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Stem cells are found in embryonic, fetal and most adult
tissues, and are characterised by two properties. the ability to
self renew and to differentiate into multiple discrete tissue
types. They offer great promise for tissue regeneration, cell
replacement and gene therapy against a range of human
diseases, but, with the exception of haemopoietic stem cells,
clinical application at present remains largely speculative.
Recent success with stem cell transplantation in adults and
children, together with advancesin stem cell biology and gene
manipulation now render intrauterine correction of genetic
defects using stem cells arealistic prospect.

Rationale

Genetic diseases with intrauterine onset can lead to
intrauterinedeath or permanent neurol ogical or muscul oskeletal
damage in early life. Examplesinclude skeletal dysplasias,
mucopolysaccharidoses, cerebral gangliosidoses, the leuko-
dystrophies, a thalassaemia and muscular dystrophies. To
prevent this, stem cells have been proposed as vehicles for
fetal gene or protein delivery, because of their ability to
expand and give rise to large numbers of multipotent cells.
Transplantation in early intrauterine life has a number of
advantagesover postnatal transplantation, raisingthepossibility
that intrauterine therapy may eventually be advantageousfor
genetic diseases of postnatal onset. Firstly, in utero therapy
may be delivered in time to prevent irreversible disease
manifestation (as in a thalassaemia or congenital myotonic
dystrophy). Second, it obviatesthe severetreatment-associ ated
morbidity associated with postnatal bone marrow
transplantation. Third, the fetal environment is highly
proliferative with exponential expansion of stem cell
populations, and large-scale migrations of stem cells occur
naturally only infetal life. Next, thereisahuge stoichometric
advantageinthat thefetusisonly about 75ginsizeat 13weeks
gestation, allowing transplantation of many more cells than
canbegivenpostnatally. Thereisalso someevidencethat fetal
cellshave acompetitive advantage over adult cells.* Finaly,
the immunological naiveté of the early gestationa fetus
produces tolerance to foreign antigens if presented before a
critical window, around 12 to 14 weeks gestation.

The alternative approach isin utero gene therapy. Forin
vivo genetherapy, avector containing thetherapeutic geneis
transferred directly to thefetus and transduces stem and other

cellsinsitu. Therisk of unintentional transduction of germ
cell or maternal cells to date has precluded work on human
fetuses. Direct injection of gene vectors in utero has until
recently proved disappointing in anima models, because of
poor uptake of vectors in differentiated tissues, immune
responses and transient transgene expression.? In contrast, ex
vivo gene therapy uses autologous stem cells that are first
obtained from the fetus, transduced in vitro and then
transplanted back to the fetus, advantages being the selective
transduction of target cells and minimisation of the immune
response. Results from postnatal gene therapy trials validate
the clinical effectiveness of the ex vivo approach.

Haemopoietic Stem Cell Transplantation

To date, intrauterine transplantation has mainly been
eval uated using haemopoi etic stem cel shecauseof their well-
established proliferativeand multi-lineage potential andyears
of clinical experiencein adult transplantation. Most attempts
at haemopoi etic stem cell transplantation in utero havefailed,
because the mid trimester fetus is immunocompetent and
rejects allogeneic cells.® Nevertheless, there are several well
documented reports of successful engraftment and immune
reconstitution following intrauterine transplantation of
haploidentical paternal bone marrow in severe combined
immunodeficiency.*® This disease, however, can instead be
treated postnatally, either by allogeneic haemopoietic stem
cell transpl antation or by exvivo genetherapy using autologous
haemopoietic stem cells. Animal studies of intrauterine gene
delivery using ex vivo transduced autologous haemopoietic
stem cellshavefound limited transduction and sub-therapeutic
expression with retroviral vectors, due to quiescence of
haemopoietic stemcellsand their low level sof theamphotropic
receptor required for viral entry.3¢

