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METHOD FOR SELECTIVELY DEPLETING HYPOXIC CELLS

RELATED APPLICATIONS

This application claims priority to and the benefit of United States Provisional Patent
Application No. 60/723183, filed October 3, 20035, for all subject matter common to said
application. The disclosure of the above-mentioned application is hereby incorporated by

reference herein in its entirety.

GOVERNMENT FUNDING

This invention was made with government support under grant RO1 10941-31 awarded

by the NIH. The United States government has certain rights in the invention.

BACKGROUND OF THE INVENTION

The hematOpoietic system is maintained by a rare population of pfimitive hematopietic
stem cells (HSCs) that are defined by the key feature of self-renewal, as well as the ability to
generate multilineage progenitor populations that ultimately give rise to the functioning cells of
blood and immune system. The normal mammalian hemaopoictic system is largely distributed
around the adult body within the bone marrow and consists of quiescent stem cells and
differentiated progenitors. The proliferative potential of HSCs is thus considerable as they have
the unique ability to perpetuate themselves by self-renewal.

Functionally, HSCs are often defined in transplantation by their ability to engratt and
maintain hematopoiesis in irradiated recipients (Weissman ef al., 2001). Accordingly, 1t 1s
important to effectively deplete or inactivate host HSCs in treating diseases involving HSCs,
such as cancers, immune disorders, and transplant rejection. However, this has proven difficuit,
particularly because the frequency of HSCs is extremely low (estimated to be only 1 to 2 per
100,000 bone marrow cells in competitive repopulation experiments (Harrison, 1980), making

these cells more difficult to target and eradicate.

1
SUBSTITUTE SHEET (RULE 26)
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Current treatments typically involve administration of high doses of cytotoxic agents,
usually in combination with radiation, which ablate not just HSCs, but all cells in the
hematopoietic system. These therapies have clear drawbacks and severe toxic side efiects.
Accordingly, improved treatments for depleting HSCs, (e.g., prior to transplantation of donor

HSCs to establish complete or mixed hematopoietic cell chimerism) would be beneficial.
BRIEF SUMMARY OF THE INVENTION

The present invention provides a method for selectively depleting hypoxic cells,
including HSCs, within the bone marrow by contacting the cells with a cytotoxic agent that
specifically kills hypoxic cells, but not non-hypoxic cells, such that the hypoxic cells are
selectively depleted. In one embodiment, the agent is administered to a subject in vivo prior to
cellular or solid organ transplantation (e.g., bone marrow, donor mobilized peripheral blood, and
umbilical cord blood) provided that the subject does not have a solid tumor. In such
embodiments, the bone marrow can be irradiated or contacted with a chemotherapeutic agent
prior or following administration of the agent that selectively kills hypoxic cells. In a particular
embodiment, the HSCs are primitive HSCs, such as late forming Cobblestone Area-Forming
Cells (CAFCs). Depletion of HSCs within the bone marrow can be measured, for example, 77
vitro in a CAFC assay or by long-term engraftment of congenically marked CD45.1 bone
marrow transplanted in a subject.

In another aspect, the present invention provides a method for engrafting donor HSCs in
the bone marrow of a host subject by administering to the subject an agent that selectively kills
hypoxic cells, such that HSCs in the subject are depleted, and then administering HSCs from a
donor subject. In a particular embodiment, the host subject is administered a chemotherap eutic
agent or irradiation prior to or following administration of the agent that selectively kills hypoxic
cells. In another particular embodiment, the host subject is administered a short-term immune
modulating agent, such as a T-cell depleting antibody, in conjunction with (e.g., before,
concurrently with, or following) administration of the agent that selectively kills hypoxic cells.

In another aspect, the present invention provides a method for treating a cancer within
the bone marrow of a host subject by administering the subject an agent that selectively kills
hypoxic cancer cells, such that the hypoxic cells in the subject are depleted, and then

administering HSCs from a donor subject. In a particular embodiment, the cancer 1s a
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hematological cancer, such as a leukemia or a lymphoma. In another particular embodiment, the
cancer is one which has metastasized to the bone marrow, such as neuroblastoma cells or breast
carcinoma cells.

Preferred agents for use in the present invention selectively kill or deplete HSCs but not
mature blood cells, so that the mature blood cells are maintained. In one embodiment, the agent
is a bioreductive agent. In another embodiment, the agent is a hypoxia-activated prodrug.
Particular agents which can be used in the invention include benzotriazipes, such as
Tirapazamine (TPZ; SR4233; 1,2,4-benzotriazin-3-amine 1,4-dioxide).

The invention also includes the use of other prodrugs that produce well-defined

cytotoxins on reduction in hypoxic cells. These include nitroaromatic compounds (e.g.

~ misonidazole; 1-methyl-3-(2-nitro-1-imidazolyl)-2-propanol and RB 6145; 2-nitroimidazole)

,(Adams et al. Int. J. Radiat. Oncol. Biol. Phys. 29, 231-238, 1994), anthraquinones (e.g.
AQ4N; 1,4~Bis—-[[2-(dimethylamino -N-oxide)ethyl]amino] 5,8~dihydroxyantilracene~9, 10-dione)
(Patterson, L. H. , Cancer Metastasis Rev. 12, 119-134, 1993, Patterson, L. H., Drug Metab.
Rev. 34, 581-592 , 2002; Patterson, L. H. et al. Br. J. Cancer 82, 1984-1990, 2000), the
chloroquinoline DNA-targeting unit to 2-nitroimidazole (e.g. NLCQ-1; 4-[3-(2-Nitro-1-
imidazolyl)-propylamino]-7-chloroquinoline hydrochloride) (Papadopoulou, M. V. ez al. Clin.
Cancer Res. 9, 5714-5720, 2003), dinitrobenzamide mustards, (e.g. SN 23862; 5-(N,N-bis(2- :
chloroethyl)amino)-2,4-dinitrobenzamide and SN 28343) (Siim, B. G., ef al., Oncol. Res. 9,
357-369, 1997; Helsby, N. A. et al. Chem. Res. Toxicol. 16, 469478, 2003), nitrobenzyl
phosphoramidate mustards (Nitroheterocyclic Phosphoramidates) (Borch, R. F. et al., J. Med.
Chem. 43, 2258-2265, 2000), nitroheterocyclic methylquaternary salts (Nitroarylmethyl
Quaternary Salts) (Tercel, M. et al. J. Med. Chem. 44, 3511-3522, 2001), cobalt(1Il) complexes
(Wilson, W. R., et al., Int. J. Radiat. Oncol. Biol. Phys. 29, 323327, 1994) and indoloquinones
(Everett, S. A., et al., Biochem. Pharmacol. 63, 1629-1639, 2002).

As hypoxia-inducible factor 1 alpha (HIF-10) is a master regulator of the transcriptional
response to low oxygen tensions, agents that have the ability to inactivate or deplete HSCs via
inhibition of HIF-1a are included in the invention. Examples of HIF-1a inhibitors include
camptothecin analogues (e.g., 1H-Pyrano(3',4":6,7)indolizino(1,2-b)quinoline-3,14(4H,12H)-
dione, 4-ethyl-4-hydroxy-, (S)-) and topoisomerase (Topo)-I inhibitors (Rapisarda, A., et al.,
Cancer Res. 62, 4316-4324, 2002) and 3-(5'-hydroxymethyl-2'furyl)-1-benzyl indazole (YC-1)
(Yeo, E. J. et al. J. Natl Cancer Inst. 95, 516~525, 2003). Another example of HIF-10o inhibitor
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include a drug called PX-478 (S-2-amino-3-[4’-N,N,-bis(2-chloroethyl)amino Jphenyl propionic
acid N-oxide dihydrochloride) which is about to enter the clinic (Garber K, J Natl Cancer Inst.
97, 1112-1114, 2005; Welsh, S et al., Molecular Cancer Therapeutics. 3, 233-244, 2004.)

