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Abstract

Expansion of hematopoietic stem cells (HSCs) is beneficial in settings where HSC numbers are limited, such as
cord blood transplantation. The human homeobox transcription factor HOXB4 has been shown to enhance stem
cell expansion in several experimental models. We have shown previously that HOXB4 overexpression in
monkey CD34 " cells has a dramatic effect on expansion and engraftment of short-term repopulating cells. Here,
we wished to compare the effects of HOXB4 and another candidate gene, NUP98-HOXA10hd (NA10hd). We
used a competitive repopulation assay in pigtailed macaques to study engraftment of CD34 " cells modified with
gammaretroviral HOXB4YFP or NA1OhdGFP. We found that HOXB4YFP contributed more to early hemato-
poiesis (<30 days), whereas NA1OhdGFP contributed more to later hematopoiesis. In each case, we observed
two distinct peaks in engraftment of NA10hd-transduced cells, one within 20 days post transplant and another
after 5-6 months. Analysis of CD14", CD3*, and CD20" subsets confirmed that higher percentages of cells of
each lineage were derived from NA10hdGFP™ progenitors than from HOXB4YFP " progenitors. In conclusion,
we show that HOXB4 and NA10hd both have a significant impact on hematopoietic reconstitution; however,

these effects are differential and therefore may offer complementary strategies for HSC expansion.

Introduction

HEMATOPOIETIC sTEM CELL (HSC) transplantation is a
standard therapy for a variety of diseases that are un-
responsive to alternative treatment options. For a large per-
centage of the population, especially minorities, availability of
appropriate donors for allogeneic HSC transplantation is lim-
ited (Johansen et al., 2008); for this reason, alternative sources of
HSCs, such as umbilical cord blood, are under investigation.
Hematopoietic transplantation using umbilical cord blood of-
fers the advantages of rapid accessibility and a potentially
lower risk of graft-versus-host disease (Ballen, 2005); however,
progress in the field is limited by the low number of cells in a
single cord blood unit. Due to the relatively low cell dose, there
is a risk of delayed engraftment and associated infectious
complications (Laughlin ef al., 2004; Rocha et al., 2004). Ex vivo
expansion of cord blood cells prior to transplantation can in-
crease cell numbers and should minimize the duration of se-
vere cytopenia following transplantation, thus alleviating a
number of early transplant-related complications (McNiece,

2004). As an alternative, most centers now use double cord
blood unit transplant strategies. Although this technique has
helped to overcome cell dose limitations, there continues to be
delayed engraftment and immune reconstitution, and it is
typical to see a single unit emerge as the dominant source of
long-term hematopoiesis (Ballen et al., 2007). However, the
benefits of ex vivo expansion of stem cells reach beyond cord
blood transplantation; other applications include increasing the
number of gene-modified cells in gene therapy protocols and
boosting cell numbers for transplant following non-
myeloablative conditioning.

Historically, ex vivo expansion techniques have fallen into
three broad categories: those using cytokines (Dorrell et al.,
2000; Gupta et al., 2000), those implementing coculture with
stroma and other supportive cells (Chute et al., 2002; Kawano
et al., 2003), and those involving genetic modification with
stem cell self-renewal genes. A particular challenge of these
approaches is to maximize HSC self-renewal capacity and
repopulating potential, yet minimize differentiation and ac-
cumulation of lineage-committed cells. Among the techniques
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listed above, genetic modification has resulted in the most
robust expansion of engrafting cells; in particular, over-
expression of the human homeobox transcription factor
HOXB4 has been reported to promote expansion and self-
renewal of long-term, multilineage HSCs without compromis-
ing differentiation in a murine model (Antonchuk et al., 2002).

