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This study of vosaroxin evaluated dose-limiting toxicity (DLT),
maximum-tolerated dose (MTD), pharmacokinetics (PK), clinical
activity and pharmacodynamics in relapsed/refractory leukemia.
Dosing was weekly (days 1, 8 and 15) or twice weekly (days 1, 4,
8 and 11). Seventy-three treated patients had a median age of
65 years, 85% had acute myeloid leukemia and 78% had
refractory disease. Weekly schedule: 42 patients received
18–90 mg/m2; MTD was 72 mg/m2. Twice-weekly schedule: 31
patients received 9–50 mg/m2; MTD was 40 mg/m2. DLT was
stomatitis; primary non-hematologic toxicity was reversible
gastrointestinal symptoms and febrile neutropenia. Thirty-day
all-cause mortality was 11%. Five patients had complete or
incomplete remissions; median duration was 3.1 months. A
morphologic leukemia-free state (bone marrow blast reduction
to o5%) occurred in 11 additional patients. Antileukemic
activity was associated with total dose or weekly time above
1 lmol/l plasma vosaroxin concentration (Po0.05). Vosaroxin
exposure was dose proportional over 9–90 mg/m2. The average
terminal half-life was B25 h and clearance was non-renal. No
induction or inhibition of vosaroxin metabolism was evident.
Vosaroxin-induced DNA damage was detected as increased
intracellular cH2AX. Vosaroxin had an acceptable safety profile,
linear PK and encouraging clinical activity in relapsed/refrac-
tory leukemia.
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Introduction

Treatment outcomes for patients with relapsed or refractory
acute leukemia, including acute myeloid leukemia (AML), are
largely unsatisfactory despite the variety of available chemother-
apeutic agents.1,2 Potential mechanisms of treatment resistance
include overexpression of multidrug-resistance proteins,3,4

upregulation of antiapoptotic pathways such as bcl-25,6

and leukemic–stromal interactions within the bone micro-
environment.7,8 Among the many new agents being developed
with the intention to circumvent resistance mechanisms in AML

are cell-cycle inhibitors, signal transduction inhibitors and other
novel chemotherapeutic compounds.9–12

Vosaroxin (formerly voreloxin; SNS-595) is a novel, first-in-
class anticancer quinolone derivative that induces site-selective
DNA damage by intercalating DNA and inhibiting topoisome-
rase II, leading to apoptosis.13 In non-clinical studies, vosaroxin
displayed potent activity in a broad array of mouse models,
including human xenografts of diverse tissue origin, syngeneic
and drug-resistant tumors,14 and a normal mouse model of
marrow ablation.15 Vosaroxin’s activity profile in these models
was superior to conventional anticancer agents such as
cisplatin, cytarabine, etoposide, doxorubicin and paclitaxel.14

At its maximum-tolerated dose (MTD) in a normal mouse model,
vosaroxin ablated bone marrow more potently than cytara-
bine.15 In non-clinical toxicology studies, the primary adverse
effects were myelosuppression and gastrointestinal toxicity.
Vosaroxin is not a substrate for P-glycoprotein and its activity
is independent of p53, thus it may have utility in bypassing
important mechanisms of chemotherapy resistance.14,16

The cytotoxicity of cell-cycle-dependent agents such as
vosaroxin is affected by the proliferation status of the malignant
cell population. Based on vosaroxin’s cell-cycle dependency,
demonstrated in both in vitro and in vivo mouse models,13,14 we
investigated two schedules of vosaroxin: traditional timed
sequential therapy dosing (days 1, 8 and 15) and more frequent
dosing (days 1, 4, 8 and 11) to provide more constant drug
exposure and possibly less cell-cycle-based non-hematologic
toxicity. This clinical phase Ib dose-escalation study in relapsed
or refractory leukemia was designed to characterize the safety
and pharmacokinetic (PK) profiles of vosaroxin, as well as its
antileukemic and pharmacodynamic (PD) properties.

