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Transplantation of Fetal Hematopoietic Stem Cells in
Utero: The Creation of Hematopoietic Chimeras

AraN W. FLAKE, MICHAEL R. HARRISON, N. ScoTT ADZICK,

EsMmaAIL D. ZANJANT*

Transplantation of normal, immature, fetal hematopoietic cells into a preimmune fetal
recipient with a congenital hemoglobinopathy may allow partial reconstitution of
normal hemoglobin production without the complications associated with postnatal
bone marrow transplantation (immunosuppression and the occurrence of graft versus
host disease). In order to test this hypothesis the naturally occurring polymorphism at
the B-hemoglobin locus of the sheep was used as a marker for engraftment and
hematopoietic chimerism. Intraperitoneal injection of allogeneic fetal stem cells into
normal fetal lambs resulted in hematopoietic chimerism in three of four surviving
recipients. This chimerism has been sustained for 6 months after birth and 9 months
after engraftment, without evidence of graft versus host disease, and without the use of

immunosuppressive therapy.

HE RECONSTITUTION IN UTERO OF

cell lines that are either deficient or

defective with normal cells has con-
siderable theoretical appeal and potential
clinical application. Treatment of congenital
hematopoietic diseases by the creation of
hematopoietic chimerism through stem cell
reconstitution with normal cells represents a
potential method of alleviating the clinical
manifestations of some of these diseases.
However, current methods of postnatal
transplantation of stem cells are hampered
by the complications of immunosuppression
and the occurrence of graft versus host
disease (GVHD) (1). These problems result
from the immunocompetence of the recipi-
ent or graft or both and thus may be avoid-
able if grafting is performed before immu-
nocompetence is well established. Trans-
plantation of hematopoietic stem cells de-
rived from an early gestational fetus into an
immunologically immature fetal recipient
offers such a possibility.
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Our goal in this study was to produce an
animal model of hematopoietic chimerism
by the in utero transplantation of fetal hema-
topoietic stem cells. We chose sheep for the
following reasons: (i) the sheep has two
naturally occurring alleles of the B-hemoglo-
bin locus (A and B), which can be used as
definitive markers of successful engraftment
and chimerism (2); (ii) gestation in the
pregnant ewe is sufficiently long (term, 145
days) to allow experimental manipulation in
the first trimester; (iii) the immune status of
the fetal lamb is relatively well documented
(3-5), permitting accurate selection of
preimmune donors and recipients; and (iv)
we have extensive experience with fetal sur-
gery in the sheep (6). We report here that
transplantation of fetal hematopoietic cells
into preimmune fetuses resulted in the cre-
ation of hematopoietic chimeras. This chi-
merism has persisted for 6 months after
birth and 9 months after engraftment with-
out the occurrence of GVHD.

Pretyped homozygous AA and BB Dorset-
Merino sheep (Owis avies), from separate
herds in Minnesota and California, respec-
tively, were used for breeding stock. We
transplanted hematopoietic stem cells ob-
tained from the combined livers of 35- to
50-day-old fetal AA sheep (two males and
one female) into eight 45- to 65-day-old
homozygous BB fetuses by injecting the
cells intraperitoneally. Access to the recipi-
ent was achieved by exposure of the uterus
through a midline laparotomy incision. The
layers of the myometrium and chorion were
transversely incised, taking care to leave the
amnion intact. The fetus was visualized and
gently manipulated into an amniotic bubble.
Donor cells (1 to 2 ml per fetus) were
injected intraperitoneally through a 22-
gauge needle. The fetus was returned to the
primary amniotic space, and the myome-
trium was closed in a double layer. The
pregnancy was allowed to proceed to term
and vaginal delivery.

