Potential implications of cell therapy for

osteogenesis imperfecta

Osteogenesis imperfecta (Ol) is a brittle-bone disease whose hallmark is bone fragility. Since the disease
is genetic, there is currently no available cure. Several pharmacological agents have been tried with not
much success, except the recent use of bisphosphonates. Stem cells have been suggested as an alternative
Ol treatment, but many hurdles remain before this technology can be applied for treating patients with
Ol. This review summarizes what is known at present regarding the application of stem cells to treat Ol
using animal models, clinical trials using mesenchymal stem cells to treat patients with Ol and the knowledge
gained from the clinical trials. Application of gene therapy in combination with stem cells is also discussed.
The hurdles to be overcome to bring stem cells close to the clinic and future perspectives are discussed.
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Osteogenesis imperfecta (OI), or brittle-bone
disease, is a heterogeneous disorder thart affects
skeletal tissues in which Type I collagen is the
major protein component. The disease results
from mutations that affect the genes that encode
the polypeptide chains of Type I collagen [1.2].
Recently, some OI forms have been demonstrated
to result from mutations in the genes that encode
proteins that play a role in the post-translational
modification of the Type I collagen polypeptide
chains [3-5]. The hallmark of the disease is bone
fragility, but other tissues rich in Type I collagen
are also affected. Some patients with OI have
teeth problems, a condition referred to as den-
tinogenesis imperfecta [6]. Owing to its clinical
heterogeneity, Sillence classified the disease into
four types, I, I1, IIT and IV, based on clinical and
radiographic findings (Tasie 1) [7]. Type I OI is
the mildest form of the disease; this OI pheno-
type results from null mutations in COLIAI or
COLIA2. Patients with Type I OI phenotype have
approximately 50% of normal Type I collagen in
their tissues. The patients may experience bone
fractures but have fewer deformities. Type II OI
is the most severe form; most of the infants with
Type II OI do not survive, and they succumb to
death immediately before or after birth. This OI
type is often referred to as the lethal form of the
disease [8], and results from structural mutations
in either the al or 0.2 chains of Type I collagen.
The mutations in Type II Ol are dominant-neg-
ative, and most result from spontaneous muta-
tions in COLIAI or COLIA2. In most cases the
mutations involve substitutions of the conserved
glycine that occurs in every third position of the
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polypeptide chains for amino acid residues with
a bulky or charged side chain. The substitution
leads to the destabilization of the triple collagen
helices when the polypeptide chains assemble,
thus leading to the intracellular degradation
of the collagen molecules or deposition of the
defective molecules in the extracellular matrix
(2]. Type I1I and IV OI forms are progressively
deforming, with severe skeletal deformities in
some individuals (9.10]. Type III and IV OI are
inherited in an autosomal dominant fashion
and most result from the substitutions of the
conserved glycine for amino acids with bulky or
charged side chains, just as in the Type IT OI phe-
notype. New additional OI phenotypes, Types V,
VI, VII and VIII (Tasee 1) [9.11-14], have been added
to the list; these phenotypes do not fall into the
classical OI phenotypes originally described by
Sillence (7). Types V and VI Ol are not caused by
structural mutations in Type I collagen chains,
but result from defects that have not yet been
identified. These OI types exhibit characteristics
of OI Type IV, but they were also shown to be
distinct in their presentation [11.12]. Type V Ol is
inherited in an autosomal dominant pattern; the
patients exhibit hyperplastic callus formation and
mineralization of the interosseous membrane [12].
Type VI OI has an autosomal recessive form of
inheritance; patients were described as sustain-
ing more frequent fractures than patients with OI
Type IV. The major characteristic of the patients
with OI Type VI is a defect in mineralization
(11]. Types VII and VIII OI are recessive forms
that are also not caused by mutations in COL1A1
or COLIAZ2 113.14). Types VII and VIII OI result
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Table 1. Classification of osteogenesis imperfecta phenotypes.

