suppress the
development of overt, long-term articular cartilagesions through the modulation
cartilage composition (proteoglycan content) anohchocyte homeostasis
(proliferation, death/apoptosis, and proteoglycataiolism). However, i.a.ZA
treatment was unable to prevent the developmetidimiage to cartilage’s superficial
surface following-DMM. These findings suggest thaperficial damage to articular
cartilage following injury is likely a mechanicaltyriven process and unlikely to be

modifiable by ZA or other cell-modulating therapest However, longer-term
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development of focal cartilage erosions appeabetoell-mediated, and dependent
upon processes that repeated-i.a.ZA administraaonnfluence. Together, this and
our companion study (Chapter 4) provide new knogéetb guide the continued study
of ZA’s modes and mechanisms of action in chondexgnd to drive pre-clinical
studies investigating the translatability of profatcyically-administered intra-articular

ZA for modifying and treating PTOA.
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Chapter 4

THE INFLUENCE OF REPEATED INTRA-ARTICULAR INJECTION  OF
ZOLEDRONIC ACID ON NON-CARTILAGINOUS JOINT TISSUES
FOLLOWING JOINT DESTABILIZATION IN THE MOUSE

(MA David, MK Smith, BT Graham, RN Pilachowski, AWhite, RC Locke, L Wang,
C Price,In Preparation 2019b)

4.1 Abstract

Post-traumatic osteoarthritis (PTOA) is an incueakblhole-joint disease. In
search of disease-modifying PTOA therapeutics,Hmisphonates have gained
attention due to their ability to inhibit subchoaldbone remodeling and cartilage
damage post-injury. In our companion paper, we gbtat locally-targeted
zoledronic acid (ZA), delivered as four weekly &tarticular (i.a.) injections
following injury, could suppress long-term cartéagrosions in the murine
destabilization of the medial meniscus (DMM) moodePTOA. Beyond ZA’s
classically understood ability to inhibit bone rasebng, it can also mediate anti-
proliferative and anti-inflammatory activities assonumerous mammalian cell types.
To evaluate the ability of intra-articular injeatiof ZA (i.a.ZA) to shape the response
of knee joint tissues other than cartilage to DMjury, we used microtomography
and histological analysis to assess meniscal, ps{ge, and synovial tissue responses,
along with subchondral, epiphyseal, and metaphys@a structure. Following
DMM-injury, repeated-i.a.ZA did not appreciablyalinjury-induced meniscal
changes or ectopic bone formation, aside from ptomg@ moderate increase in

meniscal proteoglycan content and bone volumeifnacRepeated-i.a.ZA did not
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alter osteophyte size but did delay the transitibosteophytes from their
cartilaginous templates to boney tissue followingNa-injury. Furthermore,
repeated-i.a.ZA did not suppress joint synovitduiced by DMM-injury, nor
appreciably affect bone structure in the ipsildtebéa. These results suggest that,
aside from a small anti-resorptive influence omargapsular mineralized tissues,
repeated-i.a.ZA had limited ability to alter thajéctory of changes to non-
cartilaginous tissue following joint-injury and hadnimal influence on local or
distant skeletal health. Combined with our accomjpanpaper, our results suggest
that prophylactic intra-articular injection of ZA suppress PTOA progression
following joint-injury and in a manner that redudbs risk of adverse skeletal side-

effects associated with systemic, high-dose ZAapies.

4.2 Introduction

Accelerated cartilage degeneration following traticjaint injury is a
hallmark of post-traumatic osteoarthritis (PTOA)véh its incurable nature, and the
significant physical and socioeconomic burden tiseake presents, the search for
PTOA-modifying therapeutics has been on the foraffé A class of FDA-approved
drugs receiving attention as potential PTOA diseaedifying therapeutics are the
bisphosphonates (BPs) As potent anti-resorptivé®né, BPs are traditionally used
to treat osteoporosis and cancer-related bondifyedt 307 However, since aberrant
subchondral bone remodeling is a hallmark of PT@if\ation and
progressiotr?126.233.234BPs have been explored as a means to suppresgimjiuced
subchondral bone remodeling for cartilage damagegmtion. As such, numerous
preclinical studies have demonstrated the abifityigh-dose, systemic-administration

of nitrogen-containing bisphosphonates (nBPs)uiticlg zoledronic acid (ZA), to
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prophylactically prevent cartilage degeneratiomégcemodeling, and pain across
several animal models of arthroses including rheaitiarthritig9-216
osteoarthritis' 219 and PTOA38-241.309 However, despite these promising strides,
PTOA prevention based upon systemic, high-dose d@Aiistration may face
insurmountable challenges to clinical implementatoe to significant risk of adverse
side effects associated with systemic suppresgiboree remodeling, most notably
osteonecrosis of the jaw and atypical bone frastti&*> Fortunately, recennh
vitro'®7.254andin situ?%>-28studies indicate that ZA can directly modulate
chondrocytes and cartilage health, suggestingabatly-targeted ZA delivery
strategies might represent a more clinically-acagpt PTOA-modifying strategy.

In our accompanying paper, our team demonstratgdtie such alternative
delivery strategy, namely four, weekly-repeated{d) intra-articular (i.a.) injections
of ZA (i.a.ZA) into the knee starting immediatelgan injury could suppress cartilage
erosions in the murine destabilization of the mieali@aniscus (DMM) model of PTOA
(Chapter 3). This work suggested that repeatedA,avhich should engender far less
risk of adverse systemic skeletal complicationstdueduced overall ZA dosage,
could be leveraged as a prophylactic disease-maditherapeutic for PTOA. While
our accompanying paper focused on changes toaggtiiealth following injury and
i.a.ZA treatment, PTOA is as a whole-joint disé&<¢é In this regard, numerous
injury-induced changes to non-cartilaginous tissaeesur within the joint that may
contribute to the initiation and progression oftitc@ge degeneration following injury;
these include meniscal changes, osteophyte formathmerrant subchondral bone

remodeling, and joint inflammatid#r22.78.343 Consequentially, a therapeutic lead for
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PTOA prevention that could target multiple joirgsties in the injured joint would be
an ideal candidate, and there are reasons to bahet ZA might meet this need.

ZA is well-known for its anti-resorptive in botté245307.308.3443nd has more
recently been shown to have anti-immunologic, arftammatory, anti-tumor, and
anti-angiogenic propertigd170:345179-1852eacause of its ability to inhibit the
ubiquitous mevalonate biosynthetic pathway foundlimammalian cells. Thus, it is
plausible that i.a.ZA could influence the evolut@hnjury-induced changes in both
mineralized joint tissues, such as those that oectire subchondral bone, calcified
menisci, and osteophyt€s*?120.3433s well as non-mineralized tissues, such as the
synoviunf®, To date, only one study has investigated thityabf repeated i.a.ZA to
suppress joint synovitis in a rat ligamentous injonodel of PTOA®®. Yet, it remains
unclear: i) how other non-cartilaginous tissuesimithe joint respond to repeated
i.a.ZA treatment following injury; and ii) if reptsd i.a.ZA administration can
influence extra-capsular skeletal tissue propediasthus global bone health
following injury.

In support of our companion paper, demonstratiegathility of four, weekly-
repeated (4.q7d) i.a.ZA administration to suppoesslage erosions in murine DMM-
injured knee joints (Chapter 3), this study soughhvestigate the influence of
repeated i.a.ZA administration on bone remodelmnegniscal injury response,
osteophyte formation, and joint synovitis post-DMM. facilitate this assessment, we
performed detailed micro-computed tomography astblagical analysis of the
DMM:-injured and i.a.ZA-treated mouse knees preskirt@ur companion paper. Our
findings indicated that four, weekly-repeated (4l)qi7a.ZA to the injured joint could

mildly influence meniscal injury response and optede development but not joint
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synovitis post-DMM. More importantly, the structyseoperties of the underlying
subchondral bone and of more distant (extra-capsodeme compartments of the
ipsilateral of the tibia were largely unaffectedrepeated i.a.ZA treatment, suggesting
that repeated i.a.ZA administration strategy mayesent a safer prophylactic PTOA

prevention than systemic treatment with ZA.

4.3 Methods

4.3.1 Animals and Surgeries

Details regarding surgical procedures and sampleation can be found in
our accompanying paper (Chapter 3). Briefly, tighttibiofemoral joints of 12-week
old male C57BL/6 mice underwent either DMM surgeith no treatment (untreated
DMM) or DMM surgery plus repeated intra-articulajaction of ZA (i.a.ZA) at 0-, 7-,
14-, and 21-days (repeated-i.a.ZA). For eachnjaction, 6L of sterile saline
containing ZA at ~615 ng/kg was injected into elche. Contralateral joints from
untreated DMM mice served as uninjured control® DOhiversity of Delaware’s
Institutional Animal Care and Use Committee appdbak animal handling and
surgical procedures. Intact tibiofemoral joints @veollected at 7-, 14-, 56-, or 84-days
post-injury and directed towards either micro-cotegiutomography (LCT; n=62
joints) or histological analysis (n=110 joints).
4.3.2 pCT Analysis of Intra-capsular and Extra-capsular Calcified Tissue

Structures

MCT was used to assess the structural propertiesrafcapsular subchondral
bone (medial compartment), calcified medial mersseund ectopic formed bone in

uninjured, untreated DMM, and DMM + repeated-i.a.@éated joints (n= 3-
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5/group/timepoint), as well as the structure oféR&a-capsular ipsilateral tibial
subchondral bone and epiphyseal in the medial gmntpartment and the metaphyseal
trabecular bone. At harvest, tibiofemoral jointsgv&ozen at -80°C in 1x phosphate-
buffered saline supplemented with calcium chloudél scanning. For uCT scanning
(Scanco uCT-35; 6um isotropic voxel size; x-raytagé and current of 55kVp and
145.5uA, respectively; 500-ms integration time; pd0jections; and 300 images
averaged over 2 image each), joints were placedammustom-built holder that held
the joints at ~90° of knee flexion. From 3D recoustions of these joints, the
following were manually traced using CT-Analyseftware (CTAN; Bruker-
MicroCT): i) the entire calcified anterior mediakmiscus and intracapsular ectopic
bone; the ii) subchondral bone and iii) underlyapgphyseal bone across a 480um
(80-slice) deep region of the medial tibial plateaa centered about the femur-on-
tibia contact; and iv) femur-on-tibia contact ragiaf cancellous bone within the tibial
metaphyseal cancellous bone (cuboid ROI of 750ude wil1000um tall). For each
region, metrics of tissue volume (TV), bone volu{B¥), bone volume fraction
(BVITV), and bone thickness (Th) were quantified Bruker's CTan software
following global segmentation using Otsu’s graysdaresholding technique and
despeckindf®. Gross structural changes to mineralized tissutgnithe joint were
visualized using 3D volumetric renderings using gma (National Institute of Health)

in combination with Seg3D2.4 (Center for IntegraB2dmedical Computer).

4.3.3 Histological Processing and Staining
Intact joints were processed for paraffin-embeduistblogical staining and
assessment as described previoli8lgee also Chapter 3). Briefly, joints (n=5-

10/group/timepoint) were fixed, decalcified, proged, embedded, sectioned coronally
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at 5-um, and placed on charged slides (two sedsilhs). Five slides, taken at
intervals of ~100-pm across the joint and centatsalit the tibiofemoral cartilage-on-
cartilage contact, were selected and labeled lévéisough 5 from the anterior (level
1) to posterior (level 5) of the joint. These stideere then stained with Safranin-O,
fast green, and Wiegert's hematoxylin, hereon medeto as Saf-O, and imaged using a
widefield microscope and color digital camera (Akitager.A2 + AxioCam MRc5,

Carl Zeiss) under consistent illumination and asijjioin settings.

4.3.4 Quantification of Meniscus Coverage, Size, and Prebglycan Content

To address if i.a.ZA treatment influences mediahiseal extrusion and
structure post-DMM, semi-automated histologicakasment was performed on Saf-
O stained sections from joint levels 2-4. After malty-tracing each medial meniscus,
the degree of tibial plateau cartilage coveredhgymeniscus (the reciprocal of
meniscal extrusionR)?, as well as meniscal cross-sectional area wagtifjeen
Additionally, the areal distribution of Saf-O pagé (Saf-O) tissue within the medial
meniscus, as well as the Saf-€aining intensity of the tissue (change relatovéhe
intensity of the tibial growth plate was quantifiesing a semi-automated color

thresholding and analysis algorithm described sty (Chapter 3).

4.3.5 Histological Analysis of Synovitis and Osteophyte &velopment

To assess whether repeated-i.a. injection of ZAdcowdify osteophyte
formation and joint synovitis post-DMM, osteophytaturation and extent of joint
synovitis (non-native tissue in the joint spaceiliting increased cellularity and/or
thickening) within the medial compartment was assdsemi-quantitatively by three

blinded individuals (MAD, MKS, AW and/or RNP) withiSaf-O stained slides from
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joint levels 1-5. Both outcomes were assessed®8 acalé*”: i) for osteophytes, 0 =
no osteophyte, 1 = cartilaginous template, 2 =lagrhous template with some bone
present, 3 = entirely boney osteophyte; and iisforovitis, 0 = no synovitis, 1 = mild
synovitis, 2 = moderate synovitis, and 3 = sevgrn®yitis. To provided additional
insight into osteophyte maturation, several aspaftise forming/formed osteophytes
on the medial tibial margin in were assessed qtaiviely. Using semi-automatic
image process in MATLAB, the osteophyte tissueS@ah-O stained slides from joint
levels 2-4) was traced manually, bone marrow cawiireas were removed from the
trace, and the relative areas of the remaining®ahd Saf-O negative-fast green
positive stained (Saf-Ptissues were measured, which allowed for the tfication

of the relative amount of cartilaginous and bonstgophyte tissue present,
respectively. Finally, thstaining intensity of the proteoglycan-rich Saf{3sue

within the osteophyte was determined as describedeafor the menisci.

4.3.6 Statistical Analysis

Statistical analyses were performed using Grapfiadh version 6.0 for Mac
(GraphPad Software, La Jolla, CA). One-way ANOVA#&wDunnett post-hoc tests
(i.e. many-to-one comparisons) were performed tabdish differences in parameters
between the uninjured and repeated-i.a.ZA treatmentps and those of the untreated
DMM:-joints at each timepoint. The threshold foridefg statistically significant

changes was set at p < 0.05.
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4.4 Results

4.4.1 Meniscal and Intracapsular Ectopic Bone Changes Flwing Repeated-
i.a.ZA Treatment in DMM-Joints

In the healthy adult mouse, both the medial arefdhimenisci contain regions
of calcified tissue that can be visualized by higkelution micro-computed
tomography (LCT); with the calcified tissue of Hr@erior menisci being substantially
larger than that of the posterior menisci. Visuatian of volume rendered pCT scans
from joints harvested at 84-days post-DMM demonstra clear extrusion of the
anterior medial meniscus outwards from the joirstcgpin both untreated DMM-joints
and DMM-joints repeatedly administered i.a.ZA, adlvas enlargement of the
calcified portion of both the anterior and postereedial menisci (Figure 4.1A).
Similar evidence of meniscal extrusion and caldifielume increase were observed
in repeated-i.a.ZA treated and untreated DMM-joattearlier timepoints (data not
shown). In both the treated and untreated joinkM3injury resulted in similar
increases to the total anterior medial meniscalwe (Men.TV; Figure 4.1B).
However, repeated i.a.ZA administration resulted sustained increase in meniscal
bone volume (Men.BV; data not shown) and bone velimraction (Men.BV/TV;
Figure 4.1B) that was seen by 7-days onwards. Vettimrenderings of the joints
also revealed a similar appearance and developohectopically formed bone within
both treated and untreated DMM-joints from 56-dayd onward post-DMM (Figure
4.1A). This ectopic bone (EcB) formed anteriorlyyowithin DMM-injured joints.
While repeated-i.a.ZA administration did not madigadfluence the total number
(EcB.N; data not shown) or total volume of ectdpame fragments (EcB.TV; Figure

4.1C) that formed following DMM-injury, it did drev an increase, albeit non-
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significant, in the volume of ectopic bone (data stcown) and the bone volume

fraction of this tissue at 84-days post-DMM (EcB/BV; Figure 4.1C).
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Figure 4.1: Assessment of Periarticular Calcifiesstie Changes in the Tibiofemoral
Joint Following DMM and Repeated-i.a.ZA TreatmdAt) 3D uCT
renderings of representative knee joints (at 84yfollowing DMM and
repeated-i.a.ZA treatment highlight the extrusiod golumetric increase
of the medial meniscus (red), and the spontanewusation of ectopic
bone (blue) in all injured joints. (B.) Meniscadsue volume increased in
all DMM-injured joints. Repeated-i.a.ZA treatmemd dot alter the
resultant meniscus size (tissue volume) but didlt@s increased
meniscus bone volume fraction. Periarticular ectdyoine tissue became
apparent at 56-days post-DMM injury. Repeated-AarZ2atment did not
alter the volume or bone volume fraction of thitopecally formed bone
tissue. Results are presented as mean = STD (rim3epbint/group);
where # indicates p< 0.05 for the difference betwepeated-i.a.ZA and
the untreated DMM-group at that timepoint, * indesip< 0.05 between
the untreated DMM and uninjured-joints at that tooiat.
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4.4.2 Repeated-i.a.ZA Treatment Post-DMM Did Not Alter Sibchondral Bone,
Epiphyseal, and Metaphyseal Bone Structure

Quantitative analysis of uCT data indicated thatNMjury did not alter the
structural properties of the medial subchondrale@C) compartment when
compared to uninjured joints (Figure 4.2A); no aj@aim the total volume (SC.TV),
bone volume (SC.BV; data not shown), bone voluraetion (SC.BV/TV), or
thickness (SC.Th) was observed post-DMM. Similadypeated-i.a.ZA administration
to DMM-joints did not significantly alter any thesabchondral bone parameters
(Figure 4.2A). We also observed that DMM-injury didt result in any measurable
changes in the structure of the epiphyseal bonenyidg the medial tibial plateau
(Figure 4.2B) or the cancellous bone of the timeataphysis (Figure 4.2C) when
compared to uninjured joints. Similarly, repeated4dA administration to DMM-
injured joints did not significantly alter bonestture in either of these extra-capsular
bone compartments (Figure 4.2B and 4.2C), asida &onoderate increase in
epiphyseal bone volume fraction (Epi.BV/TV) andciktriess (Epi.Th) at 84-days post-
DMM.
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Figure 4.2: Repeated-i.a.ZA Treatment Following DNDdes not Alter Subchondral
Bone, Epiphyseal, and Metaphyseal Bone Structdg(CT analysis
indicated that subchondral bone tissue volume, voheme fraction, and
subchondral plat thickness were unaffected by DMMry or DMM +
repeated-i.a.ZA administrations. (B.) Similarlyj@p/seal bone structure
(tissue volume, bone volume fraction, and thickhesss largely
unaffected by DMM injury or DMM + repeated-i.a.Zfeatment. (C.)
The structural of the trabecular bone of the ipsita tibial metaphysis
was not altered by DMM or DMM+ repeated-i.a.ZA treaant. Results
are presented as mean £ STD (n=3-5/timepoint/gravpgre # indicates
p< 0.05 for the difference between repeated-i.aaBé the untreated
DMM-group at that timepoint, * indicates p< 0.05Wween the untreated
DMM and uninjured-joints at that timepoint.
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4.4.3 Repeated-i.a.ZA Administration Altered Meniscal Prdaeoglycan
Composition Post-DMM

