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Abstract

Purpose MN-029 (denibulin HCI) is a novel vascular-
disrupting agent that reversibly inhibits microtubule
assembly, resulting in disruption of the cytoskeleton of
tumor vascular endothelial cells. This study determined the
safety, pharmacokinetics, and acute anti-vascular effects of
MN-029.

Methods Patients were treated with escalating doses of
MN-029 (4.0-225 mg/mz) administered IV at 3-week
intervals. This first-in-human study followed an accelerated
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titration design, with intra-patient dose escalation. Plasma
samples were assayed to determine PK parameters. DCE-
MRI scans were acquired at baseline and at 6-8 h post-
dose.

Results Thirty-four patients received 151 infusions of
MN-029. The most common toxicities of MN-029 included
nausea and vomiting (which appeared to be dose related),
diarrhea, fatigue, headache, and anorexia. No clinically
significant myelotoxicity, stomatitis or alopecia was
observed. There was no evidence of cumulative toxicity in
patients receiving multiple courses of therapy. The cohort
at 180 mg/m> was expanded to six patients due to a
reversible episode of acute coronary ischemia, without
sequelae and with preservation of myocardial function.
Two dose-limiting toxicities occurred at 225 mg/m?, a
transient ischemic attack and grade 3 transaminitis, thus
ending dose escalation. Pharmacokinetic data indicated
dose-related increases in Cp,,x and AUC values, although
substantial inter-subject variability was observed. No
objective responses were noted; however, five patients had
stable disease >6 months. A significant linear correlation
was found between reduction in K" and exposure to MN-
029.

Conclusions MN-029 was generally well tolerated and
showed decrease in tumor vascular parameters. The max-
imum tolerated dose was 180 mg/m?.

Keywords MN-029 - Vascular-disrupting agent - Phase I

Introduction
Targeted therapy of the tumor vascular compartment has

been recently validated [1-5]. Vascular-disrupting agents
(VDAs) are emerging as promising new therapies that
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preferentially target pre-existing tumor blood vessels [6-8].
Tumor blood vessels are irregularly formed, lack stromal
support and are highly dependent on their tubulin cyto-
skeleton to maintain their structural integrity [8—10].
Because the target of the VDAs is a normal diploid
endothelial cell, it is unlikely to acquire genetic mutations
that render these cells drug resistant [8—10]. In this respect,
VDAs differ from anti-angiogenic agents that prevent new
blood vessel formation rather than disrupt pre-existing
tumor blood vessels. Potential pharmacodynamic markers
of biologic activity, i.e., blood flow and perfusion, are
measurable in the clinic using dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) [11-15]. Of note,
temporary shutdown of tumor blood supply can produce
significant effect; well-designed studies indicate that >99%
of tumor cells can be killed in vivo during a 2-h period of
ischemia [8, 16]. Consequently, unlike anti-angiogenic
agents, VDAs should require only intermittent adminis-
tration with additive or synergistic anti-tumor effects to
conventional treatments rather than chronic administration
over months or years [17].

MN-029 (denibulin HCI; methyl-6-[(4-{[(2S)-2-amino-
propanoyl]lamino} phenyl)thio]-1H-benzimidazol-2-ylcar-
bamate hydrochloride) is a novel VDA with a unique
chemical structure. MN-029 is rapidly metabolized via
amide bond hydrolysis to form MN-022. MN-022 is sub-
sequently N-acetylated to form MN-021 [18]. Both MN-
029 and MN-022 inhibit the growth of MDA-MB-435
breast carcinoma and human umbilical-vein endothelial
cells (HUVEC) at nM concentrations, but require pM
concentrations (>1,000-fold increase) to produce cytotox-
icity. MN-029, MN-022, and MN-021 bind reversibly to
the colchicine-binding site on tubulin and inhibit micro-
tubule assembly, resulting in disruption of the cytoskeleton
of tumor endothelial cells (EC). This effect ultimately leads
to a temporary reduction in tumor blood flow. As with
other VDAs, MN-022 inhibits capillary tube formation in
vitro in proliferating EC, such as stimulated HUVECsS, but
lacks significant effects on resting (confluent) EC [18].

Xenograft studies demonstrated that single doses of
MN-029 produce, in a dose-dependent manner, loss of
blood flow and consequent widespread necrosis of tumors;
repeated administration results in significant tumor growth
inhibition [18, 19]. When used in combination with radi-
ation therapy or cisplatin chemotherapy, MN-029 signifi-
cantly enhanced tumor killing compared to that seen with
radiation or cisplatin alone [19]. Toxicology studies in rats
and dogs were consistent with inhibition of tubulin poly-
merization. Consequently, bone marrow, testes, and lym-
phoid tissues were identified as target organs. Toxicities
were generally dose-related in incidence and severity and
reversible within 2 weeks. No histopathologic evidence of
neurotoxicity or cardiovascular toxicity was observed in
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these studies [18]. Toxicology testing supported a starting
dose for clinical trials of 4 mg/m>.

The rationale for the clinical development of MN-029
included its significant activity in a broad spectrum of
experimental tumors at non-toxic doses and the potential to
enhance the effects of cytotoxic chemotherapy, radiother-
apy, and anti-angiogenic therapy. The principal objectives
of this first phase I study were to determine (1) the maxi-
mum tolerated dose (MTD) of MN-029, (2) its clinical
safety profile, (3) the pharmacokinetics of MN-029 and
its metabolites MN-022 and MN-021, and (4) the effects
of MN-029 administration on tumor blood flow using
DCE-MRI. This study also evaluated preliminary anti-
cancer activity of MN-029 in patients with advanced solid
malignancies.

