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Background. Mesenchymal stem cells (MSC) are progenitors of mesenchymal tissues such as bone, cartilage, and
adipose. Adult human leukocyte antigen (HLA)-matched MSC have been used in cellular therapies of bone disorders
such as osteogenesis imperfecta, with promising results.
Methods. A female fetus with multiple intrauterine fractures, diagnosed as severe osteogenesis imperfecta, underwent
transplantation with allogeneic HLA-mismatched male fetal MSC in the 32nd week of gestation. Engraftment analyses
of donor cells, immunologic reaction against donor cells, and the well-being of the patient were assessed.
Results. At 9 months of age, on slides stained for osteocalcin or osteopontin, a centromeric XY-specific probe revealed
0.3% of XY-positive cells in a bone biopsy specimen. Whole Y genome fluorescent in situ hybridization staining showed
a median of 7.4% Y-positive cells (range, 6.8%–16.6%). Bone histology showed regularly arranged and configurated
bone trabeculae. Patient lymphocyte proliferation against donor MSC was not observed in co-culture experiments
performed in vitro after MSC injection. Complementary bisphosphonate treatment was begun at 4 months. During the
first 2 years of life, three fractures were noted. At 2 years of corrected age, psychomotor development was normal and
growth followed the same channel, �5 SD.
Conclusions. The authors’ findings show that allogeneic fetal MSC can engraft and differentiate into bone in a human
fetus even when the recipient is immunocompetent and HLA-incompatible.
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In utero transplantation (IUT) with hematopoietic stem cells
offers a possibility for curing fetuses with various congenital

disorders (1). In humans, successful IUT has so far been limited

to fetuses with severe immunologic defects, where there is a sur-
vival advantage for donor cells (2–4). Studies on the ontogeny of
fetal immune development suggest that the human fetus can
mount an alloresponse as early as the second trimester (4, 5). The
presence of a functionally developed immune system at such an
early stage of pregnancy calls for alternative strategies if IUT is to
be a realistic therapeutic alternative.

Why perform IUT and not early postnatal transplanta-
tions? The rationale for IUT is based on the assumption that
treatment before birth is preferable because the target disease
is lethal for the fetus or will result in early childhood morbid-
ity, making postnatal therapy less effective. Furthermore,
common arguments for IUT are the lack of myeloablation
requirement, the high proliferative capacity and exponential
expansion of cellular compartments during fetal life, the nor-
mal migration of stem cells to different anatomic compart-
ments and the greatly increased cell dosage given the size and
weight of the fetus, and the far better psychosocial situation
for the mother and father resulting from the birth of a child
who has already been treated.

Adult bone marrow-derived mesenchymal stem cells
(MSC) are not inherently immunogenic (6 – 8). They do not
induce proliferation of allogeneic lymphocytes and escape ly-
sis by cytotoxic T cells and alloreactive natural killer cells (9).
In vivo, persistence of human MSC has been observed in mul-
tiple tissues of newborn sheep after human MSC infusions in
utero even after immunologic competence had been estab-
lished in the fetus (10 –14). Instead, MSC appear to have im-
munomodulatory effects and suppress T-cell responses in-
duced by mitogens and in mixed lymphocyte cultures (6 – 8,
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15, 16). An immunosuppressive effect of MSC in vivo has
been shown in a baboon model, where infusion of ex vivo
expanded major histocompatibility complex (MHC)-mis-
matched donor MSC delayed the time to rejection of histoin-
compatible skin grafts (15).

Like adult bone marrow-derived MSC, fetal liver-de-
rived MSC are nonimmunogenic in vitro (17, 18). Both adult
and fetal MSC retain multilineage potential and form carti-
lage, adipose, bone, and muscle, among other tissues, on in-
duction (17, 19 –21). Several independent reports have con-
firmed that systemically infused human, rodent, and baboon
MSC engraft in nonhematopoietic tissues and acquire the
phenotype of the tissue they repopulate (22–26). These obser-
vations raised the possibility of cell-based therapy for genetic
disorders of mesenchymal tissues.

Fetal liver-derived MSC have increased proliferative ca-
pacity compared with adult bone marrow-derived MSC (18).
When cultured in vitro, the fetal MSC do not differentiate
spontaneously, but after appropriate induction, they form
adipose, cartilage, and bone, like their adult counterparts.
Thus, we chose fetal MSC as the donor cell source for the
intrauterine transplantation, hypothesizing that they propa-
gate better than adult MSC in the fetal environment.

Osteogenesis imperfecta (OI) is a debilitating disorder
resulting in the formation of brittle bones. Mutations in the
COL1A1 and COL1A2 collagen genes perturb normal colla-
gen fibril assembly (27, 28). Several reports indicate a role for
cell therapy in the treatment of OI. Infusion of wild-type MSC
into OI-transgenic mice significantly increased the bone con-
tent of both collagen and mineral (29). Horwitz et al. investi-
gated bone marrow transplantation in children suffering
from severe OI and reported increased growth velocity, total
body mineral content, and fewer fractures (30). In a later
study, isolated MSC from the original bone marrow donors
were gene-marked and infused into the patients (31). A low
level of donor MSC was detected by polymerase chain reac-
tion (PCR) and growth was accelerated. This suggests the
safety and feasibility of MSC therapy and a potential benefit
to children with OI. Encouraged by these reports, we used
IUT of fetal MSC to treat a fetus with severe OI.