Histological assessment (Figure 4.3A) confirmed oGiT-based assessments
of medial meniscus changes following DMM-injurydaib provided additional
insights into DMM-mediated meniscal extrusion (c@ge) and changes in meniscal
size (area) and proteoglycan composition (Safi€3ue) in untreated and treated
DMM-joints. Medial meniscus coverage (reciprocakafrusion) was similar among
the untreated DMM-joints and those treated witreedpd-i.a.ZA (~20-30%), and this
coverage was significantly less than that seeminjured joints (~45-60%; Figure
4.3B). Additionally, DMM-injury led to a significanncrease in medial menisci area
compared to uninjured joints, and repeated-i.al2atment did not influence the
trajectory of this injury-induced increase in meaisarea (Figure 4.3C). When
evaluating the area of proteoglycan-rich (Saj-tssue in the medial meniscus, we
found no difference in the relative area of Sati€sue between the menisci of the
uninjured joints and the significantly enlarged msenof untreated DMM-joints.
However, in DMM-joints treated with repeated-i.a.##e relative area of this
proteoglycan-rich (Saf-0 meniscal tissue was significantly increased diyda-mid
timepoints (7 through 56-days). Using changes irC8astaining intensity (Figure
4.3C) as a surrogate for changes in tissue proteaglcomposition, we observed that
DMM:-injury led to a drastic and significant redwstiin overall meniscal
proteoglycan composition. Repeated-i.a.ZA admiaigin rescued the loss of
meniscal proteoglycan composition seen in DMM-jsifailowing a transient/partial

decrease in Saf-Qissue staining intensity (at 7-days).
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Figure 4.3: Meniscal Changes Associated with Regkebah.ZA Treatment Post-

DMM. (A.) Safranin-O stained slides highlighted the naédtheniscus
extrusion and changes to meniscal size and protesmgldistribution and
intensity following DMM and DMM + repeated-i.a.ZAeatment. These
representative images were acquired from the amtexgion (level 2) of
the joint at 10x magnification (scale bar = 100uHiktological analyses
indicated that following DMM, repeated-i.a.ZA admsitnation did not
alter the injury-mediated (B.) uncovering of thedha¢ tibial plateau (i.e.
meniscal coverage) or (C.) meniscal growth (Toteda). However,
repeated-i.a.ZA treatment did drive increases énpitoportion of Saf-O
(proteoglycan-rich) tissue area and the relatisstg intensity of this
Saf-O area compared to the untreated DMM-joints. Resuls
presented as mean = STD (n=3-5/timepoint/groupgre/l¥ indicates p<
0.05 for the difference between repeated-i.a.ZAtaeduntreated DMM-
group at that timepoint, * indicates p< 0.05 betw#® untreated DMM
and uninjured-joints at that timepoint.
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4.4.4 Repeated-i.a.ZA Administration Delayed Osteophyte Bvelopment and
Maturation Post-DMM

Using histological assessment, a rapid developwieosteophytes at the
medial-margins of the tibial plateau (Figure 4.4&) the femoral condyle (Figure
4.5A) was confirmed in both treated and untreat®tMdjoints; uninjured joints did
not exhibit osteophytes. Osteophyte developmetitére locations proceeded from an
extensive cartilaginous (Saftosteophyte template seen at the earliest timépoin
assessed (7-days) post-DMM into boney osteophgtesplete with marrow cavities,
present at late stage disease (56 and 84-days}efrip® of osteophyte formation and
maturation was assessed via semi-quantitative jpisye® scoring (Figure 4.4B) and
guantitative analysis (Figure 4.4C). Osteophytes fitrmed in response to DMM-
injury were similar in size in the repeated-i.a.#@ated and untreated DMM-joints
(Figure 4.4C). However, treatment with repeatedfded to a notable delay in
osteophyte maturation. This delay was evident lagan the upward trajectory of
semi-quantitative osteophyte scores (Figure 4.dByolonged presence of Saf-O
tissue area (cartilaginous), and a reduced pres#rigaf-O tissue area (bone) at
earlier timepoints (7 through 56-days) post-DMMgkie 4.4C). There was no
difference in bone marrow cavity area among theagd-i.a.ZA treated and
untreated DMM-joints (data not shown). Additionaltgpeated-i.a.ZA treatment of
DMM-joints led an increase in the staining intepsit the osteophytes proteoglycan-

rich (Saf-O) tissue compared to untreated DMM-injured joirfigy(re 4.4C).
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Figure 4.4: Repeated-i.a.ZA Treatment Delayed Qtgie Maturation Following
DMM. (A.) Safranin-O stained slides highlighted the rstiformation of
osteophytes along the medial tibial plateau joiatgm in all DMM-
injured joints (tissue to the right of black ling8)is process initiated
with the formation of a proteoglycan-rich cartildges template that
subsequently transformed (matured) into fully fodnbeney osteophyte
complete with marrow cavities. These representathages were
acquired from the anterior region (level 2) of jbiat at 10x
magnification (scale bar = 100um). (B.) Semi-quatitie osteophyte
scoring revealed that repeated-i.a.ZA treatmeetedtthe tempo of
osteophyte maturation, as indicated by a delalgeércbnversion of the
proteoglycan-rich cartilage-like template (scord pinto nascent bone
(score of 2). (C.) Quantitative analysis indicatieat repeated-i.a.ZA
treatment did not influence the overall size of diseeophytes that formed
following DMM-injury. However, repeated-i.a.ZA trement resulted in
the retention of Saf-Orelative area (proteoglycan-rich tissue) and a
delayed accumulation of Saf-€lative area (bone tissue) following-
DMM, which confirmed the delay in osteophyte matiara observed via
the semi-quantitative osteophyte scoring. Withim 8af-O areas of the
osteophyte, repeated-i.a.ZA treatment increaseckethBve staining
intensity of this proteoglycan-rich tissue acrossstrof the study. Results
are presented as mean = STD (n=3-5/timepoint/graupdre # indicates
p< 0.05 for the difference between repeated-i.aaBé the untreated
DMM-groups at that timepoint, * indicates p< 0.0f\ween the untreated
DMM and uninjured-joints at that timepoint.
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4.45 Repeated-i.a.ZA Administration Did Not Mitigate Synovitis Post-DMM

The synovitis-modifying ability of repeated-i.a.Zfeatment in DMM-injured
joints was evaluated using semi-quantitative higjiglal analyses of the medial
compartment joint synovitis. We observed that DMy led to a rapid (apparent at
7-days) and sustained presence of medial comparjoiehsynovitis when compared
to untreated joints (Figure 4.5). However, repeat@dA to DMM-joints did not
reduce synovitis at any timepoint post-DMM (Figdt8); instead, a small but
significant increase in synovitis was observeddap@st-DMM that returned to the

levels of the untreated DMM-joints by 14-days pD&H\.
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Figure 4.5: Joint Synovitis is Not Altered by Retaehi.a.ZA Treatment Following
DMM-Injury. (A.) Safranin-O stained slides demonstrated thegqree
of joint synovitis (black arrows) within the med@dmpartment
following DMM, which repeated-i.a.ZA did not appdarsuppress.
These representative images were acquired frorarttezior region
(level 2) of the joint at 10x magnification (scélar = 100um). The
presence of osteophytes along the medial femoralyde are indicated
by the tissue to the right of black lines. (B.) $@uantitative synovitis
scoring confirmed qualitative impressions regargaigt synovitis, and
further indicated a significant increase in synisvinmediately
following DMM + repeated-i.a.ZA administration. Rets are presented
as mean + STD (n=3-5/timepoint/group); where #datks p< 0.05 for
the difference between repeated-i.a.ZA and untdetie DMM-groups at
that timepoint, * indicates p< 0.05 between theested DMM and
uninjured-joints at that timepoint.
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4.5 Discussion

Bisphosphonates, especially the nitrogen-contaihisghosphonates (nBPs),
have gained attention as potential disease-modjfgrags for preventing or delaying
PTOA initiation and progressié#t-241.259.309.342n our accompanying paper (Chapter
3), we demonstrated that four, weekly-repeatedr@),cpout not single, intra-articular
(i.a.) injections of ZA (i.a.ZA) could prevent tidevelopment of injury-induced
cartilage erosions in the murine DMM model of PT®Hawever, PTOA is a disease
of the whole-joint®=?2 Thus, the objective of this study was to investighow four,
weekly-repeated i.a.ZA (repeated-i.a.ZA) admintstres influenced the presence of
and changes to non-cartilaginous structures figenteniscus, ectopic bone,
osteophytes, and synovium) within the joint follogiDMM-injury, as well as to
changes to bone structure (i.e. subchondral, epgalyand metaphyseal bone
properties) outside of the joint. We discovered tepeated-i.a.ZA was unable to
suppress the development and increase in sizératapsular structures that form in
response to joint destabilization, including menisctopic bone, and osteophytes.
Nevertheless, repeated-i.a.ZA led to moderate detathe maturation of these
mineralized tissues, as well as increases in baie volume fractions, which are
consistent with ZA’s resorption suppressing aleiitiDespite the anti-inflammatory
activities of nBPs in several mammalian cells, e¢pd-i.a.ZA was unable to suppress
joint synovitis in the DMM-model. However, and masiportantly, our two studies
demonstrated that prophylactic administration ofr fweekly, intra-articular injections
of ZA starting immediately following injury couldrptect against DMM-mediated
cartilage erosion in the absence of appreciabdeadlons to bone structure, and by
extent, bone resorption/remodeling, in more diskame compartments (the ipsilateral

tibial epiphysis and metaphysis).
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As a result of the transection of the medial mestibal ligament during the
DMM-injury, we observed significant outward extroisiand hypertrophy of the
medial meniscus, followed by the formation of eatdgone within the joint capsule.
In untreated and repeated-i.a.ZA treated DMM-jqietdrusion of the medial
meniscus resulted in a similar uncovering of ~X¥/8e medial tibial plateau cartilage
that was previously covered by the menis€uJhe inability of repeated-i.a.ZA
treatment to alter meniscal extrusion was not ueetqa since meniscal extrusion is
presumably mediated by geometrical and mechanacadiderations within acutely
destabilized joints; there is no reason to susipettZA would alter such a response.
If one uses meniscal extrusion as a surrogatedtatiof joint biomechanics, these
results would suggest that the post-DMM mechargoalronment is similar among
untreated and repeated-i.a.ZA treated DMM-jointsida from the expected meniscal
extrusion, we also noted that the anterior medeistus experienced increases in
both mineralized and non-mineralized tissue sipdufme and area, respectively) in all
DMM-injured joints. These data align with precliaidmousé*®-3*°and rabbit*®:359
and clinica#>-87.349.351-35%¢tydies highlighting increased meniscal extrusion,
hypertrophy, and calcification with increasing PT@Ad OA disease severity.
Increases in meniscal volume and calcificatiorofelhg DMM may very-well
represent an adaptation mechanism, possibly ttatglige the joint in the face of
altered loading and joint stability. Repeated-iAatfeatment was unable to prevent
injury-induced increases in meniscus size, sedoih their calcified volumes and
non-calcified areas. However, and consistent wighanti-resorptive properties of ZA,
repeated-i.a.ZA treatment led to moderate increimste® amount of bone, and thus

the bone volume fraction, within these enlargedis@nDisruption of proteoglycan
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(PG) content within the meniscus may constitutel@roDMM-injury response. To
this end, in untreated DMM-joints the hypertroplgymenisci exhibited similar
proportions of PG-rich (Saf-Qto those of uninjured-joints; however, the PG
composition (Saf-Ostaining intensity) within these PG-rich areas diasinished. On
the contrary, repeated-i.a.ZA not only led to assaibtial increase in the proportion of
PG-rich tissue in the hypertrophying meniscal st it also rescued the loss in
Saf-O staining intensity seen in the PG-rich meniscaue of untreated DMM-joints.
Another response to joint-injury recently appresibin the roderit355-361and

following orthopaedic traunté?363is the ‘spontaneous’ development of ectopic bone
post-injury. Indeed, we confirmed the developmédrextensive ectopic bone
anteriorly within DMM-injured joints. While the relof ectopically formed bone in
PTOA progression remains unclear, we anticipatatdZi could alter its formation
because of ZA’s anti-resorptive properties. Howewer found that ZA was largely
unable to alter ectopic bone formation. Collecyyelur study suggests that repeated-
i.a.ZA treatment was unable to modify DMM-inducedniscus extrusion and
hypertrophy, or the formation of ectopic bone, tmild moderately alter post-injury
meniscal PG-content and the mineralized tissugidracthus presumably osteoclast-
mediated bone resorption, in these tissues.

Another calcified tissue thought to influence PT@rgression in
injured/unstable joints are osteoph§i€s:3¢¢ In DMM-injured joints, the rapid
develop of osteophytes on the medial margins ofithe and femur were confirmed
following injury?63.280.360.365-367|njtially, these osteophytes appeared as a PG-ric
(Saf-O) cartilaginous templates as early as 7-days p&#tADand these templates

transformed over time, similar to endochondralfosaion®?, into a fully-formed
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boney-osteophytes complete with marrow cavities8dbylays). Given the
coordinated processes of cartilage formation, legei calcification, resorption, and
bone remodeling required for osteophyte formaties anticipated that intra-articular
delivery of an anti-resorptive to DMM-joints woulldfluence osteophyte development
and maturation. While repeated-i.a.ZA treatmentraitialter the overall size of
osteophytes that formed in response to DMM-injuepeated-i.a.ZA did retard their
maturation (i.e. the speed of endochondral ossificaand bone remodeling).
Specifically, in treated joints, a slightly prolapresence of proteoglycan-rich
cartilaginous tissue and delayed appearance ofl@mhb®ne was observed. These
findings align with previous studies demonstra@ndelay in osteophyte maturation
due to alendronate (an older nBP) administratidioviong joint injury368.362 Taken
together, our data highlight the rapid formatiorosfeophyte cartilaginous templates
post-DMM and the ability of repeated-i.a.ZA to sltdve maturation, but not the
overall size of forming osteophytes.

Aberrant subchondral bone remodeling and sclerssilso thought to play a
role in PTOA initiation and progressi®i?0.126.234370While disagreements exist
regarding the precise mechanisms and timing by hwtihanges to subchondral bone
and articular cartilage are linked following joinjury?70.285.373-375,287,356~
358,365,367,371,373ye found that DMM-injury did not alter subchonidoane remodeling
in our male C57BL/6J mouse joints; findings coreiswith several murine DMM
studieg®3:360:366.375Fyrthermore, and unlike studies using systemjialiministered
high-dose nBPs as PTOA therape#i235376-382we found that repeated-i.a.ZA had
minimal influence on the subchondral bone structanel presumably bone

remodeling. These findings suggest that ZA’s aegiprptive influences appear to be
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largely restricted to calcified tissues within fbat (i.e. the meniscus, ectopic bone,
and osteophyte) and do not extend to the calctfgetilage (see Chapter 3) and the
subchondral bone.

Since ZA is known to have anti-inflammatory acieston numerous
mammalian cells, including those that reside insyr@ovium, we hoped repeated-
i.a.ZA would modulate joint synovitis/inflammati6it!€ In the present study, we
confirmed the rapid appearance (by 7-days) andesuiest persistence of joint
synovitis in DMM-injured joints, in agreement wighior murine DMM studie®¥0°-383-
385 and PTOA modefg8355-358.386.38ANe are confident that DMM-induced synovitis
was predominately an injury-mediated response lsecallam DMM-surgery induced
transient synovitis, which did not persist beyordays (data not shown).
Unexpectedly, repeated-i.a.ZA treatment was unabigitigate DMM-induced joint
synovitis; in fact, there was evidence of a tramsedevation in synovitis at the earliest
timepoint assessed (7-days) following injury aaddA treatment. This finding
conflicts with those of the one other i.a.ZA invgation, which found that repeated-
i.a.ZA could suppress joint synovitis in the rateaior cruciate ligament model of
PTOA?%9, The basis of this discrepancy is unclear; howetes possible that
differences in total i.a. dosage (3000 ng/kg perinjection vs 650 ng/kg presently) or
differences in the clearance of the drug from theosial fluid among differently sized
joints could account for this disagreement. Itisgossible that our gross-level
assessment of synovitis were not refined enougletect/evaluate the influence of
repeated-i.a.ZA on joint inflammation; as we did mvestigate changes in resident
cell populations and activity, or among fibrotinggogenic, or lymphatic respons&s

Future studies are warranted to identify if i.a.joft synovitis-modifying ability is
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subtler in nature or can be improved upon with nicgquent injections or at a higher
dose. Taken together, our results suggest thaepeated-i.a.ZA strategy is unable to
mitigate joint synovitis associated with DMM-injury

The last goal of this study was to identify if Ihdaa.ZA treatment could be
leveraged as a PTOA disease-modifying strategyatisatminimized the adverse
skeletal side-effects (e.g. osteonecrosis of twegjad atypical femur fracture) that are
often associated with high dose, systemic ZA adstriaiior?*2-243 In support of this
goal, we found that repeated-i.a.ZA administratm®MM-joints had minimal
influence on the structure (specifically bone votuamd bone volume fraction), and
thus remodeling, of bone compartments ‘distantrfithe joint capsule; including the
trabecular bone of the ipsilateral tibial epiphyamsl metaphysis. We also confirmed
that these bone compartments were unaffected bpNHd-injury alone. Despite
detecting no-meaningful influences on the bonectiire of trabecular bone in the
ipsilateral tibia, future studies are requireddentify if ZA cleared from the joint has
any impact on the structure and health of sketegibns known to be sensitive to
high-nBPs burden, including the jaw, hip, and Venae4?-245383 Lastly, it should be
noted that our local administration of ZA at a do§650 ng/kg per weekly i.a.
injection (which equates to an annual dose of ~188&g/yr if administered weekly)
was drastically reduced when compared to levelsotsimating preclinical efficacy in
preventing PTOA when administered systemically étimg to ~5 mg/kg/y#e8-241.30§
and intra-articularly (~2 mg/kg/3#°). Together, these data suggest that locally-
delivered ZA, when administered weekly over thersewf 21-days (4.q7d) following

DMM, could prevent the development of cartilagesesns and modify the response
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of other joint tissue’s in a manner that limitspdt eliminates, concerns over anti-
resorptive/anti-remodeling activity of ZA elsewhanghe patient’'s skeleton.

