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Abstract
The use of umbilical cord blood (UCB) for allogeneic transplantation has increased dramatically
over the past years. However, the limited number of cells available in a single cord blood unit
remains a serious obstacle. Here, we wished to establish a nonhuman primate cord blood
transplantation model that would allow us to test various hematopoietic stem cell (HSC) expansion
and gene therapy strategies. We implemented HOXB4-mediated expansion based on our previous
experience with HOXB4 in autologous cells. Cord blood units were divided into two equal parts;
half of the cells were transduced with a YFP control vector and cryopreserved, while half were
transduced with a HOXB4GFP vector, expanded, and cryopreserved. Both fractions of cells were
transplanted into Macaca nemestrina subjects. We found that neutrophil recovery occurred within
19 days in all animals, and both neutrophil and platelet recovery were substantially accelerated
compared to human single unit cord blood transplants. In addition, HOXB4-transduced and
expanded cells resulted in superior engraftment of all hematopoietic lineages in all animals over
non-expanded controls. In conclusion, we have successfully established a nonhuman primate cord
blood transplantation model and demonstrated that HOXB4 stimulates expansion and engraftment
of repopulating cells. The availability of such a model has significant implications for developing
and testing strategies to improve clinical cord blood transplantation, as it will allow comparison of
different stem cell expansion methodologies within a single animal. Furthermore, it can be used in
long-term follow-up studies to determine how specific expansion techniques affect engraftment of
various hematopoietic lineages.
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INTRODUCTION
Umbilical cord blood (UCB) transplantation provides a treatment option for patients
suffering from a wide variety of hematologic and nonhematologic malignancies. Rapid
accessibility and a reduced risk of graft-versus-host disease are distinct advantages in the
choice of UCB as a source of stem cells for transplantation. However, cell dose is a major
issue, especially in adult patients and large pediatric patients, as total nucleated cell (TNC)
dose and CD34 cell dose are well documented to be predictors of cord blood transplant
success [1]. Therefore, research has focused on overcoming the cell dose barrier, including
transplantation of two cord blood units and ex vivo expansion of cells prior to transplant
with the goal of generating clinically meaningful cell doses.

The first strategy, double cord blood unit transplantation, is used by most centers currently.
Although this technique has helped to overcome cell dose limitations, there continues to be
delayed engraftment and immune reconstitution and the potential for increased
complications from graft-versus-host disease. In addition, it is typical to see a single unit
emerge as the dominant source of long-term hematopoiesis [2]. Furthermore, the cost of
cord blood for transplantation ranges between $25,000 and $45,000 per unit; thus, the
expenses involved in a double cord blood unit transplant can be considerable. Therefore,
even with double unit transplants, there is still a need to achieve faster engraftment and
potentially better immune reconstitution to minimize infectious complications. For these
reasons, many investigators have looked into novel stem cell expansion strategies.

Unfortunately, expansion strategies that focus solely on the use of cytokines have not shown
significant expansion of repopulating cells. In addition, these techniques are associated with
an increased rate of differentiation, which leads to a loss of primitive cells. In short, these
studies have not translated into improved engraftment in clinical trials [3-5]. Promising new
leads to achieve stem cell expansion have emerged from the discovery of self-renewal genes
such as HOXB4 [6-8].

