
Investigational New Drugs 20: 271–279, 2002.

© 2002 Kluwer Academic Publishers. Printed in the Netherlands.
271

Enhanced antitumor activity of irofulven in combination with antimitotic
agents

Michael J. Kelner1, Trevor C. McMorris2, Rafael J. Rojas1, Nicole A. Trani1, Tami R. Velasco1,

Leita A. Estes1 and Pharnuk Suthipinijtham1

1Department of Pathology, University of California, San Diego; 2Department of Chemistry, University of San

Diego, CA, USA

Key words: irofulven, taxol, taxotere, vinblastine, vincristine, vinorelbine

Summary

The aim of this study was to determine the antitumor activity of irofulven when administered in combination with a

variety of antimitotic agents. Irofulven in combination with either paclitaxel or docetaxel demonstrated synergistic

activity in both the in vitro and in vivo studies. The majority of xenograft bearing animals that received suboptimal

(< MTD) doses of irofulven and a taxane demonstrated complete cures. In contrast, in vitro studies produced either

an additive or an antagonistic effect when irofulven was combined with other antimitotic agents such as vinca

alkaloids, rhizoxin, s-trityl cysteine, or allocolchicine. Xenograft studies of irofulven and vinca alkaloids reflected

in vitro results, as the tumor response in combination treated animals was less than the response in irofulven

(monotherapy) treated animals. These results indicate that the therapeutic activity of irofulven is enhanced when

combined with taxanes, and warrant further evaluation of these combinations.

Introduction

Irofulven (MGI 114, HMAF, NSC 683863) [1] is

a semi-synthetic analogue (Figure 1) of the fungal

natural product illudin S [2]. Irofulven previously

demonstrated significant antitumor activity against a

variety of tumor models such as lung, breast, gastric,

colon and even intracranial glioblastoma multiforme

xenografts [2–5]. In addition, MDR1- and MRP1-

positive xenografts retained sensitivity to irofulven,

but displayed resistance to conventional chemothera-

peutic agents [6,7]. Irofulven rapidly enters tumor

cells and then inhibits DNA synthesis [8–10]. Iroful-

ven induces DNA strand breakage without inducing

DNA intrastrand cross-links or DNA-protein cross-

links [11]. Irofulven differs from other agents with

alkylating activity by displaying a preferential cyto-

toxicity towards cell lines deficient in the DNA repair

helicases XPB and XPD, indicating that the repair of

irofulven-induced DNA damage requires a full com-

plement of DNA repair mechanisms that may be ab-

sent in sensitive cell lines [9,10]. A unique aspect of

Figure 1. Structure of irofulven.

irofulven’s antitumor activity is its ability to act as a

selective inducer of apoptosis in tumor cells versus

nontumor/immortalized cells [11]. Irofulven retains

this activity against tumor cells regardless of their p53

or p21 expression [12].
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On the basis of the above unique properties, iroful-

ven was chosen as the initial illudin-derived candidate

for human trials. Irofulven was evaluated in a vari-

ety of phase I and II clinical trials with promising

results [13–16]. Partial or complete remissions were

noted in patients with pancreatic, ovarian, prostate or

sarcoma tumors which were nonresponsive to conven-

tional chemotherapy. A phase III trial to investigate the

activity of irofulven against gemcitabine-refractory

pancreatic cancer was initiated this year, and has been

granted “fast track” status by the FDA.

While irofulven has displayed impressive single

agent activity in several clinical trials, a number of

studies examining irofulven in combination with other

antineoplastic agents have demonstrated an enhanced

antitumor activity in various cell lines and xenografts.

A synergistic or supra-additive activity was noted

between irofulven and topoisomerase I inhibitors, tax-

anes, 5FU, and aziridine-containing agents such as

mitomycin C [17–22]. We began a systematic study to

further define the potential of co-administering iroful-

ven with other antimitotic agents. The MV522 lung

carcinoma xenograft model was chosen due to its in-

herent lack of response to chemotherapeutic agents

including taxanes [18–27]. Here we present evidence

of a synergistic interaction between irofulven and tax-

anes, but not with other tubulin-binding agents such

as the vinca alkaloids, or with other antimitotic agents

such as allocolchicine, rhizoxin, or S-trityl cysteine.

