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Abstract

Bilaminar Coculture of Stem Cellsand Instructive Cells

for Tissue Regeneration
By
Aliza Apple Allon
Doctor of Philosophy in Bioengineering
University of California, San Francisco and Berkeley
Professor Jeffrey C. Lotz, Chair

Tissue engineering is a growing and dynamic field with theem@t to
provide patients with minimally-invasive treatments that repaieplace dysfunctional
musculoskeletal tissues. For the intervertebral disc, the gdal rie-establish pain-free
motion by restoring the disc’s physical and biochemical propettiefortunately, many
of the biological processes involved remain unclear. Mesenchymalksiés (MSCs) are
an attractive component of disc tissue engineering given theityatal differentiate
down multiple lineages. However, MSCs require a coordinated savibbemental cues

to appropriately differentiate to a chondrogenic or disc-like cell.

Our goal is to identify mechanisms involved in disc regenerationMV®@
differentiation to optimize disc tissue engineering strateffiesexplored the benefits of
coculturing nucleus pulposus cells (NPC) and adult mesenchymal stenM&@3 (sing

a 3D system that exploits embryonic processes such as tissue induction and condensation.

iv



The following dissertation reports on a novel “bilaminar celllghel(BCP)
approach that structures cell-cell signaling between M&@dsnstructive cells, in this case
non-degenerative NPCs, in a 3D culture system. A spherical bifejlet is used where
one cell type forms an inner sphere enclosed within a shell ofttiex cell type. This

technology has been patented by UCSF as of May 2008 (see Appendix).

The BCP system has been tested extensively under multiple oosditWe first
tested the BCP under normal in vitro culture conditions and showed reasedn matrix
production over controls. The BCP was subsequently tested in a baoreagplemented
with inflammatory cytokines to simulate the degenerative disdgronment. Again, the
BCP proved to be resilient and produced more new matrix than contoially, the BCP
was evaluated in an in vivo rat tail model. Our data showthigabeneficial behaviors
previously reported in vitro translate to a more effective el treatment in vivo.

Future studies will explore the function of BCPs in larger disasmore closely mimic the

human situation.

Our data show that spatial organization plays an important role in matrix
production, and that structured communication between MSC and NPC enhances the

efficacy of stem-cell-based strategies for nucleus regeneratiomdeging MSCs alone.
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CH 1. Stem cellsfor disc repair
1.1 INTRODUCTION

1.1.1 Theintervertebral disc

The intervertebral disc forms an avascular, fibrocartilaginous jbéettveen
adjacent vertebral bodies and provides flexibility while routinely stppm several
multiples of body weight. The disc is composed of three major ssbets, the gelatinous
nucleus pulposus (NP), the fibrous annulus fibrous, and cartilaginous eadblajere
1.1). The NP is centrally located and composed primarily of sdHgligeosaminoglycan
(GAG), type Il collagen, and water. The NP serves as thetasmmechanism that
generates volume and hydrostatic pressure because the highc@Aéht makes the
tissue very hydrophilic. The annulus fibrosus is firmly attacloetthé vertebral edges to
serve both as a ligament to guide intervertebral movement, saadbarrier to contain
nuclear swelling and thereby allow disc pressurization. The eerdiga thin (0.1 to
1.6mm) hyaline cartilage layer that separates the NP fronadfezent vertebra. The
endplate functions as a semi-permeable membrane to allow diffasmenunication
between disc nuclear cells and vertebral vasculature, assatellprevent large molecular

weight GAG from leaving the nuclear space.

1.1.2 Theclinical implications of disc degeneration
Pain of spinal origin afflicts most adults at some point in tin@s: the annual

US incidence of acute and/or chronic back pain is approximatelyniibion [1].



Intervertebral disc degeneration underlies seveaatful low back disorders includir
intervertebral dic herniation (IVDH), degenerative spondylolistsegDS), spina
stenosis (SS), and degenerative disc disease (DED)the first three (IVDH, DS, S<
recent randomized prospective clinical studies ldemonstrated advantages of surg
care compared with neoperative care [1-2JHowever, DDD management remains
most difficult challenge because the underlying reeuof pain is unclear, causil
uncertainty when developing guidelines for opemtiand no-operative care ar
therapies with improvedfficacy [3].As a result, estimates suggest there are betwée
and 4 million adults in the US with DC-related chronic low back pain (CLBP) that h:
failed conservative management and await therapéutervention, of which there a

few options beynd spinal fusior [2-3]

S Annulus Fibrosus
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Figure 1.1: Midsagittal sections through a health (left) and maiddy-degenerate
(right) human discin the healthy state, the nucleus possessesndicagt capacity tc
swell and support spinal forces. The early stageslegeneration are characteriz
nuclear fibrosis and annular fissuri



CLBP is a common indication for spine fusion surgery, and more redetely
disc replacement. Although success rates from spinal fusion #re range of 70%, has
several disadvantages including a decrease in spinal rangatiohrand acceleration of
degeneration at adjacent levels [4,5]. Disc replacement (whepeosthetic disc is
implanted between vertebrae) is an attractive alternative itnfggice it maintains near-
physiologic movement, but there are currently barriers tiesypread use, such as limited
insurance reimbursement, and potential surgical and implant-retatgalications [6,7].
Spine fusion will likely remain the standard of care for adedndisease, where arthritic
changes prevent return of normal function even with newer motion-sgadhgologies.
The concept of minimally-invasive biologic disc repair for lessaaded cases of
degeneration has grown in recent years. These include geneythepagtion of various

growth factors, and cell implantation (with or without scaffold).

1.2 THE DEMANDING INTERVERTEBRAL DISC ENVIRONMENT

The process of age-related disc degeneration can be consideredc chroni
dysfunctional matrix remodeling in response to physical inputs such as ichjrainsport
and/or abnormal mechanical loading, with the response to both likelylated by yet
undefined familial risk factors [58]. At an early age (before &fry) there is a marked
decrease in endplate vascularity and beginnings of structural aliszagon. After age
20, the disc becomes sealed-off from the vertebral blood supply kbwiiilage endplates
and subchondral bone [59-60]. Thereafter, disc cell survival is dependentfusiodif
from capillaries in the adjacent vertebra (for nuclear xaltsl surrounding vascularized
tissues (for annular cells) [24]. The capillaries within theeled terminate just above

the hyaline cartilage endplate, providing a continuous capilladtyabeoss the bone disc



interface [6]. Once nutrients reach the endplate, movement of sohatks (e.g. glucose
and oxygen) pass through disc matrix primarily by diffusion [24{28Yer solutes may
also be influenced by convective fluid flow created my mechadisalcompression and
recovery). Cells compete for nutrition, making it difficult to sirstagh cell densities at
the long distances from the nutrition source typical of human Ilumbsacs di

(approximately 8 mm)[25-28].

This disc transport limitation has several negative consequensssieToxygen
concentrations are low, in the range of 0.5% to 5% [61]. These hypoxditions inhibit
matrix synthesis: sulfate incorporation at 1% oxygen is one-fliait at 5% [24,61].
Because of limited oxygen, the nucleus pulposus cells produce enarggttanaerobic
glycolysis, which utilizes glucose and generates lactic asida byproduct [24,27].
Accumulation of lactic acid decreases disc pH (to near pH 6.3)saddtrimental to
matrix as it decreases glycosaminoglycan production, tissuebitorhi of
metalloproteinases (TIMP) production, and cell viability [62]. The depwaeleon
anaerobic glycolysis for cell production of ATP makes glucosgtiaat nutrient. Disc
glucose concentrations are typically considered to be in the cdr®yd to 5 mM, where
disc cells die within 24 hours at concentrations below 0.2 mM [2ifjefOflactors in
serum are also important as serum deprivation results in dedreal proliferation and
increased cell senescence [63]. Moreover, the influence of finetses is not necessarily
independent, since some research indicates hypoxia supports nudlsusvoe! during

serum withdrawal [63].

Another main feature of the disc nucleus is osmolality. The disctibns
biomechanically by using a high osmotic pressure (generategrdigoglycan fixed
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charge) to attract water and produce physical pressure to suppat sompression.
This osmotic stress (in the range of 250 to 450 mOsm) causes clraogksyolume and
stimulates cell behavior via cytoskeleton rearrangement [27]. Uhglpo-osmotic
conditions (250 mOsm) disc cells increase gene expression foecaggand type Il
collagen, while at hyper-osmotic conditions (450 mOsm) there is a-deyutation of

biglycan, decorin and lumican in nucleus pulposus cells [28].

1.3 EVALUATING A CELL-BASED THERAPY

1.3.1In vitro outcome measur es and culture models

Since disc degeneration is considered to initiate in the nuclegsnerative
strategies target nucleus regeneration. As a resultscelefmased therapies focus their
efforts on replicating the characteristics of the nativeCBIP Stem cell performance is
typically evaluated by characterizing gene expression anch#tex synthesis. In order
to assess differentiation stage and the cell fate, the ggmession levels are measured
for the positive chondrogenic marker Sox9, as well as severaiveegarkers including
the fibroblastic marker Collagen 1, the hypertrophic marker @GetlaX, and the
osteogenic marker Runx2. Major matrix proteins aggrecan and Collagea &ften
evaluated to assess the cells’ level of protein synthesis. thticsg matrix
metalloproteinase (MMP) genes that are responsible for degrédsue are generally
measured, in particular MMP-2, MMP-9 and MMP-13 that are commoselgsored in
degenerate discs [49]. At the protein level, proteoglycans amatlypmeasured using a

dimethylmethylene blue assay [52,53]. Both proteins can be alsos$essad



qualitatively using histologic staining with Safranin-O or immustdthemistry

techniques [52].

Biological efficacy should be demonstrated in models of incrgasamplexity.
Two and three-dimensional cell culture systems can be usefuitially demonstrating
cellular effects, dosing, and toxicity. Three-dimensional systemre preferable to
maintain cell phenotype, and augmenting stimuli to include othendisetic conditions
such as pressure, hypoxia, and inflammation are important as thetwes can
significantly influence cell function [47]. The degenerative disc conditionssauij} with
the degree of degeneration, however, the cells implanted in a hiegenerative disc
will generally experience hypoxia (about 4% O2), high pressure K3%® at rest),
inflammatory cytokines (particularly TNF-alpha and 1I-2b), andr@p in pH (as low as
pH 6.7). To simulate those conditions, a number of different methods aesethe The
oxygen content can be controlled with a hypoxic incubator and a pressurized environment
can be stimulated with the aid of a bioreactor. In addition, themnil@ory cytokines
and pH levels can be replicated in the culture media. Theyéf@rén vivo degenerative
disc environment can be mimicked in vitro and should be considered duting &sd

optimization.

1.3.2 Modelsfor efficacy and safety: in vivo Pre-clinical models

Ultimately small animal studies are a critical nexpdtecause of the important in
situ interactions between disc cells and spatially-varying festures unique to the
healing disc environment: pressure, hypoxia, degraded matrix, cytobitnes, stromal
and inflammatory cells, plus systemic factors. Along withremgasingly complex model

comes challenges in response interpretation. Outcome measureatshoolupled to the
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designed treatment mechanisms, but should also include overall iofidesc quality
such as histology and biomechanics. Time dependence of the outcomégadsk tor
establish whether the therapeutic response is persistent above c¢kgrobad
degenerative response typically triggered by the therapy deliesign of experiments
(DOE) techniques for study design and statistical analysebalp establish sample size

and efficiently optimize treatment parameters [48].

Safety also needs to be established in pre-clinical models. alsewdar nature of
the disc environment can lead to persistence of active therammdits, secreted
cytokines, as well as carrier degradation products. Consequently,hexaghta growth
factor or carrier has an established use track record in ofiseres, they need to be
evaluated in the uniqgue NP environment. Adverse reactions can maihifeagh
interdiscal toxicity, inflammatory cell recruitment, and matdrosion. For example,
cytokines and scaffold degradation products can diffuse from theadidcincite a
sclerotic reaction in the adjacent vertebral endplates, alondelhesry wound site, or
outside the annulus fibrosus [49]. Equally important is to establishrethetion to
extradiscal placement of the therapeutic materials and dehlshicles. It is likely that
these can escape from the disc during surgery or early in thespagtal period.
Inflammation and the mass effect induced by these matersaisadversely affect
adjacent nerve roots and other paraspinal tissues [50]. The safejiyobéd materials or
cells should also be confirmed under the worst case scenario to aaathstrophic

event, such as the one seen for chemonucleolysis [51].

After efficacy and safety are established in vitro and sarathals, large animal
studies are required to motivate clinical use, principally b&eeaf size effects on disc
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transport [26] and biomechanics. Typical animals used for this purpdsel@ngoats,
sheep and mini-pigs. As with other pre-clinical models, effica@y be difficult to
establish due to a lack of relevant starting points and climegtics that match the
intended patient population. Yet, biologic plausibility should be supported lhsasve
safety through histological, biochemical, and biomechanical assayapdtisons to
negative controls (surgical procedure without treatment deliverylisineated levels can

help judge effect size and potential clinical relevance.

1.4 NON-STEM CELL BASED REGENERATION STRATEGIES

1.4.1 Genetherapy and growth factors

Several groups have published promising results using either in vivouitro
gene therapy [31]. Growth factors such as TEGEBMP2; transcription factor Sox9;
inhibitors IL1Ra (interleukin-1 receptor anatagonist) and TIMR& Heeen successfully
delivered to nucleus pulposus cells (NPCs). Another approach that nesdugdis at the
gene level is RNA interference which is designed to sdegenes that are the potential
cause of disc degeneration without needing a viral delivery vehicle [32].

The most straight-forward acellular biologic strategy isnfedt growth factors
into the disc. Several studies have reported in vivo effects of @Btdogenic protein-1),
TGF{ (transforming growth factor-b), GDF-5 (growth differentiatiactbr 5) that have
led to an increase in disc height and GAG content [33]. Although prapmssults have
been reported using these techniques, the relative acellularity ehhdmgenerated discs

raises the concern that the patient's own disc cells may hdfionsnt to mount a



therapeutic response. Other concerns regarding these stratelyids the activation of
the host immune response due to the presence of viral vectors danagherapy and

the short half-life of bioactive molecules used in growth factor therapy.

1.4.2 Autologous NPC

The introduction of cells capable of surviving within the inteeferal disc and
producing appropriate amounts of matrix is an important component oftidgce
engineering. One type of cell considered is an autologous (deroradtie patient) NPC
cell-line [34]. Even with some promising data, there is legitr@inical concern over
donor-site morbidity, since harvesting the patient's own cells egjuamage to an
adjacent disc, which will likely induce degeneration in that levidoAdisc acellularity
will require a slow in vitro cell-culture expansion step to obaifficient cell numbers.
Furthermore, autologous cells will be similarly aged to the destéevel and potentially

limited in their ability to mount therapeutic repair response.

1.5STEM CELLSFOR DISC REPAIR

15.1Cdl Carriers

Carriers for cell-based disc regeneration strategiedl faitltiple roles. They
serve as delivery vehicles to attain acute cell retentidheirhigh-pressure disc nucleus.
They preserve nucleus volume and defend against scar tissoaamment by adjacent
annular tissue during early healing. By augmenting nuclear volcengers also serve to
enhance acute biomechanical stability. In addition to these biomeah&mnctions,

carriers need to provide an environment that supports the desired dadladifivity of
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the delivered cells. Unfortunately, biomechanical and biologicatsrahay create
conflicting design constraints, with stiffer materials beimgore suitable for
biomechanical retention and stability, and porous, pliant materials beingapmmapriate
for nutrient transport and a 3D milieu conducive to a disc cell pizpaotmportantly,
these materials, which may or may not degrade over time,tbdeesynergistic will cell
function over the long term. If non-degrading, they need to be bioddi®and non-
migratory under complex loading/pressures. If degrading, the degmadkinetics should
ideally be timed with cell matrix synthesis. Also, becausdisc size and avascularity,
degradation products may have a longer persistence and achieee d¢oglcentrations

than observed in other applications.

Many types of carriers have been used that include gels withtloout porous
solid scaffolds. Examples include synthetic polymers such as prigileco-glycolide)
(PLGA) [35], polyglycolide (PGA) [36], polylactide (PLA) [37]. Marfgrms of natural
scaffolds are available, such as hyaluronan [38], collagen/atelocol@@jemrd chitosan
[40], alginate [41], agarose [42], calcium polyphosphate [43] deminetalmmne
particles [44], fibrin sealant [35,45], and small intestine submu@I§) [46] — a natural
extracellular matrix. So-called smart scaffolds can conbiractive agents such as

growth factors, cytokine inhibitors, or antibiotics.

1.5.2 Autologous vs allogenic
Adult mesenchymal stem cells (MSCs) are attractive fec tissue engineering

since they can differentiate into a variety of cell typesluding NPC-like cells.
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Depending on the therapy, the MSCs can be autologous or allogenie@é&om a
donor). In the case of autologous transplantation, the patient would hmeénainary
outpatient procedure where MSCs would be harvested from bone marradipose
tissue. Since MSCs represent only a small percentage oélteen either of these donor
tissues, the MSCs would need to be separated and expanded in viangeteufficient
numbers desired for the therapy. The second implantation procedure would be performed
several weeks later. In the case of an allogenic transph@npatient would be treated

with MSCs from an organ donor in a one-procedure cost-effective apprdéile host
rejection of allogenic cells is a concern, several studsas indicated that MSCs are

immunoprivileged and do not elicit a rejection response.

1.5.3 Differentiation of stem cells before implantation

A primary concern regarding the use of MSCs for disc regawhether they
survive the harsh in vivo conditions and appropriately differentiate un Aithough the
NPC lineage is not fully characterized, it is generallyeadrto closely match that of
chondrocytes [8,9]. While MSCs are known to readily differentiate this cell type
under controlled conditions in vitro, it must still be established whetl#
spontaneously differentiate and thrive in situ, or alternatively requgmentation with

supplemental, differentiation factors.

Environmental cues can provide MSC with important differentiatiomadsg
Several studies have traced labeled MSC implanted within discebesedved that they

persist, integrate with host tissue, and differentiate over[tl@®d1]. Similarly, in vitro
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studies have shown that MSC cultured in 3D scaffolds also exhibie dewels of
differentiation [12,13]. Yet, several studies have shown greateisteerse and matrix
deposition with MSC that are first pre-differentiated or imdralong with stimulatory
factors [14]. Consequently, the introduction of key bioactive molecule®namonly

used to enhance desired MSC differentiation.

The use of adenoviral vectors encoding chondrogenic growth factors is MSC
one possible strategy to ensure the differentiation and sustainéornperce of
implanted MSC. Gene transfer therapy enables the sustaindesgnof the encoded
bioactive transgene products that may be effective since thetsesf would not likely be
present in a degenerative in vivo environment. The transfer of keg gecluding TGF-
B1 and BMP-2, to MSCs in vitro have lead to the sustained upregutatikey matrix
production and differentiation genes [15,16]. Transfected cells canpbented alone or
in combination with untransfected cells [17]. However, the use of veeators and
genetically modified cells represent important safety humdlesn considered for clinical

application [18]. These safety concerns will likely slow clinical adoption.

Exposing MSCs to key growth factors either before or during ima@iien is a
more popular strategy. The most common approach is to culture MSD alginate
bead culture with TGF-b1l supplemented media, where MSCs have rolbersrdiation
and matrix synthesis [19]. This method is also convenient becausellthean easily be
released from alginate using sodium citrate washes and reniteglawithout
compromising cell viability. Controlled release of growth fagteuch as TGB1 and
other such molecules can also be incorporated into scaffolds éhaeeded with cells

and implanted [20,21]. The main concern regarding PAReduced differentiation of
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MSC is the progression of MSC towards hypertrophy whereby®€ begin secreting
collagen X and MMP-13 [22]. This is a concern since the mechlaproperties of
matrix secreted by hypertrophic cells do not match those ddsiretisc regeneration

[23].

1.5.4 Co-culturetechniques

A newly emerging technique is to co-culture MSCs with maisguctive cells.
This approach was originally explored to indentify interactions batweplanted stem
cells and host cells. However, when synergistic effectg wbserved, co-culture was
investigated for potential therapeutic benefits. In this owmnteo-culture involves
creating 3D cell pellets that allow for contact between wWwedell types. This synergy
has been shown to increase overall matrix production and promote rditigon of
MSC without leading to hypertrophy [52]. The NPC are thought to prasud&inable
signaling cues to the MSC and the MSC are also thought to be protha@ingPC with
stimulatory signals. The combination of these two effects isy \atractive

therapeutically in creating a self-sustaining implant that does not regg@mal cues.

Yamamoto et al report that cell-cell contact between MSC aRd€ Nad
synergistic effects in monolayer, however, it remained uncleatheh¢he MSC were
differentiating or acting as feeder cells to reactivdie NPC [77]. Ultimately,
Richardson et al employed a similar two-dimensional co-cultaystem and
demonstrated that NPCs cause MSCs to differentiate into ahké&lhenotype as
assessed by gene expression after FACS sorting [78]. Thewetsbat a 75% NPC /
25% MSC ratio was optimum for MSC differentiation, as indicate®®X9, collagen 2,

and aggrecan gene expression. Another study has since made airsdarations in 3D
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culture using a randomized mixture of MSCs and degenerative NP sTB&se studies
highlight the beneficial effects of recreating a condensatitapes and the unique
signaling arising from co-culturing. However, none have reprodueeddy embryonic
induction process where two layers of different cell types comuateiboth with
heterogeneous signaling across the interface and homogenealmgigithin the layer

of the same cell type.

Our current strategy seeks to regenerate the disc using a niareinbr cell
pellet (BCP) (Figure 1.2). The BCP is a co-culture pellet coetpo$an inner sphere of
MSC enclosed in an outer shell of NPC. The cell composition ti®% MSC and
25% NPC with a total of 500 000 cells and roughly a 1mm diameter. bildmainar
structure allows for homotypic interactions between cells ofsdrae type within the
layer and for heterotypic interactions between different tgles across a defined
interface. This organization mimics the developmental processemdénsation, where
cell aggregates form, and induction, where a mature layer afetissrects the
differentiation of a naive one. The two cell types provide one anoitteistimulatory
signaling which eliminates the need for growth factors or gen@itipulation since the

BCP provides self-sustaining cues.
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Figure 1.2: Coculture experents A) Coculture in monolayer by Yamamoto [55] ¢
Richardson [56]. B) Random 3D coculture pellet,$#. C) Bilaminar coculture pell
(BCP) [52,54]. D) Frozen section histology of BCRhwMSC dyed with Dil (red
[52,54].

Synergistic interactios are apparent within the BCP suggesNiRLs direct MSC
differentiation. After three weeks in culture, Ms in the BCP exhibit significantl
higher gene expression of aggrecan (2 fold), cetiag (675 fold), and SOX9 (175 foli
and a significant downregtion of MMP13 (3 fold) and ColX (8 fold) over MS
controls [52] In conjunction, NPs in the BCP exhibit significantly lower levels
expression of aggrecan and collagen Il (both 2)fold a similar level of SOX9Spatial
and temporal gene expressipatterns also provide clues to the nature of cal
interactions within the BCP. At early culture tim@se week), thexpression of both tr
aggrecan and collagenis primarily on the BCheriphery, where the NFs are located.
As time progresses, ¢he i< increased aggrecan gene expressiprMSCsat the BCP
center [52]. Taken together,hese results indicate that MSC are differentiating to

their interaction with the NPC within the B(

BCP culture results ira 30%increase in proteoglycan producti@fter three

weeks as compared ®ngle cell type contro [52]. Consistent with gene expressi
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patterns, early aggrecamoduction isprimarily restricted tahe outside layer presumal
by the NPCs By three weeks of culture, the aggrecan staiis widespreac indicating

that the MSCs havieegun synthesizing the prot (Figure 1.3).

Figure 1.3: Immunohistochemistry staining for agare (brown) on paraffin sections
BCP. A) BCP at 1 weekime point. The aggrecan staining is localizech® a@uter laye
where the NPC are present. B) BCP at 3 week timet.p The aggrecan staining
throughout the pellet including the center of tle#lgs where the MSC are located. T
indicates a pro@ssion in MSC differentiation towards an NPC phgpetbetween 1 ar
3 weeks.

Importantly, BCPs demonstrate superior performamdeen cultured unde
conditions that mimic those anticipated for the etegyate disc environmerhypoxia
(4% 02), pressure (BKPa, and inflammation (10 ng/ml of TN&pha and interleuki
1-beta). As expectedjngle-cell type pellets consisting of NP@soduct more matrix
than MSCs alone or BCPs under physiologic disc itmmg of hypoxia and presst.
However, when culturecdn the presence of cytokines, BCR&id MS(s produce
significantly more proteoglycan than Ns alone. In this settinghe NPC performanc
was dramatically reduced indicatintheir high sensitivity to the inflammatol

environment. When hypoxia, pressurand inflammation are combined to simulate

16



pathologic disc environmerBCPsproduce significantly more proteoglycan than \s
and NPCs [53] These resultdemonstrate the sensitivity of cell performanceutiure
conditions, highlighting the importce of mimicking the anticipated in situ environm

during in vitro optimization of ce-based tissue engineering strategies.

The resilience of BCPs to the simulated patholatjgc environment in vitr
suggests advantages for in vivo application. Ts borne out by preliminary studies
rat caudal discs.Two weeks after implantation using a fibrin carrieto denucleate
discs, cell retention and survival was increaseabbywith BCPs versus MSCs or NP
alone. [54].At 5weeks, the BC-treated discs demonstratsgynificantly better dis-
morphology(assessed histologically by a blin-scoring-eheme) than either untreat
or fibrin-only groups,and trened toward better scores than MSC and I-only
conditions. The BCRreated discs uniquely exhibit histologic evidenégroteoglycar

synthesis, and tended to better maintain disc héngim the other groups (Figure 1.

t ' Y- ; \,J
N SR DE
] ' imm 1mm ‘ ‘ 1mm

Figure 1.4: Rat disc paraffin section histologyhwBafrani-O staining 5 weeks aft
surgery. A) This disc was a control disc with no treatme®) This disc was injecte
with the fibrin carrier alone. In images A & B,etldisc has collapsed and there is
proteoglycan in the disc space. The end plategaomith plate are severely disrupte()
This disc was treated with a BCP and fibrin carrig¢he disc height is maintained w
some proteoglycan staining in the disc space. érfteplate and growth plate are b
continuous.
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These BCP studies indicate the value of adapting inductive gsestetilized
during normal joint development to guide appropriate MSC differemtiatn the
challenging wound healing environment. As opposed to using a singlehgfagtor
supplement or genetic manipulation, this method leverages the tofahlyC signaling
to program appropriate response in MSCs. This programming inhibitsttoyse/ and
promotes resistance to inflammation. BCPs synthesize subdjamitak disc-like matrix
than either NPCs or MSCs alone. Thus, BCP are a promising stebas®ed approach

for disc repair.

1.6 CONCLUSION

The successful design of cell-based treatments for low back painfaaioded by
ambiguities of disease and pain mechanisms in patients, and lacks#nsus regarding
ideal pre-clinical models. In particular, the primary claliendpoint — pain relief — is
currently not directly testable in animals. Yet, these thesapen be advanced by
establishing biologic plausibility of efficacy and safety usimgdels of increasing
complexity, starting with cell culture, small animals grahd rabbits), then large animals
(goat and mini-pig) that more closely mimic nutritional, biomeateniand surgical
realities of human application. Ultimately, success will hingecarefully designed
clinical trials with well-defined patient selection criteand objective outcome metrics
that demonstrate significant benefits relative to gold-standardotdrgatments, such as

spinal fusion.
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CH2. Structured co-culture of stem cells and disc cells in a
bilaminar cell pellet enhances matrix synthesis and stem cell

differentiation

2.1 Introduction

Harnessing the power of stem cells is an important syrafieig regenerative
medicine. In particular, understanding the differentiation of stels into the desired
cell type has been an area of active research in the bbpésiting a therapeutic result.
Our structured co-culture pellet approach seeks to direct the belod\stem cells by
mimicking embryonic processes underlying cartilage and intebraite disc

development.

Cell pellet implantation strategies may have benefits inctmext of cell-based
therapies as they can selectively recapitulate aspects of the enshnyoraenvironments
for regenerative purposes [70]. During embryonic development, cartilagediand
formation begins with the aggregation of progenitor cells. Thdkearalensations then
progress towards differentiation via the process of induction wheeyea bf more
mature cells instructs a naive layer to differentiate arsktoete the appropriate matrix
[72-75]. We hypothesize that tissue regeneration will be emldabg mimicking the
embryonic environment through engineering a tissue induction intebfeiveeen the

stem cells and differentiated cells.
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Regenerative medicine is a growing and dynamic field with gbeential to
provide patients with minimally-invasive treatments that repaneplace dysfunctional
musculoskeletal tissues. We are investigating a spinal intebval disc application
where the goal is to re-establish pain-free motion by resfothe physical and
biochemical properties of the tissue. Each disc is composed of a perippanagt-like
annulus fibrosus and a central nucleus pulposus (NP). The NP contains chienlikec
nucleus pulposus cells (NPC) embedded in a matrix of proteoglycagmnt tollagen
that is highly hydrophilic, which causes the tissue to swell a@siktr compression
hydrostatically [64]. This high-pressure environment is incompatiliie blood vessel
maintenance, and consequently the disc is the largest avasssudarin the body as well
as a challenging environment for cell function and survival. Foretleasons, disc

degeneration is a common and an underlying cause of various spinal disorders [65].

Current regenerative strategies for the disc include stimgldtiost cells to
resume matrix synthesis (particularly aggrecan) and/or introglugiew, more
synthetically-active cells. Mesenchymal stem cells (MS€s attractive for this purpose
because they can differentiate into a variety of cell typetjding chondrocytes, and are
a ready source of undifferentiated autologous cells [66]. Thébiigssof this approach
has been demonstrated in severalivo animal studies [67-69]. However, long-term
functional regeneration of adult discs has not been achieved whicledwsséveral

groups to investigate co-culture as a method for reliably differentiating s NPC.

Previous co-culture studies have demonstrated the potential ben®iSCINPC
co-culture. Paracrine signaling has shown advantages in inducingférerdiation and
proliferation of MSC and NPC [76]. However, those effects hawn lhown to be
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greater with cell-cell contact [77,79]. Yamamoto et al repbat tcell-cell contact
between MSC and NPC had synergistic effects in monolayer, owgvremained
unclear whether the MSC were differentiating or actingeasidr cells to reactivate the
NPC [77]. Ultimately, Richardson et al employed a similew-timensional co-culture
system and demonstrated that NPCs cause MSCs to differemtiatean NP-like
phenotype as assessed by gene expression after FACS sortinghg\8pbserved that a
75% NPC / 25% MSC ratio was optimum for MSC differentiation, as indicated by SOX9,
collagen 2, and aggrecan gene expression. Several studies havenasheesimilar
observations in 3D culture using a randomized mixture of MSCs andetagjge NPCs
[79-83]. These studies highlight the beneficial effects ofeadorg a condensation shape
and the unique signaling arising from co-culturing. However, nave lheproduced the
key embryonic induction process where two layers of differenttgeds communicate
both with heterogeneous signaling across the interface and homogsigg@lisig within

the layer of the same cell type.

We report here on a novel bi-layer pellet approach that structsiésell
signaling between MSCs and non-degenerative NPCs in a 3D ceygimm. We expect
that signaling interactions between MSCs and NPCs rego&differentiation and
stimulate matrix production. To this end, we have designed a sphierieahinar cell
pellet (BCP) where one cell type forms an inner sphere esttlwghin a shell formed by
the other cell type. We find that spatially organizing thesedll types into a spherical
bi-layer enhances matrix production in comparison to single ygal-tontrols or to

pellets with a random organization of co-cultured cells.
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Adapting inductive mechanisms from development in order to trigger
differentiation and ultimately restore diseased tissue has mrgntages. As opposed
to strategies that require growth factor supplements or genatigulations, our method
is self-sustaining and targeted. In addition, BCP can be admeustesrapeutically with
a minimally invasive injection. Thus, BCP have the potential to becoweey attractive

cell-based system for skeletal tissue engineering.

2.2 Materials and methods

2.2.1 Céll Culture

Bovine NPCs were isolated from caudal discs of healthy aduls cowhin 48
hours (hrs) of sacrifice. The NP tissue was carefully segghtay gross dissection and
digested in 0.5% collagenase/dispase and 2% antibiotic/antimyecotiom glucose
Dulbecco's Modified Eagle Medium (DMEM) at 37°C for 4-6hrs witimgtant stirring.
The cells were then plated in tissue culture flasks and expandkd fourth passage in
NPC Media (DMEM with 1% antibiotic/antimycotic, 1.5% 400 mOsm, and F8tal

Bovine Serum (FBS)) at 37°C with 5% CO2. Culture media was changed twice a week.