Similar to our companion paper, the present stadyt without its limitations.
This work was limited to studying the influencevedéekly-repeated i.a.ZA treatment
on non-cartilaginous tissues when administeredtpragtically over 3-weeks post-
DMM. Whether weekly i.a.ZA administration over agger timescale or with a
modified delivery/dosing schedule would lead tdet#nt non-cartilaginous tissue
responses and/or an increased likelihood of systeone-remodeling is unknown and
will be the focus of future work. However, to shiméight on this notion, we can turn
to our analysis of DMM-joints receiving single inalual i.a.ZA treatment, at either O-
or 7-days post-DMM. In DMM-joints receiving singla.ZA administration, we saw
similar findings in non-cartilaginous tissues comgobto those receiving repeated
injections (Appendix C Figure C.1-C.5). Given tlmitarity among these findings, it
appears that ZA’s influence on non-cartilaginoususs rapidly upon introduction into
the joint space and may only require a single tigaco do so. Another limitation
that should be considered is that ZA was delivémdtle free form, i.e. non-
encapsulated, which could alter ZA clearance frbenjoint space. As a small
molecular weight compound (272Da), a substantigiqmo (~2/3%s) of each i.a.ZA
bolus experienced rapid clearance from the joialf{life of ~40-minutes for this
rapidly cleared component) as determinedrbyivo imaging of fluorescently-tagged
ZA clearance from the naive, uninjured joint (ApgenC Figure C.6A and C.6B).
Such a substantial clearance may appear to repradenting factor to therapeutic
efficacy. However, and somewhat unexpectedly, ¢éneaining ~1/3 of the delivered

i.a. bolus was retained within the joint over a lmnger timeframe (half-life of ~38-
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hours). Furthermore, at 7-days (120-hours) foll@nia.ZA injection, macroscopic
assessment of dissected joint tissues indicatedlttomescently-tagged ZA could be
found within several intracapsular tissues (cagélanenisci, fat pad, and
synovium/capsule; Appendix C Figure C.6C). Whilesth findings were intriguing
and the specific location of ZA (i.e whether irsties extracellular matrix or
intracellular) within the joint is unclear, the tery of ZA encapsulated within
controlled/slow-release delivery agetitsg4®24*might represent a way to enhance drug
retention and improve the efficacy of i.a.ZA asT@&RA-modifying therapy.

In conclusion, this study demonstrated that regeaseZA, while being able
to suppress the development of overt, DMM-mediatatilage erosions following
joint injury (see accompanying paper), was unablgrévent the meniscal
hypertrophy, ectopic bone formation, osteophytesttigyment, or synovitis associated
with joint destabilization injury. However, and &istent with the
resorption/remodeling-inhibiting abilities of nBRiepeated-i.a.ZA administration led
to transient delays in the maturation of newly fomgnrmeniscal and osteophyte tissues
following DMM-injury, as well as driving generalidencreases in mineralized
tissue/bone volume, and thus bone volume fractiothe medial meniscus and
intracapsular ectopic bone. Furthermore, repeatedA administration was found to
exert minimal to no influence on the structure xtf&capsular skeletal tissues (e.g.
the subchondral, epiphyseal, and metaphyseal bidhe gsilateral tibia). This last
point is especially important as it suggests ttiaspite an inability to alter the DMM-
mediated changes to non-cartilaginous tissuesegjbiht, repeated-i.a.ZA was able to
prevent the development of overt cartilage erosinmestabilized-joints in a manner

that appears to limit systemic inhibition of boeelodeling and minimize the
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potential for adverse global skeletal side-effeCllectively, this investigation and
our companion study (Chapter 3) provide compeldata for the continued
investigation into i.a ZA’s ability to alter theggonse of joints to injury, and thus

prevent PTOA disease initiation and progression.
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Chapter 5

ZOLEDRONIC ACID’S PLEIOTROPIC EFFECTS ON ATDCS
PROLIFERATION, VIABILITY, MITOCHONDRIA POLARIZATION , CELL
CYCLE PROGRESSION, AND CYTOSKELETON ARCHITECTURE IN
VITRO

(MA David, B Hulbert, C Pricel,n Preparation 2019)

5.1 Abstract

In search of disease-modifying therapeutics fotf@simatic osteoarthritis
(PTOA), our team found that weekly-repeated inttazalar injection of zoledronic
acid (ZA) could suppress cartilage erosions in aseanodel of PTOA,; via
mechanisms that promote chondrocyte proteoglycadugtion, inhibit chondrocyte
proliferation, and modulate chondrocyte death. Deggomisingn vivo findings, the
following critical gaps in our understanding of h@# interacts with chondrocytes
remain: i) whether ZA can directly modulate choruyte homeostasis independent of
other joint cells/tissues; ii) the mode-of-actidrZé\ in chondrocytes, and iii) how ZA
concentration, timing of exposure, and chondrodjfferentiation status effect ZA-
mediated cellular outcomes. Givampriori knowledge of the pleiotropic effects of ZA
in numerous mammalian cell types, we hypothesiaatigéxposure of ATDC5 cells, a
chondrocyte-like cell line, to ZA would modulateopferation, viability and death,
cell-cycle progression, cytoskeleton remodelingl amtochondria health in a
concentration-, exposure-, and differentiationestié¢pendent manner. Here, we
identified that ZA predominately exerted effectsumdlifferentiated ATDCS cells. At
low ZA concentrations{(1uM), ZA did not influence the health of undiffetiated



ATDCS5 cells. However, exposure to moderate ZA catregions (5 and 10uM), ZA i)
inhibited cell proliferation (cytostasis) and methb activity; ii) caused S-phase cell
cycle arrest; iii) depolarized the mitochondriaglan) altered cell morphology (cell
enlargement followed by retraction and rounding) eytoskeletal architecture
(reduced f-actin and microtubule organization). lifedentiated ATDCS5 cells
exposed to higher ZA concentrations (50 and 100eperienced the same effects, in
addition to significate reduction in cell-viabilidue to caspase 3/7-mediated
apoptosis. Lastly, differentiated ATDCS cells weegely unaffected by low-to-
moderate ZA concentrations; however, we obsenadidjlat decrease in cell
proliferation, metabolic activity, and viability these differentiated ATDC5 cells at
the highest ZA concentrations. Overall, this stadgfirmed the ability of ZA to
directly influence ATDCS5 cell healtim vitro and supports a continued need to
investigate ZA’s ability to modulate chondrocytasitu andin vivo in the context of

cartilage injury and PTOA prevention.

5.2 Introduction

For over two decades, bisphosphonates (BPs), leareused widely to treat
bone-related diseases (e.g. osteoporosis and Paljgtase of bone) due to their anti-
resorptive and anti-remodeling capabilit@@$+°>3°7 Since their clinical introduction in
the 1970s, bisphosphonates have evolved fromlida-potency non-nitrogen-
containing precursors (e.g. etidronate, clodronat¢he newest generation of
nitrogen-containing BPs (nBPs; e.g. alendronasedronate, zoledronate), which
have increased mineralized matrix binding affiribd potency®139.298 The newer
generations of nBPs are classically understooe tpdbent inhibitors of bone

resorption and remodeling because of their higimigfftargeting to the mineralized
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skeleton and their ability to mediate osteoclasbretion and
apoptosi¥?®131,136,139,140.396Since aberrant subchondral bone remodeling Isasbalen
implicated in the initiation and progression oftdage degeneration following joint
injury120.126.221,391 nreclinical studies have explored the use ofithieneration nBPs,
like zoledronic acid (ZA), as disease-modifyingrdpeeutics for arthroses, including
post-traumatic osteoarthritis (PTOA). Numerous sithave demonstrated that
systemically administered ZA can successfully seppijoint inflammation and
cartilage damage following joint injui$#-2413%2 However, such studies were
performed under conditions of repeated intravermsibcutaneous, and high
concentration ZA administration, therapeutic sggge likely to face significant
hurdles to clinical adoption because of increassd of systemic skeletal and non-
skeletal side effect&"?42-245 Thus, if alternative ZA administration strategéepable
of reducing the overall systemic burden of ZA oe skeletal while maintaining
PTOA disease-modifying efficacy can be identifigun ZA, and other nBPs, might
well represent a step toward the realization of 1B an ideal PTOA-modifying
therapeutic; one that is cheap, safe, efficaciand,rapidly translatable.

Recently, in studies from our group, and otheiiizitg different animal
species and PTOA models, a strategy with such @®hms been identified: the
repeated intra-articular (i.a.) injection of ZAttee joint following injury (Chapter 3
and 45%59260 Collectively, these studies demonstrated thagatga, weekly (g.wKk) i.a.
injection of ZA into acutely injured knees coulcpuess the development of injury-
mediated articular cartilage erosions, through raeigms that appeared to involve the
ability to modulate of chondrocyte death and pesétion, and that the effects of i.a.

injection of ZA were restricted to the intra-camsuissues of the treated knee and did



not extend to distant skeletal compartments. Ths#ies provided a solid foundation
to continue evaluating the potential of i.a. injectof ZA as a disease-modifying
therapeutic for PTOA, however the precise mechamishaction by which local i.a.
administration of ZA influenced chondrocyte andtitzge healthin vivo are

unknown.

To unlock ZA’s potential mechanisms of action oe tells and tissues
implicated in PTOA, particularly chondrocytes, wandurn to the known mechanisms
of action of nBPs in other cells of the musculostall system. In its canonical cellular
target, osteoclasts, ZA (and all nBPs) inhibitsrttevalonate (isoprenoid) biosynthetic
pathway resulting in inhibition of bone resorptioaduced osteoclastogenesis, and
increased osteoclast apopté%id*3-147 which have predictable consequences on
skeletal remodelingn vivo. More recently, ZA has been shown to have thetglbd
influence a variety of musculoskeletal cells of ereshymal origin as well, including
osteoblastg®144.157-165nd osteocytés®1>? Interestingly, the effect of ZA on these
cells appears biphasic; lower ZA concentrationgi(d}l promote for cell survival,
whereas higher ZA concentrationrs QuM) tend to be anti-proliferative and induce
cell death.

Outside of the musculoskeletal system, ZA has lseewn to influence a wide
variety of cell/tissue types. For instance, in @moodels, ZA can alter cell-cycle
progression, influence mitochondria health and skgteton organization, and drive
anti-proliferative and pro-apoptotic activitiés!62.196-205.188,206-208,189-19A can also
modulate the behavior and health of vascular smouitscle cell¥4185 vascular
endothelial cell$-169 epithelia cells*-173 kidney cell$’4, stromal cell&’®,

fibroblastd’2173.176.177requlatory T-cells’®, monocytes™®-181 and macropag&d-18¢
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In all of these cells, as in all eukaryotic cellg effects of ZA, and other nBPs, on
cell function are mediated by inhibition of the gibitous mevalonate, also known as
isoprenoid, biosynthetic pathwi&§344 This pathway is critical in two specific cellular
processes; i) the synthesis of cholesterol, arttiéi)post-translation modification of a
protein by prenylation, the covalent addition ofllgphobic lipids to protein
substrates. More specifically, nBPs inhibit thenésylation and geranylation of small
GTPases; which are essential for regulating nunsecellular activities, including
protein targeting, cell function, intercellular sa transduction, cytoskeleton
architecturé®®. Given this body of evidence, it is reasonablpdsit that ZA could
directly influence chondrocytes as well, since tHig all mammalian cells, rely on
cell processes downstream from the mevalonate patfov mechanotransducti#ii-
395 homeostast8®, and cell survivdP’. While the limited extent of research
investigating the effects of earlier generation-n&Ps and other nBPs on
chondrocytes has been condué#ééb*3%8-40tour mechanistic understanding of the
influence of nBPs, like Z&*4% on chondrocyte behavior lags far behind our
knowledge of how they influence other cell typesh&f musculoskeletal system and
body.

Therefore, the objective of this study was to datee the concentration- and
exposure-dependent effects of ZA on chondrocytéithead functiornin vitro; we
focused our attention on ZA’s effect on cell pretdtion, viability, metabolic activity,
cell cycle progression, mode of cell death, mitoah@ health, and cytoskeleton
architecture. In this study, the well-establishéelD5 chondrogenic murine cell-line
was utilized®>-4%4 this enabled us to isolate ZA's effect on ATDG@Hsin both

undifferentiated and differentiated states, whiémio the different proliferative
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capacities and differentiation stages chondrodyte®in vivo. The findings presented
herein mirror those observed in other cell typesaiestrating that ZA has direct,

concentration- and exposure-dependent pleiotrdfects on chondrocytes.

5.3 Methods

5.3.1 Cell Culture

Undifferentiated chondrogenic ATDCS5 cells (Sigmai#dh) were
subcultured on standard culture flasks in cultueglionn (CM) consisting of a 1:1
mixture of high-glucose DMEM and Ham'’s F12 (Caidsaios), 5% fetal bovine
serum (Fisher Scientific), and 1% Penicillin-Staept/cin (CaissonLabs) at 37°C and
5% CQ. At passage numbers P12-14, undifferentiated ATD€IS were plated into
tissue-treated 96-well plates (Greiner CELLSTAR ¢&Cj Greiner Bio-One) at 7,500
cells/cn? and cultured for 24hrs before the initiating expents described below
were initiation. To differentiate ATDCS5 cells, t# was supplemented with 1%
ITS" Premix (Corning) and the cells were cultured Yoo br three weeks to permit
differentiation into a more ‘chondrocyte-like’ phagpe; differentiation media was
changed every other day, and differentiation wasicoed visually with Alcian Blue
(Sigma-Aldrich) staining for proteoglycan depawiti*©%403

Zoledronic acid monohydrate (Sigma-Aldrich) stookutions were prepared
at 3.33 mg/ml in sterile 1x phosphate buffered®a(Fisher Scientific). All
subsequent dilutions of ZA were made serially irkgh CM or CM with 1% ITS
Premix to final concentrations of 1000, 500, 10D, B, 5, 1, 0.5, and 0.1uM.



5.3.2 Experimental Designs

Experiments utilizing undifferentiated and diffetiated (2 and 3wks) ATDC5
cells are summarized in Figure 5.1. Briefly: i)experiment 1, we sought to identify
the concentration-dependent effect of continuo@sh@urs) ZA exposure on the
proliferation, viability, and metabolic activityi) in experiment 2, we investigated the
same outcomes at intermediate times, followingeeifl?, 24, 48, and 72-hours of
culture in the continuous presence of ZA,; iii) kperiment 3 we performed a pulse-
chase experiment to define the minimal ZA exposuane (1, 2, 6, 16, 24, 48, 72-
hours) required to observe changes in proliferatiaability, and cell cycle
progression; iv) in experiment 4, we investigateel ¢ffect of continuous vs. pulse-
chase exposure of ZA on caspase-3/7-mediated spspamd lastly) we
investigated the influence of ZA concentration argdosure on mitochondria
polarization/health and on cytoskeletal archites@modeling. For pulse-chase
experiments, cells were washed twice with CM follogvtheir exposure to ZA and
then cultured out to the 72-hour timepoint in fr€&W. We performed experiments 1
through 5 on undifferentiated ATDC5 cells, and sthgently repeated experiments 1

through 3 on differentiated cells (2 and 3wk).
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Assay Timepoints N\ Py N
(Hours) @ W 4 @

Cellular ATDC5 ZA Application for: 1, 2, 6, 12, 24, 48, or 72-hours

Outcome Cells Q\“] D) D) S >
Live/Dead ** * | : } : :
Metabolic _!2 _!2 _!2 _!2 -!2

Activity .O ‘ ‘ ‘

Caspase ** : : 3
Cell Cycle

Mitochondria

Cytoskeleton * _!2 _!2

Architecture

LI'-,-

Nuclear
Morphology

** Denotes additional pulse-chase experiments (exposure-dependent)

* Undifferentiated Q\\ D Application and Continuous
Presence of ZA

‘ Differentiated @ 2wk

[ 3 .
X St d Anal
O Differentiated @ 3wk -2 alnand Analyze

Figure 5.1: General Timeline and Schematic of CallAssays and Outcomes
Performed. ATDCS cells were used in an undiffeegatl and
differentiated (2 and 3wk) state for cellular outes at the indicated
time points and following various exposure timeZ Af

5.3.3 Assessment of Proliferation and Viability via LiveDead Assay

Live/dead assessment, in combination with custoageranalysis, was used to
evaluate ATDCS5 proliferation (via total cell coungnd viability. At indicated time
points (Figure 5.1), ATDCS5 cells were stained siiautously with Calcein AM
(1uM; ThermoFisher Scientific — eBioscience), pdipmn iodide (PI; 5uM; Sigma-
Aldrich), and Hoechst 34580 (1:2000 dilution of §/ml; ThermoFisher Scientific) in
Opti-MEM (ThermoFisher Scientific) for 1hr at 37&0d 5% CQto identify live
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cells, dead/injured cells with compromised cell rbeames, and cell nuclei/nuclear
morphology, respectively. After staining, each wedls immediately imaged at 5- and
10x on a using an epifluorescent microscope (AXis&ver.Z1, Carl Zeiss,
Thornwood, NY) and a digital camera (AxioCam Mr@js5). Images were then
exported to MATLAB (MATLAB R2015a, The MathWorks dtck, MA) for
automated image-processing to determine the nuafhgtotal cells present

(Hoechst-positive; Hoechgtand ii) dead cells (PI-positive; .

5.3.4 Assessment of Metabolic Activity

The population-level metabolic activity of ATDC5llsewvas quantified via an
Alamar Blue (resazurin-based) assay (alamarBlue TM\@bility Reagent; Thermo
Fisher Scientific). In this assay, CM was removed eeplaced with 150pL of CM +
1x Alamar Blue solution for 3hrs at 37°C and 5%2CThe reaction solution was then
removed, placed into an empty 96-well plate (EW2Z/296; Cole-Parmer), and its
fluorescence (excitation 560nm; emission 590nm) iwemsediately measured on a

microplate reader (Synergy H1; BioTek).

5.3.5 Analysis of Cell Cycle Progression

Cell cycle progression was quantified in undifférated ATDC5 following
ZA administration using both flow cytometry and igeabased techniques. Cell cycle
analysis herein is dependent upon the followingi@aggions: i) the fluorescent live-
cell nuclear stains, i.e. Hoechst and Draq5, balddsively to A-T grooves in DNA;
i) binding of these nuclear stains, and thus thesultant nuclear fluorescent intensity,
is proportional to the amount of DNA present inedl;dii) cells in G1/GO have 2N

chromosomes (and thusna), those in G2/M have 4N chromosomespy), while
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those in S-phase have between 2N and 4N chromoqoBigs< x < 2rbna); and iv)
the Watson-Pragmatic mod&can be used to curve fit DNA intensity histograms
resulting from either flow cytometry or cell-baseshge analysis.

For flow-based analysis, cells were stained witad3r(15 pM; Thermo Fisher
Scientific) in Opti-MEM for 40 minutes at 37°C aBélo CQ. Cells were then
suspended by trypsination, transferred to an e®@@tyell plate on ice and then run
through the flow cytometer (NovoCyte Flow Cytome#®€EA Biosciences). Gating
and cell cycle curve fitting was performed usingthn software (NovoExpress
Software, ACEA Biosciences). Following cell gatitige nuclear intensity as a
function of counts/events were plotted and therdiusing the Watson-Pragmatic
curve fitting algorithm to extract the percentagésells in each cell cycle stage:
G1/G0, S, G2/M, subG1, and super-G2. For all ctitting, the G2/G1 ratio was
constrained to 2 (based upon the assumptions dedcabove) while the remaining
parameters remained unconstrained for curve fittipigmization (G1 and G2 peaks
and width distribution [CV]).

