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Abstract

Regenerative Engineering of the Temporomandibwlist J
in a Porcine Model

David Chen

Joint disorders significantly affect quality ofieliand present unique challenges for
tissue engineering. In the craniofacial space, espkcially for the temporomandibular
joint (TMJ), there is an unmet need for anatomycgliecise and mechanically robust
cartilage and bone tissues to recapitulate natimetion. Current surgical reconstruction
methods, whether using autologous or syntheticoaopti suffer from imprecision,
comorbidities, complications, and frequently regusubsequent operations. Furthermore,
many craniofacial graft efforts have focused on rionphg bone without addressing
cartilage, which is essential to proper TMJ funeti®hus, there is a compelling need to
engineer a human-sized, biologically and anatonyicalatched cartilage-bone TMJ

replacement.

This dissertation demonstrates the ability to gateesuch a graft with native-like
properties in a human-sized large animal modeldmyuging on two aims: (i) establish
methods to fabricate and culture anatomically smeautologous cartilage-bone grafts
(Aim 1), and (ii) show improvement of graft perfance after six months implantation

vivo compared to previous methods, controls, and néitgae (Aim 2).



Using Yucatan mini-pigs as a human-sized modelyaimus-condyle unit (RCU),
a geometrically intricate portion of the mandibtegrimary load bearing section of the
TMJ, was targeted for reconstruction. Scaffoldsenereated using computer tomography
(CT) image-guided micromilling of decellularized e matrix, then infused with
autologous adipose-derived chondrogenic and ostéogeogenitors. These biological
constructs were then culturadvitro in a novel dual-perfusion bioreactor befamevivo
implantation. Similarin vitro culture of representative constructs done in feral
demonstrated cell attachment and some differeaotiafifter six months implantation, the
dual cartilage-bone RCU grafts maintained theirdpfimed anatomical structure and
regenerated full-thickness, stratified, and meatwelhyi robust cartilage over the underlying
bone, to a significantly greater extent than eithene-only grafts or acellular scaffolds,
and showed remarkable similarity to native tissuagthermore, tracking of implanted cells

enabled additional insights into the progressionasfilage and bone regeneration.

The methods and results established in this degsar form a promising basis for
the next evolution in engineering full-sized, patispecific, and biologically and

mechanically robust TMJ replacements.
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sections (left) and transverse ramus cross secfr@i#). High magnification images
taken from indicated areas on low magnification tises. Negative
immunohistochemistry shown to account for nonspedackground staining, with
darker brown staining in positive immunohistochdngispanels indicating GFP-
positive cells. GFP-tagged chondrogenic and osteogprogenitors were present
throughout the graft after 6 montimsvivo. GFP-tagged progenitors were not located in
native tissue surrounding the graft (section 6al&bars 100 um high magnification, 5
MM 1OW MAaGNIfICALION. ....eiieeiiiiiiie e e e e e e e e e e e e e e eereennnnneeeerannnes 99
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Chapter 1

Background

1.1 Cartilage and Bone Development
During fetal development, cartilage and bone foramatire tightly linked in the

process of skeletogenesis. First, cartilage fownatis initiated by migration and
condensation of mesenchymal progenitor cells. Prior differentiation, these
condensations are mediated by morphogenetic aresethfactors, which control for size
and location while upregulating expression of chrogdnic genegl). Condensations are
committed to differentiation through a combinat@frdownregulation of genes associated
with cell aggregation, and upregulation of genes jaroteins that promote chondroblast
formation, such as bone morphogenetic proteinsd24afirig. 1-1). Chondroblasts further
differentiate to chondrocytes through interplaywestn Indian hedgehog protein and

parathyroid hormone related peptde 2)

Bone is created under one of two processes. Thecifniofacial bones and
clavicles develop via intramembranous ossificatwhereby clustering of mesenchymal
progenitor cells leads directly to osteoblast asigacyte formation. The majority of long
bones form through endochondral ossification, imciicartilage tissue as described above
is replaced by bone. After a cartilaginous modelths# bone (anlage) is constructed,
chondrocytes in the center of the shaft undergeehygphy and apoptosis while altering

their secreted extracellular matrix to allow fornemalization. These changes allow for
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invasion by blood vessels and attachment of oséstdl which bind to the degenerating
cartilage and deposit bone matrix. This ossificattontinues toward the ends (epiphyses)
of the cartilage through arrays of proliferatingyplrtrophic, and mineralizing
chondrocytes. After birth, a secondary ossificatcemter forms at the epiphysis. The
epiphyseal plate continues to form new cartilag®ugh young adulthood, which is

replaced by bone, enabling increases in bone Igifigh 1-2)(1, 2).

Syndc N Stop
= ol / Growth
IR \(
| N
\ Activin FN \Z,’
3 N-CAM
Syndecan
Tenascin - s BMP-2,4,5
Hoxaz2 B } Differentiation
: Msx-1, 2 At

o=

CFKH-1

Hox d-11, 12,13
MFH-1, Sox-9 Osf2/cbfal
Scleraxis, FN (IIIA)
Hox d-11, FGF-2 Hox a-2, Hox d-11
, t

Hox a-2 Shh

N-CAM Pax-2 <= BPM-7 «~

N-cadherin BMP-2, 4/

— Noggin ‘Stop

Growth

Figure 11. A summary of major genes associated with thgestaof mesenchyn
condensation during cartilage development: Initis@et Boundary, Proliferate, Adhe
Grow, and Differentiate. Adapted from Hall et(4).

The formation of a synovial joint (diarthrosis)éss well understood, but likewise
begins in the cartilaginous anlage, where unknopstream mechanisms prescribe the
joint location and recruit new cells to create ateiizone, from which differentiation,

cavitation, and morphogenesis eventually resuthexmature joint capsule (Fig. 1-3,

4). Interestingly, recent research has shown thatlewimdergoing this process, the



interzone cells differentiate into articular chooclytes and may be responsible for some
or most of the final cartilage present, in contnagh the traditional view that articular

cartilage represents the part of the anlage tlthhdi undergo endochondral ossification
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Figure 1-2 Schematic diagram of endochondral ossificationeséhchymal ce
concknsations differentiate and form the cartilaginouedel of the bone. Chondrocy
undergo hypertrophy, apoptosis, and mineralizer teeiracellular matrix, which allows
blood vessel infiltration. Osteoblasts then bindhe degenerating cartilage andodsif
bone matrix. Bone growth continues along theseepatof chondrocyte proliferatic
hypertrophy, and mineralization Secondary ossificethen occurs. Adaptdtom Gilber
et al(2).
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1.2 Temporomandibular Joint Development

Notably, the temporomandibular joint (TMJ) has aque and more complex
development cycle compared to the typical limb jdormation described above. First,
while most joint cavities are fully formed by eighieeks into gestation, the TMJ develops
later, not starting until about seven weeks. Secorglead of cleavage of one cartilage
anlage, the TMJ is formed by at least two and fa@thy three separate mesenchymal
condensations, known as blastemas. One blastema #drthe glenoid fossa and the other
at the mandibular condyle. A third potential blastefrom a separate mesenchymal
condensation between the fossa and condyle mayiga/é the articular disc, while some
believe the disc directly derives from separatiboadls from the condyle surface (Fig. 1-
4). As there is no signature marker for early dits, it is currently impossible to conclude

the disc’s precise origin, which continues to bmajor unanswered question. At nine to
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eleven weeks, cavitation occurs, driving blastenfieréntiation and forming the joint
space. By 20 weeks endochondral ossification aridlacge are visible, though even at birth

the TMJ is still relatively underdevelopégh-11)

Finally, the mandibular condylar cartilage is acs®tary cartilage with a distinct
origin and development compared to other primaryilages. While the latter grow via
interstitial cell proliferation, secondary cartiagrows via appositional proliferation. It is
believed to be derived from periosteum, which aisy contribute to the presence of a

distinct superficial fibrous layer dominated bylagen 1(8, 12, 13)
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Figure 1-4 Schematic diagram of TMJ development. In thisdtlgpsize model, three indepenc
mesenchymal condensations contribute to the glefasida of the temporal bone (TB),
mandibular condyle cartilage (MCC), and the aracudisc (AD). Each proliferates ai
differentiates to form the complete joint spaceapigdfrom Kubiak et a(11).

1.3 Clinical Problems and Current Treatment Limitations

The TMJ is a complex and highly loaded joint imated in many craniofacial
diseases and disorders. It is estimated that ldlomipeople in the United States alone
suffer from TMJ dysfunction, which can significantlaffect respiration, speech,

mastication, self-image, and other essential quafitife parameter§l4). While the body



has the capacity to heal small bone defects, ldefects cannot be bridged. Furthermore,
damaged or missing condylar cartilage cannot reg#meln severe cases, surgical
reconstruction is the only option to treat pain eegtore function. A wide range of causes
may necessitate reconstruction, including congendtefects such as hemifacial
microsomia (Fig. 1-5), damage to the joint dueraunatic injuries or neoplasms, or
resorption of the joint due to arthritis, juvenileflammatory arthritis, or idiopathic

condylar resorptiol(l5).

All current treatments have limitations. Steroigeations provide only temporary
relief, with some patients experiencing recurrirggnpwithin two monthg16). Surgical
interventions such as condylectomy, that are masnhneonly used for condylar
hyperplasia, produce varying results and do nbt felstore TMJ functiofl 7—-19) In fact,
one study indicated that condylectomy patients terekperience more TMJ problems and
postoperative pain compared to untreated con{&0% Autologous transplants such as
costochondral grafts and fibular flaps, mostly usedarge mandibular defects, are limited
by the volume of donor tissue and donor site matpi21-23) In general, these
transplants are thinner and simply-shaped—only abléridge critical-sized defects,
unable to mimic the complex surrounding architegtand lacking a suitable cartilage

replacement (Fig. 1-6).

Finally, synthetic options have problems as welie Treflon-Proplast total joint
replacement, which was pulled from the market mibian thirty years ago, induced

foreign-body giant cell reactions in most patientsth erosions of the glenoid fossa



sometimes extending into the middle cranial fo€3§ 25) The more recent Zimmer
Biomet stock prosthesis and TMJ Concepts patieritimed device have shown early
success, but future studies with larger cohorthasgled to assess long-term outcomes, in
particular the effects of altered joint loading hwélloplastic replacemen{g6, 27) More
recently metal hypersensitivity and nickel alleftggve caused concern among surgeons
using these systems, with up to 17% of individdraging metal allergie€8, 29) Metal
hypersensitivity to an implanted joint prosthes@én ananifest as localized dermatitis,
swelling, pain, joint effusions, and prosthesiduia. Lastly, there is not yet a synthetic
cartilage mimic that reproduces native-like tritigpt@l and mechanical properties, though
recent work has succeeded in creating a matertalwiich more cartilage-like properties
than previously reporte80). Taken together, these considerations make thel@mwent

of an autologous, anatomically precise, bioenge@emandibular condyle joint

replacement all the more compelli(®1L).

Figure 1-5. X-ray image of a child with hemifaciaicrosomia. Congenital absence of the ramus
and condyle are visible. Adapted with permissiamfDr. Sidney Eisig.
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Figure 1-6. Anatomy of a fibular free flap transplavith attached skin , muscles, and blood vessels
(left); example of large segmental defect with fdlap inset (right). Adapted from Bak et(ap).

1.4 Bioengineering Research Developments

Engineered tissue constructs offer bioinspired paient-tailored approaches to
the reconstruction of the structural and biologicaiponents of the graft. Many initial
efforts have focused on tissue-engineered bon¢éhtomandible, but not cartilage. One
recent study proposed am “vivo bioreactor” strategy for repair of a large mandaoul
defect in a sheep model, allowing morcellized bndevelop against the rib periosteum
prior to reconstruction of the defect (Fig. 1(32). While the generated bone had robust
biological and mechanical properties, the shapgb@bioreactor and manufactured defect
were of a simple box design, necessitating mormiessitto mimic more complex geometry
(although the 3D-printed nature of the bioreactould enable other designgAnother
study in an ovine model developed synthetic griaitseplacement of the orbital floor,

8



resulting in neovascularization and bone morphogjen@ig. 1-8)(33). This approach,

utilizing biodegradable poly (trimethylene carba)atioaded with hydroxyapatite,

performed better than traditional titanium meshesich formed fibrous capsules.
Additionally, the implants were custom made to aispecific geometries through
stereolithography, enabling a high degree of pmaeisvith more complex designs.
However, the grafts were solely comprised of syithmaterial and did not contain any
cells, relying on native cell infiltration for heia$) and integration. As the implants were
thin (about 5 mm), this was likely not a signifitgoroblem, but for larger and thicker
constructs studies have shown inclusion of autalsgmells can improve upon acellular

results.

Figure 1-7. Schematic of an vivo bioreactor strategy for reconstruction of a bondipo of the
mandible. At week 0, a defect was made in the nid@dind 3D-printed bioreactors filled with
autologous bone were implanted against the petiosi&f the rib. The mandibular defect space
was preserved by insertion of the space maintalieweek 9, bioreactors were harvested for
analysis or for use as vascularized free flapsandible reconstruction. At week 21, the mandibles
were harvested for analysis. Adapted from Tataed @2).



Figure 1-8. Schematic of study design to repaiephabital floor. Scans of sheep anatomy were
used with stereolithography to create a patientifipe biodegradable poly (trimethylene
carbonate) (PTMC) implant, loaded with 40 wt % loydrapatite (called Osteo-PTMC). After
implantation, these were compared to hand-shageditm mesh implants. Adapted from
Guillaume et a(33).

Notably, our lab previously reported a study in &tam minipigs, in which we
engineered bone grafts for reconstructing the racouslyle unit (RCU), a large bone
segment about 3 cm wide by 6 cm long, and 2.5 ock &t the condylar hea¢34). Using
computed tomography (CT) scans, the grafts weragaly micromilled to each minipig’s
anatomic shape from decellularized bovine femuetddocks. These customized scaffolds
were then seeded with autologous adipose stromis aed cultured in a perfusion
bioreactor to create a living bone implant (Fig9)1-Over three- and six-month

implantation periods, these engineered bone gshitsved regenerative advantage over
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acellular scaffolds and condylectomy controls inltiple metrics, including greater bone
volume, more gradual graft resorption, and incrdasescularization, suggesting that the
incorporated autologous stromal cells contributedsticcessful integration and tissue
regeneration. Consistently, the rates of bone ptieor and replacement appear more

balanced in cellular than acellular engineeredtg(ab).

Figure 1-9. Schematic of engineered bone graftsRGU replacement in a pig. Computed
tomography (CT) scans and adipose stromal cells vagken from each pig. Patient-specific
scaffolds were milled from decellularized bovinenbaising the CT data. The autologous stromal
cells were seeded into each respective scaffolccaltdred in a perfusion bioreactor. Finally, the
engineered bone graft was implanted the recipiemal. Adapted from Bhumiratana et(84).

Despite advancements in bone engineering, few estudiave focused on
reconstruction strategies that incorporate a eaggillayer over the underlying bone. The
condylar cartilage of the TMJ is essential to iecimanical function, providing resistance
to compressive loading and frictionless articulatiin therapeutic approaches to TMJ
repair, cartilage regeneration is often the cengl, as cartilage is the tissue being

degraded in conditions of arthritis or idiopathandylar resorption. Evidence also shows

11



that destruction of the condylar cartilage distuHescapacity of the underlying mandibular
bone to undergo endochondral ossification, furtlenonstrating the intimate relationship

between the two tissu¢36).