Mesenchymal Stem Cell Transplantation

Mesenchymal stem cellsrepresent an attractive alternative
for fetal therapy. Mesenchymal stem cells from adult bone
marrow’®havebeenwell characterised and areunder intensive
investigationfor therapeuticapplicationsin co-transplantation,
muscular dystrophy, myocardial and neural injury, and tissue
engineering. They divide rapidly and have high amphotropic
receptor levels and are readily transducible with integrating
vectors, maintaining transgeneexpressioninvitroandin vivo
without affecting multi-potentiality.®° Use of mesenchymal
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stem cells should obviate the rejection associated with
i ntrauterine haemopoi etic stem cell transpl antation. Although
immune recognition (MLC, T cell aloreactivity, high NK
cells) seems established in humans by the latefirst trimester,
mesenchymal stem cells downregulate certain immune
responses,*! which may be advantageouseven for autol ogous
use to obviate reactions against transgene products. Adult
mesenchymal stem cells suppress T lymphocyte
proliferation,'2**and all ogenei c/xenogene c mesenchymal stem
cells engraft in awide range of organsin immunocompetent
animal models.*+15

Therecent identification of mesenchymal stem cellsinthe
human fetusraisesthepossibility not only of usingaprimitive
mesenchymal stem cell population, but one which could be
harvested for autologous use. Our group has characterised in
human fetal blood a population of adherent cells with an
immunophenotype comparable to adult mesenchymal stem
cells, whichself renew over 20t0 40 passages, and differentiate
in permissive media along multiple mesenchymal and other
lineagesincluding muscleand neural tissue.® Thesecirculate
only inthefirst trimester, support haemopoiesisin co-culture,
and are similar to comparable populations in fetal liver and
bone marrow, suggesting they are stromal cells migrating to
sites of definitive haemopoiesis.'® Consistent with this, they
express multiple adhesion molecules,'” and unlike other fetal
cell types are found rarely in maternal blood in pregnancy,
leading to the speculation that they engraft maternal organs
and may be the cell type responsible for fetomaternal
microchimerism. 8 Transplantation of fetal mesenchymal stem
cellsinaxenogeneic fetal sheep model resultedinlow level
engraftment in multiple organs, with site specific tissue
differentiation.’® Like adult mesenchymal stem cells, their
fetal counterparts are HLA Class 2 negative and suppress
mixed lymphocyte reactions.

Use of fetal mesenchymal stem cells for downstream
therapeutic applications obviates some of the ethical and
safety concerns(i.emalignant teratomaformation) associated
with pluripotent embryonic stem cells on the one hand, while
ontheother reducesthedisadvantagewith adult mesenchymal
stemcellsof limitedstemcell potential. Althoughthereremain
residual ethical issueswithallogeneicuseof fetal mesenchymal
stemcellsfromdiscardedfetal tissue, theseshouldbeobviated
by collection of autologousfetal blood or liver mesenchymal
stem cells in continuing affected pregnancies. Given their
ready transducibility (>95% using retroviral and lentiviral
vectors),? fetal mesenchymal stem cells may be accessible
vehicles for autologous ex vivo fetal gene therapy. Fetal
interventional techniques under high-resolution ultrasound
havealready devel oped to the extent that fetal blood sampling
can beperformed inongoing pregnanciesasearly as12 weeks
with <5% lossrate,?? and advancesinimaging and thin gauge
fetoscopic cannulation should further render mesenchymal
stem cell harvest and reinfusion feasiblein thelatefirst/early
secondtrimester.Z22*However reportsof |eukaemiadevel oping
followingpostnatal genetherapy, presumably duetoinsertional
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mutagenesis, currently limit theexvivogenetherapy approach,
athough thismay beableto be overcomeby clonal expansion
of transduced stem cells after insertional site analysis.

Co-transplantation of adult mesenchymal stem cells has
been shown to enhance engraftment of haemopoietic stem
cells in utero in anima models,® suggesting that co-
transplantation of fetal mesenchymal stem cells may also
result in accelerated haemopoietic engraftment following
intrauterine transplantation.?