For microscopy-based cell cycle analysis, we imgletad in MATLAB a
recently developed image-based technique utiliamgbject detection and profiling
framework to determine cell cycle stage based upmtear stain intensit{f—498
Briefly, in each image, every cell nucleus was dketg and the total fluorescent
intensity within each nucleus was extracted. Intgrdata for all cells in a single
image were exported and processed through thedypometry curve fitting algorithm
to extract the percentages of cells in each celiecstage, as described in the
description above of flow-based cell cycle analySisanges in nuclear morphology in

response to ZA were further evaluated using lows(tagnification) and super-
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resolution (63x structured illumination microscoylages of Hoechst stained cells
acquired on an epifluorescent microscope (CarlsZ&isoObserver.Z1) equipped

with an Apotome.2 structured-illumination microsgamit.

5.3.6 Apoptosis Detection via Caspase-3/7 Staining

The influence of ZA on the apoptosis of both waseased using a fluorescent
probe for caspase 3/7 activity. Cells were staingdellEvent Caspase 3/7 reagent
(5uM; Thermo Fisher Scientific) + Pl (5uM) + Hoetlk2000 dilution) in Opti-
MEM solution for 1hr at 37°C and 5% GQAfter staining, images were captured in
the center of each well at 10x magnification ugshmg aforementioned epifluorescent
microscope. Images were subjected to automatedeiipegressing in MATLAB to
determine the number of i) total cells present @¢hsé), ii) dead cells (P), iii) cells
undergoing apoptosis with intact cell membranegaas only), and iv) cells

considered late-stage apoptotic with compromisédeambrane (caspasand Pt).

5.3.7 Mitochondria Polarization/Health

ZA'’s influences on mitochondria health in undiffetiated ATDC5 cells was
assessed using the mitochondrial polarization pdabé (MedChemExpress). The
JC-1 dye is unique in that it is fluorescent state be used to identify the polarization,
and thus the health, of mitochondria. JC-1 accutesla healthy polarized
mitochondrial resulting in the presence of punctegd-fluorescent aggregates due to
the fluorescent kinetics of the probe; mitochordiepolarization leads to the leakage
of JC-1 from the mitochondria and a resultant shiftrobe distribution (diffuse in
cytoplasm) and an increase in green-shifted fligaeisemission. After staining with

JC-1 (5uM in phenol-red free DMEM) for 1-hour at@7and 5% CQ cells were



washed, and then either imaged at 20x magnificatiothe aforementioned
epifluorescent microscope or processed for flowmgtry analysis as described
above. Carbonyl cyanide 3-chlorophenylhydrazoneGCSigma-Aldrich) exposure
for 30-minutes or 1-hour at both 10 and 100uM sag&a positive control for
mitochondria depolarization; CCCP is a mitochordgsratonophore and a known
disrupter of the mitochondria membrane potentiale Bb spectral discrimination
limitations with the JC-1 dye and our flow cytonét we only evaluated the relative
shift in JC-1 green monomer intensity, represergingncrease in mitochondrial

depolarization in cells analyzed by flow cytometry.

5.3.8 Cytoskeleton Staining for Actin (F-Actin) and Microtubule (Alpha-
Tubulin)

Immunocytochemistry was utilized to evaluate charigeactin and
microtubule organization in undifferentiated ATD@#owing ZA administration
(Figure 1). Cells were fixed for 15-minutes in 4%&rgformaldehyde (Electron
Microscopy;), washed, permeabilized for 5-minute8.0% Triton X-100 (Fisher),
then simultaneously stained for 1-hour in 1% bowarim albumin with an
AlexaFluor 555-conjugated phalloidin (5 pg/mL; Timetisher Scientific) for F-actin,
an Alexa Fluor 488-conjugated alpha-tubulin primanyibody (5 ug/mL; DM1A;
ThermoFisher Scientific) for microtubules, and Huos&q1:2000 dilution) for nuclei
detection. Following staining, cells were imagedios aforementioned super-

resolution at 63x magnification.

5.3.9 Statistical Analysis
Data was collated in MATLAB and Microsoft Excel,chstatistical analysis

was performed using GraphPad Prism 6.0. All asaeays repeated on ATDCS5 cells
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from passages 12, 13, and 14 in triplicates. Ieotd identify significant differences
between untreated and ZA treated cells in eaclyatssa-way ANOVA with Tukey
post-hoc was performed; the threshold for staafitisignificant differences was set

at p <.05.

5.4 Results

5.4.1 Effects of ZA Concentration on ATDC5 Cell Number Expansion,
Viability, and Metabolic Activity

To establish how continuous ZA administration iefice the behavior of
undifferentiated and differentiated ATDCS cells, fivet evaluated the effects of 72-
hours of continuous ZA exposure on cell prolifesatand viability (Figure 5.2).
Qualitatively at 72-hours and in the absence of dAdifferentiated ATDC5 cells had
spread to cover the majority of their wells (~95&hftuency) and exhibited very-high
viability, whereas differentiated cells were prasena confluent mat that exhibited a
basal level of cell viability (Figure 5.2A). In uifirentiated ATDC5 cells, reductions
in cell number and viability at 72-hours were obséras ZA concentration increased,
and the overall size of the cells enlarged draralyicin differentiated ATDCS5 cells,
ZA had far less pronounced effects after 72-hotiexposure with only 100uM being
able to (slightly) reduce cell viability. We quaatively confirmed these observations
by demonstrating that undifferentiated ATDC5 celibited significant
concentration-dependent reductions in relativero@thber (ratio of total cells in an
individual experimental [treated] to their contfohtreated] group), relative metabolic
activity, and cell viability (Figure 5.2B). In urféerentiated ATDC5 cells, ZA drove
concentration-dependent reductions in cell viapiliut only at ~10-fold higher ZA

concentrations (165 = 45.39uM) than those that drove reductions ihraghber



expansion and relative metabolic activity{4€ 3.673uM & 6.497uM, for
‘proliferation’ and metabolic activity, respectiygl

In ATDCS5 cells differentiated for 3-weeks, ZA didtmmarkedly affect cell
number, metabolic activity, or cell viability atyanf the ZA concentrations we tested
(up to 100uM in all cells). However, in cells tluatly underwent 2-weeks of
differentiation, we observed reductions in cell tn@ém metabolic activity, and most
appreciably, cell viability at high ZA concentrat®&50uM). In a subset of
undifferentiated ATDCS5 cells and cells differensidtfor 3-weeks, we evaluated the
effect of supraphysiologic ZA concentrations (50d 4000 M) on cell number,
viability, and metabolic activity and found compaleafindings on these cells to those
driven by ZA at concentrations of 50 and 100uM. §;Har the remainder of the
study, we restricted our investigations to theafse maximal ZA concentration of

100u M.
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After 72hrs
No ZA 1uM ZA 5uM ZA 10uM ZA 100uM ZA

Undifferentiated

(2wks)

Differentiated Differentiated
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# A ok # : ;
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a Z 7
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Figure 5.2: Continuous Administration of ZA Conaatibn-Dependently Decreased
Cell Number Expansion, Viability, and Metabolic Aty in
Undifferentiated ATDCS5 Cells. (A.) Representatiwgaiges of live/dead
staining in undifferentiated and differentiatedafid 3-week) ATDC5
cells after 72-hours of continuous ZA highlight centrations>5uM
decrease cell number and viability in undifferetatthcells; differentiated
cells were only susceptible to ZA at concentratibd8u M. (B.)
Quantitative analysis confirms the reduction il neimber expansion,
viability, and metabolic activity. Differentiate@ks at 3-weeks were
mostly unaffected by any concentration, excephatsupraphysiological
levels of>500uM. Results are presented as mean = STD
(n=3/concentration/cell type/timepoint) where p@®and significance
between the respective cell and concentrationivel& no ZA denoted
with * and # for undifferentiated and 2-week difatiation, respectively.
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5.4.2 Influence of Length of Continuous ZA Exposure on ADC5 Cell Number
Expansion, Viability, and Metabolic Activity

Next, we explored the time-course of the obsenatentration-dependent
changes in cellular outcomes by evaluating thecetiecontinuous ZA
(concentrationg5uM) after 12, 24, 48, and 72-hours of ZA exposnra separate set
of undifferentiated and differentiated (2wk) ATDEC#&lls (0-hour, and untreated cells
served controls). Findings from the 72-hour ZA esyre assessments in this data set
confirmed the observed reductions in cell numbetatmolic activity, and viability
established in our preceding experiment (Figurd&aid 5.3B). Next, we observed
that the minimal ZA exposure time required to dspecific cellular outcomes, i.e.,
reduced relative cell number, metabolism, or vighilvas dependent upon the
concentration of ZA. For example, at higher conegitns £50uM), only 24-hours
of ZA exposure was required before significant sapgpion of cell number, metabolic
activity, and viability could be observed in undiféntiated cells, while at lower
concentrations (5 and 10uM) a full 72-hours of Zdv@sure was required to drive
statistically-meaningful reductions in outcomesindifferentiated ATDCS5 cells. In
ATDCS cells differentiated for 2-weeks, we saw ttiegt only ZA concentration and
exposure to explicit a meaningful effect was 100§ok72-hours; which again only
drove a significant reduction in cell viability @tire 5.3B).

From this experiment, we also extracted informategarding ATDC5
proliferation in the presence of ZA by trackingatéle changes in cell numbers (i.e.
fold-change) amongst our groups over 72-hoursntiifterentiated ATDC5 in the
absence of ZA, the population doubling time, bagsah assessment over 72-hours,
was ~12-16 hours (consistent with previously regmbresulté®d). In the presence of

ZA concentrations1pM, the extent, and thus rate, of population diogbl



(proliferation) over 72-hours, was similar to tkhuntreated cells. However, cell
number expansion and proliferation were signifisastippressed at 5 and 10uM and
completely abolished at higher concentratiars0(uM) (Figure 5.3B). In cells that
had undergone the 2-week differentiation, cell neangxpansion (proliferation) is
almost absent in untreated cells, and thus ZA lwaappreciable effect on this index

(Figure 5.3B).
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Figure 5.3: Continuous Administration of ZA Exertaual Exposure-Dependent
Decrease in Cell Number Expansion, Viability, andtabolic Activity in
Undifferentiated ATDCS5 Cells. (A.) Representatikeeldead images of
undifferentiated ATDCS5 cells demonstrate that 10pfMA can affect
cell heath and function as early as 48-hours, vdseedfects at 100pM
are seen as early as 24-hours. (B.) Quantitatig®y/sis highlights that by
48-hours lower concentration of ZA (5 and 10puMget§ on cell
proliferation, viability, metabolic activity, an@ld increase, while higher
concentrations>60u M) have observable effects by 24-hour.
Differentiated (2wk) cells were confirmed to recuthe full 72-hours to
observe minimal effects with 100pM. Results arespnéed as mean +
STD (n=3/concentration/cell type/timepoint) wheigngicance of p<
0.05 between respective concentration vs no ZAdgated by * for
only at 72-hour; $ for all time24-hour; and # for all time48-hour.

5.4.3 Long-term Effects of Short-term ZA Exposure on CellNumber
Expansion, Viability, and Metabolic Activity in Undifferentiated ATDC5
Cells

To further explore ZA'’s ability to modulate the htbaand function of
undifferentiated ATDC5, we performed pulse-chagseexnents (consisting of a short
ZA exposure followed by washout and continued ealtout to 72-hours) to study the
effect of short-term ZA exposure on long-term dalloutcomes. In this third set of
data, we again confirmed a consistent, concentratépendent effect of 72-hours of
continuous exposure to ZA on cell number expanaiahcell viability in
undifferentiated ATDCS5 cells (Figure 5.4A and 5.4Bjsually, we saw that ZA
concentrationg10uM caused marked long-term (at 72-hours) chaimgesll number
and shape with as little as 2-hours of exposumgufli 5.4A). These qualitative
impressions were confirmed by significant redudioncell numbers at 72-hours
following early and brief exposure of the cellsttOuM ZA for 2-hour. For ZA
concentrationg50uM significant long-term effects were observethvais little as 1-

hour of exposure; while at 5uM concentration, offyhours of exposure drove
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statistically significant changes in cell numbetammes. Regarding cell viability,
only exposure to ZA concentratiorSOuM demonstrated the ability to significantly
reduce long-term cell viability; at 50uM a minimwhl12-hours exposure was

required, while for 200uM 6-hours was needed.
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Figure 5.4: Short and Long-Term ZA Administratiorelfed an Exposure-

Dependent Decrease in Cell Number Expansion aniilityain
Undifferentiated ATDCS5 Cells. (A.) Representatixeeldead images of
undifferentiated ATDC5 cells demonstrate that 10pfM A can affect
cell health and function as early as 48-hours, evéifects at 100uM
occur as early as 24-hours. (B.) Quantitative aisliyighlights confirm
these observations and show that 5SuM requiresritie &2-hours of
application to have effects, whereas the conceotratf >10uM only
needs to be present for a minimum of 2-hours atyg hour for ZA
>50uM. Results are presented as mean + STD (n=3¢otration/cell
type/timepoint) where significance of p< 0.05 betweespective
concentration vs no ZA is indicated by # for only’a-hours; $ for all
time>12-hour; & for all time>6-hour; ** for all time>2-hour; and * for
all time>1-hour.



5.4.4 ZA Induces S-Phase Cell Cycle Arrest in ATDCS5 Cells

Cell cycle progression in undifferentiated ATDCHl€subjected to 72-hours
of ZA administration was assessed next using Hotia ¢ytometry and image-based
approaches. Flow-based cell cycle analysis of terdifitiated ATDCS cultured in the
absence of ZA for 72-hours revealed that ATDC5soetkre predominately found in
the G1/GO phase of the cell cycle; the populat@rel phase breakdown was: ~60%
G1/G0, ~30% S-phase, and ~5% each in G2/M, sub@llsaperG2 (Figure 5.5).
Exposure of undifferentiated ATDCS5 cells to ZA centrations>10uM lead to a
marked increase (shift) in the percentage of eelissted in S-phase (~50-60%), and a
significant reduction of those in G1/G0 (~20%) (g 5.5A and 5.5B). An image-
based approach using adhered ATDCS5 cells confimoedlow cytometry results
regarding ZA exposure- and concentration-depen8gittase arrest in
undifferentiated ATDCS5; this allowed us to rule @atssible interaction between ZA
administration and flow-cytometry preparation prdwess on cell cycle outcomes in

undifferentiated ATDC5 (Appendix D Figure D.1).
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Figure 5.5: Continuous ZA Administration ConcentatDependently Arrested
Undifferentiated ATDCS5 Cells in S-Phase of the @altle. (A.)
Representative Drag5 area intensity histogram asalting curve-fit for
cell cycle stage at 72-hours in undifferentiatedCb cells is shown
and was used to extract the percentages of cetishar G1/GO (green),
S (yellow), G2/M (blue); subG1 (left of G1) and su@2 (right of G2)
are not color coded. As highlighted, with incregsfiA concentration
cells arrest in S-phase (increase in yellow), andramal number of
cells/events is detectable in 100uM due to beinghed away during
sample preparation. (B.) Quantitative analysishefresulting histogram
and curve fits for each concentration at 24 andh@@- confirms our
gualitative observation S-phase arrest with inéngpgA and provides
additional measurement on the increased percenfagsls in subG1
(apoptotic) and superG2 (polyploid) with increagecdncentration.
Results are presented as mean + STD (n=3/condentcl|
type/timepoint) where * indicates p< 0.05 betweespective
concentration vs no ZA at G1/GO; # indicates S-ph&sindicates
G2/M; $ indicates subG1; and & superG2.



5.4.5 Effect of ZA Exposure on ATDC5 Apoptosis

To investigate whether activation of apoptosissisogiated with the apparent
cell death seen as ZA concentration and exposuaredse, we used a fluorescent
caspase-3/7-activity probe (green) and propidiusidie (Pl; a red-fluorescent probe
of dead/dying cells with compromised plasma menmdsato assess apoptosis and
generalizable death, respectively. Visually, 72+#samf ZA administration caused a
concentration-dependent increase in the presendeanf cells (P| red), those
actively undergoing apoptosis (caspase:3jreen; circled), and dual-stained cells
(PI' and caspase-3//that we suspect are in the late-stages of apisptegure
5.6A). These impressions were confirmed via quaing image analysis (Figure 5.6B
and 5.6C). However, we again observed that onlycdAcentrations50uM were
able to drive significant increases in cell deatbrahe 72-hour timeframe
investigated. Looking at the time-dependent evolutf this cell-death, we observed
that following 24-hours of continuous ZA adminisioa, changes in cell death
(increased Pland dual-stained [P caspase-3/7 cell presence) were only observed
under 100uM ZA. As ZA-exposure time increased out8-hours the percent of Pl
(dead cells) and dual-stained cells increasedfsignily under both 50 and 100uM
ZA, while a slight, non-significant increase in pase-3/7 (apoptotic) cell-staining
was seen under 100uM ZA. Following 72-continuougare@f ZA exposure, the Pl
(dead) cell percentage continued to increase an8Q00uM ZA, while percentage of
caspase-3/fapoptotic) cells increased slightly and the peroénlual-labeled cells
subsided; ultimately resulting in 70 to 90% of ATBCells exposed to 50- and
100uM for 72-hours exhibiting a marker of one faymanother for cell death.

We also investigated the effect that short-termexfosure (1, 2, 6, 12, 24,

and 72-hours) could have on cell death and casp@seediated apoptosis in a
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separate set of 72-hour-long pulse-chase experim@gain, we confirmed that ZA
could induce cell apoptosis and death when predeés@ and 100uM for 72
continuous hours (Figure 5.6C). At ZA concentragishOuM, ZA had no meaningful
influence on ATDCS5 cell death or apoptosis undsr @ithe conditions tested.
However, at ZA concentrations of 50 and 100uM Janigf exposure of cells to ZA
could have a drastic impact on apoptosis and ealltd Exposure of cells to 50uM ZA
for as little as 6-hours could drive markedly, #limet statistically significant,

elevated apoptosis and cell death; processesttraigise to achieve statistically
significant levels following=24-hours of exposure. In the presence of 100uM ZA,
marked, but again, not statistically significantgreases in apoptosis and cell death

were seen with as brief as a 1-hour exposure.
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Figure 5.6: ZA Exerted a Concentration- and Expeddependent Increase in
Caspase 3/7-Mediated Apoptosis in Undifferenti&&@®C5 Cells. (A.)
Representative 10x magnification images at 72-hbigfslighting the
total cells (Hoechst+) and a general concentradigpendent increase of
dead (PI+ only; red), undergoing apoptosis (caspése, green; circled)
or late-stage apoptosis (Pl+ and caspase-3/7+gredt; circled), after
continuous ZA administration demonstrate that aatidergo death over
time. (B.) Quantitative analysis confirms theselgaiive observations
and provides additional information regarding tineetdependent effects
of this caspase-3/7 activation and death that caswarly as 24-hours
with ZA concentrationg50uM. Further, late-stage apoptosis is observed
largely at 48-hours and then diminishes by 72-heuitts the highest
concentrations. (C.) Quantitative analysis highbgctivation of
caspase-3/7-mediated cell death occurring at hogleentrations after
72-hours with a minimum of 24-hour exposure timenifar outcomes
are observed if ZA at concentratiorSOpM Results are presented as
mean + STD (n=3/concentration/timepoint/exposure¢rg * indicates
p< 0.05 between concentration vs no ZA for deal$;célfor apoptotic;
and $ for dual staining (late-stage apoptosis).