We have shown previously that HOXB4 overexpression
in primate CD34™ cells has a dramatic effect on expansion
and engraftment of short-term repopulating cells (<7 weeks
post transplant) and a significant, though less pronounced,
effect on long-term repopulating cells (Zhang et al., 2006).
More recently, it was reported that another gene in the
HOX family, a nucleoporin 98-homeobox A10 fusion gene
[NUP98-HOXA10 (NA10)] shows a much greater potency to
expand mouse long-term repopulating cells than HOXB4.
Moreover, this potent effect on HSC expansion (>1,000-fold
in 7-day culture) was retained in a fusion in which the
HOXA10 portion was restricted to only the 60-amino acid
homeodomain portion (so-called NUP98-HOXA10hd or
NA10hd). NA1Ohd-expanded HSC had full lymphomyeloid
reconstituting capacity without any evidence of the lineage
skewing associated with HOXB4 or the intact NUP98-
HOXA10 fusions (Ohta et al., 2007). Based on these promis-
ing findings, in the current study we set out to directly
compare the effects of HOXB4 and NA10hd in our nonhu-
man primate stem cell transplantation model.

Materials and Methods
Animals

Pigtailed macaques (Macaca nemestrina) were housed and
cared for at the University of Washington Primate Research
Center. All protocols were approved by the Institutional
Animal Care and Use Committee of the Fred Hutchinson
Cancer Research Center and the University of Washington.
For 5 days, macaques were given human granulocyte colony-
stimulating factor (G-CSF) once daily at 100 ug/kg, adminis-
tered as a subcutaneous injection. After 5 days, bone marrow
was harvested from the femora. All animals were conditioned
with fractionated, myeloablative total body irradiation of
1,020 cGy delivered by linear accelerator. G-CSF was adminis-
tered daily until the animals began to engraft, defined as ab-
solute neutrophil count (ANC) of >1,000/ul for 3 consecutive
days. Other standard supportive care included transfusions,
fluid and electrolytes, and antibiotics. Hematopoietic recovery
was monitored by daily complete blood counts. A total of three
macaques were transplanted and followed for this study.

Retrovirus preparation

The generation of Phoenix GALV-pseudotyped MSCV-
NA10hd-ires-GFP and MSCV-HOXB4-ires-YFP viral vectors
has been described previously (Antonchuk et al., 2001; Pine-
ault et al., 2004; Zhang et al., 2006). Virus titers were assayed
on HT1080 cells, and titers were obtained in the range of
1x10° to 2x10° TU/ml. Vector supernatant was filtered
through a 0.22-um filter and frozen at —80°C until used for
transduction. The use of two different markers, green fluo-
rescent protein (GFP) and yellow fluorescent protein (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.
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Transduction and expansion of CD34" cells

CD34" cells were enriched from bone marrow using the
12.8 IgM anti-CD34 antibody and IgM microbeads (Miltenyi
Biotec, Auburn, CA). After CD34 enrichment, the average
purity was 87% (range: 80-90%) (Table 1). CD34™ cells were
split into two equal fractions for gene transduction and
ex vivo expansion. Cells were cultured in Iscove’s modified
Dulbecco’s medium supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin, and 100ng/ml each of
recombinant human stem cell factor, recombinant human
Fms-like tyrosine kinase 3 ligand, thrombopoietin, and G-
CSF for 2 days of prestimulation prior to transduction.
Transduction was carried out on flasks coated with the CH-
296 fragment of fibronectin (Retronectin, Takara, Shiga,
Japan) and consisted of two 4-hr viral exposures (one each
day for 2 consecutive days).

For each animal, half of the cells were transduced with
MSCV-NA10hd-ires-GFP using a 3-day transduction proto-
col and subsequently expanded for 6 additional days. The
remaining cells were transduced with MSCV-HOXB4-ires-
YFP and expanded for 6 additional days. On the day of
transplant, these two fractions were pooled and infused into
the recipient intravenously.

Colony-forming cell assays

Colony-forming cell assays were initiated in two-layer
agarose in minimum essential medium, supplemented with
20% fetal bovine serum, 4U/ml erythropoietin (Amgen,
Thousand Oaks, CA), and 100 ng/ml each of stem cell factor,
granulocyte-macrophage colony-stimulating factor, G-CSF,
thrombopoietin, interleukin-3, and interleukin-6. After 12-14
days of incubation at 37°C, colonies of >50 cells were enu-
merated.