PATIENTS AND METHODS

Patient

A 26-year-old gravida I underwent an ultrasound ex-
amination in the 15th week of gestation. Femur length was
below the fifth percentile. Amniocentesis revealed a normal
female karyotype. Ultrasound examinations during weeks 24
to 27 showed that all the limbs were below the fifth percentile,
with angulated and fractured femur bones. A tentative diag-
nosis of OI was made. In the 30th week, the responsible phy-
sician raised the possibility of an IUT with MSC. The parents
chose this therapeutic option, although they were aware that
the fetal treatment was experimental and that the outcome
was uncertain. The transplantation procedure was approved
by the Ethics Committee of Karolinska University Hospital
(Dnr 91:157).

MSC Isolation and Preparation

MSC were isolated from one male fetal liver (10 weeks)
aborted in the first trimester where the woman had volun-

teered to donate fetal tissue. The study was approved by the
Ethics Committee at Karolinska University Hospital (Dnr
428/01) and written consent was obtained from the patient.

The cells were cultured as reported elsewhere (17).
Briefly, the fetal liver was disrupted by passage through a
100-�m nylon filter and the cell suspension was diluted to a
final concentration of 107 cells/mL. Mononuclear cells were
collected by gradient centrifugation and suspended in Dul-
becco’s modified Eagle’s medium-low glucose (Invitrogen,
Paisley, Scotland) supplemented with 10% fetal bovine serum
(Sigma, St. Louis, MO), 100 IU/mL penicillin, and 100 �g/mL
streptomycin (Invitrogen). Cells were plated at 1.6�105 cells/
cm2 in culture flasks and maintained at 37°C in a humidified
environment containing 5% carbon dioxide. After 3 days,
nonadherent cells were discarded and the medium was re-
placed every 3 to 4 days thereafter. At near confluence, the
cells were detached by treatment with 0.05% trypsin and 0.53
mM EDTA (Invitrogen) and replated to a density of 4�103

cells/cm2 in culture flasks. At passage 2, the cells were har-
vested. Aliquots of cells were assayed for sterility, human im-
munodeficiency virus antigen, human T-cell lymphotropic
virus types I and II, hepatitis B and C, and mycoplasma. Har-
vested cells constituted a single phenotypic population by
flow cytometry, being uniformly positive for CD29, CD44,
CD73, CD105, and CD166 and intermediately positive for
human leukocyte antigen (HLA) class I. They were negative
for HLA class II and the hematopoietic markers CD14, CD34,
and CD45. The ability of the cells to differentiate along adi-
pogenic, chondrogenic, and osteogenic lineages was assayed,
as previously described in more detail (17). Harvested cells
were counted, their viability was evaluated, and they were
concentrated to a volume of 2 mL in sterile NaCl.

HLA Typing

Genomic DNA was extracted from proteinase
K-treated recipient peripheral blood or cultured donor MSC
by means of the salting-out method. A ready-to-use system
consisting of sequence-specific primers (Olerup SSP, Saltsjö-
baden, Sweden) was used to identify specific alleles at the
HLA-A, HLA-B, HLA-C, and DRB1 loci for both donor and
patient. PCR reactions were carried out in a PTC-200 thermal
cycler (MJ Research, Watertown, CA) according to the man-
ufacturer’s recommendations. The results of HLA typing of
the donor and recipient were as follows: donor MSC, HLA-
A*24, B*15,*27, Cw*0103,*03, DRB1*07,*15; patient, HLA-
A*03, B*15,*57, Cw*07,*18, DRB1*04.

Culture of Fibroblasts

Umbilical cord fibroblasts isolated at birth and skin fi-
broblasts isolated at 9 months of patient age were cultured in
Ham’s F-10 and RPMI 1640 media supplemented with 10%
fetal calf serum (Sigma) and 20 mM HEPES, 100 U/mL pen-
icillin, 100 �g/mL streptomycin, and 20 mM L-glutamine
(Invitrogen).

Sequencing Assay

The complete coding sequence of COL1A1 and
COL1A2 was amplified from genomic DNA prepared from
umbilical cord and skin fibroblast cultures. Cycle sequencing
protocols were based on the genomic primers described by
Körkkö et al. (32).
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Chimerism Studies

