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The cardiotoxicity of anthracyclines has largely prevented
dose intensification, but the use of liposomal preparations
(e.g. Caelyx/Doxil) allows much higher intra-tumoral concen-
trations to be achieved without cardiotoxicity. However, it is
uncertain how much this will improve response rates over
standard anthracycline therapy. The ATP-based chemosen-
sitivity assay (ATP-TCA) has been used to develop new
regimens for several tumor types, to investigate the mole-
cular basis of chemosensitivity and shows considerable
promise as a clinical method for individualizing chemother-
apy. In this study, we have used the ATP-TCA to determine
the concentration responsiveness of tumor-derived cells to
concentrations of doxorubicin. The 22 tumor samples
included were obtained from 20 heavily pretreated patients
with recurrent ovarian cancer. Eight had previous anthracy-
cline exposure, four as part of the CAP regimen. The results
show more than 95% inhibition at clinically achievable
concentrations in 11 of 22 tumors tested. Of the rest, seven
showed a plateau effect between 80 and 95% inhibition,
suggesting that there might be a subset of resistant cells
present that is not inhibited by high concentrations of
doxorubicin. Two tumors showed complete resistance and
neither of these had previously received anthracycline
therapy. As it has been suggested that gemcitabine might
enhance anthracycline sensitivity in combination and we
have had good results with gemcitabine modulation of
alkylating agents in the assay, we have tested the combina-
tion of doxorubicin+gemcitabine under assay conditions in
11 tumors with little indication of improvement. In conclu-
sion, doxorubicin at concentrations achievable with liposo-
mal preparations shows strong ex vivo activity against pre-
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treated recurrent ovarian cancer in just over half of the cases
tested. [© 2000 Lippincott Williams & Wilkins.]
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Introduction

Dose intensificaton of anthracyclines such as doxor-
ubicin is an attractive proposition as these drugs are
very active against some solid tumors, including
ovarian cancer."” However, their toxicity has pre-
vented their use at high dose until liposomal prepara-
tions such as Doxil/Caelyx were devised.®> Liposomal
doxorubicin (Caelyx/Doxil; Schering Plough/Sequus)
enhances intra-tumoral or intra-effusion delivery of the
drug to produce local concentrations of doxorubicin 4-
to 16-fold greater than those achievable with the
standard soluble preparation.4'7 Liposomal doxorubi-
cin also shows considerable reduction in cardiotoxi-
city, although other toxicities such as palmar-plantar
erythema and dyspnea occur.®

Liposomal doxorubicin has been shown to be active
in Kaposi’s sarcoma,”'® and in a proportion of
patients with other solid tumors.'* While its activity
in melanoma was disappointing,'> liposomal doxo-
rubicin has shown activity against breast carcinoma'®”
'8 and ovarian cancer.”' Since these tumors are
classically associated with anthracycline responsive-
ness, it seems rational to regard liposomal doxorubicin
as a method of increasing the dosage of anthracycline
in these patient groups. However, it is uncertain how
much the use of higher-dose density of doxorubicin
will improve response rates in comparison with
standard anthracycline therapy used alone or in
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combination. Since single-agent anthracyclines are
rarely used in the treatment of ovarian cancer, we
have used an ATP-based chemosensitivity assay (ATP-
TCA)* to determine the concentration responsiveness
of tumor-derived cells to concentrations of doxorubi-
cin achievable with liposomal preparations such as
Caelyx/Doxil. In this study we have only used the
standard soluble form of doxorubicin, as there is
evidence that the liposomal preparation is inactive in
vitro'?.

Materials and methods

Tumor-derived cells were obtained from patients
undergoing chemosensitivity testing to guide rescue
therapy for heavily pre-treated recurrent ovarian
cancer. Doxorubicin was tested at 5 times the normal
test drug concentration (TDC) used in the assay to
mimic the concentration achieved by the liposomal
preparation in patients.G‘7

Tumors

Tumor-derived cells were obtained from 22 samples
from 20 pre-treated patients with recurrent ovarian
carcinoma, one of whom was thought clinically to
have a Fallopian tube carcinoma treated according to
ovarian cancer protocols and one an ovarian mesothe-
lioma, treated similarly. The study included 16 ascites,
two pleural fluids and four solid tumor samples.
Previous treatment of these patients included first-line
platinum-based therapy and second-line therapy with a
variety of agents. Seven patients had previously
received anthracyclines, four as part of the CAP
regimen. Ascites or solid tumor was transported to
the laboratory in cell culture medium (DMEM; Sigma,
Poole, UK) with antibiotics (100 U/ml penicillin and
100 pg/ml streptomycin; Gibco/BRL, Paisley, UK) at
4°C. For ascites and pleural fluids, a 250 ml bottle was
used containing 1 ml calcium heparin (5000 U/ml)
and 25 ml culture medium (with 10 mM HEPES;
Sigma) to provide support to the cells during transport
and prevent clotting of any blood present in the
specimen. Solid tumors were transported in 25 ml
universal containers with 10 ml culture medium
(DMEM) to which antibiotics (100 U/ml penicillin
and 100 ug/ml streptomycin) and HEPES (10 mM)
were added.

