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Abstract
Objective—To investigate whether the sheep xenograft model of human hematopoiesis can be used
to mimic mobilization of human hematopoietic stem cells in vivo.

Material and Methods—Sheep transplanted with 3.6×106 CD34+ from human adult bone marrow
were mobilized 1.5 years post-transplant with human G-CSF for 5 days. At day 3 and 4 of
mobilization, human cells were harvested from PB and BM and were injected into secondary sheep
recipients (n=6) and these animals were analyzed for the presence of human cells in their BM and
PB starting at 3.5 months post-transplantation.

Results—Maximum mobilization of human cells in PB occurred at day 3, with a 21-fold increase
in total numbers of human cells, and a recovery of 5.5×104/ml of CD34+. In the BM, maximal
numbers of human cells were achieved at day 4, with a 6.3-fold increase and a recovery of
1.5×104/ml CD34+ cells. PB and BM mobilized human cells were then transplanted into new sheep
recipients, and analysis at 3.5 months post-transplant demonstrated that levels of human cell
engraftment in BM of the group transplanted with mobilized PB were significantly lower than those
transplanted with BM cells (0.6±0.1 versus 8.0±1.8 %). Furthermore, in sheep transplanted with
mobilized PB, the levels of human cells in circulation remained 2.5-fold higher than the levels of
human cells found in their BM.

Conclusion—Mobilization of human cells in the sheep model parallels human PB and BM HSC
mobilization in healthy human donors in their ability to engraft, differentiate and repopulate
secondary hosts. Thus, this model can become a useful tool to study mobilization regimens,
mechanisms and quality of products obtained.

INTRODUCTION
Mobilized peripheral blood stem cells (PBSC) are increasingly used as an alternative to bone
marrow derived stem cells (BMHSC) for both allogeneic and autologous transplantation.
[1-9] The faster hematopoietic and immune reconstitution which is obtained when PBSC are
used as a hematopoietic graft, and the simplicity and safety of collection methods have allowed
PBSC to quickly replace BMHSC as the cells of choice for HSC transplantation [1,2,5-6] In
addition, it has also been suggested that there is a lower incidence of tumor contamination of
PBSC preparations compared with BM [6,9]. The large amount of accessory cells present in
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peripheral blood could potentially also allow for immunomodulatory approaches to enhance
graft versus tumor response following transplantation [1,2]. While several authors have
reported differences in the phenotype, cell cycle status, and amount of stem cells present in
PBSC versus BMHSC [10-21], other research groups have devoted their attention to the
mechanisms by which HSC are mobilized [22-27]. Still, a further understanding of the
mechanisms of mobilization and the quality and biological characteristics of stem cell subsets
in peripheral blood with respect to both the level and durability of engraftment they provide
would likely contribute to the development of safer, more predictable and efficacious
mobilization protocols with higher safety. In addition, a better understanding of the
mobilization process would allow the study of new mobilization regimens and the use of new
molecules for mobilization, potentially leading to the development of protocols that enable
differential mobilization of normal versus tumor cells.

Although in vitro studies have proven invaluable in the analysis of HSC, it has proven very
difficult to establish a clear-cut relationship between LTC-IC and in vivo repopulation and
durability of engraftment in vivo. Several non-human primate and murine models have been
developed to study the engraftment and differentiation of HSC [24,27], and Van der Loo et al.
have described a model in which mobilization of human cells was possible following
transplantation of mice with human PBSC [28].

The human–to-sheep model of in utero transplantation has proven to be an invaluable tool in
the identification, characterization and quantification of human hematopoietic stem cells from
several sources [29-32]. In this model, we are able to study the behavior of the engrafted human
HSC within a physiologically relevant animal that is large enough to allow for multiple
samplings over long periods of time, and in which human cells expand sufficiently to allow us
to sort engrafted human cells back out of peripheral blood or marrow following in vivo
treatments and evaluate their engraftment/differentiative potential in secondary recipients
[33-35]. In the present studies, we demonstrate that the human-to-sheep xenograft model of
human hematopoiesis can serve as an accurate model to study in vivo mobilization of human
hematopoietic stem cells, and that the human cells mobilized from sheep PB and BM parallel
human PB and BM HSC mobilized in healthy human donors in their ability to engraft,
differentiate and repopulate secondary hosts.

