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Abstract Purpose: To determine whether there is a
therapeutic interaction between the antivascular agent
5,6-dimethylxanthenone-4-acetic acid (DMXAA) and
nine chemotherapy drugs against an early-passage
mouse mammary tumour (MDAH-MCa-4), and to
investigate the mechanism of any such interaction.
Methods and results: Female C3H/HeN mice bearing
intramuscular MDAH-MCa-4 tumours were injected
intraperitoneally with DMXAA (80 lmol/kg) or che-
motherapy drug (at a range up to the maximum toler-
ated dose) alone, or coadministered. A small reduction
in the dose of the chemotherapy drug was required in
most cases, but the increase in antitumour effect was
much greater than the increase in host toxicity (body
weight loss). The therapeutic gain increased in the order
5-fluorouracil (no gain)<(etoposide, carboplatin, cy-
clophosphamide, doxorubicin, cisplatin)<(docetaxel,
vincristine)<paclitaxel. The interaction with paclitaxel
(31.6 lmol/kg) was striking, with coadministration of
DMXAA extending the median tumour growth delay
from 0.3 to 80 days with three of seven animals cured.
The interaction showed a broad timing of the optimum
with similar activity when paclitaxel was administered
4 h before to 1 h after DMXAA. No therapeutic syn-

ergy was obtained when paclitaxel was combined with
the antivascular agent combretastatin A4 phosphate
(227 lmol/kg), which induced only transient blood flow
inhibition in this tumour, measured using the H33342
perfusion marker. Paclitaxel did not enhance the anti-
vascular activity of DMXAA. Plasma and tumour
concentrations of paclitaxel (and carboplatin), measured
by LC-MS and ICP-MS respectively, were not elevated
by combination with DMXAA. Conclusions: There was
a dramatic therapeutic interaction between DMXAA
and standard chemotherapy drugs, particularly paclit-
axel, against the MDAH-MCa-4 tumour, which was not
due to a pharmacokinetic interaction or potentiation of
antivascular activity. It is suggested that the major
mechanism of synergy is killing of cells by DMXAA in
poorly perfused regions of tumours that are inaccessible
to chemotherapy drugs.

Keywords DMXAA Æ Combretastatin Æ Antivascular
agents Æ Paclitaxel Æ Pharmacokinetics

Introduction

The vascular system in tumours is a promising target for
cancer therapy. A large number of antiangiogenic agents
that inhibit the formation of new blood vessels in tu-
mours have been identified, with several of these currently
in clinical trial [14]. A complementary approach is pro-
vided by antivascular agents that damage existing blood
vessels in tumours, leading to loss of blood flow and death
of tumour cells dependent on the affected vessels. Anti-
vascular agents capable of causing irreversible damage to
tumour blood vessels include tumour necrosis factor [13,
30], tubulin binders such as vinblastine [2, 11] and com-
bretastatin A4 phosphate (CA-4-P) [5, 7], flavone-8-ace-
tic acid [4, 40] and its analogue 5,6-dimethylxanthenone-
4-acetic acid (DMXAA) [17, 41], and arsenic trioxide [18].
Phase I clinical trials of DMXAA and CA-4-P have re-
cently been completed (Jameson et al., Rustin et al.,
submitted for publication), with dynamic MRI showing

Cancer Chemother Pharmacol (2003) 51: 43–52
DOI 10.1007/s00280-002-0529-0

B.G. Siim Æ A.E. Lee Æ S. Shalal-Zwain Æ F.B. Pruijn
W.R. Wilson (&)
Experimental Oncology Group,
Auckland Cancer Society Research Centre,
The University of Auckland, Private Bag 92019,
Auckland, New Zealand
E-mail: wr.wilson@auckland.ac.nz
Tel.: + 64-9-3737599 ext. 6883
Fax: + 64-9-3570479

B.G. Siim
Molecular Medicine and Pathology,
The University of Auckland,
Private Bag 92019, Auckland, New Zealand

M.J. McKeage
Division of Pharmacology and Clinical Pharmacology,
The University of Auckland,
Private Bag 92019, Auckland, New Zealand

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 600 600 ] dpi
     Papierformat: [ 595.276 785.197 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alles für Farbverwaltung kennzeichnen (keine Konvertierung)
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: Dot Gain 10%
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: R705-Noco-gl-01-220499-ICC
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile (Dot Gain 10%)
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /UseDeviceIndependentColor
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (R705-Noco-gl-01-220499-ICC)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 600 600 ]
>> setpagedevice



that both agents induce a significant reduction in tumour
blood flow at well-tolerated doses [8, 9]. DMXAA and
CA-4-P are thus the first antivascular agents for which
activity (irreversible inhibition of tumour blood flow) has
been documented in human tumours.

Preclinical studies with DMXAA and CA-4-P, using
murine tumours or human tumour xenografts, have
shown that their antivascular activity produces pro-
longed inhibition of tumour blood flow leading to ex-
tensive regions of haemorrhagic necrosis [17, 41].
However, tumours rapidly regrow from surviving cells in
the well-perfused periphery [6, 17]. The transient tumour
growth inhibition seen in most preclinical models may
be consistent with similar activity documented in initial
phase I clinical trials.

