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Summary
For patients with advanced stage non-small cell lung cancer (NSCLC), treatment strategies have changed significantly
due to the introduction of targeted therapies and immunotherapy. In the last few years, we have seen an explosive
growth of newly introduced targeted therapies in oncology and this development is expected to continue in the future.
Besides primary targetable aberrations, emerging diagnostic biomarkers also include relevant co-occurring mutations
and resistance mechanisms involved in disease progression, that have impact on optimal treatment management. To
accommodate testing of pending biomarkers, it is necessary to establish routine large-panel next-generation
sequencing (NGS) for all patients with advanced stage NSCLC. For cost-effectiveness and accessibility, it is recom-
mended to implement predictive molecular testing using large-panel NGS in a dedicated, centralized expert labo-
ratory within a regional oncology network. The central molecular testing center should host a regional Molecular
Tumor Board and function as a hub for interpretation of rare and complex testing results and clinical
decision-making.

Copyright © 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Key messages

• The number of clinically relevant biomarkers in patients with advanced stage
NSCLC has increased rapidly over the past years and this is expected to
continue faster and broader;

• Molecular tumor profiling for all clinically relevant biomarkers in patients with
advanced stage NSCLC, including biomarkers for which targeted therapies are
available through clinical trials, off-label use, or compassionate use programs,
should be performed;

• It is necessary to implement routine large-panel next-generation sequencing
(NGS) for all patients with advanced stage NSCLC to enable testing of all clinically
relevant biomarkers, both for biomarkers relevant today as well as biomarkers
relevant in the (near) future;

• Predictive molecular testing using large-panel NGS should be centralized in a
dedicated, centralized expert laboratory within a regional oncology network, for
cost-effectiveness and to facilitate equal access to biomarker testing to all
patients;

• Within a regional oncology network, the central institution performing molecular
testing should also host a regional Molecular Tumor Board.
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Introduction
Optimal treatment of patients with advanced stage non-
small cell lung cancer (NSCLC) requires appropriate
molecular testing of predictive biomarkers, as it pro-
vides information that is essential for establishing the
appropriate treatment option for each patient. In the
corresponding review of this Clinical Series on lung
cancer, we describe the current application of predictive
molecular testing in patients with advanced stage
NSCLC from a European perspective, in relation to
European Medicines Agency (EMA)-approved targeted
therapies.1 The review paper provides an overview of
EMA-approved targeted therapies in patients with
NSCLC and presents the current availability of targeted
therapies and guidelines on predictive biomarker testing
in patients with NSCLC in eleven European countries.
In the current viewpoint paper, we look beyond the
current guidelines and provide our perspective of what
is required with regard to biomarker testing in the
(near) future to be able to provide optimal care to pa-
tients with advanced stage NSCLC. Future perspectives
of predictive biomarker testing are discussed and rec-
ommendations are given with regard to the application
of molecular testing for treatment decision-making in
advanced stage NSCLC. Fig. 1 provides a simplified
illustration of the authors’ perspective described in this
viewpoint.
Molecular biomarkers
For patients with histologically or cytologically
confirmed metastatic non-squamous NSCLC, the cur-
rent Clinical Practice Guidelines of the European Soci-
ety for Medical Oncology (ESMO) for oncogene-addicted
advanced-stage NSCLC (2023) recommend to perform
molecular testing for the following predictive
biomarkers: EGFR, KRAS (G12C), BRAF (V600),
ERBB2, and MET (exon 14 skipping) mutations, MET
amplifications, ALK, ROS1, RET, and NTRK1/2/3 fu-
sions, and PD-L1 expression.2 These ESMO guidelines
are in line with the National Comprehensive Cancer
Network (NCCN) Clinical Practice Guidelines in
Oncology (2022) and the American Society of Clinical
Oncology (ASCO) guidelines (2022).3,4 As of July 2023,
for all these biomarkers, except for ERBB2, at least one
EMA-approved targeted therapy is available.1 However,
beyond predictive markers for EMA-approved therapies,
drugs are available through clinical trials, off-label use,
or compassionate use programs, which require addi-
tional molecular testing. There are several emerging
biomarkers that affect optimal treatment decision-
making due to their predictive and/or prognostic value
(for some examples see Table 1). In the paragraphs
below, these biomarkers are described in the context of
newly diagnosed advanced stage NSCLC (paragraphs
2.1, 2.2, and 2.3) and advanced stage NSCLC after pro-
gression on targeted therapy (paragraph 2.4).

