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Abstract

In an effort to improve response rates of chemotherapy, taxanes have been combined with other cytotoxic agents such as anti-
metabolites. However, the use of some of these combinations in patients has been restricted by severe toxicity. The significance of the

sequence of drug administration in combining methotrexate (MTX) and taxanes was recognised in in vitro studies, showing synergistic
effects for the sequence ofMTX followed by paclitaxel, and antagonism for exposure in the reverse order. A possible explanation might
be an MTX-induced synchronisation of cells in the S phase of the cell cycle, after which cells are more susceptible for the cytotoxic

action of taxanes. Clinical studies using this sequence were hampered by severe neutropenia and mucositis at relatively low doses of
both drugs. As no pharmacokinetic interactions were observed, the excess of toxicity may have been due to sequence-dependent
synergistic actions on bone marrow and mucosa. In contrast, and confusingly, in vitro studies on 5-fluorouracil (5-FU) and taxanes

indicate that 5-FU preceeding or simultaneously given to paclitaxel impairs cytotoxicity as compared with paclitaxel monotherapy,
while the reverse sequence results in additive or synergistic cytotoxicity. While almost all clinical studies have used the sequence of a
taxane followed by 5-FU, various schedules appeared feasible and effective. The combination of a 5-FU analogue, capecitabine and
taxanes was supported by in vitro data. A large phase III trial confirmed the feasibility and superior efficacy of this combination in

breast cancer patients relapsing after an anthracycline. Conflicting results exist on the benefit of combining gemcitabine and taxanes
in tumour cell lines. Although the accumulation of gemcitabine triphosphate (dFdCTP) in mononuclear cells was significantly
higher with an increasing dose of paclitaxel, no pharmacokinetic interactions for both agents were noticed. A pharmacokinetic

analysis of the gemcitabine–docetaxel combination therapy has not been published in detail. Despite numerous trials, so far no
optimum schedule has been established. Regarding data on actually delivered dose intensities, a 2- or 3-weekly cycle seems
favourable and feasible. However, possible severe pulmonary toxicity warrants cautious monitoring of patients treated with this

combination. Different outcomes of preclinical and clinical studies reveal that combining two chemotherapeutic agents is not simply
a matter of putting antitumour activities together. Drug interaction may result in synergism, not only of efficacy but also of toxic
side-effects. Adding two drugs may also implicate antagonism in drug efficacy due to unwanted interference in cytotoxicity or
pharmacokinetics. For agents acting at a specific phase of the cell cycle, the sequence of administration may determine the efficacy

and toxicity of a combination therapy. Because of an observed discrepancy between in vitro data and clinical studies, we would like
to emphasise the need for adequate dose-finding clinical trials together with pharmacokinetic data analysis before examining any
new combination chemotherapy in more detail in phase II studies. # 2001 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Curative cancer chemotherapy nearly always consists
of a combination of cytotoxic agents. Increased efficacy
of combination chemotherapy may result from the
increase of total exposure to a cytotoxic effect due to the

addition of other agents, especially if non-overlapping
toxicities allow dose intensities for the combination to be
similar to those of the single agents. Other rationales for
combination chemotherapy are the possibility to over-
come (multi)drug resistance and synergistic effects of cer-
tain antitumour drugs [1]. Concomitant administration of
anticancer agents may affect the pharmacokinetic para-
meters such as absorption, distribution, metabolism or
excretion of a drug, or may result in pharmacodynamic
interactions at the level of cellular targets or the cell cycle,
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which can have both a positive or a negative impact on
the cytotoxic effects of the drugs involved.
Since the late 1980s, taxanes have proved to be effec-
tive agents in the treatment of a variety of solid tumours
[2]. Paclitaxel is currently registered for the treatment of
advanced breast cancer, ovarian cancer and non-small
cell lung cancer and as a single agent it is usually dosed
at 135–225 mg/m2 as a 3-h intravenous (i.v.) infusion
every 3 weeks [3]. Docetaxel is registered for the treat-
ment of metastatic breast cancer and non-small cell lung
cancer and is most often given at a dose of 100 mg/m2 as
a 1-h i.v. infusion in a 3-weekly schedule. Currently,
weekly administration of taxanes, enabling a higher
dose per time period and inducing less toxicity, is being
explored in several phase I-II studies [4].
In view of the established efficacy of taxanes, numerous
combinations of taxanes with other agents in various
treatment schedules have been investigated in an effort to
improve the response rates to palliative chemotherapy in
solid tumours. Such combinations included those of
taxanes with antimetabolites, but some of these yielded
major problems in patients due to severe toxicity, which
prevented maximum tolerable doses (MTDs) that were
considered to be relevant for the single agents [5,6]. This
contrasts with the feasibility of combining taxanes with
other classes of cytotoxic agents almost at their respective
recommended single doses. This review will summarise
both preclinical and clinical studies on combinations of
taxanes and the antimetabolites methotrexate (MTX),
5-fluorouracil (5-FU), capecitabine and gemcitabine,
respectively, and consider possible mechanisms of
interaction accounting for their efficacy and clinical
feasibility. Combinations of other antimetabolites with
taxanes have rarely been investigated and will therefore
not be discussed.

