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Abstract

We previously reported on the successful engraftment and
long-term multilineage expression (erythroid, myeloid, lym-
phoid) of human fetal liver hematopoietic stem cells in sheep
after transplantation in utero. That the engraftment of long-
term repopulating pluripotent stem cells occurred in these ani-
mals was shown here by the fact that transplantation of human
CD45+ cells isolated from bone marrow of these chimeric ani-
mals into preimmune fetal sheep resulted in engraftment and
expression of human cells. Marrow cells were obtained from
three chimeric sheep at 3.2-3.6 yr after transplant. The relative
percentage of human CD45+ cells present in these marrows
was 3.3±0.32%. A total of 29 X 106 CD45+ cells were isolated
by panning, pooled, and transplanted into six preimmune sheep
fetuses (4.8 x 106 cells/fetus). All six recipients were born
alive. Hematopoietic progenitors exhibiting human karyotype
were detected in marrows of two lambs soon after birth. Cells
expressing human CD45 antigen were also detected in blood
and marrow of both lambs. Human cell expression has been
multilineage and has persisted for > 1 yr. These results demon-
strate that the expression of human cells in this large animal
model resulted from engraftment of long-term repopulating
pluripotent human stem cells. (J. Clin. Invest. 1994. 93:1051-
1055.) Key words: hematopoietic stem cells * human/sheep
xenograft - in utero transplantation - preimmune fetus * fetal
liver

Introduction

Human hematopoiesis is maintained throughout life by a
unique population of progenitor cells known as the hematopoi-
etic stem cells (HSC).' The two major characteristics that de-
fine HSCare their capability for multilineage differentiation
that results in the production of the various blood cell lineages
and their capacity to give rise to progeny cells with functional
characteristics similar to their own ( 1-3). The latter, a process
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1. Abbreviations used in this paper: BFU-E, erythroid burst-forming
unit; BMNC,light density bone marrow mononuclear cells; CFU-GM,
granulocyte macrophage CFU; CFU-Mix, multipotent CFU; HSC, he-
matopoietic stem cells.
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known as self-renewal, is the pivotal function that insures HSC
survival (4). It is these two biological properties that make
HSCthe cellular element believed to be responsible for the
reestablishment of hematopoiesis after bone marrow trans-
plantation.

The existence of HSCand its long-term repopulating ability
have been well established in animals and humans (5-10). In
mice, the use of lethally irradiated recipients as an in vivo assay
has permitted the study of not only the repopulating ability of
HSCbut also its self-renewal capacity. In conjunction with in
vitro assay systems, the irradiated mouse assay has been the
critical element in the isolation and phenotypic and functional
characterization of mouse HSC( 11 ). In this connection, func-
tional cell studies have led to the recognition of at least two
populations of HSCwith regard to their ability to repopulate
hematopoietic tissues in mice; short-term populating cells can
repopulate hematopoietic tissues much faster, but their popu-
lating ability does not last long. The other HSCtype can repopu-
late hematopoietic tissue on a long-term basis ( 12-15).

A great deal of progress has also been made in the identifi-
cation and characterization of human HSC (8-10, 16-18).
Progress in the phenotypic identification of human HSC(8, 9,
19), its isolation in relatively pure form (8, 9, 20), its extensive
characterization in vitro (17, 21-24), and the study of its be-
havior in selected animal models have made it possible to exper-
imentally approach the study of one or more functions of hu-
manHSCin vivo ( 10, 18, 25-28). In this regard, the successful
engraftment and expression of human stem cells in immunode-
ficient mice provided an excellent model to study long-term
human hematopoiesis in vivo ( 10, 18, 25, 26). More recently,
we described the engraftment and long-term expression of hu-
man HSCin sheep after transplantation in utero (27). In this
large animal model, the permissive environment of the early
gestational age fetus, characterized by its immunological nai-
vete and the availability of sites for homing/engraftment of
donor HSC, permits the engraftment of human HSCwithout
the need for cytoablative procedures (27, 28).

Wepreviously reported the successful engraftment and ex-
pression of human fetal liver (27) and adult (28) bone marrow
HSCin this model. The engraftment, now > 4 yr after trans-
plant, has been long-term and associated with multilineage ex-
pression involving donor (human) erythroid, lymphoid, and
myeloid cells (27). To determine whether donor cell activity in
these chimeric lambs resulted from the engraftment of long-
term repopulating human HSC, we transplanted human
CD45+ cells obtained from bone marrow of three human/
sheep chimeric animals at 3.2-3.6 yr after transplant into six
normal preimmune sheep fetuses. Wereport here the presence
of donor (human) cells and hematopoietic progenitors in bone
marrow and blood of two of these secondary recipients. Multi-
lineage donor cells/progenitors engraftment were first detected
at 3 wk after birth (i.e., 4 mo after transplant) and have per-
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Table I. Human Cell Expression in Donor Human/Sheep
Chimeric Lambs*