Patients and methods
Patient selection

Patients with pathologically confirmed solid malignancies
refractory to standard therapy or for whom no standard
therapy existed were eligible to participate in the study.
Eligibility criteria also included the following: age >
18 years, life-expectancy > 12 weeks, an Eastern Coop-
erative Oncology Group (ECOG) performance status of
0-2, previous systemic therapy > 4 weeks (6 weeks for
prior mitomycin C or a nitrosourea), hemoglobin > 9 g/dL,
absolute neutrophil count (ANC) > 1,500/pL, platelet
count > 100,000/uL, bilirubin < 1.5 mg/dL, aspartate
serum transferase (AST) and alanine serum transferase
(ALT) < 3 times the upper limit of normal (ULN), serum
creatinine < 1.5 times the ULN, measurable disease, no
evidence of active brain metastases, no evidence of HIV
seropositivity, and no coexisting severe medical conditions
or anticoagulation therapy. Finally, because of the potential
effects of MN-029 on vasculature, patients with a history of
any bleeding disorder, thromboembolic events, or major
surgical procedure within 4 weeks of treatment were also
excluded. Patients gave written informed consent accord-
ing to federal and institutional guidelines before treatment.

Study design and treatment

MN-029 was administered intravenously (IV) over 10 min
(or at 2 mL/min, if the dose volume was >20 mL), at dose
levels of 4.0-225 mg/m? every 3 weeks. An accelerated
titration design was used initially [20], and patients were
allowed to receive an escalated dose after three courses of
treatment if they experienced no drug-related toxicity of
grade >2, and there had been fewer than two instances
of >grade 2 toxicity (except for nausea or vomiting) at the
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next dose level. If one patient experienced a dose-limiting
toxicity (DLT), the cohort was expanded to six patients.
The MTD was defined as the highest dose at which <4 of
up to 12 patients experienced a treatment-related DLT.
DLT was defined during course 1 as grade 3—4 neutropenia
associated with fever (38.5°C), grade 4 neutropenia >
7 days, thrombocytopenia <25,000/pL, nausea, vomiting,
or diarrhea >grade 3 despite the use of adequate/maximal
medical intervention and/or prophylaxis, or any other
non-hematologic toxicity >grade 3. Toxicity was graded
according to the National Cancer Institute’s (NCI) Common
Toxicity Criteria for Adverse Events (CTCAE), Version 3.0.
A patient’s dose was reduced by 25% (a maximum of two
dose reductions were allowed) if a DLT was reached in an
individual patient.

MN-029 was supplied in 50-mg (10 mL) and 100-mg
(20 mL) single-use vials by MediciNova, Inc. (San Diego,
CA). The dose was administered in a fixed total volume of
20 mL by adding sodium chloride for injection USP (0.9%)
when the volume of MN-029 was <20 mL.

Safety assessments

A complete medical history, physical examination, concur-
rent medication profile, and routine laboratory studies were
performed pre-treatment and on day 8 of every course.
Routine laboratory studies included a complete blood count,
differential white blood count, prothrombin time, partial
thromboplastin time, serum chemistry including electro-
lytes, BUN, creatinine, glucose, alkaline phosphatase, ALT,
AST, total bilirubin, albumin, calcium, magnesium, phos-
phorus, lactate dehydrogenase, and urinalysis. Pre-treatment
assessments also included an ECG, relevant radiologic
studies, and tumor markers. Radiologic studies for disease
status were performed every 9 weeks. Response was asses-
sed by RECIST criteria [21].

Pharmacokinetic assessments

Plasma samples were collected at the following time points
during course 1 of therapy: pre-dose, immediately before
the end of infusion, 5, 15, 30, and 45 minand 1, 1.5, 2, 4, 6,
10, 18, and 24 h following the completion of the infusion.
Urine specimens were also collected immediately before
the first dose, and for 24 h after the completion of the first
infusion; but these samples were not analyzed as long-term
frozen stability of MN-029 and MN-022 in urine (to cover
the duration that the study samples were stored) could not
be established.

Each plasma sample was analyzed for levels of MN-029,
MN-022, and MN-021 using a validated liquid chroma-
tography/mass spectrometry/mass spectrometry (LC-MS/
MS) assay with a lower limit of quantitation (LLOQ) of

0.2 ng/mL. Briefly, calibration standard solutions were
added to 100 pL of fortified plasma (containing 20 pM
amastatin hydrochloride to prevent degradation) in a
96-well plate to yield final concentrations of 0.6, 7.5, 15,
30, 75, and 150 ng/mL of MN-029, MN-022, and N-acetyl
MN-022. Quality control (QC) samples were prepared in
monkey plasma containing 0.2, 0.6, 60, and 120 ng/mL of
each analyte. Fifty microliters of internal standard (IS;
25 ng/mL verapamil) were added to each well. Methanol
(400-550 pL) was added to the calibration standard, QC,
blank plus IS, and true blank wells to precipitate plasma
proteins. The 96-well plate was capped and vortex for
~5 min at 3,000 rpm to sediment precipitated proteins. An
aliquot (350 pL) of the supernatant was transferred from
each well to a clean 96-well plate using a TOMTEC
Quadra 96®. The plate was capped and centrifuged for
~3 min at 3,000 rpm. The plate was then loaded in the
autosampler (a Leap Injector, HTC PAL) maintained at
ambient temperature. An aliquot (8 pL) was injected onto
the LC-MS/MS system (a Shimadzu LC-10Advp with a
Micromass Triple Quadrupole MS) with column switching.
Separation was achieved using a Sepax C8 column
2.1 mm ID x 50 mm, 5 um; Sepax Technologies).
Mobile phase consisted of water/20 mM ammonium for-
mate, pH 2 (90:10, v/v; mobile phase A) and methanol/
acetronitrile/20 mM  ammonium phosphate, pH 2.5
(50:50:5, v/v; mobile phase B). The following gradient was
employed: time zero—20% B; time 3 min—100% B over
3 min; and time 6.1 min—20% B. Flow rate was
~400 pL/min. Total run time was ~7.5 min. MN-029
(retention time = 1.81 min), MN-022 (retention time =
2.04 min), and N-acetyl MN-022 (retention time = 2.32
min) concentrations were quantified by positive ion
MS/MS with multiple reaction monitoring (MRM). Tran-
sitions monitored were 386.0 — 314.9 m/z for MN-029,
315.0 — 124.0 m/z for MN-022, 356.9 — 189.9 m/z for
N-acetyl MN-022, and 455.3 — 164.9 m/z for IS. Cali-
bration curves were obtained by performing a linear
regression analysis of peak area ratios versus concentration
using a 1/x* weighting factor. Details regarding the vali-
dation are provided in Appendix (as a supplement).