We have recently exploited the large animal model to demonstrate a differential effect of
HOXB4 overexpression on short- and long-term repopulating cells in vivo. Using a
competitive repopulation assay in a large animal model (Macaca nemestrina), we found that
HOXB4 overexpression resulted in superior engraftment over non-HOXB4 controls [9].
Interestingly, HOXB4 appears to have the most dramatic effect on short-term repopulating
cells, resulting in 56-fold higher short-term engraftment when compared with control-
transduced cells. This offers promise in the field of cord blood transplantation; HOXB4
expansion of a portion of a graft may promote short-term engraftment and provide
hematopoietic rescue while awaiting engraftment of long-term repopulating cells.
Furthermore, we have also demonstrated a differential effect of HOXB4 on cells from
different species [10]. In addition, we have recently shown that a combination of HOXB4
and the Notch ligand Delta-1 synergize to yield enhanced generation of cord blood NOD/
SCID repopulating cells with higher levels of engraftment of human CD45+, CD34+, CD3+,
CD20+, and CD41+ cells compared to either factor used alone [11]. Therefore, by combining
other factors with early-acting genes like HOXB4, it is possible to encourage differentiation
along lineages that are often underrepresented in populations of hematopoietic stem cells
(HSCs) expanded with HOXB4 alone.
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Development of an efficient means for expanding stem cells has broad applications, not
limited simply to UCB stem cell transplant. For example, for a large percentage of the
population, especially minorities, availability of appropriate donors for allogeneic HSC
transplantation is limited [12]; thus, alternate sources of HSCs are under investigation, such
as umbilical cord blood. Gene therapy is another example of a field that would benefit from
these techniques; investigators could increase the number of gene-modified cells in gene
therapy protocols and boost cell numbers for transplant following non-myeloablative
conditioning.

However, one of the most significant obstacles facing researchers studying ex vivo
expansion techniques is the lack of an appropriate model in which to study HSC biology and
behavior. The availability of a large animal model would circumvent this limitation and
allow the efficient evaluation of these strategies with long-term follow-up. Thus, in the
current study, our goal was to establish a nonhuman primate cord blood transplant model.
Subsequently, we wished to use this model to determine if nonhuman primate cord blood
cells could be expanded to numbers large enough to be of clinical significance and could
engraft in a fully myeloablated nonhuman primate recipient.

MATERIALS AND METHODS
Experimental Design

In order to test HOXB4-mediated expansion of cord blood cells in a clinically relevant
setting, we developed a nonhuman primate competitive repopulation model (Figure 1).
Approximately one week prior to due date, a C-section is performed and cord blood cells are
collected from the infant. After processing, the cells are split into two fractions; half are
transduced with a control gammaretroviral YFP vector during a 3-day transduction and then
frozen. The remaining cells are transduced with a HOXB4GFP vector and expanded for an
additional 6 days (for a total of 9 days of ex vivo culture), before being cryopreserved. The
use of two different markers, GFP and YFP, allows for a competitive repopulation approach;
cells from peripheral blood or bone marrow can easily be analyzed by flow cytometry for
the presence of GFP+ and YFP+ cells. Both fractions of cells are maintained in liquid
nitrogen for at least 6 months while the infant reaches an appropriate weight. On the day of
transplantation, the cells are pooled and intravenously infused into the myeloablated
recipient.

Animal Housing and Care
All pig-tailed macaques (Macaca nemestrina) were housed at the University of Washington
National Primate Research Center under conditions approved by the American Association
for Accreditation of Laboratory Animal Care. Experimental protocols were approved by the
Institutional Animal Care and Use Committee.

For 3 days prior to transplant and continuing through day 56, animals received oral
tacrolimus (FK-506) at a dose necessary to maintain serum trough levels between 10 and 15
ng/mL. Over the 2 days prior to transplant, animals were conditioned with fractionated,
myeloablative total body irradiation of 1100 cGy [13] from a 6 MV X-ray beam of a single-
source linear accelerator located at the Fred Hutchinson Cancer Research Center South Lake
Union Facility. The animals underwent a training process to sit calmly in a specially
modified cage. The cage provided clear access for the irradiation, while gently restricting
excess movement by limiting space. The dose was administered at a rate of 7 cGy/min
delivered as a midline tissue dose. The instrument was calibrated weekly to maintain
accuracy. Beginning on the day of cell infusion, G-CSF was administered daily until the
animals began to engraft, defined as absolute neutrophil count (ANC) > 500/μl for three
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consecutive days. All animals received standard supportive care, including antibiotics,
electrolytes, fluids, and transfusions. Daily complete blood counts (CBC) were used to
determine hematopoietic recovery. A total of three macaques were transplanted and
followed for this study.