5.4.6 ZA Induces Mitochondria Depolarization in Undifferentiated ATDC5

The JC-1 mitochondria probe was used to assessfihence of ZA on
mitochondria potential in undifferentiated ATDCSHlseat 12, 24, and 48-hours
following ZA administration. In the present studyitochondria dysfunction (MD)
was defined experimentally, based upon the respoinde-1 loaded cells to exposure
to the mitochondrial protonophore CCCP (positivetoal). Under normal conditions,
undifferentiated ATDC5 cells with normal mitochoraifunction exhibit very-low
basal-levels of green JC-1 (monomer) fluorescarnsity and punctate, highly-
intense red JC-1 (aggregate) intensity, as seealysand via flow cytometry (Figure
5.7A, 5.7B, and 5.7C). With CCCP addition to hegaltklls, a drastic decrease in red
channel ‘punctate mitochondrial staining’ occurd an increase in diffuse green

monomer presence and fluorescent intensity caede throughout the cytosol. This
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results in a shift in the overall green-channebfescence of individual toward values
>1x1®when assessed via cytometry. Thus, we choose iteedeitochondria
depolarization/dysfunction (MD) as the conditionamtthe green JC-1 fluorescent
values of an individual cell arelx1(. In this study, it was clearly observable that ZA
causes mitochondria depolarization in a conceotiadnd exposure-dependent
manner in undifferentiated ATDC5 cells (Figure 5:BD); as little as 48-hours of
exposure to 10uM ZA was able to induce statistycsitjnificant increases in
mitochondria depolarization (Figure 5.7D), anditielas 24-hours of exposure to

100puM marked drove mitochondria dysfunction (FigbiA-5.7C).
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Figure 5.7: ZA Caused a Concentration- and ExpeB@mgendent Mitochondria
Depolarization in Undifferentiated ATDC5 Cells. |/Representative
20x magnification images of JC-1 monomer+aggrefiateof white
dotted line) and JC-1 monomer only (right of thatesdotted line) over
time demonstrating depolarization of mitochondimerease in green
monomer cytoplasmic and decrease in punctate rgegates) in all
CCCP treated groups. Mitochondria depolarizatiowéel to occur after
continuous ZA administration of 100uM as early 4shdurs, and by 48-
hours with concentrations as low as 10uM caused (8D.
Representative JC-1 monomer intensity histogranfirces these
qualitative observations and provides additionfdrimation regarding an
overall shift in JC-1 green monomer intensity amel percentage of cells
with values>1x105, which define the experimental cut-off for
mitochondria dysfunction/depolarization (MD). Flethrepresentation of
(C.) percentages of cells with JC-1 green monomtensity values
>1x1C over time and (D.) overall JC-1 monomer histograadian
intensity at 48-hours support these impressionsuleare presented as
mean + STD (n=3/concentration) where * indicate 9% between
concentration vs no ZA.

5.4.7 ZA Administration Alters Cytoskeletal Architecture/ Remodeling and
Nuclear Morphology in ATDCS Cells

To determine whether ZA can influence the cytodkélarchitecture and
nuclear morphology, we performed immunocytochenstaihing for F-actin,
microtubules, and DNA content. in undifferentiafeBDC5 cells after 12, 24, 48, and
72-hours in the presence of ZA. Undifferenced aalisured in the absence of ZA
displayed highly aligned F-actin stress fibers awaell-organized microtubule
network surrounding the nucleus and radiating otdw&he presence of well-defined
centrosomes was also noted. However, with incrgadfconcentration and
exposure, the intricate F-actin and microtubulevoets appeared visibly disrupted.
After as little as 12-hours of ZA-exposure (Figbr8A), an apparent and sustained
reduction in F-actin fiber staining and alignmend anicrotubule-network structure

could be identified (Figure 5.8B). However, upoasdr inspection, cells treated with
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both 1 and 5uM ZA for 72-hours appear to exhitstight increase in microtubule
presence, possibly as an adaptation to the loSsaafin network integrity. In general,
ZA treated cells also appeared to enlarge witheimsing ZA concentration and
exposure and exhibited a phenotype consistentdeitheased surface-attachment or
‘balling up’; which is clear at the highest ZA camtration (100uM).

Peering at the nucleus, undifferentiated ATDC5scelliltured in the absence of
ZA displayed a healthy, rounded nuclear morpholegth no indication of abnormal
nuclear structure or signs of apoptosis. On théraon with increasing ZA
concentration and exposure, cell nuclei exhibitaéresive morphological changes:
first, a marked enlargement in size was typicadigrs followed by signs of nuclear
blebbing and fragmenting, and ultimately nucleairdtage/collapse. Additionally, we
often observed disrupted and bean-shaped nudleeipresence of ZA, suggesting

alterations in nuclear homeostasis and morphology.
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Figure 5.8: Continuous ZA Exerted a Concentrateomd Exposure-Dependent
Effects on Cytoskeleton Architecture and Nucleugphology in
Undifferentiated ATDCS Cells. (A.) Representativeages at 63x
magnification at 12-hours of actin (orange), miakatle (green), and
nucleus (blue) highlight abundant actin stressréiban intricate
microtubule network surrounding the nucleus rad@butwards, and
rounded nucleus with no ZA treatment; on the otteard, increasing ZA
concentration there is a reduction in actin intignisut similar nuclear
morphology. (B.) Representative 63x magnificatiorages of
cytoskeleton and nucleus at 72-hour show similaeolations made at
12-hour for all conditions; however, the effectsfeactin and
microtubule are enhanced, and the nucleus appegreénted and takes
on a bean-shaped nucleus (white arrows).

5.5 Discussion

Recently, our team demonstrated the feasibilitipaf, weekly-repeated (4q7)
intra-articularly administered zoledronic acid (Zi)modulate chondrocyte death and
proliferation, suppress cartilage erosions, anidiémice a number of non-cartilaginous
tissues of the joint following the surgical deskabition of the medial meniscus
(DMM) in the mouse. ZA’s anti-resorptive, anti-néagtic, anti-proliferative, anti-
inflammatory, and pro-apoptotic mechanisms of actiave been well-documented in
numerous cell types (e.g. osteoclasts, osteoblasts;ophages, cancerous cells) and
disease states (e.g. bone loss and cancer). Windes in joint disease models have
established that ZA can influence cartilage-lewgbomeg3°376.410411 knowledge of
whether ZA could directly modulate chondrocyte Heahd function in isolation from
other joint tissues remained limit&¢ Herein, we demonstrate that chondrocyte-like
ATDCS cells in monolayer culture respond to ZA inch the same way that other
mammalian cells respond to nBPs. We observed thatafild mediate the following
effects in ATDCS5 cells: anti-proliferative activitgell cycle arrest (in S-phase);

mitochondrial depolarization; pro-apoptotic actvand cell death; and alteration to



cytoskeletal architecture, and cell and nuclearphology. Moreover, we have
confirmed that ZA exhibits pleiotropic effects dmondrocyte-like ATDCS5 cells, with
the induction of the effects above being dependpah ZA concentration, time of
exposure, and the differentiation state of thesggke. undifferentiated vs.
differentiated).

In the present study, we utilized the immortalinegrine chondrogenic
ATDCS cell line, a well-accepted cell line for teidy of the differentiation and
behavior of ‘chondrocyte-like’ celt®-4% to investigate the influence of ZA on
chondrocyte health and fatevitro. While we did not directly evaluate the ability of
ZA to influence the genetic program and differeiitia processes themselves in
ATDCS cells, our ability to maintain these cellshivo different states of
differentiation, undifferentiated vs. differentid{gpermitted us to isolate the effects of
ZA on chondrocyte-like cells at different stagexell-maturation and proliferative
capacity©2404412 At the time of ZA administration, undifferentidteells are more
proliferative in nature, and can mimic cells thavé been ‘activatedh vivo and
induced to re-enter the cell cycle and prolifefateowing an acute injury; these may
include resident progenitor cells in cartilage tireswise quiescent chondrocytes
coaxed into reentering the cell cycle to aid imigjrepair/remodeling (Chapter3}
Conversely, differentiated ATDC5 cells are morerespntative of post-mitotic,
guiescent chondrocytes in cartilage, as they eaimarked reduction in their
proliferative potential, presumably due to botHetigntiation and contact inhibition.
These cells can be considered to reflect both inealiondrocytes and those not
immediately ‘activated’ following injury/diseaseufher, our use of the ATDCS5 cell-

line, as opposed to primary chondrocytes, allonsetbdimit the phenotypic drift
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often associated with primary chondrocyte cuftti&*4 while retaining control over
cell differentiation status.

By exploiting the ability to study cell health oatoes in both non-
differentiated and differentiated ATDCS5 cells, vdentified that ZA's effects on cell
proliferation, metabolic activity, and viability we concentration- and exposure-
dependent, and heavily dependent on the ATDCS' ckfferentiation stage.
Undifferentiated cells were far more susceptibl@othan differentiated cells; and as
ATDCS cells spent progressively more time undefed#ntiating conditions (e.g.
three- versus two-weeks in culture media suppleetewith 1% ITS) they became
increasingly less susceptible to the chondromodutand pleiotropic effects of ZA.
More specifically, when undifferentiated ATDC5 salWere cultured continuously in
the presence of ZA for 72-hours, a minimal con@ian of>5uM was required to
drive significant reductions in cell number expans{lCso = 3.7uM), and thus
proliferation, population-level metabolic activitfCso = 6.4uM). Above 5uM, the
effects on cell number and metabolic activity imsed in a concentration-dependent
manner up to 100uM, at which point cell number @span and metabolism were
almost entirely suppressed. In these same ceallsady 10-fold higher concentration
of ZA (ICso = 45.4uM) was required to drive a similar degrésuppression of
viability. In contrast, within differentiated ATDCe&ells, ZA has a far more attenuated
effect on cell number, metabolism, and cell viayilin cells that underwent 2-weeks
of differentiation only>50uM ZA could suppress cell number, metabolic @gtiand
cell viability, while ZA had no appreciable effemt the health and metabolism of
cells that underwent 3-weeks of differentiation fdftunately, I1Go values could not

be established for differentiated ATDCS5 cells, laes ¢conditions tested did not provide
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sufficient inhibition of the requisite cell processto model the inhibitory response.
These results suggest that the susceptibility dd8% to ZA depends on the
proliferative capacity of ATDC5 cells at the timeZA application. Subsequently, we
focused the remainder of the study on undifferéatigA TDC5 cells in order to
continue to dissect the effects of ZA on chondredike cells.

Next, we investigated the time-course over whiatlifaration, metabolism,
and cell viability were suppressed in undifferet@bATDC5 cells under conditions of
i) continuous versus ii) brief, initial exposureé. In undifferentiated cells
continuously exposed to ZA, the minimal lengthiofd that ZA needed to be present
before significant changes (reductions) in cellifgration, metabolic activity, and
viability became apparent was, as expected, coratent dependent. At ZA
concentrationg50uM cell number expansion (proliferation) and iabwere
suppressed after as little as 24-hours in contiawolture, while metabolic activity
was significantly suppressed by 48hrs. Intermedi&teoncentrations (5 and 10uM)
required longer continuous exposure times to digaificant suppression of cellular
outcomes, and the lowest ZA concentrations (0Itigl), again, had no significant
influence on cell numbers (proliferation), metabalctivity and cell viability in
undifferentiated ATDC5. Pulse-chase experimentth&rdemonstrated that one could
achieve significant, if not extreme, suppressiooaf proliferation and cell viability
at our 72-hour endpoint, with very-brief, early egpre of undifferentiated ATDC5
cells to high concentration ZA. For instance, agb@d 100uM, cell number expansion
(proliferation) could be suppressed with as shew 4-hour of ZA exposure, and cell
viability suppressed with an initial exposure ot®-12-hours. At 10uM, suppression

of proliferation appeared after just 2-hours of@syre. Moreover, consistent with the
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results described above, 72-hours of ZA exposuraimed insufficient to drive
significant reductions in cell viability at ZA coetrations below 50uM.

Based upon these three experiments, ZA appearetbmeiotropic, and
concentration-and exposure-dependent effects amdchoyte-like ATDC5 cell$n
vitro, and these effects are further modified by th&eghtiation status and
proliferative capacity of the cells. Low- to moder&@A concentrations (1 to 10uM)
did not affect differentiated/post-mitotic ATDC5llseand only exerted anti-
proliferative and metabolic activity suppressinfjuances on
undifferentiated/proliferating ATDCS5 cells. High2A concentrationsX50uM)
entirely suppress proliferation, drastically redugetabolic activity, and drive cell
death in undifferentiated ATDCS cells. In differextéd ATDCS cells, the effect of
high-concentration ZA was restricted to suppressgibviability in only the cells
differentiated for 2-weeks. Overall, these expentaesuggest the presence of two
potential ZA therapeutic ‘dosing’ windows based mploe observed regulation of
chondrocyte cell health: in the range of 5-10uM, g8&ms to predominately act as an
anti-proliferative, while above50uM ZA drives reductions in cell viability and tel
death.

Given that ZA could inhibit cell proliferation arttive cell death in
undifferentiated ATDCS5 cells, we investigated tifile& of ZA on a number of
cellular processes that influence these outcomekjding, apoptosis, cell cycle arrest,
cytoskeletal dysregulation, and mitochondrial dgstion; which allowed us to begin
to establish the cell-level mode-of-action of ZAcimondrocyte-like cells. Using an
intracellular probe for caspase-3 and 7 activitigiolr are executioner proteases, our

pulse-chase experiments demonstrated that higreotmation ZA £50uM) could
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rapidly and effectively drive cell death througlopfotic mechanisms. As little as 1 to
2-hours of exposure to high-concentration ZA calrigle substantial increases in
apoptosis compared to both control (no ZA) and ¢éowcentration ZA exposure; and
as the length of ZA exposure increased, the numibéead cells (P), apoptotic cells
(caspase-3/7, and dual-labeled cells (Picaspase-3/J increased in lock-step till
nearly all cells present were either dead or urmleggapoptosis. In the presence of 5-
10uM ZA apoptotic ATDCS cells were largely abseven following 72-hours of
continuous exposure. These findings are entirehgistent with outcomes observed
across a number of different cell types treatedh &il47:174.192.193

Give the observation that ZA could drive concelmratand exposure-
dependent ATDCS5S programmed cell death, an impogaestion arises: what
mechanism might be driving these cells towardsattivation and execution of
apoptosis? Possible initiators of programmed aditl, and ones that have previously
implicated in ZA-mediated cell-death include cejtle arrest-induced apoptosis, and
activation of intrinsic apoptotic pathways as autesf mitochondrial dysfunction
and/or cellular stress. Through the use of flonenytry and image-based cell cycle
analysis we observed that exposure of ATDC5 cell8A could drive the arrest of
undifferentiated ATDCS5 cells in the S-phase of¢k# cycle at concentratiorHuM;
which is similar to outcomes in studies investiggtihe effect of ZA on cancer
cellgto1-194.202415Thjs cell-cycle arrest could also explain theaamtration-dependent
inhibition of proliferation and cell-number expamsi(IGso= 3.7uM), as S-phase arrest
prevents progression into G2 and the subsequdrdigision associated with mitosis.
Such S-phase arrest or cytostasis, potentially abediby the tumor suppressor protein

p53'6-419 This knowledge, combined with the observation Swphase arrest could
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be driven at ZA concentrations ~10-fold lower thlaose that promote apoptosis
suggested that it is unlikely that S-phase arseatprimary driver of ZA-mediated
apoptosis; however, if S-phase arrest potentiatieer @poptosis-inducing pathways in
ATDCS cells is presently unclear.

Cytoskeleton architecture and nucleus integrityfshotogy play important
roles in cell health and cell cycle progression arelassociated with downstream
products of the mevalonate pathway that ZA infl@nd-or instance, ZA’s inhibition
of the mevalonate pathway reduces the prenylati@mall GTPase critical for
cytoskeleton architectut®. In various cancerous cells, ZA's is known to rfle F-
actin cytoskeleton architectidfé?93429 Agreeing with this established knowledge, in
our study we observed ZA'’s ability to alter theaskeleton architecture and
remodeling of F-actin and microtubule network irdifferentiated ATDC5 cells.
Specifically, we observed drastic changes in cygtetkn infrastructure of
undifferentiated ATDCS5 cells as evident with desezhaligned actin stress fibers and
altered microtubule network with 100uM ZA as ea$yl12hrs, and in all
concentrations by 72-hours. Unfortunately, the esld implications of this altered
cytoskeleton in cell death and cell cycle arrestaim unknown. Interestingly, recent
work in breast cancer cells has identified a kinktwe protein, as a novel target of
ZA%1 These proteins are prenylated through the meagdqmathway, associated with
microtubule assembly, and required for proper clusmme separation during mitosis.
Although it remains to be seen in our study, disapof the kinetochore or other
similar proteins could be associated with disrupteciotubule network, S-phase
arrest, and cell death. Moreover, other cellulanges, such as nucleus integrity and

morphology could also be affected and involvedebt] when peering closer at the
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nucleus itself, we observed drastic changes inabveuncleus morphology and size
that varied with ZA exposure time and concentratlofially, the nucleus appears
normal and rounded in all concentrations, howewgi72-hours the nucleus in
intermediate concentrations (5 and 10uM), and endfie lower (1uM)
concentration, appears abnormal; namely, enlargeai¢he nucleus, signs of
blebbing, bean-shaped morphology, and fragmentafibese findings align well with
other studie¥®2%2and the fact that cells are unable to progresaitir the cell cycle
and those that show signs of apoptosis at higharezdrations. While the causes of
such nuclear changes are unknown, other aspetite oficleus not studied herein,
such as nuclear laminins, may provide insight. N@vate pathway plays a role in the
posttranslational modification prenylation of GTEasequired for the production of
nuclear lamin®2423 While not addressed in our study, future studkesuld continue
to investigate the role of ZA’s influence on cytelkon and nuclear morphology in
chondrocytes.

Mitochondria health is essential for normal mamarakell function and could
be associated with the other general cellular on&soin our study, particularly cell
death and apoptosis, affected by ZA administraiahis study. For instance,
blockade of the mevalonate pathway with ZA has beded to mitochondria
dysfunction and lowered mitochondria poteriftalas seen in kidné{# and cancerous
cellg'47:195.196,198,202.429n agreement with these findings, in our undéferated
ATDCS5 cells, we found mitochondria tended to bedaapzed as early as 24hrs with
100uM and by 48hrs with 10uM ZA. At the time poietaluated, the intermediate
concentrations displayed a minimal caspase-3/Yaain yet significant

mitochondrial dysfunction, unlike the 100uM whergathondria depolarization
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coincided with caspase-3/7 activation. These resulgjgest that other cellular
mechanisms could underpin our current study finslik@r instance, mitochondria
dysfunction is associated with oxidative stressaundphagy-related processes
requiring prenylation steps in the mevalonate patfi#. Indeed, autophagy and
oxidative stress are involved with ZA’s modulateloé mevalonate pathway in part
because of the modifications neces&&r§*? Future studies should continue to
investigate the role of mitochondria health in Z8luence on chondrocytes and the
aforementioned cellular outcomes.