ATP-TCA
The ATP-TCA was performed as previously de-
scribed®®** and according to the manufacturer’s
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instructions (TCA-100; DCS Innovative Diagnostik
Systeme, Hamburg, Germany). Briefly, cells from
ascites or enzymatic digestion of solid tumor were
placed in 96-well polypropylene microplates at 10 000
or 20000 cells/well, respectively, with each drug/
combination at six doubling dilutions in triplicate from
200 to 6.25% TDC. The plate was then incubated at
37°C in 5% CO, for 6 days. The degree of cell
inhibition at the end of this period was assessed by
measurement of the remaining ATP in comparison
with negative control (no drug, MO) and positive
control (maximum inhibitor, MI) rows of 12 wells.
ATP was extracted from the cells and measured by
light output in a microplate luminometer (Berthold
Diagnostic Systems) following addition of luciferin-
luciferase. TDCs were 0.5 pg/ml for doxorubicin and
25 ug/ml for gemcitabine. Doxorubicin was used at 5
times the normal assay TDC to mimic the likely
concentration achievable in patients (i.e. 2.5 ug/ml).

Data analysis

The percentage inhibition for each drug concentra-
tion was calculated as 1— [(test—MI)/
(MO —MD] x 100 using an Excel spreadsheet (Micro-
soft). For each drug-concentration curve, the area
under the curve (Index,yc), the sum of the inhibition
at each concentration (Indexgyy), the 50% inhibitory
concentration (ICsq) and the 90% inhibitory concen-
tration (ICoy) were calculated as previously de-
scribed.”®

Results

There is considerable heterogeneity of response to
doxorubicin between different tumors, as we have
observed with most chemotherapeutic agents in a
variety of solid tumors. Table 1 shows the response for
each of the drugs and combinations tested in each
tumor, expressed as Indexgyy. Those with an
Indexgyy less than 300 would be expected to show
clinical effects, if 100% inhibition is achieved at
clinically relevant concentrations (i.e. 100% TDC or
less). The median ICy, for doxorubicin was 1.38 ug/ml
(55% TDC) and the median ICsq was 0.33 ug/ml (13%
TDO).

Use of the Indexgyy for analysis ignores the shape of
the concentration-inhibition curves, which are shown
in Figure 1. On this basis doxorubicin x 5 shows high
activity with more than 95% inhibition in 11 of 22
(50%) and more than 99% cell inhibition in six of these
(28% of total), while in nine of 22 (41%) tumors the
inhibition reaches a plateau at 80-95% inhibition.



Doxorubicin and recurrent ovarian cancer

Table 1. Tumors tested and their clinical characteristics [samples 3 and 4 represent the same patient, as do 6 and 8
(where there was intervening therapy with treosulfan+gemcitabine)]

TCA no. Tumor diagnosis Age (years) Previous chemotherapy Specimen type
1 ovarian carcinoma 50 1,14 ascites

2 ovarian carcinoma 50 2,5 tumor

3 ovarian carcinoma 34 1,2,3 ascites

4 ovarian carcinoma 34 1,2,3 ascites

5 ovarian carcinoma 64 1,413 ascites

6 ovarian carcinoma 49 3,11 ascites

7 ovarian carcinoma 65 2,3 ascites

8 ovarian carcinoma 49 3,11,12 ascites

9 ovarian carcinoma 62 3,9 tumor
10 ovarian carcinoma 64 3,5 ascites
11 ovarian carcinoma 50 1,3 ascites
12 ovarian carcinoma 66 3 ascites
13 tubal carcinoma 64 3,18 ascites
14 ovarian carcinoma 69 8 ascites
15 unknown 1 primary 60 none pleural fluid
16 ovarian carcinoma 61 unknown ascites
17 mesothelioma (ovarian) 28 1,7 ascites
18 ovarian carcinoma 66 245 pleural fluid
19 ovarian carcinoma 62 3,5 ascites
20 ovarian carcinoma 41 6 tumor
21 ovarian carcinoma 73 3,5 tumor
22 ovarian carcinoma 55 1,15,16,17,1 ascites

