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Abstract

Umbilical cord blood transplant continues to increase in prevalence as a treatment option for 

various hematopoietic and immune disorders. Because of the limited number of cells available in a 

single cord blood unit, investigators have explored methods of increasing cell dose prior to 

transplant, including overexpression of the HOXB4 transcription factor. We have previously 

reported the development of leukemia in several nonhuman primate subjects transplanted with 

HOXB4-expanded bone marrow cells at approximately 2 years post-transplant. Here, we provide 

long-term data for a nonhuman primate receiving a HOXB4-expanded cord blood graft. 

Longitudinal follow-up included gene marking analysis, complete blood counts, morphological/

pathological assessment, phenotypic analysis of subsets, and retroviral integration site analysis. In 

each of these independent assays, we saw no indication of clonal dominance, and all signs pointed 

toward normal, healthy hematopoiesis. Furthermore, in-depth clonal analysis of an animal that 

developed leukemia after transplantation of HOXB4-modiifed bone marrow cells showed that 

dominant clones could be detected as early as 6 months post-transplant using the genomic analysis 

technique detailed here. Parallel analysis of the cord blood transplant macaque showed no such 

sites. These findings demonstrate the ability to study the use of gene-modified and expanded cord 

blood cells in a NHP model.
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INTRODUCTION

Umbilical cord blood (CB) transplant is an increasingly common technique used in the 

treatment of malignant and non-malignant disease. Since 2009, the number of CB 

transplants performed worldwide has surpassed the number of bone marrow transplants 

performed, and there are over 20,000 patients who have received a CB graft. The rising 

number of CB transplants is likely due to the numerous advantages of using CB as a source 

of stem cells compared to the more traditional sources (bone marrow or mobilized peripheral 

blood obtained by leukapheresis). These advantages include ready availability, a less-

stringent donor/host matching requirement, and reduced risk of transmitting infections.

However, the field continues to be limited by the low number of cells available in a single 

cord blood unit. This subsequently leads to a sub-optimal dose of stem cells per kilogram of 

body weight, which is directly correlated with transplantation success [1]. Consequently, 

double CB transplant (dCBT) is being explored as a means of overcoming the cell dose 

obstacle. However, in this setting it is typical to see one unit emerge as the source of long-

term hematopoiesis [2]. In addition, patients continue to suffer from delayed engraftment 

and its repercussions, including increased infections. An ideal therapeutic approach involves 

identifying a safe, efficient way to expand repopulating cells within a single unit prior to 

infusion.

To this end, clinical trials involving transplant of cells expanded with cytokines have not 

yielded improved engraftment [3–5]. One method that has shown promise is overexpression 

of the transcription factor HOXB4. Our group has recently published the results of our 

studies establishing a nonhuman primate cord blood transplant model [6]. In this report, we 

used our model to compare the engraftment kinetics of HOXB4 green fluorescent protein 

(GFP)-transduced, expanded cells and control yellow fluorescent protein (YFP)-transduced, 

non-expanded cells in a competitive repopulation setting (Figure 1). We found that cells 

transduced with a gammaretroviral vector expressing HOXB4 and expanded ex vivo yielded 

superior engraftment of all hematopoietic lineages compared to untransduced controls that 

were not expanded.

Though gammaretroviral gene therapy offers promise for repairing or regenerating the 

hematopoietic and immune systems, it does present risks. Several SCID-X1 patients 

developed T cell leukemia approximately 2 years after transplant with IL2Rγ-modified cells 

[7,8]. This discovery sparked concern and increased interest in understanding the role of 

integration site profile and the transgene itself in the development of leukemia.

