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Abstract: Cell based chemosensitivity and resistance test-
ing is an attractive approach that offers functional mea-
surement of drug response ex vivo with the ultimate goal to
guide the choice of chemotherapy for various cancers.
Thus, it has a great potential to select patients for the
optimal treatment option, thereby offering a tool for perso-
nalized cancer therapy.
Despite several decades of intensive scientific efforts ex-
vivo tests are still not incorporated in the standard of care.
Limited access to fresh tumor tissue, unsatisfactory models
and single readout as endpoint constitute major hindrance.
Thus, establishing and validating clinically useful and reli-
able model systems still remains a major challenge.
Here we present malignant effusions as valuable sources
for ex-vivo chemosensitivity and resistance testing.
Accumulation of a malignant effusion in the pleura, perito-
neum or pericardium is often the first diagnostic material
for both primary malignant mesothelioma and a broad
spectrum of metastatic adenocarcinoma originating from
lung-, breast-, ovary- and gastro-intestinal organs as well
as lymphoma.
In contrast to biopsies, in these effusions malignant cells
are easily accessible and often abundant. Effusion
derived cells can occur dissociated or forming three-
dimensional papillary structures that authentically reca-
pitulate the biology of the corresponding tumor tissue
and offer models for ex vivo testing. In addition, effusions

have the advantage of being available prior to or concur-
rent with the pathological review, thus constituting an
excellent source of viable cells for simultaneous molecu-
lar profiling, biomarker analysis and for establishing pri-
mary cells for studying tumor biology and resistance
mechanisms.
For a reliable test, however, a careful validation is
needed, taking into account the inherited heterogeneity
of malignant tumors, but also the complex interplay
between malignant and benign cells, which are always
present in this setting.
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Background

Mechanisms of effusion formation
and its clinical management

The pleural and peritoneal cavity normally contains an
evenly distributed thin layer of fluid that functions as a
protective barrier and as lubricant to minimize friction
between the serosal layers. This fluid contains glycosa-
minoglycans such as hyaluronan, which is synthesized
and secreted by mesothelial cells [1]. The volume of
this fluid is regulated by the mesothelial cells, together
with the migration of proteins and fluids across the
serous membrane. Small molecules and water can
pass between mesothelial cells by passive diffusion
while larger molecules and proteins, are actively trans-
ported by pinocytic and cytoplasmic vesicles [2, 3].

When a large amount of fluid is accumulated due to
pathological processes it is called an effusion. Under normal
conditions the fluid is continuously produced, secreted and
reabsorbed. Therefore, a substantial increase in pleural fluid
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production or an inhibition of reabsorption has to occur to
yield an increased amount of fluid. Events causing this are
lymphatic obstructions caused bymalignat tumors, increased
microvascular permeability, decreased colloid osmotic pres-
sure and increased capillary venous pressure [4].

An effusion is often the first diagnostic material
of a malignant process involving the serosal cavities,
i. e., pleura, peritoneum, pericardium and tunica vagina-
lis testis. The spectrum of malignancies manifested at
these locations is broad, comprising primary malignant
mesothelioma, advanced metastatic adenocarcinoma of
lung-, breast-, ovarian- or gastrointestinal origin and
body cavity lymphomas.

Pleural effusion hampers the expansion of the lung,
and thereby the ability of the patient to breathe properly.
The excess fluid is therefore drained by pleurocentesis in
order to ease respiration. This fluid is also the prime
source to establish the etiology and the diagnosis. The
presence of a primary malignant mesothelioma (MM) or a
metastatic adenocarcinoma is revealed by cytopathology.
By using adjuvant analyses clinical cytology can often
provide information concerning the origin of the tumor
and in some cases predict possible therapy effects. In
patients with malignant pleural effusion a pleurodesis is
often performed to prevent recurrence [5].

The diagnosis of a malignant tumor from effusion
involves several different approaches. The cytomorphol-
ogy in combination with FISH, biomarkers and electron
microscopy is adequate in diagnosing MM and metastatic
adenocarcinoma [6–8]. The morphological features and
adjuvant methods, indicating MM cells, are well defined
in the Guidelines for Cytological diagnosis of epithelioid
and mixed type MM [9]. Adherence to the diagnostic
criteria delineated in the Guidelines assures a high posi-
tive predictive value, meaning that the diagnostic criteria
are fulfilled and it should lead to initiation of chemother-
apy without delay.

Treatment options and chemotherapy
for tumors involving the serosal cavities

The malignant pleural mesothelioma is in most cases resis-
tant to therapy, and attempts to cure the disease are often
associated with significant co-morbidity. Themain treatment
option for most cases is chemotherapy, however, adjuvant
radiotherapy and surgery may reduce local recurrence and
prolong survival [10]. The combination of surgery, che-
motherapy and radiotherapy in extensive trimodality proto-
cols has shown to improve local tumor control [11–15].
This procedure is, however, associated with substantial

co-morbidity, preventing a more general use. The majority
of patients present with an advanced disease also when the
diagnosis is based on the first effusion and the main remain-
ing therapeutic option for them is chemotherapy.

