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Summary

The adenosine triphosphate-based chemotherapy response assay (ATP-CRA) has the advantages of standardization, evaluability,
reproducibility, and accuracy, and can be performed on relatively small numbers of tumor cells. A total of 43 patients were enrolled in
the present study, and chemosensitivity tests were successfully performed in 40 (93.0%) of these patients. Twenty of the 40 received
neoadjuvant chemotherapy or chemotherapy for metastatic breast cancer. The chemotherapy regimens used were doxorubicin plus
docetaxel (n = 9, 45.0%) or doxorubicin plus paclitaxel (n = 11, 55.0%). Mean cell death rate, as determined by ATP-CRA, was lower in
non-responders than in responders to therapy (P = 0.012). Sensitivity, specificity, positive predictive value, negative predictive value, and
diagnostic accuracy for ATP-CRA were 78.6%, 100%, 100%, 66.7%, and 85.0%, respectively. Diagnostic accuracy achieved by
immunohistochemistry using estrogen receptor or progesterone receptor was lower than that achieved using ATP-CRA. Expression of
p53, erb-B2, Ki67, Bel-2, Bel-xL, and annexin I was not significantly associated with response to chemotherapy. Our results show that
ATP-CRA has high specificity and positive predictive value for predicting response to chemotherapy.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

In 2000, breast cancer became the most common cancer
in women in the Republic of Korea, and its incidence is
gradually increasing globally.! * Although many successful
developments have been made over the past few decades in
the field of breast cancer treatment, it remains a highly
dangerous disease.

Systemic chemotherapy plays a key role in the treatment
of breast cancer patients. However, a substantial number
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of patients suffer from considerable side effects and do not
respond to treatment.

Moreover, it is generally accepted that a strong
correlation exists between pathologic complete response
(CR) after neoadjuvant chemotherapy and overall and
disease-free survival.* ” Thus, it is reasonable to expect that
increases in response rates to chemotherapy are likely to
improve overall and disease-free survival. Accordingly,
several studies have been undertaken to develop methods
capable of predicting tumor response to chemotherapy.
The two main strategies used involve the identification of
meaningful biological predictors and in vitro chemosensi-
tivity testing. In terms of the former method, although
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some biological markers have shown potential, it is unclear
at present which biological markers helpfully predict
response to chemotherapy in individual patients.® On the
other hand, some in vitro chemosensitivity tests are already
available, e.g., the human tumor clonogenic assay (HTCA),
the thymidine incorporation assay (TIA), the succinic
dehydrogenase inhibition test (SDI test), 3-[4,5-dimethyl-
ethiazol-2-yl]-2, the 5-diphenyltetrazolium bromide (MTT)
assay, the differential staining cytotoxicity (DiSC) assay,
the three-dimensional agarose-based extreme drug-resis-
tance assay (EDRA), and the histoculture drug-response
assay (HDRA).” '* However, these tests and assays are not
used in clinical practice in the neoadjuvant setting nor do
they determine the likelihood of chemotherapeutic success
in a metastatic setting. This failure is probably due to the
low success rates of these modalities in primary cell
cultures, their requirements of large numbers of tumor
cells, and the excessive amount of time required.

Intracellular ATP is the basic energy source for all living
cells, and rapidly disappears when cells lose viability. Thus,
ATP assays can analyze the cytotoxic effects of anticancer
drugs.'®> The adenosine triphosphate-based chemotherapy
response assay (ATP-CRA) was found to have a high
success rate in primary culture and to require only a small
number of cells. In addition, it eliminates problems caused
by fibroblast contamination and can be performed
relatively quickly.'® ' Moreover, recent studies have found
that ATP-CRA results predict chemosensitivity in patients
with ovarian cancer or gastrointestinal cancer.'® 2’

The purpose of this study was to investigate the clinical
applicability and accuracy of ATP-CRA as a predictor of
chemotherapeutic response in patients with breast cancer.
In addition, the authors evaluated the expression of several
biological markers that have previously been suggested to
predict chemotherapeutic response in breast cancer.