Materials and methods

Athymic mice

Balb/c nu/nu 4 week old female mice weighing 18–

22 grams were obtained from Simonsen, Inc. (Gilroy,

CA) and housed in groups of 4 in plastic cages vented

with polyester fiber filter covers, and provided with

sterilized food and water ad libitum. Clean, sterilized

gowns, gloves, masks, shoe and hood covers were

worn by all personnel handling the animals. Studies

were conducted in accordance with the guidelines of

the National Research Council “Guide for Care and

Use of Laboratory Animals”, and the University of

California, San Diego guidelines for assessing illness

and morbidity in rodents used in studies involving

experimental neoplasia. All studies were approved

by the University Institutional Animal Care and Use

Committee.

Cell lines. The MV522 [23] cell line was main-

tained in either RPMI-1640 or Dulbecco’s Modified

Eagle medium supplemented with 10% fetal bovine

serum (Hyclone, Logan, UT) as previously described

[14], and routinely screened for mycoplasma. For

determining the cytotoxic activity of irofulven in com-

bination with other agents, cells were plated in 96 well

plates, allowed to recover overnight, and various con-

centrations of the desired drug(s) were added. After

48 hours incubation, the media was removed, cells

were washed twice with sterile saline, and cell viabil-

ity determined using MTT. Briefly, the synergy studies

were performed by adding the selected drugs together

at various concentrations, but always maintaining a

fixed ratio of drug A to drug B within an individual

experiment [24–26]. Results were compared to con-

trol cultures (no drug) and to cultures containing only

an individual drug added at identical concentrations.

Determination of whether a drug combination at a

given concentration and ratio was synergistic, was per-

formed by the median-effect principal of Chou (see

statistical analysis). The combination index values

presented reflect the result of two experiments, and

triplicate repeats within a given experiment.

Drugs

Irofulven (NSC 683863) was obtained from MGI

PHARMA (Minneapolis, MN). Docetaxel (Taxotere,

NSC 628503), paclitaxel (Taxol, NSC 125973), vin-

blastine sulfate (Velban, NSC 49842), vincristine

sulfate (Oncovin, NSC 67574), and vinorelbine

tartrate (Navelbine, NSC 608210) were obtained from

the UCSD Pharmacy. Allocolchicine (NSC 406042),

Rhizoxin (NSC 332598), and S-trityl cysteine (NSC

83265) were obtained from the NCI DTP repository.

Irofulven was dissolved in 100% ethanol and diluted

with sterile 5% dextrose until a 1% ethanol/5% dex-

trose solution was achieved. Docetaxel, paclitaxel,

vinblastine, vincristine and vinorelbine were diluted

per manufacturer’s instructions. The maximum toler-

ated dose (MTD) for irofulven, taxanes, and vinca

alkaloids in this strain of mice had previously been

determined [1,17] and is defined as the maximum dose

administered for 3 weeks on a given schedule (3 or 5

times per week) that produces a weight loss of ≤ 15%.

In vivo evaluation using the MV522 xenograft model

Mice were randomized into treatment groups of 8 an-

imals each. Each animal was earmarked and followed

individually throughout the experiment. The mice re-

ceived s.c. injections of 8 to 10 million MV522 cells

over the shoulder. All drugs were administered i.p.
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three times a week for 3 weeks, starting on day 10 after

tumor implantation. Tumor size was measured in two

perpendicular diameters and tumor weight estimated

according to the formula w = [(width)2 × length/2]

[28]. Relative weights (RW) were calculated to stand-

ardized variability in tumor size amongst test groups

at initiation of the treatment by using the formula RW

= Wt/Wi, where Wi is the tumor weight for a given

animal at the beginning of drug treatment and Wt is

tumor weight at a subsequent time [28].

Statistical analysis and determination of synergistic

activity

To compare the relative tumor weights between the

groups of animals, ANOVA followed by Tukey-

Kramer multiple comparison post-ANOVA analysis

was performed. Comparison of survival curves

between groups of animals was performed using the

method of Kaplan and Meier [29]. Probability values

less than 0.05 were considered statistically significant.