Commercially available human MSCs were purchased (Lonza, $aiide¢ and
expanded to the seventh passage in growth media (DMEM low glucose, 1%
antibiotic/antimycotic, and 10% FBS) at 37°C with 5% CO2. Culimedia was

changed twice a week.

Human nucleus pulposus samples were obtained from a consenting 55dyear-ol

female patient undergoing surgery for scoliosis. The tissuedigaested and the cells
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expanded. In addition, bovine MSC were isolateanfi@mur tissue and the cewere

expanded.

2.2.2 Bi-Layer Pellet formation

After trypsonization, cells were counted and pellet Three different types
pellets were formed, each consisting of 500,00 ¢etal: pellets of 100% one cell tyy
pellets of MSCs and NPCs with randized organization, and pellets of MSCs and N
organized into a biayer. The pellets containing both MSCs and NP€reviormed witt
three different cell number ratios of 25/75, 50/a0¢ 75/25 respectively (Figu2.1). To
produce the 100% one cellpe pellets, 500,000 cells were pipetted into a 1!

polypropylene tube and centrifuged at low spee@8¢Bfor 5min.

One Cell Type Randomized Bi-Layer Pellets
MSC NPC MSC & NPC MSC & NPC
Control for Bi-layer
fo: co-culture pellets
Control for org:nlz:tlonal
the effects of structure .
co-culturing For ratios For ratios
50:50 50:50
25:75 25:75
75:25 75:25

Figure 21: Schematic of the eleven different experimentedugs indicating thei
compositions, structures, and rat
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To create the randomized pellets, both cell types were added sartie tube,
pipetted to ensure thorough mixing, and centrifuged at low speed fan.3morder to
form the bi-layer organized pellets, the cell type that would fibreninner sphere of the
pellet was added to a 15mL polypropylene tube and centrifugexivaspeed for five
minutes. Subsequently, the second cell type that would form the betewas gently

added to the same tube. The cells were then centrifuged again at low spedhfor 5

Organized pellets were formed for all three ratios with M®@sthe inside
(MSCin) and NPCs on the outside (NPCout) and vice versa with MSGeoonutside
(MSCout) and NPC on the inside (NPCin). All pellets were cudtime2 mL of growth
media for three days with caps loosened to allow for gas egehafifter three days, the
pellets became spherical and were transferred to ultra-l@aghatent 24 well plates
(Corning) for the remainder of their culture time. Media whanged three times a

week.

To control for the effects of FBS, pellets were also culturesemm-free media
(High glucose DMEM, 1% Antibiotic / Antimitotic, insulin—transferselenious acid
mix (ITS) (BD Biosciences, Bedford, MA), 1Q@/ml sodium pyruvate, 40g/mlL-
proline, 50ug/mlL-ascorbic acid 2-phosphate, in the presence of 100nM

Dexamethasone.

2.2.3 Sulfated glycosaminoglycan (GAG) and DNA content
Pellets were removed from culture media and digested in papainng20id/

PBS) and incubated at 60°C overnight. Digested pellets wergedsadth a Quant-iT
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PicoGreen kit (Invitrogen, CA) to measure DNA content. Measunsneere made

using a spectrophotometer, with the excitation at 488nm and absorption at 525 nm.

Digested pellets were also assayed with a dimethylmethylene MM assay
to quantify GAG content. A standard curve was made with chondroifiatesusolated
from bovine trachea (Sigma, MO). Absorption was measured at 525mg as

spectrophotometer.

Overall, 11 pellet groups were generated (Figure 2.1) and each viyzedratter

3 culture times (1, 2, and 3 weeks). For all groups, sample size n = 10 or higher.

In addition, 100% MSC pellets were cultured for three weeks supplechenith
5ng/mL of TGF-betal (Peprotech, NJ). These pellets were cothmar®% MSC inside
and 25% NPC outside pellets grown both in growth media and TGFRbetéemented

media. The pellets were cultured for three weeks and evaluated by DMMB.

2.2.4 Histology

At the end of the culture time, the pellets were fixed in 10%eBed Formalin,
embedded with paraffin, and sectioned at 7nm thickness. The segtimnstained with
Safranin-O and Hall-Brunt Quadruple stain in order to qualitativedsess matrix
deposition. The sections were also stained using immunohistochetactnggues. The
human specific antibodies Lampl and Lamp2 were used to detect the MSC (Abcam, MA)
and an aggrecan specific antibody was used to detect the proteita (Sauz
Biotechnoloy, CA). In all cases, the sections were then coumaiaed with

hematoxylin.
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2.2.51n Situ hybridization

In situ hybridization was performed [148]. Sections adjacent to thcesk fos
histological and immunohistochemical analyses were hybridizéd®Wtlabeled human
riboprobes to aggrecan and collagen Ill-al (fibrillar collagen). @ecti were
counterstained with Hoechst dye (Sigma, MO). Hybridization sigmats detected using

darkfield and the nuclear stain with epifluorescence.

2.2.6 Quantitative RT-PCR
After three weeks of culture, 100% MSC, 100% NPC, and 75% MSCin & 25%

NPCout were harvested for RNA extraction. In order to have sufficient amouRMAGf

5 pellets of the same type were pooled together for an n=1. Wasre total n=5 for
each group. RNA was extracted from pellets using a QlAshrddidand an RNeasy
Mini Kit (Qiagen, Germany). The RNA was reverse traisat using iScript (Bio-Rad
Laboratories, CA). The samples were analyzed using Tagman speciéis ppieners for

the following human and bovine genes: beta-2-microglobulin (B2M), sox9eeayyr
collagen I, collagen I, collagen X, and matrix metalloproteirkE€MMP13) (Applied

Biosystems, CA).

2.2.7 Data Analysis

All statistical analyses were performed using JMP siegissoftware (Version
5.0). Standard analysis of variance procedures (ANOVA) were peaxtbton compare
group means and to estimate the effect of the specimen group variab&tsype, pellet
structure, and cell number ratio were entered as categorical predicibrslture time as
a continuous predictor) on the measured parameters of interestGABNA content).

The Tukey-Kramer test was used to determine pair-wise statistifexrkedites.
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2.3 Results

2.3.1 DNA Content

After the first week of culture, structure and oaalone were not significa
predictors of DNA conte (Figure 2.3). Althoughwo conditions did show significant
higher DNA content. 100%MSC pellets had statiflicsignificant higher cell numbel
than pellets with random 25%MSC / 75%NPC, pelletth 25%MSCin / 75%NPCout,
and pellets with 50%dSCou / 50%NPCin(p<0.001). Also, pellets with 75MSCin /
25%NPCouthad significantly higher cell numbers than pelleigh 25%MSCin /

75%NPCoutand pellets with 50MSCout / 50%NPCin (p<0.001).
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Control Random MSCin / NPCout MSCout / NPCin

Figure 2.3: Graph ug GAG per pe for each structure, conformation, and ratio.
effects of coeulturing are strong, as are the effects of stmattrganizatior
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By the second week of culture, the pellets of 100%MSCs or 100%NEC®di
experience any significant increase in cell numbers. Theultore pellets had a
significantly higher DNA content than the single cell typdlgie (p<0.0001). In
addition, the ratio of 50/50 significantly increased cell numbers thverratio of
25%MSC / 75%NPC (p<0.0001). However, structure did not play a statistical

significant role in DNA content

By the third week of culture, structural organization and ratioeweoth
significant predictors of cell numbers. All three structuresensignificantly different
from one another with MSCin / NPCout having the most DNA contetdwed by
MSCout / NPCin, and finally random structure having the lea€).Q291). The ratio of
25%MSC / 75%NPC and the ratio of 50/50 were statistically saamfly higher than the
single cell type pellets (p<0.0001). The single cell typdetzeland the randomized
pellets experienced a four-fold increase in cell number as cechgar 1 week. By
contrast, the structured pellets experienced a ten-fold incheasadl number, with the
50%MSC-inside/ 50%NPC-outside reaching a fourteen-fold increase. Rtrexglellets
with 50%MSCin / 50%NPCout had significantly more DNA content thanthbr pellets

except for pellets with the same structure at a ratio of 25%MSC / 75%NPC.

2.3.2 GAG Content
After one week of culture there was no clear trend in GAG ptamuc¢Figure
2.3). Two groups (25%MSCin / 75%NPCout and 50%MSCout / 50%NPCin) had an

average of 4.69ug which was statistically significant lower Ggt@duction than the
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random 75%MSC 25%NPC pellets at 7.0lug (p<0.0002). There were no other

statistically significant differences between the groups.

After two weeks of culture, pellet structure and ratio togethere significant
predictors of GAG production (p<0.0001). While the single cell pgikets experienced
a slight decrease in GAG content, the co-culture pellets deratetstboth significant
increases and decreases. The ratio of 50/50 did show stagisigaificant higher GAG
production than all other ratios (p<0.0001). The two highest GAG produeltegspboth
had a cell number ratio of 50/50, one with a random organization (7.67 utf)eaather
with the MSCs inside and the NPCs outside (7.38 ug). For thewtueith MSCs
outside and NPCs inside, a ratio of 50/50 increased GAG production bpa3%ellets

with the ratio of 25%MSC / 75%NPC (p<0.0001).

Though structure alone was not a statistically significant piadiihe data reveal
a trend whereby pellets with the MSCs inside and NPCs outside pibdumre GAG at
all ratios. This structure produced an average of 6.44ug of GAG compdhefl.76ug
for the randomized and 5.57ug for the MSCout and NPCin. In particular,ré&tiozof
25%MSC and 75%NPC, a structure with the MSCin and the NPCout signific
increased GAG production by 35% (from 4.256ug to 6.558ug) over the inversele

of MSCout and NPCin (p<0.0001).

After three weeks of culture, the overall highest GAG produgielets were
those with 75%MSCs inside and 25%NPCs outside at 6.02 ug. This wafscaigly
different from all other pellets except for those with simdfxucture but different ratios

and 50% higher than the average of the controls (p<0.0001) (Figure 2.4).
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Pellets at 3 weeks with ratio 75% MSC / 25% NPC
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Figure 2.4: Graph of ug of GA/pellet with a ratio of 75%MSC &5%NPC culture for .
weeks. TheMSCin and NPCout grot produced 5% more GAG than the average of -
controls(dotted line). The NPCin and MSCout group produté& more than contro
(p<0.0001).

The ratio of the cells was not a statistically #igant predictor of GAC
production at three weeks. Though there were cedese the ratio affected GA
production, there was no clear trend. For exanvpid, the random structure, the ratio
75%MSC / 25%NPC was statistically significantly lowtban the 50/50 ratio (p<0.0001

However, this was not a trend that was observethpther structure

The structure of the pellets was a statisticallgndicant predictor of GAC
production at thregveeks (p<0.0001). The structure of MSCs inside [dR€s outsid
produced statistically significantly more GAG at74.ug compared with 4.30ug f
random structures and 4.09 ug for MSC on the oetadd NPC on the insic

(p<0.0001). In fact, for a ratiof 25% MSC/ 75%NPC, having MSCin and NPC
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increased gag production by 34% over the oppoditectsre, by 38% over tr
randomized pellets, dnby 31% over controls (Figure ). The structure of havin

MSCs outside and NPCin was not statistically dent than the random structt

Pellets at 3 weeks with ratio 25 % MSC /75 % NPC

8
@ 10 & @ (O
‘2 agyx 1% 34%*
357 0, 0
S T
g« ﬁr |
g 3
5
P
0
MSC NPC Random MSCinside NPCinside

NPC outside MSC outside

Figure 2.5: Graph of ug of GAG/pellet for pelletgtwa ratio of 25%MSC& 75%NPC
culture for 3 weeks The pellets wittMSCinand NPC outside produced 31% more G
than the average of the conti (dotted line), 34% than gllets with the opposit
structure, and 38% more than randomized pellet.(B01)

At three weeks, the single cell type pellets expered a further drop in GA
production, down 42% from the first week for MSCGalalown 36% from the first wee
for NPCs (p<0.0001). Perhaps most interestingly, the MS&hd NPCout grou
sustained GAG production levels at similar ratestite first week with only a 3¢
decrease (there was no statistically significaffedince between 1 week and 3 wi
values). Betweeth week and 3 week measurements, GAG productios falle21% for

MSCout and NPCin, though this was not a statidicsignificant decrease. They al
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fell significantly by 31% for the randomized group (p<0.0001). In fa8%6MSCin/
75%NPCout was the only pellet that increased GAG production at\aels over the

one week rate by 14% though this was not a statistically significant iecreas

At three weeks, the pellet with 75% MSC inside and 25% NPC ouistde
compared to 100% MSC cultured with TGF-beta. These structured tocoecpkllets
without TGF-beta had significantly higher GAG than the MSC wiB+Ibeta pellets. In
addition, when the structured co-culture pellets were cultured V@#-Oeta, they made

7 times more GAG than MSC with TGF-beta (data not shown).

2.3.3 Controlsfor cross speciesinteraction and the effects of FBS

In order to control for the species interaction between bovinbamadn cells, we
made co-culture pellets using MSC and NPC of the same sgedmsrun in parallel
with cross species pellets that use human MSC and bovine NP&nigak pellets were
made with human MSC combined with human NPC and pellets were atd® \with
bovine MSC combined with bovine NPC. After three weeks of culturepehets were
evaluated for GAG and DNA content. We saw no statisticallyifssignt differences in
the GAG or DNA content between co-culture pellets that weéreuahan, all bovine, or

cross species (data not shown).

In addition, two sets of pellets were grown in parallel usirffgréint media in
order to assess whether any factors in the FBS were infhge@AG and DNA content.
One set of pellets was cultured in growth media (with 10% FB&)ae set was culture
in serum-free media. The pellets were cultured for threzksvand evaluated GAG and

DNA content. We saw no statistically significant differentetween the two sets of
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pellets (data not shown). This is an indicatioat tthe potential growth factors in Fi

are not significantly influencing the behan of the cells in the pellet.

2.3.4 Histology and In situ hybridization

The formalin fixed paraffin embedded sections wateened with both Safrar-O
and HBQ which qualitatively detect the presencemiteoglycan with red staining fi
the former and bluéor the latter. In figure 2, Images C and F of the MSC in NPC
pellet are clearly staining more vibrantly red drde respectively which is consiste

with the GAG content dai

A £ o -~
B D |
0.5 mm
D E F i

Figure 2.6: Safrani® and HBQ stainir. A-C Paraffin embedded semts of three wee
pellets stained with Safrar-O where red staining indicates the presence oepgbycan.
D-F Paraffin embedded sections of three week pefigtsied with HBQ where blL
staining indicates the presence of proteoglycan&DAare of MSC pellets. B&E are ¢
NPC pellets. C&F are of MSC in NPC out pellets& € are staining qualitatively mo
for red and blue respectively indicating higher Géghtent

The pellets stained using immunohistochemistry rigpres with the huma

specific atibody enabled us to trace the location of thésdey their species with MS
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being human and the NPC being bovine. This teclsn&nabled us to confirm that 1
desired configuration was made and maintained girout the culture time

demonstrated in A of Figure 2.

w

MSC in BP0

n MSC out

MSC
3 week

Figure 2.7: Immunohistochemistry and in situ hylzadior. Images AF are stained wit
Lampl&2 antibody (in brown) which is a human spe-specific antibody
counterstained with hematoxylin (in blue). Thegigate the organizional structure of
the pellet. Images G-are stained with Aggrecan antibody (in brown)umtrstainec
with hematoxylin (which stains cell nuclei blue)They indicate the location of tt
protein. Images MR show the location of aggrecan gene expres(in white) in the
pellet, counterstained with Hoechst dye (whichrstaiell nuclei blue). Images-X show
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the location of collagen Il gene expression (in white) in the pelinterstained with
Hoechst dye (which stains cell nuclei blue).

At the one week time point for the MSC in NPC out group, it iarcthat the
NPC on the outside are producing and expressing aggrecan, while thddMe€Cseems
to be producing the protein or expressing aggrecan RNA (figure 2.7 irhaggdM). At
the three week time point for the same group, aggrecan protein andisRiNéalized
throughout the pellet (figure 2.7 images B,H, N, T). We also lsatethe collagen I

expression has increased throughout the pellet with time.

At the one week time point for the NPC in MSC out group, aggrecariprand
RNA is located on the periphery of the pellet and in a central padkete NPC are
located (figure 2.7 images C, | , O, U). At the three week tmiat for this group,
aggrecan is being made and expressed throughout the pellet howewentér, where
the NPC are located, does appear to have lower levels of RNAssiqgm (figure 2.7
images D, J, P, V). There appears to be a slight increasgoiassion of collagen 1l on

the periphery of the pellet at three weeks.

The control MSC group exhibited very faint staining of aggrecan pretei no
staining of aggrecan RNA or collagen RNA (figure 2.7 images E),KV). The control
NPC group exhibited aggrecan protein staining throughout the péjjetg(f2.7 images
F, L, R, X). Aggrecan RNA was not uniform, with a pronounced ringxpfession on
the periphery of the pellet with some central staining. CollagBMNA was very faintly

expressed.
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2.3.5 Quantitative RT-PCR

We were able to distinguish the gene expression levels of ti@ a8 NPC
within the co-culture pellets by using specifies specificnprs. The fold change was
calculated with the species appropriate single cell type gdI8C for human and NPC
for bovine). The MSC within the co-culture pellets had a 2-fgidegulation of
aggrecan, a 675.5-fold upregulation of collagen Il, a 190.3-fold upregulatiooxéf &
2.7-fold downregulation of MMP13, and an 8.2-fold downregulation of collagen ¥ al
which were statistically significant (Figure 2.8). The lew#lsollagen | gene expression

showed no significant differences.

36



Tin

Ll

hAgg |hilMDia  hobl kool

dll

human specifle primers
L
-

-
o
=

i
¢
4]
f)
)

™)

b o=l e men o el

= 2o ] L
L= [(VITLT TS (7] AT B Al

speclflc primers

fold change of MSC In NPC
out over NPC for bavine

Figure 2.8: Quantitative F-PCRwith species specific Tagman primers was perfor
on three week pellets of three types: MSC, NPC, %@ MSC in & 25% NPC out. Fc
each reading, the gene expression was normalizé toousekeeping gene B2M and
fold change was calculated using the single cegfie pellet of the appropriate species
the control. For the human genes measured ind-culture pellets, the control was t
MSC pellets. For the bovine genes measured iod-culture pellets, the control was t
NPC pellets.

* denotes samples with statistically significanteli&énce p<0.0

The NPC within the c-culture pellets had a 2f2ld downregulation of aggreca
a 2.9fold downregulation of collagen Il, a «~fold downregulation of collagen I, and -
fold upregulation of MMP13. The levels of Sox9 gexxpression showed no significi

differences.
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2.4 Discussion

A goal of this study was to ascertain the extent to whichtsieat co-culture of
MSCs and NPCs could enhance disc tissue regeneration in vitro.eSt%d tthe
hypothesis that creating an organized pellet that allowed riactsted homotypic and
heterotypic interactions between MSCs and NPCs at various rabofd enhance
proteoglycan production in a 3D pellet culture. He have shown thavBGRMSC’s on
the inside and NPCs on the outside were more synthetically abiwe the inverse

conformation, a random mix conformation, or single-cell type pellets.

Whether these cell types enhanced each other’'s behavior in 3D ddsineery
important implications for cell-based, disc regeneration theraBresumably, a cell-
based therapy will always elicit an interaction betweem#vely introduced cells and the
host cells since NPCs would not be removed during a minimally wesasjection.
Previous studies have shown that cell-cell contact between MSCINRGS was
necessary to induce a stimulatory effect [77,79]. Our goal weedign a cell construct

that could exploit those signaling interactions to enhance matrix production.

MSC/NPC interactions greatly affected the total number 8§ te the pellet.
After two weeks of culture, co-culture pellets resulted in mhigher cell numbers than
those observed in the single cell type pellets. Presumably,ftaeedt cell types were
stimulating each other to proliferate and, at this time point, dichmpear to require any
specific structure or ratio to do so. By the third week ofuceltpellet structure and cell

ratios both became a statistically significant predictoretifmumber. Based on the fact
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that pellets with a ratio of 50/50 and 25%MSC / 75%NPC resultstymficantly more
cells, we would conclude that the stimulatory effects ocoginnnco-culture pellets are
originating from NPC signaling. One explanation as to whyr#i® of 75%MSC /
25%NPC resulted in lower cell numbers may be that signals &ecreted molecules)
from NPC did not reach a sufficient concentration to stimulatdtB€. Further studies
involving FACS sorting would help elucidate such issues. While thefispgignaling
pathways mediating interactions between MSC and NPC in ounsystaain unknown,
and while our assays were not able to identify which cell typs yroliferating within
the same pellet, our results clearly show that over time tlhetgpbenefited from more

organization to fully exploit the trophic effects of co-culture.

For GAG production, both ratio and structure played an important rdifexent
time points. At one week, the cells where not yet influenced binteeactions with the
other cell type. At two weeks, co-culture pellets with a raifo50/50 showed
significantly more matrix production suggesting that the celimbdenefitting from co-
culture signaling. Although the structure did not yet play a fsogmt role, a trend
emerged where having naive cells at the center and matiseooethe outside was
favorable. At three weeks, we showed both quantitatively (via DMafigl) qualitatively
(via histology) that matrix production was significantly enhandmsd structural
organization. Only the pellets with an organized structure waeeta sustain matrix
production over three weeks while random pellets and single cell ggfets saw

significant decreases.

Overall, our experiments led to the novel discovery that pellets pgddbhe most

matrix when MSCs were on the inside and NPCs were on the outside. This was likely due
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to the fact that at the center of the pellet, MSCs presumeb&med two external stimuli
that promoted differentiation. The first was the micro-environnaernhe center of the
pellet, which had higher pressure and lower oxygen tension than on thee aeitshe
pellets and may mimic the process of embryonic condensation. Theemi@onment
was therefore more conducive to initiating MSC differentiation amtdNPC-like cell and
subsequently synthesizing matrix [84]. The signals due to the envinbnikely
propagated from the center of the pellet outwards. The second stinaduke organized
signaling interface with NPCs. This structure allowed th®Qd to interact with the
NPCs only across one defined interface that may mimic the yembr process of
induction. MSCs may also propagate signals more readily amongseivesthan with
other cell types [90]. This organized zone for interactions doaN@ allowed the MSCs
to transduce the signaling information from the NPCs to neighboriigsvinore quickly
and efficiently than in a randomized organization, thereby propagttat signal from
the outside of the pellet inwards. Most likely, the combinatiom@ficroenvironment,
which produced a favorable signal propagating outwards, and the organizadtioie
interface, which produced a favorable signal propagating inwardsyeallthe MSCs to
differentiate and produce more matrix than any other configuratiie to these ongoing

external stimuli which mimic embryonic processes.

The in situ hybridization allowed us to localize gene expressitninathe pellet.
We were able to demonstrate that the MSC within the MSC insifeC outside pellet
differentiated over the three week culture time and began bptiessing and secreting
aggrecan. Interestingly, we saw early signs of aggrecaression and secretion from

MSC within the NPC inside / MSC outside pellets. The protein game expression
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were limited to the outermost layer of the pell&his is likely due to the epithel-like
morphology that cells have on the outer periphdémhe pellet (Figure 2.9). Though tt
process is not well understood, it was observedllipellets otherhan those that wel
100% MSC. It is likely that this epithel-like transformation causes the MSC
differentiate and secrete aggrecan. However, waddhat those pellets with MSC

the outside consistently produced less aggr

Figure 2.9: Epithelialike morphology of cells in the outermost layettloé pelle. In this
case the MSC are stained in brown on the insidethadNPC are unstained on 1
outside forming the layer. A hematoxylin countanstwas used to stain all cell nuc
blue. The NPC on the outside are elongated and fiaghred over one another. M
exhibit similar morphology when placed on the ciediayer

The gene expression data of the MSC inside and NEASide pellets furthe
demonstrated that MSC were differiating due to the interaction with NPC w
significant increases in expression of aggrecalagen 1l, and SOX9 all of which a

positive markers for NF-like cells. In addition, the downregulation of leglen X anc
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MMP13 were indicative of the advantage of using co-culture techniquiarentiating

MSC.

The NPC within the MSC inside and NPC outside pellets showed a
downregulation of aggrecan and collagen Il. In addition, the SOX9 gemession
levels remained unchanged indicating that these cells marén the process of de-
differentiating. These results may be indicative of the NBIE€ as instructive cells as

opposed to their purely secretory role in the 100% NPC pellets.

Further studies are required to assess the relevant signaiciganisms though
we believe the TGF-beta pathway is involved due to the fact thRtBade significantly
more GAG when cultured in TGF-beta supplemented media. Le Vaatjeoworkers
reported that MSC/NPC pellets produced more GAG when cultured irtigroedia than
in chondrogenic media [79]. This is not the case for BCP pelletsatidicthat the
organizational structure is activating different signaling pagiswthan the randomized

co-culture pellets.

Over the long term, we envision using such a bi-layer pelletraysidform the
basis for new cell-based therapies for disc degeneration. Spe#ess could be injected
using a minimally invasive procedure into the nucleus pulposus of patightsack disc
disease [65,89]. These pellets would then serve to restore normial coatposition in a

sustainable way and ultimately restore tissue function.
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CH3. Budding and satellite pellet for mation

3.1 Introduction

Spinal intervertebral discs provide flexibility while supporting coesgive
forces. Each disc is composed of a peripheral, ligament-like anfibhasus and a
central nucleus pulposus (NP). The NP contains chondrocyte-likeerelbedded in a
matrix of proteoglycan and type Il collagen that is highly hydrophilihich causes the
tissue to swell and resist compression hydrostatically [91jis Thigh-pressure
environment is incompatible with blood vessel maintenance, and conseghendigc is
the largest avascular tissue in the body as well as aenbalg environment for cell
function and survival. For these reasons, disc degeneration is a commom and a

underlying cause of various spinal disorders [92].

Tissue engineering is a growing and dynamic field with them@tl to provide
patients with minimally-invasive treatments that repair oplage dysfunctional
musculoskeletal tissues. A tissue engineering goal for the inteloval disc is to re-
establish pain-free motion by restoring the physical and biochémpioperties of the
matrix. This may be accomplished by stimulating host celiesome matrix synthesis
(particularly aggrecan) and/or by introducing new, more synthigtigative cells.
Mesenchymal stem cells (MSC) are attractive for this perpbscause they can
differentiate into a variety of cell types, including chondrocydes, are a ready source of
undifferentiated autologous cells [93]. The feasibility of this apgroaas been
demonstrated in several vivo animal studies [94-96]. However, long-term functional

regeneration of adult discs has not been achieved. Ultimatelgetemerative disc is a
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hostile, often inflammatory environment, which experiences signifiecaathanical
loading [97]. When immature MSC are suspended in a carrierirgected into a
degenerative disc, they find it difficult to survive, stay in therddslocation, and they
may not receive the environmental cues that enable them to pedptimally to

regenerate the tissue.

Pellet culture systems may have benefits in a tissuenesgng setting as they
can selectively recapitulate embryonic microenvironments fgenerative purposes
[1.98-1.99]. During embryonic development, cartilage and disc formationsegth the
aggregation of progenitor cells into a cell condensation. These catidessthen
progress towards differentiation via the process of tissue inductiobeggid to secrete
matrix [98-106]. Several groups have looked at the concept of coculture systdRS of
and MSC because signaling between these cell types ultimatelys in situ during
MSC-mediated disc regeneration. Yamamoto and coworkers condactéeday
monolayer coculture study and reported significant increases iaogigtan synthesis
and cell proliferation when non-degenerative NPC and MSC wereredlivith direct
cell-cell contact [107]. They reasoned that MSC were acéisgfeeder cells that
enhanced the ability of NPC to proliferate and secrete m&ithardson and colleagues
also employed a similar two-dimensional coculture systemdanabnstrated that NPC
cause MSC to differentiate into an NP-like phenotype as assbgsgene expression
after FACS sorting [108]. They observed that a 75% NPC / 25%Mt&Cwas optimum
for MSC differentiation, as indicated by SOX9, collagen 2, ande@ggrgene expression
[108]. However, using a three-dimensional coculture system, Le &/iaad colleagues

noted that a random mixture of MSC and degenerative NPC did not icta&
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production beyond single cell type controls [109]. More recently, Maalad colleagues
have shown that 3D unstructured coculture of MSC and NPC upregulated key
differentiation markers in MSC [110]. These papers have looked antheonmental
triggers due to re-creating the condensation shape and the uniquengighadi to

coculturing.

We hypothesize that by mimicking cell condensations through thefus@ellet
system, and by allowing for tissue induction via a bilaminar orgaoigadisc
regeneration can be enhanced. As a first step toward tdkisdhypothesis we
generated bilaminar pellets of MSC and NP and analyzed tHeawioe in culture. We
observe a unique phenomenon: the budding of coculture pellets and thediorofat
satellite pellets that separate from the main pellet. dstielgly, the satellite pellets are
composed of both cell types and have a specific organization in WiediSC are on
the inside and NPC on the outside. The occurrence of budding and the atigaroz
satellite pellets may have important implications for the afssoculture pellets in cell-

based therapies for disc regeneration.

3.2 Materialsand Methods

3.2.1 Céll Culture

Bovine NPC were isolated from caudal discs of healthy aduls ceithin 48
hours of sacrifice. The NP tissue was carefully separhjedross dissection and
digested in 0.5% collagenase/dispase and 2% antibiotic/antimyecotiom glucose
Dulbecco's Modified Eagle Medium (DMEM) at 37°C for 4-6hrs witimgtant stirring.

The cells were then plated in tissue culture flasks and expaodkd fourth passage in
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NPC Media (DMEM with 1% antibiotic/antimycotic, 1.5% 400m Osmoyarénd 5%
Fetal Bovine Serum (FBS)) at 37°C with 5% CO2. Culture medsachanged twice a

week.

Commercially available human MSC were purchased (Lonza) andasgdo
the sixth passage in monolayer culture using growth media (DMEMylucose with 1%
antibiotic/antimycotic and 10% FBS) at 37°C with 5% CO2. Cultuedienwas changed

twice a week.

Human nucleus pulposus samples were obtained from a consenting Sfidyear
female patient undergoing surgery for scoliosis. The tissue wastdd and the cells
expanded. In addition, bovine MSC were isolated from femur tissu¢hanzells were

expanded.

3.2.2 Bilaminar Pellet for mation

Human MSC and bovine NPC were used to make co-culture pelletscrds$se
species human-MSC /bovine-NPC pellets enabled us to trace #tehoof the cells via
their lineage. Three different types of pellets were formadh e€onsisting of 500,000
cells total: pellets of 100% one cell type, pellets of MSC BIRC with randomized
organization, and pellets of MSC and NPC organized into a bilamifdre pellets
containing both MSC and NPC were formed with three differentreatiber ratios of
25/75, 50/50, and 75/25 respectively (Figure 3.1). To produce the 100% one cell type
pellets, 500,000 cells were pipetted into a 15mL polypropylene tube andugsd at
low speeds (300g) for 5min. To create the randomized pellets, botlyped were

added to the same tube, pipetted to ensure thorough mixing, and cedtafuge speed
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for 5 min. In order to form the bilaminar organizeellets, the cell type that would for
the inner sphere of the pellet was added to a 1patypropylene tube and centrifuged
low speed for five minut.. Subsequently, the second cell type that woulch fihe outel
shell was gently added to the same tube. The waie then centrifuged again at I
speed for 5 min. Organized pellets were formedalbthree ratios with MSC on tf
inside and NPC on ¢&éoutside and vice versa. All pellets were culuimre 2 mL of
growth media for three days with caps loosenedltavafor gas exchange. After thr
days, the pellets became spherical and were traedféo ultri-low attachment 24 we
plates (Corningjor the remainder of their culture time. Media veasinged three times

week.