The methods of invention can be used to treat and prevent a wide variety of diseases
involving HSCs, and to enhance engraftment of donor stem cell transplants (e.g., to establish
complete or mixed hematopoietic cell chimerism), with significantly less toxicity than current
therapies in the treatment of malignant and non-malignant diseases, in the induction of
immunological acceptance for cellular and/or solid organ transplantation (e.g., 1o induce a state
of donor-specific immune tolerance), to prevent or reduce graft-versus-host disease (GvHD), to
provide a platform for administering donor-leukocyte infusions (DLI), in the treatment ot
enzyme deficiency diseases, in the treatment of autoimmune diseases and in the transplant of
genetically modified HSCs. Suitable combinations with short-term immune modulating agents
(e.g., T cell-depleting antibodies) provide methods for engrafting hematopoietic stem cells from

allogeneic and xenogeneic donors.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the separation of different bone marrow fractions according to a
Hoechst diffusion gradient. (A) Blue versus red fluorescence intensity after 1.v. mfusion of
Hoechst dye (0.8 mg at 5 and 10 min.) with sorting gates for cell isolation. (B) CAFC
frequencies with time in culture for the different fractions. (C) Early- and late-forming CAFC

frequencies as a function of red Hoechst fluorescence.

FIG. 2 shows the long-term repopulation for donor cells (Ly5.1/CD45.1) sorted
from high (R3) and low (R7) Hoechst perfused bone marrow. Bone marrow cell dose-responses
are for myeloid (GR-1/CD11b) engrafiment at 18 weeks post-BMT in 10 Gy irradiated
recipients (Ly5.1/CD45.2). Similar results were obtained for T-cell (CD3) and B-cell (B220)

chimerism. The number of mice for each cell dose group 1s indicated.

FIG. 3 shows pimonidazole metabolism at low oxygen tensions. This 2-

nitroimidazole is non-toxic but forms adducts in hypoxic conditions that can be recognized by an
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antibody. This hypoxic marker has been used routinely to measure hypoxic cells in both clinical

and experimental tumor specimens.

FIG 4(A) shows low Hoechst perfusion and FIG. 4(B) shows positive staining with
a hypoxic cell marker in the thymus.

FIG 5 shows evidence for hypoxic Side Population (SP) cells in the bone marrow.
Three different regions based on Hoechst dye efflux, non-SP (R1), high SP (R2) and low SP
(R3) from mice injected 3 h previously with or without 120 mg/kg pimonidazole (n=5) were |
sorted and then intracellularly stained with a mouse anti-pimonidazole primary antibody and a
goat anti-mouse IgG F(ab’)2 Alexa Fluor 488 secondary antibody. The sorted cells were also
stained with a rat anti-CD45R PE-conjugated antibody to remove cross-reactivity of the goat

antibody against B-cells.

FIG 6 shows a model of oxygen diffusion in relation to the blood supply with

location of the stem cell niche in a microenvironment of relatively low oxygen tension

(hypoxic).

FIG 7 shows the mechanism by which tirapazamine selectively kills hypoxic cells.
Tirapazamine (TPZ) is a substrate for one-electron (1e-) reductases. The resulting free radical
(TPZ*) undergoes spontaneous decay to an oxidizing hydroxyl radical (OHe) or an oxidizing
benzotriazinyl radical (BTZe). In the presence of oxygen, the TPZ radical is back-oxidized to the

parent compound, producing a superoxide radical (O2— *) (This figure is reproduced from
Brown & Wilson, 2004).

FIG 8 is a depiction of CAFC content per hind Iimb expressed as percent ot
untreated (saline injected) control following 4 x 30 mg/kg tirapazamine (TPZ) 2 x 10 mg/kg
Busulfex (BX) or 4 Gy gamma-irradiation. Data represents the mean of bone marrow cell

samples pooled from 3-4 individual mice with 95% confidence limats.

FIG 9 is a conceptual illustration of preferential depletion of hypoxic normal HSCs
by TPZ and the subsequent engraftment and repopulation of transplanted donor HSCs.
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FIG 10 is a conceptual illustration of preferential depletion of malignant HSCs that
are hypoxic and therefore susceptible to TPZ treatment, as well as the subsequent eradication of

the disease.

FIG 11 shows that 5-FU selectively depletes early-forming CAFCs. 5-FU was
administered i.p. to B6 recipients at a single dose of 150 mg/kg. At 2 days, the femoral and tibial
bone marrow was harvested, pooled from mice and plated for estimate of CAFC content per hind

limb. Error bars represent 95% confidence intervals.

FIG 12 shows increased Hoechst perfusion in bone marrow aiter 5-FU. At diiferent
times after 5-FU, Hoechst dye was injected 1.v. (0.8 mg at 5 and 10 min) and the bone marrow
analyzed for intensity of Hoechst uptake. The plotted graph gives the red fluorescence intensity
for cells at the lower 1% level to show how the Hoechst gradient 1s shortened at 1 to 6 days after

5-FU and provides evidence for improved oxygenation of the cells that remain after treatment.

FIG 13 shows that the number of SP cells in bone marrow is decreased after 5-FU.
At different times after 5-FU, bone marrow was harvested, nucleated cells counted and
incubated in Hoechst dye for subsequent analysis on efficient (lower gate) and poor (higher gate)
dye effluxing cells in the SP tail. Whale the percent of SP cells appeared to increase from day 1
to day 4, the cell yield continued to decrease and thus the actual number of SP cells per hind

limb remained low.

FIG 14 shows a conceptual illustration of reoxygenation of HSCs after 5-FU
treatment. This model pfovides an explanation for both a decrease 1n the Hoechst diffusion
gradient concomitant with increased oxygenation of HSCs and a loss of the SP phenotype as the
latter is determined by ABCG2 expression that is controlled by HIF-1a (Krishnamurthy ef al.
2004).

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates generally to an improved method for removing normal or
malignant hematopoietic stem cells (HSCs) in bone marrow, including HSCs and metastasized
cancer cells. The present invention also provides an improved method of treating a cancer

within the bone marrow of a host subject. Existing methods for depleting HSCs and hypoxic
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cancer cells within the bone marrow prior to transplantation of donor HSCs are non-selective
and thus significantly deplete other cells within the bone marrow, thereby having considerable
toxic side effects. However, as part of the present invention it was discovered that HSCs, as well
as other cells, such as cancer cells which have metastasized to the bone marrow, can be
selectively depleted by virtue of the fact that they reside within a hypoxic niche 1n the bone
marrow. Accordingly, in a particular embodiment, the methods of the present invention
selectively target and deplete hypoxic cells within the bone marrow using agents that are active
only under hypoxic conditions, thereby reducing or eliminating the undesirable side effects
associated with existing therapies. The present invention is particularly useful for the treatment
of a variety of non-solid malignancies, such as hematological malignancies and cancers which
have metastasized to the bone marrow. In a particular embodiment, the method of the invention
15 used to selectively remove hypoxic cells 1in the bone marrow of a subject, who does not have a
solid tumor (i.e., to treat only hematological (non-solid) malignancies.) |

In order that the present invention may be more readily understood, the following terms
are defined as follows:

The term "depleting" refers to nactivating, killing or reducing the number of HSCs.