PCR amplifications on DNA extracted from umbilical
cord fibroblasts harvested at birth, fibroblasts from a skin biopsy,
and bone marrow-expanded MSC taken at 9 months of patient
age were performed with two DRB1 donor-specific primers:
DRB1*07(5'-primer,5'-ACGTTTCCTGTGGCAGGGTAAGT-
ATA-3';and3'-primer,5'-CCCCGTAGTTGTGTCTGCACAC-3')
and DRB1*15 (5'-primer, 5'-GTTTCCTGTGGCAGCCTAA-
GAGG-3'; and 3'-primer, 5'-TCCACCGCGGCCCGCGC-3') in
a volume of 50 �L containing 1 �g of genomic DNA in a PTC-
200 thermal cycler (MJ Research). The PCR reactions started
with an initial 2-min denaturing step and included 10 cycles
(94°C for 10 sec, and 65°C for 60 sec) and 30 further cycles (94°C
for 10 sec, 61°C for 50 sec, and 72°C for 30 sec). PCR products
were separated on a ready-to-use polyacrylamide gel electro-
phoresis gel (12.5% nondenaturing polyacrylamide gel under
standard buffer conditions at 10°C; Amersham Pharmacia Bio-
tech, Uppsala, Sweden) for 1 hr and visualized by an automated
silver staining method (Amersham Pharmacia Biotech). The
band patterns were then analyzed in visible light.

Bone Histology Studies

A bone biopsy was taken at 9 months, embedded in
paraffin, stained with hematoxylin-eosin, and examined
morphologically. For immunohistochemistry, slides (4 �m)
were dewaxed before incubation with one of three different
bone markers: osteocalcin (rabbit–anti-human, 1:500; Cam-
bio, Cambridge, United Kingdom), bone sialoprotein (BSP)
(rabbit–anti-human, 1:1,000; Chemicon, Hampshire, United
Kingdom), and osteopontin (mouse–anti-human, 1:500;
MPIIIBIO1). Nonspecific staining was determined by using
corresponding isotype controls. Slides were washed and incu-
bated with horseradish peroxidase-conjugated secondary an-
tibodies, goat–anti-rabbit, and sheep–anti-mouse (DAKO,
Glostrup, Denmark). DAB solution (DAKO) was used as a
substrate for the peroxidase enzyme reaction, and positive
staining was analyzed using light microscopy.

Fluorescent In Situ Hybridization

Osteocalcin-, osteopontin-, and bone sialoprotein-
stained slides were scanned and photographed at magnifica-
tions of 20� and 100�. The same slides were subsequently
prepared for fluorescent in situ hybridization (FISH) with a
tissue pretreatment kit (Q-BIOgene, Illkirch, France). One of
two sets of FISH probes: �-satellite probes for the centro-
meric regions of X (green) and Y (red) (Abbott-Vysis, Abbott
Park, IL) or probes for the total human genome X (green) and
Y (red) (Abbott-Vysis) was applied. To ensure the quality of
the analysis, we hybridized iliac bone sections from healthy
male and female controls with the same probes. The slides
and the probes were simultaneously denatured in a HYBrite
at 73°C and hybridized at 37°C for 16 hr. After washing, the
slides were counterstained with VectaShield DAPI (4'6-dia-
midine-2-phenylidole dihydrochloride)/antifade (Vector
Laboratories, Burlingame, CA) for detection of cell nuclei.
They were scanned in a Nikon microscope and XY/XX cells
were counted. In the osteocalcin-stained slides, 1,500 to 2,000
cells per section in four sections were counted, and in slides
stained with osteopontin and BSP, an average of 500 to 1,000
cells were counted in four and five sections, respectively. Hy-

bridization was greater than 95% in the centromeric XY
probe-stained slides and 90% in slides stained with total ge-
nome X and Y probes.

Immune Response Assay

Blood samples for MLC were collected from the umbil-
ical cord before transplantation and at birth, 7 months, and 9
months of patient age. Peripheral blood lymphocytes were
prepared by centrifugation on a Ficoll gradient (Lym-
phoprep; Nycomed Pharma, Oslo, Norway). Triplicate sam-
ples of 1�105 lymphocytes were cultured with 10,000 irradi-
ated donor or control MSC in 0.2 mL RPMI 1640 medium
supplemented with 20 mM HEPES, 100 IU/mL penicillin,
100 �g/mL streptomycin, 20 mM L-glutamine (Invitrogen),
and 10% pooled human AB serum in 96-well plates, to inves-
tigate whether the donor MSC induced an allograft reaction
in the patient. The cultures were incubated at 37°C in humid-
ified 5% carbon dioxide air for 6 days. On day 5, 1 �Ci/mL
3[H]-thymidine (Amersham Pharmacia Biotech, Little Chal-
font, United Kingdom) was added. After 24 hr, the cells were
harvested on a glass-fiber filter (Wallac, Turku, Finland) us-
ing a semiautomatic harvesting machine (Harvester 96;
Tomec, Orange, CT). Radioactivity was determined as counts
per minute with an Intertechnique �-counter (Wallac).

