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stem cells that by self-renewal, are able to generate a

critical mass of cells with the ability to differentiate into Key words: Mesenchymal stem cell; Telomerase re-
osteoblasts that can produce bone protein matrix (os- verse transcriptase; Extracellular matrix; Osteogenesis;
teoid) and enable its mineralization. The number of hu- Regenerative medicine; Tissue engineering; Prolifera-
man mesenchymal stem cells (hMSCs) diminishes with tion; Differentiation

age and ex vivo replication of hMSCs has limited poten-
tial. While propagating hMSCs under hypoxic conditions Core tip: When human telomerase reverse transcrip-
may maintain their ability to self-renew, the strategy of tase (hTERT) transformed human mesenchymal stem
using human telomerase reverse transcriptase (hTERT) cells (hMSCs) are used to prolong replicative potential
to allow for hMSCs to prolong their replicative lifes- and osteogenic differentiation, consideration should
pan is an attractive means of ensuring a critical mass be given to using lower population doubling hTERT-
of cells with the potential to differentiate into various transformed hMSCs to avoid potential oncogenesis.
mesodermal structural tissues including bone. How- An inducible hTERT system may also avoid oncogenic
ever, this strategy must be tempered by the oncogenic transformation. Demonstration of /7 v/vo bone forming
potential of TERT-transformed cells, or their ability to capacity of hTERT-transformed cells should be used as
enhance already established cancers, the unknown standard in determining osteogenic differentiation of
differentiating potential of high population doubling such cells rather than /n vitro culture mineralization; the
hMSCs and the source of hMSCs (e.g., bone marrow, CD146 marker may be a suggested surface marker for
adipose-derived, muscle-derived, umbilical cord blood, hTERT-transformed hMSCs that may have the capacity
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to form bone /n vivo. Native ECM from early population
doubling hMSCs or hMSCs from a younger source may
be best when seeking to extend the proliferative and
differentiating potential of hMSCs from either young or
older sources.
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INTRODUCTION

The regeneration of mesodermal and neural crest-detived

structural or connective tissues such as bone, cartilage,
muscle and tendon continues to be a widely pursued for
the reason that such structural tissues are generally ho-
mogeneous with either a predominantly single cell type
ot limited number of cells that contribute to the make-up
of the tissue and that precursors to the mature cell types
can be found in adult tissues. These precursor cells are
generally multipotent, in that they can differentiate into a
variety of connective tissue phenotypes. These precursor
cells are generally referred to as adult mesenchymal stem
cells (MSCs) or bone marrow stromal cells and can be
found in the bone marrow but also as similar multipotent
cells in specific tissues as well as circulating cells in blood.

Tissue engineering seeks to replace tissues that are
either lost by traumatic events or by disease through the
use of specific cell types that can recapitulate the lost or
diseased tissue, and generally used in combination with
a three-dimensional structural scaffold, and in many
instances in combination with various growth factors,
cytokines, and hormones or other biological molecules to
assist in either the creation of a critical mass of needed
cells or to assist in differentiating these cells to the re-
quired tissue type.

Because generating a critical mass of cells used in the
regenerative process is a key to successful tissue engineer-
ing followed by differentiating those cells into the specific
cell type comprising the tissue, stem cells have been the
preferred starting cell type in many tissue engineering
trials. This minireview will focus only on human adult
bone marrow MSCs (herein assumed to be synonymous
with bone marrow stromal cells) as much as possible and
the telomerase strategy of inducing self-renewal of these
cells to create a critical cell mass. Secondly, the minireview
will examine the strategy of using extracellular matrix as
a native scaffold upon which mesenchymal stem cells can
self-renew and differentiate into bone.

MESENCHYMAL STEM CELL SELF-
RENEWAL

The ability to self-renew is a hallmark of any stem cell.
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Self-renewal is simply defined as the ability of the result-
ing daughter cells, after mitotic division of the original
mother cell, to retain the ability to generate a variety of
differentiated cell types identical to that of the ability of
the mother cell to differentiate in to those same cell types,
and for a daughter cell to be able to generate daughter
cells that also maintain the ability to differentiate into the
same vatiety of cell types as the original “grandmother”
and mother cells”. The maintenance of self-renewal and
pluripotency of stem cells occurs in the stem cell niche,
where stem cells are able to receive cues from the stroma
and other cell types either by direct contact or by secreted
soluble factors within this microenvironmental niche™.
Adult MSCs also share the ability to self-renew. This
potential to self-replicate and to differentiate into connec-
tive tissue phenotypes has led to the exploration to utilize
MSCs in the repair of injured tissues”™". While the bone
marrow has been a common site to harvest MSCs, other
cell types similar to bone marrow-derived MSCs can also
be found in other sites. Adipose-derived stem cells, satel-
lite cells in muscle, and pericytes around blood vessels
and umbilical cord blood cells also may share multipotent
characteristics for differentiation into connective tissue
phenotypes under specific conditions which include se-
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lective differentiation media and growth factors
comparison of MSCs from bone marrow, adipose tissue,
and cord blood, Rebelatto e 2/ (2008) reported that iso-
lation rate of MSCs from umbilical cord blood was only
a third that of bone marrow-derived and adipose-derived
MSCs. The initial growth rate of bone marrow-derived
and adipose-detived MSCs was much higher than that of
umbilical cord blood MSCs. However, others have shown
that the proliferation of umbilical cord tissue-derived
MSCs show higher population doublings and shorter
doubling times compared to adipose-derived MSCs al-
though adipose-derived MSC had higher numbers of
colony-forming units compared to MSCs from umbilical
cord tissue!?, Surface marker expression of CD34 (cluster
of differentiation molecule in family of sialomucin pro-
teins) was significantly higher in adipose-derived MSCs
compared to that of bone marrow-derived MSCs. Inter-
estingly, CD117 (tyrosine-protein kinase Kit) was found
to be positive in about 98% of adipose-derived MSCs but
positive in only 52% and 39% of bone marrow-derived
and umbilical cord blood-derived MSCs. Additionally,
while osteogenic and chondrogenic differentiation was
similar in MSCs from all three sources, umbilical cord
blood-derived MSCs showed a lesser propensity for adip-
ogenic differentiation. Others have also noted differences
in marker expression between bone marrow-derived and
adipose-derived MSCs. For instance, CD106 (vascular
cell adhesion molecule-1) is expressed in bone marrow-
derived MSCs but its expression in adipose-derived MSCs
is either low or non-existent while CD49d (integrin o4
subunit) is expressed in adipose-derived MSCs but not
in bone-marrow-derived MSCs""”. Culture conditions
such as the use of fetal bovine serum, human serum,
or serum-free medium have been shown to influence
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not only the expression of surface markers for adipose-
derived MSCs [eg., CD117, CD166 (activated leucocyte
cell adhesion molecule)] and bone marrow-derived MSCs
but also in differentiation potential of such MSCs. As an
example, fetal bovine serum has a stronger influence on
osteogenic differentiation of adipose-derived MSCs than
it does on adipogenic differentiation while allogeneic
human serum and serum-free conditions have greater
propensity to drive adipose-derived MSCs towards adipo-
genic differentiation than towards either osteogenic or
chondrogenic lineages"!. Thus while adipose tissue and
perhaps umbilical cord tissue sources may provide ample
sources for MSCs compared to that of bone marrow and
umbilical cord blood, differences in some specific surface
markers for MSCs, proliferative potential, and differentia-
tion potential iz vitro occur based on the source of start-
ing material to isolate MSCs, tissue culture supplements
and conditions, and even human individual heterogeneity.
Whether non-bone marrow-derived MSCs favor dif-
ferentiation into specific connective tissue types or even
non-mesodermal cell types as in the case of umbilical
cord blood MSCs and adipose-derived MSCs in an iz vivo
environment is still a ripe area of investigation'”"”,