| Autosomal dominant

Il Autosomal dominant, mostly

new mutations

1l Autosomal dominant

I\ Autosomal dominant
V Autosomal dominant
VI Autosomal recessive
VI Autosomal recessive
VIII Autosomal recessive

Adapted from [9].
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Osteoporosis, blue sclera, mild skeletal deformities, mild short stature and easy bruising

in utero fractures

Lethal form in perinatal period, severe skeletal deformities, beaded ribs and

Progressive skeletal deformities, dentinogenesis imperfecta, severe bone fragility, hearing

loss and short stature

Variable bone deformities, dentinogenesis imperfecta, normal sclera and short stature

Moderately severe, hypertrophic callus and ossification of interosseus membrane

Defect in mineralization, osteopenia and bone fragility

Moderate-to-severe fractures at birth, early deformities, coxa vara, osteopenia and

blue sclera

Multiple fractures, decreased bone modeling and low bone mineral density

from defects in the prolyl 3-hydroxylation com-
plex (14]. The prolyl 3-hydroxylase complex con-
sists of prolyl 3-hydroxylase, a cartilage-associ-
ated protein, and cyclophilin B. This complex
is responsible for the hydroxylation of a single
proline residue at position 986 in each of the al
chains of Type I and II collagens [3-5,14.15], and
several proline residues in Type IV and V col-
lagen chains. Type VII OI results from defects
in cartilage-associated protein, while Type VIII,
identified in patients of West African origin, is
due to a null mutation in LEPREI, a gene that
encodes prolyl 3-hydroxylase 1 [14].

Analyses of the cellular contribution to bone
properties from two mice models of OI suggested
that collagen mutations exert effects on the bone
cellular function and survival [16,17]. The Br#/
mouse, a knock-in model for moderately severe
Ol, displays osteoblasts and osteoclasts in bal-
ance, resulting in declining bone formation due
to poorly functioning osteoblasts with a con-
comitant increase in bone-resorbing osteoclasts
(16]. The Aga2 mouse model of OI exhibits a
mutation in COLIA1, which leads to the accumu-
lation of mutant collagen chains intracellularly,
resulting in the induction of an endoplasmic
stress-specific unfolded protein response toward
osteoblast apoptosis [17]. The cellular contribu-
tion to the bone properties in these mice models
demonstrates further targets for cell therapies of
OL. Clearly, cell therapy approaches for OI should
be designed with consideration for the different
types of mutations; for example, cell therapy
approaches for dominant-negative mutations are
more complex than the recessive forms of OL
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Pharmacological approaches for

Ol treatment

Since Ol is a genetic disease, there is no cure
available at present. Previous attempts to treat
Ol using different pharmacological agents were
not successful. Calcitonin and growth hormone
were attempted, but the results from these trials
were mixed [18,19]. In addition, these treatments
are not expected to change the course of the
disease. Bisphosphonates have gained a lot of
attention because they have shown efficacy in
some patients; reduction in fracture rates and
bone pain have been noted in patients receiv-
ing oral bisphophonates [20,21]. These drugs
are currently being used for treating patients
with OI, and clinical trials are being under-
taken to evaluate the long-term effects of these
drugs on growing children [22.23]. The ratio-
nale behind the use of bisphosphonates is to
inhibit bone turnover, a common occurrence in
patients with OI, thus allowing accumulation
of matrix, although defective. Defective matrix
in OI patients is susceptible to degradation by
various proteases; by inhibiting matrix degra-
dation, defective molecules accumulate in tis-
sues and undergo mineralization, contributing
to the structural integrity of bone. The long-
term effects of these drugs on growing children
with OI are not known, but studies in animal
models suggest that there may be persistence of
cartilage in the bones of the patients receiving
bisphosphonate treatment [24]. Current efforts
are directed toward understanding the long-
term effects of these drugs on growing children

