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Acute myelogenous leukemias (AMLs)
and endothelial cells depend on each
other for survival and proliferation. Mono-
therapy antivascular strategies such as
targeting vascular endothelial growth fac-
tor (VEGF) has limited efficacy in treating
AML. Thus, in search of a multitarget
antivascular treatment strategy for AML,
we tested a novel vascular disrupting
agent, OXi4503, alone and in combination
with the anti-VEGF antibody, bevaci-
zumab. Using xenotransplant animal mod-
els, OXi4503 treatment of human AML
chloromas led to vascular disruption in

leukemia cores that displayed increased
leukemia cell apoptosis. However, viable
rims of leukemia cells remained and were
richly vascular with increased VEGF-A
expression. To target this peripheral reac-
tive angiogenesis, bevacizumab was com-
bined with OXi4503 and abrogated viable
vascular rims, thereby leading to en-
hanced leukemia regression. In a sys-
temic model of primary human AML,
OXi4503 regressed leukemia engraftment
alone and in combination with bevaci-
zumab. Differences in blood vessel den-
sity alone could not account for the ob-

served regression, suggesting that
OXi4503 also exhibited direct cytotoxic
effects on leukemia cells. In vitro analy-
ses confirmed this targeted effect, which
was mediated by the production of reac-
tive oxygen species and resulted in apo-
ptosis. Together, these data show that
OXi4503 alone is capable of regressing
AML by a multitargeted mechanism and
that the addition of bevacizumab miti-
gates reactive angiogenesis. (Blood. 2010;
116(9):1539-1547)

Introduction

Acute myelogenous leukemias (AMLs) often relapse despite initial
disease remissions induced by conventional cytotoxic chemothera-
pies. Moreover, certain high-risk AMLs, such as those with
activating mutations in fms-like tyrosine kinase receptor-3 (FLT3)
and mixed lineage leukemia gene fusions are notoriously chemo-
therapy insensitive and prone to relapse.1-3 Unfortunately, therapies
targeting these mutant molecular pathways have only brought
about modest clinical benefits.4 Whereas many investigations have
focused on the leukemia cell alone, a broader perspective taking
into account the leukemia cell microenvironment may be needed to
better appreciate leukemia pathobiology and conceive novel thera-
peutic strategies.

Clinically, the degree of angiogenesis in leukemia has prognos-
tic utility. Increased levels of circulating angiogenic factors and
increased microvessel density within leukemic bone marrow are
high-risk indicators of disease relapse and early mortality.5-9 It
has also been reported that endothelial cells secrete soluble
protein mediators such as granulocyte colony stimulating factor,
granulocyte-macrophage colony stimulating factor, vascular endo-
thelial growth factor (VEGF), and interleukin-6 (IL-6), which
promote leukemia survival and proliferation.10 Cell-cell interac-
tions between endothelial cell adhesion molecules, like E-selectin,
P-selectin, and VCAM-1, and leukemia cells may also propagate
leukemia.11,12 Reciprocally, leukemias induce angiogenesis and
depend on neovessels for nutritive support.13-17 Taken together,
these data intimate the importance of functional blood vessel
networks in leukemia progression.

To exploit the interrelationship between blood vessels and
leukemia in a therapeutic approach, attempts have been made to
interfere with the VEGF pathway in AML by inhibiting VEGF
receptor tyrosine kinase activity and by binding VEGF iso-
forms.18-22 In 2 feasibility studies, bevacizumab (Avastin; Genen-
tech) was administered to patients with refractory AML and
resulted in modest clinical benefit.19,20

Another approach to destabilizing leukemic blood vessels is to
selectively target proliferating endothelial cells. Vascular disrupt-
ing agents (VDAs) represent a new class of agents, which target
nascent blood vessels by directly binding microtubules in endothe-
lial cells. Combretastatin (CA4P) was the first-in-class molecule
that showed significant antineoplastic effects by destroying cancer-
associated neovessels.23,24 CA4P binds to �-tubulin subunits in
proliferating endothelial cells and not resting endothelial cells,
thereby selectively targeting neovascularization within cancer.25-28

In solid tumor models, affected endothelial cells detach from the
vascular wall leading to vascular collapse and tumor cell death due
to blood flow obstruction. CA4P has also been administered in a
preclinical model of leukemia and resulted in disease regression
using a variety of leukemic cell lines via vascular disruption as well
as direct cytotoxic effects mediated by the generation of reactive
oxygen species (ROS).29

Recently, another combretastatin, OXi4503, has been identified
that displays more potent vascular disruption and antitumor
activity.30,31 The enhanced antitumor activity of OXi4503 com-
pared with CA4P has been ascribed to its efficacy not only in
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vascular disruption via microtubule binding but the potential for
inducing cancer cell death resulting from the formation of reactive
ortho-quinones that bind to cellular nucleophiles and form free
radicals.30-35 Despite the induction of significant tumor necrosis, all
VDAs, including OXi4503, leave a thin layer of viable tumor
tissue surviving at the tumor periphery.35 These peripheral tumor
cells, which survive due to nutritional support from surrounding
normal vessels, are unaffected by VDA therapy and induce vig-
orous reactive angiogenesis supporting tumor regrowth.35 Conse-
quently, we have shown that in solid tumor models the combina-
tion of VDA therapy with antiangiogenic agents results in greater
antitumor efficacy than is achievable with either treatment alone.36