Cord Blood Processing
Red cells from macaque umbilical cord blood were lysed in ammonium chloride red cell
lysis buffer. Nucleated cells were incubated for 20 minutes with the 12.8 IgM anti-CD34
antibody, washed, and incubated for another 20 minutes with MACS IgM microbeads
(Miltenyi Biotec, Auburn, California). CD34+ cells were enriched via magnetic column
separation. Overall, samples ranged in purity from 80–99% CD34+ by flow cytometry.

HOXB4 Transduction and Culture
Transductions were carried out on fibronectin-coated, non-tissue culture-treated plates. Cells
were pre-stimulated for 48 hours. After 48 hours, cells were exposed to virus-containing
media for two 4-hour transductions (one exposure per day for two consecutive days). Cells
were transduced at an MOI of 0.3 (previously determined to cause minimal toxicity). The
generation of Phoenix GALV-pseudotyped MSCV-HOXB4-ires-GFP and MSCV-ires-YFP
viral vectors has been described previously [9,14,15]. Virus titers were assayed on HT1080
cells, and titers were obtained in the range of 1×105 to 2×105 IU/mL. Vector supernatant
was filtered through a 0.45-μm filter and frozen at −80°C until used for transduction.

Cord blood cells were cultured in Iscove’s Modified Dulbecco’s Medium, supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin. The following growth factors
were added at a concentration of 100 ng/mL: IL-3, IL-6, TPO, Flt3-L, SCF, and G-CSF.
Cultures were split as necessary to maintain cell concentrations in the range of 1 × 105 to 5 ×
105 cells/mL.

Flow Cytometry
Flow cytometric data were collected using a Canto I (Becton Dickinson, San Jose, CA) and
analyzed using FlowJo software. At least 10,000 events were collected for each sample.
Samples were analyzed for expression of the GFP marker (as an indicator of HOXB4
expression) and the YFP marker, as well as for CD3, CD4, CD8, CD13, CD14, CD20, and
CD34. Non-transduced cells were used as a control for the gating of HOXB4GFP+ cells and
YFP+ cells, and isotype control antibodies were used as a control for gating of positive
populations among antibody-labeled cells. All antibodies were purchased from Becton
Dickinson.

Colony Forming Unit Assays
Colony forming unit assays were carried out in MethoCult H4230 methylcellulose media
(Stem Cell Technologies, Vancouver, Canada) supplemented with 100 ng/mL EPO, IL-3,
IL-6, TPO, SCF, G-CSF, and GM-CSF. Plates were incubated at 37°C for 12 to 14 days;
after this period of time, colonies of greater than 50 cells were enumerated.

Linear Amplification-Mediated Polymerase Chain Reaction (LAM-PCR)
At periodic intervals following transplantation in L09025, HOXB4GFP+ bone marrow cells
were purified by FACS and analyzed by LAM-PCR. The detailed protocol for LAM-PCR
has been reported previously [16]. In brief, PCR products were cloned and sequenced. The
sequences with legitimate linker and LTR were subjected to BLAT analysis using the
University of California, Santa Cruz (UCSC) Genome Browser web site. The rhesus genome
from the January 2006 assembly was used for analysis.
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NM-PCR for Detection of Retroviral Integration Sites
For analysis of retroviral integration sites in T09214, we used an improved analytical
technique involving nebulization mediated (NM)-PCR. Briefly, 300 ng to 3 μg of DNA
were nebulized with pressurized nitrogen for 60 seconds. Fragmented DNA was isolated and
polished, and modified linkers were ligated following standard procedures (454/Roche-GS
20 DNA Library Preparation Kit, Branford, Connecticut). To amplify the vector-genome
junction, dsDNA was amplified in sequential, nested exponential PCR.

Multiplex Pyrosequencing of Retroviral Integration Sites
Successful integration sites amplified by NM-PCR were gel purified to isolate DNA
fragments ~800 through ~1,500 bp in length. Gel purified samples were shipped to the
University of Illinois at Urbana-Champaign, quality control checked, sequenced on the 454/
Roche Titanium system, and FASTA format sequence reads were deposited on a secure
server for downstream processing.