The term "selectively" refers to the ability of the agent to target hypoxic cells (e.g., HSCs
and/or cancer cells) without targeting cells that reside 1n a non-hypoxié environment (e.g., non-
HSC progenitors, mature blood cells). |

The term "hematopoietic stem cells" (HSCs) refers to pluripotent cells which have an
extensive capacity for self-maintenance and self-renewal and are capable of differentiating into a
variety of progenitor cell types. This term includes primitive HSCs, e.g., late forming CAFCs.

The term "self-renewal" refers to the fact that these cells can give rise to progeny
identical in appearance and differentiation potential.

The term "cancer" refers to any malignant growth caused by abnormal and uncontrolled
cell division, provided that the malignant growth 1s not a solid tumor and provided that the host
subject does not have a solid tumor. This term includes, but is not limited to, hematological
cancers (e.g., leukemias and lymphomas) and cancers which have metastasized to the bone
marrow (e.g., neuroblastoma cells and breast carcinoma cells).

The term "CAFC" refers to Cobblestone Area Forming Cells, which are immature HSCs.
These cells include "early forming" and "late forming" CAFCs. "Late Forming CAFCs" are
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typically immature HSCs which appear in culture at day 25 or more (e.g., 28-35 days) and reside
in the stromal layer. These cells form colonies known as "Cobblestone Areas.”

The term "hypoxic cells" refers to cells which reside in a low oxygenated environment,
e.g., an oxygen tension of less than pO, of 10 mm Hg. The term "hypoxia-activated prodrug"
refers to a drug that is initially inactive, but becomes activated in a hypoxic or low oxygenated
environment.

The term "complete chimerism" or "complete hematopoietic stem cell chimerism" refers
to the successful engraftment of donor HSCs 1n the host subject, wherein the donor HSCs and
ascendant populations in, e.g., the blood, constitute more than 99% in the host.

The term "mixed chimerism" or "mixed hematopoietic stem cell chimerism" refers to a
state of varymng proportions of engrafted donor HSCs and resident host HSCs in the transplant

recipient, wherein the donor HSCs and ascendant populations in, e.g., the blood, constitute levels

~of between 1 and 99%.

As stated above, the methods of the present invention provide improved methods for
selectively depleting hypoxic cells (e.g., HSCs and/or cancer cells) within the bone marrow,
without substantially depleting mature blood cells, which are less toxic than existing
myeloablative procedures. The HSCs which are selectively depleted may be any HSCs within
the bone marrow, including primitive HSCs, such as late forming Cobblestone Area-Forming
Cells (CAFCs).

In one embodiment of the invention, the method 1mmvolves selectively depleting hypoxic
cells (e.g., HSCs and/or cancer cells) in a host subject followed by engraftment of donor HSCs
in the subject. The donor HSCs may be derived from any suitable source, including donor bone
marrow, donor peripheral blood cells (e.g., cytokine mobilized peripheral blood cells) and donor
umbilical cord blood and may be obtained using any suitable means known in the art. For
example, to obtain donor HSCs from cytokine mobilized peripheral blood cells a cytokine (e.g.,
G-CSF; Granulocyte Colony Stimulating Factor) can be administered to a donor, which causes
the HSCs to migrate from the bone marrow to the peripheral blood where the cells can then be
collected before they are administered to a host recipient Furthermore, the donor cells may be
obtained from any suitable donor, including an allogeneic donor or xenogeneic donor. The
donor HSCs may also be genetically modified HSCs.

The methods of the present invention are designed to selectively deplete hypoxic cells

(e.g., HSCs and/or cancer cells) within the bone marrow by administering an agent that 1s toxic



10

15

20

25

30

CA 02624707 2008-04-02
WO 2007/041546 PCT/US2006/038553

to hypoxic cells (e.g., cells that exist at a low oxygen tension of less than about pO, of 10 mm
Hg). A variety of such agents are well known 1n the art. For example, the agent may be a
bioreductive agent or a hypoxia-activated prodrug which becomes active in a low oxygen
environment. Such agents include, but are not limited to, benzotriazines and benzotriazine-
related compounds. In one embodiment, the agent 1s Tirapazamine (TPZ) (1,2,4-benzotriazin-3-
amine 1,4-dioxide) or an analog or derivative of Tirapazime. Tirapazamine and other
benzotriazine compounds are well known in the art and can be prepared and administered, as
described, for example, in U.S. Patent No. 3,957,779, U.S. Patent No. 5,175,287, U.S. Patent
No. 5,672,702,U.S. Patent No. 6,121,263, U.S. Patent No. 6,319,923, U.S. Patent No. 6,063,780,
U.S. Patent No. 6,277,835, and WO 97/20828, the contents of which are incorporated herein by
reference.

Other prodrugs that produce well-defined cytotoxins on reduction in hypoxic cells
include nitroaromatic compounds (e.g. misonidazole; 1-methyl-3-(2-nitro-1-imidazolyl)-2-
propano!l and RB 61435; 2-mitroimidazole) (Adams, G. E. ef al., Int. J. Radiat. Oncol. Biol. Phys.
29, 231238, 1994), anthraquinones (e.g. AQ4N; 1,4-Bis-[[2-(dimethylamino-N-
oxide)ethyl lamino|5,8-dihydroxyanthracene-9,10-dione) (Patterson, L. H., Cancer Metastasis
Rev. 12, 119-134, 1993; Patterson, L. H., Drug Metab. Rev. 34, 581-592, 2002; Patterson, L.
H. et al., Br. J. Cancer 82, 1984-1990, 2000), the chloroquinoline DNA-targeting unit to 2-
nitroimidazole (e.g. NLCQ-1; 4-[3-(2-Nitro-1-imidazolyl)-propylamino|-7-chloroquinoline
hydrochloride) (Papadopoulou, M. V. et al., Clin. Cancer Res. 9, 57145720, 2003),
ciinitrobenzarnide mustards, (e.g. SN 23862; 5-(N,N-bis(2-chloroethyl)amino)-2,4-
dinitrobenzamide and SN 28343) (Siim, B. G, et al., Oncol. Res. 9, 357-369, 1997; Helsby, N.
A. et al., Chem. Res. Toxicol. 16, 469478, 2003), nitrobenzyl phosphoramidate mustards
(Nitroheterocyclic Phosphoramidates) (Borch, R. F. ez al., J. Med. Chem. 43, 2258-2265, 2000),
nitroheterocyclic methylquaternary salts (Nitroarylmethyl Quaternary Salts) (Tercel, M. et al., J.
Med. Chem. 44, 3511-3522, 2001), cobalt(IIl) complexes (Wilson, W. R., et al., Int. J. Radiat.
Oncol. Biol. Phys. 29, 323-327, 1994) and mdoloquinones (Everett, S. A. ef al., Biochem.
Pharmacol. 63, 1629—1639, 2002). |

In another embodiment, agents that have the ability to inactivate or deplete HSCs via
inhibition of HIF-1a are included in the invention. Examples of HIF-1a inhibitors include
camptothecin analogues (e.g., 1H-Pyrano(3',4":6,7)indolizino(1,2-b)quinoline-3,14(4H,12H)-
dione, 4-ethyl-4-hydroxy-, (S)-) and topoisomerase (Topo)-I inhibitors (Rapisarda, A. et al.,
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Cancer Res. 62, 4316-4324, 2002) and 3-(5'-hydroxymethyl-2'furyl)-1-benzyl indazole (YC-1)
(Yeo, E. J. et al., J. Natl Cancer Inst. 95, 516525, 2003). Another example of HIF-1a inhibitor
include a drug called PX-478 (S-2-amino-3-[4’-N,N,-bis(2-chloroethyl)amino [phenyl propionic
acid N-oxide dihydrochloride) which is about to enter the clinic (Garber K, J Natl Cancer Inst.
97, 1112-1114, 2005; Welsh, S et al., Molecular Cancer Therapeutics. 3, 233-244, 2004.)