Given the importance of neovascularization in leukemia and
potent dual mechanisms of the novel OXi4503 molecule, we
hypothesized that OXi4503 treatment may lead to regression in
leukemia. To test this, we used in vivo models of human AML
including a solid tumor chloroma model and a systemic model of
primary human AML. The data show that OXi4503 was necessary
to produce phenotypic and molecular remissions in systemic AML
of differing subtypes including those with activating mutations in
FLT3. Interestingly, the effects of OXi4503 on leukemia regression
were through multiple mechanisms including vascular disruption
and direct induction of leukemia cell apoptosis. In the chloroma
model, additional treatment with bevacizumab was needed to
induce similar disease response demonstrating that differences in
the mechanisms of vascular disruption, reactive angiogenesis and
cancer survival are active within these different leukemia models.

Methods

Patient specimens

Bone marrow (BM) and peripheral blood (PB) were donated by patients
with AML of differing subtypes (Table 1) and cryopreserved according to
approved protocols by the University of Florida Institutional Review Board.
BM and PB from AML patients were removed from liquid nitrogen and
quickly thawed in a 37°C water bath. Once thawed, cells were diluted 1:2 to
1:3 in Dulbecco phosphate-buffered saline (DPBS; Invitrogen) supple-
mented with 2% fetal bovine serum (FBS; Hyclone) and mononuclear cells
(MNCs) were isolated by density centrifugation using Ficoll-Hypaque
(Pharmacia). After separation, MNCs were washed in DPBS plus 2% FBS.
Alternatively, MNCs were also isolated using a red cell lysis step. In this
process, BM cells were thawed as described in DPBS plus 2% FBS. Cells
were then centrifuged at 200g and resuspended 1:3 in red blood lysis buffer.
After an additional centrifugation step, MNCs were resuspended in DPBS
plus 2% FBS before use.

Xenotransplantation models

All animal studies were performed according to approved protocols from
the University of Florida Institutional Animal Care and Use Committee. To
test the efficacy of VDAs in human AML, human leukemia chimeras were
established using NOD/scid/IL2R��/� (NOG) mice (The Jackson Labora-
tory). In the subcutaneous model, KG-1 cells were injected into dorsa of
8- to 10-week-old NOG mice. After 21 days of tumor growth, mice were
randomly assigned to one of our treatment groups: control, bevacizumab
alone, OXi4503 alone, and combination bevacizumab and OXi4503.
Subcutaneous chloromas were measured by calipers for length and width
every other day. Tumor volumes were calculated using the formula
(� � W2 � L)/6. After 2 weeks of treatment mice were euthanized and
subcutaneous tumors harvested.

In the systemic model of leukemia, 8- to 10-week-old NOG mice were
sublethally irradiated (325 cGy) and 10 � 106 to 50 � 106 AML MNCs of
differing subtypes (Table 1) were intravenously injected within 4 to
24 hours of irradiation. After 6 weeks, mice were randomly assigned to 1 ofTa
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4 treatment groups: control, bevacizumab alone, OXi4503 alone, or
combination OXi4503 plus bevacizumab. After 2 weeks of treatment, mice
were euthanized and examined for human leukemia engraftment in their
bone marrow using flow cytometry and polymerase chain reaction (PCR).

Therapeutic agents

OXi4503 (Oxigene) was dissolved in phosphate-buffered saline (PBS) and
sodium bicarbonate, stored at 4°C and used within 48 hours of preparation.
OXi4503 was administered at a dose of 10 mg/kg intraperitoneally 3 times a
week for 2 weeks. Bevacizumab (Genentech) was stored at 4°C and
administered at 4 mg/kg intraperitoneally weekly for 2 weeks.

Flow cytometry antibodies and analysis

To detect human hematopoietic engraftment in mouse BM, cells were
stained with saturating amounts of anti–human CD45–fluorescein isothio-
cyanate and anti–human leukocyte antigens A, B, and C–allophycocyanin
antibodies (BD Pharmingen) for 30 minutes on ice. Appropriate isotype
controls were also used (BD Pharmingen). Stained cells were then washed,
resuspended in DPBS plus 2% FBS containing Viaprobe and analyzed for
surface markers and viable human cell content using a Becton Dickinson
FACSCanto II flow cytometer. Transplanted NOG mice were scored
positive if at least 0.1% of the BM cells collected expressed human CD45
and human leukocyte antigens A, B, and C. A total of 50 000 cells were
analyzed per sample.