RESULTS

Transplantation of Fetal MSC and Clinical
Course

The umbilical vein was punctured at week 32 under
ultrasound guidance and analgesia of the fetus. Altogether,
6.5�106 fetal MSC with a viability of 90% were injected.
There were no signs of fetal distress during the MSC injection,
and the pregnancy was uncomplicated thereafter. At 35
weeks, after spontaneous preterm rupture of the membranes,
the baby girl was delivered by cesarean section. Apgar scores
were 9 and 10 at 1 and 5 min, birth weight was 1,669 g (�2
SD), length was 40 cm (�3 SD), and head circumference was
29 cm (�2.5 SD), typical of severely affected OI neonates
(33). A frontal bossing and a soft calvarium were noted, and
her rib cage was slightly asymmetric. Radiography showed
wormian skull bones, generalized osteopenia and platyspon-
dyly, and thin gracile bowed long bones with deformities in-
dicating healed fractures and an actual fracture of the right
femoral diaphysis. The femoral fracture was stabilized and the
patient was discharged at 3 weeks’ postnatal age. Because of
osteopenia and new compression fractures of the spine, treat-
ment with pamidronate was instituted at 4 months (34). Two
fractures have been clinically suspected, a clavicular fracture
at 6 weeks and a costal fracture at 9 months. A femoral frac-
ture occurred at 15 months after a fall from 1 m. Healing of
the fracture was prompt after initial stabilization with a ban-
dage. Dual-energy x-ray absorptiometry of the lumbar spine
(using the Hologic QDR 4500 system) revealed a skeletal
mineralization of 48% that of age-matched controls at 3
months that increased to 56% at 12 months and 76% at 22
months, improvements at least partially attributable to pam-
idronate therapy. The 2 years of life were otherwise uncom-
plicated, without hospitalization. The first teeth erupted at 9
months. At 2 years, her psychomotor development was nor-
mal although it was small for her age, and her growth velocity
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was similar to that for unaffected children, following the same
�5 SD channel for weight and height. She wears orthopedic
shoes to counteract the development of pes valgus and moves
around without restrictions.

Sequencing Assay

In addition to several previously characterized poly-
morphisms, the patient was found to be heterozygous for a
missense mutation (g33743 G/A, bases numbered according
to AF004877) in exon 46 of the COL1A2 gene (Fig. 1A). This
substitution destroys a recognition site for the restriction en-
zyme Bgl I (NEB), and loss of this site was confirmed in two
separate PCR products containing exon 46 in DNA from both
umbilical cord and skin fibroblasts. This glycine-to-aspartic
acid mutation at amino acid 1003 of the triple helix has not
been previously reported in other OI patients; however, sim-
ilar mutations are associated with a severe, nonlethal pheno-
type (Fig. 1B) (35, 36).

Bone Histology

At 9 months, a bone biopsy showed regularly arranged
and configurated bone trabeculae lined by a columnar layer
of normal osteoblasts (Fig. 2). The amount and distribution
of osteocytes and the ossification were normal for her age.
There were no apparent signs of healing or remodeling. Cel-
lularity was 100% in the marrow cavity, with no fibrosis
present. All myeloid cell lines were represented and of normal
morphology.

Engraftment and Identification of MSC

A centromeric XY-chromosome–specific probe identi-
fied 17 cells (0.3%) containing XY in 6,000 cells stained with
osteocalcin in a bone biopsy (Fig. 3A). In slides stained for
osteopontin, four XY cells (0.3%) were detected in 1,600 cells
studied with the centromeric XY probe. In BSP-stained slides
hybridized with probes against the whole male and female
genome, Y-positive cells similar to those observed in male
control slides were detected in the patient but not in female
controls. Using the whole male genome probe, we detected
228 Y chromosome-positive cells (median, 7.4%; range,
6.8%–16.6%) in a total of 2,500 cells stained with BSP (Fig.
3B). The probability of finding the centromeric region in
sliced samples is lower than that of finding any region of the Y
genome and could explain the lower number of Y-positive
cells found with the centromeric-specific probes. A total of
three triploid cells (XXY) and one tetraploid cell (XXXY)
were identified in nearly 10,000 cells counted.

DNA isolated from umbilical cord fibroblasts har-
vested at birth and from skin fibroblasts and bone marrow
MSC expanded in culture harvested at 9 months of age was
analyzed by PCR. No donor DNA was detected.

Immune Response

Peripheral blood lymphocytes from the patient at the
time of transplant proliferated against allogeneic lympho-
cytes in vitro in co-culture experiments, demonstrating im-
munocompetence of the fetus (Fig. 4A). However, alloreac-
tivity was not detected against donor fetal MSC in vitro before
transplant (Fig. 4A). Postnatally, lymphocytes isolated from
the child at birth and at 7 and 9 months of age continued to
respond to allogeneic lymphocytes in MLC (Fig. 4B–D). At
none of the time points tested were lymphocytes from the
recipient stimulated by the donor fetal MSC, indicating that
no immune reaction had occurred against the transplanted
cells (Fig. 4B–D).

FIGURE 1. Mutation analysis of the patient’s COL1A2
gene. (A) Electropherograms of DNA from the patient and a
normal control subject illustrating the region containing nu-
cleotide 33743 of the genomic COL1A2 sequence. The patient
has an adenine-to-guanine substitution, resulting in a glycine-
to-aspartic acid mutation. (B) The distribution and phenotype
of reported glycine-to-aspartic acid changes in previously re-
ported OI patients. Patients with type II OI are represented
above the line, and those with milder phenotypes (III and IV)
are shown below it. (Data are from the type I collagen muta-
tion database: http://www/le.ac.uk/genetics/collagen/
col1a2.html.)