Similarly, our laboratory has reported a high incidence of leukemia in large animals 

receiving grafts containing cells transduced with a HOXB4 expressing gammaretroviral 

vector and expanded ex vivo [9]. A total of six pig-tailed macaques were transplanted; four 

had successful hematopoietic reconstitution. Of these, two were followed-up for at least 2 
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years, and both developed myelodysplasia [10]. In a similar, related study, two of two dogs 

transplanted with HOXB4-expanded bone marrow cells developed leukemia [11]. In these 

cases, the leukemic cells exhibited dysregulated expression of oncogenes, overexpression of 

HOXB4, and a block in differentiation toward the myeloid lineage. By performing HOXB4 

knockdown studies, we confirmed that normal differentiation was restored, which indicates 

a role for the HOXB4 transgene in the development of leukemia. In animals receiving gene-

modified grafts that did not contain HOXB4, no leukemia was observed; in addition, 

leukemic symptoms were not observed in the control (non-HOXB4) portion of the graft 

[11]. Taken together, these findings provide more evidence that the transgene itself is partly 

responsible for leukemic outgrowth. Hence, one can conclude that the combination of 

genetic manipulation, along with a transgene with an intrinsic growth advantage, likely led 

to leukemia in these animals.

In the human and animal studies described above, leukemia was observed approximately 2 

years post-transplant. This condition developed in two of two HOXB4 bone marrow 

transplant monkeys who lived at least 2 years following transplant. Interestingly, of three 

monkeys who received HOXB4-expanded cord blood cells, one is now more than 3 years 

post-transplant, and still remains healthy with no signs of leukemia. Engraftment of gene-

modified cells remains stable, hematopoietic differentiation is similar to that of a non-

transplanted control macaque, bone marrow analysis shows no signs of pathology, and 

integration site analysis confirms the absence of dominant clones. Here, we explore these 

findings and consider the possibility that the stem cell source (cord blood compared to bone 

marrow) may have contributed to improved outcome.

MATERIALS AND METHODS

Experimental design

We implemented our previously developed nonhuman primate competitive repopulation 

model [6] (Figure 1A) to study HOXB4-mediated expansion of CB cells in a clinically 

relevant setting. In accordance with this model, we perform a cesarean section 

approximately 1 week before the due date and collect umbilical CB cells. The resulting 

CD34-enriched cells are split into two fractions. Half are transduced with a YFP control 

gammaretroviral vector and immediately cryopreserved; the other half are transduced with a 

HOXB4GFP vector, expanded for 6 days and then cryopreserved. By differentially marking 

the two populations with independent reporter genes (YFP or GFP), we can easily detect the 

presence of transplanted cells as part of our routine follow-up. The two fractions of cells are 

cryopreserved for at least 6 months until the infant reaches an appropriate weight. On the 

day of transplantation, cells are thawed, pooled, and transplanted into the myeloablated 

recipient by intravenous infusion. This protocol is an adaptation of the protocol used for 

macaques receiving HOXB4-expanded bone marrow cells. The experimental design for 

macaque bone marrow transplant recipients is illustrated in Figure 1B and has been 

described previously [9]. In the current study, a total of three macaques were transplanted 

with HOXB4-expanded cord blood cells. Though all three achieved hematopoietic recovery, 

two were euthanized within the first 3 months due to viral pneumonia and TTP-like 
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syndrome [6]. Thus, the study described here is an account of the third macaque, who 

continues to survive at greater than 3 years post-transplant.

Stem cell processing

The protocols for enrichment of CD34+ cells from umbilical cord blood and bone marrow 

are identical and have been described previously [6]. Briefly, red cells 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, CA, USA). The cell solution was run 

through a magnetic column, allowing for enrichment of the CD34+ fraction to a purity of 

80% to 99% CD34+ by flow cytometry.

HOXB4 transduction and expansion

CD34-enriched cells were prestimulated for 48 hours prior to being plated on fibronectin-

coated, non-tissue culture-treated plates for transduction. Transduction consisted of two, 4-

hour exposures to virus-containing media (one exposure per day for 2 consecutive days). 