A systematic review of the literature with meta-analysis
gave indication for superiority of combination therapy
compared to single agent therapy [16], leading to clinical
trials, aiming to find optimal combination therapy for
mesothelioma. The standard chemotherapy used for
patients with malignant pleural mesothelioma is the com-
bination of a platinum based drug typically cisplatin; com-
bined with the antifolate pemetrexed [17]. In the original
study, this treatment increased the survival time compared
to patients treated with only cisplatin by 2.8 months, yield-
ing an average survival time of 12.1 months after diagnosis.
The response rate was 41%. The increased side effects were
suppressed by supplementation of folic acid and vitamin
B12, which also increased the survival time. A follow up
study indicates that a selected group of mesothelioma
patients could benefit from a second line treatment [18].
This opens up for new possibilities and intensified search
for optimal combination treatment in multiple second line
phase II and III trials [19, 20].

Over the years several cytotoxic drug combinations
have been evaluated [21, 22] some presenting similar or
even better response rates than the standard treatment.
Exchanging cisplatin with carboplatin gives similar treat-
ment outcome in patients and has the advantage of fewer
side effects [23, 24]. Combining cisplatin with gemcita-
bine instead of pemetrexed gave varying responses rates,
but the average survival time was shorter [25, 26].
Combining cisplatin with vinorelbine in a small phase II
study presented interesting results with an average over-
all survival time of 16.8 months but these results need to
be verified in a larger patient group [27]. Another small
phase II study, treating malignant pleural mesothelioma
patients with gemcitabine in combination with oxalipla-
tin, produced results comparable with the standard
treatment [28]. Combining carboplatin, liposomized dox-
orubicin and gemcitabine resulted in a response rate of
32% and a survival time of 13 months [29]. Carboplatin
has been shown to be less toxic than cisplatin and it is
used not only in the treatment of patients with mesothe-
lioma but also non-small cell lung cancer and ovarian
cancer [30–32]. Resistance to cisplatin and carboplatin
however is a major problem.

Similar to MM, the principal therapeutic agents used
in lung adenocarcinoma are platinum analogues com-
bined with pemetrexed, taxanes, gemcitabine, vinca alca-
loids [33] and bevacizumab. Thus the standard of care for
patients with a good performance status is a platinum-
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based doublet therapy, for review see [34, 35]. For
patients with advanced and metastatic lung cancer, tar-
geted therapy is also an integrated part of the clinical
routine, comprising, epidermal growth factor receptor
(EGFR)-, anaplastic lymphoma kinase (ALK)-, c-ros onco-
gene-1 (ROS1)- and MET inhibitors [36]. The personalized
care of these patients implies a strategy of matching the
molecular landscape of individual patient to available
therapeutic options and to predict the most effective
option by means of biomarker detection [37].

The introduction of combination chemotherapy
improved also the survival of patients with metastatic
breast cancer [38]. Greatest chance for therapy response
have patients with no or one prior therapy (40–60%),
whereas the response rate declines after repeated
treatments (30%) [39]. The therapeutic agents used in
metastatic disease include anthracyclines, taxanes, vinor-
elbine, gemcitabine and platinum drugs [39]. Among
targeted agents for HER2 +metastatic breast cancer the
clinical practice includes trastuzumab (monoclonal anti-
body) and lapatinib (tyrosine kinase inhibitor), both
giving significant gains in overall survival.

The first-line treatment for ovarian carcinoma is a
combination of platinum and taxane based regimen.
Despite advanced stage, the majority of patients will
achieve complete remission initially, but many of them
will develop recurrent disease later. The second line treat-
ments have considerable toxicity. This scenario is likely to
change in the near future by incorporation of targeted
therapies among which anti-angiogenic agents seem to
hold great promise [40–43].

Currently, numerous potential novel strategies are in
clinical trials both for mesothelioma [44, 45] and metastatic
adenocarcinoma [46, 47] comprising immunotherapy [48],
vaccines and targeted therapy [49, 50]. A comprehensive
review shows that 17 compounds related to inhibition of
angiogenesis are currently tested as first line or second line
treatment [51]. Targeted treatment options on unselected
patient cohorts are unlikely to give sensibly improved sur-
vival. However, a phase II trial using Sorafenib as second
line treatment after platinum combination identified a sub-
group of patients (36%) with 6 months progress free survi-
val [52, 53].

Together these clinical trials demonstrate the need
for more effective treatment for these patients and that
apart from the standard treatment option there might
be other combinations which will give the best
response for the individual patient. This is further sup-
ported by results showing that patients responding to
treatment have the longest survival time [54]. Recent
studies also indicate that treatment outcome might be

predicted by immunohistochemical demonstration of
biomarkers [55, 56].

Taken together, there is a great need to improve and
develop chemotherapy for patients with malignant
pleural mesothelioma or secondary adenocarcinoma.
Less than 50% of patients respond to standard che-
motherapy and treatment response yields an increased
survival time [17, 54]. This highlights the needed to iden-
tify patients that are likely to fail to standard treatment
options and find suitable chemotherapeutical treatment
options for them.

Prognosis

Generally the prognosis for patients with malignant
pleural mesothelioma is poor with a mean survival time
from diagnosis ranging between 9–12 months [57, 58].
Patients with neoplasm dominated by epithelioid cells
have a better prognosis and a few are long time survivors,
surviving several years after their diagnosis. Treatment
with standard chemotherapy increases the average survi-
val by three months and longer survival is seen in
patients responding to chemotherapy [54]. The prognosis
of metastatic tumors involving the serosal cavities is
similarly poor, although it depends on type of tumor.
The poor survival times depend on the limited rate of
tumor response, which motivates the search for tests that
may optimize the choice of drugs and drug combinations.