MATERIAL AND METHODS
Human donor cell preparation

Heparinized human bone marrow (HBM) was obtained from healthy donors after informed
consent. Low density bone marrow mononuclear cells (BMNC) were separated by a Ficoll
density gradient (1.077g/ml) (Sigma, St Louis, MO) and washed twice in Iscove’s modified
Dulbecco’s media (IMDM), (Gibco Laboratories, Grand Island, NY). BMNCs were then
enriched for the CD34+ fraction using magnetic cell sorting (Miltenyi Biotec, Inc., Auburn,
CA).

Creation of the human sheep chimeras and assessment of engraftment
Fetal sheep (n=3) at 55-60 days of gestation were transplanted in utero with 3.6×106 human
CD34+ cells following the procedure that has been described in detail previously.29 Adult sheep
bone marrow (SBM) was obtained from the posterior iliac crest of normal adult sheep following
standard procedures that had been approved by the University of Nevada Institutional Animal
Care and Use Committee (IACUC). The transplanted sheep were analyzed for donor (human)
cell engraftment in bone marrow and peripheral blood at 3.5 5.5, 6.5 and 11.5 months after
transplantation.
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Assessment of human donor cell engraftment and selection of human cells by cell sorting
The presence of donor cells in hematopoietic tissues of the recipients was determined at
intervals post-transplantation using flow cytometric analysis and hematopoietic progenitor
assays. Flow cytometric analysis of the cell populations was performed in a FACScan (Becton
Dickinson Immunosystems [BDIS], San Jose, CA). Monoclonal antibodies to various cluster
designations (CDs) directly conjugated with FITC or PE were used according to the
manufacturer’s recommendation. These included: CD45, CD34, CD20, CD3, CD7, HLA-DR
(BDIS), and Glycophorin A (Immunotech, Miami, FL).

Sorting of the CD45+ fraction of human cells from the BM and PB of chimeric sheep was
performed at days on which the highest levels of human cells were seen, corresponding to days
2 and 3 of mobilization, on a FACS Vantage after labeling with CD45 and CD34 (BDIS).

Assays for human clonogenic progenitors were performed in triplicate in MethoCult GF H4434
(StemCell Technologies Inc, Vancouver, Canada) from either BM or PB cells that were
collected at day 0, 1, 2 and 3 of culture. Assays for sheep clonogenic progenitors were
performed as previously reported29-32. In brief 5×105 BM or PB mononuclear cells were plated
in 2mls of methylcellulose in the presence of erythropoietin (0.4 IU/mL) and a preparation of
PHA-LCM (5% vol/vol) derived from sheep leukocytes. The cultures were then incubated in
a humidified incubator at 37°C in 5% CO2 in air. After 5-10 days for sheep and 9-14 days for
human, colonies were counted and categorized according to standard criteria.

Mobilization of chimeric and control sheep with G-CSF
Human recombinant G-CSF, Neupogen, (Amgen, Inc., Thousand Oaks, CA) was
administereed for 5 days once a day subcutaneously in the morning. Animals were individually
weighed before injection and a dose of 4.8-5.7μg/Kg was used.

Transplant of mobilized human cells into secondary sheep recipients
After sorting of human CD45+cells from either BM or PB, these cells were transplanted into
6 new 55-60 days old fetal sheep recipients. The lambs were allowed to complete gestation
and undergo normal birth, and human cell engraftment and/or differentiation was then
evaluated in these lambs.

Statistical analysis
Results are expressed as mean ± standard error of the mean (SEM). Comparisons between
experimental results were determined by two-sided non-paired Student’s t-test analysis. A p
value < 0.05 was considered statistically significant.