While the present study starts to unravel potentiadles-of-action of ZA in
chondrocyte-like cells, several limitations to #taedy should be noted. These
experiments presented herein were conducted ioss-gection manner, which while
technically facile, limited our ability to studyegHongitudinal response of ATDC5
cells to different ZA administration strategies ahcentrations. In the future
longitudinal, live-cell-based studies will be nedde study the short-to long-term
effect of ZA exposure on chondrocyte cells; inchglits effects on cell differentiation
and the production of inflammatory cytokines, mattegrading enzymes (i.e.,
aggrecanases and collagenases), and matrix cemssit@i.e., type Il collagen and
proteoglycan). While the concentration and exposi@gendent effects of ZA
ATDC5-cells observed were profound, it is unclédahése cellular alterations are
permanent or reversible in nature, or if they camdrovered/rescued by
supplementing the cells with mevalonate pathwagrinediates. It is also unclear if
one would observe similar ZA-mediated outcomes TIDES5 that were challenged
with PTOA-like stressors, such a serum or inflanonatytokines exposure. Lastly,

the effects demonstrated here are on the immaethtthondrocyte-like ATDCS5 cell



line. As a result, this requires confirmation imnpary cellsin vitro, including in
chondrocyte-precursors, immature and mature chagtes, and hypertrophic
chondrocytes, as well @as situ in chondrocytes residing within their native
extracellular matrix.

In conclusion, this study is the first to demon&@and establish the
concentration- and exposure-dependent pleiotrdfecte of ZA on cell proliferation,
viability, mitochondria polarization, cell cycleggression, and cytoskeleton
architecture in undifferentiated and differentiatedls from the chondrocyte-like
ATDCS5 cell line. The findings presented herein @anfZA'’s ability to directly affect
chondrocytes and align well with ZA’s known ability inhibit the mevalonate
pathway and influence its downstream molecularceiidlar targets (e.g., prenylated
proteins) in almost all mammalian cells. Colleclyy@ur data set the stage for the
further study of the effect of ZA on chondrocyiesitro, in situ, andin vivo, with the
goal of leveraging locally (i.e., intra-articulaylsgdministered nBPs for disease-

modification of PTOA and other cartilage-relatedadises.
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Chapter 6
DISCUSSION

6.1 Major Findings

Currently, there is a significant unmet clinicakddor disease-modifying
therapies that can slow or stop PTOA progressiacklof such therapies for PTOA is
in part due to our lack of mechanistic understagaihhow acute joint injury leads to
loss of cartilage and joint function long-term. Bhthe first part of this dissertation
investigated the immediate-to-early changes inlagg cellularity and structure in
hopes of uncovering potential biological targetsRd OA prevention. Since PTOA
progression is a whole-joint disease, an ideabjmewould prevent both accelerated
cartilage degeneration and modulate non-cartilagiricssues changes (i.e.
subchondral bone, meniscus, osteophyte, and jpnaivitis). One therapeutic gaining
significant attention in the field that was testedhis dissertation for its PTOA
disease-modifying potential was zoledronic acid YZ2A belongs to an FDA-
approved class of drugs called bisphosphonates)(BPs have historically been used
for bone-related diseases because of anti-reseratid bone remodeling properties.
Given the anti-resorptive properties of BPs andgieeral belief that aberrant
subchondral bone remodeling is involved in PTOAedge progression, ZA was used
previously at high doses systemically to provideedse-modifying benefits in animal
models of PTOA. While efficacious, systemic adnti@8on poses clinical concerns
because of the increased risk for adverse skelathhon-skeletal side effects.

Therefore, alternative, locally-targeted routesdministration, such as intra-articular



(i.a.) injections are warranted to minimize the ege side-effects. However, the use
of i.a. injection of ZA (i.a.ZA) for PTOA preventiohas received limited attention,
and ZA’s mode of action on chondrocytes and cagilaealth remained largely
unknown.

Overall, Aim #1 (Chapter 2) of this dissertatioemdified a focal population of
chondrocytes linked in a spatiotemporal mannehéattaumatic injury (i.e. loss of
meniscus coverage due to extrusion) and the iioitiatnd progression of cartilage
degeneration in PTOA. In Aims #2 and #3 (Chaptes$, 3ve determined that i.a.ZA
could modulate these dysfunctional chondrocytesadiner knee joint tissues leading
to cartilage protection following a joint injurg vivo, and we began to uncover ZA’s
modes of action on chondrocyt@svitro.

In Aim #1 (Chapter 2), the primary objective washaracterize the
spatiotemporal progression of cellular and tisawell changes to cartilage post-injury
invivo using the murine destabilization of medial menss@@MM) model of PTOA.
Our histological and immunohistochemical assesssrfenin early (3d) through late
(112d) stage identified an early, focal loss ofradirocytes in regions of the articular
cartilage that ultimately developed overt tissuzsgms. Importantly, these cellular
and structural changes in cartilage localize ttilege regions that experienced a
drastic reduction in meniscal coverage due to DNiblbiced medial meniscal
extrusion. To the best of our knowledge, the reduttm Aim #1 were the first
published to quantitatively relate the spatial aspé DMM-induced meniscal
extrusion to chondrocyte loss and cartilage damalgese findings further suggest
that the meniscus plays a pivotal role in cartilagalth and disease progression and

we speculate the meniscus could be the unspokedigoaf articular cartilage.
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Together, findings in Aim #1 suggest that a foagbylation of chondrocytes exists
that may initiate biologically- or cell-driven céage degeneration. We then used this
knowledge to focus our attention on specific regiohcartilage to evaluate the
efficacy of i.a.ZA for cartilage prevention in PTG#d ZA'’s potential modes of
action in chondrocytes.

In Aim #2 (Chapters 3 and 4), our objective waddtermine the disease-
modifying efficacy of local, intra-articular injeoh of ZA (i.a.ZA) to prevent cartilage
degeneration and modify non-cartilaginous joirguss post-injury in the murine
DMM model of PTOA used in Aim #1. Specifically, tdesease-modifying potential
of repeated versus single i.a.ZA strategies omir#ind extra-capsular tissues,
including cartilaginous and non-cartilaginous tessuwere investigated from early
(7d) through late (84d) disease stages post-DMNhdJsistological,
immunohistochemical, and micro-computed tomogragmslyses, we focused on
potential ZA’s mode of action on chondrocyte (pmliferation, death, and
proteoglycan production) and cartilage (i.e. stitadtand proteoglycan content)
changes post-DMM. Additionally, we were interestedee if i.a.ZA would minimize
adverse skeletal side effects associated with systedministration of ZA. To do so,
we evaluated if i.a.ZA could influence more ‘didtdsone compartments of the
injured joint. In Aim #2 (Chapter 3), we found thve¢ekly-repeated, but not single,
i.a.ZA administration could suppress late-diseaagescartilage erosions; however, no
strategy was able to mitigate early-stage fibidkatand clefting-damage to the
superficial cartilage surface. Upon further disgectrepeated i.a.ZA appears to
maintain and enhance proteoglycan content in dati@artilage, as well as modulate

chondrocyte proliferation and death in a spatiot@apmanner. In Aim #2 (Chapter
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4), we found that all i.a.ZA strategies could igfhce intra-capsular, mineralized joint
tissues (meniscus, osteophytes, ectopically-forbmee) following injury, but not
injury-induced joint synovitis. In addition, albiZA strategies had minimal influence
on extra-capsular bone compartments (subchondra aod ‘distant’ bone
compartments of the epiphyseal and metaphysealpdiively, findings from Aim #2
(Chapters 3 and 4) suggest that repeated i.a.ZAnggtration can suppress cartilage
erosions long-term by modulating the underlyingratrocyte biology and
proteoglycan content in articular cartilage. Fumthere, findings from Aim #2 suggest
that repeated i.a.ZA effects are localized to heepsular calcified tissues and have
minimal effects on off-target bone compartmentthminjured joint.

In Aim #3 (Chapter 5), our objective was to expldres cellular mode(s) of
action on chondrocytes vitro. To do so, we evaluated the effects of ZA
concentrations ranging from 0.1 to 1000uM givedifierent continuous and pulsed
drug exposure times in chondrocyte-like ATDC5 celsvell-established
immortalized cell line for studying chondrocyte loigy in vitro. ATDC5 cells enabled
us to evaluate the effects of ZA on two sub-popoifet of chondrocytes expected to
be seemnn vivo following injury: those that are mitotic (undiffamtiated), mimicking
proliferating chondrocytes, and those are postmi{differentiated) and mimic
mature, quiescent, and non-proliferative chondesyVe found that increasing ZA
concentration and exposure time had pleiotropieat$f predominately in
undifferentiated ATDCS5 cells. Specifically, low Z#oncentrations had no influence
on undifferentiated ATDCS5 cell health. However, ragate ZA concentrations (M
and1ouM) decreased cell proliferation, viability, and m@eslic activity, as well as

arrests cell-cycle progression in S-phase, degadnmitochondria, and diminished
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cytoskeleton (i.e. actin and microtubules) architee Undifferentiated ATDCS cells
exposed to higher ZA concentrations (50 and 100ghgerienced the same effects as
moderate concentrations, except there was additiedaction in cell-viability due to
caspase 3/7-mediated apoptosis. While the effé@# an undifferentiated ATDC5
cells were quite astonishing, ZA'’s effects in diffetiation ATDCS5 cells were
drastically reduced, if not completely abolishedjvonly the highest,
supraphysiologic ZA concentrations (8@ through 100QM) capable of driving cell
death. Collectively, findings from Aim #3 (Chapt®rsuggest that ZA’s effects in the
chondrocyte-like ATDCS5 cells are heavily dependanthe proliferative capacity of
chondrocytes, hinting at the importance/involvenwithe mevalonate pathway
among ATDCS cells that are actively proliferatingrsus those that are more
quiescent in nature. Lastly, findings from Aim #R&ya with the established effects of
ZA on different mammalian cell types and identifdical concentrations and
exposure times of ZA that could directly influerateondrocyte health.

In summary, findings from this dissertation havaldad us to put forth a
working hypothesis on the natural progression dilege dysfunction following joint
injury, as well as a theory regarding how ZA cardmlate these processes for
beneficial disease-modification. We call this thettre ‘activated versus bystander
chondrocyte hypothesis.” We speculate that natupsthgressing PTOA is a function
of an acute, focal mechanical insult (due to imratduncovering of a portion of the
medial tibial plateau and femoral condyle in our MINhodel) that causes both an
initial wave of chondrocyte death (necrosis or dpsis, it is unclear) and
mechanically-induced superficial damage. This il®¥eed by what we term the

‘activation,’ by either mechanical or molecularrsds, of an immediately-adjacent
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and spatially-distinct population of chondrocytes{jvated’ chondrocytes). We posit
that these activated cells undergo a phenotypitshinitiate the attempted repair of
this locally ‘damaged’ tissue. We suspect that pfisnotypic shift includes the
production of soluble factors by these activatdts @lowing for communication with
neighboring chondrocytes, as well as the recruitroéthese ‘activated’
chondrocytes, which were previously quiescent, biaktkthe cell cycle to expand the
local pool of chondrogenic precursors (proliferajicHowever, chondrocyte
proliferation requires local ECM remolding (cataboi and anabolism) to allow for
the cell volume expansion and division that accamgsamitosis. Consequentially,
this may compromise of local matrix quality and imeaical integrity priming the
tissue for degeneration. Subsequently, we hypatedakat these local changes in the
mechanical and biochemical environment, driventbinéial population of activated
cells, induce ‘dysfunction’ in normally quiescenttadjacent ‘bystander’ chondrocyte
population: this leads to their activation, indugeell-cycle recruitment, proliferation,
matrix remodeling, and what we suggest is a sétffgecing vicious cycle, ad
infinitum, of cell-activation and cell-mediated matdegradation.

Ourinvivo (Chapters 3 and 4) amdvitro (Chapter 5) results have led us to
suspect that the disease-modifying efficacy of A&#TOA development is rooted in
the ability of intra-articularly administered ZA thfferentially modulate the response
of these activated and bystander chondrocytes pbpns. Our working hypothesis is
that the repeated i.a. injection of ZA to the jdoltowing acute injury can accelerate
the death of the initial wave of acutely activated spatially-localized chondrocyte
cells following joint injury; the acute displacemeri the medial meniscus across the

medial tibial plateau due to DMM-induced meniscdt@sion in our case. Oumn vitro
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data and historical literature suggest that thmioethrough ZA'’s ability to drive
cytostasis and induce/exacerbate mitochondrialushgsion and apoptosis in cells that
may already be experiencing cellular stress. Byregsing the proliferation and
enhancing the apoptosis/death of these initialtivated cells, i.a.ZA may dampen
their ability to ‘activate’ pro-catabolic pro-inflamatory phenotypes and interrupt the
self-reinforcing vicious cycle of cell-activatioptoliferation, and cell-mediated ECM
catabolism/degradation.

On the other hand, oum vivo andin vitro data suggest that quiescent, non-
proliferative ‘bystander’ chondrocytes respondelidintly to ZA.In vitro, the health
and viability of post-mitotic chondrocyte-like celvere largely unaffected by the ZA
concentrations that were deliverediivo, reinforcing the idea that our i.a.ZA
administration did not adversely influence the hostasis of healthy chondrocytes. In
contrast, instead of leading to chondrocyte dydfongi.a.ZA appeared to enhance
proteoglycan production by ‘bystander’ chondrocytedvo, especially in the
cartilage regions peripheral to those that woupdclly develop cartilage erosions if
left untreated. These findings align withsitu findings from our collaborators, who
have found that the biomechanical properties olthgaartilage explants stimulated
by mechanical loading can be enhanced by the inttazh of ZA (1uM).

Collectively, our data suggest that both ZA concign and exposure time
have the ability to regulate the cellular outcormeshondrocytesn vivo. It is
important to note that, within the joint, change&iA concentration can change
rapidly due to clearance from the synovial fluithiSf'would undoubtedly have the
ability to alter the response of chondrocytesivo to different i.a.ZA administration

strategies. Moreover, this fact, coupled with aativated versus bystander’
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hypothesis could help to explain why the admintgiraof single i.a.ZA injection was
unable to provide disease-modifying beneficial oates (and in the case of the 0d
injection actual worsen outcomes) following inju@ur single injection strategy may
have been unable to mediate the cell-level inflesnteeded to realize beneficial
disease modification outcomes due to rapid druaralece or the differential nature of
the effect of ZA on chondrocytes, necessitatingatgd dosing to achieve efficacy.
However, given this dissertation’s findings, and hjection constraints we could
work under (limited to 4 weekly injections due hitial animal care concerns by our
IACUC committee, and at one concentration), thera $trong possibility that we
serendipitously stumbled upon a ‘sweet spot’ reiggrtoth the timing and necessary
concentration administered to the joint. This appéabe the ultimate Goldilocks
paradigm: not too much, not too little, just right.

Overall, this dissertation provided new knowledggarding the
spatiotemporal evolution of cartilage degenerasind chondrocyte dysfunction
following joint injury, which helps to establishbaseline from the application of
novel disease-modifying therapeutics leads canvhliated from. In addition, we
demonstrated the preclinical promise of i.a.ZA g®gentially cheap, easy
administered, and efficacious disease-modifyingapeutic for PTOA. Future studies
should continue to explore the use of i.a.ZA andower the full disease-modifying

potential of i.a.ZA for PTOA and other forms offattis.

6.2 Future Directions
While this dissertation has provided a great déalight into the general
pathioetiology of PTOA and the potential mechanisam&l modes-of-action lending

to i.a.ZA disease-modifying effects for PTOA therag number of additional
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guestions and avenues for future researcher reendrom these findings; some of
those that have already been ‘piloted’ in conjumtivith this dissertation and are
highlighted. By expanding upon the findings desetibiefly here, future studies can
hopefully fully unlock the potential of i.a.ZA aschnical therapeutic option for PTOA
(and OA).

6.2.1 Deeper Mechanistic Understanding of ZA’'s Mechanismsf Action in
PTOA In Vivo

In this dissertation, we began to uncover ZA maidaction in chondrocytes
and PTOA progression, however, chondrocyte bioledgr more complex than the
few cellular processes we evaluated. To this émémains unclear if i.a.ZA was able
to influence other cellular processasivo that could have led to our results. For
instance, i.a.ZA could have modulated chondrocybegsses such as senescence,
mitochondrial dysfunction, proinflammatory cytoksye@nd matrix constituents or
degrading enzymes. Given that ZA is known to aferth processes in other cells and
that ourin vitro work suggests that ZA can directly affect chongltes, it is
reasonable to believe ZA would regulate such psees chondrocytas vivo.
Dissecting ZA'’s full mechanisms of action may explahy repeated, but not single,
i.a.ZA suppressed the development of cartilagei@nesAddressing these deeper
mechanistic questions could also lead to the desgoef new potential therapeutic
leads for PTOA prevention.

Another aspect of disease progression that coulddoth evaluating is the
biomechanical and tribological properties of cagé post-injury and i.a.ZA
administration. It is generally accepted that thexhanical properties of cartilage are

compromised by joint injury and cartilage degernieratand perhaps ZA can mitigate



these changes or improve these mechanical propdrtieliminary studies by our
collaborators suggest that ZA can enhance the mexdigroperties of cartilage
subjected to mechanical stimulatiorsitu. In support of this, we saw an increase in
proteoglycan content with repeated i.a.ZA in Aim(€hapter 3) that could be
indicative of enhanced cartilage tissue biomeclsrmind tribological properties.
Along these lines, it would also be worthwhile tm@irm ZA’s ability to modulate
proteoglycan synthesis in other assays. Additignatudies should investigate other
matrix macromolecules constituents critical to itage biomechanical and
tribological properties that could have been affddiy ZA, such as type Il collagén
Alterations to these molecules could influenceuthderlying chondrocyte
mechanotransduction and injury response. Beyondx¥lavel constituents and
mechanical properties, the properties of the Ipeaicellular matrix (PCM) can also
be investigated, especially since we saw injurgt 2A-induced changes in
proteoglycan staining within the territory immeaeigtsurrounding articular cartilage
chondrocytes (chondrons) in this dissertation. Gitet the PCM is intricately linked
with the extracellular matrix and to chondrocytechnotransduction machinery, ZA
may hold the ability also to influence chondroci@M-ECM interaction and
mechanotransduction post-injury.

Beyond cartilage, it is important to further addrea.ZA influence on the
cellular response in non-cartilaginous knee jasdues following injury. While we
assessed the gross structural changes associdltechanges in osteophytes,
meniscus, subchondral bone, and synovium, i.a.4Addoave influenced the
underlying cellular responses. It also remains omknfrom our studies whether non-

cartilaginous joint tissue changes had direct dir@ct roles in the cartilage
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degeneration and chondrocyte biology observed avithwithout i.a.ZA. For instance,
pro-inflammatory cytokines and matrix-degradingyenes are known to be produced
by both meniscal and synovium cells, which mayuefice the intrinsic cartilage
repair mechanisms leading to degeneration. Thareipossibility that ZA altered
these tissues’ cellular responses, suppressingloboyte injury response and
cartilage degeneration.