with OI.
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Stem cells

Stem cells have generated great interest and excite-
ment because of the potential they possess in
regenerative medicine. Application of stem cells
to treat OI is attractive; the rationale for treat-
ing OI with stem cells is that osteoblasts in the
bones of Ol patients can be replaced with normal
cells that will synthesize normal bone matrix and
thus normalize tissue function. This is based on
the premise that normal cells introduced into the
bones of OI patients will have a growth advantage
over the endogenous cells that synthesize defec-
tive matrix. However, in reality, is this possible?
Essentially, the approach is to perform cell trans-
plantation, and the transplanted cells will migrate
into every bone of the body and synthesize and
deposit normal bone matrix. Transplantation of
bone marrow for the treatment of various dis-
eases such as hematopoietic reconstitution after
myeloablative procedure is routinely carried out.
The transplantation of the stroma or cells that
will home to bone and differentiate into osteo-
blasts and lay down bone remains to be estab-
lished. For OI cell therapy, it is not clear which
cells to transplant. Presently, two types of stem
cells are recognized, adult-derived stem cells and
embryonic stem cells (ESCs). ESCs will give
rise to any cell type in the body; they can be
expanded indefinitely without losing their stem-
ness, and can be produced in high numbers. The
ESCs are derived from the inner cell mass of the
blastocysts after fertilization. Owing to the ethi-
cal concerns related to the mode of deriving the
cells, progress in harnessing the power of these
cells has been slow. Alternative approaches to
generating ESCs include somatic nuclear transfer,
a process by which a nucleus from a somatic cell is
inserted into an enucleated oocyte to generate an
ESC [25-27]. The nuclear transfer approach, also
referred to as therapeutic cloning, is widely used
for cloning various animals. Since most of these
approaches still require the use of eggs to produce
the ESCs, they still raise ethical concerns. Recent
developments reporting generation of ESC-like
cells, called induced pluripotent stem cells (iPS),
by reprogramming fibroblasts using four factors
(Oct3/4, Sox2, c-Myc and KLF4) have gener-
ated excitement and hope because ESCs could
be produced without requiring eggs and, there-
fore, patient-specific stem cells could be gener-
ated [28-31]. As a proof of concept, Hanna ez al.
generated iPS-directed hematopoietic progeni-
tors from a humanized mouse model of the sickle
cell disease [32]. The defective human sickle cell
hemoglobin allele was corrected by gene-specific
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targeting in the iPS. The corrected iPS-directed
hematopoietic progenitors were transplanted
into the same mouse model of sickle cell disease.
The investigators showed that the iPS-directed
hematopoietic progenitors were able to reverse
the sickle cell defects in this mouse model. These
data suggested that cell therapy for certain dis-
eases using ESCs may be possible. Although iPS
cells cannot be used in humans because of the
viruses used to transfer the factors into the cells
and because some of the factors themselves are
tumorigenic, the cells hold promise once these
concerns have been addressed. The inherent
drawback in the application of ESCs for treat-
ing diseases is that the cells have to be directed
for differentiation toward the desired cell lineage
before their use in order to prevent teratoma for-
mation. This is a challenge because methods
to direct ESCs to the desired cell lineages are
poorly understood at present. The application of
ESC:s for OI treatment therefore remains a future
possibility.