The individual plasma concentration data sets were
analyzed by a non-compartment, constant-infusion admin-
istration model using WinNonLin™ version 4.1 (Pharsight
Corp., Mountain View, CA).

Pharmacodynamic assessments

DCE-MRI data were acquired at baseline and at 6-8 h
post-dose on day 1 of the first course of therapy. A 5-slice,
5-cm slab was imaged in each case, with spatial resolution
of 2 mm in-plane and 10 mm between images. Images
were acquired in the coronal plane using a semi-keyhole
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technique, with TE/TR/TI/FA of 2.42/1000/340/16 and
temporal resolution of approximately 3 s per slab. Contrast
was delivered via a power injector at a dose of 2 mM/kg.
Each DCE-MRI slab was intended to contain at least one
target lesion suitable for analysis. In this study, target
lesions were required to be at least 2 cm in diameter when
located in regions not strongly affected by respiratory
motion (for example, the pelvis) and 3 cm in diameter
when located in regions such as the liver or lungs, which
are more strongly affected by respiratory motion. Target
lesions were required to not be significantly calcified and to
show noticeable contrast uptake at baseline. Cystic lesions
were avoided.

This study made use of a previously described data-
derived arterial input function (AIF) method [22]. Vascular
parameters were calculated using previously described
methods [23]. The parameters of primary interest in this
work were the volume transfer constant between blood
plasma and extra-cellular, extra-vascular space, commonly
referred to as K™ [24], and the blood-normalized area
under the tumor enhancement curve over the first 90 s post-
injection (IAUCBNyg) [24, 25]. K™ is related to both
blood flow (F) and endothelial permeability-surface area
product (PS) and is therefore a good endpoint for assessing
the blood supply to a target lesion. JAUCBNy,, which
depends on the fractional volume of extra-vascular extra-
cellular space (EES) in addition to F and PS, is in general
highly correlated with K"™". However, it is not dependent
on any physiologic model and is therefore in some cases
less sensitive to noise and data irregularities.

The results of these calculations were assessed in several
ways. First, the K™ and IAUCBNy, values derived for the
10 patients who received lower doses (<54 mg/m?) of MN-
029 were used to estimate scan—rescan variability for this
analysis system in the absence of biologically active
treatment. Coefficients of variability (CoV) were estimated
for each patient by calculating the standard deviation of the
parameter values calculated at the pre- and post-dose
imaging sessions and dividing this value by the mean of the
two values. This value is unbiased. However, we were
attempting to estimate the expected value of the CoV for
this population. This value would be biased low due to the
small number of samples (n = 2) used to calculate each
individual CoV and must be multiplied by a factor K,
which is a nonlinear function of n. For n = 2, the bias is
K = 1.25331. Therefore, an accurate estimate of the
expected value of the CoV was obtained by multiplying
each individual CoV by K and then finding the mean value
of the resulting distribution [23].

An assessment of evidence of statistically significant
vascular disruption was carried out using parameter values
calculated for the 12 patients receiving biologically active
doses (=120 mg/mz) of MN-029. Evidence was evaluated
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both on an individual basis and on a cohort basis. Indi-
vidual patients were evaluated for objective vascular
response (OVR)—a reduction in vascular parameters
greater than twice the CoV defined in the low-dose anal-
ysis. Group changes in the 12 biologically active dose
patients were assessed in two ways. First, the 95% confi-
dence interval (CI) on mean change in each vascular
parameter was calculated. If a significant treatment effect
was to be present in a given group, the upper bound of the
95% CI should be less than 0. Second, a Student’s t-test
was used to determine whether there were significant dif-
ferences between the biologically active dose group and the
low-dose group. Finally, all subjects were used to assess
the relationship between AUC( 4, for MN-029 and the
measured vascular parameters. In the presence of a dose-
dependent vascular effect, we would expect these para-
meters to be significantly negatively correlated.

Results
Patient characteristics

Thirty-four patients, whose pertinent demographic char-
acteristics are displayed in Table 1, received a total of 151
infusions of MN-029 at dose levels ranging from 4 to
225 mg/m?. The total number of new patients treated and
the number of courses at each dose level, as well as the
overall dose-escalation scheme, are depicted in Table 2.
Twenty-six patients (76%) and 18 patients (53%) com-
pleted 2 and at least three courses of therapy, respectively.
The initial dose level was reduced in five patients.

Safety and tolerability

Table 3 shows adverse events, at least possibly related to
MN-029 occurring in any course of treatment, that were
reported with >10% frequency. In this table, the highest
grade of an event per individual patient was recorded. The
most common toxicities of MN-029 were characteristic of
other VDAs and included nausea and vomiting (which
appeared to be dose related), diarrhea, fatigue, headache,
and anorexia. However, there were no clinically significant
changes in median systolic/diastolic blood pressure or ECG
parameters. Routine antiemetic pre-medication was insti-
tuted starting at 80 mg/m? dose due to moderate nausea.
There was no significant myelotoxicity, stomatitis, or alo-
pecia. Nine patients received more than three courses of
therapy without evidence of cumulative toxicity.