Cells were transduced at a multiplicity of infection of 0.3 (previously determined to cause 

minimal toxicity). The generation of Phoenix GALV-pseudotyped MSCV-HOXB4-ires-

GFP or MSCV-ires-YFP viral vectors has been described previously [9,12,13]. 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. Before, during, and after transduction, cells were cultured in 

Stemspan serum-free media (Stem Cell Technologies, Vancouver BC, Canada) 

supplemented with 1% penicillin/streptomycin, and thrombopoietin, Flt3 ligand, and stem 

cell factor, all at 100 ng/mL.

Animal housing and care

All pig-tailed macaques (Macaca nemestrina) used in this study were housed at the 

University of Washington National Primate Research Center under conditions approved by 

the American Association for Accreditation of Laboratory Animal Care. All experimental 

procedures performed were reviewed and approved by the Institutional Animal Care and 

Use Committee. Macaques were conditioned with fractionated, myeloablative total body 

irradiation of 1020 cGy (for K00339) and 1100 cGy [14] (for T09214) 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; irradiation was administered as a fractionated dose over 

the two days prior to cell infusion. During irradiation, animals were housed in a specially 

modified cage that provided unrestricted access for the irradiation while simultaneously 

minimizing excess movement. The dose was administered at a rate of 7 cGy/min delivered 

as a midline tissue dose. Granulocyte colony-stimulating factor (G-CSF) was administered 

daily from the day of cell infusion until the animals began to engraft; engraftment was 

considered to have occurred when the absolute neutrophil count (ANC) was equal to or 

greater than 500/μL for 3 consecutive days. Supportive care including antibiotics, 

electrolytes, fluids, and transfusions were given as necessary, and blood counts were 

analyzed daily to monitor hematopoietic recovery.
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Flow cytometry

Gene marking analysis and subset stain analysis were performed using flow cytometry. Cells 

were prepared for FACS analysis following the instructions of the antibody manufacturer 

(Becton Dickinson, San Jose, CA, USA). Flow cytometric data were collected using a Canto 

I (Becton Dickinson, San Jose, CA, USA) and analyzed using FlowJo software (Tree Star 

Inc, Ashland, Oregon, USA). At least 10,000 events were collected for each sample. 

Parameters for analysis included expression of the reporter genes GFP and YFP, as well as 

expression of the surface markers CD3, CD4, CD8, CD13, CD14, CD20, CD34, and CD41. 

Non-transduced cells were used as a control for the gating of GFP+ and YFP+ cells, and 

isotype control antibodies were used as a control for gating of positive populations among 

antibody-labeled cells.

Pathology/Morphology

Bone marrow biopsies and peripheral blood smears were obtained from T09214 and K00339 

and prepared for morphological examination. Bone marrow samples from T09214 were 

sectioned and stained with hematoxylin and eosin stain; these were imaged on a Leica 

microscope (Leica Microsystems, Wetzlar, Germany) at 64X and 320X using FireCam 

software (Leica Microsystems, Wetzlar, Germany). Peripheral blood smears from T09214 

and K00339 were stained with Wright-Giemsa stain prior to viewing. All samples were 

analyzed by a pathologist and assessed on the basis of morphology, presence or absence of 

all 3 major cell lines, and presence or absence of blasts.

Southern blot and LAM-PCR

Original integration site analysis for K00339 performed in 2008 used a Southern blot and 

LAM-PCR approach. Briefly, DNA was extracted using the Puregene DNA Purification Kit 

(Quiagen, Inc., Valencia, CA, USA), followed by overnight digestion with BglII, EcoRI, or 

SacI. Samples were run on a 0.8% gel and transferred to a membrane. Next, samples were 

hybridized in Quick-Hyb solution (Amersham Biosciences Corp., Piscataway, NJ, USA) 

with 32P-labeled ires-GFP. Signals were detected using the Typhoon Phosphor Imaging 

System (Amersham Biosciences Corp., Piscataway, NJ, USA) LAM-PCR has been 

described previously [15] and involved the cloning of PCR products into the TOPO vector 

for sequencing. The collected sequences were aligned with the rhesus macaque genome 

assembly dated January 2006 from the University of Santa Cruz Genome Browser.

