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ABSTRACT

Background: Chemotherapy is a mainstay of tumor therapy, however, it is predominantly applied according to empiri-
cally developed recommendations derived from statistical relapse rates occurring years after the treatment in the adju-
vant situation and from progression-free interval data in the metastatic situation, without any possibility of individually
determining the efficacy in the adjuvant situation and with loss of time and quality of life in the metastatic situation if
the drugs chosen are not effective. Here, we present a method to determine the efficiency of chemotherapeutic drugs
using tumor cells circulating in blood as the part of the tumor actually available in the patient’s body for chemosensitiv-
ity testing. Methodology/Principal Findings: After only red blood cell lysis, omitting any enrichment (analogous to
other blood cell enumeration methods, including rare CD34 cells), the white cells comprising the circulating epithelial
tumor cells (CETC) are exposed to the drugs in question in different concentrations and for different periods of time.
Staining with a fluorescence-labeled anti-epithelial antibody detects both vital and dying tumor cells, distinguishing
vital from dying cells through membrane permeability and nuclear staining with propidium iodide. Increasing percent-
ages of dying tumor cells are observed dependent on time and concentration. The sensitivity can vary during therapy
and was correlated with decrease or increase in CETC and clinical outcome. Conclusions/Significance: Thus, we are
able to show that chemosensitivity testing of circulating tumor cells provides real-time information about the sensitivity
of the tumor present in the patient, even at different times during therapy, and correlates with treatment success.
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1. Introduction nodes have a less favorable chance of disease-free sur-
vival than patients without lymph-node-positive disease,
indicating that cells detached from the tumor were able to
settle and grow in foreign tissue. Therefore, as the second
pillar of tumor therapy, chemotherapy has evolved and is
applied after surgery as adjuvant chemotherapy, e.g. in
breast and ovarian cancer, to eliminate such early dis-
seminated cells, when no detectable tumor is present.
. . . Such therapies have been shown to avert metastasis for-
During tumor growth, cells from the tumor are dissemi-  ation and ultimately save lives in breast cancer patients
nated continuously via lymph vessels or directly into 51|y the adjuvant situation, these therapies have been
blood [1]. These cells are assumed to be the source of  geyeloped in clinical trials using the statistical improve-
metastasis formation. Patients with affected lymph  ment of relapse-free survival as a measure. This cannot,

“Corresponding author. however, predict for the individual patient whether the

For patients diagnosed with a malignant tumor, cure is
presumably only possible if the tumor is completely
eradicated. Initially, the main aim is to eliminate the pri-
mary tumor, the major tumor burden, preferentially by
surgery. However, most cancer patients do not die from
their primary tumor but from distant metastases, devel-
oping some years after the removal of the primary tumor.
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chosen treatment will be successful in his/her case. Fur-
thermore, if metastases develop, even systemic therapies
can rarely cure the patient. It would, therefore, be of
great value to be able to determine the effectiveness of
chemotherapies in the individual patient prior to starting
the treatment.

For this purpose, a variety of approaches has been de-
veloped to test the effectiveness of different agents be-
forehand.

Some of these tests require culturing systems of cell
lines [3-7] or relying on culturing tumor material from
the primary tumor [8-11]. In many situations, however,
material from the primary tumor is no longer available.
In addition, tumors consist of heterogeneous cell popula-
tions [12,13] which may respond differently in culture
[14], and it is not clear which cell subpopulation will
finally be able to form metastases. A more recent ap-
proach is testing chemosensitivity of the tumor based on
its shrinkage during neoadjuvant chemotherapy, espe-
cially in breast cancer [15,16]. Outcomes seem to be
more favorable in patients in whom viable tumor cells
are no longer detectable (pCR) and patients with residual
tumors may have an unfavorable outcome [17]. Due to
the particularly poor outcome of patients with HER2/neu-
positive breast cancer or patients with triple-negative breast
cancer not reaching pCR [18], this treatment is not an
option to determine chemosensitivity in patients with
these types of tumors as long as no markers are available
to ensure that pathological complete response will be
achieved [19,20]. In addition, we have shown previously
that tumor shrinkage may, in part, be due to the release of
tumor cells which may later be responsible for a relapse
[21].

Several methods to detect tumor cells in the peripheral
blood are available, which use enrichment procedures
due to the assumed rarity of such cells. The accuracy of
all of these methods is affected by the at times massive
cell loss, preventing correct enumeration [22].

