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Abstract

Advances in the treatment of acute leukemia have resulted in significantly improved remission
rates, although disease relapse poses a significant risk. By utilizing sensitive, non-invasive
imaging guidance, detection of early leukemic infiltration and the extent of residual tumor burden
after targeted therapy can be expedited, leading to more efficient treatment planning. We
demonstrated marked survival benefit and therapeutic efficacy of a new-generation vascular
disrupting agent, combretastatin-Al-diphosphate (OXi4503), using reporter gene-imaging
technologies and mice systemically administered luc+ and GFP+ human leukemic cells (LCs).
Before treatment, homing of double-transduced cells was serially monitored and whole-body
cellular distributions were mapped using bioluminescence imaging (BL1I). Imaging findings
strongly correlated with quantitative GFP expression levels in solid organs/tissues, suggesting that
the measured BLI signal provides a highly sensitive and reliable biomarker of tumor tissue burden
in systemic leukemic models. Such optical technologies can thereby serve as robust non-invasive
imaging tools for preclinical drug discovery and for rapidly screening promising therapeutic
agents to establish potency, treatment efficacy and survival advantage. We further show that GFP
+ HL-60 cells reside in close proximity to VE-cadherin- and CD31-expressing endothelial cells,
suggesting that the perivascular niche may have a critical role in the maintenance and survival of
LCs.
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INTRODUCTION

Chemotherapy induces remission in the majority of adult patients with acute myeloid
leukemia, but is curative in only a small percentage of patients treated.! Currently, the
majority of adults with acute leukemias inevitably relapse, succumbing to this fatal
disease.?3 The capacity of leukemic cells (LCs) to circulate and potentially infiltrate the
vascular beds of various organs is a differentiating feature of these solid tumors. Relapse of
leukemias may be partially ascribed to the persistence of small populations of residual LCs
residing within specialized perivascular niches. It is possible that LCs home to such
specialized niches, which protect them from cytotoxic agents. The ability to sensitively and
non-invasively monitor early time-dependent changes in homing patterns, tumor growth and
the distribution/extent of residual tumor burden within solid organs after targeted therapy
would offer insights into mechanisms underlying disease relapse, promote the development
of new targeted therapies aimed at disrupting niches and reducing relapse rates, and expedite
treatment planning and management.

LCs, like CD34* hematopoietic stem cells, are thought to initially localize to the epiphyseal
region of bones (osteoblastic niche), followed by expansion in the inner vascular and
diaphyseal compartments.# Certain subsets of residual chemotherapy-resistant LCs appear to
adhere to blood vessel walls and possibly within the microvascular beds of other organs,
leading to resistance to conventional chemotherapies.3>6 Previous studies have shown that
LCs expressing integrin adhesion molecules, such as very late antigen-4 (VLA4)’ and beta-1
integrin fibronectin receptor,® adhere to vascular endothelial cell adhesion molecule-1
(VCAM-1), a cognate receptor for VLA4, as well as the extracellular ligand fibronectin,
respectively. Indeed, VLA4-expressing LCs are associated with much higher relapse than
that seen with VLA4-LCs. Chemoresistance is attributed to the affinity of these VLA4 +
LCs to attach to vascular endothelial cell adhesion molecule-1 + activated endothelial cells.
Thus, this cell adhesion-mediated drug resistance has a major role in leukemic relapse and
mortality, and has led to the use of vascular disrupting agents (VDAS) designed to directly
target tumor vasculature and to promote cellular necrosis.?

One of the most commonly used and well-characterized VDAs is combretastatin-A4-
phosphate (CA4P, Zybrestat).%10 CA4P binds to tubulin, resulting in microtubule
depolymerization, collapse of the endothelial cell cytoskeleton and obstruction of the tumor
vasculature by enlarged endothelial cells.11 Recently, a new-generation, dual-mechanism
VDA, combretastatin-Al-diphosphate (OXi4503, OXiGENE, Waltham, MA, USA), has
been synthesized, which, like its structural analog CA4P, obstructs and obliterates tumor
vasculature, resulting in extensive tumor necrosis.}2:13 Preclinical studies have shown that
OXi4503 has single-agent activity against a number of xenograft models,4-16 and
demonstrates synergistic/additive effects when combined with chemotherapeutics!’ or
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molecular-targeted therapies.18-20 OXi4503 is currently being evaluated as a monotherapy
in clinical trials.