Cell viability assays

Leukemic KG-1 cells (ATCC) were seeded at 1 � 105 to 2 � 106 cells/mL
in Iscove modified Dulbecco medium (IMDM) supplemented with
20% FBS. OXi4500 was added at the specified concentrations for 48 hours.
In all in vitro studies, OXi4500 was used, which is the active, dephosphory-
lated form of OXi4503.34 In addition to binding microtubules and causing
depolymerization, OXi4500 can be oxidized to a reactive orthoquinone,
which has the potential to form ROS and thereby result in cytotoxicity.30-35

After incubation, viable cell numbers were determined using trypan blue
dye exclusion.

To measure apoptosis, KG-1 cells were plated at 1 � 106 cells/mL in
IMDM plus 20% FBS and incubated with OXi4500 at the concentrations
indicated for 24 or 48 hours. Cells were then collected and stained using
propidium iodide (PI) and annexin V–allophycocyanin (BD Pharmingen).
Analysis was performed using a Becton Dickinson FACSCanto II flow
cytometer.

Measurement of ROS generation

Intracellular ROS were detected after 48 hours of OXi4500 treatment. After
treatment, KG1 cells were loaded with 2�M H2DCFDA (Molecular
Probes) for 30 minutes at 37°C. After a 15-minute recovery in culture
media, mean fluorescent intensity was measured by flow cytometry. Values
were normalized to 0nM OXi4500 controls.

PCR

Genomic DNA was isolated from test samples using the Wizard Genomic
DNA purification kit (Promega). Human FLT3 internal tandem duplication
(ITD) was amplified by single-step PCR using the New England BioLabs
Taq PCR kit. The PCR mixture contained 100 ng of DNA, 500 pmol of each
primer, 200�M DNTP solution mix, 1� Standard Taq Reaction Buffer with
1.5mM MgCl2, and 1 unit of Taq DNA Polymerase. For all reactions,
denaturing, annealing, and extension steps were performed in a MJ
Research PTC-100 thermocycler at 95°C for 30 seconds, 55°C for
30 seconds, and 72°C for 30 seconds, respectively, for 35 cycles including
an initial 2-minute denaturing step at 95°C and a final extension step at
72°C for 5 minutes. Ten microliters of each PCR product were run on a 1%
agarose gel and visualized under ultraviolet light after ethidium bromide
staining. The FLT3 wild-type produced a 328-bp band, whereas the
FLT3-ITD produced a 400-bp band. Human glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) and mouse �-actin primers were used as
housekeeping genes. Primer sequences are as follows: hFLT forward:
GCAATTTAGGTATGAAAGCCAGC; hFLT reverse: CTTTCAGCATTT-
TGACGGCAACC hGAPDH forward: TCCAAAATCAAGTGGGGC-
GAT; hGAPDH reverse: TTCTAGACGGCAGGTCAGGTC m�-actin
forward: ATGGATGACGATATCGCT; m�-actin reverse: ATGAGGT-
AGTCTGTCAGGT.

Immunohistochemistry of tumor sections

Harvested tissues were immersion-fixed overnight in 4% paraformaldehyde
(PFA), after which bones were decalcified in 5% formic acid or 14% EDTA.
All tissues were equilibrated overnight in 18% sucrose before being
embedded in optimal cutting temperature (OCT) compound (Sakura
Finetek USA). Prepared blocks were stored at �80°C and later cryosec-
tioned at a thickness of 5 microns onto positively charged slides. Sections
were air-dried overnight at room temperature before staining. A standard
hemotoxylin and eosin stain (H&E) was done for each tissue.

Dual staining protocols were carried out sequentially under the follow-
ing conditions. Where applicable, terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining was performed first using a
commercially available assay kit (In Situ Cell Death Detection Kit
Fluorescein; Roche Applied Sciences) following the manufacturer’s instruc-
tions. Microwave irradiation in 0.01M citrate buffer pH 6.0 was used for the
permeabilization step. A known positive tissue and 2 negative control slides
were included in each run.

For immunostaining, optimal cutting temperature was removed from
the slides with 1� Wash Solution (DakoCytomation) followed by antigen
retrieval performed at 95°C for 20 minutes with a 20-minute cool down
using Target Retrieval Solution (DakoCytomation). Slides were blocked in
3% horse serum for 30 minutes before the application of primary antibody
overnight at 4°C. The antibodies used were rat anti–MECA-32 (1:10; BD
Pharmingen), rabbit anti–human VEGF-A (Abcam), and rabbit anti–HIF 1	
(1:150; Novus Biologicals). When dual staining with MECA and HIF 1	, it
was possible to apply the 2 antibodies simultaneously and incubate as a
cocktail. Staining with mouse anti–human CD45 (1:50; DakoCytomation)
required the use of a mouse on mouse (M.O.M.) Standard Kit (Vector
Laboratories). Slides initially stained by TUNEL were subjected to heat
antigen retrieval at 95°C for 20 minutes before beginning the staining.
Immunoreactivity was detected using 1:500 dilutions of species appropriate
Alexa Fluor antibodies raised in donkey. In the case of HIF-1	 and
VEGF-A staining, anti–rabbit AlexaFluor 488 secondary was selected. For
MECA-32, anti–rat Alexa Fluor 594 secondary was used. Staining with
CD45 required the use of streptavidin Alexa Fluor 594, also at 1:500.
Positive control tissues and concentration matched Ig controls were
included with each immunoassay. Sections were mounted in VectaShield
with DAPI before imaging.

