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In preclinical drug development, the success rate of carrying candidates from phase I trials to final approval is as low as ~10%.
Initially, compounds hitting specific molecular targets are selected via testing on permanent cell lines, xenotransplants, and
animal experimentation. However, numerous failed clinical trials demonstrate that these models lack sufficient predictive power.
In contrast to established cell lines altered by extended periods in tissue culture, freshly isolated cancer cells may represent
original characteristics. For typical solid tumors, access to representative tumor cells is difficult, although pleura-derived tumor
cells of advanced lung cancer patients may provide a notable exception to obtain original cell suspensions. These lung cancer cells
can be used directly or upon the establishment of cell lines, which can be obtained rapidly at a high take rate due to the aggressive
nature of these tumors. In contrast to established permanent cell lines, freshly isolated cells exhibit higher resistance and may
more accurately predict responses. Furthermore, these cell lines can be validated within the framework of functional precision
medicine for personalized chemotherapy by comparing the in vitro chemosensitivity profile of cells to clinical responses for specific
inhibitors directed at mutated drivers such as Kirsten rat sarcoma viral oncogene homolog (KRAS), epidermal growth factor
receptor (EGFR), anaplastic lymphoma kinase (ALK), c-ros oncogene 1, receptor tyrosine kinase (ROS1), and neurotrophic
tropomyosin receptor kinase (NTRK) oncogenes in non-small cell lung cancer (NSCLC). This review discusses the use of freshly
cultivated lung cancer cells from pleural effusions and highlights their value in generating clinically relevant predictive data, in

contrast to permanent cell lines.
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Introduction

The emergence of targeted precision medicine has led
to extensive development and screening of large drug li-
braries aimed at proteins implicated in the progression of
cancer and other diseases. Success rates in late-stage drug
development from phase I1I trials to launch have increased
from under one in two a decade ago to almost two in three
between 2015-2017, across all indications, and particularly
for rare diseases [1]. Phase II success rates have remained
relatively constant, with approximately a quarter of candi-
dates reaching phase III after phase II trials. About 12%
of drug candidates passing preclinical studies enter clinical
trials. The probability of approval from the beginning of
phase I has remained stable at less than 10%, with 80% of
withdrawals attributable to safety or efficacy reasons [2,3].
The average first approval rate across pharmaceutical com-
panies is 14.3%, with values ranging from 8% to 23% [4].
The time span from a novel therapeutic approach to the ap-
proval of a new drug averages 14 years. Therefore, early
clinical development determines research and development
efficiency and represents a bottleneck in drug development.
It seems obvious that cancer cell lines and experimental an-

imal models used in drug selection partially lack predictive
power for clinical efficacy. This review emphasizes the use
of freshly established Iung cancer cell lines for preclini-
cal testing, as they provide results with greater predictive
power compared to permanent cancer cell lines maintained
in culture for decades.

Identifying Cancer Cell Lines as Proxies for
Patient Tumors

Cancer cell lines are employed as a model for patient
tumor samples to investigate the efficacy of drugs. Cell
lines are inexpensive, and they can be cultured for long
periods of time, allowing repetitions of tests [5]. The es-
tablishment of a new cell line is regarded as complex with
a low success rate, as well as time-consuming, often re-
quiring more than one or two years [6,7]. However, in
vitro culture of cell lines alters their characteristics, such
as growth rate and chemosensitivity, resulting in severe
aberrations from the original tumor profile [8—10]. Genetic
changes, as well as altered mRNA expression, have been
described for cell lines in tissue culture [11-13]. It is com-
monly believed that this problem is partially solved by a
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similarity score that maps genomic datasets of cell lines to
those of patient tumor samples. Extended parameters in-
clude multi-omics results for gene expression, mutations,
copy number aberration (CNA), DNA methylation, and mi-
croRNA expression [10,14,15]. Multi-omics profiles of tu-
mor samples are available from the Cancer Genome At-
las (TCGA) [10,16] and the Cancer Cell Line Encyclope-
dia (CCLE) [14]. Liu ef al. [17] used a Transcriptome
Correlation (TC) analysis to compare cell lines and tumor
samples, and Warren et al. [18] developed an alignment
method called Celligner for this mapping. Several high-
ranked cell lines recapitulated the drug response of patient
samples for several FDA-approved cancer drugs. However,
next-generation sequencing (NGS) profiles from 947 hu-
man cancer cell lines, coupled with drug responses for 24
anticancer drugs across 479 cell lines, showed that genetic
characteristics varied substantially between different can-
cers, even if they stemmed from the same tissue [19,20].
It is therefore not feasible for either NCI cell line—based or
typical xenograft-based models to reliably predict human
clinical response for a particular type of cancer [9].