Materials and methods
Patients

Forty-three patients newly diagnosed with breast cancer
at Mokdong Hospital, Ewha Womans University or the
Gil Medical Center, Gachon Medical School between
December 2004 and February 2005 were enrolled in this
study. All patients were diagnosed as having invasive
ductal carcinoma by a pathologist. When a tumor
contained more than 80% of a ductal carcinoma in situ
component, the patient was excluded. Informed consent
was obtained from all study participants.

Bilateral mammography, bilateral breast ultrasonogra-
phy, bone scan, abdominal ultrasonography, simple chest
X-ray, serum CA15-3, serum CEA, liver function test, and
renal function test were conducted in all participants for
initial screening. Breast lesions were measured by ultra-
sonography or MRI. Two or three specimens were taken
per patient by tru-cut biopsy for ATP-CRA testing.

Chemotherapy regimens were selected by the doctors
responsible without any knowledge of the ATP-CRA
results. Response to chemotherapy was evaluated after a
minimum of two chemotherapy cycles. Breast ultrasound
and/or MRI were repeated at the end of the second or third
chemotherapy cycle. Tumor size was calculated using
the two-dimensional method, i.e., tumor size=maximal
length x maximal width. These calculations were per-
formed before and after chemotherapy to determine
response rates. Within 21 days of completing chemother-
apy, patients with operable breast cancer underwent
surgery and postoperative treatment according to local
policy. All surgically obtained specimens were evaluated by
a pathologist and staged according to the TNM system.
Pathologic results were used to confirm a radiologic finding
of CR. If a new lesion was detected radiologically,
pathological findings were used to help define whether
the lesion was benign or malignant.

Primary cultures of breast cancer tissues

Tumor tissues were stored in Hank’s balanced salt
solution (Gibco BRL, Rockville, MD, USA) containing
100IU/ml of penicillin (Sigma, St. Louis, MO, USA),
100 pg/ml of streptomycin (Sigma), 100 pg/ml of gentami-
cin (Gibco BRL), 2.5pug/ml of amphotericin B (Gibco
BRL), and 5% fetal bovine serum (Gibco BRL). When
required, tissues were washed, quantitated, minced, and
then incubated with a mixture of dispase, pronase, and
DNase (Sigma) for 12-16h at 37°C. Cells were then
harvested using a cell strainer (BD Falcon, Bedford, MA,
USA), and to eliminate normal cells, suspensions were
subjected to Ficoll (1.077 g/ml) gradient centrifugation at
400g for 15min. Isolated cell viabilities were tested by
trypan blue exclusion. Tumor tissue histological type
determinations and qualitative and quantitative analyses
of cancer cells were conducted by a pathologist.

Anticancer treatment and ATP-CRA

Separated tumor cells, obtained as described above, were
diluted to 2000-20,000 viable cells/100ul using IMDM
(Gibco BRL) containing 10% FBS and seeded in triplicate
into a 96-well ultra low attachment microplate (Costar,
Cambridge, MA, USA), which restricted the growth of
normal cells like fibroblasts. In the treated groups, 100 ul of
the chemotherapeutic agents was added to seeded cells and
cultured for 48h in a CO; incubator. In control groups,
100l of IMDM was added to 3-6 microplate wells
without chemotherapeutic agents. For quality control
purposes, a negative control group of 3-6 wells (seeding
medium only without cells) and two positive control
groups were included in the culture plate. Each positive
control group was composed of three wells that contained
minimal (105 pg ATP) or median (280 pg ATP) amounts of
ATP measured in 1000 tumor cells harvested from tumor
tissues. The final concentrations of anticancer drugs were
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determined using training set experiments, and these
exhibited a scattered cell death distribution in each
specimen (data not shown); epirubicin (1.2 pg/ml), 5-FU
(50 pg/ml), paclitaxel (8.5pg/ml), docetaxel (3.7 pg/ml),
gemcitabine (16.9 pg/ml), vinorelbine (0.18 pg/ml), doxor-
ubicin (1.5 pg/ml) or methotrexate (0.37 pug/ml).