FIGURE 2. Hematoxylin-eosin staining of a bone biopsy
taken at 9 months of age. Bone trabeculae were well-con-
figurated and regular, and lined by a columnar layer of
normal osteoblasts. The amount and distribution of osteo-
cytes and the ossification were normal for this age.
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DISCUSSION
Our study demonstrates that allogeneic MSC of fetal

liver origin can be transplanted across MHC barriers and,
after intravenous transplantation in utero, undergo site-spe-
cific differentiation to bone and persist for extended times.
Donor cell engraftment was 0.3% by analysis with the centro-
meric Y chromosome-specific probe. A considerably higher
level of donor cell engraftment (7.4%) was estimated using
the total Y chromosome painting probe, which recognizes
multiple parts of the Y chromosome. Because osteocytes are
terminally differentiated cells, the presence of osteocalcin-,
osteopontin-, and bone sialoprotein-positive cells of male or-

igin in bone more than 9 months after transplantation suggests
that the transplanted cells participate in biologic turnover and
provide a continual source of osteoblastic progenitor cells. From
the time of transplant until the bone biopsy specimens were
collected, the child grew appreciably. Because pamidronate
treatment does not stimulate growth in OI children (37), the
engrafted MSC may be partially responsible for this considerable
growth (31), which is evidence of a functional contribution of
the differentiated MSC to the osteogenic environment.

Previous reports indicate that prolonged culturing
compromises the engraftment and differentiation capacity of
adult MSC (31, 38). The cells transplanted in the present
study were harvested during their second passage and had not
been expanded substantially ex vivo. However, it is possible
that the fetal MSC, which exhibit a significantly higher pro-
liferative capacity than adult-derived MSC, have an increased
potential to generate large quantities of osteoblasts in the long
term.

We could not detect donor cells by PCR on culture-
expanded umbilical cord and skin fibroblasts or in a marrow
aspirate expanded in vitro in MSC medium. The negative
results for MSC derived from the bone marrow aspirate could
be explained by the low sample volume. Also, detection of
donor MSC has proved difficult with cultured bone marrow
aspirates from both human and animals, because MSC are
preferentially located in the endosteum (25, 31, 39). Another
explanation is loss of proliferation potential by expanded
MSC after intravenous infusion (40). Recently, Spees et al.
reported that cell fusion, including nuclear fusion, was fre-
quent in ex vivo co-cultures of adult MSC and heat-shocked
small airway epithelial cells (41). We therefore looked for ev-
idence of binucleated cells in sections stained with DAPI and
for double FISH signal intensity from DAPI-stained nuclei,
which would clearly reveal the presence of double or larger
amounts of chromatin. In more than 10,000 cells examined,
we found 4 polyploid cells.

This is the first demonstration of donor MSC engraft-
ment in a human fetus with normal immunologic function.
In vitro studies suggest that engraftment occurred because
MSC are immune-privileged cells. Several reports have indi-
cated that neither fetal nor adult MSC are inherently immu-
nogenic and do not elicit proliferation of allogeneic lympho-
cytes in co-culture experiments (6 – 8, 15, 16, 42). Adult MSC
express MHC class I and contain intracellular deposits of
HLA class II that can be increased on the cell surface after
stimulation of the cells with interferon-� for 1 or 2 days (42).
The fetal MSC used here, and those derived from other first-
trimester fetuses studied by our group, express HLA class I
but require exposure to interferon-� for 1 week for de novo
synthesis and induction of cell surface expression of class II
alloantigens (18). Interestingly, in spite of HLA class II ex-
pression, the cells do not elicit alloreactivity in vitro, suggest-
ing that they possess unique immunologic properties. Several
animal studies also indicate transplantability of MSC across
MHC barriers. Infusion of mismatched human fetal MSC
promotes the engraftment of umbilical cord blood-derived
CD34� cells (43). Furthermore, MSC persist long term after
allogeneic transplantation in baboons (25, 26).

Encouraged by the available in vitro data, we hypothe-
sized that fetal MSC would be transplantable between HLA-
mismatched individuals. Before transplantation, prolifera-

FIGURE 3. Detection of donor-derived cells in sections
of a bone biopsy specimen obtained at 9 months of age.
Analyses of 4-�m single sections by immunohistochemistry
followed by X and Y chromosome FISH. (A) �-Satellite
probes for the centromeric regions. Both X (green dots) and
Y chromosomes (red dots) can be recognized in DAPI-stain-
ing nuclei of osteocalcin-positive cells. (arrows) Cells con-
taining Y chromosomes. (B) Bone sections from the patient
and healthy female and male controls were hybridized with
probes for the total human genome X (green) and Y (red)
with DAPI staining of the nucleus.
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tion of donor lymphocytes against allogeneic peripheral
blood lymphocytes was detected in mixed lymphocyte cul-
tures, confirming immunocompetence of the fetus. In con-
trast, alloreactivity against donor MSC was not detected be-
fore transplantation or when investigated at different times
after transplantation. This indicates a lack of immune reac-
tivity against the transplanted MSC; however, to demonstrate
definitely a lack of alloresponse to the donor, one would need
to test donor tissues other than MSC against the recipient
lymphocytes. This was not possible because no other donor
tissue was available.