Due to the lack of techniques to engineer bothlage and bone together in one
construct to enable total joint repair, many presgigtudies have only demonstrated repair
of defects more distal from the condylar head. Wisibme studies have demonstrated
repair of small, localized cartilage defects, thadry not offer scalability forin vivo
regeneration of the whole condylar h€ad). In our previous work, implanting engineered
bone-only RCU grafts in pigs resulted in the forimabf a thin layer of cartilaginous tissue
on the condylar head, but this tissue lacked thealzarganization, biochemical
composition, and low friction coefficient of nativieMld condylar cartilag€34). Our lab
has done other work in engineering neocatrtilageare scaffolds, but these methods have
not been validatenh vivo, and regeneration of condylar cartilage with redike structure
and mechanical properties in a large TMJ defectritasbeen demonstrated (Fig. 1-10)

(37-39)
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Figure 1-10. (a) Schematic of condensed mesenchigoty (CMB) fusion on a bone scaffold.
CMBs are formed from condensing adipose stromdk dato small beads with cartilaginous
properties. (b) CMBs fused and adhered to an eraptffold after 5 weeks cultivation. (c-r)
histological and immunohistochemical stains of CMBer shows positive signs of neocartilage
formation. Scale bars 500m in low-magnification images (c, g, k, and o) &@ m in high-
magnification images (d-f, h-j, I-n, and p-r). Adeg from Bhumiratana et &38).
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Chapter 2

Goals, Rationale, and Approach

2.1Goals

There is a pressing need for replacement of bo¢hcbndylar cartilage and
underlying bone in large-scale TMJ replacementr&urmethods generally investigate
cartilage in vitro, or address only bone and fail to achieve naike-Icartilage
recapitulationin vivo. The parameters to engineer and culture a largeadutilage-bone
graft have not been defined, presumably due in fmathe difficulties in engineering
neocartilage, as well as the markedly differentusel conditions required by chondrogenic
and osteogenic tissues. Furthermore, it is unknahat the effect implantation of such a
graft would have, and whether recapitulation ofiveatike properties is possible,
particularly in a large animal model with humareliknastication patterns. Efficacy of
replacement would need to be assessed comprehigreimeg a variety of biological and

mechanical metrics.

The goal of this dissertation is to establish a proceduorergineer large patient-
specific, autologous cartilage-bone RCU grafts, asgkss th@ vivo effects of these dual-
tissue grafts on integration, replacement, and megaion of the TMJ condyle after

implantation in a minipig model.
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2.2Hypothesis

The proposedhypothesigs that graft replacements for large RCU defeetpiire
both cartilaginous and bone tissue, and implamatd such grafts will assist in the
formation of more native-like condylar cartilage darsubchondral bonen vivo.
Specifically, development of a dual-perfusion crédtsystem will allow for simultaneous
maturation of osteogenic cells in the RCU scaffotd chondrogenic cells in the condylar
surface. After implantation in a minipig model, ghtcombination will provide the
appropriate biochemical and mechanical cues faveaegeneration of both tissues, and
improve upon previous results utilizing acellulaafolds or grafts with osteogenic cells

only.

2.3Overall Approach and Specific Aims

The overall investigational approach was to develapethod for precisely and
reliably engineering custom, autologous cartilagaebRCU grafts, and to study timevivo
outcomes of implanting these grafts in a minipig. dchieve that, the research in this
dissertation was divided into two coordinated aif)®stablish a process to create patient-
specific RCU grafts using CT scans to mill deceltided bovine bone into scaffolds,
seeding with chondrogenic and osteogenic progemigtls, culturing in a novel dual-
perfusion bioreactor, and showing that these coatstrmaturen vitro (Aim 1); and (ii)
implant these grafts and after six monthsvivo assess and show that the regenerative
outcomes, in particular with regards to the striectand performance of the condylar
cartilage, are superior in the cartilage-bone greftmpared to the bone-only and acellular

equivalents (Aim 2).
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Aim 1: Develop animal-specific, autologous, dual calage-bone RCU grafts

Rationale

Precise, large RCU scaffolds seeded with autologmisogenic cells and cultured
in single-perfusion bioreactors have previouslyrbeeagineered in our lab and shown
promising results for bone formation. At the samneefin vitro research has shown the
ability of adipose stromal cells (ASCs) to condems® mesenchymal bodies which
undergo chondrogenic differentiation and form netlege. However, a dual RCU
construct combining these methods, with both ogtemgcells throughout the scaffold, and
neocartilage at the condylar surface, has notgenlengineered. The addition of the latter
would represent a step forward toward a more coxguhel complete osteochondral graft.

This aim investigates the feasibility and stepsreate such a graift vitro.

Approach

Animal-specific scaffolds were milled from bovineniioral bone blocks using CT
scans of each pig’'s head, then decellularized. @aheous adipose tissue from each pig
was isolated for stromal cells and expanded to igeovan autologous source of
chondrogenic and osteogenic cells. Scaffolds weeded with both cell types (utilizing a
pellet pressing method to embed chondrogenic oellhe condylar surface) and cultured
in a novel dual-perfusion bioreactor designed tvjle optimal growth conditions for

each region. Smaller cylindrical constructs not méar implantation were engineered and
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cultured similarly, and examined for cell attachinand maturation. Acellular scaffolds

and grafts seeded with only osteogenic cells wegineered and assessed in parallel.

Aim 2: Implant cartilage-bone RCU grafts and evalude in vivo outcomes

Rationale

Bone-only engineered grafts in a minipig modelvetd bone regeneration and
integration, but formed minimal condylar cartilag@plantation of a dual cartilage-bone
RCU graft has not been attempted, and it is unknbaw much benefit, if any, the
additional cells will have. However, as celluladzgone constructs perform bettervivo
than acellular scaffolds, it is also reasonablehypothesize that the addition of
chondrogenic cells to a graft would further aicatreent of a large defect in the TMJ, a
region where there appears to an important cororebtween the condylar cartilage and
underlying bone. Furthermore, it is unclear how iasting effect the seeded cells in the
graft have on long-term healing. This aim invedegahe effects of cartilage-bone grafts
on RCU restoration, as well as exploring the preseand migration of initially seeded

cells after implantation.

Approach:

Cartilage-bone RCU grafts and corresponding boarig-and acellular controls
were implanted in matched minipigs on the left siighe jaw by expert maxillofacial
surgeons and allowed to heal over six months. T@d Rnplant and surrounding bone, as

well as the contralateral native right RCU, werecisad. Grafts were evaluated
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histomorphologically, biochemically, and mechanicdhitially seeded cells were tagged
with green fluorescent protein (GFP) and stainedafter explantation. Additionally, the
minipigs were injected with oxytetracycline at theee months to enable visualization of

new bone development.
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Chapter 3

Develop animal-specific, autologous,

dual cartilage-bone RCU grafts

3.1Introduction

Recently, large customized TMJ grafts seeded witblagous osteogenic cells and
cultured in a perfusion bioreactor were engineamdiimplanted in a large animal model,
with promising results for bone integration andlimga(34). However, no study has yet
created a dual cartilage-bone TMJ graft. We hymteel that a dual graft would be
possible by combining previous methods: osteogesit isolation and seeding in a
customized scaffold, and the addition of chondrageandensed mesenchymal bodies on

the condylar surfacgs8).

To test our hypothesis, we created and investigdwes groups of bioengineered
grafts: (i) cartilage-bone RCUs (the main experitabgroup), (ii) bone-only RCUs (to
assess the regenerative ability of bone and angtapeous generation of cartilage), and
(i) acellular scaffolds (to assess the role obganous cells in regeneration). The overall
study design is presented in Figure 3-1. Graftssmadfolds were engineered for a total of
20 male minipigs, split among the cartilage-bornmugrn = 8), the bone-only groum &

9), and the acellular group € 3) (Table 3-1). Selection of animals into th@esmental

groups was randomized.
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In order to engineer these grafts, scaffolds weitleanfrom bovine bone to each
animal’s exact specifications using CT data, theoetlularized. In parallel, ASCs were
isolated and expanded before being directed alosigogenic and chondrogenic
differentiation. After cell seeding, the construeiere encased in novel, matched dual-
perfusion bioreactors engineered to provide sepatatture medium delivery to the

respective regions (Fig. 3-1).

To understand the maturation of our tissues duringtro culture, we also studied
miniaturized, cylindrical cartilage-bone construgisthe same experimental groups and
using the same bioreactor design principles athéoclinically sized graftay(= 6 cartilage-
bone,n = 6 bone-only, anah = 4 acellular) (Table 3-1). These smaller construad
thicknesses corresponding to the critical distafmesutrient transport, cell migration and
mechanotransduction in the larger anatomical graftd were designed to correspond to a
core taken from the middle of the RCU condyle. Aiddially, the constructs were

engineered with a domed top articular surface tmimthe condyle (Fig. 3-1).

After in vitro culture, histological and frictional analyses weonducted on the
small cylindrical constructs. Staining revealed iatame neocartilage did indeed develop,
while also highlighting immature, osteoid-heavy bamssue. However, no significant
differences were observed among the experimentalpgr when frictional testing was

conducted on the condylar surface.
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After in vitro culture, the clinically sized RCU grafts were tnaoked from New
York City, New York to Baton Rouge, Louisiana, waéhe minipigs were housed. This
distance allowed us to mimic the potential trairaktneeded to ship a graft between cities
for a human patient. Before implantation, it wagnally noted that the cartilage-bone grafts
had developed a cartilaginous layer, similar todimall constructs. Thus, we propose that
our engineering methods can produce dual-tissumaduspecific grafts using autologous

cells.

Figure 3-1.Tissue engineering strategy and timeline. (A) 2&atan minipigs were housed in
Baton Rouge, LA and allowed to reach skeletal nigtuCT imaging of the skull enabled creation
of anatomically precise scaffolds and bioreactoltucea chambers. Autologous ASCs were
expanded and differentiated into chondrogenic astéamenic progenitors. Each decellularized
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bovine scaffold (~3 cm wide by 6 cm long by 7-25 rinitk) was seeded with cells from the
corresponding animal and cultured in a dual peofudiioreactor to form a graft. Experimental
groups were: cartilage-bone (seeded with ~200anikihondrogenic and ~120 million osteogenic
progenitors), bone-only (seeded with 120 milliorieogenic progenitors only), and acellular
(decellularized scaffold only) RCUs. RCUs were $faorted from New York, NY to Baton Rouge,
LA and orthotopically implanted. After 6 monthsetRCUs and the native contralateral tissues
were excised and analyzed. (B) Smaller scale aytiabconstructs (~9 mm diameter and height)
were engineered to correspond to a core taken tinencenter of the RCU condyle to be used for
timepoint analyses. Cell and scaffold sources waesame as in (A). (C) Timeline of the steps in
(A) and (B), including timepoints at which wholesj&T imaging was performed.

Table 3-1. Experimental groups. Samples with eaulyranasia and gross pathological issues
excluded from final total.

Small constructs Cartilage-bone | Bone-only Acellular | Total

End total (5 weeki 6 6 4 16
vitro)

Ramus-condyle unit | Cartilage-bone | Bone-only Acellular | Total (GFP-
grafts (GFF-tagged (GFF-tagged tagged
Start numbe 8 (4) 9 (6) 3 20 (10
Early euthanas 1)

Gross pathological 2(1)

iIssue

End total (5 weeki 6 (3) 8 (5) 3 17 (8)
vitro + 6 monthsn

VivQ)

3.2 Materials and Methods
3.2.1 Animal CT scans

After 12 hours of fasting, animals were sedateth viketamine (3 mg/kg),
tiletamine (2 mg/kg), and xylazine (3 mg/kg), adisi@red intramuscularly. Anesthesia
was then induced with 5% isoflurane (MWI Veterin@upply) in 100% oxygen (1.5
L/min) via facial mask. The animals were intubatéth a cuffed Murphy’s endotracheal
tube (7 to 9 mm internal diameter), and anesthegagamaintained at a vaporizer setting of
1.5% isoflurane and oxygen flow rate of 1-2 L/miraiclosed circular system. The animals

were placed in dorsal recumbency and scanned daBneghtSpeed 16 Slice CT scanner
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(GE Medical Systems). The scans (0.635-mm resolufi@0 kV) were conducted on all

animals at 2 months before surgery (Fig. 3-2).

Figure 3-2. Representative CT slices of pig hetideSwere combined to reconstruct the head in
3D.

3.2.2 Adipose tissue harvest and stromal cell ismta

At the same time as the initial CT procedure andemme animals were under
anesthesia, subcutaneous adipose tissue (aboutnflO@as harvested from the dorsal
lumbar region of each animal. From this tissue, A8@re isolated as previously described
by a third-party company LaCell LLC in New Orleahsuisiana(40). The cryovials
containing passage 0 (P0O) ASCs were verified faalityy sterility, and proliferative
potential by LaCell LLC and shipped overnight og e from New Orleans to Columbia

University, New York.

3.2.3 Stromal cell expansion and fluorescent taggin

23



The ASCs were expanded in high-glucose Dulbeccadified Eagle’s medium
(DMEM; Gibco), 10% fetal bovine serum (FBS; Cornin@% penicillin/streptomycin
(P/S; Gibco), and fibroblast growth factor (0.1mg/Peprotech) with media changes twice
per week. They were passaged by trypsinizationoupassage 5 (P5) to generate the
requisite number of cells per scaffold (about 200ion chondrogenic and about 120
million osteogenic progenitors), based on previausk (34). Scaffolds for the small
constructs were seeded at the same densities asldhger counterparts, using a
heterogeneous population of ASCs from several dsifha 7) to normalize for biological
differences between experimental groups. This egluat about 30 million chondrogenic
cells per construct (as surface area was the kegsumement), and about 8 million
osteogenic cells per construct (as volume was #yenkeasurement). See sect®i.4

Scaffold fabricatiorfor RCU graft and small construct dimensions.

A subset of RCU graftsn(= 10 of 20) contained ASCs that were fluorescently
tagged prior to cell expansion, with= 4 in the cartilage-bone group, amd 6 in the bone-
only group (Table 3-1). We generated stably traneduASCs at an early passage with
GFP to facilitate cell tracking in the graft. Theativiral vector plasmid pLenti CMV GFP
Hygro (Addgene #17446) and auxiliary packaging pias pMD2.G (Addgene #12259)
and pCMV- R8.2 (Addgene #12263) were co-transfected into ggicky HEK293T cells
using polyethylenimine (PEI 25K, Polysciences).aVsupernatant was filtered 48 hours
after transfection and either used immediatelytfansduction or stored at -80 °C. For
transduction, the filtered supernatant was mixetth ®i g/ml of Polybrene and added to

the ASCs. Successfully transduced ASCs were igblbie hygromycin selection (250
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pg/ml). P5 transduced cells were stained for GFEDrculture by immunohistochemistry
(VECTASTAIN Elite ABC Universal Kit, Peroxidase) ing the primary antibody ab290

(Abcam) at a 1:500 dilution.

3.2.4 Scaffold fabrication

Large cancellous cylindrical bone cores, 4 cm andter and 7 cm long, were
created from the distal aspect of adult bovine flen{s2 years old animals) using a 44-
mm diameter, 75-mm long hole saw (PipeMan Produiats) attached to a hammer drill
(Bosch) (Fig. 3-3). To fabricate precise RCU sddfpwe segmented the anatomy of each
animal from its CT scan image stack using Mimiciveare (Materialise, V16). This
segmented volume was exported as an STL mesh ancerted into Initial Graphics
Exchange Specifications (IGES) format in RapidFsofiware (Inus, vYXOR3). The IGES
formatted file was then imported into SOLIDWORKSte@re (Dassault Systems, v2017)
for use in bioreactor design and scaffold fabrara{iFig. 3-4). To machine the bone block,
Mastercam-for-SOLIDWORKS software (CNC Software, M2017) was used to generate
G-code to control a 4-axis milling machine (Taigol) (Fig. 3-5). The cylindrical bone
cores were milled using a 3/16 in diameter ballneifidnto the custom geometry of the
RCU for each animal (Fig. 3-6). To fabricate thealiracaffolds, the same bovine femurs
were used, from which cylindrical scaffolds wittdamed surface to mimic the condyle
were milled. The cylindrical portion of the scafislwere 9 mm in diameter and 7.5 mm
tall, and the dome surface had a height of 1.5 mth uniform curvature (based on a

sphere of radius 7.5 mm).
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The anatomical and small scaffolds were subsequesttipped of all cellular
material to leave behind the extracellular matrikhwargely preserved composition,
architecture, and mechanical properties using eavipusly established protoc¢B4)
which removes all cellular materiéd1, 42) The bone was washed with high-velocity
streams of water to remove the marrow from the ppaces, and treated on an orbital
shaker in four steps to remove any remaining calluhaterial: (i) phosphate-buffered
saline (PBS; Corning) with 0.1% EDTA (w/v) for 1 droat room temperature; (ii)
hypotonic buffer [10 mM Tris (Sigma), 0.1% EDTA (/n DI water] overnight at 4 °C;
(i) detergent [10 mM Tris, 0.5% SDS (w/v; Sigmia)DI water] for 24 hours at room
temperature; (iv) enzymatic solution (100 U/ml DBa$ U/ml RNase, 10 mM Tris in DI
water; Sigma) for 6 hours at 37 °C.