Typically, alignment of cell lines with tumor sam-
ples of the same cancer type may show concordance for
some lines while revealing systematic differences in oth-
ers [5,21]. Based on similarity scores, several high-ranking
cell lines were shown to closely resemble the correct tumor
type in previously published in vitro tests [8]. For lung can-
cer adenocarcinoma, the cell lines HCC4006, NCI-H222,
NCI-H2291, NCI-H3122, and RERFLCK exhibited high
similarity to tumors; however, they were used infrequently
in experiments. Cell lines lacking characteristics of actual
tumor cells can exaggerate screening results of drugs with
respect to higher chemosensitivity and lead to a loss of pre-
dictive power for clinical outcomes. Panels of cell lines
with defined mutations are available for controlled in vitro
experiments, such as those from the National Cancer Insti-
tute [22]. Cell lines need to be adapted to specific culture
conditions, and this favors clone selection, thus limiting cell
heterogeneity. It is not always easy to generate cancer cell
lines, and their ability to proliferate indefinitely may cause
progressive changes in gene expression profiles [23]. How-
ever, immortalized cell lines with long-term cultivation are
not always predictive of actual cancer behavior [9,24].

Primary Cell Culture Lines

Reliance on data from experimental animal research to
select drugs for clinical trials has yielded a high failure rate
of 95% for targeted agents in early-phase trials [25]. Often,
promising preliminary results of preclinical experiments do
not translate well to clinical settings [26,27]. Progressing
from two-dimensional cell culture to three-dimensional cell
models, such as spheroids, recapitulates some features of
spatial tumor architecture yet fails to incorporate tumor vas-
culature and microenvironment. Patient-derived xenografts

(PDX) are hindered by low engraftment rates and slow
growth in comparison to cells from primary tumor material,
and furthermore, the stroma and vessels supporting their
growth are of murine origin [28].

Primary cancer cell cultures are ex vivo cell popula-
tions isolated directly from surgically resected tumor tissues
or biopsies [29]. Following tissue dissociation by chemical,
mechanical, and enzymatic processes, the resulting cell sus-
pensions may comprise a mixture of subclones of the whole
tumor mass. Primary cell culture is a gold-standard testing
platform for in vitro research in oncology, as it reflects the
tumor state more accurately compared to commonly em-
ployed cell lines [30,31]. Provided that primary cells are
directly derived from the tissue of origin and cultured un-
der favorable conditions, they are more representative of
the in vivo state. The lifespan of these patient-derived pri-
mary cells is regarded as limited to a few passages. More-
over, the success rate of primary cell line establishment has
been considered quite low and, thus, extensive biochemical,
histological, and genomic characterization needs to be con-
ducted [32]. The low availability of representative tumor
tissues, their content of distinct tumor clones with differ-
ent chemosensitivities in low numbers, and the difficulties
of harvesting single-cell suspensions for in vitro expansion
hamper the development of predictive drug tests for clinical
application.