One Cell Type Randomized Bilaminar Pellet
MSC NPC MSC & NPC MSC & NPC
Control for Bilanﬂnar
iyt co-culture
Control for Omi“'itat'o"al pellets
the effects of Structure )
co-culturing For ratios For ratios
50:50 50:50
2575 2575
75:25 75:25

Figure 3.1: Depiction of the different gror composed on one cell type pelle
randomized pellets, and bilaminar pell

a7



We also made same-species pellets as controls for spateiesctions. We made

pellets with human MSC and human NPC and pellets with bovine MSC and bovine NPC.
3.2.3 Histology

3.2.3.1 Céll Lineage Tracing for Frozen Sections

Before being pelleted, cells were labeled with fluorescdhtrmmbrane markers
(either DiO or Dil, Invitrogen). After the pellets had reachedrttiesired culture time,
they were embedded in OCT Tissue-Tek (Sakura Finetek) and frezgongd at 7nm
using a cryostat. Sections were then counterstained with thedalys; a fluorescent

nuclear marker (Sigma). Images were taken using epi-fluorescent cojgyos

3.2.3.2 Immunohistochemistry with Paraffin Sections

At the end of the culture time, the pellets were fixed in B)¥fered Formalin
overnight and processed for paraffin sectioning at 7nm thicknessthiAstage, the
sections were immuno-stained using the human specific antibodigslLand Lamp2

(Abcam). The sections were then counterstained with hematoxylin.
3.3 Results

3.3.1NPC culture

The NPC started as small rounded cells. They often requiredabelas to
attach to the tissue culture flask. Many of the cells neveactsd at all and were
discarded. Though the cells were initially seeded in very stasks (12.5 crf Falcon),
it took up to 2 weeks for the cells to reach confluence. Onceetl'ewere confluent and
passaged, their growth rate significantly increased, and tbey @asily expanded to the

fourth passage.
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3.3.2 M acroscopic observations

Immediately after centrifugation the pellets appd flattened. Spheres form
within 48 hours and reached a maximum size of apprately 2mm in diameter. Afte
one week of culture, coulture pellets began to exhibit budding (Fig3.2). During the
course of the second week of culture, these bygkrated from the main pellet entire
to form numerous independent satellite pellets affous sizes. As the satellite pell
budded off of the main pellet, the main pellet dat noticeably decrease in size. At

three week time point, several of larger satellite pellets also began to exhibit gl

The 100% MSC pellets did not exhibit budding nat dny satellite pellets for
at any point. The 100% NPC pellets exhibited bngdind satellite pellet formation «
the same time frame as tco-culturepellets (obviously in this case the satellite gs!
were composed entirely of NPC). The s-species pellets (e.g. hun-MSC and
humanNPC) exhibited the same behavior as the -species pellets (hum-MSC and
bovineNPC). There was no diffence in the budding or satellite formation rate hesn

the bilaminar co-culturpellet and the randoico-culture pellets.

AL

Figure 3.2: Budding and satellite pellet forma. (A) Coculture pellet after three days
culture. (B) A budding cocluture pet at one week of culture. (C) Coculture pelleti
three weeks, several satellite pellets have forametiseparated. (D) A budding satel
pellet after three weeks of cultL
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3.3.3 Histology
Both the frozen (Figur3.3) and paraffin histological séats confirmed that th
main pellets maintained their structure througtibatculture time even as satellite pel

budded off them (Figura.4).

)

[

Figure 3.3: Frozen sections of bilaminar pe after 3 weeks of culture. All cell nucl
are labeled wh Hoescht dye (blue). A) Bilaminar pellet with9€ unstained and NF
dyed with Dil (red). The pellet is organized wifi% MCS on the inside and 50% NI
on the outside. B) Bilaminar pellet with MSC dyedth DiO (green) and NP
unstained. The pellets organized with 75% MSC on the inside and 25% NPGhe
outside.
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Figure 3.4: Three week bilaminar pe with MSC on the inside (brown) and NPC on
outside after undergoing budding and satellitegbdédirmation. This is a paraffin secti
stained using immunohistochemistry with the hum@ecsdic antibodies (brown), Lamg
and Lamp2, and counterstaineith hematoxylin (blue). Eveafter undergoing buddin
numerous times, the pellet conserved it's origgtalctur:.

The histology of the satelli-pellets confirmed that they were composed of |
cell types. Most surprisingly, the satellite pelapjear to all have the same struct
with MSC on the inside and NPC on the outside (FEg3.5). This structurs
organization was independent of the structure atm of the main pellet that the

stemmed from.
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Figure 35: (A) Fluorescent microscopy image of a satelliedlet frozen section. MS
were prestained with DiO (green) before forming the mairllgie The center of the
satellite pellet is stained with DIO while the extbe is free of dye indicating that it
composed of both cell types and has the bilamingamzation of MSC inside and NF
outside. (B) Immunohistochemistry performed onagaffin section of a satellite pelle
The MSC at the center of the satellite pellet daaened with a human specifintibody
(brown) and counterstained with hematoxylThe satellite pellethave abilaminar
structure withMSC on the inside and NPC on the outs

3.4 Discussion

How MSC and NPC influence eacwther's behavior in 3D culture has wve
important implicatios for cel-based, disc regeneration therapies. Presumableg]l-
based therapy will always elicit an interactionviietn the newly introduced cells and
host cells since NPQ@vould not be removed during a minimally invasivgeation.
Previous studieBave shown that cwcell contact between MSC aiNPC was necessary

to induce a stimulatory effe [108-109].

Several groups have shown that unstructicoculture offers some advantag

over using MSC oNPC alone inthe search of a cell based strateo regenerate the
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nucleus [107-110]. It has been shown that these cell types havebithyg @
communicate with one another to increase MSC differentiation,pogliferation, and
matrix production [107-110]. In our system, we have observed a novel phenomenon
whereby coculture pellets exhibit budding and the formation oflisatpkllets. This
occurrence may have important implications as to the behavior ofrwctissivhen
administered in vivo during disc regeneration. What remains unclezryes is which
underlying biological mechanisms are at work. However, we \leeli#hat such
mechanisms will be rooted in the molecular and cellular processkslying cartilage

formation where similar behaviors exist [99-110].

In order to ensure that our results were not due to species incbititgdietween
human and bovine cells, we wanted to test the extent to which coculture pellets composed
entirely of human cells and entirely of bovine cells would exhibit shme dynamic
behaviors. Our results indicate that budding and satellite pediehafion are
generalizable phenomena that arise in response to certasooBfjurations rather than

being due to species-incompatibility.

Overall, our experiments led to the novel and yet unexplained discovery that MSC
and NPC, when cocultured in any arrangement and in any ratio,onntl bilaminar
satellite pellets with MSC on the inside and NPC on the outsil@s implies that
structural organization is intrinsic to these cell populations, caar ggontaneously in
this cell culture system, and may be inherently favorabledihibased tissue engineering
strategies. We believe that bilaminar organization maglaate MSC differentiation
and the cells’ ability to resist environmental factors. At teater of a pellet, cells

experience higher pressure and lower oxygen tension than on the oufbkidemicro-
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environment is therefore more conducive to MSC differentiation. ditiad, the NPC
readily form an epithelial-like layer on the outside of theugs This layer may
ultimately protect the pellet from negative external signalsch as inflammatory

cytokines.

From a therapeutic point of view, the phenomenon of budding and the generation
of satellite pellets may be a beneficial feature thatildl serve to distribute donor cells
throughout the host matrix. Over the long term, we envision using sbdanainar
pellet system to form the basis for new cell-based therapiesc degeneration. Several
pellets could be injected using a minimally invasive procedure intaubleus pulposus
of patients with back disc disease [92,111]. We anticipate that saésiéte pellets will
enhance the ability of this technique to repopulate and regeneratedheidieus. These
pellets would then serve to restore normal matrix composition ustaisable way and

ultimately restore tissue function.
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CHA4. Structured co-culture outperforms stem cells and disc

cellsin a ssimulated degener ative disc environment

4.1 Introduction

Tissue engineering is a growing and dynamic field with them@tl to provide
patients with minimally-invasive treatments that repair oplage dysfunctional
musculoskeletal tissues. For the intervertebral disc, the gdal rie-establish pain-free
motion by restoring the disc’s physical and biochemical propdi@@-113]. This may be
accomplished by stimulating host cells to resume matrix ssistifearticularly aggrecan)
and/or by introducing new, more synthetically-active cellsg8p- Our work focuses on

the latter option.

Pellet culture systems may have benefits as part ofueetessgineering strategy as
they can recapitulate embryonic microenvironments for regenerativeoses [70].
Furthermore, co-culture of stem cells and disc cells is aipmgnstrategy for cell based
tissue regeneration as makes use of signaling interactioredretthe two cell types to
promote MSC differentiation [76-130]. We explored the benefitoetulturing nucleus
pulposus cells (NPC) and adult MSC using a 3D system that ex@oitsyonic
processes such as tissue induction and condensation. We report lzereoweel “bi-
laminar cell pellet” approach that structures cell-cell diggabetween MSCs and non-
degenerative NPCs [131,132]. A spherical bi-laminar cell pellet {BC&sed where one
cell type forms an inner sphere enclosed within a shell of the ogfletype (Figure 2).

The BCP is composed of 75% MSC as the inner sphere and 25% NP@gdnmiouter
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shell. We have previously shown in vitro that BCP produce 30-50% mdre riean
the MSC and NPC controls indicating that the synergy betweewthedl types in this

spatially organized configuration is advantageous [131].

A key challenge to functional disc tissue engineering is thate are no
established, validated pre-clinical models that simulate the oomditof
pathologic/painful disc degeneration. However, in order to accuratelgicpréne
effectiveness of any cell-based therapy it is crucialrtauksite the key components of the
harsh environment that the cells will experience in vivo since tbegeonmental cues
dramatically affect the therapeutic performance of the tlyefhp3-138]. A model that
accurately reproduces the environment of a painful disc would enaldheizgtion of
tissue engineering approaches. In the degenerate discthinesekey components are

pressure, hypoxia, and inflammation [138].

The healthy disc serves to withstand substantial compressive doadiiie
remaining pliant to facilitate motion. It is also the larges&iscular organ of the body
making the issues of nutrient and oxygen transport critical teseellval [139]. Pressure
and hypoxia are therefore fundamental components of the disc environmeanay?fbe
expected, mechanical load helps maintain matrix homeostasis nvenébral discs, and
mechanical and hypoxic stress can affect the cell viabiliy matrix synthesis of
mesenchymal stem cells (MSCs) and nucleus pulposus cellssfNP4D-141]. Since
loss of cellularity and reduced extracellular matrix product®ra icentral feature of
degenerative disc disease, the introduction of cells capable of sgnamd producing
normal extracellular matrix in a high pressure and low oxygesiaon is critical for

successful bioengineered disc regeneration.
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Degeneration also coincides strongly with elevated levels ofardety of
inflammatory and degenerative factors such as cytokines andsM&frecifically, there
have been observed increases in the aggrecanase, ADAMTS-4,MMP&dn®13 (and
perhaps others) and reductions in tissue inhibitors of metallopgsteBdMPs —1and —3
(the latter being a known aggrecanase inhibitor), all or sdmeéhizh appear linked to
increases in IL-1 [142-143]. Other inflammatory cytokines, such ds-dlpha are also

elevated and likely inductive of degenerative effects [144-146].

In order to better anticipate the therapeutic effect of BCHvo, we mimicked
key features of degenerate disc environment in vitro. The BC® tested under three
different culture conditions: in a bioreactor that provides pressurgp&xia (mimicking
human disc conditions at rest), with inflammatory cytokines (ILltdlaead TNF-alpha),
and a bioreactor with inflammation (mimicking degenerative disc dondjt We have
therefore employed the use of a bioreactor that mimics two tarygophysiochemical
aspects of the in vivo disc environment: pressure (0.1MPa) and otgiggnn (4.5%).
The pressure is generated via osmotic swelling of hyaluronaangethe low oxygen
tension is a result of the diffusion across the dialysis memiofaaaé&nown pore size and
through the gel. Our goal was to test our cell-based therapyron wider conditions

representative of the eventual diseased tissue.
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4.2 Materials & Methods

4.2.1 Bioreactor Design and Construction

The bioreactor is a simple design composed of easily availabipanents. This
permits easy fabrication of many replicate units that cansiee simultaneously. Each
bioreactor is composed of a commercially available dialysiseti@s (Slide-A-Lyzer,
Pierce) modified to enable pressurization. The cassette cosiatrigid frame, similar
in size and shape to a 35mm slide, which holds two dialysis mensbfadekDa pore
size) in the center (Figure 4.1A). The membranes are sepakatedilcone gasket. The
cassette cavity (300 mL) is filled with a 15% hyaluronan §8N(80,000, Genzyme,
Cambridge, MA) by inserting an 18-gauge needle attached torgeyhrough the self-
sealing gasket via guide ports in the frame. The hydrogel iapgr@d within the device
by the gasket and semi-permeable membranes in similar fashemmntainment of the

nucleus pulposus by the annulus and cartilaginous endplates.

A 15% hyaluronan (HA) gel was made by dissolving sodium hyalurqroateler
in growth media. Three hundred microliters of this gel was irjetiieough the self-
sealing silicone port of a dialysis cassette and excesgairemoved from the cassette.
The cassette was then incubated in growth media (Dulbecamldied eagle medium
(DMEM) low glucose, 1% antibiotic/antimycotic, and 10% Fetal Bovieeum (FBS))
for four hours to allow for gel volume expansion and osmotic presdarizat
(equilibration is based on osmotic pressure differences betweeHAhgel and the
culture media). An autoclavable porous metal clip surrounds the deviosgmit fluid
exchange but prevent membrane rupture due to internal pressurigaigure 4.1B).

Cassettes were then incubated in growth media at 37 degrees with 5% CO2.
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4.2.2 Bioreactor Oxygen and Pressure M easur ements
Bioreactor oxygen and pressure were performed asrided previoush[132].
The oxygen tension inside tlbioreactor was 4.8% and the pressure was 0.12

which is consistent with physiologic levels withilre human lumbar disc at re

Figure 4.1: Bioreactor set. A) The bioreactor is filled with HA gel which sweldue tc
osmotic pressure. The pe is then injected into the chamber. B) Once thedaictor i<
swollen, an autoclavedorous metal clip is placed around imembrane so that it wi
not continue to swell and bui

4.2.3 Cell Culture

Bovine NPC were isolated from caudal discs of y adult cows within 4¢
hours of sacrifice. The NP tissue was carefullpasated by gross dissection ¢
digested in 0.5% collagenase/dispase and 2% atitifaiotimycotic in low glucos
DMEM at 37°C for 46hrs with constant stirring. The cells were 1 plated in tissue
culture flasks and expanded to the fourth passad¢PC Media (DMEM low glucos¢
1% antibiotic/antimycotic, 1.5% 400m Osmolaritydaso FBS) at 37°C with 5% CO:

Culture media was changed twice a w
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Commercially available human MSwere purchased (Lonza, Switzerland) i
expanded to the sixth passage in monolayer culisireg growth media at 37°C with 5

CO2. Culture media was changed twice a w

4.2.4 Pellet formation and culture

Human MSC and bovine NPC were used to mco-culturepellets. We hav
previously shown using controls of human MSC withmtan NPC pellets as well
bovine MSC with bovine NPC pellets that there am@ significant cros-species

interactions [131].

Two different types of pellets were formed, h consisting of 500,000 cells tot
pellets of 100% one cell type and BCPs of 75% M8& 26% NPC organizeinto a
bilaminar (Figure £). To produce the 100% one cell type pellets, @00 cells wert

pipetted into a 15mL polypropylene tube and cemged at low speeds (300g) for 5mi

One Cell Type BCP
MSC NPC MSC & NPC
Bi-layer
Control for co-culture pellets
the effects of
co-culturing MSC75%
NPC 25%

Figure 4.2: The two different types of pel. The one cell type pellets are compose
100% MSC or 100% NPC. The BCP pellet is compo$e®db@ MSC on the inside ar
25% NPC on the outsic
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In order to form the bilaminar organized pellets, 325,000 MSCs vdetedato a
15mL polypropylene tube and centrifuged at low speed for five mini@ebsequently,
125 000 NPCs were gently added to the same tube. The cells were then centrifiged aga
at low speed for 5 min. All pellets were cultured in 2 mL of ghomedia for three days
with caps loosened to allow for gas exchange. After three dagspdllets became

spherical and were transferred to ultra-low attachment 24 well platesiri@por

All pellets were cultured in growth media for a total of one kved the end of
the first week, some of the pellets were injected in a bitweassing a Radiology
Angiography needle (Beckton Dickinson, NJ) (Figure 4.3A). Theefselin the
inflammatory group were cultured in growth media supplemented Wwihbéta and
TNF-alpha at 10ng/mL each (Peprotech, NJ) (Figure 4.3B). The pellits bioreactor
with inflammation group were injected into a bioreactor that cordaithee same
cytokines as the inflammatory group (Figure 4.3C). There was an m¥®iet type per

culture group.
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A - B . Bioreactor &
Bioreactor Inflammation Inflammation

g ™\ 4 )
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Pressure, hypoxia
Inflammatory cytokines

- )

Pressure, hypoxia Inflammatory cytokines

Figure 4.3: The three environmental condit. A) In the bioreactor group, the pell
were exposed to hypoxia and pressure. B) Ininflammationgroup, the pellets wel
cultured with inflammatory cytokines. C) In theot®actor and inflammation grot
which simulates the degenerative disc, the pellgése exposed to inflammato
cytokines, pressure, and hypo

4.2.5 DNA and DMMB assaysfor proteoglycan quantification

At the end of two weeks, the pellets were separddedmedia or HA gel
depending on the culture conditions. The pelletsevdigested overnight at 60 degree
a papain solution (20 U/mL in PBS). Digested pfsli@ere assayewith a Quant-iT
PicoGreen kit (Invitrogen, CA) to measure DNA carite Measurements were me

using a spectrophotometer, with the excitation8&n and absorption at 525 1

Digested pellets were also assayed with a dimetttyiplene blue (DMMB) assa\o
qguantify GAG content. A standard curve was madt whondroitin sulfate isolate
from bovine trachea (Sigma, MO). Absorption wasaswed at 525nm using

spectrophotometer.
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The results obtained from GAG quantification where normalizedhéo cell
number as calculated from the DNA content. Statistical Analy8&lOVA and Tukey

post-hoc tests) were performed with JMP software.

4.2.6 In situ hybridization

In situ hybridization was performed [148]. Sections were hybridizét *°S-
labeled human riboprobes to aggrecan and collagen ll-al (fibrillaagenl). Sections
were counterstained with Hoechst dye (Sigma, MO). Hybridinatignals were detected

using darkfield and the nuclear stain with epifluorescence.
4.3 Results

4.3.1 DNA and DMMB assaysfor proteoglycan quantification

When cultured in the bioreactor, the NPC pellets produced significaotly GAG
per cell than the other groups: 70-80% more than the BCP and MSC(Rigues 4.4).
The BCP showed a trend towards producing 53% more GAG peharlMSC though

this was not statistically significant.

63



0.00004 .
_L *

0.00003 r
8 oNPC
(7 0.00002 - i amMsc
o — mBCP
o *
B 0.00001 ,—I,—*| ,_\* ]

0 T T
bioreactor infammation bioreactor with
inflammation

Figure 4.4: Graph of ugGAG produced per cell by each of the graupkei three
different environmental conditions. In the bioreactor with inflammagia@up, the BCP
produce significantly more ugGAG/cell than the controls.

When cultured in an inflammatory environment, the MSC and BCP groups mtoduce
30-34% more GAG per cell than NPC (p<0.05). There was no statistirghificant

difference between the MSC and BCP.

When the pellets were cultured in a bioreactor with inflammatie®EP made
25% more GAG per cell than MSC and 57% more than NPC (p<0.05). Thenhva8€E

42% more GAG per cell than NPC (p<0.05).

4.3.2 In situ hybridization

The MSC pellets do not appear to have any significant levelltdigen I
expression regardless of their environment (Figure 4.5 A,G,M). |éMads of aggrecan
expression do vary with the environmental conditions. There are low levels ofsapres

in both the bioreactor and the bioreactor with inflammation group (F#§6r8,N). The
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highest levels of expression were in the inflamoratgrou; where expression do

appear to be homogeneously spread (Fi4.5H).

ot

M

Aggrecan

Collagen 1l
| A |

9 o

Aggrecan

NPC

Collagen 1l

@ .

Aggrecan

BCP

Figure 4.5: In situ hybridizatic. These imageshow the location of aggreceand

collagen Il gene expression (in white) in the pellet, countéeéngtd with Hoechst dy

(which staingcell nuclei blue). ImageA-F are of pellets cultured in a bioreactor. Ima

G-L are of pellets cultured in an inflammatory enwineent. Image I-R are of pellets
culture in a bioreactor with inflammatiol

For the NPC pellets, collagen and aggreexpressing varied with environmen

conditions. In the bioreactor group, the aggreaad collagen Il expression was V¢
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strong and homogeneous (Figure 4.5C,D). In the inflammation group, aggnedan
collagen Il expression both dropped significantly compared to theslevéie bioreactor
(Figure 4.5 1,J). In addition, the expression was localized to tlee @ayer of the pellet.
In the bioreactor with inflammation group, expression of aggrecan atageol Il
dropped further below levels in the inflammatory group, particuléotycollagen I
expression which was extremely faint (Figure 4.50). Aggremgression was again

localized to the outer periphery of the pellet (Figure 4.5P).

For the BCP group, gene expression also varied with environmental coaditi
In the bioreactor group, aggrecan and collagen Il expression werartdgilomogeneous
(Figure 4.5E,F). These levels decreased somewhat in the inftangngroup, but
remained homogeneous localized as opposed to the NPC group (Figutg.4EiKally,
in the bioreactor with inflammation group, aggrecan and collagen llession both

increased over inflammatory levels and remained homogeneously éocéhigure 4.5

Q.R).

4.4 Discussion

The goal of this study was to determine the environmental effepedlet matrix
synthesis and gene expression in order to predict how the peletsl weact in a
simulated in vivo environment. The in situ hybridization enables the tafiaz
visualization and localization of gene expression. In this ocaseJooked at both
aggrecan and collagen Il since they are the primary componentsrothie and targets

of regenerative strategies. The GAG/cell serves asrapyr quantitative indicator of the
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amount of new matrix being produced.We cultured the pellets ihrakk tenvironments
in order to isolate the effects due to simulated inflammationvels as pressure &

hypoxia.

Our data demonstrate that both GAG/celland gene expressiongficantly with
culture conditions. We observed that NPC produced the most GA@/d¢b# bioreactor
that simulates the normal biomechanical pressure and oxygen tehsiendisc. The in
situ hybridization images also show that NPC expressed highals lef aggrecan and
collagen 1l than MSC and BCP. These results are expected dRCeare adapted to
survive and produce matrix under these conditions. Interestingly GRedRl show high
levels of aggrecan and collagen Il expression, indicating thatéhe cells that make up
75% of the BCP had differentiated. This was not the case in 8@ Htoup, where
expression levels were very low. We suspect this behavior ®0dd&8C differentiation

resulting from the unique BCP structure and organization.

The MSC and BCP groups produced more GAG/cell in the inflammatory
environment than the NPC. The literature indicates that MSComaymune-privileged
cells and tolerant of inflammatory conditions [149]. Also, considelvag) the BCP are
75% MSC, it is not surprising that the BCP performed well in ¢éhigronment as well.
Importantly, NPC did not perform well in an inflammatory environmeith GAG/cell
dropping 86% from the bioreactor levels. Additionally, the gene expres$ aggrecan
and collagen Il in the NPC group was lower than in the bioreactor tmorsliand
localized to the periphery. These data indicate that NPC amnge sensitive to
inflammatory cytokines that have a strong debilitating effactgene expression and
aggrecan production.
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Finally, we observed that in the bioreactor with cytokines the @Gduced the most
matrix. The BCP group had the highest aggrecan expression |léMstse data suggest
that BCP would outperform NPC or MSC alone for disc tissue neeging.
Interestingly, we also observed that MSC produced significanbie tAG than NPC,
indicating that the inflammatory environment has a more domin&ettedn these cells

than pressure and hypoxia.

Ultimately, our goal is to investigate the benefits of BER aell based therapies for
disc degeneration. We envision that multiple pellets would be @gjeat a minimally
invasive fashion into the nucleus pulposus of patients with black disasdisand
discogenic pain. These results indicate that the BCP may be ageauns in the harsh,

painful disc environment.
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CH 5. Structured Co-culture of Stem Cells and Disc Cells

Prevent Degeneration in a Rat Model

5.1 Introduction

Intervertebral disc tissue engineering with stem cells htildspromise of a
minimally invasive low back pain treatment. Mesenchymal stells ¢MSCs) have the
capacity to differentiate into disc-like cells and synthesizerkatrix elements that may
benefit patients with degenerate discs [66]. Yet, since previousshalie demonstrated
the powerful influence of the local milieu on cell matrix synikiem vitro results may
not predict in vivo behavior [53]. In order to test the plausibility of therapefiitaey as

well as safety, these therapies should be tested and optimized with an in vivo model.

Animal models for disc degeneration should mimic human disc deg&menati
order to accurately serve as predictors of the therapy’'sejfim vivo [152]. An ideal
animal model would replicate the morphological, biochemical, and biomeahani
aspects of human disc degeneration and provide a reproducible platioanalysis.
There are other more practical issues that also need to be cedsdeh as ethics, cost,
and time that also affect the appropriateness of an animal fi&#(ll54]. Rodents are
desirable models for disc repair studies due to their low cost, afasare, and fast
healing times [155]. Tail discs are advantageous because they haasyarsurgical
approach and multiple discs can be analyzed in each animal, rédusing the
complexity of the surgery and the number of animals needed [156]. Rddnt

mechanical properties, when normalized to geometry, are compavahlese of human

69



lumbar discs [156]. Although adult rat discs contain notochordal cells, ratisat
morphology and cellularity are comparable to young human discs, arareadmong the
few species that retain disc cell populations similar to thased in adult humans [157].
In addition, rat discs have similar innervation patterns to humas thst are important

for replicating pathological processes [158].

Degenerative disc disease has been induced using an annular staueechni
(where the incision is made in the annulus fibrosus — depressurizidgst)en various
animal models including the rat [159-160], rabbit [161-165,172], dog [166],pshee
[167,168], goat [169], and pig [170,171]. The annular stab technique has consistently
shown the desired morphological evidence of many human age-relatetdeiye disc
disease features including [173]: radial and concentric annulas, teabecular bone
formation in the endplate, changes in cellularity and matrix congosin addition to
morphological signs of degeneration, several of these studies foundsiotiilarities to
human disc degeneration such as high levels of pro-inflammatory cysoklird],
changes in disc mechanical properties [175], and loss of signaliiptendVIRI images

[172,176].

In addition to annular stab, several animal models also employ thefua
nucleotomy (where the nucleus pulposus, and therefore the cell ¢aastezrnoved) in
order to induce degeneration and as a method for creating somearsgfaeelisc for the
therapeutic to be inserted [177-179]. These models have also sultgesdsbwn an
induction of degenerative disc disease. In the case of the rat, raauecleotomy will
also result in the removal of notochordal cells that are not mir@seadult human disc

making it more representative of the human disc environment at the cellular level.
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The acute stage of disc injury is characterized by high deoklinflammatory
cytokines, hypoxia, changes in pH, and alterations in mechanical lofiB0g182].
During phase of wound healing, newly introduced cells are primahi&flenged with
surviving and staying in the desired location. Over longer-termisl@fanflammatory
cytokines are diminished, nutrition and oxygen are limited, the envinnbetomes
acidic, and morphology becomes disrupted [180-182]. The longer-termistagaore

challenging test of the treatment’s ultimate therapeutic efficacy

Previous attempts of injecting mesenchymal stem cells @1Si@Gto the
intervertebral disc have been met with varied results charzately poor retention and
limited therapeutic activity [183-187]. This is likely due to poelt survival, undesirable
differentiation, and ineffectual matrix synthesis [183-190]. Othercgmbres that rely on
delivery of allograft nucleus pulposus cells (NPCs) have met limited success,
primarily because of limited NPC synthetic activity [191-193]Joninations of cells
and scaffolds have also been implanted in animal models of intémadrtdisc
degeneration but have yet to show long term repair [193-195]. Thougtegsag being
made in the field of cell-based therapies for disc degeneratieng fare still many
obstacles to success due to the toxic environment of the degeneiatiwehere the
pressure, ischemia, and inflammation limit the cells’ abilitesmount a therapeutic

response [151,159,189-191].

In order to address these issues, we have developed a novetaphidaminar
cell pellet (BCP) where MSCs form an inner-sphere encloseuiva shell of NPCs with
a 75:25 ratio. In vitro, BCPs have a 48% increase in proteoglycanesyg\tis compared
to MSC controls [52]. In a simulated degenerative disc environmevitra) the BCP
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produced more matrix per cell than MSC and NPC [53]. In order thefudssess the
BCP’s potential as a therapeutic, we will now test it withravivo rat tail model of disc
degeneration. The objective of this study is to compare the in vivapiaatic efficacy of
MSCs suspended in Fibrin, NPCs suspended in Fibrin, a combination and a8Cs
NPCs suspended in Fibrin, and a BCP implanted with Fibrin in a dedgeeer

intervertebral disc in both the acute and longer-term stages.

5.2 Methods

5.2.1 Rat selection and Anesthesia

Sixty 6-month old male Sprague Dawley Rats weighing apprdaglgn@50grams
were used in this study with IACUC approval. Prior to surgeach animal was
anesthetized (by inhaling isofluorane) and medicated with buprenerg§fiOl mg/kg
body weight). While under anesthesia, the animal’'s paw pinch respadseespiration

pattern were monitored every 5 minutes.

5.2.2 Surgical Procedure

After placing the animal under general anesthesia, the sakwayed in the area
of interest and placed on a heating pad. The tail wasedeaith a surgical scrub and an
occlusion cuff was placed on the proximal end of the tail. Theliouted blood flow to

the tail allowing the discs to be easily visualized while minimizing blood loss.

A longitudinal incision (approximately 1 inch long) was made tpose three
proximal discs. Lateral stabs were performed in each of txpesed discs using a

number 11 blade. The whole nucleus pulposus was removed using a stoddl apd
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the desired treatment was inserted into the disc space.afhdus was then sutured
closed with two small suture points with 5.0 non-resorbable nylon sufline occlusion
cuff was then removed. The cuff was on the tail for no longer thaniies. Finally,

the tail skin was closed using resorbable sutures.

During the recovery period from anesthesia, the rats were keptheating pad
(also used during surgery) to maintain constant body temperdtoe rats were allowed
unrestricted activity and monitored daily for the seven days fallgwsurgery. After the
tails healed, the rats were monitored three times weekly. Bogokeine (0.01-0.02

mg/kg, SQ) was administered as needed for pain.

5.2.3 Treatment groups

Six groups were assessed at two time points (14 days ang$85maixty rats (5
rats per group per time point): stab only (Stab group), fibrin1seékS) only (Fibrin
group), MSCs suspension in FS (MSC group), NPCs suspension in ES didBp),
NPCs and MSCs suspension in FS (Mix group), BCP with FS (BCh)Y(bigure 5.1).
The Stab group serves as a positive control to assess the unobstcuttedhflammatory
cycle. The FS only group serves as a negative control, while the gitips will

characterize the treatment efficacy.
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Same total number of cells inserted

Stab Fibrin MSC NPC MSC/NPC BCP
Controls for Cells suspended in Control Treatment
procedure and carrier for of
carrier Controls for pellet interest
co-culture

Bl visc Bl npc  OFibrin

Figure 5.1: The six treatment groi for 14 and 35 day time points.

5.2.4 Cédllsand fibrin

MSCs were commercially obtained (Lonza, Switzerjarekpanded to the™
passage in growth media (DMEM lcglucose, 1% antibiotic/antimycotic, and 10% FI
at 37°C with 5% CO2. NPCs were isolated from adalidal bovine tails and expanc

to the 4" passage. Surgical grade fibrin was obtained (Ba:

In each case of cell treatment, a total of 250,0€lls were inserted into the di
space with 4uL of FS. In the cases of cell suspessthe cells were homogeneou

suspended in the carrier prior to insertic

In the case of BCP, the BCP was formed 7 days pwiorsertion in order for it t

become sperical using 75% MSC on the inside and 25% NP@heroutside with a tot:
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of 250,000 cells. The BCP was first placed indisz space and then covered with ¢

of fibrin (Figure 5.2).

Figure 5.2: Surgical proced.. A) The hole is made by daicleating the disc. B) Tf
BCP is inserted into the disc space. C) The annsla®sed with suture

5.2.5 Euthanasia

After the duration of interest (14 days, 35 daykg rats were euthanized
carbon dioxide asphyxiation followed by bilatethoracotomy. The tail was-rayed and

the discs were harvested for analy

5.2.6 Histology, Disc height, Disc Grade

Some of the disc samples from both time points waecessed for paraffi
embedding, section at 7um thickness, and stainedh wsafrani-O and

immunohistochemistry using the human specific aatypLamp 1&2 (Abcam, MA)

Disc height measurements were taken from growtlepla growth plate o

histologic samples (n=3 per group per time poinfor each image, the height w
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measured in three areas of the disc space: on the left snder, @d the right side. The

ultimate disc height for that image was determined to be the average of the three

Disc grade was measured by an orthopedic surgeon using blinded images

according to the grading scheme in figure 5.3. This scheme haat@gted from other

schemes of its type [165].