Molecular biomarkers for targeted therapy in trial
setting
Molecular biomarkers for which there are ongoing
clinical trials include NRG1 fusions (NCT02912949),
MAP2K1 mutations (NCT04534283), ERBB2 mutations
(NCT05048797, NCT02716116), ERBB2 amplifications
(NCT04886804, NCT04143711), high c-MET expression
(NCT03539536), BRAF non-V600 mutations
(NCT04488003, NCT03843775), and BRCA1/2 muta-
tions (NCT03845296).

With regard to ERBB2 mutations, the phase II
DESTINY-Lung01 trial demonstrated the efficacy of
trastuzumab deruxtecan in (predominantly) pretreated
patients with ERBB2-mutated advanced stage NSCLC,
with an overall response rate (ORR) of 55% (50 out of 91
patients) and a median progression-free survival (PFS)
of 8⋅2 months.5 As of July 2023, its indication for ther-
apeutic use in patients with advanced stage NSCLC has
already been approved by the United Status Food and
Drug Administration (FDA), but not by the EMA.

At present, evidence of clinical benefit of targeted
therapy treatment in patients with an ERBB2 amplifi-
cation, NRG1 fusion, MAP2K1 mutation, BRAF non-
V600 mutation, or BRCA1/2 mutation is still
limited.6–10 Nevertheless, patients with driver mutations
without available EMA-approved targeted therapies, may
still benefit from treatment with targeted therapy in a
trial setting. As trial availability differs between coun-
tries and regions, it is recommended to perform mo-
lecular testing for those biomarkers for which clinical
trials are ongoing within the region or country of the
treating hospital. There are ongoing precision oncology
trials in which FDA- and/or EMA-approved therapies
are available outside of their approved indication label,
including the Drug Rediscovery Protocol (DRUP), the
www.thelancet.com Vol 38 March, 2024
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Fig. 1: Recommendations for molecular biomarker testing in metastatic NSCLC. TMB, tumor-mutational burden; NGS, next-generation
sequencing; MTB, Molecular Tumor Board.
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MyPathway study, and the I-PREDICT trial (Investiga-
tion of Profile-Related Evidence Determining Individu-
alized Cancer Therapy).11 DNA- and RNA-based large
panel testing together would enable analysis of any
biomarker for which targeted treatment, EMA-approved
or experimental, is available. Also, large panels can
easily be expanded to cover novel markers when new
exploratory targeted treatments reach clinical trials.
Already in 2020, the ESMO Precision Medicine Work-
ing Group recommended multigene sequencing in
clinical research centers for many of the biomarkers
stated in this paragraph.12

Biomarkers associated with primary resistance to
targeted therapy
Some biomarkers in NSCLC may co-occur with thera-
peutically targetable biomarkers and carry prognostic
and/or predictive value for treatment with targeted
therapy, while not directly interacting with the targeted
protein(s) (Table 1). For example, patients with
therapeutically targetable EGFR-mutated NSCLC with
co-occurring PIK3CA mutation have worse survival
outcomes compared to patients with EGFR-mutated
NSCLC without PIK3CA mutation.13 In this example,
PIK3CA mutation status provides information to the
patient and treating physician on the expected efficacy
of a specific targeted therapy treatment and may
www.thelancet.com Vol 38 March, 2024
warrant more frequent patient check-ups. Besides
PIK3CA mutations, prognostic biomarkers include
SMARCA4 co-mutations in KRASG12C-mutated NSCLC
treated with sotorasib or adagrasib and TP53 co-
mutations in ALK fusion-positive NSCLC treated with
ALK inhibitors.14,15 Additionally, the simultaneous co-
occurrence of TP53 and RB1 mutations in patients
with EGFR-mutated NSCLC is associated with trans-
differentiation of the tumor to a neuroendocrine
phenotype.16