Tissue analysis

Tissues were examined at room temperature using a fluorescent Leica DM
2500 microscope (Leica Microsystems) mounted with an Optronics color
camera (Optronics) and analyzed with MagnaFire 2.1C software (Optron-
ics). Objectives used were 10�/0.40, 20�/0.70, 40�/0.75, or 63�/1.20
(water-corrected objective). Slides were mounted with Vectashield contain-
ing 4
-6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Quantifi-
cation of microvessels was performed by counting number of MECA-32�

blood vessels in 10 high-magnification (40�) fields of 5 specimens for each
of 4 cohorts.

Statistics

Statistical differences between different experimental groups were deter-
mined by 1-way analysis of variance and the Student t test. The reported
values represent the mean plus or minus SEM. A P value less than .05 was
considered significant.
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Results

OXi4503 regresses leukemia in an in vivo subcutaneous
chloroma model

To investigate the effects of OXi4503 on leukemia proliferation in
vivo, we first established KG-1 subcutaneous chloromas in NOG
mice. After 28 days when tumors were palpable, OXi4503 was
injected intraperitoneally at a dose of 10 mg/kg 3 times a week for
2 weeks. Chloromas were measured every other day and volumes
calculated. KG-1 tumors in mice treated with OXi4503 grew
significantly slower after treatment compared with control animals
(P � .05; n � 5; Figure 1A). Furthermore, H&E staining showed
that OXi4503-treated chloromas developed a central core of
necrotic cells with a surrounding rim of viable tissue (Figure 1B).
Viable rims were easily identified on gross and microscopic
sections. To gain further insight into the mechanism of OXi4503-
induced leukemia cell death in vivo, TUNEL staining was per-
formed given that OXi4503 contains an ortho-quinone species
capable of generating intracellular ROS. Control chloromas con-
sisted of a homogenous presentation of viable leukemia cells with
minimal signs of apoptosis (Figure 1B). In contrast, OXi4503-
treated chloromas showed increased TUNEL staining within the
core, consistent with widespread cellular apoptosis (Figure 1B). To
appreciate the vascular disrupting effects of OXi4503 given its

microtubule targeting capability, microvessel staining was per-
formed using antibodies to MECA-32. In KG-1–bearing mice
treated with OXi4503, necrotic cores revealed very few, if any,
blood vessels while viable rims remained rich in blood vessels
(Figure 1B). Compared with bulk control leukemias, OXi4503-
treated leukemias showed significantly decreased microvessel
densities within leukemic cores (P � .0001; n � 10; Figure 1C);
however, viable rims showed increased microvessel density poten-
tially due to a reactive angiogenic response to OXi4503 treatment
(P � .01; n � 10; Figure 1C). Interestingly, TUNEL staining was
mainly associated with CD45� leukemia cells and not with
MECA-32� blood vessels in control or bevacizumab-treated chlo-
romas. These data suggest that targeting leukemia xenografts with
OXi4503 leads to leukemia regression via vascular disruption and
apoptotic mechanisms. However, the maintenance of a highly
vascularized viable rim with higher microvessel density versus
controls suggested that a robust reactive angiogenic process36 was
activated in the rims in response to the effects of OXi4503.

Inhibiting angiogenesis with vascular disruption enhances
leukemia regression

Given the observed reactive angiogenic process and persistence of
a viable leukemic rim after OXi4503 monotherapy in the subcuta-
neous chloroma model, we focused on inhibiting VEGF activity
considering its important role in tumor angiogenesis.37-39 Initially,

Figure 1. Effects of OXi4503 and bevacizumab on subcutaneous leukemic chloromas. NOD/scid/IL2R��/� (NOG) mice were subcutaneously inoculated with KG-1
human acute myelogenous leukemia (AML) cells. After chloromas were palpable mice were treated with intraperitoneal injections of bevacizumab, OXi4503, combination
(OXi�Bev), or controls. Leukemia growth was measured every other day. (A) OXi4503 alone decreased leukemia growth in comparison to controls. Combination
Oxi4503�Bev treatment resulted in regression of cancer size. Bevacizumab alone had no effect on tumor growth. (B) Comprehensive staining of chloromas was performed for:
H&E (scale bar: 200 �m), TUNEL/MECA-32 (scale bar: 100 �m), (TUNEL/CD45 (scale bar: 50 �m), and CD45/VEGF-A (scale bar: 100 �m). Sections showed that OXi4503
monotherapy led to chloromas with central cores made up mainly of nonvascularized, TUNEL� apoptotic cells and viable rims (outlined by dotted lines) containing MECA-32�

blood vessels at the periphery of leukemias. VEGF-A expression was also observed in viable rims. Combination therapy eliminated the viable rim resulting in widespread
apoptosis and a lack of intact blood vessels throughout the tumor mass. Bevacizumab-treated tumors showed no difference in staining compared with controls. (C)
Quantification of microvessels based on MECA-32� blood vessels revealed decreased density within leukemic cores of mice treated with OXi4503 and combination therapy in
comparison to bulk control tumors. Blood vessels within viable leukemia rims are increased after OXi4503 treatment but significantly decreased with additional bevacizumab
treatment. Values represent mean  SEM. *P � .05.
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KG-1 tumors were established in NOG mice and bevacizumab was
administered alone at a dose of 4 mg/kg intraperitoneally weekly
for 2 weeks. Chloromas were measured every other day for volume
calculations. KG-1 tumors in bevacizumab-treated mice (n � 5)
grew at the same rate compared with control animals (P � .58;
Figure 1A). In addition, the bevacizumab-treated chloromas showed
no histologic differences to controls based on gross examination
and H&E staining, with no delineation between a central necrotic
core and viable rim (Figure 1B). Instead, bevacizumab-treated
leukemias were viable throughout the entire tumor. TUNEL
staining showed similar levels of apoptosis of CD45� cells in
bevacizumab-treated leukemias in relation to controls tumors
(Figure 1B). In regard to vascular assessments, MECA-32� blood
vessels were found throughout leukemias of bevacizumab-treated
mice, which was again similar to controls (Figure 1B). There were
no differences in microvessel densities between bevacizumab-
treated and control cohorts (P � .18; n � 5; Figure 1C). Together,
these data suggest that treatment with bevacizumab alone does not
significantly impact chloroma growth, viability, and vascularity.

To begin to define the mechanism driving reactive angiogenesis
in the viable rims, we next stained the different chloromas with
antibodies for VEGF-A. Interestingly, in control and bevacizumab-
treated leukemias VEGF-A staining was found throughout the
tumor mass mainly associated with viable blood vessels (Figure
1B). Conversely, in OXi4503-treated chloromas, VEGF-A staining
was highly expressed in the viable rim with some staining observed
in the apoptotic core (Figure 1B). Again, VEGF-A staining was
associated with intact blood vessels. These data suggested that the
reactive angiogenic process was mediated via VEGF-A production
from blood vessels found within the viable rim.

Having established the formation of viable rims in OXi4503
alone treated chloromas and the high levels of VEGF-A expression
in the viable rims, we next tested the combination of OXi4503 and
bevacizumab in leukemia. We hypothesized that bevacizumab
would mitigate the VEGF-mediated reactive angiogenesis process
after OXi4503 treatment and lead to further leukemia regression,
especially in relation to the observed viable rim. To evaluate the
effect of combination bevacizumab and OXi4503, KG-1–bearing
mice were treated with OXi4503 (10 mg/kg intraperitoneally
3 times a week) and bevacizumab (4 mg/kg intraperitoneally
weekly) for 2 weeks (n � 10). Chloromas were measured every
other day and volumes calculated. Interestingly, KG-1 tumors in
combination-treated mice regressed in overall size and were
significantly smaller in comparison to control mice (P � .01) as
well as bevacizumab monotherapy treated mice (P � .0006; Figure
1A). There was also a significant trend toward decreased growth in
combination-treated mice compared with OXi4503 monotherapy–
treated mice (P � .05; Figure 1A). In addition, the chloromas in
combination-treated mice were softer to palpation and were mainly
necrotic without a persistent viable rim as observed with the
OXi4503 alone treatments (Figure 1B). TUNEL staining revealed
widespread apoptosis throughout the entire leukemic mass (Figure
1B). MECA-32 staining showed almost complete elimination of
blood vessels within chloromas treated with combination OXi4503
plus bevacizumab (Figure 1B). Microvessel density in leukemias
after combination treatment was markedly decreased compared
with control cohorts (P � .0001) as well as bevacizumab-treated
(P � .0001) and core of OXi4503-treated (P � .005) chloromas
(Figure 1C). Finally, VEGF-A staining showed nondetectable
levels of VEGF-A throughout the tumor mass. Together, these data
suggest that targeting leukemia xenografts with a combination of
OXi4503 and bevacizumab leads to an enhanced leukemia regres-

sion via apoptotic mechanisms and abrogation of reactive angiogen-
esis in the viable rims.