2. Pharmacology of taxanes

Taxanes exert their cytotoxic effect by stabilising the
assembly of intracellular microtubules from tubulin
dimers, thereby disrupting mitosis and other vital cel-
lular functions. In studies with hamster ovarian cell
lines and human ovarian and leukaemic cell lines,
paclitaxel appeared to be a phase-specific agent, being
more cytotoxic to mitotic (M) cells than interphase (G1,
S, G2) cells [7,8]. In studies with human leukaemic cell
lines, paclitaxel induced a temporary accumulation of
cells in G2 and M phase [9,10]. As asynchronous human
tumour cell cultures include paclitaxel-resistant inter-
phase cells, the fraction of killed cells reaches a plateau
despite an increasing concentration of paclitaxel [11]. In
contrast, prolonging the exposure time of various
human tumour cell lines to paclitaxel from 24 to 72 h
resulted in a marked increase in cytotoxicity [11]. Even
in a synchronous cell culture of mainly mitotic cells, a

period of exposure of at least 4–6 h to paclitaxel at a
concentration of 1.6 ug/ml was required to kill most
cells, which emphasises the importance of duration of
paclitaxel exposure rather than the drug concentration
[8]. Besides inducing an arrest in the cell cycle in the G2
and M phase, paclitaxel initiates apoptosis along various
pathways, most of which are not yet resolved [12]. For
docetaxel, a brief exposure (1 h) of a synchronous culture
of HeLa cells in S phase was lethal, without a subsequent
block in the cell cycle [13]. After prolonging the exposure
to 24 h, both paclitaxel and docetaxel blocked the cell
cycle of a human cancer cell line at the G2–M phase [14].
The pharmacokinetics of paclitaxel and docetaxel show
a large volume of distribution with extensive protein-
binding, and a rapid elimination from the plasma with a
short terminal half-life of 5 and 12 h, respectively,
mainly due to hepatic metabolism, biliary excretion and
tissue distribution [2,3]. Both paclitaxel and docetaxel
are administered intravenously, using different vehicles
to overcome their insolubility in water. Paclitaxel is
dissolved in a 1:1 mixture of Cremophor EL (CrEL) and
ethanol. CrEL has a small volume of distribution,
almost similar to that of the blood compartment, and a
long terminal half-life of 80 h [15]. It was recently shown
that the vehicle CrEL appeared to have a major impact
on the pharmacokinetics of paclitaxel, being responsible
for its non-linear plasma distribution [16]. This non-lin-
ear disposition of paclitaxel implies that the total expo-
sure to this agent increases disproportional to its dose.
An increase in the concentration of CrEL causes a
reduction in both the free fraction of paclitaxel and its
accumulation in erythrocytes, probably due to drug
trapping in the CrEL micelles, which act as the main
carrier of paclitaxel in the blood compartment. Combi-
nation chemotherapy schedules with paclitaxel may
carry a risk of unforeseen interactions of CrEL with
other anticancer agents. Indeed, clinically significant
interactions resulting in excessive toxicity have been
reported when paclitaxel given as a 3-h infusion pre-
ceded a bolus infusion of doxorubicin [17].
For docetaxel, linear pharmacokinetics are observed.
Docetaxel is formulated in polysorbate 80 (Tween 80),
which has a rapid plasma elimination and is already
undetectable in plasma after 1 h [15,18]. Due to this
rapid decline from plasma, it is unlikely that this vehicle
causes significant interactions in docetaxel-based com-
bination chemotherapy [15].

3. Taxane/methotrexate combinations

3.1. Preclinical studies

MTX is one of the oldest anticancer drugs in clinical
use. Antimetabolites such as MTX interfere with DNA
synthesis, that is necessary for cell proliferation. Due to
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their mode of action, most antimetabolites act at spe-
cific phases of the cell cycle. MTX inhibits dihydrofolate
reductase, which results in the depletion of intracellular
tetrahydrofolate, and thereby impedes synthesis of thy-
midylate and purines required for DNA synthesis. It
acts as a phase-specific agent by arresting cells in the S
phase. In the search for folate analogues with increased
antitumour activity, new dihydrofolate reductase inhi-
bitors such as edatrexate have been developed [19].

3.2. Paclitaxel/methotrexate

Various schedules of paclitaxel and MTX were tested
in vitro in human breast cancer cells, using both growth
inhibition and clonogenic assays to evaluate drug activity
[20]. Simultaneous exposure to both agents for 3 days
and exposure to paclitaxel for 6 hours after which MTX
was added for 3 days resulted in antagonistic effects.
However, sequential exposure to MTX for 12 h fol-
lowed by the addition of paclitaxel for 12 days clearly
showed synergism. The significance of the sequence in
combining both drugs was confirmed by an in vitro
study with human breast, ovarian and lung cancer cell
lines, which used the isobologram method to analyse the
effect of the drug combinations [21]. In this study,
simultaneous exposure to both agents for 24 h and
exposure to paclitaxel for 24 h followed by MTX for
24 h also exhibited antagonism, whereas the reverse
sequence yielded synergistic effects. Colony forming
assays in a human bladder cancer cell line demonstrated
that MTX (for 24 h) prior to a low dose of paclitaxel
(for 24 h) resulted in maximal synergistic cytotoxicity
[22]. Chou and colleagues assessed the effect of com-
bining edatrexate and a taxane on the inhibition of cell
growth with the combination index–isobologram
method [23]. In two human breast cancer cell lines,
incubation with edatrexate for 3 h followed after 24 h
by paclitaxel for 3 h appeared to be synergistic, while
antagonism was noted with the reverse schedule.

3.3. Docetaxel/Methotrexate

Similar schedule-dependent synergistic or antagonistic
effects were observed for the combination of edatrexate
and docetaxel [23].
Thus, preclinical data suggest that for efficacy it may
be best to administer MTX prior to the taxane. A pos-
sible explanation for the sequence-dependent synergism
observed in vitro might be an MTX-induced synchroni-
sation of the cells in the S phase, after which cells are
more susceptible to the cytotoxic action of the taxanes
[23]. Indeed, another compound which arrests cells at
the S phase, such as gallium nitrate, also shows
sequence-dependent synergism when given at least 12 h
prior to paclitaxel [24]. These studies indicate that MTX
should preceed taxane administration by at least 12 h,

the time necessary for cells to enter the M phase [20,24].
In the reverse sequence, paclitaxel might reduce the
cytotoxicity of MTX by arresting the cell cycle and
preventing cells from entering the S phase, in which they
are most susceptible to MTX.

3.4. Clinical studies

Nearly all studies combining taxanes and MTX used a
3-weekly cycle. Dosing schedules and response rates of
these trials are depicted in Tables 1 and 2.