The rationale of predicting drug sensitivity
and resistance in malignancies involving
the serosal cavities

A rational and personalized drug selection ideally implies
target identification and accurate prediction of sensitivity
or resistance to an array of chemotherapeutic agents. This
is particularly important for patients with advanced
malignant tumors involving the serosal cavities as these
patients often have chemotherapy as the only remaining
treatment option and have a remarkably poor prognosis
with a limited life expectancy. An effusion is often the
first diagnostic material of a malignant process involving
the serosal cavities and it represents a broad spectrum of
malignancies that manifest at these locations. The effu-
sions associated to these malignancies reflect the tumor
pathology, biological behavior and disease outcome, thus
providing clinically relevant models to study ex vivo drug
sensitivity and resistance tests and molecular profiles.
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In contrast to biopsies, malignant cells are easily
accessible and often abundant in effusions. Malignant
cells are present dissociated and/or forming three-
dimensional papillary structures that authentically reca-
pitulate the biology of the corresponding tumor tissue
and offer models for ex vivo testing. In addition, effu-
sions have the advantage of being available prior to or
concurrent with the pathological review, thus constitut-
ing an excellent source of viable cells for simultaneous
molecular profiling, biomarker analysis and for estab-
lishing primary cells for studying tumor biology and
resistance mechanisms.

As chemotherapy has often limited effect but has
both considerable side effects and cost, it would be ben-
eficial to identify responders and non-responders among
patients with tumors involving the serosal cavities before
treatment is initiated. For this purpose the development
of methods and markers predicting the response becomes
increasingly important. A greater and more detailed
understanding of tumor characteristics, new drugs and
drug combinations based on individual tumor features,
can also hopefully improve outcome for patients with
malignant pleural effusions.

Methods to measure
chemosensitivity and resistance

Historically, extensive effort has been devoted to assess
the in vitro chemosensitivity of various cancer models,
with the ultimate goal to accurately predict clinical drug
responses for individual patients; for review see [59–63].
The majority of publications report high accuracy for
prediction of drug resistance, independent of tumor
type, test method and drugs used, whereas drug sensitiv-
ity is less reliable [63]. In the present review we focus
mainly on the most widely used methods for chemosen-
sitivity and resistance testing, with particular relevance
for malignant effusions.

Measurement of cell viability, metabolic
activity and DNA content

The effect of a drug can be measured in different ways
(for a brief summary see Table 1). One way is to compare
the amounts of living cells in drug-exposed and control

Table 1: Key points, advantages and disadvantages of different methods to measure chemosensitivity and resistance.

Name Measures Key point of the method Advantage Disadvantage

Viability assay − The number of cells − Cell counting with an exclusion
dye

– Direct measurement – Laborious– subjective

Colorimetric
assays

− The metabolic activity
of cells

− Metabolic conversion of a
product by the cells,
accompanied with change of
color

– Easy and fast – Indirect
– Except Alamar blue, toxic to
cells

Automated high
throughput
confocal
microscopy

− Live and dead cells − Automated high throughput
confocal microscopy based
method

− Allows simultaneous analysis of
a large number of drugs

– Useful for large scale
drug sensitivity and
resistance screening

– Does not consider the
benign cell component

Clonogenic assay − The ability of cells to
grow and form
colonies

− Single cell suspension is plated
and the growing colonies are
counted

– Distinguishes between
cytostatic and cytotoxic
effects– accurate

– Not suitable for cells which
are unable to form colonies
or low proliferating cells

– Multiple drugs cannot be
tested

– Tumor cells are dissociated,
the effect of extracellular
environment is lost

Fluorescence
Activated Cell
Sorting (FACS)

− Apoptosis
− Cell cycle progression
− DNA content of cells

− Annexin/Propidium Iodide
staining is combined with tumor
specific immunological staining

− Fluorescent-based assays where
the dye interchalate with double
stranded DNA

– Allows measurement of
cytotoxic effects in a
mixed cell population

– Direct measurement

– Laborious if a large number
of drugs are tested
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cultures. Cell number can be determined by direct cell
counting using an exclusion dye. However, it has the dis-
advantage of being subjective and not really useful in large-
scale analysis.

An alternative way is to measure metabolic activity
colorimetrically. MTT, MTS, XTT or WST-1 are such assays
based on the reduction of tetrazolium salts and use dif-
ferent enzymatic reduction sites and are dependent on
various co-products. MTT and related products are
reduced by mitochondrial enzymes to formazan dye,
which is accompanied by a change in color. WST-1 is
reduced to soluble formazan by electron transport across
the plasma membrane of living cells [64]. The product
can be measured by spectrophotometry and is strictly
correlated to the metabolic activity of the cell population
and the amount of live cells. By comparing treated cells
to control cells, it is possible to calculate the viability of
cells after treatment. The disadvantage of the method
mainly concerns the uncertainty of the readout. Since
the dye measures metabolic activity, a general increase
or decrease of this activity can be incorrectly interpreted
as proliferation or cell death. Another major drawback is
that they are toxic to the cells and are therefore endpoint
assays [65].

Alamar blue, another agent used in colorimetric
assays, transforms its colour by a redox reaction process.
It is not toxic to the cells therefore it has the advantage
that the measurements can be repeated, or the cells can
be used for subsequent assays. The general major limita-
tion of these assays is that they are indirect assays, they
measure the metabolic activity of the cells, which is not
always correlated directly with survival, since metabolic
activity can vary among cell lines and throughout the life
cycle of a cell and also depends on cell density [64, 66].