In order to prepare fetal liver hematopoi-
etic cells, slices of liver were washed [three
times in heparinized o-minimum essential
medium (MEM) + 10% fetal sheep serum]
and passed through a wet screen mesh under
a constant stream of a-MEM. The cell sus-
pensions were passed through stainless steel
mesh screens of progressively smaller pore
sizes until a single cell suspension was ob-
tained (final pore size, 0.2 mm). The mix-
ture was allowed to stand at room tempera-
ture for 5 minutes and the top two-thirds of
the cell suspension was removed, pelleted by
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centrifugation, and resuspended to the de-
sired concentration in heparinized a-MEM.
Each recipient fetus received a single injec-
tion of 2 X 108 to 5 x 10® nucleated cells
per kilogram of body weight (estimated).
Blood samples were obtained within a week
of birth and at monthly intervals thereafter
on all surviving lambs.

As with all surgical procedures on the
early gestational fetus, there was a high
perioperative mortality. Four fetuses sur-
vived the procedure. Of these, three were
born with clear evidence of donor cell en-
graftment as determined by both hemoglo-
bin (Table 1) and chromosome (Table 2)
analyses. The remaining animal (1287), a
twin of one of the chimeric lambs (1286),
received the same cell suspension as its sib-
ling, but failed to exhibit chimerism by
either hemoglobin or chromosome analysis.
One of the chimeric lambs (553) died
abruptly of sepsis at 1 month of age. Autop-
sy revealed multiple abscesses in the liver,
lungs, and subcutaneous tissue. Histologic
examination of the abscesses was suggestive
of Corynebacterinm ovis, a bacterium endemic
to the sheep population. Examination of
sections of the intestine, skin, liver, and
spleen revealed no evidence of GVHD.

The two remaining animals have main-
tained their chimerism for 6 months after
birth without evidence of GVHD. The rela-
tive amounts of donor hemoglobin in these
two lambs ranged from 14 to 29% of the
tota] hemoglobin present in the host circula-
tion (Table 1). Karyotype analysis of periph-
eral blood lymphocytes and of the bone
marrow hematopoietic cells revealed that
the chimerism involved not only the ery-
throid components but also the donor lym-
phoid elements. Of the 48 karyotyped cells
obtained from the peripheral blood of fe-
male animal 1286 at 1 month of age, 13
were male. Karyotype analysis of bone mar-
row cells from this animal, cultured in the
presence of erythropoietin for 3 days and

containing more than 92% erythroid and
granulocytic cells, revealed 11% male cells.
Bone marrow transplantation has been
used to successfully treat many congenital
hematologic diseases, including sickle cell
disease, thalassemia major, Wiskott-Aldrich
syndrome, chronic granulomatous disease,
and severe combined immunodeficiency
syndrome (7). In most cases however, do-
nors with histocompatibility —antigens
(HLA) identical to those of recipient chil-
dren are not available, which precludes
transplantation. In addition, by the time
most of these children are considered for
transplantation they have already been com-
promised by their disease. Recurrent infec-
tions, growth retardation, and sensitization
by multple transfusions can reduce the like-
lihood of a successful outcome. Marrow-
conditioning regimens, with radiation and
chemotherapy, and chronic immunosup-
pression to control GVHD are frequently
required (I). The combination of the disease
and its treatment result in a high morbidity
and mortality for the pediatric recipient. The
possibility of avoiding these problems pro-
vides the rationale for therapy in utero.
Our results demonstrate that a significant
portion of the recipient fetuses exhibited
sustained engraftment of allogeneic donor
cells without evidence of GVHD. Sustained
engraftment of allogeneic cells in a recipient
fetus is critically dependent on fetal immu-
nologic tolerance of the graft. Fetal toler-
ance resulting in permanent chimerism simi-
lar to that reported here has been docu-
mented to occur naturally in animal (8) and
human (9) twins with shared placental circu-
lation. Fetal tolerance has been demonstrat-
ed experimentally in several animal models
(10-12). Although transplantation immuni-
ty develops early in all mammals of long
gestation, there is a period in early gestation
when the fetus is uniquely tolerant of for-
eign antigens (13). In the sheep fetus, pro-
longed survival of allogeneic skin grafts pri-

Table 1. Relative distribution of hemoglobins A (donor) and B (recipient) in lambs transplanted in
utero. Hemoglobin types were determined on cold peripheral blood red cell lysates by isoelectric
focusing (20). Percentages of the two hemoglobin types were determined by chromatography on
carboxymethylcellulose columns (21) for reticulocyte enriched [*H]leucine-labeled peripheral blood

lysates or, when required, leucine-labeled bone marrow aspirates.