The 16 mg/m? cohort was expanded because of grade 2
possibly drug-related diarrhea. Dose escalation proceeded
until an initial DLT was observed at the 180 mg/m2 cohort,
consisting of an episode of reversible acute coronary



Cancer Chemother Pharmacol (2011) 68:959-970

963

Table 1 Patient characteristics

ischemia. The patient had moderate nausea and vomiting
approximately 90 min after the infusion that responded to

Characteristics No.
anti-emetic medication. An ECG 3 h post-infusion showed
No. of patients 34 ST segment depression in inferior leads, improving at 4 h
Median age (range) in years 57 (34-76)  post-infusion. The ST segment depression completely
Sex (M/F) 17117 resolved at 24 h, but a new T-wave inversion pattern was
Median no. of courses/patient (range) 3 (1-36)" noted in the lateral leads. No new Q-wave was noted. A
Performance status (ECOG) follow-up echocardiogram showed normal left ventricular
0 15 function, with no evidence of focal wall motion abnor-
1 16 malities. An exercise stress test confirmed normal exercise
2 3 tolerance with no exercise-induced ischemia. A cardiac
Previous therapy catheterization demonstrated normal coronary anatomy,
Chemotherapy 30 except for 40% stenosis of the proximal left anterior
Median no. (range) 3 (0-6) descending coronary artery. Therefore, this cohort was
Radiotherapy 14 expanded to six patients with no further DLTs observed.
Tumor types Two out of four patients had DLTs at 225 mg/mz, a
Colorectal 7 grade 3 transaminitis and a transient ischemic attack. The
Renal cell carcinoma 6
Carcinoid 4 Table 3 MN-029 treatment-related adverse events (reported >10%
Soft-tissue sarcoma 3 frequency)
Hepatocellular carcinoma 3 Adverse events CTCAE grade n (%)
Ovarian 2 1 > 3 4 5
Melanoma 2
Others” 7 Vomiting 11 (32) 3(9) 2 (6) 0 0
- - . Nausea 6 (18) 6 (18) 2 (6) 0 0
* Four patients were ongoing at the cut-off date and were still .
receiving extended courses of study drug when transitioned to phy- Diarrhea 4(12) 4(12) 200 0 0
sician-sponsored compassionate use programs Fatigue 2 (6) 7 (21) 0 0 0
® Pancreatic, urethral, anaplastic thyroid, head and neck, non-small- Headache 6 (18) 1(3) 0 0 0
cell lung cancer, adenocarcinoma of unknown primary site, and Anorexia 5(15) 13) 0 0 0
gastrinoma
Table 2 MN-029 treatment by dose level and DLT
Dose level (mg/mz) No. of patients treated (N = 34) Total no. of courses No. of patients with DLT
New Dose escalated Total
4 1 - 1 3 0/1
8 1 - 1 6 0/1
16 5 1 6 16* 0/5
24 3 2 5 12° 0/3
36 3 2 5 12 0/3
54 3 3 6 15 0/3
80 3 4 7 28¢ 0/3
120 3 3 6 17 0/3
180 8 2 10 36 1/8°
225 4 - 4 61 2/4

* Two cycles at 12 mg/m?
° One cycle at 18 mg/m>

Three cycles at 60 mg/m?
9 One cycle at 165 mg/m?

¢ A reversible episode (3 h post-dose) of acute coronary ischemia (without sequelae and with preservation of myocardial function)

One patient had a transient ischemic attack without sequelae and another patient had G3 transaminitis
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transaminitis occurred in a patient with a diagnosis of
carcinoid tumor with hepatic metastasis. His liver function
tests returned to baseline and he received a second course
of therapy at 165 mg/m*. MN-029 was discontinued after
recurrent transaminitis, although this new episode was also
reversible, without consequences on the liver function. The
neurologic presentation consisted of mild reversible apha-
sia 1 h after the infusion with the patient being normo-
tensive. An immediate CT scan, cardiac enzyme panel,
chest X-ray, ECG, and a follow-up MRI were unremark-
able. The patient was discharged to home in less than 24 h.
Dose escalation ended at this point, and a total of 10
patients were evaluated at 180 mg/m?* without additional
DLT.

Pharmacokinetics

Thirty-four patients had plasma sampling performed in the
first course of therapy (33 patients had sampling at all time
points). MN-029 is metabolized to the free amine,
MN-022, which is N-acetylated to MN-021. However, the
metabolic pathways for MN-029 metabolism to MN-022
and N-acetyl MN-022 (MN-021) have not yet been eluci-
dated. MN-029 and MN-022 inhibit cellular growth (read
introduction section for details). It is not known whether
the activity observed in cell cultures is due to conversion to
MN-022 or due to direct activity, but MN-029 is less potent
than MN-022 in vitro. The mean non-compartmental
pharmacokinetic variable estimates at each dose level are
listed in Table 4. Linear regression analysis of MN-029,
MN-022, and MN-021 plasma area under the curve from
time O to infinity (AUC,_,,) versus dose are shown in
Fig. la—c. Inter-patient variation in pharmacokinetics was
large, as shown in these figures of individual AUC_,,
values as a function of dose. In general, C,,,x and AUC,_,,
values increased with increasing doses, and the overall
AUC,_,, appeared to be dose proportional. The mean
clearance of MN-029 ranged from 76.0 to 166.5 L/h/m>
between 54 and 225 mg/m?® doses and did not appear to
decrease with increasing dose (Table 4).