In some studies it was shown that metabolic assays
were inappropriate tools to assess cell proliferation in
three-dimensional models or even in two-dimensional
cultures in case of high cell density [67]. In a high
throughput analysis performed on a cell line involving
117 drugs, both MTT and Alamar blue were reliable in
identifying in vitro cytotoxic drugs at early stages of drug
candidate selection, with Alamar blue being slightly more
sensitive [68]. However, there is a risk for possible false
positive or negative results caused by inducers and/or
inhibitors of metabolic enzymes that are responsible for
transformation of cell toxicity end points. With colori-
metric assays we also have to consider if the compound
to be tested does not interfere with the enzymatic process
and the dye; with Alamar blue we have to assure that the
dye is not over-reduced in another product, hydroresor-
ufin which is not fluorescent [69].

Another method to determine cell proliferation and to
address the above-mentioned disadvantages; is to quantify
the DNA content. This method comprises fluorescent-
based assays, where Propidium Iodide (PI) or Hoechst
dye, interchalate with double stranded DNA, stochiometri-
cally, reflecting the amount of DNA. For primary cells with
low mitotic activity, however, more sensitive methods are
required. Fluorescent dyes such as CyQuant, PicoGreen or
Acridine Orange/Ethidium Bromide (AO/EB) proved to be
more sensitive. Acridine Orange is a vital dye that stains
both live and dead cells and Ethidium Bromide stains only
cells that lost membrane integrity. Therefore, viable cells
appear uniformly green and dead cells with Ethidium
Bromide are orange [70]. The critical issue with
DNA-based live/dead assays is that sufficient time has to
be allocated after drug treatment of cells to loose their
membrane integrity. This depends on the cell type and
drug mechanism. It is believed that these dye exclusion
assays may be useful in testing cells, which have a slow
growth rate in culture.

When comparing the sensitivity of three dyes, PI,
Hoechst and PicoGreen, the cyanine dye PicoGreen was
found ten times more sensitive than Hoechst or PI and a
very small change in cell numbers could be detected
[71]. These stains are also used to monitor formation of
apoptotic bodies. Comparison of Alamar Blue colori-
metric assay to two assays employing DNA content mea-
surement in different malignant cell types showed
discrepancies in terms of over-estimation of cell prolif-
eration by the metabolic assay compared to DNA bind-
ing fluorophores [64].

With a recently developed automated high through-
put confocal microscopy based method; the ex vivo
response of various haematological malignancies was
measured after exposure to a broad panel of anticancer
drugs [72–75]. With this method primary effusion lym-
phoma-derived cell lines obtained from ascites fluid
were tested against 27 frequently used cytostatic drugs.
The authors showed that all drugs were active and that
all cell lines had a distinct, individual drug sensitivity
pattern for clinically used drug concentrations. The cell-
lines showed sensitivity for anti-microtubule drugs and
anthracyclins in a heterogenous pattern that indicates
that deteremination of drug sensitivity on an individual
basis might be justified for these patients [72]. The same
method was applied to MM cells and metastatic adeno-
carcinomas from pleural effusions which were tested for
the same panel of chemotherapeutic drugs, having
benign effusions as control. The ex vivo drug sensitivity
profiles of the patients revealed considerable heterogene-
ity and individual variability in drug response suggesting
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a need to determine drug sensitivity tests on the primary
cells for personalized therapy [76, 77]. This method is
more effective than the WST-1 and PI method; particu-
larly when it comes to large scale drug sensitivity and
resistance screening but it does not account for the
admixture of benign cells in the studied cell population.

Clonogenic assay

Clonogenic assays measure the ability of cells to grow
and form colonies in monolayer. This method quantifies
the ability of drug-exposed cells to divide. Cells are
exposed to drugs, after certain exposure time single
cell suspension is made and cells are plated at low
densities. After several days the colonies are counted
and the IC50 values are determined. This method,
although accurate, is not suitable for cells, which grow
in suspension and there are certain cell types, which
although they grow in monolayer, are not able to form
colonies from single cells. Compared to colorimetric
assays, it has the advantage that it distinguishes
between cytostatic and cytotoxic effects. The clonogenic
assay was considered for years the “golden standard” to
which the other methods were compared for reliability.
In a review of several randomized studies based on
cloning assay compared to clinician’s choice indicate
the response rate is significantly higher when the ther-
apy option is selected by the clonogenic assay than
when it is selected by a clinician [78].

Consequently, clonogenic assays were widely used
on primary cells derived from effusions mainly in ‘80-s:
they were used to test chemosensitivity to cisplatin in
ascites and pleural effusion of gastric cancer patients
[79]. The result of this in vivo study with intraperitoneal
cisplatin administration revealed that all samples except
one correlated with the clonogenic assay results. In
another study, when tumor cells from five human neo-
plastic effusions were cloned in soft agar and their sensi-
tivity to anticancer drugs was tested, the in vitro and in
vivo results of sensitivity correlated in all samples [80].
Similarly, clonogenic assay was applied on effusions
from breast or ovarian cancer patients [81, 82]. In malig-
nant mesothelioma, vinblastine was successfully tested
by this assay, and in lung adenocarcinma, the overall
sensitivity to bleomycin was found similar in solid
tumors and effusions but using the criteria of at least
50% inhibition at highest dose, only effusions show
sensitivity to the drug [83]. In a more recent study, cell
lines along with primary cells from effusions of breast

cancer patients were tested for several drugs. In this
study, clonogenic assay was used along with several
other methods to assess the sensitivity of cells to a
known drug, trastuzumab and a new antibody-drug con-
jugate [84].