The untreated control group consisted of the primary
culture cells from each patient, which were cultured
without any chemotherapeutic agent. The treated group
consisted of the primary culture cells from each patient,
which were cultured with each chemotherapeutic agent.
Cells from the untreated control group and treated group
were lysed, and the amount of ATP in the cell lysates were
determined by luciferin and excessive luciferase (Roche,
Mannheim, Germany), followed by flash-type lumines-
cence measurements using a Victor 3 multi-label counter
(PerkinElmer Boston, MA, USA). Cell death rates were
calculated for each drug as follows: Cell death rate
(%)={l—(mean luminescence in treated group/mean
luminescence in untreated control group)} x 100.

To calculate the intra-assay mean coefficients of varia-
tion (CV), luminescence values of each specimen were
measured 3-6 times in negative and positive control
groups. We then determined whether measured values at
280 pg of ATP were higher than at 105pg of ATP. If
microorganism contamination was present, if there was an
inadequate number of cells, or if the intra-assay mean CV
exceeded 30, the test concerned was considered a failure. If
measured values in the untreated control group were lower
than in the positive group (105pg of ATP), the specimen
concerned was considered to have unacceptable viability.

Immunohistochemical assay

Expression of estrogen receptor (ER), progesterone
receptor (Pg-R), p53, erb-B2, Ki67, Bcl-2, Bel-xL, and
annexin I was determined by immunostaining. The
characteristics of the antibodies used in this study are
summarized in Table 1. Tissues for immunohistochemical
assay were obtained from paraffin blocks of tru-cut biopsy
specimens taken from patients before chemotherapy.
Sections were cut from each block, dewaxed in xylene,
and then hydrated using graded concentrations of ethanol

Table 1

Antibodies used for immunohistochemistry.

Antibody Vendor Dilution
ER-o Novocastra, United Kingdom 1:800
Pg-R Novocastra, United Kingdom 1:1400
pS3 Novocastra, United Kingdom 1:1500
Ki67 Novocastra, United Kingdom 1:400
erb-B2 Novocastra, United Kingdom 1:2500
Bcl-2 Novocastra, United Kingdom 1:400
Bcel-xL R&D Systems Inc., MN, USA 1:400
Annexin I BD Transduction LaboratoriesTM, NY, USA 1:400

in distilled water. Microwave antigen retrieval was
performed before incubation with primary antibodies at
room temperature for Smin. Samples were incubated with
each antibody at various dilutions (Table 1). After incuba-
tion, specimens were processed by the avidin—biotin perox-
idase complex method to detect protein accumulation.
Immunostaining was performed using an automated staining
system (Bond-X System; Vision Biosystems, Mount Waver-
ley, VIC, Australia). Expression of erb-B2 was categorized as
0, 14,2+, or 3+.2! Expression of other markers is reported
as an expression rate. All samples were evaluated without
knowledge of clinical outcomes or ATP-CRA results.

Statistical analysis

Chemotherapeutic responses of primary breast tumors
were clinically evaluated as follows. Sizes of tumors were
defined as length x width on radiological images. Clinical
response was defined according to WHO criteria.”> CR was
defined as the disappearance of all disease, and partial
response (PR) as a >50% decrease in tumor size. No
change (NC) was defined as a decrease in tumor size of
<50% or an increase of <25%, and progressive disease
(PD) as an increase in tumor size of >25% or the
appearance of a new lesion. After surgery, surgical speci-
mens were evaluated by a pathologist. Those that achieved
CR or PR were defined as responders, and those that
achieved NC or PD as non-responders.

Responders and non-responders were compared with
regard to ATP-CRA results and biological marker expres-
sion using the Mann-Whitney and Fisher’s exact tests.
P-values of <0.05 were considered significant throughout.

Results
Clinical characteristics of patients

Forty-three patients were included in this study. All
patients were women whose mean age was 46.86+9.97
years (median 46.0 years, range 29-70 years), and the mean
tumor size according to ultrasonography or MRI was
4.29+3.05cm (median 3.15cm, range 1.0-14.1cm).

Evaluability rate

We failed to culture cancer cells from three of the 43
patients. One of the samples was placed at —18 °C, another
sample was stored in the wrong media. The third sample
did not yield an adequate number of cells. Thus, the
evaluability rate of the ATP assay using tru-cut biopsy
specimens was 93.0% (40 out of 43).

In vitro drug sensitivity
The mean number of chemotherapeutic agents tested

per tumor was 7.03+1.41 (median 7.5, range 4-11). A
list of the chemotherapeutic agents tested and their
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corresponding results are presented in Table 2. Sensitivity
rates ranged from 0% to 86.0%. Epirubicin showed the
highest mean cell death rate.