Flow cytometry

Flow cytometric analysis was used to detect the presence
of GFP" and YFP" cells approximately twice per week. At
least 20,000 events were analyzed per sample. Nontransduced
cells from a control animal were used to determine gates for
positive cells. Subset analysis was performed at intervals of 3
months and consisted of antibody labeling using phycoery-
thrin-conjugated anti-CD3, CD4, CDS8, CD13, CD14, CD20,
and CD34. All antibodies were purchased from Becton Dick-
inson (Becton, Dickinson and Company, San Jose, CA).

Tagman PCR analysis

Tagman quantitative real-time PCR analysis was used to
confirm marking results obtained from flow cytometry.
Genomic DNA was extracted using the QIAmp DNA blood
kit (Qiagen, Valencia, CA). The primers and conditions used
to identity GFP/YFP and actin have been described previ-
ously (Kurre et al., 2003). Negative controls consisted of
DNA from normal, nontransduced cells as well as a reagent
control. Positive controls consisted of serial dilutions of
DNA, which were used to generate a standard curve.

Statistical analysis

Student’s paired ¢ tests were used for the analysis of ex-
periments. For in vivo studies, we used days 1-30 to analyze
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TABLE 1. PREINFUSION DATA FOR ALL ANIMALS INVOLVED IN STUDY

Animal
MO06067 K07063 MO07053 Average

Vectors used MSCV-NA10hd-ires-GFP MSCV-NA10hd-ires-GFP MSCV-NA10hd-ires-GFP

MSCV-HOXB4-ires-YFP MSCV-HOXB4-ires-YFP MSCV-HOXB4-ires-YFP
% CD34 after enrichment 90 80 90 87
No. of CD34-enriched 4%107 4x%107 4107 4x107

cells, day O

Transduction efficiency ~ 19% GFP™" 13% GFP* 12% GFP* 15% GFP*

27% YFP™ 22% YFP™* 16% YFP* 22% YFP™*
Fold expansion, GFP arm 28 35 32 32
Fold expansion, YFP arm 26 35 28 30
Weight at transplant (kg) 3.0 33 3.0 3.1

1.9%10% (GFP arm)

Cell dose per kg
1.7x10® (YFP arm)

% GFP/YFP positive on  25% GFP”* 16% GFP*
day of transplant
30% YFP™ 24% YFP™*
ANC <100/l (days) 7
ANC <500/l (days) 10

2.1x10° (GFP arm)
2.1x10® (YFP arm)

2.0x10° (GFP arm)

2.1x10° (GFP arm)
1.9x10® (YEP arm)

1.9x10® (YEP arm)

13% GFP™ 18% GFP™

18% YFP™ 24% YFP*
0 1 2.7
2 2 47

early engraftment and days 31 onward to analyze mid to late
engraftment.

Results

HOXB4-expanded cells contribute to early
engraftment, whereas NA10hd-expanded cells
contribute to later engraftment

Our objective was to directly compare the engraftment
and gene marking potential of NA10Ohd- and HOXB4-
expanded cells. We used a competitive repopulation assay in
which each monkey received cells genetically modified with
MSCV-NA10hd-ires-GFP and expanded for 6 days and cells

40
30
20

genetically modified with MSCV-HOXB4-ires-YFP and ex-
panded for 6 days. Expansion and transplantation data for
these animals are summarized in Table 1. Of note, the table
shows that there were no differences in the in vitro fold ex-
pansion of the GFP and YFP arms.

White blood cell (WBC) and red blood cell (RBC) counts
were analyzed daily (Fig. 1). These data illustrate the kinetics
of hematopoietic reconstitution following stem cell trans-
plant. As the plots show, WBC and RBC counts stabilize
by ~6 weeks post transplant. Sharp drops in the WBC count
characterize the plots from all three animals within the first few
days. These nadirs are a result of the fractionated total body
irradiation doses given during the 2 days prior to transplant. In
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—+— WBC (thou/uL)
==0=-RBC (mill/uL)
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FIG. 2. Absolute number of gene-marked neutrophils in
transplanted macaques. Absolute numbers of GFP ™" cells and
YFP" cells were averaged at each time point for each animal
(n=3). HOXB4YFP-expanded cells have a significant effect
on early neutrophil engraftment, as compared with
NA10hdGFP-expanded cells (*p <0.04).

addition, all three animals show occasional peaks in the WBC
count during the first 30 days; these are due to administration
of the colony-stimulating hormone G-CSF. In each animal, G-
CSF was discontinued by day 30, because engraftment (de-
fined as ANC >1,000/ul) had occurred.