OXi4503 induces bone marrow remissions in high-risk
AML model

To test the effects of OXi4503 and bevacizumab in a setting that
more closely resembles the clinical presentation of leukemic
infiltration in bone marrow, we used a systemic leukemia model.
Here, we used AML samples from various AML subtypes (M1/2,
M2, M4, and M5; Table 1) including primary human AML
specimens that harbored the high-risk FLT3 ITD mutation. Irradi-
ated NOG mice were transplanted intravenously (IV) with 10 to
50 � 106 AML cells and examined at 6 to 8 weeks to measure
leukemia engraftment. Mice were randomly assigned to 1 of
4 treatment groups: 2 weeks of bevacizumab alone (n � 6; 4 mg/kg
intraperitoneally weekly), OXi4503 alone (n � 8; 10 mg/kg intra-
peritoneally 3 times a week), combination of OXi4503 and
bevacizumab at the same dosing regimens (n � 11) or control
(n � 7). AML engraftment in the bone marrow of bevacizumab-
treated mice was comparable with control mice (P � .7914) with
all 6 mice showing engraftment by flow cytometry (Figure 2A-B).
Mice treated with OXi4503 monotherapy resulted in a significant
decrease of AML in bone marrow compared with controls
(P � .0033) with only 1 of 8 OXi4503-treated mice showing
engraftment by flow cytometry (Figure 2A-B). In animals treated
with combination OXi4503 and bevacizumab, 1 of 11 animals
showed AML engraftment by flow cytometry with the overall
levels of engraftment being significantly lower than controls
(P � .0038; Figure 2A-B). To more rigorously test for molecular
remission we used PCR to examine the effects of treatment on the
FLT3 ITD� AML M1/2 subtype. Molecular remissions were
evident in both OXi4503 monotherapy and combination-treated
mice but not in any of the control and bevacizumab-treated animals
(Figure 2C). These data indicate that OXi4503 and the combination
of OXi4503 plus bevacizumab result in phenotypic and molecular
remissions of high-risk primary AML.

To test whether bevacizumab treatment had any effect, staining
was performed on the bone marrow of bevacizumab-treated mice.
CD45� cells were evident in mouse bone marrow supporting the
flow cytometric data, whereas TUNEL staining showed a general
lack of apoptosis throughout the bone sections (Figure 2D).
Positive staining with HIF-1	 indicated that bevacizumab treat-
ment did mediate a hypoxic response, which was not observed in
control mice (Figure 2E). HIF-1	 staining was mainly associated
with CD45� leukemic cells and not MECA-32� blood vessels
(Figure 2E). No CD45, TUNEL, or VEGF-A staining was ob-
served, with minimal HIF-1	 staining, in OX4503 or OXi4503
plus bevacizumab-treated mice (data not shown). These data
suggest that bevacizumab may have generated hypoxic conditions
in the bone marrow to elicit a HIF-1	 response, which was not
observed in control mice. However, this effect was not substantial
enough to eliminate leukemic engraftment or to overcome the
known protective effects of HIF-1	 when tissues are under hypoxic
conditions.40

To gain further insight into mechanisms involved in leukemia
remissions after OXi4503 treatment, bone marrow sections were
further analyzed. Blood vessels were detected by MECA-32
staining and revealed intact blood vessels in the bone marrow of all
treatment groups (Figure 3A). TUNEL staining showed little or
undetectable levels of apoptosis in all groups indicating that the
AML eliminating effects of OXi4503 was complete at the time of
analysis (Figure 3A). Microvessel density was then determined for
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each treatment group plus an additional control group that did not
receive leukemia transplant. Enumeration of vessel densities
showed that the control (�)leukemia group had significantly higher
vessel densities versus control (�)leukemia cohorts, demonstrating
that leukemia causes an increase in blood vessels within the bone
marrow, which has been previously observed in patient samples
(Figure 3B; *P � .05).5-9 Compared with the control (�)leukemia
group, bevacizumab and OXi4503 alone treated groups showed
significantly higher bone marrow vessel densities while the OXi4503
plus bevacizumab marrows showed lower microvessel densities
(Figure 3B; *P � .05). In comparison to the control (�)leukemia
cohort, all 3 treatment groups showed significantly lower microves-
sel densities (Figure 3B; **P � .05). The combination of OXi4503
plus bevacizumab treatment resulted in a further decrease in
microvessel density in comparison to bevacizumab alone
(***P � .05) or OXi4503 alone (****P � .05) groups (Figure 3B).

The finding that microvessel density was similar between
bevacizumab alone and OXi4503 alone groups, even though
OXi4503 alone treatment mediated leukemia regression, suggested

that OXi4503 may have additionally acted through a targeted effect
on leukemia cells. To test this theory, the direct toxic effects of
OXi4503 on leukemia were determined using KG-1 cells at input
cell numbers ranging from 1 � 105 to 2 � 106. In these in vitro
studies, OXi4500, the active, de-phosphorylated form of OXi4503
was used.30-34 OXi4500 was directly cytotoxic to the leukemia cells
in a concentration dependent manner with 50nM or higher OXi4500
needed to observe a significant decrease in viable cell number
versus controls (Figure 3C). Staining with annexin V and PI
identified apoptosis as the main cause of cell death after exposure
to OXi4500 (Figure 3D). As expected, concentrations of 50nM or
higher elicited more robust apoptotic responses to OXi4500 at
24 hours, as did an additional 24-hour incubation (48 hours total) at
corresponding concentrations (Figure 3D). A small population of
annexin V� PI� cells was observed in all groups indicating that
OXi4500 mediated cell death was mainly due to apoptosis. Finally,
given the ability of OXi4500 to be oxidized into a reactive
ortho-quinone,30-34 we next determined whether the production of
ROS coincided with KG-1 cell death. Here we observed high levels