Other co-occurring mutations carry predictive value
for alternative targeted treatment options. In patients
with therapeutically targetable EGFR-mutated NSCLC
treated with osimertinib, the co-occurrence of a (patho-
genic) TP53 mutation has been associated with signifi-
cantly shorter time to treatment discontinuation (TTD)
when compared to patients with EGFR-mutated NSCLC
with wildtype TP53.17 In patients with a common EGFR
driver mutation (i.e., exon 19 deletion or L858R), the
phase III RELAY study demonstrated improved clinical
outcome of ramucirumab plus erlotinib treatment in
patients with a co-occurring TP53 mutation at baseline,
when compared to placebo plus erlotinib treatment.18

Ongoing clinical trials compare treatment outcome
of ramucirumab plus erlotinib treatment versus mono-
osimertinib treatment (REVOL858R), and ramucir-
umab plus osimertinib versus mono-osimertinib
3
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Emerging predictive biomarkers in non-squamous NSCLC

Biomarker Relevance

ERBB2 mutation Predictive value for response to HER2-targeted therapy (e.g., trastuzumab
deruxtecan)

ERBB2 amplification Predictive value for response to HER2-targeted therapy (e.g., ado-
trastuzumab)

NRG1 fusion Predictive value for response to NRG1-targeted therapy

MAP2K1 mutation Predictive value for response to MEK inhibitors

BRAF non-V600 mutation Predictive value for response to BRAF/MEK inhibitors

TP53 mutation + KRAS mutation Predictive value for response to immunotherapy

TP53 mutation + EGFR mutation Predictive value for response to ramucirumab + erlotinib

High TMB + KRAS mutation Predictive value for response to immunotherapy

Emerging biomarkers associated with primary resistance to targeted therapy

Biomarker Relevance

PIK3CA mutation + EGFR mutation Negative prognostic value for response to EGFR TKI

KEAP1 mutation + KRAS mutation Negative predictive value for response to KRASG12C-inhibitor treatment

CDKN2A mutation + KRAS mutation Negative predictive value for response to KRASG12C-inhibitor treatment

SMARCA4 mutation + KRAS mutation Negative predictive value for response to KRASG12C-inhibitor treatment

RB1 mutation + TP53 mutation (in EGFR-mutated NSCLC) Prognostic value for later neuroendocrine trans-differentiation of tumor

Emerging biomarkers associated with primary resistance to non-targeted therapy

Biomarker Relevance

STK11 mutation Negative predictive value for response to immunotherapy treatment

KEAP1 mutation Negative predictive value for response to immunotherapy treatment

EGFR driver mutation Negative predictive value for response to immunotherapy treatment

ALK fusion Negative predictive value for response to immunotherapy treatment

KRAS driver mutation Predictive value for response to immunotherapy treatment

BRAF driver mutation Predictive value for response to immunotherapy treatment

NOTCH1/2/3 mutation Predictive value for response to immunotherapy treatment

Emerging biomarkers associated with acquired resistance to targeted therapy

MET amplification (as resistance mechanism to EGFR TKI treatment) Potentially targetable with MET-targeted therapy

CDK6 amplification (as resistance mechanism to EGFR TKI treatment) Potentially targetable with CDK6-targeted therapy

RET fusion (as resistance mechanism to EGFR TKI treatment) Potentially targetable with RET-targeted therapy

ALK mutation (as resistance mechanism to ALK inhibitor treatment) Potentially targetable with alternative ALK-targeted therapy

TMB, tumor-mutational burden; TKI, tyrosine kinase inhibitor; NSCLC, non-small cell lung cancer.

Table 1: Examples of emerging molecular biomarkers and their expected/potential relevance.
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treatment (TORG1833, RAMOSE, NCT03909334).19–21

Due to these clinical implications, TP53 mutation sta-
tus has already become part of routine molecular testing
in patients with advanced stage NSCLC in many mo-
lecular laboratories.