Percentage of type A or B at time

Animal Hb
no. type 1 1 2 3 4 6
week month months months months months
1287 A 0 0 0 0 0
B 100 100 100 100 100
553* A 26
B 74
1286 A 21 29 17 22 24 23
B 79 71 83 78 76 77
1340 A 16 18 20 17 14 14
B 84 82 80 83 86 86

*Animal died at 1 month of age of sepsis.
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Table 2. Gestational age of the recipient fetuses at
transplantation, phenotypic sex, and karyotype of
the newborn lamb at 1 week of age. Chromo-
somal analyses were performed on peripheral
blood lymphocytes and cultured bone marrow
cells. Results from bone marrow are presented
here.

Animal Sg;‘:l Pheno- XY XX
no. 0y oRe (6 (%)
1287 62 F 0 100
553 55 M 9 10
1286 62 F 11 89
1340 55 M 88 12

or to 67 days of gestation has been demon-
strated, while grafts placed after 77 days of
gestation are rejected vigorously (5). In a
previous study, we observed chimerism in
three of five lambs transplanted at 85 to 105
days of gestation with allogeneic adult bone
marrow cells (14), which suggested to us
that even after the onset of immunocompe-
tence the fetus is uniquely susceptible to
tolerance induction. However, these animals
died of severe GVHD. These adult-to-fetus
transplantation studies demonstrated that,
while significant engraftment of adult donor
hematopoietic cells occurred in the recipient
fetuses, the recognition of the host environ-
ment as foreign by the immunocompetent
adult cells invariably resulted in the develop-
ment of GVHD in the chimeric animals.

The absence of GVHD in our two long-
term chimeric lambs suggests that the
preimmune fetus is also the ideal stem cell
donor. Lethally irradiated mice reconstitut-
ed with allogeneic fetal stem cells do not
develop GVHD (I5). Similarly, there have
been no reports of GVHD in humans trans-
planted with fetal liver cells from human
fetuses less than 14 weeks old (16). Howev-
er, despite this potential advantage, fetal
liver stem cells do not readily engraft in
postnatal human recipients. It is possible
that the relatively high rate (75%) of en-
graftment reported here is associated with
the existence of a more receptive hematopoi-
etic microenvironment in the fetus at an
early gestational age than in the postnatal
recipient. The developing bone marrow
spaces and architecture in recipients at this
developmental stage may provide the appro-
priate environment for the donor fetal cells
to follow their natural “homing” and prolif-
erative tendencies (17).

Clinical application of this approach will
require consideration of several factors.
First, the timing of transplantation may be
critical to success. The developmental stage
at which we were successful in the lamb
corresponds to a gestational age of 18 to 20
weeks in the human fetus (17, 18). Prenatal
diagnosis now allows the diagnosis of thal-
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assemia and sickle cell disease by the early
second trimester (19), a time when intra-
uterine transfusion is technically feasible.
Second, the optimal dose of donor stem cells
remains to be defined. It is generally accept-
ed that even partial reconstitution of normal
hemoglobin production in patients with he-
moglobinopathies may alleviate the clinical
manifestations of these disorders. The donor
hemoglobin levels of 14 to 29% achieved in
this study are impressive when one considers
that only a fraction of the 2 X 10® to
5 x 10® nucleated cells injected per kilo-
gram of body weight were actually hemato-
poietic stem cells. Higher concentrations of
stem cells in a similar volume of injected
material should be well tolerated by the
fetus, and may result in greater engraftment.
Finally, our findings in this sheep model
may not be applicable to the human fetus.
Similar studies in a primate model are need-
ed.