Most therapeutic efficacy evaluations with VDASs have utilized cellular and histological
assays to assess acute vascular perfusion and/or tissue necrotic changes relative to
controls.10.14-16,21-23 By contrast, more chronic assessments, typically at discrete time
intervals of longer than 1 month,3:17:24 have monitored human LC engraftment?4 or
xenografts or chloromas in cohorts of treated mice. Relatively few studies have evaluated
shorter-term post-treatment effects (that is, days-weeks)13:18:25 or employed systemic
models more accurately reflecting human disease. Although several studies utilized real-
time noninvasive imaging methods to examine acute vascular flow changes after
administration of 0Xi450323 or other VDA,26-28 the impact of such changes on cell
viability or other biological correlate was not explored. One such approach, bioluminescence
imaging (BLI), has been used to sensitively monitor small populations of luc+ cells in
vivo.29-31 To the best of our knowledge, the use of this noninvasive imaging tool to guide
0OXi4503 treatment of LC infiltrates and serially track their growth and regression over
relatively short time intervals (that is, weeks) has not been previously reported in systemic
models and confirmed with quantitative histological assays.

In the present study, we utilize reporter gene-imaging technology to serially monitor in vivo
distributions of systemically administered luc+ and GFP+ HL-60 cells before and after
administration of OXi4503 monotherapy over short-term intervals. Correlation of BLI data
with quantitative GFP expression levels in reticuloendothelial organs and other tissues, as
well as with co-labeling assays, has been performed.

MATERIALS AND METHODS

Animal xenograft and systemic models

Systemic HL-60 experiments were done in accordance with protocols approved by the
Institutional Animal Care and Use Committee of Memorial Sloan-Kettering Cancer Center
and followed National Institutes of Health guidelines for animal welfare. SCID/Beige mice
(8-12 weeks old, Taconic Farms, Hudson, NY, USA) were irradiated (250 rad, 2.3 min) by a
Gammacell 40 Exactor (Best Theratronics, Ottawa, ON, Canada)?%:32 to enhance angiogenic
potential. For systemic models, mice were inoculated with luc+/GFP+ HL-60 cells (1.0 x
107 cells in 200 pl saline vehicle) 5h post irradiation and serially monitored with BLI.

Xenograft models were also generated using non-transduced HL-60 (TB) cells (1.0 x 107)
propagated in an in vivo ascites passage, and subsequently implanted subcutaneously in the
right flank using a 23-gauge trocar needle. To maintain as homogeneous a population of
tumor-bearing mice as possible, tumors within a given size range (78-156 mm3) were
selected for treatment at 11 days post-inoculation (p.i.).

Treatment of leukemic xenografts

Ten million HL-60 cells, propagated in an in vivo passage, were implanted subcutaneously
into the right flank of mice using a 23-gauge trocar needle to establish leukemic xenografts.
A minimum of 10 animals was used in each treatment group in order to assess response. In
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an initial set of studies, three treatment groups were evaluated. CA4P (75 mg/kg) and
0OXi4503 (75 mg/kg) were administered once a week for 2 weeks, while Ara-C (20 mg/kg)
was administered three times per day every 4 days. In a subsequent study, mice were
assigned to one of four different treatment groups to evaluate the response of HL-60 tumors
to a range of OXi4503 doses (2.5, 10, 25 and 100 mg/kg) administered once a week for 2
weeks. Control mice were administered 0.9% saline vehicle for both sets of experiments.
Tumor sizes were measured using calipers over the treatment interval. Survival time was
recorded as the number of days between tumor cell inoculation and euthanasia.