Biomarkers associated with primary resistance to
non-targeted therapy
At present, the expression of programmed death-ligand
1 (PD-L1) in NSCLC is used as the main predictive
biomarker for therapy with immune checkpoint in-
hibitors (ICI). In recent years, it has become apparent
that the occurrence of certain driver mutations in pa-
tients with NSCLC is associated with treatment efficacy
of immunotherapy. For example, in patients with EGFR-
mutated or ALK fusion-positive advanced stage NSCLC,
treatment with (mono-)immunotherapy yields limited
clinical efficacy, while patients with KRAS mutations
commonly experience clinical benefit from either
chemo-immunotherapy or immunotherapy alone.22

However, besides these driver mutations, co-occurring
mutations in STK11, KEAP1, and/or SMARCA4 also
provide a negative predictive value for ICI treatment
(Table 1). For example, the presence of a co-occurring
STK11 and/or KEAP1 mutation has been described to
carry a negative predictive value for combined chemo-
immunotherapy treatment in patients with KRASG12C-
mutated NSCLC.23 Meanwhile, KEAP1 but not STK11
co-occurring mutations in patients with KRASG12C-
mutated NSCLC have been associated with reduced
treatment efficacy of sotorasib.24 Therefore, the presence
of STK11, KEAP1, and/or SMARCA4 mutations may
support alternative treatment options in selected pa-
tients. Additionally, low tumor-mutational burden
(TMB) has been described to have negative predictive
value for mono-immunotherapy treatment in patients
www.thelancet.com Vol 38 March, 2024
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with advanced stage PD-L1-positive NSCLC, regardless
of STK11 and KEAP1 mutation status.25 Therefore we
recommend that, besides TP53, these four biomarkers
(TMB, STK11, KEAP1, SMARCA4) should be part of
routine molecular testing in patients with advanced
stage NSCLC due to the clinical consequences on
treatment response. On the other hand, NOTCH1/2/3
mutations are associated with increased efficacy of
immunotherapy in patients with advanced stage
NSCLC.26

Biomarkers associated with acquired resistance to
targeted therapy
Both type of primary driver aberration, as well as the
prescribed drug have impact on the resulting patterns of
resistance at disease progression. Resistance mecha-
nisms may involve target-specific or other mechanisms,
either within the originally affected or an alternative
pathway, and even transformations to other histological
subtypes are reported.27 For example, previously
described resistance mechanisms to osimertinib treat-
ment in patients with EGFR-mutated NSCLC include
EGFR resistance mutations, MET amplification, ampli-
fication of cell cycle genes (e.g., CDK4), gene fusions
(most commonly RET fusions), and DNA amplification
of EGFR.28 Although some aberrations have been
described as a resistance mechanism to different tar-
geted therapies or molecular drivers (i.e., overlapping/
common resistance mechanisms), distinct resistance
mechanisms to specific therapies or drivers are also
reported.27,29 For example, patients with ALK fusion-
positive NSCLC treated with alectinib may develop
ALK resistance mutations. Various resistant ALK mu-
tations have been reported, with varying responses to
the more than five other available ALK-inhibitors.30

Therefore, it is recommended to perform molecular
testing for specific resistance mechanisms that can be
expected to occur at disease progression.29
Molecular testing approaches
Most of the described biomarkers in sections 2.1, 2.2,
2.3 and 2.4 are currently not included in the ESMO
guidelines or national guidelines, but should be
considered for inclusion in the next versions of national
and European guidelines for molecular testing in
NSCLC. To ensure equal access for all patients with
NSCLC to any available drug, either EMA-approved or
experimental, molecular testing should cover all relevant
biomarkers. Restricting testing to only biomarkers in
current guidelines would not offer all possible treatment
options to each patient, and simultaneously limits
experimental data to improve treatment of patients with
NSCLC. In the United States, similar recommendations
of comprehensive predictive biomarker testing in solid
tumors have been made in an ASCO Provisional Clin-
ical Opinion (2022).31
www.thelancet.com Vol 38 March, 2024
The currently available targeted therapies for patients
diagnosed with advanced stage NSCLC already warrant
the use of upfront next-generation sequencing (NGS)
analysis with large panels rather than (sequential)
single-gene testing. Model-based studies estimating the
costs, positive test rates of clinically relevant molecular
aberrations, and the mean time to appropriate treatment
initiation using either NGS or single-gene testing ap-
proaches have demonstrated the benefits of upfront
NGS testing. Using Europe-based cost estimates, Sten-
zinger et al. (2023), estimated cost differences favoring
NGS compared to sequential single-gene testing ap-
proaches, with the largest difference in cost difference
found in molecular testing of non-squamous NSCLC.32