3.5. Paclitaxel/Methotrexate

Two trials in urothelial carcinoma investigated pacli-
taxel and MTX administered both on day 1, in combi-
nation with carboplatin or cisplatin, respectively [25,26].
Paclitaxel and MTX were administered i.v. immediately
after each other. Toxicity mainly consisted of grade 3–4
neutropenia and grade 1–2 neurotoxicity and appeared
tolerable. In contrast, the regimen of Huber and colleagues
administering MTX as a bolus 24 h prior to paclitaxel
as a 24 h infusion was found to be fairly toxic, with feb-
rile neutropenia preventing further dose escalation of
paclitaxel beyond 135 mg/m2 despite G-CSF support
[6]. As paclitaxel plasma levels during the paclitaxel
infusion were not altered by prior MTX infusion in this
study, the observed excessive toxicity in this regimen is
unlikely to be related to pharmacokinetic interactions
[6]. Unfortunately, further pharmacokinetic data on the
paclitaxel–MTX combination in humans are lacking,
which is a major drawback of the reported studies.
Taking into account the in vitro data on the synergism
for the sequential administration of MTX preceding
paclitaxel, the severe myelosuppression in the latter trial
might be due to similar synergistic activity on normal
bone marrow cells [21]. Another explanation for the
observed toxicity may be the long duration of the
paclitaxel infusion of 24 h. Indeed, a similar sequence of
another folate analogue, edatrexate, followed after 24 h
by paclitaxel given as a short 3-h infusion was well tol-
erated in two studies and did not require the support of
growth factors [27,29].

3.6. Docetaxel/Methotrexate

Only two trials have investigated the combination
treatment of docetaxel and MTX, both involving
patients with solid tumours (Table 2) [5,30]. Adminis-
tration of both drugs on the same day appeared to be
feasible, and did not require the support of haemato-
poietic growth factors [30]. A bolus infusion of MTX
followed after 24 h by docetaxel given as a 1-h infusion
was complicated by dose-limiting neutropenia and
mucositis at relatively low doses of the drugs, even
despite the additional use of haematopoietic growth
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factors [5]. Extensive pharmacokinetic analyses revealed
no pharmacokinetic interactions for this sequence [5]. A
study on the effect on MTX pharmacokinetics by the
administration of docetaxel immediately or 24 h after-
wards found a non-significant rise in the area under the
concentration curve (AUC) and a somewhat lower
plasma clearance of MTX [31]. Another pharmaco-
kinetic study confirmed a lack of interaction of the
concomitant administration of docetaxel and MTX [30].
The combination schedules of MTX followed by a
taxane after an interval of 24 h show a striking excess of
toxicity at relatively low doses of both agents, with no
apparent benefit on tumour responses. As no pharmaco-
kinetic interactions were observed, severe toxicity may
be due to sequence-dependent synergistic cytotoxicity
on normal tissue such as bone marrow and mucosa.
Some of the preclinical studies as mentioned above
support this explanation.

4. Taxane/5-FU combinations

4.1. Preclinical studies

5-FU is a pyrimidine antimetabolite, which is phos-
phorylated to 5-fluorouridine triphosphate (5-FUTP).
Subsequent incorporation into RNA interferes with cel-
lular RNAprocesses. Another activated 5-FUmetabolite,

5-fluorodeoxyuridine monophosphate (5-FdUMP),
inhibits thymidylate synthase, which is required for
DNA synthesis. In vitro treatment of mouse T-lympho-
cytes and human breast cancer cell lines with 5-FU
resulted in an interruption at the G1–S phase of the cell
cycle [32,33].

4.2. Paclitaxel/5-FU

Kano and colleages investigated various schedules of
paclitaxel and 5-FU in vitro in four human cancer cell
lines, evaluating dose–response effects with isobolograms
[34]. Synchronous exposure to both agents for 24 h, or
sequential exposure to 5-FU for 24 h followed by pacli-
taxel for 24 h showed an antagonistic interaction, while
reversal of the sequence of exposure had an additive
effect. Interestingly, prolongation of the interval of
simultaneous exposure to 5 days resulted in an additive
interaction. In vitro studies with human breast and epi-
dermoid cancer cell lines indicated that pretreatment
with 5-FU for 6 h or simultaneous treatment with 5-FU
and paclitaxel for 24–72 h impaired overall cell killing
activity compared with paclitaxel monotherapy [33]. The
antagonistic effect of 5-FU on paclitaxel cytotoxicity was
no longer apparent if tumour cells were pretreated with
paclitaxel at least 24 h prior to 5-FU. A similar schedule-
dependency with antagonism for 5-FU followed by
paclitaxel and synergism for the reverse sequence was

Table 1

Clinical studies combining methotrexate and paclitaxel

Reference q

(weeks)

Paclitaxel

regimen

MTX

regimen

G-CSF Tolerable dose of

paclitaxel–MTX

(mg/m2) per cycle

Tumour

type

Prior

chemotherapy

No. of evaluable

patients

RR

(%)

[25] 3 d 1 3 h d 1+carboplatn + 200–60 Bladder � 32 56

[26] 3 d 1 3 h d 1 0.5 h +cddp + 200–30 Bladder + 25 40

[6] 3 d 2 24 h d 1 � 85–23 Solid + 41 10

+ 135–40

[27]a 3 d 2 3 h d 1 1 h � 175–350a Breast � 35 31

[28]a 3 d 2 24 h d 1, 15 + 170–250a Solid + 40 33

[29]a 4 d 2,16 3 h d 1, 15 � 350–240a Solid + 34 24

q, every; , G-CSF, granulocyte-colony stimulating factor; MTX, methotrexate; RR, response rate; d, day; h, hour; cddp, cisplatin. All studies

administered MTX as a bolus infusion, unless stated otherwise
a Study using edatrexate instead of MTX.