Adult-derived stem/progenitors

In every adult tissue there are stem/progenitors
whose role is to give rise to differentiated cells
of the tissues in which they reside to aid in the
tissue repair in cases of trauma or tissue damage.
Mesenchymal stem cells (MSCs) or stromal cells,
which were originally described by Fredestein,
have gained a lot of attention because these cells are
present in mesodermal tissues [33]; they can be eas-
ily harvested and expanded in culture. The major
source is bone marrow, but they are also present in
fat, muscle and other mesodermal tissues [34-3¢].
The cells are isolated by their adherence to tissue
culture plates. Under appropriate conditions, the
cells will give rise to osteoblasts, chondrocytes and
adipocytes, and thus these cells are attractive tar-
gets for the repair and regeneration of musculo-
skeletal tissues. The most intriguing question is,
however, are these cells transplantable and can
they be used for treating OI? It is a well-known
fact that hematopoietic stem cells are transplant-
able, as they have been used for many years for
therapy of hematological malignancies and inher-
ited or acquired disorders of the hematological/
immune systems [37]. The cells are routinely used
in the reconstitution of the recipients’ hemato-
poietic system following myeloablative regimens.
Early studies demonstrated that MSCs promote
engraftment of cord blood-derived hematopoietic
stem cells in severe combined immunodeficient
mice and in fetal sheep [3839]. The transplant-
ability of MSCs has, however, generated much
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controversy; though MSCs may enhance engraft-
ment of hematopoietic stem cells, some reports
suggested that MSCs exhibit poor engraftment
capability following transplantation [40-43].
Clinical trials in animal models using MSCs to
assess application of the cells for the repair and
regeneration of various tissues and organs are
being intensely investigated. The major focus
has been on bone, cartilage and cardiac [44-46].
In some instances where MSCs were directly
introduced into the tissues, reparative contribu-
tion of the cells to the recipient tissues has been
noted [46,47). Homing of the MSCs to bone and
bone formation iz vivo by the transplanted cells
remains controversial. However, several studies
have demonstrated MSC engraftment in bone,
although at low levels [48-53].

Stem-cell therapies for Ol

Initial studies to evaluate the potential to treat
OI with stem cells began in mice. Pereira et al.
transplanted primary adherent stromal cells
harvested from a transgenic mouse harboring
a collagen Type I mini gene into normal mouse
recipients. Following the expression of the col-
lagen mini gene to follow the fate of the donor
cells, the authors reported that the donor cells
accounted for 1.5-12% of the cells in bone, car-
tilage and lung, in addition to other tissues [48].
The authors concluded that cultured adherent
cells from bone marrow can serve as long-lasting
cells for mesenchymal tissues, as well as other
tissues and organs. The authors used a similar
approach and transplanted whole marrow or pri-
mary adherent normal cells into transgenic mice
expressing the collagen Type I mini gene [49].
The rationale behind these experiments was
to determine if stromal cells could rescue the
mice with OI. The authors reported that the
mice that received the cell transplant exhibited
a small but significant increase in bone collagen
content and mineral content after 1 month of
cell infusion. These observations generated hope
and excitement that marrow-derived stromal cell
transplantation could potentially be of benefit
to OI patients. These findings led to the clini-
cal trials in which marrow-derived stromal cells
were transplanted into patients with severe forms

of OI.

Transplantation of MSCs into patients
with Ol

The initial clinical trial was conducted in babies
with severe forms of OI. Three infants were
transplanted with whole marrow from normal
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matched individuals. The results demonstrated
that at 3 months after cell transplantation, two
of the patients showed an increase in total body
mineral content, increase in growth and reduc-
tion in fracture rates [54,55]. The number of donor
cells that engrafted in the recipients ranged from
1.5 to 2% at 6 months after cell transplanta-
tion. How such low levels of engraftment pro-
duced such profound effects remains unclear.
Subsequent studies involved transplantation of
gene-marked MSCs into patients that had origin-
ally been transplanted with whole marrow [s¢].
The results from the clinical trial showed that
the patients who received the cell transplant
exhibited an increase in growth velocity, suggest-
ing that MSCs contributed to the growth of the
recipients. Although the studies showed promise,
clear demonstration that the cells contributed
to the benefits seen in the recipients is still lack-
ing. These studies generated lots of controversies
regarding the use of MSCs for OI treatment.