While this dissertation focused on ZA, it remaim&mown if the same
cartilage structural, compositional, and cellulaarges would be observed with other
nBPs or other mevalonate pathway modulators tia¢ins'3'43?20r HMG-CoA
reductase and GTPase inhibitdfs48433-43 |t would be interesting to see if other
modulators of the mevalonate pathway could infleethe evolution of joint changes
following injury. If this is the case, it would sgest that the mevalonate pathway
itself, whether through nBPs or other means, cbeld primary therapeutic target and
pathway for control of chondrocytes in PTOA.

In general, one way to potentially getsitu mechanistic data from intact
injured joints other than histology would be tdimé a technique called staining and
clearing of tissues, which minimizes the time, lalamd cost of standard histological
technigues used while producing a three-dimensispeatiotemporal picture.
Previously, in our lab we demonstrated within nahause knees that this technique is
feasiblés®, setting the stage for this technique in fututglgs. Using this technique
would be interesting for cellular markers and patjsvof chondrocyte biology that
are challenging to visualized due to the depthiwitiartilage or lost due to

histological processing.



6.2.2 Establishing a Proper Local, ZA Delivery Dosage, Fequency, and Timing
To properly inform and design the next set of ekpents in hopes of
leveraging i.a. ZA into the clinien situ andin vitro experiments should be performed
to optimize the concentration and treatment styatBg using this dissertationia
vivo andin vitro findings as a baseline, the first step would beetapitulate these
findings, particularly chondrocyte proliferatioreath, and proteoglycan production,
using ann situ injury model. Currently, other laboratories hawed various means of
creating impact-induced cartilage damage and hawed evidence of chondrocyte
death and cartilage damage associated with irfipactwever, investigations into the
spatial aspect of chondrocyte proliferation andgquwglycan production in these
studies have been minimal. Translating these fgalinto our laboratory, and as a
pilot aspect of this dissertation, we developedhatrumented drop-tower to drive
impact-induced degenerative changes in cartilaggsplkolated from bovine and
equine. We have optimized and piloted an in-hoyseem to isolate osteochondral
plugs from live equine tissue. In addition, we h&adated live equine synovium and
performed co-culture experiments with and withautiage. Co-culture allows us to
begin to tease out the potential cross-talk betviieersynovium and cartilage
occurringin vivo that could be altered with i.a.ZA. Collectivelyetpreliminary
studies performed as an extension demonstrateédbkility of our in-house system
and techniques for studying ZA influence on impdaisteochondral plugs post-
impact. Also, future studies could be performegamary chondrocytes (fromat,
bovine, equine, or human sources) to confirm autifigs on ATDCS5 cells. Overall,
the combination of botm situ andin vitro models will properly define a reasonable
concentration and delivery strategy to implemetd the next wave of preclinical

model and clinical trials.
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6.2.3 Clinical Translatability

To translate i.a.ZA into the clinic, it is esseht@begin to study i.a.ZA
influence in more clinically-relevant models andrkeais of disease progression.
Ideally, the findings from this should be confirmechuman tissues, but again, the
access to such samples is limited. In order toamrae this clinical translatability
limitation, future preclinical studies utilizingaiZA could determine clinically-
relevant biomarkers of joint destruction in thecalatory system and synovial fldid
as well as incorporate other assessment techniggesin humans such as MRI or
arthroscopic-based assessments. Other clinicd#yant markers could include
functional outcomes such as gait/loading and palowing injury and i.a.ZA
administratiof®. Gait and pain are altered in the murine DRAM®2437and other
animals modef$438432 We cannot rule out the possibility that i.a.ZAiktbhave
influenced pain and gait in our animals, especisilige recent studies have found that
ZA can influence pain in a variety of anirfidland huma#t°233conditions. Also, it
would be of interests to see if these findings hioldther joints of the musculoskeletal
system in man typically afflicted by PTOA (and OAjch as the ankle or hip.

While the murine DMM model has provided valuablf®rmation into PTOA
disease progression and demonstrated preclinitehey of i.a.ZA for cartilage
prevention, it's still limited in that it is an iagive, surgically-induced model of
PTOA®, Surgically-induced models, like the DMM and aigecrucial ligament
transection, do not truly mimic human PTOA becabsee is no surgical incision in
humans during a traumatic joint injury. To overcatime invasive surgery required in
these models, recent progress has been made toplean-invasive preclinical
models. Non-invasive models have been shown to entianitilage cellular and

structural changes presented here from the muriibnodeF®®. Thus, it would be
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reasonable to suspect that i.a.ZA administeredaed animal models would prevent
similar processes presented in this dissertatiomweyer, the time course and spatial
progression observed in the murine DMM with anchaitt ZA could be different

from non-invasive models; especially since diseaserity and speed of progression
of each model is different. Additionally, more ctially-relevant animals such as the

horse could be used to confirm the translatabiltya.ZA in the mouse.

6.2.4 Drug Delivery Depots and Encapsulation of ZA for Efanced Therapeutic
Benefits for PTOA

Although i.a.ZA may overcome concerns regardindpfdgse, systemic
administration, its efficacy may diminish becau§ée rapid clearance from the joint
space, which is mediated through the synovium’slleap and lymphatic
system$*6-248 For instance, intra-articularly injected smallleumle§46.248:440
including ZA as we have shown in naive mice (Appei@i6), are rapidly cleared
from the joint over the timecourse of minutes toitso As a result, patients may
require repeated i.a. injections to achieve effmag results with ZA, as we have
demonstrated with i.a.ZA injection in this disséda. While i.a.ZA holds preclinical
promise; this may not be clinically feasible dughe time, costs, and risks of
infection with each i.a. injection procedure, aslwead concerns over patient
compliancé?*6.249.441

To overcome the rapid clearance of drugs fromairé gpace, an alternative
delivery strategy was piloted in this dissertatiencapsulation of ZA within
liposomes, an FDA-approved drug delivery platfé#id*8.442 Historically, liposomes
have been used for a variety of applicatféhs) to targeting monocyte/macrophages

in cancer and other inflammatory diseases, ii)aasars of protein peptides, and iii)
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for gene delivery. In the context of arthritis,dgpmes have been used to encapsulate
steroid4*4445 and the first-generation bisphosphonate, clodeo(@LOY*5, to
increase drug retention time within the joint aodarget macrophages in the
synovium. Towards this end, liposomes for PTOAttresnt may provide multi-
functional benefits as they are biocompatible, bgrddable, able to decrease friction
at the cartilage surfat®, and directly target phagocytic macrophdtfesnd
fibroblast-like synoviocyte/4844°within the synovium while simultaneously
generating long-lasting intracapsular drug-depbasturther motivate liposomes
usage for PTOA therapy, CLO encapsulated in lipeeohas anti-inflammatory and
anti-osteoarthritic benefits in inflammatory artisi°°-4>>and prevented osteophyte
formation and cartilage destruction in preclinicaddels of OA-45¢ However, to
date, no study has investigated the use of ZA-esutapng liposomes (ZA-lipo) for
targeting the tissues/cells relevant to injureddenand the modification of PTOA
progression. Thus, as an extension of this digganmtave investigated the effects of
ZA-lipo on cells relevant to the injured-knigevitro andin situ. To date, we have
generated consistently sized liposomes (~100-300ameh encapsulation of ZA in
liposomes (~40% encapsulation efficiency). We haxveducted preliminary
experiments using ZA-lipo with ATDCS5 cells, fibratsits (NIH3T3), and
macrophages vitro, as well as with cartilage and synovium explantstu. In these
preliminary studies, we confirmed the ability oé#e cells to internalize liposomes
using high-resolution imaging and flow cytometry.

In addition to liposomes, other drug delivery fotations of nanoparticles or
tissue engineered constructs may help facilitatgglof interests to chondrocytes. For

instance, we investigated the ability of ELP-CLPoarticles to bind to collagen
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matrixes without causing chondrocyte cytotoxitityThese vesicles could be useful
in targeting focal populations of cartilage neamdged cartilage as well as providing
a drug depot. Beyond ELP-CLP particles, other ngarticles alone or in combination
with polymer matrices such as PLGA, gelatin andurygmic acid®® could be used in

combination with ZA to enhanced ZA benefits an@mn&bn within the injured joint.

6.3 Closing Remarks

In conclusion, this dissertation has provided fundatal information
regarding the cellular and tissue level efficacyntfa-articular injection of ZA as a
disease-modifying therapy for PTOA. These findipgsvide a baseline from which to
launch future studies aimed at optimally designimga-articular ZA treatment
strategy for PTOA, and for dissecting the mechasisand modes-of-action of intra-
articular ZA on cells implicated in PTOA. | hopathhis dissertation serves as a
springboard for a future generation of scientistéhe field of arthritis and
musculoskeletal biology to develop better wayseaattPTOA (and OA), a debilitating

and burdensome disease that is currently withcute.
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Figure A.1: Quantification of meniscal coveragepmtirocyte cellularity, and

Table A.1:

cartilage thickness. Immunohistochemical stainorgtype Il collagen
(an indicator of cartilage composition) and DAPElaar staining
(indicating chondrocytes presence) was performesieations spanning
the central cartilage contact (level 2-4) of thedrakjoint. The articular
cartilage (AC) and calcified cartilage (CC) of thedial tibial plateau
(MTP; dotted white lines), and medial meniscus (Mire manually
traced, and the total number of DAPI-positive celése counted in the
AC and CC. Cartilage thickness and chondrocyte mumias quantified
for each of four separate regions, quadrants 1 {@@ugh quadrant 4
(Q4), representing the innermost through outermexgbns of the MTP
AC, respectively. The degree of meniscal cove(djd width/AC
width; white arrows) was quantified with respecthe MTP joint
margin. Lastly, manual tracing of the extent o€hn cartilage damage
(including histological values ¢fl) across the width of the MTP was
performed (not shown in image). All analysis wadqrened in
MATLAB. A representative image of a control joiotiented with the
medial joint margin to the right is shown. Imagettaed at 20x
magnification, scale bar = 100pum.

Temporal quantification of cartilage daga scoring in DMM,
Contralateral, Sham and Age-Matched Joints.



Days
Post-
Surg
ery

14

56

84

112

Days

Post-

Surg
ery

14

Medial Femoral Condyle
(Width-Wise Score

DM DM Sham Age
M M -

Contr Mat
alater ched
al *

0.67 0.33+ 047+ 042
+ 0.07 0.20 +
0.3¢ 0.14

148 046 052+ "
+ * 0.11
1.0¢ 0.14

131 0.77 051+ "

+ * 0.08

0.3¢ 0.4¢

158 055 041+ 0.49
* * 0.08 +
0.46 0.12 0.27

2.16 0.52 0.56=* 0.47
+ * 022 +
0.80 0.19 0.06
3.27 049 0.38+ 0.40
+ * 0.02 +
1.32 0.07 0.14

*kk

Medial Femoral Condyle
(Deptr-Wise Score

DM DM Sham Age
M M -

Contr Mat
alater ched
al *

0.67 0.32 047+ 042
+ * 0.20 +
0.3z 0.07 0.1¢

141 047 052+ "
+ * 0.11
0.9¢ 0.1c

130 0.79 051+ "
+ * 0.08
0.3t 0.4c

20¢€

Lateral Femoral Condyle

(Width-Wise Score

DM DMM Sha Age

M Contr m -
alater Mat
al ched

t

055 0.65+ 0.47 0.39

+ 0.28 + +

0.14 0.1t 0.1¢

0.71 051+ 0.70 "

+ 0.27 +

0.3C 0.17

0.63 0.69+ 044 "

+ 0.36 =+

0.14 0.1¢

0.66 0.70+ 0.50 0.55

+ 0.24 + +

0.30 0.05 0.34

0.81 0.71+ 0.83 0.67

+ 0.21 + +

0.35 0.20 0.19

1.34 1.20+ 0.73 1.16

+ 0.46 + +

0.49 0.15 0.65

Lateral Femoral Condyle

(Deptt-Wise Score

DM DMM Sha Age
M Contr m -
alater Mat
al ched
1
0.55 0.65+ 0.47 0.39
+ 0.28 + +
0.14 0.1¢ 0.1¢

0.71 053+ 0.70
* 032 =+
0.3C 0.17
0.63 0.68+ 0.44
* 035 =
0.14 0.1¢



56 157 055 041+ 049 0.64 0.69% 0.43 0.55
* + 0.08 + + 021 + +
0.45 0.12 0.27 0.25 0.12 0.34
84 2.14 052 056+ 0.47 0.79 0.71+ 0.83 0.67
* + 0.22 + + 021 + +
0.83 0.19 0.06 0.31 0.20 0.19
112 295 049 0.38%+ 0.41 1.38 1.18+ 0.73 1.04
* + 0.02 + + 043 £ +
1.18 0.08 0.15 0.55 0.15 0.51
Medial Tibia Plateau (Width- Lateral Tibia Plateau
Wise Score (Width-Wise Score
Days DM DM Sham Age DM DMM Sha Age
Post- M M - M Contr m -
Surg Contr Mat alater Mat
ery alater ched al ched
al i i
3 0.70 0.47 0.73%= 0.42 0.70 0.69+ 0.83 0.51
+ + 0.0 + + 019 +
0.16 0.066 A 0.18 0.13 0.22 0.24
S
7 1.16 052 059+ " 088 0.77+ 092 "
* + 0.05 + 025 +
0.3C 0.14 0.2¢ 0.21
14 1.19 061 0.65% " 0.78 0.75+ 0.57 "
* + 0.06 + 0.16 =
0.4z 0.1¢€ 0.2C 0.04
56 1.64 055 0.63+ 0.56 093 0.76+ 0.77 0.68
* + 0.17 + + 023 £ +
0.58 0.10 0.31 0.22 0.12 0.26
84 259 0.60 0.61+ 0.63 098 1.01+ 1.10 0.80
* + 0.15 + + 034 £ +
0.98 0.24 0.15 0.34 0.31 0.11
112 3.33 063 0.86+ 0.74 1.07 1.03+ 0.96 0.74
* + 0.01 + + 037 £ +
1.35 0.18 0.37 0.34 0.12 0.21

*kk




Medial Tibia Plateau (Depth-

Wise Score
Days DM DM Sham Age
Post- M M -
Surg Contr Mat
ery alater ched
al ¥

3 0.70 047 0.73x 042
+ + 0.0% +
0.16 0.066 AM 0.18

S

7 116 052 059+ "
* * 0.05
0.3C 0.14

14 119 061 0.65% "
* * 0.06

047 0.1€
56  1.77 055 063+ 0.56
+ + 0.17 +
0.80 0.10 0.31
84 2.80 060 061+ 0.63
+ + 0.15 +
116 0.24 0.15

*kk

112 3.39 0.63 0.86+ 0.74
+ s 0.01 +
1.17 0.18 0.37

*kk

" = Significantly different from respective contrieal joint, p<0.05} = p<0.01;

Lateral Tibia Plateau
(Deptr-Wise Score

DM DMM Sha Age
M Contr m -

alater Mat
al ched
$
0.70 0.69+ 0.83 0.51
+ 0.19 + +
0.13 0.22 0.24

088 0.73+ 0.92 "

* 0.23 =

0.2¢€ 0.21

0.78 0.75+ 058 "

* 0.16 =

0.2C 0.04

093 0.76+ 0.77 0.68
* 0.23 = *
0.22 0.12 0.26

097 100+ 1.12 0.80
* 032 = *
0.33 0.33 0.11

1.10 1.03+ 0.96 0.72
s 040 + s
0.36 0.12 0.21

dkk

p<0.001;"" = p<0.0001; paired t-test, GraphPad Prism

€ = Significantly different from respective contri@eal joint, p<0.05; One-way
ANOVA, Tukey’s post hoc test, GraphPad Prism

S = Significantly different from respective Shamrjpip<0.05; One-way ANOVA,

Tukey’s post hoc test, GraphPad Prism

AM = Significantly different from respective age-nted joint, p<0.05; One-way
ANOVA, Tukey’s post hoc test, GraphPad Prism
* = Baseline (0d) values used for statistical comsparat 3, 7, and 14-days post-

DMM

21C



6+
slope = 0.83 slop ;: g ;g ,rQ’
(] r’=0.86 o ) L
8 4 e 3 4] o -
- ’ o ’/
(2] e o w e
S o o = % ?g%
o @’ 4 R4
w ’
o g7 8 /,6@0
O 2 =2 9
= =
slope = 0.98 slope = 1.0
r’=0.99 r’=0.99
0 , T ) 0 r y .
0 2 4 6 0 2 4 6

MFC Width DMM MTP Width Score

O DMM <=+ DMM Contralateral  4pBaseline

Figure A.2: Pair-wise comparison of width- vs. deptise semi-quantitative cartilage
damage scoring in the medial joint compartmentd@®rmine if a
preferences for overall width- vs. depth-wise eynal damage could be
observed following DMM, linear regression was paried on paired
semi-quantitative MTP and MFC cartilage damageescdsince
damages score® are identical in both scoring systems, an expecte
linear regression slope of ~1.0 for damage sce?Pesas observed.
However, for damage scores >2 we observed a gigiiérence towards
increased width-wise erosion compared to depth-imisee MTP, and no
preference in the MFC. Linear regression r2- avdlpes are shown for
values<2 and values >2; data for all groups are included.
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Figure A.3: Anterior-to-posterior distribution oépth-wise damage within medial
joint post-DMM. The distribution of semi-quantitedi depth-wise
cartilage damage scores in the medial femoral den@§~C; A.) and
tibial plateau (MTP; B.), from the anterior (le\iglto posterior (level 5)
of the central cartilage contact of the joint. 3anto the damage
distribution in the width-wise analysis, no spapatference for damage
was observed in the MFC; again, the MTP demonstsitmificantly
increased damage anteriorly compared to posteriigte time-points
(84- and 112-days). Results are presented as m8am#n = 5-10/time
point/group) where * = p<0.05 and # = p<0.10 (tneiwd paired t-test
between DMM and DMM contralateral joints at a givewel. Linear
regression r2- and p-values are shown for DMMtgoanly.
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Figure A.4: Quantification of changes in cartilaekness across the medial tibial
plateau post-DMM. The articular cartilage (AC) #mess in each
guadrant of the medial tibia plateau (MTP) was djfied, in MATLAB,
from traces of the AC in type Il collagen stainedtgons (level 2-4)
using a Euclidian distance transform. A statislcaignificant decrease
in AC thickness was only observed within MTP quat@at 84-days,
which confirms the observed cartilage erosionsis quadrant. Results
are presented as mean = STD (n = 5/timepoint/gradngye * = p<0.05
and # = p<0.1 (trend) for paired t-test between DisiM contralateral
joints.
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56-Day DMM
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Figure A.5: Histological sections demonstrating @néerior-to-posterior distribution
of cartilage damage post-DMM. Representative Safr@ifast green
stained sagittal sections taken from approximajebdrant 3 of DMM
injured and contralateral (control) joints. Foremriation, the femur is
located on the top, the tibia the bottom, the amtef the joint to the left
and posterior to the right. At 56-days post-DMMrthes clear anteriorly-
localized cartilage damage in the medial tibiagdatand to a lesser
extent in the medial femoral condyle. No appareaélization at 3-days
is observed in either the condyle or tibial plate®&dditionally, sections
at 3-day post-DMM highlight the lack of blunt swrgi trauma to the
articular cartilage during the DMM procedure. Whitadvertent damage
could cofound our findings, we are confident thatrsdamage is
minimal. Lastly, these images show the consistefiqur embedding
technique to fix all our joints at approximatelgtsame natural flexed
position. Images were acquired at 5x magnification.
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Quantification of Proteoglycan Content