Table 2

Clinical studies combining methotrexate and docetaxel

Reference Docetaxel

regimen

MTX

regimen

G-CSF Tolerable dose of

docetaxel–MTX

per cycle (mg/m2)

Tumour

type

Prior

chemotherapy

No. of evaluable

patients

RR

(%)

[5] d 2 1 h d 1, 15 + 75–80 Solid + 18 22

[30] d 8 d 1, 8 � 90–80 Solid ng 28 14

d, day; h, hour; G-CSF, granulocyte-colony stimulating factor; MTX, methotrexate; RR, response rate; ng, data not given in publication. All studies

used a 3-weekly cycle.
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noticed in a clonogenic assay of human breast cancer
cells [35]. The authors suggested that 5-FU appeared to
interfere with paclitaxel cytotoxicity by preventing
tumour cells from accumulating in the G2–M phase of
the cell cycle, in which paclitaxel exerts its cytotoxic
effect. It is confusing that a similar reasoning was used
to explain the synergistic effect of MTX followed by
taxanes. Apparently, we lack an appropriate mechanism.
Other in vitro studies using DNA fragmentation techniques
revealed that pretreatment or simultaneous exposure with
5-FU together with paclitaxel reduced the induction of
apoptosis by paclitaxel, whereas it blocked paclitaxel-
induced bcl-2 phosphorylation, c-raf-1 phosphorylation
and p21WAF/CIP1 expression [36].
All preclinical data on the combination of 5-FU and
paclitaxel favour the sequence of paclitaxel prior to 5-FU.

4.3. Docetaxel/5-FU

Preclinical studies investigating the simultanous
treatment of docetaxel and 5-FU in xenografts of colon
carcinoma in mice resulted in a synergistic cell kill [37].
To our knowledge, preclinical studies with cell lines on
the influence of sequence in using 5-FU and docetaxel
have not been performed.

4.4. Clinical studies

Tables 3 and 4 summarise data of clinical trials eval-
uating the addition of 5-FU to paclitaxel and docetaxel,
respectively. A large variety of chemotherapy schedules
has been studied. For the ease of survey, studies using
the combination of 5-FU and taxanes with other cyto-
toxic agents were excluded. As a sequence-dependent
synergism for the administration of taxanes followed by
5-FU was observed in the preclinical studies, all clinical
studies except one [50] used this preferred sequence. In

contrast to the in vitro studies, many clinical trials added
leucovorin to the 5-FU-paclitaxel chemotherapy regimen.

4.5. Paclitaxel/5-FU

Five studies investigating paclitaxel and 5-FU in a 3-
weekly cycle noticed tolerable side-effects of mainly leu-
cocytopenia and mild neurotoxicity [39–43]. Nicholson
and colleagues investigated a 4-weekly cycle of pacli-
taxel and 5-FU in 52 evaluable patients with metastatic
breast cancer, of whom 47 had been pretreated with
chemotherapy [44]. Toxicity was acceptable with muco-
sitis (n=3) and neutropenic fever (5% of cycles). In a
study applying continuous infusion of 5-FU, apart from
neutropenia and mucositis, neurotoxicity grade 2 was
also observed in 43% of these patients [45]. A regimen
of 6 weeks of treatment with both agents followed by 2
weeks of rest administered as second-line therapy to 34
evaluable breast cancer patients was found feasible with
grade 3–4 leucopenia in 36% of cycles [46]. Unfortu-
nately, and in line with the studies combining paclitaxel
and MTX, possible pharmacokinetic interactions have
not been analysed in any of these studies and data on
delivered dose intensities are lacking.

4.6. Docetaxel/5-FU

Most of the clinical studies examining the feasibility
of combining docetaxel with 5-FU used a cycle of 3
weeks, and noticed tolerable toxicities of mainly neutro-
penia, stomatitis and diarrhoea [48,49,52]. The only
study that administered a taxane (docetaxel) after the
start of 5-FU did not show any apparent lack of efficacy
[50]. In a dose-finding study in pretreated solid tumours,
the MTD of both drugs in a 3-weekly cycle was almost
similar to those of the drugs used as single agent, grade
4 neutropenia being the dose-limiting toxicity (DLT)

Table 3

Clinical studies combining 5-FU and paclitaxel

Reference q

(weeks)

Paclitaxel

regimen

5-FU

regimen

LV Tolerable dose of

paclitaxel–5-FU

per cycle (mg/m2)

Tumour

type

Prior

chemotherapy

No. of evaluable

patients

RR

(%)

[38] 2 d 1 1 h d 1–5, 8–12 cia � 135–3500 Breast � 16 38

[39] 3 d 1 3 h d 2 3 h � 175–1500 Gastric � 29 66

[40] 3 d 1 3 h d 1, 8, 15 bb � 225–1500 Gastric + 15 13

[41] 3 d 1 3 h d 1–5 2 h + 175–3000 Nasopharyngeal + 24 13

[42] 3 d 1 3 h d 2–5 b + 175–1480 Solid � 17 35

[43] 3 d 1–4 ci d 5 23 h + 140–1000 Solid + 10 70

[44] 4 d 1 3 h d 1–3 b + 175–1050 Breast + 52 52

[45] 6 d 1, 22 3 h d 1–42 ci � 350–10500 Breast + 42 50

[46] 8 d 1, 22 3 h d 1, 8, 15, 22, 2, 9, 36, 24 h + 350–12000 Breast + 34 53

[47] 8 d 1, 22 3 h d 1, 8, 15, 22, 29, 36, 24 h + 350–12000 Gastric � 22 32

q, every; d, day; h, hour; RR, response rate; LV, leucovorin; 5-FU, 5-fluorouracil.
a ci, continuous infusion.
b b, bolus infusion.
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[48]. Another phase I study using a similar schedule
found similar MTDs in pretreated breast cancer patients
[49]. This study was the only one to mention that the
doses were administered on time and without dose
reductions in 97 and 95% of the cycles, respectively. Of
note, two other studies found a lower MTD especially
for docetaxel, despite an even longer schedule of 3–4 or
4 weeks instead of 3 weeks [52,53]. The Japanese study
of Ando and colleagues did not administer corticoster-
oid premedication and was the only one to report grade
3–4 diarrhoea as a DLT in 2 out of 6 patients at their
highest dose level [52]. Petit and colleagues did not
continue dose escalation because of grade 4 neutropenia
lasting for more than 7 days and neutropenic fever in
their heavily pretreated patients [53]. Pharmacokinetic
analyses noticed no apparent relationship between the
clearance and AUC of both docetaxel and 5-FU [48]. In
general, the combination of 5-FU and a taxane seems
feasible and the observed response rates at least do not
suggest an antagonistic effect. Randomised phase II/III
studies will be required to adequately assess efficacy.