Acoustic mediated-Modified Genomic Sequencing (MGS)-PCR for amplification of 
retroviral integrations sites

Our lab has continued to improve upon our retroviral integration site processing technique 

since the procedures described above. Our improved technique was used for the re-

processing of the samples from K00339 and for the processing of samples from T09214. 

Briefly, samples were DNA extracted using Qiagen Gentra Blood and Bodily Fluid Minikit 

(Qiagen, Inc., Valencia, CA, USA). Between 300ng to 3μg of gDNA samples were 

acoustically sheared to a mean fragment size of 1500bp using the M220 focused-

ultrasonicator (Covaris Inc., Woburn, MA, USA). The sheared fragments were then isolated, 

polished to blunt-ended dsDNA, and ligated to modified linkers for PCR amplification. 

Watts et al. Page 5

Exp Hematol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



These modified linkers are ligated following the manufacturer’s directions (454/Roche-GS 

20 DNA library preparation kit). Small fragments are removed using AMPure Beads 

(Beckman Coulter, Inc., Pasadena, CA, USA) and then sequential nested PCR is performed. 

The first PCR primer pair is biotin-tagged and is specific to the provirus Long Terminal 

Repeat (LTR). The biotin-tagged sequences are then captured and washed. The second 

nested PCR is performed to further amplify the vector-genome junction sequences and 

attached LTR specific barcodes. The product is then run on a 2% agarose E-gel (Invitrogen) 

and DNA fragments ranging from 300 and 800bp are then excised and purified. The final 

processed fragments are sent for multiplexed semiconductor sequencing by the Ion Torrent 

Personal Genome Machine (EdgeBio, Gaithersburg, MD, USA). Here, they were quality 

control checked and sequenced on a 318 chip. Samples were deconvoluted by barcodes in 

FASTA format on a secure server for downstream processing.

Processing of integration site data

DNA sequences isolated from MGS-PCR–based ampliSied vector LTR-chromosome 

junctions were processed as described previously [15–17]. Using a stand-alone version of 

BLAT [18], the LTR proximal genomic sequences were aligned to the rhesus genome 

(rheMac2). Rhesus genome alignments were converted to the human genome position 

(assembly GRCh37/hg19), 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 database as described previously [18].

RESULTS

No increase in HOXB4GFP marking long-term following cord blood transplant

HOXB4GFP+ marking in cord blood transplant recipient T09214 reached a maximum 

within the first 30 days post-transplant at around 48%, followed by a gradual decrease over 

the following 6 months to approximately 20% percent. From this point on, HOXB4GFP+ 

marking has remained stable at around 20% with no drastic changes (Figure 2A). This is in 

sharp contrast to the marking pattern in bone marrow transplant recipient K00339. In this 

animal, HOXB4GFP+ marking peaked around 62% within the first 30 days, dropped to 

around 5%, and then began a steady increase to reach approximately 90% by 2.2 years post-

transplant (Figure 2B). This rise in HOXB4GFP+ marking first became evident around 2 

years post-transplant. Control YFP+ marking in both animals is comparable, with levels 

hovering around 0.5% to 1%.

No evidence of abnormalities in blood panels of cord blood transplant recipient

Compete blood count (CBC) analysis was performed daily for the first 30 days post-

transplant, weekly until 3 months post-transplant, and monthly thereafter. For cord blood 

transplant recipient T09214, CBC analysis revealed no abnormalities among any of the 

parameters tested including white blood cell (WBC) count and hematocrit. After 

engraftment was achieved, these values were consistently within the “normal” range for a 

macaque, which vary from 8.1 to 15.4 thousand WBC per μL and 33% to 44% for 

hematocrit. This is in contrast to CBC results from bone marrow transplant recipient 
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K00339, who developed an increased white blood cell count and decreased hematocrit at 25 

months post-transplant.