Serial BLI imaging in a systemic leukemic model

RESULTS

BLI acquisition and analysis were performed in irradiated SCID/Beige mice (n = 14)
inoculated with luc+/GFP+. HL-60 cells using the VIS 200 to monitor tumor growth.
Firefly D-luciferin was diluted to 30mg/ml stock in phosphate-buffered saline and filtered
before use. Groups of mice were placed in the specimen chamber and injected with D-
luciferin via a retro-orbital approach using 50 pl of D-luciferin (75 mg/kg body weight).
One-minute images were acquired until maximum whole-body signal was detected. BLI flux
values were serially monitored over a 13-15-day period, with initial scans acquired 5 h after
irradiation. At the end of the study, all mice were euthanized, and tissues (lung, liver, spleen,
femur, spine, sternum and brain) harvested for ex vivo BLI imaging and correlative
histology. IGOR image analysis software (V.4.02A, WaveMetrics, Portland, OR, USA) was
used to quantify BLI average total flux values (photons/second, p/s) following the manual
construction of regions of interest over major organs and tissues.

Additional cohorts of SCID/Beige mice were assigned to either treatment (OXi4503) or
control (phosphate-buffered saline vehicle) arms for serial response monitoring every one to
three days over a 13-day p.i. interval of luc+/GFP+ HL-60 tumor cells. Initial baseline BLI
scans were acquired before therapy to monitor tumor growth following inoculation. One
cohort of mice (n = 8) then received two doses of i.v.-administered OXi4503 (0.5 mg in 100
pl phosphate-buffered saline) on days 7 and 10 p.i., while a second cohort of mice (n = 6)
received phosphate-buffered saline vehicle, and BLI flux monitored post treatment. Post- to
pre-treatment signal changes (AS) were computed by dividing the mean BLI flux value 3
days after the first and second treatments by their respective pre-treatment baseline values
(that is, days 7 and 10).

Differences in overall survival were examined for cohorts of irradiated mice inoculated with
luc+/GFP + (n=9) or non-transduced (n = 10) HL-60 cells and subsequently treated with
double-dose OXi-4503 at 7 and 10 days p.i. Survival time evaluations were based on the
number of days between the termination of treatment and euthanasia.

Efficient transduction and in vitro characterization of luc+/GFP+ HL-60 cells

Fluorescence microscopy (Supplementary Figure 1a) of double-transduced HL-60 cells
confirmed GFP+ expression. No alteration in survival, proliferative capacity or morphology
was found for GFP+ compared with non-GFP+ cells via bright-field microscopy. To
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determine the sensitivity of BLI, mean total flux values were measured for serial dilutions of
luc+ cells (1.0 x 104-5.0 x 10°), as against non-transduced (luc-) cell preparations,
following addition of D-luciferin (150mg/ml). A strong linear correlation (R =0.993) was
found between the BLI flux (maximum ~4x 10° p/s) and cell number (Supplementary Figure
1b). Flow cytometry showed ~99% GFP+ cells 24h after transduction® (Supplementary
Figure 1c), and the percentage of GFP+ -expressing cells was found to correlate strongly
with total BLI flux values (R= 0.93) (inset, Supplementary Figure 1b). These results
demonstrate high levels of reporter gene expression in HL-60 cells using this lentiviral-
mediated delivery approach. Cell viability and cell growth over time were similar for
double-transduced and non-transduced cells using a viability analyzer (Vi-CELL Cell
Viability Analyzer, Beckman Coulter, Brea, CA, USA) (Supplementary Figure 1d).

Serial BLI monitoring of luc+/GFP+HL-60 cell migration in vivo

To probe whether spatial and temporal changes in HL-60 cellular migration could be
sensitively monitored using BLI, SCID/Beige mice (n = 4) were systemically inoculated
with 1.0 x 107 luc + /GFP+ HL-60 cells 5 h after low-dose whole-body irradiation. Serial
BLI acquisition was performed over a 13-day period every 2—3 days, on average, with mice
imaged in both the ventral and dorsal positions (Figure 1a). For all imaged mice, BLI flux
and s.d. values were determined over the lung, liver, spine and femur regions as a function
of post-injection time, and plots were constructed for each of the animals. Whole-body BLI
flux values ranged from 4.5 x 10° to 1.5 x 107 p/s over the first 8 days p.i. Signal initially
appeared in the lungs at 5 h p.i. (7.3 x 104 p/s), followed by dramatic increases in signal
throughout the body, particularly in the femur, spine, lung and liver regions over days 6-13
p.i., which neared/exceeded values of 107 p/s (Figure 1b). Time-varying whole-body BLI
flux ranged from 6.8 x 10° to 2.3 x 108 p/s ventrally and 4.6 x 10° to 1.4 x 108 p/s dorsally
(inset, Figure 1b).