Despite this limited single-agent activity, there are
sound theoretical reasons to expect that the clinical ap-
plication of antivascular agents such as DMXAA will be
in combination with conventional cytotoxic drugs, and
with other modalities such as radiotherapy or hyper-
thermia. Not only are the dose-limiting toxicities of
DMXAA (predominantly transient and reversible neu-
rological disturbances; Jameson et al., Rustin et al., sub-
mitted for publication) distinct from those of most other
anticancer agents, but importantly there are a number of
mechanisms through which DMXAA can be expected to
enhance the antitumour activity of other agents.

The first potential mechanism is that falling tumour
blood flow can trap a second agent within the tumour,
resulting in an increased tumour cell exposure. Such
entrapment has been shown to contribute to enhance-
ment by DMXAA of the antitumour activity of mel-
phalan in preclinical models [26]. DMXAA similarly
enhances radioimmunotherapy [24] and antibody-di-
rected enzyme prodrug therapy [25] by increasing re-
tention of the antibody conjugates in tumour xenografts.
This inhibition of vascular washout of a second agent is
analogous to the enhancement of hyperthermia by
DMXAA through improvement of local heating by in-
hibiting blood flow [21].

A second mechanism is that microenvironmental
changes secondary to inhibition of tumour blood flow
(hypoxia, acidosis) could increase sensitivity to a second
agent. DMXAA induces hypoxia in experimental tu-
mours [32], and therapeutic benefit has been demon-
strated from combining DMXAA with hypoxia-
activated bioreductive drugs [6, 17, 37]. Both acidosis
and hypoxia appear to contribute to the enhancement of
melphalan activity by DMXAA [26].

Thirdly, the ability of DMXAA to cause necrosis
selectively in the central regions of tumours suggests that
it is ideally suited to complement agents which are less
effective against poorly perfused regions of tumours.
This complementarity is thought to account for the
therapeutic gain obtained by combining DMXAA and
radiation, demonstrated against four different murine
tumours [22, 38]. Similar complementation can be ex-
pected with many conventional chemotherapy drugs
likely to be less active in poorly perfused regions of tu-

mours because of drug delivery problems, and/or resis-
tance arising from cell cycle arrest. A fourth potential
mechanism of interaction is through induction of cyto-
kines and other bioactive species by DMXAA [1], which
has the potential to alter intrinsic sensitivity of tumour
cells to other agents.

The aim of the present study was to determine which
chemotherapeutic agents might be most promising for
combination with DMXAA. We surveyed nine cytotoxic
drugs, representing the major classes used in the treat-
ment of solid tumours, by investigating whether coad-
ministration of DMXAA provided a therapeutic gain
against established (0.6 g) early-passage mouse mam-
mary carcinomas (line MDAH-MCa-4). Of the agents
investigated the greatest enhancement, and greatest
overall activity, was observed on combining DMXAA
with paclitaxel. For this combination, we investigated
the timing of administration of the two agents, and
whether the therapeutic enhancement stemmed from a
pharmacokinetic interaction or from enhanced antivas-
cular activity. Whether CA-4-P provided similar synergy
with paclitaxel was also investigated.

Materials and methods

Compounds

A stock solution of DMXAA, synthesized in the Auckland Cancer
Society Research Centre, was prepared in phosphate-buffered sa-
line, protected from light [27], and stored frozen. Cisplatin (Sigma,
Mo.), CA-4-P (Oxigene Europe, Lund, Sweden), and Hoechst
33342 (Sigma) were dissolved in 0.9% saline. Stock solutions of
carboplatin, 5-fluorouracil (Bristol-Myers Squibb, Sermonita, Ita-
ly) and cyclophosphamide (Mead Johnson Oncology Products,
N.J.) were diluted with sterile water. Docetaxel (Rhone-Poulenc
Rorer, Coubevouie, France), doxorubicin (Farmitalia Carlo Erba,
Clayton North, Australia), etoposide and vincristine (Bristol-
Myers Squibb) were diluted using 0.9% saline. Paclitaxel (Phytogen
Life Sciences, Delta, BC, Canada) was stored frozen in ethanol,
and diluted sequentially with Cremophor EL (1 vol) and 0.9%
saline (10 vol) immediately before use. All compounds were ad-
ministered to mice by intraperitoneal (i.p.) injection at 0.01 ml/g
body weight. Cephalomannine (LC-MS internal standard) was
obtained from the National Cancer Institute (MD, USA) and
dissolved in dimethyl sulfoxide to 10 mM.

Animals and tumours

This study was approved by the Animal Ethics Committee at the
University of Auckland. Murine mammary carcinoma MDAH-
MCa-4 tumours [33] were grown from stocks stored in liquid ni-
trogen at the sixth transplant generation. Tumours (eighth trans-
plant generation when used) were grown from 20 ll cell suspension
(7 mg packed cells), inoculated intramuscularly into the right gas-
trocnemius muscle of female C3H/HeN mice (22–25 g at the time of
treatment). Mice were randomized to treatment which commenced
when the tumour plus leg diameter reached 10–11 mm (about 0.6 g
tumour) approximately 18 days after inoculation.