Processing of Integration Site Data
For NM-PCR-based amplified vector LTR-chromosome junctions, DNA sequences were
processed as previously described [16-18]. The LTR proximal genomic sequences were
aligned to the rhesus genome using a stand-alone version of BLAT [19] that generated a
BLAST alignment score. Rhesus genome alignments were converted to the human genome
position and PERL programs were used to compare localized integration sites to various
chromosomal features by using tables available from the University of California at Santa
Cruz (UCSC) database as previously described [20].

RESULTS
Development of a Transplant Model

We first wished to establish a cord blood harvest procedure. Over the course of our study,
we implemented several improvements to our cord blood collection procedure, including
heparin coating of the catheters used to collect blood, use of heparinized saline to flush the
vein, massage of the placenta to collect additional cells, as well as other techniques that have
been shown to aid in maximizing cell collection during clinical cord blood harvest [21]. By
utilizing these practices, we were able to increase cell numbers collected by nearly 3-fold
(Figure 2); in addition, successful transduction and expansion of these cells allowed
engraftment in our nonhuman primate recipients.

Transduction and Expansion
Next, we wished to determine whether M. nemestrina cord blood cells could be efficiently
transduced and expanded. As shown in Table 1, transduction efficiencies ranged from 35%
to 46% for the YFP control arm, and from 42% to 46% for the HOXB4GFP arm. Over the
three-day transduction period, YFP cells expanded between 3- and 19-fold. HOXB4GFP
cells were expanded for an additional 6 days following transduction, for a total of 9 days in
culture. These cells expanded between 78- and 204-fold. Transplant doses ranged from
1.0×105 to 7.8×105 YFP+CD34+ cells per kilogram for the control arm, and 2.6×106 to
3.4×106 HOXB4GFP+CD34+ cells per kilogram for the expanded arm. (The difference in
YFP+ and GFP+ cell doses is due to the fact that the GFP+ cells were expanded for 6
additional days, thus accounting for an increase in overall cell numbers; however, it is
important to reiterate that both experimental arms (GFP+ and YFP+) consisted of identical
cell numbers prior to expansion, and thus the HOXB4GFP+ dose consisted of the progeny of
an equivalent number of HSCs as the YFP+ dose.) Pre-freeze and post-thaw CFU plating
showed that there was no significant loss of repopulating cell viability during
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cryopreservation (data not shown). These data demonstrate that cord blood cells from
macaques can be transduced and expanded to clinically relevant doses.

Hematopoietic Recovery
After confirming that we were able to successfully expand cord blood cells ex vivo, we
wished to study the hematopoietic recovery kinetics of macaques transplanted with
genetically modified cord blood cells. All animals attained neutrophil recovery within the
first 3 weeks following transplant. An ANC of greater than or equal to 500 cells per μl was
reached by L09025 at day 19, by K09175 at day 7, and by T09214 at day 10. G-CSF was
discontinued at day 23 for L09025, day 18 for K09175 and day 15 for T09214. ANC levels
remained above 500 cells per μl for the remainder of the study for each animal, though
occasional drops in neutrophil counts necessitated an additional dose of G-CSF to boost
neutrophil production. The effects of these additional doses can be seen in Figure 3 (top
panel) as points when the ANC rises.

All animals demonstrated a decline in platelet counts following TBI, and remained
thrombocytopenic for at least two to three weeks following transplant. However, Figure 3
(lower panel) shows that T09214 and L09025 began to resume normal thrombopoiesis by
the end of the first month post-transplant. K09175 continued to experience
thrombocytopenia, and required frequent transfusions over the course of her time on the
study. Overall, these data demonstrate that we are able to achieve recovery of neutrophils
and platelets in a timely manner following myeloablative conditioning.