The hypoxia-activated agent of the present invention may be administered via any
suitable route of administration. As will be appreciated by the skilled artisan, the best route for
in vivo administration may vary depending upon the patient or desired result. Suitable routes of
administration for agents of the invention include, but are not limited to, intravenous,
intramuscular, intradermal, mtraperitoneal, subcutaneous, spinal or other parenteral routes of
administration, for example by injection or infusion. The phrase "p arehteral administration” as

used herein means modes of administration other than enteral and topical administration, usually

by injection, and mcludes, without limitation, intravenous, imntramuscular, itraarterial,

intrathecal, intracapsular, intraorbital, intracardiac, intradermal, mtraperitoneal, transtracheal,
subcutaneous, subcuticular, intraarticular, subcapsular, subarachnoid, intraspinal, epidural and
intrasternal injection and infusion.

Hypoxia-activated agenis of the invention are preferably administered to a subject in a
suitable pharmacological form (e.g., as a pharmaceutical composition). For example, the agent
can be formulated with carriers and other pharmaceutically acceptable compounds, that will
protect the agent against rapid release, such as a controlled release formulation, including
implants, transdermal patches, and microencapsulated delivery systems. Biodegradable,
biocompatible polymers can be used, such as ethylene vinyl acetate, polyanhydrides,
polyglycolic acid, collagen, polyorthoesters, and polylactic acid. Such formulations are well
known to those skilled in the art. See, e.g., Sustained and Controlled Release Drug Delivery
Systems, J.R. Robinson, ed., Marcel Dekker, Inc., New York, 1978.

For parenteral administration, it is especially advantageous to formulate the agent in
dosage unit form for ease of administration and uniformity of dosage. Dosage unit form as used
herein refers to physically discrete units suited as unitary dosages for the particular individual to
be treated; each unit containing a predetermined quantity of active compound calculated to
produce the desired therapeutic effect in association with the required pharmaceutical carrier.

When administered parenterally, an agent of the invention will normally be formulated 1n

a unit dosage injectable form (solution, suspension, emulsion) with a pharmaceutically
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acceptable vehicle. Such vehicles are typically nontoxic and non-therapeutic. Examples of such
vehicles are water, aqueous vehicles such as saline, Ringer's solution, dextrose solution, and
Hank's solution and non-aqueous vehicles such as fixed oils (e.g., corn, cottonseed, peanut and
sesame), ethyl oleate, and isopropyl myristate. The vehicle may contain mior amounts of
additives such as substances that enhance solubility, isotonicity, and chemical stability, e.g.,
antioxidants, buffers, and preservatives.

Hypoxia-activated agents of the present invention are administered o a subject 1n an
amount and for a sufficient time period to achieve selective depletion of hypoxic cells (e.g.,
HSCs or cancer cells) in bone marrow. The appropriate dosage of the agent will depend on
factors such as the disease state, severity of the condition to be alleviated, age, sex, and weight
of the individual. Adjustment of dosage regimens for known chemotherapeutics is well within
the routine skill of the art. It is to be further understood that for any particular subject, specific
dosage regimens should be édj usted over time according to the individual need and the
professional judgment of the person administering or supervising the administration of the
compositions. The agent may be administered once, or may be divided into a number of smaller
doses to be administered at varying intervals of time.

Hypoxia-activated agents of the present invention can be administered alone or 1n
combination with one or more other therapeutic or pharmaceutical agents (e.g., prior to or
following the administration of donor bone marrow, donor cytokine mobilized peripheral blood,
or donor umbilical cord blood). For example, in one embodiment of the invention, the agent
may be combined with a short-term immune modulating agent, such as a T cell-depleting
antibody, which functions to deplete or inactivate immune cells in the host.

Hypoxia-activated agents of the present invention can also be administered 1n
combination with one or more myeloablative therapies, such as radiation therapy or
chemotherapy. The agents may also be administered in combination with one or more
chemotherapeutic agents. Such adjunctive therapies may be administered prior to, subsequent
to, or in conjunction with administration of the hypoxia-activated agent. Particular
chemotherapeutic agents include, but are not limited to, All-trans retinoic acid,
Aminoglutethimide, Azacitidine, Azathioprine, Bleomycin (Blenoxane), Busulfan (Myeleran),
Carboplatin, Carboplatinum (Paraplatin), Carmustine (BCNU), Capecitabine, CCNU
(Lomustine), Chlorambucil (Leukeran), 2-Cholrodeoxyadenosine (2-CDA; Cladribine,
Leustatin), Cis-platinum (Platinol), Cisplatin (cis-DDP), Cisplatin bleomycin sulfate,
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Chlorambucil, Cyclophosphamide (Cytoxanl CTX), Cyclophosphamide hydroxyurea,
Cytarabine (Ara-C; cytosine arabinoside), Daunorubicin (Cerubidine), Dacarbazine (DTIC;
dimethyltriazenoimidazolecarboxamide), Dactinomycin (actinomycin D), Daunorubicin
(daunomycin; rubidomycin), Diethylstilbestrol, Docetaxel (Taxotere), Doxifluridine,
Doxorubicin (Adriamycin), Epirubicin, Ethinyl estradoil, Etopaside (VP-16, VePesid),
Fluorouracil (5-Fu; Floxuridine, fluorodeoxyuridine; FUdR), Fludarabine (Fludara), Flutamide,
Fluoxymesterone, Gemcitabine (Gemzar), Herceptin (Trastuzumab; anti-HER 2 monoclonal
antibody), Hydroxyurea (Hydrea), Hydroxyprogesterone caproate, Idarubicin, Ifosfamide (Ifex),
Interferon alpha, Irinotecan (CPT-11), L-Asparaginase, Leuoprolide, Mechlorethamine,
Medroxyprogesterone acetate, Megestrol acetate, Melphelan (Alkeran), Mercaptopurine (6-
mercaptopurine; 6-MP), Methotrexate (M TX; amethopterin), Mitomycin (mitomycin C),
Mitotane (0,p'-DDD), Mitoxantrone (Novantrone), Oxaliplatin, Pachtaxel (Taxol), Pemetrexed ,
Pentostatin (2-deoxycoformycin), Plicamycin (mithramycin), Prednisone, Procarbazine
(Matulane; N-methylhydrazine, MIH), Rituxin (Rituximap), Semustine (Methyl-CCNU),
Streptozocin, Tamoxifen, Teniposide, Tertiposide, Testosterone propionate, Thioguanine (6-
thioguanine; TG), Thiotepa, Tomudex (Raltitrexed), Topotecan (Hycamtin; (S)-10-
[(dimethylamino) methyl]-4-ethyl-4,9-dihydroxy-1H-pyrano[3', 4"), Treosulfan (Ovastat),
Valrubicin, Vinblastine (VLB; Velban), Vincristine (Oncovin), Vindesine, and Vinorelbine
(Navelbine).