Category

Score of 1 (normal)

Score of 5 (degenerative)

Annulus Fibrosus Grade

Normal pattern of
fibrocarilage lamellae
without ruptured fibers
and without a serpentine
appearance

Moderate/severe interruption

Border between the Annulus

Fibrosus and the Nucleus Pulpog

Normal
us

Moderate/severe disruption

Cellularity of the Nucleus
Pulposus grade

Normal Cellularity

Moderate/severe decrease i

the number of cells

Matrix of the Nucleus Pulposus

Normal gelatinous
appearance

Moderate/severe condensati
of the matrix

N

Endplate grade

Normal continuous and
undisrupted

Complete disruption

Growthplate grade

Normal continuous and
undisrupted

Complete disruption

Disc height grade

Normal disc height

Complete collapse

Figure 5.3: Disc grade scoring chart. The scoring was npeefd blindly according to the
following catergories. Each category was given a score from 1, forahdrses, to 5, for

degenerative discs.
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5.2.7ELISA,DMMB, PCR

Some of the disc samples from both time points were evaluatedyfokine
contents. The entire discs were separated from the vertebrestedigising TPER buffer
(Pierce, IL), and quantified using enzyme linked immune-sortssaya(ELISA) for rat

IL-1, IL-4, and TNF-a (R&D Systems, MN) (n=5 per group per time point).

Digested samples used for ELISA were also assayed with ethdilmethylene
blue (DMMB) assay to quantify GAG content (n=5 per group per poiat). Discs
were homogenized and digested with solution. A standard curve wds with
chondroitin sulfate isolated from bovine trachea (Sigma, MO). Absarptas measured

at 525nm using a spectrophotometer.

In addition, some discs were allocated for real time quantit&@R to identify
the presence of human MSC and bovine NPC in the rat disc (n=5qgr ger time
point). The entire discs were separated from the vertebraeNdMas extracted using
a QIAshredder Fibrous Tissue mini kit (Qiagen, Germany). TNA Rvas reverse
transcribed using iScript (Bio-Rad Laboratories, CA). The sasnplere analyzed using
species specific primers (Figure 5.4) for human and bovine housekeegieg gnd

guantified using iQ Sybr Green Supermix (Bio-Rad Laboratories, CA).

Gene Forward Reverse

Human GAPDH 5'-gga ggt gaa ggt cgg agt-3' 5'-gaa gat ggt gat ggg att tc-3'

Bovine B2M 5'-tgg gtt cca tcc acc cca ga-3' | 5'-tca gcg tgg gac agce agg ta-
3

Figure 5.4: Species specific primers used for PCR.
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5.3 Results

5.3.1 Disc Height

At the two week time point, the NPC group had significantly higlscs than all

other groups except the fibrin group (p<0.05).

At the five week timet,pthie BCP

group had the highest discs which was significantly higher than all greoppteéhose of

the NPC and MSC group (p<0.05) (Figure 5.5).

Group 2week Std Dev 5week Std Dev

Stab 40.08 7.68389369 31.43 4.4736289
Fibrin 47.62 10.8918015 22.84 6.00292429
MSC 45.84 10.5472477 45.64 7.70746391
NPC 58.00 2.9580593 47.74 8.3159567[
Mix 45.22 2.81016607 38.72 3.78106442
BCP 46.30 4.76589971 49.94 5.37587512

Figure 5.5: Disc height measurements in mm arranged by groupren@dint. At the 2
week time point, NPC group is significantly higher than all groegeept Fibrin
(p<0.05). At the 5 week time point, BCP is significantly highenthk groups except

NPC and MSC (p<0.05).
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The change in disc height from the 2 week time point to theékwime point
was decreasing for all groups except the BCP group whichrsayrease in disc height

of 3.64 mm (Figure 5.6).
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-15.00
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Figure 5.6: Change in disc height from the 2 week time point to the 5 week time point in
mm. The BCP group is the only group that is seeing an increase in disc height.
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5.3.2 Disc Grade

At the two week time point, there were no significant défees in disc grade
between the groups. However, there was a trend of the NPC, Mix, @RdgBoups
having better disc quality than the MSC, Fibrin, and Stab groups éFigu). At the five
week time point, the BCP group was significantly better thaafalie other groups with
a score of 2.14 (p<0.05). In addition, the BCP group was the only tyrannprove its

disc grade between the 2 and 5 weeks time points.

2wk Std Dev 5wk Std Dev A 2-5 weeks
Stab 3.857143 1.616244 5 0 -1.142857
Fibrin 3.238095 0.808122 4.904762 0.164957 | -1.666667
MSC 3.666667 0.978122 3.714286 0.202031 | -0.047619
NPC 2.714286 0.714286 3.619048 0.412393 | 0904762
Mix 2.571429 0.877543 3.904762 0.704698 | -1.333333
BCP 2.857143 0.404061 2.142857 0.285714 | 0-714286

Figure 5. 7: Disc grade was determined with blinded images asingrading scheme as
described in

5.3.3 Histology

Untouched normal discs from other levels were isolated and gsedefor

histology. These discs were used as the basis of comparison (Figure 5.8).
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Figure 5.8: Normal diswhere the endplate and growth plates are intalbe rlucleu
pulposus is cellular and stains brightly red duggdigh proteoglycan content. T
annulus forms uninterrupted concentric lame

As early as the 2wk time point, the Staroup experiences a collapse in ¢
height and disruption to the endplate and growtkpi@gigure5.94). In all other
treatment groups, the disc height is well presertledugh there is no appare
proteoglycan content or cellularity in the nuclepace In the BCP treated group,
pellet is apparent in the nucleus space and a smailint of proteoglycan has begur

deposit (Figure 5.9F).
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Figure 5.9 Histologic images with Safrar-O staining for the 2 wk time pol. A)Stab,
B) Fibrin, C) MSC, DNPC, E) MSC & NPC, F) BC

At the 5 week time point, we see severe amouniisstiption to the endplat
growthplate, disc height is compromised, annulusrugiition and significant loss
cellularity in all the groups except the BCP (Fg5.10 A-E). In the BCP treated dis
disc health has been preserved (Fi¢5.10F). The disc height is preserved as wel

annulus integrity, endplate and growth platesis Hlso the only treatment group to hi

any proteoglycan staining in the disc sp
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Figure 5.10Histologic images with Safrar-O staining for the 5 wk time po. A)Stab,
B) Fibrin, C) MSC, D) NPC, E) MSC & NPC, F) BC

We traced the cell lineage using immunohistocheasnisichniques and were at
to ascertain that the cell pellet is act composed in part of human cells even 5wks
implantation. The human cells were identified gssnhuman specific antibody (LAM
1&2) (Figure 5.1E). Furthermore, the new proteoglycan being dépdsn the nucleu
space (Figure 5.10) is in factbeing produced in the area populated by the hurals
within the BCP (Figure5.11E). Finally, in some instances, the BCP begangmaténg
with the neighboring tissue. Figu5.11F shows a 2wk BCP treated disc where
original pellet has maintainets centralized location but also begun to integvéth the

surrounding tissue as evidenced by the locatidruaian cells inside the di:
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Figure 5.11 Cell lineage tracing in the rat d. A) 5wk BCP treated disc with Safra-O
staining. B) This is an adjacent section to image A but stained u
immunohistochemistry for a human specific antibdkMP1&2) in brown. The browi
stained cells represent cells that are from the .Blages D & E are magnified imac
of the nucleus space respectivelyA & B. It is apparent in image D that the BCP |
positive staining for proteoglycan. C) 2wk BCPatexl disc stained with LAMP1&
showing human cells in brown. F) Magnified versa@nC demonstrating that the B(
has already begun integrating the ttissue and occupying the disc sp

5.34DMMB

The DMMB results showed no significant differencacag the groups or tirr

points.

5.35ELISA

The ELISAs for both I-4 and TNFa did not register readings for any of

samples. The ELISA reading for-1b did not show statistical differences among
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groups, however, they did show a downward trend between 2wk and 5wks (Fidt)re 5.

These results indicate no significant immunologic responses to the xenogaspiants.
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Figure 5.12: Il-lbeta ELISA. The data did not have any stafisticagnificant
differences among the groups. However, there was a downward trend betwelratte 2
5" week. This is an indication that there is no significant imnagiolresponse to the
xenograph.

5.3.6 PCR

At the two week time point, the MSC had 50-70% lower retentionthaie the
Mix and BCP groups, which was statistically significant (p<O(@&gure 5.13). At five
weeks, MSC had a trend of 20-40% lower retention rate than the MdibB&P group.
The NPC group had similar retention rates as the Mix and BG&pg for both time

points.
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% retention of MSC % retention of NPC
2 week 5 week 2 week 5 week
MSC 30 40 NA NA
NPC NA NA 60 60
Mix 100 80 60 60
BCP 80 60 80 60

Figure 5.13: The retention of injected cells was measured gpixjes specific primers
with real time quantitative PCR. At two weeks , MSC had dicanitly lower retention
rates than both the Mix and BCP groups (p<0.05).

5.4 Discussion

The goal of this study was to test the benefits of a BClFbaskd treatment in
vivo in both the acute and chronic time points. We used several ctitegizaluate the
treatment’s performance including quantitative measures of dighthand quality,
gualitative histologic evaluation, and measurements of cytokinesoghptan, and the
retention of implanted cells. Our results suggest that the &P advantages over

single cell type approaches and cell-suspension approaches.

The disc height was well maintained for all groups excep&thb group at the 2
week time point. There was some variability in disc heighthiwithe group which may
be due to surgical variability in annular suture tightness andmkte For all groups
other than the Stab group, the disc height at 2 weeks appearsetbdemn well preserved
without any apparent presence of cells or matrix in the nucfaceswith the exception
of the BCP group that did show both cell types and some newxndajposition in the

nucleus space. In fact, the Fibrin only group was statisticallgahee as the group with
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the highest discs at 2weeks. Therefore, we believe thahdight preservation at the 2
week time point is primarily due to the presence of fibrin andsamaller part to annular

sutures.

By the five-week time point the fibrin carrier degraded leadongomplete disc
collapse in the Fibrin group. In addition, the annular sutures are nerlpiaying a
significant role in disc preservation at this stage as ewetkiby the further consistent
collapse of the Stab group. The Mix group had the third lowest dightherhere was no
significant difference amongst the top three groups of MSC,,MRE& BCP. However,
only the BCP group had a mean increase in disc height whis¢helt groups had a mean

decrease. This suggests a synthetic activity by BCP group.

At the two-week time point, disc grade was not significantlfedgint for any of
the treatment groups. However, the BCP, Mix, and NPC groups exh#iteend of
being better than the MSC, Fibrin, and Stab groups. We attribatttiie presence of a
greater number of annular disruptions and low cellularity. At itheevieek time point,
BCP had significantly improved disc quality than all other groups, veasl the only
group to improve from the two-week time point. The positive restiitseoBCP group
are primarily due to the fact that it was the only group to sbadence of new matrix

deposition and high cellularity.

The ELISA assays for IL-4 and TNF-alpha did not registerraagings for any
of the groups. This is likely due to the dissection method usel@ Waivesting where
the entire disc was collected but the ends of the vertebral bodresnat. It is possible

that the immune reaction associated with those cytokines wdedacan the vertebrae
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and endplate and not in the disc. The ELISA for IL-1beta did detegingalevels of
cytokine at the two week time point which dropped overall in atiteenfeek time point.
This is an indication that the immune response was associated with the suogiedlpe
and not with any of the treatment groups. ll-1beta levels droppedha ve week time
point, which further indicates that the cytokines are associatedvatprocedure. There
was no difference between the Stab and Fibrin groups and the groupsitedplvith
xenogenic cells indicating that there was immune responseisgedihe cell transplant

that were mitigating our results.

The DMMB measurements were not able to discern any signifdiéfietences
among the groups. We believe that this is due to the fact thatetitenents were not

given sufficient time to produce new proteins above the noise levels.

At the two week time point, MSC were significantly less wethined than the
BCP and Mix group. This is likely due to the environmental factohschw are
particularly difficult for the MSC to sustain. Interestingiywhen the MSC were
combined with NPC in the Mix group, they were very well retainddhis is probably
because MSC in the Mix group were differentiating due to signaitegactions with the
NPC. The more differentiated MSC in the Mix were therefore ablsurvive in the
harsh environment while the MSC implanted by themselves were ra.cdlls in the

other groups were retained at similar levels.

Our results are limited by several aspects of the chosen lamaakel. Annular
incision and nucleotomy trigger rapid degeneration that isn’'t physiolbgeguivalent

to human disc degeneration that occurs slowly over a lifetimeddition, tail discs do
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not have the same load bearing profile as those of the human |apipa: Most
importantly, the ischemic stress in rat discs isn't comparabléhat in much larger
human discs. Future studies of BCPs in larger animal modelshtratclosely mimic the

human situation are warranted.

Despite these limitations, our data suggest improved BCP perfoeria vivo
that parallel beneficial behaviors previously reported for in vitomefs. Resilience of
BCP to pressure, ischemia, and inflammation provide a functional ageathiz appears

to translate into clinically-relevant benefits.
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CH®6. Conclusions and future directions

6.1 Research Summary

The goal of this research was to create a new 3D co-cslgtem that sought to
regenerate the intervertebral disc by mimicking the embryonuepses of condensation
and induction. We measured the system’s performance based on hisimiotgyn
synthesis, gene expression, and in situ hybridization. The work cechptethis thesis

has accomplished that goal while generating further ideas for futusegkse

6.1.1 The BCP and satellite pellets

The crucial first step was the creation of Bilaminar Gdllets (BCPs) and
assessing whether their configuration and whether co-culset itad any advantages
over controls. We were able to establish that BCPs did show adesmagy controls by
increasing the amount of cell proliferation and the amount of GAG pedduc
Importantly, we developed a technique for mass producing BCPs usirge sim
centrifugation steps in a reproducible manner. We also devel@goahiques for
culturing BCPs using low attachment 24-well plates which enaldetb observe them

under a microscope throughout their culture time.

At this stage, we became interested in determining which cell type withBGRe
was responsible for these increases. In order to explore thisogu&ge devised several
methods of evaluation which relied on using the fact that the megaatistem cells
(MSCs) within the BCP were human cells and that the nucleus pulpeBagNPCs)

within the BCP were bovine cells. The first was to develop anunohistochemistry
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protocol for a human-specific antibody which would enable us to trec®SC within

the BCP. These images served as the basis for determinitogdtien of the cell types

in adjacent sections that were stained with other techniquesweéréethen able to stain
adjacent sections with an antibody for aggrecan in order to detetindecation of the
protein within the BCP. We were also able to stain adjacestiose using in situ
hybridization techniques in order to localize RNA expression of aggrecan dagkcoll.

We found that MSC were progressively differentiating throughoutctiiteire time. At

the one week time point, the MSC were not producing protein or expressing aggmcan a
collagen Il. However, at the three week time point, the MSC hddrefitiated and

began producing and expressing these proteins.

In addition, we also designed quantitative real time PCR prinveish were
species specific. These data enables us to quantify the rejatieeexpression of both
the MSC and NPC. These results further confirmed that MS€E differentiating due to
the BCP configuration by upregulating several key genes such s aggrecan, and

collagen Il while downregulating collagen X and MMP13.

As our experiments progressed, we observed that the BCP exHiitkeling
behavior and began secreting numerous satellite pellets. UsingabotH labeling
technique as well as the human specific antibody we were aldletéomine that the
structure of the satellite pellets was similar of tloainid in the BCP. That is to say that
the MSC were grouped at the center of the pellet and that the NPC formed anldlyeir
periphery. Most interestingly, the BCP-like configuration of #Hagellite pellets was
occurring even when the satellite pellets were budding off mdamized co-culture

pellets that did not have any structural organization amongstdheypes. These
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findings imply that there is an underlying advantage to the B@ietstal organization

and that the cells are self-organizing due to its inherent benefits.

6.1.2 BCP culturein different environments

In order to further assess the relevance of the BCP foicaliuse, we began
investigating the effects of environmental factor on their pedoca. In particular, we
were most interested in the effects of hypoxia, pressure, dachmbtion which are all
important in the degenerative disc. A bioreactor system wasfdine designed to
simulate the pressure and hypoxic levels in a human degeneratvelaiaddition, the
inflammatory cytokines, TNF-a and IL-1b, were used to supplememiihge media at
concentration that are physiologically relevant. We werenately able to evaluate the
pellets in three different environments: in the hypoxic and pressbenvironment of the
bioreactor (bioreactor), in the inflammatory environment in the presehcytokines
(inflammation), and in a simulated degenerative disc environmegchwimbined all of
these components (degenerative disc). We used a dimethylmetimlenéDMMB)

assay to quantify proteoglycan content.

The results indicated the NPC performed the best in the bioreddtdr is due to
the fact that these cells are the best adapted to this environnktowever, in the
inflammatory environment, the MSC and BCP groups outperformed theAiRG were
severely hindered by the cytokines. Finally, in the degeneratseeetivironment, the

BCP had a superior performance to both MSC and NPC controls. Thasseda used
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as a predictor of BCP performance in vivo. Given these promisiolisiese decided to

evaluate the BCP in an animal model.

6.1.3 In vivo evaluation of BCP

A rat taill model was used to evaluate whether the BCP cawdept disc
degeneration following annular stab and nucleotomy. Multiple controle used and
fibrin sealant was selected as the carrier. Animals sacdficed after 2 weeks in order
to evaluate the treatment’s acute performance and after ks weevaluate the longer
term effects. Outcome measures for disc height and qualitgminfation, protein

content, and cell content were all evaluated.

At the two week time point, the disc height was artificialigintained due to the
fibrin and the annular sutures. The BCP treated group was theooelyto have
significant cell content and new proteoglycan deposition in the gsoes At the five
week time point, the fibrin had degraded and the sutures were no longéiniag disc
height. Once again, the BCP group was the only treatment group aylethesize any
new matrix. In addition, the BCP group was the only group to show agasein disc
height and quality between the 2 and 5 week time points. These dadasimted not
only that the BCP was able to survive the harsh degenerative disorenent but also

that it was able to begin mounting a therapeutic response.
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6.2 Futuredirections

6.2.1 Further evaluation of BCP for disc degeneration
Further testing should be done in order to assess the BCP potential performance in

a clinical application. In particular, in vitro models that contmirther degrees of
complexity should be used to simulate the human degenerativerdisonment. These
models should include simulating the acidic environment of the disndeyporating a

lower pH since pH is known to have an effect on cell behavioradtition, a clinical
application in humans would not involve a nucleotomy and the BCP would thebefore
exposed to signaling from native degenerative NPC as well asuanfioifosus cells.
Incorporating these cells, which could be isolated from surgat#nts, into an in vitro

model would give further insight the BCP performance in a clinical setting.

Larger animal models will also be important in further evalgaBCP. The rat
tail model fails to simulate the severity of the nutritiontalenges that are present in a
human degenerative disc. The primary reason is that rat disc arecaigthyfsmaller and
therefore the diffusion distances are shorter. Using a pig, whssg are similar in size
to humans, will be indicative of the BCP ability to withstand theitmral challenges of
human discs. Furthermore, in the rat tail model, a nucleotomy wassaeyg in order to
make sufficient space for the treatment. However, the progedww human disc would
be minimally invasive and would not involve a nucleotomy. Again, usiagger animal
model would eliminate the need for such an aggressive method andihdrefmore

indicative of procedure that would be done on human patients.
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In addition, pairing the BCP with the appropriate scaffold and/oraggdmwill be
an important step in preparing the therapeutic for a clinicalan. The advantage of
using scaffolds and/or hydrogels is that they are able to reterenechanics of the
tissue in the acute post-surgical period. In the case of thetkdesc,will be able to
withstand significant loading and restore disc height if appropriatidgigned.
Combining the BCP with a scaffold and/or hydrogel will furtheihance the efficacy of

this technology in the acute phase.

Finally, further work in finding a substitute for NPC within the B6Eliould be
done. In particular, the use of pre-differentiated MSC as substitute for NP@ armble
the entire construct to be autologous without incurring any donor itbidity. In
addition, since MSC are thought to be immune-privileged, creatinghstraot that is
composed entirely of MSC (some that are naive and some thpteadifferentiated)
would mean that this technology could be made available off the amelfvould not
require any donor cells from the patients. This would likely redlneecosts and wait

time associated with the procedure and improve its adoption rate in the clinic.

6.2.2 Other applicationsfor BCP

Further studies should be conducted in order to determine if the synergie
observed in the BCP are a generalizable phenomenon that would dtturavious
mature cell types in order to regenerate other tissuds asidone, skin, and muscle
amongst others. As first alternative application, we investigthe possibility of using

BCP to treat focal defects in articular cartilage.
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Preliminary studies were conducted by replacingNR€& outer layer of the BC
with juvenile articular chondrocytes (CH) provided ISTO technologies, Inc. The C
cells are a rare and expensive resources, therefsireg only 25% CH in a BC
represents atrategic and feasibility advantage. The pelletsenculture for three weel

and evaluated for gene expression with quantitagaétime PCR (Figur6. 1).
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Figure 6. 1. Gene expression ¢ for Sox9 (A), Aggrecan (B), Collagen Il (C), a
MMP13 (D) normalized to the housekeeping gene -2-microglobulin (n=5). The onl
significant difference between the BCP and CH priauthe higher MMP13 expressi
of the CH group. MSC had significantly lower exgsi®n for all genes except MMP
were it waghe same as BC
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Other three week pellets were analyzed froteoglycan content using DMM

normalized to DNA conte by Pico green (Figure 6.2).
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Figure 6.2: Results for ug GAG/cell after three kse®f culturc (n=10). The BCF
demonstrates a trend of being higher than all ggoupowever, the BCP and CH grot
are statistically the same and both are higher thamMSC grouy

The results indicate that the BCP is performintgeagels equal to those of the C
group in both gene expression and protein synthesiie CH group did produc
significantly more MMP13 than the BCP group butttheas the only significar
difference between the two. The MSC performediSicantly lower in gene expressic

and protein synthesis.

When evaluating these results it is important teertbat the CH cells are juven
cells which are very synthetically active and vdifficult to procure in large number:
In addition, the BCP is composed of 75% MSC ang @bRo CH. Therefol, the similar
levels of gene expression and protein synthesidymed by the BCP while using or

25% of the CH cells can be considered a promisasglt. This preliminary study is ¢
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initial indication that the BCP concept may be a generalizalbdgnomenon that should
be further investigated for use in an articular cartilage agtpic as well as for the

possible treatment of other tissues.
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Applendix

COMPOSITIONSAND METHODS FOR GENERATING MUSCULOSKELETAL TISSUE

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Patent Apmicadio.
61/055,834, filed May 23, 2008, which application is incorporated herein by reference in

its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under AR049786 awarded by the

National Institutes of Health. The government has certain righite invention.

BACKGROUND

[0003] The musculoskeletal system includes a variety of dense and soft ceertissties,
including cartilage, bone, tendon, ligament, spinal intervertebral, dgisdsmuscle.
Musculoskeletal tissues differentiate embryonically from mésanal precursor cells.

[0004] An example of musculoskeletal tissue is cartilage. Three typestdage exist in
mammals: hyaline cartilage, fibrocartilage, and elasticlagei Hyaline cartilage
includes the articular cartilage of the joints, the cartilagélseofrachea, bronchi, and
larynx, and the nasal cartilages. Fibrocartilage is found in the inteloval disc,
tendinous and ligamentous insertions, menisci, the symphysis pubus, arndriagsrt
joint capsules. Elastic cartilage is found in the pinna of the ealg epiglottis, and in
the arytenoid cartilages of the larynx.

[0005] Musculoskeletal tissues play a variety of functional roles. For pbearthe spinal
intervertebral discs serve as the shock absorbers of the axial bodyaatiosisfor
considerable flexibility and motion. Each disc is composed of a peripheashdig-like
annulus fibrosus and a central nucleus pulposus (NP). The NP contains chienlikecy
cells embedded in a matrix of proteoglycan and type Il collagen thahiy higdrophilic
and allows the tissue to swell to resist compressive forces. Ti@wi®nment is one of

high pressure, low pH, and low oxygen tension.
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[0006] Musculoskeletal diseases are a major health concern. As an exdispldegeneration is
a common feature among the aging population and is the underlying cause of various
spinal disorders and disabilities. Disc degeneration is alsoedlie be the predominant
cause of low back pain, which is the second most frequent reason for patiésiis t
their physicians and affects approximately 80% of the population at somerpttieiri
lives. When patients fail to respond to conservative care, a spgiahfis typically
performed even though it leads to immobility of the treated segments ansbpet
adjacent discs to accelerated degeneration. A significant number ®ptitents do not
benefit from fusion and require further treatments.

[0007] Another adverse musculoskeletal condition is arthritis, which affeiitsma of people in
the United States alone. Although metallic joint replacements offef fia some
individuals with advanced disease, these devices have limited dyrabd are not
suitable for young or highly active patients. Focal cartilage defeptesent an early
manifestation of arthritis. Sports injuries and trauma-induced factllage defects are
typically treated with microfracture (a procedure where small feokesirilled thru
cartilage and into the underlying bone to stimulate healing), which hageshmor
benefits but also fails after 5-10 years. Despite its linoitesti microfracture remains the
gold standard for treatment. Recently, therapies that utilizeogato chondrocytes have
been pursued; however, the use of a patient’s own articular cartilégis ceitically
limited by insufficient cell availability, donor site morbidity, cbterogeneity, and
inconsistent regenerative capacity.

[0008] There is a need in the art for compositions and methods of producing various
musculoskeletal tissues.

Literature

[0009] Richardson et al. (200&em Cells 24:707; Yamamoto et al. (2008)ine 29:1508; Le
Visage et al. (20063pine 31:2036; Vadala et al. (2008pine 33:870; WO 2003/068149;
U.S. Patent Nos. 6,355,239, 5,908,784, 5,486,359, 6,835,377.

SUMMARY OF THE INVENTION
[0010] The present disclosure provides compositions comprising musculoskelétand
mesenchymal stem cells in discrete regions. The present digcfsuides systems
comprising a subject compaosition; and methods of using a subject comptiti
generate cartilage, bone, tendon, muscle, intervertebral disc, or otleedasisletal

tissues.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figure 1 is a schematic depiction of the experimental cell groups.

[0012] Figures 2A-D depict formation of satellite (“progeny”) cell composi after various
timesinin vitro culture.

[0013] Figures 3A and 3B depict frozen sections of bilaminar pellets after Fvireekvitro
culture.

[0014] Figure 4 depicts a three-week bilaminar pellet (cell compositiith)mesenchymal stem
cells (MSC) on the inside (inner layer) and nucleus pulposus céliS)(hin the outside
(outer layer) after undergoing budding and satellite pellet formation.

[0015] Figures 5A and 5B depict fluorescent microscopy image (Figure 5A) and
immunohistochemistry staining (Figure 5B) of a satellite pellet.

[0016] Figure 6 is a graph depicting the number of cells per pellet afteritiin vitro culture
for cell compositions of various ratios of MSC to NPC, and various confignsat

[0017] Figure 7 is a graph depicting the amount of glycosaminoglycan (GAG) pabgeceell
pellet at 2 weeks im vitro culture.

[0018] Figures 8A and 8B are graphs depicting the amount of GAG produced per etlap8ll
weeks inin vitro culture.

[0019] Figure 9 depicts the amount of GAG produced per cell pellet in sereeiture
medium, or in culture medium containing 10% fetal bovine serum.

[0020] Figures 10A and 10B depict histological analysis of a rat disc 2 vedtsksntroduction

of a bilayer cell composition.

DEFINITIONS

[0021] The term “"chondrocyte" refers to a cartilage-specific cellghags rise to normal
cartilage tissue growtim vivo; chondrocytes synthesize and deposit the supportive matrix
(composed principally of collagen and proteoglycan) of cartilage.

[0022] As used herein, the term “mesenchymal stem cell” (‘MSC”), both inuin@nd plural
forms, refers to a stem cell that is capable of differentiating it than one specific
type of mesenchymal tissue cell. MSC can differentiate into theusamesenchymal
lineages, for example, chondrocytes, myocytes, osteocytes, and tenacytelt s
precursors of these cells, e.g., chondroblasts, myoblasts, and ostebt#asteay

express one or more cell surface markers, such as bone morphogenetic grefgor r
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(BMPR), STRO-1, CD105, CD166, CD29, and CD44. MSC are generally CD34 negative
(CD34). MSC can be positive for CD105, CD166, CD29, and CD44; and negative for
CD14, CD34 and CD45.

[0023] The term “induced pluripotent stem cell” (or “iPS cell”), as usediherefers to a
pluripotent stem cell induced from a somatic cell, e.g., a differedtsatmatic cell. iPS
cells are capable of self-renewal and differentiation into celdatemitted stem cells,
including mesencymal stem cells, as well as various types oferzdlis such as
chondrocytes, osteocytes, etc.

[0024] The term "cross-linked" as used herein refers to a composition contaiténgolecular
cross-links and/or intramolecular cross-links arising from the foomati covalent
bonds, ionic bonds, hydrogen bonding, or any combination thereof. "Cross-linkable"
refers to a component or compound that is capable of undergoing reaction to form a
cross-linked composition.

[0025] The terms "biocompatible polymer”, "biocompatible cross-linked polynarix" and
"biocompatibility” when used in relation to polymers are art-recogrtizens. For
example, biocompatible polymers include polymers that are neither thesisahc to
the host (e.g., a non-human animal or a human), nor degrade (if the polymer slegfrade
a rate that produces monomeric or oligomeric subunits or other byproducts at toxic
concentrations in the host. In certain embodiments, biodegradation gemeralyes
degradation of the polymer in an organism, e.g., into its monomeric subunitls, mdnyc
be known to be effectively non-toxic. Intermediate oligomeric productftiresfrom
such degradation may have different toxicological properties, howeveodagbadation
may involve oxidation or other biochemical reactions that generate utedeather than
monomeric subunits of the polymer.

[0026] A “biocompatible” carrier or other component is a carrier or other comptimerdoes
not substantially induce an undesirable response in an individual, e.g., thecrastieer
component does not substantially induce an immune response in the host, does not
substantially induce an inflammatory response in the host, etc.

[0027] "Injectable" as used herein means capable of being administeredrettlimecarried
into the body via syringes, catheters, needles, and other means fimgngeénfusing a
composition in a liquid medium.

[0028] The terms “subject,” “individual,” “host,” and “patient” are used intengjeably herein
to refer to a member or members of any mammalian species. Individuals thus,include

without limitation, humans, non-human primates, canines, felines, ungulate®@eline
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(e.g., horses), bovine (e.g., cows), swine (e.g., pig), camels, etc.), radgntsa(s,

mice), and other mammalian subjects. Non-human animal models, particotarignals,

e.g. a non-human primate, a murine (e.g., a mouse, a rat), lagomorpha, etc. may be used
for experimental investigations.

[0029] “Treating” or “treatment” of a condition, disorder, or disease includgpreventing at
least one symptom of the condition, disorder, or disease, e.g., causing a sjimiptm
to not significantly develop in a mammal that may be exposed to or predisp@sed to
disease but does not yet experience or display symptoms of the diseadebitt)g the
disease, i.e., arresting or reducing the development of the diseassyonptoms, or (3)
relieving the disease, i.e., causing regression of the diseaselondsl symptoms.

[0030] A "therapeutically effective amount" or "efficacious amount" meanauhaunt of a
compound that, when administered to a mammalian subject for the treatment of a
condition, disorder, or disease, is sufficient, in combination with anotleet,aq alone
in one or more doses, to effect such treatment for the condition, disordexease. The
"therapeutically effective amount” will vary depending on the compound, thutioon

disorder, or disease and its severity and the age, weight, etc., objihet $m be treated.

[0031] Before the present invention is further described, it is to be understodhishiat/ention
is not limited to particular embodiments described, as such may, of courseltuary
also to be understood that the terminology used herein is for the purposeritfinigs
particular embodiments only, and is not intended to be limiting, since the afciyee
present invention will be limited only by the appended claims.

[0032] Where a range of values is provided, it is understood that each intervahirgto the
tenth of the unit of the lower limit unless the context clearly distatieerwise, between
the upper and lower limit of that range and any other stated or interwealiregin that
stated range, is encompassed within the invention. The upper and loiteofithese
smaller ranges may independently be included in the smaller ranges, atsbare
encompassed within the invention, subject to any specifically excludédrlithe stated
range. Where the stated range includes one or both of the limitss exajeding either
or both of those included limits are also included in the invention.

[0033] Unless defined otherwise, all technical and scientific terms useith Inenee the same
meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials similar or equivalenteo thos

described herein can also be used in the practice or testing of the presetion, the
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preferred methods and materials are now described. All publications mentereéd h
are incorporated herein by reference to disclose and describe the meitiods a
materials in connection with which the publications are cited.