RESULTS
Recombinant human G-CSF is able to mobilize sheep stem/progenitor cells

The first question that we wanted to address was whether human G-CSF would be able to
mobilize sheep stem/progenitor cells, or it would be able to exclusively mobilize human cells
in a chimeric animal. To this end, 5 non-transplanted sheep between 1-3 years of age were
mobilized with human recombinant G-CSF for 5 days. Animals were sampled every day for
evaluation of their total white blood cell count in the PB and progenitor cell content in PB and
BM. In 4 out of 5 animals, G-CSF caused an efficient increase in total numbers of white blood
cells in PB when compared to day 0 of mobilization and/or control un-mobilized sheep (n=3)
(p<0.01) (Figure 1). Furthermore, short-term clonogenic assays, at day 0, gave rise to CFU-
GM 170±19.2; BFU-E 35.8±6.2 and GEMM 4.4±1.2 in the BM while in the PB, the number
of CFU-GM was 15±2.2; BFU-E 2±0.8 and GEMM 1±0.1. At day 3 of mobilization, there was
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a 2-fold increase in total colony forming units in the BM, and a 10 fold increase in the PB with
numbers of colonies increasing to CFU-GM 161±4.2; BFU-E 15±0.8 and GEMM 7±2.1,
demonstrating the ability of human G-CSF to mobilize sheep stem/progenitor cells.

Selection of human chimeric animals for G-CSF mobilization studies
Sheep that had been made chimeric by in utero transplantation of 3.6×106 adult human BM
CD34+cells at 55-60 gestational days were evaluated for the presence of human cells in their
BM and PB starting shortly after birth (3.5 months post-transplant) and at regular intervals
thereafter. 3 animals that exhibited stable chimerism since birth were selected to participate in
this study. The overall levels of human cell engraftment as determined by flow cytometric
analyses of the peripheral blood and bone marrow at the different time points post-transplant
are shown in Figure 2. As can be seen at all time points post-transplant, significant levels of
human cell engraftment were found in these chimeric sheep in both BM and PB.

Mobilization of human-sheep chimeras with recombinant human G-CSF
In order to evaluate the efficacy of mobilization of human progenitor cells in chimeric animals,
we used evaluation of total white blood cell counts pre-, during and post-mobilization,
combined with flow cytometric analysis using human-specific antibodies against human cell
progenitors and differentiated cells. Figure 3 displays data from PB of 2 mobilized chimeric
sheep that responded to G-CSF. The 3rd chimeric animal that received a dose of 4.8μg/Kg
yielded only a slight, non-significant increase in WBC count in PB, and was thus considered
a “poor mobilizer” and was not included in the study. Of note is that in this animal the
percentage of human cells in the PB did not increase with G-CSF administration. In the other
2 chimeric animals that received G-CSF, maximal mobilization of total WBC (sheep + human)
into the PB occurred at days 2 and 3 of mobilization. Within the same animal, the number of
human versus sheep WBC was calculated at the different time points by multiplying the total
number of WBC by the percentage of respectively human or sheep CD45+ cells present in the
sample that day. The total number of human leucocytes ,CD45+ cells, was significantly
increased at days 2 and 3 of mobilization as compared with levels of human cells at day 0
(p<0.01)

In order to evaluate whether G-CSF was more efficient at mobilizing human cells than sheep
cells within the same animal, we determined the fold increase of human WBC cell counts at
day 0 and day 3, and compared this to the fold increase of sheep WBC at the same time points.
G-CSF was much more efficient in mobilizing human cells, since the total human WBC counts
went from 0.2±0.02×106 at day 0 to 4.3±0.04×106 at day 3 corresponding to a 21.5-fold increase
of total human white blood cells. By contrast, in these same chimeric animals, the total number
of WBC only increased 3 fold, since it was 4.45±1.3×106 at day 0 and increased to 13.5±10.6
2.2 ×106 at day 3.