Lung Cancer Malignant Pleural Effusions

Despite costly target validation and drug optimization
in preclinical models, most therapies still fail in phase III
clinical trials [33]. The underlying cause is that cell lines
and xenografts that are commonly used are inadequate mod-
els and do not effectively mimic and predict clinical re-
sponses. A notable exception to the difficulties of obtain-
ing tumor cells from surgical specimens is the procurement
of cells from malignant pleural effusions (MPEs) [34,35].
MPEs accumulate due to an increase in pleural fluid pro-
duction or inhibition of reabsorption by lymphatic obstruc-
tions caused by malignant tumors, increased microvascu-
lar permeability, and increased capillary venous pressure
[36]. Pleural effusions hamper the ability of patients to
breathe properly, and therefore, the excess fluid is drained
by pleurocentesis to ease respiration. An accumulation of
malignant pleural effusion is often the first sign of lung can-
cer and, in contrast to biopsies, malignant cells within the
MPE are easily accessible and often highly abundant. These
cells provide an excellent source of viable cells for molecu-
lar profiling, biomarker analysis, and establishment of pri-
mary cell cultures to study chemosensitivity. MPEs occur
in about half of non-small cell lung cancer (NSCLC) pa-
tients at advanced stages and in most cases represent highly
aggressive cancers with poor prognosis. Therefore, cells
can be directly used for chemosensitivity testing and fre-
quently give rise to permanent cell lines. The success rate
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for the establishment of cancer cell lines has been described
as low and unpredictable for any specimen of tumor tis-
sue [16,37]. Kodack et al. [38] reported the success rate
for establishing primary cancer cells from 568 patient tis-
sues for a variety of tumor types and sources. This study
found a success rate of 26%, most of them lung tumors,
while pleural effusions had a higher rate (42%) compared
to core biopsies (23%). For breast cancer, the take rate
was low, with a success rate of 15%. In a study by Kim
et al. [39], 23 patient-derived cell lines were isolated from
96 malignant effusions collected from 77 patients with ad-
vanced lung adenocarcinoma. In contrast, permanent lung
cancer cell lines (estimated at 300-400), currently widely
used, were established decades ago by Gazdar et al. [40]
and other groups. Thus, the availability of freshly isolated
pleura-derived lung cancer cells offers a unique possibility
to guide precision medicine therapy for the respective pa-
tients by assessing their oncogenic drivers and correspond-
ing inhibitors. In most cases, these effusions contain a high
number of tumor cells in suspension that are enriched for
aggressive tumor subpopulations, resulting in lower sur-
vival for such patients with so-called wet NSCLC [41].

Lung Cancer Therapy

The 5-year relative survival rates of lung cancer vary
between 10% and 21% in Europe [42]. NSCLC accounts
for around 85% of all lung cancer cases, while more than
half of all new NSCLC cases are diagnosed at an ad-
vanced stage [43]. Systemic therapy used to consist of cy-
totoxic chemotherapy with only minor improvement in me-
dian overall survival [44]. Today, actionable biomarkers
of NSCLC make this disease a model for precision oncol-
ogy, comprising genomic alterations in epidermal growth
factor receptor (EGFR) and those in Kirsten rat sarcoma vi-
ral oncogene homolog (KRAS), Erb-B2 receptor tyrosine
kinase 2 (ERBB2), anaplastic lymphoma kinase (ALK),
c-ros oncogene 1, receptor tyrosine kinase (ROS1), MET
proto-oncogene, receptor tyrosine kinase (MET) and others
[45,46]. KRAS mutations occur in up to 20-30% of patients
with NSCLC and represent the most common oncogenic
driver [47]. Adagrasib (MRTX849/Krazati) and sotorasib
(AMG510/Lumakras) are both approved KRAS G12C in-
hibitors blocking this specific mutant form of the KRAS
protein, which constitutes a frequent oncogenic driver in
NSCLC [48]. In preclinical development, the KRAS G12C
permanent cell lines NCI-H358 and NCI-H23 were sensi-
tive to AMG-510 treatment with inhibitory concentration
IC3g values of 35 nM in NCI-H358 and 44 nM in NCI-
H23, indicating high cytotoxicity [48,49]. The ICs5q for
MRTX849 was 14 nM for NCI-H358 and 5 nM for MIA
PaCa-2, respectively [50]. Despite these high toxic activi-
ties determined in in vitro studies, the clinical administra-
tion of AMG-510 and MRTX849 produced response rates
0f40-50% with limited duration in patients pre-treated with
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chemo- or immunotherapy [47,51]. Several other KRAS
G12C-specific therapies and pan-KRAS inhibitors are un-
der development [52]. Driver mutations are detected us-
ing genomic tests that identify alterations in the respective
genes through sequencing, most often via a limited panel
of known drivers using NGS or whole-exome sequencing
[53]. Specimens available for genomic analysis include
biopsies, pleural effusions, ascitic fluid, circulating tumor
DNA, and circulating tumor cells [54].