All animals were euthanized on p.i. day 13, and the major organs/tissues were harvested for
correlative ex vivo BLI. The corresponding signal was observed in the brain, sternum, spine,
femur, spleen, liver and lung specimens (Figure 1c), with flux values ranging from ~103 p/s
(brain) to 107 p/s (femur). The in vivo signal observed over the brain region, greater than
that observed in ex vivo specimens, was attributed to partial volume effects with overlying
tissue. BLI signal was confirmed histologically on the basis of GFP+ expression levels in
selected tissues using immunofluorescence. Co-localization of GFP+ -expressing cells with
pan-endothelial cell markers, platelet endothelial cell adhesion molecule (CD31) and/or VE-
cadherin and VEGFR3 was observed in the spleen, lung, liver and femur (Figure 1d), raising
the possibility of LC interactions with endothelial cells in perivascular niches.

In vitro OXi4503 mechanism of action and evaluation of dose-response

Treatment response of luc + /GFP + HL-60 cells to the metabolically active form of
0OXi4503 was evaluated in vitro using BLI and viability assays. OXi4503 is known to be
dephosphorylated by tissue phosphatases to the active tubulin-binding compound,
combretastatin A133 (Supplementary Figure 2a), which rapidly inhibits tubulin
polymerization and accelerates necrosis by functionally disrupting tumor neovasculature.
Combretastatin Al is further metabolized, in the presence of oxidative enzymes (tyrosinase,
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peroxidases), to a reactive orthoquinone intermediate, leading to the generation of reactive
oxygen species,343% apoptotic changes and to enhanced antitumor activity.343% Significant
decreases in cell viability and BLI flux values, roughly 70-80%, were observed for the order
of magnitude changes in combretastatin Al concentrations (that is, 50-500 nM)
(Supplementary Figure 2b). At concentrations of 200 nM, mean BLI flux decreased to about
one-third of baseline values.

Treatment efficacy in HL-60 xenograft models

To establish the best candidate drug for achieving maximum therapeutic efficacy, cohorts of
mice (n =10 each) bearing hindlimb HL-60 xenografts were treated with OXi4503, CA4P or
Ara-C, and the appropriate dosing parameters were established. Mice treated with OXi4503
showed statistically significant differences in tumor volumes on days 16 and 23 (P<0.001)
relative to tumors treated with CA4P, Ara-C or administered 0.9% saline vehicle (controls)
(Figure 2a). These latter cohorts demonstrated increases in tumor volumes, while essentially
constant volumes were observed in mice treated with OXi4503, resulting in at least factor of
200 decreases relative to controls at day 23. Weights of animals treated with OXi4503
remained relatively constant over the treatment interval (Figure 2b). A statistically
significant survival benefit for OXi4503-treated mice was found (inset, P<0.001) relative to
other agents. Tumor volumes measured over a range of OXi4503 concentrations (10-75
mg/kg/injection, 2 injections) revealed significant growth delays over an ~15-day period
(that is, day 12-day 26) relative to that observed in cohorts receiving saline vehicle or 2.5
mg/kg OXi4503 (days 19, 26; P<0.001) (Figure 2c). Weights of mice treated with
concentrations of at least 10 mg/kg/injection were essentially stable compared with controls
and those treated with 2.5 mg/kg/injection (Figure 2d). Statistically significant
improvements in survival were observed in cohorts administered 10, 25, or 75 mg/kg/
injection (inset, P<0.001), suggesting a distinct survival benefit over those given 2.5 mg/kg/
injection or no treatment.

Serial non-invasive BLI monitoring of treatment response in systemic models

Based on the xenograft data, a dose of 25 mg/kg/injection OXi4503 was selected for
treatment of the disease in systemic models, and serial response monitoring was performed
using BLI. Measured xenograft volumes using this dose were not significantly different
from those found at higher doses, and offered an added benefit of reducing any potential
systemic toxicity. Following systemic inoculations of mice (n = 14) with luc + / GFP+
HL-60 cells, BLI was conducted over a nearly 2-week period (Figure 3a). All untreated mice
and mice treated with double-dose OXi4503 served as their own controls. Treatments were
administered on the basis of observed increases in whole-body signal (that is, 7 and 10 days

p.i.).