5. Taxane/capecitabine combinations

5.1. Preclinical studies

Capecitabine is an oral prodrug of 5-FU that is con-
verted along a pathway with three enzymes to the active
compound 5-FU. The final step of conversion into 5-FU
is catalysed by thymidine phosphorylase (TP), an
enzyme that is more abundantly expressed in tumour
tissue than in healthy cells. In studies with human colon
and breast cancer xenografts in nude mice, both pacli-
taxel and docetaxel enhanced the level of TP in tumour
cells [54]. These in vitro data support the use of the
combination of capecitabine and taxanes. Indeed,
simultaneous treatment of paclitaxel or docetaxel with
orally administered capecitabine showed synergistic
antitumour activity in the xenograft models, while
only additive activity was noted with a taxane–5-FU
combination.

5.2. Clinical studies

Six trials explored the clinical feasibility of oral cape-
citabine in combination with a taxane in a 3-weekly
schedule (Table 5) [55–60]. The encountered DLT in the
combination with paclitaxel was neutropenia, while
other side-effects were similar to those following
administration of the single agents [56]. Of notice, asth-
enia was the DLT for the combination with docetaxel
[60]. Extensive pharmacokinetic analyses revealed no
significant effects of paclitaxel or docetaxel on the AUC
of capecitabine and its metabolites, and vice versa [56,60].
Combining capecitabine with a taxane therefore
seems attractive, with acceptable toxicity and a promis-
ing efficacy. Data from a large randomised phase III
trial in 511 metastatic breast cancer patients relapsing
after anthracycline-based therapy showed superior activity
with the combination of docetaxel and capecitabine versus
docetaxel single agent therapy [59]. The combination
resulted in a RR of 42% and a median survival of 13.7
months (95% CI: 12.3–16.1), versus a RR of 30% and a
median survival of 11.1 months (95% CI: 9.8–12.4) for
docetaxel alone.

6. Taxane/gemcitabine combinations

6.1. Preclinical studies

Gemcitabine is a nucleoside analogue that impairs DNA
synthesis. It is phosphorylated intracellularly to active tri-
phosphate metabolites, the intracellular concentrations are
increased and prolonged by several self-potentiating
mechanisms [62]. After in vitro exposure to gemcitabine,
human lung cancer cells accumulated in the G0–G1 and
S phases [63,64].

6.2. Paclitaxel/Gemcitabine

Clonogenic survival assays of human tumour cell lines
have shown less than additive cytotoxicity for any
sequential exposure to gemcitabine and paclitaxel, and

Table 4

Clinical studies combining 5-FU and docetaxel

Reference q

(weeks)

Docetaxel

regimen

5-FU

regimen

LV Tolerable dose of

docetaxel–5-FU

per cycle (mg/m2)

Tumour

type

Prior

chemotherapy

No. of evaluable

patients

RR

(%)

[48] 3 d 1 1 h d 1–5a ci � 85–3750 Solid + 39 13

[49] 3 d 1 1 h d 1–5 ci � 85–3750 Breast + 32 56

[50] 3 d 2 1 h d 1–4 2 h + 80–2400 Gastric � 26 31

[51] 3 d 1, 8, 15 d 1–14 ci � 75–2100 Gastric � 10 100

[52] 3–4 d 1 1 h d 1–5 ci � 50–2500 Breast + 18 50

[53] 4 d 1 1 h d 1–5 ci � 60–1500 Solid + 37 8

q, every; 5-FU, 5-fluorouracil; d, day; h, hour; LV, leucovorin; RR, response rate.
a ci, continuous infusion.
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antagonism for concomitant exposure to both drugs
[65]. Kroep and colleagues investigated various combi-
nations of both simultaneous and sequential adminis-
tration of gemcitabine and paclitaxel in 4- and 24-h
intervals in non-small cell lung cancer cell lines [66].
Multiple drug effect analysis from non-clonogenic
assays in this study showed that any sequence resulted
in not more than additive cytotoxicity [66]. However, as
the administration of paclitaxel prior to gemcitabine
was found to increase both the accumulation of gemci-
tabine triphosphate in the tumour cells, the incorpora-
tion of gemcitabine into RNA as well as the apoptotic
index, this sequence might be favourable. Studies of
various schedules of combined treatment of paclitaxel
and gemcitabine in xenograft models of adenocarcinoma
in mice resulted in an enhanced delay of tumour growth
compared with monotherapy with either agent [67].
Although the efficacy was dependent on schedule and
sequence, lethal toxicity was frequently encountered. So
far, no conclusive preclinical data support the use of a
specific sequence of gemcitabine and a taxane. One
could even state that the available preclinical data do
not really support the use of such combinations in man.

6.3. Clinical studies

Nevertheless, in view of the relevant single agent
activity of these agents, numerous studies have explored
a large variety of dosing schedules of the combination
regimen, especially in the treatment of metastatic breast
cancer and non-small cell lung cancer (Tables 6 and 7).
Although not all trials reported the sequence of admin-
istration, most used a schedule of a taxane followed by
gemcitabine. A possible correlation of the dosing schedule
and the MTDs of the multidrug regimen is obscured by
the large variety of investigated schedules, in various
tumour types with different extents of pretreatment. The
fact that almost all of these studies were investigator initi-
ated explains the apparent lack of a systematic approach.