Host toxicity and antitumour activity

Mice were treated with chemotherapeutic drugs at a range of doses,
at 1.33-fold increments, up to the expected maximum tolerated
dose (MTD) (as estimated in pilot experiments or from the
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literature). Toxicity was assessed as lethality, and body weight loss
measured 5 days after treatment. Any animals becoming moribund
or showing protracted clinical signs of toxicity were killed and
treated as drug-related deaths in the analysis. The diameter of the
tumour-bearing leg was measured three times per week after
treatment. Antitumour activity was assessed from the tumour
growth delay, defined as the difference in time to reach the endpoint
of 13 mm (1.5 g tumour) for treated and control groups. Responses
were classed as cures if animals were free of evident tumour
120 days after treatment. The statistical significance of tumour
growth inhibition was tested by ANOVA using SAS for Windows,
with Dunnett’s test to evaluate P-values for differences between
treatment groups. In experiments with a substantial numbers of
cures, statistical significance was tested by Kruskal-Wallis non-
parametric analysis of variance using SAS for Windows, and the
difference between treatment and control groups by Dunn’s test
using Sigmastat v2.0. The gradient and standard error of dose-
response curves was determined by linear regression and the dose
modifying factor (DMF) calculated as the gradient with DMXAA/
gradient without DMXAA.

Tumour blood flow inhibition

Tumour blood flow was assessed using the fluorescent perfusion
marker Hoechst 33342 (8 mg/ml in saline), which was administered
intravenously at various times after drug treatment. Mice were
killed 2 min later, and frozen sections (14 lm) prepared from the
distal, central and proximal regions of each tumour. Sections were
examined with a Nikon epifluorescence microscope at ·10 magni-
fication using a UV-1A filter block (excitation 365 nm, barrier filter
400 nm, and dichroic mirror 400 nm). A grid with 81 squares
(100·100 lm) was used for point scoring of staining. The whole
area of each section was scored to avoid bias between peripheral
and central regions (which were less-well perfused). Normal tissue
was excluded but necrotic areas were included. Differences between
groups were tested for significance using Student’s t-test (Sigmastat
v2.0).

Pharmacokinetics

Female C3H/HeN mice bearing MDAH-MCa-4 tumours (about
0.6 g) were injected i.p. with carboplatin (316 lmol/kg) or paclit-
axel (23.7 lmol/kg) alone, or simultaneously with DMXAA
(80 lmol/kg). At various times blood was collected from the retro-
orbital sinus of anaesthetized mice into heparinized tubes, and the
plasma separated by centrifugation. Mice were killed while still
under anaesthesia after each bleed. Tumours were rapidly dissected
and frozen at –80�C. Plasma and tumour samples from mice that
had received combination treatment were divided into two for
separate analysis of DMXAA and carboplatin or paclitaxel.
Groups of two to five mice were used for each time-point.

ICP-MS analysis of platinum

Concentrations of platinum in plasma and tumours were deter-
mined using a previously published ICP-MS method [28, 29].
Briefly, tumours were digested in 70% nitric acid (2 h, 90�C) and
diluted in water, while plasma was deproteinized with an equal
volume of methanol and diluted in 0.1% nitric acid. Samples were
analysed with an Agilent 4500 ICP-MS (Agilent Technologies,
Waldbronn, Germany) with a nickel sampling cone, Babington
(v-groove) nebulizer and a Scott double-pass spray chamber
maintained at 2�C. Platinum was read at 195 amu with a dwell time
of 100 ms and a replicate time of 6000 ms. Other operating con-
ditions and intraassay and interassay variability and recovery were
as previously reported [28]. Calibration curves were linear
(r2>0.98) over a wide range (0.5 to 5000 ng/ml). The limits
of quantitation were 20 ng platinum per ml plasma and 10 ng
platinum per g tumour tissue.

LC-MS analysis of paclitaxel

Concentrations of paclitaxel in plasma and tumour were deter-
mined by HPLC with detection by positive mode electrospray mass
spectrometry. Aliquots of plasma (50 ll) were treated with 1 ml
ice-cold acetonitrile/methanol (3:1 v/v) to precipitate proteins.
Following addition of 5 ll of an internal standard solution (10 mM
cephalomannine), samples were centrifuged, and the supernatants
evaporated using a Speed-Vac solvent concentrator (Savant In-
struments, Holbrook, N.Y.). The residues were dissolved in 50 ll
methanol plus an equal volume of mobile phase (48% acetonitrile
in 1 mM sodium acetate buffer, pH 6.2), and 5–40 ll analysed by
LC-MS. Frozen tumours were minced, then homogenized in 2 vol
distilled water using a Polytron homogenizer. Ice-cold acetonitrile
(1 ml), and 10 ll internal standard (10 mM cephalomannine) were
added to 200 ll tumour homogenate. The samples were centrifuged
and the supernatants dried as above. The residues were dissolved in
100 ll methanol plus 100 ll mobile phase, and 5 ll was analysed
by LC-MS.

The LC-MS system was an Agilent 1100/MSD (Agilent Tech-
nologies, Waldbronn, Germany) with a 3.2·150 mm C8 5-lm col-
umn (Alltima Associates, Deerfield, Ill.) and a flow rate of
0.7 ml/min. The mass detector used N2 as the nebulizing and drying
gas (flow rate 10 l/min, 350�C; nebulizer pressure 25 psi, capillary
voltage 2500 V, fragmenter voltage 120 V). Paclitaxel (MW 854)
and cephalomannine internal standard (MW 832) were detected,
using single ion monitoring, as sodium adducts at m/z 876 and 854,
respectively. Spiking of control material indicated assay linearity in
the range 0.3–30 lM for both plasma and tumour (r2=0.999). The
intraassay and interassay precision and accuracy gave coefficients
of variation £ 5%, and recoveries in the range 92–102%. The
lower limit of detection of paclitaxel in plasma and tumour
(signal:noise ratio of 3) was 0.3 lM.