Age of the organism is a determinant of the number
of bone marrow MSCs present as well as iz vitro tissue
culture conditions that are critical for MSCs to retain their
ability to self-renew yet demonstrate plasticity in their
ability to differentiate into various mesodermal tissues'”.
The number of cells from human bone marrow that ate
MSCs as determined by colony forming unit-fibroblastic
(CFU-{) assay are less than 0.1% of total bone marrow
mononuclear cells, thus demonstrating a minimal number
of hMSCs that can be used in bone regenerationm. The
numbers of CFU-f and the capacity of CFU-fs that can
differentiate into osteoblasts further decrease as a func-
tion of age of the bone marrow donor up to age 40; after
age 40, there does not appear to be any further diminish-
ing of CFU-fs that can differentiate into osteoblasts". Tt
was suggested that hMSCs have decreased proliferative
capacity as a function of age'"”. Thus hMSCs from young
individuals ages 18-29 years achieved an average popula-
tion doubling level of 41 whereas hMSCs from older in-
dividuals ages 66-81 years achieved an average population
doubling level of 24 with about a 55% lower population
doubling rate than in hMSCs from the younger individu-
als. However, no difference in 7z vivo bone formation
was noted as a function of donor age with early passage
cells from either age group. Thus, once placed in primary
culture, hMSCs have a limited lifespan (average 20 to
40 population doublings, but the number of popula-
tion doublings may differ depending on growth medium
or any added growth factors)!”*" under environmental
conditions normally used for iz vitro cell culture (humidi-
fied 5% COz2 and 95% air (21% O2) and when grown on
tissue culture plastic. hMSCs grown in such conditions
attain the Hayflick limit where cell division ceases, and
the usual hMSC size becomes larger and the usual spindle
shape of normal hMSCs becomes more polygonal or
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with a variety of shapes and sizes, at times with multi-
nucleation, and overall with less cell density per culture
than cells undergoing cell division™. As the number of
population doublings for such cells is limited practically
in primary culture, slower cell division and finally lack of
cell division ensues and the above morphological changes
are noted, and the expression of senescence-associated
B-galactosidase, and p16, markers of cellular senescence,
are increased™. However, it has been shown that if en-
vironmental conditions simulate the MSC niche in the
bone marrow, specifically low oxygen tension, that self-
renewal of hMSCs can be prolonged. D’Ippolito ez al™
(2004) developed a multilineage inducible MSC model
from human cadaveric vertebral body marrow (MIAMI
cells) and propagated them in 3% O2/5% CO2/92% No.
They reported that more than 50 cell doublings beyond
the Hayflick limit for primary cells could be achieved
from hMSCs from at least 3 of 12 donors and at least 30
population doublings could be achieved from all of their
donors. In a follow-up communication, they reported
that MIAMI cells grown in 3% Oz doubled more quickly
than those grown at 21% Oz and maintained the embry-
onic transcription factors OCT-4, REX-1, and hTERT
and had suppressed osteoblastic differentiation when
exposed to osteogenic differentiation medium. At higher
O2 concentrations of 21%, these embryonic transcrip-
tion factors were lost and osteogenic differentiation was
enhanced™. The mechanism by which hypoxia regulates
stem cell self-renewal appears to be #ia hypoxia inducible
factor-1or (HIF-1a1). Low oxygen concentrations stabilize
HIF-1q by inhibiting its degradation by the proteasome.
Mazumdar ¢z a/*" (2010) reported that hypoxia induced
canonical Wnt/B—catenin signaling and increased tran-
scription of Lef/Tcf genes which have hypoxia response
elements in their promoter regions that bind HIF-1q.
Canonical Wnt/ B-catenin signaling thus can induce in-
creased cell proliferation.

HTERT TRANSFORMATION OF HMSCS-
THE “IN’S” FOR SELF-RENEWAL

In lieu of special resources needed to grow hMSCs in

a hypoxic environment to maintain a proliferative state,
a self-renewal strategy, engineering of hMSCs to over
express telomerase has been an alternative means to
maintain a longer proliferative lifespan of such cells.
Telomerase, which is a multi-subunit ribonucleoprotein
found in the cell nucleus and perhaps closely associated
with nucleoli, allows for the addition of non-coding
telomere DNA at the 3’ end of linear chromosomes” .
Maintenance of telomere length by the addition of
TTAGGG repeats onto the ends of telomeres allows for
cells to continue to divide"™. Telomerase is expressed in
human embryonic cells and in fetal, newborn, and adult
testes and ovaries but not in mature spermatozoa or 0o-
cytes. Moreover, expression of telomerase disappears in
human somatic cells in the neonatal period and later in
life”™. Thus lacking telomerase, telomeres shorten with
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each cell division leading to replicative senescence once
cells reach a critical shortened telomere length. Specifi-
cally, with respect to MSCs, a number of laboratories
have reported that hMSCs from bone marrow do not
express telomerase activity or have activity below detect-
able levels by telomeric repeat amplification protocol
(TRAP) assay when hMSCs are asynchronously divid-
ing™***". However, human telomerase reverse transcrip-
tase (WTERT) expression and telomerase activity could
be detected when cells were synchronized to S—phasem.
Others have found that telomere length in hMSCs is
short upon initial isolation and tend to further shorten
with cell passage 7n vitro and appear to correlate with
low to undetectable levels of hTERT™. Thus theoreti-
cally, maintaining telomerase expression should prevent
replicative senescence. Additionally, the decrease in telo-
mere length correlates with CFU-f numbers suggesting
that telomere length and telomerase activity could also
be related to the ability of hMSCs to differentiate along
various cell lineages including the osteogenic lineageml.
Gronthos et al™ (2003) reported that expression of
hTERT in human bone marrow-derived MSCs not only
increased proliferative capacity by up-regulating G1 to
S phase transition cell cycle genes but also increased the
expression of osteogenic genes for cbfa-1, osterix, and
osteocalcin and induced bone formation earlier and to
a much larger degree in an 7z vivo ectopic bone forma-
tion assay of hTERT-transformed hMSCs. Saced ¢7 at”"
(2011) demonstrated that in telomerase-deficient mice
(Terf'/'), there was delayed ossification in occipital bone,
sternum, vertebrae, and metatarsals. Overall bone vol-
ume was decreased compared to wild type controls, and
trabecular bone parameters showed decreased trabecular
thickness and increased trabecular spacingm. Addition-
ally, bone formation rate was decreased which correlated
with decreased osteoblast surface per bone sutface, and
osteoclast surface per bone surface was increased. The
proliferative ability of bone marrow-derived MSCs from
Tere”” mice was diminished compared to wild type mice,
and there was increased -galactosidase staining of Tere”
cells suggesting a more senescent phenotype of MSCs.
There was up-regulation of pro-inflammatory genes (e.g.,
IL-1 receptor type 2, toll-like receptor 6, leukotriene B4
receptor 1, tumor necrosis factor, e#.) indicative of osteo-
clastic activity as well as a decrease of osteoblast-specific
bone markers. Thus both decreased bone formation and
increased bone resorption as a result of an inflammatory
microenvironment were found in this telomerase defi-
cient model.

