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Abstract
Objective—Myeloablative total body irradiation (TBI) in the setting of autologous transplantation
of genetically modified hematopoietic stem cells (HSC) is associated with substantial toxicity.
Nonmyeloablative doses of TBI are less toxic, but result in low-level engraftment of genetically
modified HSCs. As an alternative to TBI, escalating doses of parenteral busulfan were tested for their
hematologic toxicity, their ability to promote donor leukocyte engraftment, and the time window for
such engraftment.

Materials and Methods—Hematologic toxicity of busulfan was assessed in C57BL6 mice after
single nonmyeloablative doses of intraperitoneal busulfan ranging from 1 to 40 mg/kg by serial
complete blood counts monitored up to 40 days. The level of donor engraftment attainable after
nonmyeloablative busulfan was determined by infusion of 20 million congenic murine bone marrow
nucleated cells (BMNC) following 5 to 40 mg/kg of busulfan. To determine the effects of delayed
HSC infusions, BMNCs were infused 1, 10, 15, and 20 days after a single dose of 10 mg/kg of
busulfan.

Results—Busulfan doses from 1 to 40 mg/kg produced hematologic toxicity that was most
pronounced in the 2nd to 3rd week. In transplantation experiments, dose-dependent donor leukocyte
engraftment was attained with levels >70% after only 20 mg/kg of busulfan. Similar levels of
engraftment were achieved even when infusion of BMNCs was delayed up to 20 days after busulfan
injection.

Conclusion—Nonmyeloablative parenteral busulfan produced transient myelosuppressive effects,
clinically relevant levels of engraftment, and an extended time window for HSC infusion in murine
hosts.

The therapeutic potential of hematopoietic stem cell (HSC) transplantation has been proven in
a number of disease settings, providing a rationale for further study in genetic disorders
affecting the hematopoietic compartment. Indeed, transfer of the β-globin gene through the
HSC compartment by allogeneic bone marrow transplantation has already proven curative in
a select group of pediatric patients with sickle cell disease [1], and provides the proof of concept
that genetic manipulation of autologous HSCs might be equally therapeutic. Conditioning
strategies for allogeneic transplantation have traditionally dually employed myelosuppression
for creation of “space” and immunosuppression to prevent graft rejection [2,3]. Procedural
toxicities and the relative requirement of a human leukocyte antigen-matched sibling donor
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limit this approach to a fraction of affected individuals. For those lacking a human leukocyte
antigen-matched donor, gene transfer to autologous HSCs is a viable option that is currently
in active pre-clinical and clinical development. Several recent gene therapy clinical trials have
demonstrated benefit in the immunodeficiencies [4–6], and these successes have resulted in
part from improved viral vector design, improved transduction methods, and efficient marrow
engraftment, even in the absence of any form of conditioning or immunosuppression and the
selective advantage conferred upon the progeny of genetically modified HSCs in the
immunodeficient setting. In diseases where no selective advantage is conferred,
myelosuppression appears necessary for engraftment of genetically modified HSCs [5,6]. In
contrast to allogeneic HSC transplantation (HSCT), our own work suggests that
immunosuppression is not required when autologous HSCs carrying a foreign transgene are
introduced after myeloablative irradiation [7].

Toxicity associated with myeloablative irradiation is substantial and unacceptable for
nonmalignant hematologic disorders, hence nonmyeloablative conditioning strategies remain
a goal for gene-therapy applications. Prior murine studies have demonstrated that TBI as low
as 100 rads are well-tolerated and sufficient to allow moderate engraftment of genetically
modified HSCs [8–10]. However, when applied in primates, TBI at doses ranging from 100 to
500 rads did not produce clinically relevant long-term in vivo engraftment, though long-term
persistence at low levels suggests no limitation by a host immune response [11,12]. We
therefore sought to identify an alternative to TBI that would allow dose-dependent engraftment
along a less-steep dose-response curve.