Table 2
Summary of the ATP assay for the agents tested.

Results of ATP-CRA and response to chemotherapy

Of the 40 successful assays, 20 were excluded from in
vivo response analysis. Fifteen of the 40 patients changed
their minds about undergoing neoadjuvant chemotherapy
after first agreeing, and underwent a prompt operation
without neoadjuvant chemotherapy. Two patients treated
with cyclophosphamide were excluded, because ATP-CRA
was not performed using this drug. In addition, the

Number of  Cell death rate Cell death rate radiological methods used to evaluate response to chemo-
patients (mean+2 SD, %)  (range, %) therapy in three patients differed, and these patients were
Epirubicin 25 51.42422.80 0.0-84.5 als;)hemlu;gd' . luable f -
Doxorubicin 19 41.66424.18 0.0-8 6.0 ‘Thus, patle.nt.s were evaluable for response. The
Paclitaxel 39 27.73+20.05 0.0-74.0 clinical characteristics of these patients are shown in
5-Fluorouracil 39 28.85+13.19 0.0-60.6 Table 3, which demonstrates that no statistical difference
Vinorelbine 33 29.74+14.44 0.0-56.5 was found between the 40 patients who had the ATP-CRA
Docetaxel 38 18.36+13.39 0.0-44.4 : :
+ erformed for their tumor and the 20 patients who
Gemcitabine 29 23.944+16.25 0.0-58.1 p d h h p
Methotrexate 30 312141713 0.0-58.2 underwent chemotherapy. o .
Cisplatin 6 25.53+10.98 7.8-38.4 All specimens were diagnosed as invasive ductal carci-
Vincristine 1 23.20 - noma NOS (not otherwise specified) by a pathologist. Nine
Mytomycin C 1 19.70 - patients (45.0%) were treated with a combination of
Carboplatin ! 3.90 - doxorubicin and docetaxel, and 11 (55.0%) patients
Bleomycin 1 3.60 - . . . ..
were managed using a combination of doxorubicin and
Table 3
Clinical characteristics of patients.
Parameter ATP-CRA group Patients received P-value
(n = 40) chemotherapy in the
ATP-CRA group (n = 20)
Age 46.454+9.91 44.15+8.18 0.374
Stage I 7(17.5) 4 (20.0) 0.714
II 14 (35.0) 8 (40.0)
I 7(17.5) 5(25.0)
v 4 (10.0) 3 (15.0)
Unknown 8 (20.0) 0 (0.0)
pT stage Tl 16 (40.0) 9 (45.0) 0.605
T2 10 (25.0) 7 (35.0)
T3 2 (5.0) 1 (5.0)
T4 0 (0.0) 0 (0.0)
Tx 12 (30.0) 3 (15.0)
pN stage NO 12 (30.0) 5 (25.0) 0.760
N1 9 (22.5) 7 (35.0)
N2 4 (10.0) 3(15.0)
N3 3(7.5) 2 (10.0)
Nx 12 (30.0) 3 (15.0)
Estrogen receptor Negative 22 (55.0) 13 (65.0) 0.585
Positive 13 (32.5) 7 (35.0)
Unknown 1(2.5) 0 (0.0)
Progesterone receptor Negative 25 (62.5) 15 (75.0) 0.558
Positive 14 (35.0) 5(25.0)
Unknown 1(2.5) 0 (0.0)
erb-B2 0-1+ 20 (50.0) 9 (45.0) 0.669
2+ 7(17.5) 4 (20.0)
3+ 12 (30.0) 7 (35.0)
Unknown 1(2.5) 0 (0.0)
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Table 4
Clinical characteristics of patients who underwent chemotherapy (n = 20).

Parameter Number of patients

Non-responders Responders

Stage 1
II
111
v

—_ N N —

pT stage T1
T2
T3
T4
Tx

—_0 O N W

pN stage NO
NI
N2
N3
Nx

—_ == N =

NSNS [N NS R N O = L D W N W

Estrogen receptor Negative

Positive 5

w2

Progesterone receptor Negative

Positive

—_

erb-B2 0-1+
2+
3+
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Figure 1. ATP-CRA (adenosine triphosphate-based chemotherapy re-
sponse assay) results and response to chemotherapy.

paclitaxel. The clinical characteristics of non-responders
and responders are shown in Table 4.