Materials and methods

Enrollment and eligibility
Patients were enrolled and treated at the H. Lee Moffitt Cancer
Center & Research Institute (Tampa, FL, USA), MD Anderson
Cancer Center (Houston, TX, USA), Indiana University Simon
Cancer Center (Indianapolis, IN, USA) and Sidney Kimmel
Cancer Center at Johns Hopkins University (Baltimore, MD,
USA). The study protocol was approved by the institutional
review board of each center, and patients provided informed
consent in accordance with the principles of the Declaration of
Helsinki. The clinical trial was registered at http://www.clinicaltrials.
gov as NCT00246662.
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Eligible patients were at least 18 years of age with a diagnosis
of advanced relapsed or refractory leukemia not expected to
respond to standard therapy. Leukemias could include WHO-
classified AML, de novo or poor-risk myelodysplastic syndrome
with an International Prognosis Scoring System score of at least
1.5, acute lymphoblastic leukemia or chronic myeloid leukemia
in blast crisis. Entry criteria also included Eastern Cooperative
Oncology Group performance status of p2, fewer than four
previous induction/reinduction chemotherapy regimens, serum
creatinine and total bilirubin p2 mg/dl, and alanine amino-
transferase and aspartate aminotransferase p2.5 times the upper
limit of normal.

Study design and treatment schema
This was a phase Ib, open-label, dose-escalation study. Patients
were sequentially assigned to one of two vosaroxin dosing
regimens (schedules) in groups of 3–6, beginning at 18 mg/m2

once weekly (days 1, 8 and 15) for 3 weeks (weekly schedule) or
9 mg/m2 twice weekly (days 1, 4, 8 and 11) for 2 weeks (twice-
weekly schedule) in a 28-day cycle or until peripheral blood
counts recovered. Dose escalation was independent for each
schedule as shown in Table 1. The dose was increased for
sequential groups until a protocol-defined dose-limiting toxicity
(DLT) occurred in at least one patient, then the group was
expanded to six patients. If a patient did not receive all cycle 1
doses or was not assessable for DLT, the patient was considered
unevaluable and was replaced. Additional patients could be
added at the discretion of the clinical team to better characterize
possible toxicity. If no DLT occurred, dose escalation followed a
modified Fibonacci sequence. The MTD was defined as the dose
level below that at which two or more of six patients
experienced a DLT. Toxicity was graded using the National
Cancer Institute Common Terminology Criteria version 3.0.17

DLT was assessed in cycle 1 from the time of first treatment
through day 29. A DLT was defined as clinically significant,
treatment-related, grade 4 neutropenia or thrombocytopenia

that persisted 48 weeks in the absence of leukemia, or any
grade 3 or greater non-hematologic adverse event, regardless of
duration (excluding nausea, vomiting or diarrhea controlled
with antiemetic/antidiarrheal therapy; alopecia; infection/febrile
neutropenia controlled by antibiotics; and grade 3 aspartate
aminotransferase or alanine aminotransferase lasting o7 days).

Patients could complete up to four cycles of treatment; two
additional cycles could be completed if persistent or recurrent
leukemia was absent and toxicity was acceptable. Any cycle
could be delayed to allow recovery from toxicity and one
vosaroxin dose reduction (25%) was permitted. Supportive care,
including antiemetics, myeloid growth factors and transfusions
of packed red blood cells and platelets, was permitted when
appropriate.

Response evaluation
A bone marrow aspirate or biopsy and peripheral blood sample
were obtained at the end of each cycle (Bday 28) to assess blast
reduction/clearance and myelosuppression. Response cate-
gories were based on International Working Group response
criteria.18 Morphologic leukemia-free state required bone
marrow blasts to be o5%. For complete remission (CR), bone
marrow blasts had to be o5% with no leukemic blasts in
peripheral blood and no evidence of extramedullary disease,
neutrophils 41� 109/l and platelets X100� 109/l. If recovery
of platelets was incomplete, the response was CRp (CR with
incomplete platelet recovery).

PK and correlative PD studies
The schedule of patient blood and urine collection and the
analytical method for the determination of plasma and urine
vosaroxin concentrations are described in the Supplementary
Materials and Methods.