First used in the treatment of chronic myelogenous leukemia because of its effects on peripheral
blood granulocyte counts [13,14], busulfan is an alkylating agent that has been employed as
an alternative agent to TBI in hematopoietic stem cell transplantation [15–17]. However, the
sole availability of an oral formulation required frequent dosing and was limited by
unpredictable absorption that necessitated close pharmacokinetic monitoring. Based upon the
clinical availability of an intravenous formulation from which reliable pharmacokinetics can
be achieved with once daily rapid infusion with fewer side effects [18–21], we initiated parallel
studies in both murine and nonhuman primate models to determine the suitability of this agent
for gene therapy applications. In rhesus macaques, pharmacokinetics were similar to that of
humans and moderate levels of myelosuppression were seen at two nonmyeloablative dosing
levels. Long-term persistence of genetically modified cells at low levels (similar to control
cells carrying but not expressing the transgene) suggested no immune clearance of genetically
modified cells in recipients pairs receiving low dose (4 and 6 mg/kg) intravenous busulfan as
the sole conditioning agent. However, the high cost of the primate model does not permit
extensive dose range or timing testing [22,23]. We thus employed the murine congenic
transplantation model to test a wide range of doses well below the myeloablative dose of 150
mg/kg in mice [16]. Additionally, as busulfan is primarily toxic against metabolically quiescent
cells, resulting in delayed suppression of peripheral blood counts [24,25], we reasoned that
heightened engraftment might be achieved at the nadir of blood counts, and performed a
delayed infusion time course study to test this hypothesis.

Materials and methods
To assess hematopoietic toxicity, busulfan liquid (ESP Pharma, Edison, NJ, USA) at 1, 5, 10,
15, 20, and 40 mg/kg was injected into 10- to 12-week-old C57BL6 mice (Jackson Laboratory,
Bar Harbor, ME, USA) intraperitoneally in cohorts of five mice. Tail-vein blood samples were
obtained at 1, 5, 13, 18, 25, 28, and 40 days after busulfan administration. Complete blood
counts were obtained from diluted venous blood samples on CellDyne 3500 Analyzer (Abbott
Laboratories, Chicago, IL, USA).
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To determine the level of engraftment attainable with parenterally administered busulfan, bone
marrow were collected from 6- to 8-week-old B6.SJL-Ptprca-Pep3b-/BoyJ donors (CD45.1,
Jackson Laboratory) as described previously [10] and 20 million bone marrow nucleated cells
(BMNCs) were injected via tail vein into 10- to 12-week-old recipient C57BL6 mice (CD45.2),
1 day after 5 (n = 5), 10 (n = 20), 20 (n = 20), and 40 (n = 5) mg/kg of busulfan. The 40 mg/
kg busulfan doses were given in two 20 mg/kg injections 1 day apart. Donor chimerism was
assessed by the percentage of CD45.1 lymphocytes and granulocytes in peripheral blood at 4,
8, and 13 weeks posttransplantation after staining with CD45.1 fluorescein isothiocyanate and
CD45.2 phycoerythrin-conjugated antibodies (PharMingen, BD Biosciences, San Jose, CA,
USA). Stained leukocytes were analyzed on a FACS Calibur using CellQuest software (BD
Biosciences).

For time-course studies, bone marrow cells from 6- to 8-week-old donor C57BL6 mice were
collected as described above. Twenty million BMNCs were injected at 1, 10, 15, and 20 days
after a single intraperitoneal injection of 10 mg/kg busulfan into 10- to 12-week-old recipient
mice, B6.SJL-Ptprca-Pep3b-/BoyJ. There were 5 mice per cohort, and the experiment was
performed in triplicate (15 mice per group, total 60 mice). Donor chimerism (CD45.2
lymphocytes and granulocytes) was determined as described above. Student’s t-test was used
to compare the percentage of donor engraftment at 12 to 13 weeks. There was no viral exposure
to murine BMNCs in all the transplantation experiments.