Decellularized bone blocks were freeze-dried, stibgeto sonication treatment to
remove any remaining debris, and stored in 70%neth@/v) under ultraviolet light (UV)
for sterilization. Prior to cell seeding, the scits were washed and submerged in DMEM

overnight.
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Figure 3-3. Bovine distal femurs (left), and didlbone core (right). A hammer drill was used to
extract two bone cores from each femur by drillinp each of the lateral and medial condyles.
This ensured the bone core contained the maximuagtheof cortical bone before reaching the

softer cancellous bone.

Figure 3-4. Segmenting and thresholding CT scagsenerate mandible and RCU region of interest
on the left side of the jaw (green).

27



Figure 3-5. Digitized anatomy to create milling lfmdh (left). Screenshot from video modeling
path of milling machine (right).

Figure 3-6. Image of bone core undergoing milliledt). The base of the bone core is affixed
securely while the milling tip gradually removeagments of bone. Image of a scaffold that has
undergone milling and decellularizing (right). Note paler color and increased porosity after
decellularization. The base has not yet been safied

3.2.5 Perfusion bioreactor design and operation

The perfusion bioreactors were developed startnognfa previous bioreactor
system that was used to generate anatomical ppétissue-engineered bo(@4). Briefly,
a soft, disposable manifold was assembled aroumcetigineered bone in two pieces by

3D-printing a negative cast using an autoclavabiecompatible resin (Dental SG;
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formlabs), which was then filled with liquid polydethylsiloxane (PDMS; Dow Corning).
Air bubbles were removed before curing at 6Qvernight. The 3D-printed cast was then
broken and the manifold pieces carefully removetesE two sections distributed the flow
of osteogenic media throughout the graft, with ahéhe inlet side, and one at the outlet
side. These two sections were created with charfoeldone perfusion whose size,
placement, and number were designed to provide ¢tosn optimal flow velocity (800
pum/s) throughout the graft, based on previous w@ik. 3-7) (34, 43) The design
objective was to provide adequate mass perfusmmgahe perfusion paths ranging from

5-7 mm (thickness of the ramus) to 25 mm (at thedgtar head).

For the cartilage-bone bioreactors, a third PDM&@iwas added atop the gratft,
and additional fluidic routing conduits from inl& outlet were designed to perfuse
chondrogenic medium along the condylar surfacehaut mixing with the osteogenic
medium introduced into the bone region (Fig. 3These flow channels were roughly 0.75
mm tall, 1.0 mm wide, spaced 2.0 mm center-to-ceraed aligned in parallel to the
sagittal plane. The design was informed by comprtat simulation in SOLIDWORKS
(see sectiol.3.3below). The chondrogenic cells at the surfacénefgraft were shielded
from fluidic shear stress with a porous hydrophgatycarbonate membrane (1 um pores;
Sterlitech Corp). The three PDMS manifolds werdeskagainst the graft by an external
shell machined from polycarbonate and tightenedh sitrews and zip ties. Peristaltic
tubing from the inlet and outlet ports in each iecbf the bioreactor was connected to a

pump and reservoir for recirculating flow (Fig. 3-8
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For the small cylindrical constructs, bioreactwese designed similarly, with three
PDMS pieces forming a tight manifold and allowirgy bsteogenic and chondrogenic
medium flow to their respective regions (Fig. 3-&h external polycarbonate shell was

also machined to seal the manifolds against thetoact.

Figure 3-7. Bioreactor models. Manifold and scaffdésigns shown in SOLIDWORKS. (A) Bone-
only design with two PDMS pieces. Inlet and outtbainnels to perfuse bone. (B) 3D-printed
negative molds for cartilage-bone bioreactor, htde$DMS injection visible at top (left). Three-
piece PDMS design with channels for both boneeastties and cartilage at top (right). (C) Three-
piece PDMS design with similar channels as (B)sfoill cylindrical construct. Red corresponds
to bone, yellow to cartilage layer.

Figure 3-8. Schematic for simultaneous dual peofusif cartilagesone bioreactor. Both medit
reservoirs are connected to the same pump, butdifdrent diameter tubing tachieve differer

flow rates.

3.2.6 Cultivation of the cartilage layer
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The cartilaginous layer was generated from condensesenchymal cell bodies
(CMBs) using our previously established proto¢®B). P5 ASCs were suspended in
chondrogenic medium [high-glucose DMEM (Gibco) deppented with 100 nM
dexamethasone (Sigma), 56/ml ascorbic acid-2-phosphate (Sigma), 180ml sodium
pyruvate (Corning), 40 g/ml proline (Sigma), 1% insulin, transferrin, smai selenite
(ITS+; Corning) mix, and 1% P/S]. The only growthctor added to the medium was
transforming growth factor beta (TGFE-Peprotech), which is known to be critical for
chondrogenic inductiorf44). Each CMB was formed using 2.5®1€ells/ml based on
previous experiments demonstrating the formatiocoofipact spherical bodies measuring
1 mm in diamete(38). Cell suspension was aliquoted into deep rountbbo96-well
plates at 1 ml per well and centrifuged at 250rgfminutes, and the CMBs were allowed
to self-assemble over 3 days in the incubator &C35% (vol/vol) CQ with daily media

changes.

The cartilage region covering the articulatingf@ce of the condyle was sized to 1
mm thick, corresponding to 800 CMBs per anatonscalffold and 120 CMBs per small
scaffold. The scaffold condylar surface areas dateed by the SOLIDWORKS software
were 4-5 crhfor the anatomical scaffolds and 0.70°dor the small scaffolds. The CMBs
were placed onto the polycarbonate membrane (amatch the condylar surface), in the
void of the condylar PDMS block, and the decellzked scaffold was pressed onto the

CMB layer (Figs. 1-10 and 3-9).
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The CMB layer was allowed 1 day to attach to tbaffeld under static culture
conditions, with the bioreactor oriented with thendylar end face-down. Chondrogenic
media were perfused for 5 weeks over the condyldiase at a flow rate of 1 ml/min,
separated from direct contact with the CMB layerthg polycarbonate membrane to
reduce shear stress. Culture medium was changed per weekThe total culture time
was selected based on preliminary studies for MB<to form a cartilage layer integrated
with the underlying scaffold. Osteogenic cells witeoduced to the graft 2 weeks after

the initial seeding of the CMB layer, by which tirm&ompact cartilage layer had formed.

Figure 3-9. Cartilage pellet pressing method. Cardd neocartilage pellets (yellow) collected in
polycarbonate membrane and PDMS manifold (left)UR&eaffold soaked in culture medium,
about to be pressed on to pellets (middle); comdydeface pressed into pellets to embed them in
the scaffold (right). Pellet pressing for smalliogkical cartilage-bone constructs was performed
similarly.

3.2.7 Cultivation of the bone region

P5 ASCs were suspended in osteogenic medium [loaege DMEM (Gibco)
supplemented with 10% fetal bovine serum (FBS; @agpn 1% P/S, 10 mM sodium beta-
glycerophosphate (Sigma), 100 nM dexamethasone asoorbic acid 2-phosphate (50

nmg/ml)]. No bone morphogenic proteins (BMPs) nor atiyer growth factors were used
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for osteogenic culture. The scaffold volumes asemieined by the SOLIDWORKS
software were in the range of 9 - 15%dor the anatomical scaffolds and 0.53%dwor the
small scaffolds. A cell suspension of Blls/cni was infused into the bioreactor chamber,
using 12 ml volume for the anatomical scaffold &8®0 | volume for the small
scaffold. The cells were allowed 3 hours to attamhhe scaffold under static culture
conditions, during which the bioreactor was flipaery 30 minutes to facilitate spatially

uniform attachment throughout the scaffold volume.

Osteogenic media was perfused through the condiou@ days at 10% of the
calculated optimal flow rate (80 um/s), and foraaditional 3 weeks at the set optimal
flow rate (800 um/s), with medium changes twicepeek, for a total of 5 weeks culture
for the cartilage-bone grafts (3 weeks for the bonky group). The culture time was
selected on the basis that ASCs highly expressgstec markers after 3 weeksioivitro
differentiation. The small constructs were grownbioreactors using the same culture

media and under the same local velocities as tamamcal grafts during perfusion culture.
Due to constraints with animal housing, as wellim#tations with space for cell

expansion and bioreactor culture, the clinicallyedi RCU grafts were grown in three

separate sets of experiments, and implanted ire tbeparate surgical rounds in March

2017, April 2018, and June 2018.

3.2.8 Friction analysis of condylar surface
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Cartilage strips (about 10 mm by 30 mm) used a®fm®sing cartilage counter-
face were harvested from the tibial plateaus of ature bovine knee joints (2-3 months
old). Strips were placed articular surface downhenfreezing stage of a sledge microtome
(Physitemp Instruments #BFS-30TC; Leica Instrumetd12400), fixed in a water-
soluble embedding matrix (Thermo-Fisher Scien#i810APD), then trimmed to remove
bone and to expose a flat and even surface. Steps rinsed in filtered PBS and either
stored frozen in PBS supplemented with 0.04% isatiione-based biocide (Proclin 950,
Sigma-Aldrich #46878-U) and 0.1% protease inhib{@05 M Ethylenediaminetetraacetic

acid, EDTA) at -20 C or immediately mounted fostiag.

Frictional tests were performed using two identaedtom testing devices, adapted
from (45). Devices were controlled with custom LabVIEW sddte (National Instruments
Corporation LabVIEW 2010) and motion controllersaffdnal Instruments Corporation
#7354), which provided continuous measurementsiggdlacements, applied loads, and
reaction loads. The two-axis loading devices pregittanslational motion which produced
sliding between the engineered or native cartikage cartilage strip counterface. Testing
devices were each equipped with a six-axis load(dRBI3 Inc. #20E12A4) mounted on a
horizontal translation stage (JMAR xy motorizeceln stage) driven by a stepper motor
(Oriental Motor, Vexta line #PK266-03B). Two lineancoders (RSF Electronics MSA
65X series, 5-10 pum resolution; Renishaw #T1031)3@8orded the horizontal() and
vertical displacementdJ(). Sliding motion was prescribed at 1 mm/s overeamirack of

total length olUx =5 mm for a total testing duration of 20 minut&80 cycles) under 4.45
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N load. Loads were applied manually by placing knaveights on the vertical translation

stage.

Cartilage strip counter-faces were immersed in &gingo synovial fluid bath
(Animal Technologies, Inc.) and mounted on topheflbad cell and horizontal translation
stage. Synoviafluid underwent centrifugation (1500 g, 10 minut@sijor to frictional
testing to remove particulates and debiitie strip was aligned in the direction of
translational motion. Small constructs were mouriigdheir bottom flat surface on the
horizontal translation stage, and the condylarag@fwas brought into contact with the
articular surface of the cartilage strip. The fer¢angential K)) and normal ) to the
articular surface were recorded and used to cakttee pointwise friction coefficient at
each positiorlJx by using p =+ —F+) / (F+n + Fn), where + and — refer to the force
values at the forward and reverse strokes of egcle.cThe friction coefficient was
averaged over each cycle and the mean of all @udeaged values through the entire test

duration was calculated.

3.2.9 Histological evaluation and analysis

The small constructs were analyzed after 1 dayadtet 5 weeks of bioreactor
culture. They were fixed in 10% formalin (v/v) f@r days, decalcified in Immunocal
(StatLab) for 5 days, and sliced sagittally to esgpdhe cartilage-subchondral bone
interface. The pieces were dehydrated in 70% eth@ahg, embedded in paraffin, and

sliced 5 m thick. Sections at or near the articulating stefpeak were chosen, and stained
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with hematoxylin and eosin (H&E), Movat’s pentaame and Masson’s trichrome. High

magnification images (20x) were taken of entirdesi using the Olympus BX61VS.

3.2.10 Transportation of engineered grafts

The grafts were transported within their bioreaatalture chambers providing
sterile containment from Columbia University, whehey were grown, to the animal
facility at Louisiana State University (Baton Roug#), where they were implanted. Each
bioreactor was aseptically disconnected from thempuwand media reservoirs, and the
tubing was assembled into a closed loop. The bitoeavas then packaged into a
protective hard case, cushioned with foam, anddilivith ice packs. Upon arrival at the
animal facility, each bioreactor was asepticallgssembled by connecting the chamber to
the reservoir, and maintained in a tissue cultomeibator with medium perfusion until
implantation (<48 hours). The total travel time veggproximately 10 hours. In previous
work, we have shown by finite element modeling thader these conditions the minimum
oxygen concentration reached w#s14 mol/ni, and in that study it was verified that this
oxygen concentration was sufficient for cell sualiby live-dead assays before and after

transportatior(34).

3.2.11 Statistical analysis

The results of friction analysis were presentethaan + standard deviation (SD)
(n = 6 cartilage-bona) = 6 bone-onlyn = 4 acellular). For the small constructs, all data
were normally distributed and used for analysiatiStical analysis was performed with

GraphPad Prism 8 software (GraphPad Software kmir)g one-way ANOVA with
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Tukey-Kramer's multiple comparison post-hoc anaysi = 0.05). TheP values were

reported for statistically significant differencenang the groups.

3.3Results
3.3.1 Cells are successfully tagged and fluorescmgly

Transduced cells expanded to P5 were cultured irtifdie culture plastic and
stained for GFP to verify fluorescence. All of taegeted populations of cells showed a
high proportion of fluorescence with strong sigfaig. 3-10). This suggests that our
transduction method is robust after multiple pagsa@nd is reliable and replicable for

future studies involving ASCs and cell tracking.

Figure 3-10. Representative anti-GFP staining Dfr@nsduced cells in 2D culture. Fluores
imaging (left) with bright field imaging (right).cale bar 100 m.

3.3.2 Computer simulations inform bioreactor desagnal validate optimal flow velocities
through constructs

Fluid flow simulations conducted in SOLIDWORKS ugiractual bioreactor
parameters (peristaltic pump speed, tubing diame@MS manifold channel sizes) show
that medium velocities were in the optimal rang@(4 1200 m/s) and relatively uniform
for cartilage-bone RCU grafts, bone-only RCU gra#isd small cylindrical constructs

(Fig. 3-11).
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Figure 3-11 Computational simulation of fluid flow throughdoeactors. Fluid velocity scale

left for reference. (A) 3D view of flow through deigebone RCU graft. Condyle a
chondrogenic medium flow oriented upward. (B) 3@wiof flow through small cylindric
construct. Condyle and chondrogenic medium flovered downward. (C) Simulated fl:
through cartilage-bone graft, with sagittal anédat views. (D) Simulated flow through bonaty
graft. (E) Simulated flow through small construmbiidyle oriented upward). Length scales in (C)-
(E) for reference.

3.3.3 Scaffold and bioreactor engineering procedseves high precision
The milled and decellularized RCU scaffolds endase¢he new three-piece PDMS
manifolds created from 3D-printed casts formedyhttfit with no gaps (Fig. 3-12). This

was also the case for the two-piece bone-only slelffand manifolds, and the small
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scaffolds and their manifolds (Fig. 3-13). Thessuhs suggest that our method is both
highly accurate for custom grafts, while being oejucible on a larger scale, as the steps

requiring the most precision were machine automated

Figure 3-12. Three-piece PDMS manifold tightly esesacartilage-bone RCU scaffold. Channels
in lower two pieces run perpendicular to scaffalddsteogenic medium delivery, while channels
in third PDMS piece run parallel to condylar headdhondrogenic medium delivery.

Figure 3-13. Two-piece PDMS manifold encasing bon- RCU scaffold (left). Channels run
perpendicular to scaffold along length of manifdlthree-piece PDMS manifold encasing small
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cartilage-bone scaffold (right). Condyle surfaceriented downward, with channels parallel to the
condyle in the thinner PDMS piece for chondrogenadium delivery.