HPLC analysis of DMXAA

Concentrations of DMXAA in plasma were determined using a
modification of a published method [15]. Aliquots of plasma (50 ll)
were treated with 1 ml ice-cold acetonitrile/methanol (3:1 v/v),
centrifuged, and the resulting supernatants evaporated as above.
The residues were dissolved in 200 ll 10 mM ammonium acetate
buffer (pH 5) and 25 ll was analysed by HPLC using a HP1100
system with diode array detector (278 nm) and fluorescence de-
tector (excitation 242 nm, emission 396 nm). The column and flow
rate were as for paclitaxel above, with a mobile phase of 16%
acetonitrile (v/v) in 10 mM ammonium acetate buffer (pH 5).
Spiking of control plasma showed assay linearity in the range
0.1–100 lM (r2=0.999). The intraassay and interassay precision
and accuracy gave coefficients of variation <7%, and an average
recovery of 70%. The lower sensitivity limit of detection by
fluorescence (signal:noise ratio of 3) was 0.1 lM.

Pharmacokinetic modelling

Pharmacokinetic data were modelled using ModelMaker version
4.0 (Cherwell Scientific, Oxford, UK). For each compound it was
assumed that all of the administered dose reached the central
compartment (i.e. 100% bioavailability). Differences between
treatment groups were tested using an F-test comparing the entire
curves, and if this difference was significant (P £ 0.05) the estimates
of each individual model parameter for both groups were tested
using a two-tailed t-test. The concentrations of free platinum and
total platinum in plasma and tumour, respectively, of mice treated
with carboplatin were fitted using a two-compartment open model
assuming linear pharmacokinetics. The concentrations of paclitaxel
in plasma and tumour were fitted using a one-compartment open
model assuming linear pharmacokinetics (a two-compartment
model for the tumour data was rejected based on an F-test). Plasma
concentrations of DMXAA were fitted using a one-compartment
open model with saturable (Michaelis-Menten) elimination
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kinetics. Noncompartmental analysis was performed with Win-
Nonlin version 3.1 (Pharsight Corporation, Mountain View, Ca-
lif.).

Results

Activity of DMXAA plus chemotherapy drugs
against the MDAH-MCa-4 tumour

The antitumour activities and host toxicity of DMXAA/
cytotoxic drug combinations were assessed by varying
the dose of chemotherapeutic drug up to the toxicity
limit, with coadministration of a fixed DMXAA dose
(80 lmol/kg or 24 mg/kg, about 80% of the MTD),
and evaluating subsequent tumour growth delay, as il-
lustrated in Fig. 1. Of the nine drugs investigated,
four (5-fluorouracil, cisplatin, doxorubicin and

cyclophosphamide) showed appreciable single-agent
activity against this tumour as indicated by dose-re-
sponse relationships with significant positive gradients
by linear regression, and highly significant growth delays
of about 10 days at their MTDs (which are recorded in
Table 1). The other five compounds (carboplatin, vin-
cristine, etoposide, docetaxel and paclitaxel) were es-
sentially inactive, with no individual treatment groups
showing significant activity (although carboplatin and
paclitaxel gave weakly positive dose responses by linear
regression).

DMXAA alone showed activity as a single agent at
80 lmol/kg, providing transient regressions and mean
tumour growth delays in the range 3.5–13.1 days over a
series of experiments (overall mean 7.9±0.8 days). This
activity was statistically significant (P<0.05) in eight of
the nine experiments. Coadministration of DMXAA at
this dose increased the host toxicity of docetaxel,

Fig. 1 Growth delay of intra-
muscular MDAH-MCa-4 tu-
mours after treatment of mice
with chemotherapeutic drug i.p.
alone (open symbols) or coad-
ministration of drug with i.p.
DMXAA at 80 lmol/kg ( filled
symbols). Values are means
±SEM for groups of six to
eight mice, ignoring deaths (d)
or cures (c), the numbers of
which are shown. *P<0.05,
**P<0.01, significance of
growth delay relative to corre-
sponding control (no chemo-
therapy drug)
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doxorubicin and paclitaxel; in each case the MTD for
the chemotherapy drug was lowered by one dose level
(1.33-fold) in the combination (Table 1). For the other
compounds, coadministration of DMXAA did not re-
quire dose reduction although some additional toxicity
was evident as indicated by the greater body weight loss
with the combination (Table 1).

In contrast to this small effect on host toxicity, co-
administration of DMXAA produced a large enhance-
ment of tumour growth delay with most of the cytotoxic
drugs (Fig. 1, Table 1). The contribution of DMXAA
to the tumour response was assessed by determining the
slope of each dose-response curve by linear regression,
with the DMF for DMXAA calculated as the ratio of
the slopes with and without DMXAA. By this criterion,
the magnitude of the synergy increased in the order
5-fluorouracil (therapeutic antagonism)<(cisplatin,
doxorubicin, cyclophosphamide, carboplatin, etopo-
side)<(vincristine, docetaxel)<paclitaxel. As an alter-
native criterion, the maximum tumour growth delay
achievable at the MTD of the combination indicated
the taxanes to be the most active compounds in com-
bination with DMXAA. All the other compounds
(except 5-fluorouracil) also provided strong activity
in the combination, with growth delays in the range
15–30 days. Individual tumour growth curves are il-
lustrated for groups from the experiment in which
paclitaxel was combined with DMXAA (Fig. 2), dem-
onstrating that the antivascular agent alone caused
transient regressions while the combination caused
variable but marked responses (including three of seven
mice cured).