Up to a factor of 10 signal reductions were observed over the femur, lungs, liver and spine
on ventral and dorsal views following treatment on days 7 and 10 p.i. (Figure 3a), as
compared with the findings on ventral and dorsal views in untreated mice (controls). The
corresponding BLI time-course data for the liver, lung, femur and spine in untreated mice
and mice treated with double-dose OXi4503 are graphically represented for each individual
animal (Figure 3b), along with the mean values for each cohort (inset). Statistically
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significant differences in BLI flux values were found between the untreated and treated
groups of mice (P<0.001) at day 13 p.i. for all analyzed tissues. Supplementary Table 1
summarizes corresponding mean tissue-specific signal changes (AS) for individual and
overall treatment intervals. For the femur, spine and lung significantly greater reductions in
ASwere found after the initial, rather than the second, administered dose of OXi4503,
whereas smaller differences (that is, factor of 2) were observed over the liver. Overall
changes in DS (that is, day 7—13) were significantly larger for treated mice than controls.

No statistically significant difference (P>0.05) in overall survival was found for mice
receiving double-dose OXi4503 after inoculation with either transduced or non-transduced
HL-60 cells (Supplementary Figure 3), suggesting that viral transduction does not alter
overall survival.

Correlative BLI-tissue analyses: tissue GFP expression and co-labeling studies

To confirm the presence and extent of tumor cell infiltration in harvested tissues from the
liver, lung, spine, femur and spleen, GFP expression levels were evaluated by quantitative
analyses of immunohistochemical preparations (that is, automated and/or manual cell-
counting procedures, Supplementary Figures 4a and b) or by hematoxylin and eosin staining
of adjacent tissue sections (Supplementary Figures 4c and d). Before treatment, the largest
% GFP + HL-60 cells was found in the spine (n = 4), femur (n = 4) and the splenic
specimens (n = 4), while only scattered GFP + HL-60 cells were identified in the brain
tissue (data not shown). The % GFP+ expression values for untreated and treated tissues are
graphically depicted in Figure 4a. Statistically significant differences in these values were
found for all tissues, but were greatest for lung and femur (P = 0.015). In addition, strong
correlations were found between computed % GFP+ cells and image-derived flux values
(Figure 4b) for treated liver (n = 3, R% = 0.973), lung (n = 3, R% = 0.950), femur (n =4, R2 =
0.861) and spine (n = 4, R2 = 0.929), as well as for untreated liver (n = 3, R2 = 0.973), lung
(n=4, RZ = 0.950) and femur (n = 3, R? = 0.861).

Adjacent hematoxylin and eosin-stained tissue sections demonstrated necrotic and
morphological changes in a number of treated (Supplementary Figure 4d) tissues relative to
untreated specimens (Supplementary Figure 4c). Treated marrow tissues of the spine
(Supplementary Figure 4d, row 3) and femur (row 4) revealed a preponderance of
adipocytes, along with markedly diminished numbers of bone marrow-derived cells.
Reductions in the fractions of splenic cell populations were also observed in treated spleen,
along with extensive hemorrhagic changes (row 5) and grossly contracted morphological
features. Treated lung specimens revealed a greater volume of air-filled sacs/cavities relative
to untreated samples (row 2). Tissue morphology was found to be similar in untreated and
treated liver (row 1) and brain specimens (data not shown); however, these tissues revealed
corresponding reductions in % GFP+ cells. No apoptotic changes in any harvested tissue
specimens were detected at the termination of the study.

Co-localization of GFP+ HL-60 cells with VE-cadherin-expressing endothelial cells was
observed in both untreated and treated liver (Figures 4c—e) and femur sections (Figures 4f—
i). Representative high-power microscopy images revealed greater numbers of GFP+ cells
in untreated tissues, relative to treated tissues, with the latter showing co-localization of
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these cell populations. As HL-60 cells are seen to reside in close proximity to endothelial
cells, the importance of perivascular niches to the maintenance and survival of LCs is
implicated.