3.3.4 Bioreactor tests show rapid and thorough yp&dn without leaks

When assembled in the hard external polycarboshgd and attached to the
peristaltic pump, perfusion of the constructs wegsd and thorough, with no leaks (Fig. 3-
14). Separate but simultaneous delivery of chorglmgyand osteogenic medium to their
respective locations without significant mixing washieved with some difficulty, as the
different pressures generated through the grafle@rto push both media toward one
reservoir. By adjusting the relative height of eaebervoir, we were able to utilize gravity
to counteract this effect and ensure that the mtsgelevels of medium in the two

reservoirs did not change markedly.
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Figure 3-14. Bioreactor assembly. (A) Represergasigtup of dugberfusion bioreactor, wi
peristaltic pump, osteogenic and chondrogenic nmedeservoirs, and hard polycarbonate ¢
encasing PDMS manifold and cartilalgene graft, all connected in a closed system. (By&Li
bottom view of cartilage-bone grafshowing watertight fit and osteogenic medium ol
channels (left). Test perfusion through bioreastaywedalmost immediate complete infiltratic
seen by color change from pink to white (right)) (Toseup side view of small construct bioree
(left). Test perfusion yielded similar results {1y

3.3.5 Small cartilage-bone constructs develop nedage
After 5 weeks of culture for the cartilage-bone pteg, and 3 weeks culture for the
bone-only samples, the small constructs were rethfseen their bioreactors and analyzed.

The cartilage-bone constructs had formed a thitilaginous layer that appeared more
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cohesive than the individual pellets that had baginally embedded (Fig. 3-15). There

was no such layer in the bone-only and acellulaupgs.

Figure 3-15. Representative cartilage-bone smailstract afteiin vitro culture. Side view (lef
and top view (right) show thin layer of cohesivecartilage. Sample 9 mm in diameterounte:
on acrylic disc.

Friction tests were performed immediately on thadydar surface of the intact
construct. Interestingly, there were no significdifferences in the friction coefficient
among the three experimental groups (acellula#®20.024; bone-only: 0.336 + 0.059;
cartilage-bone: 0.258 + 0.063), though the valueseweomparable with those of previous
in vitro friction results (Fig. 3-16)38). A potential cause for the lack of significant
difference among the frictional coefficients desyhe visual differences may be because
the neocartilage had not yet formed a thick layep @he bone, leading to some contact
with bone during the test. Friction tests were petformed on day O cartilage-bone
constructs, as the CMB pellets were too weaklychtd and would have sheared off,
producing unreliable results. Mechanical comprastasts were also not performed, as we
feared that even very slight compression would teatdeasuring bone stiffness, resulting

in poor data and potentially damaging the senstggéing instruments.
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Figure 3-16. Friction properties of small constsu¢f) Among time 0 acellular scaffolds, 5-week
bone-only constructs, and 5-week cartilage-bonetecocts, there were no significant differences
in friction coefficient, though values for the dgje-bone group were slightly lower than those of
bone-only. Data are means + SD. (B) Representhtnt@an testing curves for each experimental
group. Each testing cycle is represented by a edlbne. The friction coefficients were averaged
over each cycle, and the equilibrium friction cagéint presented in (A) is the mean of all cycle-
averaged values through the entire test duration.

Pentachrome staining of the sagittal cross sedfwwed that there was some
glycosaminoglycan (GAG) development on the condglafface, while confirming that
there was a thin layer of neocartilage (Fig. 3-1terestingly, there appeared also to be

some GAG on some of the bone-only samples, thoegghthan that of the cartilage-bone
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group. This is perhaps not too surprising, as oevipus work with bone-only grafts also

yielded some neocartilage formati(8#).

Trichrome staining of the same cross sections stloam osteoid-dominant,
immature bone tissue in the cellularized groupghoeuit significant differences (Fig. 3-18).
This was expected and preferred, as past results slaown that implantation of an

immature bone graft allows for greater developnaet integrationn vivo (34).

Figure 3-171In vitro culture shows glycosaminoglycan (GAG) developmieett schematic shows
location of staining, with condyle oriented upwaRkpresentative pentachrome and H&E stains
show GAG formation via alcian blue in the cartildgme constructs, and slight amounts in the
bone-only constructs. Scale bar 2 mm.
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Figure 3-18. Bone tissue still immature aftewitro culture. Representative trichrome stains ¢
the small constructs are still dominated by ostdw@idvy tissue (red), though the cartildumne
group has some signs of maturation (blue). Scal@ Inam.

3.3.6 Cartilage-bone RCU grafts developed neocaytlafter 5 weeks
After 5 weeksin vitro culture, the clinically sized RCU grafts were trhaoded

aseptically in their bioreactors to Louisiana Stdigversity, Baton Rouge, LA. Upon
arrival, they were reconnected in the same maiorean bn-site peristaltic pump to maintain
perfusion until implantation (which occurred ovesveral days). Immediately before
implantation, the bioreactor was disassembled aaft gompared to the excised native
RCU. By visual observation, the cartilage-bone tgradimilarly possessed a thin
cartilaginous layer, while there was no such tigsute bone-only grafts (Fig. 3-19). As
a final validation of the accuracy and precisioroaf engineering process, the geometry

and size of the scaffolds closely matched thogsbefespective excised native pieces.
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Figure 3-19.Representative images comparing engineered grafisnative RCU. For ea
experimental group (bone-only and cartildgee), the top condyle view (top) and lateral re
view (bottom) are shown. There is a high degresimilarity in size and geometryetween th
excised tissue (left) and engineered graft (righptably, the cartilagbone grafts had a tt
cartilaginous layer, with grooves reflecting thechels in the PDMS manifold.
3.4 Discussion

Our objective was to engineer autologous cartilagee RCUs with patient-
specific geometry at a clinically translatable scalo this end, we used anatomically
matched decellularized bone matrix scaffolds, agols ASCs, and dual-perfusion
bioreactors with separate compartments and culineglia for bone and cartilage
cultivation. For comparison, we also used a sinplarcess to engineer bone-only RCUs
in a single-perfusion bioreactor, as previouslycdegd (34). To better understand the
processes contributing to tissue development, vggnerred additional small cylindrical
constructs with representative curvature of thewdting surface and investigated these

constructs in bioreactor studies, in parallel witle clinically sized cartilage-bone and

bone-only RCUs.
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Scaffolds were successfully derived from the trakscbone of bovine distal
femurs, completely decellularized, and milled iatmatomically precise replicas of each
animal’s RCU based on CT guided reconstructiont) ach RCU measuring about 3 cm
wide by 6 cm long, 0.7 cm thick at the base andcth3hick at the condylar head. For the
smaller constructs, scaffold dimensions (9 mm diamed mm height) and surface
curvature were chosen such that they would be septative of a core taken from the

center of the condylar head of the RCU.

For each animal, we isolated ASCs from a small st&meous adipose biopsy and
expanded the cells to sufficient numbers. A subktte cells was successfully transduced

with GFP to enable cell tracking within the implecitRCU grafts.

Dual-perfusion bioreactors were fabricated to madtah graft geometry of each
animal. The bioreactors supported the cultivatibrcartilage-bone RCUs by enabling
sufficient transport of nutrients, oxygen, and rbetaes, while also providing separate
physical cues and culture media for each tissue, iy cartilage and bone require different
culture conditions. Low hydrodynamic shear has be@own to result in better
cartilaginous tissu€39), whereas higher hydrodynamic shears induced bsrstitial
velocities in bone favor osteogenic maturati(84, 43) Using computational flow
simulation, the number, placement, and diametdiafactor channels were designed to
achieve perfusion velocities ranging from 400 t@@2m/s, depending on the graft
thickness at each channel. Thorough and rapid gierfof the scaffold without leaks was

confirmed experimentally by flowing medium throutfte bone in the bioreactor prior to
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adding cells. A 1-um porous polycarbonate membtaeteeen the condylar surface and
perfusion channels was placed to shield the netaggetand reduce shear forces to

negligible rates, while allowing for medium exchang

To provide tissue-specific chemical cues, chondnager osteogenic culture media
was distributed to the appropriate regions of tR&JRia separate fluid flow loops. Single-
perfusion bioreactors for the bone-only RCUs wareilarly fabricated and validated
computationally and experimentally to favor ostaogenaturation. Additional dual- and
single-perfusion bioreactors were designed fordimall constructs (cartilage-bone and
bone-only) such that each tissue type experienkedoptimal range of hydrodynamic
shear, corresponding to that in the bioreactorgHerlarger RCUs. The different culture

media were successfully prevented from signifigaimtermixing.

The cartilage-bone RCUs and their small-size capatés were cultured in the
dual-tissue perfusion bioreactors for 5 weeks, avthie bone-only RCUs and their small-
size counterparts were cultured in single-perfusioneactors for 3 weeks. After 5 weeks
of culture, the small cartilage-bone constructsnied visible neocartilage, with histology
revealing some GAG formation. Friction tests on teadyle and staining of the bone
tissue revealed few differences among the expetahgroups, suggesting the constructs’

development was still immature.

To recapitulate the envisioned clinical applicatodrbioengineered grafts that will

be prepared at centralized locations and shippduwspitals for implantation, the grafts
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were cultured in our laboratory in New York Citydaimplanted into animals residing in
Baton Rouge, LA (a 10-hour distance door to doBwring transport between these
geographically distant sites, perfusion was disooied for up to 10 hours. Previous
computational modeling from our group of oxygemsjort and consumption in RCUs of
comparable dimensions indicated that the oxygereammnation after 10 hours within the

RCUs was sulfficient for cell survivéd4).

3.5Conclusion and Future Work
Here we report, to our knowledge, the first exangdla large dual osteochondral
graft. Furthermore, the grafts were successfullgimeered in a patient-specific manner

(exact geometry, autologous cells) in a clinicalinslatable way.

This was accomplished by carefully preparing thenclogenic and osteogenic
progenitors, seeding them at appropriate densitidgimepoints on to decellularized bone
matrix precisely milled to each animal’s specifioaf and finally cultivating the graft in
an advanced dual-perfusion bioreactor such that ¢iasue type was exposed to the
optimal medium type and perfusion velocity. Thisntmnation cartilage-bone approach
generated grafts containing neocartilage, with ppagent negative effects on the living

bone tissue underneath.

A significant limitation of this study is the lack thorough investigation into the
biological details underpinning what happens durmgitro cultivation. While our work

was guided by previous research and tissue engngeaprinciples, this study’s
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fundamental goal was to first assess the feasilofitreating such a graft for implantation,
and therefore much future work could be done tcidate the mechanisms of cartilage
and bone development, as well as investigate testalk that likely occurs between the
two tissue types. This includes more histomorphickdgand biomechanical analyses at
additional timepoints, and also the use of labelimeghods to track cells and extracellular
matrix molecules (the former of which was donetfa implanted RCU grafts, but not for

thein vitro constructs). A deeper understanding of the celllgails would enable further

optimization of parameters such as cell or moletype and number, bone matrix source,
bioreactor design, and culture conditions. As oxarele, while this study used minimal

exogenous molecules in our culture of the graéisemt work has indicated that agrin, a
proteoglycan previously implicated in the developiad the neuromuscular junction, may
be important in cartilage repair and regenerafi$). These possibilities are explored in

more detail in the final sections of Chapter 4.

In particular, it would be of great interest to sdeether a thicker, more native-like
cartilage layer could be cultur@advitro. It is well known that this has not been feasdde
yet, but perhaps the inclusion of both cartilage #we underlying bone could produce more
positive results, considering the established iatexrelationship between the two. With
more substantial cartilage, certain analyses wéeldnore feasible to characterize the

tissue, such as biochemical assays and mechaestal t
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Chapter 4

Implant cartilage-bone RCU gratfts,

and evaluatein vivo outcomes

4.1 Introduction

Towards the treatment of large cartilage-bone adgfeising tissue engineering
approaches, early work focused on establishing apggmal environment to support
regeneration. The use of threvivo environment as a bioreactor helped inspire desifins
more advancedn vitro bioreactors(47-49) For craniofacial tissue engineering in
particular, initial efforts targeted the repairsofiall bone-only defects in non-load bearing-
regions of the skul(50-53) More recent work addressed large defects in hmating
regions of the mandible, but primarily emphasizedéformation and integratid@2, 34)
Some studies have attempted to incorporate caetildath bone, but have primarily done
soin vitro with decellularized bone matrd8, 39) Functional repair of ramus-condyle
defects relies on the presence of both cartilagebame tissue types. Our study bridges
this gap. Specifically, we hypothesized that immaartilage and bone tissues fornired
vitro would serve as effective templates for functidissue development, maturation, and
integrationin vivo, thereby taking an important step towards clinitainslation of
engineered grafts. Bioengineered grafts were iiyegsd for their capacity to regenerate
the ramus-condyle unit to a native-like state dyr@n6-month period of implantation in

Yucatan minipigs.
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To this end, we report the implantation of autolagjcanatomically correct RCUs
with stratified cartilage interfacing underlyingoengineered living bone to achieve TMJ
regeneration. The performance of cartilage-bone Gt TMJ replacement was
demonstrated in the Yucatan minipig, an animal rhadéh human-sized TMJ and
adequate jaw anatomy, loading, and remod€li#g-56) We compared the performance
of anatomically precise cartilage-bone grafts tat tbf bone-only grafts and acellular
scaffolds, hypothesizing that inclusion of a cagé precursor leads to improved graft
quality. As described in the last chapter, we adedrthe design and capabilities of our
previously established bioreactors for cultivatadranatomically shaped bone into a dual-
perfusion bioreactor for cultivation of an anatoatiiz correct RCU comprised of cartilage
and bone regions formed from the same autologopslaton of ASCs. This complex
tissue graft was evaluated against contralatetatenéissues, bone-only grafts without a
cartilage region, and acellular scaffolds over 6nthe of orthotopic implantation in a
clinically sized animal model. We also investigatbeé roles of implanted cells in the

progression of cartilage and bone regeneratiogeligrackingin vivo.

The implantation studies were conducted using 20esiklly mature male Yucatan
minipigs between 13 and 23 months old, weighingg 3811.5 kg. The RCUs remained
implanted for 6 months, and were subsequently aedlyby histological staining,
biochemical assays, mechanical testing, and CThaoh-CT (LCT) imaging. The safety
of the procedure and biocompatibility of the graftsre checked by pig weights over the

duration of study; complete blood count and sertenastry panels were also conducted
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to ensure consistency with physiologic variatiorl gost-operative inflammation and

healing.

Of the 20 animals, 19 underwent the procedure thgib-month endpoint without
apparent distress. One animal was euthanized garlyonth post-surgery) after implant
displacement due to snapping of the fixation plAtether animal developed infection as
determined from inspection by an expert maxilladdhcurgeon. Although there was no
frank purulence, the gross appearance of the tisageecrotic and indicative of a chronic
infection. One animal lacked the TMJ disc and syalofluid. After exclusion of these
three animals, we analyzed the remaining 17 impthRCUs 1§ = 6 cartilage-boney = 8
bone-only, anah = 3 acellular controls), along with the 19 natieatralateral RCUs (Table

3-1).

4.2 Materials and Methods
4.2.1 Animal implantation

The animal implantation study was conducted overcthurse of three trips (March
2017, April 2018, June 2018) at the Louisiana Stateversity School of Veterinary
Medicine under an approved Institutional Animal €and Use Committee protocol (14-
077). A total of 20 skeletally mature Yucatan miggp(Lonestar Laboratory Swine) were
randomly assigned to three treatment groups asqusy described: (i) acellular scaffold
implantation 6 = 3), (ii) engineered bone implantation € 9), and (iii) engineered

cartilage and bone implantatiom%£ 8).
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For each animal, we used its reconstructed 3D CAgesn (described in section
3.2.]) to select the left TMJ RCU, measuring about 3atomg the dorsal plane by 6 cm
along the transverse plane, as the region for tlefeeation and reconstruction.
Additionally, the Digital Imaging and Communicat®im Medicine (DICOM) data set
obtained from the preoperative CT scan was useéform virtual surgical planning (3D
Systems, Inc.). Through an online meeting betwbhenmaxillofacial surgeon and the 3D
Systems, Inc engineer, the resection was mappedrothe reconstructed CT scan and

surgical cutting guides were manufactured.