6.4. Paclitaxel/Gemcitabine

A pharmacokinetic analysis of the combination of
paclitaxel and gemcitabine was performed in patients
with non-small cell lung cancer [93]. The accumulation
of gemcitabine triphosphate (dFdCTP) in mononuclear
cells was significantly higher with a Cmax of 106 pmol/
106 cells with paclitaxel at a dose of 200 mg/m2, com-
pared with 88 pmol/106 cells with paclitaxel at a dose of
150 mg/m2. Moreover, the Cmax of dFdCTP shifted
from 2 h after the administration of gemcitabine as a
single agent or with paclitaxel 150 mg/m2 to 4 h after
gemcitabine and paclitaxel 200 mg/m2. Although the
pharmacokinetics of either drug were not affected by the
other agent, paclitaxel seems to increase the accumula-
tion of the active metabolite of gemcitabine [91,93].
Combining gemcitabine and paclitaxel in a 2- or 3-
weekly cycle appeared feasible and mainly resulted in
neutropenia and mild neurotoxicity (Table 6). The
addition of granulocyte-colony stimulating factor (G-
CSF) does not seem to increase the MTDs of both
paclitaxel and gemcitabine [75,83,87]. Two trials using a
3-weekly cycle reported difficulty in administering gem-
citabine at day 15 due to myelotoxicity [84,85]. In sche-
dules administering paclitaxel at day 8, the MTDs of
paclitaxel were relatively low due to observed grade 4
neutropenia [86,87,92]. De Pas and colleagues reported
a higher delivered dose intensity for both agents at one
dose level below the one of MTD (paclitaxel 100 mg/m2

and gemcitabine 1500 mg/m2) and subsequently recom-
mended this dose level for further testing [91]. Unfortu-
nately, only few other studies reported the actually
delivered dose intensities [74,77,83,87]. Regarding the
planned monthly doses in Table 6, a 2-weekly adminis-
tration of both drugs seems to achieve the highest dose
per unit of time. Full papers of this schedule confirm its
good tolerability [69,72,74].
Only recently, dose-limiting severe pulmonary toxicity
has been described in detail as a side-effect of the

Table 5

Clinical studies combining capecitabine and a taxane

Reference Taxane

regimen

Capecitabine

regimen

Tolerable dose of

taxane–capecitabine

per administration

(mg/m2)

Tumour

type

Prior

chemotherapy

No. of evaluable

patients

RR

(%)

[55] d 1 3 h d 1–14 P 175–1650 Breast + 19 56

[56] d 1 3 h d 3–21 P 175–1331 Solid + 17 0

[57] d 1 d 1–14 P 175–2000 Breast + 64 63

[58] d 1 d 1–14 P 175–1650 Breast + 37 49

[59] d 1 1 h d 1–14 D 75–2500 Breast + 255 42

[60] d 1 1 h d 1–14 D 100–1650 Solid + 33 15

[61] d 1, 8 , 15 d 5–18 D 36–1250 Solid � 15 27

RR, response rate; d, day; h, hour; P, paclitaxel; D, docetaxel. All studies used a 3-weekly cycle, except Ref. [61].
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combination of gemcitabine and paclitaxel [90]. Despite
standard corticosteroid premedication, other studies
have occasionally reported patients with severe lung
oedema [69,71,72].

6.5. Docetaxel/Gemcitabine

Even more studies have explored numerous schedules
combining docetaxel and gemcitabine (Table 6). To our
knowledge, pharmacokinetic parameters of the gemci-
tabine-docetaxel combination therapy have not been
published in detail [118]. No full papers have yet been
published on a weekly or 2-weekly schedule. Most
studies administering docetaxel at day 1 of a 3-weekly
cycle used a fixed dose, despite the lack of a full paper of
a dose finding trial on such a regimen [99,100,102–104].
As docetaxel induces neutropenia after 5–8 days, more
recent studies investigated a 3-weekly cycle administer-
ing docetaxel at day 8 in order to enable the repeated
infusion of gemcitabine at the same day [105–116].
Rischin and colleagues noticed in their dose finding
study a good tolerability, with neutropenic fever and
prolonged grade 4 neutropenia as the DLTs [112]. Other
commonly noticed side-effects were alopecia and asthenia.
Data on the achieved dose intensities of the 3-weekly

regimens ranged from 75 to 90% and from 73 to 94%,
for docetaxel and gemcitabine, respectively [103,104,109,
112–114,116]. Regarding Table 7, the support of G-CSF
does not seem to enable a relevant higher dose of both
agents. Although no direct comparisons have been
made, most of the 3-weekly schedules administering
docetaxel at day 8 seemed to give a somewhat higher
dose of docetaxel, as compared with those administering
docetaxel at day 1. A 4-weekly cycle even using a very low
dose of docetaxel at day 15 appeared not to be feasible
because of thrombocytopenia and elevated liver
enzymes [125,127]. Likewise, two studies using a cycle of
4 weeks with docetaxel on day 1 reported a delivered
dose intensity of only 64 and 74% for gemcitabine, due
to required dose reductions at day 8 or 15 because of
myelotoxicity [123,125]. As a consequence, 4-weekly
schedules do not result in an adequate dose intensity of
both agents.
While some studies with the docetaxel-gemcitabine
combination have also occasionally reported pulmonary
toxicity [108,112,113,119,121,124,131,132], Dunsford
and colleagues described a high incidence of severe lung
toxicity in 4 out of 7 patients with metastatic urothelial
cancer, despite the use of dexamethasone starting 24 h
prior to treatment [100]. Another study was prematurely

Table 6

Clinical studies combining gemcitabine and paclitaxel

Reference q

(weeks)

Fixed

dose

Paclitaxel

regimen

Gemcitabine

regimen

Tolerable dose of

paclitaxel–gemcitabine

per administration

(mg/m2)

Tolerable dose of

paclitaxel–gemcitabine

per month (mg/m2)

Tumour

type

Prior

chemotherapy

No. of

evaluable

patients

RR

(%)