In contrast, all blood cell enumeration methods, in-
cluding methods for rare cell enumeration like CD34-po-
sitive stem cells, avoid preanalytic manipulation of the sam-
ples [23].

Using a comparable low-loss approach with only red
blood cell lysis and one centrifugation step also for cir-
culating tumor cell enumeration, we have shown previ-
ously that all tumor cells spiked into normal blood can be
retrieved [24] and that considerably more cells are re-
trieved from patients’ blood than e.g. with the Cell-
Search™ approach [25]. Using this non-dissipative ap-
proach for circulating epithelial cell detection and enu-
meration for monitoring treatment success by repeated
analyses, increasing numbers of CETC in breast cancer
patients during or after chemo- and/or maintenance ther-
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apy [26-29] indicate increased tumor activity with an
increased probability of relapse. These CETC could be
used to test drug sensitivity not only in the metastatatic
but as early as in the adjuvant situation. In metastatic
disease, where it is often difficult to choose between dif-
ferent therapy options, valuable time could be gained if it
were possible to determine in advance whether the tumor
cells will respond to a particular treatment.

Loss of membrane integrity is one of the earliest indi-
cators of cell damage and a sign of serious injury. It leads
to cell death [30] most probably due to changes in the
permeability and fluidity of the cell membrane as well as
changes in cellular uptake and intracellular metabolism,
shown to occur within hours [31]. In the present report
we provide evidence that in vitro chemosensitivity test-
ing of CETC using propidium iodide uptake, which re-
sults in nuclear red fluorescence, allows assessment, be-
fore treatment, of whether the tumor cells will be sensi-
tive to the intended drugs. This test can performed re-
peatedly and we provide data showing that the sensitivity
of CETC to the respective drug in vitro correlates with in
vivo response. Lack of sensitivity is predictive of poor
outcome, whereas a high sensitivity is a predictor of good
clinical outcome.

2. Patients and Methods

Cells from peripheral blood from cancer patients were
prepared according to the published method [24], using
only red blood cell lysis and one centrifugation step. In
short, 1 ml of blood was mixed with 10 ml of lysis buffer
(Quiagen) for ten minutes in the cold and spun at 700 g
for ten minutes at room temperature. Epithelial cells were
detected using EpCAM (CD326), an anti-epithelial anti-
body, conjugated with fluorescein isothionate (FITC).
Dying cells were detected using propidium iodide (PI)
which only stains the nuclei of dying cells with a perme-
able membrane. The cell suspension was subsequently
incubated under cell culture conditions with the drugs in
question. Cell kill effectiveness was determined by ex-
posing all white cells from the cell pellet of 100 ul of
blood to different concentrations of the respective agent
in medium, where the concentration calculated to be
present in the blood of patients under treatment was set
as one and a tenfold lower and a tenfold higher concen-
tration was tested in comparison to the control suspend-
sion containing the cells without addition of the agent.
Cells were short-time cultured under these conditions for
up to nine hours and the cytotoxic effect measured at
three, six and nine hours. Cells could be characterized as
follows: 1) Live blood cells appearing only in transmitted
light with no fluorescence staining; 2) Dead blood cells
where the membrane had become permeable showing
propidium iodide entering the cell, staining the nucleus
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red fluorescent; 3) Live epithelial (presumably tumor)
cells staining with green fluorescence, preferentially as a
cap, due to reactivity with FITC-conjugated anti-EpCAM,;
4) Dead CETC with simultaneous green and red fluores-
cent staining, resulting either in a clear green cap with a red
nucleus, or later during nucleic and cell disintegration with
an orange combination stain. The numbers of live and dead
CETC were determined at each point in time without and
with the indicated concentrations of the therapeutic agent
and the percentage increase in dead cells over the control
was calculated. Quantitative analysis of the samples at
different times after incubation with the respective drugs
was performed using the image analysis system of the
ScanR (Olympus Hamburg, Germany), allowing repeated
scanning of the same area. A typical example, showing
typical live and dead cells, is shown in Figure 1.