DMXAA plus paclitaxel: timing and dose-response
relationship

The interaction between DMXAA and paclitaxel was
examined in further detail. Repetition of the experiment
illustrated in Fig. 1 confirmed the dramatic activity of
this combination, in this case leading to three of seven

Table 1 Effect of DMXAA on host toxicity and antitumour activity of chemotherapeutic drugs against MDAH-MCa-4 tumours. Drugs
were coadministered with DMXAA by i.p. injection (all errors are SEM)

Chemotherapy
drug

DMXAA
(lmol/kg)

MTD
(lmol/kg)

Body weight change
at 5 days (%)

Slope of dose/response
(days/lmol/kg)

DMF Median growth
delay at MTD (days)

DMXAA 80 100 2.4±0.7 6.7a

5-Fluorouracil – 1780 –8.5±0.8 0.0051±0.0001 10.9
80 1780 –14.1±1.5 0.0027±0.001 0.5±0.2 10.7

Cisplatin – 42.1 –9.5±1.4 0.19±0.06 7.1
80 42.1 –14.4±2.3 0.35±0.12 1.8±1.2 20

Doxorubicin – 23.7 –3.9±0.6 0.42±0.10 9.3
80 17.8 –5.5±1.2 1.04±0.23 2.5±1.1 22.2

Cyclophosphamide – ‡716 –0.8±1.3 0.0062±0.0001 7.7
80 ‡716 –9.2±1.4 0.0167±0.0013 2.7±0.3 28

Carboplatinb – 316 –5.6±1.5 0.0094±0.0035 1.0
80 316 –8.5±1.4 0.032±0.010 3.4±2.3 14.9

Etoposide – ‡75 –2.0±1.7 0.030±0.010 1.5
80 75 –6.5±3.3 0.14±0.04 4.7±2.9 20.5

Vincristine – 1.0 –7.0±1.2 –0.0±1.3 1.0
80 1.0 –10.0±1.4 14.1±5.4 >7c 17.3

Docetaxel – 23.7 –4.1±1.3 –0.02±0.14 –0.2
80 17.8 –7.2±1.2 1.37±0.22 >9c 42.1

Paclitaxel – 42.1 0.3±1.1 0.08±0.06 4.4
80 31.6 –3.9±1.2 1.83±0.4 >13c 80

aFor DMXAA dose 80 lmol/kg, data from nine experiments
bIn a limited repeat experiment, significant toxicity was observed at
316 lmol/kg (three deaths among seven animals without DMXAA
and one death among seven animals with DMXAA), and the
combination with DMXAA was only additive (DMF 1.0)

cEstimated using upper error estimate of the slope for the chemo-
therapy drug only

Fig. 2 Individual growth curves for intramuscular MDAH-MCa-4
tumours following treatment with DMXAA (80 lmol/kg), paclit-
axel (31.6 lmol/kg), or coadministered DMXAA plus paclitaxel
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mice cured at a paclitaxel dose of 23.7 lmol/kg and one
of seven mice cured at 31.6 lmol/kg. One drug-related
death was observed in each of these groups, but body
weight loss was greater at the higher dose (4.3±1.8%
versus 7.4±1.8% respectively). The lower paclitaxel
dose (23.7 lmol/kg) was used in all further studies.

The time of administration of the two agents was
varied, with paclitaxel (23.7 lmol/kg) administered up
to 4 h before or after DMXAA (Fig. 3). Substantial
activity was seen in most groups, with two or three cures
per group of 12 mice and large tumour growth delays
(median about 80 days) for the recurring tumours. The
exception was DMXAA 4 h before paclitaxel which re-
sulted in no cures and a smaller growth delay which,
because of the large variability, was below the level of
statistical significance. In each group (including coad-
ministration) the toxicity of the combination was higher
than in the previous coadministration experiments, with
two or three deaths per 12 mice and mean body weight
loss in the range 6–10%.

Given the appreciable toxicity of the DMXAA/pac-
litaxel combinations, the DMXAA dose-response rela-
tionship was also examined (Fig. 4). As in the other
experiments, paclitaxel alone at 23.7 lmol/kg had no
significant activity, but was significantly enhanced by
DMXAA at all three dose levels tested. DMXAA
showed a steep dose-response relationship in the com-
bination, with a threshold at a DMXAA dose of ap-
proximately 50 lmol/kg. In this experiment the
combination of paclitaxel (23.7 lmol/kg) with DMXAA

at 80 lmol/kg was highly toxic (five deaths among 12
mice) with one cure among the seven remaining animals,
although body weight loss (mean 7.6±2.9%) was in the
usual range for this dose level and was no higher than
for DMXAA alone (7.6±1.6%).