OI is a heterogeneous disorder with clinical character-
istics that include bone fragility and deformity, alterations in
scleral hue, diminished stature, and decreased bone mineral-
ization (44). The patient described here presented several fea-
tures suggestive of a severe OI phenotype, including markedly
diminished calvarial mineralization with wormian bones; in-
trauterine fractures of long bones; and angulation, platyspon-
dyly, and blue sclerae. Most of the mutations that have been
identified in OI in the COL1A1 and COL1A2 genes are single
base changes that convert a codon for glycine to a codon for
another amino acid (45). Genetic analysis of our patient re-
vealed a mutation near the 3' end of the COL1A2 gene, result-
ing in a glycine-to-aspartic acid substitution of the �2(I) pro-
collagen triple helical domain, which is consistent with a
severe, nonlethal phenotype (35, 36). However, the severity of
OI also depends on the relative balance between the rates of
synthesis of mutated and normal pro-� polypeptide chains
(46). In children with OI who have undergone transplanta-
tion with MSC from an HLA-identical sibling donor, the
presence of only 1% to 2% donor MSC leads to clinical im-
provement (31). Thus, low levels of MSC engraftment may be
sufficient to produce a shift in the balance between the syn-
thesis of mutated and normal pro-� chains, thereby convert-
ing a severe OI phenotype to one that is less severe. In the

patient described here, it was not possible to determine
whether the low presence of donor-derived cells had any in-
fluence on the OI phenotype. Such assessment was compli-
cated by the variability in OI severity and by complementary
treatment with bisphosphonates, which may also have af-
fected the clinical outcome. Controlled studies are needed to
fully evaluate the therapeutic effect of donor MSC therapy.

The technical aspects of IUT also include the risk of pro-
cedure-related complications. In utero transplantation is usually
performed with a 22-gauge needle and involves injection of a
small volume. It is a rather simple ultrasound-guided procedure
that lasts for only 5 to 10 min. From experience with invasive
procedures such as cordocentesis and intraperitoneal adminis-
tration of blood products, we estimate that the loss risk is ap-
proximately 1%. Thus, the preterm rupture of the membranes 3
weeks after transplantation is likely a consequence of the OI
rather than the IUT. If IUT proves to be a realistic alternative,
there will be an obvious need for comparative studies between
IUT and early postnatal transplantations.

The therapeutic potential of MSC extends to disorders
affecting mesenchymal progenitors, such as hypophosphata-
sia, muscular dystrophia, and mucopolysaccharidosis (47).
Several of these disorders can be diagnosed prenatally, mak-
ing them potential candidates for IUT. It is likely that prenatal
transplantation in some of these conditions may be more ef-
ficacious than postnatal therapy, because the children are al-
ready severely affected at birth. In addition, in many of these
conditions, the diagnosis is often made rather late during
pregnancy, so that termination becomes a cumbersome and
often impossible alternative. For these patients, a therapeutic
prenatal option would be of great value.

CONCLUSION
Research on MSC is in its infancy, and the clinical in-

dications remain to be established. Our data show that allo-

FIGURE 4. MLC with patient
lymphocytes and donor MSC;
10,000 MSC or 100,000 allo-
geneic peripheral blood lym-
phocytes were co-cultured
with 100,000 patient periph-
eral blood lymphocytes. (A)
Before transplantation. (B) At
birth. (C) At 7 months of age.
(D) At 9 months of age. An im-
mune response was detected
against allogeneic lymphocytes
but not donor MSC. The data are
reported as mean�SD of three
experiments.
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geneic fetal MSC engraft and differentiate even when the re-
cipient is immunocompetent and HLA-incompatible.

ACKNOWLEDGMENTS

The authors thank Olle Olerup, M.D., for the DRB1 do-
nor-specific primers and Rachel Sugars for assistance with bone
immunohistochemistry.

REFERENCES
1. Zanjani ED, Pallavicini MG, Ascensao JL, et al. Engraftment and long-

term expression of human fetal hemopoietic stem cells in sheep follow-
ing transplantation in utero. J Clin Invest 1992; 89(4): 1178.

2. Touraine JL, Raudrant D, Laplace S. Transplantation of hemopoietic
cells from the fetal liver to treat patients with congenital diseases post-
natally or prenatally. Transplant Proc 1997; 29(1–2): 712.

3. Flake AW, Zanjani ED. In utero hematopoietic stem cell transplanta-
tion: Ontogenic opportunities and biologic barriers. Blood 1999; 94(7):
2179.

4. Westgren M, Ringden O, Eik-Nes S, et al. Lack of evidence of perma-
nent engraftment after in utero fetal stem cell transplantation in con-
genital hemoglobinopathies. Transplantation 1996; 61(8): 1176.