DISCUSSION

We report on the use of reporter gene-imaging technologies for sensitively and non-
invasively guiding OXi4503 treatment of LC infiltrates in solid organs and tissues, as well
as serially tracking their migration, growth and regression over relatively short time intervals
(that is, 2 weeks). Our results highlight the distinct advantages offered by such an approach.
As a surrogate tool for monitoring viability, serial BLI evaluations in mice before and after
treatment obviate the need for killing large numbers of mice at arbitrary time points to detect
maximal response. Rather, the use of BLI identifies times at which maximum treatment-
induced signal losses occur, thus confining histological confirmation to those points. Such
optical approaches thus serve as powerful imaging tools for use in preclinical drug discovery
and response-monitoring applications in order to assess therapeutic efficacy, potency and
survival advantage at early post-treatment time points.36:37 Further, they will be crucial for
identifying tissue sites that potentially harbor leukemic niches in an effort to stem relapse
and obliterate disease, as suggested by the results of our co-localization studies. Additional
advantages include the low costs of such imaging strategies, their relative ease of use, and
the practical advantages offered by real-time data acquisition over discrete tissue sampling
methods for optimizing therapeutic protocols and/or altering treatment management.

Following systemic administration of luc + /GFP + HL-60 cells, we found that flux values
(that is, luc + cells) measured over the liver, lung, spine and femur provided highly sensitive
and reliable non-invasive biomarkers of tumor burden and distribution on the basis of
correlative tissue-specific GFP expression levels (Figure 1). BLI signal was initially
identified over the lung regions; subsequent migration to and expansion of luc + cells within
reticuloendothelial organs was then observed over a 2-week interval, notably involving the
liver and marrow compartments of prominent osseous structures. At the termination of the
imaging study, in vivo signal overlying the liver, femur and lung regions was confirmed in
corresponding harvested organ samples using BLI (Figure 1c), as well as by clusters of GFP
+ cells on tissue immunofluorescence (Figure 1d). Although the presence of luc + signal
overlying the region of the spleen was not reliably identified given its relatively small size
and depth within the body, ex-vivo imaging of splenic tissue showed luc+ signal, and
scattered GFP+ cells were present within corresponding tissue specimens.

We demonstrated that administration of double-dose OXi4503 as a monotherapy to cohorts
of HL-60 xenograft mice resulted in statistically significant improvements in survival, as
well as significant tumor growth delays at higher VDA concentrations, as compared with the
findings for CA4P, Ara-C or saline vehicle. Petit3 previously showed treatment efficacy and
prolonged survival following intraperitoneal administration of low-dose CA4P (<50 mg/kg),
as against a control vehicle, using histological methods at longer time intervals (that is, 1
month). Further, acute tissue perfusion changes (approximately minutes to hours) were
observed in colorectal and lucerifase-expressing (luc +) human mammary MDA-MB-23110
xenografts following CA4P administration, the latter study utilizing BLI to monitor changes.
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The collective results of our OXi4503 studies confirm many of the observations noted in
more acute325 and chronic xenograft models,18:38 namely that multi-dose treatment leads
to tumor growth delays and/or vascular disruption with widespread necrosis. As shown by
us and a recent prior human LC investigation,29 OXi4503 offers potential therapeutic
efficacy. However, in the latter study, treatment response was assessed in more chronic
human LC models (that is, chloroma, engraftment), necessitating longer time intervals of
observation (that is, 8 weeks). Although we confirmed the resulting vascular disruption and
cytotoxic effects, we did not observe the discrete peripheral tumor layer that survived VDA
treatment in this study, presumably given our shorter post-treatment time course. We have
further extended the methods of others by assessing the feasibility of using measured BLI
signal changes as sensitive and reliable biomarkers of tumor tissue burden, correlating these
findings with the % GFP + -expressing cells and their proximity to panendothelial markers.

Applied to systemic models, we further showed that double doses of OXi4503 significantly
suppressed increases in BLI flux values at early time points, which led to enhanced DS
values over the entire treatment interval in the spine, femur, lung and liver, relative to
untreated cohorts. For individual mice, the largest variation in untreated and treated BLI flux
values was found over the liver region. In a single control animal, for instance, a minimum
flux value of 1.62 x 106 p/s was found to overlap the values determined for the treated
cohort. This result was felt to be the consequence of partial volume effects involving
adjacent abdominal cavity structures (that is, bowel). However, differences in time-varying
average liver pre- and post-treatment flux values (Figure 3b, inset) were statistically
significant at the termination of the imaging period.