The percentage of human CD45+ cells in PB of mobilized sheep can be seen in Figure 3b. At
day 0, the levels of CD45+ in PB were 3.4±0.14 %, increased to 6.12±0.3 at day 1, 25.11±0.7
at day 2, and achieved a maximum at day 3 of mobilization with 31.55±1.5% of CD45+ cells.
The human cells mobilized into circulation were not only of myeloid origin, but were in fact
multilineage, with the presence of T cells, B cells, dendritic cells and red blood cells (Day3:
CD7 14.8-15.8%; CD20 3.84-4.9%; CD1a 27.9-28.5%; CD86 0-1.7%; GlyA 7.1-7,7%). In
order to evaluate the number of human progenitor cells mobilized into the peripheral blood,
the percentage of human CD34+ cells at each day of mobilization was determined. While no
human CD34+ cells were found in the PB on days 0, 1 and 2 of mobilization, at day 3 and 4
we found respectively 5.5±2.2×104/ml and 0.7±0.4 ×104/ml CD34+cells, corresponding to the
percentages of 0.4±0.1 and 0.07±0.01 of CD34+ cells in PB. The number of CD34+ cells in
PB correlated well with human colony formation in short-term colony assays. The total

Almeida-Porada et al. Page 4

Exp Hematol. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



clonogenic potential of PB at day 0 was 35±9.8, and increased at day 3 to 240.6±52.4 CFU/
ml, demonstrating that human progenitor cells were indeed in circulation.

Expansion of human cells in the bone marrow of the mobilized sheep
We also wished to determine the effect of human recombinant G-CSF in the human-cell content
of the BM of the chimeric sheep. Figure 4 shows the percentage of human CD45+ cells in the
BM of mobilized sheep versus days of mobilization. There was a progressive and significant
expansion of the levels of human cells with the mobilization time, reaching the highest level
at day 4 of mobilization (8.4±0.7 % of CD45+ cells). Also, at day 4 of mobilization, BM reached
the highest percentage of CD34+ cells (0.1-0.2%), CD7 cells (1.5-1.6%) and CD1a+ dendritic
cells (4.3-10.4%). Of note is that the total numbers of human cells in the marrow of G-CSF
mobilized sheep reached their highest levels at a later time point than what was seen in the PB.

Transplant of Mobilized PB and BM into secondary sheep recipients
We had previously demonstrated that differences existed in the short- and long-term
repopulating ability between human mobilized BM and PB when these cells were transplanted
directly into our model. Thus, we wanted to investigate whether human stem cells from
mobilized chimeric sheep peripheral blood (PB) differed from mobilized chimeric sheep bone
marrow (BM) in their potential to engraft following transplantation. To this end, CD45+ cells
from either mobilized PB or BM were sorted from the mobilized chimeric sheep in a FACS
vantage as described in the materials and methods section. 4.5 ×105 CD45+ cells from BM and
2×106 CD45+ cells from PB were obtained from one animal and 3.2×105 and 1.8 ×106,
respectively from the other one. For the first animal, the CD34 content of these preparations
was respectively for the BM and PB, 6.1×103 and 1.9×104. For the other animal, the CD34
content was 5.8×103 for the BM and 1.7×104 for the PB.

The number of CD45+ injected into secondary recipients from either BM (n=3) or PB (n=3)
was adjusted for the CD34+ content of the graft with each animal receiving 4×103CD34+ cells.
At 3.5 months post-transplant, we analyzed these secondary recipients for the presence of
human cells in their BM and PB, and the results are displayed in Figure 5. The levels of human
cell engraftment in BM were significantly higher in sheep transplanted with CD45+ cells from
BM than the ones transplanted with CD45+ cells from mobilized peripheral blood (8.0±1.8
versus 0.6±0.1 %) (p<0.01). Furthermore, the presence of human cells in PB was also
consistently higher in animals transplanted with BM-derived cells than with their PB
counterpart (5±0.98 versus 1.5±0.15 %) Of note is that while in the sheep that were transplanted
with HSC from BM the levels of human cells were higher in BM, in the ones transplanted with
PB, the levels of human cells were higher in their PB.