To provide additional information regarding protg@gn amount (area) and
composition (intensity), we exploited the metachatimand stoichiometric binding
properties of Safranin-(Baf-0O) dye to proteoglycan molecl&s'¢2 After staining
slides with Safranin-O/Fast-Green/Hematoxylin, ieggvere captured at 5x
magnification under consistent settings and prazkess8-bit RGB color space via a
custom image processing algorithm in MATLAB. Allcsens were normalized to the
slide background (using complement values and actidn) and then thresholded
using a built-in MATLAB color thresholding applicah. Next, the articular cartilage
was manually traced, and then the Sabficular cartilage area and total articular
cartilage area was extracted to determine thevelamount (area) of proteoglycan.
Additional analysis was performed on thresholdedges to determine the
concentration of proteoglycans (indicated by thennity of Saf-Otissue). To do so,
all RGB pixels were converted into grayscale valed then averaged among all the
grayscale values of each pixel on a quadrant-byhaume basis; lower grayscale pixel
values indicate an increased proteoglycan condenmiraAs an internal staining
control for each slide, the region with maximumdilgrowth plate Saf-Ostaining
was traced, and then the average grayscale piket vaas determined. For the final

representative Saf-Ontensity in each quadrant, the following equaticas used:

SafOgp — SafOac
SafOgp

Where: SafOgp = growth plate Saf-@erage grayscale pixel value; and

SafO Intensity =

SafOac = articular cartilage Saf-@verage grayscale pixel value.
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Immunohistochemical Staining

For immunohistochemical staining of Ki-67, all €gdunderwent the following
procedure: i) antigen retrieval with 0.1% CitrBuaffer (pH 7.0) overnight at 60°C,; ii)
blocking with 1% bovine serum albumin in PBS; @taining with a primary goat anti-
mouse Ki-67 antibody (1:200 dilution; SC-7846, $a@tuz Biotechnology) overnight
at 4°C; and iv) detection with a donkey anti-go&xaFlour 555 secondary antibody
(1:400 dilution; A21432, Thermo Fisher Scientifioy 1 hour at room temperature.
For TUNEL staining, the manufacturer's (Moleculaolfes) recommended procedure
was followed. For all immunohistochemical stainiagtofluorescence was suppressed
via 0.1% w/v Sudan Black (FisherBioReagents) in #Panol for 30 mins and then
mounted with a DAPI-containing mounting media (TheFisher). Within 72 hours of
staining, overlapping images of the stained sestivare captured at 20x
magnification using an epifluorescent microscopri¢Observer.Z1, Carl Zeiss,
Thornwood, NY) and a digital camera (AxioCam Mr@js5) under consistent

settings, and then combined (tiled) using Zen sarféwZeiss).
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Figure B.1: Assessment Tissue Damage Across théhWiidhe Articular Cartilage
Following DMM-Injury and i.a.ZA Injection.(A.) Analysis of the
fraction of the medial tibial plateau articular tdage width exhibiting
damage (either surface damage or tissue erosesectively).
Uninjured joints exhibited a limited degree of dage surface damage
and no overt erosions. DMM-injury lead to a rapidwamulation of
surface damage (surface fibrillations and cleft&®ro-50% of the medial
tibial plateau by 7d, followed by the long-term acwlation of cartilage
erosions over ~25% of the cartilage. In jointstedavith repeated-
i.a.ZA, the appearance of superficial damage wasesdat delayed,
being significantly reduced at 7d compared to ated DMM-joints,
then catching up to the untreated DMM-joints by .1Rdpeated-i.a.ZA
suppressed the appearance of DMM-mediated erogidhs medial
tibial plateau cartilage at 84d. (B.) Width-wisetdage surface damage
analysis for the single-i.a.ZA treated groups. tyoiaceiving a single i.a.
ZA injection immediately after surgery (0d) exhdzdtdamaged surface
outcomes that were similar to untreated DMM-joiinten 7d onward,
while experiencing far worse surface erosions tivaneated DMM-
joints. Joints receiving a single i.a. ZA injectidd after DMM-injury
exhibited slightly suppressed cartilage surfaceatgprogression, but
no difference in the long-term size of DMM-mediatadtilage erosions.
Results are presented as mean + STD (n=5-10/timégmup) where: #
indicates p< 0.05 when comparing repeated-.i.aAntreated DMM; *
- p<.05 when comparing uninjured to untreated DMiifyjs; and % -
p<.05 when comparing single-i.a.gfo untreated DMM-joints.
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Figure B.2: Single-i.a.ZA Treatment Altered ArtiaulCartilage Area and
Proteoglycan-Rich Cartilage post-DMNA.) Both single-i.a.ZA
treatments led to decreases in the area of thrilaticartilage in Q1, Q2,
and Q3; Q4 cartilage area remained unaffected cahtdage thinning
associated with single-i.a.ZA joints was attriblgaio loss of articular
cartilage height and the development of erosidhg.Assessment of
Safranin-O positive (Saf-Q) cartilage tissue areas across the medial
tibial plateau suggested that neither single-i.aiZjéction altered the
evolution of proteoglycan (PG)-rich cartilage tisfallowing DMM.

(C.) Furthermore, in the PG-containing areas, @ecBncentration (i.e.
Saf-O staining intensity relative to the Saf-@tensity of the growth
plate) was consistently reduced in both singléAareatment groups.
Results are presented as mean + STD (n=5-10/tim#gmup) where: #
indicates p< 0.05 when comparing repeated-.i.aZéntreated DMM; *
- p<.05 when comparing uninjured to untreated DMifyjs; and % -
p<.05 when comparing single-i.a.gfo untreated DMM-joints.
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Figure B.3: Single-i.a.ZA Administrations Drove laion-Dependent Changes in
Articular Cartilage Chondrocyte Presence and thralver of
Proteoglycan-Rich Chondrons Post-DMM. (A.) Countiog a quadrant-
by-quadrant basis, the number of hematoxylin-pasithondrocytes in
H&E stained sections indicated that single i.a.Agections at both 0d or
7d drove consistently larger loses in chondrocyalmer than in
untreated DMM-joints, especially in Q1, 2, andB.)(The number of
chondrons exhibiting PG-rich (Saft{Operi-cellular halos was elevated in
the peripheral quadrants (Q1 and Q4) of all ofdingly-injected joints
when compared to untreated DMM-joints. Resultgoaesented as mean
+ STD (n=5-10/timepoint/group) where: % indicates(b when
comparing single-i.a.Z& to untreated DMM-joints; and $ - when
comparing single-i.a.ZA to untreated DMM-joints.
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Figure C.1: Assessment of Periarticular Calcifiesstie Changes in the Tibiofemoral
Joint Following DMM and Single-i.a.ZA Treatmenta.Y 3D u-CT
renderings of representative knee joints followagh DMM and single-
l.a.ZA treatments illustrated the extrusion andunétric increase of the
medial meniscus (red), and the spontaneous formafiectopic bone
(blue) in all joints. (B.) Quantitative analysiglinated similar increases
in meniscal tissue volume relative to untreated Dijdivits and
increased bone volume fractions at earlier timatsoin addition, the
development of ectopic bone and its structureyésslume & bone
volume fraction) was similar among both singledAagroups and
untreated-DMM joints. Results are presented as me&hD (n=3-
5/timepoint/group) where: % indicates p<0.05 cormgasingle-i.a.ZAq
to the untreated DMM-joints at that timepoint; éhdomparing single-
I.a.ZAz7q to the untreated DMM-joints at that timepoint.
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Figure C.2: Assessment of Periarticular Calcifiesslie Changes in the Tibiofemoral
Joint Following DMM and Single-i.a.ZA Treatmenta.Y 3D m-CT
renderings of representative knee joints followsagh DMM and single-
l.a.ZA treatments illustrated the extrusion andunetric increase of the
medial meniscus (red), and the spontaneous formafiectopic bone
(blue) in all joints. (B.) Quantitative analysidinated similar increases
in meniscal tissue volume relative to untreated Divts and
increased bone volume fractions at earlier timafgoin addition, the
development of ectopic bone and its structurey@sslume & bone
volume fraction) was similar among both singledfA&agroups and
untreated-DMM joints. Results are presented as me&hD (n=3-
5/timepoint/group) where: % indicates p<0.05 cormgpsingle-i.a.ZAqd
to the untreated DMM-joints at that timepoint; éhdomparing single-
l.a.ZAzq to the untreated DMM-joints at that timepoint.
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Figure C.3: Meniscal Changes Associated with Singl@A Treatments Post-DMM.
(A.) Safranin-O stained sections qualitatively highleghthe meniscal
extrusion and changes in meniscus size and protesngldistribution and
intensity that accompany DMM injury in the untregtand single-i.a.ZA
treated joints. These representative images weya@rac from the
anterior region (level 2) of the joint at 10x mdgration. Quantitative
histological analyses highlighted that neither indrage- or delayed-
single-i.a.ZA administration markedly influencedBieniscal coverage
or (C.) meniscal size (area) post-DMM, but singéeAA injections did
drive increases in the relative proportion of Safafea (proteoglycan-
rich tissue) present and the relative stainingisity of these Saf-O
areas. Results are presented as mean + STD (na8pdint/group)
where: % indicates p<0.05 comparing single-i.azA the untreated
DMM-group at that timepoint; and $ comparing singé&eZAzq to the
untreated DMM-group at that timepoint.
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Figure C.4: Osteophyte Maturation is Delayed Foil@m\Single-i.a.ZA Treatment
Post-DMM.(A.) Safranin-O stained sections demonstrateddh@adtion
and transition of osteophytes from a cartilage-té&saplate into bone
along the medial tibial plateau joint margin (rigtitolack lines) of
singly-i.a.ZA injected DMM-joints. These represdia images were
acquired from the anterior region (level 2) of jhiat at 10x
maghnification. (B.) Semi-quantitative osteophytersay indicated a
significant delay in osteophyte maturation follogiieither single-i.a.ZA.
treatment when compared to untreated DMM-joints) (Tantitative
analysis revealed that single-i.a.ZA treatmentsidaffect the size of
the osteophytes that formed post-DMM but did inseethe retention of
Saf-O area (proteoglycan-rich tissue) and a delayedraatation of
Saf-O area (bone tissue) post-DMM. Within these Safageas, neither
of the single-i.a.ZA treatments influence the tes¢evel staining
intensity of these Saf-(Qproteoglycan rich) tissue regions. Results are
presented as mean = STD (n=3-5/timepoint/groupy&¥ indicates
p<0.05 comparing single-i.a.4Ato the untreated DMM-groups at that
timepoint; and $ comparing single-i.a.ZAo the untreated DMM-groups
at that timepoint.
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Figure C.5: Joint Synovitis is Not Altered by Siegla.ZA Treatment Post-DMM.
(A.) Safranin-O stained sections demonstrate teegurce of joint
synovitis (black arrows) within the medial compagtihfollowing
DMM, which was not suppressed by either singledA.injection.

These representative images were acquired frorarttezior region

(level 2) of the joint at 10x magnification. Ostégpes forming along the
medial femur are indicated by the tissue to thetraf black lines. (B.)
Semi-quantitative synovitis scores confirmed thaligative impressions.
Results are presented as mean + STD (n=3-5/timégmuap) where: %
indicates p<0.05 comparing single-i.agéAo the untreated DMM-group
at that timepoint; and $ comparing single-i.az£# the untreated DMM-
group at that timepoint.
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Figure C.6: Zoledronic Acid Clearance in Uninuredlde Knee. Fluorescently-
tagged zoledronic acid (ZA) was injected into naiv@njured murine
knees to determine the clearance of ZA from thet jgpace over 7 days
(120-hours) using IVIS imaging. (A.) Images of Z&drescent signal
from 0, 2, and 120-hours (7-days) post-injectiaghhight the loss of ZA
from the joint over time (pseudo colored; yellovegn indicates more
ZA while blue is less). (B.) Quantification of taorescent-ZA signal
in the injected and non-injected knee confirmed<Zé&kearance from the
joint. Note the rapid clearance of ZA from the jdny 4-hours, but ZA
still persists in the joint by 120-hours. (C.) Tihtact and disarticulated
knee highlight the presence of ZA (non-pseudo ealpafter 120-hour
within the joint space, cartilage, and isolated is&r(small white tissue).
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Figure D.1: Demonstration of Cell Cycle performea Flow Cytometry and Image-
Based. The top portion of figure highlights the DNtaining (Drag5 and
Hoescht) histograms obtained via flow and imagesta¥vhile slightly
different in the overall shapes, the general pated trends still hold
true. The bottom demonstrates the resulting cellecgercentages as a
function of technique and ZA concentrations.
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authors and tacitly or explicitly by the responsible authorities where the work was carried
out, and that, if accepted, it will not be published elsewhere in the same form, in
English or in any other language, including electronically without the written consent of
the copyright-holder.

Multiple, redundant or concurrent publication: An author should not in general publish manuscripts describing
essentially the same research in more than one journal or primary publication. Elsevier does not view the following
uses of a work as prior publication: publication in the form of an abstract; publication as an academic thesis;
publication as an electronic preprint. Note: some society-owned titles and journals that operate double-blind review
have different policies on prior publication. Information on prior publication is included within each Elsevier
journal’s guide for authors.
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CEIVED

|

University of Delaware !
Institutional Animal Care and Use Committee JUN 21 201 j
i

Application to Use Animals in Research and Teaching LA 1 55{

(Please complete below using Arial, size 12 Font.)

Title of Protocol: Bisphosphonates in the prevention of post-traumatic
osteoarthritis.

AUP Number: 1252-2013-0 € (4 digits only — if new, leave blank)

Principal Investigator: Dr. Christopher Price

Common Name: Mice

Genus Species: Mus musculus

Pain Category: (please mark one)

USDA PAIN CATEGORY: (Note change of categories from previous form)
Description

Category
B Breeding or holding where NO research is conducted

L] C Procedure involving momentary or no pain or distress

XD Procedure where pain or distress is alleviated by appropriate means
(analgesics, tranquilizers, euthanasia etc.)

e Procedure where pain or distress cannot be alleviated, as this would
adversely affect the procedures, results or interpretation

Official Use Only

~
]
/ c 7,
TACUC Approval Signature: /%/-g__\ ; @/ /f{\_._. 7D(/W

Date of Approval: (:/ Z Y / L3
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University of Delaware
Institutional Animal Care and Use Committee

Annual Review i

Title of Protocol: Bisphosphonates in the prevention of post-traumatic osteoarthritis

AUP Number: 1252-2014-1 < (4 digits only)

!

Principal Investigator: Dr. Christopher Price

Common Name: Common Mouse

Genus Species: Mus musculus

Pain Category: (please mark one)

USDA PAIN CATEGORY: (Note change of categories from previous form)

Category Description

OB Breeding or holding where NO research is conducted

e Procedure involving momentary or no pain or distress

aoxp Procedure where pain or distress is alleviated by appropriate means (analgesics,
tranquilizers, euthanasia etc.)

OE Procedure where pain or distress cannot be alleviated, as this would adversely
affect the procedures, results or interpretation

Official Use Only

IACUC Approval Signature: /%‘. ’/gy%» / D!/M

L Date of Approval: 6 ’/ //?/
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RECEIVED

University of Delaware

Institutional Animal Care and Use Committ APR 7 2015
Annual Review AT I
E"‘_:-_e_‘gf LI 2 T

Title of Protocol: Bisphosphonates in the prevention of post-traumatic osteoarthritis.

AUP Number: 1252-2015-2 € (4 digits only)

Principal Investigator: Dr. Christopher Price

Commeon Name: Mice

Genus Species: Mus musculus

Pain Category: (please mark one)

USDA PAIN CATEGORY: (Note change of categories from previous form)

Category Description
OB Breeding or holding where NO research is conducted
ac Procedure involving momentary or no pain or distress
Oxp Procedure where pain or distress is alleviated by appropriate means (analgesics,

tranquilizers, euthanasia etc.)

OE Procedure where pain or distress cannot be alleviated, as this would adversely
affect the procedures, results or interpretation

Official Use Only W

TACUC Approval Signature: — 7 ///‘/Lx

Date of Approval: & L/ eved
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University of Delaware
Institutional Animal Care and Use Committee

APR 13 2016
Application to Use Animals in Application to use animals in Research

(New and 3-Yr submission)

Title of Protocol: Bisphosphonates in the prevention of post-traumatic
osteoarthritis.

AUP Number: 1252-2016-0 < (4 digits only — if new, leave blank)

Principal Investigator: Dr. Christopher Price

Common Name (Strain/Breed if Appropriate): Mice; C57BL/6J

Genus Species: Mus musculus

Date of Submission: 04/12/2106

Official Use Only

/A
s /FA
IACUC Approval Signature: \/ / V7 . )W
li
Date of Approval: ﬁ/f//l//é

23¢€



University of Delaware
Institutional Animal Care and Use Committee

Annual Review MAY § 1 ZE’I@

*When entering data, text boxes that allow multiple lines will have a scroll bar. After
completing entry, click anywhere outside the text box to see the expanded field.

Bisphosphonates in the prevention of post-traumatic
osteoarthritis

AUP Number (4 digits only):| 1252 - 313 -

Principal Investigator: [Christopher Price J

Title of Protocol:

Common Name: |M0use; C57BL/6) I

Genus Species: lMus musculus T

Pain Category
USDA PAIN CATEGORY (Note change of categories from previous form)
€ Category B: Breeding or holding where NO research is conducted

¢ Category C: Procedure involving momentary or no pain or distress

& Category D: Procedure where pain or distress is alleviated by appropriate
means (analgesics, tranquilizers, euthanasia, etc.)

€ Category E: Procedure where pain or distress cannot be alleviated, as this
would adversely affect the procedures, results, or interpretation

IACUC approval of major changes to an animal protocol must be
reviewed and approved prior to initiating the work.

Official Use Only

e
IACUC Approval Signature: Vﬂf

Date of Approval: (_Ql | , l’}




University of Delaware RECEIVED
Institutional Animal Care and Use Committee AFR 9 3 2018
Annual Review LACHIC
; AL
]

Title of Protocol: Bisphosphonates in the prevention of post-traumatic
osteoarthritis.
AUP Number: 1252-2018-2 € (4 digits only)

Principal Investigator: Dr. Christopher Price

Common Name: Mouse; C57BL/6J

Genus Species: Mus musculus

Pain Category: (please mark one)

USDA PAIN CATEGORY: (Note change of categories from previous form)
| _Category Description

OB Breeding or holding where NO research is conducted

oc Procedure involving momentary or no pain or distress

X D Procedure where pain or distress is alleviated by appropriate means (analgesics
tranquilizers, euthanasia etc.)

OE Procedure where pain or distress cannot be alleviated, as this would adversely
affect the procedures, results or interpretation

Official Use Only

IACUC Approval Signature; / a‘_‘//é'\ I D VVL‘
N = )
Date of Approval: LD = l. v \ %
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