Selective depletion of hypoxic cancer cells and HSCs can be tested by any means known
in the art. In one embodiment, depletion of HSCs 1s measured in vitro using the Cobblestone
Area-Forming Cells (CAFC) assay, an assay which 1s well known 1n the art (see e.g., Neben et
al, 1993; Ploemacher et al., 1991 and Ploemacher et al, 1989). Alternatively, depletion of HSCs
can be measured in vivo by long-term engraftment of congenically marked CD45.1 bone marrow
transplanted in a subject. Long-term engraftment is defined by stable donor-type chimerism at
and beyond a period of 16 weeks after bone marrow transplant according to the percent of
peripheral leukocytes bearing the donor-specific marker. In all cases, selective depletion should
achieve the desired clinical effect. When administering bone marrow in vivo, 1t 1s desirable to
deplete 30 to 100 % of host HSCs, to promote partial or complete engraftment of donor HSCs.
For example, it is desirable to deplete 30% or greater of host HSCs, more preferably 50% or
greater of host HSCs, and most preferably 75% or greater of host HSCs. When administering in
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vivo to treat immune or genetic diseases, depletion can be measured by prevention or a reduction
in the symptoms of the disease.

In certain embodiments, the methods and compositions of the present invention can be
used to enhance engraftment of donor stem cell transplants (e.g., to establish complete or mixed
hematopoietic cell chimerism), with significantly less toxicity than current therapies in the
treatment of malignant and non-malignant diseases, in the induction of immunological
acceptance for cellular and/or solid organ transplantation (e.g., to induce a state of donor-specific
immune tolerance), to prevent or reduce graft-versus—host disease (GvHD) and to provide a
platform for administering donor-leukocyte infusions (DL1),

In addition to enhéncing engraftment of donor stem cell transplants, the methods and
compositions of the present invention can be used to treat and prevent a wide variety ot
malignant and non-malignant diseases. Such diseases include autormmune diseases, enzyme
deficiency diseases and non-solid cancers. Specifically, the cancers may, include, but are not
limited to cancers which have metastasized to the bone marrow (e.g., neuroblastoma cells and
breast carcinoma cells) and hematological cancers (e.g., leukemias, lymphomas, multiple
myelomas, myeloproliferative disorders and myelodysplastic syndromes).

The methods of the present invention may also be used to treat or prevent a wide variety
of diseases through the administration of genetically modified donor HSCs to HSC depleted host
bone marrow. In particular, the methods of the present invention can be used to enhance or
facilitate engraftment of donor stem cell transplants (e.g., to establish complete or mixed
hematopoietic cell chimerism) and to treat or prevent transplant rejection (e.g., cell, tissue or
organ transplants).

The present invention is further illustrated by the following examples which should not
be construed as further limiting. The contents of all figures and all references, patents and
published patent applications cited throughout this application are expressly incorporated herein
by reference. Those skilled in the art will recognize, or be able to ascertain using no more than
routine experimentation, many equivalents to the specific embodiments of the invention
described herein. Such equivalents are intended to be encompassed by the following Examples

and claims.
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EXAMPLES

The following examples demonstrate that HSCs (e.g., primitive HSCs known as late
Cobblestone Area Forming Cells (CAFCs)) reside in a defined hypoxic niche within bone
marrow and can be selectively targeted using hypoxia-activated cytotoxins to treat a variety of
disorders. About a 100-fold difference in frequency of the primitive CAFC day-35 subset was
observed across a Hoechst perfusion gradient (Example 1), which is considerably higher than the
2- to 4-fold differences noted in the other approaches aimed at defining the location of the bone
marrow stem cell niche (Lord, 1990; Nilsson et al., 2001). The relative change in CAFC day-35
frequencies among the different sorted fractions was reflected in the ability of these same
populations to repopulate long-term irradiated transplant recipients to further validate the CAFC
assay as a reliable means of quantifying HSCs in mouse bone marrow. The evidence supporting
the hypoxic nature of HSCs (Example 2) is consistent with the notion that the distribution of
Hoechst fluorescence after intravenous delivery of the dye simulates an oxygen gradient.
Alterations in this gradient following 5-FU treatment (Example 5) confirms that alterations in

oxygen levels play a fundamental role in controlling HSC homeostasis.

MATERIALS AND METHODS

Mice: C57BL/6J male mice (with Ly 5.2 marker) obtained from Jackson Laboratories were used
for most of the experiments proposed. Mice were maintained in a specific pathogen-iree
microisolator environment. For some in vivo repopulation assays, B6.SJL-Ptprc” Pep3°/Boy]J

congenic mice (with Ly5.1 marker) obtained from Jackson Laboratories were used as donors.

Bone marrow, thymus, harvest: Bone marrow cells were harvested from mice by crushing the
tibias and femurs from the hind limbs in HBSS containing 2% FBS and 10 Mm mM HEPES
buffer (HBSS+). Bone marrow cells, thymocytes and splenocytes were passed through 21 gauge
needles to get single cell suspensions. The cellularity of bone marrow and thymus was
measured by counting total live cells (using trypan blue) and total WBCs (using crystal violet in

3% acetic acid) on a hemocytometer.

Measurement of Hoechst perfusion in vive in mice: The Hoechst dye perfusion in mice was

done according to methods previously described in the literature (Durand et al., 1990; Olive et
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al., 2000; Olive et al., 2002). Briefly, C57BL/6J mice were injected i.v. via the retro-orbital
sinus under isoflurane anesthesia with two doses (0.8 mg/mouse) of Hoechst dye (Sigma) at 10
and 5 min before bone marrow harvesting, a period determined to be insuftficient for active dye
exclusion in vitro. Tibias and femurs were placed immediately on ice, crushed in a pre-cooled
mortar and pestle, filtered and suspended in cold HBSS+. Thymus was harvested and thymocyte
cell suspension made by passing the cells through 21 gauge needle. The dual emission
wavelength of Hoechst fluorescence in bone marrow and thymus was assessed on a logarithmic

scale using flow cytometry with exclusion of propidium iodide positive cells.

Pimonidazole binding: The detection of hypoxic cells in bone marrow and thymus was done by
pimonidazole binding using methods described by Olive et al. (Olive et al., 2000; Olive et al.,
2002). Briefly, the mice were injected i.p. with pimonidazole hydrochloride (Chemicon
International) at 120 mg/kg dose and the bone marrow as well as thymus were harvested 3 hrs
post-injection. The cell population was fixed and permeabilized using a kit from Chemicon and
stained with mouse monoclonal anti-pimonidazole antibody (Hypoxyprobe'", Chemicon) and a
goat anti-mouse IgG F(ab”)2 Alexafluor 488 secondary antibody. In some experiments, mouse
monoclonal FITC-labelled anti-pimonidazole antibody were used to detect pimonidazole binding

to the cells. The fluorescent intensity for staining was measured using flow cytometry.

Isolation of SP cells: The bone marrow cells were stained with Hoechst 33342 (Sigma) as
described by Mulligan and colleagues (Goodell et al., 1996). In brief, the cells were centrifuged,
pelleted, and resuspended at 10° cells per m! in DMEM-+. Hoechst 33342 was added at a final
concentration of 5 ug/ml. As a negative control, 50 pM of Verapamil was added to a small
aliquot. All the cells were then incubated for 90 min at 37°C, then pelleted by centrifugation and
resuspended in cold HBSS+. The cells were then used for antibody staining (if further selection
was needed) or for cell sorting. Before flow cytometric and sorting analysis, the samples were
stained with 2 pg/ml Propidium Todide (PI) to identify nonviable cells. Hoechst effluxing SP
cells were detected by flow cytometric analysis on a dual-laser Mo-Flo (Cytomation, Inc., 't

Collins, CO, USA) as described previously (Goodell et al., 1996).