In utero transplantation of MSCs into
patients with Ol

In utero transplantation of MSCs into patients
with a severe form of OI was attempted. In
this clinical trial, MSCs were isolated from the
fetal liver of a 10-week aborted, first-trimester
fetus [57]. The cells were placed in culture and
the adherent cells were processed for transplant-
ation into a 32-week gestation fetus. The baby
was delivered at 35 weeks of gestation following
cell transplantation. The baby exhibited severe
skeletal abnormalities and this necessitated treat-
ment with bisphosphonates at 4 months postna-
tal. Analysis of the donor cells at 9 months dem-
onstrated 0.3% donor engraftment. Fluorescence
in situ hybridization demonstrated donor cells in
the tissue sections made from the bone biopsies
of the recipient, suggesting that MSCs differen-
tiated into osteoblasts 772 vivo, although at very
low levels. The authors reported that the patient
exhibited an increase in growth velocity, pre-
sumably as a result of the cell transplantation.
However, contribution of the cells to the bone
structural integrity was not apparent.

The clinical trials using MSCs for treating Ol
generated more questions than answers; if there
is such low engraftment of the donor cells, why
is there improvement, although small, seen in
the recipients? The emerging thought on MSC
transplantation and function is that the cells are
immunosuppressive and they also generate factors
that may stimulate endogenous cells to initiate
tissue repair [34]. Alternatively, initially there is a
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high level of donor engraftment in the recipients’
bones, but this level diminishes with time, and
therefore, at the time of analysis only low levels
of engraftment are detected [57). These hypotheses
await the use of animal models to test their valid-
ity. The notion that MSCs are immunologically
privileged has generated interest, and clinical tri-
als have been initiated to examine the application
of the cells as novel immunosuppressive therapies
for graft-versus-host diseases [37].

Studies in animal models

Since the human clinical trials have not provided
conclusive data on the use of MSCs for Ol treat-
ment, investigators have gone back to animal
models to assess the potential of MSCs to treat
OL. Previous studies that led to the human clini-
cal trials suggested that transplantation of MSCs
via systemic circulation is possible, and that the
cells will home to bone and will differentiate
into osteoblasts and form bone 772 vivo. Several
studies have confirmed these findings, but the
level of donor engraftment in the skeletal tissues
is very low [50-53].