For correlative PD studies, peripheral blood blasts were
obtained from 10 patients treated in the weekly schedule on
days 1 and 8 (predose and 2 h postdose) at Johns Hopkins Sidney
Kimmel Cancer Center. Samples were stained with antibody to
phosphorylated H2AX (gH2AX)19,20 and examined by flow
cytometry. In brief, Ficoll-enriched blasts were fixed in 70%
ethanol and stored at 4 1C until staining in TST buffer (TBS, 4%
FBS, 0.1% Triton X-100). Cells were incubated in either diluted
(1:500) antiphospho-Ser139-histone H2AX (Upstate Cell Signal-
ing Solutions, Lake Placid, NY, USA) or diluted (1:500) mouse
IgG1 isotype control (Southern Biotech, Birmingham, AL, USA).
After 2 h incubation, cells were exposed for 1 h to diluted
(1:200) Alexa Fluor 488 goat antimouse IgG (Hþ L) (Molecular
Probes, Eugene, OR, USA) with 5mg/ml RNase, fixed in 2%
formaldehyde in TBS and stored at 4 1C until flow cytometric
analysis. Cellular debris was gated out and overlays of the
experimental and isotype-control histograms were created. To
determine the percentage of blasts exhibiting DNA damage,
areas of overlap were attributed to nonspecific staining and
subtracted from the experimental histograms. In each overlay,
the percentage of blasts positive for gH2AX (%gH2AX) was
calculated as the number of cells stained specifically for gH2AX
divided by the total blast cell number. Each analysis was
performed on a standard sampling of 106 cells. The s.d. for this
method (triplicate sampling) is p0.3 fold.21

Results

Patient demographics
Seventy-five patients enrolled in the study, including 44 in the
weekly schedule (42 treated) and 31 in the twice-weekly

Table 1 Treatment schema, dose escalation and dose-limiting
toxicity

Schedule
dose level

No. of
treated
patients

No. of
evaluable
patients

Type of DLT No. of
patients
who had

DLT

Weekly (days 1, 8 and 15) for 3 weeks
18 mg/m2 3 3 None
27 mg/m2 6 3 None
38 mg/m2 3 3 None
50 mg/m2 8 6 Grade 4 thrombocytopenia

ongoing 48 weeks in
the absence of leukemia

1

60 mg/m2 4 4 None
72 mg/m2a

12 12 Bowel obstruction 1
Grade 3 stomatitis 1

90 mg/m2 6 5 Grade 3 stomatitis 4

Twice weekly (days 1, 4, 8 and 11) for 2 weeks
9 mg/m2 4 3 None
13.5 mg/m2 4 3 None
19 mg/m2 3 3 None
25 mg/m2 3 3 None
30 mg/m2 3 3 None
40 mg/m2a

11 10 Grade 3 stomatitis 3
50 mg/m2 3 3 Grade 3 or 4 stomatitis 3

Abbreviation: DLT, dose-limiting toxicity.
aMaximum-tolerated dose.
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schedule. Two enrolled patients were not treated because one
did not meet entry criteria and one experienced pulmonary
emboli before treatment. Characteristics of the 73 treated
patients are shown in Table 2. Patients were predominantly
white (73%), male (62%) and had a median age of 65 years. In
all, 85% of patients had AML; most were extensively pretreated
(median 4 previous chemotherapy regimens), and 78% had
refractory disease.

Safety profile
Seventy-three patients received at least one dose of vosaroxin.
Dose escalation and DLT are shown in Table 1. The MTD was
determined to be 72mg/m2 for the weekly schedule and 40 mg/m2

for the twice-weekly schedule. Grade 3 stomatitis was the
most common DLT, affecting five patients in the weekly
schedule and six patients in the twice-weekly schedule. In
cycle 1, 27% of patients overall experienced stomatitis of any
grade (12% grade 1–2; 15% grade X3) with a median onset of
14 days (range, 3–20 days) and a median duration of 15 days
(range, 5–39 days). The incidence and severity of stomatitis was
associated with the total vosaroxin dose in cycle 1 and the
weekly time above a plasma vosaroxin concentration of 1 mmol/l

(Po0.05), independent of schedule. The stomatitis and other
gastrointestinal symptoms were generally manageable and
reversible with standard supportive care. Other frequent non-
hematologic toxicity (430% of patients) that was not dose-
limiting included general infection, nausea, febrile neutropenia,
diarrhea, fatigue, anorexia, cough, peripheral edema, vomiting
and dyspnea. Non-hematologic toxicity occurring across all
grades in at least 20% of patients overall is shown in Table 3.