The Ci.x of MN-029 was reached in most patients
between 0.2 and 0.3 h after the initiation of the IV infusion
of doses from 4 to 54 mg/m>. For higher dose levels of 120
to 225 mg/mz, Cnax Was achieved later due to longer
infusion times. Following attainment of peak concentra-
tions, individual concentration-time profiles revealed
multiple phases (multi-exponential decay). The mean
apparent half-lives (¢;,,) based on blood sampling up to
24 h appeared to be dependent on dose. For dose levels of
4-36 mg/mz, the mean 7/, ranged from 0.1 to 1.4 h. For
dose levels of 54-225 mg/m® mean t,,, was significantly
longer and ranged from ~4 to 12 h (except for the cohort
at 80 mg/m? based on data from a single patient).
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The conversion of MN-029 to MN-022 was rapid. The
Ciax and AUCy_., for MN-022 generally increased with
increasing dose. Plasma concentrations of MN-022 were
substantially higher than those of MN-029; the AUC(_o4,
for MN-022 was 3.3 to 23.3 times higher than that of
MN-029. The mean t, ranged from 1.9 to 7.0 h and
appeared to be dependent on dose. Half-lives for MN-022
were longer than those of MN-029 at all dose levels except
120 and 180 mg/m>.

The AUCy_,, values for MN-021 were greater than
those of MN-029, but less than those of MN-022. In
addition, the half-lives of MN-021 were longer than those
of MN-029 at dose levels of 4 to 36 mg/m”.

Antitumor activity

There were no complete or partial responses. Nine patients
had stable disease after three courses of therapy. Of
note, five patients achieved prolonged stable disease of
>6 months (carcinoid tumor = 2, melanoma = 2, pan-
creatic cancer = 1). Four patients were on therapy at the
data cut-off date, including three patients with carcinoid
tumor (+18, 416, and +3 months) and one patient with
melanoma (+6 months). DCE-MRI data were not available
for two patients with carcinoid tumor. Cumulative expo-
sure (phase I and the extension study) to MN-029 range
from 27 to 45 courses of therapy for these four patients,
with only one patient discontinuing therapy due to pro-
gressive disease.

Pharmacodynamic assessment

Of the 25 imaged patients, 24 had suitable target lesions
and were deemed analyzable, while one did not and was
excluded. No patient data sets were excluded due to tech-
nical issues or acquisition errors. Reproducibility results
for both K" and IAUCBNy, for the 10 low-dose patients
are given in Table 5. Percent CoV for K™ and
IAUCBNy, based on these data were 8.7 and 8.8%,
respectively. Pre- and post-dose values for K™ and
IAUCBNy, for each of the 12 analyzable patients receiv-
ing doses of MN-029 >120 mg/m? are also shown in
Table 5.

Based on the reproducibility data shown in Table 5 and
previously published reproducibility results using this
analysis system, a reduction in either K"™" or IAUCBNy,
of 20% or more can be considered evidence of OVR. By
this criterion, six of the twelve patients receiving doses of
MN-029 >120 mg/m2 achieved OVR in at least one of
their target lesions. Note that two of these six patients had a
second analyzed lesion that showed a smaller, non-signif-
icant reduction in vascular parameters. Note also that none of
the twelve patients receiving doses of MN-029 <80 mg/m?>
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Table 4 MN-029, MN-022, and MN-021 non-compartmental PK parameters

Dose level Compound No. of Mean values (£SD)

(mg/m?) patients
f1y2 () Crnax Troax AUCq_, CL v, AUCg_./dose
(ng/mL) (h) (h.ng/mL) (L/h/m?) (L/m?)

4 MN-029 1 0.1 131 0.2 27.6 144.7 133 6.9
MN-022 1 3.7 167 0.3 395 - - 98.8
MN-021 1 3.9 35.6 12 187 - - 46.8

8 MN-029 1 0.1 551 0.3 942 84.9 15.7 11.8
MN-022 1 1.9 289 0.2 321 - 40.1
MN-021 1 2.0 429 0.4 116 - - 14.5

16 MN-029 5 0.5(0.2) 1,091 (430) 0.2 (0.0) 163 (32) 101.3 (19.9) 72.7 (33.5) 10.2 (2.0)
MN-022 5 43 (0.6) 788 (388) 0.2 (0.1) 1,823 (518) - - 113.9 (32.4)
MN-021 5 4.0 (0.6) 112 (50) 0.7 (0.4) 598 (299) - - 37.4 (18.7)

24 MN-029 3 0.4 (0.2) 833 (219) 0.3 (0.1) 137 (38) 1843 (51.0) 913 (32.7) 5.7 (1.6)
MN-022 3 53 (2.6) 662 (200) 0.2 (0.2) 1,885 (548) - - 78.5 (22.8)
MN-021 3 3.7 (0.2) 114 (29) 1.0 (0.3) 593 (277) - - 247 (11.5)

36 MN-029 3 1.4 (1.0) 2,171 (1,727) 0.2 (0.0) 332 (240) 252.5 (302.9) 303.6 (198.1) 9.2 (6.7)
MN-022 3 55(12) 1,331 (316) 0.2 (0.0) 2,657 (1,051) - - 73.8 (29.2)
MN-021 3 42 (1.3) 194 (95) 1.5(0.8) 1,292 (1,027) - - 35.9 (28.5)

54 MN-029 3 4.0 (NC) 3,714 (1,794) 0.2 (0.0) 751 (NC) 76.3 (NC)  430.7 (NC) 13.9 (NC)
MN-022 3 5.1(1.4) 1,572 (646) 0.2 (0.1) 5014 (2,591) - - 92.9 (48)
MN-021 3 3.9 (1.3) 274 (172) 0.9 (0.3) 1,905 (1,674) - - 35.3 (31)