The successful achievement of hematopoi-
etic chimerism in a large animal model by
transplantation of fetal stem cells in utero
suggests that this approach may provide an
alternative to termination of pregnancy
when, on prenatal diagnosis, a fetus is found
to have a congenital hematopoietic disease.
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Amplification of an Esterase Gene Is Responsible for
Insecticide Resistance in a California Culex Mosquito

CLAUDE MOUCHES, NICOLE PASTEUR, JEAN B. BERGE, OLIVIER
Hyr1eN, MICHEL RAYMOND, BRUNO ROBERT DE SAINT VINCENT,
MONIQUE DE SILVESTRI, GEORGE P. GEORGHIOU

An esterase gene from the mosquito Culex quinquefasciatus that is responsible for
resistance to a variety of organophosphorus (OP) insecticides was cloned in Agtll
phage. This gene was used to investigate the genetic mechanism of the high production
of the esterase B1 it encodes in OP-resistant Culex quinguefasciatus Say (Tem-R strain)
from California. Adults of the Tem-R strain were found to possess at least 250 times
more copies of the gene than adults of a susceptible strain (S-Lab). The finding that
selection by pesticides may result in the amplification of genes encoding detoxifying
enzymes in whole, normally developed, reproducing insects emphasizes the biological
importance of this mechanism and opens new areas of investigation in pesticide

resistance management.

LTHOUGH THE DEVELOPMENT OF
resistance to chemical insecticides in
arthropod pests constitutes a world-
wide economic problem (1), there is virtual-
ly no information on the modifications that
occur at the gene level in the process of
acquiring resistance. Genes have been iden-
tified and sometimes mapped in studying
the physiological or enzymological modifi-
cations in resistant insects. Hypotheses con-
cerning genomic changes include structural
changes as well as overproduction of either
the target molecules or the detoxifying en-
zymes. For example, the modification of
acetylcholinesterase encountered in some
pests resistant to organophosphates (OP)
and carbamates is believed to be a conse-
quence of point mutation (2).
Here we show that overproduction of a
detoxifying esterase is the result of gene

778

amplification in Culex quinquefascintus Say.
In this mosquito, and in many other species
of arthropods, OP resistance arises because
one or several detoxifying esterases have
become highly active and thus prevent the
toxicant from reaching its target at lethal
concentrations (3). Recently, one of these
enzymes (esterase B1) was purified to ho-
mogeneity from the Californian strain Tem-
R (4) and an antiserum raised against the
single 67-kD structural polypeptide subunit
it contains. The antiserum enabled us to
estimate that esterase Bl is 500-fold more
abundant in OP-resistant Tem-R than in
susceptible (S-Lab strain) mosquitoes (5). In
the present study, we have cloned a comple-
mentary DNA (cDNA) to messenger RNA
(mRNA) of esterase B1 and we show that
the corresponding genomic fragment is am-
plified at least 250-fold in resistant Tem-R.

We first verified that the in vitro transla-
tion products of total polyadenylated
[poly(A)*] RNA’s isolated from larvae of
Tem-R mosquitoes contain a 67-kD poly-
peptide comigrating with purified esterase
BI (Fig. 1A, lane 2) that could be specifical-
ly precipitated by its antiserum (Fig. 1B,
lane 1). RNA’s from Tem-R larvae were
then utilized to prepare cDNA’. These
cDNA’s were introduced into the single Eco
RI restriction site of the expression phage
Agtll and plated on an Escherichia coli
Y1090 host. One recombinant phage, Agt-
est, contained in the /acZ gene a cDNA
insert coding for a 19-kD amino acid se-
quence immunoreactive with antiserum to
esterase B1. This cDNA insert (700 bp) was
purified and shown to be able to select by
hybridization an mRNA that codes for es-
terase B1, as judged by in vitro translation
(Fig. 1C) (6).

We therefore used Agt-est DNA as a
probe to detect the esterase Bl gene in
genomic DNA of OP-resistant (Tem-R) and
-susceptible (S-Lab) adult mosquitoes.
Equal quantities of genomic DNA from
both types of mosquito were digested to
completion with Eco RI and the fragments
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