5. Shields LE, Lindton B, Andrews RG, et al. Fetal hematopoietic stem cell
transplantation: A challenge for the twenty-first century. J Hematother
Stem Cell Res 2002; 11(4): 617.

6. Le Blanc K, Tammik L, Sundberg B, et al. Mesenchymal stem cells
inhibit and stimulate mixed lymphocyte cultures and mitogenic re-
sponses independently of the major histocompatibility complex. Scand
J Immunol 2003; 57(1): 11.

7. Di Nicola M, Carlo-Stella C, Magni M, et al. Human bone marrow
stromal cells suppress T-lymphocyte proliferation induced by cellular
or nonspecific mitogenic stimuli. Blood 2002; 99(10): 3838.

8. Tse WT, Pendleton JD, Beyer WM, et al. Suppression of allogeneic
T-cell proliferation by human marrow stromal cells: Implications in
transplantation. Transplantation 2003; 75(3): 389.

9. Rasmusson I, Ringden O, Sundberg B, et al. Mesenchymal stem cells
inhibit the formation of cytotoxic T lymphocytes, but not activated
cytotoxic T lymphocytes or natural killer cells. Transplantation 2003;
76(8): 1208.

10. Almeida-Porada G, Flake AW, Glimp HA, et al. Cotransplantation of
stroma results in enhancement of engraftment and early expression of
donor hematopoietic stem cells in utero. Exp Hematol 1999; 27(10):
1569.

11. Almeida-Porada G, Porada CD, Tran N, et al. Cotransplantation of
human stromal cell progenitors into preimmune fetal sheep results in
early appearance of human donor cells in circulation and boosts cell
levels in bone marrow at later time points after transplantation. Blood
2000; 95(11): 3620.

12. Liechty KW, MacKenzie TC, Shaaban AF, et al. Human mesenchymal
stem cells engraft and demonstrate site-specific differentiation after in
utero transplantation in sheep. Nat Med 2000; 6(11): 1282.

13. in ’t Anker PS, Noort WA, Kruisselbrink AB, et al. Nonexpanded pri-
mary lung and bone marrow-derived mesenchymal cells promote the
engraftment of umbilical cord blood-derived CD34(�) cells in NOD/
SCID mice. Exp Hematol 2003; 31(10): 881.

14. Airey JA, Almeida-Porada G, Colletti EJ, et al. Human mesenchymal
stem cells form Purkinje fibers in fetal sheep heart. Circulation 2004;
109(11): 1401.

15. Bartholomew A, Sturgeon C, Siatskas M, et al. Mesenchymal stem cells
suppress lymphocyte proliferation in vitro and prolong skin graft sur-
vival in vivo. Exp Hematol 2002; 30(1): 42.

16. Krampera M, Glennie S, Dyson J, et al. Bone marrow mesenchymal
stem cells inhibit the response of naive and memory antigen-specific T
cells to their cognate peptide. Blood 2003; 101(9): 3722.

17. Gotherstrom C, Ringden O, Westgren M, et al. Immunomodulatory
effects of human foetal liver-derived mesenchymal stem cells. Bone
Marrow Transplant 2003; 32(3): 265.

18. Gotherstrom C, Ringden O, Tammik C, et al. Immunologic properties
of human fetal mesenchymal stem cells. Am J Obstet Gynecol 2004;
190(1): 239.

19. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of
adult human mesenchymal stem cells. Science 1999; 284(5411): 143.

20. Prockop DJ. Marrow stromal cells as stem cells for nonhematopoietic
tissues. Science 1997; 276(5309): 71.

21. Campagnoli C, Roberts IA, Kumar S, et al. Identification of mesenchy-
mal stem/progenitor cells in human first-trimester fetal blood, liver,
and bone marrow. Blood 2001; 98(8): 2396.

22. Pereira RF, Halford KW, O’Hara MD, et al. Cultured adherent cells
from marrow can serve as long-lasting precursor cells for bone, carti-
lage, and lung in irradiated mice. Proc Natl Acad Sci USA 1995; 92(11):
4857.

23. Nilsson SK, Dooner MS, Weier HU, et al. Cells capable of bone pro-
duction engraft from whole bone marrow transplants in nonablated
mice. J Exp Med 1999; 189(4): 729.

24. Onyia JE, Clapp DW, Long H, et al. Osteoprogenitor cells as targets for
ex vivo gene transfer. J Bone Miner Res 1998; 13(1): 20.

25. Devine SM, Bartholomew AM, Mahmud N, et al. Mesenchymal stem
cells are capable of homing to the bone marrow of non-human pri-
mates following systemic infusion. Exp Hematol 2001; 29(2): 244.

26. Devine SM, Cobbs C, Jennings M, et al. Mesenchymal stem cells dis-
tribute to a wide range of tissues following systemic infusion into non-
human primates. Blood 2003; 101(8): 2999.

27. Byers PH. Disorders of collagen biosynthesis and structure. In: Scriver
CR, Beaudet AC, Sly WS, et al., eds. The metabolic and molecular bases of
inherited disease. New York, McGraw-Hill 2001, p 5241.