Gene Marking
The inclusion of the GFP or YFP reporter gene in our retroviral vectors allowed us to track
the contribution of gene-marked cells in the animals. All animals demonstrated a similar
pattern in engraftment of gene-modified granulocytes. This trend is illustrated in Figure 4. In
each case, gene marking in the HOXB4GFP arm climbed rapidly over the first two weeks,
reached a peak around two to three weeks post-transplant, and then began to decline until
eventually stabilizing after approximately the first month. HOXB4GFP marking levels in
L09025 and K09175 stabilized around 10%; in T09214, HOXB4GFP marking levels
stabilized around 20%. Gene marking in the YFP control arm was detectable in all three
animals, though at low levels. In both L09025 and T09214, only about 0.5% to 1.5% of
granulocytes were YFP+ by flow cytometric analysis. In K09175, this level was significantly
higher and remained relatively consistent at about 5%. Thus, we were able to show
improved engraftment kinetics and durability of HOXB4-transduced and expanded cells
compared to control-transduced cells.

Subset Stains
To determine the percentages of, and gene marking within, various subsets contributing to
hematopoietic recovery, we performed subset stain assays. Full, comprehensive subset stains
were performed on L09025 (approximately three months post-transplant) and T09214 (1, 3,
6, and 9 months post-transplant). Peripheral blood cells were stained for CD3, CD13, CD14,
and CD20, and analyzed by flow cytometry to determine the contributions of different
subsets to overall hematopoiesis (Figure 5) and the contributions of GFP+/YFP+ cells to
different subsets (Figure 6). One month after transplant, T09214 had lower percentages of
CD3, CD13, and CD20 cells compared to a non-transplanted control animal. However, by 3
and 9 months post-transplant, T09214 had regained normal hematopoiesis (Figure 5), thus
showing that HOXB4-mediated expansion did not lead to any long-term skewing of
hematopoiesis.
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The percentage of gene marking within individual subsets is represented in Figure 6. Here,
we show that, at each time point, the percentage of GFP+ cells is higher than the percentage
of YFP+ cells within each subset. However, this effect is much more exaggerated among the
myeloid lineages (a 10–30 percentage point difference) than among the lymphoid lineages
(typically a 1–3 percentage point difference). Thus, we show that the HOXB4-transduced
and -expanded cells are more prevalent than control-transduced cells among multiple
lineages, with the most pronounced effect on myeloid populations.

Retroviral Integration Site Analysis
Retroviral integration site analysis was performed on L09025 at day 82 post-transplant using
a LAM-PCR based approach. We used this technique to analyze three separate populations
of cells (GFP-sorted cells from the bone marrow, lymphocyte-like cells from the peripheral
blood, and granulocyte-like cells from the peripheral blood). The presence of multiple bands
on the acrylamide gel shown in Figure 7A indicates a polyclonal population. Furthermore,
the table in Figure 7B lists several of the most frequently identified integration sites, and it is
noted that several of these show up among more than one of the three populations studied,
thus indicating that true hematopoietic repopulating cells have been transduced and
expanded.

When analyzing retroviral integration sites in T09214, we modified our approach and opted
to use an improved technique involving NM-PCR (detailed above) followed by 454/Roche
pyrosequencing. This improved method allows for the capture of exponentially more valid
integration sites, and thus we elected to switch to this technique for future analyses. Based
on this method, we investigated integration sites in T09214 at two time points post-
transplant, day 49 and day 179. These analyses were highly efficient, and we were able to
capture over 2,200 valid integration sites at day 49, of which 298 were unique. Analysis at
day 179 was similarly efficient; we were able to collect over 2,700 valid integration sites,
with 263 of these being unique. In Figure 7C, the results are illustrated graphically, showing
the frequency of the nine most commonly captured integration sites alongside the combined
contribution of all other sites.

Outcome
L09025 survived for 82 days post-transplant. This animal was eventually euthanized due to
complications from TTP (thrombotic thrombocytopenic purpura)-like syndrome, evidenced
by pancytopenia and acute renal failure. A bone marrow biopsy was performed at time of
euthanasia, and it showed a fragmented and focally hemorrhagic marrow with a cellularity
of 80–90%. Erythroid, myeloid and megakaryocytic lineages were all present with apparent
normal maturation. Lymphocytes and plasma cells were also readily apparent. Immature
cells, such as blasts, did not appear increased in number, and no fibrosis was noted.