Results
Parenterally administered busulfan produced a transient myelosuppressive effect (Fig. 1A and
B). White blood cell (WBC) and platelet counts were the lowest between the 2nd and 3rd week,
and recovered by the 4th and 5th week. WBC counts were reduced following all busulfan doses,
and rebounded higher than baseline values at recovery. The WBC nadir in the 10 mg/kg cohort
was 5.15 k/uL on day 25; in 15 mg/kg cohort, 5.62 k/uL on day 13; in 20 mg/kg cohort, 4.90
k/uL on day 13; and 6.31 k/uL in 40 mg/kg cohort, on day 5. Platelet counts showed little
change in the 1 mg/kg and 5 mg/kg groups. The platelet nadir in the 10 mg/kg group was 693
k/uL on day 18; in the 15 mg/kg group, 556 k/uL on day 18; in the 20 mg/kg group, 431 k/uL
on day 18; and in the 40 mg/kg group, 233 k/uL on day 13. WBC and platelet count percentages
with respect to baseline values are summarized in Table 1.

Because busulfan at 1 and 5 mg/kg produced little hematologic effect, doses of 10, 20, and 40
mg/kg (given 1 day prior to stem cell infusion) were used to assess dose-dependent engraftment
of donor leukocytes (Fig. 2). At 12 to 13 weeks posttransplantation, respective donor and
myeloid engraftments were 5.8% and 9.8% (busulfan 5 mg/kg), 40.1% and 44.3% (10 mg/kg),
74.3% and 73.8% (20 mg/kg), and 81.3% and 77.2% (40 mg/kg). The percent of donor
leukocytes was most variable at the 10 mg/kg, ranging from 29.2% to 56.4% in lymphoid cells,
and from 32.7% to 80.2% in myeloid cells.

Kinetics of donor leukocyte engraftment were also examined. Lymphoid engraftment was
gradual, slowly increased over the monitoring period, and plateaued by 13 weeks (Fig. 3A).
In contrast, myeloid engraftment was rapid, reached maximal levels at 3 to 4 weeks, and
remained stable through the duration of the monitoring period (Fig. 3B).

As busulfan produced delayed decreases in the blood counts and, at 10 mg/kg, led to moderate
level of donor leukocyte engraftment, this dose was chosen to test whether delaying infusion
of HSCs would allow heightened donor leukocyte engraftment. When BMNCs were infused
after 1, 10, 15, and 20 days after busulfan was administered, lymphoid engraftment was 54.5%,
49.6%, 44.0%, and 47.5%; myeloid engraftment was 65.8%, 53.5%, 46.9%, 35.6% (Fig. 4, p
> 0.05, Student’s t-test comparing day −1 to other time points).
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Discussion
TBI has been successfully employed as the core conditioning agent in allogeneic HSCT,
providing robust engraftment in the majority of humans, even after nonmyeloablative dosing
[26–28]. When employed in preclinical studies testing engraftment of autologous genetically
modified HSCs, however, gene marking remained low and a steep dose-response curve
complicates nonmyeloablative dosing strategies [10–12]. In addition, a component of the
robust engraftment seen in human nonmyeloablative allogeneic HSCT trials derives from a
donor alloimmune response not active in the autologous HSCT setting. Busulfan represents an
attractive alternative to TBI as a conditioning agent for autologous HSCT applications, and the
availability of an intravenous formulation with predictable pharmacokinetics could allow more
precise dosing strategies for the desired level of engraftment if a dose-dependent relationship
could be established. Parenteral nonablative busulfan proved easy to administer, was well-
tolerated, and produced modest transient effects on peripheral blood counts with a nadir in
blood counts during the 2nd to 3rd week. Mice treated at doses up to 40 mg/kg did not require
hematopoietic support for survival. These results, while similar to those reported previously
with oral dosing [24,29], represent a significant advance, given the practical difficulties
associated with the enteral formulation in clinical use.

Importantly, busulfan allowed dose-dependent donor leukocyte engraftment in a congenic
murine transplantation model. At 5 mg/kg, donor engraftment was <10%; at 10, 20, and 40
mg/kg, donor engraftment increased linearly and was similar to that achieved with the oral
formulation [17,30]. The percentage of donor leukocytes varied at 10 mg/kg, suggesting a
threshold of adequate myeloid suppression was achieved in some cohorts but not others.
Pretreating mice with granulocyte colony-stimulating factor for 1 or 4 days before 10 mg/kg
busulfan administration did not lead to higher percentages of donor cells (data not shown). The
lack of improvement by granulocyte colony-stimulating factor and the nadir of blood counts
occurring at 2 to 3 weeks after dosing support that busulfan primarily targets metabolically
quiescent marrow cells, a desirable property for transplantation of genetically modified HSCs.
Compared to lower doses, busulfan at 20 or 40 mg/kg led to more consistent engraftment, and
appeared to plateau at these two doses as a sole conditioning agent. Busulfan, therefore,
provides dose-dependent engraftment with clinically relevant levels achievable at doses well
below myeloablative.