For each of the three surgical rounds, grafts wepanted on consecutive days,
with 2 to 3 surgeries performed per day. The satgicocedure was designed by an expert
maxillofacial surgeon to closely mimic the curretihical procedure in human patients.
After 12 hours of fasting, animals were sedated andsthetized similarly for when
preoperative CT scans were taken (see sed@idr). The left side of the face was
aseptically prepared with alternating chlorhexidiswed isopropyl alcohol scrubs and

draped to isolate the surgical field (Fig. 4-1).

The planned retromandibular and submandibular imtig/as then marked about
one to two centimeters below the inferior bordeth&f mandible. After incising through
skin and subcutaneous tissue, dissection contitéltk inferior and posterior border of
the mandible. The pterygoid-masseteric musclgyskias then sharply incised to expose
the entire lateral surface of the ramus and condfleetractor was placed in the sigmoid

notch to reflect the flap superiorly. The mediarygoid muscle was also elevated.
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The surgical cutting guide was then placed andrselowith two 1.7 mm screws of
8 — 10 mm length (Stryker, Inc) (Fig. 4-2). A mgwicating saw with saline irrigation was
then used to create a vertical osteotomy from thmad notch that was joined to a
horizontal osteotomy. The RCU was then disseceslffiom its attachments and delivered.
The animal-specific graft was inserted and rigittated with either a box plate (6 screws
each side, 12 total) or two straight plates (7 wsreach plate, 14 total) with 2.0 mm
diameter screws (Stryker, Inc.) (Fig. 4-3he incision was subsequently closed in layers
using standard technique. A sterile dressing waiexpand an immediate postop&ra
CT scan was performgatior to extubationAnimals were treated for post-op pain relief
with 0.03 mg/kg buprenorphine intramuscularly eveédyhours for 24 hours after
extubation, and 5 mg/kg phenylbutazone every 24shtar 3 daysThe animals in this

study were immediately allowed to return to a sdliiet.

Figure 4-1. Surgery prep. Image of surgical roorth\pig draped on center table (left). Image of
pig intubated and turned on right side so left TiMdccessible (right).
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Figure 4-2. Surgical cutting guide with holes atttim for 1.7 mm screw fixation (left). Cutting
guide in place during surgery, before native RCtdaeal (right).

Figure 4-3. (A)Fixation of engineered graft to mandible below gsimetal box plate (left) with
screws on each side, or two straight plates (rigfit) 7 screws in each plate (all screws 2.0
diameter). (B) Representative reconstructed ppstative CT scan showing high accuracy of
implantation.
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4.2.2 Postoperative CT scans and oxytetracyclijeciions

Postoperative CT scans were conducted in the sasigoh as the preoperative
scan (sectio3.2.]) three times: immediately, 3, and 6 months aftegary. At the time of
the 3-month CT scan, each animal also receivedvatrous oxytetracycline (25 mg/kg;
Ventrimycin,VetONE), administered over 15 min via a 20 gaugbhetar in an auricular

vein, to mark new sites of bone formation.

4.2.3 Animals ages and weights

One animal in the bone-only group had to be eutlednl month after surgery, as
the implant had been displaced due to the fixaptate snapping (Table 3-1). The
remaining 19 animals survived until euthanasia atdths, and maintained or gained

weight and showed no visible issues (Table 4-1).

Table 4-1. Animal ages at surgery and weights leeargery, after 3 months, and after 6 months.

Animal ages Animal weights (kg)
(months)

Cartilage- At surgery Before| 3 months postr 6 months post-
bone surgen op op
1 15 41 52 5¢
2 14 47 54 62
3 14 5C 58 68
4 19 54 62 78
5 18 54 69 87
6 23 72 77 82
7 22 74 86 96
8 22 8C 95 (missing
Bone-only

1 14 45 55 64
2 14 5C 59 67
3 1S 51 71 87
4 19 54 61 67
5 18 6C 72 9C
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6 13 61 56 65
7 2C 63 72 91
8 23 75 92 99
Acellular

1 13 48 58 61
2 2C 65 74 93
3 22 7C 88 93

4.2.4 Blood counts and metabolic panels

To ensure biocompatibility and safety, roughly 1baiblood was collected and
analyzed from the cranial vena cava of each anilmahg the post-surgery, 3-month, and
6-month CT scans. Blood was analyzed with automatetems within 6 hours of
collection (CBC, Siemens Bayer Avia 120 Hematologystem; serum chemistry,

Beckman Coultier AV680).

4.2.5 Animal euthanasia and sample harvest

Animals were sedated as before (sec8dhl) at least 15 min prior to euthanasia,
which was conducted with an intracardiac injecod200 mg/kg of sodium pentobarbital.
Animal heads were shipped on ice to Columbia Usitaerand dissected within 24 hours
of euthanasia. For each animal, the adipose andutaugissue above the jaw on both sides
was removed with a scalpel to expose the TMJ. T@anted left RCU and about 3 cm
of native bone along the implant interface wereaead with a reciprocating saw (Stryker,
Inc) and stripped of soft tissue (Fig. 4-4). Theieglent contralateral right native ramus-
condyle structure was removed similarly. Two ansnal the cartilage-bone group were
excluded after dissection revealed gross pathabgissues (Table 3-1), but the

contralateral native structures were included stirg.
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Macroscopic observations were recorded and thdytanhead was washed and
kept hydrated in PBS. The condyle was then casefelinoved with a reciprocating saw
along the widest plane of its base and kept in drmgenic medium until mechanical
testing (Fig. 4-5). The remainder of the ramus wasediately fixed in 10% formalin. End
point analyses included histological and immunatiggical evaluation, biochemical

assays, and mechanical and frictional testing.

Figure 4-4. Dissection of pig head and extractibROU. Left: muscle and skin removed from left
cheek to reveal left mandible and TMJ, immediateipr to cutting bone with reciprocating saw
(left). Right: representative images of dissectedl deaned native RCU from right side of minipig
(clockwise from top left: front, lateral, top viewsThe condylar cartilage is smooth and
homogenous.
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Figure 4-5. Condyle isolation. (A) Schematic ofséisted graft and location of cut to remove intact
condyle. (B) Representative example of native cn@lgft) separated from native ramus (right).

4.2.6 Friction testing

The entire fresh condylar head (as removed durkpigatation in sectiod.2.5
was affixed at the base to an acrylic disc usingnogcrylate for both friction and
compression testing. The sectioned condyles weredin chondrogenic media at 4 °C
when not being tested. After the mechanical t&stsinm biopsy punches were taken from
the condylar surface for biochemical analysis, tredremainder of the condyle was fixed

in 10% formalin.

Friction tests were conducted in the same wayadaquisly described for the small
constructs (sectioB.2.8 (Fig. 4-6). Cartilage strips were used as a cafiate, and the
condyles were slid at 1 mm/s over a track lengtt,of 5 mm, under a 4.45 N load, for a

total testing duration of 20 minutes (120 cycles).
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Figure 4-6. Friction testing. Left: schematic obtieg setup. Mean friction coefficient was
calculated for a 20-minute oscillating test on ithtact condyle against a cartilage counterface in
synovial fluid (SF). Middle: closeup photograph aandyle attached to tester with articulating
surface pointed downward and in contact with cagel counterface. Right: photograph of onset of
testing procedure as condyle is being loweredsgtmvial fluid bath and on to cartilage strip.

4.2.7 Unconfined compression creep testing

After completion of friction testing, TMJ condylesnderwent unconfined
compression creep testing to probe the mecharesgbnse. The condyle was allowed to
rest in PBS between mechanical tests for at leasgtquivalent test time. Creep testing was
chosen because cartilage thicknesses were unknaevriggmechanical testing and strains
could not be prescribed. Samples were loaded urstwm compression device as described
previously (Fig. 4-7)57). A 25.4 mm diameter steel platen was just broumflot contact
with the condylar surface as determined by thegmres of a nonzero force measured by
the load cell. A 0.03 N step load was then appheith the device controlled by custom
LabVIEW software. The displacement evolution wasregned by the proportional-
integral-derivative (PID) controller to maintairetpplied force. The displacement speed
was not directly controlled, but the maximum spattdined occurred at the beginning of

tests (up to 1 mm/s), and speeds after applicafitime step load were below 0.1 mm/s. As
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TMJ condylar cartilage creep has been shown toeg slow(58, 59) this study did not

perform testing until creep equilibrium; rathesstieran for a fixed duration of 20 minutes.

Figure 4-7. Compression creep testing setup. seftematic of uniaxial unconfined compression
of intact condylar cartilage over 20 minutes, cdadynmersed in PBS. Middle: photograph of
representative intact native condyle attached tgliadisc. Right: platen applying creep load to
condyle immersed in PBS.

4.2.8 Computational modeling for creep testing

Following a previously described protod@0), this study used sample-specific
geometry to develop finite element models, whicleateen incorporated into an inverse
analysis which curve-fit unconfined compressiorepreata to extract material properties
of condylar tissues. Native and engineered condyks® laser scanned before frictional
and mechanical testing, using a Keyence profilomgté\V7080) that produced a dense
surface point cloud of 50,000 pointsfc(Rig. 4-8). Point cloud data were imported into
SOLIDWORKS, where the density was reduced andeheming points fitted to smooth
spline surfaces to generate a solid geometry ofaheyle. Sample-specific thickness data
(acquired from histology) were used to segmenstiiel geometry into bone and cartilage
regions, under the assumption of uniform cartiltigiekness (Fig. 4-8). To faithfully

reproduce the experimental testing conditionsaftydied force data was used as an input
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to the computational model, which provided greéitility than simply applying a perfect
step load. The final engineering strains were ¢ated from thicknesses as determined by

histology and displacement data as measured byliheontroller.

Solid geometries of the cartilage and bone wera tinensferred to the Cubit
meshing software (cubit.sandia.gov, version 13.@xeduce computational time, the solid
geometry was trimmed such that only an 8 mm by 8 seaition surrounding the contact
region (determined by finding the most prominennpon the surface) remained (Fig. 4-
8). Preliminary studies indicated this area wagigahtly large to avoid finite element
edge effects. Both cartilage and bone layers walbsesjuently meshed using eight-node
hexahedral elements. Calculated contact areas anthof the test were based on the finite

element simulation results (sectiér2.9below).

4.2.9 Finite element modeling for creep testing

Meshes were imported into the free, open-sourceid-EBite element software
suite (www.febio.org, version 2.9)61) to prescribe material models and boundary
conditions (Fig. 4-8). Bone was modeled as a figidy. Cartilage layers were modeled as
biphasic materials, with a constant, isotropic laydic permeabilityk measuring the
resistance to interstitial fluid flow. The solid tria was a mixture of a neo-Hookean elastic
solid, modeling the contribution from the proteagy ground substance, and a continuous
spherical fiber distribution, accounting for antrepic distribution of collagen fibril§62).
Material parameters for the neo-Hookean matd6a) were Young’s modulug and

Poisson’s ratiov. Based on our previous work modeling fiber-reintm cartilage
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mechanics, the fibers were modeled with a power $&@ss-strain relationshif®3);
material parameters consisted of the fiber modulasd power law exponebt(62). To
reduce the number of parameters for subsequeng ¢ititimg, Poisson’s ratio was set\o

= 0 (to account for pore compressibility) and tlosvpr law exponent for the fibril strain
energy density set to= 2 (to produce a linear stress-strain responsansion). The curve
fits were found to be not sensitive to the fibemdulos so this parameter was not reported.
The set of parameters needed to characterize thiégaga response then consisted of

Young’s modulus and the hydraulic permeabiliky

For each condyle, the finite element analysis capdid the unconfined compression
creep procedure. A rigid platen contacting the ilegge@ surface was used to apply
prescribed creep loads (0.03 and 0.1 N), utiliarfgctionless biphasic contact algorithm
implemented in FEBio which automatically enforcesetdraining boundary conditions
outside the contact regio(64). Curve fitting was performed with FEBIo’s built-in
parameter optimization suite, where a LevenbergegMardt algorithm adjusted the
parameter& andk to match nodal displacement of the rigid platetheoexperimentally-

measured creep displacement.
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Figure 4-8. Computational modeling steps. Lasensk#a of sample topography was converted
to a 3D meshed model. Specific geometry, matedatitions, and stress-strain data were input
into the model and a finite element analysis (FE#)ulation was used to estimate the Young's
modulus and permeability of cartilage based orirthierse method.

4.2.10 Biochemical analysis

Immediately after friction and compression testiingsh cartilage biopsy punches
were taken from the center of the condylar surfaten possible (approximately 2
replicates per condyle 3-4 mm in diameter, depaendimsample surface area), and samples
were blotted dry, weighed, snap frozen, and state@0 °C. The samples were digested
in 1.0 ml papain solution 6 U/mg, 15-30 mg/ml) at 60 °C. dsDNA content wasasured
using the PicoGreen assay, and sulfated GAG contast measured using the 1,9-
dimethylmethylene blue dye colorimetric assay. $ample digests were then hydrolyzed
at 110 °C with 6 N HCI. Hydroxyproline content wastermined from the hydrolysates.

Content values were normalized to wet weight.

4.2.11 Oxytetracycline imaging
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The bone of the RCUs below the condyle was sedfian@nsversely with a
reciprocating saw to enable imaging and stainirtggne the first cut was made below the
base of the condyle and subsequent ramus cutsmate approximately every 3 cm (Fig.
4-9). To visualize new bone growth that occurredwieen 3 and 6 months after
oxytetracycline injection, the cross sections wenaged before decalcification on a
fluorescent microscope (IX 81 Olympus), using gopriexcitation wavelength of 458 nm
and visualizing with a green channel at an emispeak of 529 nm. Due to the large sizes
of the samples, one section often required multipkges that were then stitched together.
All engineered RCUs were imaged £ 20). After oxytetracycline imaging, the samples

were decalcified for histology

Figure 4-9. Ramus bone sectioning for oxytetracgclimaging and immunohistochemistry
staining. Left: schematic of transverse sectionsldi¢: photograph of representative native ramus
sectioned with reciprocating saw, with cuts madegyhty every 3 cm. Note the condyle has already
been removed for mechanical testing. Right: phatolgrof ramus cross section being fluorescently
imaged to visualize new bone growth after oxytstthoe injection.
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4.2.12 Histology and immunohistochemistry

After mechanical testing, the intact condyle waticunalf sagittally to expose the
cartilage-subchondral bone interface (Fig. 4-10)e pieces were fixed for 1 week and
decalcified for 8-10 weeks. The samples were trichmleng the non-cutting faces by a
scalpel to fit the embedding cassette (29 mm x &b»6 mm), dehydrated, embedded,
and sliced as before. Sections at or near theutatiog surface peak were chosen, and
stained with H&E, Movat’s pentachrome, and Massamchrome. Multiple sectionsi(=
3 bone-only, 3 cartilage-bone, 4 native samplesevatained at the same locations by
immunohistochemistry (VECTASTAIN Elite ABC UnivelsKit, Peroxidase) using the
following primary rabbit antibodies (Abcam) at &Q0 dilution: aggrecan (ab36861),
collagen | (ab34710), collagen Il (ab34712), GFB2@D), lubricin (ab28484), RUNX2
(ab192256), and SOX9 (ab26414). To show the spéaygifof the antibody binding,
negative controls were stained in a similar fashisithout primary antibodies and on
neighboring section slices. High magnification iread20x) were taken of entire slides
using the Olympus BX61VS. Ramus sections, cut trenrsely as in Fig. 4-9, were also
stained by immunohistochemistry and imaged for fibklowing primary antibodies

(Abcam) at a 1:500 dilution: BSP (ab52128), GFPN@&08448), and OSC (ab93876).
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Figure 4-10 Condyle sectioning for histological analysis. &clatic of intact condyle used
mechanical testing cut sagittally to expose thé&lagesubchondral bone interface. Each con
was sectioned multiple times as depicted to fithe embedding cassettes. Sections nee
articulating surface peak were chosen for staining.

4.2.13 Image quantification

Cartilage layer thicknesses were quantified basedlovat's pentachrome stain
using the distance-between-lines ImageJ plugin. fldéld of view included the entire
condylar cross section. For measurement of boneml fractions and trabeculae
properties, all the engineered rami and a subseatife samplesn(= 3 acellularn = 8
bone-only,n = 6 cartilage-bone) = 6 native) were measured via UCT above the tixati

plate as described (sectidr?.19.