The critical components of human telomerase in-
clude the hTERT catalytic subunit and the RNA subunit,
telomerase RNA (hTR), that provides a template for the
synthesis of the DNA repeats at the ends of chromo-
somes. However, generally only hTERT is sufficient to
maintain telomere length when transfected into various
cell types although integration of ectopic hTERT alone
to extend cell replicative ability may be dependent on
integration site, availability of other proteins associated
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with telomeres, ot cell speciﬁcitym. Thus a number of
studies have demonstrated the feasibility of using hTERT
in hMSCs to allow for prolonged replicative lifespan as
well as capability of differentiating hTERT-transformed
hMSCs towards the osteogenic lineageﬁs’m. The strategy
used to transform hMSCs to over express the hTERT
gene is generally a retroviral vector approach that uses
green fluorescent protein expression as a positive selec-
tion marker to enable sorting of positively transformed
cells by fluorescence activated cell sorting[m. An alterna-
tive approach to select transformed cells is an antibiotic
resistance strategym]. A technique to control hTERT
expression in transfected hMSCs on demand utilizes the
tetracycline inducible approach (Tet-On) so that prolifer-
ative and differentiation ability can be assessed at selected
population doublings although “leakiness” of hTERT
even in the Tet-off state could be a limitation™™”. h\TERT-
transformed hMSCs have been reported to undergo at
least 70 population doubling levels™*™ but upwards of 120
to 400 population doubling levels have been reported de-
pending on the length of time in culture, plating density
of cells, and subcultured clonal populationsm’”’m. The
interesting aspect of h'TERT-transformed hMSCs is that
they are able to maintain their proliferative ability while
being induced to differentiate along osteogenic, but also
adipogenic, and chondrogenic lineages. Thus hTERT-
transformed cells are different from non-transformed
hMSCs and mesenchymal (stromal) cells from other spe-
cies that are able to differentiate into osteoblasts where
it is observed that as osteogenic differentiation proceeds,
the proliferative ability of the cells diminishes'*.

Three important criteria must be met when hMSCs
are transformed by hTERT expression to achieve a criti-
cal mass of cells via self-renewal that would be necessary
to populate fabricated scaffolds for tissue engineering,
Firstly, markers of hMSCs should be maintained after
hTERT transformation that would suggest maintenance
of multipotency of the cells to undergo differentiation
into various mesenchymal cell lineages. Secondly, it is im-
portant that hKTERT transformation of hMSCs does not
lead to malignant transformation either in the pluripotent
state or in differentiated cell types. Thirdly, it is critical
that hTERT expressing hMSCs will be able to specifically
differentiate along the osteogenic lineage and to form
bone which is the tissue of interest in this minireivew.

Surface markers have been traditionally used to identi-
fy hMSCs. The International Society for Cellular Therapy
set minimal criteria for positive markers to define hMSCs
which are > 95% expression of CD105 (endoglin), CD73
(ecto-5’-nucleotidase), CD90 (Thy-1) and < 2% expres-
sion of hematopoietic stem cell markers, CD45 (protein
tyrosine phosphatase, receptor type, C), CD34 (sialomucin
family adhesion factor), CD14 (monocyte differentiation
antigen/lipoglycan receptor) or CD11b (integrin alpha
M), CD79a (immunoglobulin associated alpha) or CD19
(B-lymphocyte antigen), and HLA-DR™!. Other mark-
ers used to identify hMSCs include STRO-1, CD146
(melanoma cell adhesion molecule/MUC18), CD49a
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(integrin alpha subunit), CD271 (low-affinity nerve
growth factor receptor), CD63 (Iysosome-associated
membrane protein-3), found on only on marrow-derived
hMSCs and CD166 (activated leucocyte cell adhesion
rnolecule)[(”m’%’w]. Interestingly, stage-specific embryonic
antigen-4 (SSEA-4), found on human embryonic stem
cells, was identified as a marker for both mouse and hu-
man bone marrow-derived MSCs that had the ability to
differentiate into both adipogenic and osteogenic lin-
eagesm. Most recently CD44 was identified as a negative
marker in freshly isolated although acquisition of the
CD44 marker may be a function of 7z vitro cell culture of
hMSCs™.

Telomerase expression and activity has been found in
a majority of human tumors thus suggesting that hTERT
expression in human cells could potentially lead to un-
controlled cell proliferation[szl. Howevet, it has also been
suggested that the immortalization induced by hTERT
may only in part be due to maintaining telomere length
and stabilization and that non-canonical functions of
hTERT such as the up-regulation of NF-xB transcrip-
tion by TERT binding to the p65 subunit of NF-kB
as well as activating the Wnt/ B-catenin pathway and its
target genes, MYC and CCND1 (Cyclin D1), which are
regulators of oncogenic targets, and the ability of NF-kB
to inhibit apoptosis, may be more important in promot-
ing tumorigenesis[53]. The loss of expression of plGINma,
the protein transcript of the CDKN2A gene, in addition
to loss of p53 tumor suppressor function, and resistance
to growth inhibition by transforming growth factor-f3
(TGF-B), are among other observations found in the
acquisition of oncogenic potential in TERT transformed
cells™,

Specifically in hMSCs that are transformed with
hTERT, there is still the potential of such cells to ex-
press tumorigenic properties. Yamaoka ez a/” (2011),
constructed h"TERT transformed bone marrow hMSCs
and found that teratocarcinoma formation could occur
when such transformed cells were implanted in immune
deficient mice. However, the cells that these investigators
transformed with hTERT had first been selected due
to their ability to be maintain a proliferative state in the
presence of fibroblast growth factor-2 (FGF-2) (> 100
population doubling levels) compared to hMSCs not cul-
tured with FGF-2 that could proliferate to only 20 popu-
lation doubling levels. As telomerase activity was absent
in these FGF-2 maintained clones but had maintained
long telomere length, an alternative lengthening of telo-
meres (ALT) pathway induced by FGF-2 in combination
with TERT immortalization could have accounted for
the malignant transformation. Serakinci ez a/™” (2004) also
reported that hMSCs transformed with hTERT could ex-
hibit neoplastic characteristics as shown by loss of con-
tact inhibition and development of mesenchymal tumors
after implantation of cells in immunodeficient mice. Loss
of p16INK4a and hypermethylation of DBCCR1 (deleted
in bladder cancer chromosomal region candidate 1), a
cell-cycle associated gene, were observed. Interestingly,
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tumors were generated only in high population doubling
level hTERT-transformed hMSCs and not in relatively
lower population doubling level hTERT-transformed
hMSCs. Similarly, Abdallah ez /™ (2005) reported that
mesodermal type tumors formed from hTERT trans-
formed hMSCs that had a short population doubling
time and accelerated growth, but no tumors developed in
hTERT transformed hMSC clones with longer popula-
tion doubling times that were slower growing. Thus the
potential for neoplastic change may be associated with
loss of proliferative control as evidenced by cell cycle
gene alterations with continued proliferation.