Figure 2. OXi4503 induced regression of systemic AML in bone marrow. Irradiated NOG mice were transplanted with human AML of differing subtypes (M1/2, M4, and M5)
including a primary human AML specimen that harbored a high-risk FLT3 ITD mutation and after verification of leukemia engraftment were randomly assigned to 1 of
4 treatment cohorts. (A) Six weeks after AML transplant, NOG mice were treated with bevacizumab, OXi4503, combination (OXi4503�Bev), or controls. After 2 weeks of
treatment, bone marrow showed persistence of AML in control and bevacizumab-treated mice. However, incidences of AML engraftment were significantly decreased with
OXi4503 (1/8 positive) and combination treatment (1/11 positive) in comparison to controls. Shown are representative flow cytometric plots showing leukemic engraftment in
control and bevacizumab-treated mice and no leukemic engraftment in Oxi4503 and combination-treated mice. (B) Quantification of AML engraftment by flow cytometry
showed significantly decreased engraftment in OXi4503 and combination-treated animals versus controls. (C) PCR analysis for FLT3 ITD AML revealed molecular remissions
(*) of high-risk FLT3 ITD� AML in 40% of OXi4503 and combination-treated animals. (D-E) TUNEL staining showed no detectable apoptotic response to bevacizumab (D);
however, a hypoxia-mediated reaction was observed upon HIF-1	 staining (E). CD45� cells were observed throughout bone marrow sections (scale bar: 100 �m). Values
represent mean  SEM. Gating was established using appropriate isotype controls.
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of ROS production when cells were exposed to 50nM or higher
concentrations of OXi4500 for 48 hours, which coincided with the
concentration and time of exposure that resulted in cell death due to
apoptosis (Figure 3E). Together, these data suggest that OXi4503
additionally induced in vivo leukemia elimination by direct cytotox-
icity in a concentration-dependent and time-dependent manner via
generation of ROS resulting in apoptosis.

Discussion

Leukemia survival and proliferation depend on interactions with
endothelial cells. Soluble mediators secreted by endothelial cells
and cell-cell interactions with endothelial cells protect leukemia
cells from apoptosis and promote propagation.10-12 Clinically,
increased angiogenesis, noted by an increase in microvessel
density, is evident in the bone marrow of patients with AML.15,41

Endothelial cells may also protect leukemia cells from cytotoxic
chemotherapies.42,43 In reciprocal fashion, endothelial cells are
supported and promoted by leukemia cells.17 Given this codepen-
dent relationship, we tested a novel antivascular agent (OXi4503)
to treat AML. We found that OXi4503 was capable of eliminating

already established leukemia in vivo, whereas the addition of
bevacizumab was required to abrogate reactive angiogenesis after
OXi4503 treatment of leukemic chloromas.

Various single-agent antivascular strategies have been tested
previously in AML; however, their major limitation has been a lack
of potency in targeting leukemic blood vessels. Anti-VEGF mono-
therapy with bevacizumab has been tested in patients with relapsed
and refractory AML, and resulted in a decrease in cellular VEGF
expression without antileukemic activity.20 Administering bevaci-
zumab as Timed Sequential Therapy (TST) immediately after
cytoreductive therapy resulted in decreased marrow microvessel
density, decreased serum VEGF levels and durable complete
remissions in 33% of patients, which is comparable with other
TSTs.19 However, no randomized trials examining the additive
effects of bevacizumab have as yet been performed. In our study,
results from cohorts receiving bevacizumab alone confirm prior
reports of no disease eradication and minimal changes in
pathobiology.

There has been increasing enthusiasm over targeting interac-
tions among angiopoietin 1 (Ang-1), Ang-2 and Tie-2, given
evidence that leukemia cells and endothelial cells use these
crosstalk factors for mutual survival and proliferation.44-46 Bone

Figure 3. Effects of OXi4503 treatment on bone marrow blood vessels and leukemia cells. (A) MECA-32 staining demonstrated abundant blood vessels throughout bone
marrow sections regardless of treatment type (scale bar: 50 �m). (B) Quantification of microvessel density was performed for all treatment and control groups. An additional
control group without leukemia transplantation was added to assess the effects of leukemia on microvessel density. * represents significance in comparison to control
(�)leukemia group; **, significance in comparison to control (�)leukemia group; ***, significance in comparison to bevacizumab alone group; and ****, significance in
comparison to OXi4503 alone group. (C) Leukemic KG-1 cells were incubated with OXi4500 at differing concentrations for 24 hours and the numbers of viable cells quantified
using trypan blue dye exclusion. Under these conditions, concentrations of 50nM or higher showed significant decreases in cell viability versus controls. (D) OXi4500 treatment
induces apoptosis of leukemic KG-1 cells. After a 24-hour treatment with OXi4500, cells were stained with annexin V and PI and the percentage of apoptotic cells determined
using flow cytometry. (E) The generation of ROS was assessed in KG-1 cells at different OXi4500 concentrations by H2DCFDA staining. After 48 hours, ROS were detected at
concentrations of 50nM or higher. Relative fluorescent intensity values were normalized to controls (0nM OXi4500). Values represent mean  SEM; *P � .05; **P � .05;
***P � .05; and ****P � .05. Gating was established using appropriate isotype controls.
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marrow expression of Ang-2, a Tie-2 antagonist, has favorable
prognostic impact on the overall survival of AML patients,
suggesting that the Ang-1/Tie-2 interaction may be important in
AML progression.6,47 Based on these findings, Tie-2 inhibitors,
such as AMG 386 (Amgen), a selective angiopoietin-1/-
2-neutralizing peptibody, are being developed clinically.