The relative tumor weight data and life span data were

analyzed using Instat (version 2.02) and Prism (ver-

sion 3.0) software packages (Graph Pad, Inc., La Jolla,

CA USA).

To determine if synergy existed between irofulven

and other agents, we used the median-effect principle

by T-C Chou [24–26] to determine dose-effect para-

meters for two drugs individually and for their mix-

tures at different combinations. Median-effect com-

puter software (CalcuSyn for Windows, Biosoft, Fer-

guson, MO) was used to generate the isoeffective dose

(Dx) values which are used to generate the combina-

tion index (CI). The CI values of < 1, = 1, and > 1

indicate synergism (i.e. the effect of drug combination

is greater than anticipated from the additive effect of

the individual agents), additive effect, and antagonism

respectively [24–26].

Results

In vitro synergy studies

The activity of irofulven in combination with either

vincristine, vinblastine, or vinorelbine was examined

in vitro using a continuous 48-hour exposure in

MV522 cells (Figure 2). Analysis by the median-effect

principal revealed that combinations of irofulven and

vinca alkaloids, when added simultaneously, were pre-

dominantly additive. Previous studies using colony

forming assays have demonstrated that irofulven pro-

duces its cytotoxic action on MV522 cells within 2

hours. Therefore, the vincristine and vinorelbine were

added four hours after addition of the irofulven to de-

termine if a schedule dependency existed. The interac-

tion of irofulven with either vincristine or vinorelbine,

however, was now predominantly antagonistic.

Analysis of the combination of irofulven and a

taxane (Figure 3) indicated the interaction between

these two classes of agents could be characterized as

synergistic to additive. A schedule dependency was

noted with the irofulven/docetaxel combination. If do-

cetaxel was added to the cells before irofulven, or

simultaneously with irofulven, the interaction could

be characterized as synergistic. If docetaxel was added

four hours after the addition of irofulven, however, the

interaction is characterized as antagonistic. A lesser

schedule dependency was noted for paclitaxel when

this agent was added four hours prior to irofulven

(Figure 3).

Combinations of irofulven with either allocol-

chicine, rhizoxin, or S-trityl cysteine failed to produce

any evidence of synergy. Rather, these analyses indic-

ated that the interaction of irofulven with these agents

was antagonistic (Figure 4).

Xenograft synergy studies

Xenograft studies indicated that combinations of

irofulven with either paclitaxel or docetaxel demon-

strated marked antitumor activity (Figure 5, Table 1).

A complete regression (CR) rate of 75% and 50%

was noted when irofulven was combined with either

paclitaxel or docetaxel (at 2/3 MTD for each drug), re-

spectively. The combination of irofulven with a taxane

was markedly effective at increasing life span (ILS) as

compared to irofulven alone (paclitaxel ILS of 160%

and docetaxel ILS of 80%; p < 0.05). In contrast,

no evidence of increased efficacy was obtained when

irofulven was combined with vinorelbine. The com-

bination of 2/3 MTD irofulven + 2/3 MTD vinorelbine

was actually less efficacious than the monotherapy of

irofulven MTD, as only 3 of 8 animals displayed evid-

ence of tumor regression. As vinblastine was noted

to produce an additive effect when combined in vitro

with irofulven, a xenograft study was performed us-

ing these two agents. Administration of drugs was

increased from 3 to 5 times per week, in an effort

to increase tumor response to therapy. Vinorelbine in

combination with irofulven did induce tumor regres-

sion in the majority of animals (Figure 6, Table 1).
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Figure 2. Combination index (CI) plot displaying the in vitro interaction between irofulven and either vinblastine, vincristine, or vinorelbine.

The classifications of the extent of synergy are as defined previously by Chou et al. [26]. Irofulven and vinblastine added together (◦), irofulven

and vincristine added together (•), irofulven added first and vincristine added 4 hours later (�), irofulven and vinorelbine added together (⋆),

irofulven added first and vinorelbine added four hours later (♦).