Functional Precision Cancer Medicine

Functional precision medicine (FPM) is a new ap-
proach that can guide cancer treatment by obtaining infor-
mation from direct exposure of tumor-derived living cells
to the respective drugs and assessment of their chemosen-
sitivity [55]. Thereby, FPM supports clinical decisions on
personalized treatment of cancer patients by functional in-
stead of static genomic tests on tumor cells (Fig. 1). The
first attempts to determine the chemosensitivity of ex vivo
tumor cells were started more than four decades ago, but
functional assays were too unreliable for clinical implemen-
tation, partially due to very low rates of tumor cell cul-
tures [56-59]. Today, hematological tumors can be regu-
larly tested, and prospective clinical trials have validated
the predicted treatment response [60,61]. However, for
solid tumors, the isolation of relevant tumor cells, expan-
sion to cell numbers required for testing, and valid cytotox-
icity testing are highly demanding and may fail for many
patients; thus, only retrospective trials are recommended in
solid tumors. Prolonged expansion of tumor cells may be
necessary to obtain the minimum number required for reli-
able chemosensitivity testing. The isolated cancer cells are
treated in vitro with different concentrations of chemother-
apeutics to obtain IC5 values from dose-response curves
[62]. The chemosensitivity results can be compared to the
drug’s peak plasma concentration to check whether effec-
tive concentrations may be reached in vivo [63]. Ultimately,
a firm relationship between chemosensitivity data and clin-
ical responses needs to be obtained and used for calibra-
tion of clinical trials. The predictive values of drug tests in
freshly isolated tumor cells corroborate the use of these cell
lines in preclinical drug development.

FPM in Lung Adenocarcinoma

We have previously reported the implementation of
FPM for ALK-rearranged lung cancer [34]. These cells
float freely in suspension and are not dependent on struc-
tured tumor—stroma relations, and can therefore be used for
chemosensitivity tests without further processing. As a spe-
cial advantage, the use of pleura-derived NSCLC cells is not
hampered by the obstacles involved in the processing and
expansion of solid tumor tissues [64,65]. The chemosensi-
tivity of NSCLC lines isolated from pleural effusions can
be tested within 4 days in in vitro cultures. Furthermore,
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1. Acquisition of relevant tumor cells
Biopsy
Effusions
Ascitic fluid

Circulating Tumor Cells (CTC)

2. Genomic analysis — driver mutations
Next Generation Sequencing (NGS)/panel

Whole Exome Sequencing (WES)

2D-, 3D cultures, Organoids

Patient-derived Xenograft

3. Expansion of the tumor cells

4. Cytotoxicity testing
Viability staining

Xenograft size

6. Clinical trial

Functional measurement — clinical validation

Fig. 1. Prerequisites of functional precision medicine. (1) Tumor cells are recovered by different modalities for (2) genomic analysis

and determination of driver mutations. In most cases, chemosensitivity tests require a larger number of cells that need to be procured

by (3) in vitro expansion prior to (4) viability assays. (5) The results of chemosensitivity determinations are then compared to drug

concentrations that can be achieved in patients. Provided that all steps are successfully performed, the predictive value of the ex vivo

measurements may be confirmed in prospective (6) clinical trials. Light microscopic pictures of cultivated tumor cells from pleural

effusions show the different growth characteristics in the form of single cell suspensions, attached to the cell flask surface or as loosely

attached spheroids. The figure was created using Microsoft PowerPoint.

NSCLC cells can be screened for lung cancer driver muta-
tions that are not covered by hotspot NGS arrays used for
pathological testing of mutated oncogenes. One example is
the detection of a Son of Sevenless 1 (SOS1) driving muta-
tion in a KRAS wild-type NSCLC cell line BH1406 [66].
Another application of FPM in NSCLC is the pre-
clinical testing of drugs in an early phase of clinical de-
velopment. FPM can aid in finding efficient drugs with-
out the investigation of detailed mechanisms of resistance.
A key problem for the interpretation of in vitro FPM tests
is the drug concentration used and its relation to clinical
pharmacokinetics. Studies involving NSCLC patients and
pleura-derived cancer cells could be helpful to establish a
relationship between IC5( values obtained in vitro and the
clinical efficacy of the respective active drug. The use
of pleura-derived tumor cells avoids problems encountered

with organoid cultures in NSCLC that in most cases are
overgrown by normal airway cells [67,68].