Animal

Donor human cells 3419 3425 3425C

CD45+ 3.1 2.6 3.2
CD34+ 0.3 0.6 0.4
CD3+ 0.8 0 1.1
CD22+ 0.6 1.1 1.6
CD14+ 2.1 1.7 +$

* All values were determined on BMNCobtained 2 wk before these
studies. Relative distributions of donor (human) hematopoietic pro-
genitors (determined by karyotyping of progenitor-derived colonies)
were: Lamb 3419: CFU-Mix 2.4%, CFU-GM5.2%, BFU-E 1.2%;
Lamb 3425: CFU-Mix 1.8%, CFU-GM7.4%, BFU-E 0%; and Lamb
3425C: CFU-Mix 3.6%, CFR-GM6.9%, BFU-E 3.8%.
* Very low levels (<0.1%) detected.

sisted for > I yr. These results demonstrate that the expression
of human cells in the human/sheep xenograft model resulted
from the engraftment and in vivo self-renewal of long-term
repopulating human HSC. Our findings also indicate the suit-
ability of this large animal model for the study of the engraft-
ment and long-term repopulating potentials of human HSC
populations.

Methods

Donor cell preparation and transplantation procedures. Human
CD45+ cells were isolated by panning light density bone marrow mono-
nuclear cells (BMNC) obtained from three separate donor chimeric
sheep at 3.2, 3.4, and 3.6 yr after in utero transplantation with human
fetal liver HSC. The creation of these chimeric sheep has been de-
scribed in detail previously (27). Briefly, preimmune fetal lambs at
48-54 d gestation (term: 145 d) were transplanted with hematopoietic
cells (2 x 109-1 x 10'° cells/kg estimated fetal body wt) derived from
livers of 12-1 5-wk-old human fetuses. This resulted in the creation of
stable, multilineage human hematopoietic chimerism in a number of
the recipients (27). Full characterization of some of these chimeric
animals including the three donors (3419, 3425, and 3425C) used here
have been published elsewhere (27). At the time of these studies, all
three sheep continued to express human hematopoietic progenitors/
cell activity in bone marrow as determined by flow cytometry and by
karyotype analysis of progenitor-derived erythroid (erythroid burst-
forming unit [BFU-E] ), myeloid (CFU-GM), and mixed (CFU-Mix)
hematopoietic colonies (Table I).

Bone marrow cells were obtained from the posterior iliac crest
under general anesthesia and the BMNCwere isolated by separation on

Ficoll-Hypaque (27, 28). Flow cytometric analysis of pooled samples
from each animal revealed the presence of human CD45+ cells in all
three marrow preparations (Table II). The number of BMNCobtained
from each donor and the numbers of CD45+ cells isolated by panning
are also shown in Table II. HumanCD45+ cells were isolated by posi-
tive selection using goat anti-mouse T-25 cell culture flasks (MicroCel-
lector; Applied Immune Sciences, Menlopark, CA) and the procedure
recommended by the manufacturer. The isolated CD45+cells from all
three donors were pooled and resuspended in Iscove's modified Dul-
becco's medium containing 10% FCS and 5 ng/ml each of recombi-
nant human IL-3 and GM-CSF. The mixture was incubated at 37°C,
5% CO2 in humidified air for 16 h. Wehave shown previously that
short-term exposure to these growth factors results in improved donor
cell engraftment in this model (29, 30). Immediately before transplan-
tation into preimmune fetal sheep recipients, the cells were pelleted by
centrifugation, resuspended in the same medium, and divided into six
equal aliquots. The amniotic bubble procedure was used for in utero
transplantation as described in detail previously ( 31 ). Each of the six
50-54-d-old fetal sheep was injected with one aliquot of cells in 0.5 ml
vol. The recipients were allowed to complete gestation and were exam-
ined for donor cell engraftment beginning at 3 wk after birth.

Monitoring of engraftment. Peripheral blood cells and BMNCwere
analyzed for the presence of donor (human) cells by flow cytometry on
a FACScan0 flow cytometer as described (27). The samples were also
examined for the presence of donor cells by karyotyping of cells (after
PHAstimulation) and of progenitor-derived hematopoietic colonies as
detailed previously (27, 32). BMNC(0.4-2 x 105 cells/ml) were cul-
tured in methylcellulose as described (27, 32). All cultures were estab-
lished with Iscove's modified Dulbecco's medium and erythropoietin
(2 IU/ml). For optimal growth of sheep CFU-Mix, CFU-GM, and
BFR-E, the cultures were supplemented (5% vol/vol) with a prepara-
tion of PHA-stimulated leukocyte-conditioned medium produced
from a mixture of fetal sheep spleen, thymus, liver, and bone marrow
cells in Iscove's modified Dulbecco's medium with 2% fetal sheep
serum (27, 32). In these cultures maximal numbers of sheep colonies
develop by day 9 of incubation. Optimal growth of human hematopoi-
etic progenitors was achieved with the addition of 5 ng/ml each of
human IL-3 and GM-CSFto cultures of cells from the same prepara-
tions of BMNCin the absence of sheep PHA-stimulated leukocyte-
conditioned medium. Colonies were enumerated by type, removed
from the plates individually, and processed for karyotyping on days 9
(sheep) and 19 (human) of incubation (37°C, 5%Co2 humidified air)
as described (27).