80 MN-029 3 1.9 (NC) 6,847 (1,931) 0.2 (0.1) 998 (NC) 80.2 (NC) 225 (NC) 12.5 (NC)
MN-022 3 52 (0.8) 2,796 (499) 0.3 (0.0) 12,349 (3,538) - - 154.4 (44.2)
MN-021 3 5.2 (0.9) 491 (246) 0.9 (0.3) 3,893 (1,244) - - 48.7 (15.6)

120 MN-029 3 12.1 (NC) 4,023 (1,418) 0.4 (0.1) 1,110 (NC) 117.8 (NC)  2,095.5 (NC) 9.3 (NC)
MN-022 3 54(22) 3,863 (161) 04 (0.0) 20,779 (17,173) — - 173.2 (143.1)
MN-021 3 53 (2.3) 390 (146) 2.9 (3.0) 4,080 (3,804) - - 34 (31.7)

180 MN-029 8 73 (5.2) 4,069 (1,229) 0.6 (0.1) 1,346 (503) 166.5 (110.5) 2,127.2 (2,445.4) 7.5 (2.8)
MN-022 8 7.0 (2.6) 6,143 (471) 0.8 (0.1) 41,535 (16,406) — - 230.8 (91.1)
MN-021 8 6.4 (2.2) 975 (484) 22 (0.4) 10,856 (6,073) - - 60.3 (33.7)

225 MN-029 4 4.6 (2.8) 7,253 (3,253) 0.7 (0.1) 3,127 (846) 76.0 (20.2) 4624 (283.4) 13.9 (3.8)
MN-022 4 6.7 (1.3) 10,160 (1,838) 0.8 (0.2) 69,198 (3,743) — - 307.5 (16.6)
MN-021 4 6.3 (12) 2,248 (780) 3.0 (1.1) 24,713 (10,263) — - 109.8 (45.6)

NC not calculated since there were less than 3 pharmacokinetically evaluable patients

achieved OVR. Mean change in K" from pre- to post-dose
imaging in the low-dose (<54 mg/m?) group was +9.1%
(95% CI: —0.2 to +18%) and in the biologically active
dose (>120 mg/m?) group was —14.4% (95% CI: —22 to
—6.9%). The difference between these groups was statis-
tically significant (P < 0.0001). Mean change in IA-
UCBNy, from pre- to post-dose imaging in the low-dose
group was +7.5% (95% CI: —3.1 to +18%) and in the
biologically active dose group was —16% (95% CI: —25 to
—7.3%). The difference between these groups was also
significant (P = 0.002). The patient who showed the
maximum K™ reduction (—37%) had a maximum target
lesions regression of 19% by RECIST.

Figure 2a shows a scatter plot comparing change in
K" to AUCq o4, for MN-029. All analyzable patients
from all dose cohorts are represented. Each of the three
subjects with more than one analyzed lesion is repre-
sented by the stronger responding lesion. These para-
meters are negatively correlated, as expected, with
R? = 0.45. This correlation is significant (P < 0.001).
Figure 2b shows a similar scatter plot comparing change
in IAUCBNQQ to AUCO_24h for MN-029. Although the
trend seen here is similar to that in Fig. lc, the data
scatter is greater and the correlation is correspondingly
weaker (R2 = 0.16). This correlation is not significant.
OVR was seen in 3/3 patients with AUC_,4;, greater than
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Fig. 1 a Linear regression analysis of MN-029 plasma area under the
curve from time O to infinity (AUC,_.,) versus dose profiles in
patients assessable for pharmacokinetic evaluation. b Linear regres-
sion analysis of MN-022 plasma area under the curve from time O to
infinity (AUC,_,,) versus dose profiles in patients assessable for
pharmacokinetic evaluation. ¢ Linear regression analysis of MN-021
plasma area under the curve from time O to infinity (AUCy_,,) versus
dose profiles in patients assessable for pharmacokinetic evaluation
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2,000 ng h/mL, in 3/11 patients with AUCq_ 54, between
700 and 2,000 ng h/mL, and 0/10 patients with AUCg_n4
less than 700 ng h/mL.

Discussion

Targeted destruction of the established tumor vasculature is
a relatively novel anti-tumor strategy. There is substantial
support for this approach in animal models and hints of
efficacy in some early clinical trials [10, 11, 26-28]. It is
important to note that the inhibitory effect of MN-029 and
MN-022 on tubulin polymerization in vitro, as well as that
for combretastatin (another VDA), occurs within minutes,
but begins to diminish over a 60-min period [18]. Thus,
unlike cytotoxic tubulin-binding agents such as colchicine,
vincristine, and vinblastine, the binding of MN-029 and
MN-022 to tubulin appears to be short lived, which could
explain its ability to target and disrupt tumor vasculature
without overt cytotoxic effects on normal tissues and ves-
sels. Nevertheless, the toxicity profile for VDAs is sug-
gestive of vascularly active agents and includes reports of
acute coronary syndromes and other thromboembolic
events, alterations in hemodynamic and electrophysiologic
parameters (e.g., blood pressure, ventricular conduction
and heart rate), transient flush, and tumor as well as
abdominal pain [11, 27-30]. Neurotoxicity has also been
reported [27, 28].