K09175 survived for 45 days post-transplant before succumbing to viral pneumonia. A bone
marrow biopsy taken soon after death indicated the presence of a few lymphocytes that
showed cytotoxic granules in the cytoplasm; in other words, large granular lymphocytes
were observed, which tend to be increased in infectious/inflammatory processes. There was
no evidence of blasts or of any malignant cell morphology.

T09214 continues to survive at 12 months post-transplant and demonstrates normal health
and behavior. Complete blood counts, blood chemistries, appetite, weight gain, and social
interaction are all commensurate with a normal, healthy, untransplanted macaque. Regular,
periodic blood cultures show no signs of fungal or bacterial infection. The animal continues
to be closely monitored by CBC and blood chemistry every two weeks, gene marking
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analysis once per month, comprehensive veterinary exam once per month, full subset stains
every three months, and integration analysis every three months.

DISCUSSION
Here, we have established a nonhuman primate cord blood transplant model and
demonstrated that this model allows the evaluation of stem cell expansion strategies.
Furthermore, using a HOXB4-mediated expansion technique, we have shown sustained
engraftment of gene-modified, expanded, autologous cord blood cells in three macaques.
Our findings show that HOXB4-expanded cells result in superior engraftment of cells of
multiple lineages, compared to control non-expanded cells. To our knowledge, this paper
describes the first successful cord blood transplants performed in the nonhuman primate
model.

In this study, macaques were transplanted with autologous cord blood CD34+ cells
approximately 6–8 months after C-section delivery and cord blood collection. Half of the
cells in the harvested graft were transduced with a YFP control vector and cryopreserved,
while the other half were transduced with a HOXB4GFP vector and expanded for an
additional 6 days (Figure 1). Post-transplant follow-up included CBC, blood chemistry, gene
marking analysis, subset stains, and integration analysis.

We have previously demonstrated that HOXB4-transduced and expanded cells exhibit
improved engraftment over HOXB4-transduced, non-expanded cells [9]. In this prior work,
we also showed that control-transduced (no HOXB4) and expanded cells resulted in very
low engraftment levels. This is because, in the absence of HOXB4, cells in culture tend to
favor differentiation in lieu of self-renewal, thus resulting in a loss of the primitive
phenotype. Therefore, an expanded graft of cells not containing HOXB4 has a low
repopulating potential. Consequently, in the current work we elected to elaborate upon our
previous findings and utilize an experimental design in which we compared engraftment of
HOXB4-expanded cells and control, non-expanded cells.

All three macaques attained neutrophil engraftment within 19 days post-transplant, and
began to recover platelet counts within the first month post-transplant (Figure 3). This is a
drastic improvement over trends in human cord blood transplantation using non-expanded
cells, in which neutrophil engraftment takes an average of 3–4 weeks, even in the double
cord blood unit setting [22], and platelet recovery takes an average of sixty days [23].
Therefore, our results indicate that HOXB4-transduced and expanded cells substantially
abbreviate the period of pancytopenia following cord blood transplantation. We cannot
entirely disregard the possibility that differences in engraftment kinetics between humans
and macaques also contribute to this shortened period of pancytopenia; however, we believe
this is unlikely given the fact that cells in our studies were cultured and manipulated, which
generally leads to a loss of stem cells and decrease in engraftment, unless conditions are
used that could maintain or expand stem cells.