We followed sheep transplanted with the mobilized PB for an additional 3 months, and at 6
months post-transplant, the total levels of human cells persisted at higher levels in their PB
(3.3%) than their BM (1.3%) (Figure 6). We also looked at the distribution of CD34+ cells in
the animals transplanted with PBSC, and, as can be seen in Figure 6, levels of CD34+ cells in
circulation were higher than the levels of CD34+ cells in their BM.

DISCUSSION
Mobilized peripheral blood HSC (PBSC) are rapidly replacing marrow HSC as a clinical source
of HSC for hematopoietic reconstitution, due largely to the ease and safety of collection.
Although recent studies have shed light on the possible mechanism(s) of mobilization [12,
22-27], few studies have been performed that compare the quality of the HSC from peripheral
blood versus marrow, with respect to the levels and durability of engraftment [16-17,33]. This
is mainly due to the lack of a suitable model system in which to study mobilization and in vivo
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engraftment behavior of mobilized cells. In the present studies, we assessed the feasibility of
using sheep made chimeric with human cells by in utero transplantation to serve as a large
animal model of human HSC mobilization in vivo.

To this end, we first examined whether the administration of human G-CSF to normal control
sheep (non-transplanted) would affect their steady-state hematopoiesis. We observed a
significant increase in the peripheral blood white count starting at day 1, and demonstrated that
hematopoietic progenitors capable of forming colonies in short-term methylcellulose assays
were efficiently mobilized into the PB of the sheep receiving human G-CSF. Having
demonstrated that human G-CSF could be administered to sheep without toxicity and could in
fact exert clinically relevant effects on the hematopoietic system of control sheep, we next
looked at the suitability of the human-sheep xenograft to the study of human HSC mobilization
in vivo. At one year post-transplant, sheep that had been made chimeric by in utero
transplantation of adult human bone marrow CD34+ cells were mobilized for 4 days with
human G-CSF. Each day of the mobilization protocol, peripheral blood and bone marrow were
harvested and evaluated by both flow cytometry and hematopoietic colony assays to assess the
in vivo mobilization of human progenitors. Our results show that human progenitor cells are
mobilized more efficiently by human G-CSF than are the endogenous sheep progenitors, with
levels of human cells in the circulation of the mobilized sheep as high as 32% at day 3 of
mobilization. This increased efficiency in mobilizing human stem /progenitor cells versus self
HSC can likely be attributed to the partial homology (82%) found between human and sheep
G-CSF protein [36]. The absolute number of human CD34+ cells within the circulation
increased during mobilization to levels as high as 5.5±2.2×104/ml CD34+ cells/ml of blood,
and human-specific colony assays confirmed that these were indeed multipotent human
hematopoietic progenitors that were being mobilized. As reported by others [37-39], we saw
an increase in numbers of dendritic cells in both bone marrow and PB of mobilized sheep.

We also examined whether the administration of human G-CSF to the chimeric sheep would
affect the human progenitor content of the chimeric bone marrow. Our data demonstrate that
significant increases in the levels of human cells occurred in the marrow. However, the
mobilization of human cells in the marrow was delayed in comparison to the effects in the
peripheral blood, with the maximal levels of human cells in the marrow being achieved after
the peak levels of human progenitors in the blood had already been reached and was returning
to baseline.