4.2.14 CT imaging

MCT imaging was done using a Scanco VivaCT 80 8y¢&canco Medical AG)
at an external facility (Columbia University) irbinded fashion. Energy settings were 70
kVp, 114 pA, 8W, with an integration time of 300.n%&ans were reconstructed at 24 um
voxel size, a threshold of 22% maximum grayscaleeyaand a Gaussian filter was applied
to reduce noise (sigma = 0.8, support = 1). Reptatee cross sectional and 3D images

were generated using standard software includdutivit scanner.

68



For subchondral bone, a 2.5 mm region of interegirtning approximately 2.5 mm
below the cartilage surface was analyzed. For &n@,rbone microstructural properties
were computed in volumes starting at the supemnora the implant hardware (or about
60% of the way from the base of the ramus to tipeofothe condyle) and extending 3.6
mm upward. The bone volume was obtained from tipiGgiion of a global thresholding
technique so that only the mineralized tissue wetealed. There was no difficulty in
distinguishing the grafted material from the miatels and screws used for fixation, which

appeared inCT as compact and geometrically defined structures.

4.2.15 Statistical analysis

The sample size of= 5 or greater per treatment group was determisety power
analysis, with an SD of 20% (based on the 10-20%o08Berved in cartilage friction
coefficients from our previous vitro cartilage work)38), power of 90%, difference to
detect 50% of the mean average, anaf 0.05. The sample size of= 5 or greater per

group forin vitro constructs was determined similarly.

Statistical analysis was conducted using GraphR&mP3 software. Data for
cartilage thickness, biochemical content, frictiaoefficient, creep compression
parameters, and UCT bone quantification were clieéae whether they fit Gaussian
distributions using the Shapiro-Wilk normality te$%hen normality was confirmed,
statistical analysis was carried out by one-way AMQest and post-hoc Tukey-Kramer’s

comparison test to compare means between groupgh@rnical content, Young's
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modulus, friction coefficient). When normality wast confirmed, or when sample size
was <4, statistical analysis was carried out bypaoametric Kruskal-Wallis test and post-
hoc Dunn’s multiple comparison test to compare rtieans between groups (cartilage
thickness, permeability, uCT bone quantificatiowative data, which were expected to be
normally distributed, were checked for outliersngsthe Robust regression and Outlier
removal (ROUT) method and a Q coefficient of 1%indt the false discovery rat5).
Specific information on sample size, data collettiand inclusion and exclusion details
are provided in the results of each experimentjestData were calculated as means *

SD.P < 0.05 was considered significant.

4.3Results
4.3.1 Blood counts and metabolic panels confirncdopatibility and safety

The safety of the procedure and biocompatibilityhef grafts were demonstrated
by the maintenance or increase in pig weights dwverduration of study (Table 4-1), as
well as by the complete blood count and serum céteynpanels, which were consistent
with physiologic variation and post-operative imflaation and healing (Tables 4-2 and 4-
3). Reference ranges were taken from the Merckrivetey Manual for the Viethamese

Potbellied Pig66, 67)
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Table 4-2. Complete blood counts immediately aftegery, 3 months, and 6 months, sorted by
animals in each treatment group. RBC, red bloold;ddBG, hemoglobin; HCT, hematocrit; PLT,
platelets; WBC, white blood cells; LYMPH, lymphoegt MONO, monocytes.

RBC (1F/uL) | HGB (g/dL) HCT (%) PLT (10%uL) | WBC (10%uL) | LYMPH (%) MONO (%)
Ref. range: 3.4 Ref. range: Ref. range: Ref. range: Ref. range: Ref. range: Ref. range:
7.8 7.8-16.2 22-50 204-51¢ 5.2-17.¢ 15-55 0-13
Cartilage- Post-| 3 | 6 |Post-| 3 | 6 |Post-| 3 | 6 |Post-| 3 | 6 |Post-| 3 | 6 |Post-| 3 | 6 |Post-| 3 | 6
bone o [mcimc] o |mcimc| op |mcimc| op [mc|mc] op |mcimc] o [mc|mc| op |mc|mc
1] 74 5.4 16.011.7 47.(34.9 317 401 13.411.9 46.(56.( 4.4 2.4
2 6.1 6.7 12.613.2 37.939.9 33€ 397 8.9 7.1 53.(45.( 6.0 9.4
3 7.4 74 14.415.] 43.4453 335414 14.417 .4 42.432.( 4.4 7.4
4 56478d 12.710.q17.4 35530.452.4 39¢325294 13.310. 7.4 30.053.464.d 5.0 3.q10.0
9 644949 14510.410.4 42.431.331.4 41038394 12.0 9.4 7.4 44.058.052.d 8.0 9.q11.d
§ 476159 10.313.911.4 30.440.332.9 417406439 14.513.010.4 47.035.042.d 8.012. 5.
1 594359 12,9 9.310.4 37.426.431.4 3624406454 7.5 74 7.4 54.039.051.q 7.d11.4 3.4
g 5144571 109 9.411.3 33.128.032.4 374427404 12.117.513.9 53.028.040.d 8.013.¢ 4.0
Bone-only
1] 6.1 6.1 12.512.4 37.439.4 367 141 11.4 5.1 51.056.4 20 14
2 6.4 8. 14.417.4 41.454.( 21§ 279 10.4 94 33.437.( 5.0 4.4
3 6057264 12.10.914.9 36.932.442.4 32733349 94 8.4 9.9 49.050.469.dq 8. 2.q 6.0
4 615654 12.§11.912.9 37.435.935.4 137524434 13.915.915.9 46.058.034. 4. 6. 8.
9 6455 13.411.4 38.934.7 387 31d 8.4 9.7 36.055.( 6.0 6.G
6 6.7 6.9 14.014.4 42.443 4 223 385 10.7 7.9 51.046.4 20 44
71 6155594 13.312.q11.4 38.635.334.Q 304251254 9.710.610.3 69.062.060.dq 2. 3.0 5.1
g 515154 11.711.411.9 32.433.434.4 417139374 13.412.514.d 80.057.459.d 2. 8.0 4.0
Acellular
1] 6.4 6.9 13.315.4 39.446.9 334 274 10.4 9.4 38.(32.( 8.0 4.9
2 6453 14.411.5 40.433.§ 334 339 9.7 9.7 33.046.( 11. 6.9
3 444649 10410.110.4 30.428.431.4 51942444 9.910.510.9 74.065.053.q 3.4 7. 5.

Table 4-3. Metabolic panels after surgery, 3 mardhg 6 months, sorted by animals in each
treatment group. GLU, glucose; AST, aspartate armranusferase; ALP, alkaline phosphatase;
GGT, gamma-glutamyl transferase; BUN, blood uréagéen; CREAT, creatinine.

GLU (mg/dL) AST (U/L) ALP (U/L) GGT (U/L) BUN (mg/dL) |CREAT (mg/dL)
Ref. range: Ref. range: Ref. range: Ref. range: Ref. range: Ref. range:
59.6-175.2 16-64 27-16C 14.5-56.2 4.2-15.1 1.C-2.2
Cartilage-bongPos-og3 md6 mdPos-og3 md6 mqPos-og3 m¢6 mdPos-og3 mg¢6 mq@Pos-op3 md6 mqPos-og3 mdé mg
1 63 77 34 114 120 66 60 43 20 17 14 14
2 84 8(Q 74 33 57 51 49 37 22 171 1.7 1.7
3 66 74 33 37 58 51 54 94 17 1§ 1.7 1.4
4 53 77 746 30 2§ 35 50 39 3§ 8( 3§ 585 1§ 15 15 0.7 0.9 0.9
5 89 60 37 29 39 51 69 54 54 42 61 85 19 17 18 0.4 1.1 1.d
6 214 67 67 27 54 217 78 82 7§ 90 384 64 20 21 22 1. 1.7 09
7] 69 74 59 37 157 29 73 53 51} 107 3§ 6 17 14 21 1. 0.9 0.9
g 69 79 79 32 27 21 63 41 53 114 74 6( 15 13 20 1.2 1.d 0.9
Bone-only
1 79 71 53 43 61 4§ 49 44 20 14 1.4 1.1
2 78 99 43 4Q 39 47 40 134 1§ 14 1.7 1.4
3 70 3§ 123 48 31 29 63 76 8C 72 60 82 13 17 20 0.4 0.4 0.9
4 79 51 93 31 20 2§ 44 53 34 53 41 75 19 18 11 0.7 1.7 0.9
5 66 63 54 40 3¢ 42 4§ 41 13 19 0.4 1.d
G 84 87 45 104 5§ 54 40 59 23 1§ 14 1.3
7] 79 74 9Q 23 23 2] 47 47 41 46¢ 34 37 1§ 17 18§ 1. 1.3 1.7
g 123 74 82 25 25 34 59 37 36 70 26 40 17 20 19 1. 1.d 0.1
Acellular
1 66 99 30 4(Q 137 14( 53 97 20 17 1.4 1.1
2 68 47 37 3( 39 3§ 50 61 1§ 18§ 14 14
3 83 114 144 2 26 29 57 53 52 51 3§ 44 17 15 21 1. 0.9 0.9
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4.3.2 Macroscopic observations after RCU excision

After 6 monthsin vivo, the macroscopic quality of cartilage in each eagred
RCU was compared immediately post-dissection tostme animal’s native RCU from
the contralateral side. An intact TMJ disc and syalofluid were found in nearly all
samples by visual inspection (Fig. 4-1dpwever, the appearance of the cartilage and the
shape of the joint were on average best recapsulliait the cartilage-bone group and were
the least native-like in the acellular control goqirigs. 4-12 and 4-13). In particular, the
cartilage-bone grafts best approximated the sizksamoothness of the native condylar
cartilage. Nearly all cartilage-bone and bone-d&Us had considerable bone growth in

the transverse plane along the thinnest dimenditireaamus.

Figure 4-11. Graft excision after 6 months impléiota Representative photographs of excised
engineered graft. (A) Superior surface of intattalar disc (solid arrow) and articular surface of

glenoid fossa (hashed arrow) visible. (B) Synofliatl and condylar cartilage visible in engineered

cartilage-bone graft as articular disc is peeleckb&ompletely excised native RCU at right for

comparison.
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Figure 4-12. Representative images of excised @&®U (top) and corresponding cartilage-bone
graft from same animal (bottom). From left to rigtdndyle top view, showing graft cartilage with
very similar appearance to native, though withtgligsmaller surface area; sagittal view, showing
reactive bone growth in the transverse plane; eftdrinsverse view, showing bone growth over
and around the fixation plate. Bone integration natscomplete, and fibrous tissue provided some
of the support between the graft and native bone.
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Figure 4-13. Representative images of excised bohegraft (top) and excised acellular scaffold

(bottom), with contralateral native RCU for compan in each. Left: condyle top view; bone-only

graft had some cartilage regeneration but surfapeared small and not smooth, while acellular
scaffold had a flat cartilage layer that failedrtonic shape or curvature of native condyle. Middle:

sagittal view, showing reactive bone growth inttla@sverse plane; acellular scaffold lacked height
compared to native RCU. Right: left transversewyidone-only graft showed some bone

integration at bottom, but fibrous tissue removedrncondyle revealed noticeable gap, while
acellular scaffold was loose, mostly resorbed, tzeld in place by fibrous tissue.

4.3.3 Cartilage histological and immunohistocherharaalysis

Through Movat’s pentachrome staining, it was appatteat the post-implantation
engineered cartilage-bone RCUs matched the nadivgles in terms of overall cartilage
thickness. While some of the bone-only and acellalgplants exhibited full-thickness
cartilage as well, the cartilage-bone RCUs alsoemdosely recapitulated the native
samples with respect to the presence of distindttgpical cartilage zones: moving from
the superficial surface to the subchondral boresfibltous, proliferative, hypertrophic, and
calcified zones were well established (Figs. 4-UAllike hyaline cartilage on other joints,
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porcine TMJ cartilage is known to have a fibroupesticial layer dominated by collagen
| (13). These stratified layers are important for recaptinfy the functional responses of
cartilage under compressive and shear loading.ohtrast, the bone-only RCUs and
acellular samples were mostly dominated by a fibrtayer and lacked the requisite

proliferative and hypertrophic zones.

This result was especially striking compared to pnévious work with bone-only
grafts(42). From that study, the cartilage developed on tG&JRafter 6 monthm vivo
was less native-like in its composition, noticeathiynner, and covered less area (Fig. 4-
15). As we believe this was one of the most conmmpieces of evidence supporting the
efficacy of the cartilage-bone graft, all the peht@mme stains for engineered RCUs are
included below (Fig. 4-16). The acellular contrashibited worse morphology and
cartilage could not be reliably sampled, theregresequent cartilage analyses focused on

elucidating the differences among the cellularigeafts and native tissue.

Immunohistochemical staining for common cartilagarkers further revealed
similarities between the engineered cartilage-beamples and native cartilage, and
differences with the bone-only group. Stains fotlagen II, the predominant solid
component of hyaline cartilagé8) and deeper zone mandibular condylar cartil&e,
were comparably strong in condylar sagittal crasstisns from the cartilage-bone and
native groups, but noticeably weaker in the bonlg-group (Fig. 4-17)Stains for collagen
I, the dominant component of fibrous cartild@8, 70) appeared to be most prominent in

the bone-only group, but relatively less presernhecartilage-bone and native groups, as
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determined from qualitative analysis. Additionadiss for the hyaline cartilage markers

aggrecan, RUNX2, and SOX9 were closer to nativeesgion in the cartilage-bone group

than the bone-only group (Fig. 4-17).

Figure 4-14Schematic andepresentative photographs, Movat's pentachrone H&E stains of
implanted and native RCUs from sagittal condylassrsections. Abrous layer dominates in the
acellular and bone-only pentachrome stains (yellovkjle the cartilage-bone stains show distinct
fibrous, proliferative (light green), and hyperthip (dark green) zones, similar to the native

samplesScalebar 500 m.
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Figure 4-15. Comparison of condylar cartilage intige-bone engineered RCUs to previous
study with bone-only engineered RCUs. (A) Exampbet current study of condyle from cartilage-
bone group after 6 montls vivo implantation, with low (top) and high (bottom) nméfgcation.

(B) Same views from our previous study’s bone-oRIgUs after 6 months implantation. The
cartilage development is much sparser in (B), ettiffem the smaller coverage area, more limited
GAG staining (blue), and lesser thickness. Scals Bacm low magnification, 2 mm high
magnification.
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Figure 4-16. Morphology and composition of engieeerartilage. Pentachrome stains of condylar
sagittal cross sections of all engineered RCUdI(dae bone-only, cartilage-bone) in addition to

those shown in Figure 4-14, along with represevaaiative sections. Note that the cartilage-bone
group tended to not only have more stratified tzyé, but also tended to have more native-like

subchondral bone. Scale bar 500 pum.
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Figure 4-17. Additional histologicalproperties of engineered -cartilagé&kepresentative
immunohistochemistry of common cartilage markesgifisagittal condylar cross sections. Images
taken from the indicated area on a low magnificatinage of a native sample (left). There was
some nonspecific staining of the subchondral bamgch is visible about halfway down in each
image. The cartilage-bone samples tended to staiia gtrongly in cartilage than those in the bone-
only group, and more similarly to those of the veagroup, with the exception of collagen I, which
is more commonly found in fibrocartilage. Scale B& pm high magnification, 5 mm low
magnification.

4.3.4 Cartilage thickness

Likewise, quantitative measurement of the thickessd the stained condyle slices
using ImageJ showed that the engineered cartilage-RCUs more closely recapitulated
the relative layer thicknesses (fibrous, prolifemat hypertrophic) of the native samples
(all zones n.s., not significant) than did the bon&/ and acellular groups (all zonBs<

0.05) (Fig. 4-18). One cartilage-bone sample watueed after a fibrous layer sheared off
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the condyle during friction testing, leavimg= 8 bone-only, 5 cartilage-bone, 19 native
samples. The data had normal distributions acrsgreups for the proliferative and
hypertrophic zones, while the data did not passnabity for the bone-only group in the

hypertrophic zone.

Interestingly, many of the samples from engineareddyles appeared to have
thicker overall cartilage than native samples, gioin this metric as well the cartilage-
bone group was not significantly different fromimat(total thickness acellular: 0.744 +
0.255, bone-only: 0.579 *+ 0.243, cartilage-boné2B.+ 0.331, native: 0.422 + 0.0799

mm; P < 0.05 acellular and native).