For comparison purposes, we also evaluated the number of days of severe neutropenia
(ANC < 100/μl) following HOXB4-mediated bone marrow transplant and HOXB4-
mediated cord blood transplant. Macaques receiving HOXB4-transduced and -expanded
bone marrow cells (detailed in previously published studies from our laboratory) showed an
average of 2 days of severe neutropenia [9]. In contrast, macaques in our current study
receiving HOXB4-transduced and -expanded cord blood cells demonstrated an average of 7
days of severe neutropenia. This difference in post-transplant kinetics is not unanticipated
however, as it is well established that recovery after cord blood transplant is substantially
delayed compared to recovery after bone marrow transplant [24].
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All animals demonstrated a similar trend in gene marking levels, with the HOXB4GFP arm
increasing to 30–50% within the first three weeks, and stabilizing around 10–20% thereafter
(Figure 4). This characteristic shape of the gene marking graphs was observed in our
previous work involving HOXB4-mediated bone marrow transplant as well [9]. These
findings support the conclusion that, at least under the currently used in vitro conditions,
HOXB4 has a larger impact on short-term repopulating cells than on long-term repopulating
cells. Within the first 30 days, when short-term repopulating cells are beginning to emerge,
it is observed that the difference between percent GFP+ cells and percent YFP+ cells is, on
average, between 25- and 30-fold. However, note that the difference in doses of
HOXB4GFP+ cells and YFP+ cells infused is, on average, only between 15- and 20-fold
(Table 1). This disparity between the number of GFP+/YFP+ cells infused and the
percentage of GFP+/YFP+ cells within the first month post-transplant provides evidence that
the HOXB4-transduced cells have been conferred with a competitive repopulating
advantage.

Further evidence that HOXB4 affects short-term repopulating cells more profoundly than
long-term repopulating cells can be seen in Figure 6. This figure shows the GFP+/YFP+

composition of individual subsets at three time points for T09214: 1, 3, and 9 months post-
transplant. In general, the prevalence of HOXBGFP+ cells is dropping over time among all
lineages. In fact, at 9 months post-transplant, the only lineages in which GFP+ cells are
present at greater than 2% are CD13 and CD14 cells (in these subsets, GFP+ cells are
present at 13.2% and 14.3%, respectively). Furthermore, subset stain results for both L09025
(not shown) and T09214 (Figure 6) consistently demonstrate that GFP+ percentages are
higher than YFP+ percentages among both myeloid and lymphoid cells, but that this effect is
most dramatic among myeloid populations, indicating that HOXB4 preferentially expands
cells of the myeloid lineage. In addition, retroviral integration site analysis on macaques
L09025 and T09214 show that hematopoietic repopulation is polyclonal, thus indicating that
there was no outgrowth of clonal cells during in vitro expansion.

These studies offer promise in improving outcome following cord blood transplant.
HOXB4-mediated expansion of a portion of a graft may improve engraftment of short-term
repopulating cells, thus providing hematopoietic recovery/rescue while longer-term
repopulating cells emerge. This would abbreviate the period of pancytopenia and reduce
susceptibility to infection following cord blood transplant, thus enhancing survival. The
large animal model that we have developed here can also be used for studying alternative
expansion strategies, such as HOXB4 protein-mediated expansion. A recombinant TAT-
HOXB4 protein has been developed [8] with proven efficacy in expanding hematopoietic
stem cells; the utilization of this protein may offer a means of expanding cord blood cells
without the accompanying risks of genetic modification. This model will also provide an
important platform for new and potentially more potent stem cell expansion agents such as
NUP98-HOXA10hd [25] and the small molecule SR1 [26], alone or in combination, to
achieve clinically useful expansion of CB derived stem cells.

Furthermore, the development of this model is a valuable contribution to the field of pre-
clinical modeling. It is often difficult to study stem cell expansion techniques because of the
challenge of finding a suitable in vivo assay. The murine model has proven to be convenient
for studying certain aspects of cell expansion and gene therapy, such as transduction
efficiency of repopulating cells, short-term engraftment kinetics, and multi-lineage
repopulation capability. However, there are many shortcomings of the murine model that
often interfere with the ability to translate these findings into human patients [27].
Therefore, our nonhuman primate model is highly valuable for efficient evaluation of
expansion strategies, with direct translation to the clinic. Likewise, major histocompatibility
complex (MHC) typing is established for nonhuman primates [28,29]; thus, allogeneic
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transplantation can be performed and evaluated in this setting, thereby offering a significant
advantage. In addition, the overwhelming homology between humans and nonhuman
primates allows for many of the same cytokines, growth factors, drugs, and therapeutic
regimens to be used. Furthermore, one of the most frequently studied diseases, HIV, can be
modeled in the nonhuman primate, offering the potential to study this disease using gene-
modified cord blood cells.