Flow Cytometry: Flow cytometric analysis and sorting was performed on a dual-laser Mo-Flo

(Cytomation, Inc.). The Hoechst dye was excited with U.V. excitation and 1ts fluorescence
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emission was measured at two wavelengths using a 450/65 BP (450/65 nm band pass filter) and
a 630/30 BP (630/30 nm band pass filter) optical filters (Omega Optical Inc.). A 510 DCLP
(510 nm long pass dichroic mirror) was used to separate the emission wavelengths. Propidium
Iodide (PI) fluorescence was also measured through the 630 BP (having been excited with U.V.
excitation). Hoechst "blue" utilizes the 450 BP filter, the standard analysis wavelength for
Hoechst 33342 DNA content analysis. Dead and dying cells positive for PI are seen on the far
right of the Hoechst "red" (630 BP) axis and excluded. Fluorescence from the Hoechst dye was
acquired on linear scales for SP cells and on log scale for Hoechst perfusion gradients. The
gating on forward and side scatter were not stringent: only erythrocytes and debris were

excluded.

Cobblestone Area Forming Cell (CAFC) Assay: The murine stromal cell line FBMD-1 cells
(obtained from Dr. Rob Ploemacher, Erasmus University, Rotterdam, The Netherlands) was
plated on 0.3% porcine gelatin (Sigma Chemical Co., St. Louis, MO, cat. # G-2500) coated 96
flat well plates in IMDM (Life Technologies Gibco BRL Products, cat. # 31980-030), 10° M
hydrocortisone (Sigma Chemical Co., cat # H-0135), 10 M beta-mercaptoethanol (ICN
Biochemicals Inc., cat, # 194705), 10% fetal bovine serum (Life Technologies Gibco BRL
Products, cat. #10437-828), 100 units/ml of penicillin and 100 ug/ml of streptomycin
(Biowhittaker cat # 17-502E) and incubated at 37° C in 5% CO,. After the stromal cells reach

confluency, the harvested BMCs were pooled for each experimental group and plated in Iscove’s
modified Dubecco’s medium (IMDM; Life Technologies Gibco BRL Products, cat. # 31980-
030), 10 M hydrocortisone (Sigma Chemical Co., cat # H-2270), 10 M beta-mercaptoethanol
(Sigma, cat, # M-7522), 20% horse serum (Biowhittaker, cat. #14-403F ), 100 units/ml of
penicillin and 100 ug/ml of streptomycin (Biowhittaker cat # 17-502E) and incubated at 33°C in

5% CO®. Six to nine dilutions per experimental group with 20 wells per dilution were used.
Positive wells containing at least one cobblestone cells were counted at 7 to 35 days after

overlay under a Nikon Diaphot-TMD inverted microscope. The number of CAFCs per femur

and the 95% confidence intervals were calculated using LCALC computer program (Stem Cell

Technologies) or LDA computer program according to the method devised by Fazekas de St.
Groth (1982).
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Long term repopulation in vive: Long term repopulation assay (LTRA) in vivo 1s a standard
primitive stem cell assay which 1s well known 1n the art. The LTRA measures the long-term
repopulating ability of a test stem cell population in vivo (Harrison, 1980). This assay can be
used to measure or confirm selective-depletion of HSCs in vivo. The repopulation assays was

performed by using the congenic Ly5.1/Ly5.2 system as described (Spangrude and Scollay,
1990). For determination of LTRA, varying numbers of bone marrow test cells (1 x 103-1 X 106)

from B6 (Ly5.1) mice were mixed with a 2 x 105 of nonSP supporting bone marrow cells
harvested from recipient B6-Ly5.2 mice. The mixtures were injected into groups of 5-10
lethally 1irradiated B6Ly5.2 recipients (1000 cGy dose TBI). Absence of endogenous marrow
repopulation was determined by injecting one group Ly5.2 with control cells only. Recipients
were bled at selected time points (3-6 months) and the donor cell repopulationg ability cells were
determined by staining leukocytes with Ly5.1 antibodies. In addition, the percentage of donor-
derived T cells, B cells, and myeloid cells was determined by co-staining with anti-CD3, anti-

B220, anti-Gr-1 and anti-Mac-1 antibodies.

Statistics: For statistical analysis of CAFC assays, the Poisson-based LDA calculation was used
for CAFC frequencies and 95% confidence limits (CL) were calculated for each subset. When

the data available was from only a single experiment, non-overlapping 95% CL was interpreted

as a significant result (p < 0.05).

EXAMPLE 1: Evidence That Different Hematopoietic Subsets Are Distributed Along a
Hoechst Dye Perfusion Gradient That May Reflect the Distance from Blood Vessels and

Level of Oxygenation

A number of previous animal studies have used the intravenous injection of the diffusible
dye Hoechst 33342 to visualize tissue sections under fluorescence microscopy the perfusion of
solid tumors in relation to hypoxia. Apart from situations in which tumor blood perfusion
fluctuates leading to “acute” or “transient” hypoxia (Brown, 1979), most repotts describe the
location of hypoxic cells at a relatively constant from blood vessels (Bernsen et al., 2000;
Chaplin et al., 1987; Durand et al., 1990; van Laarhoven et al., 2004) to indicate chronic or
diffusion-limited hypoxia, according to the classical model of Thomlinson and Gray

(Thomlinson and Gray, 1955). Peggy Olive and colleagues have described an elegant series of
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experiments in which the Hoechst dye diffusion gradient can be more quantitiably characterized
using flow cytometry following disaggregation of tumor tissue into a cell suspension and
provided evidence on how the intensity of Hoechst staining simulated the degree of oxygenation
(Olive et al., 2000).

In the present study, a similar approach was used to evaluate in vivo Hoechst uptake i
bone marrow cells. These results were compared with perfusion of thymus, a tissue that has
recently been shown to be grossly hypoxic according to hypoxic marker and oxygen electrode
measurements (Hale ez al., 2002).

C57BL/6J mice were intravenously injected with two doses (0.8 mg/mouse) of Hoechst
dye at 10 and 5 min before bone marrow harvesting, a period that determined to be insufficient
for active.dye exclusion in vitro. Tibias and femurs were placed immediately on ice, crushed in
a pre-cooled mortar and pestle, filtered and suspended in cold HBSS+ and the dual emission
wavelength of Hoechst fluorescence was assessed on a logarithmic scale with exclusion of
propidium iodide positive cells. Analysis was also performed on harvested thymocytes from the
same mice.

Fig. 1A shows a wide distribution of Hoechst staining for bone marrow covering 3 logs
of fluorescence intensity. Cells were then isolated on the FACS machine based on six different
gated regions with decreasing Hoechst fluorescence (R2 to R7) and their proliferative potential
in vitro was assessed by plating the sorted cells on confluent cultures of the bone marrow
stromal cells line (FBMD-1) in 96-well plates over a series of limiting dilutions according to
Ploemacher and colleagues (Ploemacher et al., 1991; Ploemacher et al., 1989). Cobblestone
area forming cell (CAFC) frequencies were determined at weekly intervals that have been well-
established from numerous past studies to reflect a spectrum of hematopoietic subsets.
Specifically, day 7 and 14 CAFCs correspond to early progenitor cells and to CFU-spleen-day
12 cells while the later-forming day 28 and 35 CAFCs correlate with HSCs capable of long-term
repopulation in transplanted recipients (Down et al., 1994; Down et al., 1995; Down and
Ploemacher, 1993; Ploemacher et al., 2004; Ploemacher et al., 1991; Westerhof ez al., 2000).