Transplantation of MSCs in

developing mice

Most of the studies assessing stem cell engraft-
ment use adult mice as model systems. To
emulate the clinical trials in which MSCs were
transplanted in OI babies, the authors laboratory
began to transplant the cells into a developing
mouse model of the human OI. In these studies,
a mouse model of OI that exhibits character-
istics of OI Type III was used [51,53.58,59]. This
mouse model of OI, called oim, has defective
synthesis of proa2(I) chains due to a nucleotide
deletion in the coding region of the carboxy-
terminal propeptide of the proa2(I) chain [60].
The defective proa2(I) chains cannot associ-
ate with the proal(I) chains, resulting in the
accumulation of a1(I) homotrimers in tissues.
We have used this mouse model in our stud-
ies to assess the efficacy of MSC transplanta-
tion for OI treatment [51,53,58]. MSCs harvested
from normal mice and marked with green
fluorescent protein gene were transplanted into
the 2-day-old immunocompetent mice via the
superficial temporal vein. The mice that received
the transplant were examined at different time
points following cell transplantation. The results
showed that most of the transplanted cells were
present in the lung [53]. The donor cells persisted
in the lungs of the recipients and could still be
detected 150 days after cell transplantation [s3].
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However, at 25 days after cell transplantation,
very low levels of donor cells were detected in
the bones of some of the recipient mice. Since
only very low level engraftment was detected
in bone, we asked whether the donor cells that
had engrafted in bone would engraft at higher
efficiency if they were reinjected into developing
mice. Donor cells from the bones of the recipi-
ent mice that were retrieved at 25 days follow-
ing transplantation and expanded in culture
were subsequently reinjected in different neo-
natal mice. At 35 days following transplanta-
tion, examination of the recipient mice showed
that few donor cells were present in the lungs
of the recipients and the majority of the cells
were in bone. Interestingly, the recycled cells
also migrated to cartilages and differentiated
into chondrocytes 7 vivo [53]. The results from
these studies implied that cells exposed to bone
microenvironments will return to bone upon
reinjection via the systemic circulation. These
data were confirmed by the transplantation of
the adipose derived stem cells exposed to bone
microenvironment by direct injection of MSCs
into adult femur bone and retrieving them at
14 days following injection. Subsequent reinjec-
tion of the cells into the developing mice showed
that the cells migrated to most of the bones of
the recipients [61]. The level of engraftment in
bone was, however, still low, as it ranged from
1-3% of the cells retrieved from the recipient
animals at 30 days after cell transplantation.
To determine if higher levels of bone engraft-
ment could be achieved by a defined popula-
tion of MSCs, we generated single-cell sub-
populations from the MSCs harvested from the
marrow of normal mice. The single cells were
expanded in culture, evaluated for efficiency in
differentiation toward osteoblast iz vitro and
homing to bones following transplantation into
the 2-day-old 0im mice. By using this approach,
subpopulations of MSCs were identified that
exhibited very high efficiency for migration to
bone. One of the identified clones migrated and
engrafted in all the bones of the recipients at
high efficiency following injection. The cells
colonized all the femurs and tibia, differenti-
ated into osteoblasts and deposited Type I col-
lagen in the recipient bones (Ficure 1) [58]. These
results implied that there are cell subpopulations
within bone marrow that are at different stages
of differentiation, and that some of these cell
subpopulations have a high affinity for migra-
tion to bone following transplantation. The level
of engraftment, however, appeared to diminish
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with time indicating loss of the cells, perhaps
due to rejection by the host. Nevertheless, the
results suggested that high levels of engraftment
in bone can be achieved if correct subpopula-
tions of cells for transplantation could be identi-
fied. Although a high level of engraftment was
achieved using this cell population, these cells
cannot be considered as stem cells because they
expressed Runx2 an early marker of osteoblast
differentiation. These observations suggest that
the cells had progressed further along osteoblast
differentiation and were therefore progenitors.
The above results have been confirmed by
studies in which first-trimester human fetal blood
MSCs were transplanted 77 utero into the fetuses
of oim mice [62]. In this study, blood was col-
lected from human fetuses at 10 weeks of gesta-
tion under ultrasound guidance. The adherent
cells were expanded in culture and then trans-
duced with a bicistronic lentiviral vector carrying
renilla luciferase. The transduced cells, 10° fetal

MSCs marked
with GFP

Baby OIM mouse

Superficial
temporal vein

Trichrome staining — control

Figure 1. Schematic diagram showing transplantation of green fluorescent
protein-marked mesenchymal stem cells into a mouse model of
osteogenesis imperfecta. Bone marrow-derived mesenchymal stem cells
expanded from a single cell clone were transduced with a retrovirus carrying green
fluorescent protein and Zeocin-resistant genes. The cells were injected into a
neonatal mouse with osteogenesis imperfecta via the superficial temporal vein [57].
Recipient mice were sacrificed at 4 weeks following transplantation and bones
were harvested. The figure shows distribution of the donor cells in a tissue section
of a tibia and the equivalent tissue section stained with hematoxylin and eosin. The
femur from the osteogenesis imperfecta mouse that did not receive the cells has
cortical thinning and near absence of trabecular bone [57]. The tissue section was
stained with hematoxylin, eosin and trichrome to demonstrate absence of bone
and collagen deposition.