CONCLUSIONS
Here, we have established a large-animal cord blood transplant model which can be utilized
in a variety of ways in order to test different cord blood expansion techniques as a precursor
to clinical trials. In addition, we have shown that HOXB4 transduction and expansion of
cord blood stem cells leads to improved engraftment of short-term repopulating cells.
Furthermore, we have demonstrated that HOXB4 is capable of expanding cord blood cells to
doses high enough to be of clinical relevance.
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Figure 1.
Schematic of experimental design for nonhuman primate autologous cord blood transplant
model.
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Figure 2. Increasing yields in cord blood harvests
By making a series of improvements to our cord blood harvest procedure, we were able to
increase our harvest yield substantially.
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Figure 3. Hematopoietic recovery during the first 30 days following autologous cord blood
transplant
Recovery of neutrophils is shown in the top panel, and recovery of platelets is shown in the
bottom panel. Neutrophils begin to recover in all three animals after about two weeks.
Platelet recovery takes longer, and begins to occur after about 3 weeks.
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Figure 4. Percent GFP+ and YFP+ granulocytes in each animal by FACS analysis over the
course of the study
In each case, GFP+ granulocytes reach a peak within the first month post-transplant, and
then decline and stabilize. YFP+ granulocytes, though present at very low levels, were
detectable at each time point, even in L09025.
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Figure 5. Hematopoietic composition of T09214 at various time points post-transplant, compared
to a non-transplanted control animal
At 1 month post-transplant, T09214 has lower percentages of CD3, CD13, and CD20 cells
compared to a non-transplanted control animal. By 3 and 9 months post-transplant, T09214
has regained relatively normal hematopoietic reconstitution.

Watts et al. Page 16

Exp Hematol. Author manuscript; available in PMC 2013 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Percent of GFP+ and YFP+ cells among hematopoietic lineages at various time points
post-transplant
Over time, the percentage of GFP+ cells is dropping among all lineages, showing that
HOXB4GFP+ cells are conferred with a short-term, but not long-term, repopulating
advantage. At each time point, GFP+ cells outnumber YFP+ cells in all 4 lineages; this
effect is most dramatic among myeloid populations.
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Figure 7. Integration site analysis
Retroviral integration site analysis was performed at day 82 in L09025 (A and B) and day 49
and 179 in T09214 (C). For L09025, three separate populations were analyzed: GFP-sorted
cells from bone marrow (BM), lymphocyte-like cells from peripheral blood (PB), and
granulocyte-like cells from PB. The gel (A) shows numerous bands indicating a polyclonal
population. The table (B) lists the integration sites that were found in each population
(integration was either in or within 125,000 base pairs of each gene listed.) Several of the
sites turned up among multiple populations, thus indicating that true repopulating cells were
expanded. Analysis of PB in T09214 (C) at day 49 and day 179 revealed nearly 300 unique
integration sites at each time point; the graphs show the frequency of the top 9 most
common sites and indicate relatively uniform site distribution with no evidence of clonal
outgrowth.
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Table 1

Pre-transplant and post-transplant data from L09025, K09175, and T09214.*

L09025 K09175 T09214

Age 6 mo. 7 mo. 8 mo.

Weight 1.2 kg 1.0 kg 1.3 kg

Sex Male Female Female

Transduction efficiency 46% (YFP) 35% (YFP) 41% (YFP)

46% (GFP) 45% (GFP) 42% (GFP)

Fold expansion YFP arm (over 3 days) 3 13 19

Fold expansion GFP arm (over 9 days) 78 155 204

Transplant Dose 1.05YFP+CD34+/kg 1.85YFP+CD34+/kg 7.85YFP+CD34+/kg

2.66GFP+CD34+/kg 3.36GFP+CD34+/kg 3.46GFP+CD34+/kg

Time to ANC > 500/μl (days) 19 7 10

Survival post-transplant (days) 82 45 270+

Outcome TTP-like syndrome Viral pneumonia Alive

*
This table provides a summary of relevant information, including age and weight at time of transplant, transduction efficiencies, fold expansion of

YFP and GFP experimental arms, transplant dose, time to neutrophil recovery, and post-transplant survival.
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