Results

Table II summarizes the numbers of BMNCobtained from
each donor and the percentage of CD45+ cells in each prepara-
tion. It can be seen that, although on the average 3.3% of
BMNCwere CD45+ (representing 6.3 X I0' cells), we were
able to recover only 46% of these cells or - 2.9 X 107 cells by
panning. Therefore, each preimmune fetus was transplanted
with - 4.9 x 106 donor CD45+ cells (equivalent to 4.9 X 10'

Table II. Summary of Donor Cell Preparations

Donor lambs

3419 3425 3425C Total

Number of BMNCobtained 6.3 x 103 7.1 x 10" 5.7 x 108 1.9 x 109
Number of CD45+ cells 24.6 x 106 22.7 x 106 16.0 x 106 6.3 x 107

(percentage of total) 3.9 3.2 2.8 3.3
Number of CD45+ cells obtained by panning 11.3 x 106 11.4 x 106 6.5 x 106 2.9 x 107

(percentage of total) 1.8 1.5 1.1 1.5
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Table III. Relative Distribution of Donor (Human) Progenitors in Marrow of Newborn Lambs

Colonies with human karyotype*

CRJ-Mix CF3-GM BFU-E

Animal 3 wk 24 wk 46 wk 3 wk 24 wk 46 wk 3 wk 24 wk 46 wk

G-27 2.1 3.8 2.9 5.8 8.2 7.6 0 4.0 0
G-28 3.8 4.0 3.2 12.2 14.8 6.8 3.9 9.2 0

* The values represent the percentage of total numbers of colonies enumerated. Bone marrow cells were cultured in multiple methylcellulose
plates as described (27). Total colony numbers were determined on days 9 (mostly sheep) and 19 (primarily human) of incubation; all three
progenitor types (CFU-Mix, CFU-GM, and BFU-E) were detected on both days. On day 19, colonies were removed from the plate and individ-
ually processed for karyotyping (27). For each point 21-46 colonies were analyzed.

cells/kg estimated fetal body wt); all fetuses survived to term
and were born alive. All six newborn lambs were evaluated for
the presence of human cells at 3 wk after birth. Two sheep
exhibited human cell chimerism. This was evident from the
presence of significant numbers of progenitors capable of giv-
ing rise to colonies with human karyotype (Table III) and of
cells expressing CD45antigen (Table IV) in blood and marrow
of these two lambs. Table III also shows the relative distribu-
tion of donor (human) erythroid (BFU-E), myeloid (CFU-
GM), and multipotent (CFU-Mix) progenitors in bone
marrow of these sheep at 24 and 46 wk after birth. Except for
BFU-E, which were not detected at 46 wk, bone marrow from
these lambs continued to express human CFU-Mix and CFU-
GMsince birth. The persistence of donor cell engraftment and
expression is also demonstrated by results presented in Table
IV, which shows the presence of CD45+ cells in blood and
marrow of the two chimeric sheep until 68 wk after birth (the
last testing period). The results presented in Table V show the
phenotype of human cell subpopulations present in bone
marrow of lambs G-27 and G-28 at 6 moof age (i.e., 9 moafter
transplantation). In addition to CD45+ cells, marrow of both
sheep contained small but detectable numbers of CD45+ cells
that expressed CD34, CD3, or CD14antigens. No CD22+ cells
were detected in marrow of lamb G-27, while animal G-28
exhibited 0.5% CD22+ cells (Table V).