Nevertheless, others have reported that hTERT-
transformed hMSCs did not exhibit changes associated
with neoplasia even at higher population doubling levels
(up to 275)?**" However, whether or not potential
oncogenic development occurs in hTERT-transformed
hMSCs, functional changes in hMSC parameters need
to be considered. Baumer ez a/™ (2011) reported that
hTERT-transformed human coronary artery endothelial
cells demonstrated changes in an iz vitro co-culture angio-
genesis assay where TERT-transformed human coronary
artery endothelial cells co-cultured with human fibro-
blasts and treated with vascular endothelial growth factor
(VEGF) did not form tubular networks indicative of
angiogenesis; non-TERT-transformed endothelial cells
in co-culture with fibroblasts and treated with VEGF
were able to form tubular networks. Moreover, " TERT-
transformed endothelial cells responded differently to
exogenous tumor necrosis factor-ou (INF-a) compared
to non-hTERT transformed cells where vascular cell ad-
hesion molecule-1 (VCAM-1) expression was lower, and
endothelial barrier function as measured by transepithe-
lial resistance was lost in K TERT-transformed cells. Since
hMSCs are immunomodulatory cells that can affect the
function of immune hematopoietically derived cells (lym-
phocytes, monocytes, ¢#.) in an inflammatory environ-
ment, there needs to be further investigation if hTERT
transformation of hMSCs do not affect these immuno-
modulating properties of normal hMSCs or have altered
function in differentiation or on angiogenesis when in-
teracting with other cell types in a microenvironmental
setting,

Perhaps the most prudent approach to ensure that
hTERT transformed hMSCs would be useful for bone
repair after induction of osteogenic differentiation would
be to use inducible vectors for hTERT expression that
can then be regulated both temporally and spatially to
avert problems with continuous cell proliferation that
could result in oncogenic transformation of hTERT-
transformed hMSCs™*".

One other caveat involving the potential enhance-
ment of carcinogenesis may be specific to adipose-
derived stem cells (stromal cells) and endothelial cells
from white adipose tissue that is independent of hTERT
transformation. Zhang ez al™ (2009) reported that the
stromal/vascular fraction of white adipose tissue that
have proliferative and multipotent differentiative capacity
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as well as pericyte-like characteristics can home to human
breast and prostate carcinoma cell lines, Kaposi’s sarcoma
endothelial cell line, and a mouse lung carcinoma cell
line implanted in xenograft and allograft mouse models.
These stromal/vascular cells engrafted into the tumors
and enhanced cancer progtession in part through stimu-
lating angiogenesis in the tumors but also perhaps though
immunosuppressive effects of the adipose-derived mes-
enchymal cells found in the stromal/vascular fraction.
In follow-up studies, these investigators showed that
the increase in the number of adipose-derived stromal
(mesenchymal) cells found in obesity could be recruited
to mouse and human breast cancer and mouse ovarian
cancer models and stimulate tumor growth by increasing
tumor vascularity and by differentiating into adipocytes
and stimulating proliferation of tumor cells™”. In hu-
man studies, it was reported that there was increased
frequency of mesenchymal stromal (CD34brightCD45
CD31) cells (also harboring the pericyte marker, NG2)
and CD34bright leucocytes (CD45brightCD34bright) in
obese patients (BMI > 30) with colorectal cancer com-
OL Y ean patients
with colorectal cancer also had a higher frequency of
mesenchymal stromal cells and CD34bright leucocytes
compared to lean, non-cancerous controls. However,

pared to obese non-cancerous subjects

there was a significant increase in MSCs in obese colorec-
tal cancer patients compared to lean colorectal cancer
patients. Thus mobilization of MSCs and CD34bright
leucocytes may potentially be markers of colorectal can-
cer but that there may be a higher frequency of CD34"
MSCs (adipose stromal cells) released into circulation
even in non-cancerous obese patients suggesting that adi-
pose tissue contributes to MSC mobilization.

OSTEOGENIC DIFFERENTIATION OF
HTERT-TRANSFORMED HMSCS

Differentiation of hMSCs along the osteogenic lineage

has been demonstrated using both 7 vitro and in vive tech-
niques. Induction of 7 vitro osteogenic differentiation in
hMSCs include addition of dexamethasone, ascorbate,
and a source of phosphate, mainly B-glycerophosphate
to a culture medium base (generally Dulbecco’s modified
Eagle’s medium) containing 10% bovine serum. Howev-
et, recently it was reported that hMSCs from bone mar-
row may not require the addition of dexamethasone and
ascorbate to form bone iz vivo although bone marrow-
derived hMSCs respond to dexamethasone and ascorbate
with increased proliferation 7 vitrd®. Osteogenic marker
expression by mRNA and protein is usually assessed over
the course of 7 vitro cell culture. Early markers of os-
teogenesis include core binding factor 1 [cbfal or runx2
(Runt-related transcription factor 2)] which is found in
chondro-osseous precursor cells, osterix which appears
in committed osteogenic cells, and collagen type 1.
Intermediate markers of osteogenesis include alkaline
phosphatase and osteopontin and bone sialoprotein and
osteocalcin (usually induced in hMSCs by 1.25 dihy-
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droxyvitamin D3) are generally used as later markers of
terminally differentiated osteoblasts. Determination of
mineralization of culture 7z vitro is also critical in assess-
ing terminal differentiation along the osteogenic lineage.
This is usually accomplished by staining cell cultures
using alizarin red or von Kossa stains which bind to cal-
cium and/or eluting these stains for semi-quantitation of
calcium spectrophotometrially. It is also suggested that to
distinguish amorphous calcium-phosphate precipitation
in cultures from hydroxyapatite [Ca1Ps(OH)z|, X-ray dif-
fraction, nuclear magnetic resonance, or other technique
be used to compare the calcium-phosphate complexes
in in vitro cell cultures with standard hydroxyapatite pat-
terns by these techniques. Additionally, negative markers
for other mesodermal cell types that can be differenti-
ated from hMSCs should be assessed. These are usually
markers for the adipogenic lineage [adipsin, peroxisome
proliferator-activated receptor gamma (PPAR-y), adipo-
nectin], the chondrogenic lineage (sox9, collagen type 1I,
collagen type X, aggrecan), tenogenic lineage (scleraxis) o
and myogenic lineage Pax3, Pax7 (myogenic precur-
sors), MyoD and myogenin (skeletal muscle), o-smooth
muscle actin, vascular endothelial (VE) cadherin (smooth
muscle). Essentially, similar techniques to demonstrate
osteogenic differentiation have been used for hTERT-
transformed hMSCs.

In vivo osteogenesis of hMSCs, whether or not trans-
formed with h'TERT, is usually accomplished by ectopic
bone ossicle formation assay. In this assay, hMSCs are
usually mixed with hydroxyapatite and/or treated with
various bone morphogenetic proteins (BMPs) and are
implanted into subcutaneous pockets in either immu-
nocompromised rodents (e.g., nude mice; NOD/SCID
mice) ™ or into immune competent rodents™, As-
sessment for bone formation is done by microCT and/or
histology to identify trabecular bone formation and the
expression of the above bone marker genes and proteins
in tissue sections. hMSCs have been shown to create a
locally immunosuppressive microenvironment and are
able to avoid allo—recognitionm perhaps in rodent species
although it is unknown if the same holds true for trans-
plantation of hMSCs into human recipients or if there
are any consequences of immunogenicity of hMSCs
once they are differentiated into specific lineages in a hu-
man recipient[(’sj.