[0034] It must be noted that as used herein and in the appended claims, the singsléaform
“an,” and “the” include plural referents unless the context cleachatdis otherwise.
Thus, for example, reference to “a mesenchymal stem cell” includesaditplaf such
cells and reference to “the chondrogenic factor” includes refereraeetor more
chondrogenic factors and equivalents thereof known to those skilled in,thadhso
forth. It is further noted that the claims may be drafted to exclude any optiemadrel
As such, this statement is intended to serve as antecedent basisofosugeexclusive
terminology as “solely,” “only” and the like in connection with the reimtaof claim
elements, or use of a “negative” limitation.

[0035] The publications discussed herein are provided solely for their disclosuréophe
filing date of the present application. Nothing herein is to be construedaakrassion
that the present invention is not entitled to antedate such publicationusy afirior
invention. Further, the dates of publication provided may be different fromtied ac

publication dates which may need to be independently confirmed.

DETAILED DESCRIPTION

[0036] The present disclosure provides compositions comprising musculoskelétand
mesenchymal stem cells in discrete regions. The present digcfsuides systems
comprising a subject composition; and methods of using a subject compoiti
generate cartilage, bone, tendon, muscle, intervertebral disc, or otleedasisletal
tissues.

[0037] The inventors have found that a structured, three-dimensional co-cukteengiat
includes a dense population of immature, naive cells such as mesenchynealistem
within a layer of more mature, instructive cells (e.g., chondrocytes)das a
configuration that maximizes surface area to volume and enables impodizttve
cell-cell interactions that efficiently self-promote differetia of the immature cells,
thereby reducing or eliminating the need for exogenous differentiationdactor

[0038] The present disclosure provides a multi-layer three-dimensiodihabogposition
comprising a less differentiated (“naive” or “immature”) cella more differentiated
(“instructive” or “mature”) cell. The present disclosure progidemulti-layer cell

composition comprising a chondroblast, a chondrocyte, an osteoblast, an osteocyte,
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myoblast, a myocyte, a tenocyte, or a nucleus pulposus cell; and a stenpoadjesitor

cell, e.g., a mesenchymal stem cell (MSC). The present disclostirerfprovides
compositions comprising a subject multi-layer cell composition; andcafmpatible

carrier. Depending on the cells included in the composition, a subject compdssiti

useful for producing a musculoskeletal tissue such as cartilagejartebral disc tissue
(e.g., nucleus pulposus tissue), muscle, tendon, or bone. Thus, the present disclosure
provides cartilage production compositions, intervertebral disc production ctiom®s
muscle production compositions, tendon production compositions, and bone production
compositions.

[0039] A number of conditions and disorders can be treated by providing a cell compdsiti
produces cartilage. Conditions and disorders that can be treated by provieihg a c
composition that produces cartilage are discussed in more detail betbimchude
disorders ranging from chronic degeneration brought about by disease, overuse, or
trauma, to plastic or reconstructive surgery. As such, the presentiomvprovides
methods of generating cartilage, includingivo methods of generating cartilage, where
the methods generally involve introducing into an individual in need of cartilag
replacement and/or cartilage regeneration an effective amount of at sudlje
composition.

[0040] Various conditions and disorders can be treated by providing a cell composition tha
produces bone or bone components. Conditions and disorders that can be treated by
providing a bone production composition include bone trauma (e.g., fractures, and the
like); and degenerative bone disorders.

MULTI-LAYER CELL COMPOSITIONS

[0041] The present disclosure provides a multi-layer cell composition ichwhore
differentiated cells and less differentiated cells are cwad in a multi-layer, three-
dimensional configuration that mimics normal development.

[0042] A subject multi-layer three-dimensional cell composition includea:fikst layer
comprising a first, more differentiated, cell type; and 2) a seconddayaprising a
second, less differentiated, cell type. The first and second layensifscrete regions in
a composition, e.g., the first layer (e.qg., first discrete region) inclussic which the
cells are at least 85% of a first, more differentiated, cp#,tand the second layer (e.g.,
second discrete region) includes cells in which the cells are at leasif@8&cond, less
differentiated, cell type. The layers are not monolayers, e.g., teslaye at least two
cells thick, e.g., at least 2-5 cells thick, at least 5-10 cells thitdasit 10-50 cells thick,
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[0043]

[0044]

[0045]

[0046]

or more than 50 cells thick. In other words, a subject multi-layer cell contpokids a
three-dimensional configuration.

A subject multi-layer cell composition includes a first layer casnpg a first, more
differentiated (“instructive”), cell type. Suitable more diffetiated cells include, e.g.,
osteoblasts, osteocytes, chondroblasts, chondrocytes, myoblasts, myeogeges,
and nucleus pulposus cells (NPC). A subject multi-layer cell compositidasca
second layer comprising a second, less differentiated (“naive}ypel Suitable less
differentiated cell types include stem cells (e.qg., adult stdis) eenbryonic stem cells,
and induced pluripotent stem (iPS) cells); and mesenchymal stemM8({%.(In some
instances, the layer comprising the less differentiated cell $ypariounded (partially or
substantially completely) by the layer comprising the more diffextexsk cell type. In
some instances, the layer comprising the more differentiated celktgperounded
(partially or substantially completely) by the layer comprisindels differentiated cell
type.

A “more differentiated” cell of a subject multi-cell layer does noluide a fibroblast.
Thus, e.g., the cells of a layer of a subject multi-layer cell compostioerglly
comprise less than about 15%, less than about 10%, less than about 5%nlessti
2%, or less than about 1% fibroblasts.

In some instances, a subject cell composition has only two layers, e.st Jayér
comprising a first, more differentiated cell type and a second layer =ongpa second,
less differentiated cell type. Such a two-layer cell compositico (@ferred to herein as
a “bilaminar cell composition”) can include one or more additional compsiiernt., a
buffer, one or more chondrogenic factors, one or more osteogenic factor$olal scaf
component, etc.), as described in detail below. In some instances, thelapeising
the less differentiated cell type is surrounded (partially or subsligraompletely) by the
layer comprising the more differentiated cell type. In some instarekRyter
comprising the more differentiated cell type is surrounded (partalybstantially
completely) by the layer comprising the less differentiated qadl.ty

The more differentiated cells and the less differentiated aellsrasent in a subject cell
composition at a ratio of 1:1 or greater than 1:1. For example, the ratio of more
differentiated cells to less differentiated cells in a subjadti-layer cell composition is
at least about 1:1, at least about 1.5:1, at least about 2:1, at leas?.&bhat least about
3:1, at least about 3.5:1, at least about 4:1, at least about 4.5:1, at least alablgdstl,
about 5.5:1, at least about 6:1, at least about 7:1, at least about 8:1, at led&tlalbout
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at least about 10:1. For example, the ratio of more differentiated cldlssto
differentiated cells in a subject multi-layer cell composition eage from about 1:1 to
about 1.25:1, from about 1.25:1 to about 1.5:1, from about 1.5:1 to about 2:1, from about
2:1 to about 3:1, from about 3:1 to about 4:1, from about 4:1 to about 5:1, from about 5:1
to about 6:1, from about 6:1 to about 7:1, from about 7:1 to about 8:1, from about 8:1 to
about 9:1, or from about 9:1 to about 10:1, or greater than 10:1.
[0047] As an example, a subject cell composition can include NPC and mesenchymaligem
(MSC). NPC and MSC can be present in a subject cell compositiaat af 1:1 or
greater than 1:1. For example, the ratio of NPC to MSC in a subject compacsit be
at least about 1:1, at least about 1.5:1, at least about 2:1, at leds?.&bQwat least about
3:1, at least about 3.5:1, at least about 4:1, at least about 4.5:1, at least abolgdstl, a
about 5.5:1, at least about 6:1, at least about 7:1, at least about 8:1, at lea&tlalobout
at least about 10:1. For example, the ratio of NPC to MSC in a subject coampoan
range from about 1:1 to about 1.25:1, from about 1.25:1 to about 1.5:1, from about 1.5:1
to about 2:1, from about 2:1 to about 3:1, from about 3:1 to about 4:1, from about 4:1 to
about 5:1, from about 5:1 to about 6:1, from about 6:1 to about 7:1, from about 7:1 to
about 8:1, from about 8:1 to about 9:1, or from about 9:1 to about 10:1, or greater than
10:1.
[0048] As another example, a subject cell composition can include osteocytstgoblasts, or
a mixture of osteocytes and osteoblasts) and MSC. Osteocytege(@rlasts, or a
mixture of osteocytes and osteoblasts) and MSC can be present inct sabj
composition at a ratio of 1:1 or greater than 1:1. For example, the ratiteofytes (or
osteoblasts, or a mixture of osteocytes and osteoblasts) to MSC jjlee somposition
can be at least about 1:1, at least about 1.5:1, at least about 2:1, ableB2tmJab, at
least about 3:1, at least about 3.5:1, at least about 4:1, at least about 4.8st ghiolet
5:1, at least about 5.5:1, at least about 6:1, at least about 7:1, at least Blaile8st
about 9:1, or at least about 10:1. For example, the ratio of osteocytesfiasts, or a
mixture of osteocytes and osteoblasts) to MSC in a subject compasitioange from
about 1:1 to about 1.25:1, from about 1.25:1 to about 1.5:1, from about 1.5:1 to about 2:1,
from about 2:1 to about 3:1, from about 3:1 to about 4:1, from about 4:1 to about 5:1,
from about 5:1 to about 6:1, from about 6:1 to about 7:1, from about 7:1 to about 8:1,
from about 8:1 to about 9:1, or from about 9:1 to about 10:1, or greater than 10:1.
[0049] As an example, a subject cell composition can include chondrocytes (or chortdrainlas

a mixture of chondrocytes and chondroblasts) and MSC. Chondrocytes (or chondroblasts
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[0050]

[0051]

or a mixture of chondrocytes and chondroblasts) and MSC can be presentjgcacaill
composition at a ratio of 1:1 or greater than 1:1. For example, the ratio ofctyted

(or chondroblasts, or a mixture of chondrocytes and chondroblasts) to MSC ject sub
composition can be at least about 1:1, at least about 1.5:1, at least abatitezist about
2.5:1, at least about 3:1, at least about 3.5:1, at least about 4:1, atdeddt B, at

least about 5:1, at least about 5.5:1, at least about 6:1, at least abouta@st,atiout

8:1, at least about 9:1, or at least about 10:1. For example, the ratio of chtexlfocy
chondroblasts, or a mixture of chondrocytes and chondroblasts) to MSC in @ subjec
composition can range from about 1:1 to about 1.25:1, from about 1.25:1 to about 1.5:1,
from about 1.5:1 to about 2:1, from about 2:1 to about 3:1, from about 3:1 to about 4:1,
from about 4:1 to about 5:1, from about 5:1 to about 6:1, from about 6:1 to about 7:1,
from about 7:1 to about 8:1, from about 8:1 to about 9:1, or from about 9:1 to about 10:1,
or greater than 10:1.

As an example, a subject cell composition can include myocytes (or mypblaests

mixture of myocytes and myoblasts) and MSC. Myocytes (or myoblasts, atwaenof
myocytes and myoblasts) and MSC can be present in a subject cell t@mn@dsa ratio

of 1:1 or greater than 1:1. For example, the ratio of myocytes (or myoblastsjxdtee

of myocytes and myoblasts) to MSC in a subject composition can betaleat 1:1, at
least about 1.5:1, at least about 2:1, at least about 2.5:1, at least aboueast,atdut

3.5:1, at least about 4:1, at least about 4.5:1, at least about 5:1, atdeastaii, at

least about 6:1, at least about 7:1, at least about 8:1, at least about®léast about

10:1. For example, the ratio of myocytes (or myoblasts) to MSC in eculgmposition

can range from about 1:1 to about 1.25:1, from about 1.25:1 to about 1.5:1, from about
1.5:1 to about 2:1, from about 2:1 to about 3:1, from about 3:1 to about 4:1, from about
4:1 to about 5:1, from about 5:1 to about 6:1, from about 6:1 to about 7:1, from about 7:1
to about 8:1, from about 8:1 to about 9:1, or from about 9:1 to about 10:1, or greater than
10:1.

In some instances, the less differentiated cells and the moneediféged cells are

present in a subject cell composition at a ratio of 1:1 or greatef thaRor example, the
ratio of less differentiated cells to more differentiated calls subject multi-layer cell
composition is at least about 1:1, at least about 1.5:1, at least about 2:1,adideas

2.5:1, at least about 3:1, at least about 3.5:1, at least about 4:1, atdehgt B, at

least about 5:1, at least about 5.5:1, at least about 6:1, at least abouta@st,atiout

8:1, at least about 9:1, or at least about 10:1. For example, the ratio offlrenti#ted
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cells to more differentiated cells in a subject multi-layer a@ihposition can range from
about 1:1 to about 1.25:1, from about 1.25:1 to about 1.5:1, from about 1.5:1 to about 2:1,
from about 2:1 to about 3:1, from about 3:1 to about 4:1, from about 4:1 to about 5:1,
from about 5:1 to about 6:1, from about 6:1 to about 7:1, from about 7:1 to about 8:1,
from about 8:1 to about 9:1, or from about 9:1 to about 10:1, or greater than 10:1.

[0052] As an example, a subject cell composition can include MSC and NPC, where MSC and
NPC are present in a subject cell composition at a ratio of 1:1 ormpteatel:1. For
example, the ratio of MSC to NPC in a subject composition is at leastatioat least
about 1.5:1, at least about 2:1, at least about 2.5:1, at least about 3:1, at leéssbahou
at least about 4:1, at least about 4.5:1, at least about 5:1, at led$.&bQuwat least about
6:1, at least about 7:1, at least about 8:1, at least about 9:1, or at least dbdtdrl0
example, the ratio of MSC to NPC in a subject composition can range from abaut 1:1 t
about 1.25:1, from about 1.25:1 to about 1.5:1, from about 1.5:1 to about 2:1, from about
2:1 to about 3:1, from about 3:1 to about 4:1, from about 4:1 to about 5:1, from about 5:1
to about 6:1, from about 6:1 to about 7:1, from about 7:1 to about 8:1, from about 8:1 to
about 9:1, or from about 9:1 to about 10:1, or greater than 10:1.

[0053] As another example, a subject cell composition can include MSC and ossemrcyte
osteoblasts, where the MSC and the osteocytes (or osteoblasts, or a ofiggieocytes
and osteoblasts) are present in a subject cell composition at a ratioasfgreater than
1:1. For example, the ratio of MSC to osteocytes (or osteoblasts,igtuaenof
osteocytes and osteoblasts) in a subject composition is at leasidh@itieast about
1.5:1, at least about 2:1, at least about 2.5:1, at least about 3:1, atdeias&. ail, at
least about 4:1, at least about 4.5:1, at least about 5:1, at least about 5.8st ghiolet
6:1, at least about 7:1, at least about 8:1, at least about 9:1, or at least abdtarl0
example, the ratio of MSC to osteocytes (or osteoblasts, or a mixtureofysts and
osteoblasts) in a subject composition can range from about 1:1 to about tdth:1, f
about 1.25:1 to about 1.5:1, from about 1.5:1 to about 2:1, from about 2:1 to about 3:1,
from about 3:1 to about 4:1, from about 4:1 to about 5:1, from about 5:1 to about 6:1,
from about 6:1 to about 7:1, from about 7:1 to about 8:1, from about 8:1 to about 9:1, or
from about 9:1 to about 10:1, or greater than 10:1.

[0054] As another example, a subject cell composition can include MSC and chonsl(@cyte
chondroblasts, or a mixture of chondrocytes and chondroblasts) where thernd $t
chondrocytes (or chondroblasts, or a mixture of chondrocytes and chondrabiasts)

present in a subject cell composition at a ratio of 1:1 or greatef thaRor example, the
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ratio of MSC to chondrocytes (or chondroblasts, or a mixture of chondraoydes
chondroblasts) in a subject composition is at least about 1:1, at least akibuatleast
about 2:1, at least about 2.5:1, at least about 3:1, at least about 3.=4t albteit 4:1, at
least about 4.5:1, at least about 5:1, at least about 5.5:1, at least about@st,atdut
7:1, at least about 8:1, at least about 9:1, or at least about 10:1. For etheng@éo of
MSC to chondrocytes (or chondroblasts, or a mixture of chondrocytes and chastiobl
in a subject composition can range from about 1:1 to about 1.25:1, from about 1.25:1 to
about 1.5:1, from about 1.5:1 to about 2:1, from about 2:1 to about 3:1, from about 3:1 to
about 4:1, from about 4:1 to about 5:1, from about 5:1 to about 6:1, from about 6:1 to
about 7:1, from about 7:1 to about 8:1, from about 8:1 to about 9:1, or from about 9:1 to
about 10:1, or greater than 10:1.

[0055] As another example, a subject cell composition can include MSC and eydoyt
myoblasts, or a mixture of myocytes and myoblasts) where the MSQeand/bcytes
(or myoblasts, or a mixture of myocytes and myoblasts) are presestinjest cell
composition at a ratio of 1:1 or greater than 1:1. For example, the rati8 ©ftv
myocytes (or myoblasts, or a mixture of myocytes and myoblasts$ubject
composition is at least about 1:1, at least about 1.5:1, at least about 2:1,aideas
2.5:1, at least about 3:1, at least about 3.5:1, at least about 4:1, atdedgt B, at
least about 5:1, at least about 5.5:1, at least about 6:1, at least aboue@st,adiout
8:1, at least about 9:1, or at least about 10:1. For example, the ratio of M$Gctgian
(or myoblasts, or a mixture of myocytes and myoblasts) in a subject citiopoan
range from about 1:1 to about 1.25:1, from about 1.25:1 to about 1.5:1, from about 1.5:1
to about 2:1, from about 2:1 to about 3:1, from about 3:1 to about 4:1, from about 4:1 to
about 5:1, from about 5:1 to about 6:1, from about 6:1 to about 7:1, from about 7:1 to
about 8:1, from about 8:1 to about 9:1, or from about 9:1 to about 10:1, or greater than
10:1.

[0056] The spatial relationship between the more differentiated cells¢eandroblasts,
chondrocytes, osteoblasts, osteocytes, myoblasts, myocytes, tenocHBS) and the
less differentiated cells (e.g., adult stem cells, embryonic stemiB8lsells, MSC, etc.)
is non-random, e.g., a subject composition is not a randomly distributed mixture of more
differentiated cells and less differentiated cells. Insteadbg@st composition comprises
a first layer (e.g., a first discrete region) comprising a plurality okbrddferentiated
cells (e.g., chondroblasts, chondrocytes, osteoblasts, osteocytesastsjablocytes,

tenocytes, or NPC); and a second layer (e.g., a second discrete cegipnising a
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plurality of less differentiated cells (e.g., adult stem cells, embrytaric sells, iPS cells,
MSC, etc.).

[0057] The cells in the first layer are at least about 85%, at least about®@ast about 95%,
or greater than 95%, of a single, more differentiated, cell type (e.g., chasisobl
chondrocytes, osteoblasts, osteocytes, myoblasts, myocytes, tenocHBSS). The
cells in the second layer are at least about 85%, at least about 9886t ablout 95%, or
greater than 95%, of a single, less differentiated, cell type (e.gt stetul cells,
embryonic stem cells, iPS cells, MSC, etc.).

[0058] As an example, the cells in the first layer are at least about\#5% at least about 90%
NPC, at least about 95% NPC, or greater than 95% NPC; and the cells@cdhd layer
are at least about 85% MSC, at least about 90% MSC, at least about 95% N&@ter
than 95% MSC. As another example, the cells in the first layer ar@saaleout 85%
osteocytes or osteoblasts, at least about 90% osteocytes (or osigadtidsast about
95% osteocytes (or osteoblasts), or greater than 95% oste(@ybsseoblasts); and the
cells in the second layer are at least about 85% MSC, at least about 90%atNERSt
about 95% MSC, or greater than 95% MSC. As another example, the celldiistthe
layer are at least about 85% chondrocytes or chondroblasts, at least about 90%
chondrocytes (or chondroblasts), at least about 95% chondrocytes (or chondraivlasts
greater than 95% chondrocytes (or chondroblasts); and the cells actmeldayer are at
least about 85% MSC, at least about 90% MSC, at least about 95% MSGter tiran
95% MSC. As another example, the cells in the first layer arasttabout 85%
myocytes or myoblasts, at least about 90% myocytes (or myoblasegsaabout 95%
myocytes (or myoblasts), or greater than 95% myocytes (or myshlast the cells in
the second layer are at least about 85% MSC, at least about 90% MSE&}, albdeh
95% MSC, or greater than 95% MSC. As another example, the cells irstHayfar are
at least about 85% tenocytes, at least about 90% tenocytest able#s95% tenocytes,
or greater than 95% tenocytes; and the cells in the second layétemst about 85%
MSC, at least about 90% MSC, at least about 95% MSC, or greater than 95% MSC.

[0059] The first layer and the second layer can have any of a variety dlspédtionships. For
example, the first layer can completely surround the second layer. As aexdhgsle,
the first layer can incompletely (e.g., partially) surround therstzyer. As another
example, the first layer and the second layer can have a side-bpidé ilationship.
Other spatial relationships are possible. In some embodiments, a subigtayer cell

composition has a roughly spherical form, in which the more differentiaischoe
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present in an inner layer and the less differentiated cells arenpii@ an outer layer. In
other embodiments, a subject multi-layer cell compaosition has a roughlycspfe@m,
in which the less differentiated cells are present in an inner &d the more
differentiated cells are present in an outer layer.

[0060] As an example, a subject composition can comprise NPC and MSC in a salbstan
spherical form, in which the NPC are in a first layer, the MSC arsé@tand layer, and
in which the second layer surrounds the first layer, e.g., the first lgerinner layer
and the second layer is an outer layer. As an example, a subject compmasitio
comprise NPC and MSC in a spherical form, in which the NPC are in aafiest the
MSC are in a second layer, and in which the second layer surroundsttteyér, e.g.,
the second layer is an inner layer and the first layer is an outer Asyether examples, a
subject cell composition can comprise NPC and MSC in a cuboidal form, imerayil
form, in a rectangular prism form, or in an irregular form.

[0061] As another example, a subject composition can comprise NPC and MSC in a
substantially spherical form, in which the MSC are in a firstrigye NPC are in a
second layer, and in which the second layer surrounds the first layethe first layer is
an inner layer and the second layer is an outer layer. As other exanglbgd cell
composition can comprise MSC and NPC in a cuboidal form, in a cylindrica] fio a
rectangular prism form, or in an irregular form; in some instances, ti@wiEbe in a
first, inner region or layer, and the NPC will be in a second, outer layegion, and the
second layer or region will substantially surround the first layeggion.

[0062] As another example, a subject composition can comprise chondrocytesifdroblasts)
and MSC in a substantially spherical form, in which the MSC areiistddyer, the
chondrocytes (or chondroblasts) are in a second layer, and in whichdhd taeer
surrounds the first layer, e.g., the first layer is an inner layer anédbadlayer is an
outer layer. As other examples, a subject cell composition can comprisaMiSC
chondrocytes (or chondroblasts) in a cuboidal form, in a cylindricad, fior a rectangular
prism form, or in an irregular form; in some instances, the MSC will bdiiatainner
region or layer, and the chondrocytes (or chondroblasts) will be in a secoadlayer
or region, and the second layer or region will substantially surround shé&fier or
region.

[0063] As another example, a subject composition can comprise osteocytes gblasssd and
MSC in a substantially spherical form, in which the MSC are irsal&yer, the

osteocytes (or osteoblasts) are in a second layer, and in whigctdmeldayer surrounds
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the first layer, e.g., the first layer is an inner layer and tbergklayer is an outer layer.
As other examples, a subject cell composition can comprise MSC aodyiss (or
osteoblasts) in a cuboidal form, in a cylindrical form, in a rectanguism form, or in
an irregular form; in some instances, the MSC will be in a first, ireggon or layer, and
the osteocytes (or osteoblasts) will be in a second, outer layegionyand the second
layer or region will substantially surround the first layer oroagi

[0064] As another example, a subject composition can comprise myocytes (oastgphind
MSC in a substantially spherical form, in which the MSC are irsaléyer, the
myocytes (or myoblasts) are in a second layer, and in which the secenduaypunds
the first layer, e.g., the first layer is an inner layer and tbergklayer is an outer layer.
As other examples, a subject cell composition can comprise MSC auytey (or
myoblasts) in a cuboidal form, in a cylindrical form, in a rectangulanpform, or in an
irregular form; in some instances, the MSC will be in a first, inngioreor layer, and the
myocytes (or myoblasts) will be in a second, outer layer or region, asddbad layer
or region will substantially surround the first layer or region.

[0065] The dimensions of a subject multi-layer cell composition can vary. Forpdsawhere a
subject cell composition is substantially spherical, the averageetier of the cell
composition can range from about 0.1 mm to about 5 mm, e.g., from about 0.1 mm to
about 0.5 mm, from about 0.5 mm to about 0.75 mm, from about 0.75 mm to about 1.0
mm, from about 1.0 mm to about 1.5 mm, from about 1.5 mm to about 2 mm, from about
2 mm to about 3 mm, from about 3 mm to about 4 mm, or from about 4 mm to about 5
mm . Suitable dimensions can depend on a variety of factors, including, e.ge thférsit
Vivo use.

[0066] In some embodiments, a subject multi-layer cell composition has a wniteaf from
about 0.05 mrhto about 0.5 cfy or more, e.g., from about 0.05 rhto about 0.1 mf)
from about 0.1 mrhto about 0.5 mf from about 0.5 mfto about 0.75 mffrom
about 0.75 mrhto about 1.0 mr from about 1.0 mfto 1.5 mn, from about 1.5 mf
to about 2 mrf) from about 2 mrhto about 3 mrf) from about 3 mrhto about 4 mr)
from about 4 mrito about 5 mrf) from about 5 mrhto about 7 mrf) from about 7 mrh
to about 8 mm or from about 8 mfto about 10 mr from about 10 mrito about 12
mn, from about 12 mrto about 14 mi or from about 14 mirto about 15 mri from
about 15 mriito about 25 mrh from about 25 mrto about 50 mr from about 50 mrh
to about 100 mr from about 0.1 cfto about 0.2 cry from about 0.2 cito about 0.3
cnt, from about 0.3 cfto about 0.4 criy or from about 0.4 cfto about 0.5 crh
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[0067]

[0068]

[0069]

[0070]

[0071]

In some embodiments, a subject multi-layer cell composition has aolunite of from
about 0.1 mrhto about 5 mr) or more, e.g., from about 0.1 o about 0.5 m from
about 0.5 mrhto about 0.75 mf from about 0.75 mfrto about 1.0 mr from about
1.0 mnd to 1.5 mn, from about 1.5 mfto about 2 mrh from about 2 mrhto about 3
mn?, from about 3 mfhto about 4 mr or from about 4 mfto about 5 mrh

The number of cells in the first layer can range from aboutol@bout 18 e.g., the first
layer can comprise from about?dells to about 5 x facells, from about 5 x f@ells to
about 16 cells, from about 10cells to about 5 x faells, from about 5 x f&ells to
about 10 cells, from about 10cells to about 5 x T&ells, from about 5 x f@&ells to
about 16 cells, from about 10cells to about 5 x P&ells from about 5 x F&ells to
about 16 cells, from about 1Tcells to about 5 x f&ells, from about 5 x £&ells to
about 10 cells, from about 10cells to about 5 x T&ells, from about 5 x T&ells to
about 16 cells, or from about 5 x f@ells to about 10cells.

The number of cells in the second layer can range from abbtd &bout 18 e.g., the
second layer can comprise from about ddlls to about 5 x f@ells, from about 5 x 0
cells to about 0cells, from about I0cells to about 5 x £&ells, from about 5 x £0
cells to about 10cells, from about 10cells to about 5 x T&ells, from about 5 x 10
cells to about 10cells, from about T0cells to about 5 x faells from about 5 x 0
cells to about 10cells, from about 10cells to about 5 x f&ells, from about 5 x £0
cells to about 10cells, from about 10cells to about 5 x T&ells, from about 5 x 70
cells to about 10cells, or from about 5 x f@ells to about 1cells.

The density of cells (including less differentiated cells and moreeiiffiated cells) in a
subject multi-layer cell composition can range from abofic&lis/mnd to about 18
cells/mnf, e.g., from about Z@&ells/mni to about 1dcells/mnd, from about 10
cells/mnf to about 18 cells/mnd, from about 1Bcells/mni to about 10cells/mnd, from
about 10 cells/mnd to about 1&cells/mnd, or from about 1bcells/mni to about 18
cells/mn, or greater than 2@ells/mni.

In some embodiments, a subject multi-layer cell composition iseefés as a “multi-
layer cell unit,” where a unit can have a volume of from about 0.05tmabout 0.5
cnt, or more, e.g., from about 0.05 rhto about 0.1 mf) from about 0.1 mfto about
0.5 mm, from about 0.5 mfto about 0.75 mffrom about 0.75 mfrto about 1.0 mf)
from about 1.0 mrto 1.5 mmi, from about 1.5 mfto about 2 mrf) from about 2 mrh
to about 3 mrf) from about 3 mrhto about 4 mrf) from about 4 mrhto about 5 mr)

from about 5 mrhto about 7 mrf) from about 7 mrhto about 8 mr or from about 8
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mn? to about 10 mi from about 10 mfito about 12nn®, from about 12 mihto about
14 mn?, or from about 14 mfto about 15 mrh from about 15 mito about 25 mrh
from about 25 mrhto about 50 mri from about 50 mrto about 100 mfy from about
0.1 cnf to about 0.2 cf from about 0.2 cfto about 0.3 ¢y from about 0.3 cfito
about 0.4 crfy or from about 0.4 cirto about 0.5 cfyand where a unit can include from
107 to about 1Bcells (e.g., total of less differentiated cells plus more diffeatadicells),
e.g., from about Focells to about 5 x faells, from about 5 x f@&ells to about 10
cells, from about cells to about 5 x fa&ells, from about 5 x &ells to about 10
cells, from about 10cells to about 5 x TGells, from about 5 x T@ells to about 10
cells, from about 10cells to about 5 x faells from about 5 x P&ells to about 10
cells, from about 10cells to about 5 x faells, from about 5 x fa&ells to about 10
cells, from about 10cells to about 5 x IGells, from about 5 x YGells to about 10
cells, or from about 5 x f@ells to about 10cells. Where a subject multi-layer cell unit
is roughly spherical, a subject multi-layer cell unit can also bereeféo as a “multi-
layer cell pellet” or a “multi-layer cell sphere” or a “multi-Exycell spheroid.”

[0072] The less differentiated cells within a subject multi-layer a@nposition are stimulated
to differentiate into a more differentiated cell type. For example, depend the cell
type of the more differentiated cell, an MSC can differentiate into a choytdr@n
osteocyte, a myocyte, a tenocyte, etc.

[0073] For example, where a subject multi-layer cell composition comprisesaN@®ISC, the
MSC within a subject composition are stimulated to differentigtieéhondrocytes. For
example, after maintaining a subject multi-layer cell compositioa fritable time and
under suitable conditions, MSC in the composition differentiate imodrocytes, e.g.,
after culturing a subject cell composition for a suitable time and undabkuconditions
at least about 2%, at least about 5%, at least about 10%, at least abpait l&5%i about
20%, at least about 25%, at least about 30%, at least about 35%, at least about 40%, a
least about 45%, at least about 50%, at least about 60%, at least about @8%b aditdut
75%, at least about 80%, at least about 85%, at least about 90%, at least about 95%, or
more than 95% of the MSC differentiate into chondrocytes.

[0074] For example, where a subject multi-layer cell composition comprisesoyses (or
osteoblasts) and MSC, the MSC within a subject composition are dtkchida
differentiate into osteocytes (or osteoblasts). For example, adiataiming a subject
multi-layer cell composition for a suitable time and under suitable ¢onslitMSC in the

composition differentiate into osteocytes (or osteoblasts), e.g.caftaring a subject
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[0075]

[0076]

[0077]

cell composition for a suitable time and under suitable conditions aaleast 2%, at

least about 5%, at least about 10%, at least about 15%, at least about 28%&,adidut
25%, at least about 30%, at least about 35%, at least about 40%, at least about 45%, a
least about 50%, at least about 60%, at least about 70%, at least aboutl@agb ahiout
80%, at least about 85%, at least about 90%, at least about 95%, or more than 95% of the
MSC differentiate into osteocytes (or osteoblasts).