Over the years, considerable criticism was posed
against this method and it was increasingly recognized
that it has severe limitations when it comes to the assess-
ment of low proliferating cells [60]. Another major draw-
back is that multiple drugs cannot be tested by this
method. According to several researchers the cell aggre-
gates cannot be clearly distinguished from colonies, but
others argue against this (reviewed by [59]). A major
theoretical problem would be the fact that the tumor
cells are dissociated, and loss of cell interactions,
hypoxia, low pH and three-dimensionality characteristics
for in vivo conditions may alter drug response [85]. Since
these assays can assess just actively dividing cells, the
dormant cells in G0 phase of cell cycle are most probably
missed by them.

Fluorescence activated cell sorting (FACS)

An alternative way to measure drug effects in vitro is to
use FACS analysis. Using tumor specific immunological
reagents, this allows the measurements to be specific for
tumor cells. The effect of cytotoxic drugs is best moni-
tored as apoptosis, simultaneously measuring Annexin V
label and uptake of PI. Early in the apoptotic process
parts of the cell membrane flips, exposing phosphatidyl-
serine from the inside towards the outer surface of the
cell, where Annexin V binds with high affinity. Annexin
V will accumulate on these sites and its immunological
demonstration is a sign of early apoptosis. As the apop-
tosis proceeds, the cell membrane becomes permeable to
PI, and the accumulation of both these markers indicates
a more advanced cellular damage. This method is useful
when studying the apoptotic response in cell populations
although some cells don’t express phosphatidylserine on
the cell surface during early stages of apoptosis [86].

The effects of some drugs are difficult to demonstrate
at early time-points, regardless if the analysis is performed
colorimetrically or by Annexin V. Drugs aiming at the
prevention of angiogenesis can’t be expected to have
effects in cultures that are independent of blood supply.
Furthermore, it seems as if drugs blocking the S-phase will
not cause cell death within a short time of exposure. One
such example is Pemetrexed (Alimta) [87]. Those effects
can, however, be demonstrated by FACS-based cell cycle
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analysis. When the cells are permeabilized to allow
uptake of PI, FACS can define the various cell cycle
phases based on the nuclear content of DNA. The effect
of pemetrexed is consequently seen as S-phase arrest.

A major methodological advantage is the possibility
of simultaneous measurement of apoptosis and cell sur-
face phenotype [88–90] that allows identification and
tumor specific measurement of apoptosis. A further
improvement would be the adaptation of a large scale
automated flow cytometry based screening platform that
has been successfully used to measure the ex vivo effect
of several drugs and their combinations in other cellular
contexts [91].

Effusion based models
for chemosensitivity and
resistance testing

Screening approaches aiming to fulfill the goal of the
personalized cancer medicine are emerging from various
model systems employing effusion-derived primary cells,
cell-lines and patient effusion derived xenografts (PDX).
These models recapitulate the molecular signature of the
tumor to varying degree [92, 93] and in some cases they
have been proved to be predictive of clinical drug
response [92, 94].

Chemosensitivity testing of primary cells
and short-term cultures derived from
malignant effusions

In a large scale cytotoxicity assay; the effect of 32 com-
monly used cytotoxic drugs was tested in primary MM
cells compared to four benign mesothelial cell isolates
obtained from tumor free pleural effusions [75]. Primary
cells from patients with MM showed large individual
variability in their ex vivo chemosensitivity.
Actinomycin D, daunorubicin, taxanes, vinca alkaloids
and anthracyclines were the most potent groups of
drugs. The most resistant cell isolates were affected by
only one drug and the most sensitive ones by ten differ-
ent drugs. The proportion of malignant cells in the
primary cell isolates showed a significant inverse corre-
lation to the proportion of effective drugs and a trend
towards correlation with overall survival of the patients
was observed. Thus, effusions with a malignant cell

content exceeding 45% showed reduced drug sensitivity
and increased resistance toward the most of the tested
drugs. This implies a negative correlation between
advanced clinical stage and overall drug sensitivity.
The study highlighted the need for individual ex-vivo
cytotoxicity testing for selecting patients that are likely
to respond to the first-line treatment and more impor-
tantly offering alternative treatment options for those
with a resistance profile towards the first-line treatment.
Ex-vivo chemosensitivity testing of primary cells derived
from malignant pleural effusion of patients with lung
adenocarcinoma showed similar heterogeneity in drug
response. Vinblastine, vinorelbine, paclitaxel and acti-
nomycin D were effective in 50% of the tested primary
cells [77], justifying further validation of these finding in
clinical settings.

In another study, the chemosensitivity of tumor cells
obtained from malignant effusions of the patients with
various metastatic carcinomas [94] was investigated by
using a simplified titrated thymidine incorporation
assay. It was shown that 88% of the cases were evalu-
able both for chemosensitivity and clinical correlation.
With this approach resistance could be accurately pre-
dicted in 82% and a clinical response in 75%.

Recently, the molecular profile of ascites and pleural
effusions was studied and correlated to the in vitro sen-
sitivity profile and to the actual clinical response [93].
The genomic alterations were highly concordant
between the primary tumor and patient derived tumor
cells isolated from effusion up to 3 weeks from specimen
collection, and the sensitivity profile correlated well in
cells obtained from pleural effusion with the clinical
response. In contrast, the patient derived xenografts
(PDX) derived from these cells showed more than 100
allele variants and low correlation with the other sam-
ples and consequently less concordance to the primary
tumor.