In search of a novel treatment strategy of interfering with
multiple critical interactions between endothelial cells and leuke-
mia cells, we reasoned that an optimal strategy would be to target
both cell populations, thereby eliminating multiple pathways in
their codependent relationship. Therefore, we focused on evaluat-
ing a novel VDA in the treatment of leukemia. A first-generation
combretastatin, CA4P, was previously reported to exhibit antileuke-
mic effects in cell lines via vascular disruption and mitochondrial
toxicity.29 This agent is currently undergoing phase 2/3 clinical
evaluation in solid tumors.48 Recently, a new combretastatin,
OXi4503, was identified as having enhanced antitumor activity in
solid tumor models.30-35 Results from our study also show that
OXi4503 is a potent antileukemic agent.

In our chloroma model, OXi4503 resulted in significant reduc-
tion of leukemia growth with decreased microvessel density.
However, after OXi4503 monotherapy we also detected viable rims
of leukemia cells and reactive angiogenesis in the chloromas.
Analysis of viable rim tissues revealed active VEGF-A activity so it
was a logical extension to administer adjuvant bevacizumab. When
we treated chloromas with a combination of bevacizumab and
OXi4503 we found complete elimination of the viable rim of
leukemia cells, decreased microvessels and widespread apoptosis.
This finding is consistent with our prior reports of VDA application
in solid tumors and suggests that treatment with OXi4503 may
increase the susceptibility of tumor vessels to bevacizumab.32,35

With these observations, we concluded that leukemic chloromas
respond to VDAs in a similar manner to solid tumors including
renal cell carcinomas and Kaposi sarcoma.36,49

However, we were also interested in evaluating VDA strategies
in situations more closely representative of typical AML clinical
presentations. Using our systemic model of primary AML, we
found that OXi4503 alone possessed the potential to regress
established AML of differing subtypes from bone marrow, while
bevacizumab alone had no effect. OXi4503 monotherapy resulted
in decreased levels of leukemia engraftment both at phenotypic and
molecular levels (using a FLT3 ITD mutant AML) and decreased
microvessel density in comparison to control (�)leukemia cohorts.
Interestingly, bone marrow microvessel densities were similar
between bevacizumab and OXi4503 alone treated groups even
though OXi4503 alone was able to eliminate leukemia in mice.
Furthermore, the rate of phenotypic and molecular remissions
between OXi4503 alone and OXi4503 plus bevacizumab groups
did not differ significantly, even though the addition of bevaci-
zumab resulted in a more significant decrease in microvessel
density. Overall, these observations suggest that the singular effect
of decreasing microvessel density does not account for the
observed leukemia regression in our systemic model and that other
interactions between leukemia and blood vessels play a role in the
progression of the disease. Here we show that these interactions are
not solely mediated by VEGF-A, given the lack of response to

bevacizumab, but are susceptible to OXi4503 disruption. Previous
reports suggest that this interaction may occur through cell
adhesion molecules such as VCAM.29 Of note, the molecular
remissions of the FLT3 ITD AML observed in this study were
enticing because this is a notoriously chemotherapy insensitive
leukemia.

In these studies we also observed that OXi4500, the active,
de-phosphorylated form of OXi4503, was directly cytotoxic to
leukemia cells. Furthermore, this cytotoxicity was dependent on
both concentration and time of exposure. At optimal concentrations
of 50nM or higher, OXi4500 generated intracellular ROS resulting
in apoptosis in 24 to 48 hours in vitro.

Based on these findings, we postulated that the mechanisms by
which OXi4503 alone treatment leads to AML remission in vivo is
due to 2 major effects: (1) vascular disruption that interferes with
endothelial cell interactions with leukemia, and (2) direct cytotoxic
effects on leukemia cells via generation of intracellular ROS.

Clinically, OXi4503 is currently under investigation in early
phase clinical trials of advanced solid tumors. This agent has not
caused significant hematologic toxicity as seen with other microtu-
bule targeting agents such as vinca alkaloids, taxanes, and colchi-
cine. The data presented in this study indicate that OXi4503 may
represent a promising therapeutic agent for patients with AML,
even those classified with high-risk disease. Whereas we provide
initial evidence of OXi4503’s potential therapeutic efficacy in
AML, additional primary specimens will be required to determine
responsiveness with respect to AML disease classifications.
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