As another example, where a subject multi-later cell composition cospnigecytes (or
myoblasts) and MSC, the MSC within a subject composition are stirdutate
differentiate into myocytes (or myoblasts). For example, aftentaiaing a subject
multi-layer cell composition for a suitable time and under suitable ¢onslitMSC in the
composition differentiate into myocytes (or myoblasts), e.g., aftarrouta subject cell
composition for a suitable time and under suitable conditions at least2®pat least
about 5%, at least about 10%, at least about 15%, at least about 2G¥%t abérit 25%,

at least about 30%, at least about 35%, at least about 40%, at leagdt=4bpat least

about 50%, at least about 60%, at least about 70%, at least about 75% adtdet80%,

at least about 85%, at least about 90%, at least about 95%, or more thahtB&¥SC
differentiate into myocytes (or myoblasts).

Chondrocytes express one or more of the following markers: 11-fibraucaggre

annexin VI; beta-1 integrin (CD29); cartilage oligomeric matrix pnof€OMP);

cathepsin B; CD44, CD151, and CD49c; chondrocyte expressed protein-68 (CEP-68);
cartilage matrix protein (CMP; matrilin-1); collagen Il (typedillagen); collagen IX;

Sox9; and collagen X (type X collagen). Chondrocytes can be identifiedjas;@29,
CD90', CD166, CD49, CD44, CD54, CD14, CD34, CD24, and CD31 Expression

of such markers can be detected using a quantitative polymerase cheéim r@ggfPeCR)
assay (e.g., to detect an mMRNA marker, or an mRNA encoding a polypeptide)raarke
immunoassay using an antibody specific for a polypeptide marker; ankiethe |
Chondrocytes can be characterized by secretion of one or more of the follgywad: t
collagen; type X collagen; and a proteoglycan such as aggrecan. A subjtdayer

cell composition can induce differentiation of an MSC to a chondrocyteehedtes type

Il collagen and aggrecan. Aggrecan is a proteoglycan comprising a puateithat is
modified with glycosaminoglycans (GAG) such as chondroitin sulfate amtilker

sulfate. Whether a chondrocyte secretes aggrecan can be detehyidetecting the
presence of GAG. GAG can be detected using any known assay, including, e.g., a 1,9-
dimethylmethylene blue (DMMB) assay (see, e.g., Oke et al. (2003). Vet. Res.
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64:894); and a safranin-O staining method (see, e.g., Rosenberg J1Barg Joint
rg. 53:69).

[0078] Osteocytes express one or more of the following markers: alpha 1(1)lpgssnlbone
Gla protein (BGP); bone sialoprotein (BSP); Cbfal/Osf2; collagenitygiEl;
osteocalcin; osteopontin; Phex; and RP59. Expression of such markers ctattezlde
using a quantitative polymerase chain reaction (qQPCR) assay (e.g. ctoateteRNA
marker, or an mRNA encoding a polypeptide marker); an immunoassay using an
antibody specific for a polypeptide marker; and the like.

[0079] Myocytes include skeletal myocytes. Myocyte-specific markerkaown in the art.
Skeletal myocyte markers include, e.g., Arpp, Caveolin-3, myosin, nestimoaodit |.

[0080] In some embodiments, e.g., where a subject cell composition comprises chasjracyt
subject cell composition can produce GAG. For example, a subject cell conpoatti
produce from about 4g GAG to about 10Qg GAG per cell composition, e.g., from
about 4ug to about ug, from about fug to about 2%ug, from about 29 to about 50
ug, or from about 5Qg to about 10@wg, or more, per cell pellet.

[0081] A subject cell composition retains cell viability when cultuinesiitro or when
introduced into an individual, e.g., when maintaimedvo. For example, at least about
50%, at least about 60%, at least about 75%, at least about 80%, at least about 85%, a
least about 90%, or at least about 95%, or more, of the cells in a giveayeellemain
viable after at least 2 weeks, at least 4 weeks, or at l@astI& inin vitro cell culture or
after at least 1 week, at least 2 weeks, at least 4 weeks, or & \e=eksjn vivo.

[0082] In some instances, a subject cell composition can produce discrete proggrgsitions
that retain the multi-layer configuration of the original (“parecg) composition. For
example, a subject parent cell composition can include two layers (arfafecell
composition), where the composition is roughly spherical, and where anfirst,layer
comprises at least about 85% naive cells (e.g., MSC or other steasaidiscribed
above), where a second, outer layer comprises at least about 85% “instreells (e.g.,
NPC, chondroblasts, chondrocytes, osteoblasts, osteocytes, myoblasigemymc
tenocytes), and where the second layer substantially surroundsthayter. After a
period of time in culturén vitro or after a period of timin vivo, the parent cell
composition produces a progeny cell composition (referred to in the Exaraes a
“satellite™), where the progeny cell composition physically separfitom the parent cell
composition, where the progeny cell composition retains the bilaminaguooation

(e.g., discrete first and second layers) of the parent cell compositebnjene at least
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[0083]

[0084]

[0085]

[0086]

[0087]

about 50% of the cells in the progeny cell compaosition remain viablepferiad of time

of at least two weekis vitro orin vivo. In some embodiments, a subject cell composition
comprises a parent cell composition and one or more progeny cell compositions.
Cells

The less differentiated cells and the more differentiated calide obtained from any of

a variety of sources. Alternatively, as discussed below, cells cabtéi@ed by inducing

a stem cell to differentiate. For example, a stem cell can be indudétktentiate into

an NPC, an osteocyte (or an osteoblast), a chondrocyte (or a chondroblagts)yte

(or a myoblast), a tenocyte, or an MSC. As noted above, a more differe ol

includes an NPC, an osteocyte (or an osteoblast), a chondrocyte (or a clastslyodl
myocyte (or a myoblast), and a tenocyte.

Cells used in a subject cell composition can be obtained from a variety césoeug.,

from a cadaver, from a living individual, from a post-natal individual, froovarile,

from an adult individual, from fetal tissue, from a healthy individual, fronttime&issue,
from a tissue bank, etc. Cells can be obtained from any form of muscle, from any form of
bone, from any form of connective tissue, etc. Cells can be obtained from two or more
such sources.

The individual from whom a cell is obtained is generally a mammal, imgdudig., a
human, a non-human primate, an ungulate (e.g., a porcine, an ovine, a bovine, etc.), a
lagomorph, a rodent (e.g., a murine such as a rat or a mouse), etc. For exalsple, cel
(e.g., osteoblasts, osteocytes, chondroblasts, chondrocytes, myoblasts, snyocyte
tenocytes, NPC, MSC, etc.) can be isolated from a human, or from a non-human
mammal.

Cells can be obtained from any of a variety of sources, as described abdveel&ucan

be isolated from a source, e.g., isolated such that the desired cell typéhfamdrocyte,
osteocyte, myocyte, tenocyte, NPC, etc.) is present at from about 75% t@e¥gut

from about 85% to about 90%, from about 90% to about 95%, or more than 95% purity,
e.g., other (non-desired) cell types are present at less than 25%ale28%, less than
15%, or less than 5%.

Cells obtained from a source can be expamdedro. Cells expandeth vitro will thus
include progeny of parent cells isolated from a source, which progeny cellsr meay

not be genetically identical to the parent cells. However, cells expamudieich will

substantially retain a phenotype associated with the desiredpeell ty
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[0088] Relative to an intended recipient of a subject cell compositiongetteeat a subject cell
composition can be autologous, allogeneic, or xenogeneic. For example, where the
intended or prospective recipient of a subject cell compositiohusren, the cells
present in the cell composition can be human cells, e.g., isolated from a hueman or
obtained by inducing human stem cell(s) to differentiate. Where the idtende
prospective recipient of a subject cell composition is a human, the dkEnpin a
subject cell composition can be autologous or allogeneic. Where the intended or
prospective recipient of a subject cell composition is a human, the =Enpin a
subject cell composition can in some cases by xenogeneic.

[0089] Mesenchymal stem cells (MSC) can be isolated from embryonal mesodacamtgl,
cord blood, from bone marrow (e.g., adult bone marrow), or from fat. Methods of
isolating and culturing MSC are known in the art; and any known method can be used t
obtain MSC. See, e.g., U.S. Pat. No. 5,736,396, which describes isolation and culture of
human MSC; and U.S. Patent Publication No. 2007/0292872. MSC can be identified as
Stro-T, CD106, CD73, CD11b, glycophorin-A, CD45, CD34, CD31, and CD117

[0090] NPC can be isolated from the nucleus pulposus of intervertebral dislegidn of NPC
from intervertebral discs can be carried out using any known method, e.g., a method as
described in U.S. Patent Publication No. 2003/0220692. NPC express one or more of the
following markers: hypoxia-inducing factor-lalpha (HIl&)lhypoxia-inducing factor-
1beta (HIF-B), glucose transporter-1; matrix metalloprotease-2; lactate dehydregenas
A; and thrombospondin-1.

[0091] Osteocytes (or osteoblasts) can be isolated from bone marrow (e.g., human bone
marrow), bone marrow stromal cell cultures, human osteoblast explamesulbr
osteocyte (or osteoblast) explant cultures from collagenagedreane. See, e.g.,

Jonsson et al. (199@ta Orthop. Scand. 70:365. Osteocyte precursor cells can be
isolated from bone marrow, e.g., human bone marrow. Osteocytes (or ostechlabis)
isolated using any known method; see, e.g., U.S. Patent No. 6,811,776 for methods of
isolating and culturing osteocytes.

[0092] Chondrocytes can be isolated from bone marrow (e.g., human bone marrow), human
bone marrow mesenchymal stromal cells, cartilage (e.g., hyalineagartilorocartilage,
or elastic cartilage), and the like. Additional sources of chondroprogesiis include,
without limitation, mesenchymal stem cells, cartilage cells, unabitiord stem cells,
bone marrow stromal cells, adipose stromal cells or chondrogenic progestigor

derived from periosteum or synovium. Chondrocytes can also be isolated and expanded
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[0093]

[0094]

[0095]

[0096]

as described in U.S. Patent No. 7,273,756. Chondrocytes include, but are not limited to,
juvenile articular chondrocytes, adult articular chondrocytes, synoajeule
chondrocytes, and periosteum chondrocytes.

Chondroblasts, chondrocytes, osteoblasts, osteocytes, myoblasts, myocytes, a
tenocytes can also be generated from MSC using any of various well-knohadset
where such methods include, e.g., culturing MSC in the presence of growth fadtors tha
promote differentiation of MSC into a more differentiated cell; biciaadifferentiation;
and the like. For example, culturing M&Qvitro in a culture medium comprising TGF
can induce differentiation of chondrocytes; thus chondrocytes can be gefienated

MSC by culturing the MS@n vitro in a culture medium comprising TGFAs another
example, osteocytes can be generated from MSC by culturing therMBM in a

culture medium comprising bone morphogenic protein-4 (BMP4). Other methods of
inducing osteogenic, tendonogenic, chondrogenic, or myogenic differentiaon\d&C

in invitro culture are known in the art, and any known method can be used; see, e.g.,
U.S. Patent Publication No. 2007/0292872 and U.S. Patent No. 5,736,396.

NPC, osteoblasts, osteocytes, chondroblasts, chondrocytes, myoblastgesy
tenocytes, and MSC can be induced from embryonic stem (ES) cells, e.g.,elhda8 c
be induced to differentiate into an NPC, an osteoblast, an osteochtdiablast, a
chondrocyte, a myoblast, a myocyte, a tenocyte, or an MSC. Methods fangduc
differentiation of ES cellgn vitro are known in the art. See, e.g., U.S. Patent Publication
No. 2006/0057720.

Suitable ES cells include, but are not limited to, any of a variety of alattaman ES
lines, e.g., BGO1(hESBGN-01), BG02 (hESBGN-02), BG03 (hESBGN-03) (BresaGen,
Inc.; Athens, GA); SA01 (Sahlgrenska 1), SA02 (Sahlgrenska 2) (Cellartis AB
Goeteborg, Sweden); ES01 (HES-1), ES01 (HES-2), ES03 (HES-3), ES04 (HES-4),
ESO05 (HES-5), ES06 (HES-6) (ES Cell International; Singapore); UC01 (H&F=0H
(HSF-6) (University of California, San Francisco; San Francisco, G/A01 (H1),

WAO7 (H7), WAQ9 (H9), WA13 (H13), WA14 (H14) (Wisconsin Alumni Research
Foundation; WARF; Madison, WI). Cell line designations are given as thendhtio
Institutes of Health (NIH) code, followed in parentheses by the providier. cSee, e.g.,
U.S. Patent No. 6,875,607.

Methods of culturing human ES cells are known in the art. See, e.g., U.S. Ratent N
6,875,607. Human ES cells can be culturedtro using any known method. Suitable

human ES cell lines can be positive for one, two, three, four, five, silt,smvan of the
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[0097]

[0098]

[0099]

following markers: stage-specific embryonic antigen-3 (SSEASE/A4; TRA 1-60;
TRA 1-81; Oct-4; GCTM-2; and alkaline phosphatase. Human ES cellclimeke
negative for SSEA-1.

NPC, osteoblasts, osteocytes, chondroblasts, chondrocytes, myoblastgesy
tenocytes, and MSC can be induced from induced pluripotent stem (iPS) cels éRf
cell can be induced to differentiate into an NPC, an osteoblast, acyistea
chondroblast, a chondrocyte, a myoblast, a myocyte, a tenocyte, or an MSC. For
example, an iPS can be cultured in the presence of one or more osteogerscdaetor
more myogenic factors, one or more tendenogenic factors, or one or more geararo
factors.

iPS cells can be generated from mammalian cells (including mammaliaticosils,
such as human somatic cells) using, e.g., known methods. Examples of suitable
mammalian cells include, but are not limited to: fibroblasts, skinilksts, dermal
fibroblasts, bone marrow-derived mononuclear cells, skeletal muscleacikfiese cells,
peripheral blood mononuclear cells, macrophages, hepatocytes, keratinaeytes, o
keratinocytes, hair follicle dermal cells, epithelial cellstga epithelial cells, lung
epithelial cells, synovial cells, kidney cells, skin epithelial ¢c@l#mcreatic beta cells, and
osteoblasts.

Mammalian cells used to generate iPS cells can originate fr@nety of types of tissue
including but not limited to: bone marrow, skin (e.g., dermis, epidermis), musgesadi
tissue, peripheral blood, foreskin, skeletal muscle, and smooth muscle IIFhesed to
generate iPS cells can also be derived from neonatal tissue, incliodimgpt limited to:
umbilical cord tissues (e.qg., the umbilical cord, cord blood, cord blood vedkels)
amnion, the placenta, and various other neonatal tissues (e.g., bone marrawi$aie,

adipose tissue, peripheral blood, skin, skeletal muscle etc.).

[00100] Cells used to generate iPS cells can be derived from tissue of a non-embryoni

subject, a neonatal infant, a child, or an adult. In some embodiments, célte use
generate iPS cells are obtained from a post-natal human. Cells used tteg@%eclls
can be derived from neonatal or post-natal tissue collected from atsulifen the

period from birth, including cesarean birth, to death. For example, the #ssirce of

cells used to generate iPS cells can be from a subject who isrdheat about 10

minutes old, greater than about 1 hour old, greater than about 1 day old, greater than
about 1 month old, greater than about 2 months old, greater than about 6 months old,

greater than about 1 year old, greater than about 2 years old, greatdyabbh years
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old, greater than about 10 years old, greater than about 15 years old,theeasbout 18
years old, greater than about 25 years old, greater than about 35 years oldrs4fidye
>55 years old, >65 years old, >80 years old, <80 years old, <70 years old, <60 years old,
<50 years old, <40 years old, <30 years old, <20 years old or <10 years old.

[00101] In general, cells used to generate iPS cells are substantiaditicgdly identical
to a somatic cell from a post-natal human, e.g., are substantially gepétieatical to a
somatic cell of the post-natal human from which the cell used to generdgsStheli is
derived.

[00102] iPS cells produce and express on their cell surface one or more of therfgllow
cell surface antigens: SSEA-3, SSEA-4, TRA-1-60, TRA-1-81, TRA-2-49/6E, and
Nanog. In some embodiments, iPS cells produce and express on their cell SB&#ce
3, SSEA-4, TRA-1-60, TRA-1-81, TRA-2-49/6E, and Nanog. iPS cells express one or
more of the following genes: Oct-3/4, Sox2, Nanog, GDF3, REX1, FGF4, ESG1,
DPPA2, DPPA4, and hTERT. In some embodiments, an iPS cell expresses Oct-3/4,
Sox2, Nanog, GDF3, REX1, FGF4, ESG1, DPPA2, DPPA4, and hTERT.

[00103] Methods of generating iPS cells are known in the art, and a wide range of
methods can be used to generate iPS cells. See, e.g., Takahashi and Yamanaka (2006)
Cell 126:663-676; Yamanaka et al. (2007) Nature 448:313-7; Wernig et al. (2007)
Nature 448:318-24; Maherali (2007) Cell Stem Cell 1:55-70; Maherali angedicger
(2008) Cell Stem Cell 3:595-605; Park et al. (2008) Cell 134:1-10; Dimos(2088)
Science 321:1218-1221; Blelloch et al. (2007) Cell Stem Cell 1:245-247; Stadtld et
(2008) Science 322:945-949; Stadtfeld et al. (2008) 2:230-240; Okita et al. (2008)
Science 322:949-953.

[00104] In some embodiments, iPS cells are generated from somatic cells ibg forc
expression of Oct-3/4 and Sox2 polypeptides. In some embodiments, iPS cells are
generated from somatic cells by forcing expression of Oct-3/4, Sox2 and Klf4
polypeptides. In some embodiments, iPS cells are generated from sonigtiy ce
forcing expression of Oct-3/4, Sox2, KlIf4 and c-Myc polypeptides. In some
embodiments, iPS cells are generated from somatic cells by forcing éxprafs©ct-4,
Sox2, Nanog, and LIN28 polypeptides.

[00105] As an example, iPS cells can be generated from somatic cells (e.g., skin
fibroblasts) by genetically modifying the somatic cells with one or mxpesssion
constructs encoding Oct-3/4 and Sox2. As one example, somatic cells are tygnetica

modified with one or more expression constructs comprising nucleotide sequences
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encoding Oct-3/4, Sox2, c-myc, and KIf4. As another example, somatic cells are
genetically modified with one or more expression constructs comprising ndeleot
sequences encoding Oct-4, Sox2, Nanog, and LIN28.

[00106] Cells undergoing induction of pluripotency as described above, to generate iPS
cells, can be contacted with additional factors which can be added tdttive system,
e.g., included as additives in the culture medium. Examples of such addfactais
include, but are not limited to: histone deacetylase (HDAC) inhibisess, e.g. Huangfu
et al. (2008) Nature Biotechnol. 26:795-797; Huangfu et al. (2008) Nature Biotechnol.
26: 1269-1275; DNA demethylating agents, see, e.g., Mikkelson et al (2008) Nature 454,
49-55; histone methyltransferase inhibitors, see, e.g., Shi et al. (2008j€beiC8I|
2:525-528; L-type calcium channel agonists, see, e.g., Shi et al. (2008) 3:568-574;
Wnt3a, see, e.g., Marson et al. (2008) Cell 134:521-533; and siRNA, see, e.g., Zhao et al.
(2008) Cell Stem Cell 3: 475-479.

Additional components

[00107] A subject multi-layer cell composition can include one or more additional
components, where suitable additional components include: a) a buffer; b)agenste
factor; c) a chondrogenic factor; d) a myogenic factor; e) a tendoitdgetor; f) a cell
culture medium component; g) a scaffold component. Suitable buffers, osteogenic
factors, chondrogenic factors, and scaffold components that can be includedjeta sub
multi-layer cell composition are those described below in the contextastfikage or a
bone production composition.

[00108] Suitable cell culture medium components are known to those skilled irt.the ar
For example, cell culture medium components as found in any of a variety of dtandar
culture media (e.g., Dulbecco’s modified Eagle’s medium (DMEM), Roswell Park
Memorial Institute 1640 (RPMI 1640), and the like), and can include, e.g., aminp acids
glucose, vitamins, salts, sodium pyruvate, and the like. The culture mediunniter
include albumin.

Method of making a multi-layer cell composition

[00109] The present disclosure provides methods of making a subject multckier
compositions. The methods generally involve: a) forming a pellet ofr8tddyer cells
(e.g., cells of a more differentiated cell type, such as NPC, ostegblstetscytes,
chondroblasts, chondrocytes, myoblasts, myocytes, tendocytes, etiquid aedium
in a tube having an inner surface that is substantially non-adhereme foelts; and b)

adding the second layer cells (e.g., cells of a less differentiategmellsuch as adult
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stem cells, embryonic stem cells, iPS cells, MSC, etc.) to the.pdlietpellet becomes
suspended in the liquid medium, and the second layer cells adhere to and surround the
pellet.

[00110] The tube has an inner surface that is substantially non-adherent ¢etlthe.g.,
at least the inner surface of the tube is polypropylene or some ottegiaiia which the
cells do not readily adhere.

MUSCULOSKELETAL TISSUE PRODUCTION COMPOSITIONS

[00111] A subject multi-layer, three-dimensional cell composition is usefuldpairing
and/or regenerating a musculoskeletal tissue such as an intervatighrhone, skeletal
muscle, tendon, or cartilage. For repairing and/or regenerating a mustedalskssue, a
subject multi-layer, three-dimensional cell composition can be provided with a
biocompatible carrier. For example, one, two, three, four, five, or more (agddscr
elsewhere herein) multi-layer cell composition units are in a composgiopresing a
biocompatible carrier. A subject musculoskeletal tissue production cdgropasan be
used to repair a musculoskeletal tissue, to generate a musculoskedatglar to fill in
missing musculoskeletal tissue. Thus, e.g., a subject cartilage poodcmmposition can
be used to fill in cartilage, and can also be used to fill in an area ireaveirtébral disc.

[00112] The present disclosure thus provides compositions comprising: a) aetsubjg-
layer cells composition; and b) a biocompatible carrier. Depending on tipes
contained within the multi-layer cell compositions, a subject compositibpreduce
cartilage, intervertebral disc tissue, muscle, tendon, or bone. Tayseent disclosure
provides a cartilage production composition comprising: a) a subject ayéti-tells
composition, where the first layer includes chondrocytes (and/or chondroblasiBL;
and b) a biocompatible carrier. Thus, the present disclosure providetagea
production composition comprising: a) a subject multi-layer cells cotqosivhere the
first layer includes chondrocytes (and/or chondroblasts) or NPC; and oaripiatible
carrier. The present disclosure also provides a bone production compositjgnsomgn
a) a subject multi-layer cells composition, where the first lmy@udes osteocytes
(and/or osteoblasts); and b) a biocompatible carrier. The presdosdigcalso provides
an intervertebral disc tissue production composition comprising: a) ecsujlti-layer
cells composition, where the first layer includes NPC; and b) a biodiepearrier. The
present disclosure also provides a muscle production composition compa)sing
subject multi-layer cells composition, where the first layemides myoblasts and/or

myocytes; and b) a biocompatible carrier. The present disclosorpralades a tendon
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production composition comprising: a) a subject multi-layer cells conosithere the
first layer includes tenocytes; and b) a biocompatible carrier.

[00113] A subject cartilage production composition, bone production composition,
muscle production composition, tendon production composition, or intervertelaral dis
tissue production composition can be a liquid at a first temperatute, swlid or a gel at
a second temperature. For example, a subject cartilage production compbsiti®
production composition, muscle production composition, tendon production composition,
or intervertebral disc tissue production composition can be a ligaidirat temperature
of from about 19°C to about 30° (e.g., from about 19°C to about 25°C, or from about
25°C to about 30°C); and a solid or a gel at a second temperature of from about 30°C to
about 40°C (e.g., from about 30°C to about 35°C, from about 35°C to about 38°C, or
from about 38°C to about 40°C).

[00114] A subject cartilage production composition, bone production composition,
muscle production composition, tendon production composition, or intervertelwral dis
tissue production composition can be liquid at a first temperature, as botex a.g.,
the composition is injectable through a needle of about 18 gauge, or other conduit (e.g
tube, a catheter, etc.) having a bore of a similar gauge.

[00115] A subject cartilage production composition, bone production composition,
muscle production composition, tendon production composition, or intervertelwral dis
tissue production compaosition can comprise from about 1 to about 5000 muittédlye
composition units, e.g., a subject cartilage production composition, bone production
composition, muscle production composition, tendon production composition, or
intervertebral disc tissue production compaosition can comprise from abmabbut 5,
from about 5 to about 10, from about 10 to about 50, from about 50 to about 100, from
about 100 to about 250, from about 250 to about 500, from about 500 to about 750, from
about 750 to about 1000, from about 1000 to about 2000, from about 2000 to about 3000,
from about 3000 to about 4000, or from about 4000 to about 5000, multi-layer cell
composition units.

[00116] A subject cartilage production composition, bone production composition,
muscle production composition, tendon production composition, or intervertelaral dis
tissue production composition will have dimensions, a shape, and a volumarthvary,
depending on factors such as the intended treatment site, the intended &se, e
example, a subject cartilage production composition, bone production composition,

muscle production composition, tendon production composition, or intervertelwral dis
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tissue production composition can have a volume of from about*2arebout 10 crh

e.g., a subject cartilage production or bone production composition can have a volume in
a range of from about 2 nirto about 5 mr) from about 5 mrhto about 7.5 mf) from

about 7.5 mrhto about 10 mrh from about 10 mrto about 15 mri from about 15

mn? to about 20 mi from about 20 mfto about 25 mi from about 25 mfto about

50 mn?¥, from about 50 mrto about 100 mf from about 100 mfto about 500 mr

from about 1 crf) from about 1 crito about 2 cr from about 2 crito about 3 ¢

from about 3 crhto about 4 crf from about 4 crito about 5 ¢ from about 5 crhto

about 7.5 crf) or from about crhto about 10 crh

[00117] A subject cartilage production composition, bone production composition,
muscle production composition, tendon production composition, or intervertelwral dis
tissue production composition can have any of a variety of shapes, or can be amorphous
For example, a subject cartilage production composition, bone production coamgositi
muscle production composition, tendon production composition, or intervertetiral di
tissue production composition can be in the shape of a disc, or in the shapeyparo
to be replaced or repaired. A subject cartilage production composition, tozheion
composition, muscle production composition, tendon production composition, or
intervertebral disc tissue production compaosition can be amorphous atenfiperature,
e.g., before implantation into a treatment site in an individual; and camassshape at
a second temperature, e.g., at the body temperature of an individual into whom the
composition is implanted.

[00118] A subject cartilage production composition, bone production composition,
muscle production composition, tendon production composition, or intervertelaral dis
tissue production composition can include one or more scaffold components, dsedescr
in more detail below. Where a subject cartilage production composition, bahepoo
composition, muscle production composition, tendon production composition, or
intervertebral disc tissue production composition includes one or mofeldcaf
components, the composition can have a certain stiffness, appropriaténtenided use
and treatment site. For example, a subject cartilage production compositioaveaa
Young's modulus (or elastic modulus, or modulus of elasticity) in a range of tout a
1 megapascal (MPa) to about 50 MPa, e.g., a subject cartilage production domposit
can have an elastic modulus of from about 1 MPa to about 2 MPa, from about 2 MPa to
about 2.5 MPa, from about 2.5 MPa to about 3 MPa, from about 3 MPa to about 4 MPa
to about 5 MPa, from about 5 MPa to about 10 MPa, from about 10 MPa to about 20
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MPa, from about 20 MPa to about 30 MPa, from about 30 MPa to about 40 MPa, or from
about 40 MPa to about 50 MPa. A subject cartilage production composition cahdave t
stated elastic modulus before introduction (e.g., implantation) into a &etsite of an
individual and/or after introduction (e.g., implantation) into a treatreite of an

individual.

Scaffold components

[00119] A subject cartilage production composition, bone production composition,
muscle production composition, tendon production composition, or intervertelaral dis
tissue production composition can include a scaffold component, e.g., one or more
macromolecules that provide support and/or structure and/or chondrogerteogeos
conditions to cells within the composition. Macromolecules included in thi®lstean
include polypeptides, proteoglycans, polysaccharides, glycosaminoglygaitete
polymers, and the like. In certain embodiments, the scaffold is a hydimgeltain
embodiments, the scaffold is a semi-interpenetrating network hydrogel

[00120] Suitable scaffolds and scaffold components include those described in U.S.
Patent Publication Nos. 2006/0293751; 2007/0048291; 2007/0276509; and 2007/098675;
and in U.S. Patent No. 7,241,736.

[00121] A scaffold can be in a variety of shapes including sheets, cylinders, tubes
spheres, or beads. A scaffold can also be provided in a shape that pnatiak
contours of a body part, e.g., a nose or nose part, an ear or ear part, a meniscus, etc.

[00122] Suitable scaffolds include, but are not limited to, scaffolds comgrisi
photopolymerizable components; scaffold comprising fibrin glue components (e.g
thrombin and fibrinogen); alginates, including modified alginates; aganodesciagen
scaffolds.

[00123] Suitable scaffolds include those that form a hydrogel. The term "hydragel"
used herein refers to a hydrophilic cross-linked polymer capable ofrdagta large
volume fraction of water. For example, a hydrogel can contain more than about 70%,
more than about 75%, more than about 80%, more than about 85%, or more than about
90% water on a volume/volume basis. When a hydrophilic polymer is famsed
(e.g.,invivo), it can acquire water from its environment or from solutions used tecreat
the hydrogel.

[00124] A scaffold can include a glycosaminoglycan (e.g., a polysaccharide cargpaisi

basal structure containing an amino sugar and uronic acid or galactossleSui
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glycosaminoglycans include, but are not limited to, hyaluronic acid, chondroitin,
chondroitin sulfate, dermatan sulfate, keratan sulfate, heparin, andmepéate.

[00125] Suitable hydrophilic polymers include synthetic polymers such as pojéet
glycol), poly(ethylene oxide), partially or fully hydrolyzed poly(vinyl alcohol)
poly(vinylpyrrolidone), poly(ethyloxazoline), poly(ethylene oxide)-co-poly(propgle
oxide) block copolymers (poloxamers and meroxapols), poloxamines, carboxymethyl
cellulose, and hydroxyalkylated celluloses such as hydroxyethyl celluidse a
methylhydroxypropyl cellulose, and natural polymers such as polypeptides,
polysaccharides or carbohydrates such as Ficoll™, polysucrose, hyalacahidextran,
heparan sulfate, chondroitin sulfate, heparin, or alginate, and proteins getates
collagen, albumin, or ovalbumin or copolymers or blends thereof. As used herein,
“cellulose” includes cellulose and cellulose derivatives; sirtyi] “dextran” includes
dextran and dextran derivatives thereof. In certain embodiments, the hydrpphitner
is a poly(ethylene glycol).

[00126] Examples of materials that can be used to form a hydrogel include modified
alginates. Alginate is a carbohydrate polymer isolated from seaweeith gdmn be
crosslinked to form a hydrogel by exposure to a divalent cation such as caltgumate\
is ionically crosslinked in the presence of divalent cations, in wateroat temperature,
to form a hydrogel matrix. Modified alginate derivatives may be synthiesihech have
an improved ability to form hydrogels. The use of alginate as the starditegiah is
advantageous because it is available from more than one source aaadable in good
purity and characterization. As used herein, the term "modified algimafess to
chemically modified alginates with modified hydrogel properties. Ndyuoakurring
alginate may be chemically modified to produce alginate polymer dessgatiat
degrade more quickly. For example, alginate may be chemically cleapeatiace
smaller blocks of gellable oligosaccharide blocks and a linear aopolyay be formed
with another preselected moiety, e.g. lactic acid or epsilon-catmoécT he resulting
polymer includes alginate blocks which permit ionically catalyzednggland oligoester
blocks which produce more rapid degradation depending on the synthetic design.
Alternatively, alginate polymers may be used wherein the raticaohoronic acid to
guluronic acid does not produce a film gel, which are derivatized with hydrophobic
water-labile chains, e.g., oligomers of epsilon-caprolactone. The hydiophivactions

induce gelation.
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[00127] In some embodiments, a scaffold component comprises a moiety comprising an
arginine-glycine-aspartic acid (RGD) peptide covalently linkechtiiteer component.
For example, an alginate can comprise a covalently linked moiety camgpaisiRGD
peptide.

[00128] Additionally, polysaccharides which gel by exposure to monovalent cations,
including bacterial polysaccharides, such as gellan gum, and plant polysdeshsuich
as carrageenans, may be crosslinked to form a hydrogel using methods analdymses to t
available for the crosslinking of alginates described above. &milyarides which gel in
the presence of monovalent cations form hydrogels upon exposure, for example, to a
solution comprising physiological levels of sodium. Hydrogel precurdotises also
may be osmotically adjusted with a nonionic compound, such as mannitol, and then
injected to form a gel.