28. Myllyharju J, Kivirikko KI. Collagens and collagen-related diseases.
Ann Med 2001; 33(1): 7.

29. Pereira RF, O’Hara MD, Laptev AV, et al. Marrow stromal cells as a
source of progenitor cells for nonhematopoietic tissues in transgenic
mice with a phenotype of osteogenesis imperfecta. Proc Natl Acad Sci
USA 1998; 95(3): 1142.

30. Horwitz EM, Prockop DJ, Fitzpatrick LA, et al. Transplantability and
therapeutic effects of bone marrow-derived mesenchymal cells in chil-
dren with osteogenesis imperfecta. Nat Med 1999; 5(3): 309.

31. Horwitz EM, Gordon PL, Koo WK, et al. Isolated allogeneic bone mar-
row-derived mesenchymal cells engraft and stimulate growth in chil-
dren with osteogenesis imperfecta: Implications for cell therapy of
bone. Proc Natl Acad Sci USA 2002; 99(13): 8932.

32. Korkko J, Ala-Kokko L, De Paepe A, et al. Analysis of the COL1A1 and
COL1A2 genes by PCR amplification and scanning by conformation-
sensitive gel electrophoresis identifies only COL1A1 mutations in 15
patients with osteogenesis imperfecta type I: Identification of common
sequences of null-allele mutations. Am J Hum Genet 1998; 62(1): 98.

33. Sillence DO. Disorders of bone density, volume, and mineralization.
In: Rimoin DL, Connor JM, Pyeritz RE, eds. Emery and Pimoin’s prin-
ciples and practice of medical genetics, vol. II. New York, Churchill Liv-
ingstone 1997, p 2817.

34. Astrom E, Soderhall S. Beneficial effect of long term intravenous
bisphosphonate treatment of osteogenesis imperfecta. Arch Dis Child
2002; 86(5): 356.

35. Byers PH, Wallis GA, Willing MC. Osteogenesis imperfecta: Transla-
tion of mutation to phenotype. J Med Genet 1991; 28(7): 433.

36. Wang Q, Orrison BM, Marini JC. Two additional cases of osteogenesis
imperfecta with substitutions for glycine in the alpha 2(I) collagen
chain: A regional model relating mutation location with phenotype.
J Biol Chem 1993; 268(33): 25162.

37. Glorieux FH, Bishop NJ, Plotkin H, et al. Cyclic administration of
pamidronate in children with severe osteogenesis imperfecta. N Engl
J Med 1998; 339(14): 947.

38. Banfi A, Muraglia A, Dozin B, et al. Proliferation kinetics and differen-
tiation potential of ex vivo expanded human bone marrow stromal
cells: Implications for their use in cell therapy. Exp Hematol 2000;
28(6): 707.

39. Fouillard L, Bensidhoum M, Bories D, et al. Engraftment of allogeneic
mesenchymal stem cells in the bone marrow of a patient with severe
idiopathic aplastic anemia improves stroma. Leukemia 2003; 17(2):
474.

40. Rombouts WJ, Ploemacher RE. Primary murine MSC show highly ef-
ficient homing to the bone marrow but lose homing ability following
culture. Leukemia 2003; 17(1): 160.

41. Spees JL, Olson SD, Ylostalo J, et al. Differentiation, cell fusion, and nuclear
fusion during ex vivo repair of epithelium by human adult stem cells from
bone marrow stroma. Proc Natl Acad Sci USA 2003; 100(5): 2397.

42. Le Blanc K, Tammik L, Zetterberg E, et al. HLA expression and immu-
nologic properties of differentiated and undifferentiated mesenchymal
stem cells. Exp Haematol 2003; 31(10): 890.

© 2005 Lippincott Williams & Wilkins 1613Le Blanc et al.



43. Noort WA, Kruisselbrink AB, in ’t Anker PS, et al. Mesenchymal
stem cells promote engraftment of human umbilical cord blood-
derived CD34(�) cells in NOD/SCID mice. Exp Hematol 2002;
30(8): 870.

44. Sillence DO, Rimoin DL, Danks DM. Clinical variability in osteogene-
sis imperfecta-variable expressivity or genetic heterogeneity. Birth De-
fects Orig Artic Ser 1979; 15(5B): 113.

45. Bonadio J, Byers PH. Subtle structural alterations in the chains of type
I procollagen produce osteogenesis imperfecta type II. Nature 1985;
316(6026): 363.

46. Sokolov BP, Mays PK, Khillan JS, et al. Tissue- and development-
specific expression in transgenic mice of a type I procollagen
(COL1A1) minigene construct with 2.3 kb of the promoter region
and 2 kb of the 3’-flanking region: Specificity is independent of the
putative regulatory sequences in the first intron. Biochemistry 1993;
32(35): 9242.

47. Koc ON, Day J, Nieder M, et al. Allogeneic mesenchymal stem cell
infusion for treatment of metachromatic leukodystrophy (MLD) and
Hurler syndrome (MPS-IH). Bone Marrow Transplant 2002; 30(4):
215.

1614 Transplantation • Volume 79, Number 11, June 15, 2005