3. Results

Patients with breast and ovarian cancer were tested for
the chemosensitivity of tumor cells among the white
blood cells to frequently used chemotherapeutic agents.
The drug concentrations used were calculated to be
equivalent to the therapeutic concentrations, assuming a
dilution in five liters of blood. All white blood cells from
1 ml of blood containing the tumor cells were incubated
with the respective drug concentrations. Tumor cells
were distinguished from remnant blood cells by their
staining with fluorochrome-labeled anti-EpCAM. Ep-
CAM-positive cells retrieved among the unseparated
white blood cells from a final volume of 100 pl of blood,
including cells with very low EpCAM expression (see

Figure 1. Gallery of live epithelial antigen-positive cells with
typical green fluorescent cap-like staining with FITC-anti-
CD326 and of dead epithelial antigen-positive cells with the
green fluorescent caps and additional nuclear red fluores-
cent staining with propidium iodide.
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tiny spots in Figure 1), presumably cells in epithelial/
mesenchymal transition, were counted and the proportion
of live and dead cells determined as described in the
methods section. During incubation, increases in the per-
centages of propidium iodide-positive dying cells com-
pared to the samples from the same patients without the
drug were noted, resulting from the killing of the sensi-
tive cells. Typical dose-response curves of the CETC of
two breast cancer patients to the drug doxorubicin af-
ter six hours of short-term culture are shown in Figure
2.

In triplicate assays with increasing drug concentrations,
70% cell kill was achieved at the concentration equiva-
lent to the therapeutic concentration with cells of a breast
cancer patient sensitive to the drug, and less than 10%
with cells of another breast cancer patient whose cells
were resistant to the drug. The respective standard devia-
tions show that the results are highly reproducible. In
Figure 3, typical dose-response curves of the cells of an-
other breast cancer patient for two different drugs, dox-
orubicin and capecitabine, are shown after three, six and
nine hours, to ensure that late effects are captured as
well.

Up to 90% cell kill was achieved with the highly ef-
fective drug doxorubicin (Figure 3(a)) and 30% - 40%
with the marginally effective drug capecitabine (Figure
3(b)). Effects were highly reproducible after three and
six hours. Since percentages are referred to the control
sample without the drug the effect was less obvious in
the nine-hour sample due to increased cell decay at that
point in time; therefore, the six-hour incubation period
was preferred in subsequent analyses.

In ovarian cancer, the need for tumor cell sensitivity
testing is even more pressing, since so far the outcomes
achieved have been unsatisfactory. In 39 patients with
ovarian cancer the response of the tumor cells circulating
in the blood to the two agents, carboplatin and taxane,

Doxorubicin

100 1
90
o 80 4 =
g 704 '
o 60 4 -s-resistant cells|
=] o
2 504 —+-sensitive cells
@ 404
8 304
X 204
10 /%‘/,”4
0 T T
-109 2 3

no drug 1/10 concentration blood equivalent 10 fold concentration

Figure 2. Concentration-dependent increase in the per-
centage of dying CETC during incubation with different
concentrations in a patient with cells sensitive to and a pa-
tient with cells resistant to the drug doxorubicin.
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Figure 3. (a) and (b) Typical time and concentration-depen-
dent increase in the percentage of dying CETC from a
breast cancer patient during incubation with different con-
centrations of (a) a highly effective drug (b) a marginally
effective drug.

used according to the guidelines for first line chemo-
therapy, was analyzed. In Figures 4(a) and (b), typical
results for two patients with ovarian cancer are shown.

The first patient with a tumor classified as pT3c LO VO
pN1 G3 RO received six cycles of carboplatin and pacli-
taxel after surgery. Her CETC counts dropped more than
thirty-fold and she is well and has been relapsed-free
now for two years after diagnosis. The sensitivity of her
CETC to both agents was more than 50% at both in-
stances of testing, even at the end of chemotherapy. The
second patient with a comparable tumor (pT3c L2 VO
pN1 G3 RO) also received six cycles of carboplatin and
paclitaxel after surgery. Her CETC count dropped ini-
tially, but then started to increase again almost immedi-
ately. The sensitivity of her CETC to both agents at that
time was below 50% and she experienced a relapse 1.3
years after diagnosis.

A threshold of sensitivity for patients’ cells was set
and cells which showed less than 50% response to carbo-
platin and paclitaxel were classified as resistant. The pro-
gression-free survival of the 39 patients was analyzed,
comparing patients resistant to the two agents with those
sensitive to the drugs. Most tumors were FIGO 111 (50%
in patients with resistant cell populations and 50% in pa-
tients with sensitive cell populations) and FIGO 1V (59%
in the resistant and 41% in the sensitive group respec-
tively) (Table 1).