Collectively these data point toward the use of primary
effusion derived cells as valid model for drug sensitivity
testing. For optimal effect it is essential to minimize the
culturing time as culturing cells both in vitro and in vivo
causes clonal selection. The cell isolates derived from
effusion always contain a mixture of malignant cells, reac-
tive mesothelial cells and inflammatory cells in unknown
proportions. To evaluate the proportions of these different
cell types is advisable by means of immunocytochemical
analysis or FACS sorting and including this parameter in
the data interpretation might give important information
about the interplay of tumor cells with immune-modula-
tors that can influence the final sensitivity.
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Chemosensitivity testing of patient effusion
derived xenografts (PDX)

Primary cells derived from malignant effusions were
recently analyzed in parallel with patient derived xeno-
grafts (PDX) obtained by inoculation of the same cells in
immunocompromised mice [92, 93]. During in vivo growth
a different mutational status emerged and only in 30% of
cases remained the PDX congruent with the primary cells
[92]. Cancer cell sensitivity was assessed for standard
chemotherapy regimens individually or in combination
and in a subset of patients it was possible to establish a
correlation between the in vitro drug response and the
effect of clinical treatment.

Recently, the efficacy of FAK inhibitors alone or in
combination with standard care therapy was tested in a
diverse panel of cancer cell lines, in relation to the
expression of the NF2 tumor suppressor gene product,
Merlin. The results were further validated in mouse xeno-
graft models, and for this, the authors used breast, lung
and mesothelioma xenografts all derived from pleural
effusions [95].

A major disadvantage of patient derived xenografts
compared to primary cells is the selection of sub-clones
which in many aspects deviate from the original tumor as
reflected by new molecular changes and mutations that
arise during this clonal selection [92]. Clonal selection in
the PDX model leads to profound differences in the muta-
tional status, underscoring the advantage of primary effu-
sion cells compared to PDX.

Chemosensitivity testing of effusion derived
cell-lines in monolayer

The usefulness of pleural fluids in following the behavior
of tumor cells in vitro has long been recognized. Already
in 1978, 53 metastatic pleural effusions and 34 cases of
mesothelial hyperplasia samples were cultured for up to
one year in order to follow their behavior [96]. Effusion
derived cell-lines also served in various studies for mole-
cular phenotyping of tumor heterogeneity connected to
various differentiation patterns [97–100] followed by sen-
sitivity testing for compounds targeting the identified
molecular targets. Thus the proteasome system [87, 101]
and the thioredoxin system were tested in a range of
mesothelioma cell-lines [87, 102], showing sensitivity for
proteasome inhibitors and selenite. Bortezomib targets
the 20S P subunit of the proteasome system and treat-
ment affected three of the studied cell lines with further

increase in sensitivity when combining with the conven-
tional drugs. After uptake in cells, selenium reacts with
thiols, forming reactive oxygen species and inducing oxi-
dative stress, which in turn causes apoptosis [102]. The
essential part of this reactivity is demonstrated as
decreased drug effect in cells with high expression of
antioxidant proteins [103]. The selenite effect is hampered
by the addition of antioxidant compounds, resulting in
decreased formation of reactive oxygen species [102, 104,
105]. Malignant cells, including drug resistant ones, have
been shown to be more sensitive to selenite treatment
than benign cells [102, 106–108].

Cell lines derived from pleural effusions were widely
used for screening of different drugs and more impor-
tantly, to find drug resistance markers and signatures as
well as biomarkers predicting individual sensitivity. Our
research group has investigated the apoptosis signaling
mechanisms after selenite treatment in sarcomatoid and
epithelioid mesothelioma cells derived from the pleural
effusion of a patient with MM. With this system we deli-
neated pathways of apoptosis signalling in response to
selenite, showing differences between epithelioid and
sarcomatoid mesothelioma cells, interestingly the sarco-
matoid ones being more sensitive to this drug [109]. The
same cell lines, along with 4 others were subjected to a
broader drug screening, using conventional drugs and
two experimental drugs. In addition, the sensitivity to
different drugs was correlated to the immunoreactivity
of several potential predictive markers (Pgp, MRP-1,
ERCC1, RRM1, TS, xCT and proteasome 20S subunit). We
found that cells with an epithelioid phenotype are more
sensitive to the different drugs than the sarcomatoid cells.
The studied cell lines were generally unaffected by treat-
ment with doxorubicin, gemcitabine or carboplatin, but
in different combinations, however, significant synergis-
tic effects were induced by doxorubicin. This mirrors the
clinical situation were treatment with a single drug is
ineffective and drug combinations yield better results.

Extensive S-phase arrest was seen in pemetrexed-
sensitive cell lines. MRP-1 was shown to be a good pre-
dictive marker for carboplatin sensitivity whereas xCT
predicted the sensitivity for pemetrexed [87]. RRM1 reac-
tivity was verified also in primary cell isolates and it
seems to be important for drug sensitivity and survival
of the patient. The ability of RRM1 reactivity to predict the
effects of drugs has previously been shown in non-small
cell lung cancer patients treated with cisplatin and vinor-
elbine [110]. In repeated pleural effusions from the same
patient we observed a progressed disease with an
increased proportion of malignant cells, RRM1 reactivity
and drug resistance.
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As the importance of cancer stem cells emerged in
the last years, effusions started to be used in this context
as well. Cell lines derived from pleural effusions were
used to validate aldehyde dehydrogenase as cancer
stem cell marker in MM and to demonstrate the chemore-
sistance of cancer stem cells, by using it as stem cell
marker, together with CD44 [95, 111].