Because various chemotherapy regimens were used, we
selected the drug that induced the greatest response in
ATP-CRA from among the drugs used in each patient for
analysis. In vitro cell death rates and in vivo response rates
tended to be related (P = 0.054, r = 0.438, Figure 1).

Cell death rate as determined by ATP-CRA was
significantly lower in non-responders than responders
(P=0.012, Figure 2). Tumors were divided into a

p<0.05
100
A
80 A
ES
o haa
©
s 7 —
g Ayd
= N
8 404 .
| |
_.._ AA
20 A
0 ! .
Non-responders Responders

Figure 2. ATP-CRA results and in vivo response to chemotherapy. Cell
death rates as determined by ATP-CRA were significantly lower in non-
responders than in responders (P <0.05). Bars = mean.

Table 5

ATP-CRA for predicting chemotherapeutic response in vivo.
Responder Non-responder P-value
(number) (number)

Sensitive group 11 0 0.002

Resistant group 3 6

chemotherapy regimen-sensitive group and a chemother-
apy regimen-resistant group using a cell death ratio cut-off
of 50%. This cut-off value was selected to minimize
P-values. Of the 11 tumors found to be sensitive to a drug
by ATP-CRA in vitro, all 11 (100%) exhibited a response
in vivo (P<0.05, Table 5). Sensitivity, specificity, positive
predictive value, negative predictive value, false negative
value, false positive value, and diagnostic accuracy of ATP-
CRA were 78.6%, 100%, 100%, 66.7%, 21.4%, 0%, and
85.0%, respectively.

Expression of various biological markers and response to
chemotherapy

The expression of various biological markers (ER, Pg-R,
p53, erb-B2, Ki67, Bcl-2, Bcl-xL, and annexin I), as
determined by immunohistochemistry, were compared in
non-responders and responders, and a significant difference
was observed in the expression of ER (P<0.05) and Pg-R
(P<0.05, Table 6). Tumors were divided into sensitive and
resistant groups using a cut-off value of 10% for ER and
Pg-R immunostaining results. Sensitivity, specificity, posi-
tive predictive value, negative predictive value, false
negative value, false positive value, and diagnostic accu-
racy of ER and Pg-R immunostaining were 30.0%, 0%,
37.5%, 0%, 70%, 100% and 20%, respectively. The
expression of p53, erb-B2, ki67, bcl-2, bcl-xL, and
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Table 6
Immunohistochemical expression of various biological markers and
response to chemotherapy.

Non-responders  Responders  P-value
(number) (number)
ER Negative 0 7 0.026
Positive 5 3
Pg-R Negative 0 7 0.026
Positive 5 3
erb-B2 0-1+ 3 5 0.568
2+ 0 1
3+ 2 4

Table 7
Immunohistochemical expression rates of various biological markers and
response to chemotherapy.

Non-responders (%) Responders (%) P-value
ER 68.00+24.90 13.00+22.14 0.005
Pg-R 58.00+31.14 7.00+11.60 0.003
p53 16.00+23.02 53.89+40.14 0.083
Ki67 13.20+15.39 25.50+13.63 0.099
Bcl-2 65.00+43.59 33.33+39.37 0.330
Bel-xL 85.5049.57 84.444+11.02 0.604
Annexin I 42.504+38.62 65.56+31.27 0.260

annexin-I was not found to be related to tumor response to
chemotherapy (Table 7).