Figure 3. Combination index (CI) plot displaying the in vitro interaction between irofulven and either paclitaxel or docetaxel. The classifications

of the extent of synergy are as defined previously by Chou et al. [26]. Irofulven and paclitaxel added together (◦), irofulven added first and

paclitaxel added 4 hours later (�), paclitaxel added first and irofulven added 4 hours later (△), irofulven and docetaxel added together (•),

irofulven added first and docetaxel added 4 hours later (�), docetaxel added first and irofulven added 4 hours later (�).

The incidence of complete tumor regression, however,

was less than that noted in animals receiving irofulven

alone (Table 1).

Discussion

Irofulven has demonstrated activity in preclinical and

clinical studies against a variety of cancers (including

MDR1 and MRP positive tumors) and is currently be-

ing evaluated for efficacy in numerous clinical studies.

Therefore, it is particularly important to understand

the interaction between irofulven and other antican-

cer drugs in order to rationally design new clinical

combination studies to improve the efficacy of treat-

ment. In this present study, we examined the effect

of combining irofulven with various antimitotic or
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Figure 4. Combination index (CI) plot displaying the in vitro interaction between irofulven and allocolchicine, rhizoxin, or S-trityl cysteine.

The classifications of the extent of synergy are as defined previously by Chou et al. [26]. Irofulven and allocolchicine added together (◦),

irofulven added first and allocolchicine added 4 hours later (�), irofulven and rhizoxin added together (•), irofulven added first and rhizoxin

added 4 hours later (�), rhizoxin added first and irofulven added 4 hours later (�), irofulven and S-trityl cysteine added together (⋆), irofulven

added first and S-trityl cysteine added four hours later (♦).

tubulin-interacting agents. Our results indicate that

low, nontoxic concentrations of taxanes increase the

in vitro sensitivity of cells to irofulven, and vice versa.

This synergistic effect of taxanes and irofulven was

also noted using the MV522 lung carcinoma xenograft

model. Our xenograft results are similar to a previous

study that noted complete remissions in animals re-

ceiving the irofulven/paclitaxel combination therapy,

but no remissions in animals receiving either agent

alone [18].

In contrast, combinations of vinca alkaloids or

miscellaneous antimitotic agents with irofulven were

either additive or actually inhibited the in vitro activity

of irofulven. Xenograft studies mimicked this pattern

in that vinorelbine plus irofulven combinations failed

to induce tumor regression. The combination of iroful-

ven and vinblastine in an animal model did produce

tumor regression in animals, but the effect of this

combination therapy did not exceed that produced by

administration of irofulven alone. Thus, the in vitro

synergy studies using the MV522 lung carcinoma cells

were predictive of xenograft results.

On a simplistic level, one can attribute the dif-

ference between combining irofulven with a taxane

versus a vinca alkaloid due to a difference in mech-

anism of action; microtubule stabilization versus mi-

crotubule disruption. Explaining the difference in in-

teraction between irofulven and these two classes of

tubulin binding agents, on a molecular basis, is more

difficult. Cells can commit to apoptosis at different

cell-cycle checkpoints in order to eliminate defective

cells and ensure genome integrity. It has been previ-

ously noted that when cells are treated simultaneously

with drugs acting at different cell-cycle checkpoints

that production of conflicting regulatory signals in-

duces apoptosis. Indeed, paclitaxel as a G2/M blocker

has been noted to act synergistically with G1/S block-

ing agents [30]. As irofulven also induces a G1/S

block, one would also predict synergy with taxanes.

The vinca alkaloids, however, also produce a G2/M

block [31] and would therefore be expected to interact

similarly with irofulven.

A possible explanation may be the mechanism by

which these agents induce apoptosis. Irofulven apop-

tosis is mediated by caspase-8 and -9 activation [32]

and is independent of caspase-3 activation [33,34].