Recently in a prospective, non-randomized, open-
label clinical trial the feasibility of the cancer stem
cell’s isolation and chemosensitivity assay was evaluated
in effusions or tumor tissue of patients who progressed
after standard therapy. In vitro sensitivity assays were
performed simultaneously with several drugs, on the
basis of the previous treatment regimens and the basic
molecular aberration of the individual tumors. In addi-
tion to sensitivity assays, in this study, cells derived from
spheroids were dissociated and immunologically charac-
terized. Overall, the failure rate in isolation of cancer
stem cells was higher in tumor biopsies (failure rate:
45%) than with malignant effusions (failure rate: 23%)
[112]. This study shows that testing of cancer stem cell’s
chemosensitivity is feasible in the clinical setting and
neoplastic effusion samples are the most suitable for
this purpose, thus providing a new personalized thera-
peutic option.

Similar to PDX, a limiting factor with established cell-
lines is however, that the selection pressure over time
with sub-sequent cell culturing will lead to clonal selec-
tion which thereby might have a profound influence on
the outcome of the sensitivity testing.

Chemosensitivity testing of effusion
derived cell-lines in three dimensional
spheroid system

Three-dimensional models established from primary cells
or cell lines established from malignant effusions or tis-
sue samples constitute a more complex system. This
allows sensitivity markers to be checked in conditions
that better resemble the clinical situation with well-
developed cell-cell contacts. Generally, these models
exhibit high multicellular resistance, which may model
the resistance of the actual parental tumor. These models
could be also helpful in explaining the discrepancies
between in vitro studies and their therapeutic applicabil-
ity. For example, the role of the PI3K/Akt/mTOR pathway
[113, 114] and autophagy [115] in drug resistance of MM
tumors and the involvement of autophagy in sensitizing
tumor cells was studied in this system.

Histoculture drug response assay (HDRA) is an antic-
ancer drug sensitivity test using 3-dimensional culture,
growing cells on gelfoam, and then applying a colori-
metric assay such as MTT. Its big disadvantage is the
requirement for a large number of cells and the influence
of surrounding fibroblasts also has to be considered. It
was successfully applied for example in testing lung
cancer cells. It was even achieved a prolonged overall
survival by a treatment using an HDRA-sensitive regimen
[116]. It was also applied for testing the chemosensitivity
of the ascites derived tumor cells from patients with
gastric and colorectal cancer, in order to establish the
optimal dose for intraperitoneal therapy. The cells were
cultured using a three-dimensional culture matrix of ther-
moreversible gelation polymer, allowing spheroid forma-
tion, followed by drug treatment and quantitation of
viable cells by a formazan assay. The drug was adminis-
tered to the patients at a dose calculated to achieve
ascitic fluid drug levels equivalent to the IC 50 to a
group of sensitive patients and a group of resistant
patients. They observed that both the median survival
time and the median time to progression were signifi-
cantly longer in the sensitive patients [117].

The collagen gel droplet embedded culture drug sensi-
tivity test (CD-DST) is a new in vitro anticancer drug
sensitivity test based on proliferation measurements
which allows the analysis of a small number of cells, in
contrast to other anticancer drug sensitivity test like
HDRA. It is also a 3-dimensional culture that resembles
the body environment and it is not affected by adjacent
fibroblasts, and thus has high predictive value.
Technically it is a simple colorimetric assay where neu-
tral red staining is used in collagen gel drops that are
imaged on a video-microscope.

CD-DST was applied for a panel of 9 chemotherapeu-
tic drugs on biopsies of pleural MM, the data marginally
correlated to the actual effect of chemotherapy in these
patients [118]. A certain extent of clinical usefulness of
CD-DCT for lung, colon or breast cancer and stomach
cancer was also found [119–122]. When CD-DST was
used to analyze the cytotoxic effect of chemotherapeutic
drugs using ascites and pleural fluid samples of ovarian
cancer patients [123, 124] the results correlated well with
clinical outcomes. These results suggest that CD-DST is
more useful for ovarian cancer when evaluating the anti-
cancer drug sensitivity of malignant cells in ascites and
pleural fluids than in evaluating primary tumors.

Cancer stem cell sensitivity assays are a new approach
of studying the effects of cytotoxic drugs, since the can-
cer stem cells represent a population of immature tumor
cells that are particularly resistant to chemotherapy.
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Tumor cells are isolated from biopsies or effusions and
kept under specific culture conditions, which selects the
immature tumor cells that express markers of stemness.
These cells are then exposed to the drugs in vitro. Recent
studies showed that this type of sensitivity assay based
on cancer stem cells can be a useful tool in a clinical
setting as well. The report also argues for the use of
pleural effusion because of the easy collection anyway
required for relief of symptoms and with its low co-mor-
bidity. The sample type was the most important factor for
the success of the method and percentage of patients
benefitting from the test [112].

Genome wide screening combined
with biological chemotherapy
response profiles

New studies emerged where the sensitivity testing is
combined with genome wide analysis of cells derived
from tissue samples or pleural effusions of patients. A
high throughput drug screen using a panel of targeted
therapeutic agents was combined with extensive whole
exome sequencing and transcriptome profiling of pleural
MM cell lines and primary early passage cells. A sub-
group of mesotheliomas demonstrated high sensitivity
to FGFR inhibition. Loss of BAP1 could be associated
with this sensitivity, being a potential biomarker for
FGFR inhibitor efficacy [125].