No signs of abnormal pathology in cord blood transplant recipient

A bone marrow biopsy was taken from cord blood transplant recipient T09214 at 3 years 

post-transplant (Figure 3A). Examination by a pathologist confirmed the presence of pockets 

of normal-appearing marrow and the existence of all three major cell lines (erythroblastic, 

granulocytic, and megakaryocytic). There was no evidence of an increased number of 

immature cells or blasts. Furthermore, the sample was normocellular and showed no obvious 

infiltrates. Peripheral blood smears from T09214 revealed a differential count of 42% 

neutrophils (normal range 34% to 71%), 44% lymphocytes (normal range 19% to 53%) and 

14% monocytes (normal range 5% to 13%). Adequate numbers of platelets were detected, 

neutrophils appeared mature, and red cells seemed to be maturing normally. Platelets 

appeared to be present in normal amounts in the peripheral blood and there was no 

indication of atypical or dysplastic cells of any kind. In contrast, a biopsy and peripheral 

blood smear from bone marrow transplant recipient K00339 yielded a diagnosis of acute 

myeloid leukemia (Figure 3B).

Phenotypic composition of long-term cord blood transplant recipient is normal

Subset stain analysis for T09214 is depicted in Figure 4A. The percentages of CD3+ T cells, 

CD20+ B cells, CD13+ granulocytes, CD14+ monocytes, and CD34+ hematopoietic stem 

cells were compared to those of a normal, non-transplanted control macaque. The 

composition of each phenotype was similar between T09214 and control. However, in our 

previous follow-up of bone marrow transplant recipient K00339 (Figure 4B), we observed a 

high frequency of CD34+ cells, nearly all of which were GFP+ indicating that they arose 

from a HOXB4-transduced stem/progenitor cell.

Leukemogenic clones can be detected by six months post-transplant

Previous analysis of retroviral integration sites by Southern Blot and LAM-PCR in bone 

marrow transplant recipient K00339 identified the presence of leukemic (or potentially 

oncogenic) clones PRDM16, SSBP2, STYK1, NSMCE1 and SOCS1 [11]. Please refer to 

the work of Zhang et al. [11] for a full, detailed description of how the leukemogenicity of 

each of these clones was assessed in detail. Using the improved integration site analysis 

technique described above, we went back and re-analyzed samples from K00339 at 3, 6, 12, 

and 24 months post-transplant (Figures 5B and 6). We were able to show that two of these 

leukemic clones, PRDM16 and SSBP2, were detectable as early as 6 months post-transplant. 

The other dominant clones detected in this animal (STYK1, NSMCE1, and SOCS1) could 

be picked up by 12 months post-transplant and increased their overall contribution 

drastically by 24 months post-transplant. None of the dominant clones identified in K00339, 

who developed leukemia, are present in T09214 at any time post-transplant (Figure 5A). 

Furthermore, analysis of clonal composition for macaque K00339 shows the presence of 

multiple clones near or above 20%, which is a threshold identified by the FDA as 

“potentially dominant” (Figure 5B). In T09214, however, no site is present at 20% and no 

site is continuously increasing over time (Figure 5A).
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DISCUSSION

We have previously shown in large animal models that transplantation of HOXB4-expanded 

cells can lead to leukemia. In these circumstances, the graft was comprised of bone marrow-

derived stem cells. Leukemia developed at around 2 years post-transplant in dogs and 

monkeys and was characterized by a spontaneous increase in HOXB4GFP marked cells, 

dysregulated expression of oncogenes, a block in myeloid differentiation, and an increase in 

circulating blasts. The observation of leukemia-associated insertional mutagenesis was 

determined by Southern blot and LAM-PCR.

Here, we have re-analyzed integration sites in macaque K00339, which later developed 

leukemia, using our modified genome sequencing approach and confirmed that dominant 

clones are present early on following transplant and can be detected as early as six months 

post-transplant.