1, carboplatin (single agent); 2, CAP; 3, carboplatin+paclitaxel; 4, mitoxantrone+paclitaxel; 5, carboplatin or cisplatin+gemcitabine; 6, liposomal
doxorubicin+paclitaxel+gemcitabine; 7, paclitaxel (single agent); 8, chlorambucil (single agent); 9, topotecan (single agent); 10, etoposide
(single agent); 11, treosulfan (single agent); 12, treosulfan+gemcitabine; 13, vinorelbine (single agent); 14, epirubicin+paclitaxel; 15,
cisplatin+treosulfan; 16, epirubicin+cisplatin; 17, cyclophosphamide+5-fluorouracil; 18, mitoxantrone (single agent).
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Figure 1. Example concentration—inhibition curves for
doxorubicin x5 in the ATP-TCA, showing the plateau at
high inhibition, resistance and sensitivity in three recurrent
ovarian carcinomas.

Complete resistance with inhibition not greater than
80% at any concentration tested was only seen in two
of 22 (9%) tumors tested: neither of these had received
previous anthracycline therapy. All six tumors in

which both ranges of doxorubicin were tested (x 1
and x5) show the expected increased activity of
doxorubicin X 5 in comparison with doxorubicin, but
in none of the four of these tumors with less than 95%
inhibition did the higher concentration range lead to
greater than 95% inhibition. However, in the 11 tumor
samples which did achieve 95% inhibition when tested
with doxorubicin X 5, 95% inhibition was still present
at 25% of the TDC in seven cases, suggesting that the
clinical dose of liposomal doxorubicin would greatly
exceed that required to inhibit greater than 95% of the
cells in these tumors. This would not be achieved
using the standard concentration of doxorubicin.

The combination of gemcitabine with doxorubicin
x 5 showed some improvement in the Indexgy;, but
this only translated into an improvement in the
achievable percent inhibition in one of 11 tumours
in which the combination was tested (Table 2). The
improvement in Indexgyy Wwas generally due to
improvement of the percent inhibition at lower
concentrations of the two drugs, where there was at
least an additive effect in three of the tumors which
showed a decrease in Indexgyy of 50 points or more.
In keeping with this, the median ICy, for the
combination was 27% TDC and the median ICs, was
5% TDC, both of which are lower than the figures
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Table 2. The chemosensitivity Index sym for each patient for each of the three drugs tested, and the median and range for
all four parameters measured on the series of patients included in the study

TCA no. Doxorubicin Doxorubicin x 5 Doxorubicin x 5 and Gemcitabine
gemcitabine
1 261** 81** ND 170
2 164** 36** ND 425
3 5267 295* ND 393
4 484R 348" 3197 540
5 398" 173 60** 159
6 ND 195* ND ND
7 290* 177* ND 297
8 ND 284* 186* 375
9 ND 317* 169** 243
10 ND 1657 143% 259
11 ND 102** 39* 208
12 ND 202* 163* 446
13 ND 82* 29** 296
14 ND 85** o7** 176
15 ND 111 51** 155
16 ND 47** 5** 19
17 ND 154** ND 372
18 ND 194* ND 383
19 ND 268* ND 160
20 ND go** ND 313
21 ND 183* ND 475
22 ND 152** ND 374
Median 344 165 60 296
Range 164-526 36-348 5-319 159-540
Description
number 6 11 22
Indexsum 344 (164-526) 165 (36-348) 60 (5-319) 305 (19-540)
IndeXauc 11116 (3737—16974) 17043 (10999-19040) 18172 (11915-19333) 11362 (3105—18988)
ICgo 233 (83-429) 55 (12-311) 27 (6-300) 261 (6-980)
ICs 56 (10-238) 13 (4-51) 5 (3-27) 35 (3-545)

An index lower than 300 indicates strong sensitivity in the assay, if >95% inhibition is achieved. Those which achieved this are denoted by “*',
those with best inhibition of 80-95% by “’ and those with evidence of resistance by ©* (<80% at any concentration).

cited above for doxorubicin alone. An example of one
of these tumors is shown in Figure 2.