MN-029 administered every 3 weeks was generally well
tolerated. The most common toxicities were mild or
moderate and manageable with outpatient care. There was
a lack of traditional cytotoxic side effects (e.g., myelo-
suppression, mucositis, and alopecia). Of note, there was
no overt evidence of cumulative toxicity. Even though it is
always difficult to evaluate cumulative effects in the phase
I setting, it is worth mentioning that 53% of the patients in
this study completed 3 courses of therapy and that 17
patients were dose escalated (Table 2). Serious toxicities
were seen at 225 mg/m” and consisted of grade 3 trans-
aminitis and a transient ischemic attack. Both patients
recovered from the event without sequelae. One out of 8
new patients experienced a cardiovascular DLT at 180 mg/
m?. The event was interpreted as a possible reversible
episode of acute coronary ischemia, with preservation of
myocardial function, perhaps due to coronary vasospasm.
No cardiovascular abnormalities were noted by the patient
or investigator in real time, and the ECG changes did not
result in changes in left ventricular function or show focal
wall motion abnormalities on a follow-up echocardiogram.
An exercise stress test confirmed normal exercise tolerance
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Table 5 Tumor characteristics and acute change in vascular parameters (6—8 h post-dose) in all patients with evaluable dynamic contrast-

enhanced magnetic resonance imaging

Patient no.  Tumor type Target lesion Original dose K" TAUCBNy,
location (mg/mz)

Pre-dose  Post-dose %A Pre-dose  Post-dose %A
Low doses
02-001 Renal cell carcinoma Liver 16 0.018 0.018 0 0.34 0.34 0
02-002 Hepatocellular carcinoma  Liver 16 0.018 0.017 =55 032 0.30 —6.3
01-003 Urethral carcinoma Pelvis 16 0.0083 0.0093 12 0.21 0.25 19
01-005 Colorectal cancer Liver 24 0.010 0.013 30 0.20 0.24 20
01-006 Renal cell carcinoma Liver 24 0.0063 0.0083 31.7 0.13 0.15 15.4
01-007 Melanoma Pelvis 36 0.016 0.017 6.3 0.30 0.34 13.3
02-005 Renal cell carcinoma Retroperitoneum 36 0.021 0.020 —4.8 037 0.34 8.1
01-008 Renal cell carcinoma Abdominal wall 54 0.023 0.025 8.7 0.42 0.45 7.1
02-007 Gastrinoma Liver 54 0.012 0.012 0 0.22 0.22 0
01-009 Colorectal cancer Pelvis 54 0.024 0.027 12.5 0.48 0.55 14.6
Intermediate dose
02-008 Colorectal cancer Rectal mass 80 0.021 0.024 14.3 0.10 0.16 60
01-010 Adenocarcinoma UPS Abdominal mass 80 0.019 0.019 0 0.09 0.09 0
Biologically active doses
02-010* Renal cell carcinoma Lung 120 0.032 0.029 -94 025 0.22 —12
02-010* Lung 120 0.019 0.013 -31.6 0.15 0.11 —26.7
02-011 Colorectal cancer Liver 120 0.042 0.037 —11.9 0.3l 0.19 —38.7
01-012 Soft-tissue sarcoma Peritoneum 120 0.019 0.014 —26.3 0.11 0.052 —52.7
02-012 NSCLC Liver 180 0.028 0.027 -36 023 0.21 —8.7
02-013 Colorectal cancer Liver 180 0.025 0.028 12 0.16 0.20 25
01-014 Pancreatic cancer Peritoneum 180 0.019 0.017 —10.5 0.099 0.095 —4
02-014 Hepatocellular carcinoma  Pelvis 180 0.020 0.015 —25 0.36 0.28 —22.2
01-015 Melanoma Pelvis 180 0.007 0.0044 —-37.1 0.16 0.10 —-37.5
02-015 Colorectal cancer Liver 225 0.018 0.013 —27.8 0.32 0.25 —-21.9
01-016* Colorectal cancer Lung 225 0.012 0.011 —-83 0.15 0.13 —13.3
01-016* Lung 225 0.013 0.0093 —28.5 0.13 0.11 —154
02-018 Soft-tissue sarcoma Inguinal 180 0.014 0.013 -7.1 0.25 0.24 —4
02-019* Carcinoid tumor Liver 180 0.013 0.014 7.7 0.13 0.13 0
02-019* Liver 180 0.014 0.013 —7.1 0.16 0.15 —6.25

K™ volume transfer constant between blood plasma and extra-cellular, extra-vascular space, rounded to 3 decimals; IAUCBNy: blood-
normalized area under the tumor enhancement curve over the first 90 s post-injection, rounded to 2 decimals; %A: percent change, due to

rounding these values do not completely match those in Fig. lc, d
NSCLC non-small cell lung cancer, UPS unknown primary site

? Two analyzable lesions were present for these patients

with no exercise-induced ischemia. Taking all these results
into account, the recommended phase II dose (RP2D) was
considered to be 180 mg/m>.

It has been determined from preclinical studies that
VDAs can induce vascular shutdown within tumors at
doses less than one-tenth of the MTD used in murine
models [10, 26]. However, as previously stated, important
observations have emerged from early clinical trials of
other VDAs which indicate that these compounds may
not be completely tumor selective [11, 12, 28-32].

Consequently, a potential explanation would be that tar-
geting the tumor vasculature can induce transient changes
in normal vascular compartments, causing the observed
clinical presentations. The blood flow deficit must not have
lasted long, since these presentations were not associated
with permanent tissue injury.

MN-029 plasma levels decreased in a multi-exponential
manner. The mean apparent ¢, (based on blood sampling
up to 24 h) appeared to be dependent on dose. However,
inter-patient variation in pharmacokinetics was large, as
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Fig. 2 a Scatter plot comparing AUC(_,4;, (ng h/mL) for MN-029 to
percentage change in K" from baseline to 6-8 h post-dose for each
of the 24 evaluable patients. b Scatter plot comparing AUC( 541, (ng
h/mL) for MN-029 to percentage change in IAUCBNy, from baseline
to 6-8 h post-dose for each of the 24 evaluable patients