Moving forward from our bone marrow transplantation studies, we have embarked on cord 

blood transplantation studies. After developing a large animal model in which to study cord 

blood expansion and transplantation [6], we tested our model using HOXB4 expansion 

based upon our previous experience with this modality. At the time we initiated the HOXB4 

cord blood transplant studies, we had not yet observed leukemia in the HOXB4 bone 

marrow transplant monkeys. Of 3 monkeys transplanted with HOXB4-expanded cord blood 

cells, one is currently over three years post-transplant without evidence of clonal dominance, 

leukemia, or aberrant hematopoiesis in this animal. In addition, in-depth longitudinal 

retroviral integration site analysis on this animal confirms the absence of any integrations 

within the dysregulated genes (expected to be associated with leukemia) in K00339.

The other two macaques that received grafts of HOXB4-expanded cord blood cells survived 

for 1.5 months (K09175) and 3 months (L09025) post-transplant without evidence of 

leukemia. These animals succumbed to transplant-related complications including viral 

pneumonia and thrombotic thrombocytopenic purpura, neither of which is uncommon in the 

cord blood transplant setting. Because these animals did not survive long-term, clonal 

analysis could not be assessed longitudinally, but was assessed at early time points post-

transplant. With both of these animals, there was no evidence of clonal dominance at time of 

analysis. As with long-term follow-up animal T09214, none of the potentially risky sites 

identified in K00339 were found in these animals. Based on our findings that leukemogenic 

clones can be detected early after transplant, it is likely that had these sites been present, we 

would have identified them during our analysis. This cannot be stated with certainly, as it 

took 6 months for these specific sites to be identified in K00339, but it does support our 

assertion that had K09175 and L09025 not succumbed to transplant related complications, 

they too may have been leukemia-free even several years following transplant. Though the 

numbers of animals studied in this investigation is small, we believe the findings are of 

value and provide a rationale to pursue these observations in more depth.

The interesting observation that multiple macaques receiving HOXB4-expanded bone 

marrow grafts developed leukemia, while none of the macaques receiving HOXB4-

expanded cord blood grafts demonstrated any symptoms of myelodysplasia, is potentially 
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valuable. The protocols for pre-transplant conditioning, cell processing, transduction, 

transplantation, and post-transplant follow-up for these animals were identical. The only 

difference between the bone marrow cohort and the cord blood cohort was the source of 

stem cells used.

There is a large body of literature exploring the differences between bone marrow CD34+ 

cells and cord blood CD34+ cells. For example, CD34+ cells from cord blood have a higher 

cloning efficiency, increased proliferation rate, respond more vigorously to cytokine 

stimulation, and generate approximately 7-fold more progeny than bone marrow derived 

CD34+ [19]. It has also been reported that the relative proportion of myeloid progenitors is 

higher in cord blood than in bone marrow, which has implications for engraftment kinetics; 

it has been suggested that the mean dose of myeloid progenitors required for timely 

engraftment from bone marrow is 2.2-fold higher than from cord blood [20]. Additionally, 

cell cycle kinetics vary between bone marrow and cord blood, as it has been found that at 

day 0, significantly fewer CD34+ cells from cord blood are in S + G2M phases of the cell 

cycle compared to bone marrow cells. Exposure to stem cell factor (SCF) and interleukin 3 

(IL3) significantly increase cycling in cord blood CD34+ cells but have no effect on bone 

marrow CD34+ cells [21]. Furthermore, in studies comparing cytokine expression levels 

between cord blood and bone marrow, it was found that G-CSF was not detected in cord 

blood [22]. Other literature has cited differences in the immunogenicity and naivety of cord 

blood cells [23]. More recent analysis of the genomic and proteomic variation in the mitotic 

state of CD34+ cells derived from bone marrow, peripheral blood, and cord blood has also 

indicated the unique nature of cord blood cells. Analysis of 484 target genes and 646 

proteins [24] showed that engraftment potential of bone marrow or peripheral blood cells 

was only evident in the G0 phase of the cell cycle, whereas in cord blood, cell cycle status 

was not a limiting factor in engraftment potential. Research by Jin et al (2013) confirms that 

mesenchymal stromal cells derived from cord blood have significantly higher clonality (and 

lower expression of cell senescence markers) than those derived from bone marrow [25]. 