Similar conclusions were drawn by modeling studies
assessing the cost-effectiveness of NGS for patients with
advanced stage NSCLC in the Netherlands and
Spain.33,34 In North America, comparable studies have
also favoured NGS to sequential single-gene testing in
NSCLC.35,36

There are numerous commercial NGS panels for
targeted sequencing of cancer samples, with differences
in enrichment technique and panel comprehensive-
ness.37 Large NGS panels (>300 genes) offer a higher
number of potentially clinically relevant markers,
including single nucleotide polymorphisms (SNP), copy
number variation (CNV), homologous recombination
deficiency (HRD) signatures, microsatellite instability
(MSI), rearrangements, and tumor-mutational burden
(TMB). Examples are the TruSight Oncology 500 NGS
panel (523 clinically relevant genes), FoundationOne
CDx panel (324 relevant genes) and Agilent SureSelect
Cancer CGP assay (679 relevant genes).38,39 Many, if not
all, emerging biomarkers such as TP53, KEAP1, STK11,
MAP2K1, PIK3CA, MET amplification, and TMB are
included in these panels. In addition to large-panel
NGS, whole-exome sequencing (WES) and whole-
genome sequencing (WGS) are considered as even
broader panels.40 However, today, WES and WGS
require frozen or fresh tissue and cannot be performed
on formalin-fixed paraffin-embedded (FFPE) samples,
these global approaches are not yet suitable for analysis
in routine care.

Our expert opinion is that predictive biomarker
testing techniques should continue its shift towards
large-panel testing, thereby enabling testing for all
currently targetable molecular aberrations, while
simultaneously facilitating molecular testing for
emerging (predictive and/or prognostic) biomarkers for
both EMA-approved and experimental therapies and
consequently facilitate equal access to available systemic
therapies for all patients.