[00129] Polysaccharides that are very viscous liquids or are thixotropic, andafgel
over time by the slow evolution of structure, are also useful. For examplardryial
acid, which forms an injectable gel with a consistency like a hair gl b utilized.
Modified hyaluronic acid derivatives can also be used. As used hereiarrine t
"hyaluronic acids" refers to natural and chemically modified hyaluracias. Modified
hyaluronic acids may be designed and synthesized with preselected chemical
modifications to adjust the rate and degree of crosslinking and biodegradation. F
example, modified hyaluronic acids may be designed and synthesized which are
esterified with a relatively hydrophobic group such as propionic acid or beagidito
render the polymer more hydrophobic and gel-forming, or which are grafte@mvihes
to promote electrostatic self-assembly. Modified hyaluronic acids thudena
synthesized which are injectable, in that they flow under stress, intaina gel-like
structure when not under stress. Hyaluronic acid and hyaluronic desivatie available
from commercial sources.

[00130] Other polymeric hydrogel precursors include polyethylene oxide-polypropyle
glycol block copolymers such as Pluronics™ or Tetronics™, which arslioked by
hydrogen bonding and/or by a temperature change, as described in Steiet&itner
Obstetrics & Gynecology, vol. 77, pp. 48-52 (1991); and Steinleitner et al.,tiF entitl
Sterility, vol. 57, pp. 305-308 (1992). Other materials which may be utilized include
proteins such as fibrin, collagen, and gelatin. Polymer mixtures also mayized. For
example, a mixture of polyethylene oxide and polyacrylic acid which gelsdrpdsn

bonding upon mixing may be utilized. In one embodiment, a mixture of a 5% w/w
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solution of polyacrylic acid with a 5% w/w polyethylene oxide (polyethylegeal
polyoxyethylene) 100,000 can be combined to form a gel over the course of time, e.g., as
within a few seconds.

[00131] Water soluble polymers with charged side groups may be crosslinked bygeac
the polymer with an aqueous solution containing ions of the opposite charge, eith
cations if the polymer has acidic side groups or anions if the polyasebasic side
groups. Examples of cations for cross-linking of the polymers with actkcgsoups to
form a hydrogel are monovalent cations such as sodium, divalent cations saldiuas, c
and multivalent cations such as copper, calcium, aluminum, magnesium, strontiu
barium, and tin, and di-, tri- or tetra-functional organic cations such @amikonium
salts. Aqueous solutions of the salts of these cations are added to therpotyfoem
soft, highly swollen hydrogels and membranes. The higher the concentratiatroof or
the higher the valence, the greater the degree of cross-linking @dlimeer.
Additionally, the polymers may be crosslinked enzymatically, e.g., fibrim thiombin.

[00132] Suitable ionically crosslinkable groups include phenols, amines, iminesesmi
carboxylic acids, sulfonic acids and phosphate groups. Negatively chaoggd,gsuch
as carboxylate, sulfonate and phosphate ions, can be crosslinked with catoas suc
calcium ions. The crosslinking of alginate with calcium ions is an exaofples type of
ionic crosslinking. Positively charged groups, such as ammonium ions, can be
crosslinked with negatively charged ions such as carboxylate, sulfonbphasphate
ions. In some cases, the negatively charged ions contain more than one carpoxyla
sulfonate or phosphate group.

[00133] Exemplary anions for cross-linking of the polymers to form a hydrogel are
monovalent, divalent or trivalent anions such as low molecular weicgutodixylic acids,
for example, terephthalic acid, sulfate ions and carbonate ions. Aqueousrsohiftihe
salts of these anions are added to the polymers to form soft, highly stwadlergels and
membranes, as described with respect to cations.

[00134] A variety of polycations can be used to complex and thereby stabilize the
polymer hydrogel into a semi-permeable membrane. Examples of matetiaartHse
used include polymers having basic reactive groups such as amine orrioips, @.9.,
having a molecular weight of between 3,000 daltons and 100,000 daltons, where
exemplary polymers include polyethylenimine and polylysine. These are coialigerc

available. An exemplary polycation is poly(L-lysine); examples oftstit polyamines
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include polyethyleneimine, poly(vinylamine), and poly(allyl amine). Alsitable for use
are naturally-occurring polycations such as chitosan.

[00135] Polyanions that can be used to form a semi-permeable membrane mnreacti
with basic surface groups on the polymer hydrogel include polymers and copolyfime
acrylic acid, methacrylic acid, and other derivatives of acrglid, gpolymers with
pendant SEH groups such as sulfonated polystyrene, and polystyrene with carboxylic
acid groups. These polymers can be modified to contain active speciesudipae
groups and/or ionically crosslinkable groups. Methods for modifying hydrophilic
polymers to include these groups are well known to those of skill intthe ar

[00136] Suitable polymers include natural polymers, semisynthetic polymers, and
synthetic polymers. Suitable synthetic polymers include, but are nadirtat polymers
or copolymers derived from polydioxane, polyphosphazene, polysulphone resins,
poly(acrylic acid), poly(acrylic acid) butyl ester, poly(ethylenggl), poly(propylene),
polyurethane resins, poly(methacrylic acid), poly(methacrylic anigthyl ester,
poly(methacrylic acid)-n butyl ester, poly(methacrylic acid)-t besyer,
polytetrafluoroethylene, polyperfluoropropylene, poly N-vinyl carbazolly(methyl
isopropenyl ketone), poly alphamethyl styrene, polyvinylacetate, poly(okyleat),
poly(ethylene-co-vinyl acetate), a polyurethane, a poly(vinylreljpand polyethylene
terephthalate; ethylene vinyl alcohol copolymer (commonly known by the gevarie
EVOH or by the trade name EVAL); polybutylmethacrylate; poly(hydroxyeadés;
poly(L-lactic acid) or poly(L-lactide); poly(e-caprolactone); gethylene glycol) (PEG);
a derivatized PEG, poly(ethylene glycol) dimethacrylate (PEGpaly(lactide-co-
glycolide); poly(hydroxybutyrate); poly(hydroxybutyrate-co-valerapejydioxanone;
polyorthoester; polyanhydride; polyethylene terephthalate (PETetglene oxide
(PEO), e.g., crosslinkable PEO, non-crosslinkable PEO; poly(glycolic @&5);
poly(D,L-lactide) (PDLL); poly(L-Lactide)(PLL); copolymers ofdA, PDLA, and/or
PLA,; poly(glycolic acid-co-trimethylene carbonate); polyphosphoeptdyphosphoester
urethane; poly(amino acids); cyanoacrylates; poly(trimethylene cdad)pna
poly(iminocarbonate); copoly(ether-esters) (e.g., PEO/PLA); poliaik oxalates;
polyphosphazenes; polyurethanes; silicones; polyesters; polyolefinsppaoityitene and
ethylene-alphaolefin copolymers; acrylic polymers and copolymers; vifigieha
polymers and copolymers, such as polyvinyl chloride; polyvinyl ethers, suchyagpbl
methyl ether; polyvinylidene halides, such as polyvinylidene fluoride andipglidene

chloride; polyacrylonitrile; polyvinyl ketones; polyvinyl aromatjsuch as polystyrene;
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polyvinyl esters, such as polyvinyl acetate; copolymers of vinyl monomitireach
other and olefins, such as ethylene-methyl methacrylate copolymersnétcitglstyrene
copolymers, ABS resins, and ethylene-vinyl acetate copolymers; polgansiuch as
Nylon 66 and polycaprolactam; alkyd resins; polycarbonates; polyoxymethylenes
polyimides; polyethers; epoxy resins; polyurethanes; rayon; raigmetate; cellulose;
cellulose acetate; cellulose butyrate; cellulose acetayedbeit cellophane; cellulose
nitrate; cellulose propionate; cellulose ethers; amorphous Teflorgaabdxymethyl
cellulose.

[00137] Suitable hydrogel monomers include the following: lactic acid, glycold; ac
acrylic acid, 1-hydroxyethyl methacrylate (HEMA), ethyl methacey(&MA),
propylene glycol methacrylate (PEMA), acrylamide (AAM), N-vinylmidone, methyl
methacrylate (MMA), glycidyl methacrylate (GDMA), glycol methdate (GMA),
ethylene glycol, fumaric acid, and the like. Common cross linking agents include
tetraethylene glycol dimethacrylate (TEGDMA) and N,N'-methyiéseerylamide. The
hydrogel can be homopolymeric, or can comprise co-polymers of two or more of the
aforementioned polymers.

[00138] Suitable polymers for inclusion in a hydrogel include, but are not linite
poly(N-isopropylacrylamide); poly(N-isopropylacrylamide-co-aarycid); hyaluronic
acid or hyaluronate; crosslinked hyaluronic acid or hyaluronate; PHEKMM&gpolymers
p(NIPAAmM)-based sIPNs and other hydrogel sIPNs (semi-interpenetraingrks).

[00139] In some embodiments, the hydrogel is a temperature-sensitive hydrogel. In some
embodiments, a temperature-sensitive hydrogel is a polyacrylioaderivative thereof,
e.g., poly (Nisopropylacrylamide) gel, and the increase in temperature causes the
hydrogel to contract, thereby forcing the active agent out of the hydrdtgha#ively,
the temperature-sensitive hydrogel is an interpenetrating hydrogedrkeifv
poly(acrylamide) and poly(acrylic acid), and the increase in tempereduses the
hydrogel to swell. The temperature required for triggering reldaae active agent from
the hydrogel is generally about normal body temperature, e.g., about 37°C.

[00140] Non-limiting examples of suitable scaffold materials are PEGDA and €8T
a scaffold that includes PEGDA and PET; and a sIPN network hydrogel, e.g., a sIPS
network hydrogel comprising a non-crosslinkable PEO. For example, a scaffold
comprising PEGDA and PET at a ratio of 30:70 provides for good chondrocyte matr

synthesis with sufficient mechanical properties and cell viability.
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Collagen
[00141] Suitable scaffold components include collagen; a collagen derivative; a

methylated collagen; a combination of a collagen or a derivativeadhand a fibrinogen;
a combination of a collagen or a derivative thereof and a thrombin; areatiobi of (a) a
collagen or a derivative thereof; (b) a fibrinogen; and (c) a thrombimmbioation of a
methylated collagen and a poly(ethylene glycol) or a derivative thettetopeptidic
collagen telopeptide collagen crosslinked collagen; and the like.
Fibrin glue

[00142] Suitable scaffold components include fibrin glue components such as fibrinogen
and thrombin. For example, a scaffold component can include a fibrinogen component
comprising fibrinogen; and a thrombin component comprising thrombin. The fibrinogen
component can further include aprotinin, a fibrinolysis inhibitor. The thrombin
component can further include CaClhe ratio of fibrinogen to thrombin can range from
about 0.5:1 to about 2:1, e.g., from about 0.5:1 to about 1:1, from about 1:1 to about
1.5:1, or from about 1.5:1 to about 2:1.
PEG-PEG polymers

[00143] Suitable scaffold components include co-polymers of poly(ethylene glycol) of

different molecular weights. For example, a scaffold component can includeREG
polymer of an average molecular weight in the range of from about 2,000 daltgns (Da
about 10,000 Da; and a second PEG polymer of an average molecular weight inghe rang
of from about 10,000 Da to about 50,000 Da. The first and/or the second PEG polymer
can be modified with a glycosaminoglycan, e.g., chondroitin sulfate, heparae,sulfa
hyaluronic acid, etc.

[00144] An exemplary PEG gel comprises a nucleophilic "8-arm" octomer (PEHS-N
MW 20 kDa) and a "2-arm" amine-specific electrophilic dimer (SE&SPA, MW 3.4
kDa), and is available from Shearwater Corporation, Huntsville, Ala. Thgadd
elimination polymerization reaction results in a nitrogen-carbon pelitieiéinkage,
resulting in a stable polymer whose rate of polymerization increagephk/and gel
concentration.

Photopolymerizable polymers

[00145] Suitable polymers include synthetic polymers that comprise a
photopolymerizable moiety. Suitable polymers include, e.g., water-solubleetignt
polymers including, but not limited to, poly(ethylene oxide) (PEO), poly(atleyigycol)
(PEG), poly(vinyl alcohol) (PVA), poly(vinylpyrrolidone) (PVP), potgfiyloxazoline)
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(PEOX) polyaminoacids, pseudopolyamino acids, and polyethyloxazoline, asswell
copolymers of these with each other or other water soluble polymers olingateble
polymers, provided that the conjugate is water soluble. Exemplary photopiaighter
moieties are acrylates, diacrylates, oligoacrylates, math#es, dimethacrylates,
oligomethoacrylates, or other biologically acceptable photopolyatdezyroups.

[00146] A synthetic polymer comprising one or more photopolymerizable moieties can be
crosslinked via photopolymerization to one or more polysaccharides¢habdified
with one or more suitable photopolymerization moieties. Suitable polysateha
include, e.g., alginate, hyaluronic acid, chondroitin sulfate, dextran, dexifate,
heparin, heparin sulfate, heparan sulfate, chitosan, gellan gum, xanthan gugunguar
water soluble cellulose derivatives, and carrageenan. For examplesageblgride can
be modified by the addition of carbon-carbon double or triple bond-containing moieties,
including acrylate, diacrylate, methacrylate, ethacrylate, 2-phengager2-chloro
acrylate, 2-bromo acrylate, itaconate, oliogoacrylate, dimetlzerdligomethacrylate,
acrylamide, methacrylamide, styrene groups, and other biologically abtept
photopolymerizable groups.

[00147] Initiation of polymerization is accomplished by irradiation with ligh&at
wavelength of between about 200 nm-700 nm, e.g., in the long wavelength ultraviolet
range or visible range, e.g., 320 nm or higher, or from about 376 nm to about 514 nm.
This light can be provided by any appropriate source able to generate thd desi
radiation, such as a mercury lamp, longwave ultraviolet (UV) lamp, Hedée, lor an
argon ion laser, or through the use of fiber optics.

[00148] An example of a water soluble conjugate is a block copolymer of polyethylene
glycol and polypropylene oxide, e.g., poly(ethylene glycol) (PEG) polymersttiatie
one or more photopolymerizable moieties that are polymerizable by phatidnitiFor
example, a suitable polymer is a PEG polymer that includes one or more pndpiee
moieties that are polymerizable by free radical generation, e.g.,visibig or long
wavelength ultraviolet radiation. One exemplary photopolymerizable PEG @olgm
PEG-diacrylate. A suitable PEG polymer has an average molecugdrtea range of
from about 2000 daltons (Da) to about 20,000 Da, e.g., from about 2,000 Da to about
4,000 Da, from about 4,000 Da to about 7,000 Da, from about 7,000 Da to about 10,000
Da, from about 10,000 Da to about 20,000 Da, from about 20,000 Da to about 30,000 Da,
or from about 30,000 Da to about 40,000 Da. The PEG polymer comprises one or more

photopolymerizable moieties, as described above.
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[00149] A non-limiting example of a suitable polysaccharide is a glycosamicagly
(e.g., a chondroitin sulfate, a heparan sulfate, a hyaluronic acid, etc.). Aplexa a
chondroitin sulfate is chondroitin-4-sulfate (CS-4) and chondroitin-6tsul25-6). In
some cases, a combination of CS-4 and CS-6 is used. The CS-4/CS-6 mixtureudan incl
10%-90% CS-4 and 10%-90% CS6, e.g., a CS-4/CS-6 mixture can comprise 10%-20%
CS-4 and 80%-90% CS-6; 20%-30% CS-4 and 70%-80% CS-6; 30%-40% CS4 and 60%-
70% CS-6; 40%-60%CS4 and 40%-60% CS-6; 70%-80% CS-4 and 20%-30% CS-6; or
80%-90% CS4 and 10%-20% CS-6. The chondroitin sulfate is modified with a moiety
such as acrylate, diacrylate, methacrylate, ethacrylate, 2-pleypidta, 2-chloro
acrylate, 2-bromo acrylate, itaconate, oliogoacrylate, dimetlaerdligomethacrylate,
acrylamide, methacrylamide, styrene groups, and other biologically abtept
photopolymerizable groups. For example, the CS-4 and the CS-6 can comprise a
methacrylate moiety.

[00150] Exemplary photopolymerizable polymers includes chondroitin sulfate and a
poly(ethylene glycol) as described in, e.g., Varghese et al. (R0&8)x Biol. 27:12-21;
Wang et al. (2007\Nat. Mater. 6:385; Elisseeff (2008Yat. Mater. 7:271; Hwang et al.
(2007)Methods Mol. Biol. 407:351.
Buffers

[00151] A subject cartilage production composition, bone production composition,
muscle production composition, tendon production composition, or intervertelwral dis
tissue production composition can include, in addition to the above-mentioredcell
buffer. Suitable buffers include, but are not limited to, (such as N,N-big{gxyethyl)-
2-aminoethanesulfonic acid (BES), bis(2-hydroxyethyl)amino-
tris(hydroxymethyl)methane (BIS-Tris), N-(2-hydroxyethyl)piperazitig-
propanesulfonic acid (EPPS or HEPPS), glycylglycine, N-2-hydroxyspgiazine-N'-
2-ethanesulfonic acid (HEPES), 3-(N-morpholino)propane sulfonic acid g OP
piperazine-N,N'-bis(2-ethane-sulfonic acid) (PIPES), sodium bicarbongte, 3-
tris(hydroxymethyl)-methyl-amino)-2-hydroxy-propanesulfonic acid) B8R (N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), N-
tris(hydroxymethyl)methyl-glycine (Tricine), tris(hydroxymethyl)ism@methane (Tris),
etc.).
Chondrogenic factors

[00152] A subject cartilage production composition can include one or more

chondrogenic factors, where suitable chondrogenic factors include, but #ireiteal to,
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transforming growth factor-beta (TGH; e.g., TGH1 and/or TGH33; inhibin A,
chondrogenic stimulating activity factor; bone morphogenic protein-4 (BMR-4);
vitamin A analog, e.g., retinoic acid; a fibroblast growth factor (FGF), €GF;E
growth and differentiation factor-5 (GDF-5; see, e.g., U.S. Patent No. 7,19&#AfGhe
like. In some embodiments, a subject cell composition does not include any bbtee a
listed chondrogenic factors. If present, a chondrogenic factor can leatorea
concentration of from about 1 ng/ml to about 1@0ml. As an example, TGF-can be
present in a concentration of from about 1 ng/ml to about 10 ng/ml.
Osteogenic factors

[00153] A subject bone production composition can include one or more osteogenic
factors, where suitable osteogenic factors include, but are naditoif TGF81, TGF-
B2, TGF$1.2, vascular endothelial growth factor (VEGF), insulin-like growth falcbor
II, bone morphogenic protein (BMP)-2 (BMP2), BMP4, BMP6, and BMP7. If present, an
osteogenic factor can be present in a concentration of from about 1 nghoutal80
ug/ml.
Osmolality

[00154] In some embodiments, the osmolality of a subject composition is in a range of
from about 100 mOsmols/kg to about 1000 mOsmols/kg, e.g., from about 100
mOsmols/kg to about 200 mOsmols/kg, from about 200 mOsmols/kg to about 300
mOsmols/kg, from about 300 mOsmols/kg to about 400 mOsmols/kg, from about 400
mOsmols/kg to about 500 mOsmols/kg, from about 500 mOsmols/kg to about 750
mOsmols/kg, or from about 750 mOsmols/kg to about 2000 mOsmols/kg.
METHODS OF PRODUCING CARTILAGE

[00155] The present disclosure provides methods of producing carniagfeo and/orin
vivo, the methods generally involving maintaining a subject cartilage pioduct
compositionin vitro and/orin vivo under suitable conditions and for a suitable period of
time to induce chondrocyte differentiation of an MSC in the cell compositich,tkat
cartilage is produced by the chondrocyte(s). Maintaining a subj¢tagamproduction
compositionin vitro orin vivo under suitable conditions and for a suitable period of time
results in production of cartilage. Cartilage that can be produced agpéired using a
subject method includes hyaline cartilage, fibrocartilage, anticetastilage.

[00156] A subject cartilage production composition can be maintained at a termpearftu
from about 32°C to about 39°C, e.g., from about 32°C to about 35°C, from about 35°C to
about 37°C, or from about 37°C to about 39°C.
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[00157] A suitable period of time can be a period of time required for at least eout 2
at least about 5%, at least about 10%, at least about 15%, at leas2Gtpat least
about 25%, at least about 30%, at least about 35%, at least about 40% ahidead5%,
at least about 50%, at least about 60%, at least about 70%, at leaSt58bpat least
about 80%, at least about 85%, at least about 90%, at least about 95%, olam&&9th
of the MSC to differentiate into chondrocytes.

[00158] A suitable period of time can be a period of time required for production of from
about 5ug GAG (e.g., a GAG associated with aggrecan) to abouy X8AG per 0.5 x
10° cells in the composition.

[00159] A suitable period of time can range from about 2 days to about 3 weeks, e.qg.,
from about 2 days to about 5 days, from about 5 days to about 7 days, from about 1 week
to about 2 weeks, or from about 2 weeks to about 3 weeks.

[00160] A subject cartilage production composition can be maintaimedro for a first
period of time, then maintained vivo (e.g., maintainech vivo indefinitely). For
example, subject cartilage production composition can be mainiaingrb for a first
period of time, then introduced into a treatment site in an individual. Forpdsaan
subject cartilage production composition can be maintamed o for a first period of
time of from about 2 days to about 3 weeks, e.g., from about 2 days to about 5 days, from
about 5 days to about 7 days, from about 1 week to about 2 weeks, or from about 2 weeks
to about 3 weeks; then introduced into a treatment site in an individual.

[00161] Alternatively, a subject multi-layer cell composition can be maintaimeiro
for a first period of time of from about 2 days to about 3 weeks, e.g., from about » days t
about 5 days, from about 5 days to about 7 days, from about 1 week to about 2 weeks, or
from about 2 weeks to about 3 weeks; and, after the first period oifrtiviteo, the
individual multi-layer cell compositions (e.g., multi-layer cell units) be used to form
a subject cartilage production compositiowitro; then the cartilage production
composition can be introduced into a treatment site in an individual.

[00162] In some embodiments, a subject multi-layer cell composition is maéctait a
pressure that is above atmospheric pressure (e.g., above the avecaphatin pressure
at sea level). For example, a subject multi-layer cell compositim@iistainedn vitro at
a pressure of from about 0.5 MPa to about 1 MPa, from about 1 MPa to about 2 MPa,
from about 2 MPa to about 3 MPa, from about 3 MPa to about 4 MPa, or from about 4

MPa to about 5 MPa.
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[00163] As noted above, maintaining a subject cartilage production compdsititno
and/orin vivo for a period of time results in the production of cartilage. Production of
cartilage can be measured in various ways, including, e.g., production of proaeagly
(e.g., as measured by GAG); production of collagen (e.g., type Il collagen)) some
embodiments, a subject method provides for production of from ahauGAG (e.q.,
GAG associated with aggrecan) to aboup@GAG per 0.5 x 10cells over a period of
time of from about 2 days to about 3 weeks.

[00164] A subject cartilage production composition can be introduced into a trgatme
site, where treatment sites include, e.g., a diarthroidal joint, @mvémtebral disc, or any
site of cartilage degeneration, cartilage damage, or missintpgarti
METHODS OF PRODUCING INTERVERTEBRAL DISC TISSUE

[00165] The present disclosure provides methods of producing an intervertebral dis
tissuein vitro and/orin vivo, the methods generally involving maintaining a subject
intervertebral disc production compositienvitro and/orin vivo under suitable
conditions and for a suitable period of time. Maintaining a subjectagetproduction
compositionin vitro or in vivo under suitable conditions and for a suitable period of time
results in production of an intervertebral disc tissue. Intervestelisc tissues include
endplate tissue, annulus tissue, and nucleus pulposus tissue. In some embodiments, a
subject intervertebral disc composition provides for repair anefoergtion of nucleus
pulposus tissue.

[00166] A subject intervertebral disc production composition can be maintained at a
temperature of from about 32°C to about 39°C, e.g., from about 32°C to about 35°C,
from about 35°C to about 37°C, or from about 37°C to about 39°C.

[00167] A suitable period of time can be a period of time required for at least 2Wgut
at least about 5%, at least about 10%, at least about 15%, at leaszG#pat least
about 25%, at least about 30%, at least about 35%, at least about 40% ahidead5%,
at least about 50%, at least about 60%, at least about 70%, at least58bpat least
about 80%, at least about 85%, at least about 90%, at least about 95%, olam&&9th
of the MSC to differentiate.

[00168] A suitable period of time can range from about 2 days to about 3 weeks, e.g.,
from about 2 days to about 5 days, from about 5 days to about 7 days, from about 1 week
to about 2 weeks, or from about 2 weeks to about 3 weeks.

[00169] A subject intervertebral disc production composition can be maintaingo

for a first period of time, then maintaingudvivo (e.g., maintainedh vivo indefinitely).
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For example, subject intervertebral disc production composition canib&meadin

vitro for a first period of time, then introduced into a treatment site in avidiodil. For
example, a subject intervertebral disc production composition can htamadin vitro

for a first period of time of from about 2 days to about 3 weeks, e.g., from about » days t
about 5 days, from about 5 days to about 7 days, from about 1 week to about 2 weeks, or
from about 2 weeks to about 3 weeks; then introduced into a treatmentasite

individual.

[00170] Alternatively, a subject multi-layer cell composition can be maintaimeiro

for a first period of time of from about 2 days to about 3 weeks, e.g., from about » days t
about 5 days, from about 5 days to about 7 days, from about 1 week to about 2 weeks, or
from about 2 weeks to about 3 weeks; and, after the first period oifrtiviteo, the

individual multi-layer cell compositions (e.g., multi-layer cell units) ba used to form

a subject intervertebral disc production compositiovitro; then the intervertebral disc

production composition can be introduced into a treatment site in an individual.

[00171] In some embodiments, a subject multi-layer cell composition is magadtait a

pressure that is above atmospheric pressure (e.g., above the avecsgphatic pressure
at sea level). For example, a subject multi-layer cell compositimaiistainedn vitro at

a pressure of from about 0.5 MPa to about 1 MPa, from about 1 MPa to about 2 MPa,
from about 2 MPa to about 3 MPa, from about 3 MPa to about 4 MPa, or from about 4
MPa to about 5 MPa.

[00172] As noted above, maintaining a subject intervertebral disc production coimposit

in vitro and/orin vivo for a period of time results in the production of an intervertebral

disc tissue (e.g., nucleus pulposus).

[00173] A subject intervertebral disc production composition can be introduced into a

treatment site, where treatment sites include, e.g., an intervertisioréhat is damaged
or diseased.

M ETHODS OF PRODUCING BONE

[00174] The present disclosure provides methods of producingibomeo and/orin

vivo, the methods generally involving maintaining a subject bone production compositi
in vitro and/orin vivo under suitable conditions and for a suitable period of time to induce
osteocyte differentiation of an MSC in the cell composition, such tra i3 produced

by the osteocyte(s). Maintaining a subject bone production compdsititno orin vivo

under suitable conditions and for a suitable period of time results in padottbone.
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[00175] A subject bone production composition can be maintained at a temperature of
from about 32°C to about 39°C, e.g., from about 32°C to about 35°C, from about 35°C to
about 37°C, or from about 37°C to about 39°C.

[00176] A suitable period of time can be a period of time required for at least eéout 2
at least about 5%, at least about 10%, at least about 15%, at leaszG#hpat least
about 25%, at least about 30%, at least about 35%, at least about 40% ahidead5%,
at least about 50%, at least about 60%, at least about 70%, at least58bpat least
about 80%, at least about 85%, at least about 90%, at least about 95%, olam®&9th
of the MSC to differentiate into osteocytes.

[00177] A suitable period of time can range from about 2 days to about 3 weeks, e.qg.,
from about 2 days to about 5 days, from about 5 days to about 7 days, from about 1 week
to about 2 weeks, or from about 2 weeks to about 3 weeks.

[00178] A subject bone production composition can be maintaimedro for a first
period of time, then maintained vivo (e.g., maintainech vivo indefinitely). For
example, subject bone production composition can be maintainédo for a first
period of time, then introduced into a treatment site in an individual. Forpésaan
subject bone production composition can be maintamedro for a first period of time
of from about 2 days to about 3 weeks, e.g., from about 2 days to about 5 days, from
about 5 days to about 7 days, from about 1 week to about 2 weeks, or from about 2 weeks
to about 3 weeks; then introduced into a treatment site in an individual.

[00179] Alternatively, a subject multi-layer cell composition can be maintaimeiro
for a first period of time of from about 2 days to about 3 weeks, e.g., from about » days t
about 5 days, from about 5 days to about 7 days, from about 1 week to about 2 weeks, or
from about 2 weeks to about 3 weeks; and, after the first period oifrtiviteo, the
individual multi-layer cell compositions (e.g., multi-layer cell units) be used to form
a subject bone production compositiarvitro; then the bone production compaosition can
be introduced into a treatment site in an individual.

[00180] In some embodiments, a subject multi-layer cell composition is maéctait a
pressure that is above atmospheric pressure (e.g., above the avecaphatin pressure
at sea level). For example, a subject multi-layer cell compositio@iistainedn vitro at
a pressure of from about 0.5 MPa to about 1 MPa, from about 1 MPa to about 2 MPa,
from about 2 MPa to about 3 MPa, from about 3 MPa to about 4 MPa, or from about 4
MPa to about 5 MPa.
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[00181] A subject bone production composition can be introduced into a treatment site,
where treatment sites include, e.g., a site of damaged bone; a sitenédhted bone,
and a site of diseased bone.

METHODS OF PRODUCING MUSCLE

[00182] The present disclosure provides methods of producing miusdkeo and/orin
vivo, the methods generally involving maintaining a subject muscle production
compositionin vitro and/orin vivo under suitable conditions and for a suitable period of
time to induce myogenic differentiation of an MSC in the cell compossgiach that
muscle is produced by the myocytes and/or myoblasts. Maintaining atsulbjecle
production compositiom vitro or in vivo under suitable conditions and for a suitable
period of time results in production of muscle.

[00183] A subject muscle production composition can be maintained at a temperfature
from about 32°C to about 39°C, e.g., from about 32°C to about 35°C, from about 35°C to
about 37°C, or from about 37°C to about 39°C.

[00184] A suitable period of time can be a period of time required for at least aout 2
at least about 5%, at least about 10%, at least about 15%, at lea2@#o at least
about 25%, at least about 30%, at least about 35%, at least about 40% adtdend5%,
at least about 50%, at least about 60%, at least about 70%, at least=4bpat least
about 80%, at least about 85%, at least about 90%, at least about 95%, oam®&&th
of the MSC to differentiate into myocytes.

[00185] A suitable period of time can range from about 2 days to about 3 weeks, e.qg.,
from about 2 days to about 5 days, from about 5 days to about 7 days, from about 1 week
to about 2 weeks, or from about 2 weeks to about 3 weeks.

[00186] A subject muscle production composition can be maintameiro for a first
period of time, then maintained vivo (e.g., maintainech vivo indefinitely). For
example, subject muscle production composition can be mainiaingcb for a first
period of time, then introduced into a treatment site in an individual. Forpdxaan
subject muscle production composition can be maintdimeidro for a first period of
time of from about 2 days to about 3 weeks, e.g., from about 2 days to about 5 days, from
about 5 days to about 7 days, from about 1 week to about 2 weeks, or from about 2 weeks
to about 3 weeks; then introduced into a treatment site in an individual.

[00187] Alternatively, a subject multi-layer cell composition can be maintkimgitro
for a first period of time of from about 2 days to about 3 weeks, e.g., from about » days t

about 5 days, from about 5 days to about 7 days, from about 1 week to about 2 weeks, or
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from about 2 weeks to about 3 weeks; and, after the first period oifrtiviteo, the
individual multi-layer cell compositions (e.g., multi-layer cell units) be used to form
a subject muscle production compositiawitro; then the muscle production
composition can be introduced into a treatment site in an individual.

[00188] In some embodiments, a subject multi-layer cell composition is maéctait a
pressure that is above atmospheric pressure (e.g., above the avecsphatin pressure
at sea level). For example, a subject multi-layer cell compositio@iistainedn vitro at
a pressure of from about 0.5 MPa to about 1 MPa, from about 1 MPa to about 2 MPa,
from about 2 MPa to about 3 MPa, from about 3 MPa to about 4 MPa, or from about 4
MPa to about 5 MPa.

[00189] A subject muscle production composition can be introduced into a treaiteent s
where treatment sites include, e.g., a cardiac muscle damage sedasie of skeletal
muscle damage or disease, a site of smooth muscle damage or disease.

SYSTEMS

[00190] The present disclosure provides a system for delivering a subjétage
production composition to a treatment site in an individual. The preselustisz also
provides a system for delivering a subject bone production compositiorettragnt
site in an individual.