Activity of CA-4-P plus paclitaxel against
the MDAH-MCa-4 tumour

Given the striking interaction between DMXAA and
paclitaxel, we investigated whether similar therapeutic
synergy occurred with CA-4-P, an antivascular agent
with a different mechanism of action which has also
recently completed phase I clinical trials [5, 7]. As shown
in Fig. 3, CA-4-P at 227 lmol/kg lacked activity against
the MDAH-MCa-4 tumour. Administration of CA-4-P
before, with, or after paclitaxel (23.7 lmol/kg) failed to
elicit significant antitumour activity. In the same ex-
periment, coadministration of DMXAA (80 lmol/kg)
with paclitaxel led to four cures among 11 animals with
four deaths due to toxicity.

Antivascular activity of CA-4-P and DMXAA,
and effect of paclitaxel coadministration

The abilities of DMXAA and CA-4-P to inhibit blood
flow in the MDAH-MCa-4 tumour were compared us-
ing H33342 as a fluorescent perfusion marker (Fig. 5A).
DMXAA at 80 lmol/kg caused prompt and irreversible
blood flow shutdown, with no recovery by 24 h. CA-4-P
also inhibited tumour blood flow at 4 h, but this had
reversed by 24 h. Whether paclitaxel enhanced the vas-
cular shutdown by DMXAA at 24 h was assessed in a
separate experiment, using a lower DMXAA dose
(70 lmol/kg) so that any increased activity could be

Fig. 3 Effect of varying the timing of DMXAA (80 lmol/kg) or
CA-4-P (227 lmol/kg) relative to paclitaxel (23.7 lmol/kg) on
activity against MDAH-MCa-4 tumours. Data are pooled from
two experiments: filled symbols experiment 1, open symbols
experiment 2; up triangles DMXAA alone, squares paclitaxel alone,
down triangle CA-4-P alone, circles DMXAA plus paclitaxel,
diamonds CA-4-P plus paclitaxel. The growth delays are shown as
the medians because of the high proportions of cures (c) and
treatment-related deaths (d), the numbers of which are shown

Fig. 4 DMXAA dose dependence of growth inhibition of MDAH-
MCa-4 tumours in mice treated with DMXAA alone or in
combination with paclitaxel (23.7 lmol/kg). Values are means
±SEM for 8 (DMXAA only) or 12 (DMXAA plus paclitaxel)
animals. *P<0.05, activity of the combination significantly greater
than DMXAA alone
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more readily detected (Fig. 5B). This showed no anti-
vascular activity of paclitaxel alone, and no significant
increase in activity of the combination relative to
DMXAA alone.

Pharmacokinetics of DMXAA plus carboplatin,
and DMXAA plus paclitaxel

We determined whether a pharmacokinetic interaction
underlies the beneficial therapeutic interaction between
DMXAA and paclitaxel, and also whether such inter-
actions contribute to the synergy between DMXAA and
carboplatin. These studies were conducted in mice
bearing MDAH-MCa-4 tumours of the same size as in
the therapeutic studies. Following administration of
carboplatin (316 lmol/kg, i.p.), clearance of platinum
from plasma (measured, after deproteinization, by ICP-
MS) was biphasic, and was unaffected by coadminis-
tration of DMXAA (Fig. 6A, Table 2). Total platinum
in the tumour also showed biphasic kinetics, and again
was unaffected by coadministration of DMXAA
(Fig. 6B, Table 2).

A similar study was undertaken with the paclitaxel/
DMXAA combination by comparing the pharmacoki-
netics of both agents alone and after coadministration
(Fig. 7, Table 2). DMXAA was measured by HPLC
using fluorescence detection (Fig. 7A), and paclitaxel by
LC-MS (Fig. 7B, C). The latter employed electrospray
mass spectrometry detection with a high sodium ion
concentration in the mobile phase to suppress frag-
mentation, providing the [M+Na]+ molecular ion (m/z
876), with cephalomannine (m/z 854) as internal stan-
dard. DMXAA clearance from plasma was unaffected
by coadministration of paclitaxel at 23.7 lmol/kg
(Fig. 7A). Similarly, DMXAA coadministration had no
effect on plasma concentrations of paclitaxel (Fig. 7B).
Paclitaxel concentrations in tumours at early times
appeared to be slightly lowered by DMXAA coadmin-
istration and the apparent volume of distribution of
paclitaxel in the tumour was increased (Fig. 7C,

Fig. 5A, B Antivascular activity of DMXAA and CA-4-P against
the MDAH-MCa-4 tumour determined by scoring H33342
perfusion volume by point counting. A Time-course of inhibition
of perfusion following treatment with DMXAA (80 lmol/kg)
(closed circles) or CA-4-P (227 lmol/kg) (open circles). Points are
means±SEM for three to five tumours. B Tumour perfusion 4 h
after treatment with DMXAA (70 lmol/kg), paclitaxel
(23.7 lmol/kg) or coadministration of the two drugs. Points are
means±SEM for five to seven tumours

Fig. 6 A Plasma concentrations of platinum, after deproteiniza-
tion, following administration of carboplatin alone (316 lmol/kg)
(closed circles) or with DMXAA (80 lmol/kg) (open circles).
B Tumour concentrations of total platinum following administra-
tion of carboplatin alone (closed circles) or with DMXAA (open
circles). Lines are fits to a two-compartment open model assuming
linear pharmacokinetics