There were more patients with involved lymph nodes
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in the resistant group than in the sensitive group (67% vs.
43%); however, this difference was not statistically sig-
nificant (p = 0.14). All patients were locally macrosco-
pically tumor-free after surgery. The Kaplan-Meier pro-
gression-free survival curves are shown in Figure 4. Pa-
tients with resistant cells had a significantly shorter pro-
gression-free survival (p = 0.007, hazard ratio = 0.30,
95% confidence interval: 0.1217 - 0.7519) than patients
with sensitive cells in the in vitro testing (Figure 5).

An example showing how chemosensitivity testing might
help to tailor the chemotherapy to the requirements of an
individual patient’s cells is shown in Figure 6 in a pa-
tient with an ovarian carcinoma FIGO 1V.

The number of CETC increased continuously despite
six cycles of therapy with carboplatin and paclitaxel, while
the patient experienced disease progression. At both in-
stances of testing during therapy, the chemosensitivity of
her CETC to carboplatin was approximately 50% and to
paclitaxel below 50%. After the end of chemotherapy,
sensitivity to carboplatin recovered, but to paclitaxel re-
mained very low. In contrast, sensitivity to anthracycline
was high at all testing times and remained high. Due to
progressive disease, the patient received lyposomal doxo-
rubicin. Under this treatment, her CETC instantly de-
clined and her liver metastases remained stable. However,
after the end of salvage therapy metastases started grow-
ing again and a third-line therapy with topotecan was
initiated.

Thus, drug sensitivity is not necessarily a stable prop-
erty of these cells and can change during therapy, as also
shown in Figure 7 for a breast cancer patient treated with
an adjuvant chemotherapy schedule comprising an an-
thracycline, a taxane and cyclophosphamide.

Even though the patient received the three drugs se-
quentially, chemosensitivity declined for all three drugs
simultaneously. At the time of the lowest efficacy, the
number of CETC started rising again. The patient is now
under continuous treatment with hormone blocking ther-
apy which led again to the elimination of the CETC and
she is relapse-free.

Table 1. Distribution of tumor stages and resistance and
sensitivity to the drug combination carboplatin/paclitaxel
among 39 patients with ovarian cancer (res = resistant, sens =
sensitive).

Stage Patients % res sens
39 100 22 17
FIGO | 4 10 4 0
FIGO Il 3 8 1 2
FIGO 11l 14 36 7 7
FIGO IV 17 44 10 7
not analyzed 1 3 0 1
JCT
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Figure 4. (a) (b) Constantly high chemosensitivity of the CETC of a patient with ovarian cancer to the two applied drugs with
declining numbers of CETC during treatment and CR during the observation time (Carbo = Carboplatin, Pac = Paclitaxel);
(b) Low chemosensitivity of the CETC of a patient with ovarian cancer to the two applied drugs with re-increasing numbers

of CETC during treatment and early relapse.
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Figure 5. Kaplan-Meyer progression-free survival curves of
patients sensitive to (green line) and resistant to (red line)
the drugs applied according to the guidelines, showing a high-
ly significant difference.
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Figure 6. Low and changing chemosensitivity of the CETC
of a patient with ovarian cancer to the two initially applied
drugs with increasing numbers of CETC during this treat-
ment and progressive disease with a constantly high sensi-
tivity to the third drug, doxorubicin. After exposure to this
drug, cell numbers declined and a progression-free interval
was obtained. Carbo = Carboplatin, Pac = Paclitaxel, Doxo =
Doxorubicin.
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In a patient with metastasized breast cancer, a direct
comparison of the chemosensitivity to doxorubicin of
CETC and cells of an index metastasis, the size of which
was carefully determined before and after treatment, was
performed (Figure 8).

In spite of therapy with vinorelbine and trastuzumab,
the patient experienced progressive disease along with in-
creasing numbers of CETC indicating resistance to
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Figure 7. Changing chemosensitivity of CETC of a breast
cancer patient to three drugs applied sequentially.
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these drugs. However, the patient’s cells showed a high
sensitivity to anthracycline and the patient was subse-
quently treated with a combination of anthracycline and
taxane. A good reduction of the CETC was seen over
time, accompanied by a reduction in the size of the index
metastasis.