Combined with the histological and immunohistochehiresults, this suggests
that the addition of chondrogenic precursors duR@U cultivationin vitro ultimately
resulted in better, more native-like quality cagig regeneration following 6 months of
orthotopic implantation, by not only aiding regeatén of the appropriate volume of

tissue, but also by facilitating the necessarnytifigd structure within the cartilage.

80



Figure 4-18. Quantitative analysis of fibrous, geshtive, hypertrophicanal distributiongelative
to total cartilage thickness. There were no sigaiit differences between the cartildgme an
native group for any of the three zones. There wigi@ficant differences between the native g
and each of the acellular and bone-only group# thr@e zones. Data are means + SOP €0.01
*P<0.05

4.3.5 Cartilage biochemical analysis

Samples of the condyle cartilage were biopsy puthctigested, and analyzed for
biochemical composition (multiple replicates pendygle) to further compare the treatment
groups and native tissue. GAG, DNA, and hydroxyipe(OHP) values matched well with
previous data for porcine mandibular condylar taga(71). GAG content normalized to
wet weight was significantly higher in native tiss{i1.2 + 2.6 pg/mg) than in cartilage-
bone explants (8.8 £ 3.2 ug/nm@,< 0.05) or bone-only explants (7.9 £ 3.3 pg/lRgs
0.01). DNA and OHP expression showed no significifierence across experimental
groups (Fig. 4-19). Although the OHP assay founddifference between groups, it is
worth nothing that the test measures total collagerent. As seen previously, stains for
collagen Il were more prominent in cartilage frame cartilage-bone and native groups,
but noticeably weaker in the bone-only group, whktkans for collagen | appeared to have
the reverse trend (most prominent in the bone-grdyp), suggesting perhaps that the total

collagen content was balanced by this difference.
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For statistics, GAG and OHP data passed the nagrabt 6 = 13 bone-only, 11
cartilage-bone, 48 native), and were analyzed witb-way ANOVA test and post-hoc
Tukey-Kramer’'s comparison test. DNA data did nagthe normality test for the bone-
only and native groups; one native sample was deduas an outlier by the method
described in theStatistical analysissection 4.2.19, and analysis was carried out by
nonparametric Kruskal-Wallis test and post-hoc Dsimmultiple comparison tesh(= 13

bone-only, 11 cartilage-bone, 47 native).

Figure 4-19. Glycosaminoglyca®QAG), DNA, and total collagen (OHP) content of R€&stilage
normalized to wet weight. Cartilage GAG contertbath cartilage-bone and bone-only groups was
significantly different from that of native cartija, though the bone-only average was relatively
lower. There were no significant differences in Dildd OHP content. Data are means + SIP. **
<0.01, P<0.05.

4.3.6 Cartilage creep compression analysis

Material properties of the condylar tissues exciatdr 6 monthsn vivo were
determined via compressive creep testing. Compuunailicartilage-bone models with
sample-specific geometry were used in conjunctmnrverse analysis and curve-fitting
the raw creep data (Figs. 4-7, 4-8, and 4{B0). Young’'s modulus of the cartilage layer
was measured on the peak of the entire condylad hdale immersed in PBS in

unconfined compression under a 0.03 N creep stpfto 20 minutes. The entire condylar
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surface was measured intact, as we believe it septed more physiologically faithful
conditions compared to conventional testing of pubmpsy sampleél3, 72, 73)In a
neo-Hookean ground matrix model, the Young's moslukpresents the contribution of
the proteoglycan constituents to compressive sthgig®, 63) Cartilage-bone and bone-
only RCUs had similar Young’s moduli and perme#pilvalues 6 months post-
implantation [12.97 + 10.15 and 14.23 + 15.26 kiapectively; 0.02646 + 0.01371 and
0.01111 + 0.01160 mt{N s), respectively], and both were comparable toseatartilage

[22.19 + 13.19 kPa; 0.009158 + 0.0062594ifhs)] (Fig. 4-21).

The variance within each group (including nativenples) was quite high, which
could be attributed to both inter-sample differexy@s well as inherent imprecisions in the
computer modeling and curve fitting procedures. depecifically, because Young’s
modulus is a measurement of bulk cartilage proggraind the cartilage component of the
modeling was limited to an overall thickness in@atne information was lost as it did not
distinguish between the more fibrous-dominant bonky-samples, and the more evenly
stratified cartilage-bone and native groups. Thosnpositional difference probably is
directly correlated to different material propestieut this zonal effect was not possible to
measure directly nor account for in current modgbgstems. This is corroborated by the
fact that the cartilage strains predicted by thedeling were not significantly different
among groups (bone-only: 0.246 + 0.140, cartilageeb 0.268 + 0.148, native: 0.182 £
0.051), nor were the predicted contact areas (loohe-4.000 £ 0.255, cartilage-bone:
7.354 + 4.169, native: 4.167 + 1.752 AurAdditionally, while overall the values were

comparable to those found in literature (thoughhensmaller side), research on porcine
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TMJ cartilage properties is not extensive, partdyl with regards to testing the whole
condyle surface as we did (Table 4-4). Further etppg our theory, these studies shows
that testing different locations on the condylethbm terms of the transverse plane
(anterior/posterior, medial/lateral) and the sagjipiane (different zones in the cartilage
depth), can produce markedly different moduli resulThis suggests that more

comprehensive analysis is needed to better undertt@ mechanics of this region.

Lastly, there were some difficulties in analysisedo the shape of the condyle,
quality of the cartilage, and discrepancies betwaeasurements and model. Two bone-
only RCUs recorded creep displacements in excestheftotal cartilage thickness
measured by histology, suggesting cartilaginoussardmthondral bone material that was
exceedingly soft and of low quality. These could lb® analyzed and were excluded. One
cartilage-bone RCU had a fibrous layer on the c@nthat sheared off and was therefore
excluded from this test. Two native RCUs had fatdsts that did not produce analyzable

data and were excluded.

Young's modulus data were found to be normallyritisted, and analyzed using
one-way ANOVA and post-hoc Tukey-Kramer's compamigest = 6 bone-only, 5
cartilage-bone, and 17 native samples). Permeabifita did not pass the normality test;
two native samples were excluded as outliers byniethod described in tHatatistical
analysissection 4.2.15, and analysis was carried out by nonparametricskal-Wallis
test and post-hoc Dunn’s multiple comparison test 6 bone-onlyn = 5 cartilage-bone,

andn = 15 native samples).
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Figure 4-20. Representative curve fitting (red)r@fv creep compression data from bone-only,
cartilage-bone, and native groups (black). Usingeiise analysis, Young’'s modulus (E) and

permeability (perm) values were extracted for esample based on a cartilage-bone model and
sample-specific geometry.

Figure 4-21.Mechanical properties of engineered RCU cartilafjer & monthsin vivo. Left:
Young’s modulus in bone-only, cartilage-bone, ardive RCUs. Right: permeability across
groups. In both Young’s modulus and permeabilthgré were no significant differences between
groups, though all had high variances. Data areng¢s5D.

Table 4-4. Published values on modulus data fociperTMJ. CB, cartilage-bone; BO, bone-

only.

Creep Modulus (kPa) + Methodology Notes

Compression | SC

Our data Native22.19+ Whole porcine TMJ Condyle laser-scanne
13.19 condyle in PBS underand modeled in FEBIq
CB:12.97+ 10.15 | unconfined creepdata curve fitted tg
BO: 14.23+ 15.26 | compression with 10 gexperiment to extrag

(Young’s modulus

material paramete!
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step load at center for 45
min.
X. Chen, B.K. | 130 — 240 1.6mm indentation test onAggregate modulug
Zimmerman, | (Aggregate native whole porcine TMJsimilar to  Young’s
X.L. Lu,J modulus) condyle (5 locations) immodulus due to small
Biomech 2015 PBS, 50 mN for 30 min Poisson’s ratio. Showed
(58) then 200 mN for 1 h. knee cartilage (boving)
has higher modulus than
TMJ cartilage
L. Ruggiero, Superficial zone: | 1.2 mm indentation tesf,Aggregate modulus
2015(13) 28+ 16 similar to (58). 5 mN|similar to  Young’s
Middle-deep zone:| preload for 5 min then 20modulus. Highlightg
140+ 86 mN for 1 h. significant difference
(Aggregate between superficial and
modulus middle-deep zone
B.K. 250+ 60 Same ag58), but 50 mN
Zimmerman, | (Aggregate preload for 5 min.
2015(59) modulus
E. Tanaka et | 97.5% 19.6 (central Native whole porcine TMJ Relaxation modulus
al.,J Biomech | region) condyle in PBS, 3 mmsimilar to aggregate
2014(74) (Relaxation indentation to 5% strainmodulus. Dependent gn
modulus for 5 min condyle region tesd.
X.L.Lu,V.C. |51+21 Same ag(58), but 0.2 gl Thawed from -80 °C
Mow, X.E. (Intrinsic aggregate preload 15 min, then 2 gDependent on solution
Guo,J Dent modulus) load 2-3 h. Tested 0.15 Mionicity (fixed-charge
Res 2009(75) vs 2 M PBS. density osmotic effects)
and region teste
K. Kim et al., 36.5+ 13.3 (central 2mm indentation test,Thawed from -20 °C
Ann Biomed region) similar to (58), but on| Dependent on regiop
Eng 2003(76) | (Aggregate porcine temporal fossatested.
modulus) cartilage with 0.5 ¢
preload, then 1.9 g until
equilibrium

4.3.7 Cartilage friction analysis

Friction tests produced far clearer distinctionse Bquilibrium friction coefficient
of each intact condylar surface was determined uadsiding load moving for 20 minutes
against a flat cartilage counterface in a synofiatl bath (Fig. 4-6). After 6 monthis
vivo, the friction coefficient across all groups wasoatter of magnitude lower than values
measured after 5 weeks iof vitro culture on small tissue constructs (Fig. 4-22)eSen

results are consistent with the thin cartilage dlayen the small constructs that were
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observed macroscopically and histologically. Howettee cartilage-bone RCUs achieved
physiological friction coefficients with no signifint difference between the engineered
cartilage (0.012 + 0.004) and native TMJ cartil§@®11 £ 0.002). In comparison, the
bone-only RCUs (0.039 £ 0.02Bad significantly higher friction coefficients thaither
the cartilage-boneP(< 0.01) or native ¥ < 0.001) groups (Fig. 4-22). The individual
samples’ values were much more tightly clusteretthéncartilage-bone and native groups

than in the bone-only group, indicating a consishegher tissue quality.

This is further supported by the measurements ef ittstantaneous friction
coefficients during each sliding cycle: surfacegioness and unevenness are evident in the
magnitudes and “bumpiness” of the friction cycleves in the small construct and bone-
only RCU samples, but the cartilage-bone and eaamples exhibit curves with much
smaller amplitude and smoother profile (Fig. 4-&)rthermore, the friction coefficients
measured for the native cartilage and cartilageebgmoups were comparable to those

reported in the literature using similar setupsb{&al-5).

As these results solely relied on measurementoohal and tangential forces,
there was much less room for error in this seesfs, compared to the creep compression
analysis. For the RCU graft explants, one cartilagee sample had a fibrous layer on the
condyle that sheared off and was therefore exclided these results, and one native
sample was found to be an outlier by the methodrded in theStatistical analysisection
(4.2.15, and was excluded, leaving= 8 bone-onlyn = 5 cartilage-bone, ant= 18 native

samples, all of which were normally distributed.
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Figure 4-22. Left: comparison of friction coeffiois forin vitro small constructs (acellular at Time
0, bone-only and cartilage-bone after 5 weeks pejitand engineered RCU condyles (bone-only
and cartilage bone after 6 montinsvivo implantation), with the average friction coefficieof
native samples as reference. Right: zoomed in wiefiction coefficients of RCU condyles in
bone-only, cartilage-bone, and native cartilage@amafter 6 monthis vivo implantation. Data
are means + SD. *P < 0.001, *f < 0.01, P < 0.05.
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Figure 4-23. Representative friction cycle curves dach experimental group. Smail vitro
constructs had friction coefficients of 0.3—0.5 Metinplanted RCUs had values of 0.01-0.05. Each
colored line represents a sliding cycle; frictiarefficients were averaged over a cycle, then the
average of all the cycle averages was reporteldeasduilibrium coefficient.
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Table 4-5. Published values on friction and moddkts for porcine TMIB, cartilage-bone; BO,

bone-only.
Friction Friction Methodology Notes
coefficient + SI
Our data Native0.011+ Whole porcine TMJ Contact at condyle peak.
0.002 condyle sliding in synovial Testing on custom devices
CB:0.012+ fluid against tibial cartilage adapted fron{45).
0.004 strip counterface. £5 mm
BO: 0.039+ stroke length, 1 mm/s speed,
0.02¢ 4.45 N load
L. Ruggiero et | 0.027+ 0.004 Native whole porcine TMJ Frozen at -80 °C first.
al.,Ann condyle, custom microt Friction coeff decreased
Biomed Eng tribometer with spherical with increased sliding
2015(13) stainless steel probe, |mspeed. No significant
PBS. 2 mm/s speed, 100 mMffect between 25 and 200
loading mN loac
B.K. 0.025+ 0.003 Same a$13). Dependent on sliding
Zimmerman et direction and speed.
al.,J Dent Res
2015(59)
J. Katta, Z. Jin,| 0.015 - 0.06 Review. Cartilage-cartilageShowed that factors like
E. Ingham, J. pin-on-plate testing in PBS.stroke length and contact
Fisher,Med 4 mm stroke length, 4 mm/sstress can greatly affect
Eng Phys2008 speed, range of contactmeasured friction
(77) stresses 0-3.15 MPg coefficient
E. Tanaka et | 0.0361+ 0.0063 | Native whole porcine TMJ TMJ  disc  resection
al.,J Oral condyle against temporalsignificantly  increased
Maxillofac bone, pendulum setup |nfriction coeff (see below)
Surg, 2006(72) saline. 8/N load
E. Tanaka et | 0.0145+ 0.0027 | Same setup @), but with | Friction coeff increased
al.,J Dent Res intact TMJ disc and 50 Nwith length of loading
2004(73) load. duration, and with larger
load force

4.3.8 Progression of ramus-condyle regeneration

While the main focus of this study was on condyartilage regeneration and

quality, the engineered bone in the cartilage-bgraup was also analyzed to assess

whether the grafts performed similarly or betteartithe bone-only grafts. As noted

previously, after 6 monthis vivo nearly all RCUs (cartilage-bone, bone-only, adatlu

had considerable bone thickening in the transvelage along the thinnest dimension of

the ramus, indicating reactive bone growth, pertiiags the loading stresses placed on the
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implant. In general, the majority of the implantsastill visible, in place, and providing
structural support for the cartilage-bone and bomlg-RCUs, with some bone growth
around the graft. While the integration with natb@e was incomplete and significantly
supported by fibrous tissue, this was still a mdrkeprovement over the acellular
scaffolds, in which there was total or substam@abrption in the ramus region, leaving a
large condylar cap with little to no mineralizednieounderneath (Figs. 4-12 and 4-13).
The whole-jaw CT scans taken before, immediatetgraB months after, and 6 months
after surgery confirmed that the engineered borautfhout the ramus region in cartilage-
bone RCUs was comparable to the engineered bobeni&-only RCUs in terms of bone
tissue maintenance and structural integrity, anttebthan that of the acellular group (Fig.

4-24).
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Figure 4-24. Progression of ramus-condyle regeioeraReconstructed computed tomography
scans of representative animals taken before syrmpemediately after surgery, at 3 months, and
at 6 months. Implant highlighted in red. Tagaudal view showing ramus-condyle height on
implant versus native side of the jaw. Bottdateral view showing fixation and integration of
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implanted RCU with surrounding native bone. Boxedions are shown at higher magnification
on the right in each column. Scale bars 5 cm, #ibboright of caudal and lateral views.