E: Eosin; GFP: Green fluorescent protein; H: Hematoxylin; MSC: Mesenchymal stem
cell; OIM: Osteogenesis imperfecta murine.
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blood MSC/fetus, were then injected into oim
fetuses at E13.5 to E15 gestation. Tissues har-
vested from the recipient mice were subjected to
bioluminescence imaging for the detection of the
luciferase activity. The authors reported that at
12 weeks following transplantation, the recipient
mice had a reduction in the number of fractures
and increased bone strength and length, as well
as normalization of growth plate height. In addi-
tion, the donor cells were mostly found in the
bones in the areas of active bone formation and
remodeling. The authors concluded that in utero
transplantation of MSCs into fetuses that are
affected with OI may lead to the amelioration
of OI phenotypes. In utero transplantation also
led to the improvement of the glomerulopathy
in this mouse model (63]. These findings are of
interest because they suggest that MSCs may
potentially be used for OI therapy if performed
during the developmental stage. However, the
long-term benefits of stem-cell transplantation for
treating OI remain to be established. The mice
that received the cell transplant were sacrificed at
12 weeks after birth; this time point is too short
to assess the longer-term benefits of cell trans-
plantation for OI patients. Nevertheless, in utero
cell transplantation proved that MSCs may be
beneficial for OI treatment, at least during the
early stages of development.

Stem and gene therapies for Ol

As discussed previously, cell therapy for domin-
ant-negative forms of OI will require a different
approach to that of recessive forms of OI. Type II,
III and IV OI forms result from mutations that
affect the structure of al(I) or a2(I) chains.
Since abnormal collagen molecules are depos-
ited in the matrix, a higher level of cell engraft-
ment is necessary to generate sufficient matrix to
counteract the presence of abnormal molecules.
Studies of stem-cell transplantation in human
and animal models showed that a low level of
engraftment contributed to the improvement
in the bone properties of the recipients [s54.62].
Cabral ¢t al. reported that a high proportion of
mutant osteoblasts was compatible with normal
skeletal function, suggesting that the presence of
alow level of normal osteoblasts in Ol patients is
sufficient to normalize tissue function [64]. The
inherent problem of cell replacement is that a
normal donor is required to supply normal stem
cells. In addition, the recipients need to be condi-
tioned, for example, by myeloablative treatments
to prevent rejection of the transplanted cells.
The best approach would be to manipulate the
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patient’s own cells, for example, by eliminating
the mutant allele or replacing the mutant gene in
cases of recessive forms and then returning the
cells to the patient.

Gene therapies in combination with stem cells
are being evaluated as alternative approaches for
treating OI [9,65-68]. Gene therapy approaches
are complicated by the genetic heterogeneity
of the disease and the fact that most forms of
OI are autosomal dominant. Gene therapy
approaches involving gene replacement in stem
cells would not be possible in these patients
with dominant-negative mutations without
prior silencing of the mutant alleles. Several
approaches for silencing mutant alleles have
been suggested; use of oligonucleotides, RNAi
suppression, use of ribozymes and gene target-
ing [9.65.67]. These approaches have inherent
problems because treatment would have to be
tailored to individual patients. Gene target-
ing proposed by Chamberlain ez a/. targets
mutant alleles in stem cells, and the corrected
stem cells can then be returned to the patients
from whom the cells were harvested [65]. As
a proof of concept, Chamberlain et al. used
an adeno-associated virus vector carrying a
neomycin-resistant gene and COLIAI to target
the disruption of COLIAI in MSCs harvested
from patients with OI. Using this approach, the
investigators were able to show that the mutant
allele could be disrupted, thus generating MSCs
that synthesize normal Type I collagen [65]. The
rationale behind this approach is that the stem
cells corrected to synthesize normal Type I col-
lagen would be returned to the patients from
whom the MSCs were harvested. This attrac-
tive approach would entail harvesting stem cells
from a patient, correcting the defect and then
returning the cells to the same patient. Since
the cells would be harvested from the patient,
potential for cell rejection would be avoided. If
this approach is possible, returning the cells to
the respective patients poses a major challenge.
In order to achieve this, methods to increase
the level of engraftment of the donor cells in
bones will have to be developed. In addition, it
is not clear if the donor cells will persist in the
patients’ tissues following transplantation.