The average of the absolute number of GFP* and YFP™"
neutrophils in each macaque over the first 30 days following
transplant was analyzed as well (Fig. 2). The absolute
number of GFP* and YFP™" cells was determined by multi-
plying the absolute neutrophil count on a specific day by the
percentage of GFP* or YFP* cells on that same day, as de-
termined by FACS. From these graphs, it can be concluded
that HOXB4-expanded cells appear to make a significantly
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higher (p <0.04) contribution to early neutrophil engraftment
than NA10hd-expanded cells.

Ilustrated in Fig. 3 are the overall marking levels in each
of the three animals over the first 260 days of the study. A
consistent trend is apparent among the three animals. In each
case, HOXB4-expanded cells contribute to a significantly
greater extent to early engraftment (<30 days) (p=0.01),
whereas NA10hd-expanded cells show a significantly higher
contribution to repopulation later after transplant (p=0.007).
In each case, NAlOhd-expanded cells contribute to two
separate peaks in engraftment: one within the first 20 days,
and a second around 5-6 months post transplant. Results
from Tagman PCR (data not shown) confirm these results.

Effects of NA10hd and HOXB4 overexpression
on hematopoietic subpopulations

We speculated that NA10Ohd and HOXB4 may have a
differential effect on the development of stem cells into
specific hematopoietic subsets. Therefore, at 3 and 6 months
post transplant, FACS subset analysis was performed to
determine the percentage of NA1OhdGFP* and HOX-
BAYFP* cells among CD14" monocytes, CD3"* T cells, and
CD20*" B cells (Fig. 4). The subset population percentages
were normalized to CD34™ percentage at each time point to
reflect differences in engraftment level. At 3 months and 6
months post transplant, GFP* and YFP" cells were present
in cells of each of these lineages, except for the 3-month time
point for macaque M07053, which showed 0% YFP"CD3"
cells. Flow cytometric analysis of these three phenotypes in
peripheral blood show that NA1Ohd-expanded cells con-
tribute to a greater degree than HOXB4-expanded cells
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FIG. 4. Differential effects of NA10hd and HOXB4 overexpression on myeloid and lymphoid engraftment. Flow cytometric
analysis of CD14", CD3", and CD20" cells in peripheral blood at 3 and 6 months post transplant shows that NA10hd
contributes to a greater degree in cells of all three phenotypes. Values have been indexed to CD34 percentage to indicate

engraftment level.

among all three phenotypes, although in some cases these
differences were minor.

The percentage of gene-marked CD34" cells in the bone
marrow was also analyzed (data not shown). Here, the
percentage of CD34" cells that were NA1OhdGFP* was
higher than the percentage of CD34" cells that were HOX-
B4YFP™ in all three animals at both time points (3 months
and 6 months). At the 3-month time point, GFP*CD34"
percentages ranged from 1% to 12% (average 7.0%) and
YFP"CD34™" percentages ranged from 1% to 10% (average
5.7%). Furthermore, the percentages of both GFP*CD34"
and YFP*CD34™ increased in the bone marrow between the
3-month time point and the 6-month time point, which co-
incided with the increase in marked granulocytes over time
(Fig. 3). At 6 months post transplant, GFP"CD34" percent-
ages ranged from 11% to 27% (average 18.7%) and YFP™"
CD34" percentages ranged from 4% to 12% (average 8.0%).