Myelosuppression and its associated complications such as
infections were expected and observed in this study of patients
with advanced leukemia. Hematologic DLT (prolonged platelet
recovery) occurred in one patient at 50 mg/m2 in the weekly
schedule. For the two patients in the weekly schedule who had a
CR, the times to recovery of peripheral absolute neutrophil
counts to 41� 109/l were 37 and 50 days, and the times to
recovery of platelets to X100� 109/l were 28 and 49 days,
respectively. Only one patient in the twice-weekly schedule had
a CR (time to recovery was 37 days for both absolute neutrophil
counts and platelets), and given the small number of patients,
comparison between schedules is not possible. Myelosuppression
was managed with growth factor support and blood transfusion
according to institutional standard of care.

Non-hematologic toxicity based on laboratory data was
minimal following vosaroxin treatment at doses up to 90 mg/m2

weekly for 3 weeks and 50 mg/m2 twice weekly for 2 weeks.
No grade 3 or greater treatment-related hepatic or renal
dysfunction was reported. No clinically significant trend in
non-hematologic toxicity was noted over time. No clinical
manifestation of QTc prolongation, such as torsades de pointes,
was observed.

Eight deaths occurred within 30 days (range, 11–30 days) after
the first dose of vosaroxin, including six in the weekly schedule
and two in the twice-weekly schedule, for a 30-day all-cause
mortality rate of 11%. The primary cause of death for five
patients (7%) was infection (four patients) and intestinal
obstruction (one patient).

Pharmacokinetics
Blood samples were obtained for PK evaluation from 72 patients
who received at least one dose of vosaroxin. Following a short
intravenous administration (B10 min), plasma vosaroxin con-
centrations declined in a biphasic manner (Supplementary
Figure 1), consisting of an initial rapid decline followed by a
prolonged terminal phase with a half-life of B25 h (Table 4).
The average total body clearance was 4 l/h (2 l/h/m2) and
apparent volume of distribution at steady state (Vss) was 120 l,
exceeding the volume of total body water.

Plasma vosaroxin exposure (AUC) increased proportionally
with an increase in dose over a dose range of 9–90 mg/m2. No
significant differences in clearance were noted based on age
(overall and o65 years versus X65 years), sex, body weight or
body surface area. After repeated doses (twice-weekly
schedule), drug accumulation was 1.2 for day 4/day 1
(Po0.05, n¼ 29) and day 11/day 1 (Po0.05, n¼ 28). Vosaroxin
clearance was comparable in patients receiving vosaroxin
weekly or on days 1, 4, 8 and 11, indicating no induction or
inhibition of vosaroxin metabolism after repeated doses.

Renal excretion of vosaroxin and its metabolites, N-des-
methyl-vosaroxin and O-desmethyl-vosaroxin, was determined
following the first dose of vosaroxin in eight patients in the
weekly schedule at 18 mg/m2 and 27 mg/m2. N-desmethyl-
vosaroxin was the only metabolite detected in urine and the
ratio of N-desmethyl-vosaroxin to vosaroxin excretion was 0.43
(coefficient of variation 40%). The average renal excretion of the

Table 2 Characteristics of treated patients

Characteristic Vosaroxin schedule Total
(n¼73)

Weekly
(n¼ 42)

Twice weekly
(n¼ 31)

No. %

No. % No. %

Age, years
Median 65 65 65
Range 21–81 26–85 21–85

Sex
Male 27 64 18 58 45 62
Female 15 36 13 42 28 38

Race or ethnicity
Asian 1 2 1 3 2 3
Black or African American 6 14 3 10 9 12
Hispanic or Latino 4 10 5 16 9 12
White 31 74 22 71 53 73

ECOG performance status
0–1 38 90 30 97 68 93
2 4 10 1 3 5 7

Diagnosis
AML 35 83 27 87 62 85
ALL 4 10 4 13 8 11
MDS transformed to AML 3 7 0 0 3 4

Disease status
Relapsed 7 17 7 23 14 19
Refractorya 34 81 23 74 57 78
Others 1 2 1 3 2 3

No. of prior chemotherapy regimens
0–3 24 57 15 48 39 53
4–9 18 43 16 52 34 47

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute
myeloid leukemia; ECOG, Eastern Cooperative Oncology Group;
MDS, myelodysplastic syndrome.
aDefined as not achieving complete remission after most recent prior
leukemia therapy.
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total dose infused was 2.35% (coefficient of variation 79%) for
vosaroxin and 0.99% (coefficient of variation 84%) for
N-desmethyl-vosaroxin, suggesting non-renal clearance.