[00191] A subject system comprises a delivery system that includes arabigect
material. The injectable material can comprise: a) a sulnjelti-layer cell composition;
and (b) a scaffold component. Thus, e.g., the injectable material can bea buohg
production composition, a subject cartilage production composition, a subject
intervertebral disc tissue production compaosition, a subject muscle gorduct
composition, or a subject tendon production composition. The injectable meaerial
also comprise: a) a first composition comprising a population of lefegatifiated cells
(e.g., MSC or other stem cell); b) a second composition comprising a popwathore-
differentiated cells (e.g., NPC, chondroblasts, chondrocytes, osteoblastsytesd,
myoblasts, myocytes, or tenocytes), where the first and the second coongceit
physically separate from another.

[00192] Where a subject system is for delivering a subject cartilage producti
composition or a subject intervertebral disc tissue production conaposita treatment
site in an individual, the system can include an injectable mittggtacomprises: a) a
subject multi-layer cell composition, wherein the cells in th¢ nger are chondrocytes

(or chondroblasts) or nucleus pulposus cells; and b) a scaffold component. Where a
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subject system is for delivering a subject bone production compositidnetatment site
in an individual, the system can include an injectable materiattimaprises: a) a subject
multi-layer cell compaosition, wherein the cells in the first teguee osteocytes (or
osteoblasts); and b) a scaffold component. Where a subject sy$terdalvering a
subject muscle production composition to a treatment site in an individeaystem can
include an injectable material that comprises: a) a subject layti-cell composition,
wherein the cells in the first layer are myoblasts or myocytesbaa scaffold
component. Where a subject system is for delivering a subject terathrcpon
composition to a treatment site in an individual, the system can inatunigectable
material that comprises: a) a subject multi-layer cell cortipnswherein the cells in the
first layer are tenocytes; and b) a scaffold component.

[00193] A suitable delivery system can include a syringe; a syringe and a needle
syringe and a catheter; a syringe, a needle, and a catheter; a apdregéexible tubing;
and the like. A syringe can include a single chamber, or two or more chambers. A
suitable delivery system can include two or more syringes, e.g., dsultdivery
system can include two syringes; two syringes and two needles; two sytinge
needles, and a bifurcated tube; and the like.

[00194] A scaffold component can include two or more components that, when
combined, result in formation of a macromolecular structure. An example isdibe.
For example, a scaffold component can comprise a first precursor matetrialsecond
precursor material; and the delivery system can include i) a fistlodr comprising a
subject multi-layer cell composition and the first precursor nafend ii) a second
chamber comprising the second precursor material. In this example,itteeydeystem
is adapted to mix the contents of the first chamber and the second chambter prior
delivery to the treatment site. As an example, the first precurderielaomprises
fibrinogen, and the second precursor material comprises thrombin. Ailletpathe first
precursor material could be the thrombin component; and the second preatestal m
could be the fibrinogen component. Dual-chamber delivery systems are kndwerair; t
for example, dual-chamber delivery systems that are suitable foreudesaribed in,
e.g., U.S. Pat. No. 6,454,786; U.S. Pat. No. 6,461,325; and U.S. Pat. No. 5,585,007.

[00195] Another example of a dual-chamber delivery system is one that compiises:
first composition comprising a population of less-differentiated oelts,(MSC or other
stem cell); b) a second composition comprising a population of more-diféeeehtells

(e.g., NPC, chondroblasts, chondrocytes, osteoblasts, osteocytes, myoblasytesnypr
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tenocytes), where the first and the second compositions are physicatitedpan
another, e.g., each in separate chambers of the dual-chamber delivery $isteatio of
the less-differentiated cells to the more-differentiated telenerally greater than 1:1,
as described above. The first composition and the second composition arénetinta
separate chambers, then mixed just prior to introduction into a treatiteert scaffold
component can then be applied to the cells after introduction into thedrezaie.

[00196] A scaffold component can include a first scaffold component that is a 8gnthe
polymer comprising a photopolymerizable moiety and a second scaffold component
comprising a photopolymerizable moiety. Suitable photopolymerizable comparent
describedsupra.

[00197] Suitable delivery systems include, e.g., a syringe or other vessel; artlearee
other conduit for introducing a subject bone production or cartilage production
composition into a treatment site. A syringe can include a single chambeingesyan
include two or more chambers. Alternatively, a suitable delivery sysiarmclude two
syringes, each holding a composition to be admixed.
uTiLiTy

[00198] A subject multi-layer cell composition is useful for producing a stiloj@dilage
production composition, a subject bone production composition, a subjecerteéral
disc tissue production composition, a subject muscle production compositiosylgeet
tendon production composition. A subject cartilage production composition is usmeful f
replacing, repairing, or regenerating cartilageivo, e.g., in an individual in need of
cartilage replacement, repair, or regeneration. A subjecvartebral disc tissue
production composition is useful for replacing, repairing, or regeneiatenyertebral
disc tissuenvivo, e.g., in an individual in need of replacement, repairing, or regeneration
of intervertebral disc tissue. A subject bone production compositiasefsil for
replacing, repairing, or regenerating bangivo, e.g., in an individual in need of bone
replacement, repair, or regeneration. A subject cartilage productigmosition or a
subject bone production compaosition can be introduced into a treatment site in a
individual using a subject system for delivering such a composition. A suljscle
production composition is useful for replacing, repairing, or regenerating oive,

e.g., in an individual in need of muscle replacement, repair, or regenertsubject
tendon production composition is useful for replacing, repairing, or redemggebanein

vivo, e.g., in an individual in need of tendon replacement, repair, or regeneration.
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Catrtilage regeneration, replacement, and repair

[00199] As discussed above, a subject cartilage production composition is useful for
replacing or regenerating cartilaigevivo, e.g., in an individual in need of cartilage
replacement and/or regeneration. Such methods are useful in, for exammpathefr
defects or lesions in cartilage tissue which is the result of dejgewear such as that
which results in arthritis, as well as other mechanical deraegts which may be caused
by trauma to the tissue, such as a displacement of torn meniscus tissueechamig, a
taxation of a joint by a torn ligament, malignment of joints, bone fractr by
hereditary disease. A subject cartilage regenerative method igs&hul for remodeling
cartilage matrix, such as in plastic or reconstructive surgeweklss in periodontal
surgery. A subject cartilage regenerative method can be used in camusitti a
reparative procedure, e.g., surgical repair of a meniscus, ligamenttilagea

[00200] As discussed above, in some instances, a subject cartilage production
composition will include one or more scaffold components that are photopolymerizabl
In such instances, a subject treatment method can involve: a) introducinga subj
cartilage production composition into a treatment site in an individadlbgexposing
the introduced composition to a wavelength of light for such a time as to effect
polymerization of the scaffold components.

[00201] As discussed above, in some instances a subject cartilage production tomposi
will include two components that, when mixed, will form a fibrin glue. In such instanc
a subject treatment method can involve: a) admixing a first compositioprising
thrombin with a second composition comprising fibrinogen, where one of the
compositions also includes a subject multi-layer cell compositiormenthe mixing
results in a cartilage production admixture composition; and b) introdtiergdmixture
composition into a treatment site in an individual. The time that elapsesdrethe
admixing and the introducing steps can be less than about 5 minutes.

[00202] A subject cartilage production composition can be introduced into an individual
in need thereof to regenerate cartilage of a diarthroidal joirtt,asi@ knee, an ankle, an
elbow, a hip, a wrist, a knuckle of a finger, a knuckle of a toe, or a temporomandibula
joint. The treatment can be directed to the meniscus of the joint, sotib@ar cartilage
of the joint, or both. As another example, a subject cell composition candb®useat a
degenerative disorder of a knee, e.g., where the degenerative disdndeesult of

traumatic injury (e.g., a sports injury or excessive wear) or asfeiia.
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[00203] As another example, a subject cartilage production composition is io&ddu
into an intervertebral disc, to treat degeneration of an intervartdisc, and disorders
resulting from degeneration of an intervertebral disc.

[00204] A subject cartilage production composition is useful to enhance attachnzent of
prosthetic device implanted in an individual. A subject cartilage primtucbmposition
can also form a part of a prosthetic device, to be implanted into an individosthéic
devices include, but are not limited to, an artificial meniscus, ditiatttendon, an
artificial ligament, etc.

[00205] A subject cartilage production composition can be used for remodelinggartil
matrix, such as in plastic or reconstructive surgery. For example, &tstenjilage
production composition can be used for remodeling cartilage in the external tbar
nose, and the like.

Bone regeneration, replacement, and repair

[00206] As discussed above, a subject composition (e.g., a subject bone production
system) is useful for repairing damaged bone or disease bone, and fongepiessing
bone. For example, a subject bone production composition is useful for treating
osteoporosis, for repairing bone fractures, and for carrying out bone rectinstr

Muscle regeneration, replacement, and repair

[00207] As discussed above, a subject composition (e.g., a subject muscle production
system) is useful for repairing damaged or disease muscle. Riseasele tissue
includes ischemic cardiac muscle tissue; torn or otherwise ddmnskgketal muscle
tissue; diseased muscle tissue; etc.

SUBJECTS

[00208] Individuals who are suitable recipients for a subject cartilagéygtion
composition include, but are not limited to, individuals suffering from intesleat disc
degeneration; individuals suffering from arthritis of a joint, e.g.adftioidal joint;
individuals in need of hip replacement; individuals in need of a prostetice; and
individuals in need of tissue reconstruction, e.g., cartilage reconstruct

[00209] Individuals who are suitable recipients for a subject bone productiopasiton
include, but are not limited to, individuals who have suffered a bone fractinébiare
otherwise healthy; individuals who have suffered a bone fracture and who have
osteogenesis imperfecta; individuals who have suffered bone loss duefmoses;

and individuals who have suffered bone loss due to trauma, or due to a surgicarite
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EXAMPLES

[00210] The following examples are put forth so as to provide those of ordinarynskill
the art with a complete disclosure and description of how to make and usestiet p
invention, and are not intended to limit the scope of what the inventors @gytheir
invention nor are they intended to represent that the experiments belalwarthe only
experiments performed. Efforts have been made to ensure accuracy péttt tes
numbers used (e.g. amounts, temperature, etc.) but some experimental drrors an
deviations should be accounted for. Unless indicated otherwise, pgretarby
weight, molecular weight is weight average molecular weight, tempernatin degrees
Celsius, and pressure is at or near atmospheric. Standard abbrewetyobs used, e.g.,
bp, base pair(s); kb, kilobase(s); pl, picoliter(s); s or sec, secondfs)nmute(s); h or
hr, hour(s); aa, amino acid(s); kb, kilobase(s); bp, base pair(s); nt, nde(shti.m.,

intramuscular(ly); i.p., intraperitoneal(ly); s.c., subcutaneous(hg;the like.

Example 1 Culturing MSCs in a bioreactor

[00211] Chondrogenic stimulation: bone marrow-derived MSCs (Cambrex Corp.) were
suspended in 1.2% alginate gel at a concentration of 4 million cells/ratls veere
formed by dispensing dropwise into a calcium chloride bath. Beads wearsedult
media with chondrogenic supplements and TGF-beta3 for 7 or 14 days.

[00212] Bioreactor assembly: a dialysis cassette (Slide-A-Lyzerc®javas filled with
300uL of hyaluronan gel and submerged in cell culture media to allow for volume
expansion and pressure buildup. An autoclavable porous metal clip surrounds tee devic
to permit fluid exchange but prevent membrane rupture).

[00213] Undifferentiated MSCs or MSCs pre-cultured in alginate beads suspended
in fibrin glue (Tisseel VH, Baxter Corp.) at a concentration of 4x&ls/mL and a
10QuL pellet was injected into the center of the cassette. Cassettesuiteired in media
without chondrogenic supplements for 1 or 2 weeks. In addition to cell viability and

histology, total proteoglycan content was assessed by dimethylmethyler{BMB).

[00214] Cell viability of bioreactor cell pellets was improved when celsenpre-treated;
groups E-H (Table 1) had 90-97% viability while groups A-D had 80-85% viability.
Tablel

Group Pretreatment Timein bioreactor Averagetotal
GAG content (ng)
A none 1 week 38+16 (n=2)
B none 2 weeks 108+ 66 (n=6
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C none 3 weeks 150 + (n =5)
D none 4 weeks 255 (n=1)
E 1 week 1 week 109+62(n=5
F 1 week 2 weeks 190+ (n=6)
G 2 weeks 2 weeks 251+ (n=5)
H 3 weeks 2 weeks 220+ (n=2)
[00215] Total glycosaminoglycan (GAG) content increased with increasingdmtor

culture time (Table 1); the change is significant when bioreactor eultne is doubled
for cells that have been differentiated for 1 week prior to culgnaup E vs. F, p<0.03).
Although there was a trend of increasing GAG content with increasedediffation time

(groups F vs. G vs. H) the change was not significant.

[00216] Safranin-O staining of fibrin-cell pellets showed little or norstey for

undifferentiated groups cultured up to three weeks. After four weekdtofesipellets
showed isolated areas of faint staining. Groups pre-treated for okdoefeee bioreactor
culture also showed no staining, but robust staining was seen in group G.

Example 2 Co-culturing NPC and MSC

[00217] NPC and adult MSC were co-cultured in a 3-dimensional bi-layer culisters.

[00218]

The 3-dimensional system is a spherical, bilayer pellet with an ipheresand an outer
shell. Human MSC were obtained from a commercial source; NPC were olitaimed
mature bovine tail discs. One cell type was labeled with DiO. Thgebifzellet was

formed in two centrifugation steps. Cells forming the inner sphere wetefoged in 2

ml culture medium at 400 x g for 5 minutes in a 15-ml polypropylene tube. Cells forming

the outer layer of the pellet were pipetted into the tube; and tlsenssié centrifuged at
400 x g for 5 minutes. Within 24 hours, the cells formed a rounded pellet thgt freel
floated in the tube. Each pellet included about 5%c#0s.

21 days, the cells in the pellets were sorted by fluorescence activateatied) into
MSC and NPC. The sorted cells were assayed for levels of collaged, tgpgrecan, and
SOX9 using quantitative polymerase chain reaction. The amount of aggreckced
(as assessed by GAG detection) was measured using a DMMB assay. Theeswper

groups are depicted schematicallyFigure 1.

[00219] After 14 days, a spherical bi-layer pellet with MSC on the inside anddwRte

outside at a ratio of 25/75 produced significantly more GAG than all otherromtfons

and ratios as measured by DMMB. MSC experienced signaling originatingtfeom t

160

Each pellet was cultured for 7 days, 14 days, or 21 days. After 7 days, 14 days, or



center of the pellet spreading outwards as well as signaling fromtén&ace of the two

cell types propagating inwards.

Example 3 Structured coculture of adult stem cells and nucleus cells for dis
regeneration

Materialsand M ethods

Cell Culture

[00220] Bovine NPC were isolated from caudal discs of healthy adult cowshwigi

hours of sacrifice. The NP tissue was carefully separated bydjssestion and digested
in 0.5% collagenase/dispase and 2% antibiotic/antimycotic in low glucdbed2a's
Modified Eagle Medium (DMEM) at 37°C for 4-6hrs with constant stirrirtge Tells
were then plated in tissue culture flasks and expanded to the fourdig@asNPC

Media (DMEM with 1% antibiotic/antimycotic, 1.5% 400m Osmolarity, &l Fetal

Bovine Serum (FBS)) at 37°C with 5% @Qulture media was changed twice a week.

[00221] Commercially available human MSC were purchased (Lonza) and expanded to

the sixth passage in monolayer culture using growth media (DMEM low gluctis&%i
antibiotic/antimycotic and 10% FBS) at 37°C with 5% CCulture media was changed

twice a week.

[00222] Human nucleus pulposus samples were obtained from a consenting 55 year-old

female patient undergoing surgery for scoliosis. The tissue was digadtéueacells
expanded. In addition, bovine MSC were isolated from femur tissue and theexals w
expanded.

Bilaminar Pellet formation

[00223] Human MSC and bovine NPC were used to make coculture pellets. The cross-

species human-MSC /bovine-NPC pellets enabled one to trace therdafahe cells

via their lineage. Three different types of pellets were formaeh eonsisting of 500,000
cells total: pellets of 100% one cell type, pellets of MSC and NPC wittoraized
organization, and pellets of MSC and NPC organized into a bilaminapé€lle¢s

containing both MSC and NPC were formed with three different cell nurates of

25/75, 50/50, and 75/25 respectivdiygure 1). To produce the 100% one cell type
pellets, 500,000 cells were pipetted into a 15mL polypropylene tube and centatuge
low speeds (300g) for 5Smin. To create the randomized pellets, both cell tyjgeadded

to the same tube, pipetted to ensure thorough mixing, and centrifuged at low sgeed for

min. In order to form the bilaminar organized pellets, the cell type thatiiouh the
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inner sphere of the pellet was added to a 15mL polypropylene tube and centrifuyed at |
speed for five minutes. Subsequently, the second cell type that would forotehslwell
was gently added to the same tube. The cells were then centrifuged doais@ted for
5 min. Organized pellets were formed for all three ratios with MSC oimside and
NPC on the outside and vice versa. All pellets were cultured in 2 mL of growdia foe
three days with caps loosened to allow for gas exchange. After thre¢heéagsllets
became spherical and were transferred to ultra-low attachment Rdlate$ (Corning)
for the remainder of their culture time. Media were changed times a week.

[00224] Same-species pellets were also made, as controls for speciastioter. Pellets
with human MSC and human NPC were made; and pellets with bovine MSC and bovine
NPC were made.
Histology
Cell Lineage Tracing for Frozen Sections

[00225] Before being pelleted, cells were labeled with fluorescent cell membrarkers
(either DiO or Dil, Invitrogen). After the pellets had reached theiresulture time,
they were embedded in OCT Tissue-Tek (Sakura Finetek) and frozemedciit 7nm
using a cryostat. Sections were then counterstained with the Hoeschfldgeescent
nuclear marker (Sigma). Images were taken using epi-fluorescensoopy.
I mmunohi stochemistry with Paraffin Sections

[00226] At the end of the culture time, the pellets were fixed in 10% Buffered Formalin
overnight and processed for paraffin sectioning at 7nm thickness. Atdlis, the
sections were immuno-stained using the human specific antibodies Lampl and Lamp?2
(Abcam). The sections were then counterstained with hematoxylin.
Results
NPC culture

[00227] The NPC started as small rounded cells. They often required severad days t
attach to the tissue culture flask. Many of the cells never attattadl and were
discarded. Though the cells were initially seeded in very small flagks ¢n, Falcon),
it took up to 2 weeks for the cells to reach confluence. Once the ceiamfluent and
passaged, their growth rate significantly increased, and they vwalyeaganded to the
fourth passage.
Macroscopic observations

[00228] Immediately after centrifugation the pellets appeared flattened. Spensed

within 48 hours and reached a maximum size of approximately 2mm in diameéer. Aft
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one week of culture, coculture pellets began to exhibit bud&imgr(es 2A-D). During

the course of the second week of culture, these buds separated from the main pellet
entirely to form numerous independent satellite pellets of various siztise Aatellite
pellets budded off of the main pellet, the main pellet did not noticeably dedresize.

At the three week time point, several of the larger satellitetpalso began to exhibit
budding.

[00229] The 100% MSC pellets did not exhibit budding nor did any satellite pediets f
at any point. The 100% NPC pellets exhibited budding and satellite pelletiforroat
the same time frame as the coculture pellets (in this case ¢figespellets were
composed entirely of NPC). The same-species pellets (e.g. human-MSC and human
NPC) exhibited the same behavior as the cross-species pellets (hu®aaand bovine-
NPC). There was no difference in the budding or satellite formation ravediethe
bilaminar coculture pellet and the random coculture pellets.

Histology

[00230] Both the frozenKigures 3A and 3B) and paraffin histological sections
confirmed that the main pellets maintained their structure throughoutltbesdime
even as satellite pellets budded off théng(re 4). The histology of the satellite-pellets
confirmed that they were composed of both cell types. Most surprisingly téfliéesa
pellets appear to all have the same structure with MSC on the insidéPC on the
outside Figure5A, 5B). This structural organization was independent of the structure
and ratio of the main pellet that from which the pellets stemmed.

[00231] Figures 2A-D. (A) Coculture pellet after three days of culture. (B) A budding
cocluture pellet at one week of culture. (C) Coculture pellet tiftee weeks, several
satellite pellets have formed and separated. (D) A budding satellit¢ qufedir three
weeks of culture.

[00232] Figures 3A and 3B. Frozen sections of bilaminar pellets after 3 weeks of culture.
All cell nuclei are labeled with Hoescht dye (blue in original). A) Rilzar pellet with
MSC unstained and NPC dyed with Dil (red). The pellet is organized with 50% dMC
the inside and 50% NPC on the outside. B) Bilaminar pellet with MSC dybdiit
(green in original) and NPC unstained. The pellet is organized with 75%advi §it
inside and 25% NPC on the outside.

[00233] Figure 4. Three week bilaminar pellet with MSC on the inside (brown in
original) and NPC on the outside after undergoing budding and satellite pettatibn.

This is a paraffin section stained using immunohistochemistry withuthran specific
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antibodies (darker; brown in original), Lampl and Lamp2, and counterstained with
hematoxylin (lighter; blue in original). It is apparent that at threeksyesdter undergoing
budding numerous times, the pellet conserved it's original structure of Hd@Ggon
the inside and NPC on the outside.

[00234] Figures5A and 5B. (A) Fluorescent microscopy image of a satellite pellet
frozen section. MSC were pre-stained with DiO (green in originayredbrming the
main pellet. These satellite pellets formed from a random 50/50 carpkilet. Here the
center of the satellite pellet is clearly stained with DiO witéedxterior is free of dye
indicating that it is composed of both cell types and has the bilaminamzagan of
MSC inside and NPC outside. (B) Immunohistochemistry performed on a paraffonsect
of a satellite pellet also formed from a random 50/50 coculture pellet. TheaM8€
center of the satellite pellet are stained with a human specific dptfbown in
original) and counterstained with hematoxylin. Once again, this demonstrates t
bilaminar structure of the satellite pellets which have MSC on tideiasid NPC on the
outside.

Example 4 Further characterization of cell pellets

[00235] Bi-layer cell pellets were made as described above, with MSC (“neélis) and
NPC (“instructive” cells). Various parameters — including numbeel$ per pellet,
GAG content per pellet — were measured as a function of 1) the ratio ofdMSHEC; 2)
the configuration of MSC and NPC; 3) time in culture; 4) and presence offRBS
culture medium. The results are shown in Figures 6-9.

[00236] Figure 6 provides a graph of the DNA content at 1 week (wk), 2wk, 3wk of
culture measure with Pico-green assay. The DNA content can be convertbe into t
number of cells that were present in each pellet at the end of the cinttewré\li of the
pellets started off with 0.5 million cells. Thus, this is a measure oftloeiat of cell
proliferation at the different time points for the different groups.s\ in Figure 6,
the groups with the most cell proliferation (highest DNA content at 3 Wwee&ghose
with MSC on the inside and NPC on the outside.

[00237] Figure 7 provides a graph of the GAG content as measured by
dimethylmethylene blue (DMMB) assay. GAG refers to proteoglycan, ore ahost
important proteins in cartilage and intervertebral disc; the datepoeted as GAG per
pellet. Figure 7 provides the results for the ratio of MSC 25% andat?&% after 2wk
of culture. Figure 7 shows that the bilayer pellet with MSC on the insidie @t least
30% more GAG than all other pellets. Asterisks denote statisticgiifisant data.
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[00238] Figures 8A and 8B. Figures 8A provides a graph similar to that shown in Figure
7 except that the data in Figure 8A are for 3wk time point. Figure 8A shawvihe
bilayer pellet with MSC inside produced the most GAG per pellet. Aksedisnote
statistically significant data. Figure §Bovides a graph showing data for the 3wk time
point with the ratio of 75% MSC and 25% NPC.

[00239] Figure 9 depicts GAG production after two weeks of culture in media that
contains 10% FBS and media that does not contain FBS. The data presented in Figure 9
demonstrates that the culture medium does not have any significant effesGon G
production by the bilaminar cell pellets.

Example 51nvivo studies

[00240] An intervertebral disc of a rat was denucleated. A bilaminar cell pelfgtining
human MSC and bovine NPC at a 50:50 ratio was inserted into the site of denniclea
fibrin was added, and the annulus sutured. Two weeks later, the rat whsesh@nd
histological analysis of the disc was carried &ugure 10A presents a view of the whole
disc, showing the endplate, the annulus, and nucleus pulposusFpace 10B is a
view of the nucleus pulposus space from Figure 10A. The pellet is seen mhthand
native tissue on the left. At the two-week time point, the pelletiresdantact, the cells

appeared to be viable, and the pellet and native tissues were merging.

[00241] While the present invention has been described with reference to thecspeci
embodiments thereof, it should be understood by those skilled in the art thasvar
changes may be made and equivalents may be substituted without departitigeftara
spirit and scope of the invention. In addition, many modifications may be made to adapt
a particular situation, material, composition of matter, process, gretagsor steps, to
the objective, spirit and scope of the present invention. All such mdiifisaare

intended to be within the scope of the claims appended her

[00242] Claims

What is claimed is:

1. A multi-layer three-dimensional cell composition comprising:
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a) a first layer comprising a plurality of cells, wherein at lebstia85% of the
cells in the first layer are nucleus pulposus cells (NPC), cbbiasts, chondrocytes,
osteoblasts, osteocytes, myoblasts, myocytes, or tenocytes; and

b) a second layer comprising a plurality of cells, wherein at least ab#uoB

the cells in the second layer are mesenchymal stem cells (MSC).

2. The cell composition of claim 1, wherein the cells of the first laseeobtained

from donor tissue or are differentiated from a stemioeiitro.

3. The cell composition of claim 1, wherein composition has a unit volume of from
about 0.05 mrhto about 0.5 cfh

4. The cell composition of claim 1, wherein the composition has a substantially

spherical form, a cuboidal form, or an irregular form.

5. The cell composition of claim 1, wherein the composition has a substantially

spherical form, and wherein the first layer is completely surrounded bydbedskayer.

6. The cell composition of claim 1, wherein the composition has a substantially

spherical form, and wherein the second layer is completely surrounded brgtthey/ér.

7. The cell composition of claim 1, wherein the ratio of differentiatdd tekMSC

in the composition is 1:1.

8. The cell composition of claim 1, wherein the ratio of differentiatdd teMSC

in the composition is greater than 1:1.

9. The cell composition of claim 1, wherein the ratio of MSC to differetiaells

in the composition is greater than 1:1.

10. The cell composition of claim 1, wherein the cells are present aothgosition
at a density of about 0.05 x%€ells per mmto about 10cells per mm
11. The cell composition of claim 1, wherein the MSC are isolated fronueatg

occurring source, or are derived by inducing a stem cell to differentiatani1SCin vitro.

166



12. A muscloskeletal tissue production composition comprising:
a) a multi-layer cell composition of claim 1; and

b) a biologically compatible carrier.

13. The composition of claim 12, wherein the biologically compatible carrie

comprises a scaffold component.

14. A cartilage production composition comprising:
a) a multi-layer cell composition of claim 1, wherein the cells in tisé layer are
chondrocytes and/or chondroblasts; and

b) a biologically compatible carrier.

15. The composition of claim 14, wherein the biologically compatibleerarri

comprises a scaffold component.

16. The composition of claim 14, wherein the composition comprises from about

multi-layer cell compositions to about®Iulti-layer cell compositions.

17. The composition of claim 14, wherein the composition is liquid at 22°C, and

wherein said liquid forms a solid or semi-solid at 37°C.

18. The composition of claim 15, wherein said scaffold component is one opfmore
poly(ethylene glycol), a glycosaminoglycan, a fibrin glue component, an algamaégarose, and

a collagen.

19. The composition of claim 15, wherein said scaffold component comprises a

chondroitin sulfate component and/or a poly(ethylene glycol) component.

20. The composition of claim 19, wherein the chondroitin sulfate component

comprises chondroitin-4-sulfate and chondroitin-6-sulfate.

21. The composition of claim 19, wherein the poly(ethylene glycol) component has

an average molecular weight in the range of from about 2000 to about 10,000.
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22. The composition of claim 14, further comprising at least one chondrogenic

factor.

23. The composition of claim 22, wherein the at least one chondrogenicisaoiar
or more of a transforming growth factor-beta, inhibin A, chondrogenic stimulkatingty factor,
bone morphogenic protein-4, a vitamin A analog, growth and differentiation achmd a

fibroblast growth factor.

24. An intervertebral disc tissue production composition comprising:
a) a multi-layer cell composition of claim 1, wherein the cells in tiselayer are NPC;
and

b) a biologically compatible carrier.

25. The composition of claim 24, wherein the biologically compatibleerarri

comprises a scaffold component.

26. A muscle production composition comprising:
a) the multi-layer cell composition of claim 1, wherein the cells ifitbelayer are
myoblasts or myoctes; and

b) a biologically compatible carrier.

27. The composition of claim 26, wherein the biologically compatibleerarri

comprises a scaffold component.

28. A bone production composition comprising:
a) a multi-layer cell composition of claim 1, wherein the cells in tisé layer are
osteoblasts; and

b) a biologically compatible carrier.

29. A system for delivering a musculoskeletal tissue-producing congpotgita
treatment site in an individual, the system comprising a delivetgraysomprising an injectable
material, wherein the injectable material comprises:

a) a multi-layer cell composition of claim 1; and
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b) a scaffold component.

30. The system of claim 29, wherein the scaffold component comprises a first
precursor material and a second precursor material, and whereglitleeydsystem comprises:

i) a first chamber comprising the multi-layer cell composition anditsteprecursor
material; and

if) a second chamber comprising the second precursor material,

wherein the delivery system is adapted to mix the contents of the fimbehand the

second chamber prior to delivery to the treatment site.

31. The system of claim 29, wherein the first precursor matefiétisogen and

wherein the second precursor material is thrombin.

32. The system of claim 29, wherein the scaffold component comprises &isynthe
polymer comprising a photopolymerizable moiety and a glycosaminoglycan component

comprising a photopolymerizable moiety.

33. The system of claim 32, wherein the photopolymerizable synthetim@oly a
poly(ethylene glycol), and wherein the photopolymerizable moiety is aratgrgl diacrylate, an

oligoacrylate, a dimethacrylate, or an oligomethoacrylate.

34. The system of claim 32, wherein the glycosaminoglycan component comprises

chondroitin-4-sulfate and chondroitin-6-sulfate.

35. The system of claim 32, wherein the musculoskeletal tissue is aweitebral

disc tissue, cartilage, bone, muscle, or tendon.

36. A method of producing cartilage, the method comprising maintainindta m
layer cell composition of claim 1 under conditions such that at least a portioe KfSC in the
cell composition differentiate into chondrocytes, and wherein the chondsayytthesize

cartilage components.

37. The method of claim 36, wherein the cartilage components compriseagygr

and type Il collagen.
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38. The method of claim 36, wherein said maintaining is carriethaitto.

39. The method of claim 38, wherein said maintaining is carried out forcal ér

time of from about 48 hours to about 3 weeks.

40. The method of claim 36, further comprising preparing a cartilage praduct
composition comprising said multi-layer composition, and introducing saidagerfiroduction
composition into a treatment site in an individual.

41. The method of claim 40, wherein the treatment site is a diarthjaiidal

42. The method of claim 40, wherein the treatment site is an inevalrdisc.

43. The method of claim 36, wherein said cartilage production composition
comprises a photopolymerizable scaffold component, and wherein said methed domprises

exposing the introduced cartilage production compaosition to ultravioket lig

44, A method of producing a musculoskeletal tissue, the method comprising
maintaining the multi-layer cell composition of claim 1 under conditionk that at least a

portion of the MSC in the cell composition differentiates.

45, The method of claim 44, wherein the musculoskeletal tissue is arertebral

disc tissue, cartilage, bone, muscle, or tendon.

46. The method of claim 44, wherein said maintaining is carrieth@tito.

47. The method of claim 46, wherein said maintaining is carried out forcal ér

time of from about 48 hours to about 3 weeks.

48. The method of claim 44, further comprising preparing a musculoskedstad t
production composition comprising said multi-layer composition, and introdseidg

musculoskeletal tissue production composition into a treatment sitandligidual.

49, The method of claim 48, wherein the treatment site is an intervédiora
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50. A method of making the multi-layer cell composition of claim 1, the method
comprising:

a) forming a pellet of the first layer cells in a liquid medium in a tulb@ng an inner
surface that is substantially non-adherent for the cells; and

b) adding the second layer cells to the pellet,

wherein the pellet becomes suspended in the liquid medium, and wherein tiee seco

layer cells adhere to and surround the pellet.
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ABSTRACT OF THE DISCLOSURE
The present disclosure provides compositions comprising musculoskeletand
mesenchymal stem cells in discrete regions. The present digclosuides systems comprising
a subject composition; and methods of using a subject composition to geaetitdge, bone,

tendon, muscle, intervertebral disc, or other musculoskeletaldissue
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