shown in Fig. la—c. MN-029 C,.x and AUC,_,, values
increased with increasing doses and the AUC,_,, appeared
to be dose proportional. The clearance of MN-029 did not
appear to decrease with increasing dose (Table 4). The
conversion of MN-029 to MN-022 was rapid. The AUC_,,
for both metabolites were greater than those of MN-029.
There were no objective responses, but five patients
had sustained stable disease (=6 months) at the data cut-
off date. This finding must be interpreted with caution,
considering the indolent nature of some tumor types, like
carcinoid tumor. Nevertheless, a cytostatic effect is a
postulated outcome of VDA therapy. Of note, one patient
with this histology had symptomatic improvement. Sev-
eral preclinical studies have shown that VDA-treated
tumors can re-grow from a characteristic rim of residual
viable cells at the tumor periphery [10, 33]. A rapid,
reactive mobilization and subsequent tumor homing of
circulating endothelial cells (CECs) can contribute to this
re-growth [34]. This might prevent significant activity of
VDAs as monotherapy, reinforcing the concept of com-
bination therapy to obtain cytoreduction [17]. CECs are
being evaluated as biomarkers of vascular damage and
efficacy for antiangiogenic therapy [35-37]. In a phase I
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study of ZD6126, the quantification of CECs showed a
peak level at 4 h post-dose and suggested increasing
vascular damage after repeat dosing [29]. Measurement of
CECs, with a particular emphasis on subpopulation
kinetics and apoptotic status, could be of value in the
evaluation of VDASs in the clinic [38—41]. Combinations
of VDAs with VEGF inhibitors seem to be mechanisti-
cally appropriate [42].

Percent CoV for K"™" and IAUCBN,, in this study
were 8.7 and 8.8%, respectively. These values are con-
sistent with those that have been obtained previously
using this analysis system [43] and were used to inform
the assessment of OVR for individual subjects in this
study. The scan-rescan reproducibility values generated
using the ten low-dose patients are in close accord with
those that have been generated in other studies making
use of a data-derived arterial input function [22, 43, 44].
This is an important point, in that the scan-rescan
reproducibility of the measurement technique is the pri-
mary driver of the number of patients required in a given
cohort in order to achieve statistically significant dem-
onstration of rapid decrease in tumor vascular parameters
for a given mean reduction in K"™" or TAUCBNy, [43]. Tt
is also helpful to observe that there is no apparent dif-
ference in reproducibility between the model-based K"*™
and the more heuristic IAUCBNg,. Six of the twelve
patients receiving doses of MN-029 >120 mg/m?>
achieved OVR in at least one of their target lesions. This
is a strong indication that a dose-dependent treatment
effect is present in this study. This conclusion is bolstered
by the observation that there was a statistically significant
difference between the low-dose and the biologically
active dose groups in terms of changes in both K™" and
TAUCBNy, and by the fact that the high ends of the 95%
confidence intervals for change in the biologically active
dose group for both parameters were less than 0. K"™"
and AUC( 4, for MN-029 are negatively correlated
(R* = 0.45, P < 0.001; Fig. lc).

Other VDAs are advanced in clinical development,
particularly fosbretabulin (combretastatin-A4 phosphate)
that is being evaluated in randomized phase II/III studies
[45]. The addition of fosbretabulin to standard doses of
chemotherapy and bevacizumab seems to be tolerable, but
there were three reversible cardiac ischemia events in
patients with non-small cell lung cancer [46, 47]. The
reported adverse events of MN-029 appear to reveal the
class effect profile of VDAs, although there were no reports
of transient hypertension, syncope, QTc prolongation, or
neurotoxicity in this study [45]. This safety profile is pre-
liminary, and further clinical studies are required to con-
firm the absence of these sporadic adverse events reported
with vascular-disrupting therapy. Another phase I study



Cancer Chemother Pharmacol (2011) 68:959-970

969

evaluated MN-029 when administered every week for three
consecutive weeks out of four and also determined a RP2D
of 180 mg/m? (this contemporaneous study stopped dose
escalation after our findings) [48]. Of note, this triple-dose
intensity did not translate in greater or different toxicities,
suggesting that the schedule of administration of VDAs
warrants further evaluation.

In conclusion, MN-029 (denibulin HCI) once every
3 weeks was generally well tolerated at doses up to and
including 180 mg/m?. Concentrations yielding vascular
shutdown in preclinical experiments were achieved, and
DCE-MRI showed acute decrease in tumor vascular
parameters at doses of MN-029 > 120 mg/m?. An accel-
erated, intra-patient dose-escalation design was success-
fully implemented. This is the first-in-human study of MN-
029 and provides a basis for additional studies, including
combination with conventional treatment. Appropriate
patient selection and close cardiovascular monitoring, as
instituted in this study, are suggested in further develop-
ment of MN-029.
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Appendix

See Table 6.

Table 6 Validated LC-MS/MS method summary for the simulta-
neous quantitation of MN-029, MN-022, and N-acetyl MN-022 in
human plasma

Anticoagulant Sodium heparin

Preservative Amastatin hydrochloride (20 uM)

Assay volume 100 pL

required
Detection method Positive ion/MRM

Standard curve range

MN-029 0.2-150 ng/mL
MN-022 0.2-150 ng/mL
N-Acetyl MN-022  0.2-150 ng/mL

QC
MN-029 0.2, 0.6, 60, 120 ng/mL
MN-022 0.2, 0.6, 60, 120 ng/mL

N-Acetyl MN-022
Regression type

MN-029

MN-022

N-Acetyl MN-022
Quantitation method
Precision (%CV) and accuracy (%RE)

0.2, 0.6, 60, 120 ng/mL

Linear (1/x* weighting factor)

Linear (1/x* weighting factor)

Peak area ratio

MN-029 Precision: 5.5-11.3%; accuracy: —2.0 to
5.0%
MN-022 Precision: 6.0-9.3%; accuracy: —6.5 to 0.8%

N-Acetyl MN-022  Precision: 6.1-7.8%; accuracy: —8.8 to —2.3%
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