Importantly, while large-panel NGS is essential for
optimal treatment decision-making, tissue material of
sufficient quantity and quality is not always available.
For such cases, if re-biopsy is not favorable, single-gene
tests or limited gene panels can be considered.
5
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Moreover, single-gene tests can also be of use as an
orthogonal test method in case of doubtful NGS results.
However, healthcare professionals must be aware that
single-gene tests or limited gene panels may not provide
all the molecular information needed for optimal treat-
ment decision-making.
Centralization of molecular testing
Despite the recommendation of the ESMO Precision
Medicine Working Group in 2020 to implement multi-
gene sequencing in the current clinical setting12 and
(near) future molecular testing requiring larger NGS
panels to cover all upcoming predictive markers asso-
ciated with new targeted therapies, today molecular
testing is mostly decentralized and very heterogeneous
among European countries as well as between labora-
tories within the same countries.41–43 In a low-volume
throughput setting, large-panel NGS is expensive due
to the relatively high costs of the sequencing machine
acquisition, maintenance, and operational costs (e.g.,
sample preparation, expert personnel, data interpreta-
tion and processing). Therefore, optimal cost-
effectiveness of large-panel NGS requires high-volume
sample testing. Centralized molecular testing within a
region, province, or metropolitan area, allows for
referred, comprehensive predictive biomarker testing
for all patients within its borders, due to optimal utili-
zation of equipment and personnel. It prevents the ne-
cessity for individual institutions to perform molecular
testing in-house, for whom large-panel testing is not
cost-effective and would therefore revert to (sequential)
small/medium-panel NGS or single-gene testing.
Although turn-around-time might increase due to
transport of tissue samples to the central laboratory, a
centralized approach can simultaneously contribute to
improving the turn-around time by minimization of
waiting times for molecular tests due to sample batch-
ing as well as obtaining the complete molecular profile
using a single large NGS panel assay. On the other
hand, the turn-around-time of (central) molecular
testing is defined by time-to-treatment and thus oppor-
tunities for improvement are larger volumes, efficient
NGS workflows, robotization of workflows, optimizing
data-flow and defining regional standard-operation-
procedures for these workflows as well as logistics,
also beyond the molecular testing procedure itself. The
use of the same large panels is also suitable for pre-
dictive/prognostic testing in other malignancies, as well
as diagnostic molecular testing, which is becoming a
more common practice with incorporation of molecular
characteristics in classifications of the World Health
Organization (https://www.iarc.who.int/). Indeed,
defining molecular characteristics of some thoracic tu-
mor entities such as NUT midline carcinoma and
SMARCA4-deficient undifferentiated carcinoma are
already covered in many large NGS-panels, as well as
other aberrations associated with metastatic tumors that
may be confused with NSCLC. The use of a workflow
for all oncologic molecular diagnostics practices using a
single NGS large panel is cost-effective and can improve
turn-around time and quality control. Additionally, the
complexity of large-panel sequencing (and WES/WGS)
analysis, interpretation of complex molecular results,
differentiation between pathogenic, germline-associated
and clinical non-relevant aberrations, and translation of
molecular findings towards advice for appropriate
treatment strategies, requires not only centralization but
also embedding in a center using dedicated and inno-
vative molecular approaches in precision medicine in
malignancies other than NSCLC, in human genetics,
bioinformatics, and artificial intelligence. A regionally
centralized approach for comprehensive predictive
biomarker testing in NSCLC has previously been
described in certain (regions within) European coun-
tries, including the Netherlands, France, Wales, and the
United Kingdom.44–48 From a broader perspective, the
use of regional healthcare networks for the imple-
mentation of precision medicine – including genomic
testing – has also been described in other European
countries, including Germany, Italy, and Sweden.48 This
centralization of molecular testing can be incorporated
within existing regional oncology networks, wherein
hospitals collaborate to provide care for patients with
NSCLC. These dedicated regional testing centers are
recommended to host Molecular Tumor Boards (MTBs)
meant to discuss and provide treatment recommenda-
tion for patients with complex or rare molecular test
results. Regional healthcare professionals should be able
to participate and enroll patients for these discussions,
whenever in-house expertise or therapy options are
insufficient for optimal treatment of a patient with
NSCLC. In the future, with the integration of more
complex plasma-derived circulating tumor DNA NGS
analysis into routine care and the ever-increasing
number of clinically relevant molecular aberrations, a
central role of MTBs remains essential in treatment-
decision-making. Using a centralized approach, testing
centers can develop and upkeep the required expertise
in molecular diagnostics and targeted treatment
outcome, while providing optimal treatment recom-
mendations to all participating members in the regional
network when requested. This approach also promotes
regional collaboration, educational development, and
(clinical) research, with possibilities for regional MTBs
to form national research databases.
Conclusion
Despite the comprehensive set of currently recom-
mended predictive biomarkers, the number of clinically
relevant molecular aberrations is expected to keep
growing in the near future, not only in patients with
advanced stage NSCLC, but also in early-stage NSCLC49
www.thelancet.com Vol 38 March, 2024
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and other malignancies. The use of large DNA- and
RNA-based NGS panels covering all predictive and
diagnostic markers of (nearly) all malignancies is
required for workflow-efficiency, practical feasibility,
and turn-around time. From the perspective of cost-
effectiveness, concentrating knowledge of (rapidly
changing) technologies, quality assurance of testing,
expertise on interpretation of molecular test results, and
assistance in optimal treatment-decision making, a
regionally centralized approach for predictive biomarker
testing is highly recommended. Centralized biomarker
testing for patients with NSCLC can be particularly most
feasible if incorporated in the structure of existing
regional oncological care networks and national regula-
tions. It is recommended that the molecular testing
center within each oncology network hosts a regional
MTB, thereby adopting an assisting role, with continu-
ously expanding expertise, in the interpretation of test
results and clinical-decision making for those patients
with rare or complex molecular aberrations for which
there is insufficient in-house expertise or limited treat-
ment options. It is essential that all healthcare pro-
fessionals within an oncology network are able to
participate and request advice on treatment and testing
for their patients in the regional MTB.
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