Gene replacement could also be possible in
dominant-negative defects if a normal gene is
overexpressed in the cells expressing abnor-
mal protein. A report by Pochampally ez al.
showed that MSCs harvested from a patient
with Type IIT OI due to a mutation in COLIAI
made to express normal COLIAI ¢cDNA by
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gene transfer, efficiently expressed the normal
collagen in vitro and the cells differentiated
efficiently into osteoblasts [69]. These data sug-
gested that overexpression of the normal gene in
stem cells expressing the abnormal gene could
partially rescue the dominant-negative defect.

Conclusion

Stem-cell therapy for OI holds promise. Early
treatment appears to be the best approach
because the stem cells show higher engraftment
in developing animals or at the fetal stage. For
successful treatment of OI, cells to transplant
and methods to increase cell engraftment in
bone will need to be developed. Guillot ez al.
compared MSCs harvested from fetal and adult
tissues, and concluded that stem-cell therapy
for bone dysplasias such as OI may benefit from
preferentially using first-trimester fetal blood or
bone marrow MSCs rather than fetal liver or
adult bone marrow MSCs [70]. These findings
indicate that transplantation of the cells from
fetal tissues may lead to high levels of stem cell
engraftment in the bones of the recipients. The
use of ESCs for transplantation is attractive,
but derivation of the cells and methods to direct
them to differentiate toward specific lineages
remain challenges. The advantage of using
ESCs is that gene correction is better suited
to ESCs than to adult stem cells. Allogeneic
transplantation is a major problem because of
potential cell rejection; thus, the approach to
combine stem cells and gene therapy offers the
best approach for treating OI. Adult patients
could be treated with stem cells by delivering
cells locally in individual bones. This approach
has not yet been attempted.

Future perspective

Over the next 5-10 years, extensive progress
will be made in understanding the biology of
stem cells, both the adult and the ESC. The
ESC will gain extensive attention because of the
potential they hold in regenerative medicine.
Mechanisms of fibroblast reprogramming to
generate ESC-like cells will be determined and
this will pave the way for generating patient-spe-
cific ESC. Gene targeting to eliminate mutant
alleles in stem cells will be improved, and this
will open the way for gene replacements in stem
cells. We anticipate improvements in designing
novel methods to target stem cells to muscu-
loskeletal tissues with high efficiency, and we
will begin to understand the role of stem cells
in treating various diseases including OI.
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Executive summary

Osteogenesis imperfecta (Ol) is a brittle-bone disease resulting from mutations in the genes that encode polypeptide chains of Type |

collagen, the major component of bone.

Some forms of Ol result from mutations in the genes that encode noncollagenous proteins that play a role in post-translational

modification of the collagen chains.

Most mutations are dominant negative, thus creating complexity in developing treatments for the disease.

Recessive forms of Ol may be more amenable for cell therapy because defective molecules are not present in the matrix.
Pharmacological

Drugs or hormones that have been tried for treating patients with Ol are not expected to be effective because they will not alter the

course of the disease.

Bisphosphonates have proved effective, but long-term effects remain to be established.
Stem cells & Ol treatment

Stem cells hold promise for treating Ol, especially recessive forms, but there are many hurdles to overcome before their application to

Ol treatment.

Clinical trials with adult-derived stem cells showed potential of the adult stem cells for treating Ol, but the treatment is not lasting.

Animal studies showed that early treatment with stem cells may be more beneficial in treating patients with OI.

The best approach will involve a combination of gene therapy and stem cells because of the complexity of the Ol disease.
Conclusion

Stem cells hold promise for treating Ol if proper cells are identified.

Methods of targeting stem cells to bone in order to achieve higher efficiencies in donor cell engraftment will need to be developed in

order to apply stem cells to treat Ol.

Generating patient-specific stem cells will facilitate the use of embryonic stem cells for treating Ol.

A combination of gene and cell therapy may offer the best approach due to the complexity of the Ol disease.
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