Measured pre- and post-treatment flux values in the liver, lung, spine and femur were
confirmed by the presence of GFP + cells in corresponding histological sections, and flux
values were found to strongly correlate with % GFP + expression levels in all but untreated
tissues from the spine (Figure 4b). In this latter case (data not shown), the lack of a strong
correlation between the measured flux values and % GFP+ expression was thought to be
due to limitations in the ability to derive accurate manual cell counts under conditions of
very dense marrow cellularity coupled with excess background staining. By contrast, manual
counting of treated spine tissue was not limited by these conditions, as significant losses in
bone marrow cellularity and attenuation of tissue background staining were observed as a
result of tissue necrotic changes.

In several treated tissue specimens, % GFP+ cells served as a highly sensitive and
quantitative indicator of therapeutic response, complementing necrotic and morphological
changes observed by hematoxylin and eosin staining (Supplementary Figure 4d). Relative to
untreated specimens (Supplementary Figure 4c), disrupted tissue architecture and loss of the
normal structural landmarks were observed. Necrotic changes were most prominent in the
spine, femur and spleen. The marrow compartments of these bony specimens revealed
significant losses in % GFP+ cells; these were accompanied by partial replacement of
marrow-derived populations with adipocytes. In treated spleens, decreased % GFP+ cells
corresponded to marked reductions in splenic cell populations on increasingly hemorrhagic
backgrounds, in conjunction with grossly contracted morphological features. In other
tissues, the % GFP+ cells served as a more sensitive indicator of response than
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corresponding structural alterations, particularly where histopathological changes were
inconclusive and/or not readily identified. For instance, although no significant
morphological changes were visually evident within treated liver specimens, statistically
significant losses in % GFP+ cells were seen. No apoptotic changes were found in any
tissues at the termination of the imaging study, suggesting that such changes occurred much
earlier than our pathological assessment.

The ability to accurately track individual and/or clusters of cells within histological sections
over time in order to determine whether such cells stay within perivascular niches is
challenging following vascular disruption. Heterogeneous tissue responses to one or more
therapies, manifested as spatially dependent microstructural alterations, make this process
difficult to monitor. Given our findings that surviving GFP+ cells are identified within
perivascular niches in all tissues evaluated, both before and after treatment, it can be
concluded that these niches have a largely protective role, one which facilitates conditions
favorable to the selective maintenance and expansion of residual human LCs. It is these
small, persisting cell populations that are suspected to promote resistance to conventional
therapies and subsequent disease relapse.

In summary, we showed statistically significant survival benefit and therapeutic efficacy of
0OXi4503 in human leukemic models using non-invasive reporter gene imaging. Mapping of
cellular distributions across spatial scales enabled earlier detection of whole-body leukemic
infiltration and residual tumor burden over a period of days to weeks following targeted
therapy. Confirmed by cellular necrosis in multiple tissues and quantitative estimates of
tissue GFP + expression, the findings suggested that BLI signal can serve as an exquisitely
sensitive biomarker of tumor tissue burden in systemic leukemic models, underscoring the
use of such powerful non-invasive imaging approaches for optimizing treatment selection
and response assessment. As GFP+ HL-60 cells reside in close proximity to VE-cadherin-
and CD31-expressing endothelial cells before and after treatment in all tissues evaluated, it
can be concluded that the perivascular niche may have a critical role in the maintenance and
survival of LCs.
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Figure 1.