As shown in Figs. 1B and C, the primitive CAFC subset appearing at day 28 to 35 1n
culture was shown to be progressively enriched with decreasing Hoechst fluorescence while the
day 7 CAFC subset frequencies remained relatively constant. In the highest Hoechst-stained
cells (R2 region), there was an overall deficit of CAFCs, presumably because much of this

fraction consists of circulating blood. Sorted cells from the far ends of this gradient were also
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analyzed in a competitive in vivo repopulation assay. In this case the 1solated cells from Ly5.1
congenic mice were injected 1.v. into lethally 1rradiated (10 Gy) recipient Ly).2 recipients at
different cell concentrations together with 10° short-term repopulating non-SP recipient-type
supporting cells to ameliorate the acute toxic effects of irradiation. Assessment of donor-type
blood cell chimerism at 18 weeks post-BMT showed results that were in accordance with the
primitive AFC frequency results: cells with the lowest Hoechst fluorescence (R7 reglon 1n the
gradient) exhibited 10 times more repopulating ability than total unfractionated bone marrow
cells. In contrast, cells having high fluorescence (R3 region in the gradient) showed low level of

engraftment (Fig. 2).

EXAMPLE 2: Side Population (SP) Bone Marrow Cells Are Positive For a Hypoxic Cell
Marker. b

In the present study, reductive 2-nitroimidazole compound pimonidazole was utilized,
which, when administered in vivo, forms adducts in hypoxic regions (less than pO; of 10 mm
Hg) that can then be identified by anti-pimonidazole antibodies (Fig. 3).

To detect hypoxic cells in bone marrow and thymus, 120 mg/kg pimonidazole was
administered 1.p. to mice and bone marrow and thymocytes were harvested after 3 hrs post-
injection. Bone marrow cells were stained with Hoechst 33342 in vitro and SP cells effluxing
the dye (along with non-SP cells) were isolated by FACS. Thymocytes and sorted bone marrow
populations were then fixed, permeabilized and incubated with the primary mouse anti-
pimonidazole antibody (HypoxyProbe, Chemicon) and a goat anti-mouse secondary for staining
and detection by flow cytometry.

The thymus was found to be very poorly perfused after Hoechst injection and, as
expected, the majority of thymocytes were positive for the hypoxic marker (pimomdazole
adducts) confirming the previous report by Hale ef a/ (2002) that thymocytes are hypoxic in vivo
(Fig. 4).

In the bone marrow fractions, non-SP cells had only a small shift of pimonidazole
staining compared to staining on SP cells. Within SP cells, the low dye effluxing fraction

showed increased anti-pimonidazole staining, and high dye effluxing SP cells had the highest

pimonidazole staining (Fig. 5). As discussed earlier, the high dye effluxing SP cells (“tip” SP

cells) are the most primitive stem cells in mouse bone marrow.
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Collectively, these data represent the first direct evidence that the most primitive
hematopoietic cells in the mouse bone marrow are relatively hypoxic and are consistent with
their location at the lowest end of an oxygen gradient. Thus, the Hoecilst staining appears to
simulate oxygen diffusion and spatially defines HSCs as being the furthest from the blood

supply and in the endosteal regton as 1llustrated mn Fig. 6.

EXAMPLE 3: Selective Depletion of Late-Forming Cobblestone Area Forming Cell

(CAFC) Subsets in Bone Marrow by Tirapazamine Treatment In Vivo

Several hypoxia-activated prodrugs have now been developed, among which the
benzotriazine, Tirapazamine (TPZ), also known as SR4233, has been the most extensively
studied and has therapeutic efficacy to the extent that it has now entered Phase II and III clinical
trials in combination with radiotherapy and chemotherapy (Rischin er al., 2005; von Pawel et al.,
2000). Under hypoxic conditions, TPZ 1s reduced to a benzotriazinyl radical and other reactive
intermediates that ultimately leads to DNA double-strand breaks and cell death (Fig. 7).
However, when oxygen 1s present, the TPZ radical 1s back-oxidized to the nontoxic parent
compound (Brown and Wilson, 2004; Peters and Brown, 2002).

The present study therefore arose from the 1dea that IHS Cs might be rendered sensitive to
TPZ treatments since many HSCs are hypoxic. Accordingly, age-matched (15-16 weeks old, for
radiation/TPZ treatment and 9 weeks old for Busulfex treatment) groups of 3-4 male B6
recipient mice received either: 1) Saline alone, 2) TPZ (Sigma-Aldrich, St. Louis, MO, Lot #
082HA4029) dissolved in saline at 1.5mg/ml and injected i.p. in 200 pL/10 g body weight at doses
of 30 mg/kg daily over 4 days (total dose = 120 mg/kg), or 3) Busulfex consisting of 6 mg/ml
busulfan dissolved in N, N-dimethylacetamide 33% wt/wt and polyethylene glycol 400, 67%
wt/wt (Orphan Medical, Inc., Minnetonka, MN, Lot # 62161-005-31) diluted with sterile saline

and injected i.p. in 100 pL/10 g body weight volumes at doses or 10 mg/kg daily over 2 days
(total dose =20 mg/kg). Mice were given total body irradiation (TBI) at a dose rate of 94
cGy/min and total does of 400 cGy using °'Cs source (Gamma Cell 40, Atomic Energy of
Canada, Ottawa, Canada).

At 24 hours after the last treatment, mice were sacrificed, the femon and tibias were

removed, crushed 11 a morter and pestle, filtered and single cell suspensions of bone marrow
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cells in HBSS+ (Hank's balanced solution containing 2% FBS and 10mM Hepes buffer, Gibco).
The nucleated cell yield per femur was determined.

As shown 1n Fig. 8, evaluation of CAFC content in pooled bone marrow from mice
treated in vivo with Tirapazamine (TPZ) showed higher depletion of late-versus early-forming
CAFC subsets by this drug. This experiment shows how TPZ selectively depletes primitive
CAFCS that correspond to the HSC subset. As the degree of depletion of the late-forming
CAFC subsets (developing at 28 to 35 days in culture) in the recipient, following treatment with
other types of agents, shows a strong correlation with the extent of long-term donor-type
hematopoietic chimerism after bone marrow transplantation, (Down and Plo efnacher, 1993, Exp.
Hematol. 21:913-921; Down et al, 1994, Br. J. Cancer 1994, 70:611-616; Down et al., 1995
Blood 86:122-127; Westerhof GR et al, 2000, Cancer Res. 60:5470-5478; Ploemacher RE et al,
2004, Biology of Blood and Bone Marrow Transplantation 10: 236-245) then it is to be expected
that TPZ treatment will facilitate engraftment of transplanted HSCs.

EXAMPLE 4: Ilustrations of Depleting Hypoxic Hematopoietic and Leukemic Stem Cells
by Tirapazamine Treatment and Consequences for Donor Hematopoietic Stem Cell

Engraftment and Eradication of Malignant Disease

Fig. 9 gives a diagrammatic representation as to how tirapazime (TPZ) depletes
hematopoietic cells within the bone marrow as an inverse relationship with the oxygen gradient
whereby, HSCs are rendered more sensitive by virtue of their residence in a hypoxic
microenvironmental niche. This scheme illustrates how TPZ facilitates engraftment of and
repopulation by donor HSCs following transplantation. Since certain malignant stem cells (e.g.
of leukemia) may reside in the same hypoxic niche, these stem cells will similarly be depleted

after TPZ treatment and allow for eradication of the disease (Fig. 10).