Discussion

Increasing the concentration of doxorubicin does not
always induce greater cell inhibition at the clinically
relevant concentration, as the concentration-response
curve tends to plateau at 80-95% cell inhibition. It is
likely that the remaining cells will survive and produce
resistance. The ATP assay is very sensitive and will
detect less than five cells left in the well after the
culture period. It is notable that total inhibition
equivalent to maximum inhibitor (MI) wells was seen
in 28% of the tumors tested, a figure which is
remarkably similar to the response rate observed in
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Figure 2. The influence of combining high-concentration
doxorubicin with gemcitabine in an example showing an
additive effect.



vivo with Caelyx/Doxil in recurrent ovarian cancer."?

Whether this parameter will prove to be the best
predictor of the clinical activity of liposomal doxor-
ubicin remains to be seen and at present it seems
sensible to regard those with a percent inhibition
greater than 95% at 100% TDC for doxorubicin x5 as
likely to respond to liposomal doxorubicin.

Doxorubicin is a classical topoisomerase inhibitor
which acts through stabilization of the transient
topoisomerase-DNA cleavable complex resulting in
DNA strand breakage and cell death. Mechanisms of
resistance to doxorubicin include downregulation of
topoisomerase Ila, and increased expression of cell
efflux proteins such as the multidrug resistance P-
glycoprotein (MDR1/PgP), lung resistance protein
(LRP) or multidrug resistance related protein
(MRP).ZS’26 Since the end result of doxorubicin
exposure is DNA damage, enhancement of DNA repair
is also likely to be important, together with the ability
of the cell to undergo growth arrest rather than
apoptosis while DNA damage is repaired.”” The
complexity of the possible cellular response to
doxorubicin exposure makes it difficult to determine
what combination of factors are responsible for the
commonly observed plateau effect of high-dose
doxorubicin. Other genes may also be involved:
cellular downregulation of topoisomerase II has been
associated with compensatory upregulation of topoi-
somerase 1.°%%°

Knowledge of the molecular response to doxorubi-
cin and this chemosensitivity data could assist devel-
opment of regimens including liposomal doxorubicin
in pre-treated ovarian carcinoma, exposed to plati-
num + paclitaxel.** Given the ability of gemcitabine to
augment the effect of alkylating agents which also
damage DNA, probably by interference with DNA
repair,®! we have explored the addition of gemcitabine
to high concentration doxorubicin in the ATP-TCA. In
contrast to alkylating agent/platinum effects, little
augmentation of responses was observed. Although
both ICyq and ICs, were enhanced, there was no
increase in the level of the plateau effect, suggesting
that no more cells were inhibited once the optimal
concentration was reached. No tumors showed
improvement in the plateau phenomenon. These
findings are in keeping with the apparent cross-
resistance previously observed ex wvivo between
gemcitabine and anthracyclines.46

Other options include vinca alkaloids,*® platinum-
based drugs and alkylating agents such as treosulfan.
Topoisomerases are important in DNA repair and
combination with DNA-damaging agents is likely to be
active by analogy with existing soluble doxorubicin
regimens (e.g. doxorubicin+cylophospharnide).54”55

Doxorubicin and recurrent ovarian cancer

Most patients with recurrent ovarian cancer are likely
to have already been exposed to taxanes. Never
theless, taxanes are worthy of study with liposomal
doxorubicin in other settings (including primary
chemotherapy) and early results are encouraging,
although there is a toxicity issue.*>*® The option of
combining liposomal doxorubicin with topoisomerase
I inhibitors is interesting, but potentially toxic.*©
However, it has been reported that doxorubicin also
has some activity against topoisomerase L4 Sequential
administration is therefore a different matter, as this
has been wused successfully with topoisomerase
inhibitors in early clinical trials.*>* It would be
interesting to measure topoisomerase I and II activity
in cells from patients treated with liposomal doxor-
ubicin and topotecan (or a similar agent) to determine
the optimal timing of this sequence. Such studies
should be preceded by careful ex vivo studies since
the ATP-TCA is capable of aiding the design of such
trials.>®

The ATP-TCA has been used to direct chemotherapy
in a case control study of recurrent ovarian cancer,**
showing doubling of progression-free survival and
response rate in a cohort of patients compared with
controls treated by physician’s choice. Since this study
was not randomized, a further study in platinum-
resistant recurrent ovarian cancer with a randomized
phase III design is in progress.45’46 The option of
combining this assay with molecular analysis, particu-
larly in trials of sequential topoisomerase I and II
inhibitors, should be explored.

In summary, our data suggest that single-agent
liposomal doxorubicin is a good option in around a
third of recurrent ovarian carcinomas. Identification of
these patients is essential to improve response rates
and may well be possible using the ATP-TCA to guide
therapy.
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