It is highly important that the both 7z vitro and in
vivo confirmation of hydroxyapatite or bone formation
be done especially in hTERT-transformed hMSCs. It is
possible that not all h\TERT-transformed hMSCs will
be able to form bone i vivo. Latsen et al” (2010) estab-
lished subclones from hTERT transformed hMSCs at a
relatively early population doubling level (PDL 77) and
from a later PDL 233. They found that both subclones
retained surface markers for hMSCs (CD63, CD73,
CD105, and CD166) as well as expressed osteoblast
markers, alkaline phosphatase, collagen type I, and os-
teocalcin upon induction with osteogenic medium. Both
clones also formed mineralized matrix 7z vitro as assessed
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by alizarin red staining. However, the PDL 77 clone was
able to form bone in an 7 vivo ectopic bone formation
assay while the PDL 233 clone did not form bone. In-
terestingly, these investigators reported that CD146 was
highly expressed in the hTERT-transformed hMSC clone
that could form bone in vivo while CD146 was minimally
expressed in the hTERT-transformed clone that did not
form bone  vivo. Thus the criteria for iz vivo bone for-
mation and expression of CD146 should be helpful in
assessing hTERT-transformed hMSCs that may be useful
for potential bone repair or regenerative therapy, and sole
dependence on osteogenic markers and 7 vitro, two-di-
mensional cell culture mineralization assays may be insuf-
ficient. Also observed in additional hTERT-transformed
hMSC clones that formed bone 7 vivo was the increased
number of extracellular matrix genes expressed as well
as the increased number of Sp3 binding sites in the pro-
moter regions of these expressed genes compared to that
of h'TERT-transformed hMSC clones that did not form
bone in vivo. Sp3 is a transcription factor necessary for
bone development and ossification.

In attempts to seed hTERT-transformed hMSCs in
areas requiring their presence for tissue repair, strategies
such as intracardiac or intravenous injection of hMSCs
expressing a fluorescent marker (e.g., green fluorescent
protein) have been used to identify sites where such in-
jected hMSCs populate as well as to assess the longevity
of transplanted hMSCs in the desired regions. Bentzon
et al™ (2005) reported that hTERT-transformed hMSCs
injected intracardiac or intravenously into NOD/SCID
mice were trapped mainly in microvasculature of the
lungs, kidneys and heart. It was also found that only a
small fraction of the injected telomerized hMSCs sur-
vived or were retained possibly due to protracted trans-
endothelial migration. Thus direct engraftment of
hTERT-transformed hMSCs may be a better approach to
healing bone.

In addition to cells, such as MSCs, that have the po-
tential to self-replicate and differentiate into the cell type
of choice, tissue engineering in regenerative medicine
strategies generally combine the cellular component with
various growth and differentiation factors that can pro-
mote differentiation of undifferentiated precursor cells
and with the employment of a structural framework on
which either such cells and/or growth and differentiation
factors can be assembled. The use of three-dimensional
culture platforms may simulate the natural three-dimen-
sional in vivo tissue architecture and provide advantages
over that of assessing hMSC growth and differentiation
on tissue culture plastic in a two-dimensional format”"".
Two dimensional cultures may only yield woven type
bone (random orientation of collagen fibrils) and not al-
low for the formation of lamellar bone, the final desired
bone product, and microenvironments that may develop
in a three-dimensional framework that could affect cell-
cell and cell-matrix interactions cannot fully develop in a
two dimensional culture system.

For in vivo uses, three-dimensional platforms or scaf-
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folds need to be biocompatible, potentially biodegradable,
have sufficient porosity to allow great surface area for cell
attachment, and in general be non-immunogenic. The
more rigid platforms or scaffolds composed of material
such as hydroxyapatite or other calcium-phosphate bases
which are osteoinductive and can induce ectopic bone
formation. Titanium has been used to grow hMSCs that
can then be differentiated along the osteogenic lineage
with or without BMP stimulation prior to direct surgical
implantation into bone defects in translational models of
bone repairmm. Biological scaffolds that are composed
of polymer blends such as poly(l-lactide-co-glycolide)
(PLGA) are biocompatible and can be degraded by the
body have also been used as a base on which hMSCs can
be grown and differentiated™. Polymer blends have also
been used in combination with inorganic hydroxyapatite
crystals or naturally occurring proteins such as collagen
to construct composite scaffolds that improve mechani-
cal and osteoinductive properties of the scaffolds have
also been designedm. Hydrogels have also been used as
scaffold material due to biocompatibility; natural hydro-
gels are derived from collagen or gelatin, while synthetic
hydrogels can be made from poly(ethylene glycol). While
natural hydrogels are excellent for cell adhesion and bio-
degradation, immunogenic reactions may be a concern if
the hydrogels are derived from animal-derived extracel-
lular matrix (ECM) protein. Synthetic hydrogels have the
advantage of creating scaffolds 7 sitn using photopoly-
merization and also are non-immunogenic””. Hydrogels
as well as polymer blends with or without ceramic mate-
rial (e.g., hydroxyapatite Yhave also been useful in serv-
ing as reservoirs for bioactive molecules such as growth
factors”"”\. Thus scaffolds impregnated with various
growth factors or composed in part of ECM-derived
short peptides, modified heparin, chondroitin sulfate
or hyaluronic acid to tether growth factors such as the
BMPs, epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), TGF-, FGF-2 have been useful
in the differentiation of transplanted hMSCs and/or the
chemotaxis of native MSCs useful in bone repairps’w'gzl.
Stromal-derived factor 1 (SDF-1), a chemokine, has
also been impregnated in scaffolds to serve as a chemo-
tactic factor for bone marrow-detived MSCs™**. It has
also been shown that human cord blood-derived MSCs as
well as human adipose tissue-detived MSCs (the stromal/
vascular fraction of adipose tissue) express CXC receptor
4 (CXCR4), the receptor for SDF-1, and are induced to
migrate in response to SDF-1®"*!. Human bone marrow-
derived MSCs have also have been shown to migrate to
bone marrow stroma in a CXCR4-dependent mannet"™,
Bone-marrow-derived MSCs can also express SDF-1 and
serve to maintain hematopoietic stem cells in a quiescent

§9,90 ..
B2 However, under conditions

state in the bone marrow
of inflammation with the release of pro-inflammatory
cytokines such as TNF-¢ and IL-1f3 and hypoxia that can
be found in tissue injury and the eatly phases of wound
repair, bone marrow-derived MSCs as well as MSCs from

adipose tissue or other local sources could migrate to the
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wound location »iz the SDF-1/CXCR4 axis to patticipate
in the repair or regeneration of mesenchymal tissues (e.g.,
bone)” ™. Potential sources of SDF-1 that could poten-
tially be involved in local MSC migration and homing to
disrupted bone may be endothelium, local osteoblasts,
platelets involved in initial wound hemostasis, and petios-
7991 VEGF has been used to stimulate angio-
genesis that would allow for improved blood supply to
repairing tissues; use of VEGF incorporated into natural
hydrogels or injected directly into scaffolds and in com-
bination with BMPs and MSCs attached to scaffolds have
been tested to improve bone healing[gl’%]. In the absence
of seeding MSCs onto scaffolds, delivery of SDF-1 via
implantable infusion pump to poly-€-caprolactone scaf-
folds preceded by delivery of VEGF to the scaffolds and

followed by BMP-6 to induce osteogenic differentiation
[99)

teal cells'

was able to induce mature mineralized bone formation
Tasso et al'™ (2009) also reported that in a mouse model
of ectopic bone formation, donor murine bone marrow
MSCs loaded onto hydroxyapatite scaffolds were needed
in the early development of ectopic bone (up to one
week after implantation) to recruit host osteoprogenitor
cells, but native (host) osteoprogenitor cells actually con-
tributed the most to the bone formation »zz endochondral
ossification. Thus native MSCs can be induced to popu-
late scaffolds using SDF-1 and osteogenically differenti-
ate to form vascularized bone. MSCs harboring viral vec-
tors (adeno-associated virus or lentivirus) to over express
growth factors and chemoattractants and attached to
various types of scaffolds have been used as an alterna-
tive strategy to increase local concentrations of bioactive
molecules such as BMP-2, BMP-7, VEGE, and CXCR4,
the transmembrane G-protein coupled receptor for
SDF-1-induced chemoattraction, to enhance osteogenic
marker expressionml’wa. Finally, other chemokines may
also play roles in migration of MSCs. Chemokines of the
o family (CXC chemokines) as well as the § family (CC
chemokines) have been reported to stimulate migration
of MSC from both bone marrow and omental adipose
tissue”>' "', Interestingly, under pro-inflammatory con-
ditions as is found in the initial phase of wound healing,
priming with TNF-o enhances the expression of these
chemokines such as CXCLS8 (intetleukin 8), CCL5/RAN-
TES (regulated on activation, normal T cell expressed
and secreted), CCL22 (macrophage-derived chemokine)
which are then able to stimulate MSC migrationm’%]. Ad-
ditionally, CXC chemokines with the glu-leu-arg motif in
the N-terminus of CXC chemokines are also angiogenic
and thus may play a role in new blood vessel formation
during wound repair during bone regenerationlmj.