EXAMPLE 5: 5-Fluorouracil Treatment Perturbs the Hoechst Diffusion Gradient in the
Bone Marrow and Leads to a Loss in the SP Phenotype.

The anti-metabolite 5-fluorouracil (5-FU) is an established chemotherapeutic drug that
has been one of the most extensively investigated agents with respect to its effect on the
hematopoietic system. The interest lies in the discriminatory effects of both in viveo and in vitro

treatments in depleting cycling progenitor populations. David Harrison and colleagues (Harrison
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and Lerner, 1991) were among the first to pioneer the use of this drug to establish that bone
marrow HSCs capable of long-term engraftment in irradiated recipients were resistant to 5-FU
and therefore probably in a slow or non-cycling state under normal steady state conditions. This
resistance, however, is dramatically lost when a second dose of 5-FU is delivered at 2 to 4 days
after the first, leading to the conclusion that the ensuing period encompasses a homeostatic
process whereby resting HSCs are prompted to enter active proliferation in response to loss of
their ascendant progeny.

It has previously been shown that 5-FU can similarly deplete HSC following therr
stimulation with c-kit ligand (van Os et al., 1997). The selective toxicity of single dose 5-FU
towards committed progenitors is also clearly shown by the marked depletion of early-forming
CAFC subsets while the bone marrow content of the primitive late-forming CAFCs remain
normal as exemplified in Fig. 11.

The well-described effect of 5-FU on stimulation of murine HSCs prompted the present
study to determine how this relates to bone marrow perfusion of the Hoechst dye, as well as the
number of cells exhibiting the SP phenotype. Fig. 12 shows how the Hoechst gradient is
considerably shortened over a 6-day period after administering this drug. This feature appears to
be co-incident with the dramatic decrease in the percent and overall marrow content of SP cells
as shown in Fig. 13. : :

As the number of functional HSCs remains unaffected by 5-FU, 1t can be concluded that
these cells no longer have the ability to efflux Hoechst and therefore lose their typical SP
characteristic. The increased fluorescence and shortening of the Hoechst gradient on 1.v.
infusion of this dye 1s suggestive of improved oxygenation of HSCs as diagrammatically
1llustrated in Fig. 14. This shows that the prior 5-FU treatment has the effect of destroying
oxygen-consuming and metabolically active progenitors allowing reoxygenation of the HSC
niche, a phenomenon that is not too dissimilar from the situation that occurs during radiation
treatment of solid tumors (Begg et al., 1969; Field et al., 1968; Howes, 1969; Van Putten and
Kallman, 1968).
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CLAIMS

What 1s claimed 1s:

1. A method of selectively depleting hematopoietic stem cells within the bone
marrow comprising contacting the cells in vivo with an agent that selectively kills hypoxic cells,

such that the cells are depleted.

2. A method of engrafting donor hematopoietic stem cells in the bone marrow of a
host subject comprising:

administering to the subject an agent that selectively kills hypoxic cells, such that
hematopoietic stem cells in the subject are depleted; and

administering hematopoietic stem cells from a donor subject.

3. A method of treating a cancer within the bone marrow of a host subject
comprising: |

administering to the subject an agent that selectively kills hypoxic celis, such that the
cells in the subject are depleted; and

administering hematopoietic stem cells from a donor subject, such that the cancer 1s

treated.

4. The method of claim 3 wherein the hypoxic cells comprise cancer cells that have

metastasized to the bone marrow.

5. The method of claim 4 wherein the hypoxic cells comprise neuroblastoma
cells.
0. The method of claim 4 wherein the hypoxic cells comprise breast

carcinoma cells.

7. The method of claim 3 wherein the cancer is a hematological cancer.
8. The method of claim 7 wherein the cancer is selected from the group consisting
of leukema and lymphoma.
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9. The method of any one of the preceding claims wherein the agent 1s administered

to a subject prior to administration of donor bone marrow.

10.  The method of any one of the preceding claims wherein the agent 1s administered

to a subject prior to administration of donor cytokine mobilized peripheral blood.

11.  The method of any one of the preceding claims wherein the agent 1s administered

to a subject prior to administration of donor umbical cord blood.

12. The method of any one of the preceding claims wherein the agent reacts with

hypoxic cells and not mature blood cells, such that the mature blood cells are maintained.

13.  The method of any one of the preceding claims wherein the agent 1s a

bioreductive agent.

14.  The method of any one of the preceding claims wherein the agent is a hypoxia-

activated prodiug.

15.  The method of clatm 14 wherein the agent 1s Tirapazamine (TPZ).

16.  The method of claim 14 wherein the agent is selected from the group consisting
of: a benzotriazine, a nitroaromatic compound, an anthraquinone, a chloroquinoline DNA-
targeting unit to 2-nitrotmidazole, a dinitrobenzamide mustard, a nitrobenzyl phosphoramidate

mustard, a nitroheterocyclic methylquaternary salt, a cobalt (III) complex and an indoloquinone.

17.  The method of claim 12 wherein the agent 1s selected from the group consisting
of: misonidazole, RB 6145, AQ4N, NLCQ-1, SN 23862, and SN 28343.

18.  The method of any one of claims 1-12 wherein the agent is an HIF-10 inhibitor.
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19.  The method of claim 18 wherein the HIF-10. inhibitor is selected from the group
consisting of a camptothecin analogue, a topoisomerase (Topo)-I inhibitor, 3-(5'-

hydroxymethyl-2'furyl)-1-benzyl indazole (YC-1) and PX-478.

5 20.  The method of any one of the preceding claims wherein the hypoxic cells are

primitive hematopoietic stem cells.

21.  The method of any one of the preceding claims wherein the hypoxic cells are late
forming Cobblestone Area-Forming Cells (CAFCs).

10

22.  The method of any one of the preceding claims wherein depletion 1s measured in

vitro in a Cobblestone Area-Forming Cells (CAFC) assay.

23.  The method of any one of the preceding claims wherein depletion 1s measured in

15  vivo by long-term engraftiment of donor bone marrow transplanted in a subject.

24.  The method of any one of the preceding claims wherein the bone marrow is

irradiated or contacted with a chemotherapeutic agent prior to or following contacting the cells
with the agent.

20

25.  The method of any one of the preceding claims wherein the host subject 1s

administered a chemotherapeutic agent or irradiation prior to or following administration of the

agent.

25 26.  The method of any one of claims 2-25, wherein the hematopoietic stem cells from

the donor subject are genetically modified.

27.  The method of any one of the preceding claims wherein the engrafting of donor

hematopoietic stem cells is done in combination with a short-term 1immune modulating agent.

30

28.  The method of claim 22 wherein the short-term immune modulating agent 1s a T-

cell depleting antibody.
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29.  Use of the method of any one of the preceding claims to induce a state of donor-

specific immune tolerance.

30.  Use of the method of any one of the preceding claims to prevent or reduce graft-

versus-host disease 1n a subject.

31.  Use of the method of any one of the preceding claims to treat enzyme

deficiency disease.

32.  Use of the method of any one of the preceding claims to treat

autommmune diseases.

33.  Use of the method of any one of the preceding claims to treat a

hematological cancer.
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