Plasma vosaroxin concentrations were sustained for a long
period of time above 0.1 mmol/l (40.1 ng/ml), the half-maximal
(50%) inhibitory concentration (IC50), and 1mmol/l, the IC90

in vitro in the MV4-11 AML cell line,15 at vosaroxin doses of
72 mg/m2 weekly or 40 mg/m2 twice weekly. Mean plasma
vosaroxin concentrations were maintained at or above the IC50

and IC90 for 117 and 34 h per week, respectively, in the weekly
schedule, and for 158 and 22 h per week, respectively, in the
twice-weekly schedule.

Response
A morphologic leukemia-free state (bone marrow blasts reduced to
o5%) was achieved in 16 patients (22%) at a median of 32.5 days
(range, 21–51 days) after the first dose of vosaroxin, including in 12
patients treated once weekly with X50 mg/m2 and 4 treated twice
weekly with X30 mg/m2. Five of these patients had responses of
CR or CRp; all but one response occurred with weekly treatment,
and responses were maintained for 1.7–19.2 months (median 3.1
months). Two patients had an unfavorable karyotype (Southwest
Oncology Group classification)22 and one (72 mg/m2) had previous
autologous stem cell transplantation. Characteristics of the five
responding patients are shown in Table 5.

Table 3 Nonhematologic toxicity occurring across all grades in at least 20% of patients overall (N¼73)

System
adverse event

Vosaroxin weekly (n¼42) Vosaroxin twice weekly (n¼ 31) Total (n¼ 73)

Grade 1 or 2 Grade X3 Grade 1 or 2 Grade X3 All

No. % No. % No. % No. % No. %

Dermatologic
Petechiae 8 19 0 0 6 19 1 3 15 21

Gastrointestinal
Nausea 24 57 0 0 21 68 1 3 46 63
Diarrhea 22 52 1 2 12 39 1 3 36 49
Stomatitisa 4 10 5 12 6 19 6 19 21 29
Abdominal pain 11 26 1 2 3 10 1 3 16 22

General
Fatigue 19 45 1 2 14 45 0 0 34 47
Peripheral edema 15 36 1 2 9 29 0 0 25 34
Pyrexia 10 24 1 2 6 19 4 13 21 29

Infectionb 5 12 22 52 10 32 11 36 48 66
Febrile neutropenia 0 0 28 67 0 0 15 48 43 59

Metabolic
Anorexia 17 41 1 2 12 39 0 0 30 41

Pulmonary
Dyspnea 13 31 0 0 10 32 1 3 24 33
Pleural effusion 9 21 1 2 5 16 1 3 16 22

Note: Toxicity was graded using the National Cancer Institute Common Terminology Criteria version 3. Patients experiencing multiple episodes of
the same event were counted once at the highest event grade.
aDose-limiting toxicity.
bComprises 20 individual adverse event terms representing various types of general infection, sepsis, bacteremia and pneumonia.

Table 4 Pharmacokinetic parameters by dose group in cycle 1 (N¼ 72)

Schedule
day

Dose (mg/m2) N AUCinf

(h ng/ml)
CL (l/h) T1/2 (h) MRT (h) Vss (l)

Mean CV% Mean CV% Mean CV% Mean CV% Mean CV%

Weekly
Day 1 18–90 41 31 245 65 3.92 34 25.13 25 32.17 29 120 30
Day 1 72a 11 39 450 64 4.16 37 26.60 23 33.89 30 130 27

Twice weekly
Day 1 9–50 31 14 212 62 4.37 30 26.58 35 33.91 38 142 38
Day 4 9–50 30 17 067 70 4.29 32 28.21 32 34.43 32 145 39
Day 8 9–50 29 15 637 68 4.54 32 22.30 27 28.61 29 126 38
Day 11 9–50 28 15 983 75 4.52 31 23.74 32 30.79 36 136 45