Three dimensional spheroid cultures consisting of
high density cell aggregates in agarose or alginate have
also been used to traditionally differentiate chondrocytes
from hMSCs"" """, Burns ez a/''™? (2010) used a varia-
tion of this method by using caroxymethylcellulose in
their high density cell preparation to form spheroids
of hTERT transformed hMSC cells. When combined
with hydroxyapatite/-tricalcium phosphate scaffolds,
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induced with osteogenic medium, and implanted into
immunodeficient mice in an 7 vivo ectopic bone forma-
tion assay, lamellar bone formation was observed in scaf-
fold concavities in addition to the expression of usual
osteoblastic markers of cbfal, alkaline phosphatase, os-
teonectin, osteopontin, collagen type I and osteocalcin.
CD146 expression which had been high in hMSCs was
lost as osteogenic differentiation proceeded. Interestingly,
transcriptional co-activator with PDZ binding motif
(TAZ)", a cbfal binding transcription co-activator that
allows for commitment to the osteogenic lineage while
inhibiting adipogenic differentiation of hMSCs was also
induced in the h'TERT transformed hMSC spheroids.
Stimulated expression of other extracellular matrix
proteins such as biglycan, lumican, elastin, periostin,
microfibrillar-associated proteins (MFAP2 and MFAPS),
tetranectin and decorin also occurred suggesting correla-
tion between these extracellular matrix protein and osteo-
genesis.

EXTRACELLULAR MATRIX AND HMSCS-
THE “OUTS"” FOR OSTEOGENESIS

The use of extracellular matrix (ECM) components to
enhance either rigid type scaffolds or hydrogel scaffolds

or to serve as scaffolds themselves has become more
popular in tissue engineering. For instance, collagen
type I in the form of gels or sponges or as a protein
coating of hydroxyapatite platforms has been useful in
providing an attachment for cells in addition to being
able to deliver growth factors such as TGF-, BMPs, or
VEGEF". ECM contains proteoglycans which are com-
prised in part of heparin sulfate that can bind many types
of growth factors such as FGFs and VEGF and degrada-
tion of ECM by matrix metalloproteases can release these
growth factors to subsequently bind to their receptors
on specific cells"”. Other ECM proteins such as laminin
and tenascin have epidermal growth factor (EGF)-like
motifs that could potentially bind to EGF receptors on
cells and then initiate an EGF signaling cascade through
tyrosine kinase activation resulting in cell proliferation
and/or differentiation'”. The binding of cells to natu-
rally occurring proteins such as collagen occur zia inte-
grins, comprised of o and  subunits and binding cell
membranes to ECM proteins with the arginine-glycine-
aspartic acid (RGD) or leucine-valine-aspartic acid (LVD)
(consensus sequence L/I (isoleucine)-D/E (glutamic
acid)-V (valine)/S(serine)/T(threonine)-P (proline)/S)
domains""™"", The short cytoplasmic domains of inte-
grins interact with various cytoskeletal elements such as
talin and kindlin to initiate inside-out signaling through
integrin-linked kinase that is involved in activating inte-
grins to bind to ECM components'™'*", Outside-in sig-
naling occurs with the interaction of specific sequences
of ECM proteins and activated integrins to activate focal
adhesion kinase to allow in part for functions such as cell
spreading and migration but also activating other signal-

ing pathways enabling cell proliferation, and survival”',
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Thus scaffolds composed of native ECM proteins
such as collagen have been applied as one strategy to
expand hMSCs ex vivo and to promote osteogenic dif-
ferentiation and to enhance bone repairm’lzz’m]. Bone
marrow-derived hMSCs, express various integrins such
as o P, 0P, asPi, asPi, o3, and owfs; however, the i
integrin subunit was found to be most responsible for
hMSCs to adhere to collagen, laminin and fibronectin
and be involved in proliferation of hMSCs and for their
differentiation into osteoblasts' . However, pre-coating
scaffolds with a specific protein such as collagen type 1
or MatrigelTM (BD Biosciences) composed of collagen
type IV, entactin, and laminin, may not yield the natural
three dimensional environment, nor account for all ap-
propriate ECM proteins that interact with hMSCs 7z
vivo, nor retain the natural elasticity or stiffness required
for proper self-renewal or tissue-specific differentiation.
Degree of stiffness or elasticity of support structures
or ECM has been shown to be important in part to be a
determinant of stem cell differentiation. In reference to
MSCs, softer substrates favor adipocyte or chondrogenic
differentiation while stiffer substrates direct osteogenic
differentiation. Intermediate stiffness can assist in direct-
ing myogenesis from MSCs"™ ™ ECM or bioengineered
support structure stiffness or elasticity can be sensed by
cells through the organization of stress fibers composed
of actin microfilaments and myosin. Specifically, non-
muscle myosin 1l isoforms, [ A, II B, and II C appear to
be involved in the MSC’s ability to sense matrix stiffness
through their interaction with cortical actin that is linked
to focal adhesions. Increased matrix stiffness is associ-
ated with increased activity of non-muscle myosin II.
The increased non-muscle myosin II also correlates with
specific lineage determination of MSCs!"*. Interestingly,
ECM stiffness that can set the stage for specific lineage
differentiation iz expression or repression of specific
genes is transduced to nuclear chromatin via lamin-A"".
Cytoskeletal stresses and tension increase with increasing
ECM stiffness and the degree of lamin-A expression and
phosphorylation is inversely related to ECM stiffness.
Thus osteogenic differentiation of MSCs is correlated
with increased lamin-A levels and decreased lamin-A
phosphorylation when MSCs are grown on a stiff ECM.
It would follow that lamin-A would act in a2 manner to
maintain nuclear rigidity or stiffness which could translate
into epigenetic regulation of chromatin thus enabling
transcription of osteogenic genes and repression of
genes specific with other mesenchymal lineages through
lamin A-associated domains which contain repressive
heterochromatin.