Preclinical Development of the KRAS G12D
Inhibitor MRTX1133

The KRAS G12D inhibitor MRTX1133, the first of
such inhibitors, was tested in a Phase I clinical trial [69].
This study of MRTX1133 in solid tumors harboring a
KRAS G12D mutation (NCT05737706), enrolling 63 pa-
tients, was terminated prior to phase II in March 2025 due
to high pharmacokinetic variability and failure to meet key
activity thresholds. This failure is in contrast to the re-
ported high activity of MRTX1133 in preclinical develop-
ment employing KRAS G12D pancreatic cancer cell lines.
In detail, using such lines, IC5¢ values below 5 nM were
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Fig. 2. Schematic representation of typical results of MRTX1133 cytotoxicity tests. Comparison of dose-response curves of a

commercial G12D mutated cell line, a pleura-derived G13D mutated cell line, and a pleura-derived G12D mutated cell line (up to 10 uM

of MRTX1133). The figure was created using Microsoft PowerPoint.

reported for MRTX1133 [70]. However, significant frac-
tions of cells, reaching up to 30%, were still viable at high
concentrations of up to 4 uM of MRTX1133 [71]. In an
independent study checking pancreatic cell lines in 2D cul-
tures, ICsg value sensitivities reported ranged from >100
to >5000 nM for MRTX1133 [72]. In combination with
its relatively poor bioavailability, survival of cells at high
concentrations, and possible development of chemoresis-
tance, limitations in clinical efficacy were to be expected
[73]. Typical schematic survival curves of cancer cell lines
treated with MRTX1133 are shown in Fig. 2. While a
commercially available permanent KRAS G12D line shows
high chemosensitivity (ranging from 1 nM to 10 uM),
a KRAS G13D line established from a pleural effusion
showed chemoresistance and was outweighed by the re-
sistance observed in a typical pleura-derived KRAS G12D
NSCLC cell line. The failure of MRTX1133 in these cy-
totoxicity tests reveals the limitations of a single molec-
ular epitope approach for attacking KRAS, with modest
response rates, rapid development of resistance, restricted
patient applicability, and reliance on highly sensitive per-
manent cell lines. Further developments may result in
Proteolysis-targeting chimera (PROTAC)-based KRAS de-
graders that have the potential to overcome resistance seen
with conventional inhibitors.

Sensitivity of Adenocarcinoma Cells to
RMC-6236 Treatment

Revolution Medicine developed a series of KRAS
glues to block the activity of all genotypes of KRAS by
structurally hindering the activity of this oncogene via
sanglifehrin-mediated attachment to Cyclophilin A [74,75].
RMC-6236 (Daraxonrasib) is active against all KRAS mu-
tations, while other derivatives, such as RMC-9805, are op-
timized to target KRAS G12D [76]. By employing an al-
losteric approach, these RMC compounds circumvent the
covalent binding problem entirely. For lung cancer and
pancreatic cancer cell lines, IC5¢ values of single-digit
nanomolar inhibitory concentrations were reported. Specif-
ically, RMC-6236 activity was assessed across a panel of
845 cancer cell lines and was found to potently inhibit cell
growth in KRAS G12X cells, with a median IC5( value of
8 nM [76]. For the NSCLC lines NCI-H23 and NCI-H358,
IC5p values of 7.1 nM and 3.9 nM were determined.

Efficacy and safety results of a Phase I trial of RMC-
6236 in patients with pancreatic ductal adenocarcinoma
(PDAC) were recently reported at the 2025 Gastrointestinal
Cancers Symposium [77]. For 127 patients with KRAS-
mutant PDAC, the overall response rate (ORR, both con-
firmed and unconfirmed) was 27%, but for KRAS G12C,
the ORR was 36%. For RMC-9805, a RAS(ON) G12D in-
hibitor, the ORR was 30% in 40 patients [78]. RMC-6236
showed a 38% overall response rate in RAS-mutant NSCLC
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Fig. 3. Schematic representation of typical results of RMC-6236 and RMC-9805 cytotoxicity tests. Comparison of a commercial
KRAS wildtype and G12D mutated cell line treated with RMC-6236, as well as a pleura-derived G12D cell line treated with RMC-6236
and RMC-9805 (up to 2 uM of the RMC compounds). The figure was created using Microsoft PowerPoint.