Taxanes induce caspase-3 activation and this process

is a major contributor to the subsequent induction of

apoptosis [35]. In contrast, the vinca alkaloids are re-

ported to induce apoptosis by a mechanism independ-

ent of caspase-3 activation [31]. Thus, the combination

of irofulven and a taxane could be expected to induce

apoptosis by activation of multiple caspase pathways,

resulting in a synergistic effect. In contrast, the com-
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Figure 5. Efficacy of irofulven in combination with paclitaxel, docetaxel, or vinorelbine versus single agent therapy in the MV522 xenograft

model. MV522 bearing animals received 1% ethanol/saline as control (⋆), irofulven at the MTD of 10 mg/kg (�), paclitaxel at the MTD

of 12 mg/kg (•), docetaxel at the MTD of 8 mg/kg (�), vinorelbine at the MTD of 2.5 mg/kg (�), irofulven 2/3 MTD + paclitaxel 2/3

MTD (◦), irofulven 2/3 MTD + docetaxel 2/3 MTD (♦), irofulven 2/3 + vinorelbine 2/3 MTD (�). Data points for animals receiving 2/3

MTD monotherapy (irofulven, paclitaxel, docetaxel, vinorelbine) and 1/2 MTD + 1/2 MTD combination therapy were omitted for clarity, but

information on the lack of partial or complete tumor response in these groups can be found in Table 1. All drugs were administered i.p. three

times a week for 3 weeks, starting on day 10 after tumor implantation. There were eight animals per group and the data points indicate means

for each group and bars represent SE.

Figure 6. Efficacy of irofulven in combination with vinblastine versus single agent therapy in the MV522 xenograft model. MV522 bearing

animals received 1% ethanol/saline as control (�), irofulven at the MTD of 7 mg/kg (�), vinblastine at the MTD of 0.3 mg/kg (•), irofulven

2/3 MTD + vinblastine 2/3 MTD (�), irofulven 3/4 MTD + vinblastine 3/4 MTD (♦). All drugs were administered i.p. five times a week for 3

weeks, starting on day 10 after tumor implantation. There were eight animals per group and the data points indicate means for each group and

bars represent SE.
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Table 1. The number of mice (N = 8 per group) displaying partial

tumor regression (PR) or complete tumor remission (CR) after re-

ceiving irofulven in combination with other antimitotic agents in

the MV522 human lung tumor xenograft. Drugs were administered

i.p. 3 times per week in experiment A, and 5 times per week in

experiment B, for 3 weeks

Experiment A

Drug therapy/Dose PR CR

Control 0 0

Normal saline/DMSO

Irofulven 8 0

10 mg/kg (MTD)

Paclitaxel 4 0

12 mg/kg (MTD)

Docetaxel 2 0

8 mg/kg (MTD)

Vinorelbine 0 0

2.5 mg/kg (MTD)

Irofulven 0 0

6.7 mg/kg (2/3 MTD)

Paclitaxel 0 0

8 mg/kg 2/3 MTD)

Docetaxel 0 0

5.3 mg/kg (2/3 MTD)

Vinorelbine 0 0

1.7 mg/kg (2/3 MTD)

Irofulven 1/2 MTD & 7 0

Paclitaxel 1/2 MTD

Irofulven 1/2 MTD & 4 0

Docetaxel 1/2 MTD

Irofulven 1/2 MTD & 0 0

Vinorelbine 1/2 MTD

Irofulven 2/3 MTD & 2 6

Paclitaxel 2/3 MTD

Irofulven 2/3 MTD & 4 4

Docetaxel 2/3 MTD

Irofulven 2/3 MTD & 3 0

Vinorelbine 2/3 MTD

Experiment B

Control 0 0

Normal saline/DMSO

Irofulven 6 2

7 mg/kg (MTD)

Vinblastine 0 0

0.3 mg/kg (MTD)

Irofulven 2/3 MTD & 7 0

Vinblastine 2/3 MTD

Irofulven 3/4 MTD & 7 1

Vinblastine 3/4 MTD

bining of a vinca alkaloid with irofulven would not

be expected to result in the additional activation of

caspase-3.

In summary, impressive combination activity was

found in the MV522 lung xenograft model when

irofulven was combined with either paclitaxel or do-

cetaxel. In contrast, there was little benefit in com-

bining irofulven with other antimitotic agents. Based

on these results, the combination of irofulven and a

taxane agent appears to be a promising chemotherapy

regimen and worthy of further clinical investigation.
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