Thus the use of cell-free preparations of secreted
ECM proteins produced by MSCs or cells of the desired
differentiated type (i.e., osteoblasts) may perhaps allow
for better osteogenic differentiation of MSCs in a na-
tive three dimensional microenvironment similar to the
MSC niche found in bone marrow. Chen ¢ 2/ (2007)
prepared ECM from mouse MSCs that supported self-
renewal of mouse MSCs when cultured on this native
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ECM and the proliferative ability of the MSCs grown
on native ECM was greater than MSCs grown on fibro-
nectin or collagen type [ individually. Differentiation
of mouse MSCs into both adipogenic (in response to
rosiglitazone) and osteogenic lineages (in the presence of
exogenous BMP-2) was also enhanced in cells cultured
on native ECM compared to tissue culture plastic or
culture plastic coated with fibronectin alone or with col-
lagen type I alone. However, mouse MSCs had a delay in
osteogenic differentiation when grown on native ECM in
the absence of exogenous BMP-2, and it was suggested
that the native ECM components such as collagen and
biglycan bind BMP-2, making it less available to MSCs to
allow for earlier osteogenic differentiation.

hMSCs can also be used to generate native ECM
that supports self-replication of hMSCs, and the degree
of enhanced proliferation of hMSCs was found to be
greater than that of hMSCs grown on tissue culture plas-
tic, or fibronectin or collagen type | independentlymz]. It
was also found that SSEA-4, a matker for bone marrow-
derived hMSCs, was maintained at a high level through-
out the culture period on native ECM and interestingly,
telomerase activity was stable and reactive oxygen species
was low on ECM-grown hMSCs compared to hMSCs
grown on plastic, fibronectin, or collagen type I . In vivo
bone formation was also significantly higher in hMSCs
grown on native ECM compared to those grown on plas-
tic. Thus native ECM from hMSCs can better support
self-renewal and osteogenic differentiation compared to
single ECM components or a two dimensional culture
platform (plastic).

It has been shown that ECM from human foreskin
young fibroblasts (< 20-30 population doublings) sup-
ported the proliferation of old fibroblasts (> 68 popula-
tion doublings) so that the proliferative rate of the old
fibroblasts approached that of young cells grown on
ECM from young cells™, Additionally, telomere length
was restored in old fibroblasts grown on ECM from
young cells by a telomerase independent mechanism and
reduced reactive oxygen species similar to young cells was
also found. Interestingly, SIRT 1, a gene for the NAD-
dependent histone deacetylase, sirtuin 1, which was
downregulated during senescence was increased when old
fibroblasts were grown on ECM from young cells. This
suggests that epigenetic mechanism(s) may play a role the
mechanism of how young ECM can restore the prolif-
erative ability of old fibroblasts. SIRT 1 can be directly
activated by lamin A" which is critically involved in the
process of information flow from ECM to the nucleus
to perhaps determine chromatin configuration and thus
confer epigenetic regulation on gene expression or re-
pression. Thus the potential role of epigenetics in ECM
rejuvenation of old fibroblast cells is an area of interest-
ing investigation.

With regards to MSCs, the composition of ECM
from young (low passage) adipose-derived MSCs com-
pared to that of old (higher passage) MSCs is different.

For instance, while collagen type I is increased in young
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MSCs, laminin, fibronectin, vimentin, keratin, and lamin
A/C are decreased in old MSCs. When old MSCs are
seeded onto ECM from young MSCs, the plutipotency
markers of Oct4, Sox2, and Nanog are increased and
growth factors such as TGEf are also upregulatedmsl.
The ECM component, biglycan, has been shown to in-
crease canonical Wnt/ [B-catenin signaling. Wnt signaling
is a critical morphogen in osteoprogenitor development.
Bone marrow MSCs from mice deficient in biglycan
were less proficient in Wnt-induced mineral deposition
in culture, did not respond to exogenous Wnt3a, and
made significantly less trabecular bone when used in an
in vivo ectopic bone formation assay. Thus one could
speculate that ECM from young MSCs may have more
biglycan than ECM from old MSCs and thus young ECM
would be able to enhance Wnt signaling to enhance both
proliferation of osteoprogenitors and potentially more
bone formation. However, the exact mechanism of how
biglycan can regulate either canonical or non-canonical
Wt signaling is unclear.

In another interesting study, Sun e# al™" (2011) report-
ed the differential effect of ECM from mouse bone mat-
row stromal cells derived from young (3 mo) versus old
mice (18 mo). Replicative ability was restored in MSCs
from old mice cultured on ECM from young mice, simi-
lar to that of the replicative ability of young mice grown
on ECM from young mice. However, the replicative abil-
ity of MSCs from either young or old mice was signifi-
cantly less when cultured on ECM from old mice. Telom-
erase levels were also increased in MSCs from young and
old mice cultured on ECM from young mice compared
to that of MSCs cultured on tissue culture plastic or on
ECM from old animals. Examination of bone forming
ability using an 7z vivo assay where MSCs from young or
old mice pre-cultured on ECM from young or old mice
demonstrated that MSCs from old mice pre-cultured on
ECM from young mice had increased cancellous bone
formation compared to MSCs from young or old mice
pre-cultured on tissue culture plastic. Culture of MSCs
from either young or old mice on ECM from old mice
demonstrated less bone formation. In trying to dissect
the differential effect of ECM from old versus young
mice, these investigators founds that ECM from old mice
contained more mineral phosphate and less collagen al-
though the total amount of ECM produced by young or
old cells was the same. Furthermore, reactive oxygen spe-
cies levels were higher in MSCs grown on ECM from old
mice but were reduced in MSCs grown on ECM from
young mice; there was also an inverse correlation of the
number of colony forming units-osteoblast and the level
of reactive oxygen species. How ECM from old mice is
incapable of handling reactive oxygen species and how
this may relate to changes in ECM composition (lower
collagen and proteoglycans) remains unknown.

In a recent communication, Prewitz ez a/™" (2013)
used early passage bone marrow-derived hMSCs to gen-
erate native ECM but used either osteogenic medium to
allow the hMSCs to differentiate towards the osteogenic
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lineage or ascorbic acid alone in the growth medium
to allow the hMSCs under these conditions to generate
an “enriched” ECM. These generated ECMs were then
tethered to tissue culture plastic using poly(octadecene-
alt-maleic anhydride). These investigators reported that
ascorbic acid-stimulated native ECM contained twice as
much collagen and sulfated glycosaminoglycans com-
pared to native ECM generated using osteogenic medium
although the spectrum of ECM protein were the same.
Release of hepatocyte growth factor, FGF, VEGE, and
interleukin-8 was also higher from ascorbic acid-stimu-
lated ECM. Nevertheless, both types of ECM supported
higher population doublings of hMSCs grown on these
surfaces compared to hMSCs grown on either plasma-
treated tissue culture plastic, fibronectin or MatrigelTM.
Both ascorbic acid and osteogenic-induced ECM also
stimulated more osteogenic differentiation as well as
adipogenic differentiation although the ascorbic acid-
induced ECM yielded better osteogenic and adipogenic
differentiation than osteogenic-induced ECM. Finally,
both ascorbic acid-induced and osteogenic-induced ECM
were able to support the engraftment of hematopoietic
stem and progenitor cells, similar to a hematopoietic stem
cell niche. Hence, bolstering native ECM by stimulation
its production from hMSCs with either ascorbic acid or
osteogenic medium could potentially be a useful strategy
in rejuvenating old hMSCs.

Thus whether the total or individual amounts of na-
tive ECM, the breadth of composition of native ECM,
the geometry of ECM organization, or the ability of
ECM to sequester growth factors, retain growth factor-
like motifs (e.g., similar to the EGF-like repeats found
on laminin and tenascin), or regulate other morphogens
such as Wnt signaling that can potentially regulate MSC
proliferation and differentiation are important factors in
explaining the mechanism(s) of how young ECM can
rejuvenate old MSCs are salient areas for future investiga-
tion.