In order to investigate the quality of the human cells mobilized in the sheep model, and assess
how they compared to human stem cells mobilized from healthy human donors, we transplanted
mobilized PB and BM into new sheep recipients in order to compare the quality of the HSC
obtained from mobilized PB and BM with respect to their ability to provide high level durable
engraftment following transplantation. In agreement with a previous study, sheep transplanted
with both mobilized PBSC and marrow HSC exhibited durable engraftment [33]. However,
animals receiving PBSC exhibited lower levels of engraftment of human cells in both BM and
PB than other animals transplanted with cells from the mobilized BM. Furthermore, animals
receiving human cells from mobilized peripheral blood persistently exhibited higher levels of
human cell activity within their peripheral blood than in their BM. This finding correlates well
with existing clinical data showing that patients who have received mobilized PB grafts rather
than marrow HSC exhibit more rapid hematologic recovery in their periphery. In addition,
although CD34+ cells were present in the secondary recipients transplanted with PBSC, they
located preferentially in their PB rather than the BM, suggesting that important differences
may exist between HSC from mobilized peripheral blood when compared to those from
marrow. Of note is that on a cell-per-cell basis, engraftment of human cells in secondary
recipients seems to be more efficient than in primary recipients. This is noticeable by the fact
that 4×103 CD34+ cells transplanted into secondary recipients generated levels of engraftment
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similar to those in primary recipients that had received a much higher dose of CD34+cells.
Although we see this effect in most of our studies, we have thus far been unable to determine
whether the first transplant is selecting cells with higher engraftment capabilities or is favoring
cells more apt to survive and differentiate within the sheep BM’s microenvironment.

In conclusion, we demonstrate that human hematopoietic progenitors capable of long-term
hematopoietic engraftment in sheep recipients can be efficiently mobilized into the peripheral
blood of human-sheep hematopoietic chimeras using a standard clinical mobilization protocol
with G-CSF. As in humans, our results demonstrate that important qualitative differences may
exist between PBSC and marrow-derived HSC with respect to the speed of hematologic
recovery and the level of engraftment that they provide following transplantation. These studies
suggest that the human-sheep xenograft model can be used to study human HSC mobilization
in vivo, and potentially contribute to the elucidation of the mechanisms responsible for
mobilization, thus allowing the development of novel, safer and more predictable mobilization
strategies for clinical use.
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Figure 1. Human r-G-CSF is able to mobilize sheep white blood cells in control non-transplanted
sheep
The results show that an efficient increase in total numbers of white blood cells in PB in all of
the mobilized sheep (◆) (n=4) occurred when compared to day 0 of mobilization and a control
un-mobilized sheep (■) (n=3) (p<0.01).
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Figure 2. Selection of human chimeric animals for mobilization
3 animals that had been made chimeric by in utero HSC transplantation and displayed stable
chimerism were selected to participate in this study. Flow cytometric analyses of the peripheral
blood and bone marrow at the different time points post-transplant show consistent levels of
human cell engraftment
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Figure 3. Mobilization of human and sheep white blood cells in chimeric sheep
(A) Both human and sheep WBC were mobilized to the PB in the chimeric animals. Solid lines
depict total number of WBC in the 2 animals that responded to G-CSF. One animal is
represented by ■ while the other is represented by ▲. Doted lines represent the total number
of human cells mobilized to the PB at each time point. In order to calculate the specific numbers
of human cells mobilized, the total number of WBC was multiplied by the percentage of human
CD45+ cells. Maximal mobilization of human cells to the PB occurred at days 2 and 3 of
mobilization. The average of human cells mobilized at day 3 was significantly increased as
compared with levels of human cells at day 0 (p<0.01). (B) Percentage of human CD45+ cells
mobilized to the PB at each time point.
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Figure 4. Percentage of human CD45+ cells in BM of mobilized sheep
Percentage of human CD45+ increased in BM of mobilized sheep to reach a maximum at day
4 of mobilization.
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Figure 5. Percentage of human cells at 3.5 months post-transplant in secondary sheep recipients
transplanted with either mobilized BM or PB
The levels of human cells present in BM and in PB were significantly higher in sheep
transplanted with CD45+ cells from BM than the ones transplanted with CD45+ cells from
mobilized peripheral blood (p<0.01).
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Figure 6. Levels of human cells in BM and PB of sheep transplanted with mobilized PB at 6 months
post-transplant
In these animals the total levels of human cells persisted in higher levels in the PB in the BM.
Also CD34+ cells in the animals transplanted with PBSC remained higher in circulation.
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