The distinct pattern of lymphoid and myeloid donor engraftment is noteworthy and consistent
with recent work in murine transplantation studies [31]. These findings reinforce busulfan’s
dominant myelosuppressive effect, which is desirable in some disorders as prompt and robust
myeloid engraftment of genetically modified autologous HSCs would be of benefit to patients
with leukocyte disorders [6,32,33]. Indeed, the predominance of myeloid cells carrying the
corrective transgene in a recent clinical gene therapy trial in chronic granulomatous disease
attributed to the influence of vector integration sites could also be due in part to the choice of
busulfan as the sole conditioning agent [6].

With conventional myeloablative conditioning, HSCs are infused as early as possible to
minimize duration of cytopenias in order to reduce transplant-related toxicities. However, with
nonmyeloablative conditioning, the degree of cytopenias can be comparatively mild, and with
regimens that do not produce significant cytopenias, immediate infusion is not a necessary
safety measure. Thus, delaying infusion of HSCs to optimize donor leukocyte engraftment is
a reasonable approach, yet no preclinical studies to date have assessed the effect of timing of
the conditioning with respect to the infusion. One early study with myeloablative oral busulfan
in rats showed improved survival when the infusion was delayed from 4 hours to 24 to 72
hours, but longer delays were not assessed [29].
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Our experiments with delayed infusion of BMNCs demonstrated that moderate donor
engraftment can be achieved after nonmyeloablative busulfan conditioning over a prolonged
window of up to 3 weeks. Although lymphoid engraftment did not differ significantly, myeloid
engraftment appeared to decline. Low-dose (10 mg/kg) busulfan led to 50% to 60% myeloid
engraftment when given 1 day prior, and decreased to 35% to 40% when given 20 days prior
(not statistically significant). These results demonstrate that in disorders where less than
complete engraftment is sufficient for disease amelioration [34,35], there is a prolonged
window of time for transplantation of HSCs.

Our current work in the congenic murine transplant model, along with our recent studies in
nonhuman primates [22], demonstrate that intravenous busulfan exerts predictable
pharmacokinetic and hematologic effects, produces dose-dependent engraftment at
nonmyeloablative doses, provides an extended window for reliable engraftment of HSCs, and
is thus a reasonable alternative to TBI for HSC transplantation.
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Figure 1.
Total white blood cell (WBC) (A) and platelet (B) counts after one dose of busulfan at indicated
doses (mg/kg). Each data point represents an average of five mice in the same dose cohort.
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Figure 2.
Percent donor leukocyte engraftment at 12 to 13 weeks post-transplantation. Single doses of
5, 10, 20, and 40 mg/kg of busulfan were used to condition the mice 1 day prior to bone marrow
nucleated cell infusions. Numbers of animals were 5, 20, 20, and 5, respectively.
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Figure 3.
Pattern of lymphoid (A) and myeloid (B) engraftment over time. Five, 10, and 20 mg/kg of
busulfan were given 1 day prior to bone marrow nucleated cell infusions. There were 5, 20,
and 10 mice in each cohort, respectively.
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Figure 4.
Percent donor leukocyte chimerism at 13 weeks after transplantation; 10 mg/kg of busulfan
were administered at 1, 10, 15, and 20 days before infusion of bone marrow nucleated cells.
There were 15 mice per each time cohort. Comparing day −1 to other time points, p > 0.05.
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Table 1
Percentage of lowest white blood cell and platelet counts with respect to baseline values after one dose of busulfan

Busulfan dose (mg/kg) % baseline WBC count % of baseline platelet count

1 73.0 92.3

5 84.0 94.9

10 75.0 61.4

15 66.0 53.7

20 43.9 38.1

40 69.0 20.5

WBC = white blood cell.
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