Abbreviations: AUC, area under the concentration versus time curve; AUCinf, AUC from time zero to infinity; AUC72 h, AUC from time zero to 72 h
postdose; CL, total body clearance estimated from dose/AUCinf; Cmax 5 min, observed peak or maximum concentration at the end of infusion;
MRTinf, mean residence time when the drug concentration versus time profile is extrapolated to infinity; t1/2, terminal half-life; Vss, apparent volume
of distribution at steady state.
aAUC72 h¼32 547 h ng/ml (CV 51%); Cmax 5 min¼ 1916 ng/ml (CV 24.8%) (accumulation ratio, AUC72d4/AUC72d1 and AUC72d11/AUC72d1).
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Bone marrow blast reduction to o5% after vosaroxin
treatment was associated with the total dose (cycle 1) or weekly
time above a plasma vosaroxin concentration of 1 mmol/l
(Po0.05). Most patients with an antileukemic response (10 of 16)
maintained these concentrations longer than 20 h, including
two patients who had a response of CR and one who had a CRp.
The other two patients who had responses of CR or CRp
maintained vosaroxin plasma concentrations 41mmol/l for 10
and 16 h.

Pharmacodynamics
Vosaroxin is a replication-dependent DNA damaging agent13

that induces DNA double-strand breaks. Among the cellular
responses to double-strand breaks is phosphorylation of histone
H2AX on Ser139, producing gH2AX.23 Therefore, the presence
and magnitude of gH2AX is an indication of persistent,
unrepaired DNA damage.19 gH2AX increased in 7 of 10
patients after treatment with the first dose of vosaroxin at
50 mg/m2 or higher (Figure 1). Before treatment on day 8,
gH2AX levels remained higher than at baseline in 9 of 10
patients, suggesting persistent DNA damage long after the initial
dose was administered. The increase in intracellular gH2AX at
2 h after vosaroxin administration appeared to be greater when
antileukemic activity was evident. On day 1, the increase in

gH2AX was 2.6-fold for patients who had bone marrow blasts
o5% after treatment versus 1.8-fold for patients whose blasts
were X5%. On day 8, the increase in gH2AX was 3.8-fold for
patients who had bone marrow blasts o5% after treatment
versus 1.7-fold for those with blasts X5%.

Discussion

We tested vosaroxin, a novel anticancer quinolone derivative, in
patients with relapsed or refractory leukemia using two
treatment schedules based on potential effects on drug-induced
changes in leukemic cell growth kinetics. Dose-dependent
activity was seen in both schedules with similar safety profiles,
except the incidence of febrile neutropenia and infections
appeared to be higher in the weekly schedule, possibly due to
the longer dosing interval (15 days versus 11 days for the twice-
weekly schedule) that could prolong myelosuppression. Given
the heterogeneity of the patient population, the limitations of a
small sample size, and the nonrandomized phase I study design,
it is not possible to identify a preferred schedule between the
two studied. Both weekly and twice-weekly schedules warrant
further investigation to optimize dose regimens of vosaroxin for
the treatment of leukemias.

In patients with solid tumors treated with vosaroxin at lower
doses (up to 75 mg/m2/28-day cycle), the primary DLT was
myelosuppression.24 In patients with advanced leukemia treated
with vosaroxin at higher doses (up to 270 mg/m2/cycle in the
current study), the DLT was stomatitis. The 30-day all-cause
mortality rate of 11% was within the lower expected range for
cytotoxic therapy in this patient population.25

Vosaroxin exhibited linear PK over a dose range of 9–90 mg/m2

after a single dose and after repeated doses. The lack of sex and
age differences in PK characteristics is particularly relevant
because AML primarily affects older individuals (predominantly
males). Consistent with non-clinical in vitro studies26 and a
previous clinical study in patients with advanced solid tumors,24

there was no evidence of induction or inhibition of vosaroxin
metabolism in patients with leukemia. Given vosaroxin’s
minimal metabolism and non-renal clearance, the potential for
drug–drug interaction with vosaroxin is low. Thus, vosaroxin PK
is unlikely to be altered in patients with renal impairment or
non-obstructive hepatic impairment.