Discussion

This study demonstrates that ATP-CRA has a high
success rate, sensitivity, positive predictive value, and
diagnostic accuracy. This result concurs with the findings
of studies on the use of ATP-CRA in other solid
cancers.'®?° Moreover, ATP-CRA can be performed with
small amounts of cancer tissue, and specimens obtained by
tru-cut biopsy are sufficient.”® In the present study, all
samples were taken by tru-cut biopsy, and only two or
three pieces of these specimens were used for ATP-CRA.
These findings are equal to or better than results achieved
when samples were obtained by surgery or by vacuum-
assisted core needle biopsy.” The minimum sample
requirement is an important factor for in vitro chemosen-
sitivity testing because neoadjuvant chemotherapy is
considered an effective and useful means of treating breast
cancer. Moreover, neoadjuvant chemotherapy now plays
an established role in increasing breast conservation rates
in patients with large operable tumors, and a long-
established history of treating locally advanced breast
cancer.”>?* However, progression during neoadjuvant
chemotherapy and the lack of an objective response
portend a poor prognosis.**>-*¢

Recurrent tumors detected by palpation or by radi-
ological examination may also be sampled by tru-cut
biopsy.”® Moreover, tru-cut biopsy is simple and cheap
compared with vacuum-assisted core needle biopsy or
surgical biopsy. Thus, ATP-CRA may be very useful for
planning neoadjuvant chemotherapy or managing patients
with recurring lesions.

In the present study, ATP-CRA was found to have a
high diagnostic accuracy (85.0%) for predicting response
to drugs despite the small sizes of the test samples used.
Moreover, this diagnostic accuracy was equal to or
superior to those of HTCA, CCS (capillary cloning
system), DiSC, MTT, CD-DST (culture-drug-sensitivity
test) or EDRA.>?" 3% This indicates that ATP-CRA may
be clinically useful for deciding on chemotherapy type.

Recently, a microarray was investigated to predict
response to neoadjuvant chemotherapy,®' ** and although
some results were promising, the acceptability of the
method remains controversial because of mRNA instabil-
ity and difficulty with data analysis.>>-*°

We also studied the clinical usefulness of biological
markers that have frequently been studied as potential
predictors of chemosensitivity to various drugs. In
particular, ER, Pg-R, Ki67, erb-B2, Bcl-2, Bcl-xL, and
annexin [ have been used as biological markers to predict
tumor response to chemotherapeutic agents and prog-
nosis.®?*37#* However, we do not know which markers
predict response to neoadjuvant chemotherapy. The
present study shows that although the expression of ER
or Pg-R significantly predicts tumor response to neoadju-
vant chemotherapy, their diagnostic accuracy is lower than
that of ATP-CRA.

Some reports have shown that neoadjuvant chemother-
apy causes major changes in gene expression in breast
cancer; thus, we included patients with newly diagnosed
breast cancer to avoid the effect of previous chemotherapy,
radiotherapy, and anti-estrogenic therapy.** For the
same reason, tru-cut biopsy specimens were taken at the
time of diagnosis and these were used for immunohisto-
chemistry studies. Patients with a tumor containing a
ductal carcinoma in situ component of >80% were
excluded because the intraductal component of breast
cancer is known to respond poorly to neoadjuvant
chemotherapy.***

The results of in vivo responses to chemotherapeutic
agents, as determined by radiography, were corrected
according to pathology findings after surgery. In one case,
a new lesion was observed on radiology after chemother-
apy, but pathology findings showed that this lesion was
benign. In another case, a radiogram showed residual
tumor after neoadjuvant chemotherapy. However, this
patient was revealed to have CR after surgery.

This study had several limitations. First, this experiment
was performed on a small number of patients; thus, it is
difficult to draw a definite conclusion about the clinical
applicability of ATP-CRA. Also, the small number of
patients could be the reason why biomarkers (except ER
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and Pg-R) failed to show a correlation with response rate.
A future study in a larger number of patients is required to
confirm the clinical utility of ATP-CRA. Second, even
though chemotherapy regimens involved drug combina-
tions, ATP-CRA was evaluated for individual drugs.
We are now investigating the accuracy of ATP-CRA
using combination regimens. Finally, we measured the
expression of erb-B2 using immunohistochemistry and not
fluorescence in situ hybridization (FISH); this, too, may be
a weak point of the present study.

Conclusion

Our study suggests that ATP-CRA may be used
clinically to predict chemoresponse in breast cancer. Its
high success in this context and its minimal sample
requirements are important advantages of ATP-CRA.
Moreover, prediction of response to chemotherapeutic
agents by ATP-CRA was found to be superior to that
achieved using the potential biological markers commonly
studied. A future study in a larger patient cohort is
required to confirm the clinical utility of ATP-CRA.
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