Serial BLI monitoring of human leukemic cell migration in untreated animals with
correlative histology. (a) Serial in vivo monitoring of luc + /GFP + HL-60 cells in SCID/
Beige mice over a 12-day interval p.i. Representative in vivo ventral and dorsal BLI images
acquired on days 3, 6 and 12 p.i. (lung, black arrow; liver, yellow arrow; femur, white
arrow; spine, green arrow). Data indicated as mean flux values (p/s = s.d.). (b) Time series
of average BLI flux values for femur, liver, spine and lungs in individual mice (mean p/s £
s.d.). Inset shows average whole-body flux values for the dorsum and ventrum. (c) BLI of
harvested ex vivo tissues. (d) Immunofluorescence characterization (Zeiss LSM 510 Meta
Confocal Microscope with EC-Plan Neofluor 10%/0.3 objective, AIM software) reveals GFP
+ cells and endothelial cells expressing VE-cadherin, and VEGFR3 within harvested spleen,
lung, liver and femur tissue with nuclear counterstaining (TO-PRO-3, Hoechst). High-
resolution images of spleen, lung and liver demonstrate close proximity of GFP+ cells to
CD31-expressing endothelial cells (col 4). Scale bars = 50 um (spleen, lung, liver: cols 1, 2;
femur: cols 1,3); higher magnification GFP/TO-PRO-3 (femur: 25 pm, col 2) and VE-
Cadherin/Hoechst (spleen, lung, liver: 25 um, col 3); high magnification GFP/CD31 (spleen,
lung, liver: 100 um, col 4). Br, brain; Fe, femur; Li, liver/bowel; Lu, lung; Spi, spine; Spl,
spleen; Ste, sternum.
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Figure 2.
Therapeutic efficacy in HL-60 xenografts. (a) Time-dependent changes in xenograft volume

following administration of OXi4503, CA4P, Ara-C or saline vehicle. *P<0.001 for
0OXi4503 versus CA4P or Ara-C. (b) Corresponding mean weight fluctuations and survival
data (inset) demonstrate a statistically significant survival benefit of OXi4503 relative to
other monotherapies and saline vehicle (*P<0.001). (c) Time-dependent changes in
xenograft volumes as a function of administered OXi4503 (2.5-75mg/kg/inj) or saline
vehicle. *P<0.001 for doses of at least 10 mg/kg/inj versus vehicle. (d) Corresponding
animal weights and survival data (inset) show a statistically significant survival benefit of
0OXi4503 versus vehicle for doses of at least 10 mg/kg (*P<0.001).
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Figure 3.

In vivo response monitoring in systemic HL-60 models with BLI. (a) Representative in vivo
BLI (IVIS 200, Xenogen) before (day 7) and after (days 8, 10, 11, 13) OXi4503 (25 mg/kg)
or saline vehicle administration (arrows) in mice systemically inoculated with luc+ /GFP +
HL-60 cells (n = 14). Ventral (right-hand side) and dorsal views (left-hand side) are shown.
Color scales represent total flux values (p/s£s.d.). (b) Serial monitoring of BLI flux changes
in individual animals over a 13-day period following systemic inoculation. The inset shows
average flux changes for treated and control mice. Color scales represent total flux values
(p/sts.d.). Arrows represent times of drug administration. One-tailed Mann—-Whitney U-tests
demonstrate statistical significance (*) between cohorts of untreated (UT, n = 6) and treated
(T, n=8) mice on day 13 at the P<0.001 level for liver/bowel (P = 0.0015), lung (P =
0.001), ventral femur (P = 0.0005) and spine (P = 0.0005).
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Figure 4.
Quantitative GFP+ expression differences and co-labeling studies in treated and untreated

mice. (a) Tissue-specific % GFP + -expressing cells for treated (T) and untreated (UT) mice
(meants.e., n = 4 per group). One-tailed Mann-Whitney U-tests demonstrate statistical
significance (*) at the P<0.05 level for lung (P = 0.014) and femur (P = 0.014), and
borderline significance for liver, spleen and spine (P = 0.057). (b) In vivo BLI signal versus
% GFP+ expression in ex-vivo specimens using regression analysis. (c—i) Co-labeling of
GFP and endothelial cells expressing VE-cadherin (Zeiss LSM 510 Meta Confocal
Microscope (Carl Zeiss, Thornwood, NY, USA) with EC-Plan Neofluor 10 x /0.3 objective
and AIM software (Carl Zeiss)) in untreated liver (c, d), untreated femur (f, h), and treated
liver (e) and femur (g, i) sections. Endothelial cell marker: femur (red, open arrows); liver
(blue, open arrows). GFP+ cells: femur (brown, solid arrows); liver (red, solid arrows).
Scale bar = 25um (c, €) and 50 um (f, g). Representative higher-magnification images (d, h,
i) reveal GFP+ cells located close to VVE-cadherin-expressing endothelial cells.
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