Candidate Diseases

Conditions which may be appropriate for development of
intrauterine fetal mesenchymal stem cell therapy include
mesenchymal deficiency conditions which improve after
postnatal bone marrow transplantation (which contains
mesenchymal as well as haemopoetic stem cells) and for
which thereisasurvival advantage for wild type cells. Such
approaches first require testing in murine models
of genetic disease to demonstrate not only engraftment
andtissue-specificdifferentiation, but a solong-termcorrection
of the underlying histological, phenotypic and functional
defect.

Duchenne muscular dystrophy is a progressive X-linked
myopathy where the absence of dystrophin in muscle fibres
|leadstodamageandregenerationcycles, eventually exhausting
themuscle’ sinnate ability to regenerate, resultingin fibrosis.
Muscle wasting is apparent by 3 to 5 years with affected
individuals wheelchair-bound by 12 years and dying in the
third decade from respiratory failure or cardiomyopathy.
Thereisno effectivetreatment and myoblast transplantshave
proved disappointing. Skeletal musclerepair after infusion of
bonemarrow-derived stem cellsresultsinengraftmentinupto
10% of muscle fibres,?"% while infusion of adult synovial
mesenchymal stem cells in a murine muscular dystrophy
model induced synthesis of human dystrophin and decreased
abnormal muscle fibres.® Long-term persistence of donor
nuclel in Duchenne muscle has been documented after bone
marrow transplantation.* Theutility of afetal -to-fetal approach
is supported by mid-gestation intrauterine transplants in a
mousemodel of muscular dystrophy withunpurifiedfetal liver
or adult bonemarrow, whichresultedinwidespread albeit low
level engraftment and myogenic differentiation.:

Another diseasefor which stem cell-based therapy hasbeen
proposedisosteogenesi simperfecta, adisorder of bonefragility
and skeletal deformity characterised by defective type |
collagen, themajor structural proteininbone, which affects 1/
10,000 hirths and for which thereisno cure. Already, afew
childrenwith osteogenesi simperfectahave been transplanted
withallogeneicbonemarrow, whichengraftedinthegenetically
defective bone, improving bone mineral content and growth
velocity over 3 years follow-up.® Subsequent therapy using
adult mesenchymal stem cell swithout myel oabl ation boosted
responses further, without apparent immune response in the
host.** Anecdotally, humanfetal liver mesenchymal stem cell
transplants have been attempted in a couple of fetuses with
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intermediate severity osteogenesisimperfecta, withlow level
engraftment on preliminary analysis. The development of ex
vivo gene therapy for osteogenesis imperfecta is more
problematic, asitisadominant negativedisorder withtherapy
needing to suppress the mutant allele in addition to ensuring
expression of thewild type allele.

Following animal studies suggesting improvement in the
characteristic skeletal and neurological deficit, infusion of
bone marrow-derived mesenchymal stem cells in Hurler
syndromeissimilarly being investigated in affected children
and might also eventually be appliedin utero.3* Niemann Pick
disease, alysosomal storagedisorder, isanother conditionfor
which mesenchymal stem cell transplants have resulted in
histol ogical, biochemical and clinical improvementinmurine
models.*

Conclusion

Just asgenetherapy 10yearsago, stem cell therapy promises
widespread applicationinmany branchesof medicineincluding
fetal medicine. Theoretical ontological advantages of
intrauterine transplantation include increased engraftment
and avoidance of immune rejection, as well as treatment
before disease morbidity. Human fetal mesenchymal stem
cells may have therapeutic application in utero, either
allogeneic, or as autologous donors of therapeutic genes in
inherited deficiency diseases, such as muscular dystrophy,
skeletal dysplasias, and inborn errors of metabolism.
Understanding stem cell fateafter intrauterinetranspl antation
is a necessary prerequisite to further development of this
approach in mouse models of debilitating human disease.
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