Effects on multilineage hematopoietic reconstitution

We compared the contributions of CD14", CD3", and
CD20™" cells to overall hematopoiesis in M06067, K07063,
and M07053 at 6 months post transplant and compared these

with a nontransplanted control animal (Fig. 5). Results
showed that, overall, the relative contributions of these
subsets appeared to be reasonably normal. We observed that
K07063 demonstrated the hematopoietic profile that most
closely matched that of a normal macaque, with each sub-
population being within 6% of normal. In regard to the
CD14™" population, M07053 appeared to be most divergent
from normal, with only 16% of cells staining CD14" (versus
41% in the control). Conversely, in terms of CD3" percent-
age, M06067 was most aberrant, with 21% CD3" cells
(compared with 40% CD3" in control). CD19 percentages
were relatively consistent among all animals (between 10%
and 19%).

Discussion

Here we show that HOXB4- and NA1Ohd-expanded re-
populating cells have distinct hematopoietic engraftment kinetics
following transplantation, with HOXB4-expanded cells contrib-
uting more to early engraftment (14 weeks) and NA10hd-
expanded cells contributing more to later-term engraftment (3-6
months). Furthermore, two distinct peaks in marking levels de-
fine the contribution of NA10hd-overexpressing cells; the first is
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K07063

FIG. 5. Percentage of lym-
phoid (CD3* and CD20%)
and myeloid (CD14 ") cells in
transplanted animals com-
pared with nontransplanted
control. Data were obtained

MO07053 Non-Transplanted Control from peripheral blood stains
D144 16% other; 9% of MO06067, KO07063, and
- €D20+; 10% - MO07053 at 6 months post

CD3+; 41%

evident within the first 3 weeks following transplant, and the
second rise in gene marking appears around 5-6 months post
transplant. In addition, we showed that NA10hd-expanded cells
contribute more significantly to hematopoietic subsets.

At 3 months and 6 months post transplant, we observed
the presence of GFP* and YFP* cells in each of the three
subpopulations studied: CD14", CD3*, and CD20". The
only circumstance in which gene-marked cells were not ob-
served was in the YFP arm of the CD3 population of M07053
at the 3-month time point, although it is likely that these cells
were present, only at a level too low to be detected with our
instruments. Analysis of these three phenotypes in periph-
eral blood showed that NA10hd-expanded cells contribute to
a greater degree than HOXB4-expanded cells among all three
phenotypes. Furthermore, analyses of the percentage of
GFP" and YFP" cells in bone marrow CD34" cells were in
agreement with the trends seen in overall gene marking (Fig.
3) and marking in subsets (Fig. 4). Our data showed that a
higher percentage of CD34" cells were NA1OhdGFP" than
HOXB4YFP™ at both time points; in addition, the percentage
of gene-marked cells in both arms increased over time with a
direct correlation to overall gene marking, thus indicating
that true repopulating cells were transduced. Analysis of the
hematopoietic composition of each of the three animals
compared with a control, nontransplanted macaque illus-
trated that the percentages of CD3", CD20", and CD14"
cells were relatively similar to normal, particularly in
K07063. We suspect that variations in the percent contribu-
tion of different subsets is most likely due to individual
variability, as it is not unexpected to see inherent differences
in hematopoietic makeup particularly within the first 6-12
months after transplant as hematopoiesis is returning to
baseline levels.

Our results comparing HOXB4 and NA10hd in the non-
human primate model vary from those published by Ohta
and colleagues (Ohta et al., 2007) in the murine transplanta-
tion model. This group reported a dramatic increase in
short-term repopulating potential of NA10hd compared
with HOXB4. They observed a >2,000-fold increase in
competitive repopulating units (CRU) among NA10hd-
overexpressing cells compared with only an 80-fold increase

o+ 4%  transplant.

in CRU among HOXB4-overexpressing cells in 10-day cul-
tures. In contrast, we found comparable short-term expan-
sion potential of these two genes, as shown in Fig. 2. In
addition, to achieve equivalent levels of reconstitution, 100-
fold higher doses of HOXB4-overexpressing cells were re-
quired in the murine model. On the other hand, we found
that transplantation of comparable doses of HOXB4- and
NA10hd-overexpressing cells yielded higher short-term en-
graftment of HOXB4 cells. NA1Ohd-overexpressing cells
certainly played an important role, but not until later after
transplantation (after the first month). Furthermore, Ohta
et al. reported that NA10 overexpression (compared with
HOXB4 overexpression) appeared to block terminal differ-
entiation, resulting in sustained production of cells with
the primitive phenotype. However, we show that a greater
proportion of lineage-committed cells (CD14", CD3", and
CD20™) originate from NA10hd-transduced cells as com-
pared with HOXB4-transduced cells (Fig. 4).