4. Discussion

So far, chemosensitivity testing has only been performed
in cell cultures derived from primary tumors or cell lines
[30,31], using methods such as proliferation assays and
in vitro clonogenic assays, microfluidic approaches and
multidrug resistance assays [32-36], cell metabolic activ-
ity assays [37-39], molecular assays to monitor expres-
sion of markers for responsiveness [40], and in vivo
imaging assays [41]. These approaches, however, all
have major drawbacks. The results from cell lines [3,
42] may not be comparable to those from real tumor
cells.

Cell culturing may alter the properties of cells derived
from the primary tumor [35,41] and, most importantly,
chemotherapy is mainly directed against the remnant
cells in the body after removal of the primary tumor and
these cells may only in part carry the characteristics of
the cells from the primary tumor [9,36,43], especially
after repeated therapies. Interpretation of proliferation
assays as well as metabolic assays requires samples con-
sisting of a uniform population of cells, which is often
not achievable.

Circulating epithelial cells, most probably cells re-
leased from the tumor, which can be detected in almost
all cancer patients using our nondissipative approach [24],
have been shown to respond to therapy in the same way
as the primary tumor [1] and, therefore, it seems appro-
priate to test the actual sensitivity of the residual tumor
burden to chemotherapeutic agents.

Circulating tumor cells can be distinguished from the
remnant blood cells by the expression of the surface
molecule EpCAM. Approaches using this surface antigen
for cell enrichment require a sufficiently high expression
of the molecule to be able to capture these cells, which
may lead to massive losses of the respective cells [22],
especially among those with low expression, such as cells
in epithelial/mesenchymal transition, presumably cancer
stem cells. In contrast, straightforward determination of
all positive cells without enrichment steps using detection
with a fluorescent antibody and image analysis avoids all
bias introduced by additional manipulation. It should be
emphasized that, apart from proving the presence of the
same mutation in the primary tumor and in the circulat-
ing tumor cells, which is to date not possible in breast
and ovarian cancer, none of these methods can unequi-
vocally prove the affiliation of the cells to the tumor. Still,
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we have shown in cancer patients that the cells detected
by us reflect the response of the tumor to therapy [1].
The first step occurring as a result of the cytotoxic effect

of chemotherapeutic agents is increased cell permeability.

Additional staining of the epithelial antigen-positive cells
with a fluorescent dye, which can enter the cell only if
membrane integrity is lost and shows increased fluores-
cence when it intercalates with the DNA, allows testing
the epithelial cells selectively for membrane integrity dur-
ing short term incubation with the respective drugs, even
in the presence of other cells. The feasibility of this ap-
proach is demonstrated in the present report.

We could show that CETC increasingly undergo cell
death with time and in relation to drug concentration. In
breast cancer patients, doxorubicin, an agent with proven
effectiveness, was also shown to be the most effective
drug in in vitro chemosensitivity testing.

A typical example of the predictive relevance of che-
mosensitivity testing for clinical outcome is the differen-
tial response to treatment observed in two ovarian cancer
patients, one of whom was sensitive to carboplatin and
paclitaxel and had decreasing CETC numbers and has
been relapse-free until the last visit. The other patient with
low sensitivity of the CETC to these agents showed in-
creasing cell numbers during therapy and experienced
early relapse. Among ovarian cancer patients in whom
these cells in the peripheral blood were tested for sensi-
tivity to these drugs used according to the guidelines, the
circulating cells did indeed respond or were resistant to
the same degree in vivo as in vitro and this was highly
relevant for relapse-free survival, too.

In addition, here we show that in vitro chemosensitiv-
ity changes that take place during therapy, a well known
phenomenon in breast and ovarian cancer [44,45], may
be relevant for clinical outcome. An ovarian cancer pa-
tient showing increasing CETC numbers during therapy
along with low and decreasing sensitivity, especially to
taxane, and progressive disease, was still sensitive to do-
xorubicin and responded to subsequent treatment with li-
posomal doxorubicin.

In a case of metastatic breast cancer, cells responded
well in vitro, CETC numbers in the blood gradually de-
clined to below detection threshold and an index metas-
tatic lesion shrank in size.

Thus, here we present for the first time an approach
whereby the true targets of systemic chemotherapy, the
tumor cells remaining in the body after surgery, can be
tested in individual patients for their response to different
chemotherapeutic drugs. This will help to develop effec-
tive cancer therapies, allow individually targeted thera-
pies, and spare patients unnecessary treatments; indeed, it
has the potential to contribute to future cost savings in
the healthcare system.
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