CLINICAL UTILITY OF MESENCHYMAL
STEM CELLS IN ORTHOPAEDIC
CONDITIONS

MSCs from various sources in combination with specific

growth factors and/or scaffold material potentially lend
themselves to a variety of clinical orthopaedic conditions
involving bone and cartilage. There are a number of
clinical trials and case reports using MSCs to repair criti-
cal sized defects caused by trauma or infection as well as
replacing chronically degenerated tissue such as articular
cartilage and intervertebral discs. There are a number
of excellent and comprehensive published reviews on
the subject of orthopaedic applications for MSC ther-
apymg’m‘ and which are listed in Table 1. Two clinical
trials and two other case reports using MSCs in human
orthopaedic conditions are also included in Table 2. The
clinical trial to treat knee osteoarthritis enrolled 25 pa-
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Table 1 Reviews of mesenchymal stem cell use in human orthopaedic conditions

Ref. Reviewed Orthopaedic conditions treated

MSC source Additional repair components

139 .
139 Osteonecrosis humerus, femoral heal; Fracture non-

union; Cartilage defect; Osteogenesis imperfecta;

Shenagq et al

Stem Cell Int, 2010
Critical size defect limbs; Calvarial defect

Rastegar et Al

World ] Stem Cells, 2010

Zhang et a1,

Biomaterials, 2012

Critical size defect in long bones; Articular cartilage of
knee; Osteogenesis imperfecta; Hypophosphatasia
Segmental bone defects of limbs; Distraction

Maxilla defects; Sinus augmentation; Osteogenesis
imperfecta; Articular cartilage repair; Osteoarthritis

Veronesi et al"*", Osteoarthritis of knee, hip, elbow, ankle; medial

Stem Cell Dev, 2013 femoral condyle, patellar, patella-femoral joint lesions;
osteochondral lesions talar dome and femoral condyle

Kim et al™?, Osteogenesis imperfecta;

Korean ] Int Med, 2013 Cartilage defects

osteogenesis; Tibial osteotomy; Posterior spinal fusion; Allogeneic bone marrow; Fetal liver

Autologous or allogeneic bone
marrow; Fetal liver; Adipose

Ceramic scaffolds; Collagen gels

Autologous bone marrow;
Allogeneic bone marrow; Fetal liver
Autologous bone marrow; Hydroxyapatite scaffolds;
autologous platelet rich plasma,
allogeneic bone chips or bone
grafts; B-tricalcium phosphate
scaffolds
Autologous bone marrow Hyaluronate; collagen type 1 sheet;
platelet rich plasma; periosteal
patch; collagen powder
Allogeneic bone marrow,

fetal liver

MSC: Mesenchymal stem cell.

Table 2 Clinical trials and case reports using mesenchymal stem cells

in human orthopaedic conditions

Orthopaedic condition MSC source Technique Patients/controls  Study length Outcome Ref.
Osteoarthritis-Knee Adipose  Autologous MSCs with 25/25 retrospective 12 mo Study group significantly higher degrees of [144]

platelet rich plasma controls improvement from pre-treatment levels in

pain and activity
Intervertebral Disc Bone marrow  MSC injection into 10/ self-controls 12 mo Pain, disability, quality of life, disc water  [145]
Degeneration nucleus pulposus - pre- and post content improved
procedure

Maxillary Adipose Vascular flap with 1 case 12 mo Regeneration of normal bone [146]
Reconstruction ADCs, B-tricalcium

phosphate, BMP-2
Mandibular Bone marrow BMP-2, collagen sponges 5 cases 22 mo Bone regeneration in 2/4 cases using MSCs; [147]
Reconstruction + bone marrow MSCs + failure overall in 2 of 5 cases

allogeneic bone chips

MSC: Mesenchymal stem cell; BMP: Bone morphogenetic protein.

tients. Infrapatellar fat pad-derived MSCs and platelet rich
plasma were injected into knee joints after arthroscopic
debridement, excision of degenerative material/osteo-
phytes, or synovectomy' . Comparison was made to
retrospective age- sex- and follow-up period matched
controls who had received only platelet rich plasma injec-
tions with arthroscopic debridement. Various scales used
in knee symptoms (visual analog pain scale, Lysholm
knee scoring scale, Tegner activity level scale) showed
that the initial or pre-treatment scores of the study group
were significantly poorer compared to controls but by the
last follow-up visit (12 mo) after MSC therapy, the study
group showed significantly higher degrees of improve-
ment from pre-treatment levels in all of the assessment
scales measured compared to that of the retrospective
control group. Orozco ef al™ (2011) injected autologous
bone marrow-derived MSCs that were expanded under
Good Manufacturing Practice conditions into the nucleus
pulposus in 10 patients. These patients apparently served
as their own controls and pain (visual analog scale), dis-
ability (Oswestry Disability Index), and quality of life
(SF-306) were improved over the 12 mo trial. Water con-
tent of the diseased discs also improved by 12 mo after
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treatment. Two other communications consisting of case
reports are also entered into Table 2. One report used
autologous adipose-derived stem cells expanded in vitro
and combined with B-tricalcium phosphate scaffolding
material harboring thBMP-2 placed in a muscle flap and
used to repair a maxillary bone defect*”. The other was
a series of 5 cases using collagen sponges impregnated
with thBMP-2 with or without autologous bone marrow
cells and allogenecic cancellous bone (4 cases) and one
case using only thBMP-2 adsorbed onto collagen spong-
es to reconstruct mandibular bone defects. Although not
stated, it was presumed that bone marrow MSCs were the
bone marrow cells referred to in three of the cases, two
of which were successful in healing the bone defects!™.

CLOSING THOUGHTS (A WORKING
MODEL)

In summary, MSCs have promising utility in resolving
orthopaedic problems although there is a need for more
prospective randomized controlled trials. At this point it
is still unclear if MSCs from various sources (bone mar-
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Adipocyte and
chondrocyte
differentiation on
soft scaffolding

Myocyte differentiation on
intermediately stiff scaffolding

Self-renewal

Osteoblast
TERT TERT TERT differentiation on

Figure 1 Model of human telomerase reverse transcriptase-transformed mesenchymal stem cell self-renewal and differentiation. Human telomerase reverse
transcriptase (WTERT) can be expressed by transfection in human mesenchymal stem cells (hMSCs) from various sources to enhance self-renewal. hTERT trans-
formed cells can be induced to differentiate along multiple mesenchymal lineages. Stiffness of support structures and/or extracellular matrix (ECM) upon which hMSCs
are situated is important in differentiated lineage determination. Softer or less stiff support structures/ECM (lightest colored and thinnest bar under the cells) support
adipogenic or chondrogenic lineages. Intermediate stiffness (medium colored and thicker bar) can direct myogenesis. Stiffer substrates (darkest colored and thickest
bar) can support osteogenic differentiation. Native ECM made from hMSCs from younger hosts may also enhance self-renewal and the differentiative capacity of hM-
SCs from older sources, and may be superior to singular or limited number of defined ECM components in promoting self-renewal and specific lineage differentiation.

row, adipose, cord blood, cord tissue, muscle, e#.) would and the stiffness of the ECM appears to steer MSCs to
all be useful in orthopaedic repair and regeneration in differentiate along specific lineages, with osteogenic dif-
general and bone in particular. It does appear that MSCs ferentiation being assisted on a stiffer ECM (Figure 1).
from either bone marrow or adipose tissue are quite Thus TERT expression that can be regulated in a time
similar in their capacity to serve in bone repair and regen- and stage of differentiation manner may be an ideal strat-
eration. However, work still needs to be done regarding egy to both enhance a critical mass of MSCs necessary
ideal scaffolding material and whether addition of MSCs for bone repair and regeneration but to try to limit the
or growth factors, angiogenic factors, and/or chemotac- potential of malignant transformation.

tic factors onto scaffolds alone or in combination with
MSCs would be the best strategy for bone repair and re-
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