4.3.9 Morphology and structure of engineered bone

In the ramus regions more distal from the cond®@b, uCT reconstructions
confirmed similar microstructure and mineral distition in the engineered bone in the
cartilage-bone and bone-only groups 6 months poptantation, and greater bone
development compared to the acellular gr@eig. 4-25). uCT cross sections throughout
the ramus matched macroscopic observations and &8 ttiat showed similar bone
morphology in the ramus regions of the cartilagaeband bone-only groups, contrasted
with substantial bone loss in the acellular costi®lig. 4-26). CT quantification (bone
volume normalized by total volume, trabecular thiegs, trabecular number, trabecular
spacing) of the ramus regions also confirmed that ¢ellularized RCUs performed
similarly, though none matched native bone valugg. (4-27). One of three acellular
scaffolds performed better and led to high variand@e group. The comparable features
achieved in the ramus regions of the cartilage-l@mkebone-only RCUs indicate that the
added complexity of engineering the cartilage-b&@Us did not compromise the
previously established quality of engineered bandarge anatomical RCUS4). For
statistics, all samples € 3 acellularn = 8 bone-onlyn = 6 cartilage-boney = 19 native)
were used, and all dapassed the normality test. Due to the smédir the acellular group,
P values were determined by Kruskal-Wallis with Dumultiple comparison post-hoc

test.
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Figure 4-25Reconstructed 3DCT scans of representative samples. Top: Repreésentandyles
in acellular, bone-only, cartilage-bone, and nasamples. Bottom: Representative rami samples.
Scale bars 5 mm.

Figure 4-26. Representatizeoss sectionalCT images. Section sampled from slitalsen fron
the corresponding locations indicated on the RGswatic. Scale bars 5 mm.
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Figure 4-27. CT quantification of rami regions above the meation plate. Bone volume over
total volume (BV/TV), trabecular thickness (Tb.THhrabecular number (Th.N.), and trabecular
spacing (Th.Sp.) of engineered and native RCUsa Bigd means + SD. P*< 0.01, *P < 0.05.

4.3.10 Subchondral bone analysis

In the condylar region, 3D and cross sectional w@dges indicated that native-
like bone was regenerated in the cartilage-bonepio the subchondral region after 6
monthsin vivo. We investigated this region further, as the eaftd morphology of the
subchondral bone is known to contribute to caréilagalth and load sharirf@8, 79) In
the bone-only and acellular groups, there was ofteomplete remodeling with noticeable
fissures and inhomogeneous trabecular size andngpachile the cartilage-bone RCUs

recapitulated native-like appearance (Figs. 4-26486).

Additional CT quantification confirmed that the subchondraindoof the
cartilage-bone group was similar to native tissunel, there was less inter-sample variability
compared to the bone-only and acellular groups. (B#g8), although there were no
statistically significant differences with respaxbone volume and trabecular morphology

between groups.
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Masson’s trichrome staining of subchondral boneo athowed a positive
progression from osteoid-heavy, immature bone ¢issuthe acellular and bone-only
implants, to more mature bone matrix in the cagglbone RCUs after 6 monthsvivo
(Fig. 4-29). Stains for known osteogenic markerth&RCUs further confirmed the native-
like morphology of engineered subchondral bone. Qamed to native samples, stains from
the cartilage-bone and bone-only groups were silyifsitive in osteocalcin (OCN) and
osteopontin (OPN). For bone sialoprotein (BSP)tilege-bone and native samples

appeared to stain similarly, whereas bone-only $esrgiained more weakly (Fig. 4-29).

Figure 4-28. CT quantification of rami regions above the meiedtion plate. Bone volume over
total volume (BV/TV), trabecular thickness (Tb.Thrabecular number (Th.N.), and trabecular
spacing (Th.Sp.) of engineered and native RCUssiljificant differences among groups. Data
are means = SD.
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Figure 4-29. Histological properties of engineesaldchondral bone. (A) Representative Masson’s
trichrome staining in sagittal subchondral crosstiees of acellular, bone-only, cartilage-bone,
and native samples. Scale bars 200 um high magtidic 2 mm low magnification. (B) Schematic
and representative immunohistochemistry stainimgconmon bone markers bone sialoprotein
(BSP), osteocalcin (OCN), and osteopontin (OPN#ades taken from the indicated area on a low
magnification image of a native sample. Scale Ba® fm high magnification, 5 mm low
magnification.
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4.3.11 Visualizations of regeneration by fluoresdags

Oxytetracycline injections at 3 months post-surgearked patterns of new bone
deposition that occurred between 3 and 6 monththitMihe subchondral bone there was
positive signal along the radial circumference andthe trabeculae pores, perhaps
indicating new bone deposition both along the geaip as well as in the internal structure.
In the ramus, the oxytetracycline revealed a tid&r(iaterface between calcified and non-

calcified tissue) running down the transverse ler{gtg. 4-30).

To investigate the role of the implanted ASCs ia tegenerative process, groups
of RCUs contained GFP-tagged chondrogenic progenite GFP-tagged osteogenic
progenitors (Table 3-1). It was difficult to dirgcwisualize cell fluorescence within the
excised tissues; however, we located labeled cella positive anti-GFP
immunohistochemical staining in both cartilage-band bone-only groups after 6 months
in vivo. GFP-tagged chondrogenic progenitors were fourautfhout the condylar region
of the RCU, both within the cartilage surface whitxey were first seeded and extending
into the subchondral bone. GFP-tagged osteogeagepitors were found throughout the
ramus where they were initially seeded in the R, also further up into the remodeled
subchondral bone, suggesting that these cells lagid progeny played a role in the
regeneration process, at least near the condyte 4F81). GFP-tagged cells were seen
across the graft volume but not in the native beogounding the implanted RCU,

indicating that these cells did not migrate outhaf graft into the surrounding bone.
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Figure 4-30. Fluorescent imaging of oxytetracyclingections 3 months post-surgery marked sites
of new calcium deposition. Arrows extend from tlepasition sites at 3 months to the outer edge
of the explanted sample at 6 months. Left: subcraindone with new growth along the
circumference and in the trabeculae. Righitdemark pattern along the length of the ramus.
Sections sampled from slices taken at locationkethon schematic in center. Scale bars 5 mm.

Figure 4-31. (B) Anti-GFP immunohistochemistry stag of sagittal condyle cross sections (left)
and transverse ramus cross sections (right). Higgnification images taken from indicated areas
on low maghnification sections. Negative immunotis@mistry shown to account for nonspecific
background staining, with darker brown staining gositive immunohistochemistry panels
indicating GFP-positive cells. GFP-tagged chondnagand osteogenic progenitors were present
throughout the graft after 6 months vivo. GFP-tagged progenitors were not located in native
tissue surrounding the graft (section 6). Scales 00 pm high magnification, 5 mm low

magnification.
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4.4 Discussion

Current treatments of large TMJ defects (both pkargs and synthetic options)
tend to perform poorly, and most importantly do remtapitulate the form and function of
the condylar cartilage. Furthermore, current bideegring strategies have focused on the
bone component without addressing the criticalileget layer. Here, we engineered
patient-specific, large dual cartilage-bone RCUftgramplanted them in a large animal
model, and showed that the addition of chondrogprogenitors duringn vitro culture

enabled formation of condylar cartilagevivo with native-like properties.

This entire study from start to finish was condddtemimic a clinical human RCU
transplantation. Accordingly, the implantations /performed by an expert maxillofacial
surgeon, using standard clinical protocols and stomr TMJ surgery. Safety and
biocompatibility were confirmed by maintenance merease of the animals’ weights, as
well as by normal ranges of blood counts and seshiemistry values measured across 6

months.

The advantages of implanting the RCU containingréilage layer integrated with
the underlying condyle bone as compared to the Joohe and acellular grafts were
evidenced by the superior appearance, morpholagghémical content, and mechanical

properties of the cartilage-bone grafts followingnénths of implantation.
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After 6 monthsn vivo, the resulting cartilage-bone RCUs recapitulaigdrative-
like features within the regenerated cartilage.ngsihe bone-only RCUs and native
contralateral tissues as benchmarks, the cartbage- RCUs produced cartilage with
better gross appearance, zonal distribution, apdession of key markers. In particular,
the cartilage of the cartilage-bone and native $asmontained mostly collagen II, whereas
the bone-only samples predominantly featured cetlafj This corroborates the more
fibrocartilaginous profile of the cartilage in thene-only RCUs and could explain why
the total measured collagen was similar amongsgithkeps. Though biochemical analyses
of small local biopsies indicated no significanffelience in GAG content between
cartilage-bone and bone-only RCUs, comprehensiveaphrome staining revealed the
spatial distribution of GAGs throughout the ensiagjittal condylar plane with more native-
like zonal organization in the cartilage-bone groluture studies should perform
additional quantitative enzyme-linked immunosorbessay (ELISA) analyses for

collagen and GAG subtypes.

The cartilage-bone RCUs successfully restored fonality of the jaw, as
indicated by the native-like mechanical propertéshe cartilage layer 6 months post-
implantation. Non-destructive mechanical tests weoaducted on the entire fresh
condylar head, to mimic physiological loading cdiwtis as closely as possible. Because
measured values can be affected by the testing saetdiparameters, we benchmarked our
values using the native contralateral side in @aldliio the literature data on native porcine
TMJ. This approach allowed rigorous mechanical taitalogical testing of large tissue-

engineered condyles.
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The 6-month post-implantation cartilage-bone RCtlsieved an average friction
coefficient (0.012) that closely matched that dfiveacartilage (0.011), with both values
being significantly lower than the coefficients ssted by the bone-only RCUs (0.039).
The measured Young’s moduli for cartilage on theilege-bone RCUs also were in the
range of native tissues, and similar to the maddulbone-only RCUs, presumably because
the Young’'s modulus represents a bulk measurenferarolage properties that does not
reflect the differences in its zonal organizati@tveen the groups. The friction coefficient
may be a more realistic indicator of the propertéshe cartilage layer, as it is largely
determined by the superficial layer of cartilageteBorce measurements, mastication
imaging, and synovial fluid and TMJ disc analysesld provide additional insight into

the quality and function of the regenerated cayéla

Previous work demonstrated that tinevitro formation of cartilage is markedly
facilitated by the underlying decellularized bonatrix (38). Clinically, it is known that
subchondral bone plays a role in the initiation prajression of cartilage dama@e, 80,
81). We were interested in the effects of the cartilyer on the formation of subchondral
bone. Indeed, the subchondral bone in the 6-marghimplantation cartilage-bone RCUs
recapitulated the mature bone matrix and trabedlikdribution of the native tissue, in
contrast to the more variable and osteoid-heavydtane bone matrix of the bone-only
and acellular RCUs. The key marker BSP appearede rhaghly expressed in the
subchondral bone of cartilage-bone RCUs compardibi®-only RCUs, whereas OSC

and OPN were similarly stained. In the more distamus, the bone quality was less
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affected by the cartilage layer and remained coatgarto the bone-only group. Acellular
RCUs showed greater bone resorption 6 months pgagntation, though some resorption
was observed in both cartilage-bone and bone-o6l K Bone resorption rates are known
to be a function of post-operative immobilizati@2), and while the animals in this study
were immediately allowed to return to normal fuanti additional studies are needed to
determine best practices for improved regeneraiiteomes. Three-point bending tests
for peak and equilibrium flexural modulus and foomeild be used for future mechanical

testing of the bong34).

In addition to demonstrating safe and effectiveanepf the large defects in the
lower jaw using engineered RCUs, we hoped to inyatt the progression of the
regenerative processes and the respective combmisutf the living cartilage and bone
regions. We hypothesized that our cartilage-bonéJ R@uld serve as a template for
remodeling and regeneration, rather than a disgglacement of the native tissue. To this
end, we compared tissue properties pre-implantgtitier 5 weeks of bioreactor culture)
and after 6 monthi vivo. The inclusion of a cartilage precursor positivebntributed to
tissue regeneratioim vivo, as seen by the more native-like phenotype oflaget in the
cartilage-bone RCUs compared to the bone-only R@dasistently, the small difference
in cartilage friction coefficients between the dage-bone group and bone group at the
end ofin vitro culture markedly increased by 6 months of implanitatwith cartilage-bone

group reaching the frictionless behavior of natigsue samples.
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The GFP-positive cartilage or bone precursor eeilslly seeded in grafts that we
were able to locate after 6 months of implantaticdicated that the implanted cells had
lasting contributions to regeneration. Another fegsxent tag, oxytetracycline, allowed us
to identify the areas of calcium deposition withmmplanted RCUs in both the subchondral
and ramus regions of the bone and indicated thtt€furemodeling took place after the 3-

month mark.

Taken together, these data provided two importeights: (i) the majority of tissue
remodeling and regeneration occuriedvivo, and (ii) the progression and outcomes of
tissue regeneration is dependent on the propestise engineered graft. The cartilage-
bone RCUs served as the most effective regeneratimplates, resulting in the best

structural and functional tissue properties.

4.5 Conclusion and Future Work

Overall, this study resulted in a promising apploao large-scale joint
reconstruction using viable tissues and openedrakeaeenues of investigation. Through
culturing a layer of neocartilage in a large, coexpbone graftjn vivo regeneration of
condylar cartilage was significantly improved obene-only constructs, and in fact was

nearly indistinguishable from native cartilage iamyg respects.

To our knowledge, this is the first instance ofivedike cartilage formation in the
reconstruction of a large, load-bearing craniofadefect. This specific technique could

conceivably be easily adapted and adopted for atsterochondral tissue engineering, and
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the general principles of creating effective regatien templates vitro could be of value

for studying other complex tissue systems.

The 11-week preparation aimdvitro culture period is compatible with the timeline
of two-stage maxillofacial reconstruction, which wadely used for many clinical
indications, from cancer surgery to traumatic ipjurhe time between the first operation
(damaged tissue resection, space maintainer platg@ed the second operation (graft
reconstruction) usually spans several months, atlg\ample time to prepare and culture

patient-tailored living autologous grafi&3, 84)

The time limiting step in our current protocol etexpansion of cells to usable
numbers. We chose to conduct this initial studyngisautologous cells for rigor of
experimental design. Notably, mesenchymal strotesicells have substantial immune
privilege and can be transplanted between HLA-ingaimble patients without adverse
respons€85), an option that needs to be validated, as it wéedd to an off-the-shelf

therapy.

Interestingly, while human patients undergo jaw iohitization after an analogous
procedure, the animals in this study were immebjiadowed to return to a solid diet, and
the positive performance of our implanted graftsyrsaggest limiting the duration of
immobilization. This is supported by the knowledpat during TMJ development, an

interzone forms and cavitation occurs before @géldevelops. It is theorized that the
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cavitation process is assisted by muscular movesridm mastication, suggesting that

some amount of activity is beneficial for propenjarowth(8—10)

A limitation of this study is the lack of histomdmplogical and biomechanical
analyses at additional timepoints to better undarstthe regenerative processes which
occur in vivo. Studies over longer periods of time would lead nore detailed
understanding of the remodeling of engineered REURIre studies should not only focus
on more temporal analyses, but also make use efnalive labeling methods for
longitudinal cell and extracellular matrix tracki(®g). In addition, it has been shown in
many tissue types that mechanical conditioninghedp create more mature tissuesitro
(87-89) Because healthy bone remodeling depends on ajguepnechanical stimuli

(90), a more advanced bioreactor should have bothrgaahd perfusion capabilities.

The engineered bone in this study was comprisedkeoéllularized bovine bone
matrix and osteogenic porcine cells. We hypothesibhat the inclusion of additional cell
types such as osteoclasts, endothelial and strogtialwould further improve the integrity
of our engineered bone. From a disease modelingpeetive, it would also be
advantageous to develop a model incorporating roeltelypes. Particularly in the TMJ,
vascularization and chondrocyte-osteoblast trafeséifitiation were recently reported to
play a role in osteoarthritis and other patholo@®ds. Our study was conducted in healthy
animals, and future studies are needed to evalteegraft performance in more
challenging unhealthy joint environments. Though ags randomly distributed between

experimental groups, the animals in our study welatively young overall, between 13
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to 23 months at the time of graft implantation, atidanimals were male. Future studies
are needed to understand the potential contribsittdrASC donor and engineered graft
recipient ages to regenerative outcomes, and testigate any sex-based differences.
Finally, inclusion of the adjacent tissues suclsa@ft connective tissues and the TMJ disc

(92, 93)could further extend the functional integratioreofjineered RCUs with the host.
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