[68] 1 + d 1 1 h d 1 85–1000 267–3240 Lung � 28 14

[69] 2 + d 1 3 h d 1 1 h 150–2500 300–5000 Breast � 38 68

[70] 2 d 1 1 h d 1 175–3000 350–6000 Lung � 26 35

[71] 2 + d 1 3 h d 1 150–3000 300–6000 Lung � 10 20

[72] 2 + d 1 3 h d 1 150–2000 300–4000 Lung � 89 32

[73] 2 + d 1 3 h d 1 135–2500 270–5000 Breast + 44 45

[74] 2 d 1 3 h d 1 150–3000 300–6000 Solid + 37 5

[75] 2 + d 1 3 h d 1+G-CSF 150–2500 300–5000 Bladder + 15 53

[76] 3 + d 1 3 h d 1, 8 200–1000 267–2667 Lung � 49 24

[77] 3 + d 1 3 h d 1, 8 200–1000 267–2667 Lung � 64 38

[78] 3 + d 1 3 h d 1, 8 175–1000 233–2667 Lung � 10 50

[79] 3 + d 1 3 h d 1 , 8 175–1250 233–3333 Lung + 20 50

[80] 3 d 1 3 h d 1 ,8 200–1300 267–3467 Solid + 25 16

[81] 3 d 1 3 h d 1, 8 150–900 200–2400 Solid + 18 22

[82] 3 d 1 1 h d 1, 8 225–1200 300–3200 Bladder � 12 67

[83] 3 d 1 1 h d 1, 8+G-CSF 240–1000 320–2667 Breast + 30 53

Ovarian + 13 46

[84] 3 + d 1 1 h d 1, 8, (15) 200–1000 267–2667 Bladder � 35 57

+ 15 47

[85] 3 + d 1 3 h d 1,8, (15) 175–1000 233–2667 Breast + 29 55

[86] 3 d 8 d 1, 8 175–1000 233–2667 Ovarian + 10 40

[87] 3 + d 8 3 h d 1, 8+G-CSF 175–900 233–2400 Lung + 49 18

[88] 3 + d 1, 8, 15 d 1, 8 80–1000 320–2000 Lung + 16 19

[89] 4 d 1, 8, 15 3 h d 1, 8, 15 130–1000 390–3000 Solid � 24 17

[90] 4 d 1, 8, 15 1 h d 1, 8, 15 40–1000 120–3000 Lung � 8 38

[91] 4 d 1, 8,15 1 h d 1, 8, 15 100–1500 300–4500 Lung � 30 43

[92] 4 d 8 d 1, 8, (15) 100–800 100–2400 Ovarian + 8 50

q, every; d, day; h, hour; RR, response rate; G-CSF; granulocyte-colony stimulating factor. All studies administered gemcitabine as a 30-min infusion, unless

stated otherwise.
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terminated because of severe lung toxicity in 5 out of 26
lung cancer patients [128]. The discrepancy in observed
pulmonary toxicity cannot be explained by a difference
in sequence, as Rizvi and colleagues found no difference
in clinical toxicity for either regimen [118].
When looking at the planned dose intensities of the
various schedules in Table 7, a cycle of 2 or 3 weeks
might be favoured in terms of a maximal dose intensity
and good tolerability. For 3-weekly schedules, docetaxel
may be preferentially administered at day 8. However,
side-effects still render the combination of these two

agents not very interesting and, in view of the lack of
preclinical evidence to combine these agents, it may be
worthwhile to consider halting further clinical develop-
ment.

7. Conclusions

Table 8 summarises preclinical, clinical and pharma-
cokinetic data on the combination treatment of taxanes
and antimetabolites.

Table 7

Clinical studies combining gemcitabine and docetaxel

Reference q

(weeks)

fixed

dose

Docetaxel

regimen

Gemcitabine

regimen

Tolerable dose of

docetaxel–gemcitabine

per administration

(mg/m2)

Tolerable dose of

docetaxel—gemcitabine

per month (mg/m2)

Tumour

type

Prior

chemotherapy

No. of

evaluable

patients

RR

(%)

[94] 1 d 1 d 1 40–800 160–3200 Pancreas � 20 ?

[95] 2 d 1 d 1 75–3000 150–6000 Solid ng 16 19

[96] 2 d 1 d 1 0.5 h 55–3500 110–7000 Solid � 23 13

d 1 10 mg/min 50–1600 100–3200

[97] 2 + d 1 d 1 +G-CSF 50–1500 100–3000 Breast � 34 59

[98] 3 d 1 d 1, 5 75–900 100–2400 Lung � 22 27

[99] 3 + d 1 d 1, 15 65–1000 87–2667 Lung � 19 47

[100] 3 + d 1 d 1, 15 60–1000 80–2667 Bladder � 5 0

[101] 3 d 1 d 1, 8 80–900 107–2400 Lung + 23 39

[102] 3 + d 1 1 h d 1, 8 80–1000 106–2667 Breast + 30 60

[103] 3 + d 1 d 1, 8+G-CSF 75–1000 100–2667 Breast + 39 36

[104] 3 + d 1 1.5 h d 1, 10+G-CSF 80–1000 107–2667 Lung � 34 50

[105] 3 d 8 d 1 85–900 113–2400 Lung � 9 22

[106] 3 + d 8 d 1, 8 75–1000 100–2667 Lung � 8 25

[107] 3 � d 8 d 1, 8 60–800 80–2133 Lung � 30 15

[108] 3 d 8 d 1, 8 85–1000 113–2667 Lung � 16 38

[109] 3 + d 8 d 1, 8 75–1000 100–2667 Lung ng 37 46

[110] 3 d 8 d 1, 8 90–1000 120–2667 Solid + 25 ?