Parameter Plasma Tumour

Carboplatin Paclitaxel DMXAA Carboplatin Paclitaxel

Without
DMXAA

With
DMXAA

Without
DMXAA

With
DMXAA

Without
paclitaxel

With
paclitaxel

Without
DMXAA

With
DMXAA

Without
DMXAA

With
DMXAA

Tmax (h) 0.5 0.5 2 4 0.5 0.5 0.5 0.5 6 6
Cmax (lM or
lmol/kg)

127 132 4.3 5.4 459 499 90 81 2.2 1.3

(t1/2)kz (h) 17 19 2.2 1.5 2.1 2.6 27 30 17 21
AUC (lMÆh) 122 117 21.0 24.3 3247 2830 822 1022 51.3 37.0
Vz (l/kg) 63 74 3.6 2.1 0.075 0.10 15.1 13.4 11.2 19.0
Cl (l/h/kg) 2.6 2.7 1.1 0.98 0.025 0.028 0.38 0.31 0.46 0.64

Table 2 Non-compartmental pharmacokinetic parameters for
carboplatin (316 lmol/kg) and paclitaxel (23.7 lmol/kg), alone
and in combination with coadministered DMXAA (80 lmol/kg) in
plasma and tumours of female C3H/HeN mice bearing MDAH-
MCa-4 tumours (Tmax time of maximum observed concentration,

Cmax concentration corresponding to Tmax, (t1/2)kz terminal half-
life, AUC area under the curve calculated using the linear/log
trapezoidal rule and extrapolation to infinity, Vz volume of distri-
bution based on the terminal phase, Cl total body or tumour
clearance)
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Table 2). This change in paclitaxel concentrations in
tumours is in the wrong direction to account for the
enhanced antitumour activity of the combination.

Discussion

The hypothesis that antivascular agents such as
DMXAA have the potential to combine synergistically
with conventional cytotoxic agents in the treatment of
solid tumours was tested in this study. The early-passage
mammary tumour MDAH-MCa-4 used for this com-
parative study was moderately sensitive to most of the
cytotoxic drugs tested (using single drug doses) showing
significant responses to doxorubicin, 5-fluorouracil, cy-
clophosphamide and cisplatin and slight sensitivity to
paclitaxel at high doses. DMXAA alone showed con-
sistent activity as a single agent, of similar magnitude to
the most active of the chemotherapy drugs, but none of
the single agents provided prolonged tumour regressions
or cures.

However, coadministration of DMXAA with the
cytotoxic drugs caused a marked increase in response
(Fig. 1). This interaction can be classified as synergistic
on the basis of the increased slope of the cytotoxic drug
dose response curve on addition of DMXAA. The in-
teraction, quantified as the DMF (ratio of the linear
regression slopes with and without DMXAA), was sig-
nificantly greater than unity for all drugs except 5-flu-
orouracil. The therapeutic activity of DMXAA with
cyclophosphamide or cisplatin in this study is consistent
with a recent report of additive or supraadditive activity
of DMXAA or CA-4-P with these drugs in three tumour
models [31]. Of the nine drugs evaluated in the present
study, the greatest potentiation of antitumour activity
was observed for the taxanes docetaxel and paclitaxel.

MDAH-MCa-4 tumours have been reported to be
moderately sensitive to paclitaxel as a single agent with a
single dose of 40 mg/kg (47 lmol/kg) producing a
growth delay of 4.0 days (P<0.01) [12], which is not
inconsistent with our data (Fig. 1).

Combining DMXAA and paclitaxel produced sig-
nificant antitumour activity in each of the experiments in
the present study, although the magnitude of the activity
(and toxicity) varied for reasons that are not known. Of
50 MDAH-MCa-4 tumour-bearing mice receiving co-
administered DMXAA (80 lmol/kg) and paclitaxel
(23.7 lmol/kg), 13 died from drug toxicity, while tu-
mours were cured in 12, with an overall median growth
delay of 44 days. The combination treatment was well
tolerated at a lower DMXAA dose of 70 lmol/kg (no
deaths among 12 animals) with significant antitumour
activity (median growth delay 17.7 days) still obtained.
In clinical evaluation it would be appropriate to escalate
doses of DMXAA and paclitaxel with care because of
the possibility of toxicity as well as therapeutic interac-
tions.

Investigation of the timing of administration of
DMXAA relative to paclitaxel indicated a broad opti-
mum during which antitumour activity was maintained
when paclitaxel was administered up to 4 h before or 1 h
after DMXAA (Fig. 3). Administration of paclitaxel 4 h
after DMXAA resulted in a substantial loss of antitu-
mor activity, presumably as a result of decreased tumour
blood flow inhibiting paclitaxel delivery. This is consis-
tent with the data shown in Fig. 5A which shows that
DMXAA treatment produced a rapid decrease in blood
flow in MDAH-MCa-4 tumours, to levels 12±6% of
controls 4 h after administration. These results suggest
that timing will be a critical consideration in designing
schedules of DMXAA/chemotherapy combination
treatments for clinical studies. The chemotherapy drug
should be administered before, or shortly after the an-
tivascular agent DMXAA in order to avoid compro-
mised delivery.