Personalized Treatment Functional Testing
v v v
- - ‘ 000000000000
| aramive | Bav2e3 | ALecTinie ° H

| OSIMERTINIB | BI-3406 | BRIGATINIB ::
o0 o000
[ CAPMATINIB I MRTX0902 | LORLATINIB o0

Data Analysis

Pleural Effusion

|

o

i

T
4

1C-50 i 3

—— Inhibitor A 3
4 Inhibitor B
Inhibitor C

iability [% of surviv.
8 & g 8 §
—
|
[

3 |
5

0.02 0.04 0.08 0.16 031 0.63 125 25 10
Concentration [uM] /

-

Fig. 4. Functional precision medicine in lung cancer. Lung cancer tumor cells can be obtained by draining pleural effusions. Isolated
tumor cells are subjected to functional testing in short-term cytotoxicity testing in MTT stands for 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assays. The half maximal inhibitory concentration (ICs¢) values of drugs under investigation
are calculated from dose-response curves and compared to clinical peak plasma concentrations reported in the literature. Drugs, for which
the in vitro ICso concentrations exceed the clinically achievable peak plasma concentrations, are likely to fail in patients. The figure was
created using Microsoft PowerPoint.
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patients, with a median response duration of 15.1 months
[79]. Median progression-free survival was 9.8 months,
and median overall survival was 17.7 months for patients
treated with RMC-6236. Treatment-related adverse effects
led to dose modifications in 52% of patients, with rash as the
most common adverse effect. However, the side effects on
normal tissues were described as transient and manageable.
Notably, RMC-6236 KRAS glue exhibits high activity in a
commercially available KRAS wild-type cell line.

In an in vitro test, a typical commercial KRAS G12D
line shows high chemosensitivity; however, approximately
40-50% of cells survived up to the highest concentration
of the drug used in PDX models (so-called bottom frac-
tion). In contrast, a real-world, pleura-derived lung can-
cer KRAS G12D cell line revealed high resistance to RMC-
6236 up to 2 uM, while RMC-9805 was more effective, but
still left about 50% of cells surviving high-dose treatment
(Fig. 3). Therefore, the results of clinical trials are signif-
icantly lower than expected from the extremely low ICsg
values reported for the permanent cell lines tested in vitro.
Although this difference may be due to problems in in vivo
bioavailability, the prominent surviving fraction of cells at
high concentrations of the drug seems to contribute to the
escape of tumor cells. In drug combinations, the RMC com-
pounds are expected to sterically block KRAS degraders.

Conclusion

Nearly 75% of drugs under preclinical development
eventually fail in clinical trials due to lack of efficacy or
safety concerns. Cell lines used in the selection of promis-
ing drugs grow indefinitely but seem to have poor predictive
power due to alterations upon prolonged in vitro cultivation.
Multi-omics analyses are used to identify cell lines most
similar to their originating tumor tissues; however, these
data cannot fully predict the growth behavior or chemosen-
sitivity of the cell lines. Freshly isolated cells may retain
their original characteristics and can be obtained, for exam-
ple, from pleura-derived tumor cells of lung cancer patients
(Fig. 4). In contrast to permanent cell lines, freshly isolated
cells exhibit higher resistance and sometimes show survival
of a fraction of cells up to micromolar concentrations of
the drug, indicating refractoriness to such drugs. Therefore,
pleura-derived lung cancer cells and cell lines may be used
to validate in vitro chemosensitivity and clinical response.
Such cells may possess higher predictive value in the se-
lection of drug candidates. Attempts to extend studies on
pleura-derived tumor cells to cells from solid tumor tissue
biopsies are in progress, but the acquisition of representa-
tive tumor cells from such tumor specimens is difficult. Iso-
lation of tumor cells from effusions or ascites is less com-
plex than from surgically resected solid tumors and offers
a practical means to investigate drug responses in primary,
patient-derived cells.
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