[111] 3 + d 8 d 1, 8 85–1000 113–2667 Solid + 5 40

[112] 3 d 8 d 1, 8 85–1200 113–3200 Solid � 28 29

[113] 3 + d 8 d 1, 8 +G-CSF 100–900 133–2400 Lung � 51 37

[114] 3 + d 8 d 1, 8 +G-CSF 100–900 133–2400 Breast + 52 54

[115] 3 + d 8 d 1, 8+G-CSF 75–1000 100–2667 Bladder � 16 50

[116] 3 + d 8 d 1, 8+G-CSF 100–1000 133–2667 Pancreas � 54 13

[117] 3 d 1, 8 d 1, 8 40–1000 107–2667 Breast + 19 16

[118] 3 d 1, 8 d 1, 8 40–800 106–2133 Solid � 23 30

[119] 3 + d 1, 8 d 1, 8 30–800 80–2133 Lung + 40 33

[120] 3 + d 2, 9 d 1, 8 40–1000 106–2667 Lung + 15 60

[121] 4 d 1 d 1, 8, 15 60–600 60–1800 Solid + 21 29

[122] 4 d 1 d 1, 8, 15 70–800 70–2400 Solid � 24 0

[123] 4 + d 1 d 1, 8, 15 100–800 100–2400 Breast + 32 59

[124] 4 d 1 d 1, 8, 15, 10 mg/min 80–1000 80–3000 Lung � 8 25

idem 80–800 Lung + 10 20

[125] 4 d 1 1 h d 1, 8, 15 100–800 100–2400 Solid + 40 35

d 15 1 h d 1, 8, 15 <45–800 <45–2400

[126] 4 + d 1 1 h d 1, 8 100–800 100–2400 Lung + 40 33

[127] 4 + d 15 1 h d 1, 8, 15 <85–800 <85–2400 Solid + 11 9

[128] 4 d 1, 8, 15 d 1, 8, 15 40–1000 120–3000 Lung � 16 25

[129] 4 + d 1, 8, (15) d 1, 8, (15) 30–800 90–2400 Lung � 41 29

[130] ng + d 1 d 1, 8, 15 75–800 75–2400 Pancreas ng 9 33

[131] 3 or 4 + d 8 d 1, 8 75–1000 150–2000 Lung � 13 31

G-CSF, granulocyte-colony stimulating factor; d, day; h, hour; RR, response rate; q, every; idem, the same; ng, data not given in publication. All studies

administered docetaxel as a 1 h infusion and gemcitabine as a 30-min infusion, unless stated otherwise.
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Preclinically observed synergism for the sequence of
MTX prior to a taxane might explain excessive bone
marrow toxicity found in some clinical studies. However,
despite in vitro observed antagonism, simultaneous expo-
sure resulted in high response rates and good tolerance in
patients with breast cancer and urothelial cancer, although
the results do not look strikingly different from the
reported single agent activities. Thus, MTX/taxane
combinations may not be ideal for pursuing further
studies. As the antagonistic effect of 5-FU prior to
paclitaxel was evident from the in vitro studies, all clinical
studies used the reverse sequence. Various schedules
appeared feasible and effective in both gastric and
breast cancer patients. Again, activity data are not very
different from the single agent data, with the clear
exception for the combination of capecitabine with
docetaxel in breast cancer. Despite a lack of preclinical
data suggesting synergism for any combination schedule
of gemcitabine and a taxane, many studies using multi-
ple schedules have noted efficacy, especially in metastatic
breast cancer and non-small cell lung cancer, although not
strikingly dissimilar from the single agent activity. An
optimal schedule has, however, not yet been established.
Regarding data on actually delivered dose intensities, a 2-
or 3-weekly cycle might be favoured and most feasible.
Possible severe pulmonary toxicity warrants cautious
monitoring of patients treated with this combination.

Combining two chemotherapeutic agents is not simply a
matter of putting antitumour activities together. Drug
interactions may result in synergism, not only of efficacy,
but also of toxic side-effects. Adding two drugs may also
cause antagonism in drug efficacy due to unwanted inter-
ference in cytotoxicity or pharmacokinetics. It is there-
fore disappointing that, in the vast majority of reviewed
clinical studies, the preclinical evidence of schedule
dependency was simply ignored and the sequence of drug
administration was not made part of the clinical protocol.
Besides interference with the pharmacokinetics of an
antimetabolite by a taxane, or vice versa, the vehicle CrEL
might also have a major impact on the pharmacokinetics
of drugs other than paclitaxel itself. If one compares the
number of studies done on antimetabolites plus taxanes
as summarised in Tables 1–7 with the number of studies
that include an adequate assessment of pharmaco-
kinetics, the lack of such assessments becomes striking.
This suggests that investigators are not adequately
aware of the possible pharmacokinetic interactions and
the necessity at least to exclude negative interactions.
Clearly, trial design issues are not appropriately con-
sidered. This is a major concern since, in the case of
these combinations, the increase and duplication of likely
unnecessary trials may not have benefited our patients. A
better use of registries of trials seems warranted to avoid
such duplications.

Table 8

Summary of taxanes and antimetabolites

Drug combination Sequence In vitro studies Pharmacokinetic studies Clinical studies

Paclitaxel and

MTX MTX-P Synergism Scarce Toxic

P-MTX Antagonism ? ?

Concomitant Antagonism ? Feasible

5-FU 5-FU-P Antagonism ? ?

P-5-FU Synergism ? Effective and feasible

Concomitant Antagonism ? ?

Capecitabine C-P ? ? ?

P-C ? No change Feasible

Concomitant Synergism No change Effective and feasible

Gemcitabine G-P No synergism ? Feasible

P-G No synergism No change Feasible

Concomitant No synergism No change ?

Docetaxel and

MTX MTX-D ? (edatx: synergism) No change Toxic

D-MTX ? (edatx: antagonism) ? ?

Concomitant ? (edatx: mixed results) No change Feasible

5-FU 5-FU-D ? ? ?

D-5-FU ? Scarce Effective and feasible

Concomitant Synergism ? ?

Capecitabine C-D ? ? ?

D-C ? No change ?

Concomitant Synergism No change Effective and feasible

Gemcitabine G-D ? ? Feasible

D-G ? ? Feasible

Concomitant ? ? ?

MTX, methotrexate; D, docetaxel, 5-FU, 5-fluorouracil; P, paclitaxel; C, capecitabine; G, gemcitabine; edatx, edatrexate.
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For agents acting at a specific phase of the cell cycle,
the sequence of administration may determine the effi-
cacy and toxicity of a combination. Because of observed
discrepancy between the in vitro data and clinical studies,
we would like to stress the urge for adequate dose finding
clinical trials together with pharmacokinetic data analysis
before examining any new combination chemotherapy in
more detail in phase II studies. With the exception of
the combination of capecitabine with docetaxel, other
combinations of antimetabolites with taxanes were
either not very promising or very toxic. Further studies
should only be started after careful consideration of the
data available.
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