CA-4-P produced a rapid but transient inhibition of
blood flow in MDAH-MCa-4 tumours, with recovery to
control levels by 24 h. The antivascular activity of CA-4-
P appears to vary considerably between different tu-
mours. The present results are similar to those of other
studies in which a C3H mammary carcinoma was used
where CA-4-P produced a 65% inhibition of tumour
blood perfusion 1 h after administration which had re-
turned to control levels by 24 h, while DMXAA gave
prolonged blood flow inhibition in the same model [20].
Similarly, blood flow in the human colon adenocarci-
noma HT29 is sensitive to DMXAA but not CA-4-P,
while both agents inhibit blood flow in the LS174T ad-
enocarcinoma [3]. Although not equally active against
all tumours, an advantage with CA-4-P is its broad dose
response for antivascular activity in contrast to the steep
DMXAA dose-response [7, 31, 32]. The lack of antitu-
mour activity obtained from combining CA-4-P and
paclitaxel in the present study suggests that irreversible
vascular damage, as observed with DMXAA (Fig. 5A),

Fig. 7 A Plasma concentrations of DMXAA following adminis-
tration of DMXAA (80 lmol/kg) alone (open triangles) or with
paclitaxel (23.7 lmol/kg) (open triangles). B Plasma concentrations
of paclitaxel following administration of paclitaxel alone (closed
circles) or with DMXAA (open circles). C Tumour concentrations
of paclitaxel following administration of paclitaxel alone (closed
circles) or with DMXAA (open circles). Lines are fits to a one-
compartment open model assuming linear pharmacokinetics
(paclitaxel) or to a one-compartment open model with saturable
(Michaelis-Menten) elimination kinetics (DMXAA)
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is required for potentiation of paclitaxel activity, al-
though we cannot exclude the possibility of pharmaco-
logical antagonism between microtubule stabilization
(paclitaxel) and destabilization (CA-4-P). It is also pos-
sible that there are interactions between DMXAA (TNF
inducer) and paclitaxel (TNF agonist) at the TNF re-
ceptor level, although this is not supported by the similar
synergistic antitumour activity with docetaxel (which
lacks TNF agonist activity [19]).

The present study showed that the mechanism of an-
titumour synergy between DMXAA and paclitaxel does
not involve potentiation of the antivascular activity of
DMXAA or a pharmacokinetic interaction between the
two drugs; the latter was also excluded as the basis for the
interaction with carboplatin. This is in contrast to studies
combining DMXAA and thalidomide in which coad-
ministration resulted in a significant increase in the area
under the concentration-time curve (AUC) of DMXAA
in plasma and tumour [15]. Combining DMXAA and
cyproheptadine also resulted in increased DMXAA half-
lives in plasma and tumour tissue [39]. The present study
also contrasts with the interaction between DMXAA and
melphalan: although there was no change in systemic
pharmacokinetics, tumour concentrations of melphalan
were increased by pretreatment with DMXAA (inter-
preted as entrapment resulting from falling blood flow)
[26]. The converse was observed with paclitaxel, with tu-
mour levels lowered when DMXAA was coadministered
resulting in a reduction in tumour AUC of about one-
third. The latter effect could be modelled as an increase in
the apparent volume of distribution. This might reflect an
averaged tumour concentration that has been lowered by
closure of some vessels by DMXAA, or lowering of pac-
litaxel concentrations at early times because of slowed
uptake. In any event, the effect is in the wrong direction to
account for the observed therapeutic synergy. Similar
results have been reported for the combination of CA-4-P
and 5-fluorouracil which did not change plasma phar-
macokinetics but tumour AUC for 5-fluorouracil was
significantly lowered by the antivascular agent [10].

A possible mechanism that could account for the in-
creased antitumour activity is that DMXAA and paclit-
axel have complementary activity against different
subregions of the tumour, with DMXAA being more
active in the poorly vascularized regions and paclitaxel
more active in the well vascularized regions. This mech-
anism is thought to be responsible for the synergy ob-
tained by combining DMXAA and radiation against the
RIF-1 and MDAH-MCa-4 tumours [38] and for the in-
teraction of DMXAA or CA-4-P with cisplatin and cy-
clophosphamide against murine tumours and human
tumour xenografts [31]. Evidence to support this inter-
pretation comes from histological examination of
DMXAA-treated tumours which shows extensive haem-
orrhagic necrosis through the central region of the tu-
mour, surrounded by a rim of viable tissue [17, 42].
Extravascular transport of paclitaxel is reported to be
inefficient because of a binding site barrier [16, 23, 35]
which is likely to lead to sparing of cells in poorly perfused

regions. In addition, as a cycle-selective cytotoxin, pac-
litaxel would be expected to be less active against slowly
cycling or noncycling cells in poorly perfused regions.

Complementary killing of different regions of tu-
mours is potentially a very general mechanism of inter-
action with antivascular drugs, given that many
conventional cytotoxins have limited activity against
poorly perfused regions in tumours [34, 36]. As the
taxanes have an important role in chemotherapy of
breast, lung, head and neck, and ovarian cancers, and
DMXAA has demonstrated good tolerability in recent
phase I clinical trials, the present study suggests that
clinical evaluation of their combination is warranted.
We are currently investigating whether the dramatic
synergy between DMXAA and standard chemotherapy
drugs, including the taxanes, observed in the MDAH-
MCa-4 mammary tumour carries over to other tumour
models. Recent results have also demonstrated a syner-
gistic interaction between DMXAA and paclitaxel in
OCa-1 murine ovarian carcinomas and WiDr human
colon carcinoma xenografts.
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