Our results are particularly relevant because our model is
of high clinical significance. Inherent differences in the bi-
ology of murine and primate stem cells may limit the
translational potential of murine studies (Mestas and
Hughes, 2004). In addition, the shorter life span of mice
prevents long-term follow-up of these animals. As we have
shown, the engraftment contribution of NA10hd-transduced
cells and HOXB4-transduced cells varies over time; thus,
studies such as these in murine models would likely not be
possible. It is also relevant to mention that the data presented
here are in agreement with our previous findings with
HOXB4 on short- and long-term nonhuman primate re-
populating cells (Zhang et al., 2006).

It is important to recognize that, in the current study, we
did not include a “control” cell population transduced with
a reporter gene but lacking a gene with a competitive ad-
vantage. We intentionally selected this experimental de-
sign because we have previously compared the effects of a
HOXB4-expanded cell population versus a control popula-
tion (Zhang et al., 2006). In this previous study, we showed
that HOXB4 overexpression in primate CD34" cells has a
significant effect on expansion and engraftment of short-term
repopulating cells (<7 weeks post transplant) and a less
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pronounced effect on long-term repopulating cells. Thus, it
was our intent to expand upon our previous studies and
compare HOXB4 and NA10hd. We would also like to em-
phasize that it was not our intention to determine whether or
not HOXB4 or NA10Ohd treatment shortened the time to
neutrophil or platelet recovery. This question was more
closely addressed in our 2006 work (Zhang et al., 2006) de-
scribed above. Comparing the recovery kinetics of HOXB4-
modified cells, NA10hd-modified cells, and control cells
would involve a much more complicated three-arm com-
petitive repopulation study, which was outside the scope of
our current study. Here, it was our objective to examine the
effects on hematopoietic repopulating cells, and not the ki-
netics of engraftment.

We recently showed a predisposition to leukemia in a
large-animal model after gene modification using a HOXB4-
expressing retroviral vector (Zhang ef al., 2008). Based on our
previous studies, as well as those of others (Hacein-Bey-
Abina et al., 2008), we recognize and understand that there
are inherent risks in using retrovirally-transduced cells in a
clinical setting. However, our intent here was to compare the
effects of HOXB4 and NA10hd and, for technical reasons, we
selected retroviral-mediated gene transfer as the means by
which to accomplish this goal. In the future, it is our hope
that similar experiments can be conducted using a noninte-
grating approach, such as HOXB4 or NA10 protein-mediated
expansion or adenoviral vector-mediated expansion. In
short, we stress that it is our objective to present a model, and
by no means do we suggest that this paradigm is ready for
direct clinical translation. More thorough, long-term follow-
up would certainly be required before such a step could
be taken.

In conclusion, we have shown that HOXB4-mediated ex-
pansion of CD34" cells contributes to short-term engraft-
ment, whereas NA10hd-mediated expansion contributes to
mid-term engraftment. However, the percentage of
NA10hdGFP" cells appears to decline after 6 months post
transplant, implying that the influence of NA10hd decreases
with time. This indicates that neither HOXB4 nor NA10hd
efficiently transduces long-term repopulating cells but, ra-
ther, both improve short-term engraftment and thus provide
temporary support until long-term repopulating cells take
over. Consequently, HOXB4-expanded cells may play an
important role in preventing severe neutropenia after mye-
loablative stem cell transplantation, and NA10hd-expanded
cells may enhance mid-term engraftment at 3-6 months after
transplantation. This work offers potential in settings in-
volving limited number of cells, such as cord blood trans-
plantation. Given that clinical cord blood transplantation is
characterized by delayed engraftment, HOXB4 and NA10hd
may play complementary roles during hematopoietic re-
covery. Furthermore, this strategy can also be used to boost
cell numbers in gene therapy protocols and in regimens in-
volving nonmyeloablative conditioning.
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