Vosaroxin-induced DNA damage, as measured by an increase
in intracellular gH2AX levels following vosaroxin treatment,
was evident within hours of vosaroxin administration. Interest-
ingly, persistent DNA damage was demonstrated at 1 week after

Table 5 Characteristics of patients with a disease response of CR or CRp

Schedule
dose group

Age
(years)

Disease
status

Cytogenetic risk
categorya

Cytogenetics at baseline Cytogenetics
at response

IWG
response

Duration of
response
(months)

Weekly
50 mg/m2 66 First relapse Intermediate 46,XY 46,XY CRp 2.4
72 mg/m2 41 Refractory Unfavorable 47,XY, 9qht, t(11;19)(q23;p13.1),+21 Not done CRp 3.1
72 mg/m2 40 Refractory Not done Not done Not done CR 1.7
90 mg/m2 71 Primary refractory Unfavorable 46,XX, der(7)t;(5;7) (p13,p11.2) 46,XX CR (CRc) 9.1

Twice weekly
40 mg/m2 73 Refractory Intermediate 46,XX 46,XX CR 19.2

Abbreviations: CR, complete response; CRc, cytogenetic complete response; CRp, complete response with incomplete recovery of platelets
(o100�109/l); IWG, International Working Group.
aSouthwest Oncology Group classification.
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Figure 1 Change in gH2AX in patient peripheral blood blasts at 2 h
following vosaroxin treatment in the weekly schedule on days 1 and 8
(50 mg/m2, n¼1; 60 mg/m2, n¼ 2; 72 mg/m2, n¼5; 90 mg/m2, n¼ 2)
at one study center. Responders (filled symbols: 50 mg/m2, n¼ 1;
60 mg/m2, n¼1; 72 mg/m2, n¼ 1; 90 mg/m2, n¼ 2) had bone marrow
blasts o5% after treatment and non-responders (open symbols:
60 mg/m2, n¼ 1; 72 mg/m2, n¼4) had bone marrow blasts X5%
after treatment.
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drug administration compared with baseline. Vosaroxin-in-
duced DNA damage at 2 h after drug administration was of
greater magnitude in patients whose bone marrow blasts were
reduced to o5% after treatment compared with non-responding
patients. Although the limited number of samples tested
precludes a definitive conclusion, this finding provides a
rationale for evaluating intracellular gH2AX levels as a potential
biomarker for clinical response in future vosaroxin studies.

Sixteen patients (22%) had bone marrow blast clearance
following vosaroxin administration, beginning at 50 mg/m2

weekly and 30 mg/m2 twice weekly. Within this group,
vosaroxin achieved remission in five patients, an encouraging
finding for patients who received multiple previous chemo-
therapy regimens and were refractory to the most recent
treatment course. Clinical activity was apparent below the
MTD in the weekly schedule whereas remission was not
achieved until the MTD was reached in the twice-weekly
schedule. Antileukemic activity was associated with total dose
and with the time above 1 mmol/l vosaroxin concentration in
plasma, suggesting that the dose and the length of time above a
certain concentration threshold may be important for attaining
optimal antileukemic activity. Such clinical activity suggests a
potentially unique and potent effect against leukemic cells with
acquired resistance to other classes of chemotherapeutic agents.

In patients with AML, anthracyclines are traditionally
administered on consecutive days for 3 days or for 2 days in
combination with continuous intravenous infusion of cytarabine
for 5–7 days. Idarubicin and daunorubicin are both rapidly
metabolized to the less active idarubicinol and daunorubicinol,
respectively, and are extensively distributed out of plasma to
tissues and blood cells. Active concentrations above IC50 are
maintained intracellularly for a prolonged period (more than 7
days), and intracellular exposure to daunorubicin was shown to
be a factor in response.27–29 In contrast, vosaroxin has much
lower clearance, smaller volume of distribution and exposure
well above antileukemic levels in vitro during the long
elimination phase. Vosaroxin concentrations in blood were
approximated in peripheral blood cells and concentrated
B30-fold in bone marrow in rat tissue distribution studies,
suggesting that high concentrations are maintained in the
relevant compartments. The mechanistic differences resulting
in part from vosaroxin’s selective interaction with DNA and less
reactive chemical core13 and its more limited distribution to
normal tissues suggest a lower potential for the off-target organ
toxicities common to the anthracyclines.

In summary, vosaroxin was well tolerated with intriguing
evidence of clinical activity in patients with advanced leukemia.
Vosaroxin is currently being studied in a phase 3 trial in
combination with cytarabine in patients with first relapsed or
refractory AML (VALOR).
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