Discussion

The results presented here provide strong evidence that the
expression of donor (human) hematopoietic cells in the hu-

Table IV. Relative Distribution of Donor (Human) Cells
in Newborn Lambs

CD45+ cells*

Animal Tissue 3 wk 24 wk 46 wk 68 wk

G-27 Blood 0.8 3.2 <0.5 1.7
Marrow 2.9 8.8 4.6 6.3

G-28 Blood <0.5 1.6 1.1 0.8
Marrow 3.7 5.7 6.2 7.9

* Values represent the frequency of human cells detected flow cyto-
metrically after labeling with antibody-recognizing CD45 antigen.

man/sheep chimeric animals is associated with the engraft-
ment and possibly with expansion and self-renewal of the long-
term repopulating human HSC. Engraftment of human HSC
in this xenograft setting occurs because the unique aspects of
fetal development create a permissive environment for the en-
graftment and tolerance of immunologically foreign HSC(33-
36). Among these, the preimmune status of the early gesta-
tional age fetus (37-39) and the availability of sites within the
developing hematopoietic tissues of the young fetus (33) play
critical roles in facilitating the acceptance and engraftment of
the donor human HSC. Wehave shown that in the sheep the
majority of normal donor HSCengraft within the fetal bone
marrow (33) and that for most of the prenatal period the bone
marrow does not participate in the formation of mature blood
cells (33), presumably, because the need of the fetus for blood
cells is satisfied by the liver. It is possible that this absence of a
significant demand for differentiated cellular elements allows
bone marrow stem cells time to establish/expand themselves.
The system may also benefit from the possible processing of
cells by the fetal thymic microenvironment, which could theo-
retically result in long-term cellular and humoral tolerance
(40). It is of interest to note that the engraftment of human

Table V. Phenotypical Analysis of Chimeric Sheep G-27 and G-28
at 6 Moof Age

Humancell frequency*

G-27 G-28

CD45+ 8.8 5.7
CD34+ 0.4 0.3
CD3+ 1.6 1.0
CD22+ 0W 0.5
CD14+ 0.8 0.4

* Values represent the frequency of human cells present in BMNC
detected flow cytometrically after labeling with antibodies recognizing
the different CDantigens. Weare unable to explain why the majority
of CD45+ cells in these preparations did not exhibit lineage-specific
markers. It is possible that, as happens occasionally with human/
sheep chimeric bone marrow cells, the light density layer included
significant numbers of mature white blood cells which are CD45+
but were not phenotyped. * On other occasions bone marrow cells
from lamb G-27 expressed CD22.
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HSCin this model has been accompanied by multilineage ex-
pression involving donor cells of erythroid, myeloid, and lym-
phoid origins (27, 28). The lymphoid expression has included
both T and B lymphocytes (27, 28).

Considerable experimental evidence in animals now indi-
cates the existence of different pools of HSCinvolved in the
repopulation of hematopoietic tissues after extensive depletion
of an animal's own HSCpool. The prototype for these pools
can be seen in days 8 and 12-14 spleen colony-forming cells in
mice ( 12-15). When lethally irradiated mice are infused with
an extrinsic source of HSC, the first set of spleen colonies occur
in the recipient mouse after 8 d. However, while this pool of
cells can repopulate the animal's system, it is short lived. The
longer-term repopulation of the hematopoietic tissues in these
recipients results from the engraftment and proliferative activ-
ity of a more primitive pool of HSCthat form spleen colonies
between days 12 and 14. Operationally, these two pools can be
distinguished by the fact that the long-lived HSC, recovered
from the primary recipients and transplanted into secondary
irradiated recipients, can repopulate the hematopoietic system
in the latter group. This is possible because of the self-renewing
activity of the HSCwhich also prevents its depletion ( 12-15).

Analyses of the proliferative potentials of different popula-
tions of human hematopoietic cells expressing the CD34 anti-
gen helped identify at least two distinct subsets of human pluri-
potent HSCcapable of extensive proliferation in vitro ( 17, 21-
24). The more primitive subset was found to give rise to both
hematopoietic precursors and stromal cells in vitro (41 ). The
human/sheep xenograft model is ideally suited to study the in
vivo repopulating and self-renewal potential of these human
HSCsubsets. The rarity of the primitive HSCin human hema-
topoietic tissue frequently results in the isolation of relatively
small numbers of highly characterized HSC subsets (42),
which while adequate for in vitro studies may not be sufficient
for the evaluation of their in vivo potential. The relatively small
size of the preimmune sheep fetus ( 10 g at the time of trans-
plantation) and the availability of sites within the marrow on-
togenetically primed to accept migrating HSC(including do-
nor HSC) permit the assessment of the engraftment and prolif-
eration potential of the relatively small cell inoculum. In this
regard, we have shown that the transplantation of as few as 4
x 104 highly purified adult human CD34' HLA-DR- bone
marrow cells into these young fetuses resulted in the engraft-
ment and long-term multilineage expression and expansion of
donor HSC (28). The long-term assessment of donor HSC
function is possible because the large size of chimeric sheep
allows sampling of bone marrow and blood at desired intervals
(e.g., 3-4 wk) for long periods without significantly affecting
the hematopoietic status of the lamb. Such long-term evalua-
tion can help distinguish between the proliferative activities of
the most primitive human HSCand transient engraftment re-
sulting from the more committed hematopoietic progenitors.
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