A novel resistance signature to pemetrexed/carbopla-
tin treatment was established by microarray analysis of
samples derived from a long-term survivor mesothelioma
patient, analyzing biopsies before and after developing
drug resistance [126]. The results indicate that changes in
the metabolism of pyrimidine and purine are central in
this development of resistance. The value of measuring
thymidylate synthase (TS) protein expression and not
mRNA in response to treatment was seen in these
experiments.

In another study bioinformatics analysis of the micro-
array data of 53 pleural MMs paired with normal tissue
revealed that the mitotic spindle assembly checkpoint
pathway and cytoskeleton/spindle microtubules network
were most significantly altered in these tumors. This
analysis was followed by cell viability assays to assess
sensitivity to specific small molecule inhibitors targeting
microtubules and a nontaxane small molecule inhibitor,
epothilone B. Targeting the microtubules was found as a

promising potential therapeutic agent; in a similar set-
ting, screening several cell lines for drug sensitivity
together with gene expression profiling, osteopontin
level was found a suitable biomarker for pemetrexed
sensitivity [127].

The increasing number and complex pattern of
actionable mutations warrant further improvement of
the prediction. Efforts aiming to incorporate multiple
parameters and biological pathway information in drug
sensitivity prediction algorithms are emerging in several
laboratories [128, 129]. To convert these in-vitro data to
clinically reliable drug predictions requires, however,
accurate validation and it constitutes a bigger challenge.
Thus, the scientific community is still struggling to find
optimal drug sensitivity algorithms and to match thera-
peutic interventions to the individual genomic context of
each patient.

Implementation of effusions
as useful tools for ex-vivo
chemosensitivity testing

As mentioned above, many tumors present with a malig-
nant effusion as first manifestation. The withdrawn fluid
will then be the first material available for diagnosis, not
only determining whether malignant or not but also pro-
viding information such as possible origin and presence
of predictive markers.

The tumor cells obtained from fresh effusion can be
grown in short term cultures and such primary cells are
suitable for ex-vivo sensitivity testing. They often also
yield larger amount of tumor cells compared to tumor
biopsies. In addition they are suitable for simultaneous
molecular profiling and biomarker analysis that could
give better guidance for patient stratification. An effusion
completely dominated by tumor cells, however, indicates
a more advanced tumor with a higher degree of resis-
tance that limits the response rate.

For a better chance for successful chemotherapy gui-
dance; the drug testing should therefore also be possible
with effusions that have only sparse malignant cells;
representing earlier manifestation of the tumor. The
benign cell admixtures in such effusions are mainly
macrophages and inflammatory cells (granulocytes and
lymphocytes) and admixture of various amounts of benign
mesothelial cells. This various components mimic the
complex interplay with benign cells and immune-
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modulators. One must, however, be aware of the fact that
these benign cells may react to drugs in an unpredictable
way in cell culture. This underscores the importance of
using tumor cell specific measurements. Different strate-
gies can be used to analyze the tumor specific drug sensi-
tivity in this complex system: 1) tumor cells can be
enriched by cell sorting or immunology based magnetic
separation or 2) cytotoxicity can be measured in this com-
plex natural environment by multi-parameter fluorescence
activated cell-sorting (FACS), addressing immunologically
labeled tumor cells.

The testing should be performed on freshly isolated
cells or short-term cultures in order to avoid clonal selec-
tion of the tumor cells. Such clonal selection may influ-
ence the sensitivity profile already after a few passages
[130]. The possible in vitro drug exposure time is limited;
the most often used time frame being 48–72 h after cell
attachment. This time course often provides shorter expo-
sure time compared to what is obtained in vivo. In order
to have a test that discriminates more and less sensitive
cell isolates, the tested drug concentrations have to be
adjusted, using other concentrations than those esti-
mated in clinical use.

Concluding remarks and future
perspectives

Taken together there is an urgent need for individua-
lized treatment for patients with malignant effusions as
the prognosis is poor and the therapeutic window for
these patients is very narrow. This can, to a certain
extent, be based on results from studying tumor cells
from malignant effusions, optimizing the choice of drug
combinations. By studying the drug sensitivity of pri-
mary tumor cells the optimal treatment strategy for
individual patients might be predicted, measuring the
tumor specific cell death. Focus should then, prefer-
ably, be directed towards the ex-vivo effects of drugs
that previously have been evaluated in treatment and
therefore are accepted as alternative treatment options
and novel targeted therapies. The use of integrative
approaches with predictive markers and molecular tar-
gets can also be of help, although the translation of
preclinical data in clinically useful tests must be further
improved. By performing such more detailed studies we
might be able to suggest both the best first line treat-
ment and the best alternative in patients that are not
responding.

Difficulties in evaluating primary cultures due to
admixture of variable amounts and types of benign
cells should also be addressed. One possibility is to
use of multi-parameter flow cytometry. Such an analysis
can be developed to include not only markers for apop-
tosis and cell cycle arrest, but also differentiate between
different cell populations and specifically assess tumor
specific cell death along with proteins that are essential
to drug resistance. Over time such studies may also help
to better explain and understand resistance develop-
ment in patients. For a reliable test, however, a careful
validation is needed, taking into account the heteroge-
neity of malignant tumors, but also the complex inter-
play between malignant and benign cells.
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