Furthermore, researchers in the Terry Fox Laboratory recently published a study [26] in 

which they exposed cord blood CD34+ cells to a library of bar-coded viral vectors and used 

massively parallel sequencing to analyze the clonal distribution of cells from mice receiving 

transplants of these cells. They were able to detect a high number of clones, the majority of 

which were detected greater than 13 months post-transplant but with increasing stability. 

This study illustrated the ability of cord blood CD34+ cells to display varied clonal output 

patterns post-transplant. Taken together our data support previous findings that cord blood 

CD34+ cells have unique differences from bone marrow CD34+ cells. These include 

variations in proliferative rate, varying cell cycle kinetics, differing response to cell 

signaling molecules, and variations in the effect of cell cycle status on engraftment potential. 

But we hypothesize that perhaps the most significant factor among these differences is an 

inherent increase in clonality of cord blood cells compared to bone marrow cells. While the 

number of animals studied here is too small to draw any clear conclusions regarding the 

safety of gene modified cord blood CD34+ cells, the lack of clonal expansion or leukemia in 

the cord blood transplant animals is intriguing and warrant additional studies. Our data 

clearly establishes the potential of the nonhuman primate model to study cord blood CD34+ 

cells for gene therapy and cell expansion studies.
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Figure 1. Experimental designs for HOXB4-mediated stem cell transplant
In the cord blood transplant setting (A), umbilical cord blood cells are harvested at time of 

birth and later infused into the infant macaque. In the bone marrow transplant setting (B), 

cells are harvested from the bone marrow of the adult macaque and later infused into the 

same animal. In both settings, the macaque receives autologous cells.
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Figure 2. Gene marking levels in granulocytes in a cord blood transplant monkey (A) and a bone 
marrow transplant monkey who later developed leukemia (B)
Marking in the cord blood transplant monkey remains stable, while the bone marrow 

transplant monkey demonstrated a rapid increase in GFPHOXB4 marking around 2 years 

post-transplant.
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Figure 3. Representative marrow morphology from a monkey receiving a HOXB4-expanded 
cord blood graft (A) and a monkey receiving a HOXB4-expanded bone marrow graft who later 
developed leukemia (B)
Slides were stained with Wright-Giemsa stain and analyzed by a pathologist. A high 

frequency of blast cells was observed in the marrow of the bone marrow transplant recipient. 

Image reprinted with permission from [11].
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Figure 4. Subset analysis of bone marrow aspirates from a cord blood transplant monkey at 
nearly 3 years post-transplant (A) and bone marrow transplant monkey who later developed 
leukemia (B)
Nucleated marrow cells were analyzed for expression of CD3, CD20, cD13, CD14, and 

CD34 based on flow cytometric analysis. Image reprinted with permission from [11].
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Figure 5. Longitudinal integration site analysis from a cord blood transplant monkey (A) and a 
bone marrow transplant monkey who later developed leukemia (B)
The relative frequency of the 9 most commonly identified integration sites is shown, along 

with the contribution of all others (black bars). Portions of columns with matching patterns 

illustrate site that were present at multiple time points.
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Figure 6. Leukemic clones can be detected by 6 months post-transplant in macaques receiving 
bone marrow CD34+ cells
Integration sites contributing to leukemia outgrowth in a macaque receiving a bone marrow 

transplant were analyzed at regular time points in the period leading up to observation of 

clinical symptoms. Integration sites in PRDM16 and SSBP2 could be detected by 6 months 

post-transplant, while integrations within STYK1, NSMCE1, and 53 kb away from SOCS1 

could be detected by 12 months post-transplant.
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